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FOREWORD 

T h i s  final r e p o r t  was prepa red  under S u b c o n t r a c t  No. XP-0-9ODl-I as p a r t  of 
S E R I  t a s k  1110.00, Systems Analysis o f  Thermal S t o r a g e .  The n h j e c t i v e  of t h e  
t a s k  i s  t o  i d e n t i f y  p romis ing  thermal  s t o r a g e  concepts f o r  s o l a r  thermal  
sys t ems .  The  approach  is to select  a s p e c i f i c  s o l a r  thermal  r e c e i v e r  system 
and a p p l i c a t i o n s .  The following systems were planned to he e v a l u a t e d :  

S t o r a g e  for v a t e r / s t e a m  cooled c o l l e c t o r / r e c e i v e r .  

S t o r a g e  f o r  o r g a n i c  f l u i d  coo led  s e n s i h l e  h e a t  collector/receiver. 

' 

S t o r a g e  f o r  mol ten  s a l t  cooled s e n s i b l e  heat  c o l l e c t o r / r e c e f v e r #  

S t o r a g e  for liquid metal coo led  s e n s i b l e  h e a t  c o l l e c t o r / r e c e i v e r .  

S t o r a g e  for gas cooled s e n s i b l e  heat c o l l e c r o r / r e c e i v e r .  

S t o r a g e  f o r  liquid rne . ta l / sa l t  coo led  l a t e n t  h e a t  c o l l e c c o r / r e c e i v e r .  

The E v a l u a t l o n s  were planned t o  he conducted i n  t h r e e  p h a s e s  a s  f o l l o w s :  

Phase  Element Receiver Types 
Numher 

1 1 Water/Steam 
4 Gas Cooled 
5 Organic  F l u i d  

2 1 L i q u i d  Metal 

3 2 Molten S a l t  
6 Liquid  Metal/Sal t 

Cooled L a t e n t  Heat 

Phases  1 and 2 were compIered;  b u t  due t o  t h e  f e d e r a l  government p o l i c y  and 
fund ing  changes, the planned Phase 3 e f f o r t  w i l l  n o t  be conducted .  T h i s  
r e p o r t  presents p a r t  of t h e  d a t a  on Phase 1 .  

i i i  
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Thsse evaluations are the responsihility of SERI .  Steams-Roger Services Inc. 
(S-R) was sub-contracted to provide part o f  the data. S-R's responsibility 
w a s  to provide: 

Consistently calculated cost and performance data on thermal storage 
concepts integrated into solar thermal systems. 

Thus, a l l  concepts are evaluated with the same data base, costing methodology 
and in the same system applications. The technical differences between the 
concepts can thus be determined. Because the data are f o r  the cost of 
concepts yet to he developed, there remains some uncertainty in the data. The 
relative uncertainty (concept to concept comparison) is less  than the ahsolute 
cost uncertainty. 

After S-R completed their analyses, SERI evaluated the impact on the s o l a r  
thermal system cost and t h e  sensitivity to various factors. The sensitivity 
analyses included effects of cost Uncertainties, cost-ing methodology, storage 
use scenarios, operations and maintenance cost uncertainties, economic 
parameters and comparisons t o  value. The S E R I  data are documented separately 
in : 

Copeland, R. and Ullman, J., "Comparative Ranking of Thermal Storage 
€or  Water/Steam, Organic Fluid, and Air/Brayton Solar Thermal 
Collector-Receiver System" SERI/TK-h31-1?83. 

The report is now in draft form and w i l l  52 released shortly. The final 
conclusions and recommendatlons are in the SERI report; however, that data in 
general conf i rms  the conclusions of this report and adds other considerations. 

\ 

I W L  
Rober t  J'arnes Copeland; Ph.D. 
Task Leader, Systems Analysis 
of Thermal Storage 

Approved f o r  

SOLAR ENERGY RESEARCH INSTITUTE 
.- 

Frank K r c i t h ,  ChieE 
Therinal Research aranch 

S o l a r  Thermal and Maaterials Research 
D i v i s i o n  
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T h i s  r e p o r t  d e s c r i b e s  t h e  work p e r f u m e d  hy  S tearns-Roger  S e r v i c e s  I n c .  and 
p r o v i d e s  c o s t  and performance d a t a  on t h e r m a l  s t o r a g e  c o n c e p t s  i n  s o l a r  
t he rma l  sys tems.  The pr imary  o b j e c t i v e s  of t h i s  s t u d y  a r e  a s  f o l l o w s :  

. To p r o v i d e  c o n s i s t e n t l y  c a l c u l a t e d  c o s t  data  f o r  s e v e r a l  t he rma l  
s t o r a g e  c o n c e p t s  i n  s e v e r a l  s o l a r  . t h e r m a l  sys t ems .  

To p r o v i d e  c o n s i s t e n t -  and r ea l i s t i c  per formance  d a t a  f o r  thernal 
s t o r a g e  c o n c e p t s  i n t e g r a t e d  i n t o  s o l a r  t he rma l  sys tems.  

To p r o v i d e  t h e  ahove d a t a  as p r o j e c t e d  f o r  a mature  t echno logy  
based upon t h e  s t a t e - o f - t h e - a r t  and a n t i c i p a t e d  improvements in 
s t o r a g e  t e c h n o l o g i e s .  

The scope  o f  t h i s  s t u d y  i s  l i m i t e d  t o  t h e  e v a l u a t i o n  of thermal  s t o r a g e  
c o n c e p t s  i n  t h e  f o l l o w i n g  s o l a r  t he rma l  sys tem a p p l i c a t i o n s :  

100 MWe advanced water/steam c e n t r a l  r e c e i v e r  s o l a r  e l e c t r i c  power 
sy s tem. 

' Organ ic  f l u t d  r e c e i v e r  f o r  a 400 kWe t o t a l  ene rgy  sys tem,  
S h e n a a d o a h  technology.  

150 MVe c l o s e d  Rrayton c y c l e  solar e lec t r ic  power system. 

' P r o c e s s  heat a p p l i c a t i o n s  u s i n g  t h e  wa tc r / s r eam and o r g a n i c  f l u i d  
r e c e i v e r s  s p e c i f i e d  above ,  l ess  t h e  power c o n v e r s i o n  and r e l a t e d  
equipment .  

A c o n c e p t  s c r e e n i n g  t a s k  i n c l u d e d  a l i t e r a t u r e  r e v i e w  of a v a i l a b l e  d a t a  on  
thermal  s t o r a g e  c o n c e p t s ;  p r e l i m i n a r y  s c r e e n i n g  o €  p o t e n t i a l  s t o r a g e  
c o n c e p t s ,  r educ ing  t h e  t o t a l  number of  c o n c e p t s  t o  40; and a f i n a l  
s c r e e n i n g  r ev iew where in  20 s t o r a g e  c o n c e p t s  were recommended f o r  
c o n c e p t u a l  d e s i g n  and  c o s t i n g  f o r  1, 6 and 15 h o u r s  of s t o r a g e .  

Thermal s t o r a g e  c o n c e p t s  were compared u s i n g  a p r e s e n t  w o r t h  of  revenue  
r e q u i r e m e n t s  (PWRR)economic method and r e f l e c t  energy  r e l a t e d  equipment  
( t a n k s ,  i n s u l a t i o n ,  e t c . ) ,  power r e l a t e d  equipment  (pumps, compressors ,  
f a n s ,  h e a t  exchange r s ,  e t c . ) ,  s t o r a g e  media, i n s t a l l a t i o n  a n d  i n d i r e c t  
c o s t s ,  and f i r s t  y e a r  v a r i a b l e  c o s t s ,  such  a s  O & i ,  e l e c t r i c a l  ene rgy  and 
chemica l  usage .  

Va t e r /S team Rece ive r  ( Powe r ) 
The PWRR vs. hours  o f  s t o r a g e  f o r  t h e  w a t e r j s t e a m  r e c e i v e r  (power) - 
a p p l i c a t i o n  wi th  t h e  s t o r a g e  c o n c e p t s  s t u d i e d  is shown below.  As 
i n d i c a t e d ,  t h e  reference C a l o r i a l g r a n i t c - d r a w  s a l c  2-s t age  s torage  concept  
i s  most economical  helotr  approx ima te ly  6 hour s  s t o r a g e .  Above h h o u r s ,  
underground p r e s s u r i z e d  water ( s t e e l - l i n e d  c a v e r n )  i s  t h e  b e s t  1st s t a g e  
c h o i c e .  O f  t h e  l a t e n t  h e a t  s t o r a g e  sys t ems ,  t h e  d i r e c t  c o n t a c t  h e a t  
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exchange system with a s e n s i b l e  heat 2nd s t a g e  using t h e  phase change media 
appea r s  attractive. A modified tube  I n t e n s i v e  heat exchange concept ( n o t  
shown), utilizing an  enhanced heat exchange s u r f a c e ,  a l s o  appears very c o s t  
effective. 

STORAGE CONCEPT 

1. CALORIAIGRANITE. DRAW SALT IREF I 
2. CALORIAIIORANITE . AIRIGRANITE 
3. CALORIAIGRANITE SAND MOVtNG BED 
4a. UNDERGROUND PRESS WATER - DRAW SALT 

[PRESENT WORTH 1 // 4b AEOVE GROUND PRESS. WATER. ORAW S A L T  
5. UNDERGROUND OILIROCK. SOCN MINED. ORAW SALT 
6.  C A L O R I A  2 TANU .DRAW SALT 
7. TUBE INTENSIVE (LATENT). DRAW S A L T  THERMAL STORAGE CONCEPTS 
8. CONTAINERIZED SALT ILATENTI. DRAW SALT / /  

- 
0 

I 

// I 
- 

1 9. DIRECT CONTACT ILATENTI. PCM /4 b 

f 6 
HOURS OF STORAGE 

I .  

i 

PRESENT WORTH REVENUE REQUIREMENTS, WATER/STEAM RECEIVER (POWER) 

Water/Steam Receiver (Process Heat) 

For t he  water/steam r e c e i v e r  process h e a t  c a s e s ,  s u p p l y i n g  283'C (550°F) 
s a t u r a t e d  steam, t h e  cost summary is  shown below. For  t h i s  s p e c i f i c  
application, underground p res su r i zed  water i n  a s tee l - l ined  cavern  i s  the 
most economic by a wide margin. 
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Organic F l u i d  Receiver  
The PWRR f o r  t h e  o rgan ic  f l u i d  r e c e i v e r  (power) thermal  s t o r a g e  concepts  
a r e  shown below. Below approximately 7 hours, the  r e f e r e n c e  
Sy l the rm/ t acon i t e ,  t r i c k l e  charge, s t o r a g e  concept  i s  t h e  b e s t  choice.  
Below about 7 hour s  t h e  B i t e c  salt ( s e n s i b l e )  and d i r e c t  contact ( l a t e n t )  
systems become c o s t  e f f e c t i v e ,  owing p r i m a r i l y  t o  high Syltherm 800 f l u i d  
cbst and degradat ion.  

For t h e  o rgan ic  f l u i d  r e c e i v e r  p rocess  h e a t  a p p l i c a r i o n  nothing was 
i d e n t i f i e d  with more prom-lse than C a l o r i a / g r a n i t e  o r  Ca lo r i a  o n l y  ( 2  t a n k ) .  

v i i  
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Vol. II 

\ Closed Air Brayton Receiver (Power) 
The PWRR €or t h e  thermal storage concepts for the c losed  air Brayton cycle 
operating at 816°C (1,500"F) is shown below. Nothing was identified with 
significantly more promise than the reference air/alumina brick sensible 
heat storage system. A tube intensive Latent heat system (not shown) was 
investigated and reported however its performance would be relatively poor. 
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SECTION 1 .0  

INTRODUCTION 

1.1 BACKGROUND 

The commercial  a p p l i c a t i o n s  o f  so l a r  t h e r m a l  power sys t ems  w i l l  r e q u i r e  
the rma l  s t o r a g e .  Thermal s t o r a g e  w i l l  s a t i s f y  t h e  needs  t o  s u p p l y  near 
c o n t i n u o u s  o p e r a t i o n ,  t o  ex tend  o p e r a t i o n  o f  t h e  s o l a r  t h e r m a l  sys tem i n t o  
non-day l tgh t  h o u r s ,  and t o  b u f f e r  p o t e n t i a l l y  ha rmfu l  t r a n s i e n t s  induced  by 
r a p i d  i n s o l a t i o n  changes.  The Department of  Energy  (DOE) has recogn ized  
t h e s e  needs  and h a s  p repa red  a d r a f t  p l a n  t o  deve lop  a p p r o p r i a t e  t h e r m a l  
s t o r a g e  t echno logy .  The S o l a r  Energy Resea rch  I n s t i t u t e  (SERI) i s  
s u p p o r t i n g  t h e  imp lemen ta t ion  o f  t h a t  p l a n  w i t h  a sys t ems  a n a l y s l s  o f  
s t o r a g e  coupled  s o l a r  t he rma l  sys tems.  SERI'S r o l e  i n c l u d e s  i d e n t i f i c a t i o n  
of r e q u i r e m e n t s  and  promis ing  thermal s t o r a g e  concep t s .  

T h i s  r e p o r t  d e s c r i b e s  work performed by S teams-Roger  S e r v i c e s  Inc. (S-R) 
and p r o v i d e s  c o s t  and per formance  d a t a  on t he rma l  s t o r a g e  c o n c e p t s  in s o l a r  
t he rma l  a p p l i c a t i o n s  under  S E R I  S u b c o n t r a c t  Number XP-0-9001-1. The p e r i o d  
o f  performance f o r  this s u b c o n t r a c t  was March 1, 1980 t o  March 31, 1981. 

1 - 2  OBJECTIVE 

The o b j e c t i v e s  oE t h i s  s t u d y  are as f o l l o w s :  

To p rov ide  c o n s i s t e n t l y  c a l c u l a t e d  c o s t  d a t a  f o r  s e v e r a l  t he rma l  
s t o r a g e  c o n c e p t s  i n  s e v e r a l  s o l a r  t h e r m a l  sys tems.  

To p rov ide  c o n s i s t e n t  and r e a l i s t i c  per formance  d a t a  f o r  t he rma l  
s t o r a g e  c o n c e p t s  i n t e g r a t e d  into so la r  t h e r m a l  sys tems.  

To p r o v i d e  the above d a t a  a s  p r o j e c t e d  f o r  a ma tu re  t echno logy  
based  upon t h e  s t a t e - o f - t h e - a r t  and a n t i c i p a t e d  improvements i n  
s t o r a g e  t e c h n o l o g i e s :  

b 

. . 

1.3 SCOPE 

The scope  of t h i s  s u b c o n t r a c t  is l i m i t e d  t o  t h e  e v a l u a t i o n  of the rma l  
s t o r a g e  c o n c e p t s  i n  t h e  f o l l o w i n g  s o l a r  t he rma l  sys tems a p p l i c a t i o n s :  . Water j s team central  r e c e i v e r  f o r  a n  e l e c t r i c  power p l a n t  ( D i u r n a l  

s t o r a g e  f o r  s t a n d  alone solar  thermal p l a n t s ) .  

Organic  f l u i d  r e c e i v e r  f o r  a d i s h  r e c e i v e r  t o t a l  energy  a p p l i c a t i o n .  

Gas r e c e i v e r  f o r  a c l o s e d  c y c l e  Brayton  e l e c t r i c  power p l a n t .  

P r o c e s s  Heat 

- Water / s team r e c e i v e r  - Organic  f l u i d  r e c e i v e r  

1 
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1 . 3 . 1  P e f e r e n c e  Systems 

T h i s  s t u d y  p r o v i d e s  c o s t  and p e r f o m a n c e  d a t a  f o r  a l terr iar ive the rma l  
s t o r a g e  c o n c e p t s  i n  each of t h e  f o l l o w i n g  reference s o l a r  t he rma l  sys tems:  

1) 100 MWe advanced water/steam c e n t r a l  r e c e i v e r  [lj. F i g u r e  1-1. 

2 )  Organic  f l u i d  r e c e i v e r  f o r  400 kWe t o t a l  ene rgy  sys tem,  
Shenandoah Technology [ ; I .  F i g u r e  1-2. 

3 )  150 ElWe c l o s e d  c y c l e  Brayton [3j. F i g u r e  1-2. 

4) F o r  p r o c e s s  hear t h e  r e f e r e n c e  sys t ems  a r e  1) and 2 )  above less 
t h e  power c o n v e r s i o n  and r e l a t e d  equipment .  Both p r o c e s s  h e a t  
s o l a r  thermal  sys tems s h a l l  d e l i v e r  d r y  s a t u r a t e d  s team i n  a l l  
o p e r a t i n g  modes. For t h e  advanced w a t e r i s t e a m  t echno logy ,  
r i g u r e  1 - 4 ,  t h e  s team s h a l l  be a t  288°C (5SG"F:: r o r  the 
organic  f l u i d  r e c e i v e r ,  F i g u r e  1-5 ,  t h e  steam s h a l l  be a t  1 7 2 ° C  
( ? 4 1 ° F ) .  Fur thermore ,  bo th  s h a l l  d e l i v e r  o n l y  p r o c e s s  h e a t .  

, 

1.4.1 Thermal S t o r a g e  Cost  Ease 

The c o s t  and performance  d a t a  was de te rmined  w i t h  t h e  f o l l o w i n g  c o n d i t i o n s :  

'The rates of c h a r g i n g  the rma l  s t o r a g e  are  t h e  same as  t h e  
r e f e r e n c e  system. 

The rates of d i s c h a r g i n g  the rma l  s t o r a g e  a r e  t h e  same as t h e  
r e f e r e n c e  sys  tern. 

* The c a p a c i t y  to s t o r e  the rma l  ene rgy  i s  t h e  same as  the r e f e r e n c e  
system. Note:  because  t h e  e f f i c i e n c y  may be d i f f e r e n t ,  t h e  
e l e c t r i c a l  s t o r a g e  r a t i n g s  may be d i f f e r e n t .  

* One hour  of the rma l  ene rgy  s t o r a g e  i s  d e f i n e d  a s  t h e  a b i l i t y  t o  
s t o r e  t h e  the rma l  ene rgy  from the r e c e i v e r  which would have 
o p e r a t e d  t h e  p l a n t  € o r  one hour  a t  i t s  name--plate r a t i n g  
( e l e c t r i c a l  f o r  power g e n e r a t i o n )  i f  t h e  thermal energy  had nor  
been s t o r e d .  

1 
! 
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The name-plate r a t i n g  i n  each  c a s e  s h a l l  be t h e  same a s  the 
r e f e r e n c e  system. 

' The c o l l e c t o r  a r e a  s h a l l  be t h e  same a s  t h e  r e f e r e n c e  system. 

A l l  items n o t  a f f e c t e d  by the rma l  s t o r a g e  s h a l l  be t h e  same as t h e  
r e f e r e n c e  system. 

1.4.2 Allowable Changes i n  Fieference Systems 

The i n t e g r a t i o n  of a l t e r n a t i v e  s t o r a g e  s y s t e m s  w i l l  r e q u i r e  changes  t o  the 
reference sys tems.  Any change which does not  a f f e c t  t h e  p r imary  
non-s torage  equipment  is a l l o w a b l e .  The f o l l o w i n g  i s  a parrial  l i s t  of 
a l l o w a b l e  changes .  

Conversion c y c l e  t e m p e r a t u r e s  and p r e s s u r e s .  

.* R e c e i v e r  t empera tu re  and p r e s s u r e .  

' Dual a d m i s s i o n  t u r b i n e  changed t o  s i n g l e  . admiss ion  o r  a change i n  
d e s i g n  p o i n t  admiss ion  c o n d i t i o n s .  

' Any item a s s o c i a t e d  w i t h  t h e  the rma l  s torage  subsystem. 

1.4.2 Non-Allowable Changes i n  Le fe rence  Systems 

Any change which m o d i f i e s  the r e c e i v e r  o r  power c o n v e r s i o n  c y c l e  is n o t  
a l lowed.  The following i s  a p a r t i a l  l i s t  of  non-a l lowable  changes .  \ 

' Change of  power c o n v e r s i o n  c y c l e  ( e .g . ,  f rom r e h e a t  steam c y c l e  t o  
a non-rehea t  c y c l e ) .  

' Rece ive r  t r a n s p o r t  f l u i d  w i t h  t h e  e x c e p t i o n  of  o r g a n i c  f l u i d  
r e c e i v e r  where a t  l e a s t  two o r g a n i c  t r a n s p o r t  f l u i d s  s h a l l  be 
i n v e s t i g a t e d .  

' Rece ive r  d e s i g n  ( e . g . ,  f r o m  an e x t e r n a l  s u r f a c e  t o  a c a v i t y ) .  

Flanr. name-plate r a t i n g  i n c l u d i n g  process hear d e l i v e r y  r a t e  and 
quality . 

1.4 .4  Site - 
The assumed s i t e  f o r  t h i s  s t u d y  i s  A l b u q u e r q u e ,  ::ew Ilexico. The assumed 
e n v i r o m e n r a l  d e s i g n  c o n d i t i o n s  are as f o l l o w s  : 

i 

I 

i 

j i  

i .  

Ces ign  Wind ( i n c i u d i n g  g u s t s )  4 5  m / s  ( 1 C O  u p h ) .  
' Se i smic  UBC Zone 2.  

S o i l  Bear ing  1 0 2  kPa (4000 p s f ) .  

8 
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! 
l .  

C e r t a i n  underground s t o r a g e  c o n c e p t s  i n v e s t i g a t e d ,  namely s o l u t i o n  - mined 
c a v e r n s  f o r  o i l / r o c k  s t o r a g e  which r e q u i r e  n a t u r a l  s a J t  d e p o s i t s ,  and 
underground c a v e r n s  f o r  p r e s s u r i z e d  w a t e r  s t o r a g e  which must  he founded i n  
s o l i d  rock  f o r m a t i o n s ,  may n o t  he s p e c i f i c a l l y  a p p l i c a b l e  t o  Albuquerque 
but  r e p r e s e n t  v i a b l e  s t o r a g e  c o n c e p t s ,  

1.5 APPROACH 

T h i s  s t u d y  f o l l o w s  a work breakdown s t r u c t u r e  which i n c l u d e s  f i v e  t a s k s ;  
t h e  scope  of e a c h  t a s k  i s  d e s c r i b e d  below: 

1.5.1 Task 1 - Concept S c r e e n i n g  

The Concept Sc reen ing  t a s k  was d i v i d e d  i n t o  t h r e e  s u b t a s k s ,  namely: 

Task  1.1 Review and  Accumulation o f  A v a i l a h l e  Data  - The a v a i l a h l e  
storage sys tem d a t a  shall be accumulated from t h e  
e x i s t i n g  p u b l i s h e d  l i t e r a t u r e  and from c o n t a c t s  w i t h  
SERI,  n a t i o n a l  l a b o r a t o r i e s  and c o n t r a c t o r s  deve lop ing  
thermal  s t o r a g e .  

Task  1 . 2  P r e l i m i n a r y  S c r e e n i n g  - The b e s t  a v a i l a b l e  d a t a  on each  
i d e n t i f i e d  thermal  s t o r a g e  concep t  shall be used t o  
g e n e r a t e  a sys tem s c h e m a t i c ,  concep t  d e s c r i p t i o n  and 
p r e l i m i n a r y  c o s t .  The d a t a  s h a l l  be  r e p o r t e d  f o r  each 
the rma l  storage concep t  in each  r e f e r e n c e  s y s t e m  f o r  
which t h e  thermal  s t o r a g e  concep t  h a s  been proposed.  A 
minimum of 40 thermal s t o r a g e  c o n c e p t s  w i l l  he  i d e n t i f i e d .  

Task 1.3 S c r e e n i n g  Design Review - A s c r e e n i n g  d e s i g n  r ev iew s h a l l  
be conducted  a n d  t h e  d a t a  p r e s e n t e d .  A minimum of 20 
thermal  s r o r a g e  c o n c e p t s  w i l l  be recommended f o r  
a d d f t i o n a l  s tudy .  Wi th in  two weeks f o l l o w i n g  t h e  rev iew,  
SERI will p r o v i d e  a f i n a l  l i s t .  

1 . 5 . 2  Task 2 - Conceptua l  Designs 

Conceptua l  d e s i g n s  f o r  each  the rma l  s t o r a g e  concep t  s h a l l  be p repa red .  
I n i t i a l  performance estimates, revised cos t  d a t a  and  d e s i g n  d a t a  l i s t s  
s h a l l  be g e n e r a t e d  on each  and r e p o r t e d  a t  a Conceptua l  Design Review. 
W i t h i n  two weeks f o l l o w i n g  t h e  c o n c e p t u a l  d e s i g n  r ev jew S E R I  w i l l  i d e n t i f y  
recommended changes  in t h e  c o n c e p t u a l  d e s i g n s .  Performance d a t a  s h a l l  h e  
gene ra t ed  a n d  r e p o r t e d  f o r  t h e  f i n a l  c o n c e p t u a l  d e s i g n s .  
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1.5.3 Task  3 - Cost  A n a l y s i s  \ '  

I 
For each  t h e r m a l  s t o r a g e  concept s e l e c t e d  f o l l o w i n g  t h e  c o n c e p t u a l  d e s i g n  
review,  Stearns-Roger  s h a l l  p r e p a r e  d e t a i l e d  c o s t  d a t a .  The c o s t  d a t a  
s h a l l  i n c l u d e  bo th  c o s t s  a s s o c i a t e d  w i t h  t h e  thermal s t o r a g e  subsys tem and 
equipment  changes  i n  t h e  r e f e r e n c e  system. The c o s t  d a t a  s h a l l  i n c l u d e  
b o t h  power related c o s t s  and ene rgy  r e l a t e d  c o s t s  f o r  t h e  r a n g e  of 1.0 
h o u r s  t o  15.0 h o u r s  of the rma l  s t o r a g e  €o r  e a c h  case. S teams-Roger  s h a l l  
conduc t  a f i n a l  b r i e f i n g  on  the s t u d y  r e s u l t s .  W i t h i n  one week f o l l o w i n g  
t h e  b r i e f i n g  t h e  SEX1 t e c h n i c a l  mon i to r  w i l l  i d e n t i f y  recommended changes, 
Steams-Kogsr  s h a l l  modify t h e  c o s t  and per formance  da ta  t o  t h e  e x t e n t  
deemed a p p r o p r i a t e  by Stearns-Roger .  

1.5.4 Task 4 - F i n a l  Revort  

S t eams-Roger  s h a l l  p r e p a r e  a final r e p o r t  documenting a l l  a s p e c t s  of t h e  
s tudy .  The r e p o r t  shall document t h e  f i n a l  d a t a  on c o s t  and performance 
and  i n c l u d e  sys tem schemat i c s ,  e t c . ,  f o r  a l l  the rma l  s t o r a g e  c o n c e p t s  
s t u d i e d  i n  d e t a i l .  Conceptua l  d e s c r i p t i o n s  of a l l  the rma l  s t o r a g e  c o n c e p t s  
c o n s i d e r e d  s h a l l  a l so  be  documented. A d r a f t  of  t h e  f i n a l  r e p o r t  s h a l l  be 
p repa red  and s u b m i t t e d  t o  SERI f o r  review.  

1.5.5 Task 5 - Management 

S teams-Roger  s h a l l  p r o v i d e  t h e  day-to-day management t o  c o n t r o l  t h i s  s t u d y  
and d e l i v e r  t h e  r e q u i r e d  documen ta t ion  i n c l u d i n g  review p r e s e n t a t i o n  d a t a ,  
month ly  s t a t u s  r e p o r t s  and  f i n a l  r e p o r t .  

\ 1 .6  ORGANIZATION OF REPORT 

' The organizat ion of  t h i s  r e p o r t  fol lows the  t h r e e  t a s k s  (Tasks  1, 2 and 3 )  
p r e v i o u s l y  d e s c r i b e d  ( S e c t i o n s  2.0 thru 4.0). S e c t i o n  5.0 r e p o r t s  on 
s e v e r a l  supp lemen ta l  s t u d i e s  i n c l u d i n g  la ten t  h e a t  s t o r a g e  for a c l o s e d  
Brayton  c y c l e ,  new 399'C (750°F) o i l  f o r  t h e  organic f l u i d  r e c e i v e r ,  a 
"6OO0F" f l u i d s  cost s e n s i t i v i t y  a n a l y s i s ,  and a mod i f i ed  t u b e  i n t e n s i v e  
l a t e n t  h e a t  s t o r a g e  u t i l i z i n g  a s team-to-sa l t  h e a t  exchanger .  The 
conclusions and recommendations of t h i s  s t u d y  are i n  S e c t i o n  6.0. S e c t i o n  
7.0 c o n t a i n s  the r e f e r e n c e s  c i t e d  i n  t h i s  r e p o r t .  Finally a n  Appendices i s  
included i n  t h e  back of t h e  r e p o r t .  

! 
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SECTION 2.0 

CONCEPT SCREENING 

2.1 SCOPE 

r .  

! ,, 

The Concept Sc reen ing  t a s k  i n c l u d e d  t h e  f o l l o w i n g  s t e p s :  

L i t e r a t u r e  Review - A r ev iew of  a v a i l a b l e  d a t a  on the rma l  s t o r a g e  
c o n c e p t s  . 
P r e l i m i n a r y  Sc reen ing  - A l i s t i n g  of p o t e n t i a l  s t o r a g e  c o n c e p t s  
a p p l i c a b l e  t o  e a c h  r e f e r e n c e  s o l a r  t he rma l  system. Reduct ion  in 
t h e  t o t a l  number o f  s t o r a g e  c o n c e p t s  t o  40. 

S c r e e n i n g  Design Review - A c o n c e p t  s c r e e n i n g  review where in  20 
t he rma l  s t o r a g e  c o n c e p t s  are recommended €or  a d d i t i o n a l  study i n  
Task  3, Conceptua l  nes ign .  

2 . 2  APPROACH 

2.2.1 Sc reen ing  Cr i te r ia  

The f o l l o w i n g  s c r e e n i n g  c r i t e r i a  were used  d u r i n g  t h e  i n i t i a l  t he rma l  
s t o r a g e  concep t  s c r e e n i n g  task .  

S a f e t y  - Can t h e  sys tem be o p e r a t e d  s a f e l y  i n  accordance  w i t h  
c u r r e n t  i n d u s t r i a l  p r a c t i c e s  and s t a n d a r d s ?  

' T e c h n o l o g i c a l  F e a s i b i l i t y  
- Can t h e  sys tem be  developed  s u f f i c i e n t l y  t o  be p r a c t i c a l l y  ' 

a p p l i c a b l e  i n  t h e  mid-199OTs? 

-Has t h e r e  been  a module tes t?  

-Is t h e  sys tem s i m p l e  enough t o  be  brought  on  l i n e  and o p e r a t e d  
r e l i a b l y ?  

-Are s p e c i a l  materials a v a i l a b l e  i n  s u f f i c i e n t  supp ly?  

' Economics - Does t h e  c o s t  of a s i g n i f i c a n t  major  component i n  one  
sys tem f a r  exceed  the c o s t  i n  a n o t h e r  sys tem wi thou t  p r o v i d i n g  
s i g n i f i c a n t  improvement? 

2 . 2 . 2  L i t e r a t u r e  Review 

The  purpose o f  t h e  l i t e r a t u r e  review was t o  accumula te  a v a i l a b l e  s t o r a g e  
sys tem d a t a  from e x i s t i n g  pub l i shed  l i t e r a t u r e ,  i n c l u d i n g  c o n t a c t s  with 
SERI, n a t i o n a l  l a b o r a t o r i e s  and c o n t r a c t o r s  deve lop ing  thermal  s t o r a g e .  .A 
form was developed  (see Appendix A f o r  t y p i c a l  example) t o  summarize 

11 
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each  r e f e r e n c e  w i t h  r e s p e c t  t o  the rma l  s t o r a g e  t y p e ,  media used ,  o p e r a t i n g  
t empera tu re  r a n g e ,  applicability t o  r e f e r e n c e  systems, a v a i l a b i l i t y  of 
c o s t i n g  i n f o r m a t i o n  and g e n e r a l  summary and recommendations.  A t o t a l  of 
approx ima te ly  95 t e c h n i c a l  p a p e r s  were reviewed d u r i n g  t h e  concep t  
s c r e e n i n g  phase .  

2.3  STOPAGE CONCEPTS SCREENED - INITIAL LIST 

The f o l l o w i n g  s t o r a g e  c o n c e p t s  a n d / o r  t he rma l  s t o r a g e  media a p p l i c a b l e  t o  
each  of  t h e  reference s o l a r  t he rma l  sys t ems ,  i .e. ,  waterlsteam r e c e i v e r ,  
o r g a n i c  f l u i d  r e c e i v e r  and  c l o s e d  a i r  Bray ton  r e c e i v e r ,  were c o n s i d e r e d  
d u r i n g  t h e  i n i t i a l  s c r e e n i n g  t a s k .  Both  s e n s i b l e  h e a t  and l a t e n t  h e a t  
s t o r a g e  c o n c e p t s  were inc luded .  The i n i t i a l  s c r e e n i n g  judgments  r e p r e s e n t  
t h e  " f i r s t  c u t "  t o  r educe  t h e  number of  c o n c e p t s  c o n s i d e r e d  from 
approx ima te ly  120  t o  approx ima te ly  4 6 .  

2.3.1 Water/Steam R e c e i v e r  TES Concepts  (Powet) 

The the rma l  s t o r a g e  media c o n d i d a t e s  f o r  t h e  water/steam r e c e i v e r  (power)  
s o l a r  t he rma l  sys tem a l o n g  w i t h  t h e  r a t i o n a l e  used  f o r  e i t h e r  c o n t i n u i n g  o r  
d i s c o n t i n u i n g  a concep t  is shown i n  T a b l e s  2-1,  2-2 and  2 - 4 ,  f o r  f i r s t  
s t a g e  s e n s i b l e  heat,  f i r s t  s t a g e  l a t en t  h e a t  and  second s t a g e  s e n s i b l e  h e a t  
c o n c e p t s ,  r e s p e c t i v e l y .  No l a t e n t  h e a t  second s t a g e  s t o r a g e  c o n c e p t s  were 
i d e n t i f i e d  €or t h e  waterlsteam (power) a p p l i c a t i o n .  

Tab le  2-1 i d e n t i f i e s  18 f i r s t  s t a g e  s e n s i b l e  h e a t  storage media c a n d i d a t e s  
\ a p p l i c a b l e  t o  the r e f e r e n c e  wa te r / s t eam r e c e i v e r  power c y c l e .  O f  t h e  

i n i t i a l  18 c a n d i d a t e s ,  t e n  were s e l e c t e d  f o r  f u r t h e r  s t u d y .  

T a b l e  2-2 shows t h e  l a t e n t  h e a t  s t o r a g e  media c a n d i d a t e s  a p p l i c a b l e  t o  t h e  
r e f e r e n c e  f i r s t  s t a g e  w a t e r l s t e a m  r e c e i v e r  power c y c l e .  Only t h e  hydrox ide  
s a l t s  a r e  s u i t a b l e  phase  change media for t h i s  a p p l i c a t i o n .  Both N a O H ,  
N a ~ C 0 3  e u t e c t i c  and NaOR, NaNO3, Mn02 ( "Themkeep")  a r e  s u i t a b l e  
s a l t s  w i t h  approx ima te ly  t h e  same 'neat of  f u s i o n  and  c o s t .  

Four  l a t e n t  h e a t  s t o r a g e  h e a t  exchanger  c o n c e p t s  a r e  c u r r e n t l y  under  
development  as i n d i c a t e d  i n  T a b l e  2-3. The t u b e  i n t e n s i v e  d e s i g n  under  
development by Comstock and I Je sco t t  141 u t i l i z e s  p a s s i v e ,  t u b e  i n t e n s i v e  
hea r  exchange r s  i n  c o n t a c t  w i t h  t h e  phase  change  med ia  (NaOH, NaNO3, 
Mn02 - "Themkeep")'. Grumrnan Aerospace [ S ]  i s  c u r r e n t l y  deve lop inq  t h e  
d i r e c t  c o n t a c t  h e a t  exchanger  which u t i l i z e s  a secondary  h e a t  t r a n s p o r t  
l oop  c o n t a i n i n g  a l i q u i d  m e t a l  e u t e c t i c ,  load-b ismuth ,  which comes i n t o  
d i r e c t  contac t  w i t h  mol ten  e u t e c t i c  s a l t  (??aC1, KC1, XgCl?).  A second 
Grumrnan tes t  module c o n c e p t ,  c a l l e d  t h e  R o t a t i n g  Drum S c r a p p e r ,  h a s  Seen  
f a b r i c a t e d .  However, work h a s  been de layed  pending comple t ion  o f  t h e  
d i r e c t  c o n t a c t  HX t e s r s .  The  f o u r t h  L a t e n t  h e a t  storage hea t  exchanse r  
concep t  be ing  developed  by t h e  Waval Research  Labora to ry  [6] u t i l i z e s  
c o n t a i n e r i z e d  s a l t  (Nac l ,  KC1, ?!gClZ e u t e c r i c )  i n  a p r e s s u r i z e d  b o i l e r  
tank .  Y-terphenyl  i s  used  a 5  t h e  h e a t  t r a n s f e r  f l u i d .  

I' 
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‘ -ab le  2-1. WATER/STEAM RECEIVER (POWER) 
SENSIBLE E A T  STORAGE M E D I A  CANCIDATES 
IWITIAL SCREENING 

[ R e c e i v e r  Steam: 1 2 . 5  HPa (1815 p s i a ) ;  510°C (9CO°F)]  

1ST STAGE CANCIDATES RATIOEU’P-LE 

1. C a l o r i a / G r a n i t e  (Refe rence )  

2 .  The mi  nol-5 5 /Taco ni t e 

3. Theminol - -66/Taconi te  

4 .  Caloria ( 2  Tank) 

5 .  Draw S a l t / T a c o n i t e  

6 .  HITEC/Taconite 

7. XITEC ( 2  Tank) 

8. C a l o r i a / G l a s s  
I I 

\ \ 9. HITEC/Glass 
10. P r e s s u r i z e d  Water 

11. Tube-In-Sand HX (JPL) 
1 2 .  Sand Moving Bed (B&W) 

13. F l u i d i z e d  Bed (Sand)  {MRI) 

1 4 .  C a l o r i a / S l a g  

15. Therminal-  5 5 / S l a g  

1 6 .  Therminol-66/Slag 

1 7 .  G i r / G r a n i t e  

18. Underground OiliRock, 

S o l u t i o n  - $lined 

. Continue S tudy  - Refe rence  System 

D i s c o n t i n u e  S tudy  - Higher Cost  F l u i d ,  

High Cos t  S o l i d  Media 

D i s c o n t i n u e  S tudy  - High Cost  Fluid, 

High Cos t  S o l i d  Media 

Cont inue  S tudy  - High Fluid C o s t ,  

Higher  Tank Cost ,  bu t  Lower F l u i d  

Degrada t ion  

D i s c o n t i n u e  S tudy  - High Freeze  Temp. 

Kot S u i t a b l e  f o r  1st S t a g e .  

i Continue S tudy  - R i g h  C o s t  A l t e r n a t e  

t o  Organ ic  F l u i d  

D i s c o n t i n u e  S t u d y  - Nigh F l u i d  Cost 

D i s c o n t i n u e  S tudy  - Righer  S o l i d  Media 

Cos t ,  Lower S t o r a g e  Dens i ty  t h a n  Rock. 

+ Continue S t u d y  - Lower Cost S o l i d  Media 

’ Cont inue  S tudy  - Low Cost  Media 

Di scon t inue  S tudy  - High HX Cost 

4- Cont inue  S tudy  - Low Cost Media 

D i s c o n t i n u e  S tudy  - S i m i l a r  t o  Sand 

Moving Bed 

+ Continue Study  - Low Cost S o l i d  Media 

D i s c o n t i n u e  S tudy  - S i m i l a r  t o  

Ca l o  r i  a /S lag  

+ Cont inue  S tudy  - Eigh F l u i d  Cost bu t  

P o s s i b l e  Lower Degrada t ion  

4- Cont inue  S tudy  - L o w  c o s t  Xedia 

Continue S tudy  - Lover Cost 

Containment i n  Large  Capacities 

YOTE: *Ces igna te s  C o n c e p t  C a r r i e d  Thcu F i n a l  Sc reen ing  
+Ees igna te s  Concept Cropped i n  F i n a l  Sc reen ing  
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Table  2 - 2 .  TJATER/STEAM FSCEIVER (POWER; 
LATENT EEAT STORAGE P E D I A  CANDICATES 
INITIAL SCREENlNG 

[ R e c e i v e r  Steam: 12 .5  MPa (1815 p s i a ) ;  510°C (950"F)j 

1ST STAGE CAHDIDATES FL4TIOKhL.E 

1. Hydroxidee 
a. NaOH, Ka2 CO;[M.P.=287"Ct550°F:j ' Continue Study - 

Recommended by Ceveloper  
(NBI ) 

b. S a O H ,  NaN07, - MnOZ ("Themkeep")  Cont inue S tudy  ~ 

Recommended 
[M.P.=292"C (558"F)j by Developer  (C61J) 

c .  NaOH [Map.= 318OC (6@4'F)]  D i scon t inue  S tudy  - t1.P. 

d .  KOH [M.P.  = 3 6 C " C  (68O"F)] D i scon t inue  S tudy  - M.P. 
Too High, Righer  Cost Media 

Too E i g h  

2. Nitrates  
a .  N a N O 3  [>l.P,= 307°C (585'F) Discon t inue  Study - 
b. MaN03, NaOtf [M.P.= 310°C (590"F)j D i s c o n t i n u e  Study - I4.P. 

NaNOz , NaOH P r e f e r r e d  

Too High 

3. C h l o r i d e s  
a. KC1, NaCI, MgClZ [M.P. 385°C (725°F); Discon t inue  S t u d y  - X.P. 

Too Ii igh 
\ 

4 .  Carbonates  
a .  (Li-Na-K)* C03 [M.P. = 397'C(747"F)] Discon t inue  Study - H.P. . 

Too High 

i 

1' . 

j '  

NOTE: 'Designates Concept C a r r i e d  Thru F i n a l  Sc reen ing  

i '  

i 
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T a b l e  2-2.  LATENT !EAT STORAGE 
HEAT EXCHANGER CONCEPTS 
BEING DEVELOPED 

CONCEPTS CEVELOPER STATUS 

Tube I n t e n s i v e  Cornstock & Wescott I n  P r o g r e s s  

D i r e c t  Contact: G r  umma n Aerospace I n  P rogres s  

Ro ta t ing  Drum Scrapper  Grumman Aerospace Delayed 

Conta ine r i zed  S a l t  Naval Research Lab. I n  P rogres s  



TR-1283, Val. 11 

All of t h e  l a t e n t  h e a t  s t o r a g e  h e a t  exchanger  c o n c e p t s ,  except f o r  t h e  
r o t a t i n g  drum s c r a p p e r ,  were r e t a i n e d  th rough  t h e  f i n a l  s c r e e n i n g  and a r e  
d i s c u s s e d  i n  d e t a i l  i n  S e c t i o n  3.0.  

Table  2-1 i n d i c a t e s  t h e  s e n s i b l e  h e a t  s t o r a g e  media c a n d i d a t e s  f o r  t h e  
second s t a g e  wa te r / s r eam r e c e i v e r  power sys tem.  OE t h e  t e n  c o n c e p t s  
i d e n t i f i e d ,  f i v e  were s e l e c t e d  f o r  f u r t h e r  s t u d y .  

2.3.2 Water/Stcam Freceiver TES Concepts  (Process I iea t )  

F o r  t h e  wa te r / s t eam r e c e i v e r  process heat sys t em t h e  s e n s i b l e  h e a t  s t o r a g e  
media c a n d i d a t e s  are  t h e  same a s  t h o s e  i d e n t i f i e d  f o r  t h e  firs! s t a g e  power 
case w i t h  t h e  e x c e p t i o n  t h a t  a c o n c r e t e  p i t  i s  used i n  l i e u  of t h e  
underground s o l u t i o n  - mined c a v e r n  f o r  t h e  a l t e r n a t e  o i l / r o c k  
con ta inmen t .  S i x  s e n s i b l e  h e a t  s t o r a g e  media c a n d i a t e s  were c o n s i d e r e d  for  
f u r t h e r  s t u d y  following t h e  i n i t i a l  s c r e e n i n g  as  shown i n  T a b l e  2-5. 

The l a t e n t  h e a t  s t o r a g e  media c a n d i d a t e s  € o r  t h e  wa te r / s t eam r e c e i v e r  
p r o c e s s  h e a t  sys tem is shown i n  Tab le  2-6. A n i t r a t e  s a l t  deve loped  by 
Honeywell [ 7 ] ,  NaNO:, N a O l i ,  h a s  been s e l e c t e d  f o r  u s e  i n  t h e  l a t e n t  h e a t  
s t o r a g e  c o n c e p t .  

2 . 1 . 3  Organic  F l u i d  Rece ive r  TES Concepts  (Power) 

The s e n s i b l e  hear. s t o r a g e  media c a n d i d a t e s  f o r  t h e  organic f l u i d  r e c e i v e r  
u sed  i n  the r e f e r e n c e  t o t a l  ene rgy  sys tem a r e  showri i n  Tab le  2 - 7 .  The 
r e f e r e n c e  t h e r n a l  ene rgy  s t o r a g e  c o a c e p t  i s  a S y l t h e m / t a c o n i t e  t r i c k l e  
c h a r g e  t h e r m o c l i n e .  A t o t a l  of n i n e  TES c a n d i d a t e s  were c o n s i d e r e d  w i t h  
s i x  r e t a i n e d  f o r  a d d i t i o n a l  s t u d y .  

Table  2-8 shows t h e  l a t e n t  TES c o n c e p t s  a p p l i c a b l e  t o  t h e  o r g a n i c  f l u i d  
power system. I n  e a c h  case a two-stage sys tem i s  r e q u i r e d  t o  r e a c h  t h e  
r e q u i r e d  382OC (72OOF) d i s c h a r g e  steam t e m p e r a t u r e .  For t h e  sa l t  m i x t u r e s  
c o n s i d e r e d ,  a l a t e n t  h e a t  f i r s t  s t a g e  fo l lowed  by a draw s a l t  ( 2  t a n k )  
s e n s i b l e  h e a t  second s t a g e  was used .  

\ 

2.3.4 A l t e r n a t e  Organic  F l u i d  Kece iver  YES Concepts  (Fower) 

The a l t e r n a t e  o r g a n i c  f l u i d  r e c e i v e r  (power) YES media c a n d i d a t e s  a r e  shown 
i n  Tab le  2-5 .  The o r g a n i c  f l u i d  t e m p e r a t u r e  f r o m  t h e  r e c e i v e r  i s  310'C 
(59G"F).  The  r e f e r e n c e  TES concep t  i s  a s i n g l e  s t a g e  C a l o r i a l g r a n i t e  
t h e r m o c l i n e .  As a l t e r n a t e s  t o  t h e  r e f e r e n c e  concep t  a Calor ia  ( 2  t a n k )  
sys tem and two d u a l  media s t o r a g e  concepts u s i n g  g l a s s  and s l a g  a s  t h e  I c w  
c o s t  media w i t h  C a l o r i a  were c o n s i d e r e d .  A l l  f o u r  c o n c e p t s  were con t inued  
t h r u  t h e  i n i r i a l  s c r e e n i n g  s t a g e .  

T h e  l a t e n t  h e a t  TES media c a n d i d a t e s  f o r  t h e  a l t e r n a t s  o r g a n i c  f l u i d  power 
sys t em a r 2  shown i n  Table  2-1C. Only Na2SO4 used a s  b o t h  s e n s i b l e  and  
s o l i d - t o - s o l i d  phase change media was i d e n t i f i e d  f o r  c o n r i n u e d  s t u d y .  

i 
1 
I 

1 
I 
I .  

I 

I 

, '., 
> 
) :  
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Tab le  2-4 .  WATER/STEM RECEIVER (POWEB: 
SENSIBLE HEAT STORAGE MEDIA CANDIDATES 
I N I T I A L  SCREENING 

[Receiver Steam: 1 2 . 5  MPa (1815 p s i a ) ;  510°C (95O0F)1 

2ND STAGE CANDICATES RATIONALE 

I .  

1. Craw Salt ( 2  Tank) 

2 .  HITEC ( 2  Tank)  

In> 
i l  3. Draw S a l t / T a c o n i t e  
1 .  

4 .  HI. TEC /Tacon i t e  i '. 
5 .  Sodium ( 2  Tank) 

6 .  A i  r 1 G rani t e 

t 

7. A i r / R e f r a c t o r y  B r i c k  

\ 
8. Sand Moving Bed (B&W) 

9. F l u i d i z e d  Bed (Sand)(MU) 

10. Phase Change Media (NaOH, NaN03 ,  
HnO 2 

Continue Study - Refe rence  
System 

D i s c o n t i n u e  Study E i g h  
F l u i d  Cos t  

-+ Continue S tudy  - Low Cost 
S o l i d  Hedia 

Di scon t inue  S t u d y  - High 
F l u i d  Cost 
D i scon t inue  S tudy  - High 
F l u i d  Cost,  Lower S t o r a g e  
D e n s i t y  

* Cont inue  S tudy  - Low C o s t  
Media 

D i s c o n t i n u e  S tudy  - High 
Cost  Media 

Cont inue  S tudy  - Low Cost 
Media 

Discon t inue  Study - 
Similar t o  Sand Moving Bed 

Continue S t u d y  - Unique 
A p p l i c a t i o n  - Use w i t h  1st  
S tage  Direct Contac t  HX. 

NOTE: 'Des igna tes  Concept  Ca r r i ed  Thru F i n a l  S c r e e n i n g  
+Designates Concept Dropped in F i n a l  Sc reen ing  

I 

1 7  
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Tab le  2-5. NATEI/STEAM RECEIVER (PROCESS; 
SENSIBLE HEAT STORAGE MEDIA CANPIDATES 
I N I T I A L  SCREENIMG 

[ R e c e i v e r  Steam: 1 2 . 5  MPa (1815 p s i a ) ;  328'C ( 6 2 2 ' F )  S a t . ]  
[ P r o c e s s  Steam: 7 . 2  MPa (1045 p s i a ) ,  288°C (550°F; S a t . ]  

CANDIDATES RATIONALE 

1. C a l o r i a / G r a n i t e  ( & f e r e n c e )  

2.  Therminol  - 55 /Tacon i t e  

3. Therminol  - 66/Taconi te  

4 .  C a l o r i a  ( 2  Tank) 

5. D r a w  S a l t / T a c o n i t e  

6. HITEC/Taconite 

7. RITEC ( 2  Tank) 

8. C a l o r i a / G l a s s  

9 .  P r e s s u r i z e d  Water 

10. Tube-In-Sand (JPL) 

11. Sand Moving Bed (B&W) 

12 .  F l u i d i z e d  B e d  (Sand)  (MRI) 

13. C a l o r i a  /S lag  

14.  T h e m i n o l  - 66/Slag 

15. A i r / G r a n i t e  

1 6 .  C a l o r i a / C r a n i t e ,  Concre te  Pit 

\ 

Cont inue  S tudy  .- Reference 
System 
G i s c o n t i n u e  S tudy  -- High 
Solid Media Cost,  F l u i d  
S i m i l a r  t o  C a l o r i a  
D i s c o n t i n u e  Study . High 
F l u i d  Cost 
D i scon t inue  S tudy  - Righ 
F l u i d  Cost  
O i s c o n t i n u e  S tudy  I 

Freez ing  P o i n t  t o o  Eigh 
+ Continue S tudy  - A l t e r n a t e  

T l u i d  Media 
Di scon t inue  S tudy  - High 
F l u i d  Cost  
D i scon t inue  Study - Z i g h e r  
S o l i d  Media C o s t ,  Lower 
S t o r a g e  C e n s i t y  
C o n t i n u e  S tudy  - Low Cost  
Media 
Di scon t inue  S tudy  - Bigh 
Heat Exch. Cost 

l l ed ia  
Di scon t inue  Study 
S i m i l a r  t o  Sand Moving Bed 

f Continue Study - Low Cost  
S o l i d  EIedia 
D i s c o n t i n u e  S tudy  - High 
F l u i d  Cost  

t C o n t i m e  S t u d y  - Low Cost 
Media 

* Continue S tudy  - L o w e r  
Cost  Containment 

+t Cont inue  S tudy  - Low Cost 

i 
i 

1- 
i '. 

I "  
I 

1. 
I. 

NOTE: *Des igna tes  Concept C a r r i e d  Thru Final S c r e e n i n g  
+&s ignaces  Concept Dropped i n  F i n a l  S c r e e n i n g  

18 
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I 

I 

Tab le  2-6. WATERISTEAM RECEIVER (PROCESS) 
LATENT HEAT STORAGE MEIECIA CANCIDATES 
I N I T I A L  SCREENING 

[Receiver Steam: 12.5 MPa (1815 p s i a ) :  2 2 8 ° C  (622 'F)  S a t . ]  
[ P r o c e s s  S team:  7.2 MPa (1045 psia), 288°C (550°F) S a t . ]  

CANDIEATES MAT I ONAL E 
I .  

1 

1. Hydroxides  

a .  NaOH, N a N 0 3 ,  Mn02 ("Themkeep")  
[M.P. = 2 9 2 ° C  (558°F); 

b. NaOH, Na2CO3 
[M.P. = 287°C (550"F) j  

2. Nit ra tes  

a.  NaN03 

b. NaNO3, NaOH 

[M.P. = 307°C (585"F)I  

[M.P. = 3 1 O o C  (590'F)I 

D i s c o n t i n u e  Study - M.P. 
Too Low 

C i s c o n t i n u e  Study - M.P. 
Too Low 

Discontinue Study - S i m i l a r  
t o  NaN03, NaOH 

Continue Study - P r e f e r r e d  
Nitrate Phase Change Media 

NOTE: 'Des igna tes  Concept C a r r i e d  Thru F i n a l  Sc reen ing  \ 

19 
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T a b l e  2 . 7 .  ORGANIC FLUID RECEIVER (POIER) 
SENSIBLE HEAT STORAGE MEDIA CANDIDATES 
IMIT IAL SCREENING 

[Rece ive r  F l u i d  Temperature  399°C (750"F)]  t 
CANDIDATES RATIOIJALE 

1. Sy l the rm/Tacon i t e  (Refe rence )  
( T r i c k l e  Charge)  

Cont inue  S t u d y  - Refe rence  
System 

2.  D r a w  S a l t  ( 2  Tank) p i s c o n t i n u e  S tudy  - 
Freezing Problem i n  
P r e h e a t e r  HX 

3 .  HITEC 1 2  Tank) ' Continue S t u d y  - Does Not 
Requi re  O i l / S o l i d  Media 
Contac t  

4 .  HITEC/Taconi t e  + Cont inue  S r u d y  - Low Cost 
S o l i d  Media 

i 

5. H I T E C / G l a s s  f Continue Study  - Low Cost  
S o l i d  Media 

6. Sand Moving Bed (B&W) D i scon t inue  S t u d y  - 
A p p l i c a t i o n  Too S i n a l l  

D i scon t inue  Study - C o s t l y  
HX, Large  Fan Power 

\ 7. AirlGranite 

8. Sy l the rm/Glass  -F Continue S tudy  - Low Cost  
S o l i d  Media 

9. Syl the rm/S lag  + Continue Study - Low Cost  
S o l i d  Media 

MOTE: 'Des igna te s  Concept Carried Thru  Final Screen ing  
+Des igna te s  Concept Dropped i n  F i n a l  S c r e e n i n g  

20 
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Table 2-8. ORGANIC FLUID RECEIVER (POWER) 
LATENT HEAT STORAGE MEDIA CANDIDATES 
I N I T I A L  SCREENING 

[Receiver Fluid Temperature 3 9 9 O C  (750"F)I 

CANDIDATES RATIONALE 

1. Hydroxides 

a. KOH (M.P. = 360°C (680'F)) 

b. NaOH + Molten Salt ( 2 - S t a g e )  
[H.P. (NaOH) = 318°C (604"F)l 

Discontinue Study  - 
Expensive Media 

Ciscontinue Study . Similar 
to " Themkeep" 

c. NaOH,  NaN07, Mn02 ( "Themkeep") 
4- Molten Salt (2-Stage) 
[M.P. (Thermkeep) = 292'C (558'F)I Change Media 

N a O H ,  Na2C03 +Molten Salt (2 Stage) 
[M.P. (NaOH, Na2C03) = 287°C (550"F)l 

+ Continue S t u d y  - Represent- 
ative Hydroxide Phase 

d. Discontinue Study  - Similar 
to "The rmkee p " 

2 .  Nitrates 

a. NaN03 f. Molten Salt (2-Stage) 
[M.P. ( N a N 0 3 )  = 507°C (585'F)J 

\ 

Discontinue Study  - Similar 
to NaN03, NaOH 

b. N a N 0 3 ,  NaOH + Molten Salt (2-Stage) Continue Study - Preferred 
[M.P. (NaN03, NaOH) = 310°C (590"F)I  Nitrate P h a s e  Change Hedia 

3. Carbonates 

a .  (LI-Na-K)2 C03 
[M.P. = 397°C (747"F)J 

4 .  Chlorides 

a .  KC1, NaC1, MgCl 
[M.P. = 385OC (725OF)] 

Discontinue Study - M.P. 
Too High 

Discontinue Study - M.P. 
Too High 

NOTE: 'Designates Concept  Carried Thru F i n a l  S c r e e n i n g  
+Designates Concept Dropped in F i n a l  Screening 

2 1  
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Table 2-9 .  ALTERNATE ORGANIC FLUID RECEIVER (POWER) 
SENSIBLE HEAT STORAGE MEDIA CANEIDATES 
I N I T I A L  SCREENING 

[Receiver F l u i d  Temperature  310°C (590'F) ] 

CAM) IDATES FUTIONALE 

1. C a l o r i a / G r a n i t e  (Refe rence )  

2 .  C a l o r i a  ( 2  Tank) 

3. Caloria/Glass 

4 .  C a l o r i a / S l a g  

Cont inue  S tudy  - Reference 
System 

' Continue S tudy  . A l t e r n a t e  
t o  Dual Media 

-! Cont inue  S tudy  - A l t e r n a t e  
Low Cost Media 

+ Continue S tudy  - A l t e r n a t e  
Low Cos t  Xedia 

NOTE: *Des igna te s  Concept C a r r i e d  Thru F i n a l  S c r e e n i n g  
+Des igna te s  Concept Dropped i n  F i n a l  Screening 

b.., i: 

22 
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Table  2-10. ALTERNATE ORGANIC FLUID RECEIVER (POWER) 
LATENT HEAT STORAGE 14EDIA CAXDIDATES 
INITIAL SCREENING 

[Rece ive r  F l u i d  Temperature 310°C (590°F)  ] 

CANDIOATES RAT IONALE 
; 

1. Hydroxides  

a .  NaOlI, NaN03 ,  Mn02 ("Themkeep")  D i s c o n t i n u e  S tudy  - M.P. 
(M.P. = 292°C (558°F)) Too High 

b. NaOH, Na2C03 
(M.P. = 287'C (550°F)) 

2 .  Nitrates 1 .  
a .  NaNO3 

(M.P. = 307°C (585°F)) 

b. NaN03, NaOH 
(M.P. - 310'C (560'F)) 

3. Sulfates  

a. N a 2  SO4 (Phase  Change @ 
I \  240°C ( 4 6 5 ° F ) )  
! 

Discontinue S t u d y  - M.P. 
Too High 

Di scon t inue  Study - M.P. 
Too High 

Discont inue S tudy  - M.P. 
Too High 

-I- Cont inue  Study - Sol id - to -  
Solid Phase Change Eledia 

NOTE : +Designates  Concept Dropped i n  F i n a l  Screening 

23 
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2 . 2 . 5  Organic  F l u i d  Rece ive r  TES Concepts  ( P r o c e s s  Heat) 

For  t h e  o r g a n i c  f l u i d  r e c e i v e r  p r o c e s s  h e a t  sys tem 11 s t o r a g e  media 
c a n d i d a t e s  were c o n s i d e r e d  and  o n l y  f o u r  c o n c e p t s  were c o n t i n u e d  t h r u  t h e  
i n i t i a l  s c r e e n i n g  as ,shown in Table  2-11. 

T a b l e  2-12 shows t h e  l a t e n t  h e a t  s t o r a g e  media c a n d i d a t e s  c o n s i d e r e d ,  
however, a l l  were e l e m i n a t e d .  

2 . 2 . 6  Closed  A i r  Brayton  R e c e i v e r  TES Concepts  (Power) 

The reference c l o s e d  a i r  Brayton  c y c l e  u t i l i z e s  a s e n s i b l e  h e a t  a i r / a l u m i n a  
(A1203) b r i c k  TES system o p e r a t i n g  a t  a maximum tempera tu re  o f  816°C 
(1500'F) a t  3 . 4  MPa ( S O 0  p s i a ) .  I n t e r n a l l y  i n s u l a t e d ,  ca rbon  s t e e l  
p r e s s u r e  v e s s e l s  are used € o r  conta inment .  A s  i n d i c a t e d  i n  Table  2 - 1 2 ,  
a l t e r n a t e  s o l i d  media ,  e .g . ,  HgO br ick ,  cas t  i r o n  ( a c t u a l l y  Meehan i t e ) ,  
s l a g ,  glass and s a n d ,  were c o n s i d e r e d  i n  p l a c e  of alumina. 

The a i r / g r a n i t e  TES u t i l i z e s  external € inned- tube  h e a t  exchange r s  and a low 
p r e s s u r e  a i r / r o c k  bed w i t h  r e v e r s i b l e  a i r  c i r c u l a t i o n  f a n s .  This s t o r a g e  
concep t  was r e t a i n e d  th rough  t h e  f i n a l  s c r e e n i n g .  

The l a t e n t  h e a t  s t o r a g e  media c a n d i d a t e s  c o n s i d e r e d  f o r  t h e  c l o s e d  a i r  
Brayton  c y c l e  are shown i n  Tab le  2-14 .  Only t h e  c a r b o n a t e  s a l t  
(Li-Na-K)2 C03 was c a r r i e d  t h r o u g h  i n i t i a l  s c r e e n i n g  based on t e s t i n g  
performed by t h e  I n s t i t u t e  of  Gas Technology [ E l ;  however, t h e  l a t e n t  h e a t  
s t o r a g e  concep t  f o r  t h e  3 r a y t o n  c y c l e  was d i s c o n t i n u e d  f o r  t e c h n i c a l  
r easons .  

\ 

I 

i ,  

i 

24 
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Tab le  2-11. ORGANIC FLUID RECEIVER (PROCESS) 
SENSIBLE HEAT STORAGE NEDIA CANDIDATES 
INITIAL SCREENING 

[Rece ive r  F l u i d  Temperature  310°C ( 590OF) 
[ P r o c e s s  Steam Temperature  1 7 2 O C  ( 3 4 1 ° F )  S a t .  ] 

CANDIDATES RAT I0 NA LE 

1. 

2. 

3. 

4 .  

5. 

6. 
a 

7. 

8. 

9 .  

C a l o r i a / G r a n i t e  (Refe rence )  

Mol ten  S a l t s  (Draw S a l t  & HITEC) 

C a l  o r i a  /Glass 

Tube-In-Sand ( J P L )  

Sand Moving Red ( M W )  

F l u i d i z e d  Bed (Sand)  (HRI) 

Therminol-55fTaconi te  

Therminol-55/Grani te  

C a l o r i a  ( 2  Tank) 

10 .  P r e s s u r i z e d  Water 

11. S i r / G r a n i t e  

' Continue S tudy  - Refe rence  
System 

D i s c o n t i n u e  S tudy  - S a l t  
F r e e z i n g  Problems, High 
F l u i d  Cost  

-+ Continue S tudy  - A l t e r n a t e  
Low Cost  S o l i d  Media 

D i s c o n t i n u e  S tudy  - High 
Cost  Heat Exchanger 

D i s c o n t i n u e  S tudy  - High 
Heat Exch. Cos t ,  Complex 
System 

D i s c o n t i n u e  S tudy  - 
S i m i l a r  t o  Sand Moving Bed 

Discon t inue  S tudy  - High 
Media Cost  

D i scon t inue  S tudy  - 
S i m i l a r  t o  C a l o r i a / G r a n i t e  

Cont inue S tudy  - Lower 
F l u i d  Degrada t ion  Than 
Dual Media 

f Continue S tudy  - Low Cost  
Media . 

NOTE: 'Ces igna te s  Concept C a r r i e d  T ~ K U  F i n a l  Sc reen ing  
+Des igna te s  Concept Dropped in F i n a l  Screening 

25 
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Table  2-12. ORGABIC FLUIT! RECEIVER (PROCESS) 
LATENT HEAT STORAGE mDTA CAXDIDATES 
INITIAL SCREEWING 

[Rece iver  F l u i d  Temperature  310°C (59C"F) l  
[Process Stealn Temperature  1 7 2 ° C  (341'F) S a t . ]  

CANDIDATES FAT IONALE 

1. Hydroxides 

a .  NaOH, Na2C03 
(1f.P. = 287'C (549'F))  

Discon t inue  S tudy  - M.P. 
Too High 

b. NaOH,  NaNO? Mn02 Discon t inue  S t u d y  - M.P. 
("Themkeep")  (M.P. = 292OC (558'F)) Too High 

2 .  Nitrates 

a. NaNO3, NaOH 

b. NaNO3 

(H.P.  = 310°C (590'F)) 

(M.P. = 307"C, (585'F)) 

Cisconeinue Study - M.P. 
Too High 

Discon t inue  S tudy  - M.P. 
Too High. 

I 

I' 

26 
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\ 
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Tab le  2-13. CLOSED A I R  BRAYTON RECEIVER (POWER) 
SENSIBLE HEAT STORAGE MF,DIA CAHDIDATES 
INITIAL SCREENING 

[ R e c e i v e r  A i r  Temperature  816'C (150o0F)] 

CANDIDATES RATIONALE 

1. Air /Alumina (A1203) Brick (Refe rence )  ' Cont inue  S tudy  - Refe rence  
System 

2 .  Air /Magnes i t e  (MgO) Br ick  

I 
\ 3. h i r / C a s t  I r o n  
$!'j 

i 4 .  Air /Sand ( S i 0 2 )  
/ 

a.  D i r e c t  Con tac t  

b. I n d i r e c t  (Tube-in-Sand) 

C.  Moving Bed ( B W )  

d .  F l u i d i z e d  Bed (MRI) 
; \  

5 .  A i r l G r a n i t e  ( E x t e r n a l  Heat Exch.) 

6. Air/Slag 

7 .  Air/Glass 

+ Cont inue  S tudy  - Lower 
Cost Media 

Cont inue  S tudy  - Lower 
Cost  Media 

Di scon t inue  S tudy  - Large  
Volume, High P r e s s u r e  Drop 

D i s c o n t i n u e  S tudy  - High 
Heat Exch. Cost 

D i s c o n t i n u e  S tudy  - Lack 
of  I n f o r m a t i o n  a t  High 
Temper a t u  re 

D i s c o n t i n u e  S tudy  - Lack 
o f  I n f o r m a t i o n  a t  High 
Tempe ra t  u re 

+ Continue Study . LOW Cost 
Media,  E x t e r n a l  Heat 
Exchanger 

Di scon t inue  S tudy  - S l a g  
S o f t e n i n g  and High 
Pressure Dorp 

D i s c o n t i n u e  S tudy  . Glass 
S o f t e n i n g  and Low S t o r a g e  
Dens i ty  

NOTE: 'Des igna tes  Concept C a r r i e d  Thru F i n a l  Sc reen ing  
+Des igna te s  Concept Dropped i n  F i n a l  Sc reen ing  

2 7  
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Table  2-14. CLOSED A I R  BMYTON IIECEIVER (POWER) 
LATENT HEAT STORAGE >IEDIA CANDIDATES 
I N I T I A L  SCREENING 

[Rece ive r  F l u i d  Temperature  E16"C (1500°F)]  

CANDIDATES RATIONALE 

1. Carbonates  

a. L i 2 C O ?  [N.P. = 723°C (1333"F)I  C i s c o n t i n u e  S tudy  - High 
Media Cost, Low 
A v a i l a b i l i t y  ( R e f :  IGT) 

b.  (Li-Na-KI2 Cog [M.P. = 706°C 
(1303°F)] 

+ Continue Study - IGT T e s t  
Data, Good C o n d u c t i v i t y ,  
(Ref :  IGT) 

C i s c o n t i n u e  S t u d y  - Eigh  
Media Cos t ,  Poor 
C o n d u c t i v i t y ,  (Ref:  IGT) 

D i s c o n t i n u e  Study - Lack 
of  rata (Fief: I G T )  

C .  Li2C02, CaC03 
(1224 F)] 

[M.P. = 662°C 

e. N a Z C O a ,  BaC03 
( 1 2 6 7  F ) ]  

[M.P. = 686OC 

2. Chlorides 

\ a .  CaC12 [M.P. = 772°C (1422'F)j  C i s c o n t i n u e  Study - Highly  
Cor ros ive  I f  Not Dry, 
(Ref:  IGT)  

D i scon t inue  S tudy  . High 
Cos t ,  Large  Volume Change, 
power Ht. of F u s i o n  ( k e f :  
Grumman) 

b. K C 1  [M.P. = 776OC (1629"F)]  

c. N a C l  [M.P. = 801°C (1474"F)I  D i scon t inue  S tudy  - 25% 
Volume Change, Cor ros ive  
(Ref :  IGT) 

d .  CaC12, M a C l  E u t e c t i c  (M.P. = 500°C 
( 932°F: ) Too Low ( R e f :  NRL) 

D i scon t inue  Study - 11.P. 

e .  N a C 1 2 ,  N a 2 C O 3  E u t e c t i c  
(Y.P. = 638°C (1180aF)) 

f .  K C 1 ,  N a C L ,  llgClp (M.P .=  385°C 
( 7 2 5  OF) ) 

Discontinue S t u d y  - X.P. 
Too Low ( R e f :  1IRL) 

D i scon t inue  S t u d y  - b1.P. 
Too Low ( R e f :  NRZ) 

NOTE: +Designates  Concept Dropped i n  F i n a l  S c r e e n i n g  
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Table  2-14. CLOSED AIR BRAYTON RECEIVER (POWER) (Cont inued  > 
LATENT HEAT STORAGE MEEIA CALlIDATES 
INITIAL SCREENING 

, 
[Receiver F l u i d  Temperature 816 'C  (150OaF)]  

CANDIDATES RATIONALE 

3. F l o r i d e s  
, 

a.  KF, NaF (M.P .  = 721'C (1330aF))  D i scon t inue  S tudy  - High 
Cost,  Very Corrosive ( R e f :  
IGT) 

b. C a F p ,  KF, NaF Eutectic (M.P. = 682OC Discon t inue  S t u d y  . 
1260'F) ) Material Cornpatab i l i ty  

Problems (lief. Boeing)  

4 .  Metal Alloys  

a.  Metal Eu tec t i c s  Di scon t inue  Study - High 
Cost Media, Lack of Data 
( 6 e f :  Univ. of Deleware)  

2 9  
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2 . 4  FIKAL SCREENING 

Fol lowing  t h e  i n t i a l  s c r e e n i n g  of p o t e n t i a l  t h e r n a l  s t o r a g e  c o n c e p t s ,  a 
l i s t  o f  20 f i n a l  s t o r a g e  c o n c e p t s  was developed  € o r  t h e  p r e p a r a t i o n  of 
c o n c e p t u a l  d e s i g n s  i n  Task 2 .  

The l i s t  of t h e  f i n a l  20 the rma l  s t o r a g e  c o n c e p t s  was a r e s u l t  o f  
S tearns-Roger '  s p r e l i m i n a r y  concep t  s c r e e n i n g  and a Concept Sc reen ing  
review.  S E R I  had t h e  r e s p o n s i b i l i t y  of t h e  p rov id ing  a f i n a l  l i s t  o f  
t h e  c o n c e p t s  t o  s t u d y  i n  g r e a t e r  d e t a i l  i n  t h e  c o n c e p t u a l  d e s i g n  t a s k .  

The f o l l o w i n g  p r e s e n t s  a f i n a l  s e l e c t i o n  of the rma l  s t o r a g e  c o n c e p t s  by 
r e c e i v e r  t y p e  and  t h e  r a t i o n a l e  used  i n  t h e  s e l e c t i o n .  

2.4.1 Water/Steam Rece ive r  TES Concepts  (Power) 

The t he rma l  s t o r a g e  c o n c e p t s  f o r  t h e  w a t e r / s t e a m  r e c e i v e r  (power) TES 
sys tem i s  shown i n  Tab le  2-15, 

Of t h e  t e n  Eirs t  stage s t o r a g e  c o n c e p t s  s e l e c t e d  i n  t h e  i n i t i a l  
s c r e e n i n g ,  s ix  were d i s c o n t i n u e d  d u r i n g  t h e  f i n a l  s c r e e n i n g  a n a l y s e s .  
The s t o r a g e  c o n c e p t s  dropped i n c l u d e :  

l l ITEC/ taconi te  - High media c o s t ,  p o t e n t i a l  s a l t  f r e e z i n g  

HITEC/glass - Same as above.  
Sand Moving Bed ( B W )  - Eigh c a p i t a l  i nves tmen t ,  h i g h  ene rgy  

C a l o r i a / s l a g  (The rmino l / s l ag )  - Lack of c o n s i s t e n t  p h y s i c a l  d a t a  

A i r / g r a n i t e  - High power re la ted  c o s t s ,  h i g h  ene rgy  c o s t .  

problems d u r i n g  s t a r t u p  and shutdown. 

c o s t ,  t e c h n i c a l  u n c e r t a i n t i e s .  

on s l a g ,  no p r e v i o u s  e x p e r i e n c e .  

An expe r imen t  of l a t e n t  h e a t  s t o r a g e  h e a t  exchange methods was performed 
f o r  the wa te r / s t eam pawer f i r s t  s t a g e  l a t e n t  h e a t  s t o r a g e  concep t s .  F o r  
t h i s  exper iment  t h e  same phase  change media,  NaOII ,  NaNO?, HnO7 
("Thermkeep"), was used  f o r  t h e  f o u r  h e a t  exchange c o n c e p t s ,  i .e . ,  tube: 
i n t e n s i v e ,  d i r e c t  c o n t a c t ,  r o t a t i n g  drum s c r a p p e r  and  c o n t a i n e r i z e d  
s a l t .  A p r e l i m i n a r y  c o s t  e v a l u a t i o n  i n d i c a t e d  t h a t  t h e  t u b e  i n t e n s i v e  
concep t  had t h e  h i g h e s t  e v a l u a t e d  sys tem c o s t ,  fo l lowed by t h e  r o t a t i n g  
drum s c r a p p e r  H X ,  d i r e c t  c o n t a c t  IIX and c o n t a i n e r i z e d  s a l t .  Cue t o  
i n s u f f i c i e n t  t e s t  d a t a  on t h e  r o t a t i n g  drum s c r a p p e r  HX t h i s  concep t  was 
d i sconc inued  i n  t h e  f i n a l  s c r e e n i n g  p r o c e s s .  Work c o n t i n u e d  on t h e  t u b e  
i n t e n s i v e  tIX,  d i r e c t  c o n t a c t  HX and c o n t a i n e r i z e d  sa l t  c o n c e p t s  th rough 
c o n c e p t u a l  d e s i g n  and c o s t  a n a l y s i s .  

O f  :he second s t a g e  s t o r a g e  c o n c e p t s  c o n t i n u e d  through t h e  i n i t i a l  , 
s c r e e n i n g ,  a l l  excepr: t h e  draw s a l t / t a c o n i t e  thermo c l i n e  were 
r e t a i n e d .  The draw s a l t / t a c o n i t e  concep t  does  n o t  p rov ide  s u f f i c i e n t  
c o s t  advan tage  o v e r  t h e  r e f e r e n c e  draw s a l t  ( 2  t ank )  s y s t e m  and has  
g r e a t e r  Kechnica l  r i s k .  The a i r j r o c k  and sand  moving bed s t o r a g e  
c o n c e p t s  i n  t h i s  c a s e ,  were r e t a i n e d  a l o n g  w i t h  t h e  r e f e r e n c e  second 
s t a g e  concept  as a n  exper iment  on second s t a g e  concep t s .  

i. 
b 

F' : 
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Table 2-15. THERMAL STORAGE CONCEPTS 
WATER/STEAM RECEIVER-POWER 

1st  S tage  2nd Stage R a t  i o n a l e  

1. Calo r i a /Gran i t e  D r a w  Salt ( 2  Tank) 
2. C a l o r i a / G t a n i t e  A i r  h o c k  Experiment on 
3. Calo r i a /Gran i t e  Sand, Moving Bed 2nd S tage  Concepts 

4. Pressurized Water Draw S a l t  ( 2  Tank) 
a.  Underground 
b. Above Ground 

5. Underground Oil/Rock, Draw S a l t  ( 2  Tank) Experiment on 
6. C a l o r i a  (2  Tank) D r a w  S a l t  ( 2  Tank) 1st Stage  Concepts 
7. Tube I n t e n s i v e  HX D r a w  S a l t  ( 2  Tank) 
8. Container ized S a l t  D r a w  Salt ( 2  Tank) 

9 .  Direct Conracr. HX The Phase Change Experiment, Unique 
Phase Change Media C a p a b i l i t y  

Table 2-16. THERMAL STORAGE CONCEPTS 
WATERISTEAM RECEIVER-PROCESS HEAT 

Concept Comments 
I \  

1. Calo r i a /Gran i t e  Reference System 

2 .  Underground P res su r i zed  Water Low Cost Media 

3. Oil/Rock - Excavated 
Concrete P i t  

4. Container ized S a l t  

Test o f  A l t e r n a t e  Containment of 
Oil/Rock System (Most Favorable 
Condit ion For A l t e r n a t e  Containment, 
( i . e .  Larges t  Quant i ty  of  O i l  and Rock 
and Thus Largest  Tank) 

Represen ta t ive  o f  Phase Change Systems 
I '  

I '  
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2.4.2 Water/Steam R e c e i v e r  TES Concepts  ( P r o c e s s  Heat) 

T a b l e  2-16 shows t h e  s e l e c t e d  the rma l  s t o r a g e  c o n c e p t s  f o r  t h e  wa te r / s t eam 
receiver p r o c e s s  h e a t  a p p l i c a t i o n .  

The r a t i o n a l e  used in t h e  s e l e c t i o n  o f  t h e  f i n a l  s e n s i b l e  h e a t  s t o r a g e  
c o n c e p t s  f o r  c o n t i n u e d  s t u d y  € o r  t h e  w a t e r / s t e a m  r e c e i v e r  p r o c e s s  h e a t  
system f o l l o w s  that  used  f o r  the f i r s t  s t a g e  power g e n e r a t i o n  c a s e .  A s  € o r  
l a t e n t  heat c o n c e p t s  t h e  c o n t a i n e r i z e d  s a l t  s t o r a g e  concep t  was s e l e c t e d  as 
be ing  r e p r e s e n t a t i v e  of phase  change  systems I n  t h i s  s p e c i f i c  a p p l i c a t i o n .  

2.4.3 Organic  F l u i d  Rece ive r  TES Concepts  (Power) 

The s e l e c t e d  t h e r m a l  s t o r a g e  c o n c e p t s  f o r  the r e f e r e n c e  t o t a l  ene rgy  system 
i s  shown i n  Table 2-17, 

S t o r a g e  c o n c e p t s  t h a t  were dropped i n  t h e  f i n a l  s c r e e n i n g  i n c l u d e d  
HITEC/ taconi te ,  HITEC/glass and S y l t h e r m / s l a g .  The HITEC/taconi te  and  
HITECjglass  c o n c e p t s  were dropped i n  f a v o r  of t h e  HITEC ( 2  t ank )  concep t .  
S y l t h e r m / g l a s s  and  S y l t h e m / s l a g  were dropped  due t o  l a c k  o f  f l u i d  
c o m p a t i b i l i t y  d a t a  o r  user's expe r i ence .  

Also a s  i n d i c a t e d  i n  T a b l e  2-17 f o r  t h e  low o r g a n l c  f l u i d  t e m p e r a t u r e  t o t a l  
energy  sys tem c a s e ,  n o t h i n g  w a s  i d e n t i f i e d  w i t h  more promise than 
C a l o r i a / g r a n i t e  or C a l o r i a  ( 2  t a n k ) .  

2.4.4 Organ ic  F l u i d  R e c e i v e r  TES Concepts  ( P r o c e s s  Heat) 

A s  i n  t h e  l o w  o r g a n i c  f l u i d  t e m p e r a t u r e  power c a s e ,  n o t h i n g  was i d e n t i f i e d  
with more promise  t h a n  C a l o r i a / g r a n i t e  o r  Caloria ( 2  t ank)  f o r  t h e  o r g a n i c  
f l u i d  p r o c e s s  h e a t  system. 

2 . 4 . 5  Closed  Air Bray ton  R e c e i v e r  TES Concepts  

The s t o r a g e  c o n c e p t s  s e l e c t e d  f o r  t h e  c l o s e d  a i r  Bray ton  c y c l e  are shown i n  
T a b l e  2-18. The c o n c e p t s  i n c l u d e  two s e n s i b l e  h e a t  i n t e r n a l  h e a t  t r a n s f e r  
expe r imen t s ,  a i r / a l u m i n a  b r i c k  ( r e f e r e n c e  c o n c e p t )  and a i r / c a s t  i r o n  
(Meehani te ) .  The a l t e r n a t e  of air/MgO b r i c k  was c o n s i d e r e d  t o  be similar 
t o  t h e  r e f e r e n c e  concept subsequen t ly  dropped.  

' 

The a i r l g r a n i t e  s t o r a g e  concep t  was r e t a i n e d  as  a t e s t  of  e x t e r n a l  h e a t  
exchange sys tems.  

The tes t  of  8 phase  chanFe storage concep t  f o r  t h e  c losed  a i r  Brayton  c y c l e  
c o u l d  not be accompl ished  due  t o  t e c h n i c a l  p r o b l e m s  and t h e  t i m e  r e q u i r e d  
t o  i d e n t i f y  a s u i t a b l e  phase change  media. Consequent ly  no conc-eptual 
d e s i g n  work was done on  a l a t e n t  h e a t  s torage  concep t  f o r  t h e  c l o s e d  a i r  
Brayton  c y c l e .  F u r t h e r  i n v e s t i g a t i o n  of a l a t e n t  h e a t  concep t  f o r  t h e  
c l o s e d  Rrayeon c y c l e  was i n c l u d e d  a5 a supp lemen ta l  s t u d y  and i s  r e p o r t e d  
in S e c t i o n  5.1. 

t 
!. . 

. .  
I ,  

i 
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Concept 

T a b l e  2-17. THERMAL STORAGE CONCEPTS 
ORGANIC FLUID RECEIVER 

Rat i o n a l e  

Syl therm Rece ive r  T o t a l  Energy System 

1. Syl therm 8OO/Taconite Reference  System 
2. Molten S a l t  Does Not Requ i re  O i l  t o  Rock Contac t  
3 .  D i r e c t  Con tac t  Phase Change as 

Two S t a g e  System 
(Latent and S e n s i b l e )  Change Media) 

R e p r e s e n t a t i v e  o f  Phase Change Systems 
( S e n s i b l e  Heat S t o r e d  i n  Melted Phase 

C a l o r i a  Rece ive r  

None Nothing I d e n t i f i e d  With More P r o m i s e  
Than C a l o r i a / G r a n i t e  o r  C a l o r i a  Only 
( 2  Tank} 

Process Heat Only 

None Nothing I d e n t i f i e d  W i t h  More Promise 
Than C a l o r i a / G r a n i t e  o r  C a l o r i a  Only 
( 2  Tank) 

Table  2-18. THERMAL STORAGE CONCEPTS - CLOSED AIR BRAYTON RECEIVER-POWER 

Concept R a t  i o n a l e  

1. Air/AlZO3 Br ick  Refe rence  System 
( I n t e r n a l  Heat T r a n s f e r )  

2.  Air/Cast I r o n  (Meehani te)  More E f f e c t i v e  Med ia  
( I n t e r n a l .  Heat T r a n s f e r )  

3 .  A i r / G r a n i t e  T e s t  o f  E x t e r n a l  Heat 
( E x t e r n a l  Heat Exchanger} Exchange S t o r a g e  Systems 

3 3  
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SECTION 3.0 

CONCEPTUAL CESIGNS 

! 

! 
, 
I .. 

3.1 SCOPE 

T h i s  s e c t i o n  p r e s e n t s  t h e  c o n c e p t u a l  d e s i g n  d a t a  p repa red  f o r  e a c h  of  t h e  
a l t e r n a t e  the rma l  s t o r a g e  sys tems.  Inc luded  a r e  t h e  r e f e r e n c e  sys tem 
d e s i g n  c r i t e r i a ,  the rma l  s t o r a g e  media p r o p e r t i e s  u sed ,  per formance  d a t a ,  
f l o w  d iag rams ,  d e s i g n  d a t a  and  d i s c u s s i o n  f o r  e a c h  of t h e  f i n a l  thermal  
s t o r a g e  c o n c e p t s  c o n s i d e r e d .  

3.2 REFERENCE CYCLE DESIGN DATA 

3 . 2 . 1  Refe rence  Cycle  Data 

The r e f e r e n c e  c y c l e  d a t a  a p p l i c a b l e  t o  t h e  t h r e e  r e c e i v e r  t y p e s  included i n  
t h i s  s t u d y  €or b o t h  power g e n e r a t i o n  and p r o c e s s  h e a t  a r e  shown i n  T a b l e  
3-1. 

3.2.2 WaterlSteam R e c e i v e r  TES Design Cr i t e r i a  

The t h e r m a l  s t o r a g e  concep t  d e s i g n  c r i t e r i a  f o r  t h e  wa te r / s r eam r e c e i v e r  
power and  p r o c e s s  h e a t  a p p l i c a t i o n s  a r e  shown i n  T a b l e  3-2 .  

3 . 2 . 3  Organic  F l u i d  Rece ive r  TES Design Cri ter ia  

The t h e r m a l  s t o r a g e  concep t  d e s i g n  c r i t e r i a  € o r  t h e  o r g a n i c  f l u i d  r e c e i v e r  
t o t a l  ene rgy  sys tem and p r o c e s s  h e a t  system are shown i n  Table  3. 3- 

3 . 2 . 4  Closed A i r  Brayton  Receiver TES Design Criteria 

The TES d e s i g n  c r i te r ia  f o r  t h e  c l o s e d  a i r  Brayton  r e c e i v e r  are shown i n  
Tab le  3 - 4 .  The v a l u e s  shown are f o r  two 7 5  MWe modules o r  150 MWe t o t a l  
gross g e n e r a t i o n .  

3 . 3  T H E W L  STORAGE MEDIA PROPERTIES 

The p h y s i c a l  and the rma l  p r o p e r t i e s  o f  t h e  v a r i o u s  the rma l  s t o r a g e  media 
used  i n  t h e  s t o r a g e  concep t  s t u d y  a r e  shown i n  t h e  f o l l o w i n g  t a b l e s .  Table  
3-5 shows the s o l i d  media  p r o p e r t i e s  and t h e  vo id  f r a c t i o n  used in the 
s t u d y .  F l u i d  media p r o p e r t i e s  a re  shown i n  Table 3-6. The p r o p e r t i e s  of 
some s e l e c t e d  phase change media are shown i n  Table  1-7 .  

3 . 4  WATER/STEAM RECEIIEI? (POWER) 

3.4.1 ReEerence S o l a r  Thermal Sys tem 

The r e f e r e n c e  s o l a r  theLmaL sys tem f o r  t h e  wa te r / s t eam rece iver  power 
a p p l i c a t i o n  i s  shown i n  F i g u r e  3-1.. The r e f e r e n c e  c y c l e  i s  based on t h e  
Conceptua l  Design of a S o l a r  Advanced Water /Steam Rece ive r  by  Babcock & 
Wilcox Company [l]. The steam c y c l e  i s  f o r  a nominal 10C HlJe r e h e a t  



Table 3-1. REFERENCE CYCLE DATA 

W 
O'I 

RECEIVER TYPE 

WATER/STEAM ORGANIC FLUID AIR BRAYTON 
- 

TOTAL 
POWER PROCESS ENERGY PROCESS POWER 

1. G e n e r a t o r  Rating kWe 110,000 N/A 400 N/A 2 - 75,000 
{ 78,000 kWe 
from Storage)  

2.  Receiver Temp. "C(OF) 510(950) 328(622) 399(750)  310(590) 816(1500) 
(Sat.Stm.) 

3 .  T u r b i n e  MPa 
I n l e t  Pres .  (Psia) 12.5( 1815) N/A 379(750) N/A 260(500) 

4 .  ' rurbine Inlet Pres. OC("F) 510 (950) N/A 382(720) N/A 816 (1500) 

5 .  T L I ~ ~ ~ I I C  Reheat Temp. "CI'F) 510(950) N/ A N/A N/A N/A 

6 .  Process Steam Temp. OC("F) N/A 288(550)  172(341) 172(341)  N/A 
( S a t . )  (Sat.) ( S a t . )  

N 
m 
0 " 

A 
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Table 3-2. THERMAL STORAGE CONCEPT DESIGN CRITERIA 
RECEIVER TYPE: WATER/STEAM 

STORAGE TIME 

UNITS 

1 HR. 6 AR. 15 HR. 

Receiver S i z e  MWt 306.5 519 739.2 

Solar Multiple - 1.16 1.96 2.80 

EPGS (110 MWe) Mwt 264 264 264  

Charge Rate M W t  4 2 . 5  2 5 5  4 7 5 . 2  

Discharge Rate WC 2 2 4  2 2 4  2 2 4  

Storage Capacity Mtit h 2 2 4  1344 3360 

Charge Time h 6 . 2 7  5 . 2 7  7 . 0 7  

37 
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Table 3-3. THERMAL STORAGE CONCEPT DESIGN CRITERIA 
RECEIVER TYPE : ORGANIC 

STORAGE TIME 

” UNITS 

1 BR. 6 HR. 15 HB. 

Receiver Size M W t  2.54 4.69 6.75 

Solar  Multiple - 1.20 2.22  3.20 

EPGS (300 kWe) M W t  2.11 2. L1 2.11 

Charge Rate Mwt 2.11 2.11 2.11 

Discharge Rate mt 2-11 12.66 31 .65  

Storage Capacity MWth 224 1 3 4 4  3360 

Charge T i m e  h 4.91 4.91 6.82 

/: 

I 
i 
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Table  3 - 4 .  THERMAL STORAGE CONCEPT DESIGN CRITERIA 
RECEIVER TYPE: CLOSED BRAYTON 

STORAGE TIME 

UNITS 

I 

, : ~  
', ' 
, ,  

1 m. 6 BR. 15 HR. 

Receiver S i z e  mt 420  720 1008 

Solar M u l t i p l e  - 1.17 2.00 2.80 

EPCS (150 We) Mwt 360 

Charge Rate mt 60 

Discha rge  Rate Wt 360 

S t o r a g e  Capac i ty  Mwth 360 

Charge T i m e  h 6.0 

360 660 

3 60 6 48 

360 360 

2160 5400 

6.0 8.3 
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Table 3-5. SOLID STORAGE H E D I A  PROPERTIES 

Ma t eri a 1 Average S o l i d  Storage 
Temp. Swing S o l i d  D e n s i t y  S p e c i f i c  Heat Density VO i d 
O C  ( O F )  kg/m-? ( 3  b / € t 3 )  kJ /kg " C ( BTU/l  b O F )  kJ /GI' "C F r a c t i o n  

!BTU/Et OF) Used 

River R o c k  
400-81 6 
(750-1500) 

Crushed G r a n i t e  
400-$16 
( 7 50-1 500) 

G l a s s  
232-510 
(450-950)  

Cast I r o n  (Gray)  
400-$16 
(750-1500) 

Sand (Si02) 
222-816 . 
(450-1 500) 

HgO B r i c k  (45.5%) 
\ 

400-816 
(750-1 5 0 0 )  

A 1 2 0 ~  B r i c k  (95.1%) 
400-816 
(750-1500) 

T a c o n i t e  
2-12-510 
( 6  50-9 50) 

Meehanite (Type HX) 
400-816 
(750-1500) 

2643 ( l h 5 )  

2 6 4 3  ( 1 6 5 )  

2723 ( 1 7 0 )  

7192 ( 4 4 9 )  

2595 ( 1 6 2 )  

2867 ( 1 7 9 )  

3035  ( 1 8 9 . 5 )  

3620  ( 2 2 6 )  

7192 ( 4 4 9 )  

1.088 ( 0 . 2 6 )  

1.088 ( 0 . 2 6 )  

0.84 (0.20) 

0.67 (0*16)  

1.00 (0.24) 

1.21 (0.292) 

1.21 ( 0 . 2 8 6 )  

0 .92  (0.22) 

0.79  (0.19) 

40 

2877 ( 4 2 . 9 )  

2877 ( 4 2 . 9 )  

2280 ( 1 4 . 0 )  

4815 ( 7 1 . 8 )  

2608 (38.9) 

3507 ( 5 2 . 3 )  

3635  ( 5 4 . 2 )  

3333 ( 4 9 . 7 )  

5721  (85.3) 

0.172 

0.112 

0.32 

0.095 

0.3$ 

0.005 

0.095 

0.36 

O . O P 5  
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Table  3-6. FLUID STORAGE MEPIA PROPERTIES 

F l u i d  Bulk Avg. Specific Heat Avg. S t o r a g e  D e n s i t y  

" C  (OF) kg/m3 ( I h  If t . 3 ,  ( B T U / l  b OF 1 (BTU/ f t . 30F)  
Temp. Swing Density kJ/kg*C k.J/m? O C  

C a l o r i a  HT 43a 
23 2-31 6 
(450-600)  

Therminol 55' 
232-316 
(450-600)  

T h e m i n o 1  66b 
232-316 
( 4 5 0 - 6 0 0 )  

S y l t h e r m  800' 
260-400 
(300-750) 

Demin. Water 
121 -343 
( 2 5 0 - 6 5 0 )  

*\ 

Sodium 
2'60-510 
r 500-950) 

HITEC~ 
260-510 
( 500- 9 50) 

Draw S a l t  
260-510 
(500-950) 

689 ( 4 3 . 0 )  

7 1 1  ( 4 4 . 4 )  

827 (51.6)  

660 ( 4 1 . 2 )  

827 ( 5 1 . 6 )  

961 ( 6 0 . 0 )  

1778 ( 1 1 1 . 0 )  

1 8 4 2  ( 1 1 5 . 0 )  

2.76 ( 0 . 6 6 )  

2 .81  (0.67) 

2.47 ( 0 . 5 a )  

2.09 (0 .50 )  

4.6P (1.12) 

1.26 (0 .30)  

1.55 (0.37) 

1 . 5 5  ( 0 . 3 7 )  

15105 ( 2 8 . 4 )  

1992 ( 2 9 . 7 )  

2039 ( 3 0 . 4 )  

1882 ( 2 0 . 6 )  

3876 (57.F) 

1207 ( le .0)  

2756 ( 4 1 . 1 )  

2857 ( 4 2 . 6 )  

a Calor ia  BT 4 3  i s  a p r o d u c t  o f  Exxon C o r p o r a t i o n .  
T h e m i n o l  5 5  and Therrninol  6 6  are p r o d u c t s  of X o n s a n t o  I n d u s t r i a l  Chernicals C o .  
S y l t h e r m  SO0 i s  a p r o d u c t  of DOIJ Corning .  
HITEC i s  a DuPon t  t r a d e m a r k .  

1 ,  
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T a b l e  3-7. SELECTED PHASE CHAPTGE MEDIA PROPERTIES 

CHEMICAL MELTING POINT HEAT OF FUSION 
O C  OF kJ/kg BTU/ 1 b 

NaOH , Na2CO3 287 549 309 133 
81.5%, 18.5% IJt .  

NaOH, NaN03, MnOZ 292 558 316 136 
91.a, a%,  0.2% w t .  . 

NaOH 318 604 316 136 

NaNO 3 307 585 1 8 2  7 8  

NaNO3, NaOH 
99%, 1% W t .  

310 5 90 1 8 2  78 

ILi-Na-K)2 CO3 397 747 277 1 1 9  
32%, 33%, 35%, W t .  

i . z i % ,  49.95%, 48.84% wt. 
(LI-Na-Y)2 Cog 706 1 , 3 0 3  1 6 3  70 

Na2 C O 3 ,  Ba Cog 
47.83, 52.2% Wt. 

686 1 , 2 6 7  172 7 4  

Xg C12, N a C 1 ,  KCL 385 7 25 293 126  
55%, 24.5%, 20.5% wt. \ 
CaC12 772 1 , 4 2 2  256 110 

KC 1 776 1 , 4 2 9  315 135  

N a C l  801 1 , 4 7 4  481 207 

KF, NaF 7 2 1  1,330 586 252 
67.5%, 32.5% W t .  

ROH 3 60 680 1 3 4  58 

LL2CO3 723 1,333 607 261 

5 5 . 7 % ,  44.3% Wt. 
Li2CO3, CaC03 662 1 , 2 2 4  274 118 

! 

, I  I :. 

! 
i 

500 932 2 8 1  1 2 1  
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t u r b i n e ,  w i t h  i n i t i a l  steam c o n d i t i o n s  of 1 2 . 5  MPa (1815 p s i a )  and 510°C 
[ ? 5 0 ° P )  w i t h  r e h e a t  t o  510°C (950'F). S t o r a g e  s team i s  a d m i t t e d  a t  the 
I.P./L.P. t u r b i n e  i n l e t  a t  3.05 MPa ( 4 4 3  p s i a )  and 482°C ( ? G O O F ) .  When 
o p e r a t i n g  from s t o r a g e  t h e  gross  g e n e r a t i o n  i s  7 8  MNe. 

3 . 4 . 2  Thermal S t o r a g e  Concepts 

The f i n a l  t he rma l  s t o r a g e  c o n c e p t s  c o n s i d e r e d  f o r  t h e  waterlsteam r e c e i v e r  
(power) c o n c e p t u a l  d e s i g n s  i n c l u d e  t h e  f o l l o w i n g  : 

1st S t a g e  2nd S t a g e  

C a l o r i a / E r a n i t e  Draw S a l t  ( 2  tank:  

(Refe rence  System) (Refe rence  System) 

C a l o r i a I G r a n i t e  A i r / G r a n i t e  

C a l o r i a / G r a n i t e  Sand bfoving Bed 

P r e s s u r i z e d  Water D r a w  S a l t  ( 2  t a n k )  
-Underground 
-Above ground 

' Underground Oil/Rock, D r a w  S a l t  ( 2  t a n k )  
Solut ion-Mined 

C a l o r i a  ( 2  t a n k )  D r a w  S a l t  ( 2  t a n k )  

L a t e n t  - Tube I n t e n s i v e  Draw S a l t  ( 2  t a n k )  
Hx 

L a t e n t  - C o n t a i n e r i z e d  D r a w  S a l t  ( 2  t a n k )  
Salt 

\ 

Latent: - Direct Contac t  The Phase  Change Media 
€1 X 

2.4.3 C a l o r i a / G r a n i t e  - D r a w  S a l t  ( 2  Tank) - (Refe rence  System) 

3.4.3.1 System D e s c r i p t i o n  

A schemat i c  showing t h e  r e f e r e n c e  the rma l  s t o r a g e  sys tem i s  shown i n  F i g u r e  
2 - 2 .  The f i r s t  s t a g e  is  a C a l o r i a  and rock t h e r m o c l i n e  o p e r a t i n g  between 
246°C (475'F) and 316°C (6CO"F). During t h e  c h a r g i n g  mode, c o l d  f l u i d  i s  
pumped from the  t h e r m a l  s t o r a g e  t a n k  a t  ? 4 6 O C  ( 4 7 5 ° F )  t h rough  t h e  c h a r g i n g  
h e a t  exchanger  ( condense r )  where i t  i s  h e a t e d  t o  3 1 6 ° C  (6CO"F) ana :hen 
r e t u r n e d  t o  t h e  t o p  of t h e  t a n k .  During t h e  a i s c h a r g e  mode f l u i d  i s  pumped 
from t h e  t o p  o f  t h e  t a n k  a t  : l S ° C  { 6 O O 0 F ' )  th rough t h e  d i s c h a r g e  h e a t  
exchanger  ( b o i l e r )  and back t o  t h e  bottom of  t he  t a n k  a: 2 4 6 ° C  ( 4 7 5 ° F ) .  

Condensate  formed i n  t h e  f i r s t  s t a g e  c h a r g i n g  h e a t  exchanger  ( condense r )  i s  
pumped back t o  t h e  r e c e i v e r  by t h e  c h a r g i n g  h e a t e r  d r a i n  pumps at 2613°C 
( 5 0 0 ° F ) .  

1:. , 

1 
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The r e f e r e n c e  second s t a g e  s t o r a g e  concep t  i s  of t h e  two-tank t y p e  
u t i l i z i n g  draw s a l t  (60% NaNo3, LO% KNO?) h e a t  t r a n s f e r  s a l t s ,  
o p e r a t i n g  between 2 7 4 ° C  (575°F) and 496°C (!?25'F). Curing c h a r g i n g ,  draw 
s a l t  a t  274°C (525°F)  i s  pumped from t h e  c o l d  t a n k  th rough  t h e  2nd s t a g e  
c h a r g i n g  h e a t  exchanger  (desupe rhea te r :  where i t  i s  h e a t e d  t o  446'C (S25'Fj  
b e f o r e  r e t u r n i n g  t o  t h e  h o t  t a n k .  During d i s c h a r g i n g  t h e  p r o c e s s  i s  
r e v e r s e d ,  w i t h  t h e  h o t  f l u i d  pumped from t h e  h o t  t a n k  th rough  t h e  2nd s t a g e  
d i s c h a r g e  h e a t  exchange r  ( s u p e r h e a t e r )  and r e t u r n e d  t o  t h e  c o l d  t ank .  
S t o r a g e  d i s c h a r g e  steam l e a v e s  t h e  2nd s t a g e  h e a t  exchanger  a t  3.05 MPa 
(443  p s i a )  and 4 8 2 ° C  (900°F). 

The t empera tu re  p r o f i l e  € o r  t h e  2-s tage r e f e r e n c e  s t o r a g e  sys t em is shown 
i n  F i g u r e  3-3. 

3.L.3.2 Thermal S t o r a g e  Design Data 

The c o n c e p t u a l  d e s i g n  d a t a  f o r  t h e  r e f e r e n c e  C a l o r i a / g r a n i t e  - draw s a l t  ( 2  
t a n k )  s t o r a g e  sys tem f o r  1, 6 and 1 5  h o u r s  of s t o r a g e  i s  shown i n  T a b l e s  
3-8, 3-9, and 3-10, r e s p e c t i v e l y .  

3.4.3.3 D i s c u s s i o n  

The C a l o r i a / g r a n i t e  t h e r m o c l i n e  s t o r a g e  c o n c e p t  u t i l i z e s  a low c o s t  s o l i d  
media ( r o c k )  and  a r e l a t i v e l y  i n e x p e n s i v e  f l u i d  ( C a l o r i a )  t o  p rov ide  an 
economica l  s t o r a g e  c o n c e p t .  However, some problem areas have been 
i d e n t i f i e d  i n  dual-media systems namely:  1) f l u i d  d e g r a d a t i o n ,  2 )  
t he rmoc l ine  i n s t a b i l i t y ,  3) h e a t  exchanger  f o u l i n g ,  and 4 j  i n c r e a s e  i n  t a n k  
stresses due thermal c y c l i n g  ( " r a t c h e t i n g " )  . 
R e s u l t s  of f l u i d  l o s s  rate t e s t s  by Sand ia  L a b o r a t o r i e s  [9] i n d i c a t e s  t h a t  
f l u i d  l o s s e s  c a n  be ve ry  s i g n i f i c a n t ,  p a r t i c u l a r l y  when o p e r a t i n g  a t  
e l e v a r e d  t e m p e r a t u r e s  w h i l e  i n  c o n t a c t  w i t h  r o c k  and  sand m i x t u r e s  b r  
t a c o n i t e .  Mowever, t h e s e  tests were l a b o r a t o r y  type  s t a t i c  bench tes ts  and 
d i f f e r e n t  r e s u l t s  most l i k e l y  can  be  expec ted  f rom o p e r a t i n g  sys t ems ,  e - g . ,  
Barstow. F l u i d  lois rates used  i n  t h e  s t u d y  a r e  d i s c u s s e d  i n  S e c t i o n  4.4. 
A f l u i d  cost: s e n s i t i v i t y  study f o r  "600°F" o r g a n i c  f l u i d s  i s  p r e s e n t e d  i n  
S e c t i o n  5.3. 

\ 

Thermocl ine s t a b i l i t y  i n  l a r g e  dual-media s t o r a g e  sys tems s t i l l  must be 
demonst ra ted .  F o r  t h e  purpose  of t h i s  s t u d y ,  we have assumed 16% of t h e  
bed h e i g h t  i s  unusab le  due t o  t h e  combined e f f e c t s  of 2 .4%/24 hour s  heat 
loss ( f u l l y  c h a r g e d ) ,  mounting of t h e  low t e m p e r a t u r e  man i fo ld  above t h e  
f l o o r  of  t he  t a n k ,  and absence  of a p e r f e c t  t h e r m o c l i n e .  

€!eat exchanger fouling c a n  be a problem w i t h  o r g a n i c  f l u i d s  p a r t i c u l a r l y  
when o p e r a t i n g  near  t h e  uppe r  end of t h e  f l u i d s  a l lowaSle  o p e r a t i n g  
t empera tu re  r ange .  IJe have accounted  € o r  t h i s  by a s s u m i n g  a h i g h e r  O&X 
c o s t  f o r  s t o r a g e  c o n c e p t s  u t i l i z i n g  i n t e r m e d i a t e  h e a t  exchangers  and 
o r g a n i c  h e a t  t r a n s f e r  f l u i d s .  

I. 
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Table ?-@. THERNAL STORAGE DESICN CXTA 
WATER/STEXH RECEIVER - 
C A L O k I A / G U N I T E  - CRAW POUEK 

S I L T  IIIEFELESCE S Y S T i 3 1  
HOURS OF S:ORACE: One (1) 

STORAGE NEDIA 

1. Operat ing  Tempera tu re  
a.  9ot  
b .  Cold 

2 .  quantity ( T o t a l )  
a. O i l .  Caloria 
b .  G r a n i t e  
C .  D r a w  Saii 

, '.. 

31 t (600) 
2 L 6  ( 1 7 5 )  

4 9 6  (925: 
2 7 i  ( 5 2 5 )  

1.0 K 106 (1,107; 
7 . 3  x 106 ( 8 , O i O )  

0.56 x LO6 ( 6 2 1 )  

ESERGY RELATFI! EQEIPKNT 

1. Storage  Capaci ty  

2 .  S t o r a g e  Tanks 
a .  Ouantlcy 
b .  Size. each ( D l a . x H t . )  
c .  # a c e r i a l  
d .  Yeiphc, each 

!. Tank I n s u l a t i o n  
a. Type 
b. Thickness 

L .  Tank Foundation 
a. Type 
b .  T h i c k n e s s  

C .  Quantity, Total 

/ ?  171 _ _  
H o t  Tank Cold Tank 

TWO (2) One (1) one (1) 
i 6 . e  (55) Y 10.7 ( 2 s )  4.1 ( : 0 ) ~ 5 . 5 ( i e )  9 . 1  (?o)xi.z(ie) 

Carbon Steel ? @ 4  ss Carhon Sceol 
9?, '6?5 (103.5) ? ? , 5 8 7  ( 2 6 )  22 ,587  ( 2 6 ;  

Ninera l  F i b e r  w/dl. 1.ag. X i n e r a l  Fiber viAl. Lag.  
0.15 ( 0 . 5 )  0.153 (0.8??) 0.13 (0 .117)  

' concre te  x a t  c o n c r e t e  Mat c o n c r e t e  xac  
0.6112) Insul. I.?2(4)1nsul. 0.61 ( 2 )  I n s u l .  
+ 1 . 5 2 ( 5 )  Struct .  
962 (1,232) 161 (210) 122 ( 1 6 0 )  

+1.22(&)Struct. +1.22(4)Scruct. 

Charging D i s c  haraing charging Dischargins 
POUFR RELATEC EQCIPHENT 

1. Sceam 
a .  Flow, Total 
t. P r e s s u r e  

\ C. Temperature 

kg/s ( l b / h r )  
XPa (psia) 
"C ('F) 

1%151,000! 
12.5 11,815) 
3 5 3  ( 6 6 8 )  

86 .65 (687 .700)  
?.2 ( 4 6 8 )  
228 (460) 

2. Storage F l u i d  
a .  F l a w ,  T o t a l  
b.  Pressure (Tank) 
C .  Temperature (Pump) 

2. Pumps 
a .  QuanLity 
b .  Type 
C .  M a t e r i a l  
d.  Fluid 
e .  Capacity, e a c h  
f .  Head 
8 .  Power (Shaft), each 
h. Hocor size 

4 .  Heat Exchangers 
a. Quencity 
b. Ffpe 
i. Yocerial 
d .  S u r f a c e  Area,  f o c a l  
r .  cuiy, Total  

.AK?iU,\L EXERGY 

I .  E l c c t r i c a l  Energy 

Cala r i a  
166  (1.27~10~) 

Armospheric 
246 ( 4 7 5 )  

Caloria  

Atmospheric 
870 ( 6 . 9 7 ~ 1 0 6 )  

I16  (600) 

D r a w  Salt Drev Salt 
29 I C . 2 ? x 1 0 6 )  155 (i . ;?x106: 

Armospheric Atmospheric 
274 ( 5 2 5 )  496 ( 5 2 5 )  

2-502 
Horiz. Cencrif. 
Carbon Steel 

Calorie 
0.12 (1840) 
30.5 (100) 

? 4  ( 6 2 )  
2 7  (50) 

?-SOX 
Haria .  C c n r r i f .  
Carbon S t e e l  

Ca l a  r ia 
0.67 (10,710) 
il.1 < 1 ? 5 )  

236 ( 3 1 6 )  
26i ( ? 5 0 )  

2-50% 2-509. 
r e r c .  C a n t i l e v e r  V'ect .  Canti lever  
Carbon S t e e l  316 SS 

Draw S a i t  Draw S + l c  
0.008 (l?:) 9.045 ( i l 0 )  
il.1 ( 1 3 5 )  46.3 ( l i ? )  

i . 2  ( I C . i j  : i  (6:) 
14 .u  (EO) 56 ( 7 5 )  

1-1002 
S h e l i  6 Tube 
Carbon S t e e l  

867 ! 9 , ? ? ? )  
?.- L ..., 

2-50% 
D r u m  Type 
Carbon S c e r l  
6 , 2 2 i  / b i . C 0 0 )  

lil 

10bkWeh O . i l i 5 "  0.:41 

0.6285" 

L * 2 4 5  :1.0?:) 

::0tes : 
" A n n u a l  Electrical  Energy ( c h a r g i n g )  rnc:udes C h n r q i n g  Heater >rain Pump Power  ( 1 s t  S t a g e ) .  See ippcnuih P :ar 

C h r g i n g  Heater Crain  Punp Design Data. 
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?'able 2 - 9 .  TBEffiUL STORAGE OES7CN DATA 
UATFX/STEAM RECEIVEI: - POUEK 
CXlOT\IA/CRAHITE - DhAW SALT (KEFFREh'Ch SYSTE?!) 

i 

HOURS OF STOPAGE: S i x  ( 6 )  

1 s t  STAGE 2nd STAGE 
Calor ia iCranl te  Craw S a l t  ( 2  Tank) 

STORAGE X L D I A  

1. o p e r a t i n g  Temperacure 
a.  not 
b. Cold 

2 .  Quantity, Total 
a.  Oil, Caloria 
t .  Grani te  
C .  Draw S a l t  

ENERGY RELATED EQUIPMEEiT 

I .  S t o r a g e  Capacity 

2. S t o r a g e  Tanks 
a ,  Cuanclty 
b. S i z e .  each IDla. x Ht.) d t t )  
C .  I a c e r i a l  
d. Ueight ,  e a c h  

3 .  Tank I n s u l a t i o n  
a. Type 
b .  Thickness  

4 .  Tank Foundation 
a .  Type 
t. Thickness 

C. Quancicy,ToLal 

POWER RELATED EQUIPMENT 

1 .  Steam 
a .  Flow, Total 
b. Pressure 
C .  Temperature 

2 .  S torage  Fluid 
a. F l o w ,  Tacai 
b. Pressure (Tank) 
C .  Temperature (Pump) 

2 .  Pumps 
a. Quantity 
b. T y p e  
C .  ys ter ia l  
d .  F lu id  
e .  Capacity, each  
f. Head 
g .  Power, e a c h  
h .  m z o r  s i z e  

4 .  Heat Exchangers 
a .  Quantity 
b .  Type 
C .  xateria1 
d .  S u r f a c e  Area. T o t a l  
e .  Dury, Tocal  

ANNUAL E!:EXGCY 

i .  E l e c t r i c a l  Energy 

216 ( 6 0 0 )  
ZLb (475) 

6.0 x 106 ( 6 , 6 1 4 )  
i i3 .7  II 1 O h  ( 4 8 , 1 9 8 :  

4 9 6  ( 9 2 5 )  
274 ( 5 2 5 )  

3 . 4  x 10b ( ? , i X )  

1,026 ?16 

TWO ( 2 )  
40.51133)XlO. 7 1 2 5 )  

Hot Tank C o l d  Tank - 
1 6 . 8 ( 5 5 ) ~ 9 .  l! 20) 16 .  8 (55)x9 .1(?0)  . .  

CdrbOn Sieol Carbon S t e e l  204 S S  
638,?1? ( i 0 3 . 5 )  8 9 , 2 5 9  ( 9 8 . 5 )  90 ,720  1100) 

Xineral Fiber u l A l .  Lag. Elineral F i b e r  w t A l .  Lag. 
0.12 (0 .417 )  0 .25  (0.83) 0.12 ( 0 . 6 1 7 )  

Concrete 3 a ~  

+ I .  52(S!Struc. +1.52( 5)Struc .  

Concrece Mat Concrece Hut 
O . b l ( 2 )  1nsul.+l.52(5)Strucr. 1.22/4)1nsul. 0.61(2)Tnsul. 

5 , 5 0 8  (7,204) 60a i795) 4 7 4  ( 6 ? 0 )  
y Charging Disc lia r i ng Dischatg ins  

k g / s  ( l b / h r )  114 (905.500) 8 6 . 6 5 ( 6 8 7 , 7 0 0 )  114 !905,50D) 86 .65  (667,700) 
IPa ( p s i a )  12 .5  (1,815) 3.2 ( 4 4 8 )  1 2 . 5  (1 ,815)  2 . 1  ! 4 4 ? !  
' C  ( O F )  253 ( 6 6 8 )  238 ( 4 6 0 )  510 (950)  482 ( 9 c . O )  

Calo r i a  Calor ia  Drdw S a l t  Craw Salr  
* kgis ( l b l h r )  100017.9~x106)87816.97x106) 174 (1.38~10~) 155 (l.2?x10b) 

NPa ( p s i a )  Atmospheric Atmospheric Atmospheric ~ t m o s p h e r i c  
'C (OF) 2 4 6  ( 4 7 5 )  116 (6001 274 ( 5 2 5 )  190 ( 9 2 5 )  

2 .  Electrical Fnergy ( P e r i S c p )  :06kWeh 

3 .  Heat b s s  ( P e r  S t g )  BTU) 

2 - 50% 2 ~ sox 2 - 50% I - 50% 
Horir. Centrif  Horiz. C e n t t i f  V e r t .  C a n t i l e v e r  Verc. Cant i l ever  
Carbon Steel Carbon S t e e l  Carbon Steel 316 5.S. 
Calor ia  . Caloria Dra" salt  Draw S a l t  
0.72 (11.340) 0.67 (10,710) 0.046 (730) 0.065 (710) 
01.1 (135) 41.1 (125)  46.5 ( 1 5 2 )  L b . 3  !lSZi 
260 ( 3 6 1 )  . 2 3 6  ( 3 1 6 )  53 ( 7 1 )  4i ( 6 3 )  
298 (400) 261 ( 2 5 0 )  7 5  (100) 56 ( 7 5 )  

z - 50% 2 - 50% 2 - 50% 2 - soz 
S h e l l  6 Tube D r u m  Type S h e l l  6 Tube S h e l l  5 Tube 
Carboo Steel Carbon S t e e l  ?04 5 . 5 .  304 5.5. 
5 , 2 0 2  (56.000) 5 , 2 2 4  ( 6 7 , 0 0 0 )  1 ,819 (19,580)  2 . h l L  ( 2 8 , I L O )  

5 7  1 9 5  1 i l  " 0  _- 

xoces:  
SAnnual EIeccrical Energy (Charging)  Includes Charging Heater Ocain Pump Power ( 1 s t  S c a g e ) .  Sce .Appendix 0 t o r  
Charging Heater Drain Pump Design Cata. 
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Table 3-10. T H E M A L  STORAGE OESICS DATA 

W A X W S T E A M  RECEIVER - POWCR 
CAtORidICRAKIT? - DRAW SAL? IBEFEKENCE SYSTE!!) 

HOI'RS OF S T O U G E :  i!ftesn 115)  

I s t  STAGE 2nd STAGE 
Ca1oria:Granlte Draw S a l t  ( 2  Tank) 

STORAGE YEOIA 

r c  (OF) 
5. Coid "C ( ' F )  

I .  Operacing Temperature 
a .  Hut 

2 ,  Ouancicy. ' Iota1 
a .  O i l ,  Ca lor ia  kg (ton) 15x106 ( 1 6 , 5 8 3 )  
b .  Granite kg ( t o n )  1.09~10~ 1120 .600)  
t. Draw S a l t  kp ( t o n )  

146  (9251 
2:1 ( 5 2 5 1  

E S E K Y  RELATED EDL'IPIYEIT 

1. Storage C a p a c i t y  NUth 2565 795 

2 .  Storage Tanks 
a .  Q u a n t i t y  ' Slx 1 6 )  
b. Size, each ( D i a . u H t . )  m ( i t )  3 7 . 2  ( L Z ? ) x 1 0 . 7 ( 3 5 )  
C .  ' la ter ia l  
0. Welpht. each kg (con) O.LxlDh ( 4 4 6 )  

Carbon S t e e l  

1. Tank I n s u l a r i o n  
a. Type ?linerdl  f i b e r  Lag. Yineral f i b e r  w l A l .  Lag. 
b. T h i c k n e s s  ( f c )  0 . 1 3  ( 0 . 4 1 7 )  0.253 ( 0 . 8 3 3 )  0.17 (0 .&17) 

4 .  Tank ioundarion 
a .  Type IConcreCe Mac Concrete fiat Concrece >ISL 
b. Thickness 

C .  Quantity, T o t a l  m'(yd3) 

0.61 I2)Iosul. m i f t )  0.61(2) Insul. 1.2Z(&)Insul. 
+ l .52(5)  S t r u c t .  + 1 * 5 2 ( 5 )  S t r u c t .  + 1 . 5 2 ( 5 )  Struct. 

L2.916 (18.200) 1,539 (2.m:) 1,197 (1,566) 

POYER REIATEO EO'IiIPHEKi 

1. Steam 
a .  ~ I o w ,  l o c a l  
b. Pressure ,\ c . Temperature 

CharKing Olscharg ing  CharSi  ng D i s c h a r g i n g  

k g / s  ( l b / h r )  212 ( 1 . 6 4 ~ 1 0 ~ )  86.65!687.i00) Z13(1.69x10h1 86 .651687 ,700)  
iwa (psis) 1 2 . 5  (1 ,815)  3 . 2  ( 4 6 8 )  1 2 . 5  i l , 8 1 5 )  3 .1  ( 4 4 3 )  
'C ("F) 353 ( 6 6 8 )  228  ( 4 6 0 )  510 ( 9 5 0 )  682 (900) 

?. Storage F l u i d  Calor ia  C a l o r i a  Craw S a l t  oraw S a l t  
a .  F l o w ,  l o c a l  
b, Pressure (Tank) HPa ( p 5 i a )  Atmospheric Atmospheric A t m o s p h e r i c  Acmoepheric 
C. T e m p e r a c u r e  (Pump) ' C  ( O F )  246 ( 4 7 5 )  ?16 (600) 274 (525) 496 (925 )  

kg/s ( l b / h r )  1 ,86O(14. i6x1O6) 878 ( 6 . 0 7 ~ 1 0 ~ )  3 2 4  ( 2 . 5 7 ~ 1 0 ~ )  1:5(1.2?x1Ob) 

3. Pumps 
a.  Quanclcy 
b. Type 
C .  l a c e r i a l  
d .  F l u i d  
2 .  Capacity.  e a c h  
f .  Head 
g .  Power ( S h a f r ) ,  c 
h .  :lotor s i z e  

4-25% 
Hariz .  Centr i f .  
Carbon Steel 
Caloria 

m ? / s  (gpm) 0 & 6 6  t 1 0 , j l O )  
m ( E c )  4 1 . 1  ( 1 3 5 )  

!ach W e  (hp) 250 ( 3 3 5 )  
klia ( h p )  :?? (LOO) 

Z-SOZ 2-50% 2-50): 
Hortz. C e n t r i f  V e r c .  C a n t i l e v e r  V e r t .  c a n t i l e v e r  
Carbon Stee l  Carbon S t e e l  316 SS 
C a l a r i a  orau  S a l t  Draw Salt 
0 . 6 7  (10,710) 0.086 (1,361) 0 . 0 4 5  (710 )  
4 1 . 1  ( 1 2 5 )  A 6 . 3  ( : 5 2 )  LO.? ( i 5 2 )  
226 (316) 99 ( 1 5 2 )  S i  ( 6 1 )  
261 :?so) 144 (200) 5 ,  (7:) 

1 ,  . 

I 
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The p o t e n t i a l  problem of s t o r a g e  t a n k  stress m a g n i f i c a t i o n  due t o  t h e  
combined e f f e c t s  of the rma l  c y c l i n g  and bed s e t t l e m e n t  i n  dual-media 
s t o r a g e  t a n k s ,  c a l l e d  " r a t c h e t i n g  e f f e c t " ,  is beyond t h e  scope  of t h i s  
s t u d y  and has  n o t  been  c o n s i d e r e d .  

The draw sa l t  2-tank s e n s i b l e  hea t  s t o r a g e  concep t  u t i l i z e d  i n  t h e  2nd 
s t a g e  i s  t h e  most c o s t  e f f e c t i v e  2nd s t a g e  c o n c e p t  c o n s i d e r e d .  Molten s a l t  
systems have been used  in many i n d u s t r i a l  a p p l i c a t i o n s ;  however,  t h e  
e x p e r i e n c e  i n  l a r g e  sys t ems  a t  t h e  proposed  o p e r a t i n g  t empera tu res  i s  
minimal. Ques t ions  r e l a t i v e  t o  long-term decompos i t ion ,  m a t e r i a l  
c o m p a t i b i l i t y  and  h i g h  t e m p e r a t u r e  s t o r a g e  t a n k  d e s i g n ,  i . e . ,  t a n k  
c o n f i g u r a t i o n ,  method of i n s u l a t i n g ,  t he rma l  c y c l i n g ,  and  t y p e  o f  
f o u n d a t i o n ,  must s t i l l  be answered. 

3.4.4 C a l o r i a I G r a n i t e  - Air/Graniee 

3 .4.4.  L System D e  s c  ri p t  i o n  

T h i s  i s  a n  expe r imen t  i n  2nd s t a g e  s t o r a g e  c o n c e p t s  w i t h  t h e  a i r / r o c k  
concep t  r e p l a c i n g  t h e  r e f e r e n c e  draw s a l t  ( 2  t a n k )  concep t  as shown i n  
F i g u r e  3 - 4 .  Except  f o r  a small i n c r e a s e  i n  f i r s t  s t a g e  s t o r a g e  c a p a c i t y  
r e q u i r e m e n t s  due  t o  l e s s  s t o r a g e  c a p a c i t y  i n  t h e  a i r / r o c k  2nd stage, t h e  
f i r s t  s t a g e  C a l o r i a / r o c k  sys t em i s  t h e  same as t h e  r e f e r e n c e  c a s e .  

The a i r / t o c k  t h e r m o c l i n e  s t o r a g e  c o n c e p t  h a s  been proposed by Rockwell  
I n t e r n a t i o n a l  1101 f o r  u s e  i n  t h e i r  Advanced Central  Rece ive r  Power System 
Sodium - Cooled Rece ive r  Concept.  The a i r / r o c k  s t o r a g e  sys tem,  shown 
s c h e m a t i c a l l y  i n  F i g u r e  3-5, employs a l a r g e  r o c k  bed ,  f i nned- tube  h e a t  
exchange r s ,  r e v e r s i b l e ,  v a r i a b l e  speed  a i r  c i r c u l a t i n g  f a n s  and a i r  
d i s t r i b u t i o n  d u c t s  i n  a modular  d e s i g n .  Un l ike  t h e  draw sa l t  ( 2  t a n k )  
s t o r a g e  c o n c e p t ,  the same h e a t  exchange r s  and f a n s  a r e  used  f o r  c h a r g i n g  
and d i s c h a r g i n g ,  t h u s  s imul t aneous  c h a r g i n g  and  d i s c h a r g i n g  a t  t h e  100% 
d e s i g n  r a t i n g  cannot be accompl ished .  S e p a r a t e  c h a r g i n g  and d i s c h a r g i n g  
h e a t  exchange r s  and  fans were c o n s i d e r e d  however t h e  c o s t  was p r o h i b i t l v e -  

During t h e  c h a r g i n g  mode, a i r  i s  c i r c u l a t e d  from t h e  bot tom of  t h e  rock  bed 
at 288°C (550°F)  t h r o u g h  a h e a t  exchanger  ( condense r )  where i t  i s  hea ted  t o  
482°C ( 9 0 0 ° F )  b e f o r e  r e t u r n i n g  t o  t h e  t o p  of t h e  r o c k  b e d .  During 
d i s c h a r g i n g  t h e  f a n s  a r e  r e v e r s e d  and a i r  i s  c i r c u l a t e d  from t h e  t o p  o f  t h e  
rock  bed a t  482°C (900°F) t h rough  t h e  h e a t  exchange r  ( s u p e r h e a t e r ) ,  l e a v i n g  
a t  288'C (550'F) and r e t u r n e d  t o  t h e  bot tom of  t h e  r o c k  bed. The 
t e m p e r a t u r e  of t h e  d i s c h a r g e  steam l e a v i n g  the 2nd s t a g e  h e a t  exchanger  i s  
454OC (850°F)  r a t h e r  t h a n  482°C (900°F)  a s  i n  t h e  r e f e r e n c e  c a s e ,  t h u s  a 
r e d u c t i o n  i n  e l e c t r i c a l  g e n e r a t i o n  w i l l  be r e a l i z e d .  The s t o r a g e  sys tem 
t empera tu re  p r o f i l e  i s  shown i n  F i g u r e  3-6 .  

A 20% u t i l i z a t i o n  was used i n  s i z i n g  t h e  rock bed a s  a e t e m i n e d  by 
a n a l y t i c a l  s t u d i e s  by Rockwell .  The f a n s  used  a r e  ve r t i ca l  s h a f t ,  a x i a l  
f l ow t y p e ,  r e v e r s i b l e ,  w i t h  h y d r a u l i c  c o u p l i n g  type  v a r i a b l e  s p e e d  d r i v e s  
d i r e c t - c o n n e c t e d  to e l e c t r i c  motors .  The h e a t  exchange r s  a r e  of t h e  
f inned- tube  type w i t h  chrome-moly s t e e l  c o n s t r u c t i o n .  
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3.4.4.2 Thermal S t o r a g e  Design Data 

! The c o n c e p t u a l  d e s i g n  d a t a  f o r  t h e  C a l o r i a / g r a n i t e  - a i r / g r a n i t e  s t o r a g e  
sys tem f o r  1, 6 and 15 h o u r s  of s t o r a g e  i s  shown i n  T a b l e s  3-11, 3-12, and 
3-13, r e s p e c t i v e l y .  

3.4.4.3 D i s c u s s i o n  

The a i r j r o c k  s t o r a g e  concep t  as  des igned  i n  t h i s  s t u d y  does  n o t  a p p e a r  
economica l ly  a t t r a c t i v e .  Although i t s  low c o s t  media i s  a n  advan tage ,  t h e  
power r e l a t e d  equipment  c o s t ,  i .e . ,  f a n s  and  heat exchange r s ,  and  ene rgy  
c o s t  ( f a n  power) are h i g h ,  t h u s  p e n a l i z i n g  t h i s  c o n c e p t .  A s  w i t h  o t h e r  
s t o r a g e  c o n c e p t s  we have s t u d i e d ,  an o p t i m i z a t i o n  s t u d y  may reduce  t h i s  
c o s t ;  however,  it i s  u n l i k e l y  t h a t  a s i g n i f i c a n t  c o s t  r e d u c t i o n  c o u l d  be 
r e a l i z e d .  

3.4.5 C a l o r i a / G r a n i t e  - Sand Moving Bed 

3.4.5.1 System D e s c r i p t i o n  

F i g u r e  3-7 shows t h e  a p p l i c a t i o n  o f  a sand  moving bed s t o r a g e  concep t  as  a 
second s t a g e ,  u s i n g  t h e  b a s e l i n e  C a l o r i a / r o c k .  concep t  i n  t h e  f i r s t  s t a g e .  
The sand moving bed concep t  shown w a s  proposed by Babcock & Wilcox [ I l l  and 
is c u r r e n t l y  unde r  s t u d y  by D.O.E. 

A s  i n d i c a t e d  i n  F i g u r e  3-7 p u l v e r i z e d  sand  (Si.02) i s  used  a s  t h e  h e a t  
t r a n s p o r t  and s t o r a g e  media i n  a 2-tank s e n s i b l e  h e a t  s t o r a g e  
C o n f i g u r a t i o n .  The sys tem o p e r a t e s  i n  t h e  same manner as the 2-tank draw 
salt sys tem p r e v i o u s l y  d e s c r i b e d .  As i n d i c a t e d  i n  F i g u r e  3-8, t h e  2nd 
s t a g e  s t o r a g e  temperature swing i s  from 316°C (600'F) t o  496°C (925'F). 

The sand  conveyors  used have been proposed by B&W as Archimedes l i f t s  w i t h  
t r i p l e  screws. The h e a t  exchanger  i s  a p r o p r i e t a r y  d e s i g n  c u r r e n t l y  under  
development  by B&W. A s t a g g e r e d  b a r e  t u b e  a r rangement  is used.  The 
s t o r a g e  t a n k s  are of ca rbon  s t e e l  c o n s t r u c t i o n ,  w i t h  t h e  h o t  t a n k  be ing  
r e f r a c t o r y  l i n e d .  Both t a n k s ,  h o t  and  cold, are p rov ided  w i t h  e x t e r n a l  
i n s u l a t i o n  and l agg ing .  

3.4.5.2 Thermal S t o r a g e  Design Data 

Tables 3-14, 3-15, and 3-16 show t h e  c o n c e p t u a l  d e s i g n  d a t a  f o r  t h e  2-s tage 
C a l o r i a / r o c k  - sand  moving bed sys tem f o r  1, 6 and 15 h o u r s ,  r e s p e c t i v e l y .  

3 ,4 .5 .3  Di scuss ion  

The sand  moving bed ther ina l  s t o r a g e  concep t  proposed by B&W i s  u t i l i z e d  i n  
t h i s  s t u d y  a s  a n  exper iment  on second s t a g e  concep t s .  Because t h e  s a n d  
mciving bed concepr  is in it5 ea r ly  s t a g e s  of development t h e r e  a r e  some 
t e c h n i c a l  u n c e r t a i n t i e s  t h a t  make s i z i n g  and c o s t i n g  o f  t h e  system 
d i f f i c u l t .  Fo r  example,  i n s u f f i c i e n t  d a t a  i s  a v a i l a b l e  o n  Archimedes type  
l i f t s  in t h e  c a p a c i t y  and i n c l i n a t i o n  ang le  r e q u i r e d .  At tempts  t o  g e t  
budget  Archimedes l i f t  p r i c e s  f r o m  commercial  material hand l ing  s u p p l i e r s  

-55. 
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Table 3-11. THERXAL S T O U C E  DESICX DATA 

WATER/STEAM RECLI17P. - PDUEC. 
CAI4GRIA/CX4KITE - AIR/GMKITE 

HOURS OF STORAGE: One (1) 

1st STAGE Ind STACE 
C a l o r t a i C t a n i t e  AiriGranice 

STORAGE ilEDId 

1. Opera t ing  ~ e m p r r a t u r e  
a .  !Iot 
h .  Cold 

2 .  quancicy ( T o t a l )  
a .  Oil, Caloria 
b. Granice 

E!:ERCY RELATED EQUIPMEET 

1. Scarage Capacity 

2. Scorage Tanks 
a. Quancicy 
b. S i z e ,  each  (Dia.xHt.)  
C .  Haterial 
d .  Ueight,  each 

3. innk Insu lac ion  
a .  Type 
b .  Thickness 

& .  Tank Foundation 
a. Type 
b. Thickness 

C .  Quancicy, Total 

POWER RELATED EQUIPMENT 

s team 
a. Flow, Tocal 
b. Pressure 
C. Ternperacur.e 

Storage  f l u i d  
a. Flow, T o t a l  
b. Pressure (Tank) 
C .  Temperature (Fump) 

Pumps/Fansb 

a. Quant i ty  
b. Type 
C .  Hacerial 
d .  Fluid 
e. Capacity, each 
f .  Bead 
g .  Power ( S h a f t ) .  each  
b. NOCDK size  

Hea L Exchangers 
a .  Quant i ry  
b. Type 
C .  x fa te r ia1  
d .  Surtace Area. Tocal 
e .  Duc::, Total 

: 1 C  ( 6 0 0 )  
2 4 6  ( 4 7 5 )  

1&0? x 1 0 6  (1,lZI) 
7 . 4 5  x L O 6  ( @ , ? 1 4 )  8 . 6 5  x 106 ( f .580)  

175 .1  L8.P 

Two ( 2 )  Two ( 2 )  
I5.5( S l ) x 2 1 . 3 (  7 0 ) x 4 . 6 (  15 )Bed 16.9 ( 5 5 . 6 )  x 10.7 ( ? 5 )  

Carbon Sreei ConereKe-Lined Excavation 
9 5 , ? 6 0  (10:) C I A  

:,!inera1 F iber  wi'A1 .Lag* 1nsul.conc. iFlr.iYal!s. ) P e c l i  t e  [ h m i !  
c . 1 5  (0,s) 0.51 ( 3 )  G.L'I (1) 

concrete >lac 
0.61 ( 2 )  l n s u l .  
Cl. 52(5)Scr"cc 

962 (1 ,258 )  

N / A  

I "' 

F 
i 

Charging C 1  schare ing  Charginy D i s c h a r ~ i n g  

19(151,000) 89(704,115) 
1 2 . 5  ( 1 , B l j )  3 . 2  ( 4 6 8 )  
360 (680) 228 (16C) 

170  (1.3SxLC6) 897 ( 7 . 1 2 ~ 1 0 6 )  
Acmosphertc Atmospheric 

246 ( 4 7 5 )  316 (600) 

Pumps Pumps 
2-5093 2-5rz 

Horir .  Centr i f .  Horiz. Ceecrif .  
Carbon Steel Carbon S t e e l  

ca1aria Ca lo  r ia 
0.12 (1930)  0.49 ( 1 0 . 9 4 0 )  
50.: (100) 4 1 . 1  ( 1 2 5 )  

3 t  ( 4 6 )  2 4 1  ( 3 2 3 )  
37 ( 5 0 )  261 ( 2 5 0 )  

1-100% : - 5 O %  
Shel l  6 Tube Drum Type 
Carbon Steel Cdcbon S t e e l  

S P 6  ( ? . 5 ? 5 )  6 . 2 5 9  ( b 8 , 4 5 C )  :!.: 171.1 

4 6  (O.?hxlOe) 2 4 1  ( I . ? l l x l O b )  
Atmospheric Atmospheric 
288 (550) 1'86 ( 5 5 0 )  

[Caverns ran Design) 
Fans Fane 

2 oper .  12  Oper.  
Axia l  Kevsrs ib le  
Carbon Scee1 

Air Air 
3i(i8,00@ACF>:) ? 2 ( 6 ~ , 3 4 5 . 1 C F ? I )  
0.209 ( ! .C l )U.C.  O.OS3(2.27:)WC 
1;: (101 )  2 F 0  ( 3 7 6 1  

! 3 6  (L50) 

(Governs fix Oesign) 
2 O p e r .  0 p e r .  1. 

Fin-Tube 



Table 2-12 ,  THEULAL STORriGE DESIGN DATA 
WATEWSTEMI PIECEIVER - FOYER 
CALQRIA/GF&tiiTE - AlR/Ciir\KITE 

!lOL'RS OF STORAGE: S i x  ( 6 )  

I s r  STACE 2nd STACE 
CalorialGranice AirlCranite  

STORAGE !IEDIA 

I .  Operdting Temperature 
d. Hot 
h .  Cold 

2 .  Quanclty, Toral  
a .  O i l .  Calor la  
b .  Granite  

ESERGC RELATED EQUIPMEXT 

1. Storage  Capacity 

2 .  Stotaee Tanks 

'C ( 'F )  
'C ( O F )  

kg ( t o n )  
te ( t o n )  

>!WCh 

216 ( 6 0 0 )  
? i 6  ( 1 7 5 )  

A 8 2  ( 9 0 0 )  
286 ( 5 5 0 )  

4 2 . 8  s 106 ( 4 8 , 2 8 0 )  

1,050. C 2 9 3 . h  

I 

a .  quantity 
h. S i z e ,  each  ( D l a .  x H t . )  m ( € t )  

Two ( 2 )  
4 1 . 0 ( 1 ? 4 . 4 ) ~ 1 0 . 7 ( ? 5 )  

48?,6?0 ( 5 ? 2 )  
Carbon Stee l  

I W C  ( 2 )  
?6.R(??)x?8.1(125)x7.6(25jEed 

Concre te - l ined  Excavation 
K/A 

c .  ?!arerial 
d .  Weight, each  

3 .  Tank I n s u l a t i o n  
a. Type 
b.  Thickness  

4 .  Tank Foundation 
a .  Type 
h .  Thickness 
C. Quanrity.Tota1 

POWER RELATED EOUIPIlENf 

1 .  steam 
a .  Flow, Total  
b. Presrure 
c .  Temperacure 

2. Storage F lu id  
a .  Flow, Total 
b .  Pressure (Tank) 
C .  Temperature {Pump) 

Hinetal  Ffber w I A 1 .  Lag. 
0.1? ( 0 . 4 : )  

1 Concrete Xac NIA 
0.61(2)  + 1 . 5 2 ( 5 ) S c r u c t .  

5.628 ( 7 , 2 6 0 )  
Charging Discharg ing  Charging Di 5c hargi  ctc: 

kg/s ( l b / h r )  114 (905 .500)  89(704,165) 114 (905 .500)  a9 (704,165) 
!IPa ( p s i a )  1 2 . 5  (1,815) 3 . 2  1468) 1 2 . 5  ( 1 , 8 1 5 )  ?.I ( 4 4 3 1  
*C ('F) 260 !680) 238  ( L 6 C )  510 ( 9 5 0 )  6 5 4  ( 8 5 0 )  

kg/s ( l b l l m )  1 0 ~ 2 ( 8 . 1 1 x 1 0 6 ~ 8 9 7 ~ 7 . 1 : x 1 0 6 ~  ?i? (Z+17x10h) 2 i l  ~1.91xiQ6) 
HPa ( p s i a )  Atmospheric Atmospheric Atmospheric Acrnosphe r l c  
'C ( O F )  246 (475) 216 (600) 288 ( : 5 0 )  zae (550)  

(Governs Fen Design) 
Pumps Pumps Fans Fans 

2 - 50% a " 50% I2 Oper. 12 Oper. 
Horie. Centr i f  Iforla. Centr i f  Axia1,Reverslble 
Carbon steel Carbon Steel Carbon S t e e l  

!. PurnpslFansb 
a ,  Ouanrity 
b. Type 
c .  ?larerial 
d .  F lu id  
e l  Capacity,  each 
f .  Head 
g. Power, each 
h. Hocor s i z e  

L. Heat Exchangersb 
a. quantity 
b. T y p e  
C. Yater ia l  
4. Surface  Area,  T o t a l  
e .  Duty, Total 

AXSUAL ESERCY 

I. Slrctrtcot Energy 

Caloria Calo r i  a A 1  P ALr 
m3is (gpn)  0 . 7 3  ( 1 1 , 5 8 0 )  0 . 6 0  ( 1 0 , 9 & 0 )  3 7  (77,760 ACFb!) !2(68.245ACT!.I) 
m ( f t )  41.1 ( 1 3 5 )  41.1 ( 1 2 5 )  0.36 ( 1.12 )UC 0.27 ( 0.875 )WC 
kUe (ho) 2 7 5  ( 3 6 9 )  2 4 1  ( 3 2 3 )  157 ( 2 1 1 )  112 (150) 
kwe ( h p )  258 (400)  261 (250) lR6 ( ? 5 0 )  

(Governs HS Design)  
2 - 50% : - 50% 1 2  Oper. 1 2  Oper.  

Shell h Tube Drum Type Fin-Tube 
Carbon S c e e l  Carbon S t a e l  c r .  LlO. 

eZ(ft2) 8 , 3 1 4  ( 5 7 , 2 0 0 )  6 , ? 5 8  ( 6 6 , 4 5 0 )  22.840 (245,EbO)Air S ide  
knit 1 9 9 . 4  1 7 5 . 1  8 5 . 6  1 8 . 4  

106kWeh ?.lSa 1 . 1 8  2 .  IlP ?.I:  

SDLes:  
'Annual E l s c r r i c s l  E n e r g y  (Charg ing)  I n c l u d e s  Charsing i!eatcr ara in  Pump ?ouec ( 1 s t  S t a q e ) .  5cc .Appendix 3 f o r  

'DSarne Hear Exchangers ;nd Fans C s r d  l o r  C h a r s i n g  and D i s c h a r i ; i n ~  on 2nd S t . 2 l . r .  
Cnstginq i?eacar Oran Pump Orsign D a t a .  
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HOURS OF STORAGE: Fifceen (15) 

STORAGE Y E D I I  

I .  Operating Temperature 
a. 3 0 c  'C ('F) 
b. C o l d  'C (*F) 

2 .  QuanciLy, Tfltal 
a .  O i l ,  Calor ia  ka (con1 
b. Granite  kg ( t o n )  

EBIP-GY RELATED EQUIPMENT 

I .  Scorage capaci ty  IWch 

2.  Storage  Tanks 
a .  Quancity 
b .  Size, each ( O i a . n H t . )  m(ft) 
C .  ?lacer ia l  
d .  Weight, each 

?. Tank Insularlon 
a .  Type 
b. T h i c k n e s s  

i .  Tank Foundation 
a .  Type 
b .  T h i c k n e s s  

C. Quancicy. Tocal 

POWER M U T E D  EOUIP>lESi 

1. Steam 
a.  Flow, Tocal 
b. Pressure 
C .  Temperature 

2 .  Srorape Fluid 
a. Flow, Tocal 
b. Pressure  (Tank) 
c. Temperature (Pump) 

2.  Pumps/Fansb 
a .  Quaadry 
b. Type 
C .  EIaCrrial 
d .  F l u i d  
e.  Capac i ty ,  each  
f I :lead 
g. Power ( S h a f c ) ,  each 
h .  ? l o t o t  s i z e  

L .  Heat Exchangersh 
I. q u a n t i t y  
b. Ippe 
e .  Xrrerial 
:I. Surface  Area. T o t a l  
a .  Duty ,  T o t a l  

.AK#UAL I::!ERGY 

I .  E l e c t r i c d l  E n e r g y  

1 5 . 3 5 ~ 1 0 ~  (16,1?0) 
111.77r10C (12?,?001 

2 . 6 2 6 . 5  i ? 2 . 5  

s i x  ( 6 )  Three ( 2 )  
97 .6  (123.??)x10.?(?S) 2 e . 9 ( 9 5 ) r 5 e . 5 ( 1 0 : ) x i . 6 ~ 2 5 )  Bed 

Carbon S r e e l  Concrete-Lined Excavation 
610,960 ( 4 5 2 )  XI.\ 

X n e r a l  F i b e r  uiAl Lag. I n s u l . C a n ~ . ( F l r b h ' a * l s )  P e r l i t e  ( R o o f )  
0.13 ( 0 . h 1 7 )  o.:o ( 2 . 5 )  0.61 ( 2 )  

Concrece Mat 
O . b l (  2 )  Insul. 

L 1 . 5 2 ( 5 )  S t r u c t .  
14,210 (ie,:sz) 

Charging D i s c h a r q l n g  c n s n g  P i  scharg i ng 

1,900(15.08~106) 897 ( i . 1 2 ~ 1 ~ 2 6 )  :o? (L .04x lOb)  ?41(1.~1~10~) 
Atmospheric Amospher ic  Atmospheric  Atornuspheric 

246 ( 4 7 5 )  116 (600)  288 ( 5 5 0 )  l e F  ( 5 5 0 )  

(Governs Fan Dosign) 
PUOlpS Pumps Pans Fans 
8-2 59: 2-50?? 18 O p e r .  I U  O p e r .  

t l o r i z .  Cenrr i f .  Horir .  Cencrif A x t a I ,  R e v e r s i b l e  
Carbon S t e e l  Carbun S c e e l  Carbon S t e e l  



WATER/STEAM RECEIVER (POWER) STORAGE SYSTEM 

IST STAGE: CALOR1A/GRANITE, 2NI) STAGE: SAND MOVING BED 

STEAM TO 1.P. TURBINE STEAM FROM RECEIVER 
12.5 MP., 510°C 3.1 MPa.482"C 

17815 PSIA, 950°F) A anc"r (443 PSIA. 900°F) 

2ND STAGE 
CHARGING HX 71 

I '  CONV:A*Y I Z 

i- 
2N D STAGE 
DISCtl. HX 

(SUPERHEATER) 

CALORIAIGRANITE 
THERMOCLINE 

CHARGING HX 

CALORIA 246°C (475OF) 

ER 

1382°F) 
PUMP 

P 
P, 

? 
s 

L.3 

w 
m 
" 

4 15Oo:'F 1 

Figure 3-7. THERMAL STORAGE SYSTEM 
CALORtA/GRANITE -SAND MOVING BED 
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T a h l s  3-14. THERMAL STORAGE FESIGN llATA 

IZATER/STRXV RECEIVER - P O m R  
CALORIA/CXANITE - SAND HOVI#G OEll  

HOURS OF STORACE: One (1) 

1 s t  STAGE 2nd STAGE 
C a l o r i a I G r a n i t e  Sand Yovins Sed 

STDR4GF. * D I A  

I. O p e r a t l n g  Tempera ture  
a. !lot 
b. Cold 

?. guancicy  ( T o t a l )  
a. O i l ,  C a l o r i a  
h. Granite 
C .  Sand (Pulv.) 

"C (OF) 

*c ( " ? )  

*s ! ton) 
kg ( t o n )  
kg (con) 

316 ( 6 0 0 )  
246 (475)  

196 ( 9 2 5 )  
316 1600) 

1.0 x 106 ( 1 , 1 0 7 )  
7.3 x l o h  ( 8 , 0 4 0 )  

1.05 x lob  ( 1 , 1 6 0 )  

EXERGY RELATED EQUIPXENT 

1. S t o r a g e  Capacity 

2 .  Scorage  Tanks 
a.  O u a n t i t y  
h. S t z e ,  each (Dfa.xHt.> 
c. X a t e r l a l  
4. Yetphc, e a c h  

1. Tank Insulation 
a. Type 

h. T h i c k n e s s  

A .  Tank Foundat ion  
a .  Type 
h.  T h i c k n e s s  

C .  Ouanct ty ,  ' local 

r 7 t  53 

Yoc Tank Cold Tank 
TWO ( 2 )  3ne ( 1 )  One ( 1 )  

16.8 ( 5 5 )  x 10.7 (35) 1 2 . 2 ( 4 0 ) ~ 6 . 1 ( ? 0 )  1 2 . 2 ( 4 0 ) ~ 6 . 1 ( 2 0 )  
Carbon S t e e l  Carbon S t e e l  Carhon Steel 

93,895 (103;5) 44,000 ( 5 4 )  49,000 (51) 

?IIneral Fiber I n s u l .  Rrick ?!in. F i b e r  Y i n .  Fther  
W / A l .  Lag. ( t n t e r l o r )  (Exterior) ( E x t e r i o r )  

0.15 (0 .5)  0 .23(0 .75j  0 .20(0 .67)  0.15 (0 .5)  

C o n c r e t e  ilat 
0.61(2) Insul .  
+ 1 . 5 2 ( 5 )  S t r u c c .  

942 (1 .232)  

C o n c r e t e  !fat Concrete Hat 
2.%4(R) 2 . 4 4 ( 8 )  

445 (582)  445 (582 )  

Chai gins O l s c h a r g i n g  Charqing Discharg ing  

I .  Seeam 
a. Flow, Toca l  
b. Pressure 
C .  Tempera ture  

\ 

kg/s ( I b l h r )  
*Pa (ps ia )  
' C  ("F) 

19( 151,000) R6.65( 687,700) 19( 151,000)  86.65(687,700) 
12 .5  (1,815) 3.2 ( 4 6 R )  1 2 . 5  ( 1 , 8 1 5 )  . 3 . 1  ( 4 4 3 )  
353 (6611) 238 (460)  510 (950) 4R2 (900) 

2 .  S t o r a g e  Fluld 
a.  Flow, Total 
h.  P r e s s u r e  (Tank) 
C. Tempera ture  (Pump) 

3. PumpsiLifcs 
a. q u a n t i t y  
h. Type 
F .  x a t e r t a 1  
d .  Flu14 
e. Capactcy, each  
f .  !lead ( L i f t )  
g. Power ( S h a i c ) ,  e a c h  
h. X o t o c  s l z e  

I .  Vent Exchangers 
4 .  I)uanctcv 
h. Type 
C. V a t e t i a l  
d. surface . \ tea,  Total  
e. D u t y ,  T o t a l  

A::SIJ:AL ' X R C Y  

!. E : l . x t r ~ c n l  Rnerqy 

C a l o r i a  C a l o r l a  Pulv .  Sand Pulv .  Sand 
166 (1.37~10~) 878 ( 6 . 9 7 ~ 1 0 ~ )  55.4(440,000)  292 (2.32~10~) 

Acmospheric Acmosphertc Atmospheric Atmospheric 
246 (475) 316 (600) 316 (600) 496 (925) 

Pumps Pumps ----_- Archimedes Lifts------ 
2- 50:: 2-502 Two ( 2 )  Two (2 )  

Horir.  Centrtf. Horir. C e n t r l f .  Screw C o w .  Screw Conv. 
Carhon S t e e l  Carbon S t e e l  Carbon S t e e l  Cr.-Mo. 

Calorla  Caloria Pulv. Sand Pulv. Sand 
0.12 (11190) 0.67 (10,710) 5 5  kg/s (22Otph)  ?92kg/s ( l lbOtph)  
30.5 (100) 4 1 . 1  ( 1 3 5 )  1 ~ 1 0 ( 3 3 j l P 1 2 . 2 ~ 4 0 j l ~ 1 4 . 6 ( 4 R ) l @ 2 0 . 7 ( 5 8 )  

34 ( 4 5 )  236 (316) 1@?2(30)1P27f36)  1 3 1 7 1 ( ? 2 9 ) 1 ~ 4 3 4 ( 3 ? 1 )  
3 7  (50) 261 (350)  19??(30).1@30(kO) 1RlS6(?50)1P?61(350) 

kgls ( l b l h r )  
YPa (psla)  
'C ('PI 

1-100% 2-50? One ( 1 )  One ( i )  
Shell 6 Tube DTum T y p e  s t a g g e r e d  Tube Staggered Tube 
Carhon S t e e l  Carbon S t e e l  Cr-YO 

?67 1 2 . 6 6 0 )  1 .368  ( 1 4 . 7 2 8 )  867 (9.333) 6 . 2 2 6  (67.000) 
32.5 1 7 1  i0 53 

10' 4Ue h g . 1 3 7 9  ;) .I91 3 .  LO6 

0.02R5" 

5 , 2 4 5  ( 4 . 9 2 5 )  

Chnrginq H e a t e r  Drain  Pump %ucr ( l s c  S c a q e l .  See Appendix n t o r  
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? a b l e  3-15. i H E R X 4 L  STORAGE DESIGN DATA 
IJATERISTEAn RECEIVER - PO!XR 
C I L O R I A I G R A N I T E  - SAND XOVING BED 

HOURS OF STORAGE: S i x  ( 6 )  

i 1 s t  STAGE I n d  STAGE 
C a l o r l a i G r a n i t e  Sand Yoving Bed 

STORAGE XEIEDIA 

I .  O p e r a t i n g  ~emperacure 
a .  Hot 
h .  Cold  

2 .  O u a n t i t y .  Total 
a .  011, Calorla 
h. Grani te  
C .  Sand (Pulv.) 

FWRGY RELAT'EI-I 50llIPIIENT 

1. storage C a p a d t y  

2. Srorage Tanks 

a .  O u a n t i t v  

YWCh 1,026 

C o l d  Tank !lac Tank 

h .  S l z e ,  e a c h  ( P i n .  x Ht.) m ( f t )  
C .  x a t e r i a 1  Carbon  S t e e l  

kg ( t o n )  638 ,215  ( 7 0 3 . 5 )  d. Weigh t .  e a c h  

3 .  Tank I n s u l a r i o n  
a. Type 

h.  T h t c l n e s s  

4. T a n k  Foundatian 
a .  Type 
h .  T h i c k n e s s  
C .  O u a n t t t y , T o t e I  

POlrTpI PELATEP SOI!IPKFXT 

1. Steam 
a .  F l a w .  T o t a l  
h.  Pressure 
c .  T e m p e r a t u r e  

? .  Storage F l u l d  
\ 

a .  Flow. Total 
b. Pressure (Tank)  
C .  T e m p e r a t u r e  (Pump) 

' i ineral F i b e r  
" l l l .  Lag. 

m f f t )  0 .13 (0 .417)  

I n s u l . 8 r l c k  ? t i n .  F l b e r  !lin. F i b e r  
( In ter ior )  (Ex te r io r )  ( E x t e r i o r )  
0+23(0.75) 0.15(0.5) 0 .11(@.$2 i  

cone. Ynt c o n c .  ' l a t  Concrete Mat 
n ( f t )  0 . 6 1 ~ 2 ) I n s u 1 . + 1 . 5 2 1 5 ) S t r ~ ~ r .  ?.a& (8 )  2 . 4 4  !P) 
m 3 ( y d 3 )  5,50R ( 7 , 2 0 4 )  2RR7 0 7 7 6 )  ?PS7 13776)  

C h a r s i n e  n i s e h n t g i n g  Chargine n i s c h a r g i n q  

i 
C,/s ! i h / h r )  114  ( 9 0 5 , 5 0 0 )  R6.65(687 ,700!  114 '905,500) 8 6 . 6 5  ( 6 P 7 . 7 I l O )  
#Pa ( p a l a )  1 2 . 5  (1,815) 3 . 2  ( 4 6 8 )  1 2 . 5  (1 ,815 )  7 . 1  ( 6 4 3 )  
"C ('F) ?53 (66R) 23R ( 4 h 0 )  510 1 9 0 )  6R? 1 9 0 0 )  

Ca l o r  l a  C a l o r i a  P u l v .  Sand Pulv. Pand 
kR/s ( l h l h r )  l 0 0 0 1 7 . ~ 4 x 1 O 6 ) 8 7 8 ( h . a 7 ~ l O h )  3 3 3  (?.44r1O6) 

'C ("F) 24h 1475)  316 ( 6 0 0 )  316 ( 6 0 0 )  596 ( 9 2 5 )  

2 9 2  / ? . 3 a y i 0 h >  
WPa f p s l a )  A t m o s p h e r i c  A t m o s p h e r i c  A tmospher i c  Atmospheric 

3 .  PumpE/Li f tS  * 
a .  O u a n t i t y  
h. Type 
C .  l l a t a r f a i  
d .  F l u i d  
e .  C a p a c i t y .  e a c h  
f .  Head 
g .  Power, e a c h  
h .  Yotor site 

4 .  Heat Exchangers 
a. Q u a n t i t y  
h. Type 
c .  E l a t e r i a l  

Arch imedes  Lifts------- 

Horlz.  Cener i f  Horlr. C e n r r i f  Sc rew Coov. Screw Conv. 
Carbon  S t e e l  Ca rbon  S t e e l  Carbon S t e e l  C?XO 
C a l o r l a  ca lo r ia P u l v .  Sand Pulv .  sand 

_-__-__ Pumps Pumps 
2 - 50% 2 - 501 Sixteen ( 1 5 )  s i x t e e n  ( 1 6 )  

d .  S u r f a c e  Area, T o t a l  n21F t2 )  
e .  ' l u t v ,  - 0 t n 1  ?1W 

.4SSCAl, C?IF.pICY 

' . . : l e c c r i c a l  Energy L O c  klJcii 

1. 4 l e c t r i c a l  Enetnp (Ta ta1 :S tg )  10'4Weh 

7 .  q,,t '.ass lflq?(5?!T] 



T a b l e  3-16. TP.!ERMAL STORAGE DESIGN DATA TR-1283, VOL II 
WATERISTEA'l SECEIVER - POWEB 
CALORIAIGRAh'l'lE - SAND I O V t N G  BED 

HOURS OF STORAGE; Fifteen ( 1 5 )  

1st STAGE 2nd STAGE 
C a l o r i a i C r a n l r e  Sand >loving Bed 

STORAGE Y E D I A  

1. o p e r a t i n g  Temperature 
a. Hot  'C ("PI 
b. Cold *C ( " F )  

2. Quancicy, Tora l  
a. Oil. C a l o r i a  kg ( t o n )  15.0~106 (16,583) 
b .  G r a n i t e  kg (con) 1.09s108 1120.h001 
c .  Sand (Pulv.) kg (con] 

6 9 6  ( 9 2 5 )  
216 (600)  

EhZRCY KELAIEO EQUIPXEST 

1. Storage Capaci ty  YHCh 2 , 5 6 5  79s 

2. S t o r a g e  Tanks 
a. Quant i ty  S i x  ( 6 )  
b. S i z e ,  each (Dia.xHt.) m(ft) 37.2 (122)xIO.i(35) 
C.  > l a t e r i a l  
d .  Weight, each  

3 .  Tank i n s u l a t i o n  
a. Type 

b. Thickness 

4 .  Tank Foundatlan 
a .  Type 
b. Thickness 

c .  Q u a n t i t y ,  T o t a l  

Carbon S t e e l  
kg ( t o n )  0 . 4 ~ 1 0 ~  ( 4 4 6 )  

l i i n e r a l  F i b e r  
" / A 1  Lag. 

4 ( f t )  0.13 (0.017) 
# 

Concrete blot 
m ( E t )  0.61(7) Insuf. 

+ 1.52(5) S t r u c t .  
&ydj )  1 2 . ~ 1 6  (18,200) 

Hot Tank Cold Tank 
E m  Four ( 4 )  
19.8(65)x8.5(28) 19.8(65)%8.  S(28)  

Carbon S t e e l  Carbon S t e e l  
147.000 ( 1 6 2 )  1P7,OOO ( 1 6 2 )  

1nsul.Brick >lin.FISer ? l i n . f l b e r  
( I n t e r i o r )  ( E x t e r i o r )  ( E x t e r i o r )  
C.22 ( 0 . ? 5 )  0.15 (0 .5 )  0.13 ( 0 . 4 2 )  

conc. >ht. conc. Xat* 

4014 1 5 2 5 0 )  
2.44 ( 8 )  2.44 ( 8 )  

LO14 fS?501 

Chargivg Disc ha rging C h a r g i n g  Discharging 
P D W E R  RELATED EQUIPMENT 

1. Steam 
a .  Flaw, ' local 
b. Pressure  \ c .  Temperature 

2 .  Storage  Fluld  
a.  Flow. T o t a l  
h. P r e s s u r e  (Tank) 
c .  Temperature (Pump) 

?. Pumps/Fans 
a .  Quonrity 
b. Type 
C .  r i a c e r l a l  
d .  F l u i d  
e .  Capaci ty ,  each 
f .  llead 
g. Power ( S h a f r ) ,  each 
h .  30t0r s i z e  

A. Hear Exchangers 
a. Quancity 
b. T y p e  
i. ) . lacerial  
3 .  Surface  Area, T o t a l  
e .  D u t y ,  Total 

I>::XhL ESERGY 

1. i l e s r r i c a l  Energy 

:. Elecrrical Energy(?er Stg)lOhkWah 

3 .  Heat Lass ( P e r  S r g l  109~( IO%YJ) 

9 o c e s :  

213 (I.~?xIO~) 86.bx687, iao)  z i 3 ( 1 . 6 9 ~ 1 0 6 )  a6.65(687,700) 
12.5 ( 1 , 8 1 5 )  2 . 2  (4681  12.5 (1 ,815 )  3.1 ( 4 4 3 )  
351 ( 6 6 8 )  2?8 ( 4 6 0 )  510 ( 9 5 0 )  482 '!9oa) 

C a l o r i a  ca1ori.3 Pulv.  Sand Pulv. Sand 

Atmospheric . Atmospheric Atmospheric ' AtomosQhetic 
1,860(14.7b~io6) 878 ( 6 . 9 7 ~ 1 0 6 )  620 (4.92~106) m ( z . x ~ ~ a b )  

246 ( 4 7 5 )  316 ( 6 0 0 )  316 (600) 496 (925) 

Pumps Pumps _--_-- Archimedes Lilts------ 
4-2% 2-50% Elgilt (8) F i g h t  (8) 

Horl r .  Cencr t f .  Horiz. C e n t r i f  Screw Conv. Screu  Canv. 
Carbon S t e e l  Carbon S t e e l  Carbon Steel. Cr-Mo 
Caloria C a l o r i a  Pu lv .  Sand Pulv .  S3nd 
0.66 ( 1 0 , 5 4 0 )  0 .67  (10, 710) 1?5kg/s(6152ph) i?kg/s(Z90Cph) 
L1.1 ( 1 3 5 )  41 . I  ( 1 2 5 )  4 @ 1 5 . 2 ( 5 0 ) 4 6 2 1 . 3 (  70) L@12.2(~0)4@18. ? (  6 0 )  
250 0 2 5 )  2?6 ( 3 1 6 )  4@94(126)4@1??(177)  4 @ 3 6 ( 4 8 ) 4 @ 5 3 ( 7 1 ?  
223 (aO0) 261 ( 3 5 0 )  4@112(150)4@150(200) 4 @ 5 6 ( i S ) z i @ i 5 ( 1 0 0 )  

&-is% 2-50X Four ( 4 )  ?our ( 1 )  
Shell 6 Tube Drum Type Staggered Tube Staggered  Tube 
Carbon Stee l  Carbon S t e e l  Cr-Yo Cr-Yo 
9 ,697  (1CL.380) 6 , 2 2 4  (07,000) 2 , 7 5 8  ( 2 9 , 6 8 6 )  1 ,268  ( 1 4 , ; X )  

~~ 3 6 1 . +  1 7 1  111.: _.. 

'Annual E lec t r i ca l  Energy (Charg ing)  l n c i u d e s  Charging Heater Drain Pump Power  ( 1 s t  $ t a $ e i .  See l p p e n d i r  0 f o r  
Charg ing  Heater Ocain Pump Design i h c a .  
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i 
were u n s u c c e s s f u l .  Consequent ly  the Archimedes l i f t  cos t  used was t w i c e  
t h e  cos t  of a bucket  e l e v a t o r  f o r  the same c a p a c i t y  and l i f t ,  as  
recommended v e r b a l l y  by B&W. The conveyor  power r e q u i r e m e n t s  were based on 
a L i f t  e f f i c i e n c y  o f  26 .6%,  a l s o  B&IJ, and  a combined g e a r  and motor 
e f f i c i e n c y  o f  85%.  Another  a r e a  of c o n c e r n  i s  t h e  h e a t  exchange r ,  which 
could  be a major  development  i tem.  The h e a t  t r a n s f e r  s u r f a c e  areas  used i n  
t h e  s t u d y  were p rov ided  by B&W. 

3.4.6 P r e s s u r i z e d  Water - Draw S a l t  ( 2  t a n k )  

3 . 4 . 6 . 1  System D e s c r i p t i o n  

Both above ground and underground p r e s s u r i z e d  w a t e r  s t o r a g e  sys tems were 
c o n s i d e r e d  a s  a n  exper iment  on f i r s t  s t a g e  c o n c e p t s .  

A two-stage t h e r m a l  s t o r a g e  system u s i n g  a n  underground p r e s s u r i z e d  water 
s t o r a g e  f i r s t  s t a g e  and  draw s a l t  ( 2  t a n k )  second s t a g e  i s  shown i n  F i g u r e  
3-9. 

A p r i n c i p a l  proponent  of underground p r e s s u r i z e d  water s t o r a g e  i n  
s t e e l - l i n e d  c a v i t i e s  i s  James L.  Dooley of R&D A s s o c i a t e s  [ 12 ] .  A l s o  a 
the rma l  e n e r g y  s t o r a g e  c o n c e p t u a l  d e s i g n  s t u d y  by Genera l  E l e c t r i c  Company 
[ 13 ]  h a s  i d e n t i f i e d  s e v e r a l  Underground p r e s s u r i z e d  water concep t s  
a p p l i c a b l e  t o  n e a r  term e l e c t r i c  u t i l i t y  a p p l i c a t i o n s .  T h i s  s t u d y  d e a l s  
p r i m a r i l y  w i t h  p r e s s u r i z e d  water s t o r a g e  i n  b o t h  underground s t e e l - l i n e d  
c a v i t i e s  and above ground steel p r e s s u r e  v e s s e l s .  

The underground p r e s s u r i z e d  water s t o r a g e  concep t  proposed f o r  t h e  
water/steam r e c e i v e r  power a p p l i c a t i o n  u t i l i z e s  a n  underground s t e e l - l i n e d  
c a v i t y  as shown i n  F i g u r e  3-9. The c a v i t y  would be l o c a t e d  approx ima te ly  
549m (1800 ft.) below g r a d e  in a s o l i d  r o c k  fo rma t ion .  Demine ra l i zed  w a t e r  
i s  used as  the s t o r a g e  media. 

A s  i n d i c a t e d  i n  F i g u r e  3-9 r e c e i v e r  steam i s  s u p p l i e d  d u r i n g  cha rg ing  
d i r e c t l y  i n t o  t h e  underground water con ta inmen t  w h e r e  i t  i s  condensed ,  
t h e r e b y  i n c r e a s i n g  t h e  p r e s s u r e  and  t e m p e r a t u r e  o f  t h e  water. Dur ing  
d i s c h a r g i n g ,  steam i s  adm€r ted  th rough  a p r e s s u r e  c o n t r o l  v a l v e  which 
m a i n t a i n s  3.2 MPa ( 4 6 8  p s i a )  p r e s s u r e  a t  t h e  i n l e t  of t h e  2nd s t a g e  
s u p e r h e a t e r .  A s  steam is removed from s t o r a g e  t h e  p r e s s u r e  i n  t h e  c a v i t y  
d e c r e a s e s  a s  more water i s  f l a s h e d  t o  steam. The p r e s s u r e  i n  t h e  c a v i t y  
r anges  from 11 .9  MPa (1725 p s i a )  f u l l y  cha rged  t o  4 .1  MPa (600 p s i a )  f u l l y  
d i s c h a r g e d ,  w i t h  a co r re spond ing  t e m p e r a t u r e  range o f  3 2 4 ' C  (615°F)  t o  
2 5 2 ° C  (486"F), o r  72'C (129 'F) .  For  t h e  s ix  hour  s t o r a g e  case,  
approx ima te ly  44% of t h e  t o t a l  wa te r  i n v e n t o r y  i s  €lashed t o  s team. 
Although not  shown on the  diagram,  i t  i s  n e c e s s a r y  t o  add a small amount of 
f eedwa te r  t o  s t o r a g e  d u r i n g  t h e  c h a r g i n g  mode i n  o r d e r  t o  a c h i e v e  a mass 
and e n t h a l p y  ba lance  berween cha rg ing  and d i s c h a r g i n g .  

S t o r a g e  steam condensed i n  t h e  t u r b i n e  c y c l e  d u r i n g  the  d i s c h a r g e  mode i s  
stored a s  d e a e r a t e d  condensa te  f o r  u s e  a s  r e c e i v e r  f eedwa te r  d u r i n g  t h e  
c h a r g i n g  mode. 

I 
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WATER/STEAM RECEIVER [POWER) 
STORAGE SYSTEM 

1ST STAGE: UNDERGROUND PRESSURIZED WATER, 2ND STAGE: DRAW SALT (2-TANK) 

STEAM FROM RECEIVER 
12.5 MPa,510nC 

(1815 PSIA. 950°F) 

1 
STEAM TO I.P. TI IRBIN€ 

(443 PSIA, 900°F) 
3.1 MP,. 482°C fl-L TANK ~~~~~~1 

2ND STAGE 
CHARGING HX 

(UESUPERHEATER) 

C W SUMP 
I- E t  OWATE R 
TO RECEIVER 
ICHARGING) 

11.9 TO 4.1 MP 
W A F T  4.6 m lt5 ftl DIA. WICONC. LINER 

I S T  STAGE 
UNDERGROUND 
LINED CAVERN 

HIGH TEMP.. HIGH STRENGTH C O W .  

Figure 3-9. THERMAL STORAGE SYSTEM 
UNDERGROUND PRESSURIZED WATER - DRAW SALT (BTANK) 
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The t e m p e r a t u r e  p r o f i l e  f o r  t h e  2-s tage  underground p r e s s u r i z e d  water-draw 
salt  ( 2  t a n k )  s t o r a g e  sys tem i s  shown in F i g u r e  3-10. 

Above ground p r e s s u r i z e d  water s t o r a g e  w a s  a l s o  i n v e s t i g a t e d  f o r  t h e  one  
and 6 hour  cases. The conta inment  i n  t h i s  c a s e  i s  welded s t e e l  p r e s s u r e  
v e s s e l s ,  o t h e r w i s e  t h e  p r e s s u r i z e d  w a t e r  s t o r a g e  c o n c e p t s  a r e  b a s i c a l l y  
i d e n t i c a l .  The s t o r a g e  t a n k s  r e q u i r e d  f o r  above ground s t o r a g e  were 
des igned  f o r  13.0 MPa (1890 p s i g )  and 3 4 3 ° C  ( 6 5 O o F ) ,  u s i n g  ASTM A516-70 
ca rbon  s t ee l  p l a t e  and ASME BCPV Code-Section V I I I .  Each v e s s e l  ( t h e r e  a r e  
t e n  f o r  1-hour  s t o r a g e )  i s  1.8 m ( 6  f t . )  i n s i d e  d i a m e t e r  by 44.8m (147 f t . )  
she l l  l e n g r h .  Wall t h i c k n e s s  i s  0.106m (0.349 ft.) nominal.  As e x p e c t e d ,  
above ground p r e s s u r i z e d  water s t o r a g e  proved  t o  be more economica l  t h a n  
below ground f o r  t h e  1-hour s t o r a g e  case; however,  t h e  r e s u l t s  are r e v e r s e d  
€ o r  t h e  6-hour s t o r a g e  case. Consequent ly  f u r t h e r  s t u d y  of above ground 
p r e s s u r i z e d  water s t o r a g e  w a s  d i s c o n t i n u e d .  

The 2- tank draw s a l t  second s t a g e  s t o r a g e  concep t  is e s s e n t i a l l y  t h e  same 
as t h e  r e f e r e n c e  concep t  p r e v i o u s l y  d e s c r i b e d .  

I 
I 

c; 
3.4.6.2 Thermal S t o r a g e  Design Data 

t 

The c o n c e p t u a l  d e s i g n  d a t a  f o r  t h e  underground p r e s s u r i z e d  w a t e r  - draw 
sa l t  ( 2  t a n k )  combina t ion  i s  shown i n  T a b l e s  3-17, 3-18, and 3-19 f o r  1, 6 
and 15 hours  s t o r a g e ,  r e s p e c t i v e l y .  The d e s i g n  d a t a  f o r  t h e  above ground 
p r e s s u r i z e d  water cases f o r  1 and 6 h o u r s  of  s t o r a g e  i s  shown i n  T a b l e s  
3-20 and 3-21, r e s p e c t i v e l y .  

3.4.6.3 D i s c u s s i o n  

,, - Underground p r e s s u r i z e d  water s t o r a g e  i n  s t e e l - l i n e d  c a v i t i e s  a p p e a r s  t o  
o f f e r  t h e  l o w e s t  c o s t  of a l l  t h e  f i r s t  s t a g e  s t o r a g e  c o n c e p t s  i n v e s t i g a t e d  
above approx ima te ly  s i x  h o u r s  of s t o r a g e .  However, t h e r e  are many 
t e c h n i c a l  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  t h i s  c o n c e p t .  The underground 
c a v i t y  must be l o c a t e d  i n  competent  ha rd  rock, t h u s  p o t e n t i a l  s i t e s  are 
l i m i t e d .  A l i s t i n g  of p o t e n t i a l  s i t e s  c o n t a i n e d  i n  t h e  Dooley r e p o r t  [ 1 2 ]  
are i n c l u d e d  i n  Appendix C of t h i s  r e p o r t .  The b e h a v i o r  o f  l a r g e  
s t e e l - l i n e d  c a v i t i e s  when s u b j e c t e d  t o  the rma l  and  p r e s s u r e  c y c l i n g  has  not 
been demons t r a t ed .  Underground c o n s t r u c t i o n ,  i n  g e n e r a l ,  poses  
u n c e r t a i n t i e s  r e l a t i v e  t o  c o n s t r u c t i o n  methods arid c o s t s  which may n o t  be 
r e f l e c t e d  i n  t h i s  s tudy .  

As p r e v i o u s l y  ment ioned ,  above ground p r e s s u r i z e d  w a t e r  s t o r a g e  i s  more 
economical  t h a n  underground s t o r a g e  i n  s m a l l  s t o r a g e  c a p a c i t i e s .  However, 
even  in s m a l l  s t o r a g e  c a p a c i t i e s ,  above ground p r e s s u r i z e d  water s t o r a g e  
does  no t  compare f a v o r a b l y  a g a i n s t  t h e  r e f e r e n c e  dual-media s e n s i b l e  hea t  
s t o r a g e  concep t .  

6 6  i e  
t 
i 
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WATER/STEAM RECElVER (POWER) STORAGE SYSTEM 
1ST STAGE: PRESSURIZED WATER (UNDERGROUND LINED CAVERN) 

2ND STAGE: DRAW SALT 2-TANK 

NOTE: ALSO APPLICABLE FOR PRESSURIZED WATER (ABOVE GROUNDl 
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Figure 3-10. TEMPERATURE PROFILE 
UNDERGROUND PRESSURIZED WATER - DRAW SALT (2-fANK) 
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:able 3-17. THERMAL STORAGE D E S I G N  DATA 
WATERISTEILY P.ECEIVER - POWER 
UNDERCKOUSD PRESSCRILED HATER - DRAW SALT ( 2  TANK) 

HOURS OF STORAGE: One (1) 

STORAGE HEDIA 

1. Opera t ing  Temperacure 
a.  Hot "C ( O F )  

b. Cold 'C ("F) 
3 2 4  (615) 
2 5 2  (486) 

2 .  Quant l ty  ( T o t a l )  
a .  Water kg ( ton)  i0?,480 (775.:) 
b. Draw S a l t  k s  (ton) 

ENERGY RELATED EQUI PNENT 

1. Storage  Capacicy Wth 
53 

1 7 1  

Underground Co nde n sa ce 
Hot Tank Cold Tank 

a. Quant i ty  one ( 1 )  one ( 1 )  One ( 1 )  One ( 1 )  
b .  Size, each  (Dia.xHt.)  m(f r )  12 .8 (&2)x9 .1 (  30) 9.8( 32)x5 .5 (18 )  9. I ( 3 0 ) ~ 5 . 5 ( 1 8 )  ?. 1 (30)xS. 5 (18 )  

_ I _____  

2 .  Scorage Tanks Cavern Storage  Tank 

C .  N a c e r i a l  
d .  Weight, each 

?. Tank I n s u l a t i o n  
a. Type 
b. Thickness 

4. Tank Foundation 
a. Type 
b. Thickness 

C .  q u a n r i t y ,  T o t a l  

POWER RELATED EQUIPSENT 

1. steam 
a. Flow, Toea1 
b. Pressure 
C .  Temperacure 

\ 

2.  S torage  F l u i d  
a. Flow, TOCal 
b. Pressure (Tank) 
c ,  Temperature (Pump) 

3 .  Puups 
a. quantity 
b. Type 
C .  *laceria1 
d .  Fluid  
e .  Capacity.  each 
L. Head 
g. P o w e t  (Shaft), each 
h. Motor size 

4. Heat Exchangers 
a. quantity 
b. Tvpe 
C .  x a t e r i a 1  
d .  Suriace Area, 'Coca1 
e .  oucy, T o t a l  

ASWUAL ENERGY 

1. Electtlcal ~ n e t g y  

Excav. Rock. Carbon S c e e l  ? 0 , 4 5 5  Carbon Scoel  
kg (ton) Steel-Lined 25,401 (28) 2 3 . 5 8 7  ( 2 6 )  2 3 , 5 8 1  ( 2 6 )  

( f t )  . None None Mineral F i b e r  v1Al. Lag. 

Yone lac  Included Concrete EIat Concrete Nat 

2 .  E l e c t r i c a l  Esergy(Per Stg)106kWeh 

:. Hear Loss (Per S t p )  10sJI 1F83TU) 

1.22(4 ) Insul  
+1.22(4)Srruct +l.:2(4)Scrucc 
161 (210) I22 (160) 

0.61 ( 2)Insul 

Charging D L scharg ing  Charging DLscnargi"&- 

16. 4 (  124,940) 86- 65(687,700) 19(151,Ooo) 86. b5( 687,700) 
12.5 (1,815) 3.2 (466)  1 2 . 5  ( 1 , 8 1 5 )  ? . I  (441) 
238 (640) 2% (460) 510 (950) 4 8 2  (900) 

D r a w  S a l c  Draw S a l c  
1 6 . 4 ( 1 2 9 , 9 4 0 1  86.65(E87.700) 29  (0.23~10~) 1 5 5  (l.2?x10b) 

11.9 ( 1 , 7 2 5 )  4 . 1  (6CO) Acmospheric Atmospheric 
324 (615) 254  (186) 274 ( 5 2 5 )  496 (925)  

1-1003: None 2-50% 2-50:: 
Barrel Type Vert. Cantilever Ber t .  C a n t i l e v e r  
Carbon Steel Carbon S r e e l  ? I 6  5 5  
Condensate orow Salt Draw S a l c  
0.017 (270) 0.008 ( 1 2 2 )  0 .045  (710) 
1 . 7 1 6  ( 5 . 4 3 0 )  4 1 . 1  ( 1 2 5 )  4 6 . 3  ( I S ? )  
423 ( 5 4 7 )  i .8  (10 .5 )  47 (63)  
448 (600) 1 4 . 9  ( 2 0 )  56 ( 7 5 )  

l o n e  

0. n @ L l  0 

0.9041 

4co ( O . P ? )  

9.0235 0.0360 

0.0715 

l.iC5 ( l . b l b )  

,i. 

i 

I 

1 
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TABLE 3-18. THERMAL STORAGE OESIC!I DATA 
WATER/STEAM RECEIVER - POWER 
WDERGROUND PKESSURILED WATER - DRAW SALT ( 2  TAXK) 

IIOURS OF STORAGE: S i x  ( 6 )  

! STORAGE !IEDIA 

1 .  Opera t ing  Temperature 
a. H o t  
b. Cold 

2. O u n n t l c y ,  Tocal 
a. wafer 
b. Draw S a l t  

3 2 4  ( 6 1 5 )  
252 ( 4 8 6 )  

4 9 6  ( 9 2 5 )  
2 7 4  ( 5 2 5 )  

EXERCY KF.LATED EOUIPtlENT 

1. s torage  capacity 1 , 0 2 6  318 

UnderPround Condensate 
2. Scorage Tanks 

- 
Cavern S t o r a g e  Tank Hot Tank Cold Tank 
one (1) one ( 1 )  One (1) o n e  ( I )  

? 1 . 4 ~ 1 0 3 1 ~ 5 . 1 ( 3 0 1  1 8 . ? 1 6 0 ) ~ e . x ? 8 )  l 6 . 8 ( 5 j ) x 9 . 1 0 0 )  1 6 . 8 1 5 5 1 ~ 9 . 1 ( 3 0 1  
a.  Cuant i ty  
b. S i z e .  each ( O h .  x at.) m ( f t )  
C. H a t e r i a l  
d .  Weigh t .  e a c h  

1 .  Tank i n s u l a t i o n  
a. Type 
b. Thlckness 

4. Tank Foundation 
a. Type 
b. Thlckness 

C. Quancity,Total 

POWER RELATED EgUIPMEST 

1. Steam 
a. Flow. Total 
b. Pressure 
c .  Temperacure 

2 .  S t o r a g e  Fluid 
a .  Flou, T o t a l  
b. Pressure  (Tank) 
C. Temperature (Pump) 

3. Pumps 
a .  Quant i ty  
b. Type 
C .  Y a t e r i a l  
d .  Fluid 
e. Capaci ty ,  each  
f .  Ilead 
g. Power, each  
h. Notor s i z e  

L .  Heat Exchanpers 
a. Q u a n t i t y  
b. Type 
C .  M a t e r i a l  
d. Sur face  Area. Total 
e .  Oucy, Total 

.AssUA:. ESERGP 

I. ? i e c ; r i c a l  Energy 

. .  . .  . .  . .  . .  . .  . .  
Ercav. Rock Carton S t e e l  204 ss Carton S t e e i  
S t e e l  Lined i 5 . 2 9 7  (83)  89,359 ( 9 8 . 5 )  90,720 ( l o o )  

None xone Xinera l  Fiber v / A l .  Lag. 
0 . 2 5  ( 0 . 8 3 )  0 . 1 2  ( O . L l 7 )  

None #or Inc luded  Concrete Mac Concrete NaL 
1.22(4)Insul. O.b1(2)Insul. 
+1.52(51Strucc. +1.52(5)Strucc. 

508 i 7 9 5 )  476 i b ? O )  
Charging Disc ha rg iog  Charging Discharg ing  

kg/s ( I b / h r )  9 8 . 4 ( 7 8 1 . 1 0 0 )  86.65(683.700) 1 1 4  (905.500) 
MPa ( p s t e )  1 2 . 5  (1,815) 3.2  (468) 1 2 . 5  ( 1 , 8 1 5 )  
"C ( O F )  3>8 ( 6 4 0 )  238 ( 4 6 0 )  510 (950)  

Dra" S a l t  
k p / s  ( I b / h r )  9 8 . 4 ( 7 8 1 . 1 0 0 )  8 6 . 6 > ( 6 8 7 , 7 0 0 !  
MPa ( p s i a )  11.9 ( 1 7 2 5 )  i . 1  ( 6 0 0 )  Atmospheric  
'C ('F) 

1 7 4  (1.38X106) 

2 7 4  ( 5 2 5 )  3 2 4  (615) 252 ( 4 8 6 )  

8 6 . 6 5  ( 6 8 7 , 7 0 0 )  
3.1 ( 4 4 3 )  
482 (900) 

Draw Sa l t  
1 5 5  (1.23~106) 
Atmospheric  

496 ( 9 2 5 )  

2 - SO% N O W  

Barrel Type 
Carbon Sceel 
Condensare 

&IS (gpm)  0 . 0 5  (800) 
( f i )  1,798 (5.900) 

:We (hp)  1 , 2 0 6  ( 1 , 6 1 7 )  
nWe (hp)  1.306 ( 1 7 5 0 )  

2 - 50% 
l e r t .  C a n t i l e v e r  
Carbon Steel 
nrvv sa1c 
0 .046  (720) 

46.: (152) 
5? (71) 
75 (100) 

2 - 50z 
v e r t .  C a n t i l e v e r  

316 S.S. 
Dca" S a l r  
0.045 (710) 

4 6 . 2  ( 1 5 2 )  
47 ( 6 3 )  
5 6  ( 7 5 )  

#one Xone 2 - 50;: 
Shell b Tube 

304 S.S. 
1.819 (19.580) 

60 

2 - 50% 
S h e l l  6 Tube 

204 5 . 5 .  
2.61L (28 ,110)  

5 3  

69 



TR-1283, Vol. II 

Tabla 3-19. THERMAL STORAGE DESICS DATA 
YATEX/STEI\EI RECEIVER - DOWER 
UNDERGROUND PRESSURIZED WATER - D M W  SALT (2 TASK) 

HOURS 0 6  STORAGE: F i f t e e n  ( 1 5 )  
I .  

1 s t  STACE 2nd STAGE 
Underground Presaurized 'rldter Draw S a l t  ( 2  Tank) 

I STORAGE HEDIA 

1. Operating Temperature 
0 .  Hot " C  ('PI 2 2 4  (615) 
b. Cold 'C ('F) 252 ( 4 8 6 )  

2. Quanctcy, T o t a l  
a .  water kg ( c o n )  10.55~ l o6  (11 .630)  
b. Draw Sal t  kg ( con)  

446 (925.)  
274 (525) 

8 . 5 ~ 1 0 ~  (9,224) 

EXEERGY RELATED EQUIPNENT 

1. Storage  Capacity MNth 2 5 6 5  795 

Underground Condensate 
2 .  Storage Tanks Cavern Storage Tank Ibt Tank Cold Tank 

a .  Quanctry One ( I )  IWO ( 2 )  Two ( 2 )  TWO ( 2 )  
b. Size. each  (Dia.xBt.)  m ( f t )  4S.7 (150)x10.7(?5) 1 8 . 3  (60)x9.1(30) 18.9(62)x9.1(30) 1 6 . 9 ( 6 2 ) ~ 9 . 1 ( 2 0 )  

- 

Ercav. Rock. Carbon Steel 305 SS Carbon S t e e l  C. Elarerial 
d .  Weighr, each  ry 

. ,  

kg ( t o n )  S t e e l  Lined' 8 2 , 5 5 5  ( 9 1 )  0.11~106 (117) C.l2x1O6(1?1.5) 

2. Tank Insulation 
a.  Type 
b. I h i c k n e s s  

4. Tank Foundation 
a. Type 
b. Thickness 

C.  Qmncity .  Total 

NO"= None Mineral F i b e r  wiAl Lag. 
m ( f c )  0.253 (0.833) 0.13 (0.117) 

None Not Included Concrete Nac Concrece Hat 
0.61(21 tnsul. 1 . 2 2 ( 4 )  Insul .  

+ 1 . 5 2 ( 5 )  S c r u c t .  +1.5?(5) Scrucr. 
1 , 5 3 9  ( 2 . 0 1 2 )  1 ,197  ( 1 , 5 6 6 )  

Charginp Disc ha rging Charging Discharg ing  
POWER RELATED EQUIP!iLNT 

I. Steam 
a.  F l o w ,  Total 
b. Pressure 
c .  Temperature 

2 .  Storage F l u i d  
a .  Flov, Tota l  
b. Pressure  ( T a n k )  
C .  Temperature (Pump) 

3. Pumps 
a .  Quant i ty  
b .  Type 
C .  ?laterial 
d .  F l u i d  
B .  Capacity, e a c h  
f .  Bead 
g. Power [ S h a f t ) ,  e a c h  
h. Hotor size 

& .  Heat Exchangers 
3. c,uonric'j 
b .  Type 
C. 3Laeertai 
d .  Surface Area, Total 
e .  DuCv. Totd l  

.I>!XM. E N E W Y  

1. E l e c t r i c a l  Energy 

195.k(1.55a10h) R6.65(687,700) 
12.5 (1,815) 3 . 2  ( 4 6 8 )  
338 (640)  238 (460)  

21?( 1.64~10~) 8 6 .  b 5 (  68i, 700) 
12.5  (1 ,815)  ?.l ( L L 3 )  
510 (050) 4 8 2  (goo )  

Draw Salt Draw S a l t  

At lnosp he ric 
3 2 4  (Z.S7x106) 155(1.  ??rlOb) 

274 ( 5 2 5 )  i 9 6  (925) 
Atmospheric 

i 
i 

1 ? 5 . L (  i . 5 5 x 1 0 6 )  86.65(687,700) 
11.9 (1,725) L . 1  (600) 
224 (6151  2 5 2  (466) 

2-502 Yone 
Barrel Type 
Carbon S t e e l  
Condensate 
0.096 ( 1 , 5 2 0 )  

2.193 (2,940) 
264 (3.500) 

1,823 ( 5 , 9 8 0 )  

2-50% 2-502 
V e n .  C A n c i l r v e t  Vert .  c a n t r l r v s r  
Carbon S r e c l  3 1 6  SS 
Draw S a l t  >row S a l t  
0.086 (1 .261)  0 . O L i  (710) 
46.5 ( l S 2 )  16.2 (152 )  
99 (1:z) 4 i  (63) 
149 (200)  56 (75) 

!lone 4-2s;; :-:.u:: 
S h e l l  b Tube S h e l l  6 Tube 

jOL 5 5  104 5 5  

1z.59 
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I 

HOURS OF STORAGE: One (1) 

STORAGE XEDIA 

1. O p e r a t i n g  Temperacure  
a. Hot 
b. Cold 

2 .  Q u a n t i t y  ( T o t a l )  
a .  U a t e r  
b.  Draw S a l e  

EhTRCY RELATED EQUIPMENI 

1 .  S t o r a g e  C a p a c i t y  

2 .  Storage Tanks 
a .  Quancicy 
b. S i z e ,  e a c h  ( D l a . x H c . )  
C .  X a t e r i a l  
d .  Weighc.  e a c h  

?. Tank I n s u l a t i o n  
a .  Type 
b. T h i c k n e s s  

4 .  Tank Foundation 
a. Type 
b. T h i c k n e s s  

C.  q u a n c i c y ,  T o c a l  

POWER RELATED EOUIPMENT 

1. steam 
a .  Plow. T o t a l  
b .  P r e s s u r e  
C. T e m p e r a t u r e  

2 .  S t o r a g e  F l u i d  
a .  F l o w ,  T o t a l  
b. P r e s s u r e  (Tank) 
c .  T e m p e r a t u r e  

3. Pumps 
a.  Q u a n C i t y  
h. Type 
C. narer ia1  
d. Fluid 
e .  C a p a c i t y ,  each 
f .  Read 
g .  Power ( S h a f t ) ,  each 
h. Yocor size 

4 .  Heat Exchansers 
a .  Quanc icy  
n .  Type 
c .  xateria1 
d .  S u r f a c e  t r e a ,  Total  
1. Oucy. T o t a l  

AXXIJA L CNERCY 

!. E l c c t r ~ c a l  Energy 

Table 3-20. THER'IAL STORAGE DESIGl DATA 
WATER/STEWI RECEIVER - POUER 
ABOVE CROUNQ PRESSURIZED MATTER - O M V  SALT (2 TANK1 

1. E l e c t r i c a l  E n e r g y (  Per S tg)IObkWeh 

? .  9eat Lo% ( P e r  Srg) IOY:(1093TU) 

1st STAG: 2nd j:hZi ~- 
Above Grccrd  ? r e i s .  l a c e r  ~ r a w  s a l t  I ?  ran*' 

2 2 4  ( 6 1 5 )  
2 5 2  ( 4 8 6 )  

7 0 3 . 4 0 0  (775 .5 )  

496  ( 9 2 5 )  
274 ( 5 2 5 )  

0 . 5 6  x los (621 )  

1 7 1  53 

Pressurized Condensace 
I(OE Tank Cold Tank 

~~ 

Tanks S t o r a g e  Tanka 
Ten (10) One (1) One ( I )  One ( i )  

1.23 ( 6 )  I d L . 6  ( 1 4 7 )  9 . 8  ( 3 2 ) x 5 . 5 ( 1 8 )  9.1 (30)x5.5(18) 

2 2 6 , 8 0 0  (250 )  2 5 , 4 0 1  ( 2 8 )  23 ,587  (26) 2 3 , 5 1 7  ( 2 6 )  
A516-70 C . 5 .  Carbon S t e e l  304 SS Carbon  S t e e l  

C a l - S i l .  " / A X .  Lag. None Xineral F l b e r  w f A l .  Lag .  
0 . 2 5  ( 0 . 8 3 3 )  0 . 2 5 3  (0.8?3) 0.13 ( 0 . 4 1 7 )  

Relf .  C o n c r e t e  Hac Xoc Included Concrete Elat Concrete ELat 
1 . 2 2  (4) 1.22 ( 4 )  I n s u l .  0.61(2)Insul 

726 (950) 161 (210) 1 2 2  ( 1 6 0 )  
+ 1 . 2 2 ( 4 ) S t r u c t .  c 1 . 2 2  ( 4 )  S t T U C t .  

C h a r g i n g  D i s c h a r g i n g  C h a r g i n g  D i s c h a r g l n g  

16.4(129,940) 8 6 . 6 5 (  687 ,  700) 19(151,000) 86.65(687,700) 
12.5 (1.8151 3.2 ( 4 b 8 )  12.5 (1 ,815)  ? . I  ( 4 4 3 )  
3 2 8  (640) 238 (4601  510 (9%) 4 8 2  (900) 

Water U a c e r  Draw S a l t  Drau Salt 
16.4 ( 1 2 9 , 9 4 0 )  86.45 ( 6 8 7 , 7 0 0 )  29 (0.23~10~) 155  (1.23~10~) 
11.9 (1 ,725 )  4 . 1  (600) Atmo~plleric Atmospheric 

3 2 4  (615 )  2 5 2  ( 4 8 6 )  274 ( 5 2 5 )  4 9 6  ( 9 2 5 )  

1-1001: 
Barrel Type 
Carbon  S t e e l  
C o n d e n s a t e  
0.017 ( 2 7 0 )  
1.716 ( 5 , 6 2 0 )  

4 2 2  (567 )  
hb.3 (600) 

None 2-50% 
V e r t .  C a n c i l e v e r  
Carbon Sceel 

or3v S a l t  
0.008 ( 1 2 2 )  
L I . 1  (125 )  

14.9 (20) 
7 . 8  (10.5) 

2-50% 
Vert. C a n t i l e v s r  
?16 $5 
Dra" Salt 

0.045 ( 7 1 0 )  
4 6 . 3  ( 1 5 2 )  

4 7  ( 6 3 )  
56 ( 7 5 )  
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Table 3-21. THEREUL STORAGE DESIGN DATA 
WATER/STEAN RECEIVER - POWER 
ABOVE GROUND PRESSURIZED 'JATER - D R A W  SALT ( 2  TANK) 

HOURS OF STORAGE: Six ( 6 )  

I. 
1 

STORAGE XEDIA 

1. Operacing Temperature 
a. mot 
b. Cold 

2. quant i ty ,  T o t a l  
a.  Uater  
b. Draw Salt 

E I E R G Y  RELATED EQUlPllENT 

1. Scotage  Capaci ty  

"C ("F) 
'C ( ' F )  

324 (615) 
252 ( 4 8 6 )  

L96 !925) 
2 7 4  ( 5 2 5 )  

L a 2 2  x l o6  ( 4 , 6 5 0 )  
2 . 4  S l o 6  (2,726) 

91ttil : , 026  

Pressurired Condensate 

218 

2 .  Scorage Tanks Tanks S t o r a g e  Tanks Hot Tank Cold Tank 
a. q u a n t i t y  S i x t y  (60)  One ( I )  One ( 1 )  One (1) 
b. S l z e ,  each  (Dfa. R H t . )  m ( f t )  1.83(6)x44.8(147) 18.3(601x8.5(281 16.8(551x9.1(30) l h . f l ~ 5 5 1 x 9 . l I 3 0 1  
C .  H a t e r i a l  
d .  W e i g h t ,  each 

3. Tank I n s u l a t i o n  
a .  Type 
b. Thickness  

4 .  Tank Faundarion 
a. Type 
b .  Thickness 

C .  @ant icy ,ToCal  

POWER KELATED EQUIPMENT 

1. Sream 
a .  Flow, T o r a l  
b. Pressure 
C .  Temperature 

2. S t o r a g e  F lu id  
a .  Flon, T o t a l  
b. Pressure (Tank) 
C .  Temperature (Pump) 

3. Pumps 
a. Quaneiry 
b. Type 
c. Maeer ia l  
d. Flu id  
e .  Capaci ty ,  each 
f .  Head 
8. Power, each  
h. Motor size 

4. Wac Exchangers 
a. Quant i ty  
b. Type 
C. Nacerial 
d.  S u r f a c e  Area, Total 
e .  Duty, Toral 

A X I U A L  EXERCY 

:. Z l e c c r i c a l  .?nrrjy 

. .  . .  . .  . ., . 
A516-70 C.S. .Carbon S t e e l  304 5 5  Carbon Steel 

kg i r o n )  ??6,800(250) 75,297 ( 8 3 )  89,259 ( 9 8 . 5 )  90.720 (100) 

Ca1-Sil. u/AI. Lag. Sane llineral F i b e r  wlAl. Lae. 
0.25 (0.851 ' 0.12 ~~ (0:117) 0 . 2 5  (0.83:) 

Rein.Conc.Hat Not lnc luded  Concrece Hac Concrete Mat 
1 . 2 2  ( 4 )  1 . 2 2 ( 4 ) I n s u l .  0.61(21Insul. 

f l .  52(5)SCruc. +l. 52(5lSCruc. 

D L sc hnrq i n y  
G . 3 5 6  (5.700) 608 ( 7 9 5 )  6 7 4  (620) 
Charging 0 i sc ha rg ing C ha r g i  ns 

kg /s  ( Ib/ l ir )  
W a  (paia) 
'C ("PI 

86.65 (687,700) 98.4 (781 ,100)  86 .65(687,?00)  114 (905,500) 
12.5 ( 1 , & 1 5 )  3.2 (468) 12.5 ( 1 , 8 1 5 )  2 . 1  (143) 
338 ( 6 4 0 )  238 ( 4 6 0 )  510 (950) 482 ( 9 0 C )  

Water water D r a w  Sa?c Draw S a l t  
q a . q 7 8 1 , ~ 0 0 )  86+65(687,;00) l i b  (1.?8x1061 155 (1.2?x106) 
1 1 . 9  (1,725) 4.1  (6001 Armospheric Araospherlc 

324 ( 6 1 5 )  252 (486)  271 (525) 496 ( 9 2 5 )  

k g / s  ( l b i h r )  
NPa (paia) 
' C  ( O F )  

2 - 5QL None 
Barrel Type 
Carbon S t e e l  
Condensate 
0.05 (800) 
t . 3 8  ( 5 , 0 0 0 )  
1,206 (1,617) 
1,306 ( 1 , 7 5 0 )  

2 - SO% 2 - 50% 
Pert .  C a n t i l e v e r  Verc. Crncf1evar 
Carbon Steel 316 S . S .  
Drau S a l c  Draw S a l t  
0.046 ( i ? O )  0 .045 (710) 

46.?  (152) 4 6 . :  (15:) 
5? ( 7 1 )  47 ( 6 3 )  
7 5  ( 1 0 0 )  56 (75; 

None None 2 - 50% 2 " 50% 
Shell & Tube S h e l l  6 Tube 

304 5.5. 304 S.S. 
2 , 0 7 9  ( 2 2 , 3 7 8 )  2 . 6 1 4  ( Z S , 1 4 0 )  

hO 5? 

!. 

c:: ' 
.. Zlecrrical Energy (TocaI iScg)  :CQkwei~ 

2 .  tieac Loss 10pI( BTU I 

, 
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3 . 4 . 7  Underground Oi l /Bock,  S o l u t i o n  Mined - D r a w  S a l t  ( 2  Tank) 

i )  3.4.7.1 System D e s c r i p t i o n  
! 

Thermal s t o r a g e  i n  underground s o l u t i o n  - mined c a v e r n s  h a s  been 
i '  i n v e s t i g a t e d  and r e p o r t e d  by R. E. C o l l i n s  [I&]. C o l l i n s '  s t u d i e s  were 

concerned  w i t h  g r a v e l  and h e a t  t r a n s f e r  o i l  dual-media t h e r m o c l i n e s ,  t h u s  
are a p p l i c a b l e  t o  t h i s  s t u d y .  The underground s o l u t i o n  - mined dual-media 
s t o r a g e  concep t  for t h i s  s t u d y  i s  shown in F i g u r e  3-11. 

i '  
! Except  f o r  t h e  conta inment  method, t h i s  concep t  i s  i d e n t i c a l  t o  t h e  

r e f e r e n c e  C a l o r i a l g r a n i t e  s e n s i b l e  h e a t  t h e r m o c l i n e  s t o r a g e  case. 

To u t i l i z e  s o l u t i o n  mining ,  t h e  c a v e r n  must be  l o c a t e d  i n  n a t u r a l  s a l t  
domes. The c a v e r n  is formed by t h e  i n j e c t i o n  of f r e s h  w a t e r  i n t o  t h e  s a l t  

'!. . and removal of t h e  r e s u l t a n t  b r i n e .  The p i p e s  o r  wells used  f o r  c a r r y i n g  
'68 t h e  water and b r i n e  d u r i n g  the c o n s t u c t i o n  o f  c a v e r n  are  used f o r  

t r a n s p o r t i n g  t h e  h e a t  t r a n s f e r  f l u i d  t o  and from s t o r a g e .  The r e q u i r e d  
c h a r g i n g  and d i s c h a r g i n g  h e a t  exchange r s  i n  a d d i t i o n  t o  t h e  c h a r g i n g  and 
d i s c h a r g i n g  pumps a re  l o c a t e d  a t  g r a d e  e l e v a t i o n .  

3.4.7.2 Thermal S t o r a g e  Des ign  Data 

The d e s i g n  d a t a  f o r  t h e  underground so lu t ion -mined ,  o i l / r o c k  s t o r a g e  
concep t  w i t h  a draw s a l t  ( 2  t a n k )  2nd s t a g e  i s  shown i n  T a b l e s  3-22, 3-23, 
and 3-24 f o r  1, 6 and 15 h o u r s  s t o r a g e ,  r e s p e c t i v e l y .  

y 
):':$.! 

!- ., 
i 1  

1 

3.4.7.3 Discuss ion  

Based on cavern e x c a v a t i o n  c o s t s  a l o n e  ($1.50/bbl  used i n  s t u d y )  a very  low 
: a c o s t  con ta inmen t  can be prov ided  by solution mining .  However, t h e  major  

c o s t  i t e m  i s  t he  Calor ia  wells. Based on w e l l  c o s t  p rov ided  by Collins 
[15], t h e  c o s t  of t h e  r e q u i r e d  number of wells r e p r e s e n t s  a b o u t  90% of t h e  
t o t a l  c o s t ,  i n c l u d i n g  c a v e r n  e x c a v a t i o n ,  C a l o r i a  wells and b r i n e  d i s p o s a l .  
A l s o  b r i n e  d i s p o s a l  c o s t  c o u l d  exceed  the c a v e r n  e x c a v a t i o n  c o s t .  
Comparing the so lu t ion-mined  o i l l r o c k  s t o r a g e  concep t  a g a i n s t  t h e  r e f e r e n c e  
above ground o i l / r o c k  concep t ,  it a p p e a r s  t h a t  s o l u t i o n  mining  is no t  
compe te t ive  f o r  s t o r a g e  c a p a c i t i e s  below approx ima te ly  1 5  hours .  I n  
a d d i t i o n  t o  h i g h  c o s t ,  t h e  s o l u t i o n  mining c o n c e p t s  are very  s i t e  
dependent .  C o l l i n s  h a s  i d e n t i f i e d  areas o f  t h e  c o n t i n e n t a l  United S t a t e s  
having  sa l t  d e p o s i t s  suitable For c o n s t r u c t i o n  oE so lu t ion-mined  c a v e r n s  
€ o r  the rma l  ene rgy  s t o r a g e .  Major  s a l t  d e p o s i t s  i n  a r e a s  of h igh  
i n s o l a t i o n  a p p e a r  t o  be in t h e  Dermian Bas in  of  Texas, Mew Mexico and 
Kansas ,  and  t h e  G u l f  I n t e r i o r  Bas in  of Texas and  Lou i s i ana .  

I .  
I ' ' 2  

The the rma l  l o s s e s  from underground s a l t  caverns i s  e s t i m a t e d  by C o l l i n s  t o  
be  less t h a n  1% of t h e  h e a t  i n p u t  p e r  c y c l e  a f t e r  e q u i l i b r i u m  i s  reached .  
For t h e  purpose o f  t h i s  s t u d y  i t  was assumed t h a t  che percent hea t  Loss per 
day would r ange  from 0.7% t o  0.2% f o r  1 t o  15 hour  s t o r a g e  respec t ive1 .y .  
T h i s  c o r r e s p o n d s  t o  a h e a t  f l u x  of approximately 31.5 V i m 2  (10  BTW/hr. 
E t 2 )  t o  25.2 W/m2 ( 8  STU/hr. f t S 2 )  f o r  s t e a d y  s t a t e  o p e r a t i o n .  

T? 
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FROM RECEIVER 
12.5 MPa, 510aC 

I1815 PSIA, 950°F) 

WATE R/STEAM R ECE IVE R (POW E R ) 
STORAGE SYSTEM 

IST  STAGE: SOLUTION-MINED CAVERN 
2ND STAGE: DRAW SALT @-TANK) 

I 496'12 I 1925°F) 

DISCH. 4963c 

PUMP f925"Fl 
SALT 
TANK 

d -+JJ 

STEAM TO - 
I.P. TURBINE 

3.1 MP,, 482'C 
(443 PSIA, 900'F) 

CHARGING HX 
~DESUPERHEATER I 

SUPERHEATER) 

CAtORIA 316'C 165)O"F) Dlsyl 
L 

~ ~ H. (460' F) 
SAT, STEAM 

1ST STAGE 
DISCH. HX 

I \ I  I PUMP ' h (BOILER I 

610 - 915 m 
f- moo. 3000 tti 1 DIS- 1 

CHARGING 

Figure 3-1 1. THERMAL STORAGE SYSTEM 
CALORIA/ROCK, SOLUTION-MINED CAVERN - DRAW SALT (2-TANK) 
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I 

HOURS OF STORAGE: One ( 1 )  

STORAGE X D I A  

I .  Operaring Temperature 
5 .  HOC 
b. Cold 

2 .  Quantity ( T o t a l )  
a .  Oil, Caloria  
b .  Crao ice  
C .  Draw Salc 

CHERCY RELATED EQUIPMENT 

1. Scorage Capacity 

2 .  S torage  Tanks 
a. OuancLry 
b .  S i z e .  each (Dia .xHc . )  m ( f t )  
C .  ?later ia l  
d. Weight, each 

3.  Tank Insulation 
a .  Type 
b. Thlctness  

4 .  Tank Foundatlon 
a .  Type 
b. Thickness  

C .  Quantity, Total  

, 

POWER REIATED EQUIPHENT 

1. Sceam 
a. Plou, Total 
b. Pressure 
c .  Temperacure 

2 .  Storage F l u i d  
a .  F l o w ,  Total 
b. Pressure  (Tank) 
C .  Temperacure (Pump) 

3 .  Pumps 
a. g u a n t l c y  
b. Type 
C .  Naterlal 
d .  F l u i d  
4 .  capacity, each  
f ,  Head 
g. Pouer ( S h a f t ) ,  each 
h. Hocor s ize  

A .  Heac Exchangers 
d. Ctlantity 
5 .  Type 
i . !!ace r i d  1 
d .  Sur face  Area, :oral  
2. "UL?. T o r a l  

.IS>TZ'AL ZSEXC'I 

I .  B l e c t r l c a i  inergy 

Table ? - ? ? a  TItER'lAL STOMGE DESIGN DATA 
WATER/STEM PECElVEF. - POWER 
UNOEBGROUNU SOLli'IIOK->IIE.TD CAVERN - DRAW SALT (>-TANK) 

216 ( 6 G O )  i.96 ( 9 2 5 )  
246 ( 4 ? 5 )  274 (525)  

1 . 4 9  x lo6 ( 1 , 6 4 6 )  
7.28 x 106 (8,0261 

0.56 T lob ( 6 2 1 )  

171 53 

Underground 
S a l t  Cavern 

One (1) 
Hot Tank 

One (1) 
Cold lank 

One (1) 
17.?  (56.7)r17.3(56,7) 9.1 (30)x5.\(18) 9.1 (?O)X5;5(18) 
Natural S a l c  nome 304 SS Carbon Sceel 

22.587 ( 2 6 )  23 ,581  (26) 

NO ne 

Kane 

.Mineral Fiber uIAl. Lag. 
0 . 2 5 3  (0.533) 0 . 1 2  (0.417) 

Concrete Mat Concr@ce Hac 
1.22  ( 4 1  Ingul. O.bi( 2) l n s u l .  
+I.Z2(4)scruct. +1.2?(4)Srrucc. 
161 (210) 122 (160) 

Charg lng  Discharging c harglng Discharging 

1?(151,000) 86.65(687,700) 19(  151,000) 86.65(687,700) 
12.5 ( 1 , 8 1 5 )  3.2 ( 4 6 8 )  12.5 (1,815) 3.1 { U I )  
3 5 3  (668) 138 ( 4 6 0 )  510 (950) 482 ( 9 0 0 )  

Calor ia  Caloria Draw Salt Draw Salc 

5 . 8  (840) 6.3 (910 
166 (l.?ZxlO6) 878 (6.517~10~) 29 (0.23x106j 155 (1.23~106) 

Acmospherlc Atmospheric 
246 (475) 316 (600) 274 ( 5 2 5 )  4 4 6  ( 9 2 5 )  

2-50% 
Norir. C e n t r l f .  
Carbon Scee l  

Caluria 
0.12 (1,9661 
61  ( 2 0 0 )  

h b  (89)  
7 5  (100) 

6 - 2 s  
Hariz. C e n c r i f .  
Carbon S r r e l  

ca1oria 
0.32 (5.000) 
6 1  (200) 

175 ( 2 2 5 )  
187 ( 2 5 0 )  

?-SO% 2-50% 
Verc. Cant i lever  vert .  Cantilever 
Carbon S t e e l  216 SS 

Orav Sal t  Draw Salc 
0.008 ( 1 . 1 2 )  
41.1 ( 1 2 5 )  4 6 . 2  (15.1) 

7 . e  (10.5) A7 ( 6 2 )  
14.9  (20) 56 0 5 )  

0.015 (710) 

"hnnua l  E l e c t r i c a l  Energy (Charyfng)  :ocludea Charsing l t e x c r r  ;rain Pump ?ewer { l s r  Stags). See Appendix D f a r  
Charging Heater D r a l n  Pump DesiSo 3 a c a .  
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Table 3-23. THERUL STORAGE DESIGN DATA 

UA'TER/STEAM RECEIVER - POWER 
HOURS OF S T O R U X :  Slx ( 6 )  

STORACE NEDIA 

1. Operac ing  Temperacure 
a ,  Hot 
b.  Cold 

2. Quant i ty ,  Tora l  
a .  O i l ;  CalorLa 
b. G r a n i t e  
C .  Drou S a l c  

EBERGY RELATED EQUIPHEXT 

1. Storage Capaci ty  

2 .  Storage  Tanks 
a.  q u a n t i t y  
b. S t t e .  each (Dia. x Hc. )  m ( f t j  
C. Ylacerial 
d .  Weight, each 

3 .  Tank Insu lac ian  
a. T y p e  
b .  Thickness 

4 .  Tank Foundation 
a. T y p e  
b. Thickness 

C. Quantity.Tota1 

POWER RELATED EQUIP>lEWT 

1. Sceam 
a.  Flow, T o t a l  
b. Pressure 
C. Temperecure \ 

2 .  Srorage Fluld 
a.  Flow, Taca l  
b. Pressure (Cavern) 
c. Temperature (Pump) 

3 .  Pumps 
a.  q u a n t i t y  
b .  Type 
C. M a t e r i a l  
d.  F l u i d  
e .  Crpsclty, each 
f .  Kead 
g. Power, each  
h. Motor size 

4. Heat Exchangers 
a. Quancity 
h. Type 
c. Y a t e r l a l  
d.  Surface Area. T o t a l  
e .  Duty,  T o t a l  

ANhTAL E!!KBGY 

1 .  E l e c c r i c s l  Energy 

316 ( 6 0 0 )  
246 ( 4 7 5 )  

5 . 9  x 106, ( 6 , 4 9 8 )  
L?.7 x 100 ( 4 8 , 1 5 8 )  

4 9 6  ( 9 2 5 )  
2 7 4  ( 5 2 5 )  

3.4 I; 106 (2 .7261  

1,026 218 

Underground 
S a l c  Cavern Hot Tank Cold Tank 
One ( 1 )  One (1) One ( I )  

? 1 . 4 ( 1 0 3 ~ ~ ? 1 . 4 ( 1 0 3 )  16.a 5:)x9.1(30) 16. @ ( 5 5 ) x ? .  1(317) 
S a t u r a l  Salc Dome ?04 SS Carbon S t e e l  

89,359 ( 9 8 . 5 )  90,7?0 ( 1 0 0 )  

N O W  % i n a m 1  F i b e r  u/Al. Lag. 
0 . 2 5  (0.8:) 0.11 ( 0 . 4 1 7 )  

Xone Concrece Mac concrete Y A t  

+ 1 . 5 2  ( 5 )  s c IUC . 1.22(4)Insul. o.bi(2jInSul. 
+I. S2( 5 1s cruc  . 

608 ( 7 6 5 )  (b?Ol 
Charging D i s c l i a r ~ i n g  Charding 0:schatginV 

kp/s ( l h / h r )  114 ( 9 0 5 , 5 0 0 )  86.65(687. 7001 114 (005,500) Bb.65 (687,700) 
NPa ( p s i a )  1 2 . 5  ( 1 , 8 1 5 )  3.: ( 4 6 9 )  12.5 ( 1 . 8 1 5 )  ?.1 ( 4 4 2 )  
'C ('F) 353 ( 6 6 8 )  238 ( 4 6 0 )  510 ( 9 5 0 )  4 8 2  (900) 

kg/s ( I b / h r )  1 0 0 O ( 7 . 9 6 x 1 O 6 ) ~ 7 8 ( 6 . ~ 7 ~ 1 O 6 )  1 7 4  (1.38~10~) 

'C ('F) 246 ( 4 7 5 )  216 ( 6 0 0 )  274 ( 5 2 5 )  496 ( 9 2 5 )  . 

D r a w  S a l t  C a l o r t a  C a l o t i a  Draw S a l t  
1 5 5  ( 1 . ? ? X l O O  

XPa (psia) 5 . 8  ($60) 6 . 1  (910) Atmospheric AKmoepheric 

5 - 20% L - 25% 2 - 5 0 2  2 ~ 50% 
Horta. C e n t r i f .  IIoriz. C e n t r i € . F e r t .  Cantliever h r t .  Cantilever 
Carbon Steel Carbon S t e e l  C a r b n  S t e e l  !1b S . S .  
c a 1 a r i s  r a l o r i a  DraY Salt craw s a l e  

m3/s (gpm)  0 . 3 2  ( 5 , 0 0 0 )  0 . 2 2  ( 5 , 0 0 0 )  11.046 ( 7 ? 0 )  0.045 ( ; l a )  

k'de (hp j 160 ( 2 1 4 )  175 (?35) 5 2  ( 7 1 )  4 7  ( 6 2 )  
kWe (hp) 187 (250)  187 (250 )  75 (100) 56 ( 7 5 )  

m ( f c )  61 ( 2 0 0 )  61  (200) 4 6 . 3  ( 1 5 2 )  4 6 . 2  ( 1 5 2 )  

2 - 50% 2 - 502 2 - 50% I - jG2 
S h e l l  h Tube Drum Type S h e l l  6 Tube S h e l l  6 Tube 
Carbon S c e e l  Carbon S c e e l  304 5 . 5 .  104 S.S. 

m*(f t* )  5 , 2 0 2  (56,000) 6 , 2 2 4  ( 6 7 , 0 0 0 )  1,819 ( 1 9 . 5 8 0 )  2 , 6 1 4  ( 2 8 . 1 4 0 )  
YW; 193 171 60 5: 

2. E l e c t r i c a l  Energy (Tota l /SSg)  10hkWeh 5 . 3 4 2 d  ,;,:5: 

1. tiear L O S S  109.!(ETU) i . 0 j l  ( 3 . 8 A )  5 . 1 9 1  ( 0 . " )  

i 

T 

I . .  

, . '  
~ 

i 

Notes: 
j d n n u v l  Electrical Energy ; C h . , r f i n g )  Ineludes Charging l!eater D r n i n  Tunp Power ( 1 s t  S u g e ) .  See .Appendi:< 3 f a r  

Charging Uearor D r a i n  P u m p  C r s l j i n  D ~ c B .  

7-6 

i 



i 

Table 3-24. THERMAL STORAGE DESICB CATA 
TK-1283, Vol. I1 

, 

i 

1' .<. 

I 

WATER/STEAM R E C E I I F R  - POWER 
UNDERCROWD SOLUTION-MINED CAVERN - DRAW SALT ( 2  TAW) 

HOURS OF STORAGE: Fifreen ( 1 5 )  

1 s t  STAGE 2nd STAGE 
Underground Solucian X i n e d  Cavern Draw S a l c  ( 2  Tank)  

STORACE 3EDIA 

1. Operaring Temperature 
a ,  Hot 'C ( O F )  316 (600) i 9 6  ( 9 2 5 )  
b. Cold 'C ( T )  246 ( 4 7 5 )  276 ( 5 2 5 )  

2 .  Quancicy. Tocal 
a.  011, C a l o r i a  kg (con) 14.08~10~ (15 ,525)  
b. Granite kg ( t o n )  1 0 9 . 2 ~ 1 0 6  (120,391) 
c. Draw S a l c  kg ( t o n )  8 . 5 ~ 1 0 ~  (9 ,324)  

WLBCY RELATED EQUIPMENT 

1. Srorage Capactry XU, h 2565 795 

Undersround 
2 .  Storage Tanks S a l t  Cavern KOC rank  C o l d  Tank 

a .  Quantity One (1) Two ( 2 )  TYO ( 2 )  
b .  S i z e ,  each  (Dfa.xHc.1 m(fc )  42.6(1?9.8)xL2. b(139.8) 18 .5 (62 )%9.1 (30 )  18 .9 (62 )x9 .1 (30 )  
C .  !iacerial N a t u r a l  Salt Dome 304 55 Carbon  Steel 
d .  Welghc, each kg (con) 0.11x106 (117) 0.12X106(1?L. 5 )  

3 .  Tank I n s u l a c i o n  
a .  Type :lone 
b. Thlckness m ( f c )  I 

4 .  Tank Foundaclon 
a .  T y p e  None 
b. Thickness m (ft) 

C .  Quantity, T o r a l  m3(yd3) 

Nineral Fiber v/Al. Lag. 
0 .253  (0.833) 0.15 ( 0 . 4 1 7 )  

C o n c r e t e  Hat Concrete Nac 
1.22(4)Insul. 0.61(2)Insul. 
+1.52(5) S t r u c t .  + 1 . 5 2 ( 5 )  Strucc .  
1,539 ( 2 , 0 1 2 )  1,197 (1 ,566 )  

Charging Cischarging Charzing Discharging 
POWER RELATED EQUIPMENT 

1. Steam 
a., Flow, T o t a l  k g / s  ( Ib/hr)  213(1.69x1O6) 86.65(687,700) 213(1.69x106) 86.65(687. 700) 

c .  Temperature 'C ( * F )  3 5 3  (668) 228 (4601 510 ( 9 5 0 )  482  (900) 
b. P r e s s u r e  (Cavern) XPa (psia) 1 2 . 5  ( 1 , 8 1 5 )  3.2 (468) 12.5 (1,815) 1.1 ( 4 4 3 )  

Draw Salt Draw S a l t  
a .  Flow, Tocal kglo ( l b / h r )  1.860(14.76~106) 878 ( 6 . 9 7 ~ 1 0 6 )  3 2 4  (2.57~106) 155(1.~3~106) 
b. Pressure (Cavern) MPa (psla) 5.e ( 8 4 C )  6 . 3  ( 9 1 0 )  Atmospheric Atmospheric 
C .  Temperature (pump) 'C ( O F )  246 (475) 316 (600) 271 ( 5 2 5 )  496 (925) 

2. S t o r a g e  F l u i d  C a l o r i a  Caloria 

3.  Pumps 
a .  Quantity 9 - l l . l X  4-252 ?-50): 2-SO% 
b. Type Horir. Cencr i f .  Horlz. c s n c r i f  Verc. Cantilever Verc. Cnncilever 
C. ? l a t e r i a l  Carbon Steel Carbon Steel Carbon Stee l  . 316 S S  
d .  Fluid C a l o r  La Caloria Drau Salr Draw S a l c  

i .  Yead m i f c )  61 (200)  61 (?0G)  4 6 . 3  ( 1 5 2 )  1b.? ( 1 5 2 )  
g. Power (Shaft), each kWe ( h p )  166 ( 2 2 2 )  1 7 5  ( 2 3 5 )  99 ( 1 2 2 )  4 7  ( 6 3 )  
h. :4otor s i z e  W e  ( h p )  167 ( 2 5 6 )  1 8 7  (130) 1 4 9  (200) 56 ( 7 5 )  

e .  Capacity, each  m ? j s  (gpmi  0.32 (5.000) 0.?2 (5,000) 0.086 (1 ,361 )  0 .045  ( ; l a >  

L .  Heat Exchangers 
a .  Cuanr i ry  4-25% 2-50% 4-?5r. ?-sax 
b. Tfpe She11 L Tube Drum Type Shell 6 Tube S h e l l  b Tube 
C.  Yocer ia l  Carbon Steel Carbon  S t e e l  3 0 4  SS 304 ss 

e .  D u t y .  T o c a l  !fJ: 2 h 3 . 4  l i l  111.8 r ?  
d .  S u r f a c e  Area. ' I o ta1  n 2 ( f t 2 )  ?,597 (!DL,:RO) h,"?: ( 6 7 , 0 0 0 )  ? , : 9 h  (!6,;50? 1.61b !ZF,LLC')  

. A S R U L  E X R C Y  

i .  E l a c c r i c s l  Energy 106kYeh 9.445" 4.::1 0 . 5 6 3  C.5i05 

2 .  Eleccrica! E w r g y (  Per Stq)iOekWeh I?.ilb" 1.i16 

I .  lleac I.0s.s (Per SCg) i09:( 1 0 9 8 ~ )  5 , i 9 4  ( 6 . 4 4 )  ; ? 3 2 7 0  (11.6:) 

! l o t c s :  
"4nnual  E l e c t r i c a l  Energy (Charging) Includcr Clrari;ing tiracer Drain Pump ?over ( l a c  S t a g e ) .  Sue .Appendix 3 : o r  

Charging Heatsr  Drain Pump Design 3aca .  
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3.4.8 C a l o r i a  ( 2  t a n k )  - D r a w  S a l t  ( 2  t a n k )  

3.4.8.1 System D e s c r i p t i o n  

A s t o r a g e  sys tem u t i l i z i n g  a C a l o r i a  ( 2  t a n k )  f i r s t  s t a g e  and draw s a l t  ( 2  
t a n k )  second s t a g e  i s  shown i n  F i g u r e  3-12. The o p e r a t i n g  c o n d i t i o n s  are 
t h e  same as f o r  r e f e r e n c e  s t o r a g e  system, i.e. o i l / r o c k  t h e r m o c l i n e  f i r s t  
s t a g e  and  draw sa l t  ( 2  t a n k )  second s t a g e .  The two t a n k  s t o r a g e  concep t  
s e p a r a t e s  t h e  s t o r a g e  media i n t o  h o t  and c o l d  t a n k s  r a t h e r  t h a n  combining 
t h e  two i n  a s i n g l e  dual-media the rmoc l ine  tank .  

3.4.8.2 Thermal S t o r a g e  Design Data 

The d e s i g n  d a t a  € o r  t h e  C a l o r i a  ( 2  t a n k )  - draw s a l t  ( 2  t a n k )  s t o r a g e  
sys tem is  shown i n  T a b l e s  3-25, 3-26, and 3-27 f o r  1, 6 and 1 5  hours, 
r e s p e c t i v e l y  . 
3.4.8.3 D i s c u s s i o n  

The C a l o r i a  ( 2  t a n k )  s t o r a g e  concept offers t h e  advan tages  of s i m p l i c i t y  
and no o i l / r o c k  c o n t a c t  which h a s  been shown t o  be d e t r i m e n t a l  t o  f l u i d  
l i f e .  Also  t h e  o p e r a t i o n a l  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  dual-media 
t h e r m o c l i n e s  a r e  avo ided .  The main d i s a d v a n t a g e s  are more f l u i d  i n v e n t o r y  
( h i g h e r  f l u i d  c o s t )  and g r e a t e r  t a n k  c o s t  t h a n  dual-media s t o r a g e  sys tems.  

The economic e v a l u a t i o n  i n d i c a t e s  t h a t  t h e  C a l o r i a  ( 2  t a n k )  - draw sa l t  ( 2  
tank) s t o r a g e  concep t  i s  a poor  c h o i c e  f o r  s t o r a g e  capacit ies above about  
t h r e e  hours. 

\ 3 . 4 . 9  Tube I n t e n s i v e  Heat Exchanger - D r a w  S a l t  ( 2  Tank) 

3 . 4 . 9 . 1  System D e s c r i p t i o n  

T h i s  is a n  exper iment  in l a t e n t  s t o r a g e  c o n c e p t s  w i t h  t h e  tube  i n t e n s i v e  
h e a t  exchanger  concep t  r e p l a c i n g  the r e f e r e n c e  f i r s t  s t a g e  C a l o r i a  / g r a n i t e  
t h e r m o c l i n e  c o n c e p t  as shown i n  F i g u r e  3-13. The 2nd s t a g e  draw salt ( 2  
t a n k )  system i s  e s s e n t i a l l y  t h e  same as t h e  r e f e r e n c e  case e x c e p t  t h a t  t h e  
c h a r g i n g  d e s u p e r h e a t e r  heat exchanger heat t r a n s f e r  area i s  approx ima te ly  
9% smaller due  t o  t h e  i n c r e a s e d  de l t a -T  ( lmtd )  € o r  t h e  2nd s t a g e .  

The t u b e  i n t e n s i v e  h e a t  exchanger  c o n c e p t  h a s  been developed  by Comstock & 
Wescot t  (C&W) 141 for u s e  w i t h  a phase-change ( i -e .  l a t e n t )  t he rma l  storage 
sys tem i n  c o n t r a s t  t o  t h e  r e f e r e n c e  sys tem which u t i l i z e s  o n l y  the s e n s i b l e  
h e a t  c a p a c i t y  of t h e  s t o r a g e  media. The t u b e  i n t e n s i v e  h e a t  exchanger  
s t o r a g e  sys tem,  shown s c h e m a t i c a l l y  i n  F i g u r e  3-13, i s  somewhat s i s i l a r  t o  
t h e  r e f e r e n c e  C a l o r i a / g r a n i t e  t he rmoc l ine  e x c e p t  t h a t  t h e  hea t  t r a n s f e r  oiL 
( i . e .  T h e r a i n o l  6 6 )  does not  d i r e c t l y  c o n t a c t  t h e  s torage  media 
("Themkeep"  s a l t ) .  The ene rgy  i s  t r a n s m i t t e d  t o  t h e  s a l t  th rough a 
p a s s i v e  h e a t  exchanger  ( i . e . ,  tube i n t e n s i v e  d e s i g n )  comprised o f  many 
c o i l s  o f  small t u b i n g  w i t h  t h e  o i l  f l owing  i n s i d e  t h e  t u b i n g .  T h i s  p a s s i v e  
d e s i g n  uses  a l a r g e  h e a t  t r a n s f e r  area.  S i n c e  t h e  m e l t i n g  p o i n t  o f  t h e  

I 
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VJATER/STEAM RECEIVER (POWER) 
STORAGE SYSTEM 

IST STAGE: CALORIA (2-TANK) 

2NDSTAGE: DRAWSALT 12-TANK) 

STEAM FROM RECEIVER STEAM TO 1.P. TURBINE 
12.5 MP,. 510°C 3.1 MPa.482"C 

2ND STAGE 2ND STAGE 

IDESUPERHEATERI (SUPERHEATER) 
CHARGING H X  DISCH. nx 

CHARGING HX 
(CONDENSER 1 

F E EDWATE R CALORIA 246'C 

FEEDWATER 

DRAIN 
PUMP 

Figure 3-12. THERMAL STORAGE SYSTEM 
CALORlA (2-TANK) - DRAW SALT (2=TANK) 
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Tahle 3 - 2 5 .  THEPJUL STORAGE nESlCX nATA 
NATERlSTEAN RECEIBCR - POWER 
CALOEIA 1 2  TANK)- PRAW SALT ( 2  IANK) 

HOURS OF STORAGE: One ( 1 )  

1 s t  STACE 2nd STAGE 
C a l o r i a  t.? Tank) qraw S a l t  ( 2  Tank: 

STORACT: >lE-IET)IA 

1. Operacing Tempcracure 
a .  H O C  "I: 1°F) 316 ( 6 0 0 )  
b. Cold 'C (OF) 246 (475) 

a. 011. c a l o r t a  
h .  ncaw S a l t  kg (ton) 

2 .  Ouanctty (Total )  
k s  ( t o n )  3.24 x 10h ( 3 , 5 7 2 )  

ENERGY RELATED EqUIPXENT 

1 .  Storage Capacity !Wth 

4 0 6  < 9 ? 5 )  
?74 ( 5 2 5 )  

0.56 x 106 ( 6 2 1 )  

171 53 

2 .  S torage  Tanks Hot Tank Cold Tank Hot Tank Cold Tank 
a .  Q u a n t i t y  one (1) One (1) One ( I )  one (1) 
h. S i z e ,  each (Dia.xHt.) m l f c )  20.~(75)~1~.~(4?) 23.~(7h)~12.8(42) 0 . 1  ( 3 0 ) ~ 5 . 5 ( 1 ~ !  9.1 (30)x5.5(lP) 
C .  'laterial Carhon S t + e I  304 s5 Carhon S t e e l  
d .  Weight, each k% ( t a n )  139,707 115L) 139.707(1S4) ?3,5R7 ( 2 6 )  ? ? , S R 7  ( 2 6 )  

3 .  Tank I n ~ u l a ~ i o n  
$3. Type Vinecal  F L b e r  u/Al. Lag. Ylneral F iber  W / A 1 .  Lag. 
h. Thickness  m f f t )  0 .2810 .917)  0.23(0.75) 0.253 (0.833) 0.13 (0.417) 

4 .  Tank Foundation 
Concrete nat Concre te  Y a t  a .  Type 

h.  T h i c k n e s s  m (ft) 0.61f 2 ) I n a u l .  1.2?14)1nsul. O.~l(?)Insul. 
+1.22!4)Struct. + 1 . 2 2 (  4)Struc t . +1. ??(S)Struc t . 

c .  Quant i ty ,  Toea1 m3(yd3) 7 7 2  (1,OlO) 7 7 2  (I.010) 161 (210) 122 (160) 

FOYER RELATED EQCIP?EST 
Charging Oischarq inq  Chargi na D I  sc harg  in$ 

1. Steam 
a. €low, Total kgls ( Ib/hr)  19(15i,aoo) ~fi.65r6~7,;on) 19(isi,oon) ~ 6 . 6 5 ( 6 ~ 7 , 7 0 0 )  

C .  Temperature 'C ( "F )  153 (668)  2 3 R  (460) 510 ( " 0 )  1R2 (900) 
b.  Pressure YPa ( p s i s )  1 2 . 5  ( 1 , R 1 5 )  3.2 ( 4 6 8 )  1 2 . 5  (1 .815 )  3 . 1  ( L a ? )  \ 

2 .  Storage  FIuid Caloria Calorla Draw S a l c  Draw S a l t .  
a. Flow, Total kgls flh/hr) 166 (1.37~10~) 678 !6.97x106) 29 (r I .?3x1O6) 1 5 i  / l , ? ? x l f l h )  

C .  Temperature (Pump) ' C  ('F) 246 (475) 316 ( m o )  2 7 4  , 5 2 5 )  ' ?r9A ( 9 2 5 )  
Arrnospheric Atmospheric Atmospheric Atmospheric h. Pressure (Tank) *Pa (psis) 

3. Pumps 
a. floanciry 
h.  Type 
c. yateriat 
d .  F l u l d  
e. Capac i ty ,  each  m31s (gpm) 
f .  llead m ( F t r  
J .  Poucr (ShaPc), each W e  (h?)  
h .  Notot size W e  ( h p )  

2-SOY ?-SOX ?-5W ?-50:' 
Horir. Centrif. Horiz+ C e n r r i f .  V e r t .  Cantilever Vert .  C a n t l l e e e r  
Carbon S t e e l  Carhoo S t e e l  Carhon Scee l  316 S S  

talorla Ca loci a nra" salt nr.Y s a l t  
0.12 (1p.00) 0 .47  (10,710) 0.008 ( I ? ? )  n.045 ( 7 1 0 )  

1 7  1 3 0 )  261 (350) l b . 9  ( 2 0 )  5 6  ( 7 5 1  

30 .5  (100) 41 .1  (135) 41.1 ( 1 3 5 )  S h . 3  ( 1 5 2 )  
34 ( 4 5 )  ?36 ( 3 1 6 )  7.8 i io .5 ,  57 ( h ? )  

\ 
! '  
i 
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Table 3-26, THERXAL STOXACE I IESICN DATA 
WATERISTEAM RECEIWX - POWER 
C A L O R I A  ( 2  TAW) - n R A U  SALT ( ?  T A W )  

HOURS OF STORAGE: S L X  ( 6 )  

Is t STAGE 2nd STAGE 
C a l o r i a  ( 2  Tank) Draw S a l t  ( 2  Tank) 

I 

STflRACE %DIA 

1.. Ooerdt ing  Temperature 
a .  q o t  
h. Cold 

2 .  Ouantiry, Total 
d. 011, Calorla 
h. Draw S a l t  

L!IERCY RELATED %NLPY@Y'I  

1 .  Seorage Cipacfty 

496 ( 9 2 5 )  
274 ( 5 2 5 )  

1. S t o r a g e  Tanks Hoe Tank Cold Tank R o t  Tank Cold tank 
a .  nuant f ty  Four ( 4 )  Four ( < )  O n e  (1) G z i i -  
h .  Sire, each ( D i a .  x HC.) e(Ft) 2 R . i ( 9 4 ) x 1 2 . 8 ( 4 2 )  2 8 . 7 ( 9 4 ) x 1 2 8 ( 4 2 )  I h . R (  55)xg.Ifm) 16.8( 5 5 ) d . 1 ( 3 0 )  
C .  X a e e r t a l  
d .  Uetghc, each  

3. Tank I n s u l a t i o n  
R .  Type 

Lag .  
h. Thickness  

4.  Tank r o u n d a t i o n  

b. T h l c k n e e s  

c. Ounnt ley ,Tora l  

8. TIP' 

P0W.R RELATED W J I P X E X I  

1. Steam 
a .  Flow, T o t a l  
h. P r e s s u r e  
C .  Temperature 

2. StoraRe F l u i d  
a .  Flow, T o t a l  
h. P r e s s u r e  (Tank) 
C .  Temperacure (Pump) 

3. Pumps 
a. Quantity 
h. Type 
C .  ?facer la1  
d .  Fluid 
e.  Capaci ty ,  each 
1. Head 

h .  ylotor 9iLe 

A .  Heat Exchangers 
a. Ouant i ty  
h .  Type 
C .  r a t e r i a l  

g. Power. each 

Carbon S t e e l  304 SS Carbon S t e e l  
kg ( ion)  206.840(2?8) 206.840 (228) 8 9 , 3 5 9  ( 9 R . 5 )  90,720 (100) 

Plineral Flher w I A 1 .  Laj.  Y i n c r a l  F i b e r  w l A l .  Lag. 

0.23( 0 . 7 5 )  0.20(0 .67)  0.25 (0,83) 0.13 (0.417) in ( f t )  

Concrete Xac Concrete Y a t  
m (fc) 1).61(2) Insul.+l.22(4)Scrucc 1.?2(4)Insul. O.hl(?)InsuI. 

m3(yd3) 4,71b(6,IhJ3) 4.716 (6 ,168 )  608  ( 7 4 5 )  174 (620) 
A1.52(5)Scruc. + 1 . 5 2 ( 5 ) S t r u c .  

Charging D 1 s c h a r g  lng Charging olse  harg ing  

k g / i  ( l h l h r )  114 (905,500) R6.65 (687 ,700)  114 ( 9 0 5 . 5 0 0 )  116.65 (687.700) 
!Pa ( p s i a )  12.5 (1.815) 3 . 2  (468) 1 2 . 5  ( 1 , 8 1 5 )  3.1  ( 4 4 3 )  
'C ( 'F) 353 ( 6 6 8 )  23R (460) 510 (050)  482 (900) 

Calor  t a C n l a r i a  Drow S a l t  nrau Sale 
kg/s ( l h / h r )  IOOO( 7. 9 4 x 1 0 ~ 1  878( 6 . 9 7 ~ 1 0 ~ )  174 ( 1 .3Rx106) 
XPa ( p s i a )  Atmospheric Atmospheric Atmospheric Atmospheric 
' C  ( O F )  2 4 6  (475) 316 ( 6 0 0 )  2 7 4  ( 5 2 5 )  496 ( 9 2 5 )  

1 5 5  (1.?3x10h) 

2 ~ 50% 2 - 50X 2 - 50% 2 ~ 50% 
lbr i t .  C e n r r l f  Horiz. C e n t r i f  Vert .  Cantilever V e r t .  Canct levec  
Carbon Seeel  Carbon Seeel Carbon S t e e l  316 S.S. 
C a l o r i a  C a l o r t a  Draw S a l t  nrnw S a l t  

"3/5 cppm) 0.72 ( 1 1 , 3 4 0 )  0.67 (10,710) 0.046 (730) 0.065 (710) 
46.3 (152 )  61.1 (115) 4 1 . 1  ( 1 3 5 )  4 6 . 3  ( 1 5 2 )  

269 (361) 2 3 6  ( 3 1 h )  5 3  ( 7 1 )  b ?  l h 3 )  
m ( r e )  

W e  ( h p )  (hp) 2'38 ( 4 0 0 )  261 (350)  7 5  ( im)  56 ( 7 5 )  

z - 50:: 2 - 509: 2 - 50% 2 - 50% 
S h e l l  6 Tube Drum Type S h e l l  6 Tube S h e l l  h Tuhe 
Carbon S t e e l  Carbon S t e e l  104 S.S. 304 S.S .  
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Table 2-27. TtlER'iAL STORAGE DESIGN DATA 

WA'TEFJSTEW XECEICZR - POWER 
CALORIA ( 2  TAW) - DRAW SALT ( 2  T U K )  

STORAGE ?!EDIA 

1. O p e r a t i n g  Temperacure  
a. Hot 
b. Cold 

2 ;  Q u a n t i t y ,  T o t a l  
a. Oil, c a 1 0 r i a  
b. Draw S a l t  

'C ('F) 
'C ( O F )  

1 6 C  STAGE 2nd STAGE 
D r a w  S a l t  i? Tank)  C a l o r i a  ( 2  Tank) 

316 !600) 
246 ( 4 7 5 )  

@ . 5 x 1 0 h  ( 9 , 2 2 4 )  

EXERGY R E I A T E D  EQliIPNEXT 

1. Storage C a p a c i c y  PlWtk 2565 7 9 5  

2 .  S t o r a g e  Tanks Hot Tank Co?d Tank Hot T a n k  Cold Tank 
a .  Q u a n t i t y  Four ( 4 )  four ( 4 )  r w o  ( 2 )  Two ( 2 )  
b. S i z e ,  e a c h  (Dia .xHt . )  a ( f c )  4 2 . 1 ( 1 ? 8 ) x 1 4 . 6 ( 4 8 )  4 2 . 1 ( 1 3 8 ) ~ 1 6 . 6 ( 4 8 )  18 .9 (62)x9 .1 (30)  18.?(6?)x9.1(?0) 

d .  W e l g h t ,  e a c h  kg (:an) 473,540 ( 5 2 2 )  4 7 3 , 5 6 0  ( 5 2 2 )  0.11x106 (117) 0. I 2x106! 134.5) 
Carbon S t e e l  C .  M a t e r i a l  Ca rbon  Sccel  ?OL SS 

3. Tank Insulation 
a. Type !tinera1 F i b e ~  w l A l  Lag.  ?[inera1 Fiber w i A l .  i q .  
b. T h i c k n e s s  ( f c )  O . M ( O . 5 8 )  0.18 (0.58) 0.253 ( 0 . 8 2 3 )  0.12 (0.617) 

4 .  Tank Foundation 
a. Type C o n c r e t e  Mar Concrete Nlat c o n c r e t e  vat 
b. Thlckaess m ( f t )  0.61(2) Insul. 1 . 2 2 ( & )  l n s u l .  C.bl(211nsul. 

+ 1.22(4) S t r u c t .  +1.52!5) S t r u e c .  +l.i2(5) Srrucr.  
1,539 ( 2 , 0 1 2 )  1.19i  ( 1 . 5 6 6 )  

(1?,30O) (11,300) 
C. Quancicy, Tocal m3(yd3) 1 0 , 1 7 0  1 0 , 1 7 0  

C h a r g i n s  D l s c h n r j i n g  Char5 i "$ Discharg ing  
POWER RELATED EQCIPNEW 

1. Seeam 
a .  F l o u ,  T a c a l  kg/S ( ? b / h r )  213 (1.69~10~) 86.6.5(687.700) 213(1.69x106) 86.65(687.300) 
b. P r e s s u r e  MPa (psis) 1 2 . 5  { 1 , 8 1 5 )  3.2 ( 4 6 8 )  12.5 (1,815) ?.I ( 4 4 3 )  
C .  TempeeaCure 'C ( O F )  ? 5 ?  ( 6 6 8 )  228 ( 4 6 0 )  510 ( 9 5 0 )  4 8 2  (900) . 

\, 

?. Storage Fluid c a 1 o r i a  ca lori  a Draw S n l c  Draw S a l t  
a. Flou, Tocal Lgls ( l b / h r )  1 .860(14 .76~106)  878 (b . ?7x106)  ? 2 L  (2.571106) I55(1.?3~106) 
b. Pressure ( T a n k )  MPa ( p s i a )  Atuosphertc A t m o s p h e r i c  A r m s p h e r i c  Ataospher ic  
c. Temperature (Pump) O C  ('F) 246 ( 4 7 5 )  316 (600) 2 7 4  ( 5 2 5 )  496  ( $ 2 5 )  

3. Pumps 
a .  quanticy 4-252 ?-SOX ?-SO% :-50% 
b. Type Korlr. C e n c r i f .  lloriz. C e n r r l f  Vrrc. C r n c i l s v e r  verc .  C a n r i l r v r r  
C .  H a t e r i a l  Carbon Sceel Carbon  S c e c l  Carbon S r r e l  ? I 6  ss 
d .  F l u i d  Calor i a  Caloria Draw S a l r  D r d W  SJlC 
e .  C a p a c i t y .  each m ? / s  (gpm) 0.66 (10 .540)  0 . 6 7  (1O.71@) 0.086 (i,j61) 0 .0L5  (710) 
f. Head m ( f t )  C1.i (135)  b1.1 ( 1 2 4 )  46.2 ( 1 5 2 )  4 6 . 2  (15;; 
g. Power ( S h a f t ) ,  each kwr ( h p )  250 ( 3 3 9 )  236 (316) 99 ( 1 2 2 )  6; ( 6 2 )  

' h .  blocor s i z e  kve (hp) ? 2 ?  ($00) 261 ( ? 5 0 )  1 4 9  <>OD) 5 6  ( 7 5 )  

4.  tleac Exchangers 
d. Quant i ty  4-2'2. Z-50% 4-25!:  :-?O?: 
b. Type S h e l l  6 Tube Drum Typo Shell 6 Tube 
C .  Hacerisl  Carbon  S t e e l  Carbon S t e e l  !G  S S  : c L  ss 
d .  Surface Area,  T o t a l  g2{ft : )  9 , 6 0 7  ( lOi i , !BCi  1 . 2 2 4  ( 6 7 , C O O )  2 . 2 8 6  ( > 6 , . i X )  :,61L [:$,:LG) 
e .  Outy ,  T o t a l  :Piit :6>.i. 1;i 11I.8 5 :  

S l r r l l  6 Tube 

-mmIAL LSERGT 

1. Clrctr icai  Energy 106kYe h s .w ,a  2 . 8 7  ,I. ?6' c.  i;iri 

2 .  Electrical E n e r g y ( ? e t  S r g ) l @ k W e h  10.01" i*1::. 

3 .  Hear Loss  ( P e r  S c g )  I O Y B T t i )  i l . 4 6 5  ( 6 7 . 7 ? )  ! : , : x  ( I l . o ? :  

N o t e s :  
a.lnnual Electr ica l  Energy ( C h a r p i n g )  I n c l u d e s  Chargins iiencer D r a i n  Fun" Power i ! a i  $rag+' ,  . See i p p e o d i r  ? ' i r  

C h a r g i n g  i ieater D r a i n  Fiimp Pestqn Daca. 

t: 
i 
i 

i 
I 
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STORAGE SYSTEM 

1ST STAGE: LATENT (NaOH. NaN03,  MnOz) 
TUBE INTENSIVE (COMSTOCK & WESCOTTI 
ZND STAGE: SENSLBLE DRAW SALT Z-TANK 

STEAM TO I.P. TURBINE 
3.1 MPa, 482'C 

1443 PSIA. 900°F) 

STEAM FROM RECEIVER 

2NO STAGE 
CHARGING HX 

(DESUPERHEATERI 

(NaOH, NaN03. MnO2) 
ST0 R AG E 

FEEDWATE R 
194°C 

PUMP 1382" F I 
TO RECEIVER PUMP PUMP 

310°C 
1590°F 1 

C a  
03 
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Figure 3-13. THERMAL STORAGE SYSTEM 
LATENT, TUBE INTENSIVE - DRAW SALT (2-TANK) I 
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"Thermkeep" s a l t  i s  approx ima te ly  292°C (558'F),  t h e  wateristeam r e c e i v e r  
d r a i n  t e m p e r a t u r e  was i n c r e a s e d  from 260°C (500'F) f o r  t h e  r e f e r e n c e  sys tem 
t o  310°C (590'F) a s  shown on t h e  s c h e m a t i c ,  F i g u r e  3-13. In  o r d e r  t o  
m a i n t a i n  t h e  same c h a r g i n g  e n e r g y  rate t o  t h e  s t o r a g e  sys tem a s  t h e  
r e f e r e n c e ,  t h e  c h a r g i n g  h e a t e r  d r a i n  pump f low r a t e  was i n c r e a s e d  
approx ima te ly  1 3  112% o v e r  t h e  r e f e r e n c e  sys tem.  The d i s c h a r g i n g  f e e d w a t e r  
f low ra te ,  t e m p e r a t u r e s  and p r e s s u r e s  a r e  i d e n t i c a l  t o  t h e  r e f e r e n c e  system. 

During t h e  c h a r g i n g  mode of t h e  f i r s t  s t a g e  Therminol-66 i s  c i r c u l a t e d  from 
t h e  l a t e n t  s t o r a g e  sys tem a t  301'C (574°F)  t h r o u g h  t h e  c h a r g i n g  ( condense r )  
h e a t  exchanger  where i t  i s  h e a t e d  t o  319°C (607°F)  b e f o r e  r e t u r n i n g  t o  t h e  
t o p  of t h e  t u b e  i n t e n s i v e  h e a t  exchange r  c o i l s .  The e n e r g y  t r a n s f e r r e d  
th rough  t h e  c o i l s  melts t h e  "Thermkeep" s a l t  a t  558°F t h e r e b y  u r i l i z i n g  t h e  
l a t e n t  h e a t  s t o r a g e  p r o p e r t y  of t h e  s a l t  a t  t h e  m e l t i n g  t e m p e r a t u r e .  
During t h e  d i s c h a r g i n g  mode of t h e  f i r s t  s t a g e  the f low t h rough  t h e  h e a t  
exchanger  c o i l s  i s  r e v e r s e d  (i.e. e n t e r i n g  a t  t h e  bottom). The T h e m i n o l  
66 o i l  l e a v i n g  t h e  t u b e  i n t e n s i v e  h e a t  exchanger  is  h e a t e d  t o  281°C 
(538°F). The "T-66" i s  t h e n  c i r c u l a t e d  t h r o u g h  t h e  d i s c h a r g i n g  h e a t  
exchanger  ( p r e h e a t e r ,  b o i l e r ) ,  where i t  i s  c o o l e d  t o  2 4 6 ° C  (474'F) and 
d i r e c t e d  back to t h e  bot tom of t h e  t u b e  i n t e n s i v e  h e a t  exchanger .  The 
second s t a g e  sys tem o p e r a t e s  e x a c t l y  t h e  same as t h e  r e f e r e n c e  system. The 
2-s tage s t o r a g e  sys tem t e m p e r a t u r e  p r o f i l e  i s  shown on  F i g u r e  3-14. 

3.4.9.2 Thermal S t o r a g e  Design Data 

The c o n c e p t u a l  d e s i g n  d a t a  f o r  t u b e  i n t e n s i v e  h e a t  exchanger  - draw s a l t  
2-tank s t o r a g e  sys tem f o r  1, 6 and 15 h o u r s  o f  s t o r a g e  is shown i n  Tables 
3-28, 3-29, and 3-30, r e s p e c t i v e l y .  

3 . 4 . 9 . 3  D i s c u s s i o n  

The t u b e  i n t e n s i v e  heat exchanger  t h e r m a l  s t o r a g e  concep t  as'  des igned  i n  
t h i s  s t u d y  is n o t  economica l ly  a t t r a c t i v e  f o r  any of  t h e  t h r e e  s t o r a g e  
times (i.e.,  1, 6 and  1 5  h o u r s ) .  However, a n  add-on s t u d y  u s i n g  a mod i f i ed  
s t eam- to - sa l t  tube i n t e n s i v e  HX concep t  c u r r e n t l y  unde r  d e s i g n  by Comstock 
& Wescot t  and Combustion Eng inee r ing  [ 1 6 ]  has been i n c l u d e d  i n  t h i s  
r e p o r t .  Fo r  t h a t  r e v i s e d  sys tem t h e  c a p i t a l  i nves tmen t  shou ld  be 
s i g n i f i c a n t l y  reduced  s i n c e  b o t h  t h e  c h a r g i n g  ( s t eam/wa te r - to -o i l )  h e a t  
exchange r s  and t h e  d i s c h a r g i n g  (o i l - to -wa te r / s t eam)  h e a t  exchange r s  and t h e  
Therminol  66 h e a t  t r a n s p o r t  l o o p  a r e  e l i m i n a t e d .  See S e c t i o n  5.4 f o r  t h e  
c o n c e p t u a l  d e s i g n  and  c o s t  a n a l y s i s  of  t h i s  modi€ied t u b e  i n t e n s i v e  h e a t  
exchanger  s t o r a g e  system. 

\ 

3.4.10 C o n t a i n e r i z e d  S a l t  - Draw Salt ( 2  Tank) 

3.4.10.1 System D e s c r i p t i o n  

T h i s  i s  an  exper iment  in l a t e n t  s t o r a g e  c o n c e p t s  w i t h  t h e  c o n t a i n e r i z e d  
salt concept  r e p l a c i n g  t h e  r e f e r e n c e  1st s t a g e  C a l o r i a i g r a n i t e  t he rmoc l ine  
concep t  as shown in F i g u r e  3-15. The  2nd s r a g e  draw salt ( 2  t a n k )  system 
i s  e s s e n t i a l l y  t h e  same as t h e  r e f e r e n c e  except t h a t  t h e  c h a r g i n g  
d e s u p e r h e a t e r  h e a t  exchanger  h e a t  t r a n s f e r  area i s  approx ima te ly  13% 
smaller due  t o  t h e  i n c r e a s e d  d e l t a - T  ( lmtd)  f o r  t h e  2nd s t a g e .  

! '  
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WATERjSTEAM RECEIVER (POWER) STORAGE SYSTEM 
LATENT HEAT (1st STAGE) 

COMSTOCK & WESCOTT TUBE INTENSlVE H X  
SENSlBLE ( 2 N D  STAGE) 

DRAW SALT 2 TANK 

' O o 0  1 ZNDSTAGE , 1 SS STAGE 

700 - 

600 

500 - 

400 

900 

800 

CONDENSING 

12.5 MP,, 328C 
(1815 PSIA, 62Z'F SAT.) 

THEAMINOL. 66 

I 292'C I55S'Fl ' T H E R M K E E P "  

3.2 MPa, 238°C 
(468 PSIA. 460'F) SAT. 
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Sheec I O F  2 Tahle ?-?a. THEREWI. STOIUCE PESIGN DATA 

WATERISTEXX RECEIVER - POWER 
TCRE INTENSIVE !4X - DRAW SALT ( 2  T A W )  

I!@L'RS OF STORACE: One ( 1 )  

S c a l e  I OF 2 
rube I n t e n s i v e  H R  ( L a t e n t )  

STflRnCF ' E D l A  

1. operac ing  T e m p e r a t u r e  
2. Rot 'C ("F) 
b. Cold "I: ('F) 

2 .  nuantic: ,  ( T o t a l )  
a. Oil, Therminol h h  kp ( t o n )  
h. Thernkcep S a l t  ks ( t o n )  

ESERGY RELATED EQUIP>EYT 

1. Scorage CagacLty Ylllt k 

2 .  Szorage Tanks 
a. quantity 
b. S l z e ,  each (nIa.xHt.) d f t )  
C .  Ynter ia l  
d .  'Vetsht. e a c h  kg ( c o n )  

I 7 1  

TWO (2) 
32 ( 1 0 5 )  x 2.46 ( a )  
Carbon S t e e l  
9 4 , 7 7 3  ( 1 0 4 . 2 5 )  

3 .  Tank Insulation 
3. Type 
h .  Thickness m ( f t )  

a .  Tank Foundatton 
a. Type 
h. ?hi  ckress m ( f t j  
C .  q u a n t i t y ,  T o t a l  rn3(yd ) 

Ytnera l  Fiber w / A l  Lapging 
0.23 ( 0 . 7 5 )  

Concrete xac 
0.61 ( 2 1  Irrsul + 1 . 5 2  ( 5 )  S t r u e t  
3 , 4 2 4  14,478) 

! 

Chareinx Of sc ha rglnq 
QVER RRLATTED EQUZPXENT 

I. steam 
a .  F l o w .  T o t a l  k d 5  (Iblhr) 
b, Pressure MPa (psis) 
C. Temperature ' C  ( " F )  

2 .  s torage  F l u l d  
a .  F l o w ,  T o t a l  , kg/s (lb/hr) 
h.  Pressure  ( S t o r a g e  Tank) XPa ( p s i a )  
C .  Temperature (Pump) 'C ( O F )  

\ 

3. Pumps 
a .  Ouanttcy 
b. Type 
C .  Y a t e r t a l  
d .  F l u l d  
e .  Capncicy,  each a315 (%pa) 
f .  Head m ( f t )  
g. Paver (ShaEr),  each klie (hp)  
h .  Yotor s t r e  W e  C h p )  

f '  
I 
i .' 21.6 (171,170) 

1 2 . 5  (1815) 
353 (668) 

9 6 . 7  ( 6 8 7 . 7 0 0 )  
3.2 ( 4 6 8 )  
238 ( 4 6 0 )  

!' 
1 

Therminal 6 6  
67R (5.38 x l o 6 )  
Acaospherl: 
301 ( 5 7 4 )  

Therminol  66 

Atmoapherlc 
? 4 h  (474) 

9 7 4  ( 7 . 7 3  x 106) 
i 

! .  
I 

2 - 501: 
Horlr C e n t r i f .  
Carhon S t e e l  
Therminol 66 
0 .41  ( 6 6 0 0 )  
50.3 (165) 
2 2 3  (209)  
261 (350) 

8 - 12-1/22 
Horiz C e n c r I F  
Carbon S t e e l  
Therminol h h  
0.29 ( 4 , 5 3 7 )  
41.1 ( 1 3 5 )  
141 (188 .5 )  
149 (?nn) 

4 .  Yeac Txchangets 
a. Ouanc Lcy 
b. Type 
c .  Yacer la i  
d .  Surface Area,  Total  m * ( f t 2 )  
e .  Puty,  T o t a l  ?Iu 

ANAUAL ZWRGY 

IIX Xtodulcb 
2 - 50): 2 - 50% 
Shell 6 Tube T u b e  C o i l s  
Carhon S tee i  Carbon S t e e l  
3 , ? 2 3  (25 ,000)  
32 .5  

96.610 (1.04 x LOh) 

2 - 5oz 
Drum T y p e  
Carbon Scee i  
4 , 1 0 4  (q8,OOO) 
1 7 1  

I 

i 
I .  
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table 3-2C.  THERMAL STORAGE nESfGH nATA (Continued) Sheet 2 of 2 
W A T W S T E M  RECEIVER - POl.EI( 
T U B E  INTEXSIVE HX - nmu SALT ( 2  TANK) 

HOIJRS OF STORAGE: fine (1) 

Stage 2 OF : 
Draw S a l e  12 Tank) 

STORAGE X E D I A  

1. Operating T e m p e r a t u r e  
a. b e  ' C  ('F) 
b. Cold 'C ('F) 

2 .  Ouantity ( T o t a l )  
a. Draw Salt b? ( t o n )  

ENERGY RELATEn EOUIP%.NT 

1. Scorage Capacity Wt h 

2 .  Scorage Tanks 
a .  quancicy 
h.  Size, each (Ilia.xHt.)  m ( f t )  
C .  Xaterial 
d .  ! J o i 2 h t .  each kg (con) 

3. Tank Insulation 
a. Type 
b. Thickness n ( f r )  

4 .  Tank Foundation 
a .  Type 
b. Thickness m (ft) 

e. OuantlCy, Total m3(yd3)  

POWER RELATED EQUIPHEW 

1. Seeam 
9 .  Flow, Tocal 
h. Pressure 
c .  Temperature 

2 .  Srorsge Fluld 
a. F l o w ,  T o t a l  
b. Pressure (Tank) 
C.  Temperature (Pump) 

3 .  Pumps 
a. Quanclty 
b. Type 
C. Yacerial 
d. Fluid 
e .  Capacitv, each 
1. Kead 
g. Power ( S h a f t ) ,  each 
h. Yocor size 

4 .  Rear Exchangers 
a. Quantity 
h.  Type 
c .  vacerial 
.i. Surface ~ r e a ,  r o t a 1  r Z ( f t Z )  
e .  % t v ,  Total WC 

.A?NjAL E:IF.UGP 

1. Z l e c t r i c a l  Energy 10hk!ieh 

2 .  Electrical Enerqy(Per Stg)lOh!klieh 

3 .  Heat Loss !Per S t g )  1O91(1O9RTU) 

0.56 I I D 4  ( 6 2 1 )  

53 

HOL l a n k  C o l d  Tank 
One ( 1 )  One (1) 

9 . 1  ( 3 0 ) x 5 . 5 ( 1 R )  9 . 1  ( 3 0 ) x S . 5 ( 1 H )  

2 3 , 5 8 7  ( 2 6 )  23.FR7 ( 2 6 )  
304 ss Cdrhon Stee l  

Yineral F l h e r  w / A l .  La?. 
0.253 (0.8331 0.13 (0.417) 

Concrete '(at Concre te  Yae 
1.22(4)Insul. O.hl(2)lnsul. 
+l.ZZ(L)Struct. +1.22(4)5truct .  

161 ( 2 1 0 )  122 ( I h O )  

Charging Dl sc haref nq 

21 .6 (171 ,170)  86.65(6R7,700) 
1 2 . 5  ( 1 , 8 1 5 )  3.1 ( 4 6 3 )  
510 (950) 482 ( 9 0 0 )  

Draw Sa l t  Draw Salt 
29 ( 0 . 2 3 ~ 1 0 ~ )  1 5 5  (1.23~10~) 

A t m o s p h e r l c  Atmosphertc 
274 ( 5 2 s )  496 (925) 

1-50); ' -50% 
Vert .  Cantilever 'Jert .  C a n t i l e v e r  
Carboo S t e e l  31h SS 

nrnw S a l t  
0.008 1122)  
$1.1 1139)  

1 4 . 4  (20) 
7 . 8  (10.5) 

S h e l l  5 Tuhe 
30b 5 s  

1 7 6  !?,?67) 
:0 
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f a b l e  3-20, THELWL STORACE DESIGN DATA Sheec 1 OF 2 

WATER/RTFAN R E C E I V E R  - POtRR 
TUBE INTENSIV’? HX - IWAli SALT ( 2  T W K )  

HOUBS OF STORAGE: S i x  1 6 )  

Stage l OF 2 
Tube incens ivc  HX (Latcoc)  

STORACE >lEDIA 

1 .  Operating Temperature 
8. u o t  ‘C ( * E l  
b .  Cold * c  (‘PI 

2 .  Ouantity ( T o t a l )  
a. O i l ,  T h e n n i n o l  h6 kp ( t o n )  
h.  Thermkeep Sale  kg ( t a n )  

EmRGY RELATED EQUIP?IF?lT 

1 .  Storage Capacity W t h  

2. Storage  Tanks 
a. Quancity 
h. SLze,  each (nia.xHc.) m ( f t )  
C .  Yaterial 
d .  Welght. each kg (ton1 

3 .  Tank I n s u l a t i o n  
a. Type 
h .  Thickness m { f c )  

0. Tank Foundation 
a .  Type 
b. Thickness m ( “ 3  
C .  Quantity, Tocal m3(yd 1 

POlRR RELATEn BQlIIP?CENT 

1.  Stem 
a. F l o v ,  T o t a l  kgls ( l b l h r )  
5. Pressure W a  ipsla) 
c .  Temperature ‘ C  ( O F )  

2. Storage Fluid 
a. Flow. Total kg/s ( l b / h r )  
h. Pressure (bcorage Tank) YPa (psia) 
E .  ?emperamre (Pump) ‘C (*=I  

3 .  Pumps 
a.  Ouanticy 
b. Type 
C .  Vaterial ~~ 

d.  Fluid 
e .  Capacity, each mJ/s (gpm) 
f .  Head m ( f c )  
g. Power (Shafc). each kNe (hp)  

4 .  Heat Sxchangers 
9. Quantity 
h. Type 
C .  Uaceria l  
d .  Surface  Area, T o t a l  m 2 ( € t 2 )  
1. D u t y ,  Pocsi m4 c 

ASNUAL EYFRGY 

:. 5 1 2 c t r i c a 1  7nergy 1flhtIioh 

2 .  ? l e c c r i c a l  Enerqy(?er Stq)lf16kueh 

1 .  :lea[ LOSS (Per StR) L C ~ ~ J I  m?w:! 

202 ( 5 5 6 )  
292 ( 5 5 8 )  

2 3 2 , 3 6 4  (255.6) 
12.87 x 106 (14,152) 

1 ,026  

Four ( 4 )  
3 2  ( 1 0 5 )  x 2.44 ( 8 )  
Carbon S t e e l  
9 4 , 7 7 3  ( 1 0 4 . 2 5 )  

Ylneral Fiber v f A l  t3gginq 
0.102 ( 0 . 3 3 1 )  

Concrete ’lat  
0.61 ( 2 )  lnsul  + 1.52 ( 5 )  Struct 
6,8411 (8956)  

Charging D i s c h a r p i n s  

129  (1.027 x lo6) 
1 Z . 5  (1815) 3 . 2  ( 4 6 8 )  
353 (668) ? 3 8 ( 4 6 0 )  

ThermLnol h h  T h e r a i n o l  66 
4070 (32.3 x l o h )  
Atmospheric Aernospherlc 

8 6 . j  ( 6 8 1 , 7 0 0 )  

474 ( 7 . 7 3  x 106) 

?@I (574) ’ 244 ( 4 7 4 )  

I2  - 8-1/3X 8 - 1 2 - l l Z f .  
Horiz. C e n t r i f .  Iloriz. C e n t r i f .  
Carbon Steel Carbon Steel 
Thernlnol 66 Therrninol h h  

50.3 (165) 41.1 (135) 
0.41 (h.500) 0 . 2 9  ( 4 5 3 7 )  

2 2 3  (299) 141 ( 1 8 8 . 5 )  
I b l  (150) i b 9  (:no) 

HX N o d u l e h  
2 - 50% 4 ” 2 5 %  2 - 5*% 
S h e l l  h Tube rube C o i l s  nrum r y p e  
Carbon Steel Carhoo  Sceel  Carbon S t e e l  
13,935(150,000! L8,IOR (5?@.@00) 9,104 (?8,000) 
195 171 

:.:33 

I 
i 

i’ 
i 

FT 
I 

. .  
I 
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I. ,' 

RnlrRS O F  S T O U G E :  S i n  ( 6 )  

Takle  3-29, THEkWL STORAGE DESIGN DATA (Conclnued) Sheet 2 of 2 
IJATER/STE.W RECEIVER - POWER 
TU5E LNTENSXVE HX - O R "  SALT ( 2  TANK) 

STORAGE uc!lIA 

?. Operating Temperature 
3 .  'lot ' C  ( O F )  

h.  Cold * C  (*F) 

2 .  Qunnctcy,  T o t a l  
a .  Oraw Salt kg (con) 

ESCRCY RELATFO EQUIPMENT 

1 .  S torage  Capacity llic h 

2 .  Storage  Tanks 
a. QuanrLty 
h.  S i z e .  each ( M a .  x H t . )  m ( t t )  
C .  Yacerlal 
d. Yetqhc, each kg ( con )  

1 .  T a n k  I n s u l a t i o n  
a 4  Type 
b .  Thickness n ( f t )  

A .  Tank Foundacton 
3. Type 
b,  Thickness m f f t )  

C .  Ouantity,Tacal n3(?d3)  

Q M E R  RELATED EQUIPME?rT 

I .  steam 
a .  f l o w ,  T o t a l  k g / s  ( l h l h t )  
h .  Pressure  XPa (ps la )  
C. temperature 'C ("i) 

2 .  Storage  F l u i d  
a. P l o w ,  T o t a l  kg / s  ( l b / h r ]  
h .  Pressure  (Tank) !lPa (psla) 
c. Temperature (Pump) 'C ("F) 

3 .  Pumps 
a. Quantiey 
b. Type 
c. X a c e r l a l  
d .  Fluld 
e .  Capac i ty .  each m3/s (Rpm) 
1. Head ' m ( f t )  
g. Power, each kIk (hp) 
h .  Notor size kNe (hp)  

4 .  Heat Fxehanl;ets 
a .  Q u a n t i t y  
h. Type 
C .  Yaeer ta l  
d .  Surface Area, Tocal 
e .  nuty,  Total  xit 

.*!f $ 1 )  

ANNUAL ENERGY 

I. r ' l e c c r i c a l  Energy IOhkWeh 

?.  Fleccrical Energy IToca l iScp)  LOb41?eh 

3 .  4e3c I.DSS ! P e r  S t R . 1  log,( R?C) 

4 9 6  ( 9 2 5 )  
2 7 4  ( 5 2 5 )  

318 

aoc Tank Cold Tank 
one (1) One (1) 
16.R(5S)x9.1( 30) L6.8(5j)x9. l (  30) 
304 5 5  Carbon Steel 
89,359 ( 9 8 . 5 )  90,720 ( i n o )  

Xineral Fiber ~1.41. Lag. 
0 . 2 5  ( 0 . 8 3 )  0.13 ( 0 . 4 1 7 )  

Concrete Yat Concreee 'lac 
1.22f4)tnsul. 0.61(2)Insul. 

129 ( 1 . 0 2 7  x106) 8 6 . 6 5  (487,700) 
1 2 . 5  (1.815) 3.1 ( 4 4 3 )  
510 (950) B R 2  (900) 

Draw Salt nraw Sale 
1 7 4  (1.38~10~) 155 (1.23~10~) 

Atmospheric Atmospheric 
274 ( 5 ? 5 )  196 (925) . 
2 - 50% 2 - SOX 

Ver'E. C a n t l l e v e r  Vett. C a n t i l e v e r  
Carbon S t e a l  316 S.S. 
Orav S a l t  Draw S a l t  
0.046 (730) fl.015 (710) 

4 6 . 3  (152) 46 .3  ( 1 5 2 )  

7 5  ( I U O )  56 ( 7 5 )  
53 ( 7 1 )  $7 ( 4 3 )  

2 - 50): 2 - 5ox 
S h e l l  S Tube S h e l l  b Tube 

304 S.S. 306 S.S. 

60 5 3  
1,654 117.900) 2 , 6 1 4  (ZR,L40) 

0 . 2 ? 5  I).:?R 

n.553 

5 . : 0 1  ( 4 . 9 Z )  
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T a b l e  1-30. THEWAL STORAGE OESIGX DATA S h e e t  1 of I 

WATERISTEAX RECEIVEZ - PLIIRR 
W B E  ?NTE!ISIVE H I  - W3.H SALT (2 T.+NX) 

W l l R S  DF STnKAGE: Fiiteen ( 1 5 )  

Srage  1 OF 2 
T u b e  l n c e n s t v e  HR ( L a t e n t )  

ST17RAT.F >!EnIA 

1 .  Oneratint T e m p e r a t u r e  
3 .  vo L " C  (OF) 

0 . 4 2  I 106 (461) 
3 2 . 2  x 1 0 h  ( 3 5 , 3 7 5 )  i 

t 

? Y E I C Y  RELATED EOUtPHEVl 

1. Storage  C a p a c i t y  Tilth 2 5 6 5  
I .  

j 
t .  

2 .  S t o r a g e  Tanks 
a.  nuanticy 
h .  S i z e ,  e a c h  (Dl3.xHt.)  m ( P c )  
C. Y a c e r l a l  
d .  <:eight .  each kg ( t o n )  

1. Tank [nsularton 
a .  Type 
h. ' h i c i n e a s  m ( f t )  

Four ( 6 )  
5 0 . 6  ( 1 6 6 )  x 2 . 4 4  ( 3 )  
Carbon S t e e l  
229.727 ( 2 5 2 . 7 )  

Viceral F l b c r  w i A l  L a g g i n g  
0 .102  (0.333) 

A .  T?nk roomlat ion  
a. Type 
h. T h i c k n e s s  n i F t j  
C. ? u a n c i t y ,  T o t a l  rn3(Yd ) 

, C o n c r e t e  !la[ 
0.61 ( 2 )  Insul. + 1 . 5 1  ( 5 )  S t r u c t .  
1 7 , 1 5 4  ( 2 2 , 4 4 0 )  

Charging D i s c h a r g i n g  
POWER RCLAiEP EQUIPXE'NT 

L. Steam 
a .  F l o w ,  Total :p/s ( l h / h r )  
h. P r e s s u r e  '1Pa ( p s t e j  
c .  Temperature 'C ( ' 5 )  

2 .  S t o r a g e  F I u i d  
a .  Flow, T ? t a l  kgls ( I b / h r ?  
h. P r e s s u r e  ( S t o r a g e  Tank) UlPa ( p s l a )  
c .  Pemprrature (Pump) 'C ( O F )  

7 .  Pumps 
a .  Quantity 
b. Type 
C .  ' l a t e r i a l  
d .  F l u i d  
e .  Capacity, each m3is (gpm) 
f .  Read a ( F t )  
g .  Power ( S h a f t ) .  e a c h  kve ( h p j  
h .  Yotor  s i z e  kUe I h p )  

2 4 1 . 2  ( 1 - 9 1 4  x 1 0 6 )  
1 2 . 5  ( 1 8 1 5 )  
353 ( 6 6 8 )  

Thermlnol 66 

A r m a s p h e t i c  . 
301 ( 5 7 4 )  

7 , 5 8 5  ( 6 0 . 2  x 106) 

86.7 i687,iOO) 
3 . 2  ( 1 6 8 )  
238 ( 4 6 0 )  

Therrninol 66 

Atomspheric 
Z L 6  ( 4 7 4 )  

474 ( 7 . 7 3  106) 

24 - &-l/hX 
H o r i z .  C e n t r i f .  
Ca rbon  S t e e l  
Thrrmlnol 6 6  
0.3'3 ( 6 . 1 5 0 )  
5 0 . 3  ( 1 6 5 )  
20R ( 2 7 R . R )  
2 2 4  ( 3 0 0 )  

8 - 1 2 - 1 i 2 L  
Ilortn. Cencrtf. 
Carbon S t e e l  
The rmlno l  h6 
0.29 ( b 5 1 7 )  
4 1 . 1  '(115) 
l b l  (IRR.5) 
I L ~  (?on) . 

i .  
i 

I 
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Tabla 3-30. THFRMAL STORAGE DESIGN nATA (Conelnued S h e e t  2 o f  2 
IlATER/STE-4M RECEIVER - POIJER 
TUBE INIENSIVE HX - nRA1.I SALT ( 2  TANK) 

Hf)lIRS OF STORnCE: F t f t c e n  ( 1 5 )  

Scaqe 2 OF 2 
Draw S a l c  ( 2  T m k )  

STORACE !EnIA 

1. O p e r a t t n g  Temperature 
a. HOE 'C (OF) 

b. Cold *C ( 'F) 

2 .  f luantlty.  T o t a l  
a. Orau S a l t  kg ( t o n )  

446 (925) 
274 ( 5 2 5 1  

8 . 5 ~ 1 0 6  ( 9 , 3 2 4 )  

ENERGY RELATE0 EQUIP?ENT 

1.  Storage  C a p a c l t y  With 

2 .  Storage Tanks 
a .  Quant i ty  
h. SLze, each (Dia .xHt . )  m(€t )  
C .  W a e e r i a l  
d .  Weisht, each kg ( ton) 

7 9 5  

Cold Tack 
T r  

'i. I W O %  1 ? 4 . 5 )  

1 8 . 9 ( 6 2 ) ~ 9 .  I( 30) 
Carbon Sceel 

3.  Tank Insulation 
a. Type 
b .  Thlckness In i f t )  

4 .  Tank Foundaclon 
n. Type 
b. Thtckness  m ( f c )  

C .  Quanrlcy. Toca l  n3! yd ) 

i 1, ' .  Yineral Fiher  u/Al. '  L a g .  
0.253 (0.833) 0 .13  ( 0 . 4 1 7 )  

Concrece Xac 
1.22[4>Insul. 

Concrete Vat 
0 . 6 1 (  ?IInsul. 

+I. sZ( 5)  s cruct. 
1 , 5 3 9  ( 2 . 0 1 2 )  

Chargfnq OLschargine I 
P O W R  RELATETI EQUIWENT 

1. Srean 
a .  Flou, T o t a l  *PIS ( l b l h r )  
h. Pressure YPa (psia) 
C .  Temperature "C ("F) 

2 .  Scorage F l u i d  
a .  F l a w ,  T o t a l  kg/s ( l b / h r )  
b. Pressure (Taflk)  HPn (ps1a) 
C .  'remperature (Pump) "C ("F) 

3. Pumps 
a. Quantity 
b. ? w e  

2 4 1 (  I.Blxl06) 
12.5 ( 1 , 8 1 5 )  
510 (950)  

Draw Sal t  
324 ( 2 . 5 7 ~ 1 0 ~ 1  

Atmospheric 
2 7 4  (525) 

8b.h5(hR7,700) 
3.1 ( 4 n 3 )  
4 R 2  ( 9 0 0 )  

nraw Salt 
1 5 5 (  1 . 2 3 ~ 1 0 ~ )  

Acrnospherfc 
496 (425) 

?-50% 
Verc. Cantilever 
Carbon S t e e l  
n r w  salt 
3.086 (1,361) 
4 6 . 3  (152) 
?a ( I ? ? )  
149 (201)) 

2-50? 
Bert .  rnnt t1cver  

316 SS 

O.Oe5 (710) 
nraw S d i C  

4 6 . 3  ( 1 5 1 )  
ii ( 6 2 )  
56 ( 7 5 )  

.. 
C .  Y a t e r i a l  
d. Flu ld  
e. CapacfKy,  each m319 rgpm) 
1 .  Hend m ( t c )  
g. Power (Shaft). each kWe (hp) 
h.  Yocor s t r e  klie (hp)  

: -254  2-50" 

111.3 

9 1  



STEAM FROM RECEIVER 
12.5 MP,. 510°C 

17815 PSIA, 950°F) 

1 
I 496°C 

WATER/STEAM R f C E l V E R  (POWER) 
STORAGE SYSTEM 

ZST STAGE: LATENT (NaOH. Na2C03)  
CONTAINERIZED SALT (NRLI 

2ND STAGE: SENSIBLE DRAW SALT 2-TANK 

STEAM TO I.P. TUABlNE 
12.5 MI',, 4S2aC 

(443 PSIA, 900°F) 

TANK 

(925°F) 
2ND STAGE DRAWSALT 274'C 2ND STAGE 

1525" F) DISCH. HX 
CHARGING HX COLD 

SALT 
TANK 

r 

(SUPERHEATER) DRAW SALT (DESUPERHEATERI 
+xK--Q- 

1525'FI CHARGE 

W 
N 

1ST STAGE 
CHARGING HX 
[CONDENSER) 

F EEDWATER 
TO RECEIVER 

Figtare 3-15. THERMAL STORAGE SYSTEM 
LATENT, CONTAINERIZED SALT - DRAW SALT (2-TANK) 

w 
P 
8 
N 
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The b o i l e r  t a n k  c o n t a i n e r i z e d  sa l t  the rma l  s t o r a g e  concept: has been  
developed  by t h e  Naval Resea rch  Labora to ry  [ 6 j  f o r  u s e  a s  a phase-change 
( i . e . ,  l a t e n t )  t he rma l  s t o r a g e  system i n  c o n t r a s t  t o  t h e  r e f e r e n c e  sys tem 
which u t i l i z e s  only t h e  s e n s i b l e  h e a t  c a p a c i t y  of t h e  s t o r a g e  media.  

The Naval  Resea rch  Labora to ry  r e f e r e n c e  2 M W t  b o i l e r  t a n k  d e s i g n  [ 6 ]  u s e s  a 
s a l t  e u t e c t i c  (MgClZ,NaCI, K C I )  and  m-terphenyl  a s  a h e a t  t r a n s f e r  
f l u i d .  However, the  m e l t i n g  p o i n t  of t h e  c h l o r i d e  sa l t  i s  385°C (725°F)  
which i s  above  t h e  s a t u r a t i o n  t e m p e r a t u r e  328°C (622°F) of  t h e  c h a r g i n g  
steam. T h e r e f o r e  an a l t e r n a t e  s a l t  (NaOH, Na2C03) was used  a s  
recommended by NRL. Fur thermore  an a l ternate  heat t r a n s f e r  f l u i d  
"b iphenyl"  w a s  used as  recommended by Dr. Chubb, NRI , [ i7] .  The sa l t  i s  
e n c a p s u l a t e d  in m i l d  s teel  c a n s  similar t o  t h a t  used  i n  t h e  food  i n d u s t r y .  
The can d i a m e t e r  i s  0.102 m (0.33 f t . )  and t h e  c a n  h e i g h t  is 0.462 m ( 1 . 5 2  
f t . ) .  The c a n s  have  screw-on l i d s  wi th  a punched v e n t  h o l e  t o  a l l o w  
p r e s s u r e  d i f f e r e n t i a l  r e l i e f .  Thousands of c a n s  are p l a c e d  i n  rows and  
s t a c k e d  s e v e r a l  c a n s  h i g h  w i t h i n  t h e  b o i l e r  t ank .  The t h e r m a l  ene rgy  is 
t r a n s m i t t e d  t o  t h e  s a l t  th rough t h e  s u r f a c e  h e a t  t r a n s f e r  area o f  t h e  s a l t  
c o n t a i n e r s .  In o r d e r  t o  u t i l i z e  t h e  s u b j e c t  s a l t  ( m e l t i n g  p o i n t  = 288°C 
(550°F) )  the r e f e r e n c e  d r a i n  t e m p e r a t u r e  w a s  i n c r e a s e d  from 260°C (50O0F) 
t o  s a t u r a t e d  water a t  328°C (622aF) as shown on t h e  schematic, F i g u r e  
3-15. I n  o r d e r  t o  maintain t h e  same c h a r g i n g  ene rgy  ra te  t o  t h e  s t o r a g e  
system as t h e  r e f e r e n c e ,  t h e  c h a r g i n g  h e a t e r  d r a i n  pump f low r a t e  was 
i n c r e a s e d  approx ima te ly  20% o v e r  the r e f e r e n c e  system. The d i s c h a r g i n g  
steam f l o w  rate, t e m p e r a t u r e s  and pressures are  i d e n t i c a l  t o  t h e  r e f e r e n c e  
system. However, t h e  q u e s t i o n  was r a i s e d  on why n o t  d e l i v e r  t h e  s team a t  a 
h i g h e r  p r e s s u r e .  B a s i c a l l y  t h i s  would i n v o l v e  a p a r a m e t r i c  o p t i m i z a t i o n  
s t u d y  n o t  j u s t  on p r e s s u r e  b u t  t h e  e f f e c t  on h e a t  exchanger  s i z i n g ,  t u r b i n e  
reheat p r e s s u r e ,  pumping r e q u i r e m e n t s ,  and  s t a g i n g  the rma l  s t o r a g e  
d l s t r i b u t i o n .  It p a r t i c u l a r l y  i s  more compl i ca t ed  w i t h  a two s t a g e  the rma l  
s t o r a g e  system. Although a tho rough  . o p t i m i z a t i o n  s t u d y  c o u l d  r e s u l t  i n  a 
p o t e n t i a l l y  less  expens ive  c o n t a i n e r i z e d  s a l t  s t o r a g e  sys tem the s t u d y  
would be compl i ca t ed .  

Dur ing  t h e  c h a r g i n g  mode of t h e  f i r s t  s t a g e  l i q u i d  b ipheny l  o i l  is 
c i r c u l a t e d  a t  322°C (612°F) from the  bot tom of t h e  l a t e n t  s t o r a g e  sys tem 
( b o i l e r  t ank )  th rough  t h e  condens-fng h e a t  exchange r  where i t  i s  h e a t e d  t o  
s a t u r a t e d  vapor  a t  322°C (612°F).  The b i p h e n y l  vapor  i s  t h e n  d i r e c t e d  t o  
t h e  t o p  of t h e  p r e s s u r i z e d  (50 psia) b o i l e r  t a n k  where i t  is condensed on 
t h e  s u r f a c e  of t h e  c o n t a i n e r i z e d  sal t .  The t h e r m a l  ene rgy  i s  s u b s e q u e n t l y  
t r a n s f e r r e d  by conduc t ion  th rough  t h e  c a n  walls and i n t o  t h e  salt  by 
c o n d u c t i o n  and n a t u r a l  c o n v e c t i o n  t h e r e b y  melting the s a l t  and u t i l i z i n g  
t h e  l a ten t  h e a t  c a p a c i t y  of t h e  sa l t  f o r  energy  s t o r a g e .  During t h e  
d i s c h a r g i n g  mode of t h e  f i r s t  s t a g e  t h e  b ipheny l  l i q u i d  i s  pumped from t h e  
bot tom of t h e  b o i l e r  t a n k  a t  258°C (496'F) t h r u  a d i s t r i b u t i o n  s p a r g e r  a t  
t h e  t o p  of t h e  b o i l e r  t ank .  The b ipheny l  i s  vaporized a s  i t  f l o w s  o v e r  t h e  
h o t  c o n t a i n e r i z e d  s a l t  cans .  The v a p o r i z e d  b i p h e n y l  i s  Subsequent ly  
condensed w i t h i n  t h e  approx ima te ly  a tmosphe r i c  p r e s s u r e  b o i l e r  tank on t h e  
p r e h e a t e r / b o i l . e r  h e a t  exchange t u b e s  t h e r e b y  h e a t i n g  t h e  f eedwa te r  from 
194°C (382°F) t o  s a t u r a t e d  steam a t  238°C (460'F). The condensed b ipheny l  
t h e n  f a l l s  t o  t h e  bottom o f  t h e  b o i l e r  t a n k  € o r  r e c i r c u l a t i o n .  The second 
stage o p e r a t e s  e x a c t l y  l i k e  t h e  r e f e r e n c e  system. The 2-s tage  s t o r a g e  
sys tem t empera tu re  p r o f i l e  i s  shown on F i g u r e  3-16. 

93 
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3.4.10.2 Thermal S t o r a g e  Des ign  Data 

The c o n c e p t u a l  d e s i g n  d a t a  f o r  t h e  c o n t a i n e r i z e d  sa l t  b o i l e r  Lank - draw 
salt 2- tank s t o r a g e  sys tem € o r  1, 6 and 1 5  h o u r s  of  s t o r a g e  i s  shown i n  
T a b l e s  3-31, 3-32, and 3-33, r e s p e c t i v e l y .  

3.4.10.3 Di scuss ion  

I. 

i 

The c o n t a i n e r i z e d  s a l t  - b o i l e r  t a n k  t h e r m a l  s t o r a g e  concep t  as  d e s i g n e d  i n  
t h i s  s t u d y  becomes more economica l ly  f e a s i b l e  f o r  l o n g e r  d u r a t i o n s  o f  
s t o r a g e  time ( i , e .  1 5  hour s )  a s  compared t o  t h e  r e f e r e n c e  case. However, 
it i s  s t i l l  n o t  t h e  c h e a p e s t  t he rma l  s t o r a g e  sys t em on  a n  e v a l u a t e d  b a s i s .  
Three  main  t e c h n i c a l  areas have been i d e n t i f i e d  by t h e  Naval Resea rch  
Labora to ry  [6] i n  ene rgy  s t o r a g e  u n i t s  u s i n g  c o n t a i n e r i z e d  salts as  t h e  
ene rgy  s t o r i n g  media.  These i n c l u d e  t h e  problem o f  t r a n s f e r r i n g  heat f rom 
t h e  i n p u t  s u r f a c e s  d u r i n g  c h a r g i n g .  T h i s  problem i s  somewhat e l i m i n a t e d  by 
t h e  using a f o r c e d  f l o w  t u b e  and  s h e l l  heat exchange r  t o  heat t h e  
b ipheny l .  Fur thermore  t h e  second problem o f  d i s t r i b u t i n g  t h e  h e a t  
un i formly  i s  a l s o  somewhat e l i m i n a t e d  by t h e  b ipheny l  vapor  be ing  i n j e c t e d  
i n t o  , t h e  b o i l e r  t a n k  and condens ing  on t h e  c o l d e r  s a l t  c a n s .  T h i s  
c o n d e n s a t i o n  i s  somewhat compensat ing due  t o  t h e  h o t  vapor  s e e k i n g  t h e  
cooler  s u r f a c e s .  The t h i r d  problem i n v o l v e s  t h e  removing of h e a t  f rom t h e  
sa l t  cans and d e l i v e r i n g  i t  t o  t h e  b o i l e r  t u b e s .  T h i s  a r e a  i s  p o t e n t i a l l y  
t h e  t a r g e t  t e c h n i c a l  problem and  i n v o l v e s  d i s t r i b u t i o n  s p r a y  h e a d e r s ,  vapor  
flow paths , ,  free flow area, etc .  O t h e r  p o t e n t i a l  p i t f a l l s  i n c l u d e  t h e  a r e a  
of  c o r r o s i o n ;  namely t h e  p o s s i b i l i t y  t h a t  t h e  s a l t  w i l l  a t t a c k  t h e  s a l t  
c o n t a i n e r s  d u r i n g  t h e i r  l i f e .  The l a b o r a t o r y  s t u d i e s  a t  NRL i n d i c a t e  t h a t  
c o r r o s i o n  i s  n o t  a problem i f  t h e  s t o r a g e  s a l t s  are tho rough ly  d r i e d .  
However, t h e  s a l t  used  in t h i s  a p p l i c a t i o n  h a s  n o t  been t e s t e d  by NRL. I n  
a d d i t i o n  t h e  f u l l  scale 2 MWt b o i l e r  t a n k  c o n t a i n e r i z e d  s a l t  experiment:  
h a s  not been comple ted  t o  v e r i f y  i f  t h e  c o n c e p t  is f e a s i b l e  o n  o t h e r  than  a 
small  l a b  scale .  

3.4.11 Direct Con tac t  ( L a t e n t )  - Phase Change Media (PCM) 

3.4.11.1 System D e s c r i p t i o n  

T h i s  i s  a n  expe r imen t  i n  l a t e n t  s t o r a g e  c o n c e p t s  w i t h  t h e  direct  c o n t a c t  
( l a t e n t )  heat exchanger  concep t  r e p l a c i n g  t h e  f i r s t  stage r e f e r e n c e  
C a l o r i a / g r a n i t e  t h e r m o c l i n e  system. T h i s  ac t ive  h e a t  exchange r  concep t  i s  
i n  cont ras t  t o  t h e  p a s s i v e  h e a t  exchanger  used  i n  Comstock-Wescott t ube  
i n t e n s i v e  h e a t  exchange r  d e s i g n .  The r e f e r e n c e  second s t a g e  draw sa l t  
2-tank h a s  been r e p l a c e d  w i t h  a one h o t  t a n k  c o n t a i n i n g  t h e  f i r s t  s t a g e  
phase  change media (PCM) and w i t h  t h e  c o l d  tank ( P a )  be ing  p a r t  of  t h e  
f i r s t  s t a g e  sys t em,  t h e r e b y  e l i m i n a t i n g  t h e  c o l d  t a n k  p a r t  of t h e  second 
s t a g e .  T h e  d i r e c t  c o n t a c t  - PCN the rma l  s t o r a g e  sys tem schemat i c  i s  g i v e n  
i n  Figure 3-17. 

T h e  d i r e c t  c o n t a c t  h e a t  exchanger  concep t  u t i l i z e d  here has  deve loped  by 
Grumman Aerospace Corpora t ion  IS] and mod i f i ed  by John Wright  ( S E R I )  and 
Joe A l a r i o  (Grumman) t o  i n c l u d e  an e x t e r n a l  ( t o  t h e  s t o r a g e  t a n k )  f o r c e d  
c o n v e c t i o n  c h a r g i n g  h e a t  exchanger  i n s t e a d  of  t h e  o r i g i n a l  i n t e r n a l  n a t u r a l  
convec t  i o n  c h a r g i n g  h e a t  exchanger .  
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Sheet I o f  2 Table  3-31 .  THERWL StOlWCB DESIGN DATA 
~ l A l T R / S T E A N  RECEIVER - POWER 
CONPbfNERrZED BAL? - DRAW SALT ( 2  TANK) 

HDLW OF STOPAGE: me ( 1 1  

STAGE 1 OF ? 
C o n t a i n e r i z e d  S a I c  (Lacenc) 

STI)RAGF %UIA 

1. 'laeratlnq Temperature 
3. Hoe 'C ( 'F)  
b. Cold "C ( "F)  

?. nuanclty (Total) 
a. 011, h i p h e n u 1  kg ( t o n )  
h. '1aQH. 'la? CDj  Calc kg ( c o n )  

m a  I S S O )  
238 ( 5 5 0 )  

0.27 x I O h  (296.7) 
5.65 I 10h (5.116) 

SSFRGY RELATED EI)I.*IP>EE:IT 

I. Fcorage Capacity !41.1t h 

2. Sroraae Tanka 
a. Quantity 
h. S i t e ,  each !nia.x~t.) m ( f . c )  
i. Yarerial 
d .  l i e tght ,  each kg (<an)  

3 .  Tank i n s u l a t i o n  
a. Pipe 
h. Thickness m ( f F )  

171 

Two (2) 
20.4 (67) I 12.2 ( 4 0 )  
Sd-516 Carbon Steel  
0.27 106 ( 2 9 5 . ~ 1  

Y i n e r a l  Fiber w / A l  t a g g i n g  
0 . 2 3  ( 0 . 7 5 )  

4 .  Tank Foundation 

Concrete :cat a. Type 

C .  Ouanttty, Total m3(yd ) 1,398 ( 1 , 8 2 8 )  
b .  Th ickness  m ( f t j  I 0.61 ( 2 )  lnaul + 1 . 5 2  ( 5 )  Scri icc .  i 

n i s c  harglnp Charging 
POWEB RELATEn EQUIPHE87 

1. Sccam 
a. Claw. Total kg/s I l h l h r )  
h .  Pressure '<Fa ( p s l a )  \ C .  Temperarute 'C (or) 

2 .  Scorage F l u i d  
a .  F T o w ,  Total k g / s  ( l b / h r )  
5. ?ressure (Storage Tank) YPa (ps la )  
c.  Temperature (Pump) 'C ('F) 

3 .  Pumps 
a. Quancicy 
b .  Type 
c. Y a t e r i a l  
d .  Fluid 
e .  Capaclry, each mJ!s (gpm) 
f .  Head rn ( f r )  
4 .  Povct ( S h a f t ) .  each !'We ( h p )  
h. Yotor size W e  ( h p )  

2 2 . 9  ( 0 . 1 8 2  x 10') 
1 2 . 5  ( 1 8 1 5 )  
372 (702) 

Bipheny l  
3 6 . 8 5  ( 0 . 5 8 4  x i O h )  
0 . 3 4  ( 5 0 )  
3 2 2  ( 6 1 2 )  

' l ipheny l  
193.8 (3.07 x 106) 
Atmospheric 
?5R (496 )  

2 - 509; 
liorlr. Centrif. 
Carbon S t e e l  

Btpheny 1 
0.047 (750) 
30.5 (100) 
14.7 (19.7) 
14.9 1 2 0 )  

2 - 50% 
! I o r i z .  C e n c r i f  
Carbon Sceei  
R 1 p heny 1 
'1.23 (3668) 
25.6 ( 8 4 )  
64.8 ( 8 6 . 9 )  
7 5  (100) 

2 - 5 O i  0.67R~lO~cnns 2 - 507 
S h e l l  h Tuhe Concafners 3 h e - < " - R a i l e r  Tnnk 
Carhon qceel Carbon S t e e l  
1 , 1 3 7  ! 2 ? , Q f l O )  :.QD,330 (l.ORxiOh) 1O,L98 (113,000) 
3 2 . 5  : il 

Carbon S t e a l  

! 
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Table 3-31. THEILWL STORAGE DESIGN DATA (Continued) Sheet  2 of 2 
WATER/STEAL( RECEIVER - P O I C R  
CONTAIXXRUED SALT - DRAW SALT ( 2  ThXK) 

HOURS OF STORAGE: One ( 1 )  

STAGE ? OF 2 
Draw Salt ( 2  Tenk) 

STORAGE XEDIA 

1. Operating Temperature 
a .  Hot 'C ("F) 
b. Cold 'C ("F) 

496 ( 9 2 5 )  
2 7 b  ( 5 2 5 )  

2 .  Q u a n t i t y  ( T o t a l )  
a. Draw Salt kg ( t o n )  0 .56  x lo6 (621) 

E E R C Y  RELATED EQUlPlENT 

1. Storage  Capacity !Wth 

2 .  Scarage Tanks 
a. Quantity 
h. Sire, each ( 0 i a . r H t . )  m(ft) 
C .  Xacerfal 
d. Weight, each  kg (con) 

3. Tank Insulation 

53 

Cold Tank 

9.1( 30)x5.5( 1 8 )  
Z q T -  

Not Tank 
one (1) 
9.1( 30x5.5( 18) 
304 55 Carhan Steel 
23,587 ( 2 6 )  2 3 , 5 8 7  ( 2 6 )  

I '  
1 '  
f .' 

a. Type 
h. Thickness  m ( f t )  

I l l n e r a l  F i b e r  w l A l  Lasglng 
0.?53(0.833) 0.13(0.4L7) 

4 .  Tank Foundation 
a. Tvpe 
b. Thlckness  m ( f r )  

C .  Quantity, Total a3<yd3) 

Cancrece Mat Concrete \lac 
1.22 ( 4 )  Insul. 0 . 6 1  (2) Insul. 
+ 1.22 (4) struct. +1.22 (4) S t r u c t .  
161 (210) 122 (160) 

Charging n i s c h a r i l n g  
POWER RELATED EQUlPMENT 

1. Steam 
a .  Flow, T o t a l  k g / s  ( I b l h r )  
h .  Presaure MPa ( p s i . )  
c .  Iemperature "C (OF) 

2 .  S torage  F l u i d  
a .  f low,  rota1 k g / s  ( l b / h r )  
h. Pressure (Storage Tank) MPa (psta) 
c .  Temperature (Pump) 'C ('F) 

22.9 (0,182 x 106) 
12.5 (1,815) 
510 (950) 

Draw Sa l t  
29 ( 0 . 2 3  x la6) 
.4cmospherlc 
274 ( 5 2 5 )  

4 6 . h 5  (hR7,;OO) 
3.1 ( 4 4 3 )  
4 8 2  (900) 

ncav salt 
1 5 3  (1.23 x l o h )  
Atmospherlc 
4 9 h  (925 )  

3. Pumps 
a. Quantity 
b. Type 
C .  l a ter ta l  
d .  Fluid 
e .  Capacity,  each &Is ( w m )  
f .  Head m ( f t )  
g. Power ( S h a f t ) ,  each kNe (hp)  
h. \lotor site %lie (hp) 

2 - 50X 
Vert. Cancflever 
Carbon S t e e l  

Draw s a l t  
0.008 (122) 

2 - 507 
Vert. C a n t i l e v e r  
316 S S  
Draw Salt 
0 . 0 4 5  (710 )  
5 6 . 1  ( 1 5 2 )  
ii ( 6 3 )  
56 ( 7 5 )  

41.1 (135 )  
7.3 (10.5) 
14.9 (70) 

&. Heat Rxchanqers 
a. Quantity 
b.  Type 
C. xuteria1 
d .  surface .\rea, T o t a l  rn?(fcZ) 
e .  Duty, Total  9 t  

1 - 5nz 

3 5 4  :1.4L31 

Shell S Tuhe 
304 8s 

:0 
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Sheet  I OF 2 Tahle 3-32. THW4AL STORAGE PESIGN nAT6 
WATER/STEAH RECEIVER - PO!+‘ER 

STACE 1 OF L 
Concalnerized S a l t  !Latent )  

?.TCR.ZGF !LON 

1 .  nperatinq Temperature 
;I, YOt “C !“F! 
h. Cold “ C  ( “ 7 )  

1. nu.inticy (Total) 
a ,  n i l ,  R ipheny l  t g  (ton) 
’I, y a m ,  ~ a :  cn, S ~ I C  t g  ( t o n )  

? R R  (550) 
ZRH (550) 

0.87 x 106 
15.0 x l o f i  ( 1 6 , 4 8 5 )  

ESEBCY RPLATEn F@IIIPXXNT 

1 .  srorage capscip W C h  

?. 9zoraxc Tanks 
a .  nuant l ey  
5 .  S i z e ,  each ! n i a . x X t . )  m ( f t )  
C .  “aCer!al 
11. Weiqhc,  each k g  ( t o n )  

3 .  Tank l n a a l a t i o n  
a.  Type 
R. Thickness a ( f t )  

5 .  Tank Fcundarton 
9. T y p e  
h. Thickness rn ( f t j  
c .  Ouant i ty ,  Tota l  m3(yd ) 

1,026 

E i g h t  ( 8 )  
l R . 3  ( 6 0 )  t 11 (36)  
SA-516 Carbon S t e e l  
0.206 x 106 (22f i .5 )  

!!inera1 F iber  w/dl tagging 
0 . 1 3  ( 0 . 4 2 )  

Concrete Yac 
0 . 6 1  ( 2 )  I n s u l ,  + 1 .52  ( 5 )  E t r u c t .  
4 , m  ( 5 , 8 6 4 )  

i 

I 
i .  1 .  steam 

a .  F l o w ,  T o t a l  t g / s  ( l b l h r )  
h. Pressure IPa (psi.) 
C. Temperature “ C  (IF) 

2.  s t o r a g e  r l u l d  
\ 

a. F l o w ,  T o t a l  kg/s i l h l h r )  
h .  Pressure  (Storage  Tank) YPa (psis) 
C .  Tsmparature (Pump) “C (OF) 

3 .  Pumps 
a .  Cuanciry 
h .  Type 
C .  ‘ la ter ia l  
d .  C l u i d  
e .  Capac i ty ,  each  m3/s (gpm) 

. 4 .  Power ( S h a f t ) ,  each  k!ie f h p )  
h .  Yotor s i ze  W e  ( h p )  

t .  Head m (ft) 

137 .3  ( 1 . 0 4  x l o 4 )  

3 7 2  ( 7 0 2 )  ?3H ( 4 6 0 )  

96 .7  ( b R 7 , ? 0 0 )  
1 2 . 5  (1,815) 3 . 2  1 4 6 8 )  

Biphenyl 

0 . 3 6  ( 5 0 )  
1 2 2  ( 6 1 2 )  

2 2 1 . 1  ( 3 . 5 0 5  Y lo6)  
Riphesyl  
191.8 (3.117 x l o6 )  
Atmospheric 
2 5 R  (496) 

8 - l ? - l / 2 %  
Horiz. Centrif. 
Carhon S t e e l  
B i pheny ! 
O.Oh (917) 
24.4 (80) 
1 5 . 4  (10.7) 
18.7 ( 2 5 )  

R ” 12-liZY” 
n o t i t .  c e n t r i f .  
Carbon Steel 
Biphenyl 
0.07 (1.125) , 

b . 
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HOURS OF STOXAGE: Six (6) 

STORAGE XEFDIA 

1. Operating Temperacure 
3. HOC " C  (eF) 
h .  Cold "C ( 0 . )  

2. Ouancity (Total) 
a .  nrnw S a l t  kg ( c o n )  

Table 3-32. THERYAL STORAGE DESIGN DATA (Continued) 
WATERISTEAM RECEIVER - POIRR 
CONTAIWRIZED SALT - n w i  SALT ( 2  TANK)  

TK-1283, VOL II 

Sheer 2 of 2 

ENERGY RELATED EQUTPMENT 

1. Storage Capaclty WBCh 

2. Storage  Tanks 
a .  l?uanrity 
h .  S i z e ,  each (nia.rRt.) m(Et) 
C. Yaterial 
d. Weight. each kp (con) 

3 .  Tank  Insulation 
a .  Type  
h. Thickness  m ( I t )  

4 .  Tank Foundacion 
a .  Type 
b. T h l c k n e s s  m (ft) 

C .  Quantlcy, Total m3(yd3) 

POWER 'RELATEn EQUIP?lEBT 

1. Steam 
a .  Flaw, Total k R / t  ( I b i h r )  
b. Pressure XPa ( p a l a )  
C. Temperature 'C ( 'F)  

2 .  Scoraqe Fluld  
a. Plow, T o t a l  kg/s ( I b i h r )  
h. Pressure (Seorage  Tank) YPa ! p s l a )  
C .  Temperature (Pump) 'C (*F) 

3.  Pumps 
a. Q u a n c l r y  
b. Type 
C .  XacerLal 
d. Fluid 
e .  Capac l ty ,  each m 3 / s  ( w m )  
i .  Head m ( f t )  
e,  Power (Shaft), each kWe I h p )  
h. Yotor s i z e  kNe (hp) 

4 .  Heat Exchangers 
a+  Ouantlcy 
h. Type 
il. 3ncerial 
d .  Sur face  Area, T o t a l  
e .  D u t y ,  Total SWt 

STACE 2 OF 2 
D r a w  S a l t  ( 2  T a n k )  

$95 (425) 
2 7 4  ( 5 2 5 )  

3.4 x 106 ( 3 , 1 2 6 )  

3 1 R  

llot Tank Cold Tank 
One ( 1 )  One (1) 
1 6 . 8  x 9.1(30) 16.8 ( 5 5 )  x 9.lf30) 
304 SS Carbon Sceel 
89.359 ( 9 R . 5 )  '3l l ,72fl  (lr10) 

'lineral F1bt.r w / A l  Lapzing 
0.25 (0.83) 0 . 1 3 ( n . 4  i i )  

Concrete X 3 t  Concrete !fat 
1 . 2 2  ( 4 )  Insul. 0.61 ( 2 )  I n s u l .  
+ 1 . 5 2  ( 5 )  Struct.  +1.5? ( 5 )  S c r u c c .  
h08 ( 7 9 5 )  4 7 4  (620) 

Charging DlscharRinR 

137.3 (1.09 x LO6) 3 h . h S  (687 ,7001  
1 2 . 5  (1,815) 3 . 1  ( 4 S J )  
510 (950)  4 4 2  (900) 

Oraw Salt 

Atmospheric 
2 7 4  ( 5 2 5 )  

i71(1 .18  x 106) 

2 - 50% 
Vert. CsnCllever 
Carbon S c e e l  

Draw S a l c  
9.046 (730) 
4 6 . 1  ( 1 5 2 )  
53 ( 7 1 )  
75 (100) 

2 - 5134 
I'ert .  Cant i l e v e t  
3 1 h  45 
n r w  S a l e  
1.045 ( 7 1 0 )  
4 6 . 3  ( 1 5 2 :  
?li (53) 
5 6  ( 7 5 )  

I - j(y; ? - 509 
Shell 6 T u b e  S h e l l  S Tube 
304 45 104 SS 
1 , 5 R 5  (17 .05R)  : , e l 6  ( Z P . l i n >  
60 5 3  
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Sheec 1 of 2 Table 3 - 3 3 .  THRXXAL STORAGE nESIG:: DATA 
,WATER/STEA.V P\ECEIVER - POWER 
CONTAINTRIZEO SALT - nRAlr' SALT ( 2  TANK) 

WURS OF STORAGE: ilfceen (15) 

STAGE 1 OF I 
Conta iner ize6  Sal t  (Lacent )  

1. operating Temperature 
a. Hoc 'C ( a ? )  2RR ( 5 5 0 )  

288 ( 5 5 0 )  

1.91 a 106 (2099)  
32.91 x lo6  (36.200) 

h. Cold "C ("F) 

2 .  Ouanttcv ( T o t a l )  
a .  011, Biphenyl kp, ( t o n )  
b .  Y a m ,  uaz C 0 ,  S a l t  k p  (con)  

KXE4GY RELATEn COUIPMBNT 

1 .  S torage  Capacicy 

2 .  S c o r a a e  T a n k s  
a .  Ounntltv 
h .  Slre .  each  (Dla .x l l t . )  
C .  Y a t e r l a l  
d .  Weight,  each 

3 .  Tank I n s u l a t i o n  
a.  t y p e  
h. ThIckness  

4 .  Tank Foundacian 
a.  T p p e  
h. Thickness  
C .  l u a n c t t y ,  'local 

, 
Hlit h 2,565 

Eighteen  ( 1 8 )  
18.3 ( 6 0 )  x 11 ( 3 6 )  
SA-516 Carbon S r e e l  
m , 4 5 0  ( 2 2 6 )  

\ l iners1  F l h e r  VIAL Lagging ' 
0 . 1 0 2  (0.333) 

c o n c r e t e  vat 
0 .61  ( 2 )  I n s u l .  + 1.52 ( 5 )  Scrucc. 
io,om (L3.104) I 

Charging Di scharg Lng 
POh'SR RK!.ATEI) EOVIPWYT 

I. Seeam 
a .  Flow.  Tocal kg/s ( l b / h r )  
5 .  Pressure XPa (psis) 
C .  Temperature *C ('7) 

2 .  Storage = l u l d  
a.  F l o w ,  Total kg/s  [ l b i h r )  
h .  Pressure  (Senrage Tank) 1Pa (psi.) 
C .  Temperature (Pump) 'C ('F) 

3 .  Pump9 
a. Ouancicy 
b. Tppe 
C .  Yacer ia l  
d .  F l u i d  
e .  Capacity,  eech m31s ( a m 1  
f .  Head m ( t t )  
2 .  Power ( S h a f t ) ,  each  k!?e (hp) 
h .  xocor  s ine  klie ( h p )  

256 ( 2 . 0 3  x l o 6 )  
12 .5  (1 ,815 )  
372 (702) 

86.7 (487 ,700)  
3.2 (4hR) 
!3fl ( 4 6 0 )  

Riphsnyl  
193.3 ( 3 . 0 7  x 106) 
Atmospheric 
25R ( 4 9 6 )  

n i p  heqyl 

0.34 ( 5 0 )  
412.1 (6 .53  x 106) 

322 ( 6 1 2 )  

18 - 5-1 /2% 
Horiz Cencr i f .  
Carbon S c e e l  

i n  ~ 5 - 1 / 2 9 :  
Horiz Cencr i f .  
Carbon S t e e l  
Biphenyl  
0.026 ( 4 0 7 . 6 )  
14.4 ( 8 0 )  
6 . 9  (9.2) 
7 . 5  (10) 

BLphenyl 
O.0h (9321  I. ). 

L , ,. 
30.5 (100) 
1R.2 ( 2 4 . 4 )  
1E. i  ! ? 5 )  

$. Heat Pxchangers 
a .  Ouantity 18 - 5 - l l 2 I  4 . 8 0 7 ~ 1 0 6  cans 18 - 5 - 1 / 2 %  
h. Type Shell 6 Tuhe Conta iner ized  Tubes-in-5ollrr Tank :. xInterta1 Carbon S t e e l  ! I l l d  Sceel Carbon S t e e l  
d .  S u r f a c e  Area, T o t a l  x 2 ( f t 2 )  2 3 . ~ 5 7 ~ ? 5 6 . 8 0 3 1  70~,:60 17.h4~1oR1 : 0 , 4 9 ~  (1t3,oon) 
d. D u t v ,  T o e a 1  TI t 3 6 3 . 4  1 i l  

A W C A L  C X R C Y  

I. 7 ! r c r r i c 3 1  ?ner-;t 1Ti7kVe h 5 .  :39" ,?. is1 

2 .  i l r c t r i c e !  C m c q y (  Per S r s )  IO'kWeh ? .  S W  

3 .  iieac Loss ( P e r  S c g l  :o~J( IF%TV) '18,997 i h 5 . L )  

>:oces: 
.Itnnual F l e c r r i c a !  Cnergy ( C h a r q i n S )  ! n c i i i d e s  Charqin? 9 e a c e c  D r a i n  Pump P o w e r  ( 1 s t  < c a g e ) .  See Appendix > :or 

Charalog Haacer n r a l o  ?urn? n e a i @ n  h c a .  

i 
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HOURS OF STORAGE: Fif teen (15) 

STORAGE %eDIA 

1. Operating Temperature 
a. HoK 'C (OF) 
b .  Cold 'C ('F) 

2 .  Q u a n t i t y  ( T o t a l )  
a. nraw Salt i g  ( t a n )  

Table 3-33. THEWL STORAGE DESIGII DATA (Continued) Sheer 2 of  2 
WATWSTEAM RECEIVFR - P O M R  
CONTAIXRIZSD SALT - DRAW SALT ( 2  TANK) 

ENERGY REZATBT) EOOIPHENT 

A .  Storage Capscicy !Nth 

2 .  S t o r a g e  Tanks 
a.  Q u a n t i t y  
b. size, each  (nia.xHt.1 m ( f t )  
c .  ' l a t e r i a l  
d.  Weight, each kg Icon)  

3. Tank I n s u l a c i o n  
a. Type 
b. Thickness  m ( f t )  

4 .  Tank Poundaxion 
a. Type 
b. Thickness  m ( f t )  

C. Q u a n c i t y ,  T o t a l  m3 (yd3) 

POWER R E L A Z D  EQIIIPMENT 

1. Steam 
a .  F l o w ,  f o c a l  k g i s  ( I b / h r )  
h. P r e s s u r e  N P a  (psia) 
c ,  Temperature 'E ('F) 

2 .  S t o r a g e  F l u l d  
a. Flow,  T o t a l  k g / s  ( I b / h r )  
h. Pressure ( S t o r a g e  Tank) :Pa ( p s t a )  
C. Temperacure (Pump) C ("F) 

3. Pumps 
a. Q u a n t i t y  
b. Type 
c .  ? lacer ia l  
d. Fluid 

f .  Head m (it) 
8 .  Power ( S h a f t ) ,  each  kWe ( h p )  
h. Xotor s t z e  kWe ( h p )  

e .  Capacicy ,  each &Is (@a) 

4. Heac Exchangers 
a.  Q u a n t i t y  
b. rype  
C .  Llncer ia l  
d .  surface .\rea. T o t a l  r n ? ( ! c l )  
a .  I l l t V ,  T o t a l  -4 r 

D r a w  S a l t  ( 2  Tank) 

196 ( 9 2 5 )  
274 ( 5 2 5 )  

8 . 5  x i06 ( 9 . 3 2 5 )  

7 9 5  

Mot Tank Cold Tank 
T i i n n -  Two ( 2 )  
18.91621 x 9.1 t30) 18.9(621x9.1(30) 

Carbon Stcel 
0.12 x 10h ( 1 3 4 . 5 )  

304 SS 
0.11 x 106 (117 ) )  

Concre te  Mac Concrece Mac 
1.22 ( 4 )  Insul .  0.61 (2) I n s u l ,  
+ 1.52  ( 5 )  s t r u c c .  +1.5? ( 5 )  Scrucc. 
1.539 (2,012) 1,197 (1,566) 

Charging Discharging 

2 5 6  (2.03 x lob) 
1 2 . 5  ( 1 . 8 1 5 )  
510 ( 9 5 0 )  

Draw Salt 
342c2.57 x l o 6 )  
Xcmoapherlc 
27k ( 5 2 5 )  

2 - 502 
Vert.  C a n t i l e v e r  
Carhon S t e e l  
Draw S a l t  
0.0116 (1,161) 
1 6 . 3  ( 1 5 2 )  
99 (132) 
149 ( 2 0 0 )  

86.65 ( 6 8 7 , 7 0 0 )  
3 . 1  (443)  
4 R 2  ( 9 0 0 )  

Draw S a I t  
1 5 5  (1.23 x A d ' )  
Atmospheric 
196 (925) 

2 - 50% 
Vert. Cantilever 
316 S S  
nraw Salt 
0.045 (710) 
6b.J  ( 1 5 2 )  
57 (63)  
56  ( 7 5 )  

h - 25,: 2 - 50% 
SheAl b Tube 
304 S S  
? , % A  f1L.876) 
111.5 
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2ND STAGE LCARRIER FLUID. Pb/Bi) 

Figure 3-17. THERMAL STORAGE SYSTEM 
LATENT. DIRECT CONTACT - PCM (2-STAGE) 

D 
m 

c 
N 

w 
m 



TR-1283, Vol. I1 

The d i r e c t  c o n t a c t  f e a t u r e  of t h i s  s t o r a g e  method i s  o n l y  u t i l i z e d  d u r i n g  
t h e  d i s c h a r g i n g  mode o f  o p e r a t i o n .  S i n c e  t h e  m e l t i n g  t e m p e r a t u r e  of t h e  
"Themkeep" s a l t  (NaOH, NaNO3, Mn02) i s  a p p r o x i m a t e l y  292'C (558'F), 
t h e  w a t e r / s t e a m  r e c e i v e r  d r a i n  t empera tu re  w a s  i n c r e a s e d  from 260°C (500'F) 
f o r  t h e  r e f e r e n c e  sys t em t o  310°C (590'F) as shown on t h e  s c h e m a t i c ,  F i g u r e  
3-17. I n  o r d e r  t o  m a i n t a i n  t h e  same c h a r g i n g  ene rgy  ra te  t o  t h e  s t o r a g e  
sys tem t h e  c h a r g i n g  h e a t e r  d r a i n  pump f l o w  rate was i n c r e a s e d  approx ima te ly  
1 3  1/2% o v e r  the r e f e r e n c e  system. The d i s c h a r g i n g  steam f l o w  r a t e ,  
t e m p e r a t u r e s  and  p r e s s u r e s  a r e  i d e n t i c a l  t o  the r e f e r e n c e  sys tem.  

During t h e  c h a r g i n g  mode of t h e  second s t a g e  m o l t e n  "Themkeep"  sa l t  a t  
292°C (558'F) i s  c i r c u l a t e d  from the f i r s t  s t a g e  l i q u i d  PCM pr iming  s t o r a g e  
t a n k  t h r o u g h  t h e  second s t a g e  c h a r g i n g  heat exchanger  ( d e s u p e r h e a t e r )  , 
h e a t e d  t o  496°C (925°F)  and  d i r e c t e d  t o  the second s t a g e  hot  s a l t  (PCM) 
s t o r a g e  t ank .  During t h e  c h a r g i n g  mode of t h e  f i r s t  s t a g e  mol t en  
"Themkeep" salt a t  292°C (558°F) i s  c i r c u l a t e d  from t h e  f i r s t  s t a g e  l i q u i d  
PCM s t o r a g e  t a n k  th rough  the f i r s t  s t a g e  c h a r g i n g  h e a t  exchanger  
( condense r ) ,  hea t ed  t o  321°C (610°F) and d i r e c t e d  t o  t h e  f i r s t  s t a g e  s a l t  
s t o r a g e  t a n k  where t h e  h o t  l i q u i d  s a l t  melts t h e  s t o r e d  s a l t  s o l i d  
g r a n u l e s .  Dur ing  the d i s c h a r g i n g  mode of the second s t a g e  h o t  mo l t en  s a l t  
a t  496°C (925°F) i s  c i r c u l a t e d  th rough  t h e  d i s c h a r g i n g  h e a t  exchange r ,  
coo led  t o  292°C (558°F) and d i r e c t e d  t o  t h e  f i r s t  s t a g e  L iqu id  PCH prfming 
s t o r a g e  t a n k .  During t h e  d i s c h a r g i n g  mode of t h e  f i r s t  s t a g e  l i q u i d  s a l t  
at: 292'C (558'F) is d i r e c t e d  t o  t h e  s p r a y  chamber w i t h i n  t h e  l a r g e  1st 
s t a g e  s a l t  (PCM) storage t a n k .  A t  the same time l i q u i d  m e t a l ,  Pb/Bi ,  a 
h e a t  t r a n s f e r  ca r r ie r  f l u i d ,  i s  c i r c u l a t e d  from t h e  l i q u i d  metal s t o r a g e  
t a n k  a t  278°C (533°F) t o  the f i r s t  s t a g e  d i s c h a r g i n g  h e a t  exchanger  
( p r e h e a t e r l b o i l e r ) ,  c o o l e d  t o  245°C (473°F) and  d i r e c t e d  t o  t h e  s p r a y  
chamber w i t h i n  t h e  f i r s t  s t a g e  l a r g e  salt (PCM) s t o r a g e  tank .  Wi th in  t h e  
sp ray  chamber t h e  l i q u i d  metal, Pb/Bi, i s  d i r e c t e d  downward w h i l e  t h e  
l i q u i d  s a l t  i s  d i r e c t e d  upward. The d i f f e r e n c e  i n  d e n s i t y  as w e l l  as t h e  
r e s p e c t i v e  flow r a t e s  resul ts  i n  the s a l t  be ing  s o l i d i f i e d  and e v e n t u a l l y  
be ing  t r a n s p o r t e d  o u t  of  t h e  s p r a y  chamber i n t o  t h e  main tank. '  The l i q u i d  
metal, Pb/Bi,  i s  h e a t e d  from 245°C (473°F) to 278°C (533°F)  and f low5 back 
t o  t h e  l i q u i d  metal s t o r a g e  t ank .  The 2 - s t age  s t o r a g e  sys tem t empera tu re  
p r o f i l e  is shown o n  F i g u r e  3-18, 

3.4.11.2 Thermal S t o r a g e  Design Data 

The c o n c e p t u a l  d e s i g n  d a t a  € o r  t h e  d i r e c t  c o n t a c t  ( l a t e n t )  h e a t  exchanger  - 
PCM 2-stage s t o r a g e  sys tem f o r  1, 6 and  1 5  hour s  of  s t o r a g e  i s  shown i n  
T a b l e s  3-34, 3-35, and 3-36, r e s p e c t i v e l y .  

3.4.11.3 D i s c u s s i o n  

The d i r e c t  c o n t a c t  h e a t  exchanger  concep t  i s  economica l ly  f e a s i b l e  a t  l o n g  
d u r a t i o n s  of s t o r a g e  ( i . e . ,  g r e a t e r  t h a n  L 2  h o u r s )  A t  t h e  1 5  hour  storage 
time of t h e  s t o r a g e  sys t ems  i n v e s t i g a t e d ,  o n l y  t h e  underground p r e s s u r i z e d  
wa te r  concep t  was l e s s  expens ive  on a n  e v a l u a t e d  b a s i s .  

i 
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Table 3 - 3 4 .  THLRML STORACE DESICl  DATA 
WA'C€R/STrM RECEIVER ~ POWER 
flIRECT CflNTACT HX - PCM 

! 'IOURS OF STORAGE: O n e  (1) 

S T W E  I OF 2 
Dlrecc  Contac t  il:! (Latenci 

STOWWCI: Y E n u  

I .  q p e r a t i n g  Temperature 
a. Hot 
b. Cold 

2. Q u a n t i t y  ( T o t a l )  
a .  Pb/Rt E U L ~ C C ~ C  
b. "THF.RM(EEP" S a l t  

( X a O H ,  NaNO?, Wnfl?) 

292 ( 5 5 8 )  
2 9 2  ( 5 5 8 )  

1.322 x lo6 ( 1 , 4 5 4 )  
2.21 x loh ( 2 , 4 3 2 . 3 )  

EW.RGY RELATEI) RQUIPXENT 

1 .  S t o r a g e  Capactty 

2 .  S t o r a g e  Tanks 
a.  Ouant i tv  

171 

Y a t n  S a l t  Tank Llquid S a l t  Tank Pb/Bi Tank 

15.26 ( 5 0 )  Y 9 . 1  (30) 4.6 (15) x ?.4(R) 4.5 ( 2 8 )  T 1.8 ( 5 )  
Carbon Scee l  Carbon S c e e l  Carbon S t e e l  

40,055 1 4 1 . 0 6 )  3,385 1 3 . 7 2 1 . )  8,155 (8.97) 

One (1) One (1) One (1 )  
h. S i r e ,  each (Dia.xNc.) . n ( P t )  
C.  w a c e r l a l  
d.  Weight. each  

3.  Tank I n s u l a t i o n  
a. Type 
h .  ?hlckness 

4 .  Tank Foundation 
a .  Type 
h .  T h t c k n e s s  

C .  Oaanr i ty .  T o t a l  

Yinersl F i b e r  w/Al, Lag. n l n e r a l  F i b e r  
0.13 (0.417) 0.13 ( 0 . 4 1 7 )  

W i X 1 .  
0.13 

Lag. 
(0.417) 

Concrece Mac Concrete Yat Cancrece Yac 
0 . 6 1 ~ 2 ) I n s u I + 1 . 5 2 1 5 ) S t r ~ = r  0.61(2)fnsul 0. h l ( 2  )lnsul 

3R9 ( 5 0 9 )  
+ 0 . 9 i ( I ) ~ t ~ ~ ~ t  +i.22(i)struCc 
69 .5  (90.9) 104.6 (136.8) 

Charglnp Eischarging 
P O I a R  RELATED EQ3IPX3T 

1. Steam 
a .  Flow, T o t a l  
h .  Pressure 
c .  Trmperarure 

2 .  S t o r a g e  F l u i d  
a .  Flou, T o t a l  
h. Pregsure (Tanks) 
C .  Temperature (Pump) 

a. ouant1cy 
h. Type 
c .  Y a c e r i a l  
d .  F l u i d  
e .  Capat icy .  ench 
f . !k3d 
8 .  Power ( S h a l t ) ,  each 
h. Yotoc size 

5 .  Henc Exchangers 

3.  Pumps 

d. Quanctry 
5 .  Type 
C. ' la ter ia l  
d .  S u r f a c e  Area. S q r n l  
I .  'IUICV. r o c a r  

i!?.T,\L ?!&<RCY 

1 .  F l a c t r l c n l  ?.nergy 

21.55 (0 .171  x lo6) 86 .65  (0.6877 x l o 6 )  
3.2  ( 4 6 8 )  
238 ( 4 6 0 )  

1 2 . 5  (1 ,815 )  
366 1 6 9 1 )  

Sale S a l t  Pb/Ri (Carrier F h t l d )  
539.3 ( 4 . 2 8  x l o h )  $40.7 ( 4 . 2 9 1  x 106) 3 5 , 1 4 1  ( 2 7 R . 9  x lo6) 

Atmospheric Atmospheric Acrnoapheric 
292 (55R) 2 9 2  ( 5 5 8 )  278 ( 5 3 3 )  

2-5OX 2-507: 4-?5? 
Vert. C a n t i l e v e r  Vert.  C a n t i l e v e r  Verr. C a n r l l e v e r  

Carbon Steel 
S a l t  S a l t  P h l B l  

0.15 ( 2 . 3 6 1 )  0.15 ( 2 , 3 6 8 )  0.84 ( 1 3 , 3 7 5 )  

166 ( 2 2 3 )  167 (2211) 

Carbon Sceel C a r h o n  S t e e l  

4 7 . 2  (155) 4 7 . 2  ( 1 5 5 )  1 1 . 5  ( 3 7 . 5 )  

l R 7  ( 2 5 0 )  1R7 ( 2 5 0 )  1865 (2,500) 
1310 ( 1 , 7 5 6 )  

1 - i n w  
S h e l l  6 Tuhe 
Carhun S t e e l  
1,666 ( 1 7 , ? 3 h )  

3 2 . 5  

4-25):  
Drum Type 

Tachan Steel 
3 , 1 0 6  1 3 3 , L ? 5 )  

171 

I. 123" 0.135 2 . 1 2 :  

3 . 2 8 2 "  0.071i 

: ,A17 f 2 . 6 7 )  
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T a b l e  3-34.  THER!!L STORnCE DESIGN nATA (Continued) 
WATER/STl?AV SECEIVER - POlRR 
~ I R E C T  CONTACT HX - PCH 

HOURS OF STORAGE: One ( I ?  

sTnRncz = n u  

1.  Overacing Temperazure 
a. Hnt 'C ( 'F)  
h. Cold 'C ( O F )  

2.  Ouanricy (Total) 
a .  "TIHERNEEP" Salt kg ( t o n )  

ENERGY RELATE0 EQUIPYEECIT 

1 .  Scorage Capacicy XJrh 

2 .  S torage  Tanks 
a .  Quantity 
b. Sire.  each (Dia .xHt . )  m(ft) 
C .  Yacer ta l  
d .  Welght, each 

3 .  Tank Insulacian 

b. Thlckness 
4 .  Tank ?oundatioo 

a.  Tvoe 
b. Thickness 

C .  Quancirg, Tocal 

a. Type 

POWER RBLATEn EQUIPZENT 

I. Steam 
a .  Flow, Tota l  
h. Pressure 
C .  Temperature 

-\. Storage F lu id  
a .  Flou, Tacal  
?I. Pressure  (Tanks) 

3 

C .  Temperature (Pump) 

Pumps 
a.  Quanclcy 
b. Type 
C .  Y a t e r l a l  
d .  F l u i d  
e .  Capacity, each 
f .  Head 
g, Power ( S h a f t ) ,  each 
b. 'Iocor s t t e  

4 .  I teat  Exchangers 
a. Ouanricy 
5 .  Type 
c .  'Iaterial 
d .  Sur face  Area, Tota l  
e .  Fury, Tatal 

AXiFiUAl. ?\IEICY 

1. Zlecrrical Fnergy 

I 

STACE 2 OF 1 
PCH S a l t  ( S e n s t h l e )  

496 ( 0 2 5 )  
292 ( 5 5 8 )  

Charged t o  F i r s t  S tage  

53 

Cold Tank HOE Tank 
One ( 1 )  

8.38 (27 .5 )  x 5 . l R  (17) Part  of  1 s t  Staze 
Chrome-Yaly 

12 ,318  ( 1 3 . 5 5 )  

Yincral  F lber  w / A 1 .  Lag. 
0.254 (0.833) 

Concrete Yac 
0.61  ( 2 )  lnsul 

+1.52 ( 5 )  S t r u c t  
117.8 ( 1 5 4 )  

Chars 1°K 0 I scharg ing  

21.55 (0.171 1 0 6 )  8 6 . 6 5  (0.6817 x LO6) 
12.5 (1,815) 3 . 1  ( 4 6 3 )  
510 (950)  i iez  (400) 

2 3 . 4  (0 .1855  x in6) LZb.6 ( 0 . 9 8 9  Y I d )  
Acmospheric . Atmospheric 

292 (5511) P96 (925) 

2-50% 2-50?: 
Vertical C a n t i l e v e r  V e r t i c a l  Cantilever 

Carbon S t e e l  304 ss 
S a l t  

6 . 4  x 10-3 ( 1 0 2 . 5 )  
8.8 10-3 (139) 

6.1 ( 8 . 1 5 )  
1 . 5  (10) 

i - ionz  
S h e l l  d Tuhe 

Chrome-Xoly 
3 1 7  1 3 , 4 1 7 )  

10 

S a l t  
0.036 (376)  

4 6 . 3  ( 1 5 2 )  
35.4 ( 4 7 . 4 )  
37.3 (so) 

2-50? 
S h e l l  h Trlhe 

Chrome-Holy 
2 , W 4  ( 2 1 . O r ) O )  

51 

n.029 

L 

j 

1 

i 
1 .  
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DIRECT CONTACT nx - PCH 
HOURS OF S 7 O R A G B :  3 i x  ( 6 )  

STOIU.GT: 'IEI)IA 

1. Operating :emperazure 
a. YOC 
b .  Cold 

1. qaant t ty  (Total) 
a .  Pbls i  F ~ c e c c l e  
b .  "THERWEEP" S a l t  

(4aOH. NaN03, '!no?) 

EhTRCY R I U T E D  EQUIPEWT 

1. Scorase  Capaclcy 

2 .  Storage Tanks 
a .  Quanclcy 
5. Size. each (Dia.xHt.1 
c .  Yarecia1 
d .  Wetght, each 

3 .  Tank l n s u l a c i o n  
a .  t y p e  
b. Thickness  

i. Tank FoundatLon 
a. type 
b .  T k i e k n e s s  

C .  Ousnt l ty .  Tocal 

? n m  RELATED EQUIPEW 

I .  Steam 
a .  Flow, r o t s 1  
b .  Pressure 
c. 'Temperature 

1. Scarage F lu id  

100)  
a .  Plow. Tocal  

h. Pressure (Tanks) 
c o  Temperature (Pump) 

3 .  Pumps I. Quant l ty  
b.  Type 
e .  Yaterlal 
d.  Fluld 
e .  Capae l tv ,  each 
I. Xead 
5 .  Power (Shait), each 
n. %tor s t z e  

5 .  'cent Exchanpers 
a .  l u a n c t t y  

5 .  racer ia1  
d .  Surface .Area. tar31  
?.  i u c y ,  Tocal 

h .  Type 

A:~wuAl, EYERGY 

1. '!eCcr'.cIII 'zerqy 

STAGE 1 OF 2 
Oirecc Contacc W (Lacent )  

t a b l e  1-35. PHEPAL STORAGE DESIGN DATA 
WATERISTEAM RECEIVER - POWER 

1.322 x l o 6  ( 1 , 4 5 4 )  
13.27 x 10' ( 1 4 , 3 9 6 )  

1,026 

Rain S a l t  Tank Llqutd S a l t  Tank Pb/Bi Yank 

1 7 . 1  ( 5 6 )  x 10.4 ( 3 4 )  6.9 ( 1 6 )  x 3.05 (10) 4 . 3  (16 )  x 1.8 ( 6 )  

53,818 ( 5 9 . 2 )  i . 1 8 2  (6.6) 2.636 ( 2 . 9 )  

Four (4) F o u r  ( h )  Four ( 4 )  

Carbon Steel Carbon S c e e l  Carbon Steel 

Hlneral F i b e r  u / A l .  Lag. Ulineral Flber v/Al. Lag. 
0.13 (0.417) 0.13 (0.417) 0.13 (O.Ll7) 

Concrete 'lac Concrete Ijat Concrete Y a t  
0.61(2)Insu1+1.52(5)S~r~c~ 0 . 6 1 ( 2 ) I n s u l  0.61( ?)lnsul 

W.91(3)Strucc *i.??(4)Seruct 
1 , 9 5 4  ( 2 , 5 5 6 )  535 (700) I22 (159.6) 

129.4 (1.027 x lob)  86.65 (0.6877 s 106) 
1 2 . 5  (1,815) 3.2 ( L 6 8 )  
366 ( b 9 1 )  238 ( 6 6 0 )  

S a l c  Salt P W B 1  (Carrier Fluid) 
3,236 (25.68 x 106 )  540.7 (4 .291  x LO6) 3 5 , 1 & 1  (274.9 x 

Atmospheric Atmsphettc Atmoapheric 
292 (558)  292 ( 5 5 8 )  278 (533) 

L-25% 1-25z 4425% 
vert.  Canellever Yert .  Canrilever Verc. Cane l l ever  

Carbon S t e e l  Carbon Steel C a r b o n  S c e e l  
PblRl 

i-? 5f: &-?5Z 
S h e l l  i tube  Drum rvpe  
Carbon s t ee l  C a r b o n  Steel 

9 , 9 9 8  [107,516) 3.106 ' 3 3 , i ? 8 )  
:45 171 

5.3113 6 . 3 1 3  li. :1z 

21 . l ? h "  

!2 ,"39 /??.:I\ 

LO7 



FOURS OF STORAGE: S I X  ( 6 )  

STOMGE XEUU 

1 .  Opera t ing  Temperacure 
a. Hot 
b. Cold 

2. Quaneity (Total) 
a. "MERWXEP" Salc 

BNERC? RELATED E3UIP9E9T 

Storage Capacity 

Storage Tanka 
a .  Suantity 
b. Sine, each (DLa.xHt.) 
c. xacerial 
d .  Ueighc, each 

Tank Insulation 
a r  Type 
b. Thickness 
Tank Foundarion 
a. Type 
b .  Thickness 

C. Q u a n t i t y .  Total 

POUER RELATED E$UIP!lEIT 

1. Steam 
a .  Plou, Total 
b. Pressure 
c .  Temperacure 

2. Storage Fluid 
a. Flou. Tocal 
b. Pressure (Tanks) 
C. Temperacure ( h u p )  

3 .  Pumps 
a.  *anticy 
b. Type 
C .  m t e r i a l  
d .  F l u i d  
e .  Capaclty, each 
f .  Xead 
g .  Power ( S h a f c ) .  each 
h. xomr s i r e  

-. Heac Exchangers 
a. Quantity 
b. ?ypo 
C. %ireria1 
d .  Surface .area. T o t a l  
e .  3 u c y .  'ocal 

I .  

AINUAL E"ERGY 

1.. Zleccrical Energy 
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Sheec 2 ai 2 

196 ( 9 2 5 )  
292 (5581 

Charged t o  First SLage 

318 

Chrome-Xoly 
61,818 ( 6 8 )  

Xinera l  F iber  w / A l .  Lag. 
0.254 (0.832) 

Concrete Yse 
1.22 (A) Insul .  

C1.52 (51 Seruct .  
500-8 ( 6 5 5 )  

Charging Discharging 

140.2 (1.113 x 106) : 2 4 . 6  (0.989 x 106) 
Acmarpherlc Acmoapheric 
292 ( $ 5 8 )  b9b ( 4 2 5 )  

2-501 2 - s m  
Wercical Cantilever CerCicaI Cantllaver 

Salt S a l c  
Carbon Stee l  !OL 5s 

0.079 ( b l F )  
A 6 . 3  ( 1 5 2 )  

u . 2 5  ( 5 3 . 5 )  
6 9 . 7  ( 6 0 )  

:-so% 
Shell & Tube 

Chrome-YoIy 
!,905 ( 2 0 , 5 0 0 )  

00 

2-50:: 
Shell S ;"be 

Chrome-:loIy 
:.OLL :::.LC@: :, ._ 

I 
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j ,  

t a b l e  3-36. THFXAL STOWGE nESIC3 DATb 
9ATERISTEAH ilECELVES - P O l R l  
DIRECT CONTTACC B X  - PCX 

?92 (558 )  
?92 1 5 5 8 )  

1.322 x LOb f l , B 5 L )  
32 .91  x l o b  (16,205) 

2 , 5 6 5  

2 .  Scorage Tanks Yatn  S a l t  'Pank LLquid Salk Tank F b l R l  Tank 
a. Quantity Four ( L )  Four ( & )  Pour ( 4 )  
h.  Size. each  !Oia.xHc+! m ( f t )  2 6 . 8  ( 8 8 )  x 10.4 ( 3 4 )  6.1 (20) x 3 . 7  ( 1 2 )  4.3 ( 1 4 )  x 1.3 (61  
c .  'laterla1 Carbon Stee l  Carbon .Steel Carbon S t e e l  
d. Uelght, each k3 ( t o n )  117,909 ( 1 2 3 - 7  '1 5.973 ( 6 . 5 7 )  2 ,636  (2.9) 

3 .  t ank  Lnsulaclon 
a. Type Mneral FLber u / A 1 .  Lag. Xinera l  F i b e e  u/.Al. Lag. 
b. T h i c k n e s s  m ( f c )  0.13 (0 .417)  0.13 (0.517) 0.11 (0.417) 

5 .  rank Foundatlon 
Concrece Mac a. TYPE Concrete M a t  Concrete Hat 

h, Thickness m ( I t )  0.61(2)Insul~1 .S2(51Struct  O*hI(Z)Iasul 0. bl(2)Insul 

C. Quantity. total m3!yd3) 4 . R Z 3  (6,308) 511 (668.8) 122 (159 .6 )  
40.91(3)Scrucc +?.21(L)Strucc 

C h a r q i n g  0isehar;lnq 
PDUER RELATED ?QIJXFX,M 

I. Sceam 
a. Flow, T o t a l  bq/s (Lhlhr)  211.2 ( 1 . 9 1 4  x 106) P6.65 (0.6877 x 106) 
h. P r e s s u r e ,  YPa ( p i f a )  1 2 . 5  (1,815) 3 . 2  ( b 6 8 )  
c. ?emperatwe g c  ('t) 366 (691) 238 ( L 6 0 )  

a .  FlOW, TbCal kgls ( I b l h r )  6,030 (47.116 I l o 4 )  540.7 (0.291 I lo6) 35,141 ( 2 7 8 . 9  x L O s )  
h. Pressure (Tanks) !+Pa ( p s t e )  A tmospherlc Aemospherlc Acrcsphertc 

2 .  Scarage F l u i d  Sa lL  S a l t  Pb/Bi (Carrfer Pluld)  

c.  Temperacure (Pump) 'C ( ' F )  292 ( 5 S R )  292 ( 5 5 8 )  27s (533) 

a. Quanclcy 4-252 4-2s): L - ? Z  
3 .  Pumps 

b. Type V B C C .  Cant i lever  Verc.  Caorilever Verf. Cancllevec 
e. ? laenr ia l  Carbon Steel C a r b o n  Steel Carbon S t e e l  
d. F l u i d  S a l t  S a l t  P b l S i  

f .  Head 1 : I t )  i 7 . 2  ( 1 5 5 )  5 7 . 2  1 1 5 5 )  1 1 . 6 5  : 5 1 . 5 )  
8 .  Pover ( S h a f t ) ,  each kWe (hp)  932 ( 1 . 2 4 9 )  -3L (112) 1.?1(19 (1,%3) 
h. %tor s i r e  kUe !hp) 1.11'1 ! : .500) s3 1 1 2 5 )  1.365 (2,jOQ) 

e .  Capaclcy, each m3/s (gpm) 0.83 (13,1991 0.075 !1,?40) 0.80 (13,3751 

4-25): 0-25:: 
S h e l l  b Tuhe nrum :vpe 
Carbon dceel Carbon S c s e l  

3 , ! 0 h  1 3 3 . 4 1 8 )  19,631 ( 2 0 0 , 5 & & )  
3 h 3 . L  1 7 1  

1.  Lleac Loss !Per Stg) :09J( !O%TU) ?3.061 f21.981 

::ores : 
".Annual S l e c r r l c a l  Tneriy (Chargtng) t n c l u d e i  Charqing N e a ~ e c  Drain ?umo Pover (1st Stagel. See ADpendiX ? f o r  

Charrrlnp Heater  O r a i n  ?tmp k s i g n  ildta. 
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Table 2-36. THERUL S:OFACE DESIGN DATA (Continued) 
WATEK/STEXl lECEIVER - PCMR 
DIRECT CONTAC? HI( - P c l i  

HCVKS aF STORAGE: Fifteen (15) 

sraRAGE XEDIA 

i .  Operating Temperacure 
a. R O C  "C ( O F )  

b. Coid "C ("r? 

a. "THERWEEP" Salt kg (con)  
2 .  Quantity (Tocal) 

4 g 6  (935) 
202 ( 5 5 8 )  

Charged co Flrsr  Stage 

ENERGY RELATED ECUfPHEAT 

1. Storage Capacity MUth 

2. Storage Tanks 
a. guanticy 
b. Sire ,  each (Dia.xHr.) m ( F r )  
c .  Xacer la l  
d .  Ueight,  each t g  ( t o n )  

7 9 5  

Hot Tank : Cold Tank 
one (1) 

21.1 ( 7 9 )  x 9.1 ( 2 0 )  Part of  isc Stage 
Chrome-Xoly 

117 .009  ( 1 2 9 - 7 )  

j, 
i- s: . .  

3.  Tank l n s u i a r i o n  
a. Type 
b. Thickness' n ( f c )  

b. Thickness m ( f t )  

c. Ouaacity,  Tocal a3(yd?) 

b .  Tank Toundacion 
a. Type 

F:' I Bineral f iber v i a l .  Lap. 
0 . 2 5 4  (0.82:) 

Concrece Xat 
1.22 ! 4 )  1nsu1. 

Charpinq j i s c h a r z i n e  

1, Steam 
a. i l sv .  Tocal 
b. Pressure 
c. Temperacure \ 

k d s  (Ib/hrl 
MPa (psla: 
'C ('F) 

2 4 1 . 2  (1.415 x 106) 
12.5 (1,515) 
510 (950)  

2 .  Storage FIuid 
a .  Flow, Tota l  kg/n ( I b i h r )  
b. Pressure (Tanks) XPa ( p s i a )  
c. Temperature (Pump) 'C  ('P) 

3 -  Pumps 
a .  Cuancicy 
b. Type 
C. !lacerial 
d .  Fluid 
e. Capsclcy,  each m 3 / s  (gpm) 
f .  Head m ( f t )  
g. Powr ( S h r t r ) ,  each kwe (ho) 
h. >lorut s l r e  w e  (hp) 

i. ReaL :xchangers 
a. Cuancicy 
5 .  Type 
C .  Xacer ia l  
d .  Surface Area, ' C o t 4  al(fc:)  
e .  Oocy, Pocal ?W, 

AXfUAL SSERGi 

!. ZlPccricaI Energy l0hki leh  

1. ZLecrrieaI !ner:y<Per 5 r ~ j ? 0 0 k ! i e h  

:. Heat Loss (per  Scp) : o P ~ ! i a U m ~ )  

1 2 4 . 6  iO .989  x L O 6 !  
Acnospharic 

4 9 6  ( 4 2 5 1  ! '  

2-50% 
Vertical Canci lever 

Carbon Sceel 
Salc 

0.072 (1.146)  
L 6 . 3  (15:) 
52.bL (99.7) 

103 .6  ( 1 2 5 )  

:-so:: 
Fer clcal Cant I lever 

I 

2 - 3 X  
Shel l  5 Tube 

Chrome-floly 
?.549 (38,198) 

111.8 
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This d i r e c t  c o n t a c t  h e a t  exchange r  p r i n c i p l e  shows promise but  has n o t  y e t  
been t e s t e d  by Grumman a l t h o u g h  t h e  test  r i g  i s  e s s e n t i a l l y  comple te .  
S e v e r a l  p o t e n t i a l  p i t f a l l s  are e v i d e n t ,  i n c l u d i n g  t h e  c a r r y - o v e r  of  Pb/Bi 
metal i n t o  t h e  sa l t  s t o r a g e  c o n t a i n e r  o r  t h e  c a r r y - u n d e r  o f  sa l t  i n t o  t h e  
Pb/Bi s t o r a g e  c o n t a i n e r .  For  t h i s  r e a s o n  t h e  OLE2 c o s t s  have been assumed 
t o  be h i g h e r  t h a n  normal. f o r  t h i s  s t o r a g e  c o n c e p t .  The t e s t i n g  by Grumman 
i s  des igned  t o  d e t e r m i n e  t h e  optimum mixing  chamber i n c l u d i n g  h e i g h t ,  s a l t  
sp ray  d r o p l e t  s i z e ,  and  r e l a t i v e  f low rates o f  sa l t  and ca r r i e r  f l u i d ,  
P b / B i .  The p r e s e n t  d e s i g n  of Grumman d i r e c t  c o n t a c t  HX t e s t i n g  i n c l u d e s  
the u s e  of  t h e  c h l o r i d e  s a l t  e u t e c t i c  (MgC12, N a C L ,  K C l )  and  t h e r e f o r e  
t h e  c o m p a t a b i l i t y  of "Themkeep" s a l t  used  i n  t h i s  a p p l i c a t i o n  and t h e  
P b f l i  l i q u i d  metal would need t o  b e  e v a l u a t e d .  

3.5 WATER/STEAM RECEIVER (PROCESS HEAT) 

3 .5 .1  Refe rence  S o l a r  Thermal System 

The r e f e r e n c e  s o l a r  t he rma l  sys tem € o r  t h e  w a t e r / s t e a m  r e c e i v e r  p r o c e s s  
h e a t  a p p l i c a t i o n  i s  shown i n  F i g u r e  3-19. The r e f e r e n c e  c y c l e  has  r e c e i v e r  
steam c o n d f t i o n s  of 12 .5  MPa (1815 p s i a )  and 328°C (622'F) s a t u r a t e d .  
P r o c e s s  ' s team c o n d i t i o n s  a r e  7 .2  MPa (1045 ps i a )  and 288°C (550°C) 
s a t u r a t e d .  Condensate  r e t u r n e d  from p r o c e s s  was assumed t o  be d e a e r a t e d  a t  
104'C (220'F) a t  t h e  i n l e t  of t h e  r e c e i v e r  f e e d w a t e r  pump. 

3.5.2 Thermal S t o r a g e  Concepts  

The f i n a l  t he rma l  s t o r a g e  c o n c e p t s  c o n s i d e r e d  f o r  the water/steam r e c e i v e r  
( p r o c e s s  h e a t )  c o n c e p t u a l  d e s i g n s  i n c l u d e  t h e  f o l l o w i n g :  

C a l o r i a / G r a n i t e  Thermocl ine (Refe rence  System) 
Underground P r e s s u r i z e d  Water 
Oi l IRock Thermocl ine i n  Excavated Concrete P i t  
L a t e n t  Heat Storage U t i l i z i n g  C o n t a i n e r i z e d  S a l t  

3 . 5 . 3  C a l o r i a / G r a n i t e  Thermocl ine (Reference  S y s t e m )  

3*5.3 .1  System D e s c r i p t i o n  

' .  

The f low d iagram f o r  t h e  r e f e r e n c e  C a l o r i a / g r a n i t e  t h e r m o c l i n e  s t o r a g e  
concep t  i s  shown i n  F i g u r e  3-20. The s t o r a g e  media t e m p e r a t u r e  r anges  from 
291'C (555°F) t o  316°C (600"F), r e s u l t i n g  i n  a r e l a t i v e l y  small  s t o r a g e  
d e l t a - l  of 25'C (45'F). The t e m p e r a t u r e  p r o f i l e  €o r  t h e  r e f e r e n c e  
w a t e r f s t e a m  p r o c e s s  h e a t  s t o r a g e  sys tem i s  shown i n  Figure 3-21. The 
sys tem c o n f i g u r a t i o n  and o p e r a t i o n  i s  i d e n t i c a l  to t h e  r e f e r e n c e  
f i r s t - s t a g e  C a l o r i a / g r a n i r e  the rmoc l ine  s t o r a g e  s y s t e m  in the wate r / s t eam 
r e c e i v e r  e l e c t r i c  power a p p l i c a t i o n  d e s c r i b e d  i n  S e c t i o n  3.4 .3 .  

3.5 .3 .2  Thermal S t o r a g e  Design Data 

The c o n c e p t u a l  d e s i g n  da ta  f o r  t h e  r e f e r e n c e  C a l o r i a / g r a n i t e  t he rmoc l ine  
s t o r a g e  concept a s  shown i n  Tables 3-37, 3-38, and 3-39 f o r  I, 6 and 1 5  
hour s  s t o r a g e ,  r e s p e c t i v e l y .  

i 
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Table  5 3 7 .  THES?IAL $:oLUCE DESIGN DATA 
YATE8,STE.W RECE1t'F.R - PKOCESJ HEAT 
CALOBIA/GRASlTE THEL.OCLINE ( BEFEF.ESCE SYSTZX) 

STAGE 1 OF 1 
CslariaiCranica :hernoc l ine  

LiOLiPS O F  S T O M C i :  One ( 1 )  

I 

STOMCE WEDIA 

1. Operacing Tenperature 
3. !lot 
b. Cold 

2 .  Ouancity (Total) 
a. O i l ,  Calorla 
b. Cranice 

3 1 6  (600) 
291 ( 5 5 5 )  

3.11 x lo6 (3,429) 
:S.il x lCh (24.108) 

C!!EKCY R E U T E C  EC'JIPHE!C 

1. storage capacicy 

2. Storage Tanks 
a .  Quantity 
b. Size. each (Dla .xHc. )  
C. Wacerial 
d .  Weight, each 

3 .  Tank Insulation 

b. Ihickness 

A .  Tank Fouadacion 
a. Type 
b. Th i fkness  
C .  Quanefty,  Total 

A .  Type 

^* , 
ii' 

Two ( 2 )  
l1.L ( l o ? )  x 1 0 . i  (35) 

carbon S t e e l  
2 ? C , i r 5 ?  (327) 

i h a r g l  ny Utschargine 
POUER RELATED.EOUIPHENT 

1 .  Sceam 
a .  Flow, rota1 
b. Pressure 
e .  Temperrcure 

2 .  Storage F l u l d  
4. T l W .  ?om1 
b. Pressure (Tanks) 
c .  Temperature ( lump)  

?. Pumps 
a. gudnclcr 
b. Type 
C. Uarer ia l  
d .  Fluid 
e .  Capacity,  each 
f .  Eead 
I .  l a v e r  (ShaEc). each 
h .  !lacar size 

L.  Heac Exchangers 
a .  quanclcy 
b. 7ype 
C .  x a c e r i a i  
d .  Surface .\re=. Total 
e .  Duty, Total  

.I.%LUAL ESBEGY 

1. i l e c c r i c a l  Inerqy 

2 .  i:rccricni :nergy(Toca l )  

? .  i!eaC L O S S  '"sial) 

?2  ( 2 5 7 , 2 3 2 )  
1z .s  ( 1 . w )  

228 ( 6 2 2 )  

588 ( 0 . 6 7  I 106) ? . L O 2  (24.62 I lo6) 
Atmospheric dtmospkeric ' 

?16 (600) :?I ( : 5 ? >  

Three ( 2 )  -33-1112 f i f t e e n  (151 - 6-113i 
Xorfz .  C a n t r i l .  Hariz. C e n c r i f .  

Cartan S t e a l  Carbon Steel 
Calorta Calorla 

a.ais ( 5 . 0 0 0 )  0.?15 (5 ,000 )  
?0.5 (1001 41.1 ( 1 3 5 1  

10s ( 1 1 1 )  7 7 . 4  ( l o b )  
9? ( 1 2 5 )  11: !?50)  

?wo ::]-5OZ 
S h e l l  $ Tube 
Carbon S t e e l  

2 , ~ i ' 3  (26,t801 
i2.J 
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:able 3-28. :IIELYAL STORAGE DESlCN DATA 
YAEERISTEM BECBII'EF. - PROCESS HEAT 

HOUFS OF STORAGE: Sir (6) 

S'iOlUGE XEDIB 

1. O p e t a t t y  TemperatutP 
a. Hot 
b. Cold 

?. Quancicy (Total) 
a. O i l ,  ca1or ia  
b. Granlte 

ENERGY BELATED EQUIPNEXT 

1 .  Scorage Capacicy 

1. Srorage Tanks 
a .  quantity 
b. S l z e .  aach (Dia.xHt.)  
C. >!ater ia l  
d .  Weighc, each 

3 .  Tank Insulation 

b .  Thickness  

L. Tank foundation 
a. Type 
b. Ihickness 
C .  quancicy,  Total  

8 .  T y p e  

!Wc h 

CdLORIAfGMNITE THEUYOCLICE ( E F E R E S C E  SYSTEX) 

STAGE 1 OF 1 
Calar ia iCranirr  ?hewoclfne 

216 (600) 
191 ( 5 5 5 )  

1.87 ?i :O i  (20.570) 
1.58 x lo8 (lib.660) 

1 . 3 4  

S i x  ( 6 ) '  

Carbon Stee l  
558,800 (616)  

44.5 (146) x 10.7 ( 1 5 )  

concrete :.lac 

20,100 ( 2 b . L O O )  
0.61 ( 2 )  I n s u l .  + 1.5: ( 5 1  Strucc. 

1. steam 
a- Flow, Tocal 
b. Pressure 
C .  Ternparacurs 

2 .  Storaqe F lu id  
a .  F l o w ,  Tota l  kgia ( l b i h r )  ? , 5 3 2  (28.03 x lo6) 
b. Pransura (Tanks) YPa ( p a l s )  Armospherie 
c .  Temperature (Pump1 *C ('F) 316 (600) 

3. Pumps 
a .  GuancfLy Sevenceen (17) -5.882 E l f r e e n  (1:) - 6-?/::: 
b. Type Horiz. Centrif I Horiz. Cencr i f .  
c .  Xacrrial Cartun S t e e l  Carhon S t e e l  
d .  F lu id  CaIoria ca1oriu 
e. Capacfcy. each & i s  (gpm) 0.315 ( 5 . 0 0 0 )  0.31: (5 ,000)  
f. Aead m ( P i )  &!.I (135) L1.1 ( 1 3 5 )  
g .  Power ( S h a i c ) .  each kWe (hp) !(is ( 1 4 1 )  105 ( 1 4 1 )  
h. nocor s i r e  k m  1hp) 112 (150) 11: i l i a )  

G .  i lear exchangers 
a .  Quantity 
b. Type 
c ,  l a c e r i a l  
d. Surface  Area, 7ocal n:(fc:) 
e .  'JULY, Tota l  !lu t 

Ten (10)-1Ob 
S h e i l  6 Tube 
Carbon S t e e l  

lL,BhL 1160,000)  
2 5  5 

;en ( lO)- iSL 
Orurn Type a o i i a r  

Carbon Scee l  
11.566 :1:4.iC@l 

._,  -_ -  

i .  

t 

f 
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XOURS OF X O R A G E :  F i f t e e n  ( 1 5 1  

:able 3-39. THER'IAL STORAGE DESICl D A T A  
IJATER/STEXI.I RECEIVER - PROCESS %A? 
C A L O R l A l G U # f T E  TIIEKMOCLISE (REFET.E:!CE 9YSTF.Y) 

STAGE I OF I 
C a h r i a i G r a n i c e  Theroocllna 

STOh4GE XEDIA 

I. Operacing Temperature 
a .  Hot " C  ( O F )  

b. Cold "C ( O F )  

2. Quenclcy (Tocall 
a. Oil, Caloria ks (con) 
b. Granite ks (con) 

ENERGY REWTED EQUIPXENT 

1. Starage Capacity blU,h 

C .  Yacerial 
d .  'JQight.  each ks (con) 

3 .  lank insulation 
a. Type 
b. Ihicknsss  ( E c )  

4 .  Tank Foundacian 
a. Type 
b. Thickness m ( r t j  
c.  Quanclty. Total  m3(yd ) 

POWER RELAlED EQUIPYEWI 

1 .  Sceato 
a. F l o w .  Total 
b. Pressure 
C .  Temperatuce 

2. Starage Flufd 
a. P l o w ,  l o c a l  
b. Pressure (Tanks) 
c.  Temperacure (Pump) 

2 .  Pumps 
a- Quanclty 
b. T y p e  
C. Xacerial 
d .  FIuid 
e .  Capacity, each 
f .  Head 
a .  Power (Shaft), each 
h +  llocor sire 

L. Heac Exchangers 
a .  Quaacity 
b. Type 
C. Xacerlal 
d .  Suriacr Area. Tocal 
e .  Dury, T o r 3 1  

~ U A L  

1 .  E l e c c r I ~ ~ 1  Znrrgy 

316 (600) 
291 ( 5 5 5 )  

46.66 x i06 ( 5 1 . 4 3 2 )  
296.1 x l o6  ( 4 3 6 , 6 4 0 )  

5 ,360  

F i f t e e n  (13) 
4 4 . 5  ( 1 4 6 )  x 10.7 (?.:) 

Carbon Sceel 
558.600 (616) 

nineral Flber v /d l .Lagg iog  
0 . 2 5  (0.83) 

Concrete :lat 
0.61 (2) I n r u l .  + 1.5 ( 5 )  Strucr.  

50,466 (66 ,000)  

kg/s (lb/hr> 
W a  ( p s i a )  hernospheric 
'C ("F1 316 (600) 

6 .580  ( 5 2 . 2 2  x lob)  
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3.5.3.3 Q i s c u s s i o n  ! 
i .  

The r e l a t i v e l y  low s t o r a g e  de l ta -T € o r  t h e  w a t e r / s t e a m  p r o c e s s  h e a t  
a p p l i c a t i o n  r e s u l t s  in large s t o r a g e  media i n v e n t o r i e s  and l a r g e  
con ta inmen t  s t r u c t u r e s .  T h i s  o f  c o u r s e  a d v e r s e l y  a f f e c t s  s t o r a g e  media 
c o s t s ,  i n c l u d i n g  f l u i d  d e g r a d a t i o n ,  and t a n k  c o s t s .  Also t h e  low de l ta -T 
resu l t s  i n  h i g h  f l u i d  pumping c o s t s  and h i g h  h e a t  ex.changer c o s t s .  The 
problems r e l a t i n g  t o  o i l / r o c k  the rmoc l ine  s t o r a g e  sys t ems  were d i s c c s s e d  i n  
S e c t i o n  3 . 4 . 3  and a p p l y  e q u a l l y  h e r e .  

3 . 5 . 4  Underground P r e s s u r i z e d  Water S t o r a g e  

3 . 5 . 4 . 1  System D e s c r i p t i o n  

The underground p r e s s u r i z e d  water concep t  u s i n g  a s t e e l - l i n e d  c a v i t y ,  a f t e r  
Dooley [ 1 2 ) ,  i s  shown i n  F i g u r e  3-22. The concep t  is t h e  same a s  used In 
t h e  w a t e r f s t e a m  power case e x c e p t  f o r  c a v i t y  s i z e  and o p e r a t i n g  p r e s s u r e s .  
The c a v i t y  p r e s s u r e  v a r i e s  from 1 1 . 9  MPa (1725 p s i a )  t o  7 .6  MPa (1100 
p s i a )  , w i t h  co r re spond ing  s a t u r a t i o n  t emperacures  of 324°C (615'F) t o  291°C 
(556'F). Approximately 18.5% of t h e  f u l l y  cha rged  water i n v e n t o r y  i s  
f l a s h e d  t o  s t eam d u r i n g  t h e  d i s c h a r g e  c y c l e .  I n  o r d e r  t o  a c h i e v e  a mass 
and e n e r g y  b a l a n c e  between c h a r g i n g  and d i s c h a r g i n g  i t  i s  r e q u i r e d  t o  
remove a small. q u a n t i t y  ( approx ima te ly  3.5% of  t h e  r e c e i v e r  steam c h a r g i n g  
f low)  of water from s t o r a g e  d u r i n g  cha rg ing .  

3 . 5 . 4 . 2  Thermal S t o r a g e  D e s i g n J a t a  

The c o n c e p t u a l  d e s i g n  d a t a  f o r  t h e  underground p r e s s u r i z e d  water s t o r a g e  
\ concep t  € o r  p r o c e s s  h e a t  f o r  1, 6 and 15 h o u r s  of s t o r a g e  is shown i n  

T a b l e s  3 - 4 0 ,  '3-41, and 3 - 4 2 ,  r e s p e c t i v e l y .  

3 . 5 . 4 . 3  D i s c u s s i o n  

Underground p r e s s u r i z e d  water s t o r a g e  i n  s t e e l - l i n e d  c a v e r n s  € o r  t h e  
p r o c e s s  h e a t  a p p l i c a t i o n  a p p e a r s  t o  be t h e  most c o s t  e f f e c t i v e  s t o r a g e  
concep t  c o n s i d e r e d .  Rowever, the t e c h n i c a l  and cost u n c e r t a i n t i e s  
a s s o c i a t e d  w i t h  t h i s  c o n c e p t  remain  t o  be r e s o l v e d ,  a s  d i s c u s s e d  under  t h e  
w a t e r f s t e a m  power case i n  S e c t i o n  3.4 .6 .  

3.5.5 C a l o r i a / G r a n i t e  Thermocl ine i n  Excavated Concre t e  P i t  

3.5.5.1 System D e s c r i p t i o n  

In t h i s  c o n c e p t ,  a c o n c r e t e  p i t :  i s  used a s  a n  a l t e r n a t e  con ta inmen t  f o r  t h e  
r e f e r e n c e  C a l o r i a j g r a n i t e  t he rmoc l ine  s t o r a g e  c o n c e p t ,  as shown t n  F i g u r e  
3-23. The p i t  c o n s t r u c t i o n  assumes 0 .76m ( 2 . 5  ft.) o €  insulating conc re t e  
Sacked bv s t r u c t u r a l  c o n c r e t e  va ry fng  i n  t h i c k n e s s  from (3.30m ( 1 . 0  f t . )  t o  
0.76m ( 2 . 5  f t . )  on t h e  v e r t i c a l  walls (depending  o n  d e p t h  of  p i t )  and 0.15~11 
(0.5 ft.) o n  t h e  f l o o r .  The roof  c o n s i s t s  o f  i n s u l a t e d  c o r r u g a t e d  metal 
suppor t ed  by a sys tem o f  h a r  j o i s t s ,  columns and beams. Also t h e  t o p  of 
t h e  berm su r round ing  t h e  p i t  i s  provided  w i t h  a 9.lm ( 3 0  E t . )  i n s u l a t i n g  
c o n c r e t e  s l a b  0.30m (1 f t . )  t h i c k  t o  minimize h e a t  l o s s .  

1 
!' 
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WATER/STEAM RECEIVER (PROCESS) 
PRESSURIZED WATER 

STORAGE SYSTEM 

STEAM FROM RECEIVER 11.5 TO 7.2 MPa ' STEAM TO PROCESS 
11675 TO 1050 PSIA) 7.2 MPa, 288OC 12.5 MPa, 328OC 

- 11815 PSIA, 622°F) SAT. 4 (1045 PSIA, 550°F) * SAT. 
c 0.3rn 0.41111 p"V 

-''?I I ! I! 4.6 rn (15 ft) DIA. SHAFT w/CONC. LINER 

11.9 TO 
7.6 MP, 
11 725 -- 

1100 PZ 

SPAC 
IN srE 

SOLID ROCK 

STEEL LiNER 1.27 cm (f/2") fl :E 91 T - 
HIGH WATER LEVEL (CHARGED) 
7 

LOW WATER LEVEL (OISCHARGEDI 
__c_ 

UNDERGROUND LINED CAVERN 

Figure 3-22. THERMAL STORAGE SYSTEM 
. UNDERGROUND PRESSURIZED WATER 
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9OcRs OF B'IOIMCE: One !?)  

STAGE 1 OF I 
Pressurized 'dater S t e e l - l i n e d  Cavern 

S7ORACGh YEDIA 

:. ?peracing Temperacure 
.I. 1 o t  'C ( ' 7 )  
b. Cold 'C ('7) 

2 .  Ouancley ( T o t a l )  
3 .  vater kg ( ton)  

324 ( 6 1 5 )  
291 ( 5 5 6 )  

1.87 x 106 (2 ,063 )  I . :  
: ., 

C!RRGY %ELATED EOUIP?IB!Z 

1. Scoraae Capacity HUeh 2 2 4  

ilndervround Cavern Condensace S t o c e < e  Tank 
one ( I )  One (1) 

25.3 1831 x 6 . 1  (201 LO. :[3S>xA.9(16> 
f .  Yacertal 
d .  !telghc, each 

Excavared Rock, Stl. Lined Carbon Steel 
kq (can) 25.039 ( 2 7 . 6 )  

1. Tank Insulat ion 
a. Type Yone 
5 .  Thickness  n ( f r )  

':one 

i. rank Foundation 
a. ?ype 
h. Thickness  m ( F t )  

C .  nuencity, T o t a l  m3(yd3)  

'lane !:at Included 

PflL€R RELATED EOUIPXEST 

1. s c e a n  

a .  ilov, Toca l  
b.  Pressure 

-\ c .  Temperacure 

?. Scorage F l u f d  
a. Flow. Total 
b. Pressure (Tank) 
i. Temperacure 

7 .  PvmQS 
a. Duanclty 
h. Type 
C .  Waeerial 
d .  ? l d d  
e .  Capactcy, each 
1. "ad 
3 .  Power fSheFL), each 
h. Uotof s t r e  

i. Heac Rxchangecs 
3. n u m c i t v  

l g ( l W . 3 9 5 )  
12.5  (1,815) 
328 ( 6 2 2 )  

?6( 764 I 960) 
7 . 2  ( 1 , 9 4 5 )  
248 ( 5 5 0 )  

1 9  (150,395) 
11.4( 1 , 7 2 5 )  
324 ( 6 1 5 )  

96(764.960) 
7.6 (1,100) 
291 (536) I '  , 

1-100'. 
Sarral Type 
Carbon Steel 
Condensaw 

0.02 (316) 
I ,  ;16( 5,620) 

1 5 5  1610) 
I:? (700) 

Yone 

1. Type 
i. Yarerial 
d. Surface Area, T o c a l  T 2 ( f t 2 )  
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Tahle 3 4 1 .  THEKWL STORAGE DESICB DATA 

WAATE415TEA4 R E C E I E X  - PROCESS HEAT 
u~nwmausD ?RESSURIZED IIATEER 

HOU!IS OF STORAGL: S I X  ( 6 )  

STAGE 1 OF 1 
Pressurired VaEer - S t e e l - L i n e d  Cavern 

STOFAGE YEDIA 

1. qperaclng Temoeracure 
3. YOC 
b. Cold 

2. ouancicy Cacal) 
a. !Jater 

32b  (615) 
291 ( 5 5 6 )  

1 1 . 1 4  x loh  (12 ,385)  

CWRGY RELATED ?~UIPNF.t!? 

1. Scoraqe Capactcv 

?. Scorage Tanks 
a. l h a n t l t v  

Y1tt h 1 , 3 u  53 

Underqround Cavern Condensate storage rank 
one (1) one (1) 

! 

b. S l z e ,  each !Dfa.xHc.) a ( fc )  I6.2 ( l O $ ) - X 1 2 . 2  ( h a )  lR.3!6O)r4.i(31) 
Excavaced Rack, Sc1.-Llsed Carbon Steel 

ks (con) 78.470 (86 .5 )  
C .  Xacettal 
d .  UetRhc. each 

3 .  Tank I n s u l a c l a n  
a .  Type 
h. Thlcknesr 

4 .  Tank Faundatlon 
a .  Type 
6. Thtekness  
c.  Q u a n t i t y ,  Tota l  

:?one Nac Included 
m ( f t )  
n3f yd 3, 

9 l seharq lnq  C ha re i ng 

4cearn 

a .  FIov. Tocal 
h .  Pressure 
c. Temperacure 

Scorage Plutd 
a .  F l o w ,  T o t a l  
b. Pressure (Tank) 
c.  Temperacure 

Pumps 
a .  r)uanclcy 
b. T y p e  
c. Y a t e r l a l  . 
d.  F lu ld  
e .  t a p d c l t y .  each 
f. Head 
8 .  Pouer !Shaf t ) .  each 
h .  Yotor  sire 

Renc Irehangers 
a. guant1ty 
b. Type 
C .  "acerial 
d .  Surface A r e a .  Tota l  
B. Jut". r o t a 1  

1 L 14( Ooo?, 3701 
12.5  (1,815) 
328 (622) 

9 h l i W . 9 6 0 )  
7 . 2  f l . O h 5 )  
188 ( 5 5 0 )  

kg/s ( l b / h r )  1 1 4  (902,370)  
YPa ( p s i a )  11 .9  ( 1 , 7 2 5 )  .i 

'C ('F) 324 (615)  

96 ( i h 4 , 4 6 0 )  
7.6 (1,100) 
291 ( 5 5 6 )  

z-snx 
Barrel  Type 
Carbon S c e e l  

Condensate 
m3/9 (gQm) 11.06 (950)  

kUe ( h p )  1 , 4 3 1  (1 ,921)  
m ( Is )  1,~9~(5.9oa) 

'*Lie f h p )  l,i92 (2,000) 

Sone 

Vane 

XN!4TJAL E'ITXGY 

1. L'.eccrical  inerqy 
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Tahie 3-42. 7HERWL STORAGE nESIGI DATA 
XATERISTEAM PECEIVER - PROCLSS YEAT 
UPI~ERGROWO PKESSURIZLD WATER 

HOURS OF SMUGE: Cifceen ( 1 5 )  

5 T X E  : OF I 
. ?ressurired Yacer Sreel-:-ined Cavern 

STOPAGE clElll.4 

1 .  Operacing Temperacure 
a. Xat 'C (Y) 
b. Cold "C ( ' 5 )  

a .  Llacer kg (ton) 
2 .  Quanclcy (Total) 

I 

, t  

2R.1 x lo6 ( 3 1 1 , 9 5 4 )  

5NERGY A E L A E D  EQUIPXEWZ 

I .  storage Capacity YNe h 

2 .  S totage Tanks 
a .  rluanciry 
h. Size. each (Uia.xHe.) rncfc)  
C. Sacer ia l  
d .  Weight. each  kg (con)  

a .  Type 
b. Thickness n (ft) 

1 .  Tank Tnsulacion 

4. Tank Foundacton 
a .  Type 
h. Thickness m ( f c )  

C .  Quanslty, Poeal m3(yd3) 

3 , 3 6 0  

Underground Cavern Condensate Storage rank  
One (1) One (1) 

59.4 1195) x 16.8 ( 5 5 )  1 4 6  ( P O )  * 1 2 . 2  (LO) 
Excava t 7oek. S tl. -L ined Carbon Sceel  

136.R05 ( 1 5 0 . 8 )  

Vone !lone 

Xone !ioc Included 

Charqinq a i scharq inq  

PllUEa X E S T E O  EOUlPHEE?i"t 

1. steam 

a .  F l o u ,  Total kg/n ( I b l h r )  
h. Pressure XPa (pata) 
c .  Temperature 'C ('F) 

2 .  Storage F l u i d  
a .  FIou, T o t a l  kg/s ( l h l h r )  
h. Pressure !Tank) :Pa ( p s i a )  
C .  Temperacure c ( ' 7 )  

3 .  Pumps 
a. Ouanctty 
b. Type 
e. $ a t e r i a l  
d .  FIuid 
e. Capacityl each m 3 / 5  ( w m )  
f .  Head m ( f t )  
5. Paver (Shaft ) .  each W e  l h p ]  
h. Xocor size klle (hp)  

i. Haat Exchangers 
a. Quanclcy 
b. ?ype 
C .  "acerial 
d .  Surface Area. Total m2(fc2)  
L .  nucy, ?,mi Xldt 

.LVNIAL S!E~CCy 

1. Slecc r rca l  Enerfy LOhklie h 

2 .  EIeccrfcal EnergyiTocat) lOo4Ueh 

?. Heat Loss :total) lo%! lO'??L!) 

96(  7 6 4 , ? 6 0 )  
7 . 2  ( 1 . 0 4 5 )  
288 ( 5 5 0 )  

212(1.612 x loh) 96( l 6 L , 9 6 0 )  
11.9 (1.725) 7 . 6  1 1 , 1 0 0 )  

3 2 4  (615) 2 9 1  ( 5 5 6 )  

2-50z 
Barrel Type 
Carbon S c e e l  

Candensate 
0.11 ( 1 . 7 7 0 )  

Xane 

Xone !:one 

i 

1 5 . 5 2  

6 I 
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WATERlSTEAM PROCESS CYCLf 
THERMAL STORAGE IN 

EXCAVATED CONCRETE PIT STEAM TO 
PROCESS 

RECEIVER STEAM 
12.5 MPa t1815 PSIA) CALORIA 316°C (600°F) 

328°C 1622'F) 1 t I 
b 

1 DISCHARGING 
I I I PUMP I 

CI1ARGING 
HEAT 

EXCHANGER 

DISCHARGING 
HEAT 

EXCHANGER 

- 
7.2 MP, (1045 PSIA) 
288°C (550°F) ISAT.) 

Figure 3-23. THERMAL STORAGE SYSTEM 
CALORIA/CRANITE, CONCRETE-LINED PIT 



TR-1283, VOl. I1 

3.5.5.2 Thermal S t o r a g e  Des ign  Data 

The c o n c e p t u a l  d e s i g n  d a t a  f o r  t h e  o i l / r o c k  t h e r m o c l i n e  i n  a n  excava ted  
c o n c r e t e  p i t  i s  shown i n  T a b l e s  3-43,  3-44, and 3 - 4 5 ,  r e s p e c t i v e l y .  

3.5.5.3 D i s c u s s i o n  

The c o n c r e t e  p i t  conta inment  r e s u l t e d  i n  lower  conta inment  c o s t  o v e r  t h e  
' r e f e r e n c e  s teel  t a n k s  f o r  l a r g e  sys tems.  The s a v i n g s  i n  c a p i t a l  i nves tmen t  

ranged from 8.2% t o  17.4% f o r  1 t o  1 5  h o u r s  o f  s t o r a g e .  Although t h e  
c a p i t a l  i nves tmen t  is reduced ,  t h e  c o n c r e t e  p i t  con ta inmen t  is s u b j e c t  t o  
c r a c k i n g  d u r i n g  t h e  i n i t i a l  h e a t  up-period and  subsequen t  t h e r m a l  c y c l i n g ,  
t h u s  pos ing  pe rhaps  a g r e a t e r  t e c h n i c a l  r i s k  t h a n  expe r i enced  on dual-media 
s t ee l  t a n k s .  

3.5.6 C o n t a i n e r i z e d  S a l t  - B o i l e r  Tank 

3.5.6.1 System D e s c r i p t i o n  

T h i s  i s  a n  expe r imen t  i n  l a t e n t  s t o r a g e  sys t ems  w i t h  t h e  c o n t a i n e r i z e d  s a l t  
concep t  r e p l a c i n g  t h e  r e f e r e n c e  C a l o r i a / g r a n i t e  t he rmoc l ine  as  shown i n  
F i g u r e  3-24 .  I n  p r i n c i p l e  t h i s  a p p l i c a t i o n  o f  t h e  c o n t a i n e r i z e d  s a l t  - 
b o i l e r  t a n k  is e x a c t l y  t h e  same a s  f o r  the f i r s t  s t a g e  w a t e r / s t e a m  power 
the rma l  s t o r a g e  sys tem.  The d i f f e r e n c e  i s  i n  t h e  boundary c o n d i t i o n s ,  t h e  
s a l t  and  the s t o r a g e  s i ze .  

The b o i l e r  t a n k  c o n t a i n e r i z e d  sa l t  t h e r m a l  s t o r a g e  concep t  has  been 
developed  by t h e  Naval Research  Labora to ry  [ 6 ]  f o r  u se  as a phase  change 
(i.e. l a t e n t )  t h e r m a l  s t o r a g e  sys tem i n  c o n t r a s t  t o  t h e  r e f e r e n c e  sys tem 
which u t i l i z e s  o n l y  the s e n s i b l e  h e a t  c a p a c i t y  of t h e  s t o r a g e  media.  The 

\ Naval Resea rch  Labora to ry  r e f e r e n c e  2 MWt b o i l e r  tank d e s i g n  u s e s  a s a l t  
e u t e c t i c  (Mg Clz, N a C 1 ,  KC1) and m-terphenyl  a s  a h e a t  t r a n s f e r  f l u i d .  
However, t h e  m e l t i n g  p o i n t  of t h e  c h l o r i d e  s a l t  i s  385'C (725'F) which i s  
t o o  h i g h  f o r  t h i s  p r o c e s s  a p p l i c a t i o n  s i n c e  t h e  c h a r g i n g  steam tempera tu re  
is o n l y  328°C ( 6 2 2 ° F ) .  Fur thermore ,  t h e  recommended sa l t  f o r  t h e  wa te r  
steam power a p p l i c a t i o n  (Na2CO3, NaOK) h a s  a m e l t i n g  p o i n t  o f  288'C 
(550°F) which i s  t h e  same as  t h e  r e q u i r e d  p r o c e s s  s t eam t empera tu re  and 
c o n s e q u e n t l y  won' t  work w i t h  "0" t empera tu re  d i f f e r e n c e .  T h e r e f o r e ,  a 
d i f f e r e n t  a l t e r n a t e  sa l t  was s e l e c t e d  w i t h  a m e l t i n g  t empera tu re  between 
328°C (622'F) and 288'C (550°F).  The s e l e c t e d  a l t e r n a t e  s a l t  (NaNO3 99% 
by we igh t ,  NaOH 1% by w e i g h t )  w i t h  a m e l t i n g  t empera tu re  o f  310'C (590°F)  
was recommended by Honeywell [ 71. 

The s a l t  i s  e n c a p s u l a t e d  i n  mi ld  s t e e l  c a n s  s imi l a r  t o  t h a t  used i n  t h e  
food  i n d u s t r y .  The c a n  d i a m e t e r  i s  0.102m (0.33 f t . )  and t h e  c a n  h e i g h t  i s  
0.462m (1.52 f t ) .  The cans have screw-on l i d s  w i t h  a punched v e n t  ho le  T O  

a l l o w  p r e s s u r e  d i f f e r e n t i a l  r e l i e f .  Thousands o f  cans  a r e  p l a c e d  i n  rows 
and s t a c k e d  several  c a n s  h i g h  w i t h i n  t h e  b o i l e r  t a n k .  

i 

i 
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Table 3-43. THERYAL STORAGE DESIGN DATA 

IUATER/STEAN RECEIVER - PROCESS HEAT 
CALORTA/GWNITE THERYOCLINE (CONCRETE PIT) 

STXCE 1 OF 1 
C a l a r i a i c r a n i r e  * h e m o c l l n e  

STOWE %nix 

!. Operattng Temperature 
a.  Yet *c  ( O F )  
b .  C a l d  'C ('P) 

2 .  Ouanticy (?acal) 
a. O i l ,  Caloria ks (ton) 
b. Grantee ks (ton) 

316 (6001 
191 ( 5 3 5 )  

3.11 x 106 ( 3 . 4 2 9 )  
26 .41  x 106 (29 ,108)  

R?IF.RC.Y RELATED EOUIPWNT 

1 .  <torage Capaclty W: h 

2 .  Storage Tanks 
*. ouant i ty  
h. Size, each (Dia.xHC.) n ( f t )  
c .  Yacer ia l  
d .  Votght.  each k& ( can)  

3 .  Tank Insuiac lon 
a. Tvpe 
b. Thickness m ( I t )  

4 .  Tank Foundation 
a .  Type 
b. Thtckness m (Ft) 

c .  nuanri ty ,  Tocal m3( yd3 1 

2 2& 

Cancrete Pic 
one (1) 

36.6 ( 1 2 0 )  x 36.6 (120) x t1.n (39) Bed 
Concrete-Llned Excavation w i t h  Berm 

r/a 

Insu lac tng  Cancrece (F loor  6 Ualls) Yineral  F i b e r  w/bt. Lag. ~ s a a f )  
0.76 I?.S) 0.13 (0.417) 

Y / b  

'JUuF3 RELATED EqUlF?iElrr 

1. Sceam 
8 .  Flow, Total 
b. Pressure 
C. Temperature, 

2 .  S c o r a g e  F lu ld  
a .  Flow. Tocal  
h. PregsurQ (Tanks) 
c .  Temperature (Pump) 

3 .  Pumps 
1. Ouanttcy 

C .  Yacer ia l  
d .  r l u i d  
e .  Capaclty.  each 
C .  Head 
5 .  ?over (Shaft). each 
h .  Yecar s i z e  

1 .  Yeac EAchangers 
a .  Duantity 
b. ?,pe 
e .  Yacerlal 
d .  Surface are3, Total 

b. Type 

e. ?uc:r, Tocni  

12 ( 2 5 7 , 2 1 3 )  
12.5 ( 1 . 9 1 5 )  

328 ( 6 2 2 )  

96 (76h,100) 
7 . 2  (1 .045 )  
2 S R  (530) 

kg/s ( l b l h r )  

* C  ( O F )  

Yea (ps i . )  
5 R R  ( L . 6 7  x I06\ 3,102 ( 2 4 . 6 2  x lo6) 

Atmospheric 
291 ( 5 5 5 1  

Atmospheric 
316 (600) 

Three ( 3 )  -33-1/1% 
HcrIz. Cencrif. 

Carbon S t e e l  
Caloria 

0.J15 ( 5 . 0 0 0 )  
30.5 ( 100) 
77.6  ( lo&)  
93 (1251  

Ft€teen ( 1 5 )  - 4-?/3* 
Hortr .  Centrlf. 

Carhon Steel 
calaria 

112 (130) 

I Twa (:)-TO% 
S h e l l  b Tube 
C a r b o n  S c e i l  
?,479 ( 1 6 . 6 8 0 )  

i 2 . j  

Drum Type l o i l e r  
Carbon Steel 

. * b  
11,566 (1zr.m) _ -  

I .  
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Table 1-14.  THELAG STORAGE I IES ICS DATA 

30URS OF STORAGE: SLx ( 6 )  

STORAGE YenIA 

1. Operaclnq Temperacure 
a. HOC * C  ( 'F)  
b. Cold 'C (OF) 

2. Ouanttty ( T o t a l )  
a .  Oil. Caloria kg ( t o n )  
b. Granite ks ( ton)  

31h (600) 
2 9 1  ( 5 5 5 )  

1.87 x lo7 (20,570) 
1.58 x l oR  (174,660) 

R!iiRCY RELATED S(IUIP!tEIff 

1. s torage  capac i ty  XUt h 

2 .  Storage Tanks 
a. Quantity 
b. S i z e .  each (Dia -xHt . )  d f t )  
c. ?(aterial 
d +  Weight,  each k3 (con) 

a. Type 
b. Thtckoess n ( C c )  

1. Tank Insulation 

1. Idnk Poundation 
a.  Type 
b. Thickness m ( f t j  
C .  quant l cy ,  Total &yd 1 

1,344 

Concre te  P i t s  
f o u r  ( 4 )  

$2.4 ( 1 3 9 )  x 4 2 . 4  ( 3 3 0 )  'I 13.2 (L3.3) Sed 
Concrete-Llned Excavation vich Berm 

Y / A  

1' I' 
I n s u l a t i n g  Cancrece (Floor 6 ! Ia l l s )  Uineral F i b e r  u /Al*  Laq. ( R o e € )  

0.76 ( 2 . 5 )  0.13 (0.117) 

Charginq S 1 sc ha rq ing r . !  
I 1 .  Steam 

a.  F l o w .  Total 
b. Pressure 
C .  Temperature \ 

194 (1.54?.4001 O h  (i61.1001 

2 .  Storage f l u i d  
a. F l o w .  Tats1  
h. Pressure (Tanks) 
c -  Temperacure (Pump) 

3.  eunpa 
a. Quantity 
b. Type 
C .  YatBrial  
d .  Fluid  
e. Capacity.  each 

g. Power (Shaft), each 
h .  Uocor s i z e  

f .  Read 

3,532 ( 2 9 . 0 3  x !06) 
Acmsuherlc 
316 (600) 

3,102 ( 2 4 . 6 2  R 106) 
Acmosphetlc 
191 ( 5 5 5 )  

Seventeen (17) -5.8811 
Horit. Cencrlf.  

Carbon Stee l  
Ca lor la  

0.315 (5.0001 

flfceen (15) - h - 2 1 3 t  
iioriz. Cenrrlf. 

Carbon S t e e l  
Caloria 

I 

0.115 ( 5 , 0 0 0 )  
5 1 . 1  ( 1 3 5 1  
105 (141)  

1. Weac Xxchansers 
a. 9unncicy 
b. ?ype 
C. !!acerial 
d. Surface Area. Total m2(fc2) 
1. Duty, P o t a l  we 

Ten !10)-102 
S h a l l  6 rube 
Carbon S t e a l  

14 ,564  (Ih0,O)FO) 
2 5 5  
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Table 3-45. THEWAL STORAGE DESIGN DATA 
UAISRISTEAH ICCEIKEI - PROCESS HEAT 
CALORIAiG2AMAlTI: THEWOCLIVE - (CONCRETE Ply) 

!IOL'KS OF STORAGE: F i f t e e n  ( 1 5 )  

STORAGGB VEOIA 

I .  Operattnq Temperature 
1. %C 'C I ' P )  
b.  Cold 'C ("F) 

2. ~ u n n c i t y  (Tatal )  
1. 011. Calorla ks (con) 
h. Cranlce kq ( c o n )  

E m G r  RELATED e o u n x n  

1. scorase capaeicy 

2 .  Scarage Tanks 
a .  Ouant l tv  
%. Sire ,  each (Dia.xHc.) 
C .  Vacerlal 
d .  Ueighr, each 

3 .  tank Insuiat lon 
a .  Type 
b .  :hickners , 

A .  t a n k  ?oandaclon 
A .  Type 
b. ih ickness  
C .  Quancttv. ? D e a l  

STAG€ i OF 1 
CaloriaiGranite 'hergocline 

316 (600) 
291 ( 5 5 5 )  

4 6 . 6 8  I( LO6 ( 5 1 . 6 3 2 )  
396.1 x 10h ( 4 5 6 , 5 4 0 )  

%lit h 3 ,360  

Concrece P i t s  
Eight (R) 

n6.6 (153) I 46.6 (153) x t3.6 ( 6 6 . 6 )  Bed 
Concrece l i n e d  Excavation 41th Berm 

V I A  

Insulating Concrete {FIaor h eal l s )  Yinera l  Fiber'wlAl. Lag. (Roo€) 
m (f:) 0.76 ( 2 . 5 )  0.13 (O.<l?) 

WIRR sum EQL'KPUEST 

1. Steam 
a. Flow. Total kg/s ( l h / h c )  
h. Pressure XPa (ps la )  
C. Temperacure 'C (OF) 

1 .  Srarage f l u l d  
a. Flow. Tocal 4 g l s  ( I b i h r )  
>. Pressure ( tanks)  %'a f p s i a )  
F. Temperacure (Pump) 'C ('F) 

3 ,  euaps 
a. ?uant:cy 
b. Type 
C .  \lacaria1 
d .  Fluid 
e .  Capacity. each m3/s (gpm) 
f .  Head n ( r e )  
5 .  Paver (Shaft). each kUe ( h p )  
h. Uocor stre PUe (hp)  

3.  numcicv 
4 .  Yeat ?,changers 

b. fype 
C .  Uacerial 
d .  Surface krea, Toral  n 2 r f t Z )  

363 (2 .34  x 106) 
12.5 ( 1 . 8 1 5 )  

124 (fizz) 

T h i r c y r w a ( 3 2 )  3 1/8% 
Hortr. Cenccif. 

Carbon Steel 
Caloria 

0.315 (5.0001 

sixteen( Ih)-R I/&?: 
Shell i Tube 
Carbon Sceel 

27.727 ( 2 9 8 , 3 5 0 )  
i 7 5 . 2  

?,lo2 ( 2 4 . 6 2  x lob! 
.Atmospheric 

291 ( 5 5 5 )  

Fifceen ( 1 5 )  - 6-213' 
Horir. CantrIP. 

Carbon Seeel 
C a l o f l a  

0 . 3 1 5  ( 5 , 0 0 0 )  
41.1 (L35) 
I05 (161) 
112 ( 1 5 0 )  
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The t h e r m a l  e n e r g y  i s  t r a n s m i t t e d  t o  t h e  s a l t  th rough  t h e  s u r f a c e  h e a t  
t r a n s f e r  area o f  the s a l t  c o n t a i n e r s .  I n  o r d e r  t o  u t i l i z e  t h e  s u b j e c t  s a l t  
( m e l t i n g  p o i n t  = 310°C (590'F) t h e  r e f e r e n c e  d r a i n  t empera tu re  was 
i n c r e a s e d  from 304aC (580'F) t o  s a t u r a t e d  water a t  328°C ( 6 2 2 ' F )  as  shown 
on  t h e  schemat i c ,  F i g u r e  3-24. I n  o r d e r  t o  m a i n t a i n  t h e  same c h a r g i n g  
ene rgy  r a t e  t o  t h e  s t o r a g e  sys tem a s  t h e  r e f e r e n c e ,  t h e  d r a i n  pump f l o w  
r a t e  was  i n c r e a s e d  approx ima te ly  1 2  112% o v e r  t h e  r e f e r e n c e  system. The 
d i s c h a r g i n g  steam f l o w  r a t e ,  t empera tu re  and  p r e s s u r e s  a r e  i d e n t i c a l  to t h e  
r e f e r e n c e  water/steam p r o c e s s  s t o r a g e  system. 

The t e m p e r a t u r e  p r o f i l e  f o r  t h e  c o n t a i n e r i z e d  s a l t  l a t e n t  s t o r a g e  sys tem 
f o r  t h e  p r o c e s s  heat a p p l i c a t i o n  i s  shown i n  F i g u r e  3-25. 

During the c h a r g i n g  mode l i q u i d  b ipheny l  o i l  i s  c i r c u l a t e d  a t  322'C (612°F)  
from t h e  bottom of  the l a t e n t  s t o r a g e  system ( b o i l e r  t a n k )  th rough  t h e  
condens ing  c h a r g i n g  h e a t  exchanger  where i t  i s  h e a t e d  t o  s a t u r a t e d  vapor  a t  
3 2 2 ° C  (612'F).  The b i p h e n y l  vapor  i s  t h e n  d i r e c t e d  t o  t h e  t o p  of  t h e  
p r e s s u r i z e d  (50  p s i a )  b o i l e r  t a n k  where i t  i s  condensed on t h e  s u r f a c e  of 
t h e  c o n t a i n e r i z e d  s a l t .  The t h e m a 1  e n e r g y  is s u b s e q u e n t l y  t r a n s f e r r e d  by 
c o n d u c t i o n  t h r u  t h e  c a n  w a l l s  and i n t o  the s a l t  by c o n d u c t i o n  and n a t u r a l  
c o n v e c t i o n  t h e r e b y  m e l t i n g  t h e  sa l t  and  u t i l i z i n g  t h e  l a t e n t  h e a t  c a p a c i t y  
o f  t h e  s a l t  f o r  t h e r m a l  s t o r a g e .  During t h e  d i s c h a r g e  mode of o p e r a t i o n  
t h e  b i p h e n y l  l i q u i d  i s  pumped from the bot tom o f  t h e  b o i l e r  t a n k  a t  293°C 
(560'F) t h r u  a d i s t r i b u t i o n  s p a r g e r  a t  t h e  t o p  of  t h e  b o i l e r  tank .  The 
h i p h e n y l  l i q u i d  i s  v a p o r i z e d  as i t  f l o w s  o v e r  t h e  ho t  c o n t a i n e r i z e d  sa l t  
c a n s .  T h e  vapor i zed  b ipheny l  i s  s u b s e q u e n t l y  condensed w i t h i n  the 
p r e s s u r i z e d  (30 p s i a )  b o i l e r  t a n k  on  t h e  p r e h e a t e r b o i l e r  h e a t  exchanger  
t u b e s  t h e r e b y  h e a t i n g  t h e  f e e d w a t e r  f rom 104°C (220'F) t o  s a t u r a t e d  s team 
a t  2 2 8 O C  (550°F) f o r  p r o c e s s  use .  The condensed b i p h e n y l  t h e n  f a l l s  by 
g r a v i t y  t o  t h e  bot tom o f  the b o i l e r  t a n k  f o r  r e c i r c u l a t i o n .  

3.5.6.2 Thermal S t o r a g e  Des ign  Data 

The c o n c e p t u a l  d e s i g n  d a t a  f o r  t h e  c o n t a i n e r i z e d  sa l t  b o i l e r  t a n k  s t o r a g e  
sys tem €or  I, 6 and  15 hours  i s  shown f n  T a b l e s  3-46 ,  3 - 4 7 ,  and 3-48,  
r e s p e c t i v e l y .  

3.5.6.3 D i s c u s s i o n  

The c o n t a i n e r i z e d  s a l t  - b o i l e r  t a n k  t h e r m a l  s t o r a g e  concep t  a s  des igned  i n  
t h i s  s t u d y  becomes more economica l ly  f e a s i b l e  f o r  l o n g e r  d u r a t i o n s  of 
s t o r a g e  t ime ( i n  e x c e s s  of t h e  1 hour c a s e ) .  In f a c t  i t  i s  b e t t e r  t h a n  t h e  
r e f e r e n c e  c y c l e  on an e v a l u a t e d  bas i s .  However, t h e  underground 
p r e s s u r i z e d  water ( s t e e l - l i n e d  cave rn )  is the more economica l  t h a n  t h e  
c o n t a i n e r i z e d  s a l t  f o r  all s t o r a g e  t imes  ( i . e . ,  1 t h r u  15 h o u r s )  
i n v e s t i g a t e d .  Three  main t e c h n i c a l  problem a r e a s  have been identified by 
t h e  Naval Research  Labora to ry  [ 6 ]  i n  energy  s t o r a g e  u n i t s  u s i n g  
c o n t a i n e r i z e d  s a l t s  a s  t h e  ene rgy  s t o r i n g  m e d i a .  These problem a r e a s  a r e  
concerned  w i t h  1) c h a r g i n g  2 )  d i s t r i b u t i o n  and  3 )  d i s c h a r g i n g .  
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Tahle 146. THERWL STORACE DESICt7 DA?A ~~ ~ 

UATEWSTEM RPCEIWR - PROCESS YMT 
CO!lTAI!TERIZEO SALT ILATEFIT, aQILER TLVK) 

HOUUS OF S T O I U C i :  One (1) 

STAGE 1 OF I 
Conta lar t l red  9a lc  

SiORI\GB XDIA 

1. Overatins Temaerarure 
a. H o t  
b. Cold 

2 .  Ouancicy ( T o t a l )  
a. Oil, Biphenyl 
b .  NaNO3, BaOH 

7S1.682 ( 8 2 6 . 8 5 )  
1 2 + 9 6  x lo6 ( 1 4 . 1 5 6 )  I 

E S X G Y  BEWI'ED EqUIPkZKP 

1. Storage  Capacity 

2 .  Srorage ranks 
a .  quant i ty  
b. S l r e .  each (Dla.xHc.) 
C. Xarerial 
d .  I l e ight .  each 

3 ,  Tank Insulatlon 
a. Type 
b. Thickness 

A. Iank ?oundaclon 
a .  Type 
b. Thlckness 

C. p u n c i t y .  T o t a l  

224 

s ix  ( 6 )  
19.6 (45) x 11.9 (39) 

SA-516 Carbon S c e e l  
0.28 x 106 (315) 

i ' . '  
1.: 

Ylneral F i b e r  V/Al.La~glng 
0 .51  ( 1 . 7 5 )  

concrere r a i  
0.61 ( 2 )  Tnsul. c 1.52 ( 5 )  Scruct.  

3.946 (5 ,160)  

POWER RELATED WJIPWliT 

1. Steam 
a. F l o w ,  Total 
b. Pressure 
t. Temperature 

2. S t o r a g e  Flu id  ' 

Riphenyl 
a .  Flow. T o t a l  
b. Pressure ( tanks) 
c .  Temperacure (Pump) 

3. Pumps 
a.  Quantity 
b. Type 
C .  v(Btetia1 
d .  F l u i d  
e .  Capacity. each 
f .  Head 
8. Paver ( S h a f t ) .  each 
h .  Y o t o r  site 

P .  Heat  Exchangers 
7 .  Ouanclty 
b. Tvpe 
c ,  ? r z e r l a l  
d .  Surface Area, T o t a l  
e. 'Jucy. i o t a 1  

AWUAt F.>IEKCY 

I .  Y l e c c r l c a l  E m e r g y  

36 .4  (0.289 x 106) 
12.5 ( 1 . m )  

328 (622)  

Btphenyl 

96.1 (0.763 x 106) 
0.34 ( 5 0 )  
322 ( b l ? )  

507 ( P . 0 2 G  106) 

293 ( 5 6 0 )  
0.21 (10) 

6-16-2/3% 
Horlz. Cencrif. 

h-lb-?IJ?: 
Horlz. Cencrif.  

Carbon Sceel 
3 Lp heny 1 

0.105 ( 1 , 6 6 1 )  
z 5 . 1  (831 
29 (17 .561  

2o.a (a) 

6-16-213: 1.81 x 106 Cans h-I6-!/1* 
S h e l l  S Tube Containers Tubes I n  Soller ?an% 
Carbon Steel Carbon S t e e l  Carbon S t e e l  
3.?05(3~,500) 0.~5~x10"I?.R7x10d) /9.'V:(JOI. 3LO) 

A?.$ Z l ' r  

. .  
, ', ,' 

13.1 
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?able + ; 7 .  7HBX'mL STORAGE DESIGR 3ATA 
LJ4TERIStEIM RECEIVER - PROCESS SEAT 
COUT4IERIZED SALT (LATEST.  BOILZR ? M K )  

STAGE 1 (1F 1 
Contalne?izee Sa!:  

i 
STORAGE YErjIA 

1. Operatioq Temperacure 
a .  qot 
5.  Cold 

2 .  Qunncicg i t o c a l )  
a.  011, Rlphenyl 
b. WaSO?, !laOH 

310 1 5 9 0 )  
310 (590) 

:i.. 
I' 

2.115 x LO6 (2.136) 
38.2 x LO6 ( i r f , 0 0 5 )  

ENEIGY XELATED EqUlQXEXI  

1. Storage Capacrcy 

2. Scocage ?anCs 
a. h a n c i c y  
b .  S l z e .  each (nLa.%Ht.) 
C .  ' iaceriai 
d .  !ielghc. each 

3. Tank I n s u l a e l a n  

h .  ? k l c 4 n e s s  

i. Tank Poundacton 

a .  Type 

a .  Type 
b. Thickness ' 

c .  ?uanclcy. Total 

I 

S l v t e e n  ( 1 5 )  
20.?3 ( 6 R )  x 10.97 ( 3 6 )  

SA-516 Carbon S c s e I  
0.29 x L O h  (320) 

' t inora l  F i b e r  w l b l . L a g g i n g  
0 . 2 3  (9 .75 )  i:' ., 

Concrece XaL 
Q . 6 1  ( 2 )  Insul. + 1.52 ( 5 )  S t t u ~ c .  

11.520 (15,066) 

POhZR IFLAiETI EOIIIPCYI 

I. s t e a m  
a. F l o w .  T o t a l  
5 .  Presslire 
e .  Temoeracure 

?. Srorage F l u i d  
a .  Flow, ?oral 
h. Pressure (Tanks) 
C .  Temperacure (Pump) 

3 ,  Pnmps 
3. Quaoclcy 
b. Type 
C.  "acerial 
d .  FIuld  
I. Cdpacicy.  each 
1 .  Head 
4 .  Power ( S h a f t ) ,  each 
h.  Vccor s l z e  

i. Aeac "changers 
a .  OuancLcg 
b. Type 
C. Yacetlal 
d .  Surface A r e a ,  Total 
e .  hey, rocat 

A S W A L  ESEXCY 

L. ' I e c t r f c a l  'nerqy 

1. : ? r c C r < e a l  Energy(?nral)  

3 .  Yea, Loss (Total) 

7 0 r e 5 :  

Eiphenv 1 
577 .1  ( 6 . 5 8  x LO6) 

322 (512) 
a.34 ( so)  

8 tpheny I 
507 (4.024 x 106)  

0.21 (30) 
2 9 3  ( 5 6 0 )  

I :  
.i. 16-6-2/3Z 

Horir. Cenrrif.  
Carbon S c e e l  

Sipheny l  
0.046 ( 7 3 5 )  
30.5 (100) 

I4.P (19.25)  
?4,9 (?O) 

16-5-2132 
H o r l z .  C e n c r l f .  

Rlphenyl 
3,039 (623) 
1L.A ( 8 0 ,  

51.7 ( 1 5 )  

Carbon Sceel . 

:o.i ( 1 3 . 5 8 )  

16-S-Z/ 31 5.333 x 106 Cans 16-6-213X 
S h e l l  ?I Tube concaioers Tubes i n  Saller Tank 
Carbon S t e e l  Carson S r e e l  Carban Steel 
!4,?49(?07,:001 0 ~ 7 8 7 ~ 1 0 ~ ( ~ . i i ~ l O ~ I  ?8.%37( 302,340) 

111. n - 5  -- 

1 ? . 3 ? 4  

I. 
'i . i' 
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Table  3-64. THELYAL STOPACE DESIGN PAPA 
WTERISTEAU BECEIYER - PROCESS HEAT 
CONTAINERIZED SALT (LATENT. BOILER KXX) 

q0UXS OF STORAGE: Ftfceen ( 2 5 )  

STAGE 1 OF 1 
Containerized Salt 

STORAGE % Q I X  

1 .  Operating T e m p e r a c u r e  
a .  4oc * c  ('?I 
b. Cold 'C ( O F >  

2 .  Oaanttty (Tocal) 
a. O t l ,  Rtphenyl kq (con)  
h.  laNO3, WaOH kq ( ton) 

ENERGY RELA'EED E Q U I P X N T  

1. Scoraqe Capaclty 

2. Storage Tanka 
a. Quanticy 
b, S h e ,  each (Dia.xHt.) 
c. ?!acecia1 
d .  Ueishc. each 

3. Tank Insulaclon 
a .  Type 
b. Thickness  

A .  Tank ?ouridacton 
a .  t y p e  
h. T h i c k n e s s  
C .  Quanttcy, T a c d l  

m (ft) 

310 ($401 
310 ($90) 

1,560 

Thircy (30) 
70.73 ( 6 8 )  x 10.97 ( 3 6 )  

SA--516 Cacbon S c e e l  
0.29 x 106 (3201 

Concrete Yat  
0.61 ( 2 )  I n s u l .  + 1.52 ( 5 )  S t r u c t .  

?1,600 ( ? B , ? 4 R )  

Charqinq O i s c b a c p l n q  

POWE?. RELATED E O U I P K W T  

I .  seeam 
a .  Flow, Total 
h. Pressure 
c.  Temperature 

2. Storase P lu ld  
a .  Flow. Tocal k s l s  ( IbJhr)  
b. Pressure (Tanks) !iPa ( p s i a )  
C .  T e m p e r a c u t e  (Pump) 'C (OF1 

3 .  Pumps 
a.  Quancity 
b. Type 
c .  Iateria1 
d. Fluid 
e. Capaclcy. each m 3 / a  (gpm) 
1. Head ( f t )  
s. Power (5haft), each kWe (hp) 
h.  xocor size !die (hp) 

$07.0 (3.133 x 106) 
12.5 (1.815? 

32R (622) 

Biphenyl  
l . b 7 5  ( 6 , S  x 106) 

0.3b (501 
322 (612 )  

30-3-fl-V 
Horir. Centrif .  

Carbon Steel 
Rtphenyl 

9.046 1730)  

133 
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The f i r s t  problem i n v o l v e s  t h e  t r a n s f e r r i n g  of heat from t h e  i n p u t  s u r f a c e s  
d u r i n g  c h a r g i n g .  T h i s  problem i s  somewhat e l i m i n a t e d  by usircg a f o r c e d  
f l o w  s h e l l  and t u b e  h e a t  exchanger  t o  h e a t  the b ipheny l .  Fu r the rmore ,  t h e  
second problem of d i s t r i b u t i n g  t h e  h e a t  un i fo rmly  i s  somewhat e l i m i n a t e d  as 
t h e  vapor  i s  i n j e c t e d  i n t o  t h e  t a n k  and condens ing  on t h e  s u r f a c e  of t h e  
c o l d e r  s a l t  cans .  This c o n d e n s a t i o n  i s  somewhat compensa t ing  due t o  t h e  
h o t  vapor  s e e k i n g  t h e  c o l d e r  s u r f a c e s ,  The t h i r d  problem i n v o l v e s  t h e  
removing of heat from t h e  sa l t  c a n s  and d e l i v e r i n g  i t  t o  t h e  b o i l e r  t ubes .  
Th i s  a r e a  i s  p o t e n t i a l l y  t h e  L a r g e s t  t e c h n i c a l  problem and i n v o l v e s  
d i s t r i b u t i o n  s p r a y  h e a d e r s ,  vapor f l o w  p a t h s ,  f r e e  f l o w  a rea ,  e t c .  

O the r  p o t e n t i a l  p i t f a l l s  i n c l u d e  t h e  a r e a  of c o r r o s i o n ,  namely t h e  
p o s s i b i l i t y  t h a t  mo l t en  salt w i l l  a t t a c k  t h e  s a l t  c o n t a i n e r s  d u r i n g  t h e i r  
l i f e .  The Naval Resea rch  Labora to ry  s t u d i e s  i n d i c a t e  t h a t  c o r r o s i o n  i s  no t  
a problem i f  the s t o r a g e  s a l t s  are tho rough ly  d r i e d .  The s a l t  u sed  i n  t i s  
a p p l i c a t i o n  h a s  n o t  been t e s t e d  by NLL t o  o u r  knowledge and  t h e r e f o r e  
l a b o r a t o r y  t e s t i n g  i s  p robab ly  r e q u i r e d  a s  has  been done on t h e  NRL 
recommended c h l o r i d e  salt. Although t h e  c o n t a i n e r i z e d  s a l t  b o i l e r  t a n k  
concep t  h a s  been demons t r a t ed  i n  t h e  Labora to ry  the f u l l  scale 2 M W t  
t he rma l  s t o r a g e  tes t  has  not been completed a t  t h i s  time. 

3.6 ORGANIC FLUID RECEIVER (POWER) 

3.6.1 Reference Solar Thermal System 

The r e f e r e n c e  s o l a r  the rma l  sys tem f o r  t h e  o r g a n i c  f l u i d  r e c e i v e r  power 
a p p l i c a t i o n  i s  shown i n  Figuf-e  3-26. The r e f e r e n c e  c y c l e  i s  based  on t h e  
S o l a r  T o t a l  Energy-Large S c a l e  Experiment  a t  Shenandoah, Georgia  by t h e  
Genera l  E l e c t r i c  Company [ Z ] .  The s team c y c l e  i s  f o r  a nominal  400 kWe 
non-reheat  t u r b i n e  with i n i t i a l  s team c o n d i t i o n s  of 4.93 MPa ( 7 1 5  p s i a )  and 
382°C (720°F). Steam € o r  p r o c e s s  i s  e x t r a c t e d  a t  t h e  W.P./L.P. t u r b i n e  
c r o s s o v e r  and desupe rhea ted  t o  c o n d i t i o n s  of 0.83 SfPa (120 p s i a )  and 1 7 2 ° C  

' 
(341 OF) * 

3.6.2 Thermal S t o r a g e  Concepts  

The f i n a l  t he rma l  s t o r a g e  c o n c e p t s  c o n s i d e r e d  f o r  t h e  o r g a n i c  f l u i d  
r e c e i v e r  (power) c o n c e p t u a l  d e s i g n s  i n c l u d e  the f o l l o w i n g  : 

Syltherm 800 /Tacon i t e  T r i c k l e  Charge (Refe rence  System) 
' Hitec S a l t  ( 2  t a n k )  

Direct Contact Phase Change as Two S t a g e  System ( L a t e n t  and 
S e n s i b l e  S t a g e s )  - 

3 . 6 . 3  Syl therm SOO/Taconite Trickle Charge - (Refe rence  System) 

3.6.3.1 System D e s c r i p t i o n  

A f low d iagram showing t h e  r e f e r e n c e  the rma l  s t o r a g e  sys tem i s  shown in 
Figure  3-27. It i s  a t r i c k l e  c h a r g e  t h e r m o c l i n e  concept  comprised o f  
Syl therm 800 a s  t h e  h e a t  t r a n s f e r  f l u i d  and t a c o n i t e  ( p e l l e t i z e d  i r o n  o r s )  
as t h e  the rma l  s t o r a g e  media.  The t r i c k l e  c h a r g e  the rmoc l ine  concep t  was 
proposed by t h e  Genera l  Electric Company a s  a way t o  minimize t o t a l  

. .  
I 

! 

i k .  
L!.. 
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r e q u i r e d  i n v e n t o r y  of  Syl therm 800, a v e r y  e x p e n s i v e  s i l i c o n - b a s e  s y n t h e t i c  
o i l .  The c o n c e p t  i s  similar t o  a c o n v e n t i o n a l  t h e r m o c l i n e  e x c e p t  t h a t  h o t  
f l u i d  i s  n o t  used t o  s t o r e  h e a t  bu t  mere ly  t o  t r a n s f e r  h e a t  d u r i n g  c h a r g i n g  
and d i s c h a r g i n g .  

During t h e  c h a r g i n g  mode, Syl therm from t h e  r e c e i v e r  a t  3 9 9 ° C  ( 7 5 0 ° F )  i s  
pumped t o  t h e  t o p  o f  t h e  the rma l  s t o r a g e  t a n k  i n t o  a d i s t r i b u t i o n  sys tem 
w i t h i n  t h e  t a n k  t h a t  u n i f o r m l y  d i s t r i b u t e s  t h e  f l u i d  so  t h a t  i t  " t r i c k l e s "  
down o v e r  and t r a n s f e r s  heat t o  t h e  taconite p e l l e t s .  I t  i s  c o l l e c t e d  in 
t h e  sump a t  t h e  bot tom of  the t a n k  a t  abou t  260°C ( 5 0 0 ° F )  where i t  i s  
pumped back t o  t h e  receiver t o  be hea ted  once  a g a i n  t o  399°C (750'F). As 
t h e  t h e r m a l  s t o r a g e  t a n k  c h a r g e s  [ i n c r e a s i n g  i t s  t e m p e r a t u r e  from 260°C 
(500°F) t o  399°C (75O"F)J ,  t h e  the rmoc l ine  p r o g r e s s e s  downward u n t i l  i t  
r e a c h e s  t h e  bot tom, where t h e  t a n k  r e a c h e s  f u l l y  charged  c o n d i t i o n .  

During t h e  d i s c h a r g e  mode, Sy l the rm i s  pumped from t h e  sump of  t h e  the rma l  
s t o r a g e  t a n k  a t  3 9 9 ° C  (750°F) t o  t h e  d i s c h a r g i n g  h e a t  exchanger  where the 
f l u i d  coo l s  t o  260°C (500°F)  w h i l e  g e n e r a t i n g  steam a t  4 . 9 3  MPa ( 7 1 5 p s i a )  
and 382°C (720'F). The Syl the rm i s  t h e n  c a r r i e d  t o  t h e  t o p  of t h e  the rma l  
s t o r a g e  t a n k  where i t  p a s s e s  th rough  t h e  d i s t r i b u t i o n  sys tem and " t r i c k l e s "  
down o v e r  and a b s o r b s  heat from t h e  t a c o n i t e  p e l l e t s .  I t  t h e n  c o l l e c t s  i n  
t h e  sump a t  3 9 9 ° C  (750°F)  t o  comple te  t h e  loop .  A s  t h e  the rma l  s t o r a g e  
t a n k  d i s c h a r g e s ,  r educ ing  i t s  t empera tu re  f rom 3 9 9 ° C  (750°F)  t o  2 6 0 ° C  
(500°F) , t h e  t h e r m o c l i n e  p r o g r e s s e s  downward a s  t h e  h e a t  s t o r e d  w i t h i n  t h e  
t a n k  i s  d i s c h a r g e d  u n t i l  €t r e a c h e s  t h e  bot tom of t h e  t a n k ,  where t h e  t a n k  
reaches f u l l y  d i s c h a r g e d  c o n d i t i o n .  

The t e m p e r a t u r e  p r o f i l e  f o r  t h e  S y l t h e r r n / t a c o n i t e  r e f e r e n c e  the rma l  s t o r a g e  
concep t  i s  shown i n  Figure 3-28. 

3.6.3.2. Thermal  S t o r a g e  Design Data 

The c o n c e p t u a l  d e s i g n  d a t a  f o r  t h e  reference S y l t h e r m / t a c o n i t e  s t o r a g e  
concep t  f o r  1, 6 ,  and 15 h o u r s  of  s t o r a g e  i s  shown i n  T a b l e s  3-49, 3-50, 
and 3-51, r e s p e c t i v e l y .  

3 .6 .3 .3  D i s c u s s i o n  

The S y l t h e r m / t a c o n i t e  t r i c k l e  c h a r g e  c o n c e p t  u t i l i z e s  a low c o s t .  s o l i d  
n e d i a  ( t a c o n i t e )  and  a minimal amount of a r e l a t i v e l y  expens ive  f l u i d  
(Sy l the rm 800) t o  p rov ide  a n  economica l  s t o r a g e  concep t .  However, some 
p o t e n t i a l  problem a r e a s  have  been i d e n t i f i e d  i n  dual-media s t o r a g e  systems, 
namely: 1) f l u i d  d e g r a d a t i o n ,  2 )  t h e r m o c l i n e  i n s t a b i l i t y ,  e s p e c i a l l y  w i t h  
t r i c k l e  c h a r g e ,  and 3)  i n c r e a s e  i n  t a n k  s t r e s s e s  due t o  the rma l  c y c l i n g  
( " r a t c h e t i n g " ) .  

R e s u l t s  of  f l u i d  loss r a t e  tes ts  by Sand ia  L a b o r a t o r i e s  1181 i n d i c a t e s  t h a t  
Syl therm l o s s e s  c a n  be v e r y  s i g n i f i c a n t ,  p a r t i c u l a r l y  when o p e r a t i n g  a t  
e l e v a t e d  t e m p e r a t u r e s  w h i l e  i n  c o n t a c t  w i t h  t a c o n i t e .  tiowever, t h e s e  t e ~ r s  
were l a b o r a t o r y  type  s t a t i c  bench t e s t s  and somewhat d i f f e r e n t  r e s u l t s  c a n  
be expec ted  from sys t ems  i n  a c t u a l  o p e r a t i o n .  F l u i d  l o s s  r a t e s  f o r  
Syl therm and o t h e r  f l u i d s  a r e  shown i n  T a b l e  4 - 7 ,  S e c t i o n  4 . L .  

. 
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Pahle 3 - 4 9 .  THERYAL STORAGE DESfCIl nATA 
ORGANIC FLUIn RECEIVER-QOVER 
SYLTHERnfTACONITE TRICYLE-CHARGE !REFERENCE SY52p.X) 

STOPU\CB 'IEDIA 

1. O p e r a t t n q  Temperature 
a. YOL 
b. CaLd 

2. Ouantlty ( T o t a l )  
a .  Sylcherm ROO 
b. l a c o o i r e  

EkTRGY M U T E D  EqUIP?(E!TK 

1. Storage Capacitv 

2.  Storage Tanks 
a. ' )uantity 
b. S t t e .  each (Dta.xHc.) 
C .  Y a c e r l a l  
d. Welght, each 

?. Tank I n s u l a t i o n  
a. Type 
b. Thlckneso 

1. Tank Foundartan 
a. Type 
b. Thickness  
c. Quant i ty ,  T o t a l  

POWER RELATZD EOIJIF'WWT 

I. Charqing 7 lu id /Oischarg inz  rluid 
a. Flow. T o t a l  
5 .  Pressure 
c. tempera ture  

2. Storage Fluid 
a. Flow, Coral 
b. Pressure (Tank) 
c .  Temperacure (Pump) 

3 .  Pumps 
a .  'Iuant1ty 
b .  Type 
C .  Yacer la l  
d. F l u i d  
e .  Caoaclcg,  each  
C .  Read 
s. Power ( S h a f c ) ,  each 
h .  !4acar s i t e  

4 .  H e a t  Fxchangerr 
a. i)uanr1cv 
b .  Type 
C .  Vscerldl  
d. Surface Area, Total  
e .  nuty, Total 

ArnVAL ENEXGY 

1. 4' .rc:rlcl l  znergy 

STAGE I OF 1 
Sylcherm/TaeonIte T r i c k l e  - Charqe 

I 

Cha rq i nq Discharging 

Sylcherm ROO 5 team 
8.74 (6 .90  104) 0 .d7I (  6 .  91x103J 
Acmospheric P . 4 3  (715 )  

399  ( 7 5 0 )  382 (720)  

Sylthertr A00 Sylcherm 900 
I. 4 R (  1.18X10') 7.26 ( 5 . 7 6 ~ 1 0 ' )  

hernospheric Acmoapheric 
?60 ( 5 0 0 )  399 (750) 

1-1OoI 
4oriz. Cenrr i f .  
Carhon Seeel 
S v l c h e m  800 

1-100% 
Hort t .  C e n t r l f .  
Carbon S c e e l  
Svlcherm 800 

1::O x 10-2 (190)  
92.0(302) 52.6  ( 1 7 2 )  
10.5 ! 1 4 . 1 )  5.0 ( 6 . 7 )  

1:22 x lo-? ( 1 9 4 )  

14.9 (10) 7 . 5  i l 0 )  

: A l i e i i  

399 ( 7 5 0 )  
160 (5FO) 

3025 (3 .33 )  
6.92 I lo4 (76.2) 

2.11 

2 - sox 
3 . 4  I 2.0 (11.0 x 6 . 5 )  

Carbon S t e e l  
? . A S  103(2.7) 

Xinera l  Fiber nfdl .  Lauglng 
0.61 ( 2 . 0 )  

Concrete Yac 
0.76(2.5) Insui,+ 0 .61  (2.O)Scrucc.  

Z8.8 (37 .7 )  

1-100% 
S h e l l  6 Tube 
Carbon Sceel 

1.11 
12.5 ( 4 5 7 )  

I39 
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Table 3-50. TIHERML STOPACE OESIGI 9ATA 
ORGANIC FLUID ECET'.'ER-POIJEB 
SYLTnEIU?ITACOJITE TRICKLE-CAARCE (PEFERE(E?ICE S?STE?I) 

XOVRS OF STORACI;: Six ( 6 )  

STORAGE rnTI1.4 

1. Operaclng tenpefatuce 
a. !?ot 
b. Cold 

'C ('F) 
'C ( 'F)  

2 .  Quantity (Total) 
a. Syltherm ROO kq !eon) 
b. Taconice tq (..on) 

EVERGY RELATED EOUIPXX'I 

1. Scorage Capaclcy We h 

2 .  Stor rqe  Tanks 
a. Ouanticy 
3. Sire. each (Dla.xHr.) m(ie) 
c. Yarerial 
3 .  Veighr.  sash kg ( eon)  

a. Type 
b. Tbkkness m ( f c l  

a. Type 
b. Thickness m ( f t j  
c .  quanctcy, Total m3(yd ) 

3 .  Tank Insulacion 

4 .  Tank Foundacion 

POiiER %€'ATE0 E0U:PW.W 

1. Charqlnq Fluld/Discharglng Fluid 
a .  Flou, Total kg /s  ( I b i h r )  
b. pressure ?Pa ( p g i a )  
c. Temperacure 'C ('F) 

2. Starage Fluld 
a. Flav, Tota l  k g i s  ( I b / h r )  
b. Pressure (Tank) XPa ( p a l a )  
e .  ?emperacure (Pump) *C ( '8 )  

3 .  Pumps 
a. Ouanticy 
b. Type 
c. Yacerial 
d .  Fluid 
e .  Capacity. each m3/s (gpm) 
1 .  'lead m ! f e )  
g .  Power (ShaE:), each kVe (hp) 
h. Yotor s i r e  We (hp) 

A. Heat 'xchanqers 
a .  Puanrtty 
b. Type 
C .  !lacerial 
d .  Surface Area. Toea1 a7!fe*) 
e .  h e y .  Tocal ?$Ic 

h:?iTAL BXEXGGY 

1 .  S 1 a C c r : c a l  znerqy LO 3 w  h 

1. Zlcccrtcal  Inerqy(Toca1) i0?kVlch 

3 .  Seat Loss (:atat) 

Sores :  
3*nnual S1ectr:cal  Snerqy Includes 3 n i y  5 n e r q y  

10yJ( 1043iU', 

STAGE 1 OF 1 
Sylrhermliaconice ?r ickie  - C>,arge 

399 (750) 
260 (500) 

1.81 x 101 (20.0) 
4.15 x 105 ( 4 5 7 . 3 )  

i 
i.. 

12.66 

2 - soz 
5.9 x 3 . 5  (19 .5  x 11.5) 

9 .33  x lO'C10.3) 
Carbon Steel 

!(inera1 F l b e r  "/*l. Lag 
0.30 (1.0) 

Coocrece Xac 
O. ih(2 .5)  Insu14 0.91 (3 .0 )S trucr  
102.8 (116.5) 

l.; 
,: ' , 

Cha rginq 9lrchnrqinq 

i 
i 
! Syltherm $00 steam 

16.1  (1 .29  x !Oj) 
Atmospheric 5 . 9 3  ( 7 1 5 )  
260 < S O O )  382 ( 2 0 )  

O.S71(  6.91~10% 

S y l c h c n  $00 Syltherm ROO 
~.~s(?.o~xIo~) 7.26 (5.76xiOH) 

Icmospheric Atmospheric . 
250 (500) 399 (750) 

1-1ooz 1-100:: 
Horfz. i e n t r i f .  Horiz.. Canttif. 
Carbon Steel Carhon Steel 
S y l c h e m  ROO S y l c h e r a  800 
2.21 x 10-2 ( 3 5 1 )  
92.0 ( 3 0 1 )  5 2 . i  (17;) 
1 9 . h  (26.01 5.0 ( 6 . 7 )  
29.3 (A01 7 . 5  (IZ) 

1.2: Y 10-2 (:94) 

i 

i 
I* . 
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Table 3-31. THERWL STORACE DESIGN DATA 
ORGANIC PLUID RECEIVE%-F'OIIIER 
SYLTHERU/ThCONITE TRICKLE-CHARGE (REFERENCE SYSTEH) 

HOURS OF s?oI(Ace: Fifceen ( 1 5 )  

STAGE 1 OF 1 
S p l c h e r m / ? a c o i l i c e  ?ricktIe - Charge 

S?OWGE xmrx 

1. 9perating Temperature 
a. Hot  ' C  ( ' 7 )  
b. Cald ' C  (T) 

2. quantity (Total) 
a. Sylcherm 800 %s ( c a n )  
5.  Taconice t p  fcon)  

C.!KXG(C.y RRLATZD ?OUIP!E:NT 

1. Storage Capacity !W,h 

?. Ftaraga  Tanks 
0 .  ouancicy 
b.  S l z e .  each { n l a . x H t . )  m ( f c )  
C .  %teela1  
d .  ! l e lght ,  each t g  ( con)  

1. ?ank !nsulatlan 
a +  Type 
b .  Thickness  nl ( f t )  

i. Tank eousdaclon 
d. Type 
b. Thlckxass ( f t j  
C .  Ouanctcy, l a t a i  & y d  ) 

399 (750 )  
260 ( 5 0 0 )  

31.65 

2 - 50- 
7.9 x L.9 (26.0 x 16.0) 

Carbon S t e e l  
2.ot  I 104(2? .? )  

xineral Ffber w i b l .  Laq 
0.20 ( 0 . 6 7 )  

Concrete nat 
0.76(2.5) Insul+ 0.91 (3.0) Strucc 

178.4 (213.3) 

Dlscsnrglnq Charging 

1. Charging Fluld/Discharqlng Fluid  S y l t h e m  800 Steam 
a. Flow, Total k d s  ( l b / h r )  23.2 ( 1 . 3 4  x 105)  0.971(6.91x1O3) 

c .  Temperature ' C  (3 2a0 (SOO) 382 (720)  

?. Storage F l u i d  SyIthem 800 Syltheca 800 

5. Preraure HPa ( p s l a )  Atnogpheric G.93 (715) 

a. F l o v ,  Total k$/a ( l b / h r )  16.W i.Zixl05) , 7.26 (5.76110~) 
h. Pressure (Tank) T a  ( p r l a )  b tnosphec lc  Annospheric 
c o  Temperature (Pump) "C ("F) 260 ( 5 0 0 )  39s (750) 

I. Pumps 
a. quantlty 
b. Type 
e.  *aterial 
4 .  Fluid 
e .  Capacity. each m 3 f s  (gpm) 
f .  Yead m ( f c )  
q .  Power ( S h a f t ) ,  each kWUe ( h p )  
h. %tor s i r e  kWe (hp)  

1. Yeac Exc$aneers 
a .  O u m c i c y  
b. rype 
C .  Uacer ia l  
d .  Surface Area. :oral a2 ( fcz )  
e .  nuty, Iota1  9: 

A::VUXL ENERGY 

1. CLeccrlcaI Energy 1O3LUeh 

1. E?ec:r?cal ? n e r q y ( T o r a l )  103CWrh 

? .  Veac Loss fToca11 1095r 1 0 % ~ ~ ' )  

1-1002 
Horiz. C e n c r i f .  
Carbon S e e e l  
Sylcherm aao 
1 . 1 4 ~ 1 0 - ~  ( 5 0 5 )  
92.0 (302) 
28.0 (17,5) 
29.8 (LO) 

Yone 

1-1002 
Harir. C e n t r i f .  
Carbon S c e e l  
S y l t h e m  800 
1 . 2 2  Y 10-2 ( 1 9 4 )  
5Z.6  1172) 
5.0 (6 .7 )  
7 . 5  (10) 

?-LOO2 
Shal l  6 Tube 
Carbon 5 r 2 e l  
12.5 ( b 5 7 )  

2.11 

30. I 

93.S" 

5 7 1  (O.??) 

.!ores : 
a4nnual Eleccrlcal Energy Includes O n l y  Tnerqy Charseahle :o Scorage Syscem. 
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The t r i c k l e  c h a r g e  t h e r m o c l i n e  concept  i n  l a r g e  dual-media s t o r a g e  sys tems 
must s t i l l  be demons t r a t ed .  F o r  example,  t h e  d e s i g n  o f  a d i s t r i b u t i o n  
sys tem c a p a b l e  of d i s t r i b u t i n g  t h e  f l u i d  e v e n l y  s o  t h a t  a n  e f f e c t i v e  
t h e r m o c l i n e  c a n  be e s t a b l i s h e d ,  has  n o t  been done. F o r  the purpose  of t h i s  
s t u d y ,  we have assumed 20% of  t h e  bed h e i g h t  i s  unusab le  due  t o  absence  of 
a p e r f e c t  t h e m o c l i n e  and a n o t h e r  2 . 4 %  i s  assumed unusab le  due t o  h e a t  l o s s .  

The p o t e n t i a l  problem o f  " r a t c h e t i n g "  o f  t h e  s t o r a g e  t a n k s  and  media w a s  
n o t  i n v e s t i g a t e d  as  i t  was judged t o  be beyond t h e  scope  of t h i s  s t u d y .  

R e s u l t s  show t h e  S y l t h e r m / t a c o n i t e  t r i c k l e  c h a r g e  r e f e r e n c e  s t o r a g e  sys tem 
t o  be t h e  most c o s t  e f f e c t i v e  of the f i n a l  t h r e e  c o n c e p t s  s t u d i e d  b u t  
d e g r a d a t i o n  d a t a  i n d i c a t e s  t h e  d e g r e e  of t e c h n i c a l  r i s k  t o  be h igh .  
Exper ience  w i t h  l a r g e  scale L n s t a l l a t i o n s  at: t h e  t e m p e r a t u r e s  r e q u i r e d  is 
minimal  t o  none. q u e s t i o n s  r e l a t i v e  t o  long-term f l u i d  decomposi t ion ,  
m a t e r i a l  c o m p a t a b i l i t y  and h i g h  t empera tu re  s t o r a g e  t ank  d e s i g n ,  i .e .  , t a n k  
c o n f i g u r a t i o n ,  i n s u l a t i n g  method, t h e r m a l  c y c l i n g ,  and type  of f o u n d a t i o n  
must s t i l l  be answered.  

To s i m p l i f y  costing of the sys tem,  two h a l f - c a p a c i t y  s t o r a g e  t a n k s  were 
assumed. I n  r e a l i t y ,  however,  f o u r  q u a r t e r - c a p a c i t y  or e i g h t  
e i g h t h - c a p a c i t y  t a n k s  may be a b e t t e r  c h o i c e .  To be a b l e  t o  d i s c h a r g e  a 
t r i c k l e  c h a r g e  s t o r a g e  t a n k ,  t h e  sump c o n t e n t s  must be  a t  t h e  h igh  
t e m p e r a t u r e ,  i . e . ,  399°C (750°F). If a t a n k  i s  n o t  f u l l y  charged, b e f o r e  
i t  c a n  be d i s c h a r g e d  t h e  t h e r m o c l i n e  must be i n v e r t e d ,  i .e. ,  t h e  c o l d  f l u i d  
in t h e  sump must be  r e c i r c u l a t e d  t o  t h e  t o p  o f  t h e  t a n k ,  f o r c i n g  t h e  
the rmoc l ine  downward ' u n t i l  the f l u i d  i n  t h e  sump r e a c h e s  t h e  h i g h  
t empera tu re .  Some t h e r m o c l i n e  s p r e a d i n g  and l o s s  of a v a i l a b l e  energy  c a n  
be expec ted  from t h i s  p r o c e s s .  With a g r e a t e r  number o f  smaller tanks, t h e  

\ t a n k s  c a n  be charged  c o m p l e t e l y  in series; a s  soon  as t h e  f i r s t  t a n k  i s  
f u l l y  cha rged  t h e  sys tem has a n  immediate  d i s c h a r g e  c a p a b i l i t y ;  t h e r e  i s  no 
need f o r  a p e r i o d  of  r e c f r c u l a t i o n  t o  i n v e r t  t h e  t h e r m o c l i n e  be fo re  
d i s c h a r g i n g  can beg in ,  S i n c e  t h e  ene rgy  u t i l i z a t i o n  e f f i c i e n c y  ( t h e  
p r o p o r t i o n  of  ene rgy  s t o r e d  t h a t  c a n  be u t i l i z e d )  i n c r e a s e s  a s  t h e  number 
of  t a n k s  i n c r e a s e s ,  t h e  t o t a l  c o s t  of  the s t o r a g e  sys tem i s  n o t  expec ted  t o  
i n c r e a s e  s i g n i f i c a n t l y  i f  t h e  number o f  t a n k s  i s  i n c r e a s e d  t o  f o u r  o r  e i g h t .  

3 . 6 . 4 ,  H i t e c  S a l t  (2-Tank) 

3.6.4.1. System D e s c r i p t i o n  

A f l o w  d iagram showing t h e  H i t e c  S a l t  (2- tank)  the rma l  s t o r a g e  concept  i s  
shown i n  F igu re  3-29. The major  d i f f e r e n c e  between t h e  H i t e c  (2- tank)  
sys tem and t h e  S y l t h e r m / t a c o n i t e  r e f e r e n c e  sys tem i s  t h e  n e c e s s a r y  a d d i t i o n  
of a Sy l the rm- to -Mtec  charg i r ig  h e a t  exchanger .  

During the  cha rg ing  mode, molten s a l t  a t  254°C ( 4 9 0 ' F )  i s  pumped from t h e  
c o l d  t a n k  :hrough t h e  c h a r g i n g  h e a t  exchanger  where i t  i s  hea ted  t o  3 7 7 ° C  
(710'F) by 399°C (750°F)  Syl therm from t h e  r e c e i v e r .  The 3 7 7 ° C  (710 'F)  
mol ten  s a l t  i s  then c a r r i e d  t o  t h e  ho t  t a n k  where i t  i s  s t o r e d  u n t i l  
needed. The h o t  Syl therm t h a t  i s  used r o  heat  t h e  s a l t  i s  r e t u r n e d  t o  t h e  
r e c e i v e r  a t  2 7 7 ° C  (530°F) .  
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During t h e  d i s c h a r g i n g  mode, mol ten  s a l t  a t  377°C (71Q'F) is pumped from 
t h e  hot  t a n k  th rough  t h e  d i s c h a r g i n g  h e a t  exchanger  where i t  c o o l s  t o  2 5 4 O C  
(490°F) w h i l e  g e n e r a r i n g  steam a t  4.93 MPa ( 7 1 5 p s i a )  and 366°C (690'F), and 
c o l l e c t s  i n  t h e  c o l d  t a n k ,  t o  be  cha rged  a g a i n  a s  needed.  

The t empera tu re  p r o f i l e  f o r  t h e  Hitec s a l t  (2 - t ank)  the rma l  s t o r a g e  concept  
is shown i n  F i g u r e  3-30. 

3 . 6 . 4 . 2 .  Thermal S t o r a g e  Design Data 

The c o n c e p t u a l  d e s i g n  d a t a  f o r  t h e  Hitec (2- tank)  the rma l  s t o r a g e  concept: 
f o r  1, 6 ,  and  15 h o u r s  o f  s t o r a g e  is shown i n  T a b l e s  3-52, 3-53, and 3-54,  
r e s p e c t i v e l y .  

3 . 6 . 4 . 3 .  D i s c u s s i o n  

I n  o r d e r  t o  p r o v i d e  a concep t  t h a t  d i d  n o t  r e q u i r e  o i l - to -so l id-media  
c o n t a c t ,  a 2-tank sys tem was conce ived  u s i n g  a mol ten  s a l t  as  t h e  s t o r a g e  
media.  D r a w  s a l t ,  an equimolar  m i x t u r e  o f  KNO3 and NaNO3, w a s  
i n i t i a l l y  ag reed  upon as t h e  b e s t  c h o i c e  because  of i ts  r e l a t i v e l y  low c o s t  
($400 / ton ) .  When f r e e z i n g  o f  t h e  mol t en  s a l t  i n  t h e  d i s c h a r g e  h e a t  
exchanger  became a c o n c e r n  l a t e r  on i n  t h e  s t u d y ,  H i t e c  s a l t ,  a mix tu re  of  
KNO3, NaNO3, and NaN02 was s u b s t i t u t e d  because  of its l ower  m e l t i n g  
t empera tu re  (143'C/290°F),  a l t h o u g h  its cos t  w a s  s l i g h t l y  h i g h e r  ($550 / ton ) .  

As p r e v i o u s l y  ment ioned ,  t h e  major  d i f f e r e n c e  between t h e  Hitec 2-tank 
sys tem and  the r e f e r e n c e  sys tem i s  t h e  a d d i t i o n  of a c h a r g i n g  h e a t  
exchanger .  The need f o r  a n  i n t e r m e d i a t e  h e a t  exchanger  became appa ren t  
when a secondary  loop  u s i n g  a low c o s t  media  was i n c o r p o r a t e d  i n t o  t h e  
sys tem in a n  e f f o r t  t o  e l i m i n a t e  any  o i l - t o - s o l i d  media c o n t a c t  as  w e l l  as 
minimize t h e  Sy l the rm i n v e n t o r y .  A c h a r g i n g  h e a t  exchange r  accompl ished  
t h i s ,  i s o l a t i n g  the Sy l the rm r e c e i v e r  l oop  f r o m  t h e  r e s t  of  t h e  sys tem,  but 
had o t h e r  impac t s  as  w e l l .  Added c o s t  o f  a h e a t  exchange r  i s  s i g n i f i c a n t  
and i n c r e a s e d  t e m p e r a t u r e  d i f f e r e n c e s  caused  most sys tem d e s i g n  
t e m p e r a t u r e s  t o  be d i f f e r e n t  from the r e f e r e n c e  sys tem,  i n c l u d i n g  t h e  
Syl therm return t e m p e r a t u r e  t o  t h e  r e c e i v e r  (17*C/30°F h i g h e r )  and t h e  
g e n e r a t e d  s team t empera tu re  (17'C/30°F lower ) .  The h i g h e r  Syl therm r e t u r n  
t empera tu re  caused  a 14% i n c r e a s e  i n  r e q u i r e d  Sy l the rm f low as compared t o  
t h e  r e f e r e n c e  sys tem,  w h i l e  t h e  reduced  s team t e m p e r a t u r e  d i d  n o t  have a 
s i g n i f i c a n t  e f f e c t  on t h e  system. However, t o  m a i n t a i n  a c o n s t a n t  t h e m a l  
d i s c h a r g e  ra te  of  2 . 1 1  MWt,  t h e  d i s c h a r g e  s team flow r a t e  needed t o  be 
i n c r e a s e d  by 1.6% because of t h e  reduced  t u r b i n e  t h r o t t l e  t empera tu re .  

O v e r a l l ,  t h e  Hitec s a l t  (2- tank)  the rma l  s t o r a g e  concep t  appears t o  have 
s i g n i f i c a n t l y  l e s s  t e c h n i c a l  r i s k  t h a n  t h e  S y l t h e r m / t a c o n i t e  t r i c k l e  cha rge  
r e f e r e n c e  sys tem s i m p l y  due t o  i t s  b a s i c a l l y  proven  t echno logy .  Xowever, 
c o s t s  due  t o  a n  added h e a t  exchanger ,  a n  e x t r a  s t o r a g e  t a n k ,  H i t e c  
i n v e n t o r y ,  and o t h e r  m i s c e l l a n e o u s  i t e m s  caused  t h e  Hi t ec  s y s t e m  t o  be  l e s s  
c o s t  e f f e c t i v e  than  the  S y l t h e r m / t a c o n i t e  r e f  srence sys tem.  
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HOURS Of STORAGE: One (1) 

Tahle 1-52. TUEbUL STOMCE DESIGN DATA 
ORCAXIC FLUID RECEITKR-POUER 
HZTZC (2 T U X )  

STORAGE S D I A  

1 .  aperac ing  rexperarure 
a. not "C ( Y )  
b. Cold 'C (") 

a. HITIC 5 a l r  !q (ton) 
2 .  Ouancity ( T o t a l )  

Z!leRC,Y RELATED EqUIPXEhT 

1 .  Storage Capacity !Wr h 

2 .  S torage  Tanks 
a. Ouanttty 
b. S i z e ,  each (nia.xHt.)  m(ft) 
C. xaterial 
d. Wetqht, each kg (con) 

3 .  Tank Tnsiulactoo 
a. Type 
b .  Thickness  m (ft) 

a .  Type 

c .  W s n t l t y .  Tota l  &yd ) 

A .  Tank Foundation 

b .  Thickness s1 ( P t j  

399 ( 7 5 0 )  
25r (4901 

&.A2 x I d  ( 4 8 . 7 )  

2-11 

2 - loot .  
3.8s 2.3 (12.5 5 1 - 5 1  

Crrhon Stee l  
3 . 2  Y 10' ( 3 . 5 )  

Ytneral  Fiber d d l .  Laq 
0.69 (2 .25 )  

Concrete V a t  
0.76(?.5) :nsul+ 0.61 ( 2 . 0 ) S t r u c c  

36.5 ( 4 7 . 7 )  

Ckarql.nq Dfrcharqing 
POWKR P X U T E D  EqUIF!ENT 

1. Charging Fluid/nischar$Lng Fluid 
a. Flow. Total k g l s  ( l b l h r )  
h. Pressure W a  ( p a t a )  
c .  Temperacure 'C " 5 )  

1. Storage Fluid 
a .  Flaw, total 
b. Pressure (Tank) 
C .  Temperature (Pump) 

3 .  P u m a  
a .  Quancity 
b. Type 
C .  X a t e r i a l  
d .  Fluid 
e. Capacity, each 
f .  !lead 
5. Pawer ( S h a f t ) ,  each 
h. Yator s i r e  

2 .  gear ?%changers 
a. quantity 
b. Type 
C. Yaterlal 
d. Surface beea, Tota l  
e. DUE?, T o t a l  

LyiivAL E?EXCY 

1. f l e c t r i c a l  Taer?: 

kg/+ (lblht) 
Wa ( p s i a )  
'C ('?) 

103kWUei 

Svlrhenn 800 Steam 
9 : 9 3  (7 .88 x LO') 1.885(?.02~103) 
Lrmospheric 4.93 ( 7 1 5 )  

399 ( 7 5 0 )  366 (590) 

Hirec 
2.27(I+30x1O1) 

dtmcspherie 
'277 ( 5 3 0 )  

a t t e e  
11.6 (R.85~10~) 
Atmospheric 

399 (i50) 

Bece iver  Pump Charpinp, Puma Dircharxioq Pump 

A o r t z .  Centrif. Vert.Caatilever L'art. Cantilever 
Carbon S e e e l  Carbon S t e e l  Carbon S t e e l  
S y l t h e m  ROO S y l t h e r n  ROO S y l t h e r m  800 
1,40xIO-*(2?2) 7 .57  x LO-' (120) 6 . 3 1  ?I lo-' (100) 
'32.0 (302) 52.a ( 1 7 2 )  5 ? . 5  ( 1 7 1 )  
11.9 (16.0) 9.2 (12 .1)  7 . 6  (10.2) 

l-lOOI l-L00% 1-1002 

1 8 . i  (IS) 14 .9  (10) 10.9 (13) 

1-1002 L-!OOl 
S h e l l  L Tube S h e l l  b :ube 

Carbon $ r e e l  Carhon Steel 
1L7.4 ( 1 . 5 9 2 )  56.0 ( 6 0 3 )  

2 . 5 4  2.11 

r . 2 1  3 . : 3  3.1 

I' 

i 

, 
i: 
. ,  

L4 6 
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T a b l e  3-53. THERMAL S T O U G E  DESIGN DATA 
ORGANIC FLUID RECEIVER-POIRR 
HITCC (2 T A X )  

HOURS OF STORAGE: S l r  ( % I  

1. Operetins Tenueracure 
a .  qoc 'i: ( O F )  

h. Cold 'C ('F) 

2. Ouancity (Tocal) 
a. L1ITEC Salc k3 t r o d  

V E R C Y  RELATED SOUIPE57 

1. Scarape Capaclcy 

2 .  Scorage ?ants 
a. Cvancirv 
h .  $it=. each (nta.xtfc.) 
c. Yarer ia l  
d .  Ue ighc ,  each 

3 .  ?ank Insulation 

b. Thickness 

5. Tank Foundation 
a +  ?ype 
h. Thickness 
C. luancity. Tocal  

a. Type 

399 ( 7 5 0 )  
?5L (440) 

2 . 6 5  x lo5 (202 )  

12.66 

2 - 100% 
6.9~ 4 . 1  ( 2 2 . 5  x 13 .5 )  

1 . 2 6 ~  lo4 ( 1 3 . 9 )  
Carbon S t e e l  

Concrete Yac 
O . l b ( 2 . 5 )  Insul+ 0 . 9 1  (3.O)Scrucc 
135.1 ( 1 7 6 . 7 )  

CharSlnq n t scharg lne  
P O M R  RELATED E@UIP3F?tr 

1. Charsing Fluld/Dtscharglng F l u i d  S v l c h e m  400 Sceam 
I a .  Flow, Tota l  k g l s  (lblhr) . 18.4 ( 1 . ~  105) 0.885(7.0?x1O3) 

5 .  Pressure !Pa ( p s i a )  Acmospherlc 5 . 9 3  (715)  
C .  Temperature C (-F) 277 (530)  366 ( 6 9 0 )  

2 .  S torage  F l u i d  Hlcec 
I .  Flow, Tota l  k g / s  f:b/hr) L3.6( 1 .08x105)  
b. Pressure (tank) !+'a ( p s t a )  .+cmospherLc 
c .  Temperature ( P m p )  "C ("", 277 (530) 

Hirec 
11 .2  (8.85~10~; 

A m o  sp he r 1 c 
399 ( 1 5 0 )  

3 .  Pumps 
a .  OuenFity 
b. Tvoe 

Reeelver Pump Charqlnq Pumo D i s c h a r q i n q  Pump 

Horiz. C a n t c l f .  rert .  Cantilever Vert.  Cantilever 
1-iaox 1-100% l-iOOZ 

.. 
C .  !+aterial Carbon S t e e l  Carbon Steel Carbon S t e e l  
d .  F l u i d  Svlrhem ROO Httec Hicec 
e. Capacity. each 0 3 / s  (gp.) 2 : 5 9  x 10-2 (&lo) 1.39 x 10-2 ( 2 2 1 )  6 .11  x 10-3 (100) 
f .  Head m ( f t )  92.0 (302)  5 2 . 5  ( 1 7 2 )  5 2 . 4  ( 1 7 2 )  
g. Power ( S h a f t ) .  each kUe !hp)  2 2 . 1  ( 2 9 . 6 )  11.0 (22.8) 7 . 6  (10.2) 
h .  lotor s i r e  kwe (hp)  20.3 ( 4 0 )  12.4 (30) 14.9 (20) 

i. Veac Exchangers 
a.  'Uanricy 
b. Type 
E. uaceria1 
d .  surface Area. T o t a l  rn?(rcZ) 
e. n u t ? ,  Tocal  !mt 

1-1007 t-iaox 
Shell 6 Tube S h e l l  6 Tube 

Carbon Steel Carhon Steel 
273.1 (?,%O) 5 6 . 0  (603) 

I . i l  4 . 6 0  

147 



TR-1283, Vol. I1 

?able 3-54. THEWAL STORAGE IIESIC:? DATA 
ORGdNIC ?LUID RECEIVCR-POW% 
HIEC ( 2  TAW) 

BOURS OF STORAGE: illreen ( 1 5 )  

STAGE 1 OF 1 
Rizec I ?  Tank) 

S l O M C E  %DIA 

1. Operaclng Temperature 
a. 'lac 'C ('F) 
b. Cold 'C (IF) 

2 .  Quanclry U o t a l )  
a. HITEC Salt kg (con) 

399 (750) 
2 5 4  ( 4 9 0 )  

6.62 x lo5 (730) 

CSERCY RELATED EQUIPYTVT 

1. Storage Capaclcy W, h 

2. Storaqe Tanks 
a .  quantity 
b. Stre. each (nia.xKc.) m(fe)  
C .  uaterlal 
d .  l e l g h r ,  each Lg (can1 

3 .  Tank Insular ion 
a. Type 
b. TSlcknesa m ( I - )  

6 .  Tank F'oundaeion 
a. Type 
b. Thickness  m ( f t j  
c .  quantity, Total m3(yd ) 

31.65 

2 - 1001: 
9 . 3 ~  5.5 (30.5 x 18.0) 

Z.bEx lo* ( 2 9 . 6 ) , .  
Carbo? Steel 

Yineral  P i b e r  vlci l .  Laggin% 
0.20 (0.67) 

C'oncrece X a t  
0.76(2,5) Insulc  0.91 ( 3 . O ) S t w c t  

2 4 2 . 7  ( 3 1 7 . 5 )  i 
! 

Charsins o i scnar7 inq  

1. Charging ?luld/Dischatglng Fluid  Syirhera 800 Sceam 
a .  FIou, Tocal k g i s  ( l b / h r )  2 6 . 4  (2.09 x f04) 0 .  R85( 7 .O2x1O3) 
h. Pressure *Pa ( + a )  Atmospheric S.91 (715) 
c .  Temperacure 'C (OF) 2 7 1  ( 5 3 0 )  366 (690) 

\ 
2 .  Storale F l u l d  

a .  F l o w ,  Tocal k g l s  (Ib/hr) 
5 .  Pressure (Tank) w a  (psia) 
C .  fenperacurc (Pump) 'C ('P) 

3. Pumps 
a. Quanrlty 
b. Type 
C .  Yarsr la l  
d .  P l u l d  
e .  Capacity.  each r21r  (gpm) 
f .  Head ( € c )  
g. Power ( S h a i e ) ,  each W e  (hp) 
h .  X m a r  size w e  (hp) 

1. Weat Exchangers 
a. flunnttty 
b. Type 
C .  llacertal 
d. surface trea. r o t a 1  + ( f c ? )  
a .  3ucy, rota1 wt 

iit  tec 
2 4 . 5 (  1.95~105) 

.Atmosohertc 
277 (530) 

Acnorpheric 
399 ( 7 5 0 )  

i 

Bacelver Pumo Charging Pumo Oischarqinq 'Jump 

Korlz.  Cancr i f .  V e x .  Canttlever {'erc. Cantilever 
1-100): 1-1001: 1 - L Q O X  

Carbon Steel  Carbon S t e e l  CarSon Steel 
Syl thern  SO0 Hitet ! I i c e c  
3.72 x 10-*(589) 
92.0 (302) 52.6  ( 1 7 2 )  5 2 . 4  (I?:) 
31.8 ( 4 2 . 6 )  Z5.5 ( 3 2 . 6 )  l . 6  (10.2) 
3 7 . 3  ( 5 0 )  29.8 ( 4 0 )  l L . 9  !23) 

2.01 x loT2 ( 3 1 8 )  5.31 x LO-' (100) I - :  
i 

i-iaox 
S h e i l  5 Tube 

Carbon S c e e l  

1-!00? 
Shell b Tube 
Carbon S t e e l  
3 6 . 3  (603) 

*.!I 
393.1 ( 4 . 2 3 2 )  

6.75 

".... 
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In making a c h o i c e  between t h e  H i t e c  2-tank concep t  and t h e  
S y l t h e r m / t a c o n i t e  r e f e r e n c e  sys tem,  a d o l l a r  f i g u r e  would have to be 
a s s i g n e d  t o  e a c h  concep t  r e f l e c t i n g  t h e  d e g r e e  of t e c h n i c a l  r i s k .  

3.6.5 Direct Contac t  Phase Change 2-Stage System ( L a t e n t  and  S e n s i b l e )  

3.6.5.1 System D e s c r i p t i o n  

A f low d iagram showing t h e  Direct Con tac t  Phase Change t h e r m a l  s t o r a g e  

w e l l  a s  t h e  s e n s i b l e  h e a t  p r o p e r t i e s  o f  a s a l t  m i x t u r e  i n  a two s tage 
combined system. The f i r s t  s t a g e  i n c o r p o r a t e s  a s o l i d - l i q u i d  s a l t  phase  
change w i t h  a un ique  s p r a y  chamber s y s t e m ,  be ing  developed  by Grumman 
Aerospace Corpora t ion  [ 5 ] ,  w h i l e  t h e  second s t a g e  i n c o r p o r a t e s  a s e n s i b l e  
2-tank sys tem u s i n g  o n l y  a h o t  sa l t  t a n k ,  the c o l d  t a n k  being p a r t  of t h e  

1 concep t  i s  shown i n  F i g u r e  3-31. T h i s  concep t  u t i l i z e s  t h e  l a t e n t  h e a t  as 

r f i r s t  s t a g e .  p 
During t h e  c h a r g i n g  mode, t h e  f i r s t  s t a g e  c h a r g i n g  pump takes  mol t en  s a l t  
a t  310°C (590°F) from t h e  l i q u i d  salt  s t o r a g e  t a n k  and passes i t  through 

i t h e  f i r s t  s t a g e  c h a r g i n g  h e a t  exchange r  where i t  i s  h e a t e d  t o  335°C 
(671'F). The h o t t e r  mo l t en  s a l t  i s  t h e n  sp rayed  i n t o  t h e  main s a l t  s t o r a g e  
t a n k  where i t  m e l t s  s o l i d  salr .  a t  310°C (590'F) t h a t  h a s  formed d u r i n g  t h e  
d i s c h a r g e  mode, t h e  p r o c e s s  c o n t i n u i n g  u n t i l  a l l  t h e  s o l i d  salt  i s  me l t ed .  
A t  t h e  same t i m e ,  t h e  second s t a g e  c h a r g i n g  pump a l s o  t a k e s  molten sa l t  a t  
310°C (540°F) f rom t h e  l i q u i d  s a l t  s t o r a g e  t a n k  and  p a s s e s  i t  th rough  t h e  
second s t a g e  c h a r g i n g  h e a t  exchanger  where i t  i s  h e a t e d  t o  385'C (725'F) 
and d e s p o s i t e d  i n  t h e  second s t a g e  hot: s a l t  tank .  

During t h e  d i s c h a r g i n g  mode, t h e  f i r s t  s t a g e  d i s c h a r g e  pump t a k e s  mol ten  
\ sa l t  a t  310°C (590°F) from t h e  l i q u i d  salt s t o r a g e  t a n k  and pumps i t  t o  t h e  

main s p r a y  chamber where i t  i s  combined w i t h  l i q u i d  lead-b ismuth  ( P b / B i )  a t  
279°C (534°F). The h o t t e r  mo l t en  s a l t  g i v e s  up i t s  l a t e n t  heat t o  t h e  
c o o l e r  Pb/Bi f l u i d  a s  i t  f r e e z e s  i n t o  s a l t  g r a n u l e s .  Then, p r i m a r i l y  due 
t o  t h e  l a r g e  d i f f e r e n c e  i n  s p e c i f i c  g r a v i t i e s  of t h e  two s u b s t a n c e s ,  t h e  
sa l t  g r a n u l e s  f l o a t  t o  t h e  t o p  of t h e  chamber and  c a r r y  over t h e  s i d e s  t o  
be d e p o s i t e d  i n  t h e  bot tom of t h e  t a n k  as  g r a n u l e s  of s o l i d  s a l t .  I n  t h e  
p r o c e s s ,  t h e  l i q u i d  Pb/BI m i x t u r e  is hea ted  by t h e  f r e e z i n g  salt t o  299°C 
(570'F) a n d ,  a f t e r  s i n k i n g  t o  the bottom of t h e  s p r a y  chamber ,  i s  pumped 
away t o  t h e  l i q u i d  metal s t o r a g e  t a n k  and t h e n  on t o  t h e  f i r s t  s t a g e  of  t h e  
d i s c h a r g i n g  h e a t  exchanger  ( e v a p o r a t o r / p r e h e a t e r )  where i t  i s  coo led  back 
to 279°C (534'F)  t o  comple te  t h e  c y c l e .  A t  the same time, t h e  second s t a g e  
d i s c h a r g e  pump t a k e s  mol t en  sa l t  a t  385°C (725°F) from t h e  second s t a g e  h o t  
t a n k  and pumps i t  t h rough  t h e  second s t a g e  of t h e  d i s c h a r g i n g  h e a t  
exchanger  ( s u p e r h e a t e r )  where i t  i s  coo led  t o  310°C (530°F)  w h i l e  
g e n e r a t i n g  steam at 4.93 MPa ( 7 1 5  p s i a )  and 2 7 1 ° C  ( 7 0 C " F ) .  The d i s c h a r g e  
sream f l o w  r a t e ,  because of t h e  lower t h r o t t l e  t empera tu re ,  had t o  be 
increased approximate ly  12 o v e r  t h e  r e f e r e n c e  s t o r a g e  sys tem t o  m a i n t a i n  a 
c o n s t a n t  thermal  d i s c h a r g e  r a t e  of 2 . 1 1  Wt .  The cooled mol ten  s a l t  t h e n  
c o n t i n u e s  back t o  t h e  l i q u i d  s a l t  s t o r a g e  t a n k  which,  i n  t h i s  sys tem,  t a k e s  
t h e  p l a c e  of  t h e  second s t a g e  c o l d  s a l t  tank. I t  should  be noted  t h a t  t h e  
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Direct C o n t a c t  Phase Change concep t  has been  s i z e d  t o  h a n d l e  t h e  f u l l  
r e c e i v e r  o u t p u t  of 4 . 6 9  M W t .  As i t  i s  p r e s e n t l y  conce ived ,  t h e  Direct 
Con tac t  S t o r a g e  concep t  d o e s  not a l l o w  g e n e r a t i o n  o f  steam d i r e c t l y  from 
t h e  r e c e i v e r  e x c e p t  by p a s s i n g  th rough  t h e  s torage  sys tem.  In t hZs  
r e s p e c t ,  t h e  sys tem is always o p e r a t i n g  f rom s t o r a g e  when g e n e r a t i n g  steam. 

b t e m p e r a t u r e  p r o f i l e  f o r  t h e  D i r e c t  Con tac t  Phase Change 2 - s t age  Thermal 
S t o r a g e  Concept I s  shown i n  F i g u r e  3 - 3 2 .  

3.6.5.2 Thermal  S t o r a g e  Des ign  Data 

The c o n c e p t u a l  d e s i g n  d a t a  f o r  t h e  D i r e c t  C o n t a c t  Phase  Change the rma l  
s t o r a g e  concep t  f o r  1, 6 and  15 h o u r s  of  s t o r a g e  i s  shown i n  T a b l e s  3-55, 
3-56, and 3-57, r e s p e c t i v e l y .  

3.6.5.3 D i s c u s s i o n  

The Direct Con tac t  Phase  Change the rma l  s t o r a g e  concep t  i n c o r p o r a t e s  a 
f i r s t  s t a g e  l a t e n t  h e a t  s a l t  s t o r a g e  c o n c e p t  and a second s t a g e  s e n s i b l e  
h e a t  2-tank s a l t  s t o r a g e  concep t  i n t e g r a t e d  i n t o  a s i n g l e  system. 
Combining t h e  t w o  s t a g e s  t o g e t h e r  e l i m i n a t e s  the need f o r  a second s t a g e  
cold sa l t  t a n k  because  s a l t  needed t o  c h a r g e  t h e  second s t a g e  i s  s t o r e d  i n  
t h e  l i q u i d  salt s t o r a g e  t a n k  of t h e  f i r s t  s t a g e .  

It  shou ld  be n o t e d  t h a t  t h e  r e q u i r e d  Sy l the rm PO0 f l o w  f o r  t h e  Direct 
Con tac t  Phase  Change System is 79% h i g h e r  t h a n  the S y l t h e r m / t a c o n i t e  
o r g a n i c  s t o r a g e  c o n c e p t ,  due t o  t h e  h i g h  Sy l the rm r e r u r n  t empera tu re  O €  
321OC (590"F), which imposes a s u b s t a n t i a l  o p e r a t f n g  c o s t  p e n a l t y  on t h e  
s y stem. 

Because t h e  second s t a g e  i s  a mol ten  s a l t  2- tank the rma l  s t o r a g e  sys tem as  
p r e v i o u s l y  d e s c r i b e d  i n  S e c t i o n  3 - 6 . 4 ,  . t e c h n i c a l  f e a s i b i l i t y  is r easonab ly  
cer ta in .  However, t h e  t echno logy  proposed i n  t h e  f i r s t  s t a g e  h a s  not been 
demonst ra ted .  F o r  example,  t h e  Pb/Bi and t h e  s a l t  m i x t u r e  are  supposed t o  
be immisc ib l e  f l u i d s ,  b u t  some c a r r y o v e r  shou ld  be expec ted .  The f o l l o w i n g  
q u e s t i o n s  are a few of t h e  many t h a t  shou ld  t h e r e f o r e  be r e s o l v e d :  

I) How much c a r r y o v e r  w i l l  t h e r e  he  o f  s a l t  t o  Pb/Bi and /o r  Pb/Bi  t o  
s a l t ?  

2 )  How w i l l  c a r r y o v e r  a f f e c t  t h e  p r o p e r t i e s  of  t h e  I)b/Bi and t h e  s a l t ?  

3 )  How w i l l  c a r r y o v e r  a f f e c t  t h e  makeup r e q u i r e m e n t s  of t h e  P b / B i  and  
t h e  salt'? 

Because o f  t h e  many u n c e r t a i n t i e s  and unanswered q u e s t i o n s  r e l a t i v e  t o  t h e  
f i r s t  s tage o f  t h i s  c o n c e p t ,  a 4% O&?l ha s  been assigned t o  t h e  f i r s t  s t a g e ,  
as opposed t o  2% o n  t h e  second s t a g e .  

A g l a n c e  a t  t h e  p r e s e n t  wor th  c o s t s  o f  t h e  Direct Con tac t  System shows t h e  
h i g h  c o s t s  a s s o c i a t e d  w i t h  t h i s  sys tem a t  1 and 6 h o u r s  of s t o r a g e .  The 
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T a b l e  3 -55 .  THEVAL STOWGZ nESIG!7 nAT.4 

nImr CONTACT PWF. CAANCE 
ORGANIC FLUID XCEIER - POUER 

f 

I .  ' 

STOIUCR * n u  

1. h e r a c i n g  T e n o e r a t u r e  
d. iloc 'C (7 )  
b. Cold 'C ('F) 

2 .  OuanCIcv ( T o r a l )  
a .  'la Y02, YaOH Sal t  ks ( t o o )  
5 .  PblEf ts ( t o n )  

ST.\GIGE i n i  ? 
Direcr Concacc 31 (Latent) 

4.3OalO4( 47 .A  
1.86 x 10" ( 2 0 . 5 )  

I .  S t o r a g e  Capaclc:/ l U t h  1.82 

2 .  Storaqe Tanks 
3. nuamicy 
h. S l r e .  each (3 la .xHc . )  ' n l f c l  

% i n  S a l t  Tank Liquid Sale  Tank P h / B i  Tank 
1 - 100% I - 100% 1 - lOD% 

5.Sx3.b(IR.Gx11.0) 1.7xfl.9(5.5x3.0) 1.7~0.9(5.Sx3.0) 
C .  Yacerlal Carbon S t e e l  Carbon S t e e l  Carbon S t e e l  
4 .  Uelqht, each be, (can) 5.2 1 0 3 ( 5 . ~  4.11 x 10?10.51)  8 , 6  Y 10210.51) 

3 .  Tank tneulactan 
1. Tvpe 
5 ,  Thickness  'I < € t )  

" I inera l  Tiher uiAl. Lagging 
0 . h 6  (1.5) 0.46 ( 1 . 3 )  0.16 ( 1 . 5 )  

i. rank Foundation 
a. Type Conccete Yat C o n c r e c e  Ya t  Canc rece  Yat  
h. Yhickness m (ft) 0.61(2.0) Insulc O.irl(2.0) Insul* 0.61(?.0)  Lnsul& 

0.76 (2.5)Scrucc. 0.61 (2.0)Scrucc. 9.76 ( 2 . 5 ) S t r u c c .  
C. Puancicy, T o c a l  m3(yd3)  36.2 ( 4 7 . 3 )  15.b (20.1) L.2 ( 5 . 5 )  

L .  Charqinq ? l u i d / n l s c h a r g i n e  Fluid S v l t h e m  ROO Steam 
I. P?ow.  Tocal k d s  ( l b / h c )  15.6 (1.22 'I 105) 0 .879(6 .98~103)  
h. P r e s s u r e  YPS (? . la )  Atmospheric 5.17(750) : \  c . Temperacure  'C ('r) 388 ( 7 3 1 )  266 (511) 

e 2. Scorage F l u i d  S a l C  Salt P b / B i ( C a r r i e r  Fluid) 
3. Flow, Tacal kqls ( l b l h r )  16.3( 2.09~103) 10.0 (: .9hxioj) 6 ? o ( r s z  10% 
5. lressure (Tank) YPa ( p s l a )  d t n o ~ p h e e l c  Atmospher i c  A tmospher i c  
C .  Tamperacure (Pump) "C ("F) 310 (590) 3 10 (590) 299lS70)  

?. PunpS 
a. o u a n c 1 t y  1-100% l - l f J O %  1-100:: 1-100: 
h. ?:,pa nOrir.  c e n c r i f .  veCt .  cant.  vert. cant. v e c t .  cant.  
c .  Yacerial Carbon Steel Carbon S t a e l  Carbon S t e e l  Carban S t e e l  
d .  F l u l d  Sylcherm 800 5 a l t  Sa l t  P b I R i  
?. Capacity, each 
i. Yead r ( I t )  92.0 (302) 2.1.3 (70) 2 7 . 5 ( 9 0 )  ?.6(25) 

h. "DCOr s i z e  We ( h p )  2 2 . i  (30)  11.2 ( 1 5 )  3 . 7  ( 5 )  7 i . 6  ( 1 0 0 )  

a 3 / s  (gpm) ?.3Ix10-?( 366)  1 . 3 ~ 0 - 2  ( Z19) 5 .  ISxlO-?( 83.6 ) 5 . 9 %  LO-?( 943 1 

J.  Power ( S h a l t ) .  e a c h  kue (hp)  i8.5 ( 2 6 . 8 )  7 . 3  (9.4) 3 . 6  (< .a )  61.7 (32.7) 

1-1002 
S h e l l  6 Tube 
Carbon S c e e l  
136.0 ' l , L 6 & )  

2.:9 

L-toaz 
She!l i Tube 
car5en Steel 
15.7  (19.0) 

!.a2 

153 
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Sheet 2 9f 2 Table 3-55 .  TWRWL STORAGE DESIGN DATA 'Continued) 
QRCmIC FLUID RECEIVER - mr;ER 
DIRECT CONTACT PHASE CK4L;GE 

FTAGF 2 7F 1 
?C! S a l t  I s e n s i b l a )  

STORAGE WUIA 

1. Operating Temperature 
a .  i lo t  
5.  Cold 

2 .  Quancicy ('local) 
a .  YaNQj SaOtl Sa lc  

'C ( O F )  

' C  ( ' 7 )  

L3 ( t o n )  

385 ( 7 2 5 )  
310 ( 5 9 0 )  

Charqed f a  Isc  Scage 

FJERGCY REUTEn ZQUIPYCXT 

1.  Searage Capactey 

2 ,  Seorape Tanks 
a. Ouanricy 
5.  Size, each (Dia.xHC.1 
C. v a e e r i a l  
d .  " i e i g h c ,  each 

3 .  Tank Insularion 
a .  ?ype 
b. Thickness 

?.. Tank foundacton 
a. Type 
b .  Thickness 
c. Quantity. Tacal 

n.29 

Hot 5alt Tank 
I - 10nt 
2 . 3  -< 1.2 r 7 . 5  T 5.0) 
Carhon Steel 
'144 ( 0 . 9 3 )  

YineFal FLber r / A l u r d n u m  Lagging 
0.61 ( 2 . 0 )  

Coocrere vac 
0.76 i 2 . S )  Insul. - 0.61 ( ? . O )  Stmet. 
5 . i  ( 7 . 5 )  

Char5 i n $  0 iaekarq inq 
?!?WE% REUTED EOUIP!CNT 

1. Charginq F lu id /  
Jischarging Flutd 
a .  F l o w .  Pocal 
h. Pressure 
C .  Temperacure 

2 .  Storage F lu id  
a .  Flav. To:al 
b. Pressure !Tank) 
C .  Temperature (Pump] 

3 .  Pumps 
a .  Quanetty 
b .  Type 
c .  '?acerial  
d .  Flutd 
e. Capacfcy. each 
f .  Head 
s .  Paver (Shaft). each 
h. Yocar s i r e  

Syleherm iP00 S e e m  
15.1 ! 1 . 2 2  T 10% 
Armspher ic  1 . 9 3  (?I51 
309 1750)  371 (:a01 

@.Rig (6.98 < 103) 

. S a l e  s a l t  
2.57 (2 .44  x 1@') 
Aemospheric Acvosoheric 
310 ( 5 9 0 1  385 ( 7 2 5 1  

z . 1 3  (1.69 I( :0:> 

1.  

1 .  
1 - LOO): I - 100: 
']err. Cancilever Ser  c . Cam I l e v e r  
Carbon Sceel Carbon Stee l  
Salt S a l t  
: . 3 ~  10-3 ( 2 1 . 3 )  1.1: I 10-3 i l 7 . 7 ?  
30.5 (100) 1 5 . 2  ( 5 0 )  
1.0 (i.i) ' 0.G ( 0 . 5 )  
1 . 1  ( 1 . 5 )  3 . 6  ( 0 . 7 5 )  

3 

i 
, 

1. Xeac Exchanuers 
a. Quanctty 
b .  t y p e  
C .  Yarer ta l  
8 .  Surface area, r a m 1  
e .  3ury. T o t a l  

h)Sn'AL 'I?IESGY 

1. '?ec;;ical 7 , e r q y  

1 - IOOf 
S h e l l  and tube 
ta rboo  S t e e l  
I!.; :133> 
1 . 3 3  

i 

1.54 
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Table  3-56. ?HHER?V.L STORAGE DESIGV DATA 
ORGA3IC FLUID RECElWR - POmR 
nlRECT COXT.VX P U S €  CHANGE 

YOU33 O f  STOUCE: s i x  ( 6 )  

Sheec I of 2 

STAGE ' OF C 
Direcc Concacc HX 'Lacent\ 

1. l p e r a t l n g  Temperature 
a .  Wac " C  ('3 
h .  Cold "C ( ' 7 )  

110 ( 5 9 0 )  
310 (590) 

:+ OuanCLcy !Toca l l  
3. 'la Y 0 3 .  NaOH S a l c  kg (con) 
b. P b i B I  kg ( c o n )  

?.i4x105( 2 5 9 )  
1.86 l a d  (20.5) 

10.89 

2. Scorage Tanks 
I. cunnctcy 
b. S lze .  each (01a.xHt.) 
C .  Yacertal 
d .  Yeight. each 

?. l a n k  I n S u l a t t o n  

5 .  Thickness 

5 .  Tank Foundation 
3. Type 
b, Thickness 

C .  Ouanciv,, T o t a l  

a .  r v p e  

Maln Salt Tank Llqufd Salc Tank P U B 1  Tank 
I - 100% I - 100% 1 - 100% 

E.~xL.R!z~.Q~I~.o) ?.lxl.l(7.0~3.5) i.7xo.~(5.sx3.0) m( f t) 
Carbon seeel 

k* i c o n )  i.lbxlO'( 12.8) 
Carbon Steel Carbon Sceel 

:.? x 101(0.79) 4 . 6  x 1 0 2 ( O a S l )  

! - " 
. .  
I. 

m ( f c )  0 . 3 6  (1.2) 

Concrece Y a t  

0.76 (Z.5lStruce. 
m <ft> a.61(2.0) MUL+ 

m3!yd3) 95.6 (125) 

I. Charylnq Tluid/Discharqlng F l u i d  
a.  F l o w ,  T o t a l  kg/s ( Ib/hr)  
b. Pressure Yea ( p s i a )  
c .  Temperacure 'C ( O F )  

2. Scorage Fluid 
a .  Flow. l o c a l  kgls ( l b l h r )  
h. Pressure (Tank)  %Pa (psis) 
C .  Temperature (Pump) 'C ( 'F )  

3 .  Pumps 
a. Quantlcy 
b. Type 
C .  Yaterial 

S y l r h e n  800 Steam 
14.6 (2.25 x 195) 0.379I6.9Rx13'1 
bcmofipheric 5.ti!750) 
388 (131) 256 ( 5 1 1 )  

S a l c  SdlC PS/Bl(Carrler ? l u l d )  
48.6(3.86~105) 10.0 (7.?6xIO4) a?o('r92 106) 

Acmospherlc Xcmospheric X tmosp her  l c  
310 (540) 310 (540) ?9?( 570) 

i-iaoz l-lOO% I-10oz I-iooz 
Hortr .  C e n t r l f .  Verc. Cant.  V e r c .  Cane. Verc. Cant. 
Carbon Sceel Carhon S c e e l  Carbon Sceel Carbon Sceel 

?-LOO% 
S h e l l  6 Tubs 
Carbon S c e e l  
2 5 1 . 1  !?.:OI) 

1.31. 

1-loo? 
Shel l  b Tube 
Carboo Steel 
16.7 1'0) 

:.a? 

r,.. 
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Tahle 3-Sir. THERYAL STOPACE PESIC!: DATA (Continued) Sheet 2 of 2 
ORGANIC FLUID nZCEIWR - P O U i R  
FIUSCC CONTACT PWSE C U A X E  

HOURS OF S?ORACE: SLn !6) 

PCIl sai: 'Srnsih!e!  

STORAGE !4EDIA 

1. Operacing Temperature 
a. qot 'C ( O F )  

b.  Cold "C ( O F )  

2 .  Ouanciey !Tatall 
a. BaNOj YaOH salt ks ( t o n )  

385 ( 7 2 5 )  
310 (590)  

Charged TO I s F  Scaqe 

i 
! 

ENERGY REWIEO E Q U I P X E Y I  

1. Scorage Capacity xuc h 

2 .  Storage Tanks 
a. r)uanciry 
5.  S t r e ,  each !Dia.xHr.) m ( f c )  

1.77: 

UOL S a l t  Tank 
1 - 100% 
1.0 x 2 . 3  (13.0 x 7 . 5 )  

C .  'lacerial 
d .  Fr ight .  s a c k  

3 .  Tank Insularion 
a .  ?ppe 
b. ?htctnass 

6 .  Tank Poundacton 

b. Thtckness 
C .  Quanctey, Total  

a .  C g p e  

Carbon S c e e i  
4 . 3 5  10' ( 6 . 8 )  

i 

concrete r a t  
0 .76  ( 2 . 5 )  Insul. + 0 .91  (3.0) Scrucc .  
24.0 (31.;) 

t 

POWER z3..\TcLu zQu:P%m 

1. Charping Fluid/ 
Discharging Fluid 
8 .  Flaw, Total 
h. Pressure 
C .  rcmperatuce 

2 .  Storage f l u i d  
a. ?low.  ?ocal 
5. Pressure (Tank) 
C. Temperature (Pump) 

3. Pumps 
a. Ouanttcy 
b. tgpe  
C .  !lacerial 
d .  F lu id  
b .  Capacfcy, each 
I .  Yend 
g. ?aver ! S h a f t ) ,  each 
h .  !locar s i z e  

S y l c h e m  800 

Acrnosphertc , 
399 (750) 

1n.b (?a 105) 
Steam 

4 . 9 3  ( 7 1 5 )  
3 7 1  (700) 

0.674 ( 6 . 9 8  I 133) 

1 - 100% 
Verc. C a n t i l e v e r  
Carbon Sreel  
S a l t  

30.5 1 :OO)  
L.9 (?.5) 
2.1 ( I )  

? .C9  Y 10-3 / ? 0 . 5 )  

1 - 1SU1 
$>el1 3nd Tube 
Carbon S ~ e e l  
12 .6  1 : $ 5 )  
g . 6 5  
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S h e e t  1 of  2 

(.'.? 

. .  
i .  

1 .  

STAGE ! OF 2 
3 t r a c c  concace :ix (Latent)  

'F) 
' P )  

ton)  
ton) 

i. Tank "oundatian 
a .  Type 
5. 3 i c 4 n a 9 5  m ( f c )  

i. Tank "oundatian 
a .  Type 
5. 3 i c 4 n a 9 5  m ( f c )  

C .  Ouenclcy, T o t a l  a3!yd3) 

POWER I E L A E i )  EOIJIPWNT 

1. Charqlne Z l u i d l D i s c h a r q t n .  F l u i d  
a. F l a w ,  *aca l  

I. ' ? r c r r i c a l  7;lrrqy 

kg /o  (lb/hc) 
9Pa ( p s i a )  
'C ('B) 

310 (590) 
?I0 (500) 

6.03xlOj!565) 
1.86 Y LO' ( 10 .5 )  

27.23 

Xafn Salt Tank L:quid S a l c  Tank TblBi  Tank 
! - 100% 1 - 100% 1 - IOOX 

Ib.4x6.1(34.0x20.0) ?.Jr1.2(7.5x4.0) 1.7~0.9(5.5x3.0l 
Carbon Steel C a t k n  S t e e l  Carbon Steel 

l.R3x1OL(?b.?) 8.i x 10?(0.91) 4 . 6  x ?O2(0.51l 

Ylneral Ffber  'dIA1. Lagginq 
0.23 ( 0 . 7 5 )  0.23 (0.75) 0.23 (0.75) 

Concrete ?lac Concrece U s c  concrete :lac 
O.61(2.0) lasul+ fl.6!(2.0) insul+ 0.61(2.0) ?nrul+ 
'1.07 (3.5~Sc~ucc. 0.61 (?.OIStruct. 0.76 (?.5)StKuct. 

150 (196) 2 6 . 3  ( 1 C . L )  I I .Z f5 .5 )  

Cbarqlnq 91 sc hareieg 

S y l t h s m  A00 
4 0 . 8  (3.26 x 105) 
Atmospheric 

3 8 R  ( 7 3 1 )  

Steam 

5.17(750) 
2 6 6  (511) 

0.879( 6.98~10~) 

1-100% 1-100* 1-100b 1-1001 
Herig. C e n t r i f .  vert.  Cant. Vett .  Cant. Verc. C a n t .  
Carbon Steel  Carbon Steel Carbon Steel Carbon S c e e l  
Svlcherrn 800 sa1c Salt P b l S l  
6.13~10-2(?71) 3 . 6 7 ~ 1 0 - ~ ( 5 8 2 ) 5 . 1 6 ~ 1 0 ~ ~ ( 8 ? . ~ )  5.95~10-?!943) 
42.0 ( 3 0 2 )  21.1 (70) ?7.+(90) ; . 6 ( ? 3 )  
4 9 . 2  ( 6 5 . 9 )  19.1 ( 2 6 . 0 )  3.6 ( 4 . 8 )  6 1 . 7  (R?.7) 
5 6 . 6  ( 7 5 )  21.1 (101 1 . 7  ( 5 )  7 i . 6  (100) 

l-1CO): 
S h e l l  L Tube 
Carbon S t e e l  
15.7 : l f l O )  

1. I? 
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Sheet 2 of : Table 3-57. THER’IAL STORAGE DESK!{ DA?A :Continued) 
ORGANIC FLUID RECEI‘.TI - Q O K R  
DIRECT COXTACI PWASE CJANCE 

HOURS OF STOFACE! F l f t e e n  (I:) 

1. Operat ing Tenperarure 
a. AOC ‘C ( O F )  

b. Cold ’C (‘P) 
385 (725)  
310 (590) 

Charged To 1 s t  Stage 

WERCY BEUTFU €QUIP!E:R 

I. Storage Capactcy XW: h 

2. S to rase  tanks 
a .  q u a n r f t y  
b. S l r e ,  each tnla.xHt.) m ( f t )  
C .  Naterial 
d .  IJeiqht, each kg ( t o n )  

3 .  Tank I n s u l a t i o n  
a. Type 
b. Thickness 9 ( f r )  

5 .  Tank FoundacFon 
a. Type 
b. rhlckners m ( f t ]  
c. Quantity. T o t a l  d ( y d  ) 

1 . 4 2  

9oc S a l t  Tank 
I - 100): 
5.3 x 3.0 ( 1 7 . 5  x 1g.0) 
Carson S c r e l  
7 . 3 2  to3 ( 8 . 0 7 )  

Concrete Vat 
0.76 ( 2 . 5 )  Inou l .  + 0.91 (3 .0 )  Struct. 
$1.9 ( 5 h . 8 )  

Char? 1 RO Discnarqins 
?IIuER 4ELA’ED EQVZPXZ31 

1. Chncpinq F l u i d /  
Disc harp1 nq Fluid 
a. F l o w .  Total kp/$ ( l b l h r )  

c .  ?emperature ‘C (OF) 

6 .  Pressure ?(Pa (psi=) 

Z. Storage Fluid 
a.  F l o r ,  Total kg/3 ( l b f h r )  
h. Fressure (Tanka) UPa (prial 
C .  Penperature (Pump) ‘C (‘P) 

3.  Pumps 
a. Quancicy 
b. Type 
C. Yacerlal 
d .  Fluid 

I. Head ip (ft) 
3 .  Pwer (Shaft). each kVe (hp)  
h. !%tar slze W e  (hp) 

e. Capacity. each TO’IS !6pm) 

steam 
0.870 ( 6 . V  x L O 3 >  

Syltherm ROO 
~o.8 ( 1 . 2 1  1( 1051 
Atmospheric i . 9 3  (715)  
399 (7fO) 3 7 1  (700) 

Salt S a l t  
6.82 (5 .61 10’) 2 . 1 3  (1.69 .r 10‘) 
Atmospheric d c a o s p h e f l ~  
310 (590 )  185 ( 7 2 5 )  

1 - 1ooa 
VerT;. Cantilever 

I - 100% 
V e r c .  Cancllever 

Carbon Steel 
Salr 

30.5 (100) 
1.58 10-3 ( 5 6 . 7 )  

: - IOOZ 
Shell and Tube 
Carbon Scee? 
1 2 . ?  ( 3 5 : )  
,I.?& 

I - ion: 
Shell and ‘ube 

:..?“a 

1 voces: 
a4nnual ?Les:ricsl Enerqy tncludes O n l y  Energy < h i r g e n l e  :D Scoraqr justen .  

158 



TR-1283, Vol. I1 

c o s t  of t h e  many r e q u i r e d  t a n k s  and  pumps, a l t h o u g h  m a l l ,  p e n a l i z e  t h e  
sys tem s e v e r l y  a t  low h o u r s  of  s t o r a g e ,  making i t  not: c o m p e t i t i v e  w i t h  
e i t h e r  S y l t h e r m f t a c o n i t e  o r  Hitec 2- tank a t  1 and 6 h o u r s  of s t o r a g e .  A t  
15 h o u r s  of s t o r a g e ,  however,  t h e  r e v e r s e  i s  t r u e ,  w i t h  t h e  D i r e c t  Contac t  
sys tem be ing  t h e  most c o s t  e f f e c t i v e  of  t h e  t h r e e .  T h e r e f o r e ,  t h e  P i r e c t  
Con tac t  Phase  Charge S t o r a g e  concept  a p p e a r s  b e t t e r  s u i t e d  economica l ly  t o  
a p p l i c a t i o n s  r e q u i r i n g  many h o u r s  o f  t he rma l  s t o r a g e .  

i 

3.7 CLOSEI? AIR BRAYTON RECEIVER 

3.7.1 Refe rence  S o l a r  Thermal System 

The r e f e r e n c e  s o l a r  t he rma l  sys tem € o r  t h e  c l o s e d  a i r  Brayton  r e c e i v e r  
power a p p l i c a t i o n  i s  shown in F i g u r e  3-33. The r e f e r e n c e  c y c l e  i s  based  on 
a r e p o r t  o f  Closed  Brayton  Cycle  Advanced C e n t r a l  Rece ive r  S o l a r  - E l e c t r i c  
Power System by Boeing Eng inee r ing  & C o n s t r u c t i o n  Company [ 3 ] .  Two ( 2 )  - 
75 NJe gross power modules are provided .  The g a s  t u r b i n e  i n l e t  air 
t e m p e r a t u r e  i s  816°C (1500°F) a t  3 . 4 5  MPa (500 p s i a ) .  A s e n s i b l e  h e a t  
t he rma l  s t o r a g e  o f  a i r / a l u m i n a  b r i c k  i s  u t i l i z e d .  

3 . 7 . 2  Thermal Storage Concepts  

The f i n a l  t he rma l  s t o r a g e  c o n c e p t s  c o n s i d e r e d  f o r  t h e  c losed a i r  Brayton  
r e c e i v e r  c o n c e p t u a l  d e s i g n s  i n c l u d e  t h e  f o l l o w i n g :  

' Air/Alumina B r i c k  (Refe rence  System) 
Air /Cast  I r o n  
Air/Granite ( E x t e r n a l  Heat Exchange) 

3.7.3 Air /Alumina B r i c k  (Reference  System) 

3.7.3.1 System D e s c r i p t i o n  

The r e f e r e n c e  a i r / a l u m i n a  fAl2O3) b r i c k  s e n s i b l e  h e a t  t he rma l  s t o r a g e  
sys tem i s  shown i n  F i g u r e  3 - 3 4 .  During the c h a r g i n g  mode, a i r  from t h e  
r e c e i v e r  e n t e r s  t h e  h o r i z o n t a l  s t o r a g e  v e s s e l s ,  h e a t i n g  t h e  s t o r a g e  media ,  
t h e n  i s  r e c i r c u l a t e d  back t o  the r e c e i v e r  by t h e  c i r c u l a t i o n  compressor .  
During t h e  d i s c h a r g i n g  mode t h e  f l o w  i s  r e v e r s e d  and a i r  from t h e  t u r b i n e  
r e c u p e r a t o r  e n t e r s  t h e  c o l d  end  of t h e  v e s s e l s ,  removes h e a t  from t h e  
s t o r a g e  media,  and d h c h a r g e s  a s  h o t  a i r  which d r i v e s  t h e  t u r b i n e .  ?he 
t u r b i n e  compressor  i s  u t i l i z e d  t o  c i r c u l a t e  t h e  a i r  through t h e  s t o r a g e  
v e s s e l s  d u r i n g  t h e  d i s c h a r g e  mode and t h e  c i r c u l a t i o n  cornpressor i s  
i n a c t i v e .  A s  d i s c h a r g i n g  c o n t i n u e s ,  t h e  a i r  t empera tu re  from s t o r a g e  
decays  and t h e  o p e r a t i o n  c e a s e s  when t h e  a i r  t empera tu re  s u p p l i e d  t o  t h e  
t u r b i n e  d r o p s  t o  683°C (1261°F) .  

The s t o r a g e  media m a t e r i a l  i s  aluminum o x i d e  r e f r a c t o r y  b r i c k .  T h e  
r e f r a c t o r y  b r i c k  i s  c a s t  i n  a hexagonal  s h a p e ,  known a s  a Freyn 
c o n f i g u r a t i o n ,  which when in p l a c e  forin c i r c u l a r  f low c h a n n e l s  i n  t h e  a x i a l  
d i r e c t i o n  of  t h e  v e s s e l .  Each h e m i s p h e r i c a l  head i s  E i l l e d  w i t h  alumina 
b a l l s  which act  a s  d i f f u s e r s .  Inconel-617 gra tes  a r e  Located between t h e  
a lumina  b a l l s  and b r i c k  and a t  t h e  i n l e t  and o u t l e t  o f  each v e s s e l .  

I 
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The p r e s s u r e  vessels a re  welded ca rbon  s t e e l ,  ASTH A516-70, des igned  and 
c o n s t r u c t e d  Lr: accordance  w i t h  ASXE B&PV Code, S e c t i o n  VIII, D i v i s i o n  11, 
and a r e  i n t e r n a l l y  i n s u l a t e d .  An Inconel-617 l i n e r ,  1.5nm (0.G598 i n . )  
t h i c k ,  i s  l o c a t e d  between t h e  i n t e r n a l  i n s u l a t i o n  and s t o r a g e  media. The 
h e a t  l o s s  used i n  t h i s  d e s i g n  i s  e q u a l  t o  a p p r o x i a n t e l y  3 1 /2% of t h e  r a t e d  
s t o r a g e  c a p a c i t y  per 2 4  hour  day .  

3 . 7 . 3 . 2  Thermal S t o r a g e  Des ign  Data 

The c o n c e p t u a l  d e s i g n  d a t a  f o r  t h e  r e f e r e n c e  a i r / a l u m i n a  b r i c k  s t o r a g e  
concep t  f o r  1, 6 and  1 5  h o u r s  a re  shown i n  T a b l e s  3-58, 3-59, and  2-60, 
r e s p e c t i v e l y .  

3.7.3.3 D i s c u s s i o n  

The e f f e c t i v e  s t o r a g e  de l t a -T  used i n  de t e rmin ing  t h e  mass of s t o r a g e  media 
r e q u i r e d  is based o n  t h e  s t o r a g e  subsys tem p h y s i c a l  c h a r a c t e r i s t i c s  
p r e s e n t e d  in t h e  r e f e r e n c e d  Boeing r e p o r t .  An e f f e c t i v e  s t o r a g e  de l ta -T of 
352°C (585°F) was used i n  t h e  c a l c u l a t i o n s .  

The Boeing s e n s i b l e  h e a t  thermal s t o r a g e  concep t  of d i r e c t  contac t  h e a t  
exchange i n  a n  i n t e r n a l l y  i n s u l a t e d  p r e s s u r e  v e s s e l  a p p e a r s  t o  be a v i a b l e  
concep t .  However, some problem areas are a p p a r e n t  w i t h  t h e  s e l e c t e d  
c o n f i g u r t a t i o n ,  i n c l u d i n g  t h e  s e l e c t i o n  and  i n t e g r i t y  of t h e  i n t e r n a l  
i n s u l a t i o n ,  s t o r a g e  media a l ignmen t  and  s u p p o r t ,  and  therrnal  expans ion  
p r o v i s i o n ,  which i n d i c a t e s  t h a t  f u r t h e r  development  work is r e q u i r e d .  

A l t e r n a t e  the rma l  s t o r a g e  materials were c c n s i d e r e d  d u r i n g  t h e  concep t  
s c r e e n i n g  task however, none were i d e n t i f i e d  t o  have more promise t h a n  t h e  
r e f e r e n c e d  a lumina  m a t e r i a l .  However, i t  may be economica l ly  a t t r a c t i v e  t o  
use a,lumina b a l l s  t h roughou t  r a t h e r  t h a n  t h e  s e l e c t e d  F reyn  c o n f i g u r a t i o n  
because  of  t h e  Lower i n s t a l l e d  c o s t  of t h e  s t o r a g e  media, however t h i s  must 
be t r a d e d  a g a i n s t  i n c r e a s e d  s t o r a g e  vessel c o s t  and h i g h e r  p r e s s u r e  drop .  

\ 

P r e s t r e s s e d  ca5t i r o n  vessels  (PCIV)  have been proposed by P r o f e s s o r  P.V.  
G i l l i  [Is] f o r  t he rma l  ene rgy  s t o r a g e .  Based on c o s t  estimates f o r  P C I V  i n  
t h e  C i l l i  r e p o r t ,  e s c a l a t e d  t o  June 1980, a s a v i n g s  o f  abou t  10% i n  s t o r a g e  
tank f a b r i c a t e d  m a t e r i a l  c o s t  would be r e a l i z e d  o v e r  t h e  r e f e r e n c e  6-hour 
s t o r a g e  c l o s e d  a i r  Brayton  case us ing  ca rbon  s t e e l  v e s s e l s .  Also t h e  P C I V  
e r e c t i o n  c o s t  e s t i m a t e d  by G i l l i  i s  s i g n i f i c a n t l y  lower t h a n  t h e  e r a c t i o n  
c o s t  used i n  t h i s  s t u d y  f o r  s t e e l  vessels. However, no a t t e m p t  was made i n  
this s t u d y  t o  compare P C I V  vs. s tee l  vessels on a compara t ive  d e s i g n  and 
c o s t  bas is .  Also i t  shou ld  be mentioned t h a t  P C I V  are n o t  present ly  ASXE 
code approved v e s s e l s  i n  t h e  U.S. 

j 
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?able  3-58. THEIUV\L STORAGE DESIGN FATl 
CLOSED AIR 0 ~ ~ ~ 0 4  RECEIVER 
4IRIALWlIJA RRICX (REFEXENCE SYSThWl 

( T o t a l s  For 2-75 ?Me Cross Power Yodulrst 
!tOURS OF STORAGE: One ( 1 )  

STAGE I OF 1 
A i r l A l u m l n P  3 P t C k  

STOFACE uEDIA 

I .  r3perating Temperacure 
a .  ' IOf  'C ( a ? )  

b. Cold 't (*?) 

1. Ouanzley (Tocal l  
a. \lumind Brick ks (can)  
b. Alumina B a l l s  kq <con) 

W F R C Y  RELAETI EQUIPSEST 

1. Storage Capacity WlCh 

2. Scoraqe Tanks 
a. ouancity 
b .  S l z e ,  each (n1a.r  L.) m ( f t )  
C .  Y a r e r i a l  
d .  l ielght,  each kg ( t o n )  

1 .  Yank Insular lan 
a. Type 
b. Thlckness  m ( f c )  

4. Tank ioundation 
a. Type 
h. Thickness m ( € c $  
c.  luanclcy, T o t a l  a%Vd > 

360 

one ( 1 )  
6.1? (20.417) O.D. x S 7 . f l 5  ( 1 5 7 )  S h e l l  ( t b r i z . )  
Catban Sceel  ASTW 1516-75 

eaa,ioo ( 9 9 0 )  

Calcium S l l i e a c e  ( I n t e r n a l )  
0.15 ( 0 . 5 )  

l e i n f o r c e d  Concrece Xac 
d 1 . 2 2  ( 4 )  

163 ( 4 7 5 )  

Charqinq otscharqinq 

900 ( 7 .  145 106) 
1.45 (500) 

816 (1,500) Hor 

Cfrculaclon Compressor 
Two ( 2 ) :  One ( 1 )  Per  'iodule None 

Centr i fugal  
S t a i n l e s s  Stee l  

: 5  (0.59s x 106) 
0.175 ( 6 0 )  

1,670 ( 2 , 2 3 6 )  
1 ,365  (2,:ao) 

Air 

'ione 

3 .  il 
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SOURS OF ST0UGi:: S i x  ( 6 )  

mum am 
1. Operating Temperature 

a. %t 'C ('P) 
5. Cold 'C ( '?)  

I.  Alumina 3rick ks (con) 
b. Alumina Bal l s  k$ (con)  

2 .  Ouas~icy ( T o t a l )  

816 (1.500) 
LO0 ( 7 5 2 )  Yinimum; b90 (9151 Siring 

l P . b  n 
1.10 106 

Scorage Capacity Wt h 

Storage Tanks 
a.  quantity 
h. S l t e ,  each (D1a.x L.) d f : )  
C .  Yacertal 
i. WeLshc. each Lq (ton) 

Tank Insulaclon 
a. Type 
b. Thickness m ( T t )  

Tank Faundarlon 
a. Type 
b. Thlckness m ( i t1  
e .  quanttty, 7aral m'cyd ) 

Calcium S i l i c a r e  ( I n t e r n a l )  
0.1: (0.5) 

aetnforced Cone-ece 'rat 
1.22 : I )  
?,I79 ( 2 , 8 5 0 )  

POWER BELATED EPUIPX%lT 

1 .  Receiver Pluld (Air)  

a. Flow, Tocal 
b. Pressure 
C .  Temperacure 

2 .  Storage Fluid (Air)  
a .  Flou. Total 
h. Pressure (Tanks) 
C .  ?emueracure 

3 .  Compressors 
a .  Quanctcy 
5 .  Type 
C .  'iacertal 
d .  Fluld 
e.  Capacity. each 
f .  Head 
2. Fouer ( S h a l e ) ,  each 
h. Yocor size 

6 .  Heat Xxchangers 
a .  Ouanclty 
5 .  Type ;. Uaceria? 
d .  Surface Area.  Potal 
e. 9"t.i. T o t a l  

I!WX!AL zxI%KG': 

I. ' lectric.1 Energy 

2 .  Z l r c t r i c a l  Toergy(Tuca1)  

>. Y e o t  L O S S  (:oral) 

OQ0 (7.1kS x lo6). 
3 . 4 5  (500)  

516 (1 .500)  
.I I. , .' 

( '  
900 ( 7 . 1 4 5  x loh) 

3 . L S  ( 5 0 0 )  
433 (812) Cold 

CIrcularton Conaressor 
30 { 2 ) :  One ( 1 )  Per Xodule 

Cencri fugal 
Seainless Steel 

450 ( 3 . 5 7 3  I 1001 
,1.:75 (no) 

10,000 ( 1 3 , 5 1 5 )  
10,sao (14 ,000)  

.Air 

v*nr 

kg/s !lb/hr) 
YPa ( p s i )  
kUe ( h p )  
W e  ( h p )  

'.one ':one 

j I 
t.. i 

i 64 
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c L m n  AIR m Y T m  RECEIVER 
I IR/ALUYI:IA RRICK (REFERENCE SYSTIY) 

ITocalr for 2 - 7 5  YWe Gross Power Xodulesl 

STORAGE TZOl.4 

1. Ooeracing renperacure 
a. Vat  'C ( O F )  

5 .  Cold 4c ("P) 
816 (1,500) 

400 (752)  Xlnimum; 490 ( 9 1 5 )  S l z i n g  

1 .  9uancley ( T o t a l )  
a. Alumlna Brick kg ( ton) 
h. .Alumina B a l l s  t g  ( ton)  

BVERGY RELATED EOUX?%EENT 

1. Storage Capacity xut h 

2 .  Scorage rankg 
a.  quanclty 
b. Sire, aaeh ( 0 l a . x  t.) m ( F t )  

5.400 

Slxcean  ( 1 6 )  
6 - 2 2  !20.617) 0.0. x 64.70 ( 1 4 6 . 6 7 )  Shell (Hariz.) 
Carhon Steel A5tX A518-70 

948,226 ( 9 3 5 )  
C .  Vacerlal 
d .  Yelght ,  each 

3.  Tank I n s u l a t i o n  
a. rrpe 
b. Thlckness  

4 .  ?ank Foundatian 
a .  Type 
b.  Thickness  
c .  Ouanclcy. Toca l  

! :  
Calctum S l l t c a t e  ( Internal )  

0.15 ( 0 . 5 )  

Beiniorced Concrete !4at 
1.22 (6) 

5,800 (7,600) 

Cbarginq 7iacharqlnq 
PDVER RELATE0 ?QUIT'!ENT 

1 .  Recelver F lu id  ( A l r )  

a. F?ou, Total 
h. Pressure 
c .  Temperature 

2 .  Storage Flu id  ( A i r )  
a .  F l o w ,  T o t a l  
h. Pressure (Tanks) 
c LI Temperature 

3 .  Comaressars 
a. I?uanclty 
h. Type 
C. Yaterlal 
d. Flu ld  
e. Ca~aclcy. e a c h  
f .  b a d  
s. ewer  (Shaft). each 
'1. ' i9KOr S i r e  

4.  Yeat Bxchansers 
a. o u a m t t y  
5. Type 
2. Y a c e r f * l  
d .  Surface .Area. ? o r a l  
e .  l u c v ,  Tocal 

.A!XUAi. ?!E?.CY 

!. S ? a c : r i c a l  :nerqy 

1.520 (11 .86  x 106) 
3 . * J  (500) 

R16 (1,500) 

1.620 (12.86 x lo6) 
3.G5 (500) 

h33 (812) Cald 

900 (7 .145  I 106) 

816 (1,300) HOC 
3.45 ( 5 0 0 )  

Clrculaeion Compressor 
Pour < & I :  Two ( 2 )  Per Xodule 

Centrifugal 
Scalnlesa S t e e l  

A ir  
LO5 11.215 x 106) 

0 .275  1?10) 

::one Uone 

J 
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3 . 7 . 4  AirjCast I r o n  

3 . 7 . 4 . 1  System D e s c r i p t i o n  

Cast  i r o n  was c o n s i d e r e d  as a n  a l t e r n a t i v e  s t o r a g e  media t o  a lumina  b r i c k  
because  of i t s  r e l a t i v e l y  low c o s t  and h i g h e r  s t o r a g e  d e n s i t y .  The type  of 
c a s t  i r o n  f i n a l l y  s e l e c t e d  € o r  t h i s  a p p l i c a t i o n  i s  a h e a t  r e s i s t a n t  g r a d e  
o f  "Meehani te" ,  cast  i n  t h e  same Freyn  c o n f i g u r a t i o n  a s  t h e  r e f e r e n c e  
a lumina  b r i c k .  Otherwise the s t o r a g e  sys tem d e s c r i p t i o n  i s  t h e  same as t h e  
r e f e r e n c e  case p r e v i o u s l y  d e s c r i b e d .  

3.7 .4 .2  Thermal S t o r a g e  Des ign  Data 

The c o n c e p t u a l  d e s i g n  d a t a  f o r  t h e  a i r / c a s t  i r o n  s t o r a g e  sys tem i s  shown in 
Tab les  3-61, 3-62, and  3-67 € o r  1, 6 and I: hours of s t o r a g e ,  r e s p e c t i v e l y .  

3.7.4.3 D i s c u s s i o n  

I n i t i a l l y  g r a y  cas t  i r o n  was c o n s i d e r e d  a s  an a l t e r n a t e  s t o r a g e  m e d i a ,  
however upon r ev iew i t  was found t h a t  g r a y  c a s t  i r o n  i s  n o t  s u i t a b l e  f o r  
t h e  o p e r a t i n g  t empera tu re  p r i m a r i l y  due  t o  h i g h  growth  and s c a l i n g .  A 
s p e c i a l  p rocessed  i r o n ,  "Meehani te" ,  produced by l i c e n s e d  o r  p a t e n t e d  
c o n t r o l l e d  p r o c e s s e s ,  was s e 1 e c t e d . i n  a h e a t - r e s i s t a n t  g r a d e .  

Because of i t s  h i g h e r  s t o r a g e  d e n s i t y  t h e  u s e  o f  c a s t  i r o n  a s  a s t o r a g e  
media r e s u l t s  i n  lower  s t o r a g e  volumes compared t o  a lumina  f o r  t h e  same 
the rma l  s t o r a g e  c a p a c i t y ;  however, s i n c e  more cast i r o n  (Xeehan i t e )  mass i s  
r e q u i r e d  t h e  r e s u l t a n t  c a p i t a l  i nves tmen t  f o r  t h e  two s t o r a g e  concep t s  i s  
approx ima te ly  t h e  same based on t h e  c o s t  numbers used.  

2 . 7 . 5  A i r j G r a n i t c  (External Heat Exchanger) 

3.7.5.1 System D e s c r i p t i o n  

An a i r / g r a n i t e  t he rma l  s t o r a g e  the rmoc l ine  concep t  u t i l i z e d  i n  t h e  
r e f e r e n c e  c l o s e d  a i r  Brayton  c y c l e  i s  shown i n  F i g u r e  3-35. A similar  
concep t  was proposed by Rockwell  I n t e r n a t i o n a l  i n  t h e i r  Conceptua l  Pes ign  
of Advanced C e n t r a l  Rece ive r  Power Systems Sodium - Cooled Rece ive r  Concept 
[ l o ] .  A modular h e a t  exchange r / f an  c o n f i g u r a t i o n  i s  proposed a s  shown i n  
F i g u r e  3-26. 

A s  i n d i c a t e d  i n  F i g u r e  3-35, hea ted  a i r  from t h e  r e c e i v e r  i s  passed  through 
t h e  tube-s ide  of t h e  f inned- tube  h e a t  exchangers  g i v i n g  up h e a t  t o  cooled  
a i r  c i r c u l a t e d  from t h e  bot tom of the rock  bed d u r i n g  c h a r g i n g .  C u r i n g  
d i s c h a r g i n g  t h e  air f l o w s  a r e  r eve r sed  a n d  h o t  a i r  from t h e  :OD of the  rock 
bed is c i r c u l a t e d  through t h e  h e a t  exchange r ,  h e a t i n g  the  air to t h e  
L u r b i n e .  Rece ive r  a i r  i s  c i r c u l a t e d  by a c i r c u l a t i o n  c u r ~ p r e s s o r  / n o r  
shown)  during c h a r g i c g  and ty t h e  gas  t u r b i n e  c o n p r e s s o r  while discharging, 
as d e s c r i b e d  f o r  riie r e f e r e n c e  case.  

\ 

I '. 
t 

The t empera tu re  p r o f i l e  f o r  t h e  a i r j g r a n i t e  e x t e r n a l  hea t  exchange s t o r a g e  
concept  i s  shown i n  F igu r2  3 - 2 7 .  
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Table 3-61. 'CHERWL STORAGE DESIGN DATA 
CLOSED A I R  BRAYTON RECEIVER 
&rR/cxsr Ixax 

[ T o t a l s  for 2-75 W e  Gross Paver xodulerl 

STAGE 1 Of 1 
hir/Casc Lron (Yeenanice) 

BOURS OF STORAGE: One (1)  

STORAGE YEDIX 

1. Operat ing  ?emperacure 
a. Hot 'C ( O F )  

b. C o l d  'C ('P) 

2. Quantity ( T o t a l )  
a. C a s t  Iran Brick kg (ton1 
b. Casc Iron g a l l s  kg (ton) 

6.76 x lob ( 5 , 2 5 0 )  
0.13 x 10h ( 4 7 5 )  

EVERGY RELATED EQUIPNZ?iT 

1. Storage Caoaclty X(llth 

2. Seoraae Tanks 

360 

a. Quanctry 
b. SIre. each (D1a.x L.) m(ft) 
C. Yacertal 
d .  Uetghc, each Pg ( con)  

One (11 
6 . 2 1  ( 2 0 . 4 1 7 )  0.D. x ?8.96 ( 9 5 )  Shell (Horlz.) 
Carbon S t e e l  ASTY A516-70 

5(17,860 ( 6 4 )  

7. Tank Insulaclon 
a .  Type 
h. Thickness m ( f t )  

4 .  Tank FoundatIan 
a. Type 
h. Thtckness m (fC] 
C. Quantity, Total &yd 1 

Calcium S t l i c a t e  ( I n t e r n a l )  
0.13 (0.52) 

Retnforced Concrece !!at 
I.?? ( A )  

LO9 ( 5 3 5 )  

Charglnp 9ischarging 
POKU RELATED E O U I W E W  

1. Reeetver Flu id  (Air) 

a. F l a w ,  Total 
b. Pressure 
c. Temperaturn 

2 .  Storage F lu id  (Air) 
a. Plow. Total 
b. Pressure (Tanka) 
C. Temperature 

3 .  Compressors 
a. Quanttcy 
b. type 
C .  xacerlal 
d. Flu id  
e. Capactty, each 
P.  Head 
3.  Paver (Shaft). each 
h. xutor stre 

4 .  Neat Exchangers 
a. Quantity 
b. Type 
c. Yater iat  
d. Surface Area, Tocal 
e .  nucy, Tota l  

i l i i i lrAL I ! R I C Y  

I .  E:eccr!cal Energy 

2 .  Sleccrical Enerqy(Toea1) 

1. Reac Lass (Tocal) 

150 (1.191 x lo6) 

816 (1,500) 
3.12 (500) 

150 (1.191 x l o b )  
3 . 4 5  (500)  

4 3 3  (8x2) Cold 

Clrculaclon Compressor 
t w o  ( 2 ) :  One ( I )  Par Yodule !lone 

Centrifugal 
Stainless  k e e l  

A 1 7  
75 (Oi595 x 106) 

0 . 2 7 5  (LO) 
1 . 4 7 0  (Z.236) 

!:one 

i 
I 
, .  

10hCUeh 

LObkYeh 

10yJ( 1O43TU) 

! 

. .  

I67 
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Table 3-62. THERYAL STORACE OESIGN DATA 
CLosEn AIR BRAYTON RECEIVEB 
Al?,/CAST IRON 

[Tocals f o r  2-ij W e  Cross Bouer Modules] 
!IOURS OF STOFACE: 51x 1 6 )  

5T.1CE I QF 1 
AlriCasc I t r  i (Heehanlce) 

STOIUCE ZDI.4 

' 1. Ope r a t  Ing Tempera cure 

b. Cold 'C ('F} 
a. 9oc * c  ! S F )  

2 .  q u a n t i t y  ( ? o r a l )  
a. Casc Iron Srtct kq (con) 
h .  C a s t  Tron R a l l s  kg !con) 

816 ( 1 , 5 0 0 )  
400 (752)  Ylnimum; P90 ( 9 1 5 )  Sizing 

28.59 x lo6 (11,516) 
1.58 x 10h (2.849) i 

VTPRCY 3ELATF.D EQUIP!?FX 

1.  Storage  Capactcy W t h  

2 .  Storage  Tanks 
a. Ouanttcy 
b. Slre ,  each (f3Ia.x 5 . )  m ( f t )  
C. Yaterial 
d. Uelght.  aach *g (ton) 

3 .  Tank l n s u l a t i o n  
a. Type 
b. Thickness n ( f C )  

4 .  Tank Foundation 
a.  Type 
h. Thtcknere m ( f c )  
C .  Quantity. T o t a l  m3(yd31 

2.160 

six ( 6 )  
6.22 (20.417) 0.n. x 28 .96  ( 9 5 )  she11 (Hor i r . )  
Carbon S c e e l  ASTX b516-70 

587.860 ( 6 U )  

Calclbm Slllcace (Internal) 
0.13 (0.42) 

Reinforced Concrece Yat 
1.22 (.i) 

1.454 (3,210) 

Charzing Olscharglng 
POWR RELATEn EQUIPSENT 

1. Recelver F l u i d  ( A i r )  

a. Flow. Tocal 
h. Fresaure 
c .  Temperacure 

\ 

2. Scarage F l u i d  (Air) 
a .  Flow, f o c a l  
h.  Pressure (Tanks) 
c .  Temperacure 

3. Compressors 
a .  Ouanclcy 
h. Type 
C .  M a t e r i a l  
d .  F lu ld  
e .  Capaelcy, each 
E. Yead 
g. Power (Shaft), each 
k. Yotor s i z e  

4 .  Heat Exchangers 
a, Quanclcy 
b. ?ype 
C .  Yacerla l  
d .  Surface Area, l o c a l  
6 .  key. tocai 

A!*?lL'AL ENTRGY 

1. ? l e c F r l c a l  'n*rgy 

2. Elecrrlcal Cnerqyf-acal)  

1. Yedc Loss ( T o t a l )  

000 (7 .145 x lo6) 
3 . 4 5  ( 5 0 0 )  

816 (1.5001 

kgln ( l b / h r )  
%Pa ( p s i a )  
*c  ('P) 

990 ( 7 . 1 4 5  x 106) 900 (7.1?15 v 106) 

816 (1,500) HOC 
1.55 ( 5 0 0 )  3.55 (500) 

A 3 3  (812) C o l d  

Clrculac ton  Compressor 
Two (2);  One (1) Per nodule 

Centr l fuqa l  
Stalnless S t e e l  

None 

A i r  
$50 ( 3 . 5 7 3  x 106) 

'1.275 (401 
10,000 ( 1 3 , 4 1 5 )  
1 0 , i S O  (14,000) 

Yone !lone 

I 
c, 

168 



TR-1283, VOL I1 

Table 3-63. ? X W A L  STOR\CF: OESXGB I I A W  

IIOURS OF STOMGC: F i f t e e n  ( 1 5 )  

STORAGE YEDIA 

I- Operacing Temperacure 
a. Hot "C ('PI 
b. Cold 'C (OF) 

2 .  Q u a n t i t y  ( ? o t a l )  
a. Case Iron Brick  kg ( t o o )  
h. Cast I r o n  Ralls kg ( t o n )  

B?IERGY RELATED EQUIP!+@ENT 

1. Storage Capaci ty  !Wth 

2. Storage Tanks 
a. Ouant l ty  
b. SLze, each ( n i a - x  L.) m(f t )  
C .  r a t e c t a 1  
d.  Wclght, each 

3 .  Tank Insularton 
a. Type 
b .  Thlcknsis 

5 .  Tank Foundacioa 
a. Type 
b. Thickneile 
c. Quancl ty ,  Toca l  

POh'UR RELATE3 EQUIPKElrr 

1. Receiver F l u i d  ( A i r )  

a. Flow,  T o t a l  
h. Pressure 
c .  Tempetacure 

a. Flow, t o t a l  
h. Pressure (Tanks) 
c .  Temperacure 

2. Scocage F l u i d  (Air)* 

3 .  Compressors 
a. Ouanclcy 
h. Type 
C .  Hneer fa l  
d .  Pluid  
e .  Capaelty,  each 
f .  Head 
5 .  Paver (Shaft). each 
h. %tor size 

4 .  Heat Exchangers 
a. Q u a n r l t y  
b. Type 
E .  Xacer la l  
d .  Surface Area, Tocat 
e. D U C Y ,  ?ocal 

I . W h L  ENERGY 

!. 51ectrisaI E n e q y  

CLOSED AIR RMYTON RECEIVER 
AIRlCbST IROV 

[Totals lo r  2-75 W e  Gross Power Uodules] 

STACK 1 OF I 
Alr/Casc I r o n  CYeehanlce) 

816 (1,500) 
400 ( 7 5 2 )  Ylnimum: 690 ( 9 1 5 )  Slring 

71 x 106 (71 ,307)  
6.9 x 106 (7,603) 

5 , 6 0 0  

Slxceen ( 1 6 )  
6 . 2 2  (20.617) 0 . 0 .  x 26.95 (RR.IZ) S h e l l  ( H o r i r . )  
Carbon Sceel  ASTH A516-70 

S S 3 , U I O  ( 6 1 0 )  

Calcium Stl icace ( I n t e r n a l )  
0.13 (0.02) 

Reinforced Concrece Uac 
1.22 (I1 

6.545 (8,560) 

Cha rg I ns DCscharsLnq 

1,620 (12.86 x 106) 
3 . 4 5  ( 5 0 0 )  

A16 (1.500) 

1.520 (12.86 x 106) 
3 . 4 5  ( 5 0 0 )  

434 (812)  Cold 

Clrculae ion  Campressor 
Pour (4): Two ( 2 )  Per Yedule 

C e n t r i f u g a l  
S t a i n l e s s  Sceel 

A i r  
405 (3.215 x 106) 
1 0.27s (r01 
0.010 (12.0ell 

Yone 

l 2 l . i l  

900 ( 7 . 1 4 5  x 106) 
3 . 4 5  ( 5 0 0 )  

R16 ( 1,500) Hot 

!lone 
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AIR FROM RECEIVER 
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3.7.5.2 Thermal S t o r a g e  Des ign  Cata 

I 

The c o n c e p t u a l  d e s i g n  d a t a  f o r  t h e  a i r / g r a n i t e  e x t e r n a l  h e a t  exchange 
s t o r a g e  sys tem i s  shown i n  T a b l e s  3 - 6 4 ,  3 -45 ,  and 3-66, € o r  1, 6 and 1 5  
hour s  of s t o r a g e ,  r e s p e c t i v e l y .  

3.7.5.3 D i s c u s s i o n  

The a i r l g r a n i t e  concep t  as a tes t  of e x t e r n a l  h e a t  exchange s t o r a g e  sys t ems  
does  n o t  compare f a v o r a b l y  w i t h  t h e  i n t e r n a l  h e a t  exchange c o n c e p t s  
s t u d i e d ,  t h e  r e s u l t  be ing  h i g h e r  c a p i t a l  i nves tmen t  and  h i g h e r  o p e r a t i n g  
c o s t s .  The two pr imary  components,  h e a t  exchange r s  and f a n s ,  are ve ry  
expens ive  i t e m s .  The h e a t  exchange r s  a r e  l a r g e  owing t o  t h e  poor  h e a t  
t r a n s f e r  c o e f f i c i e n t s  a s s o c i a t e d  w i t h  a i r - t o - a i r  h e a t  exchange and c o s t l y  
due t o  the h igh  a l l o y  mater ia l  ( I n c o l o y  800H) r e q u i r e d .  The u s e  o f  
e x t e r n a l  h e a t  exchange r s  w i l l  also r e s u l t  in p o o r e r  per formance  due  t o  
terminal Kemperature d i f f e r e n c e s .  The a i r  t e m p e r a t u r e  s u p p l i e d  t o  t h e  
t u r b i n e  d u r i n g  d i s c h a r g i n g  i s  56'C (100'F) below r a t e d .  

The s t o r a g e  a i r  c i r c u l a t i n g  f a n s  used i n  t h e  s t u d y  a re  of t h e  a x i a l  f l ow 
v e r t i c a l  s h a f t  t y p e ,  r e v e r s i b l e ,  w i t h  v a r i a b l e  speed h y d r a u l i c  c o u p l i n g  
d i r ec t - connec ted  t o  a n  e l e c t r i c  motor  d r i v e .  Such f a n s  and d r i v e  
components a r e  commerc ia l ly  a v a i l a b l e  € o r  r e l a t i v e l y  l o w  rempera ture  
a p p l i c a t i o n s ,  less t h a n  240°C ( 5 O O " F ) ,  b u t  n o t  f o r  t h e  5 1 0 O C  (95C'F) d e s i g n  
t e m p e r a t u r e  r e q u i r e d  € o r  the Brayton  c y c l e .  Consequent ly  t h e  fans  i n  t h i s  
a p p l i c a t i o n  must be c o n s i d e r e d  t o  be a development  i t e m .  

i 
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Table 3-84. THEXWL STOFACE I)ESLGB OAT.\ 

c L o m  r ra  RIMYTON RECEIVER 
ArR/GRANITE (EXTERVAL HEAT IXCKANGER) 

[Totals for ?-I5 W e  Cross Power Wodules] 
HOVRS OF STORAGE: One (1) 

STOWCL USDIA 

1. Operacing Temperature 
a. HOC 
b. C o l d  

2 .  'Juanticy (Total) 
a. Grani te  

CiERCY RELATED EQUIPXNT 

1. Storage capac i ty  

2. Scoraqe Tanks 
a. Ouancicy 
b, Slze, each 
c .  ' l acer ia l  
d .  Uelphc. each 

3 .  Tank lnsulacion 
a. ? ~ p e  
b. T h i c k n e s s  

b .  Tank Foundation 
a. Type 
b .  T h i c k n e s s  
C .  Quanctcy,  ?ma1 

POVLR RELATED EQUIP?ENT 

1. Recelver Fluld (Air) 

a .  F l o w ,  T o t a l  
b. Pressure 
c .  Temperacure 

?. Scorage Flufd (Air) 
a. Plov, Tocal 
h. Pressure (Tanks) 
C .  Temperacure 

31.10 x 106 ( 3 4 . 5 0 0 )  

360 

Four ( 4 )  

N/A 

1 5 . 2 4  ( 5 0 )  I 60.96 (ZOO) Y 3.65 ( 1 2 )  Bed 
Concrete-Ltned Exsavaclon With 3ems 

Lefracc. Brick-Tnsul, Conc. Perl l te  (Roof) 
0.23 ( 0 . 7 5 )  ~ 0 . 7 6  ( 2 . 5 1  1.22 ( 4 )  

'I/A 

C h a r g i n g  Discharpins 

188 ( 1 . 4 8 8  x 106) - 
3.45 f5CO)  

816 (1 ,500)  

Atmospheric Atmospheric 
474 (886) Cold 788 (1 .450)  Hot 

(Governs Pan D e s i g n )  
Circ. Compr. Circ. Fan Citc. Fan 
2-502 11 oper. 6 4  Oper. 
Centrifugal Axial,  Revers ib le  
S t a i n l e s s  S t e a l  

- - 1-114 Cr - I Xo 

3 ,  CompressorslFansb 
a. q u a n t i t y  
h. Tvoe I .  
C .  Yarerial 
d. f lu id  Air Atr Air 
e. Cdpactcy. each m3/s (aeim) 93.75  kg/s ( 0 . 7 4 4  x lo6 1b/hf )  36 ( 7 5 , 7 0 0 )  37 ( 7 0 . 1 2 5 )  
f. Head d E C )  0 . 1 7 5  XPa ( 4 0  p s i )  0 .63  ( 2 . 0 8 )  Y.G. 0.78 (2.57) U . G .  
g1 ?over (Shafc) .  each W e  (hp)  1 . 0 0 5  ( 2 . 7 9 3 )  2 8 4  (381) 360 ( 4 R ? )  

2.238 13,1100) - 373 ( 5 0 0 )  h. YOLOC s i z e  kUe (hp) 

i. Hear Excbenger3b 
a .  h a n t l t y  
b. t y p e  
c. ' lateria1 
d. Surfacs Ares. Total m2(ftZ) 
e.  nutp,  T O ~ I  wWt 
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Table 3-65. THP.ML 520FAGE DESIGI OATA 

t 

HOURS OF STORAGE: S i x  (6) 

STORAGE Z D I A  

1. o p e r a t i n g  Temperature 
a. HOC 
h .  Cold 

2. Quantity (Taca l )  
a. G r a n i t e  

ENEMY R E U E D  EQUIF?lEM 

1. Scotage Capacicy 

2. Storage  Tanke 
a. Qvancfcy 
b* S t r e ,  each 
C. Yacei fa l  
d .  Weighc, each 

3. l a n k  I n s v l a c i o n  

b. Thickness 

p. lank Foundacion 
a. Type 
b. Thickness 
C .  guancicy, Tocal 

a. Type 

POWER R e w z n  E q u w m n  

1. Receiver  Fluid (Alr) 

a. flow. Tocal 
b. Pressure 
c .  Temperacure 

2. Storage Fluid ( A i r )  
a- Plow. Toea1 
b. Pressure  (Tanks) 
c .  Temperacure 

CLOSED AIR BIWY?ON BS'CEIVPK 
AIRIGRANITE (EXTERNAL HEAT EXCHANGER) 

(locals f o r  2-75 me Cross  Power  XoduIes) 

ias (1 ,650 )  
474 (8R6) 

1.81 x loR (200,001) 

2 .  I60 

Four ( A )  
23.77 (78)  x 95.10 ( 3 1 : )  x 7.62 (25) Bed 

Concrete-Lined Excavation l i i c h  Rems 
N/A 

Refracc.  Rrick-tnsul.  Conc. Perlrte (Roof) 
0.23 ( 0 . 7 5 )  -.0.61 (2) 0 .91  (1) 

V I A  

1,125 (8.93 x 106) 
3.45 (500) 

416 (1.5001 

1,098 (8 .71  x 106) 
dcmospheric 

171 ( R R 6 )  Cold 

1.098 (8.71 x LOB) 
Atmospheric 

788 (1.i50) Hot. 

(Caverns Fan nes ign)  
Circ.  Conpe. Cire. Fan C i r c a  Fan 
2-502 64 Oper. bb Oper.. 
Cencr l fuga l  Axial .  Reversible 
Stainless Sceel 2-114 cr  - L !iO 

.. 
c .  l l a c e r i a l  
d .  Fluid A i r  Alr A i r  
e.  Capecity,  each  n3/s (aefm) 563 k$/s ( 4 . 6 6 5  x 106 IS/hr) 3 7  ( 7 8 , 1 2 5 )  37 (7R.125) 
f .  Head P a  ( p s i )  11.275 Y P ~  p s t )  0.72 ( 1 . 3 5 )  V . G .  0 . 7 2  1 2 . 3 5 )  V.C. 
5.  Fouer (Shafc) ,  each W e  (hp) 12,510 (16,770) !a1 (161)  351 (561) 
h. nocor slze W e  (hp)  n.6~0 (17,1100) 373 ( 5 0 0 )  

b. Haac Exchangersb 
a .  q.aac1cy 
b. Type 
C .  X a r e r i a l  
d.  sucfaee .\lea, T o t a l  a? ( f cz )  
e. Ducv,  ?ocal w 

64 Oper. 
-, 
* 

(Governs 'W F e s i j n l  
iL Oper. 
'In-Tube 
I n c o l o v  R O W  - (Tin-Slde) 0.265 x loir ' 2 . 9 5 1  x 10') 

360 360 

3. Yeac Loss (Toca l l  

'Totes: 
aAnnual E l e c c r i c a I  Energy 

$Same qeac 'xchanqers and 

(Charginq) l n c l u d e s  Cl rcu lac ion  Compressor Power. 

i a n s  Ilsed i o r  Charglns and Discharqlnq.  
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Table 3-66. RIERYAL STWAGE IIESfCN DATA 

CLOSED AIR BRAYTON RECEIXTZR 
AfR/CRANITE (EKTEWAL HEAT EXCHANGER) 

ITotaIs  f a r  2-75 W e  Grass Power Wodulesl 
n n w  OF S T n u C E :  Fifceen ( 1 5 )  

S'IORAGE YEOIA 

1. Operaclng Temperacure I. Hot 
b. Cold 

2. Quanclty (Tocal) 
a. Cranlte 

F.SERGY RELATED EOVTP%.W 

I .  storage CapacLty 

2. Storale Tanks 
a. r)uanclcy 
h .  Slre. each 
C .  Yacerlal 
d .  Vetght, each 

3. ?ank Insulaclon 
a.  Type 
b. Thickness 

5 .  Tank Foundation 
a. Type 
b. Thickness 
t. quantity. T o t a l  

POWER RELATED E Q U I P ~ N T  

1. Receiver 7tuid  (Atr) 

a. Flow. Tocal 
5 .  Pressure 
C .  Temoeracure 

2. Storage Flu id  ( A i r )  
a. Flow, Pocal 
b. Pregsure (Tanks) 
e .  Tempetacure 

\ 

3 .  Coepressors/Pansb 
a. Ouanclcy 
b. T Y D ~  

'C f 'F) 
'C ('F) 

788 (1 ,?*50)  
114 (886 )  

428.4 x I06 (472 .800)  kq (con) 

n ( f c )  

5 ,  400 

Pour ( 4 )  
3R.71 (127) x 156.16 (508 )  x 7.62 (25) Bed 

Concrete-Llned 5xcavacrlon W c h  Berma 
814 

Refract. Brlck-Insul. Conc. Perltce (Roof) 
0,23 (0 .75 )  - 0.76 ( 1 )  0 . 9 1  ( 3 )  

x /x  

Charqfns Ofscharginq 

k q / s  (Ih/hr) 
XFa ( p s l a )  3.u5 (500) 
*c ('P) 816 (1,560) 

2.025 (16.075 x lo6) 

k g i s  ( l b l h r )  1.975 (15.68 x 106) 1,098 ( 8 . 7 1  x 106) 
YPa ( p s l a )  Aeaospkerlc Acmospherlc 
'C ( ' P )  474 (8R6) Cold 788 ( 1 , 4 5 0 )  Hot 

(Governs Fan Design) 
Cite. compr. Clrc. Fan C l r c .  Fan 
4 - 5 2  120 Oper. 66 Oper. 
Cantrifueal A x i a l .  Reversible - .. 

C .  Racerial s ta in le s s  steal z-l/&.cr - HO 
d. F l u i d  btr xic bf r 
e .  Capaclcy. each m 3 / a  (acfm) 506 k g i a  (4.02 x lo6 lh/hr) 3 5  ( 7 5 . 0 0 0 )  37 ( 7 8 , 1 2 5 )  
f .  Head !!Pa ( m i )  0.275 XPa ( 4 0  oat)  0.65 (2.131 U.C. 0.66 ( 2 . 1 7 )  V.C. 
g. Power ( S h a f t ) .  each klre i h p ) '  12,510 (l6;769) ' 287 (185 )  305 (L09) 
h. %tor size kVe ( h p )  12,682 ( 1 7 , 0 0 0 )  136 ( 4 5 0 )  - 

1. Heat Exchangersb !Governs RX Dor lgn)  
a .  OuancLCy 120 oper. 6 4  O p e r .  
h. t y p e  Fin-%be - 
C. Xacer ia l  Incoloy @@OH - 
d. Surface  Area. Total m2(ftz) 0 . 4 n ~ i 0 0  (5.13 x 10% - 

(Fin-3lde) 
e. nuty,  Taeal *Illt 618 360 

A W A L  FXXCY 

?. qeat  b a s s  (Tocat )  LO':! IOaST?) i 5 i . m  (158.87) 

'totes : 
a Annual Eleetrlfal  Rnerqy fcharqlnp) i n c l u d e s  Clrculaclon Compressor ?over. 

' Same 'leac 'rchangers and Fans L'sed f a r  Charging and Discharqinq. 

1 1 R . Y  

!' 
d: 
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SECTION 4.0 

COST ANALYSIS 

I i 4 .1  SCOPE 

T h i s  s e c t i o n  p r e s e n t s  t h e  methodology used  i n  c o s t i n g  and e v a l u a t i n g  t h e  
v a r i o u s  thermal s t o r a g e  c o n c e p t s  i n  s o l a r  t h e r m a l  sys tems.  A l s o  p r e s e n t e d  

I a r e  t h e  c a p i t a l  c o s t  and  p r e s e n t  wor th  summaries € o r  each  the rma l  s t o r a g e  
concep t  c a r r i e d  t h r o u g h  c o n c e p t u a l  d e s i g n  f o r  I ,  6 and 15 hours  of s t o r a g e .  

4.2 METHODOLOGY ! 
I 

C a p i t a l  c o s t  e s t i m a t e s  were prepa red  f o r  e a c h  the rma l  s t o r a g e  concep t  using  
L I  I c u r r e n t  mater ia l  p r i c e s  ( June  1980), equipment  c o s t  estimates o r  budget  

q u o t a t i o n s  and  c o n s t r u c t i o n  c o s t  f a c t o r s  based  p r i m a r i l y  on S tea rns -Roger ' s  
e x p e r i e n c e  in e lec t r ic  u t i l i t y  p l a n t  c o s t  e s t i m a t i n g  and c o n s t r u c t i o n .  The 
major i t e m s  of each  thermal s t o r a g e  concep t  f o r  which c o s t  estimates were 
p repa red  i n c l u d e  t h e  f o l l o w i n g :  

i 

!*I I: 

! 
Energy  R e l a t e d  Equipment ( C E )  
- Tanks 
- Tank i n s u l a t i o n  and  lagging - Tank foundations 
- P i p i n g  

Power R e l a t e d  Equipment { CP) 
- Pumps/Compressors/Fans 
- Reat exchange r s  

I \  
S t o r a g e  Media ( S C )  

V a r i a b l e  C o s t s  (FYVC) 
I - O&M 

- Energy 
- Chemical  Usage 

Major  Replacement C o s t s  ( R C )  

The t h e r m a l  s t o r a g e  c o n c e p t  c o s t s  do  n o t  i n c l u d e  e l e c t r i c a l  work, c o n t r o l s  1 
! and i n s t r u m e n t a t i o n  and p i p i n g  c o n s i d e r e d  common t o  e a c h  s t o r a g e  c o n c e p t .  

C o s t s  a r e  e x p r e s s e d  i n  June  1980 d o l l a r s  and i n c l u d e  m a t e r i a l  and 
equipment ,  f i e l d  i n s t a l l a t i o n ,  i n d i r e c t  f i e l d  c o s t s  and  e n g i n e e r i n g  ( A / ? ) .  

4 . 2 . 1  Economic F a c t o r s  

t '  
/i 

The economic f a c t o r s  u s e d  i n  t h e  a n a l y s i s  a r e  shown i n  T a b l e  4-1 .  

? 7 7  
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Table 4 - 1 .  ECONOMIC FACTORS 

[Cost Base: June 1980, S i t e :  Albuquerque, New Xexico] 

Minimum Acceptable  Return 

Service Life 

Fixed Charge Rate 

Annual E s c a l a t i o n  Rate 

Energy Cost 

10% 

30 Years 

1 7 %  

7% 

$0.035/kNeh 

i 

i 
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I 
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4 . 2 . 2  C o n s t r u c t i o n  Cost  F a c t o r s  

The methodology used  i n  a r r i v i n g  a t  a t o t a l  c a p i t a l  i nves tmen t  c o s t  
i n c o r p o r a t e d  a number o f  c o s t  f a c t o r s  o r  m u l t i p l i e r s  t o  c o n v e r t  f a b r i c a t e d  
material  and  f a c t o r y  equipment: c o s t s  t o  d i r e c t  f i e l d  c o s t  and t o t a l  c a p i t a l  
i nves tmen t .  These c o n s t r u c t i o n  c o s t  f a c t o r s  a r e  based on S tea rns -Roger ' s  
e x p e r i e n c e  w i t h  similar c o n s t r u c t i o n  and p r e v i o u s  s t u d i e s .  

?he c o s t  e q u a t i o n  used i s  a s  follows: 

C I  = 1.95 11.8 (CE + CP)  + MEDIA] 
where : 
CI = C a p i t a l  Inves tment  
rF = Energy r e l a t e d  equipment  c o s t  
CP = Power r e l a t e d  equipment  c o s t  
MEDIA = Media c o s t  
1 .8  = M u l t i p l i e r  on Equipment Cost  t o  a r r i v e  a t  D i r e c t  F i e l d  Cost  
1 - 9 5  = M u l t i p l i e r  on D i r e c t  F i e l d  Cost and M e d i a  t o  a r r i v e  a t  To ta l  

C a p i t a l  Inves tmen t .  

The 1 . 9 5  c a p i t a l  i nves tmen t  f a c t o r  i n c l u d e s :  

Engineering (A/E) 
I n t e r e s t  d u r i n g  c o n s t r u c t i o n  

' F e e s ,  permits, s t a t e  and l o c a l  t a x e s  
I n d i r e c t  f i e l d  c o s t ,  i n c l u d i n g :  
- F i e l d  expense  
- Temporary f a c i l i t i e s  
- C o n s t r u c t i o n  equipment  
- P a y r o l l  taxes, i n s u r a n c e  - Performance Bonds 

' Contingency a l lowance  

F o r  t h e  pu rpose  of t h i s  s t u d y  i t  w a s  assumed t h a t  t h e  c o n s t r u c t i o n  c o s t  
hurdens  used  apply e q u a l l y  to a l l  c a p i t a l  e x p e n d i t u r e s .  

4.2 .2 .  Opera t ing  and Maintenance ( O W )  Cost 

The o p e r a t i n g  and main tenance  (O&M) c o s t  used i n  t h e  s t u d y  i s  shown i n  
Tah le  4-2. The O&M c o s t  i s  expres sed  a s  a p e r c e n r a g e  o f  t h e  c a p i t a l  
i n v e s t m e n t ,  exc lud ing  s t o r a g e  media c o s t ,  and r e f l e c r s ,  in S t e a m s - R o g e r ' s  
judgment,  the complexi ty  o r  main tenance  r e q u l r e m e n t s  of a p a r t i c u l a r  
thermal  s t o r a g e  concep t .  However, i t  w i l l  be  shown t h a t  O&M c o s t  i s  n o t  O F  
s i g n i f i c a n t  impor tance  i n  t h e  r e l a t i v e  r ank ing  of t h e  s t o r a g e  concepts. 

1 7 9  
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Table 4 - 2 .  0 & M COST 

The fol lowing O&M c o s t s  a re  expressed a s  a percentage of c a p i t a l  investment 
ccr>. 

Water/Steam Receiver  - Power 
GaloriaIGrani te  
underground Pressur ized  Water 
Underground S o l ' n  Mined, o i l / r o c k  
Calor ia  2-tank 
Tube I n t e n s i v e  HX 
Container ized S a l t  
Di rec t  Contact HX, 1st  Stage 
Draw S a l t  2-tank, 2nd s t a g e  
Air / rock ,  2nd s t a g e  
Sand Moving Bed, 2nd s t a g e  
Direc t  Contact H X ,  2nd s t a g e  

Water/Steam Receiver  - Process  Heat 
Calor ia /Grani te  
Underground Pressur ized  Water 
Container ized S a l t  
OillRock, Excavated Concrete P i t  

Organic F lu id  Xeceiver 
Syl them/Taconi te  f t r i c k l e  charge)  
Holten S a l t  2-tank 
Direct Contact HX,  1st s t a g e  
Direc t  Contact HX,  2nd s t a g e  

Closed A i r  Brayton Receiver 
Air/Alumina Brick 
Air/Cast I r o n  
Air /Grani te  ( e x t e r n a l  HX) 

3% 
2% 
3% 
3% 
3% 
3% 
4% 
2% 
3% 
4% 
2% 

3% 
2% 
3% 
3% 

3% 
2% 
4% 
2% 

2% 
2% 
4% 

!' 
i I  
~ 

I .  
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b . 2 . 4  Economic Method 

The economic method used  i n  e v a l u a t i n g  t h e  v a r i o u s  the rma l  s t o r a g e  c o n c e p t s  
is t h e  p r e s e n t  wor th  o f  revenue  r equ iemen t s  (RJRR). T h e  PVRR method h a s  
hecome t h e  s t a n d a r d  f o r  t h e  e l e c t r i c  u t i l i t y  i n d u s t r y  and o t h e r  i n d u s t r i e s  
a s  w e l l .  The economic model u sed  i n  this s t u d y  i s  hased on t h e  methods o f  
a n a l y s i s  o u t l i n e d  i n  t h e  EPRI r e p o r t  PS-1201-SR, d a t e d  July  1979. 1201 

The economic model g i v e s  t h e  p r e s e n t  wor th  of revenue  r e q u i r e m e n t s  (PWRR) 
f o r  e a c h  thermal  s t o r a g e  c o n c e p t .  Those t h a t  have  t h e  lowes t  PWRR v a l u e s  
a r e  t h e  most  d e s i r a b l e  economica l ly .  

Based on t h e  various economic t a h l e s  and assumed economic f a c t o r s ,  t h e  PWRR 
e q u a t i o n  is: 

RJRR = 
where : 
PWFC = 

PlJVC = 

RJRC = 

- - 

=: 

- - 

PWFC + PWVC + PWRC 
P r e s e n t  wor th  o f  f i x e d  c o s t s  
1 . 6  X ( C I )  
P r e s e n t  wor th  of v a r i a h l e  c o s t s  
20.1 x (FYVC) 
P r e s e n t  wor th  o f  rep lacement  c o s t s  
2 (Replacement Cost  i n  x-th year) X (P/F) ,  

Where (P/F), = Series p r e s e n t  wor th  f a c t o r  € o r  rep lacement  
y e a r  x. 

I t  should  he noted  t h a t  t h e  t h i r d  te rm,  PWRC, w a s  n o t  .used i n  t h e  s t u d y  
since no major  rep lacement  c o s t s  were i d e n t i f i e d  f o r  any  thermal  s t o r a g e  
concep t .  

4.2.5 Cost  Form 

The c o s t  form used i n  the the rma l  s t o r a g e  economic e v a l u a t i o n  i s  i n c l u d e d  
in Appendix B. T h i s  form w a s  deve loped  t o  p r o v i d e  t h e  c o s t  breakdown 
n e c e s s a r y  t o  f a c i l i t a t e  t r a d e - o f f s  of  s t o r a g e  c o n c e p t s  by S E R I .  

4 . 3  UNIT PRICES 

The m a t e r i a l  u n i t  p r i c e s  used  in t h e  s t u d y  were developed  from c u r r e n t  
i n d u s t r y  p r i c e s  f o r  b u i l d i n g  m a t e r i a l s ,  t r a d e  p u h l i c a t i o n s ,  vendors  and t h e  
S tearns-Roger  e s t i m a t i n g  depa r tmen t .  

The u n i t  p r i c e s  f o r  f a b r i c a t e d  m a t e r i a l  such a s  t a n k s ,  p i p e ,  c o n c r e t e ,  
i n s u l a t i o n  and l a g g i n g ,  a n d  h e a t  exchange r s  a r e  shown i n  Tahle  4-3 .  

Chemical u n i t  prites a r e  shown i n  Table  4 - 6 .  

The s o l i d  s t o r a g e  media u n i t  p r i c e s  a r e  shown i n  T a h l e  4 - 5 .  

The fluid s t o r a g e  media u n i t  p r i c e s  a r e  s h o w n  i n  T a b l e  4 - 6 .  I n  t he  c a s e  of 
draw s a l t  a n d  HITEC, t h e  u n i t  p r l c e s  showr? a r e  based o n  f i e l d  mixing o f  r a w  
m a t e r i a l s  r a t h e r  t han  buying t h e  h e a t  t r a n s f e r  s a l t  d i r e c t l y  from v a r i o u s  
s i i p p l i e r s ,  which r e s u l t e d  i n  a s t g n i f i c a n t  cos t  s a v i n g .  
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Table 4 - 3 .  MATERIAL UNIT PRICES 
(JUNE 1980) 

Fabr i ca t ed  Material c o s t  Reference 

Tanks 
A283 G r .  C Carbon S t e e l  
304 S t a i n l e s s  S t e e l  
316 S t a i n l e s s  S t e e l  
Incoloy 800 
Concrete ( C y l i n d r i c a l )  
A516-70 Carbon S t e e l  

P i p e  
A106 GR. 3 Carbon S t e e l  
A335 P22 CR-MO 
304 S t a i n l e s s  Steel  
316 S t a i n l e s s  Steel 

Concrete 
Heavy Wall 18" Thick  
Light Wall 18" Thick 
S l a b  on  Grade 
Reinforced Mat 

\ I n s u l a t i o n  
Calcium S i l i c a t e  4" Thick 
Mineral Fiber 4" Thick 
Fiberglass 4" Thick 
Lagging (Aluminum) 

Heat Exchangers 
S h e l l  & Tube 

Carbon S t e e l  
Chrome Moly 
S t a i n l e s s  Stee l  

$0.65/lb.  
2.501lb. 
4.001 Ib. 
5.0011b. 

0.75Ilb.  
95 .00iyd3 

$0.50/ lb .  
2.001lb. 
2.15fI.b. 
3.65/1b. 

9 1 0 0 / ~ 3  
1 1 0 / ~ d 3  

a 0 / ~ d 3  
105 /yd3 

$4.181 €t2 
2 . 3 3 / f t 2  
0.88/fr2 
0.40/f t2 

52 0-25 I f t2 
25-30/f t2 
35-40/f t 2  

S-R 
S -R 
S-R 
S-R 
S-R 
S-R 

S-R 
S-R 
S-R 
S-R 

1 
S-R 
S-R 
S-R 
S-R 

MacArrhur ii Co. 
P l a t e a u  Supply 
MacArthur & Co. 
Owens-Corning 

S-R 
S-R 
S-R 

Finned-Tube (Air-Side)(Shell-Less) 
Carbon S t e e l  h2.00-2.50/ft2 S-R 
Chrome Moly 2 SO-3 .00 / f t2  S-R 
S t a i n l e s s  S t e e l  3.50-4 .OO/f t S-R 

I' 
i. 

, 
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Table 4-4. CHEMICAL UNIT PRICES 
(June 1980) 

Chemical c o s t  
A/Ton 

NaOR , Na2C03 301 

NaOH, NaN03, MnOp 3 35 
81.5%, 18.5% Nt 

91.8%, 8%, .2%,  Wt. 
NaOH 350 
NaNO3 214 
NaN03, NaOH 170 

(L I-Na-K) 2 Cog 9 40 
99%, 1%, Wt. 

32%, 33%, 35% Wt. 
(LI-Na-KI2 C03 2 68 

1 . m ,  49.95%, 48.84% wt. 
Na2C03, BaC03 216 

MgC12, N a C 1 ,  KCl 83-370 
47.8%, 52.2% Wt. 

55%, 24.5%, 20.5% TJt. 
CaClZ 84 
KC 1 65  
NaCl 42.64 
KN02 600 
KNO3 40 5 
KF, NaF 12 40 

KOH 500 
Li2CO3 2410 
Li2C03, CaCO3 1 4 2 9  

NaCI, Na2C03 68 

67.5%, 32.5% Wt. 

55.7%, 44 .3% Wt. 

43%,  57% Wt. 
CaC12, NaCl 99 

68%, 32X TJt. 
PbBi 3400 

44.5%, 55.5% we. 

Reference 

Chemical Xarketing Reporter 

"Thermkeep" (Comstock & Wescott) 
Chemical Marketing Reporter 
Chemical Marketing Reporter 
O l i n  Chemicals 
Chemical Marketing Reporter 

Chemical Yarketing Reporter 

Chemical Marketing Reporter 

Chemical Marketfng Reporter 

NRL Estimate 

W/O Drying , Chem. Mark, Rept. 
Chemical Marketing Reporter 
United Salt Corp. 
DuPont 
Vickburg Chemical 
Chemical Marketing Reporter 

Chemical Marketing Reporter 
Chemical Marketing Reporter 
Chemical Marketing Reporter 

Chemical Narketing Reporter 

Chemical Harketing Reporter 

Indium Cotp. 

i 
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Tahle 4-5. SOLID STOPAGE NEDIA U N I T  PRICES 
(JUNE 1980) 

Materia l  Cost 
F . 0 . B  ( & / S h o r t  Ton) 

Materia l  Loc a t iona Mat'l .  Fre ight  Tota l  Reference 

River Rock 

Crushed Granite  

Glass 

Cast Iron (Gray) 

Meehanite Brick 

Sand ( S i 0 2 )  
Cornmrnon 

Sand ( S i O 2 )  Pulv.  

MgO Brick ( 9 5 . 5 % )  

-\ 
A1203 Brick 

(95 .1%) 

Taconite  

Coal Slag 

S t e e l  M i l l  S lag  

A1 huqueraue 

A l  huquerque 

A1 buquerque 

Pueblo,  Colo. 

Va ri ou s 
Foundari e s 

A 1  buque rque 

A 1  buque rque 

Albuquerque 

A1 buque r q ue  

Hibbing, Minn. 

Rapid C i t y ,  S . D .  

Pueblo,  Colo. 

% i t e  : A1 huquerque, New Mexico 

'184  

7 .30  .10 

8.50 - 
20 - 
198.50 2.12 

1200 40 

7.40 .30 

25.00 - 
1005 - 

1500 - 

34 34.0 

Free 7.62 

2.85 2.12 

7.60 

8.50 

20 

200 .62  

1240 

7.70 

25.00 

1005 

1500 

ha 

7.62 

4.97 

Albuquerque Gravel 

Red Mtn. Y i n i n g  

Coors 8 t l .  P l a n t  

CF & I Steel 

S-R 

Albuquerque Gravel 

Texas Mining 

Kaiser 

Kaiser 

Hanna Mining 

S -R 

Fountain Sand 
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T a b l e  4-6.  FLUID STORAGE KEDIA UNIT PRICES 
(JUNE 1980) 

I 

Material C o s t  
F.0 .B ($/Short Ton) 

Fluid L ocat i ona Mat’l. F r e i g h t  Total Reference  
I 

C a l o r i a  NT 4 3  Houston 439 38 477 Exxon 

T h e m i n o 1  55 Houston 683 38 721 Honsanto 

Therminol 66  Atlanta 2570 52 2662 Monsanto 
J 

/,, Syltherm 800 D e t r o i t  5600 82 5682 Dow Corning 

‘ 5  Demin. Water Albuquerque 0.48 0 0.48 S-R 
: / I  

Sodium Albuquerque 1000 0 1000 Roc k w e  11 

D r a w  S a l t b  
(60% NaNO3, 40% KN03) 

400 0 400 V€cksburg Chem. 
(KN03) 

1 B I T E C ~  550 0 5 50 O l i n  Chem 
I (53% K N O 3 ,  40% NaNQ2,  7% NaNO3) (~aN03)  

DuPont (NaN02)  

a S i  t e  : Albuquerque,  New Wexico 
b s e d  on F i e l d  MixPng of  Raw Materials 

\ 

I ,’ 

! 
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4.4 FLUID REPLACEMENT 

4.4.1 O p e r a t i n g  S c e n a r i o  

I n  o r d e r  t o  e s t a b l i s h  f l u i d  rep lacement  r a t e s  f o r  t h e  many s t o r a g e  c o n c e p t s  
e v a l u a t e d , a n  o p e r a t i n g  s c e n a r i o  €o r  t h e  p l a n t  f o r  1 , 6  and 15 h o u r s  of  
s t o r a g e  w a s  conce ived  t o  d e t e r m i n e  t h e  amount of  t ime t h a t  t h e  f l u i d  would 
be a t  i t s  h i g h  t e m p e r a t u r e  and  t h e  amount of t i m e  t h a t  t h e  f l u i d  would be  
a t  i t s  low t e m p e r a t u r e  d u r i n g  a normal  day  o f  o p e r a t i o n .  T h i s  i n f o r m a t i o n  
was n e c e s s a r y  t o  t h e  s t u d y  because  f l u i d  loss rates i n c r e a s e  e x p o n e n t i a l l y  
w i t h  temperature as shown i n  T a b l e  4-7, which i s  a summary of  t e s t  r e s u l t s  
performed by V. B u r o l l a  a t  S a n d i a  L a b o r a t o r i e s  (Livermore)  [9, 18J. 

In deve lop ing  t h e  o p e r a t i n g  s c e n a r i o ,  i t  w a s  assumed t h a t  c h a r g i n g  of t h e  
system would t a k e  p l a c e  as e a r l y  i n  t h e  day  as p o s s i b l e  u s i n g  any  excess 
r e c e i v e r  c a p a c i t y  a v a i l a b l e  and d i s c h a r g i n g  would h e g i n  i n  t h e  l a t e  
a f t e r n o o n  as soon as t h e  r e c e i v e r  cou ld  no l o n g e r  m a i n t a i n  r a t e d  
t u r b i n e - g e n e r a t o r  o u t p u t .  T h i s  c h a r g i n g  ph i losophy  would assume maximum 
p o s s i b l e  c h a r g e ,  even  on d a y s  w i t h  h i g h  c l o u d  c o v e r ,  b u t  would s u b j e c t  t h e  
f l u i d s  t o  t h e  h i g h  t empera tu re  c o n d i t i o n  f o r  more h o u r s  per day than  i f  
c h a r g i n g  w a s  per formed toward t h e  end of t h e  day. D i scha rg ing  as needed t o  
m a i n t a i n  r a t e d  p l a n t  o u t p u t  as mentioned above  would merely e x t e n d  p l a n t  
o p e r a t i o n ,  which i s  the pr imary  o b j e c t i v e  of t he rma l  s t o r a g e .  Power 
a v a i l a b l e  f rom t h e  r e c e i v e r  i n  MWt a s  a f u n c t i o n  of s o l a r  t i m e ,  was t aken  
from “Cent ra l  R e c e i v e r  S o l a r  Thermal Power System, Phase  1: P r e l i m i n a r y  
Des ign  Repor t  - Volume 5. . Thermal S t o r a g e  Subsystem, F i g u r e  111. B-Z., 
A p r i l  1977” by M a r t i n  Marietta C o r p o r a t i o n  [Zl]. The f i g u r e  was based on 
i n s o l a t i o n  d a t a  c o l l e c t e d  by t h e  Aerospace Corpora t ion  a t  Inyokern ,  

\ C a l i f o r n i a ,  i n  1963. Inyoke rn  i s  l o c a t e d  a t  n e a r l y  t h e  same l a t i t u d e  as 
Albuquerque,  New Mexico, so i t  w a s  assumed t h a t  s o l a r  d a t a  c o l l e c t e d  at 
Inyoke rn  would be r e p r e s e n t a t i v e  of d a t a  c o l l e c t e d  a t  Albuquerque t h e  
assumed s i t e  f o r  t h i s  s tudy .  I n f o r m a t i o n  used  from t h e  above mentioned 
f i g u r e  c o n s i s t e d  of r ep roduc ing  t h e  shape  of the equinox c u r v e  so t h a t  i t  
c o u l d  be s c a l e d  up o r  down t o  conform t o  the  v a r i o u s  r e c e i v e r  s i z e s  used i n  
the s t u d y .  

F i g u r e  4-1 shows t h e  assumed cha rg ing -d i scha rg ing  p r o f i l e s  f o r  I, 6 and 15  
h o u r s  of  s t o r a g e .  The t h r e e  c u r v e s  shown were c o n s t r u c t e d  u s i n g  
water/steam r e c e i v e r  d a t a  ( i . e .  warer/steam EPGS r a t i n g  and  s o l a r  m u l t i p l e )  
b u t  were used t o  e v a l u a t e  f l u i d  l o s s  r a t e s  o n  t h e  o r g a n i c  f l u i d  r e c e i v e r  as 
w e l l .  A check  on t h e  accu racy  of t h i s  a s sumpt ion  showed t h e  e r r o r  t o  be 
n e g l i g i b l e .  

The a r e a  under  each  c u r v e  r e p r e s e n t s  t h e  nimber  o f  pe rcen t -hour s  a t  h igh  
t empera tu re  e x p e r i e n c e d  by t h e  f l u i d .  By e v e n l y  d i s t r i b u t i n g  each a r e a  
o v e r  a 24 hour  p e r i o d ,  ave rage  p e r c e n t  v a l u e s  f o r  1,6 2nd 15  h o u r s  of 
s t o r a g e  were de t e rmined  which were used i n  t h e  f l u i d  l o s s  c a l c u l a t i o n s .  
The f l u i d  was assumed t o  be a t  i t s  l o w  t e m p e r a t u r e  whenever i t  was no t  a t  
i t s  h i g h  temperature f o r  330 d a y s  per y e a r  ( 7 9 2 0  h o u r s  per y e a r ) .  The 
remaining 35 days  per y e a r  r e f l e c t e d  p l a n t  down t ime w i t h  c o o l e r  f l u i d  
t empera tu res  and n e g l i g i b l e  f l u i d  l o s s e s .  
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Table 4-7. FLUID LOSS RATES 

[Percent Per 2500 Hrs. By Weight] 

Fluid 

Caloria BT-43 

CaLoria/Granite & Sand 

Therminol. 66 

Therminol hh/Granite & Sand 

Biphenyl 

Syltherm 800/Taconite 

Syltherm ROO/Taconite 
(Trickle Charge) 

Draw Salt, BLTEC 
\ 

Loss Rate 

7% Ca 316°C (600°F); 0.02% @ 246°C (475°F) 

27% @ 316'C (GOO'F); 4.2% @ 291'C (555'F); 
0.06% @ 2413°C (475°F) 

0.65% '$ 319°C (607'F); 0.18% @ 301'C 
(574'F); 0.042% @ 281°C (538°F) 

5,7% @ 316°C (600'F); 1.0% @ 291°C (555'F); 
0.02% @ 24haC (475'F) 

(Assumed Same as T - 6 6 )  

56X @ 399°C (750'F); 0.5% @ 260°C (500'F) 

28% @ 399°C (750°F); 0.5% @ 26OoC (500'F) 
(Assumed for Trickle Charge) 

5% Per Year (Assumed) 

Source: Sandia Labs - Livermore (BuroLla), unless otherwise noted. 
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1 nOUR 

Figure 4-1. ASSUMED CHARGING/DISCHARGING PROFILES FOR 
1,6, AND 15 HOURS STORAGE 
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It shou ld  be  n o t e d  t h a t  a l t h o u g h  t h e  o p e r a t i n g  s c e n a r i o  deve loped  f o r  t h i s  
e v a l u a t i o n  may n o t  a c c u r a t e l y  r e f l e c t  t h e  b e s t  o p e r a t i n g  mode f o r  t h e  
system, i t  was b e l i e v e d  t o  be an adequa te  Founda t ion  on which t o  base  t h e  
f l u i d  l o s s  e v a l u a t i o n .  

4.4.2 Year ly  F l u i d  Loss Rates 

Year ly  l o s s e s  f o r  each f l u i d ,  i n  p e r c e n t  p e r  y e a r ,  were c a l c u l a t e d  using 
f l u i d  l o s s  rates p e r  2500 hr.  i n  Tab le  4-7 and p e r c e n t  t i m e  v a l u e s  in 
F i g u r e  4-1 f o r  1, 6 and 15 h o u r s  of s t o r a g e .  The r e su l t s  a r e  p l o t t e d  i n  
F i g u r e  4 - 2 .  

T a b l e  4-7 i s  a summary of t e s t  r e s u l t s  per formed by V i c  B u r o l l a  of S a n d i a  
L a b o r a t o r i e s  i n  Livermore,  C a l i f o r n i a  [9, 181. The t e s t i n g  was done in 
c l o s e d ,  N2 p r e s s u r i z e d  c o n t a i n e r s  w i t h  p r e s s u r e  r e l i e f  v a l v e s  se t  a t  
7-20 p s i g .  Subsequent  tes ts  have  i n c o r p o r a t e d  more s o p h i s t i c a t e d  equipment  
in a n  a t t e m p t  t o  a c c u r a t e l y  model a c t u a l  o p e r a t i o n  of  a the rma l  s t o r a g e  
sys tem,  b u t  a t  t h e  t i m e  of t h e  w r i t i n g  of  t h i s  r e p o r t ,  no r e s u l t s  had been 
reached .  

The E l u i d  s t o r a g e  media u n i t  p r i c e s  are  shown i n  T a b l e  4 - 6 .  I n  t h e  case o f  
draw sa l t  and HLTEC, the u n i t  p r i c e s  shown are based  on f i e l d  mixing o f  raw 
materials rather than buying t h e  h e a t  t r a n s f e r  s a l t  d i r e c t l y  f rom v a r i o u s  
s u p p l i e r s ,  which r e s u l t e d  i n  a s i g n i f i c a n t  c o s t  s a v i n g .  

4 .5  THEWAL STORAGE CONCEPT COSTS 

The f o l l o w i n g  presents t h e  c o s t  e s t i m a t e s  f o r  e a c h  thermal s t o r a g e  concep t  
i n  each  s o l a r  t h e r m a l  sys tem f o r  1, 6 and 15  h o u r s  of s t o r a g e .  

The cos t  t a b l e s  show t h e  c o s t  breakdown i n  terms of ene rgy  re la ted  c o s t  
( C E ) ,  power r e l a t e d  c o s t  (CP), media ,  c a p i t a l  i nves tmen t  (CX), f i r s t  y e a r  
v a r i a b l e  c o s t  (FYVC) and p r e s e n t  worth o f  r evenue  r e q u i r e m e n t s  (PMRR) 
F i n a l l y ,  c o s t  c u r v e s  are p r e s e n t e d  showing s t o r a g e  sys tem u n i t  c a p i t a l  
i nves tmen t  and PWRR f o r  1 th rough  15  h o u r s  o f  s t o r a g e .  

a 
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4.5.1 Water/Steam Receiver TES Concepts - Power 
The cost summaries for the selected waterlsteam receiver storage system 
concepts for the power application are shown in Tables 4-8, 4-9 ,  and 4-10 
for I, 6 and 15 hours of  storage, respectively. 

1-Hour Storage 

For the I hour storage case, Table 4-8, the reference storage system, 
Caloria/granite - draw salt (2 tank) comination, has the lowest capital 
investment and lowest PWRR, followed closely by Caloridgranite - sand 
moving bed and Caloria (2 tank) - draw salt ( 2  tank). 

The experiment o n  first stage concepts shows that the reference 
Caloria/granite concept results in the lowest PWR followed by Caloria (2 
tank) and above ground pressurized water. While the experiment on second 
stage concepts indicates that the reference draw salt (2 tank) concept is 
most economical. 

Of the latent storage concepts the containerized salt concept has the 
lowest PWRR f o r  1-hour storage. 

As expected, underground pressurized water storage is very uneconomical in 
small storage capacities owing to its high initial investment. 

6-Hour Storage 

For the h hour storage case, Table 4-9, the b e s t  storage concep t  
combinations i n  terms of lowest PWRR are underground pressurized water - 
draw salt ( 2  tank), Caloria/granite - draw salt ( 2  tank) and the 2-stage 
direct contact latent heat system. 

The second stage experiment Indicates that the draw salt ( 2  tank) concept 
is the best choice. The experfment on first stage concepts shows 
underground pressurized water and Calorialgranite to be competitive. 

Above ground pressurized water, while reasonably economical for 1-hour 
storage, is very uneconomical for 6-hours storage owing t o  high containment 
c o s t .  

I 
15-Kour Storage 

For the 15 hour case, Table 4-10, the storage systems having the lowest 
total evaluated cost are underground pressurized water-draw salt (2 tank), 
2-stage direct contact (latent/sensible) , and Caloria/granite-draw salt (2 
t a n k ) .  

' Underground pressurized water storage l o o k s  very attractive f o r  large 
storage capacities, owing to a large degree the media degradation cost 
chargable to the Caloria/granite concept. The draw salt (2 tank) storage 
concept remains the b e s t  second s t a g e  choice. 
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Table 4-8. THERMAL STORAGE ECONOMlC EVALUATION 
VllATE R/STEAM RECEIVER (POWER) 
11 HOUR STORAGE] 

~- . .  

STORAGE CONCEPT 

1 ST STAGE 

CALOR IA/GRAN IT E 
(REFERENCE) 

CALOHiA/GRANITE 

CAL.ORIA/GRANITf 

UNDERGROUND PRES. H20 

ABOVE GROUND PRES. H20 

UNDERGROUND OtL/ROCK 
(SOtN MINED) 

CALORtA (2 TANK) 

TUBE lNTENSlVE HX 

CONTAINERIZED SALT 

DIRECT CONTACT 
(PI-IASE CHANGE) 

2ND STAGE 

DRAW SALT (2 TANK) 

AIR/GRANITE 

SAND, MOVING BED 

DRAW SALT (2 TANK) 

DRAW SALT (2 TANK) 

DRAW SALT (2 TANK) 

DRAW SALT (2 TANK) 

DRAW SALT (2 TANK) 

DRAW SALT (2 TANK) 

PHASE CHANGE MEDIA 

CE 

762 

1,614 

1,033 

15,102 

4,459 

6.875 

1,036 

1,105 

1,579 

265 

CP 

3,147 

5,787 

3,300 

1,409 

1.409 

3.150 

3,147 

9,545 

2,991 

3,014 

COST $1.000 (1980) 

MEDlA 

844 

690 

625 

249 

249 

1,101 

1,952 

3,149 

2.699 

5,758 

CI 

15.366 

27,268 

16,427 

35,960 

2 1,082 

26,982 

18,490 

43,521 

21,302 

22,741 

520 

997 

679 

756 

458 

841 

529 

1,151 

462 

556 

BWRR 

35,037 

63,669 

39,931 

72,732 

42,937 

60,082 

40,217 

92,765 

43,368 

47,554 

? 

m 
- 
0 

0 
m 



Table 4-9. THERMAL STORAGE ECONOMIC EVALUATION 
WATER/STEAM RECEIVER (POWER) 
[6 HOUR STORAGE] 

CL 

40,874 

46,586 

46,394 

49,820 

103,176 

48,722 

60.323 

71,148 

59,763 

45,901 

STORAGE CONCEPT 

FYVC 

2,166 

2,682 

2.633 

1,210 

2,277 

2,265 

2,185 

2,102 

1,347 

1,958 

1ST STAGE 

CALORIA/GRANITE 
(REFERENCE) 

CALOR IA/G RANlTE 

C A LOR I A/G RAN IT E 

UNDERGROUND PRES. H20 

ABOVE GROUND PRES. H20 

U N DE RG ROU N 0 0 I L/ROC# 
(SOLN MINED) 

CALORIA (2 TANK) 

TUBE INTENSWE HX 

CONTAINERIZED SALT 

U1 R ECT CONTACT 
(PHASE CHANGE) 

2ND STAGE 

DRAW SALT (2 TANK) 

AlR/GRANITE 

SAND, MOVING BED 

DRAW SALT (2 TANK) 

DRAW SALT (2 TANK) 

DRAW SALT (2 TANK) 

DRAW SALT (2 TANK) 

DRAW SALT (2 TANK) 

DRAW SALT (2 TANK) 

PHASE CHANGE MEDIA 

CE 

3.529 

4,436 

5,392 

17,880 

25,988 

9,692 

6,374 

2,468 

4,953 

4,213 

CP 

5,308 

6,653 

5,749 

2,578 

2,578 

5.335 

5.308 

13,962 

6,858 

6,401 

- 

COST $1,000 (1980) 

MEDIA 

5,055 

4,052 

3,739 

1,492 

1,492 

5,000 

1 1,707 

6,911 

9,387 

9,833 

PWRR 

108,935 

128,4 11 

127,153 

104,033 

21 0,849 

123,476 

140,436 

156,073 

122,694 

112.792 
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Table 4-10. THERMAL STORAGE ECONOMIC EVALUATION 
WATEWSTEAM RECEIVER (POWER) 
[15 HOUR STORAGE] 

STORAGE CONCEPT 

1 ST STAGE 

C A LOR I A/G RAN IT E 
(REFERENCE) 

CA LO R I A/G R AN ITE 

CALOR%A/GRANITE 

UNDERGROUND PRES. H20 

ABOVE GROUND PRES. H20 

UNDERGROUND 0 I L/ROCK 
(SOLN MINED) 

CAbOR IA (2 TANK) 

TUBE INTENSIVE HX 

CONTAINERIZED SALT 

DIRECT CONTACT 
(PHASE CHANGE) 

~ 

2ND STAGE 

DRAW SALT (2 TANK) 

AIR/GRANiTE 

SAND. MOVING BED 

DRAW SALT (2 TANK) 

DRAW SALT (2 TANK) 

DRAW SALT (2 TANK] 

DRAW SALT (2 TANK) 

DRAW SALT (2 TANK) 

DRAW SALT (2 TANK) 

PHASE CHANGE MEDIA 

CE 

8,905 

10,475 

11,258 

22,587 

17.278 

11,635 

6.057 

1 1,204 

2,380 

CP 

7,511 

1 1,055 

8,630 

3,760 

7,536 

7.51 1 

z2.938 

10,853 

9.899 

7 

COST $1 ,OD0 (1 980) 

M EDlA 

12,656 

10,053 

9,361 

3,736 

12,159 

29,273 

16,808 

21,070 

17,072 

CI 

82,298 

94,689 

88,095 

70,504 

87,'135 

124,283 

134,548 

118,504 

76,390 

FYWC 

5,299 

6,438 

6,061 

1,931 

5,057 

6.088 

4,070 

2.670 

4,065 

PWRR 

238,187 

280,824 

262,778 

15 1.61 9 

241,063 

301.1 22 

297.068 

243,28 1 

203,929 
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Above ground p r e s s u r i z e d  water was n o t  c a l c u l a t e d  f o r  t h e  1 5  hour  c a s e .  

The u n i t  c a p i t a l  i nves tmen t  vs. hour s  of s t o r a g e  f o r  t h e  wa te r / s t eam 
(power) s t o r a g e  c o n c e p t s  i s  shown in Figure 4-3. U n i t  c a p i t a l  i nves tmen t  
i s  d e f i n e d  as  t h e  c a p i t a l  i n v e s t m e n t ,  C I ,  d i v i d e d  by t h e  s t o r a g e  c a p a c i t y ,  
kl.7 h 

A s  i n d i c a t e d  i n  t h e  p l o t s ,  t h e  r e f e r e n c e  t h e r m a l  s t o r a g e  sys t em r e q u i r e s  

approx ima te ly  t e n  h o u r s  of s t o r a g e .  Above approx ima te ly  t e n  h o u r s  of 
s t o r a g e  bo th  underground p r e s s u r i z e d  water and the d i r e c t  c o n t a c t  l a t e n t  
system show a s l i g h t  c o s t  advan tage  o v e r  t h e  r e f e r e n c e  sys tem.  

I t h e  lowes t  c a p i t a l  inves tmen t  of t h e  c o n c e p t s  c o n s i d e r e d  below 

The p r e s e n t  wor th  of revenue  r e q u i r e m e n t s  (PWRR) vs .  s t o r a g e  t ime  f o r  t h e  
i ?  w a t e r  steam (power) s t o r a g e  c o n c e p t s  is shown in F i g u r e  4 - 4 .  On an 

e v a l u a t e d  b a s e s  none of t h e  a l t e rna te  s t o r a g e  c o n c e p t s  show a c o s t  
advan tage  o v e r  t h e  r e f e r e n c e  sys tem below approx ima te ly  s i x  h o u r s  of 
s t o r a g e .  Above approx ima te ly  s ix  hours s t o r a g e ,  underground p r e s s u r i z e d  
water i s  t h e  b e s t  economic a l t e r n a t i v e  fo l lowed  by t h e  2-s tage d i r e c t  
c o n t a c t  l a t e n t  system. 

Of the 2-s tage  l a t e n t  h e a t  c o n c e p t s  c o n s i d e r e d ,  t h e  d i r e c t  c o n t a c t  f i r s t  
s t a g e  fo l lowed  by a s e n s i b l e  h e a t  second s t a g e  u s i n g  t h e  phase  change  media 
i s  t h e  most  economica l  above approx imte ly  t h r e e  h o u r s  s t o r a g e .  Below three 
h o u r s ,  t h e  c o n t a i n e r i z e d  sa l t  f i r s t  s t a g e  w i t h  draw s a l t  ( 2  t ank )  second 
s t a g e  shows a s l i g h t  c o s t  advantage .  The t u b e  intensive l a t e n t  h e a t  
concep t  i s  economica l ly  u n a t t r a c r i v e  r e g a r d l e s s  of s t o r a g e  time 
c o n s i d e r e d .  Although not  a p p a r e n t  from t h e  c u r v e s ,  i f  a draw s a l t  ( 2  t ank )  
second s t o r a g e  were s u b s t i t u t e d  on the d i r e c t  c o n t a c t  sys tem ( r e p l a c i n g  t h e  
2nd s t a g e  s i n g l e  t a n k  u s i n g  t h e  POI)  t h e  PWRR would be c l o s e  t o  t h e  
c o n t a i n e r i z e d  s a l t  - draw s a l t  ( 2  t a n k ) ,  system, 

1 
( 3 .  

I 

' \ ' 
4.5.2 Water/Steam R e c e i v e r  TES Concepts  - P r o c e s s  Heat 

The the rma l  s t o r a g e  c o s t  summaries f o r  t h e  water/steam r e c e i v e r  p r o c e s s  
heat a p p l i c a t i o n s  a re  shown i n  Table 4-11. For  t h e  I-hour storage case, 
t h e  C a l o r i a / g r a n i r e  t h e r m o c l i n e  w i t h  a c o n c r e t e  p i t  con ta inmen t  r e s u l t e d  i n  
t h e  lowes t  c a p i t a l  i nves tmen t  and lowes t  p r e s e n t  worth of the c o n c e p t s  
c o n s i d e r e d .  Above 6-hours s t o r a g e ,  underground p r e s s u r i z e d  WaKer i n  a 
s t e e l - l i n e d  c a v e r n  i s  t h e  b e s t  economic c h o i c e .  Because of t h e  l a r g e  
s t o r a g e  volumes r e q u i r e d  f o r  t h i s  p r o c e s s  h e a t  a p p l i c a t i o n ,  t h e  c o s t  of t h e  
media i s  a s i g n i f i c a n t  i t e m  a l o n g  w i t h  t h e  media  r ep lacemen t  c o s t .  

The u n i t  c a p i t a l  i nves tmen t  i n  h/kxJth v s  h o u r s  of s t o r a g e  i s  shown i n  
F i g u r e  4-5. 

I 

The p r e s e n t  wor th  of revenue  r equ i r emen t s  v s  h o u r s  o f  s t o r a g e  is i n d i c a t e d  
i n  F i g u r e  4-6 .  

195 



1% 

1 
1 

I THERMAL STORAGE CONCEPTS 1 

STORAGE CONCEPT 

1 CALORIAIGRANITE. DRAW SALT (REF I 
2 CALORlAlGRANlTE - AIR/GRANITE 
3 CALORlAlGRANlTE . SAND MOVING BED 

- 4.3 UNDERGROUND PRESS WATER - DRAW SALT 
4b ABOVE GROUND PRESS WATER. DRAW SALT 
5 UNDERGROUND OIL/ROCK, SOLN MINED. DRAW SALT 
6 CALORIA 2 TANK.  DRAW SALT 
7 TUBE LNTENSlVE {LATENT).  DRAW S A t T  
8 CONTAINERIZED SALT (LATENTI.  DRAW SALT 
9 DIRECT CONTACT ( L A T E N U .  PCM 

HOURS OF STORAGE 

Figure 4-3. UNIT CAPITAL INVESTMENT, WATER/STEAM RECEIVER (POWER) 
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Figure 4-4. PRESENT WORTH REVENUE REQUIREMENTS, WATER/STEAM RECEIVER (POWER) 
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4.5.3 Organic  F l u i d  Rece iver  TES Concepts - Power 
The cost e s t i m a t e  summary for  t h e  o r g a n i c  (Syl therm 800) E l u i d  r e c e i v e r  
s t o r a g e  systems is shown i n  Table  4-12. As i n d i c a t e d  i n  Table  4-12, t h e  
r e f e r e n c e  S y l t h e r m / t a c o n i t e  ( t r i c k l e  charge)  s t o r a g e  concept  h a s  t h e  lowes t  
c a p i t a l  inves tment  and RJRR f o r  1 and 6 hours  o f  storage, p r i m a r i l y  d u e  t o  
i t s  lower power r e l a t e d  c o s t s  ( h e a t  exchangers  and pumps). A t  15 hour s  
s t o r a g e ,  t h e  d i r e c t  concacc phase change,  2-s tage s t o r a g e  syscem shows a 
h i g h e r  c a p i t a l  invescment but  lower  eva lua ted  c o s t  t han  the  r e f e r e n c e  
system, owing t o  t h e  h i g h  c o s t  of Syltherm-800. 

As i n d i c a t e d  in F i g u r e  4-7, u n i t  c a p i t a l  c a s t  VS. hours  of s t o r a g e  f a v o r s  
t h e  S y l t h e r m / t a c o n i t e  s t o r a g e  concept .  However, on a p resen t  worth b a s i s ,  
both t h e  d i r e c t  c o n t a c t  ( l a ten t )  2-s tage system a n d  t h e  IIITEC ( 2  tank) are 
lower c o s t  for s t o r a g e  t imes exceeding about  8 hours ,  as shown i n  F igure  
4-8. 

4.5.4 Closed A i r  S r a y t o n  Receiver  TES Concepts 

Table 4-13 shows the c o s t  summary f o r  t h e  c losed  a i r  B r a y t o n  r e c e i v e r  
thermal  s t o r a g e  concepts .  A s  i n d i c a t e d ,  the  c a s t  i r o n  s t o r a g e  media 
r e s u l t e d  i n  a s l i g h t l y  lower c a p i t a l  investment  over t h e  r e f e r e d c e  alumina 
b r i ck .  The a L r / g r a n i t e  s t o r a g e  concept  i s  a very  uneconomical a l t e r n a t i v e  
due t o  its h i g h  cap i t a l  investment in h e a t  exchangers  and f a n s  i n  a d d i t i o n  
t o  h i g h  energy c o s t s  ( f a n  power). Included i n  t h e  energy r e l a t e d  c o s t  (CE 
term) in t h e  a i r / r o c k  system is  t he  c o s t  o €  t!ie support  c y l i n d e r s  € o r  t he  
€an and hea t  exchanger modules, u p p e r  and l o v e r  air distribution d u c t s ,  
s t o r a g e  media and containment .  

F i g u r e  4-9 shows the u n i t  c a p i t a l  investment  v s  hours  of  s t o r a g e  € o r  the  
t h r e e  storage concep t s  f o r  the  c losed  a i r  Brayton cyc le .  

The p r e s e n t  worth of  revenue requi rements  vs. h o u r s  of s t o r a g e  is shown i n  
F igu re  4-10. The curves  i n d i c a t e  t h a t  no th ing  has  been Ldent i f i sd  wi th  
s i g n i f i c a n t l y  more promise than  t h e  r e f e r e n c e  air/alumina b r i c k  s t o r a g e  
concept .  

. 
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Table 4-12. THERMAL STORAGE ECONOMIC EVALUATION 
ORGANIC (SYLTMERM 8001 FLUID RECEIVER 

STORAGE 
CONCEPT 

SY LTHERM/TACONITE 
(REFERENCE) 

HITEC (SALT). 2 TANK 

J 
DIRECT CONTACT PHASE 

CHANGE 
(2 STAGE LATENT 
AND SENSlf3LE) 

STORAGE 
HOURS 

1 
6 
15 

1 
6 
15 

1 
6 
15 

24 
57 

102 

34 
78 

139 

513 
91 

116 

CP 

26 
27 
27 

90 
125 
158 

'I 25 
162 
198 

COST $1,000 11980) 

MEDIA 

24 
145 
382 

27 
161 
402 

78 
115 
1133 

CI 

223 
578 

1,159 

487 
1,026 
1,825 

766 
1,113 
1,456 

FYVC 

10 
53 

a 35 

10 
24 
46 

24 
42 
64 

PWRR 

563 
1,985 
4,575 

988 
2.133 
3.850 

1.709 
2,624 
3,623 
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Figure 4-7. UNIT CAPITAL INVESTMENT, ORGANIC (SY LTHERM 800) 
FLUID RECEIVER (POWER) 
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P 

2,914 

35.937 
14,498 

Table 4-13. THERMAL STORAGE ECONOMIC EVALUATION 
CLOSED AIR BRAYTON RECEIVER (POWER) 

435 6,014 23.482 

3,447 90,190 314,108 
1.766 36,083 127.448 

N 
0 
Ln 

2,068 435 
10,111 1,766 
25,155 3,447 

8.484 45.763 
17,200 47.365 
31,885 86,639 

STORAGE 
CONCEPT 

7,283 22.987 
43,716 126,935 
109,269 313,468 

293 190.696 
1,700 228,764 
4,019 421.693 

STORAGE 
HOURS 

AIR/CAST IRON 
(M EE HAN ITE) 
(iNTERNAL HEAT 
TRANSFER) 

Al R/C R A NIT E 
(EXTERNAL HEAT 
TRANSFER) 

Al R/ALUMI NA BRICK 
(REFERENCE) 
( INTERNAL HEAT 
TRANSFER) 

1 
6 
15 

1 
6 
15 

1 
6 
15 

COST $1,000 (1980) 

CE I CP 1 MEDIA I CI FYVC 

519 
2,847 
7,014 

460 
2,539 
6,257 

8,553 
14,894 
30,048 

PWRR 

48,003 
261,142 
643,554 

46,025 
254,130 
627.31 5 

477,030 
665,391 
1,278,700 
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SECTION 5.0 

SUPPLEMENTAL STUDIES 

I 1 '  

LC..  

As a r e s u l t  o f  work performed i n  t h i s  s t u d y ,  f o u r  a d d i t i o n a l  t a s k s  were 
added by S E R I  i n  t h e  form of  supp lemen ta l  s t u d i e s  t o  be  i n c l u d e d  i n  t h i s  
Phase  I r e p o r t .  

The f o u r  t a s k s  added i n c l u d e :  

' Task 9 - Modif ied  Tube I n t e n s i v e  L a t e n t  Heat S t o r a g e  U t i l i z i n g  

Task  6 - L a t e n t  Heat S t o r a g e  F o r  Closed  Brayton  Cycle .  

Task  7 - New 399°C (750'F) Oil F o r  Organ ic  F l u i d  Rece ive r  System. 

Task 8 - "600°F" F l u i d s  C o s t  S e n s i t i v i t y  A n a l y s i s .  

Steam-to-Salt  Heat Exchanger.  

5.1 LATENT HEAT STORAGE FOR CLOSED BRAYTON CYCLE 

5.1.1 System D e s c r i p t i o n  

The L a t e n t  Heat Tube I n t e n s i v e  Heat Exchanger  6-hour t h e r m a l  s t o r a g e  system 
€or  t h e  Closed  Bray ton  Cyc le  i s  a scale up o f  an ear l ier  Boeing Enginee r ing  
and C o n s t r u c t i o n  concep t  [ 2 2 ] .  The Roeing concep t  w a s  based on s i x  h o u r s  
of the rma l  s t o r a g e  f o r  a 50 NJe t u r b i n e .  The s t o r a g e  concep t  c o n s i s t s  of a 
l a r g e  b u r i e d  r e c t a n g u l a r  c o n c r e t e  the rma l  s t o r a g e  t a n k  w i t h  i n t e r n a l  
i n s u l a t i o n  ( r e f r a c t o r y  b r i c k )  and a s u p e r a l l o y  l iner .  The the rma l  s t o r a g e  
medium c o n t a i n e d  i n  t h e  t a n k  is t h e  e u t e c t f c  s a l t  7 w t .  % CaF2-54% KF-39% 
NaF; t h i s  s a l t  h a s  a m e l t i n g  t e m p e r a t u r e  of 682'C (1,260"F). A l a r g e  
number of  p a r a l l e l ,  ver t ica l  I n c o n e l  617 t u b e s  c o n t a i n  t h e  working f l u i d  
which t r a n s f e r s  heat t o  o r  from t h e  the rma l  s t o r a g e  medium. The t u b e s  are 
a r r a n g e d  i n  a r e c t a n g u l a r  a r r a y  w f t h  c e n t e r l i n e  s p a c i n g  o f  8.54 c m  (3.362 
i n ) ;  t h e  o u t s i d e  d i a m e t e r  of t h e  tubes is 1.049 cm (0.413 i n )  and t h e y  are 
c o n s t r u c t e d  of 22 BWG t u b i n g .  The t u b e s  are connec ted  t o  l a r g e  
i n l e t / o u t l e t  p i p i n g  a t  t o p  and bot tom by " c a p i l l a r y  network" man i fo ld ing .  
(See  f low d iagram,  F i g u r e  5-1). T h i s  m a n i f o l d i n g  i s  complex, w i t h  i t s  many 
l e v e l s  o f  b ranch ing ,  b u t  t h e  a l t e r n a t i v e ,  h i g h  p r e s s u r e  plenums such  as the 
heads  i n  a s i n g l e  p a s s  s h e l l  and t u b e  h e a t  exchanger, would n o t  be 
p r a c t i c a l  f o r  s u c h  a l a r g e ,  h i g h  p r e s s u r e  v e s s e l .  P i p i n g  is a r r a n g e d  such  
t h a t  h o t  workfng f l u i d  e n t e r s  o r  leaves t h e  v e s s e l  a t  t h e  t o p  and c o l d  
working f l u i d  e n t e r s  o r  leaves from t h e  bot tom,  i .e. ,  d u r i n g  c h a r g i n g  h o t  
working f l u i d  e n t e r s  the t o p  and d u r i n g  d i s c h a r g i n g  c o l d  working f l u i d  
e n t e r s  t h e  bottom. A s  a result  t h e  m e l t  poo l  i s  always o n  t o p  of t h e  s o l i d  
s a l t ,  e l i m i n a t i n g  t h e  p o s s i b i l i t y  o f  v o i d  Eormation,  and consequent  h e a t  
t r a n s f e r  impai rment ,  d u r i n g  s a l t  s o l i d i f i c a t i o n .  9 C i r c u l a t i o n  Compressor, 
c o n s i s t i n g  of  a l a r g e  e l e c t r i c  motor -dr iven  c e n t r i f u g a l  compressor ,  i s  
provided  t o  rnake up t h e  p r e s s u r e  d r o p  ( 4 %  of  t h e  compressor  o u t l e t  
pressure) th rough  the s t o r a g e  u n i t  (and  th rough  t h e  r e c e i v e r  d u r i n g  s t a n d  
a l o n e  o p e r a t i o n ) .  
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Roe ing ' s  s e l e c t i o n  of t h e  p a r t i c u l a r  c o n f i g u r a t i o n  was based on a number o f  
i n t e r r e l a t e d  t r a d e  s t u d i e s ,  namely: 

1. Heat exchanger  e f f e c t i v n e s s ,  s t o r a g e  medium mass, and p inch  p o i n t  
t e m p e r a t u r e  d i f f e r e n c e .  

2. S t o r a g e  medium t h e r m a l  c o n d u c t i v i t y .  ( S t o r a g e '  sys t em c o s t s  were 
found t o  be q u i t e  s e n s i t i v e  t o  t h e  t h e r m a l  c o n d u c t i v i t y  of t h e  s a l t  and 
Roeing found l i t t l e  good d a t a .  Boeing proceeded  w i t h  t h e  s i z i n g  'of t h e  
system by assuming an "average"  the rma l  c o n d u c t i v i t y  ( t h e  same f o r  b o t h  
l i q u i d  and  s o l i d  phase )  estimated f r o m  v a l u e s  f o r  t h e  c o n s t i t u e n t  sa l ts .  

3. P r e s s u r e  loss c r i t e r i o n .  

4 .  Heat loss c r i t e r i o n .  

5 .  Vessel c r o s s  s e c t i o n a l  shape.  

6. Tube s p a c i n g  p a t t e r n .  

7 .  P inch  p o i n t  t e m p e r a t u r e  d i f f e r e n c e  ( f o r  t h i s  sys tem,  d e f i n e d  a s  
t h e  c h a r g i n g  i n l e t  f l o w  t e m p e r a t u r e ,  816OC (1500'F) less t h e  e x i t  f l o w  
t e m p e r a t u r e  when t h e  sys t em i s  f u l l y  c h a r g e d ) .  

8. S a l t  m e l t  t empera tu re ,  c o n s i d e r e d  a long  w i t h  o t h e r  impor t an t  
c h a r a c t e r i s t i c s  s u c h  as h e a t  o f  f u s i o n ,  h e a t  c a p a c i t y  and d e n s i t y .  

T r a n s i e n t  t he rma l  behav io r  was p a r t i a l l y  v e r i f i e d  by computer mode l l ing  
( w i t h  2 s e p a r a t e  models of  v a r y i n g  complex i ty )  t h e  sys tems.  (The s i m p l e r  
of  t h e  models  was used  t o  de te rmine  hea, t  exchanger  e f f e c t i v e n e s s  f o r  t h e  
d e v i c e  s i z i n g  model . )  

It i s  i m p o r t a n t  t o  n o t e  t h a t  Boeings '  s e l e c t e d  c o n f i g u r a t i o n  for t h e  phase  
change t h e r m a l  ene rgy  s t o r a g e  sys tem,  and a11 of  t h e  above s t u d i e s ,  were 
based  on the u s e  of he l ium a s  a working f l u i d ,  which was t h e  working f l u i d  
of f a v o r  i n  1976. Boeing h a s  s ince r e p o r t e d  work o n  the rma l  energy  s t o r a g e  
sys t ems  f o r  c l o s e d  Bray ton  c y c l e s  u s i n g  a i r  a s  a working f l u i d  [ 3 ] ,  bu t  
t h e s e  were s e n s i b l e  h e a t  s t o r a g e  sys t ems .  S i n c e  t h e  p h y s i c a l  p r o p e r t i e s  of 
he l ium a r e  so  much d i f f e r e n t  from t h a t  oE a i r ,  i .e. ,  he l ium h a s  a lmos t  5 
times t h e  h e a t  c a p a c i t y ,  o v e r  7 cines the s p e c i f i c  volume, and h a s  a much 
h i g h e r  t he rma l  c o n d u c t i v i t y ,  t h a n  a i r ,  the  l a t e n t  h e a t  t he rma l  s t o r a g e  
sys tem of  Boeing would l i k e l y  have been d i f f e r e n t ,  and more e x p e n s i v e ,  had 
i t  been op t imized  f o r  a i r  working f l u i d .  S i n c e  i t  w a s  o u t s i d e  t h e  scope o €  
Stea rns -Roger ' s  e f f o r t  t o  r e d e s i g n  and o t p i m i z e  t h e  the rma l  s t o r a g e  sys tem 
using a d i f f e r e n t  working f l u i d ,  S teams-Roger  h a s  scaled up t h e  Boeing 
sys tem €or  2-6 h o u r  x 7 5  m e  modules ,  r e t a i n e d  t h e  heLium working f l u i d ,  
and assumed t h e  same ave rage  t u r b i n e  c y c l e  e f f i c i e n c y  t h a t  Boeing e s t i m a t e d  
f o r  t h e  two 50 W e  hel ium t u r b i n e s  o f  t h e i r  concep t .  

F i g u r e  5-2a i n d i c a t e s  q u a l i t a t i v e l y  t h e  t r a n s i e n t  t he rma l  performance o f  
t h e  sys tem d u r i n g  t h e  c h a r g i n g  c y c l e .  The sys tem i s  charged  w i t h  hel ium 
t h a t  i s  hea ted  i n  t h e  r e c e i v e r  t o  a t e m p e r a t u r e  o f  g1h"C (1500OF). 
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Initially, the helium outlet temperature is approximately the same as the 
initial salt temperature, but the outlet temperature rises rapidly to 
approximately the salt melt temperature (682OC o r  1260'F). The helium 
outlet temperature remains approximately constant near the salt melting 
temperature until the salt is molten for nearly the entire length of the 
tubes. Then the helium outlet temperature begins t o  rise above the melt 
temperature; when the helium outlet temperature rises to the pinch point 
temperature (defined here as the inlet temperature less the pinch point 
temperature difference, 83'C (150°F)), the system is fully charged and 
charging is terminated. Since a system requirement is that the charging 
rate remain constant during the charging period, the helium mass flow rate 
must be increased greatly as the hot-to-cold helium temperature 
differential diminishes. Consequently, a very powerful circulation 
compressor is required. It should be noted, however, that the helium mass 
f low rate, system pressure differential, and consequently circulation 
compressor power requirements, are substantially Lower than the design 
requiements during most of the charging cycle. The advanatage of having a 
high pinch point temperature relative to the salt melting temperature is 
that a large percentage of the sa l t  (i.e., 70 to 80%) will change phase. 
Thus, less of the expensive storage media is required, more than 
compensating for the higher circulation compressor costs. 

Figure 5-2b indicates qualitatively the transient thermal performance 
during the discharge cycle. If the thermal storage system i s  fully 
charged, the initial hellurn outlet temperature will be essentially the same 
as receiver temperature, 816'C o r  1500°F, but the temperature will drop 
rapidly t o  essentially the salt freezing temperature and remain there for 
some time. As most of  the tube surface becomes surrounded by fused salt, 
temperature gradients appear and the outlet temperature will drop below the 
salt freezing temperature. When the helium outlet temperature drops as low 
as the minimum turbine i n l e t  temperature (593°C or llOO°F), the system is 
fully discharged and operation from storage terminates. By employing 
variable pressure operation, rated turbine output can be maintained during 
the entire discharge cycle .  Average turbine gross cycle efficiency is only 
34.1%, however; consequently a larger thermal storage system, and a larger 
solar multiplier are required than would be the case if a higher turbine 
inlet temperature and resulting higher efficiency could be maintained. 

5.1.2 Thermal Storage Design Data 

Table 5-1 indicates the Thermal Storage Design Data for the Latent Heat 
Tube Intensive Heat Exchanger +hour thermal storage system f o r  the Closed 
Helium Brayton Cycle. 

5 . 1 . 3  Cost: Analysis 

Table 5-2 indicates t h e  c o s t  of  the latent system relative t o  the 
air/alumina brick reference system. The cost of  power related equipment 
(CP) f o r  the reference system is a fraction of the corresponding cost for 
the latent system, reflecting the high cost of  the Circulation Compressors 
and the high cost o f  the I n c o n e l  617 tubing of the heat exchangers. The 
overall cost o f  t h e  latent system, however, is somewhat lower. Some of the 
cost advantage would undoubtedly disappear i f  the latent system were to be 
redesigned f o r  an air working system. 
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I '  

Tahle 5-1.  THXRuAL STORAGE IESICN DATA 

i 
I HOUBS OF STOPAGE: Sls (51  

S T M E  1 OF I 
Latent Weat Tuhe l n r e n s i u e  HY 

STORAGE % n u  

1. Operatin8 Temperature 
a. Not 
h. Cold 

2, Ouancity ( T o c a l l  
a. Salt ( 7  Ut Z CaF, 

5 4 W ,  19 !?as) 

754 ( 1 . 3 9 0 )  
532 (9901 

R!ERCY RELdTEn EOUtP?IENT 

I. Storage Capacity 

2. Storage Tanks 
a. fluancity 
b. Size, each {LsUnHt.) 
c. Y e t e r i a l  
d .  !<e ight ,  e a c h  

I. tank  Insulat ion 
a. Type 
b. Thickness 

1. Tank Foundation 
a. Type 
b. Thickness 
C. Quancfcy. Total 

2 , 6 3 9 . 3  

Two ' 2 )  
23.3 Y 19.8 x 30.3 ( 7 6 . 5  x (15 x ? 0 1 )  

Concrete 6 Seruccural Steel 
6 . 8  x lob (7 ,500 )  

Refractory Rrick llntecnall u / H a s t e l l a y . N  Liner 
0.11 10.38) 

Xone (Underground) 

e o m  Eunn EOIIIPWT 

1. Uorking 6Iuid (Helium) 
a. Flaw,  T o t a l  
b. Pressure 
C. Temperature 

2 .  Storage FIuid 
a. Flaw, Total 
h. Pressure (Tank) 
C. Average Temperacure 

3. Compressors 
a. Quant i ty  
b. Type 
C. Yatsrial 
d .  Fluid 
e. Capacicy,  each 
f. Sead 
g+ Power ( S h a f t ) .  each 
h. Y o t o r  s i r e  

A .  Heat Exchangers 
a, Ouancity 

C. !!acerial 
d .  Surface Area, T o c a l  
e. Outg. T o t a l  

b. rype 

.A!INUAL EYEWY 

1 .  5 l e c t r i c a l  'nerR:, 

kg/n I l h l h t )  
%Pa {paia) 
'C ( O F )  

kg/s f l h / h r )  
HPa (psis) 
'C ( O F )  

t w o  !2! 

rmn) 
Centrifugal ComDressor 

H e l i u m  
1 7 3  (1,173,000) 
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TABLE 5-2. THERMAL STORAGE ECONOMIC EVALUATtON 
CLOSED BRAYTOM RECEIVER 
SENSI3LE VS. LATENT ENERGY STQRAGE SYSTEMS 
[2 - 75 MWe GROSS POWER MODULES] 

STORAGE 
CONCEPT 

SENSIBLE 

Al  R/A LUM I NA 
BRICK 
(REFERENCE) 
(A IR)  

LATENT 

TUBE INTENSIVE HX 
FLUORIDE SALTS 
(CaF2, KF, NaF) 
( I  tE L l  Urvll 

- 

STORAGE 
HOURS 

6 

6 

CE 

14,498 

6,198 

CP 

1.766 

12,880 

COST $1000 (1980) 

MEDIA 

36,083 

15,112 

CI  

123.44% 

96,432 

FYVC 

2,847 

3,159 

PWRR 

2611,142 

217.786 
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5.1.4 D i s c u s s i o n  

Boeing r e p o r t e d  i n  Refe rence  [ 3 ]  t h a t  t h e  p r i n c i p a l  o b s t a c l e  t o  t h e  
development  of phase  change tube  i n t e n s i v e  the rma l  ene rgy  s t o r a g e  sys t ems  
s u i t a b l e  f o r  h i g h  t empera tu re  Rrayton  c y c l e s  i s  t h a t  s a l t s  which a r e  
t h e r m a l l y  and c h e m i c a l l y  s t a b l e  a t  such  h igh  t e m p e r a t u r e s  t end  t o  be 
c o r r o s i v e  t o  s u p e r a l l o y  metals used t o  c o n t a i n  t h e  s a l t s .  Oak Ridge 
Wat iona l  L a b o r a t o r i e s  has  done some r e s e a r c h  on s a l t  c o r r o s i v i t y  f o r  t h e  
Mol ten  S a l t  Reac to r  program and i s  deve lop ing  p r o t e c t i v e  l i n e r s  such  as 
H a s t e l l o y  F. P h i l l i p s  L a b o r a t o r i e s  o f  Germany h a s  proposed t h e  u s e  of 
g e t t e r i n g  a g e n t s  such  as powdered aluminum t o  react w i t h  t h e  c o r r o s i v e  
i m p u r i t i e s  in t h e  salt  t o  p r o t e c t  t h e  low chromium s u p e r a l l o y s  used  f o r  
h e a t  exchanger  t u b i n g .  Boeing r e p o r t s  t h a t  "Cons ide rab le  e x p e r i m e n t a l  
t e s t i n g  of t h i s  approach  will be r e q u i r e d  t o  v e r i f y  t h e  s u i t a b i l i t y  of  t h e  
h e a t  exchanger  t u b i n g  f o r  a 30 y e a r  l i f e . . .  It a p p e a r s  t h a t ,  w i t h  a d e q u a t e  
t e s t i n g ,  a p p r o p r i a t e  materials and  c o r r o s i o n  c o n t r o l  a g e n t s  c a n  be o b t a i n e d  
f o r  t h e  phase-change concept . "  

Another  q u e s t i o n  t h a t  must be answered r e g a r d i n g  t h e  Boeing phase  change 
t u b e  i n t e n s i v e  HX thermal s t o r a g e  concep t  i s  how much of i t s  c o s t  advan tage  
can  b e  m a i n t a i n e d  I f  i t s  d e s i g n  i s  changed t o  accommodate an a i r  working 
f l u i d .  Ir. i s  l i k e l y  t h a t  t h e  t u b i n g  cross sec t iona l  a rea ,  and hence t u b i n g  
c o s t s ,  w i l l  be i n c r e a s e d  if sys tem f r i c t i o n a l  l o s s e s  are t o  be h e l d  t o  
economic l e v e l s .  

5.2 NEW 399'C (750'F) OIL ORGANIC FLUID RECEIVER SYSTXII 

5.2.1 Scope of S tudy  

As p a r t  of t h e  scope  of work o f  t h i s  s t u d y ,  i t  was dec ided  t h a t  a n  
a l t e r n a t e  399'C (750'F) r e c e i v e r  f l u i d  s h o u l d  be e v a l u a t e d  t o  de t e rmine  
receiver f l u i d  impact  on t o t a l  sys tem c o s t .  The r e f e r e n c e  the rma l  ene rgy  
s t o r a g e  sys tem used 'wi th  the new r e c e i v e r  f l u i d  was t h e  Shenandoah c o r a l  
ene rgy  sys tem a s  employed in t h e  s t u d y  w i t h  six ( 6 )  h o u r s  of  H i t e c  2 tank 
mol ten  SalK s t o r a g e .  The sys tem c o s t  of t h e  Hitec, 2 t a n k  concep t  as w e l l  
a s  per formance  of t h e  sys tem w i t h  t h e  new f l u i d  was t o  be de termined .  

5 . 2 . 2  Approach 

Choosing a n  a c c e p t a b l e  a l t e r n a t e  r e c e i v e r  f l u i d  w a s  the f i r s t  r equ i r emen t .  
The o n l y  f l u i d  t h a t  c o u l d  be i d e n t i f i e d  w i t h  399' (750°F) c a p a b i l i t y  was 
MCS 1980, manufac tured  by t h e  Monsanto Company. X S  (Monsanto Chemical 
Sample) 1980 is a p r o p r i e t a r y  o r g a n i c  h e a t  t r a n s f e r  f l u i d  be ing  developed  
by Monsanto. IT. h a s  a h i g h e r  d e n s i t y ,  h i g h e r  s p e c i f i c  h e a t ,  and lower  
a p p a r e n t  l o s s  ra te  t h a n  now C o r n i n g ' s  Syl therm 800, b u t  c o s t s  a b o u t  10% 
more i n i t i a l l y .  
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F l u i d  l o s s  rates i n  p e r c e n t  p e r  2500 h o u r s ,  f o r  Sy l the rm 800 and  MCS 1980, 
were t a k e n  f rom tes t  resul ts  by B u r o l l a  [18], w i t h  loss  ra tes  a d j u s t e d  t o  
r e f l e c t  f l u i d  t e m p e r a t u r e s  used  in t h e  s tudy .  A l l  o t h e r  c h a r a c t e r i s t i c s  of 
t h e  f l u i d s  were p rov ided  by Dow Corning and  Monsanto. F l u i d  l o s s  r a t e s  in 
p e r c e n t  per y e a r  were de termined  based on t h e  a s sumpt ion  t h a t  t h e  r e c e i v e r  
loop  would b e  a t  t h e  h i g h  t e m p e r a t u r e  f o r  a y e a r l y  ave rage  of 1 2  hour s  p e r  
day ,  meaning tha t  50% of t h e  f l u i d  would be a t  399' (750°F)  f o r  1 2  h o u r s  
p e r  day  o r  an e q u i v a l e n t  of 100% of t h e  f l u i d  f o r  6 h o u r s  p e r  day. 
Assuming 330 days  p e r  y e a r  o f  p l a n t  o p e r a t i o n  gave  a n  a v e r a g e  of 1980 hours 
p e r  y e a r  t h a t  the r e c e i v e r  f l u i d  would be a t  399°C (750"F), 

A f t e r  MCS 1980 w a s  ag reed  upon a s  t h e  f l u i d  t o  u s e  i n  t h i s  comparison,  
c o n s t r a i n t s  were e s t a b l i s h e d  t o  carry o u t  t h e  e v a l u a t i o n  w i t h  a minimum 
amount of  a d d i t i o n a l  work. It  w a s  dec ided  t h a t  most a l l  o f  t h e  r e c e i v e r  
l o o p  equipment  ( i . e .  c o l l e c t o r s ,  p i p i n g ,  c h a r g i n g  h e a t  exchanger )  would 
remain the same when u s i n g  a d i f f e r e n t  receiver f l u i d .  The o n l y  components 
t h a t  would change would be t h e  s i z e  of t h e  c i r c u l a t i n g  pump due t o  t h e  
d i f f e r e n t  s t o r a g e  d e n s i t i e s  of t h e  f l u i d s ,  and t h e  a d d i t i o n  of h e a t  t r a c i n g  
t o  the MCS 1980 system. T h i s  p e r m i t t e d  using c a p i t a l  c o s t s  o b t a i n e d  i n  t h e  
s t u d y  and p rov ided  a good b a s e  f o r  comparison.  It  was unders tood  t h a t  by 
u s i n g  d i f f e r e n t  s i z e  c i r c u l a t i o n  pumps w i t h  t h e  same s i ze  l i n e ,  0.15m (0.5 
f t . ) ,  t h a t  pump c o s t s ,  pumping heads ,  and pumping power would change.  T h i s  
change w a s  handled  u s i n g  v i s c o s i t y  and v e l o c i t y  r a t i o s  t o  s p e c i f i c  powers 
deve loped  u s i n g  f l u i d  h y d r a u l i c  d a t a  i n  Cameron [ 2 3 ] .  A summary of 
Syl therm 800 and  MCS 1980 f l u i d  c h a r a c t e r i s t i c s  are shown in T a b l e  5-3. 

5 . 2 . 3  R e s u l t s  and D i s c u s s i o n  

\ 5.2+3.1 Syl the rm 800/MCs 1980 System Comparison 

Results of  t h e  a l t e r n a t e  r e c e i v e r  f l u i d  e v a l u a t i o n  are shown i n  Tab le  5-4. 
Total  present worth  c o s t  of the sys tem u s i n g  MCS 1980 i s  10,9% less t h a n  
t h e  system u s i n g  Syl therm 800, p r i m a r i l y  the r e s u l t  of t h e  lower  f l u i d  l o s s  
rate demonst ra ted  by MCS 1980. I n  a d d i t i o n ,  f o r  SyLtherm 800 t o  b e  
compe t i tve  a t  t h e  f l u i d  loss rate shown f o r  MCS 1980, t h e  f l u i d  loss rate 
f o r  Sy l the rm 800 would have  t o  be 5.8% p e r  y e a r  o r  less. T h e r e f o r e ,  i t  
a p p e a r s  tha t  MCS 1980 would be b e t t e r  s u i t e d  economica l ly  t h a n  Syl therm 800 
f o r  a 399'C (750°F)  r e c e i v e r  f l u i d  a p p l i c a t i o n .  

I n  a d d i t i o n  t o  c o s t  s a v i n g s  due  t o  a low f l u i d  l o s s  ra te ,  MCS 1980 would 
p rov ide  o t h e r  c o s t  advan tages  a s  w e l l .  Because o f  t h e  h i g h e r  s t o r a g e  
d e n s i t y  of  MCS 1980 (53% h i g h e r ) ,  t h e  s i z e  o f  t h e  l i n e  i n  t h e  r e c e i v e r  l o o p  
could  most l i k e l y  be reduced  t o  t h e  n e x t  smallest p i p e  s i z e ,  t h e r e f o r e  
r educ ing  r e q u i r e d  i n v e n t o r y  o f  MCS 1980 and a l s o  r e d u c i n g  t h e  c a p i t a l  c o s t  
o f  t h e  p i p e ,  w h i l e  i n s i g n i f i c a n t l y  i n c r e a s i n g  s y s t e m  c o s t  due t o  i n c r e a s e d  
pumping power. The c o s t  s a v i n g s  invo lved  are  e r p e c t - d  t o  b e  s i g n i f i c a n t .  

Flow diagrams € o r  t h e  sys tems invo lved  i n  t h e  e v a l u a t i o n  a r e  shown i n  
F i g u r e  5-3. Tempera tures  and hear l o a d s  i n  the r e c e i v e r  Loop remain 
c o n s t a n t  r e g a r d l e s s  of f l u i d  and only mass flow ra te  and pumping power 
change.  It i s  expec ted  that employing a s t o r a g e  system w i t h  a c a p a c i t y  o f  
something o t h e r  t h a n  s i x  hours a€ s t o r a g e  would produce similar r e s u l t s .  

1 
t ,  
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Table 5-3. SYLTHELY 800 AND MCS 1980 
FLUID CHARACTERISTICS 

Characteristic Temperature Units 
" C  ( O F )  

Syltherm 800 MCS 1980 

F l u i d  Manufacturer Dow Corning Monsanto 

Manufacturer's Recommended 'C ('F) -4O(-40) TO 66(150) to 
Operating Temperature Range 399 (750) 399 (750) 

Approx. Pour Point "C  ( O F )  -65 (-85) 10 (50) 

Density 338 (640)  kg/m3{lb/fr3) 652 ( 4 0 . 7 )  a78 ( 5 4 . 8 )  

Specific Reat 338 ( 6 4 0 )  kJ/kg"C(BTU/lb'F) 2.09 (0.50) 2.39 (0 .57)  
7 

Storage Density 338 ( 6 4 0 )  k.7/myoc 1375 (20.5) 2099 (31.3) 
(BTU/f t3"F) 

Kinematic Viscosity 338 ( 6 4 0 )  Cs 
66 (150) Cs 

0.582 0.486 
5.5 30 

Vapor Pressure 399 (750) kPa (PSIA) 103 ( - 1 5 )  ' 107 (15.5) 

Thermal Conductivity 338 ( 6 4 0 )  Watt/m-"C 0.087(0.050) 0.109 (0.063) 
(BTU/hr-ft-'F) 

Fluid Loss  Rate 399 (750) %/2500 Hr. 38.0 1.4 
277  (530) %/2500 Hr. 0.03 0,01 

Bulk Cost (1980) 15 (59) $/Gal. 22.40 25  .OO 
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Table 5 - 4 .  COST COMPARISON USING SYLTHERM 800 
AND MCS 1980 RECEIVER FLUIDS 
ORGANIC FLUID RECIEVER (POWER) 
HITEC ( 2  TANK) THERWL STORAGE SYSTEM 

[ 6  Hours S t o r a g e ]  

RECEIVER COST $1000 (1980) 
FLUID CE CP MEDIAa CL FYVC PWRR 

Syltherm 800 78 125 217 1,135 34 2,502 
~~~~ ~ 

MCS 19x0 83 124 223 1,163 18 2 , 2 2 9  

aMedia c o s t  includes receiver f l u i d  and storage m e d i a  ( H I T E C ) .  

$' 
i 
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STEAM 

TURBINE 
Ab 

HOT 
TANK 

t = 399’C (750°F) 
SYLTHERM 800 

CHARGING 

X C H A N G E 

HEAT HlfEC 2-TANK DISH 

FIELD EXCHANGER 6 HOURS STORAGE 
4.69 MWt 

FEEDWATER 

-4 

STEAM T = 399’C (750°F) HITEC 

HOT 
TANK 

CHARGING DISCHARGING 

6 HOURS STORAGE HEAT 
XCHANGE 

HEAT HlTEC 2-TANK 
CO t L E CTO R 

FIELD 

A c o L n  
TANK A 

FEEDWATER 
1 

16.1 kgh 
(127,600 Ib/hr) 

T = 5 7 ’ C  -4 

(530‘F) 9.4 kwe 

Figure 5-3. FLOW DIAGRAMS USING SYLTHERM 800 
AND MCS 1980 RECEIVER FLUIDS 
ORGANIC FLUID RECEIVER (POWER) 
HlTEC 2-TANK THERMAL STGRASE SYSTEM 
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5.2.3.2 R e c e i v e r  Loop Hear L o s s  E v a l u a t i o n  

A h e a t  loss  a n a l y s i s  on t h e  r e c e i v e r  l o o p  was performed f o r  t h e  sys tem 
concep t  u s i n g  t h e  EfCS 1980 r e c e i v e r  f l u i d  t o  d e t e r m i n e  o v e r n i g h t  ( 1 2  hour )  
t e m p e r a t u r e  l o s s  i n  t h e  r e c e i v e r  loop .  I t  w a s  assumed t h a t  t h e  f l u i d  i n  
t h e  r e c e i v e r  l o o p  would b e g i n  o v e r n i g h t  c o o l i n g  a t  2 7 7 ° C  (530'F) w i t h  a n  
a v e r a g e  o v e r n i g h t  ambient  t e m p e r a t u r e  of 10°C (SOOF), and a minimum 
a l l o w a b l e  t e m p e r a t u r e  o f  t h e  MCS 1980 of  93°C (200'F).  Using 0 . l h  (0 .33 
f t )  o f  c a l c i u m  s i l i c a t e  i n s u l a t i o n  w i t h  aluminum l a g g i n g  on  a n  e s t i m a t e d  
518m (1700 f t )  o f  e q u i v a l e n t  0.15m (0.5 f t )  p i p e  r e p r e s e n t i n g  t h e  r e c e i v e r  
l o o p ,  f l u i d  t e m p e r a t u r e  a f t e r  1 2  h o u r s  of c o o l i n g  was c a l c u l a t e d  t o  be 
about  204°C (400"Y). Overnight  h e a t  loss was t h e r e f o r e  n o t  c o n s i d e r e d  t o  
be a c o n c e r n  when u s i n g  MCS 1980, because  t h e  t empera tu re  remained w e l l  
above 93'C (20ODF),  T i m e  r e q u i r e d  f o r  t h e  f l u i d  t o  cool  t o  93°C (200 'F )  
was c a l c u l a t e d  t o  be  approx ima te ly  37 hours .  

A s  assumed i n  t h e  s t u d y  p a r t  oE t h e  o p e r a t i n g  s c e n a r i o  o f  t h e  p l a n t  was 
t h a t  f o r  35 d a y s  e a c h  y e a r ,  t h e  p l a n t  would be down f o r  ma in tenance  o r  
c loudy  days .  T h i s  downtime amounted t o  a 20 kWe h e a t  t r a c i n g  l o a d  on t h e  
sys tem f o r  840 h o u r s  p e r  year t o  m a i n t a i n  93°C ( 2 0 0 ° F )  i n  t h e  r e c e i v e r  loop 
when u s i n g  MCS 3980. T h i s  a d d i t i o n a l  ene rgy  r e q u i r e d  by t h e  r e c e i v e r  loop  
i n c r e a s e d  the t o t a l  p r e s e n t  wor th  c o s t  o f  t h e  MCS 1980 sys tem by about  0.5 
p e r c e n t .  

I 

i 
1 

5.3 "600 F" FLUIDS COST SEMSITIVZTY ANALYSIS 

5 . 3 . 1  Scope o f  S tudy  

*' During t h e  c o u r s e  o f  t h e  SERI Thermal Energy  S t o r a g e  S tudy ,  i t  was 
d i s c o v e r e d  t h a t  f l u i d  cost :  and  loss  rates b o t h  had s e v e r e  i m p a c t s  o n  c o s t  
of t h e  t o t a l  t h e r m a l  s t o r a g e  system. It was a g r e e d  upon t h a t  more work 
needed t o  be done in t h e  area of  a l t e r n a t e  f l u i d s  w i t h  v a r y i n g  c o s t s  and 
loss rates. In r e sponse  t o  t h i s  need ,  a "600 F" f l u i d  c o s t  s e n s i t i v i t y  
a n a l y s i s  w a s  adop ted  a s  p a r t  o f  t h e  scope  of work f o r  t h e  f o l l o w i n g  s t o r a g e  
c oncep t s : 

Wa t er/S ream (Power) 
1st s t a g e :  o i l / r o c k ,  2nd s t a g e :  d r a w s a l t  ( 2  t a n k ) .  
1st s t a g e :  o i l  ( 2  t a n k ) ,  2nd s t a g e :  d r a w s a l t  ( 2  t a n k ) .  

Nater /S team (Process Heat) . 
o i l / r o c k  (ahove-ground tanks). 

! ,  . .  
i 
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5.3.2 Approach 

It was dec ided  t h a t  t h e  most u s e f u l  t y p e  o f  a n a l y s i s  would b e  a g e n e r i c  
s t u d y  w i t h  f l u i d  cos t ,  f l u i d  l o s s  r a t e s  and h o u r s  of s t o r a g e  as 
pa rame te r s .  F l u i d  c o s t s  used were $1.00, $7.50 and $15.00 p e r  g a l l o n ,  
f l u i d  loss ra tes  were assumed a t  0%, 15% and 30% p e r  2500 h o u r s ,  and h o u r s  
of s t o r a g e  were 1,6 and. 1 5  hours .  A l l  of  t h e  f l u i d s  c o n s i d e r e d  i n  t h e  
s t u d y  f e l l  w i t h i n  t h e  hounds o f  t h e  above c o s t s  and lo s s  rates. 

! .  

Cost  and d e s i g n  d a t a  from work a l r e a d y  performed f o r  1,6 and 15 h o u r s  of 
s t o r a g e  were used  a s  a b a s e  w h i l e  f l u i d  c o s t  and l o s s  ra tes  were v a r i e d .  
These v a r i a t i o n s  were r e f l e c t e d  i n  t h e  p r e s e n t  wor th  c o s t s  of t h e  systems. 

, 

I '  

I 

I '  \ 

!. 1.. 

5.3.3 R e s u l t s  and D i s c u s s i o n  

R e s u l t s  o f  the c o s t  s e n s i t i v i t y  a n a l y s i s  are  shown i n  F i g u r e s  5 - 4 ,  5-5, 
and 5-6. Although f l u i d  c o s t ,  f l u i d  l o s s  r a t e ,  and h o u r s  of  s t o r a g e  all 
have s i g n i f i c a n t  l a p a c t s  on t h e  t o t a l  p r e s e n t  wor th  c o s t  of t h e  sys t em,  
u s i n g  a l o w  c o s t  f l u i d  would p r o v i d e  t h e  g r e a t e s t  c o s t  s a v i n g s  because  i t  
n o t  on ly  a f f e c t s  i n i t i a l  c o s t  of f l u i d  i n v e n t o r y  b u t  rep lacement  c o s t s  as 
w e l l ,  r e g a r d l e s s  o f  f l u i d  l o s s  r a t e .  F o r  example,  f o r  t h e  water/steam 
(power) r e f e r e n c e  case, a f l u i d  c o s t i n g  approx ima te ly  $5.00 p e r  gallon 
would have  t o  have  a z e r o  f l u i d  loss r a t e  t o  be  c o m p e t i t i v e  w i t h  C a l o r i a  
HT-43 a t  a b o u t  $1.50 p e r  g a l l o n  even  though C a l o r i a  h a s  a n  e s t i m a t e d  
27%/2500 hour  f l u i d  l o s s  r a t e  a t  316 C (600 F ) .  To be more s p e c i f i c ,  f o r  
Therminol  66 ($10.85/gallon, 5.7%/2500 h o u r  f l u i d  l o s s  r a t e )  t o  be 
c o m p e t i t i v e  w i t h  C a l o r i a  HT-43 a t  6 hours  of s t o r a g e ,  the CaLor ia  f l u i d  
l o s s  ra te  would have  t o  exceed  125%/2500  h o u r s ,  which a p p e a r s  h i g h l y  
u n l i k e l y .  A most v a l u a b l e  c o n c l u s i o n  of t h i s  a n a l y s i s  i s  t h e  obvious  
importance o f  u s i n g  a low c o s t  f l u i d  when d e s i g n i n g  a t h e r m a l  s t o r a g e  
sys tern. 

The € h i d  s e n s i t i v i t y  c o s t  summary f o r  t h e  r e f e r e n c e  waterlstearn power 
system w i t h  a n  o i l / rock-draw s a l t  ( 2  tank) 2-stage s t o r a g e  concep t  i s  shown 
i n  T a h l e  5-5. A s  shown i n  T a h l e  5-5, t h e  e n e r g y  r e l a t e d  (CE)  and powee 
r e l a t e d  (CP) costs  were assumed t o  be c o n s t a n t  and o n l y  t h e  media c o s t ,  
c a p i t a l  i n v e s t m e n t ,  f i r s t  y e a r  v a r i a b l e  c o s t s  (FYVC) and p r e s e n t  worth of 
revenue  r e q u i r e m e n t s  (EWRR) v a r y  w i t h  f l u i d  c o s t  and f l u i d  rep lacement  
c o s t .  This assumes t h a t  t h e  a l t e r n a t e  f l u i d s  have  t h e  same s p e c i f i c  h e a t ,  
t h e r m a l  c o n d u t i v i t y  and  the rma l  s t o r a g e  d e n s i t y  as  C a l o r i a  HT-43, t h u s  
s t o r a g e  t a n k  s i z e s ,  heat exchange r s  and  pumping r e q u i r e m e n t s  a r e  n o t  
a f f e c t e d .  

Tab le  5-6 shows t h e  f l u i d  s e n s i t i v i t y  c o s t  summary f o r  t h e  o i l  ( 2  Tank? 
draw s a l r  ( 2  tank) w a t e r / s t e a m  power s t o r a g e  c o n c e p t .  

T a b l e  5-7 p r e s e n t s  t h e  f l u i d  s e n s i t i v i t y  c o s t  summary f o r  t h e  reference 
wa te r / s t eam p r o c e s s  h e a t  o i l / r o c k  the rma l  s t o r a g e  c a s e .  
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Figure 5-5. FLUiD SENSITIVITY COST CURVES 
WAIER/STEAM RECEIVER (POWER) 
IST STAGE: OIL (2 TANK). 2ND STAGE: DRAL'W SALT (2-TANK) 
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Table 5-5. FLUID SENSITIVITY COST SUMMARY 
WATERkTEAM RECEIVER (POWER) 
1ST STAGE: OlL/ROCK, 2ND STAGE: DRAW SALT (2 TANK) 

1 .00 

7.50 

1 5  no 

FLUID LOSS 
FLUID COST 
$/GAFFON %I2500 HRS. 

I HOUR STORAGE 
0 

1 .oo 15 
30 
0 

7.50 15 
30 
0 

15.r)n 15 
30 

0 
15 
30 
0 
15 
30 
0 

15 
30 

1 .DO 

7.50 

n 
15 
30 
0 
16 

CE 

15.00 

762 
762 
762 
762 
762 
762 
762 
762 
762 

3n 

0 
15 
30 

3,529 
3.529 
3,529 
3,529 
3,529 
3,529 
3,529 
3,529 
3,529 

8,905 
8,905 
8.905 
8,905 
0.905 
8.905 
8,905 
8,905 
8,905 

CP 

3,147 
3,147 
3,147 
3.147 
3,147 
3,147 
3,147 
3,147 
3,147 

5,308 

5,308 
5,308 
5.308 
5,308 

5.308 

5,308 
5,308 
5.308 

7.51 1 
7.51 1 
7.51 1 
7.51 1 
7.51 1 
7.51 1 
7.51 1 
7.51 1 
7.51 1 

COST, $1000 (JUNE 1980) 

MEDlA 

625 
625 
625 

2.634 
2,634 
2,634 
4,951 
4.851 
4.951 

3,746 
3,746 
3,746 
15,746 
15,745 
15.745 
29.590 
29.590 
29,590 

9,379 
9,379 
9,379 
39.435 
39,435 
39,435 
74,115 
74.115 
74.155 

CI 

14,939 
14,939 
14,939 
18,856 

18,856 
23.374 
23.374 

18,856 

23,374 

38.322 
38,322 
38,322 
61,720 
61.720 
~1 ,720  
88,718 

88.718 
88,718 

75.908 
75,908 
75,908 
134.51 7 
134.51 7 
134.51 7 
202,143 
202.143 
202,143 

FYVC 

396 
436 
477 
396 
696 

1,004 
396 
996 

1.61 1 

1.07 1 
1,425 
1.780 
1.071 
3.726 
6,389 
1,071 
6,381 
11,706 

2.170 
3.1 87 
4.200 
2,170 
9,798 
17,395 
2.170 
17.425 
32.620 

PWRR 

31,862 
32,666 
33.490 
38,129 
44.159 
50,350 
45,358 
57,418 
69.779 

82.843 
89.958 
97,093 

1 20,280 
173.645 
227,171 
163,477 
270.208 
377.240 

165,070 
185,512 
205.873 
258.844 
412,167 
564,867 
367,046 
673.672 
979.091 



Table 5-6. FhUlD SEN: 
WATERjSTE 
1 ST STAGE : 

FLUID LOSS 

X/2500 HRS. 
F LUlD COST I RATE I 
$/G A L LON CE 

1 .oo 

7.50 

15.00 

1 kfOUR STORAGE I 
0 
15 
30 
0 
15 
30 
0 

15 
30 

1,036 
1,036 
1,036 
1,036 
1,036 
1,036 
1,036 
1.036 
1,036 

I 
6 HOUR STORAGE 

L 30 15 
15 

1.00 

7 50 

15.00 

15 HOUR STORAGE 
0 

30 
[I 

7.50 15 
30 
0 

, 15.oa 15 
3 0 

1 .no 

? 
2 
IJ TlVlBY COST SUMMARY 

iM RECEIVER (POWER) 
3IL (2 TANK), 2ND STAGE: DRAW SALT (2 TANK) t 

COST, $&a (JUNE 1980) 

CP MEDLA c1 FYWC PWRR 

3.147 1,144 16,914 425 35.605 
3.147 1,144 16.914 54 1 3'7,936 
3,147 1,144 16,914 659 40.300 
3,147 6,968 28.271 425 53.776 
3.147 6,968 28.271 1,295 71,263 
3,147 6,968 28.271 2,180 89.051 
3.147 13,688 4 1,375 425 74.743 
3,147 13,688 4 1.375 2.165 1 0!3,7 1 7 
3,147 .13.@88 41,375 3,935 145.294 

5.308 6,870 50,890 1.265 106.851 
5,308 6.870 50,890 2,298 127,614 
5.308 6,870 50,890 3,331 
5,308 41.840 1 m.oai 1,265 215,957 
5,308 4 1,840 119.081 9.013 371,692 
5.308 4 1.840 16,760 527.406 I19.(381 
5,308 82,190 197.764 1,265 341,849 

5.308 82,190 197.764 32.255 964,748 

I 48,376 

5,308 82,190 197,764 16.760 653,298 

7,511 . 
7.51 1 
7.51 1 
7,511 
7.51 1 
7.51 1 
7.51 1 

7.51 1 

17,200 
17,200 
17,200 

1 04,755 
1 04,755 

205.780 

205.780 

104,755 

205.700 

100.74 1 
100,741 
100.74 1 
271,473 
271.473 
271,473 
468,472 
468,472 
4G8.472 

2.457 
5,420 
8,310 
2.457 

46.805 
2.457 
46,902 
91.152 

24,680 

210.572 
270,128 
329.423 

930,425 
483.743 g 

1,375.13a 3 
798,941 

1,692.285 
2,581.7 10 

- 



1 .oo 

7.50 

15.00 

0 
15  
30 
0 
15 
30 

0 
15 
30 

J 

Table 5-7. FLUID SENSITIVITY COST SUMMARY 
WATER/STEAM RECEIVER (PROCESS1 
1ST STAGE: OIL/ROCK 

FLUlD LOSS 
RATE 

X/2500 HRS. 

COST, $1000 (JUNE 19801 

MEDIA F FLUID COST 
$/GALLON 

1 HOUR 

CE CI FYVC PWRR 
.. ~ 

1,603 
1,603 
1,603 
1,603 
1.603 
1,603 
1,603 
1,603 
1.603 

~~ 

21,470 
21,470 
21,470 
33,600 
33,600 
33,600 
47,596 
47.596 
47,596 

631 
755 
861 
631 

1,561 
2,506 
631 

2.491 
4,381 

~ 

47,035 
49,528 
52,060 
66,443 
85,136 
104,131 
88,837 
126,223 
164,212 

159,427 
181.577 
203.74 8 
275.856 
441,983 

4 10.193 
742,446 

1,075,001 

~ 0 8 , 2 7 0  

3 39,68 7 
403,163 
466.357 
630.809 

1,106,878 
1,580,636 
966.7 15 

1,916,852 
2,866,788 

rORAGE 
0 

15 
30 
0 
15 
30 
0 
15 
30 

1,204 
1.204 
1.204 
7,425 
7,425 
7.425 
14,602 
14.602 
14,602 

3,845 
3,845 
3.84 5 
3.845 
3.845 
3,845 
3,845 
3,845 
3.845 

7,904 
7,904 
7,904 
7,904 
7.904 
7,904 
7,904 
7,904 
7,904 

1 .oo 

7.50 

15.00 

6 HOUR :ORAGE 
8,803 
8.803 

8,803 
8,803 
8.803 
8,803 
8,803 
8.803 

8,803 

7.226 
7,226 
7.226 
44,543 
44.543 
44,543 
87,600 
87.600 
67.600 

72,733 
72.733 
72.733 
145,501 
145,501 
145.501 
229.4G2 
229.462 
229,462 

2,142 
3,244 
4,347 
2.142 
10,407 
18.680 
'2,142 

35,217 
18.672 

22.006 
22,006 
22.006 
22,006 
22,006 
22,006 
22.006 
22,006 
22.006 

12,087 

12,087 
12,087 

12,087 
12,087 
12,087 
12.087 

12,087 

I 2 . m  

18,066 
i8,066 
18,066 
111.374 
I f  1,374 
1 1  1.374 
219.036 
21 0,036 
219,036 

154.894 
154,894 
154,894 
336,84 5 
336,845 
336.845 
546,786 
546,786 
546,786 

4,570 

10.872 
4,570 
28.255 

4.570 
5 1,940 
99,100 

7.728 

5 i ,a35 
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5.4 MODIFIED TUBE INTENSIVE BX (LATENT) STORAGE CONCEPT 

5.4.1 Water/Sream R e c e l v e r  (Power) 

5.4.1.1 System D e s c r i p t i o n  

A s  an  a l t e rna t ive  t o  t h e  first s t a g e  t u b e  i n t e n s i v e  heat exchange r  concep t  
d i s c u s s e d  i n  S e c t i o n  3.4.9,  a mod i f i ed  t u b e  i n t e n s i v e  h e a t  exchanger  s ix  
h o u r  s t o r a g e  concep t  based  on a c o n c e p t  c u r r e n t l y  unde r  c o n c e p u t a l  d e s i g n  
by Comstock & Wescot t  and Combustion Eng inee r ing  [16] was s t u d i e d .  The 
sys tem f l o w  d iagram i s  shown i n  F i g u r e  5-7; t h e  second s t a g e  draw s a l t  ( 2  
t a n k )  system is i d e n t i c a l  t o  t h e  second s t a g e  s e n s i b l e  draw sa l t  ( 2  t ank )  
sys tem f o r  t h e  l a t e n t ,  c o n t a i n e r i z e d  s a l t  (NRL) s i x  h o u r  t h e r m a l  s t o r a g e  
sys tem of S e c t i o n  3.4.10. 

The Comstock & Wescott-Combustion E n g i n e e r i n g  d e s i g n  ( r e f e r  t o  F i g u r e  5-8) 
c o n s i s t s  o f  r e c t a n g u l a r  s teel  t a n k s  f i l l e d  with sa l t  and r e c t a n g u l a r  
modular t u b e  bundes; each t u b e  bund le ,  i n  t u r n ,  c o n s i s t s  of a number o f  
p a r a l l e l ,  small d i a m e t e r  seamless c a r b o n  s t e e l  t ubes .  The t u b e s  a r e  
f a b r i c a t e d  into a s e r p e n t i n e  c o n f i g u r a t i o n  and are s e p a r a t e d  and suppor t ed  
by c l o s e l y  spaced c h a n n e l  s h a p e s  formed from l i g h t  gauge s h e e t  aluminum and 
c a r b o n  s teel .  These c h a n n e l  shapes  are known a s  " h e a t  t r a n s f e r  enhancement 
s h e e t s " ;  t h e y  have  t h e  a d d i t i o n a l  i m p o r t a n t  f u n c t i o n  of promoting h e a t  
t r a n s f e r  by a c t i n g  a s  an ex tended  s u r f a c e  f rom t h e  t u b i n g  t o  t h e  s a l t  
mass. C&W - CE computer  s i m u l a t i o n s  of t h e  concep t  d e s i g n  s e l e c t e d  
i n d i c a t e  t h a t  the 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  ( c a l c u l a t e d  u s i n g  
e x t e r a l  t u b e  area o n l y )  i s  over 480 J/s-rn2-'C (80  Btu/hr-f t2-OF) 
compared t o  a b o u t  120 J / s -m2-*C (20 Btu/hr . - f t2- 'F)  f o r  t h e  spiral 
cubes  ( w i t h o u t  ex tended  s u r f a c e )  i n  t h e  tube i n t e n s i v e  sys tem d e s c r i b e d  i n  
S e c t i o n  3.t.9. 

C&W-CE's c u r r e n t  concep t  d e s i g n  work h a s  been based  upon t h e  u s e  of t h e  
NaOH, NaNo3 e n t e c t i c  (81.3 mole p e r c e n t  NaOH) which  d o e s  n o t  have  a h igh  
enough m e l t i n g  t e m p e r a t u r e  f o r  optimum a p p l i c a t i o n  t o  t h e  waterlsteam 
r e c e i v e r  (power)  c y c l e .  Accord ingly ,  "Thermkeep" (91.8 Wt. % NaOH, 8% 
NaN03, 0.2% Mn02) wi th  a m e l t i n g  p o i n t  of 2 9 2 O C  (558OF) was s e l e c t e d  
for s t u d y .  The t e m p e r a t u r e  p r o f i l e  i s  shown i n  F i g u r e  5-9. Tube d i a m e t e r ,  
s p a c i n g  (0.15 m (0.5 ft.) h o r i z o n t a l l y  and v e r t i c a l l y ,  and heat t r a n s f e r  
enhancement s h e e t  s p a c i n g  (1.91 c m  (0.75 i n ) )  of t h e  C&tJ-CE concep t  have  
been r e t a i n e d .  The c o n t r o l l i n g  ( c h a r g i n g )  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  i s  lower  (by  a b o u t  15%) t h a n  was used  by ChlJ-CE, so  t h e  d e s i g n  
s h o u l d  be c o n s e r v a t i v e  i f  the C&IsJ-C% computer  s i m u l a t i o n s  are a c c u r a t e .  

4.4.1.2 Thermal S t o r a g e  D e s i g n  Data 

The c o n c e p t u a l  d e s i g n  d a t a  f o r  t h e  mod i f i ed  t u b e  i n t e n s i v e  draw s a l t  ( 2  
t ank )  6-hour the rma l  s t o r a g e  sys tem f o r  t h e  wa te r / s t eam r e c e i v e r  (power)  
c y c l e  i s  shown i n  T a b l e  5-5. 
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W A T E R ~ ~ E A M  RECEIVER (POWER) 
STORAGE SYSTEM 

IST STAGE: LATENT (NaOH, NaNO3, Mn02) 
TUBE lNTENSlVE (COMBIJSTION ENGINEERING AND COMSTOCK & WESCOTT) 

(6 HOUR STORAGE) 
2ND STAGE: SENSIBLE DRAW SALT 2-TANK 

TANK 

STORAGE CAPACITY 
(925°F) 318 MWth 

DRAW SALT 2ND STAGE 

STEAM FROM RECEIVER 
12.5 MPa, 510°C 
('1815 PSIA, 95O0F) 

137.3 k g h  
11.09 x 106 h/hd -7 86.6 kgls 

(6.877 x lo5 Ib/hrl 
1 L  

2ND STAGE 

496°C 

CtlARGING HX 

SALT DRAW SALT (DESUPERHEATER) 
60 MWt 

Figure 5-7. THERMAL STORAGE SYSTEM 
MODIFIED TUBE INTENSiVf  HX (LATENT) - DRAW SALT (2-TANKI 

(SUPERHEATERI 

? e 
T 
A A 

0 

12.5 MPa 
372°C 

(1815 PSIA) 

ka 
03 
w " 

3.2 MP, 
238OC 

(525°F) CHARGE 
PUMP 

i r  1468 PStA) SALT 
INaOH. NaN03, Ms02) (46OoF ) 

CONTAINMENT SAT. STEAM 
TANKS 

s 

(702OFI 
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0.15 m 
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ELEVATION 
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0.13, TUBE X 
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Table 5-8. THERML STORAGE DESIGN DATA 
YATERISTEAK RECEIVER - POWER 
LATEXT,  m e  INTENSIVE (CSU-CE)-OPAU SALT ( 2  TANK) 

1st STAGE 2nd STAGE 
Xodtfied Tube Incensive (Lacenc) Dray Salc  ( 2  rank) 

XOURS OF STORACE: Slx ( 6 )  

I .  Operacing Temperacure 
a. 90e 'C ( * I )  
b. Cold " C  ('F) 

2. Ouancicy (Tocal) 
a .  s a l t  kg (ton) 

., , 

'. 2 9 2  ( 5 5 8 )  
292 ( 5 5 9 )  

496 ( 9 2 5 )  
274 ( 5 2 5 )  

1:.6Rx1O6 (12,880) 1.4 r 106 ( 3 , 1 2 6 )  

EXERGK RELATED EQUlP%?lT 

1. Storage Capaci ty  XU,b 1026 318 

2. Storage Tanks !lot Tank Cold Tank 
4 .  Quanct ty  Elght ( 8 )  Qne (1) One (1) 
b. S i z e ,  each (Lx!JxHc.l m ( t c )  2 2 . 9 ~ 1 1 . 4 ~ 4 . 0 ( 7 5 ~ 3 7 . 5 ~ 1 3 )  (nia.xHc)16.8(55)*9.1(30) 16.8(55)x9.1(30) 
c .  Y a c e r t a l  Carbon Sceel  3 0 4  55 Carbon Sceel 
d -  Weight. each kg ( con)  92,400 (102) 39.359 (98.5) 90.720 (100) 

I .  Tank tosulacion 
a. Type Yinera: Ffter u1.41. Lag. Yinerai Fiber wf.41. Lag. 
b. Thickness m (f:) 0.10 (0.33) 0.25 (0.83) 0.13 ( O . i r l 7 )  

4 .  Tank Foundaclan 
a. Type Concrete Yac Concrete Yat  Concrete Mac 
b. Thlckness m { f t l  0 . 6 1 ~ 2 ) ~ n s u 1 . ~ 1 . 5 2 ( 5 ) S t r u c r .  1.?2(4)tnsul. a.61(2)Insul.  

c .  Quant icy ,  Tocal m3(yd3) 5,588 (7,308) 508 (795) 474 (620) 
+1.52(5)SCr"ct. +!.S2(S)Str"ct. 

Charging ntacharglnq Charsine Discharging 

steam 
a .  flou. toca l  
b. Pressure 
C ,  temperature 

S c a r a l e  F l u l d  
Draw Salt 
a .  F l o w .  T o t a l  
b. Pressure (Tank) 
C ,  Temperature (Pump) 

L37.3(1,09x1O6)86.65(0.687:X106) 137.3( 1.09~10~) 86.6S(O.6877x1O6) 
12.5 ( 1 , 8 1 5 )  3.23 (468) 12.5 (1,815) 3.1 (403) 
372 (702) 218 (460) 510 (950) i 8 2  ( 9 0 0 )  I, 

kg ls  ( l b / h r )  
W a  (psia) 
'C ( ' I )  

B l A  "A 1 7 4  ( 1 . 3 8 ~ 1 0 ~ )  IS5(1.23 I 106) 
Aemospheric Acmaapherie Atmospheric Atmospheric 

?I/A NIA 274 ( $ 2 5 )  L96 ( 5 2 5 )  

Charqe Hcr. Drain Pumns 

2-501 w n  2-502 2-50:: 
Barrel Type Vert. Canci lever  Yert. C a n t i l e v e r  
Carbon Steel Carbon S t e e l  316 SS 
Sac. Cond. D r a w  S a l t  
0.106(1.683) 0.046 (730) 0.045 [:I01 

orau S a l t  

Pumps 
a. Quantity 
b. Type 
C. ?(acerial 
d. F l u i d  
e. Capacicy, each 
f ,  Head 
g, ?owe, ( S h a f t ) .  each 
h r  Xacor s i z e  

Heac Exchangersb 
J, fluanrlcy 
b. Type 
C .  Y a r e r i a l  
d. Sur face  Area. Tacal 
e ,  Duty, rota1 

565.6( 1.855) 

522 (700) 
so7 (680) 

2 00 2-50f 2-jOT 
Xodular Serpent ine  Tube Bundle S h e l l  i Tube S h e l l  6 Tube 
S/8" I8 BUG A179 C.S. 306 SS 304 5 s  
14,230 (153.150) Tubes Only 1.585(17,058) ? ,614  (Z3,llO) 

19 5 171 60 53 

i 
h i 

IKNUAL EXEXGY 

1 .  e l e c r r i c a l  Enetxy 1O6kUeh 2 .154a 0 0 . 2 2 5  11.129 

?. Zleccricsl SaergylPer Stg)106kWrh 2  ma 0 . 2 3 3  

3 .  !sac Loss (Per  s t g )  103.~ 1 0 9 ~ ~ 0 )  1!.360 ( 1 3 . 1 )  5,191 ! i . P ? )  

Y O C C S :  

d.\nnuaI Eleccrtcal Energy !Charqlnq) Includes ibirqing ReaEer 3 r a i n  ?ump ?owr  ! I s t  Staqe) .  
kame 4adular  Tube Sundles Used f o r  Charginq and Xscharg lng .  
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5.4.1.3 Cost  A n a l y s i s  

The cos t  estimate f o r  t h e  mod i f i ed  t u b e  i n t e n s i v e  the rma l  s t o r a g e  sys tem 
was developed  u s i n g  t h e  same u n i t  p r i c e s  (where a p p l i c a b l e )  a s  t h e  o t h e r  
t he rma l  s t o r a g e  sys t ems  i n  t h i s  s tudy .  A p r e l i m i n a r y  s t r u c t u r a l  d e s i g n  € o r  
t h e  r e t a n g u l a r  s t o r a g e  t a n k s  w a s  deve loped  and  c o s t s  were e s t i m a t e d  based 
o n  t h e  weight  of  ca rbon  s t ee l  p l a t e  and s t r u c t u r a l  shapes .  Material c o s t s  
f o r  the  t u b i n g  and s h e e t  c o i l  ( f o r  t h e  HX enhancement s h e e t s )  were o b t a i n e d  
from l o c a l  s u p p l i e r s .  Tube f a b r i c a t i o n  c o s t s  (bending  and weld ing)  were 
quo ted  by a company s p e c i a l i z i n g  i n  t h a t  area, and  HX enhancement s h e e t  
f a b r i c a t i o n  c o s t s  w e r e  quoted  by a loca l  s h e e t  metal f a b r i c a t o r .  I t  was 
e e t i m a t e d  t h a t  t h e  cost of i n s t a l l i n g  the HX enhancement sheets i n  t h e  
modular t u b e  bundle  would be a d e q u a t e l y  cove red  by t h e  1.8 l a b o r  c o s t  
m u l t i p l i e r  on  t h e  material and  f a b r i c a t i o n  c o s t s  that  was used  t o  d e t e r m i n e  
i n s t a l l e d  c o s t s .  

! 
/ '  i 

i 

, 
, ,  

I .  

I 

T a b l e  5-9 shows a c o s t  compar ison  t h e  s ix  6-hour t h e r m a l  s t o r a g e  sys t ems  
s t u d i e d  f o r  t h e  water/steam receiver (power) c y c l e .  The t o t a l  c o s t ,  on a 
present wor th  of  r evenue  r e q u i r e m e n t s  b a s i s ,  compares  ve ry  f a v o r a b l y  with 
t h e  C a l o r i a j g r a n i t e  and underground p r e s s u r i z e d  water the rma l  s t o r a g e  
concep t s  and  i s  w e l l  unde r  t h e  i n i t i a l  tube i n t e n s i v e  l a t e n t  h e a t  s t o r a g e  
concep t  s t u d i e d .  

5 . 4 . 1 . 4  D i s c u s s i o n  

The modi f ied  t u b e  i n t e n s i v e  h e a t  exchanger  l a t e n t  heat: t he rma l  s t o r a g e  
concep t  c u r r e n t l y  unde r  s t u d y  by Comstock & Wescot t  and Combustion 
Eng inee r ing  a p p e a r s  t o  o f f e r  c o s t  advan tages  o v e r  t h e  o t h e r  s i x  hour 
t he rma l  s t o r a g e  sys t ems  s t u d i e d .  However, t h e r e  are some t e c h n i c a l  
q u e s t i o n s  tha t  need- t o  be  a d d r e s s e d  i n  the development  of  t h i s  t y p e  of 
s y s  t e m :  

1. W i l l  the proposed s e r p e n t i n e  c o i l s  ( w i t h  l o n g  h o r i z o n t a l  segments)  
be s u b j e c t  t o  s l u g g i n g  f low when o p e r a t i n g  i n  the c h a r g i n g  
(condens ing)  mode? 

2.  Can e f f e c t i v e  c o n t a c t  be main ta ined  between t h e  t u b e s  and t h e  h e a t  
t r a n s f e r  enhancement s h e e t s ?  

3. Cons ide r ing  t h e  ve ry  l a r g e  number o f  t u b e  welds  r e q u i r e d ,  can  t u b e  
l e a k s  be avoided  a n d ,  i f  n o t ,  c a n  l e a k s  be  d e t e c t e d ,  l o c a t e d ,  and  
r e p a i r e d ?  

4 .  I f  c a r b o n  s tee l  t u b e s  are used and  a l eak  does  occur ,  w i l l  t h e  
r e s u l t i n g  r a p i d  e v o l u t i o n  of hydrogen c o n s t i t u t e  a safety haza rd?  

5 . 4 . 2  WaterISteam Rece ive r  ( P r o c e s s  Hea t )  

5.4.2.1 System D e s c r i p t i o n  

A modif ied  l a t e n t  h e a t  t ube  i n t e n s i v e  h e a t  exchanger  6-hour the rma l  s t o r a g e  
sys tem was a l s o  s t u d i e d  f o r  t h e  u a t e r j s t e a m  r e c e i v e r  ( p r o c e s s  heat) cycle. 
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T a b l e  5-9. THEPmL STORAGE E C O M M I C  EVALUATION 
WATER/STEM4 PSCEIVER (POWER) 

[ 6  Hours S t o r a g e ]  

STORAGE CONCEPT COST $lo00 (lY80) 

1st  STAGE 2nd STAGE CE CP KEIEDIA C I  FYVC PWRR 

C a l o r i a I G r a n i t e  Draw S a l t  3 ,529  5 ,308  5,055 4 0 , 8 / 4  2,166 108,935 
(Reference) 

Underground 
Press. Water 

Tube  I n t e n s i v e  
HX !Latent)  
(Cornstock & 
Wesco t t} 

Modified Tube 
I n t e n s i v e  HX 
(La ren r  ) 
(C&W-CE) 

C o n t a i n e r i z e d  
S a l t  ( L a t e n t )  
(NRL) 

\ 
D i r e c t  Con tac t  
(La  t e n t  ) 
(Grumman) 

( 2  Tank) 

Draw salt 
( 2  Tank) 

Draw S a l t  
( 2  Tank) 

D r a w  S a l t  
( 2  Tank) 

D r a w  Salt 
(2  Tank) 

PCM 

17,880 

2 ,468  

2 , 8 1 5  

4 ,953  

1 , 2 1 3  

2,578 

1 3 , 9 6 2  

5 , 6 5 0  

6 ,858  

6,401 
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1 ,492  49 ,820  

6,911 71,148 

5,805 41 ,032  

9,387 59,763 

9 , 8 3 3  45,901 

L , 210  

2 , 102 

963 

1 , 3 7 4  

1 , 9 5 8  

104,033 

156,073 

85,008 

122,694 

112,792 

. .  
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This  system was a l s o  based on t h e  Comstock & Wescot,t-Combustion Engineer ing 
concept and 2s  q u i t e  s i m i l a r  t o  t h e  f i r s t  s t a g e  modified tube i n t e n s i v e  
system f o r  t h e  water/steam r e c e i v e r  (power) c y c l e ;  t h e  system f low diagram 
is shown i n  F igu re  5-10. 

Based on t h e  r equ i r ed  charging and d i scha rg ing  steam c o n d i t i o n s  f o r  t h e  
process  h e a t  c y c l e ,  t h e  " d i l u t e  e n t e c t i c "  s a l t  99  w t  % NaNO3, 1% NaOH was 
s e l e c t e d  as t h e  thermal s t o r a g e  medium; t h i s  s a l t  w a s  a l s o  s e l e c t e d  For t h e  
l a t e n t  c o n t i n e r i z e d  sa l t  (NRL) system f o r  t h e  water/steam r e c e i v e r  (p rocess  
h e a t )  cyc le .  The temperature  p r o f i l e  i s  shown i n  F igu re  5-11. Some 
p h y s i c a l  d a t a  f o r  pure NaN03 was used i n  s i z i n g  t h e  system; f o r  t h e  tube 
i n t e n s i v e  h e a t  exchanger des ign  a 100% NaN03 sa l t  medium would s e r v e  j u s t  
a s  well and would c o s t  e s s e n t i a l l y  t h e  same. Due t o  a lower h e a t  of f u s i o n  
f o r  99% NaNO3, 1% NaOH than  f o r  "Themkeep", and a l s o  due t o  t h e  somewhat 
h i g h e r  thermal s t o r a g e  c a p a c i t y  r equ i r ed  f o r  t h e  p rocess  c y c l e  than  f o r  t h e  
power cycle, tw ice  as many r e c t a n g u l a r  s t o r a g e  t a n k s  (16 vs .  8) were 
r equ i r ed .  Tube spacing and h e a r  t r a n s f e r  enhancement s h e e t  spacing of t h e  
C&W-CE d e s i g n  were r e t a i n e d ;  t h e  r equ i r ed  o v e r a l l  h e a t  t r a n s f e r  coef f l c i e n t  
(based only on o u t s i d e  tube a r e a )  i s  lower by about 5% than  t h e  CbU-CE 
design.  

5.4.2.2 Thermal S to rage  Design Data 

The conceptual  des ign  d a t a  f o r  t h e  modif f ed  tube i n t e n s i v e  hear  exchanger 
6-hour thermal s t o r a g e  system f o r  t h e  water /s team r e c e i v e r  (process h e a t )  
cycle i s  shown fn Table 5-10. 

5.4.2.3 Cost Ana lys i s  

Most components a r e  common t o  t h e  f i r s t  stage l a t e n t  h e a t  tube i n t e n s i v e  
(C&W-CE) h e a t  exchanger 6-hour thermal s t o r a g e  system s t u d i e d  f o r  t h e  
water/steam r e c e i v e r  (power c y c l e ) .  Cos t s  e s t i m a t e s  t h a t  were developed 
f o r  those  components were used without  mod i f i ca t ion .  Thermal s t o r a g e  media 
c o s t s  were determined p rev ious ly  f o r  t h e  l a t e n t  h e a t  b o i l e r  t ank  ( N U )  
thermal s t o r a g e  system, a s  were the  d r a i n  pumps. 

, a  I ,  

Table 5-11 shows a c o s t  comparison wi th  t h e  o t h e r  t h r e e  6-hour the rma l  
storage systems s t u d i e d  f o r  t h e  water/steam r e c e i v e r  - process  h e a t  cyc le .  
The modified tube i n t e n s i v e  (CLW-CE) concept is second ( t o  t h e  underground 
p res su r i zed  water concept)  Lowest i n  cose,  

5.4.2.4 Discussion 

The d i s c u s s i o n  comments r e l a t i v e  t o  t h e  l a t e n t  h e a t  tube i n t e n s i v e  (C&W-CE) 
h e a t  exchanger concept f o r  t h e  power c y c l e  ( S e c t i o n  5.4.1.4)  also apply 
he re .  

I .  

! .  
\ .  , 

23 7 



WATER/STEAM RECEIVER (PROCESS HEAT) 
STORAGE SYSTEM 

MODIFIED TUaE INTENSIVE I l X  (LATENT) - (C.E. - C & W) 
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Table 5-10. MEWAL STORAGE DESIGN DATA 
WATERISTEAM RECEIVER - PROCESS BEAT 
LATENT, TUBE INTENSIVE (C&W-CE) 

!IOURS OF STORAGE: Six  ( 6 )  

STAGE 1 OF I 
N o d i f l e d  ?ube Tnrensive (Larenc) 

STORAGE X D I A  

1. Operating Temperacure 
a. H O E  
b. Cald 

2. Q u a n t i t y  ( T o t a l )  
a. S a l t  

‘C ( O F )  

“C (“F) 

kg ( t o n )  

XIt h 

d f t )  

107 ( 5 8 5 )  
107 (58s) 

27-36 x LO6 ( 3 0 , 1 6 0 )  

ENERGY RELATED EQUIPWENT 

1. Storage  Capacity 

2. Storage Tanks 
a. Ouant i ty  
b. Size, each  (LxUxHt.) 
C. Y a t e r i a l  
d .  Weight, each 

I .  Tank I n s u l a t i o n  
a. Type 
b. Thickness 

4. Tank Faundacion 
a. Type 
b. Thickness 

C.  Q u a n t i t y ,  T o t a l  

1 . 3 4 4  .‘ 

Six teen  ( 1 6 )  
22.9 T 11.4 x 4.0 ( 7 5  x 3 7 . 5  x 13) 

kg (eon) 
Carbon S t e e l  
92,400 ( 1 0 2 )  

+1.52( 5 ) ~ r r u c e u r a i  
11,176 ( 1 4 , 6 1 6 )  

Charqinu Discharging 
POWER RELATED EQUIPKENT 

1. Steam 
a. FIW, r a w  
b. Prejsuro 
C. Temperacure 

2 .  Storage  Pluid 
a. Flow, Tacal  
b. Pressure  (Tanks) 
C. Temperacurs ( P u p )  

kg/s ( l b / h r )  2 1 8 . 6  ( 1 . 1 3 5  x lo6) 46.28 ( 7 6 4 , 1 0 0 )  
nPa ( p s i a )  12 .5  (1.815) 7.2 ( 1 , 0 4 5 )  
*c (‘?I 328 ( 6 2 2 )  288 ( 5 5 0 )  

S a l t  ( V t  Z 99 YaNO3, 1 XaOH) 
kg/s (lb/hr) NIA 
%Pa (psia) Atmospheric 
‘C (‘P) ! i i A  

i 

I 

Charge Her. Drain Pumps 

2-502 
B a r r e l  Type 

Carbon Steel 
S a t  Fond. 

m3/S (gpm, 0 . 1 7 1  ( 2 , 7 0 6 )  
m (it) 5 6 5 . 4  (1.8551 
kWe (hp) 916 (1,2281 
kWe (hp) 930 (1.250) 

3 .  Pmpa 
a. Q u a n t i t y  
b. Type 
C. *areria1 
d .  Fluid 
e. Capacity,  each 
f .  Head 
8- Power ( S h a f t ) .  each 
h. Mator sire 

4. Hear Exchangersb 
a. Q u a n t i t y  
b. Type 
c. l a t e r i a l  
d -  Surface Area, Toea1 
e. Ducy, Tacal  

AiWUAL IKEEBCY 

I .  t I e c t r f c a l  3nergy 

V /A  ! 

480 
Yadular Serpencine :,be Sundle 
5f8” Oia.. 18 BUG, b179 C.S. 

28,660 (306.300) P u b e s  Only 
2 5 5  2 2 4  

1.915a 

29.560 ( 2 9 . 0 )  
, 

*. 
v o t e s :  
a4nnual  E l e c t r i c a l  9 n e r . 3 ~  (Charqiag) Inc ludes  Charqinq Heater Dra in  ?ump ?owe< 
hSame Yodular Tube Jundles 3sed for Charging and > i s c h a r q l n g .  
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Table 5-11. THERMAL STORAGE ECONOMIC EVALUATION 
WATER/STEAM RECEIVER (PROCESS HEAT) 

[ 6  Hours Storage] 

COST $1,000 (1980) 
STORAGE CONCEPT CE CP MEDIA CI FYVC PWRR 

e: ,:; 
@j 

1.. j 
'. 

Caloria/Granfte 
(Reference) 

Underground 20,482 642 6 4 4 , 5 4 3  1,105 93,480 
Pressurized Water 

Containerized s a l t  10,316 7,737 14,374 91,392 2,092 188,277 
( L a t e n t )  (NRL) 

Modified Tube 3,904 7 , 4 3 8  '5,127 49,807 1 ,331  106,450 
Intensive HX 
(Latent) (C&W-CE) 

>.. ... 
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SECTION 6.0 

CONCLUSIONS AND MCOMMENCATIONS 

6.1 CONCLUSIONS 

I n  acco rdance  w i t h  t h e  o b j e c t i v e  o f  t h i s  s t u d y ,  c o s t  and per formance  d a t a  
have  been p rov ided  f o r  several  t h e r m a l  s t o r a g e  c o n c e p t s  i n  several s o l a r  
t h e r m a l  sys t ems  in o r d e r  t o  i d e n t i f y  p romis ing  t h e r m a l  s t o r a g e  concep t s .  
Based on t h e  s t u d y  r e q u i r e m e n t s  and  economic p a r a m e t e r s  u s e d ,  t h e  f o l l o w i n g  

1 ,  c o n c l u s i o n s  c a n  be  made r e l a t i v e  t o  t h e  t h e r m a l  energy  s t o r a g e  (TES) 
c o n c e p t s  s t u d i e d .  

, 

6.1.1 Water /Steam R e c e i v e r  TES Concepts  (Power) 

F o r  the water/steam r e c e i v e r  power a p p l i c a t i o n  t h e  f o l l o w i n g  c o n c l u s i o n s  
6 ,  c a n  be made: 
L 1 

, ~. 

' The r e f e r e n c e  sys t em,  i . e .  C a l o r i a / g r a n l t e  1st s t a g e ,  d raw sa l t  ( 2  
t a n k )  2nd s t a g e ,  p rov ided  t h e  lowes t  e v a l u a t e d  c o s t  below 6 h o u r s  
of storage of t h e  s e n s i b l e  h e i t  storage sys t ems  studied.  

' Underground p r e s s u r i z e d  water s t o r a g e  ( s t e e l - l i n e d  c a v e r n )  i s  t h e  
most economica l  1st  s t a g e  concep t  above  6 h o u r s  o f  s t o r a g e ;  however 
i t s  t e c h n i c a l  r i s k  i s  judged t o  be h igh .  

' L a t e n t  h e a t  s t o r a g e  u t i l i z i n g  d i r e c t - c o n t a c t  h e a t  exchanger  i n  a 
2-s tage  c o n f i g u r a t i o n  ( l a t e n t  and  s e n s i b l e )  a p p e a r s  promis ing  above 
6 h o u r s  of s t o r a g e ;  however t h e  sys tem i s  somewhat complex. 

\ The mod i f i ed  t u b e  i n t e n s i v e  l a t e n t  h e a t  s t o r a g e  system w i t h  

Combustion E n g i n e e r i n g  and Comstock and  Wescott a p p e a r s  ve ry  
a t t r a c t i v e  € o r  t h e  case s t u d i e d ;  however, proof-of-concept  
expe r imen t s  have  not been made. 

I enhanced h e a t  exchange s u r f a c e  a s  c o n c e p t u a l l y  des igned  by 

F l u i d  d e g r a d a t i o n  and  rep lacement  c o s t  become s i g n i f i c a n t  i n  
d u a l - m e d i a  sys t ems  as s t o r a g e  time i n c r e a s e s .  

6.1.2 Vater /S team Rece ive r  TES Concepts  ( P r o c e s s  Heat) 

The f o l l o w i n g  c o n c l u s i o n s  can  be made f o r  t h e  wa te r / s t eam r e c e i v e r  p r o c e s s  
h e a t  a p p l i c a t i o n :  

La rge  storage volume o w i n g  t o  low s t o r a g e  de l ta -?  favors  
underground p r e s s u r i z e d  wa te r  s t o r a g e  ( s t e e l - l i n e d  c a v e r n )  by a 
w i d e  margin.  

' Containment  c o s t s  and f l u i d  c o s t s  p e n a l i z e  dual-media s t o r a g e  
I systems. 

L a t e n t  h e a t  s t o r a g e  p r o v i d e s  t h e  l o w e s t  c o s t  above-ground s t o r a g e  
concep t  f o r  t h i s  a p p l i c a t i o n .  The mod i f i ed  tube  i n t e n s i v e  l a t e n t  
h e a t  s t o r a g e  concep t  l o o k s  bea r  in t h i s  case.  

243 



TR-1283, Vol. II 

6.1.3 Organ ic  F l u i d  R e c e i v e r  TES Concepts  

F o r  t h e  399°C (750°F)  o r g a n i c  f l u i d  r e c e i v e r  t o t a l  ene rgy  sys tem t h e  
f o l l o w i n g  c o n c l u s i o n s  c a n  be  made: 

The r e f e r e n c e  Syl therm ROO/taconi te  t r L c k l e  c h a r g e  s t o r a g e  concep t  
i s  b e s t  below approx ima te ly  7 h o u r s  of s t o r a g e .  

' The d i r e c t  c o n t a c t  2-s tage  l a t e n t  h e a t  s t o r a g e  r e s u l t e d  i n  t h e  
lowes t  e v a l u a t e d  c o s t  above approx ima te ly  7 h o u r s  of s t o r a g e .  

The f l u i d  loss p e n a l t y  f o r  Dow C o r n i n g ' s  Sy l the rm 800 i s  
s i g n i f i c a n t  a t  399°C (750°F) o p e r a t i n g  t empera tu re .  An a l t e r n a t e  
f l u i d ,  Monsanto MCS 1980, h a s  been i d e n t i f i e d  as a promis ing  
o r g a n i c  h e a t  t r a n s f e r  f l u i d  f o r  394°C (750°F) o p e r a t i o n .  

F o r  t h e  310'C (590°F) o r g a n i c  f l u i d  r e c e i v e r  p r o c e s s  h e a t  c a s e  n o t h i n g  was 
i d e n t i f i e d  w i t h  more promise  t h a n  C a l o r i a / g r a n i t e  o r  C a l o r i a  o n l y  ( 2  t a n k ) .  

6.1.4 Closed  Air Bray ton  R e c e i v e r  TES Concepts  

F o r  t h e  c l o s e d  a i r  S r a y t o n  *receiver power a p p l i c a t i o n  t h e  f o l l o w i n g  
c o n c l u s i o n s  c a n  be  made: 

' Nothing  was i d e n t i f i e d  w i t h  s i g n i f i c a n t l y  more promise  t h a n  t h e  
a i r / a l u m i n a  b r i c k  ( r e f e r e n c e  system) s e n s i b l e  h e a t  s t o r a g e  concept .  

' A l a t e n t  h e a t  s t o r a g e  concep t  u t i l i z i n g  a t u b e  l n t e n s i v e  h e a t  
exchanger  and f l o r i d e  salts ( a s  proposed by Boeing)  a p p e a r s  t o  
o f f e r  a n  i n i t i a l  c o s t  s a v i n g s ,  however lower t u r b i n e  c y c l e  
e f f i c i e n c i e s  and h i g h e r  r e c e i v e r  g a s  f l o w s  w i l l  r e s u l t  i n  poore r  
o v e r a l l  performance.  A l s o  mater ia l  c o m p a t i b i l i t y  problems a r e  o f  
major  c o n c e r n  w i t h  l a t e n t  h e a t  s t o r a g e  a t  h i g h  t empera tu re .  

6 . 2  FSCOMMENDATIONS 

The f i n a l  recommendations €or the rma l  s t o r a g e  sys tem development  w i l l  be 
made by SERI; however,  some g e n e r a l  recommendations can  be made based on 
t h e  r e s u l t s  of t h i s  s tudy .  

Owing t o  i t s  low e v a l u a t e d  c o s t ,  underground p r e s s u r i z e d  water 
s t o r a g e  shou ld  be  pursued  f u r t h e r ,  p a r t i c u l a r l y  f o r  l a r g e  s t o r a g e  
sys tem a p p l i c a t i o n s .  

Development o f  l a t e n t  h e a t  s t o r a g e  c o n c e p t s  shou ld  c o n t i n u e .  
P a r t i c u l a r  a t t e n t i o n  should  be g i v e n  t o  enhanced s u r f a c e  h e a t  
exchange r s .  

Heat t r a n s f e r  f l u i d  s t a b i l i t y  a t  e l e v a t e d  t e m p e r a t u r e s  needs  t o  be 
b e t t e r  d e f i n e d .  Dynamic f l u i d  t es t  loops  s i m u l a t i n g  a c t u a l  
o p e r a t i n g  c o n d i t i o n s  i n  both  s i n g l e  and dual-media s t o r a g e  sys tems 
would b e  d e s i r a b l e .  

1 
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I 1 
t I 

I 
Other 
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rLc S u b t o t a l  (CPj ( T o t a l  Power Reistec Costs; = t i n e  2a + Line  Zb = 

3 I o t a 1  Material Costs (MC) Line  1 + Line 2c = 

\ 

I I I I 
T o t a l  Storaae Meaia Cost (SC) z 
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Storage Concept: Stage : H r s .  o f  Storage 
Type : 

Item 
P First  Year V s r i a b l e  Costs (FYVC) CharFjny DischarGjng 1 G t E i l  

Operat ion & Maintenance (O&M) ($1,000) ($1,000) (81,000) 
(a) Charge % o f  ( L i n e  7 a )  I - (6a; 
( b )  Discharse % o f  (L ine  7b) = (80) 
( c )  TctaJ O&M % o f  L i n e  5 x 1.95= (8C 

(e l  Charge kkh C - h'kkh = (861 
( e l  Discharge kWh 8 U k h h  L8e) 
( t )  T o t a l  Energy = ( L i n e  8d t. L i n e  eel = (8 t  

(h) 

Enerqy 

(5) Total Charge (FYVC) = ( L i n e  8a +Pd>= (89) 
T o t a l  Discharge (FYVC) = (Line Fb i Line  eel = (eh) 

I n .  Present North Replecemmt Costs(PkRC! 
n = ((3O/x)-lj ,, 9 Major Replacement Costs (RC) 

1 
11. Present Worth Revenue Requirements (PhRR) ($1,000; PhRR = PWFC + PKVO + PkRC 

PWC = 1.6C1 
CHARGE = 1.6 ( L i n e  721 + 20.1 ( L i n e  ecj: PhVC 20.1 FYVC 

Ih/ kK 
?VIF(C = tic 2 (G.5'7>7, 

k= 1 
I PbRR-C = + - 

O I X E G .  = 1.6 ( L i n e  7b) + 20.1 (LSnE P,hl 
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Storage Concept: Stage : Hrs. o f  Storage 
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i . 
Type : r 

Storage Concept: Stage : 

\ 

--COMBINED COST SHEET -- STAGES (I & 2) 
i 

Tota l  Cost T o t a l  Cost 
ITEM $1000 $1000 

e. 
1 (CE) STG 1 = 

STG 2 = 
7 C  ( C I )  STG 1 = 

STG 2 = 
t 

TOTAL (CI) =- 
- ;  

i 

TOTAL (CE) = 

2C (CP) STG 1 = 8j (FYVC) STG 1 = 

I 
TOTAL (CP) = TOTAL FYVC = I 

STG 2 = STG 2 

LI MEDIA (SC) STG 1 = 11 (PWRR) STG 1 = 
STG 2 = STG 2 = 

TOTAL MEDIA SC = TOTAL PWRR 2 

ITEM 

Za (CP-C) STG 1 
STG 2 = 

TOTAL CP-C = 

T o t a l  Cost  
$LOU0 

I . T o t a l  Cost 
$1000 

I 

- - 2b (CP-D) STG 1 = 
STC 2 = _ _ ~  

TOTAL CP-D = 
i 

/a (CI-C) STG 1 
STG 2 = 

- - / b  (CI-D) STG 1 = i 

TOTAL Ci-c =- TOTAL C I - D  = ~ i 

STG 2 = 

8g (FYVC-C) STG 1 = Eh (FYVC-0) STG I = 
STG 2 = STG 2 = 

TOTAL FYVC-C 7 TCTAL FYVC-0 

11 (PWRR-C) STG 1 = 
STG 2 = 

11 (PWRR-0) STG 1 = 
STC; 2 = 

TOT& PWRR-C = TOTAL PWRE-D = 

t 
B -6  
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APPENDIX C 

1 '  

A PRELIMINARY REGIONAL SURVEY OF AREAS 
WHERE UNDERGROUND EXCAVATION FOR HOT WATER STORAGE 

MIGHT PROVE FEASIBLE 1121 

S t a t e  & P r o b a b l e  Approx. Age E x c a v a t i o n  
Ci ty  Rock Type ( M i l l i o n  Y r )  Class Remarks 

A 1 a bama 
m n g h a m  Limes tone  450-600 2 Reg iona l  

Montgomery G r a n i t e  27w 1-2 Reg iona l ,  Also 
Metramorphics  

Alaska 
Anchorage Sands tone  170  3-4 Regiona 1 
F a i r b a n k s  Metamorphics +600 2 Reg iona l  

Ar izona  
Tucson Granite 135 1-4 In t h e  V i c i n i t y  
Phoenix Metarnorphics +600 2-3 In t h e  V i c i n i t y  

S a l t  (Mass ive)  SO? I In the V i c i n i t y  

Arkansas  
L i t t l e  Rock Limestone 325 2-3 Reg iona 1 

I 

S h a l e  

Shale 
Ft. Smith Sands tone  300 3 Reg 1 ona 1 

California 
Los Angeles G r a n i t e  190 2-3 East  of San  

Metamorphics +hOO 2-3 G a b r i e l  Valley t o  

San  Diego G r a n i t e  190 1 - 2  I n l a n d  From Coas t  
Central  V a l l e y  G r a n i t e  190 1-2 E a s t e r n  Border  o f  

Colorado R ive r  

C i t i e s  Val ley  ( S i e r r a  
Nevada) 

Colorado  
Denver)  Shale,  Lime- 275  
B o u l d e r )  S t o n e ,  Sand- 
Colorado S t o n e  
Springs 
Pueblo Limestone, LOO 

Shale 

Connec t i cu t  
Hart f o r d  G r a n i t e  27C+ 
Xew Raven G r a n i t e  27oC 
New Bedford G r a n i t e  27w 

3-4 

3 

1-2 
1-2 
1-2 

Reg i ona 1 

Reg Lo na 1 

In the V i c i n i t y  
In t h e  V i c i n i t y  
In t h e  V i c i n i t y  

c- 3 
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APPENDIX C (Continued) 

A PRELIMINARY REGIONAL SURVEY OF AREAS 
WHERE UNDERGROUND EXCAVATION FOR BOT WATEX STORAGE 

MIGHT PROVE FEASIBLE [ 1 2 ]  

S t a t e  & Probable Approx. Age Excavation 
City Rock Type (Million Yr) Class Remarks 

Georgia 
Atlanta Granite 
Augusta / Granite or 
Macon Metamorphics 

27W 1-2 
45w 2-3 

Regional 
Regional 

H awa i i 
Ronolulu/Hilo Basalt 0.1-2. s+ 4-5 Regional 

p' 
Idaho 
Boise 
Idaho Falls/ 
Twin Falls 
Cour D'Alene 
Pocatella 

Granite 
Basalt 

140 1-2 
1 4-  5 

I n  t h e  Vicinity 
Regional 

6004- 2-3 
3 50-600+ 2- 3 

Metamorphics 
Metamorphics 

Regional 
Regional 

Illinois 
Springfield 

\ 
Limestone, 
Sandstone, 
Shale 

300 3 Reg i ona 1 

2 Reg i ona I 
Indiana 
Indianapolis L fmes tone 400 

Iowa - 
D e buq ue 600+ 

600+ 

1-2 

1- 2 

Granite, 
Metamorphics 
Granite, 
Metamorphics 

Regional 

Begiona 1 s o u i x  City 

Kansas 
Kansas City Limestone 

Limes tone 
5 50 
2 90 

2 
2 

Regional 
Regional Wichita 

Kentucky 
Louisville 
F r a n k f o r t  

Limestone 
L i m e s  tone  

500 
500 

2 
2 

Reg iona 1 
Regional 

i 

Louisiana - -  
leans 
7or t  
louge 

Salt Domes 
Salt Domes 
Salt Domes 

1 
1 
1 

Zr? t h e  V i c i n i t y  
I n  t h e  V i c i n i t y  
In the Vicin i ty  

- 
.. 
- 
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APPENDIX C (Continued) 

A PRELIHINARY REGIONAL SURVEY OF AREAS 
WHERE UNDERGROUND EXCAVATION FOR HOT WATER STORAGE 

HIGHT PROVE FEASIBLE [12] 

State & Pro ha bl e Approx. Age Excavation 
city Rock Type (Million Yr) Class Remarks 

Maine 
Port land Granite 45w 1-2 I n  the Vicinity 
Augusta Granite 450+ I- 2 In the Vicinity 

Maryland 
Salt imore Granite 350-60W 1- 2 Regional 

Metamorphics 

Michigan 
Detroit Limes tone 500 2 Reg i ona 1 

I 

I 

Minnesota 
Minneapolis/ Metamorphics 60ot 2 Regional 
St. Paul 
Rochester Metamorphics 60W 2 Reg i ona 1 

\ Mississippi 
Jackson Salt Domes - 
Hattiesburg Salt Domes - 

I In the Vicinity 
1 I n  the Vicinity 

His souri 
Kansas City/ Limestone 300+ 2-3 Regional 
S t .  Louis 
Joplin Crani te, 60W I RegiQrtal 

S p r i n g f f e l d  Granite, 600+ 1 Regional 
Metamorphics 

Met amorp hics 

Montana 
Great Falls Metamorphics 500+ 2-3 Regional 
Helena/Butte Granite 40 1 Regional 
Missoula Metamorphics 500+ 2-3 Regional 
8 i lli ng s Shale 100 3 Regional 

Nebraska 
Lincoln/Ornaha Metamorphics 6OW 2 Regional 

Nevada 
Las Vegas Grani te ,  20,270,600+ 1-3 In the Vicinity 

Limestone, 
Hetamorphfcs 

Reno Granite 190. 1- 2 I n  the Vicinity 

c-5 
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APPENDIX C (Continued) 

A PEKELIMINARY REGIONAL SURVEY OF AREAS 
WHERE UNDERGROUND EXCAVATION FOB HOT WATER STORAGE 

NIGHT PROVE FEASIBLE 1121 

State & Pro ba b l  e Approx. Age Excavation 
city Rock Type (Million Yr) Class Remarks 

New Hampshire 
Conc o r d  Granite , 

Portsmouth Granite 
Eletamorphics 

Metamorphics 

6Oo-t. 

600+ 

1- 2 

1- 2 

I n  the Vicinity 

In the Vicinity 

New Jersey 
Trenton Granite, 600+ 1-2 Regional 

Metamorphics 

New Mexico 
Albuquerque/ Metarnorphics 
Santa Fe 
Rosewe 11/ Limestone 
Carlshad 
Alamogordo Limestone 
Farmington Shale 

60M- 2-3 In the Vicinity 

250 2 Regional 

2 7 5  
100 

2 
3 

Regional 
Regional, 

1 
New York 

New York City Granite, 60ot 1- 2 Regional 

Regional 

Regional 

Reg i ona 1 

Met&orphics 

Metamorphics 

Metamorphics 

Water town Granite, 

Utica . Granite, 

Buffalo Limes tone 

600+ 1-2 

600+ 1-2 

5 00 2 

i 

North Carolina 
Charlotte Gtani t e 270 1 

270 1 
3 50+ 2-3 
35oc 2-3 
270+ 2-3 

Regional 
Regional 
Regional 
Regional 
Regional 

Greensboro Granite 
Winston-Salem Metamorphics 
Raleigh Yet amotphics 
Fayetteville Metamorphics 

Xor th  Dakota 
Grand F o r k s /  Granite, 
Fargo  Metamorphics 

60W 1-2 Regional 

Ohio - 
Cincinnati Linestone ! 5 00 2 

4 so 2 
5 00 2 

C-6 

Regional 
Reg iona 1 
Regional 

Cleveland Limestone 
Columbus L imest one 

i 



TR-1283, VOI. I1 

APPENDIX C (Continued) 

A PRELIMINARY REGIONAL SURVEY OF AREAS 
WHERE UNDERGROUND EXCAVATION FOR HOT WATER STORAGE 

MIGHT PROVE FEASIBLE [12] 

State & Probable Approx. Age Excavation 
City Rock Type (Million Yr) Class Remarks 

Oklahoma 
Oklahoma City Limestone 
Tulsa Limestone, 

Metamorphic s 

Oregon 
Port land / Basalt 
Eugene 
Albany/Bend Basalt 

Pennsylvania 
Philadelphia Granite, 

Pittsburgh Limestone 
Metarnorphics 

Sandstone, 
Shale 

Rhode Island 
Providence Granite, 

Metamorphics 

South Carolina 
Greenville Granite, 

Columbia Granite, 

Charleston Shale 

Metamorphics 

Metamorphics 

South  Dakota 
Sioux Falls G r a n i t e ,  

R a p i d  C i t y  Granite, 
Ketamorphics 

Metanorphics 

Tennessee 
Na s hvi 11 e Limest one 
Knoxville Limes to'ne 
Chattanooga Limestope 

290 
470-600+ 

20-50 

20-50 

600t 

3 00 

6 0 s  

27w 

270+ 

100-2704- 

60W 

6 O@+ 

500 
5 00 
450 

c-7 

2 Regional 
1-2 Regional 

4-5 Regional 

4-5  Reg i ona 1 

1-2 Reg i ona 1 

3 Reg i ona 1 

1-2 

2 

2 

3 

1- 2 

1-2 

n 
L 
n 
L 
n 
L 

Reg i ona I 

Regional 

Reg i ona 1 

Regional 

Regional 

In the V i c i n i t y  

Regional 
Regional 
Regional 
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APPEXDIX C (Continued) 

A PRELIMINARY REGIONAL SURVEY OF AREAS 
WHERE UNDERGROUND EXCAVATION F O R  HOT VATER STORAGE 

MIGHT PROVE FEASIBLE [ 1 2 ]  

State & Probable Approx. Age Excavation 
city Rock Type (Million Yr) Class Remarks 

Texas 
Austin Shale 
Tlallas Limestone, 

Shale 
Ft. worth Limestone 
h a  ri 1 lo / Sandstone, 
Lubbock Shale 
Houston/ Salt Domes 
Galves t on 
Corpus Christylsalt Domes 
3eaumont 

305 
80 

4 
3-4  

Regional 
~ e g  ional 

100 
- 

2-3 
4-5 

Regional 
Regiona 1 

In the Vicinity r' 
c 

1 

1 In the Vicinity 

Utah - 
Salt Lake City Limestone In the Vicinity 

In the Vicinity 
In the V i c i n i t y  

3 00 2-3 
300 2-3 
600+ 1- 2 

ngdon Limes tone 
Provo Granite, 

Yanab Limes tone 
Metamorphics 

\ 

Vermont 
Bur lington Limestone , 

Shale, Sand- 
stone, Meta- 
morphic s 

Shale, Sand- 
stone, Meta- 
rno r p h i c  s 

Rut land Limestone, 

Vi rg i n i  a 
Charlottes- Granite, 
ville Metamorphics 
Roanoke/ Granite, 
Arlington Me t amorph i c s 
Richmond Grani te , 

Me t amo r ph ic s 

325 2 Regional 

300-.600+ 2-4 . Regional 
. .  

300-600+ 2 -4 Regional 

350+ 

3 50+ 

350+ 

1- 2 

1- 2 

1- 2 

Reg i ona  1 

Regional 

Regional  

Was hi n% t o n 
Spokane Netamorphics 
Olympia Basalt 

600+ 
20-50 

2 
4-5 

Regional 
Regional 

i 
6 
1 C -8 
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APPENDIX C (Concluded) 

A PRELIMINARY REGIONAL SURVEY OF AREAS 
WHERE UNDERGROUND EXCAVATION FOR HOT WATER STORAGE 

MIGHT PROVE FEASIBLE [12] 

State & Probable Approx. Age Excava t ion  
city Rock Type (Million Yr) Class Remarks 

Washington, DC Granite, 
Metamorphics 

West V i r g i n i a  
Charleston Sandstone, 

Shale, Coal 

Shale,  Coal 
Wheeling Sandstone, 

Wisconsin 
Madison Granite , 
Sparta/ Granite, 
0s hko s h 

Metamorphics 

Met a m 0  rphi c s 

Wyoming 
Casper Limestone, 

\ Shale, 
Sands tone 

Shale, 
Sandstone 

Laramie Limestone, 

350C 1- 2 Regional  

2 80 3-5 Reg i ona 1 

2 80 3-5 Reg i ona f 

6 0 W  1-2 Regional 

6OW 1-2 Reg i ona I 

275 3 Keg i ona I 

275 .a-4 Regional 

C-4 



! 

TR-1283, Vol. I1 

APPENDIX D 

CHARGING HEATER D R A I N  PUMP D E S I G N  DATA 
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APPENDIX D 

Table  D-1. CHARGING HEATER DRAIN PUMP DESIGN DATA 
WATER/STEAM RECEIVER (POWER) 

App l i cab le  1st S tage  S to rage  Concepts 
C a l o r i a l G r a n i t e  (Reference)  
Underground S o l u t i o n  - Xined 
C a l o r i a  (2-Tank) S to rage  T ime  - Hours 

1 6 15  
Quan t i ty  1-100% 2-50% 2-50% 
Type Barrel Barrel B a r r e l  
H a t  e r i a l  
F l u i d  Condensate Condensate Condensate 

Capac i ty ,  each  m 9 I s  ( m m )  0.024(384}  0.073(1,150) 0.14(2,150) 
F low ( T o t a l )  

S u c t i o n  P r e s s u r e  MP ( s i a )  12.5(1,815) 12 .5(1 ,815)  12.5( I ,  815) 
S u c t i o n  Temperature 'C a :  ( F) 260( 500) 260( 500) 260( 500) 
Head m ( f t )  518( 1 ,700)  565(  1,855) 605( 1,985) 

Motor S i z e  kTJe (hp )  149( 200) 448( 600) 933( 1,250) 

Carbon Steel  with Alloy S t e e l  T r i m  

k /s ( l b / h r )  19(150,000) 114(905,500) 213(1,687,000) 

Power ( s h a f t ) ,  each  kWe (hp) 138( 185) 451(  604) 901( 1,208)  

Appl icable  1st Stage  S to rage  Concept 
Tube I n t e n s i v e  HX ( L a t e n t )  S to rage  Time - Hours 

1 s 15 
Q u a n t i t y  
TYQe 
Material 
F l u i d  
Flow ( T o t a l )  
Capac i ty ,  each  m i s  (gpm) 
Suc t ion  P r e s s u r e  MP ( s i a )  
S u c t i o n  Temperature 'C ( F) 
Head m ( f t )  
Power ( s h a f t ) ,  each  kWe ( h p )  
Motor S i z e  kWe (hp )  

k / s  (Ib/hr) 5 
a !  

2-50% 2-50% 2-50% 
Barrel Rarre 1. Barrel 

Carbon S tee l  with A l l o y  S tee l  T r i m  
C o nd e nsa  t e Condensate Condensate 
12.6(171,170) 129(1,027,000) 241(1,914,000) 
0.015( 244) 0.09(1,465) 0.17(2,730) 
12.5(1 815) 1 2  5( 1 815) 12.5(1,815) 
310( 590) 310(590) 310( 590) 
518(1,700) 565( 1,855) 605( 1 985) 
76(101.6) 496( 665) 989( 1 ,326)  
93(125) 522 ( 700) 1 , 119( 1,500) 

i 
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APPENDIX D (Continued) 

Table  D-1. CHARGING HEATER DRAIN PUMP DESIGN DATA 
WATEP./STEAM RECEIVER (POWER) (Continued) 

Annlicable  1st S taee  S to rage  ConceDt 
Container ized Sa l t  ( L a t e n t )  

S to rage  Time - Hours 

1 6 15 
Q u a n t i t y  

Material 
F l u i d  
F l o w  ( T o t a l )  
Capaci ty ,  each m Is ( g p d  
Suc t ion  P res su re  MPa( p s i a )  
Suction Temperature "C ( O F )  . 
Head m ( f t )  
Power ( s h a f t ) ,  each kWe ( h p )  
Notor S i z e  kWe (hP) 

Type 

k / s  ( l b / h r )  5 

- 
2-50% 2- 5 0% 2-50% 
Barrel B a r r e l  Barref 

Carbon S t e e l  w i t h  Alloy  Steel T r i m  
Condensate Condensate Condensate 
23(181,700) 137(1,090,000) 256(2 ,030 ,000)  
0.018(281) 0.11( 1,683) 0.2(3,136) 
12.5( 1 , 815) 12.5(  1,815) 12.5(1815) 
328( 622) 328(622) 328( 622) 
518(1,700) 565( 1,855) 605( 1 , 9 8 5 )  
7 7 (  103.6) 507( 680) 1,012(1,350) 
93(125) 522( 700) 1,119(1,500) 

Applicable  1st S tage  S to rage  Concepts 
D i r e c t  Contact HX ( L a t e n t )  Storage Time  - Hours 

1 6 1 5  , q u a n t i t y  1-100% 4-25% 4-25% 
Type Barrel Barrel B a r r e l  
M a t e r i a l  Carbon S t e e l  w i t h  Alloy S t e e l  Trim 
Fluid Condensate Condensate 

Capaci ty ,  each m 3 i s  ( m m )  0.03(488) 0.046( 733) 0.12( 1,832) 
F l o w  ( T o t a l )  

Suc t ion  P res su re  MP,(psia) 12.5( 1,815) 12.5( 1,815) 12.q 1,815) 
Suc t ion  Temperature ' C  (OF) 310( 590) 310( 590) 310( 590) 
Head m (Et) 518(1,700) 565(1,855) 605(1,985) 
Power ( s h a f t ) ,  each kWe (hp)  162( 196) 265.2(320) 477( 640) 
Motor S i z e  kWe (hp) 187(250) 261(350) S60( 750) 

Condensate 
k / s  ( l b / h r )  21.6(171,170) 129(1,027,000) 241(1,914,000) 

NOTE : 
1. 

.l L .  

Pressu r i zed  water (underground & above ground)  s torage  system feedwater pumps 
included on Thermal Sto rage  Design Data sheers.  

Charging h e a t e r  d r a i n  pumps € o r  Yodif ied Tube I n t e n s i v e  Xf (C&W-CE) included o n  
Thermal Storage Design Data s h e e t .  

1 
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APPENDIX D (Concluded)  

T a b l e  D-2. C‘XARGING IIEATER DRAIN PUMP DESIGN DATA 
WATER/STEAM RECEIVER (PROCESS HEAT) 

A p p l i c a b l e  S t o r a g e  Concepts  
C a l o r i a l G r a n i t e  Thermocl ine  (Refe rence )  
C a l o r i a / G r a n i t e  Thermocl ine  (Concre’ te  P i t )  
C a l o r i a  (2-Tank) S t o r a g e  T i m e  - Hours  

Q u a n t i t y  
Type 
Material 
F l u i d  
F l o w  ( T o t a l )  
C a p a c i t y  , each m I s  Cgpm) 
S u c t i o n  P r e s s u r e  MP,(psia) 
S u c t i o n  Tempera ture  ‘C ( O F )  

Head m ( f t >  
Power ( s h a f t ) ,  each kWe (hp)  
Motor S i z e  kWe (hp )  

k / s  ( I b l h r )  s 

1 6 15 
2-50% 2-50% 2-SOX 
Barrel Barrel Barrel 

Carbon S t e e l  w i t h  Al loy  S t e e l  Trim 
Condensate Condensa te  Condensate  
32(257,233)  194(1 ,543 ,400)  363(2 ,876 ,000)  
0.023( 362) 0 .14(2 ,170)  0 .26(4,047)  
12.5(1,815) 12 .5(1 ,815)  12.5( 1,SlS) 
304( 5 8 0 )  304( 580) 304( 580) 
518(1,700)  565(  1 , 8 5 5 )  605( 1,985) 
118( 158) 792(  1,061)  l ,S35(2 ,058>  
149( 200) 933( 1 ,250)  i a65(2 ,500)  

A p p l i c a b l e  S t o r a g e  Concept  
C o n t a i n e r i z e d  S a l t  ( L a t e n t )  

S t o r a g e  T i m e  - Hours  

1 6 1 5  
Q u a n t i t y  
T Y P  
Material 
F l u i d  
Plow ( T o t a l )  
C a p a c i t y  , each m /s (gpm) 
S u c t i o n  P r e s s u r e  MBa( p s l a )  
S u c t i o n  Temperature ‘C ( O F )  

Head m ( f t )  
Power ( s h a f t ) ,  e a c h  kWe ( h p )  
Motor S i z e  kWe ( h p )  

k / s  ( l b / h r )  9 

2-50% 2-50% 2-50% 
Barrel Barrel B a r r e l  

Carbon S t e e l  w i t h  Alloy Steel .  T r i m  
Condensa te  
36.4(289,000) 
0.028(451) 
12.5(1,815) 
328(622) 
518(1,700)  
140( 188)  
149(  200) 

Condensa te  Condensate  
2l8.6(1,735,000)407.4(3,233,000) 
0.17( 2 , 7 0 4 )  0.32(5,039) 
12.5( 1 I 815) 12.5(1,815)  
328(  622) 328( 622)  
565( 1,855) 605( 1 ,985)  
916( 1,228)  1 ,827(2 ,449)  
933( 1 , 2 5 0 )  1 ,865(2 ,500)  

NOTE : 

1. Underground pressurized water s t o r a g e  s y s t e m  feedwa te r  pumps i nc luded  on Thermal  
S t o r a g e  O e s i g n  Data s h e e t s .  

2 .  Charging h e a t e r  d r a i n  pumps f o r  Modif ied  Tube I n t e n s i v e  BX (C&W-CE) i n c l u d e d  o n  
Thermal S t o r a g e  Design Data sheet. 

L . .  

I 
!. 
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Cost and performance OF variouz thermal storace concepts i n  v a r i o u s  s c h r  
thermal systems are  presented in t h i s  report .  
studied include the f o l l o w i n g :  

The so la r  thermal systems 

Waterjstearn receiver f o r  a 1120 MWe reheat power p l a n t  

Organic Fluid Receiver fo r  a 400 kWe Tote? Energy System . 150 MWe Closed Air E r a y t m  Cycle 

Process Heat Applications Usin9 Water/Steam and O r g e ~ i c  fluid 
Receiver 

Concept screening data ,  conceptual desigr,  d a t a  and concept costs are  
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