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The research and dewela~nt describd in this report was c@&wted 
within the 3.S. Rpartmnt o f  Ewrgy6s (ME) blar Tire-1 Technology 
Pvogrm. TW alas Mml Te'echmlogy h w s a  directs efforts to 
advance solar themal tshmlggls thrw* research and develoeat o f  
solar thermal materials, c nts, 8md subsyst~, and thrall* tertfm 
and evaluation of solar t h  systm. These efforts are carried o 8 ~ t  
throu* WE and its wtwpr"aof natianal laboratories &o work with 
private industry. '&wether they have establishd a goal-directed 
prograa for providing technically proven and ecmmicslly c 
options For incorporatfm into the Hation's energy suj~ply. 

mere are twa primary solar thermal technologies : central r~efvers 
and distributed receivers. Tnese two techslologles use various pint &ad 
line-fxas optics ta concentrate sunlight onto rseivers &@re the solar 
energy is absorkd as heat and converted to electsicitg o r  used as 
process heat. In central rzcef ver systems, qhich this report consi&rs, 
fields o f  heliostats (two-axis tracking mlrsors) focus sunlight onto a 
single receiver munted OR a tower. nFle sadisat energy 1s absarbd by 
working fluid circulat4ng @i&h$n the receiver and fs transforted inks 
high twergture thermal sqergy. Tmeratures t n  central  recefverr my 
exceed 1 i W  C. 
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ABSTRACT 

This report  documents work sponsored by the U. S. Department o f  Energy 
t o  design, bui ld,  and t es t  a thermal storage subsystem research 
experiment using molten n i t r a t e  s a l t  as the working f l u i d .  The pro ject  
i s  par t  o f  a continuing program t o  develop molten s a l t  components and 
subsystem f o r  central  receiver systems. The work was perfornred by 
Mart in Mariet ta Aerospace i n  association wi th  h r i c a n  Technigaz Inc., 
Arizona Public Service Company, and Stearns-Roger under DOE Contract 
20-2988. The design i s  based on a two tank system, one tank t o  hold 
co ld  (550 deg F)  s a l t  and one t o  hold hot  (1050 deg F) sa l t .  The co ld  
tank i s  a conventional design with a carbon s tee l  wal l  and external 
insulation. The hot tank e q l o y s  n w  technology: i t  has f i reb r i ck  
insu la t ion in terna l  t o  a s t ructura l  shel l ,  w i th  a corrugated l i n e r  
inside the insu la t ion t o  contain the sa l t .  The l f n e r  i s  s im i la r  t o  
those used i n  t ransportat ion and storage o f  l i q u i d  natural  gas. The 
tes t ing  showed tha t  t h i s  concept of  thermal storage i s  technica l ly  
feasible and po ten t i a l l y  cost ef fect ive.  The contract  began i n  November 
1480 and tes t ing  was completed i n  August 1982. 

This report  i s  i n  two volurnes: Volume I i s  an Executive Summary which 
gives h igh l ights  o f  the project .  Volume I1 i s  the f u l l  technical repor t  
covering the saw  information i n  greater de ta i l .  

MARTlW MARIETTA AEROSPACE 
DENVER A E R W A C E  
P.O. Box 179 
Dcnver, Cdoredo 80201 



This report is s u b i t t e d  by k a i n  W r l e t t a  &raspace 6 0  tk b p a r t e n t  
of Eaergy i n  a c c o d a w e  with tb prodsfasas of h a t r a c t  20-2988. TRds 
final report s r fzes  thc  m r k  m l a t r d  t o  fabr ica t ton t e s t f w  and 
perforaaa=e of a p r o t o t y p  molten s a l t  t h e n 1  cmrgy storage eubays- 
tea. The f i n a l  technical  r e p a  is s e r k t t t r d  im tm W O ~ W S :  

Mr. W i l l i a  b i l a  of Q d i a  f i t i o n a l  L a h r a t o r i e s ,  Live-re, CA war 
the  Technical &=gar. 

Wort on this contract  was perfom& by t h e  follod~%ng cmpanias: 

- Eaartin &rlc t ta  h r o r p a c c  - Staaras-Rogcr 
- Arixew Public Serolee - b e r i c a n  Technigaz, Ins. 

This d w m e n t  was written, edi ted ,  a& tapr&wad by b r e l n  a c i a r t a  
Aerospace. 
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A wide v a r i e t y  o f  energy s t o r a g e  subsystems a r e  c u r r e n t l y  being 
exa~nined For  u s e  w i t h  l a r g e  S o l a r  T k m a i  C e n t r a l  Receiver  (STCR) 
p lan t s .  Ooe o f  t h e  most a t t r a c t i v e  of such  concep t s  is  t h e  use  of a  
molten n i t r a t e  sal t  (6OZ M d O 3 ,  40X W 3  by weight) as a s e n s i b l e  
heat  s t o r a g e  medium. Th is  salt hirs h igh heat c a p a c i t y  per  u n i t  v o l m e ,  
low vapor  p ressure ,  good h e a t  t r a n s f e r  p r o p e r t i e s  and is low i n  c o s t .  
Because t h e  salt c a n  a l s o  be used as t h e  working f l u i d  i n  t h e  s o l a r  
r e c e i v e r ,  i t s  use  c a a  cons ide rab ly  s i m p l i f y  t h e  s o l a r  s i d e  of a  p l a n t ;  
t h i s  e n b n c e s  r e l i a b i l i t y  and e f f i c i e n c y .  The molten sal t  working 
t a p e r a t u r e  lteits of approximately  288°C (550°F) t o  566°C (1050°F) are 
i d e a l l y  s u i t e d  t o  t h e  g e n e r a t i o n  and use  of high-pressure,  superhea ted  
s t e a  f o r  e i t h e r  e l e c t r i c a l  power g e n e r a t i o n  o r  i n d u s t r i a l  proccme h a a t  
a p p l i c a t i o n s .  O f  c o u r s e ,  t h i s  s t o r a g e  concept  can  a l s o  be usad w i t h  
noneolar h e a t  sources ,  such a s  f o s s i l - f i r e d  s a l t  h e a t e r s ,  wi th  t h e  same 
type  of  advantages.  

Under t h e  e p o n ~ o r s h i p  of t h e  Department of  Energy alad S a d f a  Na t iona l  
Labora to r ies  Livermors, w e  have conducted a  & l t e n  S a l t  T h e m a l  Energy 
S to rage  Subsystem Research Experiment (SBE) prograla. The o b j a c t f v e r  of 
t h i s  program were t o  advance t h e  s t a t e  of t h e  a r t  I n  t h e  high 
temperature  e o a t a i m n t  of mol ten s a l t ,  t o  raduce t h e  c o s t s  of t h c m a l  
energy r t o r a g a ,  and t o  raslolvc a l l  uncertainties i n  t h i s  s t o r a g e  
concept.  Our approach was t o  c o n t a i n  t h e  high temperature  s a l t  
(566'C/105OaF) i n  a li-d and i n t c r n a l l y  i n s u l a t e d  hot  tank,  and t o  
c o n t a i n  t h e  c o l d  s a l t  (288'C/5504F) i n  a s e p a r a t e  t ank  aade of carbon 
s t e a l .  The use  of i n t e r n a l  i n s u l a t i o n  a l l o w s  t h e  use of low-cost 
c a r b n  s t e e l  a s  t h a  s h e l l  m a t e r i a l  f o r  t h e  ho t  tank. The i n t e r n a l  
i n a u l a t i o a  Is p r o t e c t e d  f r o a  t h e  s a l t  by a metal  l i n e r .  The l i n e r  La a  
unique d e r i g n  am ploy in^ a l i q u i d - t i g h t ,  waff led membrane of t h e  type  
used txte ins ively  i n  l i q u i d  n a t u r a l  g a s  (LNG) s t o r a g e  a p p l i c a t i o n s .  Thee 
i n t e r m l  i n s u l a t i o n  I r  a low-denefty i n s u l a t i q  f i r e b r i c k .  The h o t  and 
cold  t a n k s  are a l s o  e x t e r n a l l y  i n s u l a t e d  t o  minimize hea t  l o s s e s .  The 
r e w i r t d a r  o f  t h e  system c o n s i r t s  of a c o l d  t a n k  (carbon a t e e l  wi th  
a x t r r n a l  i n s u l a t i o n )  and t h e  necessary p u p s ,  suaps ,  p i p e s ,  va lves ,  and 
c o n t r o l s .  

Th i s  program c o n s i s ~ ~ d  of t h e  fol lowing key elements:  

- P r e l i a f r u r y  d e s i g n  and c o s t  a n a l y s i s  of  a  1200 W h t ,  commercial-size 
Thermal Energy S t o r a g e  (TES) subsystem. 

- A c r i t i c a l  c ~ p o n e n t  d e v e l o p e n t  program f o r  t h e  l i n e r  and i n t e r n a l  
i n s u l a t l o n ;  t h i s  included nuraerous f a t i g u e  tests of  both t h e  l i n e r  
and the b r i c k ,  and culminated i n  t h e  c o n s t r u c t i o n  and f a t i g u e  
t e s t i n g  o f  a  l a b r a t o r y  p ro to type  t a n k  of one c u b i c  meter volume 
wi th  hot  salt. 



- k s i g n ,  c o n s t r u c t t a n ,  and t c e c i n g  of a m a l l - s c + l @  TES ( 7  !%Uhtd, 
t e w d  a Subsystem Reseamh E a p e r f w n t  (SE). The S E  consists of r 
h o t  t ank ,  a c o l d  t ank ,  a f o s s i l - f i r e d  h e a t e r  t o  s i ae t l a te  a s o l a r  a 

r e c e i v e r ,  an ai r  c o o l e r  t o  s t m a l a t e  a steam g e n e r a t e r ,  and a l l  
pumps, s m p a ,  c o n t r o l s ,  e t e  meessaq t o  s imula te  a c m p l e t e  systcw.  
(see Pig. 1. l-l) . 

S e v e r a l  mol ten sa l t  prograns  i n  which &err  f n K a r i e t t a  Aerospace has 
p a r t i c i p a t e d  i n  which t h e  r e s u l t s  a r c  a p p l i c a b l e  t o  molten s a l t  s to rage  
technology are presen ted  i n  Table l.2.1-I. These programs have 
r e s u l t e d  i n  a v a l u a b l e  d a t a  base u p n  which t o  des ign  and l e v e l o p  a 
t h e m a l  e w r g y  s t o r a g e  s u b e y s t m .  h r t w  tth eSTPS program ve 
desigmd, hilt and t e s t e d  a 1.6 mt t h e m a l  s t o r a g e  subsystem 
r e s e a r c h  experiment which used Hi tcc  heat t r a n s f e r  s a l t  (40% gaH02, 
7% H&03, 53% 6LW03 by weight)  as a sc r r s lb lc  h a t  s t o r a g e  medfua. 
Figure  1.2.1-1 is  a photograph of  tk t a r p e r i e n t a l  s y a t e a  i n  
opera t ion .  The A l t e r n a t e  a n t r a l  b c c i v c r  (Am) ?over System program 
provided o p p o r t u n i t y  f o r  extensive e a t e r f a 1  e m p a t i  b i l l  ty t e s t i n g .  The 
r e c e i v e r  SRE is shown k i n g  assembled on the CCRTF tower e l e v a t o r  aoduls 
i n  F igure  l.2.P-2. 



Figure 1.2.1-1 F i g u ~  1.2.1-2 
CRSTTS MoZten §aZt/OiZ Storoge SRE 5 -Nt  Receiver §RE a t  CETF, AZbquerqus 

The Technigaz thenmaal expansion l i n e r  d e s i g n  is  used p r i m a r i l y  f o r  
cryogenic  s t o r a g e  of l i q u i i i e d  n a t u r a l  g a s  (LNG) i n  s h i p s  and i n  land 
barad tanks .  It ham a l s o  been used i n  high-temperature chemical and 
nuc lea r  r e a c t o r  a p p l i c a t i o n s .  More LNG has been t r a n s p o r t e d  i n  s h i p e  
us ing t h e  Technigaz aembrane t a n k s  than  I n  any o t h e r  c o n t a i m o n t  
system. Table  1.2.2-1 l ists t h e  t anks  us ing  t h e  pa ten ted  Tschnigaz 
membrane, a l l  of which a r e  s t i l l  i n  opera t ion .  Molten sal t  s t o r a g e  
tanka would t y p i c a l l y  be from 6880 ra3 (223,000 it3) i n  volurnat Eor 
t b s  TES system desc r ibed  i n  t h i s  proposal  t o  21,000 e3 (750,000 
f t 3 )  f o r  a l a r g e  c o m e r c i a 1  system. 

F igure  1.2.2-1 is a photograph of t h e  i n s i d e  of a Technigaz-lined LNG 
tank. The l i n e r  i e  a n a t a l  meabrane w i t h  a s e r i e r  of uniquely  fo lded  
o r thogona l  c o r r u g a t i o n e  t o  a l l o w  f o r  t h e m a l  expansion and c o n t r a c t i o n  
of t h e  l i n e r .  The l i n e r  p rov ides  t h e  necessary l i q u i d  t i g h t n e s s  and 
t r a n s f e r s  t h e  h y d r o s t a t i c  load  t o  t h e  i n s u l a t i n g  b r i c k  and t h e  t ank  
s h e l l .  h u s  t h e  Technigaz system is i d e a l l y  s u i t e d  t o  c o n t a i n  t h e  
molten s a l t  f o r  a s o l a r  t h e m a l  s t o r a g e  subsystem. 
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Table 1.2.2-1 T a n h  BOW Lined wi th  Technigaa Msmbrane 

Ship  Tanks 
630 (22,250) 

50,000 (1,766,000) 
75,000 (2,649,000) 
40,000 (1,413,000) 
75,000 (2,649,000) 
75,000 (2,649,000) 
75,000 (2,649,000) 

120,000 (4,238,DOO) 
75,000 (2,649,000) 

125,000 (4,414,000) 
125,000 (4,414,000) 
125,000 (4,414,000) 
125,000 (4,414,000) 

Land Storage* - - -- 
8,000 (283,000) 

14,000 (494,000) 

S e r v i c e ,  
y e a r  

Capaci ty ,  

m3 ( f t 3 )  

I *Them a r e  a l s o  s e v e r a l  high-temperature land-based a p p l i c a t i o n s  that a r e  
c l a s s i f i e d  and c a n n o t  be c i t e d  here.  1 

P i w e  1.2.2-1 
Tech- Liwr in Liquid Nutunat 
Gz8 Tmk 

1-5 

Temperature,  

K OF 



The purpose of t h i s  s tudy  was t o  d e t e m i m  t%e s o s t  cost e f f e c t i v e  
s to rage  tank  and tk-l s to rage  system us&= n wr- t r i c  amLys%s wf 
des ign  and e e o m i c  fac tors .  raar r l t t  of t h i s  s t d y  are gdwen i n  
Table 1.2.3-1 l o r  s to rage  tanks  a d  Table L,2.3-2 2or s t a r age  s p s t m n .  

. The m e h a d e a l  c o n s t r a i n t s  on  c k  tank ( a a b ~ m  s o i l  k a r i w  

Table 1.2.3-2 M&ml ZwGm fm S & w 8  Sd@* @ & M m t h  

1. The opt imm tank  c o d i g u r a t i o n  f o r  each  ryetern i r  t b  m a l l e e t  
n u k r  of l a ~ e  t a n h  poorsible wi th in  t h e  aehan IcaL  ~ o n a t r a i n t s  
( s o i l  ba r ing :  load,  tank  b a p  s t r e s s ) .  

2. Por smll s to rage  systems w b r e  ell t h e  salt earm be sstosed Fn am 
tank ( 4006) m t ) ,  tlte dual-tank opstcm i r  t b  ~ Q B E  aconmlea l .  

3. For i n t r m e d b a t a  r t s r r g a  r y r t e a r  ( IO,OM * m e ) ,  she dwt-tank 
rystam is r a e o m d a d  b e a u &  the  cos t  adwawtagaa of the 
r h e m ~ e l i m  a d  caaeads sy r t aaa  do mt warrent she addad 
t a chn ica l  rbak. 

1 4. For l a r g e  s to rage  symtera ( 15,OQO i%t), th c a r t  advantage aB I 

Mote: A dual  tank r y r t e a  uses one o r  @ore tanks lor co ld  salt storage 
and oae ( o r  more) o t k t  tank(s )  for hat  s a l t .  HIP a t h e  
ryst-, t ha  hot a d  cold  s a l t  fr s tored  i n  the sopa@ tank by u@iwg 
de-ity s t r a t i f t e a t i o n  t o  r epa ra t s  tb d&f%ercn.lt-tsrpsratura 
@ale@. b cascade system has t h m e  o r  Bare tanks, which r r a  
a l t e r a a e a l y  usad f o r  hot a& cold salt s torage ,  dcpeadiag on 

For t h e  PITSSD program, w e  r e c  d e d  a water-cooled s l a b  as t h e  tank 
foundat ion f o r  b t h  t h e  hot  and co ld  t ad%.  This prevents moisture i n  
t h e  u d e r l y l w  s o i l  f r w  r e a c h i ~  the  biliq point  a d  eLBadnateo the 
need f o r  a s t a i n l e e r  s t e e l  bo t rm.  Phn extenetwe Li te ra turn  s c ~ r e h  a d  
t a l k s  wi th  s e v e r a l  e-imerislg c o n s u l t t ~  f i m a  e h w o  t ha t  there is 
l t t t l a  %wailable d a t a  oa  s o i l  p r o p a e t a s  a t  hlgh t empra tu rc s .  T k  
h i l i ~  of groud water has t h e  p o t e n t i a l  of l i f e i m  a& cracking of 
foundatloas. The i d u s t r y  p rac t i ce  is t o  e i t h r  cool  c k  foundation a s  
suppow t h e  tank  o f f  t h e  g r o u d .  



m r i n g  Phase I of t h e  Am program we performed t e s t s  on s a l t  chemistry, 
m t e r i a l  c m p a t i b i l i t y  and a molten s a l t  flow loop. The r e s u l t s  of 
those tests are presented i n  Table 1 - 2 - 5 1 .  

4&ls 1,2,5-1 ACR P h e  I Test Results 

- 'Phc s t a M l i t y  of molten s a l t  is adequate f o r  long-term s o l a r  use with 
c a r b n a t e  a d  hydroxide con t ro l  (by e i t h e r  scrubbing o r  s a l t  
regeaseration) . 

- Pre l ia inary  e c o a a i c  e s t i m t e s  of atmospheric serubbirag and s a l t  
rcgeaerat ion fawor the scrubbi% method of e a r b n a t e  and hydroxide 
control .  

- ZBOa a& BPL 330 a r e  acceptable ma te r i a l s  f o r  long-tam high-temperature 
[up t o  580°C (1076'F)j service.  316 and 316L nay a l s o  be s u i t a b l e ,  
p e n d i a  f urehar inwcotigations. 

- b n t r o l  of t h e  carbon content  of 1-800 and U330 way be necessary t o  
ainimize poasbbla l a%- tam s t r w t u r a l  degradat ion of these a l loys .  
( P a n i c u l a r l y  f f  e e a r i t i z a t i o n  i r  Pound t o  b d e t r l e a n t a l  t o  10%-tern 
~ r r v i c c  b b v i o r )  . 

- There v r r e  no s a l t - r c l a t r d  de t r imenta l  e f f e c t s  an  a i ehe r  t he  oxidat ion 
blaarttior o r  t he  r t r u c t u r a l  i n t e g r i t y  of 1-800 and U330. 

I - The carboa r t e a l r  rrr s u i t a b l e  lo6ptaaparature a o l t a a  s a l t  coneaimdent 
a r t s r i a l r ,  up t o  399'C (7509F). 

- The low a l l o y  s t e e l  a 8 7  ( 1  $14 G r  - 112 Mo) appears t o  be a s u i t a b l e  
c a d i d a t a  f e r  l o ~ t e c a p e s a t u r r  r a r v i c r  (up t o  399°C) prowtdad ch lor ide  
(Cl") impurity l eve l s  I n  ttEa a o l t e n  s a l t  a r e  cont ro l led .  

- Cgrban s t e a l s  a p w a r  t o  b a s u i t a b l e  ineem&diata-temperature 
con ta tmcn t  a c t a r i a l  i f  proper design a l l o w a x e s  can be! eade f o r  materia 

- There i s  ac evidence of a a t e r i a l  t ranspor t  i n  a ao l t en  s a l t  flow loop. 

- 1-800 coupon8 axposed t o  flowing s a l t  i n  the  loop exhibi ted s imi l a r  
weight ga ins  a t  566'C (1050°F) a s  those i n  t h e  t r a c e  contamimnts t e s t s .  
C o a p n r  a t  329°C (B2S°F) a d  4482'6 (900°F) exhib i ted  minor weight 
e h a q e s .  l a ~ e s t  change8 occurred a t  440'C (825"P), and acce lera ted  



1.2.6 PIoltea Salt Safe ty  Report 

Extensive data w e r e  gathered t h r m g h  b t h  a E i h e ~ h u m  search a d  
personal  con tac t  e t h  i d u s t r i a l  p rd r r ce r s  a d  users  of tsoltean s a l t  t o  
d e t e r a i e  t h e  s a f e t y  hazards, precaut ions,  a d  procedures t a  b@ 
corrsidcred i n  opera t i -  a m l t e n  salt s o l a r  c e n t r a l  rece iver  p w e r  
sys tea .  The rep- was evaluated by Ar izom h b l i c  Service Gorpany a d  
Public  S r ~ c e  b m n y  of Colorado. 30th u e i l i t i e s  coraclded that 
using molten s a l t  l a  a s o l a r  c e n t r a l  rece iver  p ~ r  plant is acceptable 
t o  t h e m ,  t b t  no a j o r  ptobl=s e x i s t ,  t h a t  tb repor t  gives an 
adequate s a f e t y  d a f i d t i o n  f o r  molten salt use, and t h a t  it f o m s  the 
bas i s  f o r  p r e p a t l a  u t i l i t y  opera t i -  p r ~ e d u r e s .  

The scope of work f o r  t h i s  s tudy i m l d e d  t h e  f o l l o w i ~  e ight  tasks:  

Task 1 - &view TES Subsystem Spec i f i ca t i ae  
Task 2 - Crit ical-f imponeat  Developant  
Task 3 - TES Subsystem PrslLminaq k s i g n  
Task 4 - S u h y s t a  Rasearch Exper iwnt  
Task 5 - Evaluat ion of SW& b s u l t s  a d  h r e s m e n t  of TES Subrysten 
Task 6 - Program Plan 
Task 7 - Beports and h t a  
Task 8 - P r o g r a  &~aagmant  

Task l was cmpleeed  p r i o r  t o  the Progrm KLekeEf aaeetlwa$, with r 
d a t l o n  sf i n r r a a r b m  tk Tkma1 Energy Storage (TES) 

r u b r y r t m  r f z a  t o  1280 m e .  n i a  ree &at ion  war auhrrqwatlgr 
adopted Pnta t he  TES subsystem a w c i f i c a t i o a .  

1 L l w r  f o w b t l i t y  us%% fneoloy 800. 
2) Liner  elemeat f a t i g u e  Carts  a t  ambient a d  566°C (H050'P). 
3) Hgdrortat ie  t k sb  of a l l a e r  elewnt. 
4) I n t e r n a l  i l e ru la t ion  t e r t f w  fmldiw:  

a) k p a t i b i l f t y  with a o l t a n  s a l t  a t  use teapera ture  rmdes Eerd. 
b) b a d  t es ta  a t  uoe t m w r a t u s t .  

5 )  Design, bild and r e s t  of a 1 a3 tank us ing  t h e  se lec ted  l iner  
configuratioslss, i n t a r m l  inru la t to t r  and ~ t h o d  of Limr of 
a t t a c k a t .  The tank  was loaded with s a l t a n  s a l t  a t  566'6 (1050°F) 
and pressure cycled t o  s imulate  3*year a w r a t i w  period. 

Task 3 w a s  done e a r l y  i n  t he  p r o g r a  t o  assemre t h a t  the deve lopen t  
work do- i n  Tarks 2 a'd 4 addressed the p r o b l m s  expected in a 

rcial system as r e a l i s t i c a l l y  a s  possible .  Task 3 ima3ludcd a 
a f m ~  des ign  a d  o p e i ~ i z a t i o n  of a c r c i d  O Y S t a .  m25 

Iw luded  tk s e l e c t i o n  of r k  hot tank l i n e r  coPlflguratfon, Intcr-1 
insuHatioa material a d  thkckmss ,  wtW of a t t i a e b a n t  of t k  llbmrr. 
e x t c r m l  iasulatiom, m t e r i a l  and t h i c k w e s  a d  th cold tank erta-l 
i n e u l a t i o a  ma te r i a l  a& th i ckmss .  



The r e s u l t s  of Tasks 2 and 3 were used i n  Task 4. For exacaple, t he  SRE 
tanks u e d  the  s w  l i n e r  (mater ia l ,  thickctess, corrugat ions,  e t c )  
m t h d  of a t t a e b n t ,  i n t e r n a l  and ex t e rna l  i m u l a t i o a  and thickness a s  

r c i a l  systeo.  The SRE w a s  t e s t ed  under r e a l i s t i c  
irpsluding operat ing tmpera tu re s ,  charge, 

disctrarge, m r g e E y  shutdown and extended periods of no charge o r  
dieeharge. 

I n  Task 5, w e  evaluated t h e  SRE test r e s u l t s  with emphasis on 
detaramidnrg tlw impact on the  c-ensial design. W e  a l s o  cmple t ed  a 
d e t a i l &  a s s e s m n t  of t h e  TES i m l u d i n g  a c o s t  estimte and 

&at ions  f o r  fu tu re  designs. 

Tasks 6 ,  7 L 8 were accmpl ishad  i n  t h e  p e r f o m a w e  of t he  above 
m n t i o ~ d  tasks.  



2.0 Thermal Energy 
Suby&em 



2.8 TES PmLZMEPmY DESIGM M D  ASSESSLXENT 

A t h e m a l  energy  s t o r a g e  (T&S) subsystem c o n s i s t s  of t h e  fol lowing 
m j o r  ccPlp3mnts: 

- Bt t a n k  
- bt s m p  and purrp 
- Cold t a n k  
- S a l t  mlter and r e p r o c e s s o r  - A s s m i a t e d  p ip ing  and va lves  (hea t - t r aced  and i n s u l a t e d )  
- I n s t r w e n t a t i o n  a d  c o n t r o l s  

The TES shorn s c h e m t i c a l l y  i n  F igure  2.0-1 i s  a d u a l  t a n k  system. The 
hot  t a n k  is f o r  s t o r i n g  t h e  hot  5 6 6 " ~  ( 1 0 5 0 " ~ )  molten s a l t  from t h e  re- 
ce ive r .  TAe c o l d  t a n k  s t o r e s  t h e  c o l d  s a l c  288°C (550°F) f r o @  t h e  
stem genera to r .  A srialc w o r k i q  f l u i d ,  a o l t e n  sal t ,  is used f o r  t h e  
rece ive r ,  s t o r a g e ,  a d  up t o  t h e  stem genera to r .  The s o l a r  r e c e i v e r  
c o n t r o l  s t r a t e g y  i s  based on m i n t a i n i n g  t k  hot  s a l e  o u t l e t  tampera- 
t a r e  by w a r g i w  t h e  f low r a t e  through t h e  r e c e i v e r .  Th i s  f low r a t e  
w i l l  g e n e r a l l y  be d i f f e r e n t  from t h e  f low through t h e  stelpea g e n e r a t o r  
t h u s  t h e  t a d .  w i l l  a c t  as b u f f e r s  i n  a d d i t i o n  t o  s t o r a g e .  The s a l t  
f r m  t h e  r e c e i v e r  c a n  f low t o  e i t h e r  t h e  ho t  o r  c o l d  s t o r a g e  tanks .  
Th i s  a l l o w  c o l d  s a l t  from r e c e i v e r  s t a r t u p  t r a n s i e n t s  t o  be re tu rned  
t o  tk c o l d  tank. 

The gar f i r a d  @ a l t e r  is  used f o r  i n i t i a l  f i l l i q  t h e  r y e t e a ,  s a l t  
mke-up, and adding energy t o  t h e  t a n k s  t o  prevent  s a l t  Eraezing i n  
pe r iods  s f  extended t a n k s  t o  p t e w m t  s a l t  f r e e t i =  i n  per iod@ of ex- 
tended m n s o l a r  d rys .  h s i d u a l  l e v e l s  of t h e  t r n k r  a l lows  week@ of 
b a t  c a p a c i t y  p r i o r  t o  s a l t  f r e e z i n g .  The r e p r o c a r s o r  i n  t h e  s t o r a g e  
r y r t e e  LI inclraded t o  reconrdition t h e  s a l t  by removing i m p u r i t i e s .  

Th i s  s t o r a g e  Bystem advantagee i n c l u d e  

- Low coaat due? t o  uaa of molten n i t r a t r  s a l t  olbd i n t e r n a l l y  i n s u l a t e d  
ho t  t a n k  w i t h  c a r b n  s t e a l  s h e l l .  

- b c o u p l i n g  of s t e o a  g e n e r a t i n g  r a t e  from shor t - term f l u c t u a t i o n  i n  
s o l a r  i n e u l a t i o n .  

When compared t o  o t h e r  s t o r a g e  systew,  cascade  and t h e w o c l i n e  (de f ined  
Table 1.2.3-2) t h e  d u a l  t ank  system has t h e  fo l lowing  advantages .  

- S i m p l i f i e d  o v e r a l l  p l a n t  f low c o n t r o l  w i t h  a ~Lniaurn of components. 

- M i n i m  t h e m 1  c y c l i n g  on a  s p e c i f i c  t ank ,  pump, p ipe ,  etc 





2.1 E STUDIES 

C r i t i c a l  t o  t h e  c m e r e i a l  acceptance of t h e  TES subsystem is t h e  eco- 
m i c  developcaent of  t h e  hot  sal t  and c o l d  sal t  s t o r a g e  tanks .  Piany 
p r e l i d m t y  t r a d e  s t ladies  were performed on c r i t i c a l  t a n k  f a c t o r s  t o  
m i a i z e  TES c o s t  effect ivehless .  A s  a r e s u l t  of the  T h e m a l  Storage 
Tank Opt imiza t ion  s t u d y  ( s e e  paragraph 1.2.3) a c y l i n d r i c a l  tank w a s  
chosen as t h e  b a s e l i n e  conf igura t ion .  

Trade s t u d i e s  were perforaed f o r  t h e  fol lowing f a c t o r s :  

- I n s u l a t i o n  m a t e r i a l s  

- Tank he igh t  

- TES s u b s y s t e a  c o s t  

2.1.1 I n s u l a t i o n  &"latrials 

& a t  l o s t  through a o r a g a  t ank  e x t e r n a l  s u r f a c e s  a u s t  be compensated 
For by a d d i n s  h e l i o s t a t s  t o  t h e  c o l l e c t o r  f i e l d .  Since t h e  c o a t  of 
h e a t  l o s s  i s  taken  a s  $l,536,000/?IWt ($0.45 Btu/h) based on  a h e l i o s t a t  
c o s t  o f  $235/m2, i t  is  e x t r e a e l y  important  t h a t  t h e  t anks  i n s u l a t i o n  
be ope ia ized .  

Four s e p a r a t e  types  of  i n s u l a t i o n  a r e  used i n  t h e  hot tank. The i n t e r -  
n a l  hot  t a n k  w a l l  i n s u l a t i o n  i s  a n  i n s u l a t i n g  f i r e b r i c k .  The i n t e r n a l  
i n s u l a t i o n  usad on t o p  of t h e  ho t  t ank  is  a c m o n  f i b r o u s  i n s u l a t i o n .  
T h  hot  t a n k  a l s o  has e x t e r n a l  i n s u l a t i o n  c o n s i s t i n g  of b a r d  o r  block 
type  i n  t h e  top ,  f  ibroua on  t h e  s i d e s  and a c a s t a b l e  on t h e  bottom. 

2.1.1.1 I n t e r n a l  I n s u l a t i o n  - The most important  conc lus ion  of t h e  
IITSSD prograa  ( s e a  paragraph 1.2.1) is t h a t  no c ~ % r c f a l l y  produced 
f i b r o u s  o r  block i n s u l a t i o n  a a t e r i a l  w i l l  s u r v i v e  t h e  molten s a l t  anvi-  
m-nt f a r  t h e  3 W e a r  l i f e  expected of t h e  system. Consequently,  a 
tha-1 expansion l i n e r  used t o  p r o t e c t  t h e  i n t e r n a l  i n s u l a t i o n  i s  used 
i n  t h e  s t o r a g e  s y s t m .  Analysim has  shown t h a t  t h e  c o s t  of t h e  l i n e r  
i~ more than  coslpenrated f o r  by inc reased  e f  f i c i e n a y  due t o  lower t h a r -  
aal condlrc t iv i ty  o f  d r y  i n s u l a t i n g  b r i c k s  as opporad t a  s a l t  s a t u r a t e d  
br icks .  A g o a l  of  t h i s  program is t o  use  c a r b n  s t e e l  a e  t h e  primary 
load  c a r r y i w  s h e l l  of t h e  tank. A nominal dea ign  temperature  of 288°C 
(550°F) was s e l e c t e d  f o r  t h e  s t e e l  s h a l l  t o  prevent any s t r u c t u r a l  deg- 
radat ion.  The shell temperatures  are achieved by balancing the  i n t e r -  
n a l  and e x t e r n a l  i n s u l a t i o n  m a t e r i a l s  and th icknesses .  This  parameter 
is  t h e  d e t e m i n i ~  f a c t o r  f o r  i n t e r n a l  i n s u l a t i o n  t h i c k n e s s  i n  t h e  hot 
tank. The s i z e  of t h e  s t o r a g e  t a n k  b e  no impact on t h e  t h i c k n e s s  o r  
type  of  i n s u l a t i o n  m a t e r i a l .  

T h e  d e s i r e d  c h a r a c t e r i s t i c s  of t h e  i n t e r m l  i n s u l a t i o n  m a t e r i a l  a r e  a s  
f o l l o u s  : 



- LQW Installed bet 
- i/ow Thema1 Qaduet fv i ty  
- Wgh laad & a r t =  b p a b i l i t y  
- 30-Year Serv ice  t f  f e  
- &isti% r e t a l l y  Awof lob l c  P r d u c e  
- maprr t ib le  wlth m l t e n  S a l t  If L%mr b a t s  
- &mbras ive  t o  Ldner a d  S k l B  

Of t h e  fou r  types of t m u l a t i w  a t c r i a k s  i nma t fga t ed ,  only rrmsmlatfq 
firebrick war found t o  b v c  adeqmte lrsad h a o i w  capability For fnce t -  
naP use. Ten e keia1 var ie thaa  of iwrmle la  fffrebrdek were fnwertl- 
gated. Fable 2.1.1-1 l is ts  t h e  candidates  and t h e i r  c r i t f e a l  param- 
t c r s .  The e o s t  par  unit thamaL has io t awa  (P) Ls a r a t fo  o f  arter ial  
cast sad t h e m 1  r e s l a t a m s  at 399°C (7SQaF), ?"Pateria1 coots  are bscd 
a n  quotas on: c o s t s  adjusted f r o o  preptous sttedtes. 

h a r d  t y p e  i n e u l a t i o a  was b r i r f t y  coasidarad. mie  Bwaulrrton &asas rhde- 
guatr c m p r e r r i v r  s r r a q t h  ubw dry,  ba t  carting ind ica tes  that w h e w  
t h e  asterisk fs sa tu ra t ed  v l t h  aobtan s a l t  kk loses a l l  its C O ~ P P O B @ ~ W @  
rtrawtlr ,  h y  l a a b g e  %a the  tanks Piaer would lead t o  Im&%Lz@B Lnru- 
latieon c o l l r p r e  a d  p o t ~ n t i a l  L i ~ r  CupEuBQ. 

I n  add i t i on ,  c a d i d a t e  br icks  were su$jeeb_ed t o  s t r e n g t h  ce$ ts  a t  @Pa- 
vaegd t a r w r a t u r e s  and t e s t s  % R  s o l t e n  salt. 

Cost thadcoffs were perfomed for each c a d i d a r e  brick.  An exaop%@ 1s 
i L ~ u s t r d t ~ %  fa Figure 2.1.  k-P. Johns %nviP1- C22ZSE f n s u l a t f q  f i rc-  
br ick  m e  chosen based on lowest c o s t  p e r  untc area of tank wall f m u -  
Lation. 



I n t e r a a l  In su l a t i on  Thicbss, m - 
0.1 002 0.3 0.4 0.5 0.6 

4 8 12  20 24 

JM C22ZSL 
Standard 
S ize  Brick 
288'C 
(550°F) 
She l l  
Temperature 
1,536,000 
$ / W t  Heat 
Loss 
Cornpernation 
Cost 
S a g u r o  235 
$/m2 
Helios t a t  
Cost 

I n t ~ m m L  Insu l a t i on  "Plfickneas, in. 

The g r e a t e r  t h e  br ick  t h l e k w r ? ,  t he  less the  heat Loss from the  tank 
a d ,  therefore ,  the  l e s s  the c o s t  of the s o l a r  c o l l e c t o r  ryatem (pr in-  
c i p a l l y  h a l i o s t a t r )  required t o  a % b  up  Eor t ha  Lsrt enargy. Barr s h a l l  
t m w r a t u r e  design c r i t e r i a  i r  288.C (550°P). Thlr design t-gereture 
was r e l o c t ~ d  bccaure It  Is balew both t ha  Uf and BSa maaximua code 
valuer,  and h e a u ~ e  i t  r e s u l t s  i n  a Ehamal expansion of the  hot tank 
e k l l  lers than (o r  e q w l  t o )  t h a t  of t he  co ld  tank s h e l l .  Tlre APE 
code d e r a t e s  the s h e l l  mater ia l  s t r e w t h  a t  temperatures exeeed iw  
343'C (65Q0P). The s b l l  tecrperature l I n I t  allows a margin of 56'6 
(100°F) u s i q  the  f u l l  s t r eng th  of t he  mater ia l .  A l i n e r  leak w i l l  
increase  t h e  s b l l  temperature but a t  a slow emugh r a t e  t h a t  ex t e rna l  
I-illation may be reta0-d t o  maintain t he  tank  s h e l l  below 343@C 
(650°P). 

It can be seen  f r m  Pigura 2.1.1-1 that the  brick t h i e k m s s  f o r  minimum 
t o t a l  coa t  i s  0.389 r (15.3 In.). In view of the  f a c t  t h a t  br ick  only 
c6aras i n  d l s c reee  e h i c k m s w s ,  and tha t  t h e  t o t a l  cos t  curve l e  s o  
f l a t ,  we se lec ted  a des ign  thickness of 0.343 r (13-112 in .  1. This 
allavsi t h e  use  of tw laye r s  of c t a d a r d  2 2 . k ~  ar 11.4ca x 6.35em (9 x 
4-112 x 2-1/2 in . )  s i z e  brick. This br ick  has undergo= extens ive  
testtw during t h i s  program, i m l u d i n g  over  4W0 hours i n  moltan s a l t ,  



e rush  s t r e = t h  tests, creep  t e s t s ,  a& E a t i g ~  tests,  a l l  conducted ae 
566°C E1058"P). U l  of tkse  t e s t  r e s u l t s  i d i c a t e  t h a t  tM8 particu- 
l a r  b r i ek  w i l l  be e n t i r e l y  s a t i s f 9 c t o w  f a r  t h i s  appl lea t ion .  %e 
br i ck  w f l l  he i n s t a l l e d  using r o m a r  and t tkewal  expanstan jo in t s  ewe- 
few feet i n  both d t r ec t ions .  W t a l  s b 1 v e s  w i l l  be u e d  t o  support t h e  
b r i ck  on  t h e  v e r t i c a l  walls .  O n  b t h  the wa l l s  a d  t he  f l o o r ,  tk 
l i n e r  i s  a t t ached  t o  t h e  steel s h e l l  with r d s  (ca l l ed  amhor  pieces)  
vhfch pene t r a t e  t h e  brick.  Thus, t he  liwr, brick,  and s k l l  a r e  in- 
t i - te ly  coupled bath r e h a n l c a l l y  a& t h e ~ l l y .  

The r o t t a d n g  of t he  b r i cks  f n  des i r ab l e  k c a m  it r e s u l t s  t n  a s t a b l e  
sur face  whfeh can be s-thed. A wobbly umwn sur face  l e  d e t r i e n t a b  
t o  t h e  l i n e r .  A s l u r r g  m r t a r  i n  which tk br icks  can be dipped @ahas 
se lec ted .  A c m p a t i b l l k t y  t e s t  of m r t a r s  i n  w l t e n  s a l t  resu l ted  i n  
t h e  r e l a c t i o n  of Zc l i a  m r t a r  aanufre tumd by Sohas Mdanville. The 
b r e d l i w  t v a n t u l l y  cracked w b n  i n  t he  etaoltcn salt kt no s s r e l l iw  
occurred. me aorrtar w i l l  surv ive  a s a l t  Perk f a r  aonths without d i -  
s a s t r o u s  r e su l t s .  

The u r c  of  l a g e r  b r i ck  a i r a a ~  f o r  t h e  tank t n t e r m l  insulation was a l s o  
inves t iga ted .  Johns h ~ a n v i l l ~  h l i e  J m b  i p r b l u l r t i ~  Firebrick.  tb 
r w  composition as 34  62aZSL is  ava i l ab l e  I n  11, 112, 13-l/2 and 18 
inch r tzee .  k o n m i e  ~ v e l u t i l o n  of e b r s  e a d i d a c a n  Lndicrtes an In- 
s t a l l e d  c o a t  t nc r r a sa  s f  24X t o  3a cmpared t o  thc  ~taatdaed 9 i m h  
b r i sk  s t x a  a& W ~ I  subpragwnelp elimfkarccd frm cconslderatisn. 

T b  only o t h e r  baesrml imula t foe t  ragtadred f o r  tb hat tank is  in -  
~ t a h t e d  at t h e  top  wkrr tbrer is r t ~  opportarwity f o r  dagradat ien ky 
m ~ l t e w  ratts. @nacqucatLy, a n  iwxpenriwe,  e a e m i a 1 2 y  avaPlrble ,  
fkbrour i a su l ae t -  @ a t e r i a 1  war chosen. t h r ee  candidacae eansid- 
ersd a r e  e h m n  i n  Tabla 2.1.1-2. The t h e m 1  c o d u c t i r i l g  (K) of there  
ma te r i a l s  a11  f a l l  wi th in  r r a t h e r  m r r o v  r a q c .  T h r a f o r e ,  F l a w h i t @  
1260 war chosen b a e d  on r ldgh t ly  10-r K a& l a w r  mater ia l  cores. No 
signif kcant Bn~calLatBsa c a r t  d f  f f a r e m a s  w c u t  fo r  any of the  crndf - 
d a t a  f ibreus i asu la td*  materials. 

2.1.1.2 & t e r ~ P  HnsrrLar.ion - In  order  tea asn%ai~brc heat Pors from the 
taak  a d  

tank loas i n su l a t ed  ~ t R  a r i g i d  block tyw dnsul r t fon  t o  p e m l t  access 
of test a d  maLate-nce persaawl. Tva primam c a d i d a t e s  emrged ow 
t h e  search f o r  block t y w  e x t a r m l  insu la tbse .  



Duraboard is a n  alumina-s i l ica  composition board v i t h  a thermal  conduc- 
t i v i t y  of 0.087WIm-h-"6 (0.05 Btulh-ft-OF) a t  28B°C (550°F). The o t h e r  
block i n s u l a t i o n  c a n d i d a t e  w a s  Holaes 1212 wi th  a thermal c o n d u c t i v i t y  
of 0.049 U/m-h-"C (0.028 ~tu/f t -h-OF).  Based on thermal c o n d u c t i v i t y  
and i n s u l a t i o n  m a t e r i a l  c o s t s ,  Kolmes 1212 was s e l e c t e d  as  t h e  t ank  t o p  
i n s u l a t i o n .  

A c a s t a b l e  i n s u l a t i n g  m a t e r i a l  i s  used on t h e  t a n k  bottom t o  minimize 
h a t  l o s s  i n t o  t h e  wate r  cooled foundat ions .  The t h r e e  c a s t a b l e  
m a t e r i a l s  i n v e s t i g a t e d  a r e  v e m i c u l i t e  c o n c r e t e  and two Johns Nanvi l l e  
c a s t a b l e  i n s u l a t i o n s ;  Jn 2100 and JN 2800. 

V e r a i c u l i t e  c o n c r e t e  v a s  e l imina ted  from c o n s i d e r a t i o n  due t o  t h e  
aeount  of  t e s t i n g  and q u a l i t y  c o n t r o l  of  v e m i c u l i t e / c o n c r e t e  r a t i o  
required t o  main ta in  c o n s i s t e n t  thermal c o n d u c t i v i t y  values .  Of t h e  
two Jn m a t e r r a l s ,  Jn 2100 was s e l e c t e d  as t h e  most c o s t  e f f e c t i v e  
cand ida te ,  when cons ider ing  thermal  conduc t iv i ty ,  o a t e r i e l  c o s t  and 
dimensional s t a b i l i t y  a t  high temperature.  T h e m a l  c o n d u c t i v i t y  of t h e  
JH 2100 i s  0.25 V/m-h-'C (0.143 Btulft-h-OF) a t  316'C (600°F). No 
aaaaurab le  shr inkage of t h e  material a t  243OC (550°F) could be d e t e c t e d  
a d  i t ' s  c o l d  c r u s h  s t r e n g t h  i s  3.45 MPa (500 p s i ) .  

I n  genera l ,  l a r g e  s t o r a g e  t anks  a r e  more c o s t  e f f e c t i v e  p e r  u n i t  energy 
s t o r e d  t h a n  s a l l e r  ones  due t o  t h e  reduced a r e a  t o  voluae r a t i o .  
There a r e ,  of  course ,  p r a c t i c a l  l i m i t s  t o  h w  l a r g e  a s i m l c  t a n k  can 
be. & x i a m  t a n k  h e i g h t  is g e n e r a l l y  l i m i t e d  by t h e  a l lowable  
r o l l - b e a r i q  s t r e n g t h ,  u n l e r s  s p e c i a l  foundat ions  a r e  ussd. Wa have 
used a t y p i c a l  va lue  of 0.24 MPa (5000 p r f )  f o r  t h i s  s tudy.  Tank 
height  c a n  a l s o  be l i r s i t e d  by t h e  a b i l i t y  of t h a  l i n e r  t o  withrtalEd t h e  
s a l t  pressure;  t h i s  Is c u r r e n t l y  assessed  a t  0.3 MPa (43.5 p s i )  which 
corresponds t o  a  s a l t  he igh t  of 17.7 m (58.1 f t ) .  Wrnxi~lua t ank  
diameter  is g e n e r a l l y  l i w l t e d  by t h e  maximm p e w i s r i b l e  s h e l l  
th ickness .  Large d i m e t e r  t anks  vh ich  exceed 3.8 c a  (1.5 i n )  wa l l  
th ickness  are required under API  code t o  have pos t  weld hea t  t r ea tment ,  
which is p r o h i b i t i v a l y ,  expensive. 

This  l i m i t s  t a n k  d i a s e t a r  t o  40-46 a (130-150 f t ) .  Cost o p t i m i z a t i o n  
s t u d i e s  on t h e  hot  t a n k  c o n f i g u r a t i o n  ( i . e . ,  height-to-diameter r a t i o )  
show t h a t  f o r  1200 KUht c a p a c i t y ,  t h e  tank height  f o r  p r e c i s e l y  
riniarua c o s t  i s  24.5 a (80.3 f t )  ( s e e  Fig. 2.1.2-1). However, t h e s e  
same s t u d i e s  a l s o  show t h a t  t h e  c o s t  curve  is r a t h e r  f l a t ,  and s o  t h e  
c o s t  p e n a l t y  f o r  13.4 m ( 4 4  f t )  height  l i m i t a t i o n s  imposed by t h e  s o i l  
bear ing stress a l lowable  i s  on ly  about 3% of t h e  t o t a l  TES c o s t .  



&sly fa ehe grogram a grar-trtc a h d y  w a r  parfame& a8a mmB. Eaergy 
Storage rarb@gaem gost a& p g g f ~ ~ f i ~ e a  pr@LPmimq 
s p @ e l t l e a ~ i a n  r a t  tkQmrP neorsge cap~efty BP tb ~ $ I u ~ @ ~ B E =  a t  373 m 6  
a d  thkr valw war uegld t a  h b  case era&@@, @If@&y W&I later 
Iwraasrd t o  P2W Wbc of searaga as k t  war coaotdrred ar aers sraliactc 
@ha@ sqrrom. 

Varfabler fa  tk silmdp tm ldcd  ehe C ~ W  5oB taternal Lssulaclosr 
m t e d a l  a& the rate af b a r  lo@@ % r w  t k  tank.  Laserkrrkoa t y p s  
tawstigated wre ErilBta 30 a& KrilLte 55 L~suPatbq f i r ~ b r f ~ k  which 
h* t h e m 1  eadwtfvfticr af 0-93 V!r-*C (0.42 Btu/%e-21-"P) and 0.83 
W/w06 (6.50 Btdft-h-'PI raspeccively. k a r  loss ratios of 2.8"C/day 
(5'FEday), S.BeC/dry (BOeP/day) r~ @.3"C/dagr (lSeP/day) were s c d f e d .  

a) llllovahks s o d l  harim atre-tbn 0.24 MPr ( S W  p s f )  
b) Interm1 iwulattoa prfccs as of Jnrm 1 9 M  
c) nisrbw = k t  bigaar is 0.3 1 (1 fe )  
d) Wd- allage gas kight is 0.3 r (1 B t )  



b l y s i s  o f  TES c o s t s  f o r  varying t h e m 1  s t o r a g e  c a p a c i t i e s  was 
p e r f o w e d  f o r  both t y p e s  o f  i n t e r m l  i n s u l a t i n g  f i r e b r i c k .  The r e s u l t s  
vh ich  a r e  sbm i n  F i g a r e  2.1.3-1 c l e a r l y  i n d i c a t e  t h a t  K r i l i t e  30 is 
t h e  n o s t  c o s t  e f f e c t i v e  o f  t h e  two i n s u l a t i n g  f i r e b r i c k s ,  r e g a r d l e s s  of 
which h a a t  l o s s  rate is chosen. 

To e s t i m t e  t h e  the rmal  perfomaance of t h e  mol ten sal t  s t o r a g e  t anks ,  
va r ious  operatLana1 s c e n a r i o s  are used, t h e  n o s t  common being t h e  
"nonaa lday"  wi th  s i x  hours  of charg ing  and d i scharg ing ,  t h e  "good day" 
wt th  1 4  b u r s ,  a d  the s o l a r  ou tage  where t h e  s y s t m  is charged t o  a 
c e r t a i n  l e v e l  and h e l d  t h e r e  f o r  s e v e r a l  weeks. 

k s e d  on t h e  sal t  ba lk  temperatures  a n a l y t i c a l l y  p red ic ted  f o r  days  of 
poor and g d  s o l a r  i a s u l a t i o n  s h o w  i n  F igure  2.1.3-2, a n  o v e r a l l  
t h n a a l  s t o r a g e  e f f  i c i e n e y  can  be d e t e m i n e d  ( s e e  Fig. 2.1.3-4). I n  
t h e  s o l a r  i n s u l a t i o n  s c e n a r i o  d e p i c t e d  i n  Figiire 2.1.3-2, t h e  s o l a r  
p l a n t  provides  s a l t  i n t o  t h e  t a n k s  a t  a v a r i a b l e  f low rat@ but  c o n s t a n t  
temperature  (566'C/1050°P) u n t i l  t h e  t ank  i s  f u l l .  The t a n k  i s  t h e n  
d i e c b r g e d  a t  a c o n s t a a t  r a t e  u n t i l  it is "empty". Figure  2.1.3-3 
s b w a  t h e  c b r g e  a d  d i s c h a r g e  of t h e  s t o r a g e  t a n k  c o n s i s t e n t  wi th  t h e  
temperature  p r o f i l e s  s h o r n  i n  F igure  2.1.3-2. The t a n k  i s  never com- 
p l e t e l y  empty i n  o u r  d e s i g n  approach, since a s m a l l  aaount  o f  molten 
salt is l e f t  i n  t h e  t a n k  a t  a l l  tiws t o  reduce t h e m 1  c y c l i n g ,  avoid 
a i r  e n t r a m n t  i n  t h e  p i p e s  and p rec lude  f r e e z i q  o f  t h e  salt dur ing  
long p e r i o d s  of low s o l a r  i n s u l a t i o n .  It c a n  be seen  t h a t  tbmarl 
s t o r a g e  e f f i c i e n c y  i s  a a i n t a i m d  a t  a high percentage even under a poor 
s o l a r  day scenar io .  S ince  t h e  hea t  l o s s  was b r a d  on a g i v e n  t eopera -  
t u r e  d r o p  (a percen tage  of t h e  t o t a l  hea t  c a p a c i t y )  t h e  r e s u l t s  app ly  
t o  syrternr of any r i z e .  

The r e q u i r ~ n t s  o f  t h c  TES subsystem were set f o r t h  i n  t h e  TES Techni- 
c a l  Spacif  i c a t i o n  prepared by Sandia Na t iona l  L a b o r a t o r i e s  L ivemore .  
The p r i m r y  e l a e n t s  o f  t h e  ~ p c c i f i c a t i o n  are l i s t e d  i n  Table  2.2-1. 

I n  d d i t i o n  the+ fo l lowing  TES parameterr  ware s p e c i f i e d  which were 
cons ide red  t y p i c a l  f o r  a B tandard s o l a r  a p p l i c a t i o n .  

o Earthquake: UBC Zone 2 

o Elax Wind: 40 pals ( 9 0  eph) a t  10m (32.8 f t )  h e i g h t  

o Ambient Temperature: -2g°C t o  36°C (-20°F t o  +96OF) 

o Peak S o l a r  Flux: 978 ~ / a 2  (310 ~ t u / f  t2h)  h o r i z o n t a l  s u r f a c e  
552 I4/rn2 (175 g t u / f t 2 h )  v e r t i c a l  s u r f a c e  

o Allowable S o i l  Bearing S t r e n g t h :  .24 MPa (5000 l b / f t 2 )  
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Fig- 2.1.3-1 %mL S e O q e  E f f b - i m y  for odr"Lc &si.+ 

Por l i n e r  design puqoee r ,  values of t he  w i n u r n  s a l t  p r s r ru re  and 
temperature va r i a t i ons  ara required. T b s e  were r p r c i f i e d  a@: 

- S a l t  P r t r ru re :  0-0.3 mpa (0-44.5 psig)  d r i l y  f o r  30 year8 (10,950 
cyc l e r )  

- S e l t  Teeperltture: 427-566'C (8QO-1050BP) d a i l y  f o r  30 years 
(10,950 c y c l r s )  
kbient-566*6 (1050°F) f i v e  tiwr per year  
f o r  30 year0 (150 cyc les )  

Theme va r l a t i one  a r e  s m w b t  l a sge r  t b n  t h e  noras l  expected operat ing 
envf ro-nt , and the re fo re  a r e  conservat ive.  

The e a t i r e  TES spec i f  i e a t i o n  is  i m l u d e d  i n  PLppndix A. 

2.3 TES DBI624 

U d e r  Task 3 of t h i s  con t r ac t ,  a p re l i r imrq r  design of a c m e r c i a l  
s i z e  TES vas  d e w l o p d .  The des ign  was developed i n  s u f f i c i e n t  d e t a i l  
t o  c l e a r l y  shoe thc concept and t o  al low r e l i a b l e  cos t  es t imates  t o  be 
obeairted. 



Tankage Configurrtioa h r l  Tanks ( k t  a& &Id) 

Hot Tank Insulation 

Cold Tank Lasulation 

Ioter-1 a& btermal 

External 

Power Plant b e t * ,  Gross 128 m e  

I Storage bpaclty 4 Hours .at 120 .%%e (1200 ?MIE) 

A schaaatic of a c rcioP size TES is s b t a  ia Figure 2.3.1-1. T h i s  
figure also r h s  t b  TES interfaces the rest of r solar t k r -  
~ l a l  ceatral  reeeiwcr (STCbl) plant .  %te, ver, that e w h  itme ar 
tke atear  gemrator subsystcr a d  the r e e i m r  s u b @ y s t a  arc mr r part 
of the PES subgrstm, c w n  thaugh they are Lratk-tely ssupled vttk %t. 
Ho-l operation t s  s f o l l w s .  Gold s a l t  at 286'6 (550°F) IS p a d  
the e m r  a& ethraugh tha receiwar wbre 16 fr  b a t e d  to 5 S B C  (19WeC1 
@ s d a r  @-%ye T b  hot salt t b n  flows frato 6 k  b t  tank where it L B  
stared Par sukeqeat are. a c a  ate- is% required, role I s  pw$sed f g ~  
tk hoe tank t b m g h  t b  atem gewratar. 'I!b salt ~ x i e ~  the eteaa 
gemrator ae  2W.C (555.F) a& ftms fneo c k  cold task. %Is appr0al.a 



L s  e - a t  d f f f e r e a t  than o tha r  approaches which charge the s torage  
systera o d y  with "excess" s o l a r  energy from t h e  rece iver  subsystem 
(t.s., mst of tk rece iver  output  g m s  d i r ~ t l y  t o  t h e  s t e m  genera- 
tor .  and oa ly  t be  "excess" goes t o  s to rage  t o  be used l a t e r  i n  t he  day 

tk r ece ive r  output is low). Mvantages of t h i s  TES subsystem are :  

a )  WWIC separa t ion  of the  steam genera tor  and t he  rece iver  t o  d i m -  
imte st- g e w r a t o r  input  va r t a t i on  due t o  s o l a r  i n s u l a t i o n  varf-  
a t ion .  

b) m n f d z e  t a p r r s t u r e  decrease due t o  heat l o s s  i n  t he  hot a d  cold 
tadks. 

Our approach h s  t he  advantage of r lnfmizing conerol,  piping and valv- 
ing c m p l e x i t i e r  a d  thus increas ing  r e l i a b i l i t y  a d  reducing cos t .  
ThLs a p p r o a h  does requi re  t h a t  each tank ha- tha c a p a b i l i t y  net only 
f o r  charge a loae  and d i s c h r g e  alone,  but a l s o  r i ru l t aneour  charga a d  
d i ~ h t q r  (and g e w r a l l y  a t  d l f  f e r e n t  ra tes ) .  

The =fo r  cmponents  of tb TES are :  

1) k b t  a d  cold s to rage  tanks 

2) Insu la t ion  

3) Storage r e l r t d  s a l t  pmpr  

4) P i p i *  i n  s torage  a r ea  

5 )  Tank foundations and d i k i w  

7) Trace h c a t i m  

8 )  Storage i n r t r w n t a t i o n  and con t ro l  

9 )  S a l t  saixing and meltdo- r q u l ~ n t  

10) h l t c n  s a l t  inventory 

a )  Horting s a l t  

b) R o t  tank r e s idua l  s a l t  

c )  Cold tank  r e s idua l  s a l t  

d) Storage a r e a  piping s a l t  





ZSmg l e v e l  of s a l t  i n  each tank can vary from f u l l  t o  empty each day. 
n u s ,  t be ra  i s  a tiace varying pressure  load on the  wal l s  and bottom of 
each tank. There is a l s o  a d a i l y  va r i a t i on  on s a l t  t eapara tura .  In 
order  t o  reduce t h i s  var ia t ion ,  and t o  avoid l i n e s  going dry, a saall 
B u n t  of salt is always l e f t  i n  t he  tank--this is c a l l e d  r e s idua l  
salt. The t e r n  "working sa l t ' '  d e w t e s  t h a t  salt (over a d  beyond che 
res idua l  salt) which is used f o r  energy storage. 

The s a l t  usad f o r  t h i s  ry s t ea  f s  a a i x t u r e  of 60;e and 40% 
Wq by w i g h t .  This s a l t  has a f r e e z i w  point  of s p p r ~ x f ~ a t @ l y  
22L C (430°F). In  order  t o  be ab l e  t o  s t o r e  a n m i m l  1200 ,WhE of 
energy u s i a  sens ib le  h a t  batween the  l i m i t s  of 288°C (550°F) a d  
566°C (105QQP), t h e  weight of t h e  working s a l t  must be: 

o r  Vw, = l0 ,151,5m Kg (22,380,000 lb) .  

b e i d - 1  s a l t  helght Ln each tank i s  cu r r en t ly  t a k a  as Ucm (16 i n . )  
a s  t h i s  g iocs  a n  acceptable d a i l y  teapera ture  va r i a t i on  and i r  adequate 
t o  avoid dry l ims. This  r e s u l t r  i n  331,000 Kg (729,008 Lb) f o r  t ha  
ht t aak  arsd 387,400 Kg (854,M)O l b )  f o r  th cold tank b r e d  on the  
tank Ibs given i n  subequan t  ree t ions .  The tank volum8 a r a  alzed 10 
t b t  a l l  t h e  wlt can be s tored  i n  a l t h e c  rank t o  al low m p a i r  upon th 
o the r  tank. 

Thus, t b  t o t a l  earocdnt of r a l t  required f o r  t h e  tanks is 10,869,000 Kg 
(23,963,WO Ib). 'PRa aatount of r a l t  required f o r  th pip i% and swpr  
within eh@ TES subsystem har not  h e n  d a t a m i m d ,  but it should be very 
-11 c a p e r e d  t o  t he  mount  required f o r  rlu tanks. 

A s p e c i f i c a t i o n  of t h e  sal t  pu r i t y  which va@ prapared f o r  t he  SM I r  
l i s t e d  b low:  

Separate  Mixad 
Pure m 3  98.1X min 39.2 + 5X 
Pure &lo3 99.32 n i n  59.6 7 5X - 
& x i e m  allowable t r a c e  e l e e n t s  by percent weight a r e  a s  follows: 

61 
SO4 
@=f'3 
Alkali  
OH 
Hz0 
A1203 
Ca 
Si02 
Fe 
Insoluble 



T k  salts may k prmixsd at e k  suppliers f x t o q k " ,  3 h  they may be 
mixed at the TES sbte prior to laadiw the slgpotcm w i t h  esltee sale. 

2.3.3 Hot Tank 

Figure 2.3.3-1 s b w  the TES hat tank eomept. The taak Lao a s y l i d e r  
with r d-d kap a d  a flat suswMed Ibwr e a f l f ~ .  f k  tank ~ o l m a  
was 6,220 r3 (219,6W ft3). P r a P b m b m q  cart a p t a a l t ~ n t i o n  etudias 
show an opt%@- salt k t g b t  of elhgbkly awer 22.9 r ( 7 5  ft) but this 
vmlt result Ln a son1 &peadm pressare i n  exca5s of t h e  allowable. 
The salt bighat ( w o r U w  plus residual) vbfch Ze empaebbla 
wbth the asamad 0.24MPa (%m 1b/fc2)  s @ f l  r t r c  tR is 14.2 m 9 Y3 4 in.) QbseEq OR a hot  salt Scnsitg of k728. K g l r  (107.9 Pbdhb ) 
a d  i w l e d L w  the? weight sf the tank. 

The liwr Paside dfamter  Is 2 4 . 5  n (80 f e  4 tn.). The %iwr i o s f d e  
k t g R t  b r k  the h e t o a  to tk flat deck Eo B6.5 r c.121 f r  LL in. ). F h f s  

alBws for 0.4 m (16 in.) kaskQkoanE salt b i g h t ,  12.8 itxi ( k 2  ft O f a .  1 
varbrim b i g h t  sad L.4 I (4 f t  7 In.) u P 1 ~ e  space. T h e  u l l a g e  
space 8s Par%@ ea allow for t h e  aesordion pfaes whish joins ekc Birmr  
rLda w l h  ~s r h e  fZlac deck (or s u e p d a d  dac i )  oetlbag in a gentla 
@urve. @ax&- salt Raigbc w i l l  s-Zn b l o w  eha weldad joint at 
tk wcordiow p i r e s  to tk 1imt. 



The s h e l l  I D  i s 25.2 ra (82 f t  7 in . )  ( l i n e r  I D  p l u s  twice  the b r i c k  
t t i i c k ~ ~ s s ) .  The g h l 1  i n s i d e  w a l l  he igh t  is 15.8 la (51  f t 10 in . ) ;  
14.6 ar (47 ft 11 in . )  i n s i d e  l i n e r  k i g h t  p l u s  0.33 oa (13-1/2 i n . )  
bottcm brlcls p l u s  0.5 r (20  in . )  t o p  i n t e r n a l  i n s u l a t i o n  p l u s  "attic" 
space. 

The key h o t  tank d i ~ n s i o n s  are s 

I n s i d e  dianarter 24.5 a (80 f t  4 in .  ) 

I n s i d e  b i g h t  14.6 r (47 f t  11 i n . )  

I n s i d a  d i m t a r  25.2 rn (82 f t  7 in . )  

Zrrsids b i g h t  15.8 a (51  f t  LO in . )  

S a l t  - 
h x  working s a l t  he igh t  12.8 m (42 f t  0 Ln.) 

Ilerpidual salt b i g h t  0.4  a (16 i n . )  

Max salt ha igh t  13.2 r (43  f t  7 in . )  

M n  u l l a g e  he igh t  1.4 m ( 4  f t  7 i n . )  

The ho t  t a n k  is b ig  a m u g h  tb t  i f  t h e  c o l d  t ank  had t o  h e  s h u t  d w n  
f o r  r e p a i r ,  t h e  ho t  t a n k  could s a f e l y  hold a l l  of t h e  s a l t  f o r  a r e r -  
e o m b l e  pe r iod  of t i m e .  

Inca lay  800 has  good c o r r o s i o n  resistaxe a& s t r e q t h  a t  e l e v a t e d  tern- 
g e r r t u r e  and is  formable  i n t o  t h e  liner shape. JPI C22ZSL b r i c k  has  low 
t h e m a l  c o d u c t i v i t y ,  h igh s t r e n g t h ,  low c o o t  a& i r  c m p a t i b l e  wLth 
k n s l ~ e n  s a l t  i f  t h a  l i n e r  should develop o leak.  T k  f o i l  b e p r  t h e  
b r i c k  f r m  s c r a t c h i m  t h e  i n s i d e  of  t h e  l i n e r  which could reduce fa-  
t igrte l i f e .  me e x t e r n a l  i n s u l a t i o n  is  s i z e d  t o  keep the s h e l l  a t  
288°C (550°F) under t h e  des ign  "hot day" colEditions ( t a n k  f u l l  of 566°C 
(1050eF) sal t ,  36°C (96°F) ambient temperature ,  no vtnd,  f u l l  s o l a r ) .  
The s k a t h i n g  s e r v e s  t o  veather-proof t h e  i n s u l a t i o n  and prevent  a i r  
i n f i l t r a t i o n  a d  t h e  whi te  c o a t i n g  a i n i a i r e s  s h e l l  temperature  v a r l a -  
t i o n s  d w  t o  d i u r n a l  s o l a r  f l u x  v a r i a t i o n s .  

l i n e r  : o r r u g a t i o ~ .  shapa i r  of t h e  s t andard  Technigaz shape used i n  
LNG a p p l i c a t i o n s .  m e  l i n a r  p i t c h  (1.9.. d i s t a m e  batwean ad jacen t  
c o r r u g a t i o o s )  Ls 34.0 c m  (13.4 in . )  k t w e e n  l a r g e  c o r r u g a t i o n e ,  and 
24.0 ca (9.45 in . )  k t w a n  e a n l l  c o r t u g a t i o n s .  On t h e  s i d e  wa l l ,  t h e  
l a r g e  c o r r u g a t i o a s  run c i  r c w f e r a n t i r l l y  i n  p a r a l l e l  h o r i z o n t a l  p lanes  



and t h e  small c o r r u g a t i o n s  run  v e m i c a l l y .  Oa tk f l o o r ,  t h e  large 
c o r r u g a t f  ons  run  r a d i a l l y ,  a d  t h e  ~ l l  corrclgat ioas  run  c i r c m f e r -  
e n t i a l l y .  The l i n e r  "angle p ieces"  (f .e. ,  the  maall  r f g h t  angle p l c c e r  
t h a t  g o  i n  t h e  e o r m r  o f  t h e  tea&) a r e  f a b r i e a t d  t o  accouat  f o r  t h e  
e h q c  i n  l i n e r  c o r r u g a t i o n  site cogl lw ver t ieaL1y down t h e  w a l l  i n t o  
r a d i a l  lims o n  t h e  b t tm.  

The l l n e r  f o r  the  s i d e w a l l  a& bt tm is m d e  a f  Incolog 804) and is 
1-27  ma (0.05Q in . )  th ick .  %is is t h e  n e a r e s t  U.S. gawe t o  t h e  1.28 
am (0.847 i n . )  gauge e u s t m d l y  used by Technigat  i n  previous  LRG ap- 
p l i c a t i o n s .  To mduce  c o s t ,  th 1imr c e t l t x  w i l l  be a f l a t ,  sus-  
pended deck w i t h  accolrQion p i e c e s  a t  t h e  t a n k  w a l l s .  a s o  t o  sedwc 
c o s t ,  t h e  L i a e r  c e i l i q  is 304 s t a i n l e s s  steel s i n c e  i t s  c o r r o r i o n  grad 
s t r a a g t h  p r o p r t i ~ s  a r e  a d e p u t e  f o r  t h i s  p a r t  of t h e  l i n e r .  Qch 
l i n e r  sbe t  on t h e  s i d e  w a l l s  and b o t t m  w i l l  be a n s b r e d  t a  t h e  s k l l  
v i a  " a m h o r  pieecs" ,  an8  "heavy a%les" w t l l  k used a n  t h e  b o t t a  ccr- 
ner. 

The b r i c k s  o r e  i n s t a l l e d  usi* s t a n d s &  technfpuas  i w l u d i q  mortar  a d  
v e r t i c a l  a a d  b t i z o n t a l  expan l ion  J o i n t s  ( s t u f  f a d  wi th  r e f r r c t s q  P i -  
ber) .  The b r i c k s  are supporead on t h e  s i d a w a l l  u s i w  c a r b a a  c teal 
ahe lves  22.9 c n  (9 i n . )  wide f a c a t e d  every 1.94 m (6.36 f t )  i n  height .  
Tha s i d e w a l l  ha% tm l a y e r s  o f  b r i ck ,  t h e  QuEak Payer c o n s i s t i n g  of 
s t r a i g h t s  and a r c h e s  r u n n i ~  v e r t i c a l l y  w i t h  a 11.4 em (4-1/2 i n . )  
t h i c k w s a .  The t a m e  l r y s r  c o n s i r t r  of keys and s t r e i g h t a  l a y i ~  f l a t  
w i t h  22.9 cem (9 i n . )  th ickness .  The fflosr a l s o  b o  tw layaro, 22.9 ca 
( 3  ia. ) v e r t i c a l  b r l c k  over  11.4 cia (6- l /2  in .  ) b r i c k  on edga ( a l l  
s t r a i g h t s ) .  a o r r a r i n g  of tb b r i c k  ffs done &y dipp ing  which re- 
e u l t s  i n  a vary  t h i n  b n d  l i ne .  Tkks i s  Bore e c o n o a i c a l  a d  Is more 
c m p a t i b l e  wieh a o l t e n  s a l t  should a l e a k  occur.  

The e x t e r m l  i m u l a t l a n  on t h e  s i d e w a l l  e a n e i s t s  of f i b r o u s  h t t s  and 
is i n s t a l l e d  u a l m  3.8 cm (1-1/2 in . )  i n s u l a t i o n  r l q s  around tk out- 
r i d e  of t h e  s h H P  and band@. Thr r o d  u s e r  blaek i n s u l a b l o a  a& b n d -  
ins. 'Che t o p  and s l d e l  are p r o t e s t e d  v % t h  weat%lerpsoof a lminum 
s h s a t h t w .  me e x t a r n a l  I t r a u l a t i o a  on t h a  bttm is s a s t a b l a  poured 
over t h e  comernee f o u d a r i o n  ( t h e  l a t t e r  'has .a l i p  around its ouear  
edges  t o  c o n t a i n  t h e  c a r t a b l e ) .  

The f o u d a t i o n  is a s t a n d a r d  c o n c r e t e  type  e m p a t i b l e  wi th  b a t h  t h e  
weight o f  Che t a n k  and salt  a d  t h e  0.3 npa (5WO p s f )  sei1 k a r i w  
s t r e n g t h .  The founda t ion  w i l l  be water  c w t e d  using 25.4 tan (L i n . )  
p i p e  Located o n  30.5 em (1 f t )  c e n t e r s ,  wkth t h e  tops  of t h e  pipe hiw 
38 ma (1-1/2 f a . )  below t h e  upper  s u r f a c e s  of t h e  concre te .  A mixture  
o f  b@Z e t h y P e w  g l y e o l ,  602 water  w i l l  be used ro prevent  f r e e z i n g  dur-  
i n g  c o n s t m r i o a  OP any shutdown per iod.  The e m l a n t  t e a p e r e t u r c  vfll 
be a a i n c a i m d  r l f g h e l y  less t h a n  t h e  b f l f w  p o i n t  of water. 

The  d i w m i o a a l  t o l a r a n c e s ,  w e l d l w  r e q r a i r m a t s  a d  s P E  o e h r  g w l i t ~  
p a r m t e r e  hawe n o t  h e n  d e f i m d  i n  d e t a i l  s p e c i f i c a l l y  f o r  r TES sLze 
tank,  bat t h e  S&1E e x p c r i e w a  w i l l  provide a l l  tk g u i d e l i m s  necessary 
f o r  c b c a i d q  PSE case estimates. 



The s a l t  i n l e t  t o  the hot tank w i l l  cons i s t  of a s ing le  pipe coming 
over the  roof i n t o  t h e  center ,  and v e r t i c a l l y  downwards. It w i l l  t e r -  
minate sme dis tance  above the bottom i n  a "tee". The o u t l e t  is lo- 
ca ted  i n  the center  of t he  bo t tm .  An anti-vortex device is located 
above t h e  ou t l e t .  The o u t l e t  pipe w i l l  be ca r r i ed  v e r t i c a l l y  downwards 
through the  brick, s h e l l ,  c a s t ab le  and i n t o  the  colbcrete where there  
w i l l  be a 90' elbow. The o u t l e t  pipe w i l l  be ca r r i ed  out of t he  foun- 
da t ion  through a tunnel  la rge  enough t o  al low f o r  maintenance and re- 
pair .  These center  located i n l e t s  and o u t l e t s  minimize any tank prob- 
lems associa ted  with thermal expansions near the  outer  edges of t h e  
tank. A l l  l i n e r  penetrat ions must be sealed by welding t o  t h e  l i n e r  s o  
t h a t  no s a l t  can leak  out and degrade the  insulat ion.  

Tke se lec ted  con t ro l  f o r  the tank u l lage  gases is the use of a i r  with 
the  water vapor and carbon dioxide removed. A s ieve  mater ia l  which can 
be regenerated i s  se lec ted  a s  the  method of scrubbing tb water and 
carbon dioxide from the  incolaing a i r .  The se lec tcd  system requi res  a 
low pressure drop across  the  scrubber with added sa fe ty  overpressure 
devices t o  achieve a very smll pressure across  the tank she l l .  

The key mater ia l s  and thicknesses f o r  the hot tank a re  l i s t e d  i n  Table 
2.3.3-1. 

Tab& 2.3.3-1 Hot Tank MatexCaZs and Thickseas  

304 S t a i n l a s r  
0.25 mm (0.010 in . )  

fM C22ZSL Brick 
34.3 c r  (13-112 in . )  
with Zal ie  Mortar 

Kolmes 1212 Block JH 2100 Castable 
25.4 cm (10 in.)  

There @ a t e r i a l s  and thicknesses were se lec ted  based upon minimum cos t  and com- 
p a t i b l l f t y  with the  hot s a l t  envim-nt. 



2.3.4 Cold Tank 

The cold  tank is a carbon steel shell with c x t c r m l  irasrnlatisn (aha 
Plg. 2.3.4-1). It uses tk s a  m t a f f a l  as t k  Rae tank, brat with 
d i f f e r e m a s  i n  diwnaloars. me s k L B  fs k e p t  the as t he  h o t  
tank to reduce ahell f ab r i ea t ioa  coats .  k r p c ~ r ,  tk cold tank sklL 
is sbrter thaa the hat tank rkll d e  to  a lack  of in t e rna l  i~ taula-  
t ion ,  h i g k r  salt dens i ty  1914. &/s3 (119.5 1b/ft3), no a t t i c  a& 
reduead ulL%e space ( s i w e  there  are w liwr accordion plcees l a  the 
cold tank). 

rp of t h e  key tank d imas ions  f r  given below: 

Ins ide  d f a m t e r  25.2 a (82 %t 7 in . )  

L n ~ l d e  b i g h c  12.2 a ( 4 0  f t  O in.)  

S a l t  - 
b x  v o r 9 d a  s a l t  height 18.9 a (45 f t  B l  in.) 

k r i d r t o l  s a l t  height 0.4 (E6 in. 

Wax salt height 11.4 a (37  f t  3 an.) 

@in ullage height 0.N a ( 2  ft 9 i a . )  



The cold tank i s  big enough t o  hold a l l  of t he  s a l t  f r m  both the hot 
and cold tanks i n  t he  event  t he  hot tank must be shut d o n  f o r  repa i r .  

The key m t e r i a l s  used i n  t he  cold tank a r e  the same a s  t h e i r  counter- 
p a r t s  i n  t h e  hot tank, but the  i n su l a t i on  thicknesses a r e  g rea t e r  be- 
cause ex t e rne l  i n su l a t i on  i s  much cheaper than i n t e r n a l  i n su l a t i on ,  s o  
t he  cold tank  cos t  opt imizat ion t radeoff  r e s u l t s  i n  r e l a t i v e l y  more in- 
su l a t i on  and l e s s  heat  lose.  This has the  added advantage of increased 
f reeze  pro tec t ion  i n  t h e  cold tank ( r e l a t i v e  t o  t he  hot tanks)  where 
t h i s  could be @ore of a problem. The ma te r i a l s  and thicknesses a r e  
s m a r i z e d  i n  Table 2.3.4-1. 

TabZe 2.3.4-1 CoZd T d  lclatsriaZ8 and l'hickne88es 

The in su l a t i on  attachments and the  water coolad foundation a r e  the  same rr 
f o r  t h e  hot tank  (except f o r  t h e  a l ready  noted dinaensional d i f f e r -  ancar) .  

The con t ro l  ry s t eo  f o r  t he  thermal s torage  system is  r e l a t i v e l y  simple; 
a s  shown i n  Figure 2.3.5-1, s i x  a u t m a t i c  con t ro l  loops a r e  required i n  
addi t ion  t o  or rof f  func t ions  f o r  pumps, valves, t r a c e  hea ters  and the  
sa l t  w l t e r .  

During s teady  s t a t e  operat ions,  s a l t  is supplied t o  t he  rece ivar  from 
the  cold s a l t  swap (valve r108) and t o  the  steam generat ion subsystem 
from t h e  hot s a l t  sump (valve %07). S a l t  r e t u r n i w  from tha  tower is 
s teered  i n t o  e i t h a r  the  hot o r  cold salt  tanks d e w d i n g  on i ts  tampar- 
a tura .  These valves a r e  a l s o  used t o  a a i n t a i n  the  s a l t  l e v e l  i n  the  
hot s a l t  co l l ec t i on  tank a t  t he  o u t l e t  of t he  receiver .  

The s a l t  l e v e l  i n  each s m p  i s  cont ro l led  using valve 603, f o r  hot s a l t  
and valve 104 f o r  cold s a l t .  I n  each case,  valves C03, #04 r e ly  on 
g rav i ty  head t o  feed each sump. 

In  a n  in tegra ted  s o l a r  t he rna l  p l an t  ustng a  d i s t r i b u t e d  d i g i t a l  con- 
t r o l  r y s t m ,  con t ro l  of the t h e m 1  s torage  r y s t m  w i l l  be in tegra ted  
with t he  con t ro l  of t he  receiver ,  staaa generator and the  r e s t  of t he  
plant .  The in tegra ted  cont ro l  system w i l l  i n c l d e  opera tor  con t ro l  
s t a t i o n s  (GBT Terminalas) i n  the  con t ro l  r m ,  ~ricroprocessor-based con- 
t r o l l e r s ,  p r i n t e r s ,  loggers, da t a  s torage  e q u i w n t  and i n t e r c o n n ~ c t i w  
da t a  highways a& w i r i t p g .  This d i g i t a l  con t ro l  equip-nt w i l l  i n t e r -  
face  e l e c t r i c a l l y  with t h e  t r a n d u c e r s ,  v a l e s  and pmps  of t h e  t h e m 1  
s torage  system a d  o the r  subsys tm i n  the  plant .  



Collect ion 0 
From 
Tower 

- 
S t a  

Tha microprocasaorbaeed c o n t r o l l e r s  u f l l  bs Ins t a l l ad  i n  cquipmnt 
racks that may be loca ted  i n  the  cont ro l  buiPdim o r  I n  1.k viePnity sf 
t h e  a q u i m n t  be%% eaa t ro l l ed .  En ei ther  caae, t h e  coertrel lcrs  f o r  
t h e  tkml r t a r a g e  system ~ k l  p r o h b l y  he l ~ e a t e d  Ln a rack that in- 
clUdas e o ~ t r o l l e r s  %or o the r  sub ry r tma ,  a w h  a s  the s t e m  generat ion 
r y r t m .  

h p a d i w  oa the? supp l t e r  of t h e  d i g i t a l  con t ro l  rg r t ea  b r d v a r s ,  a 
s f a l e  r & c t o p r ~ c e r a o r - k d  e a a t r ~ l l e r  m y  he ra conkrcl b e h  tk 
ateam genera t ion  subsystem a& bhe t b m a l  s torage  aubsyrtaer, o r  dedi- 
ca ted  c o n t r o l l e r s  m y  be used fo r  each of the  id iv id roa l  cont ro l  loops. 

A s s m i %  t h a t  a d i s t r i b u t e d  d i g i t a l  c a n t r o l  ryetam is ietcluded in the 
p lan t  f o r  c o a t r o g L i q  the rece iver  and t he  seeam generator  ( h t h  of 
which requi re  mote c a p l e x  ccn t ro l a  t b n  t h e  t k m a l  s ta rage  rubsys- 
t e r ) ,  tk e o s t  of t he  a d d t t i o m l  Lnp~lc/oaatput cards  a d  con t ro l l e r s  fo r  
the s to rage  system i s  e s t i m t e d  t o  ?xz m a  mare than $20,800. 

hLaferemc t o  tb T& s u h y r t m  s e h m e i e  (Pig. %.&I) r b s  tha t  fa a 
typieaE applleaeLosa tk f01Paem ~ m w m n t s  are also required: 



a )  Q f p i a *  
b) Valves* 
c )  b p s  
d) Sumps* 

e. S a l t  melter  
f .  S a l t  reprocessor 
g. Instrucnentation 

* I n e l d i n g  t r a c e  heat iag and insulat ion.  

2.4 TES COST MALYSES 

The objec t ive  of t h i s  study was t o  develop a c o s t  est imate f o r  t he  corn- 
rnercial s i z e  Them1 Energy Storage System described i n  Sect ion 2.3 of 
t h i s  report .  The ground ru l e s  f o r  t h e  est imate a r e  given below: 

a )  This f s  an est imate,  not  a f i rm fixed pr ice  bid. While vendor 
quotes were highly des i r ab le  f o r  the  major c o s t  items (e.g. tank 
s h e l l s )  they a r e  not mndatory f o r  a l l  i t a s .  J u d g e e n t  and expe- 
r i ense  ( including t h e  SRE) vas ured where appropriate. 

b) Tucson, Arizona was assuroled a s  t h e  s i t e .  

c )  Current d o l l a r s  (1982 $) were used i .a . ,  c o s t  i f  p lan t  were t o  be 
b u i l t  today. 

d )  It was a s s m d  t h i s  i s  the  f i r s t  plant .  

e )  The SRE da ta  was ured ca re fu l ly ,  a s  much of it should k an upper 
bound f o r  a big tank  (e.g., manhours t o  i n s t a l l  1000 brick) .  

The major components of the  TES which were costed separa te ly  a r e  l i s t e d  
below. 

Hot Tank 
Cold Tank 
S i t e  Preparation 
Supporting Equipsent 
S a l t  
Operations and Maintenawe 

For each item, the following cos t  f a c t o r s  were considered: 

Raw ma te r i a l  
Shop f ab r i ca t ion  ( i f  required)  
Shipping 
Construction labor  t o  e r e c t  

A l l  overhead, G&A, p r o f i t ,  engineering cos t s ,  and construct ion manage- 
ment c o s t s  were included i n  the  es t imates  s o  t h a t  the  bottom l i n e  rep- 
r e sen t s  t h e  e s t i a t e d  p r i c e  t h a t  a s o l a r  plant  p r i m  cont rac tor  would 
have t o  pay f o r  a ctmplete TES subsystea.For each major component, a 
c o s t  breakdown by t h e  subcmponents itemized below was used. 

Hot Tank -- 
a) Foundation ( ineluding water cooling,  tunnel ,  ca s t ab le  i n su la t ion )  



b) S k l l  ( i m l d i *  b r i ck  s k l v e s ,  a w h a r  nuts,  b m a l a t i ~ a  r i ~ s ,  tap,  
l e a k  t e s t i n g )  

c )  Brick (ilafiludim ~ o a a r ,  hole  d r i l l i w ,  a t e )  

d)  Liner  ( i c l c l u d i a  anchor pleces,  f o i l ,  f l a t  deck suppsrta ,  n ia  
l e a k  t e s t i n g )  

f )  Mscr l l aneoue  ( i w l u d i n g  i n l e t  a d  o u t l e t  pipes,  ullage gas aanage- 
m e a t ,  I n s t r m e n t a t i o a ,  l adders ,  e t c )  

Cold T a d  

a )  Fourrdation ( i m l u d i a  water e m l i n g ,  ca s t ab l e  i m u l e t t o n )  

b) Shell ( i n e l d i e  i n s u l a t i o n  r ings ,  top, l e ak  t a s t i n g )  

d)  Misesllaneaua ( i x l u d i n g  t a l e r  a& o u t l e t  piper  u l lage  gar aanagc- 
@eat, i n s t r n a n t a t i o n ,  Ladders, atc) 

b) Excavation f o r  foundatibnr 

c )  Construction, e l e c t r i c ,  water,  air 



S a l t  - 
a) Working S a l t  

b) b s i d u a l  S a l t  

c )  S a l t  La pipes  a d  sumps 

Operation and %in t ename  

a )  Maintenance and r e p a i r  work 

b) Operating power c o s t s  

2.4.1 Mater ia l  Costs 

The c o s t  of t h e  i n s u l a t i o n  ma te r i a l s  t o  bu i ld  t h e  system was obtained 
by quotes  f r m  s u p p l i e r s  based on t h e  types and a m u n t  of m a t e r i a l s  rc- 
qu i red  by t h e  p r e l i r i n a r ~ r  drawings. The d a t a  a r e  presented on Table 
2.4.1-1. 

2.4.2 Tank Costs 

A request  f o r  a budgetary e s t ima t e  along with a t ank  s p e c i f i c a t i o n  was 
prapared and a n t  t o  P i t t sbu rgh  - k s  Noines Corporetion and G l i t ch  
F ie ld  Se rv i ce s  Company. Both e s t i m t a s  considered t h e  t ank  s h e l l s ,  ex- 
t e m l  i n s u l a t i o n ,  and t h e  f o u n d & t i ~ a s .  T b  estiaette Prm G l i t c h  F ie ld  
Serv ice  i n c l d e d  t ho  b r i c k i a ,  abehor,  shelves ,  a d  l i n e r .  The c o s t  
l i s t e d  i n  Table 2.4.5-1 a r e  considered tha most r e a l i s t i c  values  from 
t h e  two a s t i m t e s  and e x p e r i e w e  g a i m d  f r m  t h i s  program. 

The TES s p e c i f i c a t i o n s  were r e n t  t o  Ol in  Chemical Compatlg slaw wi th  a 
r a q m r t  f o r  et budgctarg c o s t  e s t i m t a .  Ol in ' s  rosponaa of May 1982 is  
a s  f 0 1 l . o ~ ~ :  

I. The c o s t  of 25.0 M pounds of O l in  So l a r  N i t r a t e  S a l t  i nv@ntow,  de- 
l i v e r e d ,  c h r g e d  and p u p a d  i n t o  t ha  warn s t o r age  tank  of the  
LZWe povar p l an t ,  Tucson, AZ,  a t  550'F is  ineluded &law. k- 
priding upon t h e  n m k r  of days de s i r ed  t o  charge t h e  a a t e r l a l ,  
e i t h e r  a 1HW o r  W n a t u r a l  g a s / o i l  f i r e d  rsleltcr is requi red .  I t  
is understood t h a t  t h e  n a t u r a l  gas f o s s i l  f u e l  r equ i r ed  f o r  t h e  
nnelter w i l l  not be provirled bv Olin. 



1. Liner Imoloy 
8W 

2. Foil Stafdess 
304 

3. Insulation 
9FI C 2 Z  
Brick & 
Ze lie 
*rftar 

k t m c n  
-bra= 
b Brick 

Ja has- 
h1a~vi1 ls 

- -  

*All prices fwlde fret~& 



Cost Contingency Tota l  
($ / lb)  ($ / lb)  ($ / lb)  

- S a l t  (F .O.B.  Hanufacturing P l an t )  t .15 $.15 

- T r a ~ s p o r t a t i o n  c o s t s  in?h.ding $. 041 
f r e i g h t  from plan t  t o  end of r a i l -  
h a d  and ra i lhead  t o  u t i l i t y  s i t e .  

- E q u f ~ n t  a d  labor  serv ices  f o r  $.060 
b lendim arad raelting operat ions in- 
cluding por tab le  s torage  f a c i l i t i e s .  

- Miscellaneous including product loss ,  t.005 $.005 
r a i l  c a r  demrraga ,  e t c .  

The followiag itera p r i c e s  were required t o  provide a c m p l e t e  TES cos t .  

The pipe l i n e s  required were i den t i f i ed  from the  TES sc l remt ic ,  Fipura 
2 . 1 .  A f l w  of 480 N Z E t  r equi res  l i n e s  of O.h (12 In)  d i m t e r .  
Sckaedule 10, 316 SS pipe war used f o r  tha high teapa ta tura  sa'.t and 
earboa r e c e l  p i m  was used f o r  t h e  low t m p a r e t u r s  sal t .  The s torage  
layout used locaras  tha hot s u p  and raprmessor  c l o s s  t o  bsth tanks. 
Crorr t i e  liraer kcween tanka were l a i d  out  f o r  miniam d i r t a m a s .  
Line c o s t s  eonsidered heat  t r r c i q  i n su l a t i on  a d  lagging. @ s t  of 
aLec t r i ca l  s q u i p ~ n t  f o r  t ha  heat t r ac ing  was a l s o  i ~ ~ 1 u d e d .  

Valves *re a r smed  t o  be .%a (12 i n )  with below saa l s ,  High teapara- 
t u r e  valves w i l l  be s t a i n l e s s  cons t ruc t ion  ($37,000) and low tampera-  
t u r a r  r a lves  w i l l  be mild e t e e l  bodies ($27,000). 

The hot s a l t  pump se l ec t ed  i r  a v e r t i c a l  can t i l eve r  type with no bear- 
ings o r  r e a l 5  I n  the  s a l t .  The requirements a re :  

F ~ C H  0.11 m 3 1 ~  (1700 gpa) 
Neat Rise 21. &a (80 f t )  
S a l t  Tamp 566'C (l05O0F) 
M t o r  74,6 kW (100hp 

T k  pump a d  motor pr ices  were estimated by Lawrenee Pump Company a t  
$26,000. Mded t o  t h i s  v a l w  was t h e  cos t  of associated e l e c t r i c a l  
e q u i p n t  . 
The s m p  was s i zed  f o r  l i n e  d ra in  back and l i q u i d  i n t a r f ace  ve loc i ty  
t h a t  is co81prtible with autslsatic cont ro ls .  The sump s i z e  was 2.4 m 
8 f t )  d i m t a r  and 3.0 a (10 i t )  i n  height alhd t h e   ater rial was 316 
r t a i n l a r r  stec L. 



The TES e o r t  is daEal1ed i n  Table 2.4.5-1 . "Wle t o t a l  coat  of 13  EII- 
l i o n  d o l l a ~ s r e l a l e s  t o  10.8 $ i W  27.1 $/We f o r  the Q80 
(12W m e )  s t a r a r  sub ja t - .  
the r e s u l t s  of a a t d y  mde fa 1979 ( f rn tarml lp  Pmtulatcd T b m P  
Storage Spat- magr-1. r t d y  uaa f o r  Pa-cs s i r e d  ryat-a kt 
a x t r a p l a t i -  t h e  sysEan cost dawa eo a 8260 WhC 8 L t s  msulead i~ a 
predicted s t o r w e  c o s t  of 6.0 f / m h t  a d  l4.9 $ / W e .  War t h  th ree  
i a r a r v e a i a  p a r 8  in r f la t taa  h~ k n  aqpmxi-taly 25 w r c a a t .  TMs 
preaant s t d y  b s  a higher a a t i m t d  ease d u  t o  b t t a r  & @ f f @ i t i a t  of 
aaeh a a w e t  of e b  a t o r q a  spseaen. Xt a b u l d  h weeel t b t  tb salt 
s torage  s y r t m  is a i g n i t i e a n t l p  charpr r  than othar  t m e r  of otar&gr. 

Evaluation ahens t h e  oparsekoo a d  =Qlbnee~=r ra re8  f a r  t& r e o r e @  
syst- i r  r-11. me owra t io - l  coart i~ rgsprcximtely O.W3$/kMw, 
The p s t e a n m l  and ease EB maI~tag~1 tk starage systaa ara ~.fa~IFgemB. ao 
r por t ion  of th t o t a l  s js ta .  p-p, wear, E E M ~  bd26L*8 ~ w 1 a 1 ~ t  
b a t  r e j e t l a n ,  amd inatr-atatBe~o arr th oraly porE%oa@ of s b  a y e t m  
wMeh raqumrc aaabntemm@. 



Fibrous Inrulatioa to Sheathing 

mterior Inrulation 

Ier5 t r w a t a t l o n  
h l a n t  r r j ~ c t i o n  





me germsral o b j e c t i v e  o f  t h i s  t a s k  was t o  perform a l l  of t h e  develop- 
~ a e n t  work requ i red  t o  b r i n g  any c r i t i c a l  component up t o  a s t a t e  of 
r e a d i n e s s  f o r  s u b s e q ~ n t  TES a d  SBE des ign  a d  f a b r i c a t i o n .  Based on 
o u r  previous  m l t e n  salt and l i q u e f i e d  n a t u r a l  gas (LNG) exper ience ,  
t h e  o n l y  c r i t i c a l  c m p o e n t s  i n  t h e  dual-tank molten salt s t o r a g e  con- 
c e p t  a r e  the  'Encoloy 800 f  l e x i b l e  cor ruga ted  membrane ( i .e . ,  t h e  l i n e r )  
a d  t h e  i n t e r n a l  i n s u l a t i o n  used i n  t h e  hot  tank. Theref o r e ,  t h e  pur- 
pose of t h i s  d e v e l o w n t  prograa  w a s  t o  d e f i n e  t h e  s p e c i f i c  d e t a i l s  of 
l i n e r  a d  i n t e r n a l  i n s u l a t i o n  d e s i g n  ( i n e l u d i n g  f a b r i c a t i o n  t echn iques )  
t h a t  cou ld  wi ths tand ehe hot  s a l t  t h e m a l ,  c o r r o s i o n  and p ressure  cyc l -  
ing  env i ro=nts  over  a 30-year s e r v i c e  l i f e  wi thou t  f a i l i n g  o r  leak- 
ing ,  a d  them t o  v e r i f y  t b t  d e s i g n  {and its s e r v i c e  l i f e )  by p e r f o m -  
trig i n t e r m l l y  i n s u l a t e d  eubassembly t e s t s  wi th  hot  s a l t .  Th i s  was 
a c c m p l l s h e d  by p e r f o m i n g  c y c l l c  l i f e  tests of t h e  l i n e r  element f o r  
p r e r r u r e  and f a t i g u e .  

By d r f  i n i  t i a n ,  t h e  t e r n  " c r i t i c a l  component" a e a n s  a  cosapownt whose 
pmpci. f-?&Lion is e s s e n t i a l  t o  o p e r a t i o n  of t h e  e n t i r e  system. Tker 
tern " d e v e l o p n t "  i m p l i e s  t h a t  t h i s  cortlpownt has  not  p r a v i o u s l y  h e n  
used i n  t h e  s p e c i f i c  c i r c m s t a n c e r  of t h i s  a p p l i c a t i o n  ( i . e . ,  mol ten 
m l t )  a d  t h u s  raquirara s m  d e v e l o p e n t  work be fore  i t  c a n  ba used. 
h c h  of t h e  warlour c a p o n e n t s  ( o r  r u t r m p o n e n t e )  i n  our  TES (and SBE) 
aubsyrtara d e s i g n  eoneapt  have! k e n  I n  i n d u s t r i a l  use f o r  saany years .  
f a  f a c t ,  most of t b m  have been used I n  a o l t e n  s a l t  a p p l i c a t l o d s  (Tabla 
3.0.1-1) and t h u s  need no f urcher development. 

Hater-- l e d  
h & r e  t e  
Foundations i 

Pww, Valves,  
P ip i%,  b n t r o l s  

Draw  sal t  b e  bean urad f o r  h e a t  t r e a t m n t  of 
metal  s i n c e  t h e  t u r n  of t h r  centupy. It (and 
HITEC) i s  a l s o  c o m a n l y  ured aa a heat  t r a n s f e r  
f l u i d  i n  i d u s t r y .  Hol ten s a l t  Ls urad i n  o u r  
f low loop and i n  o u r  s o l a r  r e c e i v e r  SRE. 

Carbon steel t a n k s  a r e  r o u t i n e l y  used t o  ho ld  
draw s a l t  f o r  h e a t - t r e a t i n g  a p p l i c a t i o n s  a t  
t e n p e r a t u r e s  up t o  320 t o  370°C (600 t o  700°F). 

Have been used t o  suppor t  t a n k s  holding hot 210°C 
(400°F) o i l .  

Rout inely  used i n  i n d u s t r y  f o r  salt  ( n o t e  t h e  
use  of c a n t i l e v e r  p m p s  f o r  t h e  hot  and co ld  
s a l t  t o  avo id  s e a l  and bear ing problems. ) 



The i n t e r n a l l y  i n su l a t ed  hot  s a l t  tank h a s  not  k e n  previously used and 
t he r e fo re  it ( a d  its c o ~ p o n e n t s )  a r e  t he  only d e v e l o p e n t  Issues. The 
p r i n c i p a l  concerns about  t h e  hat  t ank  revolve a b u t  che central Issue 
of leak-free p e r f o n a a ~ e  f o r  up t o  30 years  i n  a  cyc l i c  eharpe/dis -  
charge hot  r o l t e n  salt e n d r o m n t .  One i t e m  t h a t  is not a ~ l a j o r  coa- 
c e r n  f o r  this d e v e l o w n t  program is t& hot  tank  h a t  loss .  T b  mate- 
r i a l s  and hea t  t r a n s f e r  pa th s  a r e  r e a s o ~ b l p  w e l l  known and predic tab le  
( t o  wi th in  tbe usua l  e n g i w e r i n g  accuracy) by computer modeling. 

The purpose o f  t h c  1iwr 1s t o  keep t h e  molten s a l t  from coming i n  eon- 
t a c t  v i t h  any o t h e r  part of tb tank,  awl since it has never h e n  used 
i n  a molten s a l t  a p p l i c a t i o n  before,  i t  g m l i f i e s  as a c r f t i c a l  ccapo- 
nent  i n  wad of d e v e l o v n t .  T k  Techatgat l i n e r  bas, hawver, Seen 
used ex t ens ive ly  by t h e  l i q u e f i e d  n a t u r a l  gas (LG) i d u s t r y  i n  LNG 
s to r age  tanks  f o r  s h l p s  and land depots.  This  l i n e r  has a l s o  h e n  used 
on s e v e r a l  a p p l i c a t i o n s  a t  e leva ted  teapera tures  up t o  450'C (840°F). 
A c loreup  p i c t u r e  of t h e  l i n e r  i s  s h a m  i n  Figure 3.0.1-1. Although 
t h e  i n t t r m l  i n s u l a t i o n  has a l s o  not  hprrn used i n  a molten s a l t  appl i -  
c a t i on ,  r e f r a c t o w  b r i c k  of t h i s  g e w r a l  type b s  k e n  used f o r  years  
i n  o the r  high-temperature app l i ca t i ons  (c.8. f u r m e e s )  and i n  t h i s  
application i t  vill be pro tec ted  from t h e  s a l t  by tk lLncr. The hot 
tank arteel shell and e x t e r n a l  i n s u l a t i o n  a r e  b s i e a l l y  t h e  saaa a4 for 
t h e  cold tank. 



En view of t k s e  cons idera t ions ,  t he  l i n e r  and t he  i n t e r n a l  i n s u l a t i o n  
have  been i d e n t i f i e d  a s  t h e  only c r i t i c a l  cmponents  i n  t h e  TES ( o r  
SRE) system i n  w e d  of d e v e l o v n t .  The l i n e r  i d e n t i f i c a t i o n  is  f a i r l y  
obvious. &cause t h e  l i n e r  i s  designed t o  be f l e x i b l e  and t ransmit  t he  
t h e m 1  and pressure loads  t o  t h e  s h e l l  through t h e  i n t e r n a l  insula-  
t i oo ,  t h e  i n s u l a t i o a  perfomance under loading a f f e c t s  liner perfor- 
=me ,  s o  t h e  i n t e r n 1  i n s u l a t i o n  is a l s o  i d e n t i f i e d  a s  c r i t i c a l .  

E t  r u s t  be emhas ized  t h a t  t he  fund-ntal reason t h e  l i n e r  and i n t e r -  
n a l  i n s u l a t i o n  have been s e l ec t ed  a s  c r i t i c a l  is t h a t  t h y  have not 
previously been used, e i t h e r  s epa ra t e ly  o r  together ,  i n  a  molten s a l t  
appl ica t ion .  Based on 16 years  of Technigaz experience with LNG Liners 
and t he  t h o u s a d s  of hours of  l i a r t i n  Mar ie t ta  ma te r i a l s  test da t a  i n  
hot  s a l t  enviro-nts, w e  a r e  confident  t h i s  approach is t echn i ca l l y  
sound. 

The d e v e l o p ~ n t  programs described i n  t h e  f o l l o w i ~  suboect ions were 
used t o  resolve a l l  unce r t a in t i e s  aseoc ia tad  with using a  l i n e r  and in-  
t a r m l  i n s u l a t i o n  i n  a  hot s a l t  envi roment .  This  program c lo se ly  
p a r a l l e l s  t he  LPlG l i n e r  d e v e l o p e n t  program success fu l ly  used bf 
Technigaz. This  program cons is ted  of t h r ee  a a i n  e laaents - - l iner  deval- 
o m n t  ( a c t i o n  3.1). i n s u l a t i o n  d e v e l o p e n t  (3.2). and i n t a r n a l l y  in-  
su l a t ed  subassmbly  t e s t s  (4.0).  

Tha dewelopeme prograa began with t h i s  rubtaok. Tke ob jec t i ve  oras t o  
de te rn ine  a a i n b o u a ~ o s t  l i n e r  design with a 30-year r a rv i ce  l i f e  i n  
t h e  TES. m a r e  a r e  t h r e e  possible f a i l u r e  m d c s  f o r  t he  l i ne r - - s t r e s s  
(through overpressur iza t ion  o r  overexpansion) c a u s i q  e r a c k i q  o r  cor- 
rugat ion co l l apse ,  f a t i g u e  (through overexposure t o  c y c l i c  pressure 
loadings)  causitlg cracks,  and cor ros ion  (through overexposure t o  hot 
s a l t )  c a u s i q  weakness, c racks  o r  holar.  

By design, t he  only l i n e r  a r e a s  t h a t  a r a  s t r e s s e d  o re  t he  corrugaeiona 
and t h e i r  i n t e r s e c t i o n s  (knots) .  Crack propagation I n  t hc  l i n e r  i r  
e s s e n t i a l l y  Timitad t o  t h s e  a reas .  b r r o s i o n  can, hov@vcr, occur any- 
where, ineluding t he  welded j o i n t s  h t m a n  l i n e r  panels ,  and can & 
acce le ra ted  i n  the  presence of s t r e a s .  

b y  one ( o r  combimtion)  of t h e r e  f a i l u r e  modes may u l t ima te ly  lead t o  
a  l e ak  i n  t h e  Liner; thus  t he  condi t ions  under which these  f a i l u r e s  may 
occur must be de t ewined  I n  t he  development program. The Liner is  de- 
signed t o  s t a y  w e l l  away from these  f a i l u r e  l eve l s .  The c r i t i c a l  envi- 
ro-ntal f a c t o r s  t h a t  a f f e c t  these  condi t ions  and t h a t  t he r e fo re  d r ive  
th l i n e r  design a r c  (X) chemical composition of s to rage  f l u i d  and i ts 
cor ros ion  po t en t i a l ,  (2 )  temperature of s t o r age  f l u i d ,  ( 3 )  maximum 
pressure of s t o r age  f l u i d ,  (4)  n m k r  of loading!unloading cyc l e s  and 
s e r v i c e  Li fe  requirements, (5)  temperature d i f f e r ence  between l i n e r  and 
s t e e l  s h e l l ,  (6) t h e m a l  expansion and s t n t e t u r a l  r e s i s t ance  of t he  in- 

i n s u l a t i o n  and pressure vesse l ,  and (7)  abras ion  of l i n e r  
aga ins t  i n t e r n a l  insu la t ion .  



One of these f a c t o r s ,  n a k r  of loadf@/etnlo&f% cycles, is substan- 
t i a l l y  less i n  t h e  'PES application Ehan i n  an L W  applfcetion (oppra r i -  
m t e l y  50,mO f o r  the  f f smer  versus  up t o  60 ,WS0W f o r  t h e  l a t t e r ) .  
A n o t k r  f m c o t ,  maxi- ~ K C I % U P @ ,  is s-ilar f o r  t h e  t w o  a p p l f c a t 8 a w .  
nPc r-aiarbns f a c t o r s  are gewraL1y awrrc sewre i n  t h e  FES a p p l t c a t l a n  
t h a a  i n  t h e  tE a p p l i c a t i o n .  

I m o l o g  $00 was s e l e c t e d  as tk h i w r  w t a r f a l  k e a u s c  of its gmd 
s e m w e h ,  c o r r o e i s a ,  a ~ d  f a t f g w  p r o w ~ i e a  Ln e h l s  molten s a l t  enw1- 
-=at. Rats d e c i r i o a  vas h ~ d  u v a  t b m s a a d a  of kornrs of m a t e r i a l  
test data at 566°C (1650'P) i n  m l E c n  salt  g e m r a t &  uader a m t h e r  
s o l a r  e m ~ g  p r o g r a  at &=in Narfaeta .  The l i n e r  t h i c k ~ s ~  udbh k 
1.27 (0-0s in.), ao Ew~play  800 @bats  of t h i r  thfcknese can ba 
r s a d i k ~  famed v t t h  e c r r ~ r t l o a s ,  the prea8ifted peak stress l e v e l s  f a  
s e r s i c e  are a c c e p t a b l e ,  and f e  bs e%oae t o  tk custoaaaq L K  walw of 
1.20 am (0.047 in.) w k r a  t h e r e  Ps a m a l t h  s f  l f w r  r x w r k e w e .  It f . ~  
fmpmant tht t he  l i n e r  be l i q u i d - t i g h t  ower its s e r v i c e  l i f e .  A leak 
voultm same salt t o  flaw i n t o  tk f e a t e s ~ a b  ipaaalation aad rsltLmtcly ta 
t b  steel a h e l l .  If u m o r t e e t e d ,  t h i r  would obwiourly cruse %any pro$- 
Zcme, a w h  as h i g h - t ~ p @ r a t u r e  of the  skl l ,  shell cor ros ion ,  increased 
t a n k  h a t  Boers, pe-wnt dmaga t o  tb i n t e r m 1  Pnru la t ion ,  a t e .  T b  
r i s k  a% p o t & a % i i l  leaks f n  tb I&-r is radcaead t o  the lowest pstiaekbla 
lewal by Leak t r a t i w  e a e q  i n c h  of @warn m%d an -onfa lea!- 
test mazthQQ, a& by e x t e n s i v e  f a t f g w  tcs t iq  a t  (a& a h v e )  r~aftstfe 
l ead  PaveL~. Pa additioa, &CE%V@ l e a k  dat&s%iola wtboda w i l l  h urea 
duriw roPar plane, oparaeiopn r o  t h a t  i f  r %ask s b u l d  davalnp, %he tank 
c a n  be arbt dam &a& reprkrad. Paraoaa&P saPary Is prowidad by e d i k e  
ara"s& t h e  task. 

Tank liners used for I&% aa,pllcations are c u s t m r r i l v  ~ a d e  of 304 
stainless steel, which i s  unsuitable far use at elevated temperaturps 
in a sa l t  envi ronmnt .  I n c o l ~ ~  800 has a higher vie ld  strcsx, 
[SLO HFa (45 k s i )  than 304 250 PfPa (36 k ~ i ) ] ,  is available in 
s%iqhkly thicker sheets 82.27m B0.05Q i n .  1 versus 1.2- (0.1147 xn. 1 l 
end has lower e l o n ~ a t i o n  I S  g>ercen$ vsraue 55 g s r c s n t .  Recause of 
these dissimilarities, for-ility tests were conducted by TeehwFqaz. 

The e l o w a t i o n  of t h a  s w c i f b c  b~blrch of Encsloy 8W used on ehts  pto- 
g r a a  eras 54 p e r c e a t  i n  t h e  t r a n s v e r w  d l r a c t i o a  and 335 percent  in t h e  
PonglterdSnal ralled d i r e c t i o n .  The cod1 fro@ which t h e  ske ts  were 
t aken  had k e n  s o l a t i a n  annealed a t  1205°C (2250'F) r a t h e r  chan %Re 
n a m a l  1038°C ( 1 m " F )  used for 1.M (0.046 i n . )  t h i c k  mate r ia l .  T k  
higher  amaPLm t m w r a t u r s  g e n e r a l l y  i m r c a e s  e l o m a t i o n  and dc- 
c n a s a r  tewile s t r e ~ t h .  T h i s  t e c c i p t  of Eracoloy @W with the higher 
a a w a 1 i w  EemgcrrEure was coitbcldeme. B o m f w  k w t s  and angles with 
t h i s  m t e r i o l  was a c c e p t a b l e ;  h m v e r ,  the aeiaimm al lowable  e l o M o t l o n  
v a l u e s  are noE kmm. Future usage of IneoPoy 8068 f o r  a I b w r  shoald 
a s r u m  tkt the a b w e  e l o w a t i o n  v a l w r  arc wr: or repea t  f o w ~ b l l i t p  



Sample kno t s  and angle p i e c e s  ( see  Fig. 3.1.1-1) were formed of both 
Incoloy 800 and 304 s t a i n l e s s  steel. 

Knot Corner Pfoce 

Figwe 3.1.1-1 Liner F o d n g  Configurations 

Cmpar i son  o f  t h e  p r o f i l e s  of t h e  c o r r u g a t i o n s  of b s t h  m a t e r i a l s  i n d i -  
c a t e d  very c l o s e  c o r r e l a t i o n ,  w i t h  both showing s l t g h t  v a r i a t i o n  f rorn 
t h e  t h e o r e t i c a l  p r o f i l e .  Measurement d i d  show a spr ingback c o n d i t i o n  
i n  t h e  Incoloy 800 as shown i n  F igure  3.1.1-2. 



2- Q.08 in.) (1-@MI, Urge a r rugre fon  
h (.Pa in.) (I-m), S U P  m r r u ~ t i o n  
h (0.0 in.) (3W), brge md S d L  &rrugaefas 

F i g .  3.3.1-2 CQ -@o% 

An amlyslr OB the rbaidual farr i te  @@emten$ war aade on 18W rampL%e fn 
o d e s  to B @ t @ m B m  eala warkiw @%feet@. hs id l aa% f s t r i t a  $oateat te- 
-dad ak a eoaBtanr: 0.02 far rketts  bfose Bamtw, a f t e r  Pemfw is 
kmt, r ~ d  ia a mot after fatigue cyePfm had h e n  perfomad. 

Vtekarr ha&mrs meawrcwwts Mrr eahw f n  the smLLer radiuo X-i3@3 
l i w ~  kmrs sad a ~ l e  plecea ta gat an &@timaas a% eakd work eauw 
plae@. me ralarer oZ t h a w  o@a@uraraarnts a& the X chaw@ dw &a cord 
wrung are gima is Table 3.1.1-1. Tbw wa$w@ empare very  favor- 
ably w i t h  @ @ ~ L m t a d  waluas far 304 rer in%srr reee l  a& ar r  00 earprs f a r  
camern w k a  emparad to aa aecepkable va lue  @if 3%. 

not N i n  

eormrl@@ qaeaskioa h s  already h a m  purswd in o the r  WE-spowared 
progrmr eodwthsd by grrrfn mristta a d  Undid ,  h s u l e e  of r k  AGB 
mare ZZ mterkal c-aelbllzty tests prowfdsd .a bsfs  far oa lact i sn  of 
I e o t o y  as h k  prlmrg 18mr mkar%aP cadLdste, a k w a  it u & @ m a t  
afni-1 csrrssdwe degradation d u r f q  10% ttem h%gh-r-peraeurc! sarvfea 
up to 5WQC (P075@P). 



3.1.3 L iner  S t r e s s  Test ing 

A buckling t e s t  o f  l i n e r  c o r r u g a t i o n s  and kno ts  was performed on 1.20 
mn (0.047 i n . )  t h i c k  304 s t a i n l e s s  s t e e l .  Although t h i s  t e s t i n g  was 
not  performed under t h i s  c o n t r a c t ,  t h e  r e s u l t s  a r e  presented because i t  
suppor t s  t h e  s e l e c t i o n  of t h e  l i n e r  des ign  parameters.  S t r a i n  gauges 
were placed o n  t h e  t o p  and s i d e  of t h e  l a r g e  c o r r u g a t i o n  a s  shorn  i n  
Figure 3.1.3-1. The smal l  c o r r u g a t i o n  had s t r a i n  gauges placed on each  
s ide .  

Figus  3.1.3-1 Serain Caqes Instat led on 
Large Corrugation 

The t e s t i n g  took p l a c e  a t  room temperature  wi th  s t a t i c  p r e s s u r e  on t h e  
membrane being g r a d u a l l y  inc reased  t o  1.96 MPa (280 p s i ) .  The panel  
began t o  c o l l a p s e  a t  t h e  l a r g e  c o r r u g a t i o n  a t  approximately 0.39 MPa 
(56 p s i ) .  The smal l  c o r r u g a t i o n  mainta ined s t r u c t u r a l  i n t e g r i t y  up t o  
1.19 MPa (170 p s i ) .  A photograph of t h e  buckled membrane i s  shown i n  
Figure  3.1.3-2. 

The t h i c k e r  m a t e r i a l  used on t h i s  program w i l l  i n c r e a s e  t h e  buckling 
s t r e n g t h  of t h e  c o r r u g a t i o n s ,  but t h e  l o s s  of modules a t  e l e v a t e d  tern- 
p e r a t u r e  w i l l  s l i g h t l y  reduce t h e  bucking s t r e n g t h .  A nominal d e s i g n  
p ressure  of 0.3 MPa (43.5 p s i )  was s e l e c t e d ,  t o  provide a f a c t o r  of 
s a f e t y .  It should a l s o  be noted t h a t  t h e  membrane w i l l  be backed up by 
t h e  i n s u l a t i n g  f  i r e b r i c k s  and t h e  c o r r u g a t i o n  ends  will be  c o n s t r a i  ned 
which w i l l  f u r t h e r  enhance t h e  membranes s t r u c t u r a l  r i g i d i t y .  



d.'"t8~ H.3d .&Fa 
(280 poi)  heseue  

A n w b r  of f a t i g u e  t e a t s  were per fomad on 1-lnar a l ~ a c n t s .  Tlic I tmr 
Ls subjected t o  t r o  types of fatigue loading in s a r v l c a ;  s a l t  pressurn 
Loads due to fiLPdng and d r a i n i n g  t h e  t ank  each day  a& t h a m a l  anpan- 
s i o n  loads. The l a t t e r  c o n s i s t s  of omall amplitude diurnal t@aperotmre 
variations, H a q e r  ampli tude ( b u t  loqer frequency) eaapsra tu re  varia- 
t i o n s  due t o  v a r i a t i o n s  in t h e  weather (such a s  s t o m s ,  clouds ,  ate). 
and f i n a l l y  e o a p l a t c  tank csald~rsn E s  ambient temperature  for fnspac- 
tfbn and aaiabananea. m e s e  var iae tona  are diffisule 6 0  q m n t i f y  i n  
general s i n c e  they  w i l l  depend upon solar plane speckties a& wwathar 
k b v f o r .  Far t h e  purposes  of ehfs aeudp, we have adopted e h  fellow- 
it% dd69gn e n v i r o m e n t s :  

Flu id  pressure :  0-6.3 %Pa ($3.5 psi) once 
per day f o r  30 years 

Lf n e r  t k m a l  expansion 700-839R (800-1050°F) once 
p e r  day fo r  30 years 

The Liner was r e s t e d  i n  t h e s e  fat:gue envfromnrs in a s e r i e s  of tcs% 
of e v e r  i n c r e a s i n g  realism. Ve began with a set of tests on t h e  smll 
elements d s a c r i k d  above. S i x  d i f f e r e n t  klnds of t e s t s  were run: 

1) BiaxiaP knot s r r a i n  t e s t s  a t  room t e m p r a t u r e .  
2) U ~ i a x i a l  angle piece s t ra in  tests a t  room temperature.  
3) Knot p r e s s u r e  tests at ram t e a p e r a t u r e .  
4) h g l e  plece p r e s s u r e  t e s t s  a t  r c a  temperature. 
5) BkaxiaP knot s t r a i n  c e s t s  st 566°C (1050sF). 
6) Unfaxfal angle piece stradn tests at 566'C (1050°F). 



3.1.4.1 &a Temperature F a t i g w  S t r a i n  Tes t s  - Two knot samples 
f a m e d  f r m  Incolov 800 were f a t i g u e  t e s t e d  u d e r  elongat ion.  The knot 
m t e d a l  rp21s 1.27 & (0.050 in . )  ;hick. Table 3.1.4.1 below shows t h e  
n s u l t s  of t h e  t e s t i e  a d  a cmpar i son  t o  d a t a  previously obtained by 
Techaigaz on t h e i r  304L s t a i n l e s s  s t e e l  LNG l i n e r s .  F a i l u r e  were def ined  
as crack i n i t i a t i o n .  Crack propagat ion through t h e  material o f t e n  t a k e s  
cot ls iderable  more cyc les .  

TabZB 3.1.4-2 &tot P a t i v  Test IZesuZts--Roam T q e m  

The f a t i g u e  l i f e  of t he  1-800 and 304L sampler cstapara reasomb,ly wal l  and 
f a i l u r e  occurs v e l l  above t he  n m k r  of o p e r a t i w  cyc l e s  an t i c ipa t ad .  

3.1.4.2 - A f a t i g u e  s t r a i n  t e r t -  
e a c h i m  vaa adapted t o  p e m i t  rad ian t  h e a t l w  by e l e c t r i c a l  hea t e r r  

up t o  5Q6'C (1050°F). 'Phrer knot s a ~ l p l a s  were t a s t e d  a t  t h i s  tecspera- 
t u r e ,  u d a r  ~ I I B Z I ~ ~ ~ W O P L I  coapression along tvo a x i s ,  using d i f f e r e n t  
s t r a i n  l e v e l s  f o r  rack r m p l a .  The t e r t  praccdura uaad was; 

o  heat rkaaple t o  566'C (1050°F) 

a  cyc le  under m i n t a i n e d  temperature 

0 Visuat  i n spec t i on  a t  r egu l a r  i n t e r v a l s  u n t i l  appearance of f i r s t  
crack 

The r e s u l t s  of t h e  knot tests a r e  shown i n  Table 3.1.4-2 and t h e  loca- 
t i o n  of t he  cracks a r e  depicted i n  Figure 3.1.4-1. 







Fatigue t e s t & =  per fomed a t  roam t a p e r a t u r e  c o r r e l a t e s  very W B L  a i t h  
tests rplm at ~ P e v a t e d  t a p e t a t u r e s .  Phis I&iea t e$  thers  is no appre- 
c i a b l e  e f f e c t  of h igh - t eawr r tu re  c n  c k  f a t i g w  k b r i o r  aP the l i ~ r  
el-nts.  

It is rea l i zed  t h e  t h e  c r e e p - f a t f g a  fa%Pum of the l i e r  e l e m a t r  
were m a t  t es ted .  h e  t o  the aempleatitg of tkwa s h a p  a n  am1ytPcal  
cva l l ta t ioa  cam not be prfemed. m e  L a q a  mrgLa Ln f a t i g u  l i f e  
r h v e  tk requihcd l f f e  gZms c c & f d c x e  tkt a 3 b j e a r  Pffc of tk 
l t n e r  is possible .  Aa e m l m t i o a  s f  t h e  e r r e p f r t i g =  l i f e  is ad- 
dressed i n  M p d i a t  I. The historgr cf s- h l g b - t m p r a t u r c  applicr tfow 
of t h e  l i n e r  @ W e d  no p r e b l m  a t t r i h c e d  t o  ereap. 

Tb* putpose of there t e s t s  was t o  e t s a l u t e  t h e  f a t f g w  h b w i a r  of 
Imo log  8QO I f m r  elmeats u&cr cpeHfc pressure. Thk mx1- praseurn 
t h e  e lemtrcs  would a x p r i c m e  i n  H I B U L ~ ~  ~ B L P T W P C ~  w u l d  b 0.224 Wa (32 
p s i )  a& tk aaumbr of p m r s u r r  c y c l a ~  & p p m r l m t a ~ p  LP,W. Uder 
test t h e  ala-ats  @era subjaeted t o  eyc l%ca l  prasrlrrt ~ Q M Q ~  0 a& 8.3 
NPa (4& pe l )  at tcmwratknre f o r  a aazrfmm of 190,W cycles. To 
i n w r t i g a t a  t he  afEaet of i ~ e r l l a t i a m  Lmceuracles  ar dlrcoaeirrrnity of 
h (0.8 In . )  a& h ( . l Q  in . )  PBII p a ~ o s e l y  naLnerPm& Pa tk kck-w 
ruppsrt  for sePwted  a l m e n t s .  

"Pa test@ Sara aat parfcmd at  clawatad t m m r a t u r e r  bearuse t h t  l iaar 
a d  telb r t t e d a a e  bnrr91@ei~ br ick  srmetar@ *UP& k t $ ~ @ t e d  B R  ehts 
manmr i n  t k  1 ccubtc aa,@eer t a r s .  

Po run the  ttart, t ~ a  samples a r e  i n a t r l l e d  a t  th@ s m  ti- fa  a tart-  
it@ e h s s b r  h f l l e d  wick water, me egel lc  prasruta is appllad oa tb 
c o r w e t e d  oida by m a e r  of r watar p i s e ~ a  wturtad by a hydraul&% jack 
wMch i s  eoae ro l l sd  by s rerva leap. 

Tha smplaa wrc L n ~ t a l l a d  rmd t i g h t l y  wldad l t b  wldr were r a k i r t a r i  
go tFbs a-ala t e s t )  OBI D supp~(PPk, a d  haler -mrcdril$ad u d a r  each 
rmpPa,  A c rack  through is detwrad a d  c p c % % e  I r  s topwd  as smw or  
a water f l b v  Ls detsered.  

M t e r  t h e  cmplae fon  of the  tarts, .a dye chaek t r  carried out  on e l1  
t h e  s m p l e r  t o  f i nd  e r e e n t ~ l  n c w a n e t r a t i w  creeks. 

m e  r e s u l t s  of t h e  k m t  e l e m n t  pressure t e s t$% La s b m  i n  Table 
3.1.4-4 and t he  e r ack  lo sa t ions  f a  Figure 3.k.4-3. T k  s e  da t a  for  
a a l s  pfecc e l m a t s  f a  given P n  Table 3.1.0-5 a d  Figure 3.1.4-4. 



0 - 0.3 m a  . 150 000 c y c l e s  

i n s t a l l e d  with a 
t e s t  stopped a t  
150 000 c g c l c e  

- - - - -  
i n s t a l l e d  with a test e t o p w d  at 

__..1_1_1- 

i n s t a l l e d  with a 107 005 c y c l e r  

* 

Tha gap 1 s  aafntafned 
by a h t h i c k  gauge 
i n s t a l l e d  under one 
of t h e  four  f e e t ,  

I n s t a l l e d  with a 

put under one of tk 
four f e e t ,  d u r i a  a l l  





T&is 3.1.4-5 Ang7a Piece Prassure Te5t  a?esuLts 

0 - 0 . W a  a p p l i e d  d i r e c t l y  on  t h e  test stopped a t  
( 0  - 44 ps i )  150 000 c y c l e s  

0 - 0.3MPa 
( 0  - 44 p s i )  

i n s t a l l e d  wi th  a 1- t e s t  stopped a t  
gap f r o e  t h e  f l a t  150  000 c y c l e s  
support  

0  - Q.3Ma i n s t a l l e d  wi th  a 2mm 
(0 - 44 p s i )  gap f ro@ t h e  f l a t  

t e s t  stopped a t  
150 000 c y c l e s  

8 - 0.3NBa 
(0 - 44 p s i )  

i n s t a l l e d  v i t h  gaps test stopped a t  
of 2me and h e  a t  t h e  150 800 c y c l e s  
same t i a c .  Gap aa in -  
t a l n e d  d u r i w  a l l  t h e  
t e s t s  by means of gauge 
welded a n  t h e  support  

&ga 2 rn 
Thick 

Remarks I 
no l e a k  
one non- 
penetra-  
t i n g  l e a k  

no l e a k  
no c r a c k  

one non- I 
p e n e t r a t i n g  
c rack  

one t i m e  
c r a c k  
k g i n n i w  
on one of 
t h e  two 
samples 



T b  r e s u l t s  of the r t r a i n  r e s t s  on tb knots a r e  shorn i n  Figure 
3.1.4-5. It can be seen t h a t  t h e  fatigue l i f e  of the knot is w a l k  
above tkre required v a l e s .  The elrvaeed temperature s t r a i n  t e s t s  gaw 
e s s e n t i a l l y  t h e  5- r e su l t s .  We  pressure t e s t s  were a l l  conducted a t  
0.3 NPa (43.5 psi) saaximm load, and var i a t ions  i n  a n u f a c r u r i n g  tolcr- 
a m e s  on t h e  wall smoothness were simalated. It was feud that there  
wre no through cracks i n  any of the  e l m a r s  a f t e r  l50,OQO eycLes of 
t e s t i n g  f o r  reasonably serwth walls.  An abrupt  dfscoat fnuf ty  of 2 a d  
4 mra under one of t he  f e e t  of a knor redmad the f a t l g w  life t o  
187,OW a d  334.000 cyc le s  respect ively.  The f a t i g w  t e s t i q  of linsr 
eleaasnts has s h ~ w n  that t he  I imr  should withstand the design loads f o r  
a a m b e r  of cge le s  that Jar exceeds t h e  r equ i r ema t s  f o r  a hot tank at 
a s o l a r  p l a n t .  



b p l i t u d e  of 
Elongat ion f o r  
S i n g l e  U r g e  
Cor ruga t ion  
(-1 Requi re rea t  f o r  

0.5 Dai ly  Temperature A 
Variations 

Tes t  
R e s u l t s  

0 
No 
Cracks 

Nurober of Cycles  

Figure 3.1.4-5 ILnot Fatigue Test ResuZts 

Another bey e lement  i n  t h e  a c c e p t a b i l i t y  of Incoloy 800 as t h e  molten 
salt s t o r a g e  t a n k  l i n e r  i s  its w e l d a b i l i t y .  Technigaz has  17 y e a r s  ex- 
pe r ience  welding 304 s t a i n l e s s  s t e e l  l i n e r s  f o r  LNG a p p l i c a t i o n s .  They 
were t h e r e f o r e  s e l e c t e d  t o  e s t a b l i s h  welding t echn iques  a d  require-  
@ a n t s  f o r  4-800. The r e s u l t i n g  requirements  a r e  s e t  f o r t h  i n  Technigat  
r e p o r t  11,258,20 CZ/QI, da ted  Feb. 12, 1981, t i t l e d  I n s t r u c t i o n s  For 
Welding of Membrane Tanks U d e  of Incoloy 800. The process  set f o r t h ,  
r e q u i r e s  u s e  o f  t h e  t u n g s t e n  e l e c t r o d e  i n e r t  g a s  process  u s i n g  d i r e c t  
c u r r e n t .  The i n e r t  g a s  s p e c i f i e d  is 99.995: pure  Argon c o n t a t n i n g  l e s s  
than  10  ppm wate r  o r  oxygen. Gas f low rates, va lues  For c u r r a n t  and 
v s l d i e  r a t e s  are s p e c i f i e d  f o r  v a r i o u s  t y p e s  of welds. 

Performance o f  t h e  welding of t h e  l i n e r  was e n t r u s t e d  on ly  t o  q u a l i f i e d  
welders. m e s a  welders  were checked p e r i o d i c a l l y  i n  accordance wi th  
procedures set f o r t h  i n  t h e  a b v e  mentioned r e p o r t .  Each welder was 
requ i red  t o  have a welder  r e g i s t r a t i o n  b o k  which t h e  c o n t r a c t o r  regu- 
l a r l y  updated as  t o  t h e  t y p e s  of weld f o r  which q u a l i f i c a t i o n  ware 
granted.  

Included i n  t h e  r e p o r t  i s  a l is t  of  approved m n u a l  and au tomat ic  weld- 
i n g  equipment, and approved e l e c t r o d e  and f i l l e r  mate r ia l .  

The e f f e c t  o f  weldlag o n  t h e  c o r r o s i o n  rates of Incoloy 800 was eval-  
ua ted  under  t h e  ARC Phase I1 c o n t r a c t .  It was found t h a t  t h e  welded 
a r e a  had a s l i g h t  i n c r e a s e  o f  c o r r o s i o n  r a t e  as compared t o  a n  unwalded 
s e c t i o n .  Tha t a n s i l c  s t r e n g t h  o f  welded s p s c i a e n s  were a lmost  i d c n t i -  
c a l  t o  p a r e a t  m a t e r i a l  a f t e r  exposure  t o  a o l t e n  sal t  a t  580'C (107S0P) 
throughout t h e  t e s t  p e r i o d  of 10,000 hours. T k  welding of t h e l i n e r  is 
o u t s i d e  t h e  h igh  stress a r e a  o f  tk knots.  Thus t h e  welding is not con- 
s i d e r e d  t o  have a n  e f f e c t  o n  l i n e r  l i f e .  



An important i s s u e  bn the  i n t e g r i t y  of t h e  m ~ l t e n  s a l t  s torage tank is 
e l i r i m t l o n  of salt leaks.  . h l y s i s  and t e s t i n g  was pcrfo-d t o  de- 
t e m l n e  a%alt.cn salt flcv r a t e s  under pressure a d  a t  w i a -  o w r a t % %  
t m p a r a t u r e  (566°C <l05Q0P)). 

It i s  poss ib l e  t o  d e t e w i m  t h e  c r i t i c a l  hole s i z e  ( t he  s~~lgLIest  h01e 
through which molten salts can pass) in r,k liner based oa  the capi l -  
l a r i t y  theory. m e  f a m u l a  used Is: 

where : D - d i m t e r  of t he  hole I a  = t a r s  
A = au r f ac r  tens ion  o f  tb 1ipufd Mevton/Keter 
8 = Angle fonened by t h e  l i qu id  a& the  s o l i d  sur face  
P = pressure  f a  Pascak 

For moltea salts: 

the re fo re  : D c r i t L c a l  = 1.5 x BB 

Thir  ho le  r i e c  i s  s m l l e r  than the  alnfmm s i z e  of crack through the 
Xmoloy 805 Liner ~ t e r i a l ,  which m a n s  t b t  cracks La the i n t a r m a  
1Lmr e a a  &a detec tad  by l e a b g c  of the msEtsa salts. 

Terer -re tua t o  & s t a m i n a  @oBtea s a l t  flow r a t e  uader variable pres- 
sure  through holes  of v r r y i ~  surfhlcc a rea  w b n  a t  the mximw earv lcs  
ternperaturn of 566'C (1050'~"). m e  r e s t i s  apparatus 1s s h ~ v n  i n  
Pigura 3.1.6-1 



Air P r e s s u r e  

E l e c t r i c  
Oven 

The r s ~ l t e n  sal t  p a s s i m  through t h e  h o l e  i n  tb liner material is co l -  
l e c t d  i n  a smll cup. The a o l t e n  sal t  c o l l e c t e d  i n  t h a  cup eltab-- 
l l sbs  a n  electric c u r r a n t  between the  two a t t a c h e d  a l e e t r d e s .  

The r e s u l t s  o f  t h e  t a s t i n g  perforged is  shorn  i n  Figure  3.1.6-2. For 
t h e  mallest h a l e  t e s t e d ,  ( s u r f a c e  area of 0.014 in.2 [ l  x 10'5 
a2]) L t  has  been v e r i f i a d  t h a t  qu ick  d e t e c t i o n  is  e a s i l y  aecomplirhcd 
u r i ~  a n  a m n i a  g a r  procedure ( d a s e r i b d  I n  mora d e t a i l  i n  S e c t i o n  5.) 

S e v e r a l  a r t h o d r  o f  d c t a c t i q  s a l t  l e a b g e  through tlna l i n e r  i n t o  t h e  
b r i c k  are poss ib le .  

a )  Teaperature  e a a r u n m n t  Qn t h e  t a n k  s k l l  w i l l  I n d i c a t e  a g r a d u a l  
i n c r e a s e  o r  t h a  b r i c k  t h e m s l  c o d w t a n c e  is i n c r e a s e  due t o  t k i r  
b e i w  saturated wi th  a o l t e n  salt.  

b) I n f r a r e d  scanning of t h e  t a n k  s k a t M n g  w i l l  d e t e e e  any shaa tM* 
tempara tu r r  i n c r e a s e  which r a r u l t r  Eroa a n  I n e r e a r e  r h l l  teaswra- 
t u r e .  

c )  k a s u r e w n t  of t h r  e l a c t r i e a l  r e r i s t a n c a  of  p a r a l l e l  wirer e a n  da- 
t e e t  l e a k s .  M l t e n  s a l t  i s  e l e c t r i c a l l y  co&uet iva ;  t h u s  i n r u l a t a d  
p a r a l l e l  w i  res ( I  .e. woven g l a s s  i n ~ u l a t e d  t h e m m o u p l r  wi re )  w i l l  
charno from a n  open c i r c u i t  t o  e a r  e a s u r a b l e  conductance when 
s a t u r a t e d  w i t h  m o l t e n s a l t .  

&nr  of t h e s e  methods g i v e  a qu ick  l w a l i z e d  d e t e c t i o n  o f  a leak.  The 
electrical r e r t e t a n c e  c h a w @  of wires c a n  m c u r  a t  any p o i n t  alo- t h e  
wires .  T e s t i m  t h i s  eoaeep t  is  nccessarqr t o  d e t e m i m  its accuracy. 
Relying u w a  t h e  temperature  m a s u r e m a t s  of  th s h e l l  o r  s b e t i n a  
w i l l  d e t e c t  a l e a k  o n l y  w k a  s e v e r a l  square  f m t  of b r i c k  have been 
s a t u r a t e d  w i t h  molten salt.  Wowewar this is  adequate  t o  d e t e c t  l e a b g e  
which could c a u s e  a r u p t u r e  of t h e  t a n k  sbll .  



Surfaca &@a of cha &Ha  LO-^ ma2 

&teas&= testfw was perfom& oa inearm1 i n s u l a t i o n  =rer ia l  c a d i -  
dater. Sm~n d l f f a rene  LasulrtB* f i r@brie% mearisls udarweae  wart- 
oos gbscs  of molten salt: c ~ r e i b l l i r y r  a d  cmprersLwe rtrewth tes t -  
iu@ k h w e n  Jam, 1980 a& M y ,  1981. The three p h r c s  of Ear tLng 
iklcldd: 



- V e t  c rush  t e s t  with samples i m e r s e d  i n  molten s a l t  a t  566OC 
(1050''P) and under a cons tan t  cmpres s ive  load of 0.24 HPa (35 ps i )  

- D r y  crush t e s t  with s m p l e s  kept a t  a teapera ture  of 566OC (1050°F) 
and under a cons tan t  cmpres s ive  load of 1.05 MPa (150 p s i ) .  

The r e s u l t s  of the  molten s a l t  compat ib i l i ty  t e s t i n g  p b s e  i s  given i n  
Table 3.2-1. Upon caaple t ion  of t h i s  phase of t e s t i n g  Johna-Manville 
f i r e b r i c k  a a t e r i a l a  Jii 25 and JPI C22ZSL shoved t h e  least degradat ion I n  
t h e  oo l t en  s a l t  envi roment .  

Table 3.2-7 P a o Z t a .  SaZt C q a t i b i Z i t y  Test Results 

F i r s t  Ind ica t ion  
of Degradation 
Af ter  StarE of 
Test (%nth@) Appearance 

i Krilite 26 

Kri l i ta  55 

S w e  Cracks, 
No Swelling 

Cracks, 
Some Corners 

I Gone 

j h e  Cracks, 
Some Carnlers 

j G ~ M  

/ &my Crack., 
; Swollen 

Swollen 

Tota l  Tes t  
Period 
(Months) 

Same as Month 3 

Wo Apparent 
Change I 

Sme ar  month 4 

Efo Apparent 
e h a a e  

Same a s  won- , a  4 

I 
Elore Cracks, 
Svollen Wsrre 

%any Cracks, 
Very Swollen 

The wet crush t e s t  was i n i t i a t e d  two rnanths a f t e r  t h e  s t a r t  of the coa- 
p a t i b i l i t y  t e s t t a g  a d  was run coacurrent ly.  Weights were placed on 
each s-ple i n  t h e  oven t o  provide a cons tan t  load of 0.24 MPa (35 p s i )  
a t  566'6 (1050'F). The r e s u l t s  of t h i s  t e s t  is given i n  Table 3.2-2. 
Znspectioa of the f i r e b r i c k  samples, upon c m p l s t i o n  of t he  t e s t ,  indi-  
ca ted  t h a t  a 25 and Jn C22ZSL bs t  claaintairwd t h e i r  s t r u c t u r a l  fnteg- 
r i t y .  



T a b k  3.2-2 wee C m h  ~ m t  Reskctb 

k obviaus cracks 

CracM, mssl bLa fracture 

.% obwlous cracks 

Few SLPght cracks 

Cracked a d  swellan; Ecll spa= 

b - B  on tRe re~uler af the cmpotibBPity a& vet cruah castfa, Pour 
IaaQl- mtcrtrl ca&idrcas e r e  selectad to t r d a ~ a  a high teaper@- 
tura, hlgh l a d  crush test fm a d q  anwfromnc.  S r p l c r  sf JM C22E%SL, 
J'M 23JL, 225 a d  .JH 28 wera p l a e d o n  each r a p l e  ea p r o v i d ~  a csn- 
stant 1.85 ma (150 psi) ahad. T%e Bb 23SL rmpka c r u r k d  into p a d a r  
attmin one to tvo minuter after start of &k test. Three days l a t e r  
the 25 s-pla was &QU& in t h e  8- ~~ditiaeh. The other bw sm-  
p l s r  re-imd la the awn andar Lo&& foe C Hi%, mwehrs. Uppgan r%%oval 
from the  oven $t war faud that tk 2 4  28 rampla f r ~ t a r s d  alk tb 
way through but b d  saot cmrhed. T h  3 4  C22ZSk @a@pl@, hwew@r, &bawd 
as erafk~ or Lracturer. although i t  had e x w r l s w a d  r small a m n t  of 
gemnenc &&%a-tion. me result of this gstallaalm~ test @habe 
elearly i&$cattd that SN e22ZSL insulatbm flrebtfck was the kart 
mt@rtrl. &nwquaatlp, this sat~rirE was eelacted to pmnde~o addi- 
tiam1 tartiw udar the Qlltaetioa of: Technigaz: persoawl. 

&$Pent &@@EL -re parfamad csa a Reundrsfbald kbra tag"b  m & ~ k l i ~  and 
hb~lm-t@aparrturr t e s t s  ow an fapseroea Mckim with ea oven d a p t ~ d  to 
it. W stress serrPn eurm was haeord@d for o ~ h  smpBs a& cmpre~srlrr 
$tre=tBO m a  datamiwd E r w  tk first rbrwe slap@ c b w a  i n  %he cur= 
(sac Pig. 3.2.1-1). Samplss wera SO (1.57 in.) c u k s  a d  three f r m  
each of 10 bricks @era tasted at aablent a d  oa: hdgk-teaperature t o  dc- 
temlsae cmpressire strcath e t l c s q  e&h axfs. de~aiLeB bcouP%s of 
a11 Pirebrick tests are i m f d a d  1n &padkx B. It beeea ~ ~ x l d e d  
fram r b m  Ecsts t b t  cmpressivc sFrcwth does aot raw wtth anis 
dfrectfon and Lr a150 uaaffettad by iwcmrsed fcmpcraturc. %be riaiaua 
cmrrssisrs strsqth of any sapla in the ttcse was 1.6 %Pa (232 psi) 
vhdckp Ids mw t b a  f i w e  ti-+ e k  streeth rrquf red far this applhca- 





Samples of 40 ma (1.57 fn.) c u k s  *re cur  frm 6 br icks  a d  ccrtaQ foe 
c m p r e r s i v e  s t r s q t h  u d e r  tb-l c y c l i e .  A tb-l cycle  coasbsted 
of  r a i s i s  t h e  t w p e r a t u r e  2 M " C  (bBZeP)/hamr up tc 566'6 (10508F), 
a a i n t a l n i w  t a p r a t u n  t k r e  f a r  two b u r s  &a then c o o l f q  b c k  down 
Ca r r b i e a t  t c t r ~ n t u r e .  The c-praestwe s t r a w t h  of e k  ~ m c i m m  a s  
then s h e k e l  a t  mbiemt  t m p e r a t u r e  a f t e r  3, 6 ,  9, a d  12 cycles ,  in 
oleder t o  e q a r a  t o  t h e  c a p t a s s i =  s t r e a t h  of r e f e r e m s  spec%=-. 
h a d  was always applied a l o q  e b  s- a x i s  f o r  a l l  erpeeimas. b s u l t o  
of the  test&= r b w d  no dagrrda t foa  of cmprers fwe s t r e w t h  d w  t a  
t h e m 1  c p e 1 f a .  (See 4 p d I x  I for d a c a i l d  data . )  

Flexural t o r t f w  oea JM C2ZSL was perfom& on a Shamafk T r e b l  w h i m  
( 5 t  accuracy > d b c h  -5 &aptad to g e m i t  Mgb-taapcratum t ea t s .  
Spcimens were 225 = (8.86 in.) l s w  with 25 e (1 in.]  squrh CITQIS 

s c c t i a a r .  k c h  a w c i m n  was Pod&& a s  r b m  irm Ilgura 3.2.3-1. E a l P  
of t b  e w c l = n s  w e r e  tested a t  ambfcat t w w r a t u m  trnB the ether blf 
a t  566°C (P05OmP). T a B c i ~  I n t o  aeeouat a v e r a e  v a l w r ,  t k  mxiarua 
b d i ~  s t r a ~ t b  s f  t h e  ma te r i a l  ia 6.85 %Pa (123 psi) a t  r a m  e@ap@ta- 
t u rn  a& I.%& @Pa (164 p s i )  a t  a l a v a t t d  t m p a r r t u r e .  B a t h  ere w O k  
a b m  antieipatael  & & f a  @eraso@ Iewlr. M p s d i x  B f a r  Q@ta%l@d 
data. ) 

Patigtae testiw on t h e  ffirebriek s q l a s  was p e d o m d  a t  566°C 
(10m"P). T e s t s  sf 50 a (1.96 ia. > eubie smpLes were p e r f a m d  on r 
S b m k  T E ~ ~ P  mmhf~ke adapt& for kigh-t raEur@ t a s t f m  at a cyclfe 
f r e q w m y  of 3hz. b r L w  t he  test, Qeflsctiaea w s  coa t i amur%y aotzf- 
tared a& a h  r egu la r  Lnerrvals  tk s t r s r s / r t r a f n  eurve &tween 0 a d  



t h e  s e l e c t e d  maxipauol p r e s s u r e  was checked t o  v e r i f y  t h a t  t h e  specimen 
had no t  been damaged. Specimens were s u b j e c t e d  t o  c y c l i c a l  p r e s s u r e s  
o f  0.3 PfPa (43.5 p s i )  f o r  150,000 c y c l e s  w i t h  o n l y  1 f a i l u r e  a t  147,000 
cyc les .  

The r e m i n i n g  samples were t h e n  t e s t e d  a t  0.45 W a  (65.3 p s i )  and 
reached o v e r  400,000 c y c l e s  wi thout  rup tu re .  The a n t i c i p a t e d  number of 
c y c l e s  expec ted  i n  n o m a l  o p e r a t i o n  f o r  30-year s e r v i c e  l i f e  is approx- 
ima te ly  11,000, w e l l  be lov  t h e  t e s t e d  values .  

- The average  c m p r e s s i o n  s t r e n g t h  w a s  2.5NPa (363 p s i )  w i t h  a s t an -  
dard  d e v i a t i o n  of 0.7MPa (102 p s i )  a t  room tempera tu re ,  and 2.4MPa 
(348 p s i )  and 0.4MPa ( 5 8  p s i )  a t  566'C (1050°F) r e s p e c t i v e l y .  

- There w a s  no s i g l i f  i c a n t  e f f e c t  of d i r e c t i o n ,  t e a p e r a t u r e  o r  the r -  
m a l  c y c l e s  o n  coorpressive s t r e n g t h .  

- 'Phe b r i c k  was undamaged a f t e r  145,000 c y c l e s  of c m p r e s s i v e  f a t i g u e  
testing a t  a p p l i e d  l o a d  l e v e l s  of 0-0.3 PiPa (43.5 p s i )  o r  0-.45 MPa 
(65.3 p s i )  a t  566°C (1050°F), and s e v e r a l  samples  su rv ived  o v e r  
500,000 cyc les .  

- Brick a t  566°C (1050QF) wi ths tood a c o n s t a n t  load  of 1.0 MPa (150 
p s t )  f o r  6 aon the  wi thou t  b r e a k i w .  

Samples o f  t h i e  b r i c k  were a l s o  i m e r s e d  i n  mol ten salt a t  566'C 
( 1 0 5 0 ' ~ )  f o r  6  months wi thout  any c a t a s t r o p h i c  d a a g a  due t o  chemical  
a t t a c k .  mese r a r u l t e  g i v e  conf idence  t h a t  t h i s  b r i c k  is  more t h a n  
adequate  t o  wi ths tand  t h e  l o a d s  imposed i n  t h i s  a p p l i c a t i o n .  

The vendor d o e s  no t  d e t e r n i n e  t h e  p h y s i c a l  p r o p e r t i e s  of h i s  product  
f o r  each  batch.  The vendor ' s  publ ished d a t a  are cons ide red  t o  bs of 
a-rage va lue .  The v a r i a t i o n  of b r i c k  p r o p e e i c s  b e t e e n  ba tches  is 
not  known, because t h e r e  i s  no ba tch  c o n t r o l  by t h e  vendor. The C222SL 
b r i c k  has  a  l a r g e  margin, s o  v a r i a t i o n  between ba tches  would not  cause  
a f a i l u r e .  It may be d e s i r a b l e  t o  do  sme s p o t  t e s t i n g  i n  c o m e r c i a 1  
a p p l i c a t i o n s  i n  t h e  f u t u r e .  



4.8 One Cubic Meter Test 



4.0 ONE CUBIC aTER W T  TkVK TEST 

4.1 W W S E  OF TEE TEST 

The purpose o f  t h e  test w a s  t o  e v a l u a t e  t h e  f a t i g u e  l i f e  of t h e  insu-  
l a t e d  s t r u c t u r e  under c y c l i c  p ressure ,  i n  a ho t  566°C (1050°F) molten 
salt  p r e s s u r i z e d  envirooment. The test c o n s i s t s  of 19,000 c y c l e s  from 
0.0 t o  0.3 MPa (43.5 p s i ) .  

The t e s t e d  s t r u c t u r e  used l i n e r  material, i n s u l a t i n g  m a t e r i a l  and de- 
s i g n  % d e n t i c a l  t o  t h e  TES, inc lud ing  a t y p i c a l  c o r n e r  s e c t i o n .  The 
p r e s s u r e  a p p l i e d  dur ing  t h e  c y c l i c  test corresponds t o  t h e  TES corm- 
osgrcial s i z e  h o t  tank s e r v i c e  c o n d i t i o n s  f o r  30 years .  The t e s t i n g  
i t ~ t l u d e d  t h e  e f f e c t s  o f  f a t i g u e  and high temperature  on t h e  l i n e r  but 
d i d  not  s i m u l a t e  t h e  e f f e c t s  of c r e e p  o r  c reep- fa t igue  i n t e r a c t i o n s .  
The test a l s o  d m o n s t r a t e d  t h e  i n t e r a c t i o n  of t h e  l i n e r  wi th  t h e  r e s t  
of t h e  tank. 

In a d d i t i o n  t o  t h a  c y c l i c  t e s t ,  t h e  subassembly tests included t h e  f o l -  
lov lng  : 

- E v a l m t i o n  of c o n s t r u c t i o n  methods of t h e  i n s u l a t i n g  s t r u c t u r e :  
b r i c k  and l i n e r  (welding) - Use of weld l e a k  check technique wi th  a m o n i a  - Use of proposed o p a r a t i o n a l  e l e c t r i c a l  l e a k  check technique - k m n s t r a t i o n  of t a n k  l i n e r  r e p a i r  

4.2 TEST SYSTW DESCRIPTION 

4.2.1 T e s t  A r t i c l e  

A c r o s s  s e c t i o n  of t h e  test t ank  is shown i n  Figure  4.2.1-1. The In- 
t e r n a l  volume of t h e  t ank  ( l o c a t i o n  .jf Ineoloy 800 l i n e r )  i s  lm3. 
The Incoloy 800 l i m t  i s  t h e  same d e s i g n  ( i . e . ,  t h i c k n e s s  and corruga- 
t i o n s )  a e  t h e  TES design.  The i n t e r n a l  i n s u l a t i o n  m a t a r i a l  (JN C22ZSL) 
and t h i c k m s r  L0.34 m (13.4 i n . ) ]  i s  a l s o  t h e  same a e  i n  t h e  TES. The 
s t i f f e n e d  c a r b n  a t e e l  t ank  war designed t o  wi ths tand 0.5 MPa ( 7 3  p s i )  
a t  288"~ (550BF). The cover  c o n s i s t s  of a s t i f f e n e d  carbon s teel  
s t r u c t u r e  w i t h  a 0.6 at (23.6 i n . )  d iamete r  316 s t a i n l e s s  s t e e l  h e a t e r  
errclosure welded i n t o  t h e  cen te r .  The h e a t e r  enc losure  is i m e r s e d  i n  
P a r t h e w  430 s a l t .  The 25 thewocouple  l o c a t i o n s  a r e  a l s o  shown i n  
Figure  4.2.1-1. 





The s a l t  hea ter  and tank l i d  assembly is shown i n  Figure 4.2.1-2.  The 
s t i f f e n e d  carbon s t e e l  tank without the  e x t e r n a l  i n s u l a t i o n  i s  shown i n  
Figure 4 .2 .1-3 .  The hea ter  and tank l i d  assembly can be s e e n  i n  t h e  
foreground. 

F<gm-e 4.2.1-3 Carbon SseeZ T m k  



The tank interior was prepared for installation of the insulating b r i c k  
and themal expansion liner. The internal tang details inclilding the 
brick shelves and anchor nuts are shown in Figure  4.2.1-4. Thc b b r i e ~  
insulation on the f l o o r  is shown in Figure L.2-1-5. 



The e n t i r e  i n t e r i o r  s u r f a c e  o f  t h e  ca rbon  s teel  t a n k  was l i n e d  w i t h  J% 
C22ZSL b r i c k ,  u s i n g  t h e  s h e l v e s  shown i n  F igu re  4.2.1-4 t o  s u p p o r t  t h e  
b r i cks .  Care was e x e r c i s e d  t o  l o c a t e  t h e  l i n e r  suppor t  anchor  b o l t s  i n  
mor t a r  j o i n t s .  Two l a y e r s  o f  b r i c k  were u t i l i z e d  i n  t h e  assembly.  The 
o u t e r  l a y e r  was i n s t a l l e d  v e r t i c a l l y  and a n  i n n e r  l a y e r  was p laced  
h o r i z o n t a l l y .  F i g u r e  4.2.1-6 shows t h e  assembly  p a r t i a l l y  completed.  
TWO anchor  bolts c a n  be s e e n  a t  t h e  t o p  of t h e  w a l l  and t h e  expans ion  
j o i n t  i n  t h e  middle  o f  t h e  wa l l .  

P a r t i d l y  Coun2;.le*i Iwn2atin.g Firebrick bnamLZrrC$on 

H @ a q  a q l e  p i e c e s  were installed a t  a l l  w a l l  i n t c r s c c t l o n s  f o r  r a f n -  
f o r c i n g  t o  minimize c y c l i c  a n g u l a r  d a f o m a t i o r t  of t h e  l f n a r  a n g l e  
P ieces .  F i g u r e  4.2.1-7 shows tha t a n k  i n t e r i o r  after saat of t h a  heavy 
a n g l e  pieces Rave been i n s t a l l e d .  Each angle p i e c e  1s he ld  i n  place by 
o n  anchor boLt. 



One concern  o f  t h e  proposed d e s i g n  was wear of the i n t e r n a l  Incoloy 90a 
expansfon l i n e r  du5 t o  a b r a s t o n  by t h e  f i r e b r i c k  dur ing  thema1 errpam- 
s f o n  c y c l e s .  To eliminate t h i s  concern,  the e n t i r e  br icked surface %as 
covered with a s t a i n l e s s  s t e e l  f o i l  as sham i n  Figure  4.2.1-8. 



Upon complet ion of  t h e  f o i l  i n s t a l l a t i o n ,  l a r g e  f l a t  s h e e t s  of t h e  
Inco loy  800 l i n e r  were pu t  i n  p l a c e  a s  shown i n  Figure  4.2.1-9. The 
s p e c i a l l y  f o m e d  c o r r u g a t i o n s  i n  t h e s e  p a n e l s  a r e  des igned t o  permit  
thermal  expansion and c o n t r a c t i o n  c y c l i n g  wi th  ns iniem stress concen- 
t r a t i o n  i n  t h e  l i n e r .  An anchor  p o i n t  f o r  t h e  heavy a n g l e  p i e c e s ,  the  
f o i l  a d  t h e  1-800 liner i s  shown i n  Figure  4.2.1-10. 

- 
4,2,1-10 Arzchor Point 

Once t h e  f l a t  Liner  panels were Ln p l a c e ,  t h e  c o r n e r s  of t h e  t a n k  ware 
covered us ing  cor ruga ted  a n g l e  p ieces .  A l l  ove r l app ing  l i n e r  segments 
were welded i n  p l a c e  t o  p rov ide  a t o t a l l y  leakproof  Liner  arrarsbly.  
F igure  4.2.1-11 shows t h e  e m p l e t e d  l i n e r  i n s t a l l a t i o n .  



a t e r  installation and Beak tesciidg of t ha  iabernel liner, tb tank Z%d 
with intagra1 s a l t  hea to r  was. lowered i n t o  pBac and sealed t o  the 
t ank .  % F i g  2 .  Fbe an ta r s  t s n k  ura than awaeed in tnsu- 
l a c ion  bats .  fie fully assembled and Insulated t ank  i a  ahem i n  Figurn 
4.2.1-13 pr fo r  co t rs t fmg.  The f n s u l a t i 2 g  bl&cko upaa which eha tank 
was placed rsay a l so  be seen. A eacch tank was placed uMes tk tank Eo 
ho ld  t h e  moltan salt after  dra in ing .  



An impor tan t  f e a t u r e  of a c o m e r c i a l l y  used hot  s a l t  s t o r a g e  t ank  I s  
i t s  r e p a i r a b i l i t y .  A f t e r  complet ion of t h e  t e s t i n g ,  t h e  t a n k  was 
d ra ined  and a s e c t i o n  of t h e  1-800 l i n e r  was removed as shown i n  F igure  
4.2.1-14. A p o r t i o n  of t h e  f o i l  between t h e  l i n e r  and t h e  i n s u l a t i n g  
b r f c k  has a l s o  k e n  removed. The t a n k  was t h e n  r e p a i r e d  and checked 
f o r  l e a k s ,  t h e r e b y  demone t ra t ing  a  s u c c e s s f u l  l i n e r  r e p a i r  t echn ique .  
The r e p a i r e d  p i e c e  i s  shown i n  F igure  4.2.1-15. 

Fiqluse 1.2.1-14 Liwr a d  Foil Pieces R8nro~sd 



4.2.2 Leak Decccefon System 

The a o l t e a  salt tank  was f i t t a d  with a 5  e l e c t r i c a l  Baa& detec t ion  syr- 
t .  Four l e a k  d e t e c t o r s  were Inascall& u&er t f a c  l imr i a  tk Isfa-  
t i o w  s i n  Plgure 4.2.2-1. Each d e t e c t o r  c o m f s t e d  of a -ll pen 
vhich w u l d  c o l l e c t  -1tea ml t  I n  the e w n t  of a Beak. Two ahrar  were 
routed t o  the pan @&re a c i r c u i t  m l d  be c a p P e t @ d  by the  m l t e n  salt 
if f t  l a a k d  ineo t he  pn. ms brfdge e i m u f t  was e l t d  t o  accocaat 
f o r  salt 's sa l ec t r i ea l  resistame, wtzfch ts d e p & e a t  on t m p r a t u r e .  
mis c i r c u i t  war eea=ctd t o  an a t e  t r y  brfdgc, which was io cum 
coawc ted  t o  a recorder. 

&fore  c a s t ,  a11 of t h e  limr welds m r a  leak  t e s t ed  uelng aa a-nlra 
l e ak  test mployeQ f o r  may yearr  f a r  EHG tank applicatiama. 
Thfs t r o t  ccraaiseed of applyi* r m  m o r n l a  m a s i t i v e  pa in t  t o  a11 c k  
valde aid apply%* a low pressure &-&a k t w e a  ttBa l imr  and the 
e a r b a  s t e e l  t a d .  Leaks coald be e a s i l y  da t r e t ed  s ince  t h e  yallow 
p a l a t  t u r n s  blue La the  a r e a  of r leak. 

"re t ank  p r s s ru re  war cycled u r i m  t b  s y s t m  a h -  r c h a c i e a l l y  i n  
P igum 4.2.3-1, Air Lr ds l fvamd  by a coapmrrsar a t  0.7 HPa (100 p o l )  
and is driaai t o  l r rr  than lEBZ: t r k a t l v a  h m i d i t y .  Thc p r e r t u r r  eaatrol- 
ler owns tha  valve aad al lows t b  pr@aruPa i n  tk rank t o  increase t o  
0.3 Wa pa l )  a t  vRfch poinr  the tan09 is  vaated t h r ~ u g l l  the  whau@t 
valve. r a r u l t i m  pressure waw i r  ahom Bm 4 .2 .3 -2 .  "r n m k ~  of 
eyelref a d  tha  a p l i t d e  of the cyc l e s  required e r e  d a t a m l m d  as 
shorn ka 4.2 .3-3 .  mis is i n  accodasace with the Sm p r e s e u r ~  vaserl  
coda (Appad ix  XI, A r t i c l e  IT, 1.000). 

S a l t  f i l l i -  was done a t  a t anpara ture  of rpproxiar ta ly  420CC (79Q0P) 
oJhich war aoa i tored  by th&ssocopspla 25. "Be salt suppbiad bad a06 k e n  
kca t  dry  a d  canseqwnt ly  rol l idiffad i n  eha drme. It oar  m e e a r a u  t o  
reduce tha  salt t o  podmr t o  f i t  through tk fLLllm t u k .  

The rank contained a b u t  675 l i t e r s  (23.8 f t 4 )  of s a l t .  The aaximum 
l e v e l  w a s  a few c e a t i e t e r r  from t h c  t a d  c o w r  in su l a t i on  t o  allow 
r d e q u t e  p a e m t i c  pressure  c y c l i x  d u d %  the  t e s t .  The space lcEt 
ahova the  l f q u i d  su r f ace  [assmed t o  be 110 lite:s (8.35ft3)] must be 
small t o  a P l w  a rcasonsble  cyc l ing  f r e q e m y .  It i s  worth natimg that 
t h e  cyc l ing  frsqrtency was increased during t h e  t e s t  from 860 cycles to 
1200 cyc l e s  p e r  hour. This  was because t h e  tank t m p e r a t u r e  r i s e  
c a m e 8  salt expaasion, t h r e w  r e d m i =  the  u l l age  a i r  space. 



Recovery Pan 

F i g u r s  4.2.2-1 Wtten  SaZt Leak Dstection 
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Figure  4.3-1 shows t h e  t e a p e r a t u r e  v e r s u s  ti- h i s t o r y  of the a o l t c n  
salt a f t e r  f f l l i l t g ,  a s  e a e u m d  by t k m o e o u p l e  a m b e r  6 ( s e a  Pig. 
4.2.1-1 f o r  t h r a o e o u p l c  l o c a t i o n s ) .  Table 4.3-1 g i v e s  a l l  t h e  teaper-  
a t u r e  wasurekacnts throughout the c y c l i n g  t e s t s  which began a t  15:34 
haur r  on J u l y  23, 1981. Also, t h e  n m k r  of c y c l e s  is shown i n  t h e  
r i g h t  h a d  columo. n \ewocouples  awkrs  1 and 24 were no t  working. 
T b  salt t m p r a t u r e  was u n l f o m  as s e e n  by t h e  theraroeouplrs on t h e  



liner (nos. 2, 3, 6 6 9). A t  t h e  start of t h e  t e s t  tk salt temwra- 
t u t e  was low 8540'6 ( lW&*Fj ,  k t  @as3 up to ower 56b"C CPOSO°F) by 0.0 
on J u l y  24, 1981 a f t e r  5780 cyc les .  %lac t - w r r t u r e  r e a d l m s  of char- 
m o u p l e  no. 6 ts p l o t t e d  ve rsus  t i m e  (am3 n a k r  of c y c l e s )  in Figure 
4.3-2. m e  s t e a d y - s t a t e  t empera tu res  are s oa Figure  4 .3 -3  ( a f t e r  
l8,6)03 c y c l e s  a t  11.0 hours  on J u l y  341 1981). The s a l t  t e s p c r a t u t a ,  
a s  measumd by liner t h e m e c o u p l e s  (nos. 2, 3, 6 d 91, was vary ua%few 
a t  a p p r o x i w t e l y  567°C (1853'F). Ea te  t ha t  t k m m o u p l e  13 (in the 
c o r n e r )  i s  on t h e  h e a w  awle ( n o t  tk Itme=). Aleo, t h m m o u p l e  20 
( b t t m  c e n t e r )  is on am anchor  blt u d e r  a l i n e r  cor ruga t ion .  T k  
t e a g e r a t u r e  of t h e  c a r b a  steel t a n k  v a r i e d  kteeaz 86'6 (187°F) r& 
2l2*C (414°F). The d e s i g n  t m p e r a t u r e  f o r  t he  carbra s t e e l  tank was 
288°6 (550°P). The e x t e r n a l  i n s u l a t i o n  p romd t o  be faadequate  t~ 
a a i n t a t n  t h e  d e s i r e d  t a a k  t emper r tu rn  p r o b b l p  d w  t o  t h e  ex tens ive  ex- 
ternal suppor t  s t r u c t u r e .  The e x t c r m l  support  s t r u e l u r e  a& iaeula- 
t f o n  are unique t o  t h i s  test a d  a r c  fn no way t y p i c a l  of a c o m e r e f r l  
t a n k  design.  &ever ,  t h e  lower e a r b n  steel tank t e s ~ r a t u r a  r e s u l t s  
i n  r c o n a r m & t l v e  t c s r  because there was a larger t empra tu re  
difference b t w ~ n  the t a n k  asld t h e  I f - r  than i n  ehe d e s i g n  adel. .  
TRis res.ulted i n  laser mambraw stresses ia tk l a 3  t a r t .  A s  noted 
g r e ~ i o u s l y  i n  paragraph 4.2.h t h e  p r e s s u r e  c y c l e  f r e q w n e y  twraraad 
fro, 806 t o  1200 cycles p e r  hour dwrbw %ha erst as a result  of salt 
t e n m r a t u r e  rise (expanston)  a& an a h t a d a n t  redue- t i o n  i n  uBlaae a i r  
space. k Leaks @ e r a  d e t a e t a d  d u r i w  t h e  t e s t .  

Mtar  t h e  k t g r t  wag c m p l e t r d ,  t h a  t ank  was QIPZ~@&. The task was Lhdn 
rhetoughLy claamd to  raaowa any salt  r a a a l n i a  which sight  b l a e k i w  
cracks .  The a m n i a  leak c a s t  uaa t h a n  r ~ w a t e d  and the rarulta weri- 
Pied t h e m  @&re no e r a e k s  in t h e  l i n e r .  

The o m  cubic meter r u k s s s e b l y ,  canr fs t iw of full. acrte aatoriaEs 
stwlati* t h e  a c t u a l  c m ~ r c i a l  size of tb salt storage 639~k1, was 
t e a t @ &  u d e r  eo&hQbti~as siaulatbng a service life af 30 ysass, accord- 
ing 60 the abm praSS%rkC vassal  &&@ ( A p ~ t ~ l a d i x  11, A r t i c l e  11, l.[BJa%70), 
H a e v e r ,  L C  mwr h u&atsEmd t h a t  akthaagh t h e  s t r r r o  LavaL, f a t i g w  
c y c l e s ,  aad t ampars tu rc r  @era skmukat@d, t b  e f f e c t s  of c s ~ s p  or creep- 
fatigue i n c a r a c t i o n  were not  akeulatad.  

th ev idenec  of d e f o m t i o n  of the IPfner, damage to tb I n s u l a t i o n  or  
t h e  Liner  was found a f t e r  tk test. 
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5.0 SRE Design 



The o b j e c t i v e  of t h e  SWE was t o  design, cons t ruc t  am3 t e s t  a subaeale 
prototype a o l t e n  s a l t  thermal eeneqy s torage  system (TES) aeplopt- t h  
dml - t ank  li.e., hot a d  cold tank) approach. The puQO8e of t h i s  sub- 
s y s t a  research  e x p e r l e n t  was t o  -solve a l l  desfgn, fabr ica t ion ,  
o p e r a t i o m l  a d  p e r f o m a w e  u ~ e r t a i n t t e s  assmbated  with the f u l l -  
s c a l e  TES system. To achieve these objee t tves ,  tk SB& stor-e tanks 
were designed and cons t ruc ted  using t h e  same techn igws  tha t  muPB be 
used f o r  a fu l l - s ca l e  TES system, e-g.,  f u l l - s i ze  I f a e r  panels v l t h  
welds and a t t a c h e n t s  t o  t h e  r e s t  of the tank, fu l l - s i ze  i n su l a t f an  
thicknesses,  water%oolcd concre te  f o u d a t i o n e ,  e t c .  Only the iovarrEP 
tank s i z e  was sca led  d a m  t o  s t a y  within t he  hdgetarqp cons t r a in t s  of 
t h e  SIE. The solar h e a t f a  of the s a l t  Bn a c-crcial p l a n t  was s tma t -  
l a t a d  by using a f o s s i l - f i r e d  hea ter ,  and the  c o o l l q  of the s a l t  esro- 
c i a t e d  wi th  genera t i -  stcam f o r  t he  e o m e r c i a l  plant  was simulated $ 
a n  a i r  cooler .  n e  %RE was t a s t e d  f n  a11 o p r a t i o n a l  mdas  caplcyed by 
a f u l l - s i z e  p lan t .  The ne t  r e s u l t  was t h e  t k  SRE s foula ted  a l l  as- 
pects  of t h e  design, cons t rue t ion  a d  ~ p r a t i s n  of a TES f o r  a fu l l - .  
r e a l e  p l an t ,  ~ m l y  on a = a l l e r  sca le .  

To r m a r i z a ,  tk SRE design con$ist@d of (1) on* in t e rna l ly  and ox- 
t e r m l L y  in su l a t ed  hot tank, 7 .2  a (23.6 ft) high and 3 . 2  a (12.3 f e )  
i n  s h e l l  Biameer, with a Fachnigaz Incoloy 8QO l i n e r  and a carbsa 
steel s h e l l ,  ( 2 )  one @%tarna l ly  lnsu la tad  cold tank, 3.7 m (12 f t )  h i g h  
and 3 . 7  a (12.3 f t )  l a  s h e l l  diameter,  with e c a s b n  seael s k l l ,  ( 3 )  
o p e r a t f w  temperatures of 566°C (1050°F) i n  tb hot tank end 288°C 
(550°p5) i n  t R @  eoBd tank, (4) t h e w a l  %toraga erpdaslty aP 6.9 Wht 
(2.35 x 107 ~ g u ) ,  (5 )  ereh surrounded by a r r f r t y  dike,  ( 6 )  one 
f o s s i l - f i m d  hea t e r  v i t h  a 3 M (10.4 be ~ t u B h )  s a l t  h e c t i x  
capac i ty ,  (7 )  one a f r  coo le r  of 5 W (1% a lo6  Btu/k) s a l t  coolin8 
capac i ty ,  (8) ona hot rump with a 5.7 Ed (67.5 HP) can t i l cva r  pump, ( 9 )  
one cold emp v i t h  a 45.6 kW (60  Rka) c an t i l ave r  puep,  (16) a t o t a l  of 
79,400 k~ (l7SS7OB Ib) of BOX s o d i m  nltrab@/40X potaselurn n l r r a t c  
molten salt ,  (11) a l l  = seesaw p i p i n g  and valvae, a l l  o f  whish haw 
e l e e t r k c a l  t r a c e  I teae tw,  (12) r r m i a u t c w t t c  cont ro l  ayrtear, and 64131 
eawper&tuta, prarsure and f i l l  leva1 i n s t r u ~ e w t e t i o n  a t  k@)a p ~ % r i t ~  
throughaut t he  s y r t m .  

Tka c m l a r ,  cold p w p  a& sump, a& the caPd salt valves were taken 
fronn t h e  ACE EIasa LI program. coasiderably reduced the cos t  f o r  
e h i s  program a s  well  a s  a a x i m i t i ~  c m p o w n t  r c l l a b i l f t y .  The SRE bras 
destgned t o  eaa f ly  acc  a t e  f u t u r e  i m p r o v e n t s  i n  the basbe setup. 
This  i m l d e s  t h e  poss ib le  fu tu re  add i t i on  of a a o l t c n  sal t - to-wateri  
@tea@ genera tor  ( k a t  e x c b w e r )  i n  the Poop. T h i s  heat exchanger 
would simply rep lace  (Or a u e e n t )  t h e  a i r  s m l c r  i n  t he  present  SPE 
design. It could irmcldc a p o t e n t i a l  Mokup with  t h e  Xarrin 
a r i a e t a  salt rece iver  S a .  

Br ie f ly ,  th S E  t e s t  p lan  coemshsted of (1) cold s t a r t u p  i w l d l n g  ~ i x -  
i w  of mltr, sale e e l t d m n ,  altd s a l t  l o a d i m ,  ( 2 )  rank n&at Zoas 
t @ s t S ,  b e h  s l t ady - s t a t e ,  e j c k t c  chargeldi@ehamc a d  trennslant COOL- 
down, (3)  =-1 dfarr-1 SEarLarp and rkeutcdoom teats, ( 4 )  a@eqemy 
s h u t d m  rest, (5) rafngenance exa re i s e s ,  a d  ( 6 )  cyc l i c  charge and 
d i s c b r g e  a t  a m p k r c  k t w e e a  m x i o w  r a t e  and LOX s f  mxfaw rate. 



This t a s k  involved three  -in elements--design, fabr ica t ion ,  and t e s t .  
I n  t h e  t e x t  t h a t  f o l l w s ,  there  i s  f i r s t  described t h e  ra t ionale  used 
t o  scope the  s i z e  of the  SRE (Subsection 5.1). Next is described the 
p re l i l i na ry  design of t he  S6Le and its cwpoaents  (Subsection 5.2). 
This i s  followed by a discussion of t he  SBE fab r i ca t ion  and i n s t a l l a -  
t i o n  i n  Sect ion 6.0 and f i n a l l y  t h e  SRE t e s t i n g  and ana lys i s  (Sect ion 
7.0). 

I n  v i e w  of t h e  basic objec t ive  of t h e  SEE, the  s p e c i f i c  object iv@s of 
t h i s  t a sk  v e t s  t o  (1) demonstrate design and f ab r i ca t ion  techniques f o r  

rc ia l - s ize  TES by designing and construct ing a sub- 
r ca l e  SRE aaploying fu l l - sca le  designs and f ab r i ca t ion  techniques a t  
each s t e p  ( fu l l - sca le  liner panels and in su la t ion  thicknesses,  l i n e r  
attaclnwnts, water-cooled concrete foundations, velds,  e t c ) ,  (2) demon- 
strate a c t u a l  TES hot and cold tank operat ions and procedures by t e s t -  
lug the SRE i n  a l l  modes expected i n  a c o ~ ~ l e r c i a l  operat ion ( s t a r tup ,  
shutdown, d i u r ~ l  c y c l i c  chatgc/discharge over a range of flow ra t e s ,  
s torage,  emergency shutdown, maintenaace), (3) measure tank heat  l o s m s  
under a c t u a l  opera t ioaa l  condit ions t o  ve r i fy  thermal d e l i n g  and con- 
f inm TES system perfomance predict ions,  (4) provide an experimental 
means of ident i fy ing  and resolving any unce r t a in t i e s  i n  the  commercial 
TES system, (5) provide a f irmer basis  f o r  re f in ing  cos t  estimates f o r  

rcial-s ized tanks, and (6) provide a test bed f o r  po ten t i a l  fu tu re  
long-term materials, procedures and s o l a r  system tes t ing .  

To m e e t  these objec t ives  the  SW vas s ized using t h e  fol loving r a t io -  
nale. F i r s t ,  i t  was deemed v i t a l  t o  t h e  success of t h i s  program t o  use 
exact ly t h e  SPIQ salt ,  tank materials ,  i n su la t ion  thicknasses, end 
operat ing temperatures i n  the  SRE a s  i n  t h e  TES t o  ( I )  have the  same 
b a t  10.6 r a t e  (per  un i t  B U ~ ~ ~ C I  a rea)  f o r  each element of the tank 
( r ide ,  top, bottom) t o  a i n i a i z e  the uncertainty i n  a r ea  .scaling up t o  
TE!3 s i z e ,  (2) have t h e  smte operat ing temperatures i n  each mater ia l  so 
there is no uncertainty i n  mater ia l  s t rength  and compat ib i l i ty  wtth 
molten s a l t ,  (3)  have the  sme t h e m a l  gradients  so  the  r e l a t i v e  ther-  
mal expansions of one m b e r  t o  another are tha same, evan i f  t h e  abso- 
l u t e  values caaaot  be matched i n  a subecale experiment [pa r t i cu l a r ly  
important f o r  t he  hot tank a t  t he  l i n ~ r - i n s u l ~ t i ~ n - $ h % l i  i n t e r f a c e s  i n  
both t h e  v e r t i c a l  and r a d i a l  d i rec t ions ,  and f o r  both tanks a t  (and 
m a r )  the tank shell-foundation in t e r f aces ] ,  and (4) have the  same salt 
a t  t h e  same operat ing t e p e r o t u r e s  t o  reduce any u l lcer ta in t ies  i n  mate- 
r i a l  compa t ib i l i t i e s  of p u p s ,  v a l w s ,  ptpas, con t ro l s  and s a l t  han- 
d l ing  and condit ioning equipment, leaving only component s iz ing  as a 
t a sks  f o r  spec i f i c  TES designs. 

SQcoud, t o  m e e t  t h e  schedule cons t r a in t s  of t h i s  progrsa a d  t o  artre 
t h e  prograta a s  e c o a o ~ i c a l  as possible,  v h i l e  s t i l l  achieving technica l  
s ~ c e s s ,  there  w a s  e reduction of t h e  tank b i g h t ,  taak  d i a m e t ~ r ,  salt 
f lw rates aad t o t a l  number of charge /d ischaga  cycles  f o r  t h e  SRE rel- 
a t i v e  t o  the  TIS. The priaary e f f e c t  of t h i s  reduction i n  scale w a s  
that ,  r e l a t i v e  t o  the TeS, tb SRE obviou81y has much smaller tRsmal  
s torage  capaci ty,  c h a g e / d i s c h a ~ e  rates and heat losses.  Since a l l  
tlsa matertals, thickrwsses and operat ing teapera tures  a r e  t h e  same, the 



SRE hea t  c a p a c i t y ,  h e a t  c h a e / d i s c h a r g e  r a t @  a d  hatat l o s s  race  are 
e a s i l y  and r e l i a b l y  s c a l e d  up t o  t h e  TI33 with  v i r t u 1 E y  no u m e r t a i w t p  
s i n e e  these p a r m t e r s  are known t o  k direecLp p r c o g o & i ~ m l  t o  tk 
mass of  work$= s a l t  i n  the tank,  the  aess f law r a t e  d u r t w  ehorgc/dio- 
charge ana t h e  t o t a l  t a a k  s u r f a c e  a r e a  ( a f t e r  s imple  adjuatmer~t  f o r  
p r o p o n i o n s  o f  t o t a l  a r e a  i n  top ,  s i d e  a& boctoa).  

I n  a d d i t i o n  t o  t h e  basic d l f f e r a m e r  htmcaa rk SRE and TES noted, 
(which are e a s i l y  s c a l a b l e ) ,  t h e r e  a r e  s- ocher  (and mare s u b t l e )  
comequerrces of t h e  s e a l e d  dopn s i z e .  F i r s t ,  sLme t h e  s a l t  height  a t  
f u l l  charge  was lower i n  t h e  S E ,  s o  was t h e  x x f r m  s a l t  pressure  a d  
hence Loads o n  the  l i n e r  and walls. S i x e  t h e  I l n e r  panels  were s i rmi  
f o r  t h e  TES h e i g h t  ared p r e s s u r e ,  stresses i n  Ehe SEE li lner were lower. 
Second, s f n e e  the  Sm test time was cons iderab ly  s h o r t e r  than  the 330- 
y e a r  s e r v l c e  l i f e  of  the T S  t a n k  ( 3  months vs 30 p e a r s ) ,  t h e  t o t a l  
n u b a r  of  S W  c y c l e r  f o r  f a t f g w  a f f e c t r  was eonr idcrab ly  S e a l l a r .  
B m v e r ,  t h i s  i s s u e  w a s  r eso lved  by f a t i g u e - t e s t i n g  a 1 nm3 hot tank 
rubssaeably.  The 1 m3 taatt  p r o g r a  p t d u c e d  liiaer/tennk exposure t o  
p r c r r u r a  a d  n m k r  of  c y c l e  e n o i r o a a t s  i n  excess of v b b  t h e  FES 
v f l P  axper f  axe. 

Because of tlra r m l l a r  d l m a s i o n e ,  t h e  heavec t ioa  heat  t t r n r f e r  eoef- 
f i c l e n b r  h t * @ n  t h e  s a l e  and t h e  wall ,at3 bzween  the  cxtceaaP r k a t h -  
i r n g  an8 t h e  ambiaat a f r  vos s - w b t  d i f f c r a n c  i n  t h e  SRE than  l a  the 
TB. mi@ is k e a u a a  t h e  GrarhoP tkmbar ( f o e  ~ t u r a b  convee~ion) and 
t h e  e x t e r m 1  Elaynolds n m k r  ( % o r  w i d )  was s m l l l r r .  There d f  f f e r r m @ s  
w i l l  have o n l y  r aabarll a f f e c t  on t h e  SEE hea t  t r a a r f e e  r a t e  p e r  u n i t  
a r e a ,  haw@v@r, beeauaa r o r t  of t h a  t k a m a l  r e s l a t a x e  Lr i n  shre f a a u l ~ =  
t i o a  &ad tbse  raristemes w i l l  be t d a a t i e a l .  In  rwy aweat, t h r e  d i f -  
f e r l k ~ e a r  w i l l  k accountad fer i n  t h e  t h a m a l  a d ~ l i ~  a& d a t a  ~ v r l u a -  
t i a a .  & c a u r t  t h e  hoop s t r e s r  i n  tb c r r b n  @ra@P shal l  valPs l a  
d i r e c e l y  p r o p r t i o w l  t e  t h e  p r o d w t  of s a l t  p ressure  a& sank d i ~ a a -  
ter ,  thare strerras a r e  lower i n  t h e  S M  t h n  bn t h e  FES. A t t h u g h  tk 
a b r a l u t a  valrra of ehe t h r m a l  axparasdsn g r a a h  is  lower in tk& SE, t h e  
t h e m a &  s t r a i n s  and a t r ~ a s a s  are c~mpaeabEe. b s t .  t h e  C O W C ~ ~ ~ @  faun- 
dattora Isads a d  s t r e s e a s  i n  eha SEE o r e  lomr kcanre@ of t h e  reduced 
hdadght whish cannot  be campaeratad for .  Water coo l iw t o  kasp t h e  can- 
erdate n r r t  alslb8eat r e a p a r s t u r r  war u w d .  

TRera is a p r a e t i e a l  tower limit in e b  s e a l L w  of tha SKE. Pn prt-  
t i c u l a t ,  c h s  o v e r a l l  tank Q i a e n r i o n s  c@uBd mt bs reduced $0 ch@ use of 
f u l l - s e a l a  f a b t i e a t i o a  t cehn lquer  was precluded car u n r e a e s m b l y  Lou 
p r e s r u r c r  were p r Q d H ~ ~ e d .  Thus t h e  lwer E i ~ i t s  on %E %Bate w r e  set by 
e k  raguf rea@ats  t o  p r s v i d ~  ( l ]  a f u l l - w a l e  l i n e r  pawl  (B.c. ,  w i d t h s  
a d  &..eights) f o r  eha h a t  t a n k  s l d e s ,  h t t m  a d  t o p  [a s t d e w a l l  p o ~ l  
is o p p r o x l m t e l y  P x 3 a (3 x 8 f t ) J ,  ( 2 )  sufficient i n s i d e  d i a m t e r  
end hafgbt  f o r  t h e  hot gawk s o  the liner pamB5 can k i n s t a l l e d  and 
velded by p s r s o m d l  i n s i d e  t h e  SRE tank, a s  would b@ done for t b  FES, 
(3)  s u f f i c f e n e  ha igh t  of  both ho t  a d  co ld  tank t o  get r e r r o a a b ~ e  pkcs- 
s u r e  loads on th s i d e s  and bt tw,  a& ( 4 )  ~ u f f f e b e a n t  b i g h e  OFB t h e  
ho t  tamk t o  $&L ~ e a s a ~ ~ ~ b l e  v e ~ k i e a l  t h e m a 1  expaasion gromh of the 
liaes t o  p r a p r l y  airnulate t b  i ~ e s r a c t f o n  of t h e  IPlner a& its a t tach-  
msnro w i t h  tk 2asuBation a &  skB1. 



Based on these c o n s i d e r a t i o n s ,  t h e  hot t a n k  was s i z e d  a t  7.2 a (23.6 
f t )  high a d  3.7 a (12.3 f t )  i n  d i a r e t e r  (outs:de s h e l l  dimensions).  
ThLs h e i g h t  all-d t h e  use  of f u l l - s c a l e  l i n e r  pane l s  whi le  a l s o  pro- 
v i d i w  reasoaab le  t h e w a l  expansion growth of t h e  dalls i n  t h e  v e r t i c a l  
d i r e c t t o n  and r e a s o m b l e  p r e s s u r e  l o a d s  a t  t h e  bottom of t h e  tank.  The 
a i n i r w  p r a c t i c a l  d iameter  t o  permit i n s t a l l a t i o n  of l i n e r  pane l s  was 3 
a (18  f t ) .  The t a n k  s h e l l  d iamete r  r e s u l t e d  f r m  t h i s  m i n i a m  diameter  
and t h e  b r i c k  th ickness .  The s m a l l  d i a a e t e r  a l s o  i n c r e a s e d  t h e  l i n e a r  
v e l o c i t y  of t h e  l i q u i d  s a l t - u l l a g e  g a s  i n t e r f a c e ,  which b e t t e r  s iou-  
l a t e s  t h e  TES. 

S i m i l a r l y ,  t h e  3.7 n (12.3 f t )  he igh t  and 3.7 a (12.3 f t )  o u t e r  s h e l l  
d iamete r  f o r  t h e  c o l d  tank gas used. These dimensions were s e l e c t e d  s o  
t h e  c o l d  t a n k  shell des ign  would be t h e  same as f o r  t h e  hot  tank,  t h u s  
providing a c c s t  savings .  Another important  f e a t u r e  of both SRE t anks  
was t h a t  each  used a manhole f o r  i n g r e s s / e g r e s s ,  and a water-cooled in- 
s u l a t i ~  c o n c r e t e  founda t ion ,  a s  i n  t h e  TES. 

A s  p rev ious ly  m e n t i o ~ d ,  t h e  SRE tanks  used f u l l - s c a l e  TES m a t e r i a l s  
and t h i c k m s s e s ;  o n l y  t h e  he igh t  and d iamete r  were smaller. I n  t h e  
c a s e  o f  t h e  1 t n e r  f o r  t h e  h ~ t  tank,  f u l l - s c a l e  l i n e r  pane l s  were used. 
Only t h e  n m k r  o f  pane l s  i n  t h e  t a n k  was s m a l l e r  ( t h e i r  c u r v a t u r e ,  of 
course ,  was d i f f e r e n t ) .  The SF\E used t h e  l i n e r  t h i c k n e s s ,  c o r r u g a t i o n  
g e o w t r y  and knot shapes  s e l e c t e d  f o r  t h e  TES. The l i n e r  and i n t e r m l  
i n s u l a t i o n  were i n s t a l l e d  and welded i n  t h e  SRE t ank  i n  i d e n t i c a l  man- 
ne r  t o  a f u l l - a c a l e  TES. 

Once t h e  b a s i c  SWE t a n k  s i z e s  were s e l e c t a d ,  i t  war m c e s s a r y  t o  s e l e c t  
the flow rater and h e a t e r  and c o o l e r  c a p a c i t i e s .  Because t h e  SEE t k e r -  
e a l  s t o r a g e  c a p a c i t i e s  a r e  auch smaller t h a n  t h e  TES va luas ,  t h e  SWE 
t h e m a l  c b r g e  and d i s c h a r g e  r a t e s  were a l s o  much smal le r .  A s  previ-  
ous ly  no ted ,  t h i s  was not cons ide red  a problem since t h e s e  t h e m a l  
rates w i l l  s c a l e  up d i i c ~ t l g  w i t h  t h e  f low r a t e  because of t h e  i d e n t i -  
c a l  w o r k i w  f l u f d  and o p a r a t i a  temperatures  used i n  our  system. Thus 
t h e  c a p a c i t y  of a p r a c t i c a l  and economic s a l t  h e a t e r  beam@ t h a  d r i v i n g  
f u n c t i o n  f o r  t h e  f low r a t e  s e l e c t i o n .  Bssed on a survey of vendors,  a 
3 KW (10.2 x lo6  Btu!h) f o s s i l - f i r e d  h e a t e r  was s e l e c t e d .  Th i s  
h e a t e r  i s  a l a r g e  salt h e a t e r  having a d e s i g n  t h a t  has h e n  produead 
and t h a t  i s  reasonab ly  economical i n  both e a p i t a l  and ~ p e r a t i n g  c o s t s .  
Since t h e  purpose of t h e  h e a t e r  was t o  s imula te  t h e  s o l a r  r e c e i v e r ,  
t h e r e  was no a t t empt  eo go i n t o  a development program f o r  f o a s i l - f i r e d  
salt h e a t e r s  i n  t h i s  t h e w a l  energy s t o r a g e  system program. The e x t r a  
r i s k  and c o s t  would have added l i t t l e  i n  value t o  t h e  program. A t  a 
s a l t  temperature  rise of 278@C (500°P), t h i s  h e a t e r  can  h e a t  a maximum 
sal t  f low r a t e  o f  25,335 kg/h (55,738 lb /h ) .  Th i s  f low r a t e  was suf-  
f i c i e n t  t o  c m p l e t e l y  c b r g e  t h e  hot t a n k  i n  2.3 hours. 

The fan-type a i r  c o o l r r  used i n  t h e  salt r e c e i v e r  SRE prograa  was a l s o  
s e l e c t e d  t o  c o o l  t h e  s a l t  i n  t h e  t h e m 1  s t o r a g e  SRE. Th i s  r e s u l t e d  i n  
c o n a i d a r a b l e  s a v i n g s  f o r  t h i s  prograa.  The maximum c o o l e r  c a p a c i t y  i s  
5 wt. 



?%e c o l d  pump, s w p  t a n k  and c o l d  s a l t  va lves  were taken d i r e c t l y  from 
t h e  Am Phase 11 program. %Ria a o t  only redwed t h e  c o s t  05 t h e  pro- 
gram, but a l s o  mximlzed  r e l i a b i l i t y  siwc these eomporaeents had a l ready  
been e x t e n s i v e l y  opera ted .  

The p i p e s  a d  c o n t r o l s  t h a t  make up t h e  r e s t  of t h e  S E  s y r t e a  were 
sfzcd t o  be c m p a t i b l a  w i t h  t h e  anla- s a l t  f low r a t e s ,  t a n k  capaci-  
t ies  and c h a w c / d i s e h a r g e  t i m e @ .  The SEE charge ( o r  d i scharge)  r a t e  
cou ld  k r d u c e d  t o  as l L t t P c  as 1Q;h of i ts maxiam value.  The s p s t c a  
was t h e n  d c s i g w d  t o  e a s i l y  aec d a t e  such f u t u r e  ieprovements as  t h e  
a d d i t i o n  o f  a salefr~%eer-s team h e a t  s x c h a w e r  i n  place  of t'w cooler 
and t o  c o n w c t  with t h e  s a l t  s o l a r  r e c e i w r  SE. 

It ohauld be r @ m p b a i t c d  t h a t  t h e  r r t i o m l e  used i n  the size s e l e c t i o n  
procasa  errs keyed t o  r a s o l w i a  all t h e  Z S  u w e r t a i n t i e s  mtcd a t  the 
h g i n n i ~  o f  t h t s  s e c t i o n ,  whi le  b e p i =  SRE c o s t s  t o  a afniwum. 

A s u m a v - t y p e  e m p a r i a o n  s f  t h e  SEE and TES c h a r a c t e r i s t i c s  f a  g iven 
in Tabla 5.1-1. The Tabla  sikews t h a t  whi le  t h e  various S W  c a p a c i t i e s  
ware c o n s i d e r a b l y  r u l l e r  t h a n  t h e  T E ,  key parameters  such ar t y p e  of 
s a l t ,  o p e r a t i n g  t empera tu res  a& m a t e r i a l s  and t h l c k w ~ e e s  were i d a n t i -  
car sa the p e r f o m a n c e  d a t e  c a n  ba e a s i l y  a& ~ ~ l d a b l y  rcrleta up t o  
tk T&S site. 

A f u w t l a w l  s c h e a a t i c  0% the SEE i s  s b m  i n  F i g u r e  5 .2 -1 .  The baskc 
syetem c o n r l s t r  sf the tvo r t e r r g e  tanks, oris h a t e r ,  one cooBer, tea 
r w p r  and tora puapa. htia tth e@h~irging process ,  s a l t  was drained 
f r w  t h e  c o l d  t a a k  a t  28BaC (550'P) and was g r a v i t y  fad f a t o  tha co ld  
s a l t  s m p .  ma c o l d  salt  p m p  t h e n  pwped the f l u i d  through t h e  
f o r s f l - f i r e d  h a t e r  where t h e  s a l t  warp b a t e d  so 566°C ( 1 0 5 0 " ~ )  
t o  a n t e r f q  t h e  ho t  tank. h r i  ng t h e  d i scharge  precass, hot sam8s 
d r a l n e d  fmr t h e  Blot t a n k  and f l o w d  I n t o  rR@ hot 5 u p  by g r a v i t y .  T k  
h o t  s a l t  pump than g u p e d  t h e  %Itlid ehrough the  a i r  C Q O ~ B C  v b r @  t h e  
sa l t  e ~ a l a d  t o  2 8 8 * ~  (550°F) and re turned t o  t h e  co ld  t a n k .  h s i ~ g  
t h e  cold a r s r t u p  proease, t ha  s a l t  was atxed and aeBted a t  t h e  SRE 
r i t e .  The vendor used h8r  own e q u i ~ @ n t  (in% t ~ d i  ng 8 f a s s f l - f i r e d  
h e a r e r )  and Loaded a o l t e n  s a l t  at a b u t  288°C (S50"FI d i r e c t l y  i n t o  the 
c o l d  t a n k  o u t l e t  l i n e .  

S p e c l a l  p r e c a u t i o n s  were t aken  i n  tme S E  ddestgn t o  prevent s a l t  
freeze-up pr0bl-s. ,411 pipes  a d  va lves  were e l e c t r i c a l l y  t r ace -  
b a t e d  i n  the same manner as used i n  the AW Phase II program. Bo:h 
serazlps and t a n k s  had e l e c t r i c a l l y  c o n t r o l l e d  b e a t e r s  t o  a a i a t a i n  prap@r 
o p c r a t i w  t a p t a t u r c s .  The two s m p s  and the c o l d  t aak  used Iteasere 
o u t s i d e  t h e  s teel  sbl l s ,  while  t h e  L n t e r m l l y  i n s u l t e d  Rot tank uocd 
an i m r r f o n  Rcrrtsr. f e d  i n  through the top of t h e  tank with  rhe heat- 
te e l e m w r a  located n e a r  tiie fflacr. 1% a d d i t i o n ,  t h e r e  were e l e c t r l -  
cal h a t e r s  l e a  thc c o o l e r  t o  p rcvsn t  f r c c z i m  d e r s i w  s t a r t u p  arad wo- 
f low e o d l t i o n r .  T b % e  h e a t e r s ,  as  w e 1 1  aa t h e  t r a c e  h a t e r s ,  were 
a110 used t o  b r i w  t h e  tesperatekre of t h e  c m p o m n t s  up k f o r e  cold  
s t a r t u p .  The t a n k  h e a t e r s  saw a l s o  be used La b h w  residual salt i f  
requ i red .  



T & k  5.1-1 C - ~ S Q ~  of IT3 and SRE cteristic~ 

@rating Tweratures  

480 mt (1.9 h) 

25.2 m (82 f t ,  7 i n . )  3.7 m (12.3 f t )  
Internal P1w External Sam as TES 
See Section 2 Sam as TES*, T 

PIPximm Sdt-Coaling a t a  4.8 K/24 h (8.6"F/24 h) 

Imulatlon Concept External Only Sam as TES 
h t e r l n l s  d fiicknesres See Section 2 Same as TEST 
bxlntuin Heat-lass Rate 
hximum Salt-Cool1 ag U t e  1 .3  '~124  h (2.4'~/24 h) 





Ullage g a s  wae vented t o  t h e  atmosphere i n  each  t a n k  and sump. 

The c o n t r o l  s y s t m  was seaiaut- t ic .  A l l  c o n t r o l s  were lnounted a t  a 
siwle console .  % o p e r a t o r  i n i t i a t e d  tb p a r t i c u l a r  o p e r a t i o n a l  made 
bet- t e s t e d  by t u r n i w  on t h e  a p p r o p r i a t e  pmps  a d  valves .  Once t h e  
charge ( o r  d i s e h a q e )  process  had been i n i t i a t e d ,  t h e  systeca opera ted  
a u t m t i c a l l y  u n t i l  t h e  o p e r a t o r  t e w i n a t e d  it. There were automat ic  
o v e r r i d e s  t o  k i l l  t h e  h a t e r  o r  t h e  c o o l e r  i n  t h e  even t  no-f low condi- 
t i o n s  occurred.  

Coaapr tsoa o f  t h e  S E  f u m t i o n a l  schemat ic  (Fig. 5.2-1) w i t h  t h e  TES 
schematic (Pig. 2.0-1) shows t h a t  t h e  two are very m a r l y  i d e n t i c a l  
w i t h i n  t h a  b a u d o r i c e  of t h e  t h e m a l  energy s t o r a g e  subsystem p a r t  of 
th p l a n t .  Out r ide  these baundar ies ,  tk TeS s o l a r  r e c e i v e r  w a s  simu- 
l a t e d  i n  t h e  §RE by a f o s s i l - f i r e d  h a t e r ,  t h e  TES s a l t - s t e m  geU@r83tQt 
was simaulated by t h e  SBE c o o l e r ,  and t h e  TES raain c i r c u l a t i n g  pump was 
s imula ted  by t h e  SW c o l d  suap a d  c a n t i l e v e r  pump. Within  t h e  t h e m a 1  
energy s t o r a g e  subsyotam boundar ies  t h e r e  was a one-to-one match of t h e  
major c m p n a n t s ,  excep t  t h e r e  was no s a l t  r eprocessor  i n  thB S E .  
9insce t h e  SEgie c o n t a i n s  r a a l l e r  amounts of sa l t ,  has a s h o r t e r  o p e r a t i %  
ti= t h a n  t h e  TES a d  s i n c e  t h e  TES reproeass ing  r e q u i r e a e n t r  were not 
c l e a r  a t  t h i r  t h e ,  i n  t h e  i n t e r e s t s  of econosy, a s a l t  p roeersor  u n i t  
i n  t h e  SlZE v a r  n o t  included.  

Another s l i g h t  d i f f e r e a c  war t h a t  t h e  SEE4 used a t emporaw one-tiae- 
only  v e d o r ' s  s e r v i c e  t o  malt and load t h e  sal t ,  wharaar t h e  TES p l a n  
i s  t o  have p c m r w n t  equ ipaen t  i n s t a l l a d  a t  t h a  o i t a  t o  p a t f e r n  t h i r  
f u m t i o n .  H e v e r t h e l s r r ,  t h e  SRE loadi-  t echn iques  a r e  e l r s n t l a l l y  
i d e n t i c a l  i n  p r i n c i p l e  t o  t h e  TES. F i n a l l y ,  o w  o t h e r  d i f f e r e n c e  
t h a t  the TES har t b r a s  bypass l i n e s  t o  provide f l e x i b i l i t y  i n  syr tam 
o w r a t i o n .  The SBE5 s i m u l a t r r  t h c s a  o p t i o n s  by varying t h e  e o o l e r  heat  
t r a ra r fe r  ratrs t o  p r a d w e  e i t h e r  h o t t e r  o r  c o l d e r  than  nomiml  s a l t  
temperatures  i n t o  t h b  c o l d  tank, and by varyi-  t h e  h a t e r  rate t o  pro- 
duce c o l d e r  t k n  n o a i m 1  s a l t  t e a p e r a t u r n s  i n t o  t h e  hot  tank. Thul th 
SBE r i a u l a t e d  a l l  major f u n e t i o a a l  c m p o n a n t s  and a l l  o p e r a t i o n a l  modes 
of t h e  TES. 

The ho t  salt s t o r a g e  t a n k  was t h e  p r i n c i p a l  e l e w n t  of t h e  S E  system 
a d  t h e  on ly  one t h a t  r equ i red  any d e v e l o p ~ n t .  Because t h e  develop- 
anent work requ i red  f o r  t h e  s t a i n l e s s  s t e e l  l i n e r  i n  t h i s  t ank  has  been 
d e s c r i k d  i n  d e t a i l  i n  S e c t i o n  3.0 it w i l l  not  be repeated.  The r a t i o -  
n a l e  used t o  a r r i v e  a t  t h e  s p e c i f i c  s i t e  f o r  t h e  SRE has  been desc r ibed  
i n  Subsect ion 5.1 of t h i s  s e c t i o n .  Figure  5.2.1-1 shows t h e  e lements  
of o u r  ho t  t ank  d e s i g n  f o r  t h e  SEE. The o v e r a l l  e x t e r i o r  dimensions 
ve re  7.2 a (23.6 f t )  i n  he igh t  and 3.7 a (12.3 f t )  i n  diameter .  The 
s a l t  o p e r a t i n g  t e a p e r a t u r e  was 566'F (1050'F). 



0.25 m (10 La.] 
Blcok Iwdre f  on 

6.51 r (20 h.) 
Fib raus I m  ula t ion 

0.05 ria (2 in.) 
Pibrom I ~ d t f a n  

0.34 rn (13 1/2 Bn.) 

-Wtf@E P i p a  

The imporeant deriga features oh t h e  S M  hat sank are a 
Tabla 5.2.1-1. 

The eaaxbmm salt height i n  the tank was 5.8 n (16.5 f t )  a d  00.3 n (1.0 
ft) for ullage gas. me salt kight in the tank was 0.4 r (1.3 
f e ) ,  uhlcb a l lowd sufficient salt co cowr  tk b m r r f o n  h a t e r .  
amant @f salt mintaimd the tank wa1192, top a d  bt tm at (or vekY 
aear) their operati= tmwratures. 

r k l l  of the b t  tank was mde of e a r b a  steel (c.g., SA%lb grade 
70). ehickmas was sized ts b o p  the b p  strasa kn the skEl 
a l I s  az ttlna ss*..o safe uor%da Pawel as i r n  t k  TES a& iw scafomrwc 
with 911 applicable cdea .  



As a r e s u l t ,  t h e  normal s h e l l  temperature  ( i . e . ,  w i t h  d r y  b r i c k )  w i l l  
be o n l y  163°C (325OF). 

The above approach w a s  compared t o  t h e  approach of  main ta in ing  t h e  
shell te tsperature  a t  288°C (550°F). When t h e  d e s i g n  temperature  of t h e  
s f w l l w a s  288°C (550°F) a l e s s  expensive t a n k  system was achieved due 
t o  the e f f e c t  on  t h e  i n s u l a t i o n .  This  allowed a 56°C (100°F) tempera- 
t u r e  margin below t h e  material coded va lues  a t  which t h e  s t r e n g t h  of 
t he  material w i l l  decrease .  I f  t h e  l i n e r  were t o  l e a k  t h e  s h e l l  t e m -  
P e r a t u r e  could exceed t h e  343OC (650°F) temperature  l i m i t .  However, 
any leakage would be s low and would a l l o w  time t o  remove e x t e r n a l  insu- 
l a t i o n  from t h e  t a n k  t o  l i m i t  t h e  s h e l l  temperature.  This  approach was 
used i n  t h e  i n s u l a t i o n  des ign .  

An impor tan t  f e a t u r e  of o u r  SRE des ign  w a s  t h a t ,  s i n c e  t h e  same s a l t  
a d  salt temperature  and t h e  same materials and t h i c k n e s s e s  were used, 
t h e  SRE liner, i n s u l a t i o n  and s h e l l  t e a p e r a t u r e s  would be c l o s e  t o  t h e  
TES values .  Th i s  rainiaized t h e  need f o r  temperature-scal ing SRE re- 
s u l t s  up t o  t h e  TES s i z e .  

The key t o  t h e  s u c c e s s  of  t h i s  i n t e r n a l l y  i n s u l a t e d  hot t ank  d e s i g n  
approach is  t h e  l i n a r .  The l i n e r  must be e x t r e a e l y  l e a k  r e s i s t a n t  and 
c o r r o s i o n  r e s i s t a n t  t o  p r o t e c t  t h e  r e f r a c t o r y  b r i c k  from t h e  hot salt.  
The l i n e r  must a l s o  be f l e x i b l e  enough t o  wi ths tand c o n s i d e r a b l e  
t h e w a l  expansion dur ing  t a n k  s t a r t u p ,  and nmeroue  p r e s r u r e  loadimg 
c y c l e s  (up t o  50,000 i n  30 y e a r s )  dur ing  c y c l i c  chmrgeldischarge.  
These d e s i r a b l e  c h a r a c t e r i s t i c s  a r e  a v a i l a b l e  i n  t h e  Technigat  l i n e r .  
Note t h a t  t h e  l i n e r  is  no t  a p r i m r y  load-carrying s t r u c t u r e ;  r a t b r ,  
i t  t r a n s r i t r  t h e  salt  p r e s s u r e  l o a d s  through t h e  i n t e r n a l  i n s u l a t i o n  
i n t o  t h e  s t e e l  shell. 

The s a l t  o u t l e t  p ip ing  included a d r a i n  wi th  a n  a n t i - v o r t e x  b a f f l e  t o  
preclude sucking a i r  i n t o  t h e  l i n e s  dur ing  d i s c h a r g e  ( i .e .  avo id  t h e  
"ba th tub  v o r t e x  e f f e c t " ) .  The ho t  t a n k  a l s o  used a water-cooled in ru -  
l a t e d  c o n c r e t e  founda t ion  c a p a b l e  of wi ths tanding s o i l  load ings  up t o  
239 kPa (5000 l b / f t 2 ) .  Thie approach kep t  t h e  s o i  1 a t  e s s e n t i a l l y  
m b i a n t  temperature  and avoided hot  s o i l  problems (heated water  vapor,  
s t r e n g t h ,  a t c ) .  Qur e a r l i a r  s t u d i e s  i n d i c a t e  t h a t  hot founda t ions  a r e  
no t  state of t h e  a r t ,  and t h a t  a convec t ion  c o o l i n g  approach on t h e  
b o t t m  was inadequate .  

The SRE c o l d  t a n k  i s  shown f n F igure  5.2.2-1. This  d e s i g n  was a 
s t r a i g h t f o r w a r d  ca rbon  steel (e.g., SA516 grade  70) s h e l l  w i t h  e x t e r n a l  
i n s u l a t i o n .  The SRE aaterials and t h i c k n e s s e s  are t h e  same a s  f o r  t h e  
TES c o l d  tank,  e x c e p t  t h a t  t h e  s h e l l  t h i c k n e s s  is  reduced t o  produce 
t h e  sm haop stress as i n  t h e  TES. T h i s  d e s i g n  a l s o  used a d r a i n  
manifold and a water-cooled i n s u l a t i n g  c o n c r e t e  foundat ion.  Both t h e  
hot  and c o l d  SBE t a n k s  have manholes and u l l a g e  g a s  v e n t s  t o  tha  atmo- 
sphere.  



foreil-Sfred heatar wr a rta&ard d ~ s l g a  w i t h  r 3 W (10.2 x l o Q  
BtuPh) daHe h m t i q  cap&ebhy. %e salt inlet eamgeroturo war 288°C 
(950'~) a d  e b  @etL@t eedratrsrea m e  controll& ro 566°C (P890"B) by 
EkmeeBea r b  heater f w l  flaw. Tha w x a w  flow rat@ w a r  0.20 
m4/@ikn. (53 gal/a%a); the a i d w a  flow rare could k a i a t e r  of  20 
PQIB. ~ ~ E B B P "  -I 7.3 (24  it) h t g h ,  2.7 @a (9.0 ft) Ba d i m e a s ,  
a& w@a&R@ l5.870 I%gg (33,0M Ib) dry. h r t i m  ecoilr *re 80 twa 
(2.12 rn.) t u b s  ~ d e  of 916 stainless steel. 

& f a d r f v e n  air cmler was tlma o m  u w d  i n  Am Phaaa LP, a& was r 
eustm dcriga by tb U p y y  Division of Tbema Technology, n e e  TI?@ 
emler vaa a b u t  7.3 rn (24 fc) lo%, 4.0 KS (13 ft) high and 2.4 a (9  
f t l  vide. m e  eoolar used two Eaqe fane to $%ow air over  the t u b s  
eosltainL- salt. It had a 5 &W (17 rr lo6 Btu/&) anminab s a l t  cool ing 
cspacltg. Flmc sale aattlct tmprataore uss autmarLcalLp controlled by 
vaqirrg tk pitkh na the f r n  blades, 

P h  hot salt p m p  was isastall& on th kt swp. p w p  w a s  a stan- 
dard b v r e ~ a  b p  a d  Ewiaw Gwarsy mdal sf e k  caatilewer Qasfga. 
It b& a k r d  rBse oh 21 1 (68 ft) a t  a 0.48 ~ ~ l a f a  (106 gml f law 
rate. It usrd a 5.7 W (7.5 EIP) eleehrfe =tor. T%e k m r  ka r t@ w s  
watar-cm1ed. b ~ e 1 L c r  a d  b a r % =  were of 3%6 staPnlere  
steel. 'P%se h h  s m p  was 1.2 1 (4.0 ft) fa dimater w i t h  a h&kgRE, of 
1.2 r (4.0 Pt) a d .  w a s  d e  04 316 s ta inlees  steel. 



cold purp was located on the cold srunp, and came f rom the ACR Phase 
I1 program. The cold pump was s imi lar  t o  the  hot pump except i t  has a 
carboa steel impeller and housing and has a u u i m u m  head r i s e  of 62.5 tn 
(205 f t ) .  The oboiour, advantage of using canti lever pumps was tha t  
they a w i d  seal a d  bearing problems with molten s a l t .  The cold s w p  
was 1.5 a (5  f t )  i n  d iaacter  and 1.5 a (5  f t )  i n  height. 

Bellows-sealed valves w r e  used f o r  the SRE. This avoided the problem 
of salt creeping up the stem and freezing. The valves had dome motors 
(i.e., pe tmat ica l ly  driven) with limit switches. Tbe valves a l s o  had 
mechanical ovarrldr handles. For hot salt valves, 316 s t a i n l e s s  body 
material  w a s  used and f o r  cold s a l t ,  carbon s t e e l  body material. 

SIveral  kinds of piping were used. A l l  hot s a l t  lines were made of 316 
s t a i n l e s s  s t e e l ,  while a11 cold s a l t  lines were made of carbon s t ee l .  

5.2.4 Controls and Instrumantation 

The modtoring aad coa t ro l  of the  SRE was accomplished f r o r  the  control  
colu4le. This includes the following: 

Stop/start  of motors 
S t a r t  heater p i l o t  l i g h t  sequence 
Heater stop 
Cooler fan pi tch  
Cooler Louver posi t ion 
Open/close cooler insulated door 
Control valves Mo. 1 through No. 4 
hlt leve l  i n  s m p s  and tanks 
Temperature of hardware 

Interlocks ware used t o  provide control  and prevent hardware damage. 
Alanw were used t o  warn of conditions which w r e  out of design 
limits. Automatic control  of valves Mo. 1 and No. 3 was used t o  main- 
t a i n  specified heights of s a l t  i n  the swaps. Autmmtic control  of the 
o u t l e t  temperature was accomplished by the  variable pitched fans. 
Manuel override of a11 automatic controls was possible. The heater 
provided aut-tic control  of the  ou t l e t  temperature by ad just in$ t h e  
burner f w l  flow. 

A l l  lines and cmpomnts  were provided with thennocouple instrumenta- 
tion. The temperature of the piping could be heated t o  a temperature 
above the  s a l t  freezing point p r io r  t o  s a l t  introduction. The poor 
t h e w a l  conduction of the tubing required a thennocouple about every 
four  f ee t .  Suff ic ient  instrumented points were provided t o  charac- 
t e r i z e  the beat l o s s  and t,k s a l t  temperature gradients . 
5.2.4.1 Controls 

a)  Elbt S u q  h v e l  Control - The l e v e l  sensor indicated the sump salt 
b i g h t  f m  0.15 m (6 in.) t o  1.22 m (4 f t ) .  The l eve l  sensor was 
used t o  provide automatic control  of valve tl (hot sump i n l e t  
valve) so that  the  swap was maintained a t  0.58 m (23 in.) 2 0.10 m 
(2 4 i n  Valve 2 has a head preaeure var ia t ion i n  the hot tank 



vhich va r i ed  frm 84.3  m a  (12.24 p s i )  t o  6.8 m a  (1.00 ps i ) .  Flaw 
through the  valve varied f rcm l l . 4 3  kg/s (90,fW lb/R) to l.I& t p / s  
(9,050 Ib/h) .  An a d i b l e  a l a m  sou&@& w k m  the  r a l t  a ~ c u d e d  1-12 
a (3  f t -8  in.). Wnual  o r  a u e m t i c  con t ro l  of th valve w a s  
ava i l ab l e .  Sump l e v e l  valve pos i t ion ,  a d  owa /c lose  l i g h t s  were 
ind ica ted  on the  c o n t r o l  cornole. 

b) - T$re l e v e l  s e m o r  iad ica ted  the  amp  salt 
height  from 8.15 r (ti La.) t o  1.78 r ( 5  f t  - 10 in .  ). The l eve l  
selusct w a s  used t o  proofde aut-(ti= c o a t r o l  of valve #3 (cold smp 
i n l e t  s a l v e )  s o  t h a t  t h e  s-p lawel 1981s m i a t a i d  at 0.38 ea (1% 
in. ) + 8.08 (3  in. ) . Tha haad pressure la t he  eald tank varied 
f r m  Zl.9 LPa (8.99 pel) t o  7.63 &a (1.11 p r i ) .  Plov thraugh the 
valve varfed from 6.86 @ / s  (54,3W lb/h)  t o  0.69 k / s  (5438 
l b l h ) .  An a d i b l *  a l a m  s s u d e d  w b n  tk s a l e  l e w l  exceeded 1.5 a 
( 4  ft - 11 fn.).  % n u l / a u t o m t i c  con t ro l  of the  valve era8 pro- 
vided. Valve p ~ s i t i o n  em& slsaap l e v e l  -5 indicated a t  the  coasole. 

c - Valve 12 cont ro l lad  the  flow from 
t h e  hot  PWP through t h e  coo le r  ts the  cold rank. This  flaw was 
set aaanAl l i  with no atotmtie hesdbck .  A valve po r i t i on  indica- 
t o r  was wceesa rp  r o  that the  flow could km a r t  t o  praviously de- 
t e m i m d  values. Open a d  e lcsed  $&beator l i g h t 8  ware u ~ d .  

d Valve a84 cont ro l lad  tk flow rat@ 
atar t o  t he  bt tank, Thir flow 

eras tee m n u a l l y  rad no a u t m e t i c  f e e d b e k  was neeBrrarqr. A va1w 
p o s i t i o n  i n d i e a t o r  war ured t o  rat tha flow ra t e .  Open a d  elorad 
i d i c a t o r  Lights  WE@ urad. 

a) Boar i l  Pgred b a r e r  Control  - "Pate hea t e r  was suppliad wlth i t s  own 
c o n t r o l  panel  which Included h r n e r  r a f a ty  f ea tu re s  a& stare sa- 
quenea. ' Severa l  fuectio-1 it-8i w @ r s  awi i lab le  at the consola, r 
s t a r t  bu t ton  t o  s t a r t  the p i l o t  l i g h t  IegMnca, a p i l o t  l i g h t  idi- 
c a t o r  l i g h t .  The sa l t  o u t l e t  tmper r ruce  war coa t ro l l ad  by t he  
c o n t r o l l e r  ( b r t l o v  76) which was WE i n  t k  sonrola.  I n i t i a l  @re- 
hea t  of t h e  hea t e r  was a e c a p l i s h e d  by aettkng 61ra eoatralhah as 
7M0P. Tke c o n t r o l l e r  oaonftored E l m e  gar e x i t  teaprratube.  A r top  
h t t o a  war a v a i l a b l e  a t  the  console t o  turn off rhs  hrner. A m l n  
h r m e r  switch i n  the  e o n t r o l  conrole war raguirad t o  leekout tk 
o a i n  bur*+ u n t i l  Plov was ar tablbshad th roa~gh  t h e  heater.  

f )  A i r  c o o l e r  - The c o n t r o l s  Eor t h e  aai cooler  were GBE. A &anwi l l  
a u t c r a t i c  c o n t r o l  was provided f o r  t he  var iab le  pitched fang t o  
corntrol t h e  s a l t  o u t l e t  temperature. It kead s ing l e  o r  double fan 
p i t c h  cont ro l .  Both fans could be stop-d a d  s t a r t e d  from the 
consola. The louver  p i t c h  was m u l l y  cont ro l led .  Insulated aov- 
a b l e  covers  oa  t h e  a i r  coo le r  were pee-tically o w r a t e d  with 
s v i t c b s  from the  console. Ind ica tor  l i g h t s  f o r  open a d  c l o w d  
pos t  tbons were provided. 

8) Foundation m e l a n e  Flow - The valves f o r  cont ro1Liw tk coolant 
flw throol~th the  tank  f o u d a t i o a  were -awl valves. bo laa t  flow 
through th; f o u d a e i o w  war g a r a l l e l  flaw wftb a valve st each 
foundation. Each f low was easured  loca l ly .  



h) E l e c t r i c a l  T race  Heaters - The c o n t r o l s  f o r  t h e  m a j o r i t y  of t h e  
t r a c e  h e a t e r s  were o f f / o n  swi tches .  The heater power is des igned 
t o  o b t a i n  t h e  c o r r e c t  t empera tu re  wi thou t  c y c l i n g .  The h e a t e r  
s w i t c h e s  o n  t h e  c o n s o l e  o p e r a t e  r e l a y s  i n  t h e  "J" box. 

j) P i l l  Valve - T%r f i l l  v a l v e ,  t o  i n i t i a l l y  f i l l  s a l t  i n t o  t h e  sys- 
t e m ,  was a s a n u a l  v a l v e  on ly .  

k) - An e x i s t i n g  p i e c e  of equipment was used f o r  
swi t ch ing .  Th i s  l a r g e  electrical box has t h e  

4801277 supp ly  w i t h  a 300 amp breaker .  There  is  a 1 1 0  V t r a n s -  
f o m e r  i n s i d e  t h e  "J" box. There  a r e  27 r e l a y s  which s w i t c h  on 
e l e c t r i c a l  trace h e a t e r s  v i a  a 24 v o l t  s i g n a l  from t h e  conso le .  
The r e l a y s  t o  p u l l  i n  the 110  V c i r c u i t s  t o  start t h e  p m p  and f a n  
motors  a r e  a l s o  l o c a t e d  i n  "J" box. 

a )  - e h r o a e l  a lumel  t h e m o c o u p l e r  were used. Campownte 
had thrrenacoupler a s  i d e n t i f i e d  under  e a c h  c m p o n e n t .  T b  t h e m o -  
c o u p l e s  o n  th; liaes were p laced  approx i l aa te ly -eve ry  f o u r  f e e t  an$ 
a t t a c b d  by s p o t  welding t o  t h e  e x t e r i o r  of t h e  tube .  Thg w i r e s  
were bundled toge the r .  

Tha t e a m r a t u r e  raker i n s i d e  bo th  t a n k s  wera t u b s  c o n t a i n i n g  t h a r -  
aocoup les  which were s e a l e d  from t h e  s a l t .  One t u b  war p k c e d  
0.08 an ( 5  i n . )  f r m  t h e  t a n k  w a l l  and a r e c o d  t u b  war p l a c e  i n  
t h e  c c n t c r  of t h e  tank.  

b) I n s t r m n t a t i o n  h a d o u t  - Tha i n s t r u r n e n t a t t o a  r e a d i q s  whieh were 
d i s p l a y e d  o n  t h e  c o n s o l e  a r e  l i s t e d  i n  Tab le  5.2.4-1.  A l l  tk 
o t h e r  eh@mocoup le  d a t a  was d i s p l a y e d  and p r i n t e d  by GPE equip-  
ment. Tke exper im@nta l  d a t a  war p r i n t e d  on computer pape r  a t  t h e  
i n t e r v a l  s p e c i f i e d  by t h e  test o w r a t o r .  

P r o w r  r i z l n g  o f  t h e  c r i t i c a l  corapomnts o f  t h e  SRE r e q u i r e d  a s i g n i f f -  
cane  a a o u a t  o f  a m l y s i s .  & a t  l o s s  a n a l y s i s  was p e r f o m e d  on t h e  h o t  
t ank ,  c o l d  t ank ,  t r a n s f e r  l i m e  and p u p s .  I n  a d d i t i o n  stress a n a l y s e s  
w e r e  p e r f o m e d  o n  a l l  major  components (i.e., h o t  r a n k s ,  c o l d  t a n k ,  
t a n k  founda t ions ,  s u p s ,  suppor t  s t r u c t u r e ,  etc.) A l i n e  p r e s s u r e  l o s s  
a n a l y s i s  was a l s o  c m p l c t e d .  

5.3.1 kt Tank Thema!. A n a l y s i s  

The i n t a r a l l y  i n s u l a t e d  h o t  t a n k  h a s  a l a y e r  of '  low d e n s i t y  f i r e  b r i c k  
on t h e  v a l l s  and f l o o r ,  w i t h  f i b r o u s  i n s u l a t i o n  on top .  Th i s  i n t e r n a l  
i n s u l a t i o n  is p r o t e c t e d  frcm t h e  molten salt by a t h i n  c o r r u g a t e d  me ta l  
l i n e r .  The i n t e r n a l  i n s u l a t i o n  reduced t h e  s h a l l  t empera tu re  t o  n e a r  
288'P (5505F) s o  t h a t  a c a r b n  s teel  s h e l l  cou ld  be used. B t e r i o r  in -  
s u l a t i o n  is used o n  t h e  s h e l l  t o  m a i n t a i n  i ts  t m p e r a t u r c  at 288'C 
(55Q'F). A f l b r o u s  i n s u l a t i o n  is used on t h e  s i d e  a d  a b loek  i n r u l a -  
tCon is used o n  t h e  top.  



I. &r Cooler 
A. Pitch batrol 
B. Inuver 
C. a ~ d c a o w  Ins. W o r  - Switch 
D. k o r  - Opn/Closa Eights 
E. htlst P m ~ r a t u r e  
F. Overtcar~rature alarm 
6. Un&errmwaaturr aham 

2. kater 
A. Stae/Stop WLteh 
B. Tempraturn &atroller (Supglll&) k - 1 ~  Oerles~ 76 

Stack Tewratura (on CQntmklerI 
C. harteapcarurc Ull-matroller Stack "Faparature (oa Cowtrollar) 
D. hamtaer Owrride - SwsJ%keh 
$. htlet EmpakOtUre 
1. Idteator tfghtr 0 Tlmr, Bklot, beoar 
6. &erZd@perattmre a r m  

3. tebt Tank 
A. Tkarw ra t ure 
1. LQrcl &a@@ 

5. Eat Sump Q Valve 
A. hwel - (Caatraf of S m p  I n l e t  Valve) 
B. VaHvs 60n~t01 (v teh  MgauI 0~@rrld@) 
C. Va l=  S e a  Paakrkom (0-l0 V, Baflry) 
D. Owerhekgbt a r m  
t. OmaiCloeea L b ~ h t r  an $/(%I= Trrwal 

7. b l a h  Flew Valve 
A. %ma1 Valwe maerol 
B. mn1610m Lights  



%re in  is premoted the predicted thermal p e r f o m a w e  of the  tanks. 
The a n a l y t i c a l  d a t a  a r e  based upon a earall c a p u t e r  program c a l l e d  STS 
(Solar  m-1 Storage). Ths code is wr i t t en  a s  a  design t o o l  and i s  
inteeaded t o  p r d u c e  accura te  predic t ions  inexpensively. The output 
f r m  the  code is a t i m e  h i s tory  of the  s a l t  a d  tank tmpera tu re r .  d 
running t o t a l  of heat  l o s s  and charge rates a re  kept. F r m  these  nus- 
bers  the t h e m 1  p e r f o m m e  of the  system can be deternitled. In  Sac- 
t i o n  7.4 a n a l y t i c a l  r e s u l t s  of t h e  STS a r e  cmpared with t he  e x p r i -  
-n ta l  da ta  f ron  th& t h e m 1  s torage  Subsystm b w a r c h  Experiaent 
(Sm) c o d u c t e d  a t  t he  Sandia h t i o r r a l  Uh i n  Albuqwrqw, &v 
b x i c o .  The da t a  f r m  bath th hot am! cold tank a r e  presented, r e  
w e l l  a s  a n a l y t i c a l  r e su l c r  f o r  a  c  r c i a l  r i z a  s y s t m .  

5.3.1.1 - Tha a n a l y t i c a l  model (STS) war developed i n  
ordar  t o  suppdrt t he  t h e w a l  design of t h e  salt s torage  tanks. This 
model war f o m l a t e d  t o  provide a  b l a s e  b t v s e n  accuracy, f l e x i b i l -  
i t y ,  and cmprrtar  cos ts .  

An o v e r a l l  energy balance parfomed on a tank y i a l d s  t he  f o l l o v i q  
eqmt ion ;  

a  a a r r  bala~zee r e s u l t r  in ;  

h = rnthalpy c  s a l t  c h e q i n g  
wa u s s  d = s a l t  d i r c h r a g i q  
Q = heat  lsrr  f r m  tank ( p o r i t i v e  alrapkr) r = sa l t  i a  t he  tank 

t i  t tank s t r u c t u r e  
u i n t e r n a l  energy and in su l a t i on  

Dif fe ren t ia t ing  the  r i g h t  h n d  s ide  of equat ion (I) and combining t h e  
r e s u l t  with equat ions (2)  and (3) y ie lds :  

&,1,- ~ l k &  - 9 = %CG,-r*a t h. 9 +@,Ah ( 6 )  

Applyfrtg the  f o l l o v l ~  a s s m p t i o n r :  

1) The sa l t  v i t h i n  t h e  tank is a t  a  u n i f o m  Emperatura a t  any given 
t im@. 

2) r p a c i f i c  heat  of t he  s a l t  is a coar tan t .  



'he b a t  t r a a s f c r m d  f r m  the ssalt ED t h e  roof am3 mPLr a h v e  cbwi salt 
l e v e l  is  d a t e n n i m d  ueiw b t h  r a d i a t i ~ a  a& f r e e  coaveet2on. The oiew 
f a c t o r  o f  t h e  r m f  is batead on tbt B@tmca two p a r a l l e l  d i r k s .  The 
d e w  f a c t o r  fraaa tk salt t o  t& w a l l  is o m  the vie&rcter frca 
the salt t o  the r w f .  m e  f m e  caaweetlsa c a e f f i c i a n t s  a r a  b a e d  upon 
d a t a  f o r  e x l o e e d  a i r  spacer .  i t n  t h e  o t k r  s a e t i o n s  tk kit is 
eondlleted frm tb I n t e r i o r  a u r f r c c a  through tb i n s u l a t i o n .  T k  
e f f a c e  of th at t ie  @pace (sol1 r a g i o n  kt-ea tk l n t a r a n l  fnsul ia t iaa  
a d  shell) b s  h e n  =gleeEd. Forced c a n w c t i a n  f r w  t h e  wall i s  
ass-d ta be t b t  of a c y l i d e r  ba  eroar flow, a& the roaf f a  t r e a t e d  
as a p lanc  b a  p a t a l l a l  f law.  a m r a e  w i d s p e e d  i s  u a d  f a  tk cal- 
c u l a t i o n s  of t b @ a  par-ears. 

Aa o v e r a l l  h e a t  t r r n o f a r  c a e f f f c i a n t  i s  c a l c u l a t e d  for the trnk fro@ 
tb f o u r  f d b v i d u l  c m f f l c i s n t s .  ama-ighted a m r a g e  aystea P P  
used a d  is b s d  upom t h e  1imr araas. The awerage ground or feu&&- 
t l o n  t m p t r e t u r r .  t h e  average  vkdspmd a& tb ambient a i r  taaparatrun 
am s u p p l i e d  by t h e  use r .  

The ~ a a a l y t i e a l  t a c h n i q w  B a r c r t k d  in t h i s  saeeion was urcld t o  s I z c  tk 

i n a u l a e f o n  f o r  the r y e t e r  r d  t o  estimate t b  t h e w 1  p e r f o m m ~  of 
t h a  sale a t o r a p e  t a n k s  f o r  a e w ~ a l  @ f t w 6 i o a @ .  T k  m@t e m a n  &BCIM~- 

ios Lneluda t h a  - A O ~ &  d r y m  bpkera t h e  systaa is chaqad and d f ~ c h a ~ a d  
fo r  8 hours ,  t b a  "pmt dry" with  6 hours  st  sheqim and d8ilchargbw. 
the "gad dry" w i t h  l B  hours  sf a p e r a t f o a ,  rad tk @o%&r outage u b r a  
t h e  r y a t e r  be c h a q e d  t o  r eerta%a faval a& bald th&r@ f o r  ravorr l  
mrkr . 
5.3.1.2 - F h m  the various charpr/dio%%latga 
kt6~md08 Q% iknrul&tlon tkfckm@sar was8 sr- 
leetad sr r Other  p a r m e e r r  oP t h e  TES slxad 
r y s t m  @era d i scuaaed  an % c t i a a  2.1. T h  3- mdrl wag usad t o  gra- 
d i e t  heaae lskta a d  e a m p r a t u r a  p r o f i l e s  sf t h e  %E trnk. ia ckasge8di~- 
s b % a  rcettrslr8o % o r  the r y r t a a  i s  o b w a  i n  Figure  5.3.i-1 W ~ E @  tb 
cham@ and ddircha~a eatsr arr 3 Siwltrmaur transfer occur@ l o r  
2 1/2 b u r s ,  me t a a p r r a t u t e  gtofil@r %or th hoe and co ld  sank r r s  
shorn %a Ofgurr 9.3.1-2 a d  FVl~um 5.3.1-3. Ia t h f r  ssewrio the 6116 
war rtamd i n  t h o  c o l d  t a n k  for overnbght ca&E$nti@nr. The r e n s i t i r i t y  
of ctariour a n v l r o m n t a l  c o d i t t o a s  w r c  albro e v a l u t e d .  l h f r  was u w d  
ea  r e r f f y  that t h e  hoe t a n k  s h e l l  tmwraaecrre m u l d  not excacd t h e  de- 
Sign t m w r o t u r e  of 288°C (550°F). Table  5.3.1-2 shews th@ e c f ~ c c t  of 
tk eawira-nt on t h e  ho t  tank. V a q  L i t t l e  cffccce is obeercaed due t o  
e a l d  o r  h o t  days. The power 1 ~ 5 s  was a l s o  u w d  t o  size t h e  e lec t r i ca l  
trace heneaters for  b c h  tanks .  



Table 5.3.1-1 SRE Imutation &-rials and Thicknesses 

3 4  e22ZSL Brfck 
JPi C22ZSL Brick 

I I o h e  1212 Blok b a r d  
Flexwhite 1260 Fibrow Bott 
JM 2100 Imulating Castable 

aarge - -- - Dio charge 

- -- Salt Height 

5 

Tiree, h 
P .  5.3.2-2 for SM 130d T d  





TabZe 5.3.1-2 SRE Hot Tank Z"hermz2 Predictions 

c) P r e d i c t i o n s  I n c l h  E f f r c t s  of W t a l  S h d v e e  ( I n s i d e  md Out) ,  
Anchor P i e c a ,  Konflat &of, Cornera, m d  Tanlr HeaE Capacity-- 

F r a e  t h e  a n a l y s i s  i t  was d e t e m i n e d  t h a t  e x t e r i o r  s h e a t h i n g  shou ld  have! e 

a  low s o l a r  a b s o r p t i o n  e u r f a c e .  Temperature v a r i a t i o n  th rough  o u t  t h e  
h o t  t a n k  s h e l l  c a n  e x i s t  due  t o  s o l a r  heat$%.  T h i s  i n c r e a s a s  t h e  . 
stress w i t h i n  t h e  s h e l l .  Thr t a n k  s h e a t h i *  was s p e c i f i e d  to  have a 
s o l a r  a b e o r p t i o n  o f  lass t h a n  0.30 and a n  i n f r a r e d  a m i t t a n c e  g r e a t e r  
t h a n  0.83. Although t h e  s o l d  t a n k  d i d  n o t  r e q u i r e  t h i s  sam c o a t i n g  a n  
t h e  r h e a t h i w  i t  was used f o r  c m s m l i t y .  

The r a r u l t s  of t h e  p r e l i o i n a r y  lrot t a n k  t h a m a l  a n a l y s i s  p r e d i c t e d  a n  
o v e r a l l  h e a t  l o s s  15.18 kEJ, based o n  i d e a l i s t i c  c o n d i t i o n s .  The e f f a c t  
of t h e  f o l l o w i n g  p a r a m t e r s  were added t o  t h e  prograa, by i n e r e d s l n g  tk 
the rma l  c o n d u c t i v i t y  o f  t h e  a s s o c i a t e d  i n s u l a t i o n :  

- B r i c k  s h e l v e s  
- I n s ~ l a t i o n  s u p p o r t  r i n g s  
- Heater, p i p i n g  and i n s t r u m e n t a t i o n  p e n e t r a t i o n s  
- L i n e r  anchor  t i c s  
- Attic a r e a  

With t h e s e  c h a ~ e s  t h e  p r e d i c t e d  h e a t  losrr was 18.07 W. By d e g r a d i w  
. 

t h e  bblack and f i b r o u s  i n s u l a t i o n  by 74  and 33 p e r c e n t  r e s p a c t i v a l y ,  t h e  
h e a t  l o s s  became 18.33 W. k g r a d i %  t h e  i n s u l a t i o n  v a l u e s  a l lowed  f o r  
i n s t a l l a t i o n  g a p s  and o t h e r  e f f e c t s  a t  t h e  j o i n t s .  These v a l u e s  a r e  
c m p r e d  t o  a c t u l  measured h e a t  loss  of t h e  S E  i n  S e c t i o n  7.0. 



A cmerrtal s i z e  system has  k e n  d a a i g w d .  F k  system Ls s ized  6 0  
have a t h e m a l  capacity of 1200 m t .  I: f s c a p a b l e  of operatfw a LOO 
We plant for four hours. The g e n e r a l  s ~ c f f i c a t i o n s  of the syet tm a m  
p r e s e n t e d  i n  "rable 5.3.1-3. Tha STS code predfc ted  heat Eors rate for 
r aomal Baratow, CA dry would be 1.5 .WE. This r e s u l t s  i n  a salt tea- 
p r r a t u r e  d rop  of 1°C (292) par day for a f u l l  b t  tank. Thar c a l c u l a t e d  
tb-l efficIensy of this system is 98%. based on equa t ion  (8). 

The high ayrcem e f f i s f a n c y  i d i c a t e s  t h a t  this des ign  Is an exce l len t  
way of s t o d ~  high teaparature t h e m 1  energy. 

The STS c d e  e f f e c t i v e l y  predicts t h e  p e r f o m a w e  of t h e  storage sys- 
tem. The caparison with t h e  expericaseotrl m s u l t s  I n d i c a t e  that t h e  
prograr c a n  be used w i t h  a high degree  af c o n f f d e w c .  

P r e l i @ i w -  e x p e r i e n t a l  r e s u l t s  i n d i c a t e  that i n t e r n a l l y  i n s u l a t e d  
t a n k s  are p r a c t i c a l  f o r  t h i s  type  of energy storage symtea. ~ l s o  t h e  

overall e e e q y  s t o r a g e  camept presented Rere has k e n  s h a m  t o  be ap- 
propriate for solar t h e m 1  centra l  rccedwar systeaa a d s  % d e e d ,  this 
t e e h m l o g y  io ready for c 



Bt Tank Foundation T h e m a l  Analysis  

Thermal a n a l y s i s  on  t h e  hot  t ank  founda t ion  was perf o w e d  using a s t a n -  
dard hea t  t r a n s f e r  method. The r e p r e s e n t a t i v e  a r e a  s e l e c t e d  is shown 
i n  F igure  5.3.1-4. It c o n t a i n s  a 0.3 m ( 1  f t )  l e n g t h  of coo l ing  p ipe  
wi th  i ts  a s s o c i a t e d  concre te ,  c a s t a b l e  i n s u l a t i o n ,  and t a n k  f l o o r .  The 
coo l ing  p i p e  w a s  25.4 m (10 i n . )  s t andard  steel p ipe  i n s t a l l e d  on 7 

0.3 m (12 i n . )  c e n t e r s .  The p i p e  was l o c a t e d  i n  t h e  founda t ion  t o  pro- 
v i d e  a minirnm of 38 m (1.5 i n . )  of c o n c r e t e  cover.  The recorarnended 
t h i c k n e s s  s f  t h e  e x t e r n a l  c a s t a b l e  i n s u l a t i o n  was 0.25 m (10 i n . ) .  

E%olten S a l t  

L iner  

Internal 
I n e u l a t i o n  

S h e l l  

Ex te rna l  
I n s u l o t  ion  

Foundation 

12.7 m 
(0.500 i n . )  

0.33 m 
(12.84 i n . )  

.Tigure 5.3.1-4 Repi-vsentative Hot Tank Foundation Area 

The thermal  c o n d u c t i v i t y  of t h e  m a t e r i a l s  is g i v e n  i n  Table 5.3.1-4. 
The molten s a l t  temperature  is  566°C (1050°F) and t h e  ambient tempera- 
t u r e  w a s  t aken  as 36°C (96°F) maximum. Based on t h e  coo lan t  heat  re- 
j e c t i o n  system t h e  c o l d  water  i n l e t  t empera tu re  assumed was 49°C 
(121°F). A maximum temperature  rise of 5.6OC (lO°F) was used. It was 
a l s o  asaugled t h a t  t h e  founda t ion  temperature  was mainta ined a t  49°C 
(120°F) a t  t h e  a i r  o r  e a r t h  i n t e r f a c e .  



External In su l a t i on  0.282 0.140 

S t e a l  She l l  43.3 2 5 

The a n a l y t i c a l  r e s u l t s  arc given i n  Table 9.3.1-5 f o r  t h e  maxfmm h o t  dry 
condit ion.  The des i r ed  t w p r a t a r e  of 288°C (559°F) aic  he rank 8hl1 was 
rchieverd Msithin 2'6 (3.6"F). 

w a n t  of coe lan t  flow required t o  malntaia  these nada teeparoturea 
was ca l eu l a t ad  ao 7.8 l i ters/aafn. (1.85 g p )  b s s d  on r coolant  6% of 
0.871 ealorie@/graa- 'C (0.871 Btu/lb--."$). 

5.3.1.6 - An a m b y s i s  o f  t h e  
steel she fInLte elcaenr  coapu- 
t e r  progrra.  me program ko t l t l e d  SAP ZV a d  was dowelaped by the 
Earehqublka E @ i ~ & r i w  &search h n t a r  a t  t he  Umivarsity of Cabifornia 
in Wrkeley.  Load cases  f o r  RydrostatLc pressure,  temperature gradi- 
e n t ,  seismic l w d i a ,  and wind and snow were u s d .  

Because of t he  s i z e  of t he  tank a d  the r a t i o  of t k i ckwos  t o  radius, 4 
node, f l a t ,  s h e l l  elements were used. h e  t o  tk s i z e  of t%e  PRIm 250 
a i n f ~ o ~ k p u t c r  two scaodls were used. The f i r s t  &el, shown i n  Figure 
5.3.1-5 i n c l d e s  t he  t o p  f a l e t  pipe but not tk upper support ring, and 
w a s  used t o  e v a l w t e  t o p  cover s t r e s se s .  The s e e 0 4  mdcl, s b w n  i n  
Figure 5.3.1-4 has t he  upper a u p p r r  ring, kt not the Beinlet p i p e  and 
was used to study t h e  e f f e c t s  of t he  r ing a& of t he  t h e m e l  gradients  
near tkg r i e .  



mte: 
Support 
Ring %t 
Included 

5.3.1-5 Hot Tank Mode2 w i t h  Center Pipe 



Note: 
Includes 
Support 
\ 



Necessary input d a t a  f o r  each element includes pressure normal t o  t he  
surface, a d  the  temperature a t  t h e  center  which was considered t o  be 
t h e  mean tecrperature. 

The modeling a s smpt ions  include; (1) f ix ing  the inner  and outer  row of 
bottom a d e  points  i n  the Z d i r e c t i o n  a s  shown i n  Figure 5.3.1-7, (2)  
f ix ing  of four center  b o t t m  nodes, as shown i n  Figure 5.3.1-8 t o  pre- 
vent ro t a t ion  due to nonaxis-s t r i c a l  seismic and wind loading, a d  
to allow theme1  expansion, 3) t he  ground exact ly reac t ing  any load 
against  it, hewe no pressure need be applied t o  t h e  battom elements 
a d  4) f i x lng  of a l l  bottom nodes against  ro t a t ion  about the  Z ax i s ,  
due t o  type of e l e n t s  used. Sme loading assumptions a r e  shown i n  
Figures 5.3.1-9 aud 5.3.1-10 and include hydrostat ic  pressure and se is -  
mic ef  f e c t  where s e i e a i c  e f f e c t  I s  obtained by multiplying the hydro- 
s t a t i c  pressure by a seismic c o e f f i c i e ~ t .  

5.3.1-7 V@rticaZ P M t y  a t  Bass 



Bydraetatf c Prwawe 
with Seisdc Effect 

This Side 



The cover loads include pressure weight o f  suspended l i n e r  and insula-  
t i o n  which i s  d i s t r ibu t ed  t o  nodes approximating anchor poin ts ,  and 
weight o f  br icks  which is applied as  a pressure a t  t he  corners. Ther- 
-1 loading on the f i r s t  sode l ,  wi th  the i n l e t  pipe and without t he  
upper support r i ng ,  considered only  t he  temperature gradient due t o  t he  
corners. The-1 loading f o r  t he  second model w i th  the upper support 
r i a  and without t h e  i n l e t  pipe, consis ted o f  bath t h e  thermal gradient 
due t o  t h e  corners and a t  the l e v e l  o f  the  upper support ring. 

The output f r m  t h e  SAP IV program consisted o f  m d e  ro ta t ion  and d is -  
placement f o r  each a x i s ,  membrane s t r e s se s  Tx, T , and Txy f o r  
each e l e m n t ,  and o w n t  per u n i t  l ength  f o r  eac i  e leaent .  The prin- 
c ipa l  s t r e s se s  can then  be derived from equattons 1 and 2. 

Exaaimt ion  o f  the  f i r s t  m k e i  output showed, as  expected,  tha t  th@ 
pressure and weight loads g ive  low s t resses .  The s t r e s se s  resu l t ing  
from thermal e f f e c t s  were somewhat higher. In the s h e l l  a maxim- 
s t r e s s  o f  30 !@a (4270 ps i )  occurs on the  bottom and on the  lower part 
o f  the s i d e ,  an8 f o r  the support r ings t he  maximw s t r e s s  was 86.1 MPa 
(12,240 p s i ) .  Also,  a l l  o f  t he  s ide  wall d e f l e c t i o n s  are close t o  6.5 
m a  (0.26 in . ) .  

The eecond oodel ( r e f e r  t o  F i g .  5.3.1-4) showed a maxiaum shal l  s t r e s s  
o f  53.5 HPa (7600 p s i )  just below the upper support ring. The ring 
s t r e s se s  and w a l l  d e f l e c t i o n s  were s imilar t o  those i n  the  f i r s t  
model. The ve r t i ca l  displacement o f  nodes around the  top o f  the  wall 
i s  approximately 23.85 ma (0.938 i n .  ). 

Additional evaluat ion  was done f o r  the case o f  t h e m a l  gradients Se- 
tween t h e  s ide  and cover and between the  s ide and bottom. These ca l -  
cu la t ions  showed tha t  these thanaal gradients must k kept l e s s  than or 
equal t o  80°C (144'F). The maxiam s t r e s s  was then  95 MPe (13,500 p s i ) .  

The allowable s t r e s s  i n  s t e e l  was 122 MPa (17,350 poi )  which shows tha t  
t he  tank design i s  s a t i s f a c t o r y .  

5.3.1.5 Hot Tank Foundation S t re s s  Analysis - Haxiosm s o i l  bearing 
pressures were calculated by Stearns-Roger f o r  t h e  hot s a l t  storage 
tank foundation. The maximum calculated bearing pressure was 0.127 YPa 
(2,590 p s f )  r e su l t i ng  from a combination o f  seismic and weight loads. 
This  may be compared t o  an allowable o f  0.13 MPa (2,660 p s f ) .  

The foundation was designed t o  an outs ide  d iare ter  o f  4.4 m (14.5 f t ) .  
T h e  foundation des ign  i s  depicted i n  Figure 5.3.1.11. A l l  concrete 
elements o f  t he  foundation were reinforced wf'h s t e e l  rod varying i n  
s i z e  from 12.7 m (0.5 i n . )  t o  19.0 m (0.75 i n . ) .  Access t o  the  a i r  
space w i th in  t h e  ring wall was provided by two 0.91 a ( 3  f t )  square 
opening, which were surrounded by addit ional  re in forc ing  rod t o  provide 
t he  necessary s trength.  





5.3.2 Cold Tank Waalysis 

5.3.2.1 - For  c o l d  salt s t o r a g e ,  t h e  tern- 
p e r a t u r e  (550"F)J was low enough t o  use ca r -  
bon s t e e l  f o r  t h e  s h e l l .  While t h e r e  was sme d e c r e a s e  i n  s t r e n g t h  
a l lowable  a t  this t e a p e r a t u r e ,  carbon s t e e l  s t i l l  prov ides  a n  adequate  
f a c t o r  o f  s a f e t y  f o r  o p e r a t i o n a l  load  cond i t ions .  T h i s  f a c t o r  elfmi- 
mated t h e  r e q u i r ~ n t  f o r  a n  i n t e r n a l  l i n e r  and p e m i t t e d  use of low 
c o s t  f i b r o u s  e x t e r n a l  i n s u l a t i o n  t o  minimize t a n k  h e a t  l o s s .  (Refe r  t o  
Pig. 5.3.1-3). 

The c o l d  t a n k  t h e m a l  a m l y s f s  was performed us ing  t h e  same a n a l y t i c a l  
e o d e l  used f o r  the h o t  tank ( s e e  paragraph 5.3.1.1). 

The r e s u l t s  of t h e  c o l d  t ank  t h e m a l  a n a l y e i r  i n d i c a t e  that f o r  a s a l t  
height  of 0.2 a (0.6 f t )  t h e  hea t  l o s e  should be 4.94 W. Thl r  predic-  
t i o n  i e  coaapared wi th  SRE e x p r i n n s n t a l  heat  l o s e  i n  S e c t i o n  7.0. 

5.3.2.2 - The t h e m a 1  a n a l y s i s  
f o r  t h e  c o l d  t a n k  founda t ion  was a s i m p l i f i e d  v e r s i o n  of t h e  hot  t a n k  
a n a l y s i s ,  i n  t b t  there is  no i n t e r n a l  l i n e r  and consequent ly  f e v e r  
node pa in t s .  The r e p r e s e n t a t i v e  s e c t i o n  of t h e  founda t ion  i e  shown i n  
Figure 5.3.2-1. It contained a 0.3 a (1 f t )  l eng th  of c o o l l n g  p ipe ,  
f o u d o t i o n  concre te ,  c a s t a b l e  i n s u l a t i o n  and t h e  t a n k  f l o o r .  The cool-  
in% p i w  w s  25.4 m (1.0 i n . )  s t andard  s t e e l  p i p e  i n e t a l l a d  on 0.30 m 
(12 fa.) c e n t e r s .  A miniaura o f  3.8 cer. (1.5 i n . )  of c o n c r e t e  cover  war 
provided a v e r  t h e  c o o l i w  p iper .  The r e c o m a d e d  t h i c k n e s s  of t h e  
c a s t a b l e  i n s u l a t i o n  war 0.37 a (15 i n . ) .  

The mal ten s a l t  t m p a r a t u r e  was 288'C (550°F) and t h e  ambient tempera- 
t u r e  wae t a b n  a t  36°C (96'~) maximum. Pt was aasuaad t h a t  t h a  e s c l i a g  
water e n t e r e d  a t  49°C ( l 2 l 6 F )  and that t h e  o u t l e t  temperature  i n s r e a s a d  
5.6% (10°F). It was a l s o  assumed t h a t  t h e  f a u n d a t l o a  was a a i n t a i n e d  
a t  38°C (lOOQF) a t  the a i r  o r  e a r t h  i n t e r f a c e .  

The a n a l y t i c a l  method used was a two d i a e n e i o n o l  conduct ion kaat t r r n r -  
f a r  m d e l  u r ing  l i n e a r  equa t ions  t o  d e r c r i h  t h e  hea t  f low, as  used f o r  
t h a  hot t a n k  f o u ~ a t i o n a m l y s i s  ( S e c t i o n  5.3.1.2). k d e s  1, 2,  and 3 
were a t  2 8 8 ' ~  (550'F) and n ~ d e s  10, 11, and 12 were held  a t  38'C 
(lOOQF). (See Pig.  5.3.2-1 f o r  node l o c a t i o n s . )  

The r e s u l t s  of t h i s  a n a l y s i s  is  shown i n  Table  5.3.2-1. 

TdLe 5.3.2-1 Cold Tank Foundation Node Temperctwes 



Mlten S a l C  

Shell 

Eaeeml  I-delation 

carba  atml Ee 3.15 HPs (4,900 p r i ) ,  which provided a large f d e t ~ r  o f  
s@fatp. daeoalysis ~ P I B  tndicatad t h a t  f o r  the aarimm reL@mfc o r  oind 
IbadPq, tb reeultfrag ovcrtenrniw mmant was saall enough chat  aaeh.s>t 
tErrpr &a t h e  Baudatfoa would not be aequirad. 

- The cold t a n k  f a a u d a -  
Eoger t o  check the aaxf- 

iaa pressures. UMar a s m 1  operati% c o d i t f a n s  the prcdirtcd 
b a r i s  pressure usa 0.08 ma ( L , f  40 psf ) a& u d c r  scf aaic eo&it  f 3s 

a vaLw of 0.11 HPa (2,330 p r f )  was pradfe~cd.  TRks eag be cmparc t o  
art a1lwaBBa value of 0.13 MPa (2,660 gnf). The foundatfan was ra t  - 
foread ukth n m b r  6 reinfomi* r d @  [l9 ws (0.75 in.) dbawter j  (7 

0.3 m (12 in,) centers. 

5.3.3.8 - T b  o w l y e i s  rs rwed  an  oueebde 
'H) a& an f a ~ c m e l  temperreare of 



566°C (1050°F). Tk-1  c o n d ~ c t i v i t y  of t h e  f i b r o u s  i n s u l a t i o n  was 
0.07 "J/m-OC 0.045 (~ tu / f t -h -OF) .  T h i s  i n s u l a t i o n  was p laced  on t h e  t o p  
a d  s i d e s  o f  t h e  s m p .  

Meat l o e s  was c a l c u l a t e d  a t  0.40 kW (1370 Btu/h)  f o r  t h e  t o p  of t h e  
taak, 1.61 ?Ad (5,450 Btu/h) f o r  t h e  s i d e  a d  0.40 W ( l , 3 6 0  Btu/h)  f o r  
t h e  b o t t m .  The t o t a l  ersap h e a t  l o s s  p r e d i c t e d  was 2.41 W (8 ,180 . 
Btu/h).  The h a t  l o s s  rh r sugh  t h e  p m p  w a s  550 w a t t s .  To r e p l a c e  t h e  
2.96 W l o s s ,  3.9 ltU e l e c t r i c a l  h e a t e r s  were used. 

5.3.3.2 kt 5mg S t r e s s  Pinalysis - The ho t  swap s t r e s s  a n a l y s i s  was 
a e r f o m e d  u s f a  a M S T U I  s t a t i c  a n a l y s i s .  The l o a d i n g  c o n d i t i o n s  a r e  - 
;horn i n  F igure  5.3.3-1. T h i s  load ing  has t h e  p w p  weight  and t h e  
p r e s s u r e  whl<,h would o c c u r  i f  t h e  f a l l  p r e s s u r e  head o f  t h e  hot  t a n k  
o e r e  a p p l i e d  t o  t h e  a m p .  The t a n k  m a t e r i a l  t h i c k n e s s e s  were s i z e d  t o  
p rov ide  a f a c t o r  o f  s a f e t y  o f  2.0 o v e r  t h e  allowable coded v a l u e s  o f  
304 s t a i n l e s s  steel a t  566°C (?1050°P). The w a l l  t h i c k n e s s  was .32  c a  
(.?.25 iraeb); t h a  t o p  plate was 1 , 3  cm (.5 i n c h ) ,  and t h c  b o t t o ~  was a 
0.64 cm .25 i n c h )  p l a t e  w i t h  s t i f f e n e r s .  

3000 in .  l b  

5.3.4.1 - Re-evaluat ion o f  t h e  c o l d  s u p  
thermal a n a l y s i s  was no t  p e r f o r m d  f o r  t h i s  test. P r e v i ~ u s  o p e r a t i o n s  
i n d i c a t e d  adequa te  temperature  margin. The t a n k  had inore t r a c e  h e a t e r s  
t h a n  n e c e s s a q  t o  m a i n t a i n  d e s i g n  t empera tu res .  

- The c o l d  sump s t r e s s  a n a l y s i s  was 
l y s i ~ .  The l o a d i n g  c o n d i t i o n s  a r c  4 

shorn i n  F i g u r e  5.3.4-1. Th ie  p r e s s u r e  l o a d i n g  accoun ted  f o r  a poa- 
s i b l e  f a i l u r e  mde which would a l l o w  t h e  f u l l  h e i g h t  of t h e  c o l d  t a n k  
t o  be a p p l i e d  t o  t h e  c o l d  s u p .  The maxim- stresses i n  t h e  sump 
oeeur t@d o n  t h e  bottcm p l a t e ;  1 7 1  HPa (24,326) i n  t e n s i o n  and 169 :4Pa 
(23,991 p s i )  i n  c m p r e s s i o n .  A t  316'C (600°F t h e  v a l u e  o f  t h e  compres- 
s i v e  y i e l d  a l l o w a b l e  is 172 PlPa (24,570 p s i )  and t h e  t e n s i l e  y i e l d  



allowable is 176 MPa (25,200 p s i ) .  T h i s  prowidad a aa rg in  of safety of 
2.5X for worst ease s m p  loadfamg. K@ small aargLw was considered ade- 
quate since it would result in a failure d c  which @ a u l d  have a 
Limited ti= duraelon. 

suleciola thdeknarsa was selected t o  main ta in  t h e  ex t e rna l  I n % u l a t i o ~ ~  b- 
low 50'~ (l46'P") when the line @as a t  I t %  a a x i s u ~  % e ~ p e r a t u r @ .  f ? ~  
lia@c%r W @ ~ Q  i s ~ u l a & ~ d ~ i t h  a calcium s i l i c a t e ,  except a t  t h e  C L ~ O U J  * s h f i h  
b d  fibrous Insulatfon. The heat Boss Z Q  be r ep lacad  55. t h e  erase  
bertara was calculated w i t h  t h e  ldncs a t  332°C (630°F) [ e x c e p t  f o r  line 
@P vRieh was 566°C ( L o ~ O " P ] ]  and at 43°C (%PO"P)  a m b i e n t  temperature.  
I t  Isas m@eessaq that k i n e  $1 bt a a l n t a i n c d  a t  56ai"C (1050"F] t o  pre- 
vent cold sa l t  from G B U $ ? A ~  themak  E R C B ~ ~  01 6hb /act pimap. Tbte % k n e  
i s ~ a p l a t l o n  and haae losses ara  i n  Table  9.3.5-H. 



There was no t h e m s t a t i c  control on the l i n e  heaters. The correct 
balanee between the  heaters and heat l o s s  was used t o  maintain the  tem- 
perature. 

5.3.5.2 Salt  Transfer L i n e  Stress  Analysis - Stress  analysis  o f  a l l  
sa l t  t ransfer  l i w s  was p e r f o m d  by Stearns-Roger. Analysis included 
veight ,  pressure a d  themal  expansion loads. The resu l t s  o f  the  hot 
l i n e  (nmber  one) between the hot tanks and the hot s m p ,  i s  used a s  an 
e m p l e  o f  the tasks  coapleted. h e  l i n e  r o u t i m  diagram i s  shown In  
Pigure 5.3.5-1. The large amber r f  bends i n  the l i n e  verc inserted t o  
allow t h e  i i n c  t o  act  as a  sprifig, thereby reducing the  magnitude o f  
the thermal expamion r t ress  loads which would be experienced i n  
straight l i n e  segments. Pipe hangars vere designed t o  permit unre- 
s t ra iwd  t h e w 1  expansion. T h  temperature o f  the molten sa l t  was 
ass-d t o  be 566°C (10505P) a d  the pressure o f  the  f lu id  i n  t h e  l ine  
var taken 0.14 MPa as  (20 psig) -ximu. The pipe was a s c b d u l e  10, 
316 s ta inlass  s t ee l .  'Phe thickness o f  tha calcium s i l i c a t e  insulat ion 
was 12.7 ms ( 5  in.) .  ~ f l e c t i o n  at  1Cw end points were usad i n  con- 
junction wi th  the above data and loads were d e t e m i w d  u s i ~  a capu-  
tarized a m l y s i s .  The n m k r  and loeation o f  expaneion loops end pipe 
hewarr vere varied u n t i l  the  desired r trerr  l eve l s  were achieved. The 
caaximm s t ress  l e v e l ,  based on there loads, war 190 HPa (23,187 ps i )  
~ m p a r e d  t o  an allowable o f  256 HPa (36,625 ps i ) .  m e  equipmnt con- 
nectfon forcer arnd mments are given i n  Table 5.3.5-2. 

To datemine valve and s u p  requireaenta it war necessaw t o  deternine 
tb prasrure loss Ln arch o f  the r r l t  t ransfer  l iner .  Mort o f  the 
valves a& the  cold 5-p vere t a b n  from AGEZ Phase II program so the  
%RE l i a e  designs w r e  made cmpat ib lc .  Limiting the ver t ical  drop o f  
the tank ou t l e t  l inee  imseased the i r  d imeeerr .  The pipe a i z i w  was 
an i t e ra t i ve  pracsrr with the l ina rtrees analyeir. A r  a l i n e  k c m a  
larger Ln d i m t s r ,  thus s t i f f e r ,  i t  was necesrav t o  add expansion 
loops which increased the l i n e  l a q t h r .  Sizing o f  the l ines  b d  t o  be 
cmpat ib lc  with the  valve flow tea i s tamer .  The pressure lorr o f  the  
l i ~ s ,  ar detamined by a Steams-Boger computer program, i s  l i s t ed  i n  
Tabla 5.3.6-1. 

The a m l y s e s  described above cover only t h e  major cmponents o f  the 
SRE. Analysis o f  nruaerous other ccwponents ( i .e . .  pump and sump build- 
ing foundation, ladder tower, pipe supports) was also perfomed. A 
c m p l e t e  l i s t  o f  analytical  tasks performed i s  contained i n  Appendix C .  





6.0 SRE Fabrication 



Most of t h e  f a b r f e a t f o n  o f  t h e  S E  was p e r f o m e d  o n s i t e  a t  t h e  6.RTP 
e x c e p t  f o r  t h e  h a t  t a n k  l i n e r  e l m e n t s  and t a n k  a u b s s e ~ b l b e s  which 
were f a b r i c a t e d  by G l i t c h  F i e l d  S e r o i e e ,  Inc.  t n  b l l a s ,  TX. The k c  
s m p  and t h e  c o n t r o l  c o a s o l e  were b u i l t  by Mar t in  h r t e t t a  k n v e r  Wero- 
space.  A I L  of t h e  site p r e p a r a t i o n ,  founda t ions ,  p f p f w  and h i l d i w s  
were done by S t e a r n s - w e r .  A l l  o f  t h e  t h e m 1  i n s u l a t i o n  of tk t a r a h  
and p t p i m  was do- by h e r i c a n  E n t e r p r i s e s ,  Tnc. at  APbuquergue, M 
under  s u b c o a t t a c t  t o  M r t i n  W r i e t t a  &raspace.  W e t  of t h e  e l e c t r i c a l  
work i n c l u d f w  t h e  i n s t a l l a t i o n  o f  a l l  t h e  c a b l e  t r a y s  a d  c o d u i t  was 
performed by S u n r i s e  ElectrLe Co. under  s u k s n t r a c t  t o  k r t f n  Marietta 
Aerospaec. & r t L n  M a r i e t t a  Aerospace and Sa&ia  suppor ted  a l l  of t h e  
s u b c o n t r a c t o r s  and i n s t a l l e d  a l l  a f  t he  f n s t r m e n t a t i a n ,  c o n t r o l s ,  
p n e w a t i c s ,  c o o l i w  w a t e r  systems and p e r f o m e d  t h e  checks  requ i red .  
The f a b r i c a t i o n  s t a r t e d  i n  J u w  1981 and was completed i n  January 1982. 

6.1 SITE PWEPtlRATIOH 

F i g u r e  6.1-1 shows t h e  SW s i te  l a y o u t ,  which was l o c a t e d  s o u t h  and 
rest of t h e  CWTF tower.  T h i s  Loeat ion w i l l  provfde e a s y  hookup t o  a  
mol ten  s a l e  r e c e i v e r  p r o t o t y p e  i n  t h e  f u t u r e .  A view of t h e  s i t e  i n  a 
p r e l i w i m r y  c o n s t r u c t i o n  s t a g e  f s  shown i n  F igure  6.1-2. T h i s  view is  
from t h e  a T F  tower. The c y l i n d r i c a l  s t r u c t u r e  seen a t  t h e  f a r  Lef t  of 
t h e  p i c t u r e  far t h e  h a t  t a n k  foundat ion.  The molten 8 a l t  d r a i n  ha le  may 
be s e e n  i n  t h e  c e n t e r  of t h e  f o u d a t t o n .  To t h e  lower r i g h t  of t h e  hot 
t a n k  f o u n d a t i o n  i s  t h e  c o l d  t ank  f o u n d a t i o n  l o e a t i o n .  Framing f o r  t h e  
c o m r e t a ,  r e L n P s r c L a  rod and f o u n d a t i o n  e s a l a n t  tuba a r e  k i n g  put IR 
place .  B l r a e t l y  a h v e  t h e  c o l d  t a n k  f o u d a t i a n  f a  t h e  ouap b u i l d l q  
which houses  both t h e  hot  and c o l d  wrmaps. To t h e  Pefe of t h e  sump 
b u i l d % %  is t h e  pad whfeh w I l 1  suppor t  t h e  p r o p a m  b a k e r .  The cont ro l  
b u i l d i w  f o r  t h e  SRP: is  l o e a t e d  t o  t h e  r f g h t  o f  t h e  a m p  b u i l d l w *  A t  
t h i s  s t a g e  only t h e  f l o o r  s l a b  has h e n  pouted. 

k k o v  t h e  c o n t r o l  b u i l d l w  i e  a smll  pad w b r e  t h e  e l e c t r i c a l  t r a n s -  
foreaars w Z t t  be l a e a t e d .  The apace k t w e n  t h e  t r a n s f o r m e r  pad and the 
e o l d  t a n k  foundaz ion  i s  a l l m a t e d  f o r  t h e  a i r  coslcd hea t  exchanp$er. 
P r e p a r a t f o n  of t h i s  s i te  inc luded  rcaoval of two h e l i o s t n t  f o u n d a t i o n s  
and  reaovaL o f  the b l a c k t o p  in t h e  a r e a .  F igure  6.1-3 s b v s  a s i d e  
view of t h e  SWE d u r i n g  t h i s  saae s t a g e  of i n k t i a l  c o n s t r u e t i a n .  

Once t h e  h o t  and e o l d  t a n k  f o u s d a t i o n s  had k e n  poured and had ade- 
q u a t e l y  c u r e d ,  t h e  c a s t a b l e  i n s u l a t f o n  was poured i n  p lace .  Th i s  oper- 
a t i o n  i s  t a k i  ag p l a c e  i n  F i g u r e  6.1-4 and F i g u r e  6.1-5 shows a s i d e  
view of  t h e  f o u n d a t f a n  a f t e r  c m p l e t i n g  t h i s  s t e p .  The a i r  cooled h a t  
e x c h a w a r  say k s e e n  f n  t h e  background. i t c s  b d  k e n  prewiouely 
used  fa two earlier power system p r o g r m s ,  t h e r e b y  r c d u c i w  t h e  owcrakl 
c o s t  o f  the S E .  PPgure 4.1-6 i s  a view frm t h e  eRTH tower.  A t  t h h s  
@tag@ t h e  e a s t a b l e  i n s u l a t i o n  t a s k  had k e n  c m p l e t e d  am3 BQM back 
f f1Ling of d L r t  had k e n  do=. In the uupec r i g h t  hand cormr i s  t k  
ai r  c o o l e d  h e a t  e x c b n g e r ,  which w a s  being $bored a t  t h i s  % m a t i o n  
p r l o r  t o  @Laceeat i n  t h e  SE. 







Figure 6.2-4 Pouring Castable Insulation 

Figure 6.1-5 Side View o f  Completed Foundaticns 
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Figure 8.1-7 Cooler and Tank Bottom ImtaZZed 

An o v e r a l l  view of t h e  SBE is shown i n  Figure  6.1-13. The p ropam tank  
can  be s e e n  i n  t h e  upper r i g h t  hand corner .  The t h r e e  ram11 propana 
evapora to r s  are l o c a t e d  i n  t h e  c e n t e r  of t h e  p i c t u r e  on t h e  o t h e r  s i d e  
of t h e  c h a i n  l i n k  fence.  Figure  6.1-14 shows a s i d e  view of t h e  rite. 
A l l  major campownts  of t h e  SFtE have k e n  i n s t a l l e d .  The o n l y  t a r k r  
l e f t  t o  ba camplated are p ip ing  and e l e c t r i c a l  i n t s r c o n n a c t r  and in ru -  
l a t i n g  of t h e  s t o r a g e  tanks.  

Figure  6.2-1 shovr  n u t s  f o r  t h e  anchor b o l t s  welded t o  t h e  i n s i d e  of 
t h e  tank. The anchor  b o l t s  ex tend  through t h e  i n s u l a t i n g  f i r e b r i c k  t o  
support  t h e  t ank  l i n e r .  h e  s c a f f o l d i n g  used whi le  l a y i n g  t h e  f i r e -  
b r i c k  c a n  be seen  i n  Figure  6.2-2. Some b r i c k i n g  of t h e  bottom of t h e  
t a n k  has  been completed. The steel r i n g s  on t h e  i n s i d e  of t h e  t ank  
lend s t i f f n e s s  to t h e  t ank  a s  v e l l  as suppor t ing  t h e  w i g h t  of t h e  
f i r e  brick.  





Figwle  6.1-10 Intamh ksssmb22 Stage 







The top layer 9% t h e  f lber br icks  1s seen I n  F i 8 u r a  b.2-B and ~ n ~ t t E % a -  
eion ~f t h e  f i r s t  course of tank side dnsulacton has hscn  s t a r t e d .  T:w 
lowest  l u p p ~ r t  r ing  and S I ~ " P C B B ~  awkfor %elts r r a  a l e 0  v i s i b l e .  The i n -  
rear course of internal i%su%atfon is seen Pn F%aui-e 9.2-4.  The l a n c r  
course is laid v e r t i r a l l v  am3 t h e  i n n e r  coursa 1% Baf:+ ~ ~ ~ ~ B z o ~ l e b l ~ y .  
T h f r  p rav idas  a t o t a l  fneablariua t h i e k w s a  of 3.44 m a-13 1 1 2  in.  1. T!m 
aortak U S P ~  ea e a t  thc b r i c k s  t s  rean ika eh@ b x  in the f ~ r e q r o u r ~ d .  
'TI%@ @ortar is a slurry, w 8  t h e  br icks  are d l p p ~ d  a d  ptsese.d L s g @ t h @ d ,  
rasrmktl~ in a ve ry  t h i n  b o d  Liw. iinchor h i t o  were %)ca:ed 4 6  b r i c k  
mol'ger joints 8 s  can be O Q B ~  in Figure 5.2-5. I n  Figtnss  5.2-5 l % % u l r -  
tion $ 5  h igher  up t h e  side of the t ank  a& bo th  t%c inner 1nd ~ m t e r  
C O U ~ B I I  caw be seara. 

To eliainatc the h igh  stress loads in t h e  kbwr z a t n e r  p ieces  at the 
fwteesectfon of the t ank  w a l l  and floor, heavy b s k - u p  corner  pfeces  
(as s h a m  P R  Fig. 6 . 2 - 7 )  arc installed. These pleccs are E n h r i c n c e d  
f roe 6 am (0.25 i r r .  1 c h t s k  m a t e r i a l  2nd are actaslzed to t>e areahot 
bolts. k f o i l  k i r ? ~ r  can be w e n  s b v e   he cornar pieces. The f o i l  is 
0.25  a% (o.9l.o in.) t h i c k  30& 9tainless steel % a c e r i a l  apld its fadblg~i '~n  

is to ~LBainate any abrasion,  that couPl base rcrulted k c w e e n  the 
t h e m a 1  expanebon S f n c r  a& the tnsulatf B i r a b r I e k ,  d u r i n g  t % m ~ 1  
e y c l i q .  The f o i l  f s a l so  sttaeh~d to the swhor b b t s .  



Figure 6.2-4 Intern2 ImuZution - Side and 3ottom 
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Figure  6.2-8 shows t h e  a t tachment  of t h e  Incoloy 800 cor ruga ted  l fn*r  
t o  t h e  anchor  b o l t .  The f o i l  l i n e r  can  be seen below it.  The  cor ru -  
ga ted  l i n e r  i n s t a l l a t i o n  war s t a r t e d  a t  t h e  top  of t h e  t a n k  and ex tendr  
t o  t h e  bottom, vhere  it was over lapped by s p e c i a l l y  formed awl@ 
pieces .  I n s t a l l a t i o n  of t h e  lowest segment of cor ruga ted  l iwr and 
i t ' s  proximity t o  t h e  heavy c o r n e r  p i e c e s  c a n  be s e e n  i n  Figure  6.2-9. 

The support  j acks  one o f  which i s  seen  on t h e  r i g h t  s i d e  of F igure  
6.2-10 s e r v e  d u a l  func t ions .  They supported tb cor ruga ted  l i n e r  paml 
a s  i t  w a s  k i n g  velded i n  p l a c e  and a l s o  served t o  suppor t  s c a f f o l d i w  
dur ing  t a n k  assembly. Sme of the i n s t r u m e n t a t i o n  wlrfng to  tk t h e r -  
mocouples c a n  be s e e n  above t h e  l i n e r .  Pigure  6.2-11 i l l u r t r a t e s  t h e  
over lapping welding technique used on t h e  l i n e r  pane l s  a t  t h e  t o p  o f  
t h e  tank. 

The o u t l e t  p l a t e  f o r  t h e  hot  t a n k  is shown i n  Figure  6.2-12. T h i s  
p l a t e  was Eabricated f r ~ a  In ro loy  800, since it would a l s o  be exposed 
t o  t h e  c o r r o s i v e  a c t i o n  o f  t h e  molten salts. The b o t t m  cor ruga ted  
l i n e r  pane l s  were welded t o  t h i s  p l a t e  nea r  t h e  anchor  b o l t  l o c a t i o n s .  
A temporary cover  has  been p laced  over  t h e  d r a i n  ho le  l o c a t e d  i n  t h e  
p l a t e .  

The ho t  t a n k  s a l t  h e a t e r  i s  shown i n  F igure  6.2-13, p r i o r  t o  being in- 
s t a l l e d  i n  t h e  tank. The propane t ank  i s  i n  t h e  background. 



Figure 6.2-9 M w r  Itern Tank &te rn  



Figure 6.2-10 Upper Liwr Pam2 and Iw nta twn WiSng 

Figure 6.2-14 i s  p i c t u r e  of t h e  a t t i c  a r e a  of t h e  hot tank. The v e t t i -  
c a l  r ~ d e  a r e  s u p p o r t s  f o r  t h e  suspended deck. An a m o n i a  f n l e t  t a p ,  
f o r  t h e  l f n e r  l e a k  test, i s  on t h e  ledge a t  t h e  l e f t  hand r i d e  of t h e  
f igure .  %me of t h e  t h e m c o u p l e  wir ing can  a l s o  be seen  i n  thir 5-e 
a rea .  

The accord ion  p i e c e s  which connect  t h e  cor ruga ted  Liner wi th  t h e  eus- 
pended deck i s  shown i n  Figure  6.2-15. The end of e a c h  c o r r u g a t i o n  i n  
t h e  accord ion  p i e c e s  i s  welded s h u t  and l e a k  checked. The f i n i s h e d  
t ank  l i n e r  wi th  t h e  s a l t  h e a t e r  i n s t a l l e d  i s  shown i n  F igure  6.2-16. 

6.3 COLD STORAGE TAPlK 

Once t h e  c o l d  t a n k  s h e l l  s t r u c t u r e  had been completed ( r e f e r  t o  Fig.  
6.1-14). f a b r i c a t i o n  of t h e  i n t e r i o r  of t h e  t a n k  was i n i t i a t e d .  This  
was a r a t h e r  s t r a i g h t f o r w a r d  and uncomplicated t a sk ,  since a l l  i n s u l a -  
t i ~ n  was e x t e r n a l  and t h e  carbon s t e e l  a l l o y  s e l e c t e d  f o r  t h e  shell 
could e a s i l y  wi ths tand  t h e  288°C (550°F) sal t  temperature .  F igure  
6.3-1 shown t h e  equipasent i n s t a l l e d  i n  t h e  bottom of t h e  c o l d  tank. 



The tubes Located in the center of the tank and in the upper left hand 
corner are temperature rakes. The tnbe in the llcwer lefc hand corner 
is a bubbling tube, used to provide a reliable yet inexpensive method 
of detemining the height of the molten salt in the tank. In Che upper 
left hand corner of the photograph, the tee shaped inlet pipe can k 
seen. diately below the inlet pipe  is the outlet hole and a baffle 
above it to prevent vortex sbdding durPng drain%= of the wolten salt 
from the tank. 



F i g w l e  6.2-12 Hot Tank O u t l e t  P l a t s  

Figure  6.2-13 Hot Tmrk Salt Heater 





Figure  6.2-16 Completed Liner Installation 

6.3-1 Bottom of Cold Tank IntsPior 
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The top of the inside of the cold storage tank is shown In Figure 
6.3-2. The ladder can be seen exitim the =ank le .  The m n b l e  pro- 
vides access to the ta& Tar final fabricatfen stages and to pcowfdo 
access to %ntcrml eqtmipnt duria the exprfmerac, should bt be rc- 
guined. m e  tuk lwatedl raft of cenGer i n  the figura ie am? of the 
teaprature rakes end the t u b  lwated war center 1s the h b b l i w  
tube. A weat for the tank is. Boeated near the temperature rake t u b  
ekcsc to a weld seam. 

Ptgure 6.3-3 shws the wiring a& foil insulation provided for LO ax- 
tarnal trace heaters used on t k  eeold storage tank. The slcewa~ placed 
aroud a sectlon of the trace baters  prevented osarrkatiw vhrc  t h y  
pcmtrated the extartor iaoulatkon. 

T b  imfde of tk smp build%% ha s b m  in Figure 6.4-1. %he CQIS 
s m p  a d  p m p l  &fch wars srnppltad f r m  t h e  Am %sac PI prograa, t o  
shorn Ln~talPad bhn eha foregroan&. pr+vfously Iptsulatad a m p  18 a 
eank 1.5 a ( 4 . 8  ft) diameter. "Pk pump fs wanatad om top of the swp 
and the elaetrie drive motor Is aourmcad on gap of  ha p a p .  





The hoe sump can be se2n in t h e  baacbground. A t  c3ie stage i t  has not 
been Insulated. The hot pimp and d r i v e  notoh hawe been set tn place. 
The limes in the figure arc trace heater Lines which hawa been broughe 
into the s m p  buildlw but haw aot k e n  temimted. A thtmsatrttcal- 
Ly controlled fan used to keep t h e  smp bu i ld ing  cool can be seen i n  
the u p p r  right h a d  corner. 

Tkc finished installation of the sumps and p m p s  is shown in Figure 
6 .4 -2 .  E l c c k r l c a B  hookrup of t h e  pmp motors has 5een completed. ?8ae 
the r ig id  and f l cx ib le  c o d u i t  @ a i m g  f roe the a c t  l ing .  The va lves  a d  
piping at the base of the cold p w p  prowide an air supply to th p w p a  
alr coolad k a r t = .  P P p f a  t o  the hot  p m p s  water  cooled har iw has 
a l s o  k e n  cmplc tad .  The hot % w p  and saltera salt transfer li~l bw 
a P B  been InsuLe td .  



The p i p i n g  l ead ing  i n t o  t h e  s m p  buildirng is  shown i n  F i g u r e  6.5-1. 
The l i n e  i n  t h e  lower foreground i s  l e a d i n g  from the h o t  s t o r a g e  t a n k  
t o  t h e  h o t  smp/pump. A t  t h i s  s t a g e  i n s u l a t i o n  has  n o t  been i n s t a l l e d  
around t h e  p ipe .  The method of suppor t ing  t h e  sa l t  t r a n s f e r  p i p e s  may 
be ecen  i n  t h i s  f i g u r e .  The l i n e  i n  t h e  l e f t  hand c e n t e r  of  t h e  f i g u r e  
is  l e a d i n g  from t h e  c o l d  sump/pmp t o  t h e  propane h e a t e r .  Trace treat- 

ers have been L n s t a l l e d  on  t h i s  l i n e  and covered w i t h  f o i l .  

Figure  6.5-2 shows t r a c e  h e a t e r 8  a d  t h e m o e o u p l c  w i r i q  i n r t a l l c d .  
The swrll wi re  p a r a l l e l  6 0  t h e  p ipa  i s  t h e m o e o u p l e  which ha$ bean 
welded i n  p lace .  The two l a r g e r  d iamete r  w i r e s  a r a  t h e  t r a c e  h e a t e r s ,  
used t o  m a i n t a i n  adequate  l i n e  temperature  such  t h a t  s a l t  d o a r  not 
fraeze i n  t h e  l i n e .  I n s u l a t i o n  h a s  k e n  p laced  over  t h e  l i n e ,  thermo- 
coup les  and t r a c e  h e a t e r s  i n  F igure  6.5-3. Metal f o i l  c a n  k seen  a t  
t h e  bend i n  t h e  l i n e  and t h e  t h i c k  e x t e r n a l  b t t s  have h e n  i n s t a l l e d  
on t h e  s t r a t g h t  s e c t i o n s .  The m e t a l  f o i l  is  used t o  t h e m a l l y  p r o t e c t  
t h e  t r a c e  h e a t e r s .  Aluminum shea th ing  is  placed over  t h e  t h i c k  i n s u l a -  
t i o n  s t r a i g h t  s e c t t o n s  of the  p i p e  l e a d i n g  f r m  t h e  ho t  t a n k  t o  t h e  bt 
suap!p%ip. F i g i i ~ e  4.5-4 i s  a view looking down on t h i s  l i n e  which 
shows i n s t a l l a t i o n  of t h e  p i p e  i n s u l a t i o n  n e a r l y  completed. F o l l  wrap 
o f  t h e  o t h e r  s a l t  t r a n s f e r  l i n e s  has  been f i n i s h e d .  





figure 6.5-4 Imulated Salt Transfer Lines 

Three  propane  e v a p o r a t o r s  a r e  hooked i n  series t o  v a p o r i z e  l i q u i d  pro- 
pane f o r  u s e  i n  t h e  b u r n e r  s e c t i o n  of t h e  propane h e a t e r .  The t h r e e  
u n i t s  a r e  shown i n  F i g u r e  6.6-1 v i t h  t h e  SBE i n  t h e  background. 

The e l e c t r i c a l  d i s t r i b u t i o n  j u n c t i o n  box used f o r  t h e  S W  is  shown I n  
P igu re  6.7-1. T h i s  u n i t  was a l s o  used i n  t h e  ACR power sys t em phase  11 
program. 

The S W  c o n t r o l  room housed a l l  t h e  expe r imen t  c o n t r o l  d e v i c e s  and  a l l  
t h e  i n s t r u m e n t a t i o n  r eadou t s .  F i g u r e  6.8-1 shows t h e  sys t em c o n t r o l  
p a n e l  o n  t h e  l e f t .  T h i s  p a n e l  c o n t r o l l e d  t h e  propane  h e a t e r ,  t h e  a i r  
coo led  h e a t  exchange r ,  t h e  sump pumps, a l l  t h e  v a l v e s  and p rov ided  
r eadou t  o f  Ehe h o t  and c o l d  t a n k  l e v e l s  a s  w e l l  a s  v a r i o u s  carnponent 
t empera tu res .  The s m a l l e r  p a n e l  o r  t h e  r i g h t  p rov ided  c o n t r o l  o f  t h e  
t r a c e  h e a t e r s .  F i g u r e  6.8-2 shows t h e  SRX d a t a  r e c o r d i n g  sys tem which 
provided c a p a b i l i t y  t o  r e c o r d  a l l  I n s t r u m e n t a t i o n  r e a d o u t  o n  t a p e  o r  
paper  p r i n t o u t .  Only t h e  p a p e r  p r i n t o u t  c a p a b i l i t y  was used.  



Figwe 6.7-1 SIB? E t e c t ~ a Z  Distribution Boz 
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Figwe 6.8-1 System and fiace Heater Control Panels 

F i p e  6.8-2 SRE h t a  Recording System 
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6.9 SRE m P E E E D  

The c m p l e t e d  S E  ins ta lPa tLon is sbw Pn Pdgures 6.9-1, 6.+2 a& 
6.9-3. Figure 6.9-1 is  o s i d e  view from t b  ~ o e t l k  a a r t .  P m  
t i g h t  t o  l e f t  is t h e  i n s u l a t e d  hot t a n k ,  t h e  ppsww hea te r  a d  tk 
s m p  b u i l d i x .  ALP l i n e s  and lime support  bmr r s  are i n  place. T k  
coolant  i n l e t  Pine t o  t h e  water emled f o u d a t 8 a a  is l w a t e d  a t  tb 
base of t h e  hot  s a l t  seoragc  tank. A s f e v  frms t h e  n o r t h w ~ t  is $ h a  
i n  Figure 6.9-2. To t h e  r i g h t  is t h e  c o n t r o l  hPIPldiw. In t he  cen t e r  
faregroatad Ps t h e  a ir  eaoled h a t  e r c b m e r .  To tb l e f t  i n  b c k  of 
t h e  coo le r  i s  t h e  co ld  tank. The hot tank (wtth Its ladder  p1atfomZ 
a d  t he  propane heater  a r e  d i r e c t l y  k h i c d  t h e  cooler .  Figurm 6.9-3 La 
a view from the  C%TF t o w r  of t he  @&tire SW oygter.  S U  fabrlc&tlcn 
was s t a r t e d  ia June of 198% a d  wae empletad by J J ~ w ~  of 1982, A 
nore deteriled schedule of t h e  cconattuctfoa e f f o r t  t r  1 i ~ t ~ d  i n  Tabla 
6.9-1. Fabr i ca t ton  proceeded w i t h  no major problmr,  d @ a a m s t r a t i q  
CRak t h e  proposed t h e m a 1  s to rage  tank  eonstswtion techrafqwa asa 
f c a s t b l e  f o r  c a m e r e f a l  appklcadlssn. 



Figure 6.9-2 SRE Vim fmm Southtsa8& 

6.9-3 SRZ V i m  (Looking Doem) 



eal  c o n d u i t  w a s  % a s t a l l a d .  b m s t m t d c n  wrmtlml e r e  oa 
site a t  t h e  em5 of ehe month. 

Jaw - E a r t h  work arrd coc lcmtc  f a u d a t i o n s  were c m p l e t d .  

J u b  - Both the  swaps a d  tk a k r  e m l e r  were set. Hp found&- 
t i o n  was e t a e d .  Well f a b r i c a t l o r n  of both  t anka  w a s  imf- 
t i a t e d .  Ttw c o n t r o l  h i l d i a  -9 e r e c t e d .  

Pbrguet - The pmpane  h a t e r  was e t e e t e d .  A l l  t h e  p f p i m  wast em- 
p l e t &  e x e e p t  for the  lliraar t o  the hat  Rank. T h  hat  rank 
o b l l  f a b d e l n t l o n  was c ~ p l e t e d  eltcept f o r  e h  roof. 
k h o r  n u t s  e r e  e l d e d  to the hat  tank skll. B r i c k i w  of 
the b r  t a n k  i n t a t n a l  i n r u l r t % o n  war i n i t i a t e d .  

S e p t m b r  - B r f e B r A ~  o f  t h e  bt taak was c m p l e t e d .  Welders f o r  t k a  
1Laer f a b r l c a t i o a  e r e  q u l t f b d .  enehors  am3 t h e  
s t r i n l e r r s  steal f o t l  ktwen t h e  bricks a d  t h e  QIaar e r a  
i n a t a t l e d .  bt t a n k  Liws wra inrtallcd. I n o r a l l r e t o n  af 
tha t l rer tameuplee  a d  r.raea heaters far t k  1Lwr war 
s h a & d .  c o n t r o l  c a n s o l e  war l n r t a l l a d  Ln tb control; 
h&1di@. E m e t d o n  of rkc smp b u i l Q i w  war indtd.atad. 

e t o k r  - in term1 l imp for h . k  kt taak warn e ? ~ p ~ $ @ t @ d a  
thamwouplae a d  trace k a r e r s  on a l l  t h e  11- except rhv 
b r  rank i n l e t  were s w p l s t e d .  ~ @ w m o u p l @ s  ware Pw- 
s ta l lad  a n  the e o l d  tank. I w s u l r t i a a  of ralt tramafar 
f ims a d  t h e  e a l d  tank was  tarr red. b p L @ c i o a  of t h e  
a m p  b u l l d l w  uers a e c m p l $ r k d .  Electrical virZ% and dw- 
r t m w n t a t f s b n  was &gun. 

% V I @ ~ P  - me f l a o r  k t n e r ,  s k l l  k m f l  @uspadad Bee% a d  arg.erdf 
p f s e a r  ware ka~talled kn tk hat task. me co ld  tank 
emplated iwlbbQ%a a Beak rheet* 

bemkr - W m o a t @  Perk t e a t  of eke hot t a n k  18.ner was wrfomed. 
L n s t r u m n t a t i o n  of t h e  h a t  tank was i n i t i a t e d .  B e  cable 
trays a& c o d u d t r  for b e h  the c l e c t r d c r l  a d  BQnatrmenta- 
t l o n  w i r e s  were P f n i s b d .  t o t a l  paewatlc e y e t t n  m s  
p1-W. The c o o l a n t  system for  t h e  ffou&atfoa was f so- 
s t a l l e d .  "Phe e l e c t r i c a l  s y s t m  was cbckad  out .  

Jawarry - hot t a n k  was c w p l e t e d .  All r-afanm t kmoroupkcs  
were i n s t a l l e d  a d  the da ta  s y s t m  c k e k e d  out .  



S a l t  Transfer  Lines 

The l i n e  ve lds  vere checked u i t h  d i e  penetrant  as t h y  =re corrpleted. 
nK s t a i n l e s s  steel lines vhlch vere constructed of 10  schedule p ipe  
vere  Tungsten Inert Gas (TIC) v e l d d  (both t h e  root  and f i n i s h  weld). 

mild steel lines were constructed of 40 schedule pipe. The root  
pass  vas  TI6 welded and t h e  f i n i s h  veld vas done using a standard type 
electrical a r c  process. M t e r  l i n e  asserb ly  the  s e c t i o n  of  lines be- 
tween t h e  hot pump o u t l e t  and t h e  valve upstream of t h e  cold  tank i n l e t  
vas pressure checked t o  0.78 MPa (113 psig) .  This  included the  l i n e s  
t o  a d  from the a i r  cooler .  The l i n e  k t v e e n  t h e  cold  pump o u t l e t  and 
the  con t ro l  valve i n t o  the hea t e r  vas hydro t e s t ed  t o  1.92 MPa (278 
psig) .  Wo l ine leakage vas found. 

6.10.2 Propane Heater 

The t o t a l  length of c o i l  i n  the hea ter  vas  500 tn (1640 f t ) .  The c o i l  
vas  a i r  pressurized t o  103 kPa (15 psig)  and a l l  m l d s  ve re  bubbled 
checked. The c o i l  vas  a l s o  hydro t e s t ed  t o  1.38 MPa (200 psig). 

6.10.3 Tank She l l s  

V i s u a l  inspec t ion  of t h e  tank shell velds var  performed. Udtographic  
inspect ion  was a l s o  done on w l d r  between p l a t e s  where "tee" in t e r sec -  
t i o n  vere  made. Only a f e u  sec t ions  were welded due t o  v i s u a l  inspec- 
t i o n  and no f a u l t y  ve lds  vere found by radiographic inspect ion.  

6.10.4 Liner 

The corrugated l i n e r  i n  the hot tank vas checked by v i sua l ,  dye pene- 
t r a n t  and n i a  l eak  inspect ions.  The f irst inspect ion  performed vas 
buffing t h e  veldr, v i t h  a powered s t a i n l e s s  steel vire vhael  f o l l w e d  by 
v i sua l  inspect ion.  The th ree  a r e a s  of the  liner vhere dye panetrant  
vas  used f o r  t h e  l eak  check vere  on the  wall  behind t h e  accordion 
pieces, t he  accordion pieces and the  suspended deck. Lealcage of the  
liner behind t h e  accordion pieces vould not cause a problem v i t h  t h e  
molten s a l t  s i n c e  they vould not be i n  contact .  This  dye penetrant  
test was performed t o  eliminate any p o s s i b i l i t y  of a l a r g e  ammonia 
leak. The accordion p ieces  and the  suspended deck vere not subjected 
t o  t h e  a m n i a  test. 

The araaoda test vas performed by evacuating most of t h e  air  be twen  
the  liner and t h e  shell and then backfi  l l i n g  t h i s  volume v i t h  ammonia. 
The ve lds  had a l l  been preoiously coated u i t h  a n  atmonia s e n s i t i v e  
paint.  Leakage of  t h e  e s ~ n i a  vould cause t h e  pa in t  c o l o r  t o  change 
l o c a l l y  from ye l lov i sh  oraage t o  blue. I f  leakage vas de tec ted  t h e  
area vas cleaned and rewelded and another  c y c l e  of the  m o n i a  test vas  
performed. The volr~rre behind t h e  liner vas  puraped down by-21 kPa (-3.0 
ps ig)  before and a f t e r  each l eak  check. An i n i t i a l  evacuation vas  used 
t o  reduce t h e  ~ i s t u r e  vhlch could absorb atmaonla. A£ ter each test the  
volume air pumped down and backf i l led  v i t h  n i t rogen t o  reduce the  
ammonia concent ra t ion  thereby reducing corros ion  p o t e n t i a l  during the 



r m L d l w .  % f o 1 1 0 d -  mmkr of Beak were f o u d  d u r i w  t h e  leak 
t e s t l a  of t h e  1 L w r .  

6.10.5 Tank I n s u l a t i o n  

C a r e f u l  checks  w r a  made o f  t h e  tank s k l l  a f t e r  f a b r i c a t i o n .  TIM ba- 
r t a l l a t l o n  of the br-lcks was aonbtor& t o  a m r a n t e e  their s u r f a c e  
s-othnesa t o  tb ltmar a d  tk p a i t f o n  of tb amhchors. b r a f u l  w p -  
ping of t h e  t a n k  f o r  t he  ameBChok p i n t s  w a s  w r f e m e d  t o  a ~ s u r e  t h a t  tk 
liner c o u l d  be a s s ~ b l c d  a f t e r  t h e  brgckkw M k a a  e m p l e t e d .  Dl-a- 
a i o u l  check8 uere also made t o  assure c o r r a e t  i n s t a l l a t i o n  of tk 
l i n e r .  

6.10.6 E l e c t r i c a l  

E l e c t r f c a l  chaeka were r e d s  darrfm t h e  systam h i l d  up. As a l e e t r t c a l  
c i r t l u t t s  were e m p l e e e d  6 b y  @ere @bck@erd fss e k s c t r l e a l  m l & a t a ~ @  a& 
t h e  u i r i a  i n a u l a t l c n  was checked by a 5W \POLL &c aega0b keBtPt r  Cor- 
rect mter rotation war cbek+d by a qqenLck c u r r e n t  surge.  

Tba k%aer  a s a t c r l a l  was Labrks&cccd by CLLtreh F i e l d  Ssrwtcea, Lne, IR 
Dallas, "Lxar under  l i c e n s e  f r m  Techn%gsr. %ha i n t a r a o l  l i n e r  aesm-  
bky war sad& froa t h e  Eollocstw empswrrtr: 

a) 56 mabran@ w a l l  she t r .  These s b e t e  oJ@rm fa-8 frw Imo lop  806 
a a t e r b a 1 .  ma sheta were first lamed to a coclf Zguratkoa t k r t  is 
parart of  t h e  @$&a&aPd "rchnigar  des ign ,  aBEd t k a  c b t a ~ d  in sever&t 
phaear  t o  &chiem t h e  carreet Llmr X.D. 

b) 76 f l a t  f l o o r  panels .  The p a n e l s  were f s m d  i n  various s izes  fra9as 
Lwoloy  800 n a t c r i  a l ,  uaierg s etadard Tsehnigax fami% conf kgura- 
t f o n .  

c) 40 LIght  Angles. These 90" a a g l e e  were Pomecl t o  a s t a a d a r d  
Techrmigae e o & i & u r a t l o n  us i -  Incoloy 800 m a t e r i a l .  T k  angles 
p r o v i d e  a t r a m s i t i o n  between t h e  f l w r  a d  t h e  wall@. 

d)  40 lSccoPdkoa p i e c e s .  These p a r e s  were s p e c i a l l y  d c s f g m d  far this 
a p p l i c a t l s n .  A s t a n d a r d  Technigaz c o r m g a t i o n  mdc fraa I n e s l o ~  
800 was erfampd i n  ncurereus p l a c e s  t o  provide a, etsrwed t raask t fow 
paPt k t ~ e r m  t h e  w a l l s  a d  the f l a t  roof deck. 



e )  2 l O  Kiscel laeeous p a r t s  inc luding  "end caps" and "dog legs". These 
p a r t s  were m d e  f r a a  Incoloy 800 t o  Technigaz drawings, The end 
caps were used t o  s e a l  open l a r g e  and small corrugat ions.  The dog 
l e g s  were used a s  t r a n s i t i o n  p ieces  from shee t  t o  shee t  i n  t h e  
f l oo r .  

f )  40 Heavy Corners. The heavy corners  were made from T-316 s t a i n l e s s  
s t e e l   ater rial t o  Technigaz drawings, The corners  a r e  embedded 
f l u s h  with t h e  r e f r ac to ry  b r i ck  and provide support f o r  t he  eea- 
brane i n  t h e  f l o o r  t o  wall area.  

g) 238 Anchor points .  The anchors were made from T-316 s t a i n l e s s  
s t e e l  and a s su re  a n  in t imate  contac t  b e t w e n  t h e  e m b r a m  sheets 
and t h e  wal l  o r  f l o o r  respec t ive ly .  These p a r t s  were made by a 
w u l t i  s t a g e  punching opera t ion  t o  Technigaz drawings. 

h) Suspended Roof deck. The top  of t he  liner was made of welded s tan-  
dard s t r u c t u r a l  c a p o n e n t o  and shee t  s t ock  s e a l  welded, t o  form tb 
conf igura t ion  per  Technigaz drawings. 

The f o m i n g  of t he  l i n e r  p ieces  was preceded by in spec t ion  of the mate- 
r i a l .  Proper i d e n t i f i c a t i o n  and m i l  t e s t  r e p o r t s  were f i r s t  per- 
fomed.  Cutt ing ske tches  were e e t a b l i a k d  t o  opt imize material sav- 
ings. Each shee t  was v i s u a l l y  inspected f o r  d e l e t e r i o u s  i nd i ca t ions .  
Any major aark ing  of t he  aaater ial  was avoided and minor s c r a t ches  wcm 
posi t ioned s o  t h a t  they would be i n  a f l a t ,  no r t r e r s ,  area r a t h e r  than 
i n  r high stress a r e a  a s  a knot (c ross ing  of two corrugat ions) .  

6.11.1 Wall Sheet  Formation 

The s b e t s  were sheared t o  s i z e  a s  seen i n  Figure 6.11.1-1. The GO'S 
( l a r g e  cor rugat ions)  were fomed  with 3 60 's  per  shee t  a r  seen  i n  
Figure 6.11.1-2. Figure 6.11.1-3 shows a d  end view of t h e  forming d i e  
during GO forna t ion .  The metal war clamped on each s i d e  of t he  in-  
tended corrugat ion.  4s t h e  punch was lowered t h e  two claesps moved in- 
ward; thus a folded cor rugat ion  r e su l t ed  with no t h i n n i w  of the  mate- 
rial.  The spacing of t h e  0 ' s  were e q u l  a& were con t ro l l ed  by posi- 
t i v e  s tops  i n  the  press .  

The 8-11 cor rugat ions  ( W s ) ,  were folded i n t o  t h e  metal shee t  by a 
s i m i l a r  process but wi th  a more complicated d i e .  The POs equa l  spacing 
were con t ro l l ed  by p o s i t i v e  s tops  wi th in  the  press .  

Figures 6.11.1-4 and 6.11.1-5 show POs being fomed.  The perpendicular  
PO8 and GOs f o r a  what is c a l l e d  a "knot" a t  t h e i r  c ross ing .  The s h e e t s  
s i n  t he  f i g u r e s  a r e  approximately twice t he  s i z e  used i n  t h i s  pro- 
gram. In  t h e  SRE tank  t h e  PO8 were v e r t i c a l  and t h e  COs were hori- 
zontal .  



The s h a p e  of the M s  a t  i n i t i a l  E o m t ~  had a s h a p e  with s t r a i g h t  s i d e s  
s u c h  a s  a "U4'. These  were  roudeded t o  p roduce  a s b p e  like a "V t o  re- 
d u c e  stresses w i t h i n  t h e  c o r r u g a t i o n .  F i g u r e  6.11.1-4 shows this step 
be ing  p e r f  earned. Soae  e d g e s  sere j o g g l e s  as  seen i n  F i g u r e  6.11.1-7 EHQ 

t h a t  s h e e t  could o v e r l a p  o t h e r  s h e e t s .  S k e t s  =re t r i e d  to erract 
s i z e  a d  any needed s p e c i a l  n o t c h i n g  o r  e h m f e r i ~  was perf omed. Be- 
c a u s e  of t h e  s h a p e  af the h o t  t a n k  th@ panels were curved. It 
necessaw to form a dfaple o n  t h e  a s  on e a c h  s i d e  of t h e  knot t o  slLa@ 
t h i s  c u r v a t u r e .  The s h e e t s  were inspected, as seen in PBgute 6.11.1-8, 
f o r  s c r a t c h e s ,  nicks and d i e e n s i o w a l  r e q u l r e m n t s .  



The l i g h t  angle m a t e r i a l  was covered by a po ly  f i l m  f o r  t h e  f o m i n g  
process  t o  a s s u r e  s u r f a c e  p r o t e c t i o n .  F igure  6.11.2-1 shows t h e  f o m -  
Fng of  t h e  a n g l e  and F igure  6.11.2-2 shows a d d i t i o n a l  d impl ing of  t h e  
ang le .  Shear ing t h e  p i e c e  t o  s i z e  i s  shown i n  F igure  6.11.2-3 and jog- 
g l i n g  of  t h e  edges ,  i s  shorn  i n  F igure  6.11.2-4. A t  c m p l e t f o n  of  t h e  
o p e r a t t o n  t h e  a q L e ~  were g i v e n  a v i s u a l  i n s p e c t i o n  and dim@nsional  i n -  
s p e c t i o n s  were p e r f o w e d  on a s p e c i a l  Lnspect ion f i x t u r e .  



6.11.3 kcoralon Pieces 

The accordfan piece material was protec ted  by a poly f i l m  during fom-  . The sfwgke GO per piece was crimped on equal epaefng to o b t a i n  
the correet radius. The end of t h e  accordion was w c k e d  down to aaech 
the PO co r ruga t ion  on the tank w a l l .  This n e s k b s  caused r i p p l i n g  o f  
the rneeordlon pheces which  requited s lots  to cilt para l le l  t o  t h e  GQ 
at the end of the pfeee. These sBors Mere sowered by ecpeaate pieces 
durkm liner assembly (refer to Pig. 6.2-15). 







F i m e  6.11.2-3 S k r i n g  Angle P i e c e  to Size 

F i g u r e  6.11.2-4 J o g g l i n g  Ang le -Piece  Edge 

6.11.4 Heavy Corner s  

These p i e c e s  were f a b r i c a t e d  p a r t s  made from formed p l a t e  and welded i n  
fixtures. I n s p e c t i o n  r equ i remen t s  i n c l u d e d  d i m e n s i o n a l  check  and v i s -  
u a l  s u r f a c e  i n s p e c t i o n  f o r  b u r r s  and weld s p a t t e r .  

5.2 1.5 Suspended Deck 

The deck  was E a b r i c a t e d  from s t a n d a r d  s t r u c t u r a l  p i e c e s  welded and i n -  
spec ted .  The p a n e l  p i e c e s  i n s e r t e d  i n t o  the s t r u c t u r a l  f rame were t h e  
last item o f  t h e  l i n e r  welded d u r i n g  c o n s t r u c t i o n .  

6.11.6 Dirapenstonal To le rances  

The t o l e r a n c e s  o f  t h e  l i n e r  p i e c e s  l i s t e d  i n  T a b l e  6.11.4-1. 



Table 6.11.5-1 

F l a t  Panels 

F l a t  Panels + 6 m (12 Po ishee t )  

L igh t  A s l c s  

Light  Amles 

t i g h t  Angles m t h  a d  Width 

Heavy Corners e t h  end Width 

Heavy Corners 



7.0 SRE Test and Analysis 



7.0 SBE TEST AND mALYSIS 

7.1 T B T  P L M  

The o b j e c t i v e  of  t h e  t e s t  grogram was t o  & w o n a t r a t e  t he  opera t fan  a d  
pe r fo rname  of a m l t e n  salt t h e m a l  c a e q y  s to rage  subsystem usiw an 
i n t e r n a l l y  InsuPatcd hot s to rage  tamk. 

T k  specff ie  o b j e c t i v e s  of  the test p r o g r a  are l i s t e d  below: 

L) Measure t ank  hea t  l e s s  u d e r  both s teady  s t a t e  asad t r a n ~ i e n t  coadi- 
t iona .  

2) W t a n i ~  s t o r a g e  s y s t e n  e f f f e i e w y  a d  sa l t  temperatures  under 
simulated solar p lan t  operatitag condi t ions .  

3) k m o n s t r a t e  system cold  s t a r t u p  tcshniqwe.  

4) h a o n s t r a t e  n o m e l  d i u r m l  s t a r t u p .  

5 )  Wwonst ra te  chaafr%ge and d i s e h a a i w  af system a t  anywhere k t s e e n  
maxtaum and rinilaum r a t e s .  

6) h a o n s t r a t e  hold at f u l l  and p a r t i a l  c h a g a  i n  b a t h  hat and cold 
tanks. 

7) km~nstrate nomal  dlurml shutdown. 

9) Parfore inspec t  ton and aaf  neenance exercises. 

The tests w r e  perfomed a t  the CRTf. The t c ~ t 8 e  seguenee b g a a  with 
leadbng 79,314 kg (If4,OQQ Lb.) of molten s a l t  i n t o  t h e  cold tank. 
Thiis was don62 a t  a nn@imL tsoperature of 315°C (600°F). the molten 
s a l t  was then e l r c v l e t e d  through the ent l ra  system st 315'6 (600mP) 
itntfP a l l  eaapomats w r c  brought up L O  t ~ m p ~ r n t u r e .  Then &he &)TQpdn@ 
heater end a t r  cooler were operated and tRc hoe tank and su@p teaper.4- 
turaa sera brought up i n  s t eps .  The system Boas t b w  checked-out and 
opcrata2.  

The s t a r t r ~ p  a d  cchckol~t  phase was followed iy t h e  perfomarace t e s t .  
T b s e  per fomnee  tests were t o  Pmlude: B) daily c y c l i c  t e s t  of 
charge ZR& dlseharge .  2) s t eady - s t a t e  c o d i t f o n s  for the tank, and 3) 
t r a n s i e n t  emldown of the tanks. A list of the  tests perforwd Is i m  
Table 7.1-1. 



S t a r t u p  & Checkout T e s t s  

1 S a l t  Zaading 
2 Func t i o n a l  Flow 
3 &at Up kt Tank 
4 S y e t e r  Opera t ion  G h e c b u t  
5 Eenergemsy Shutdown Checkout 

Thema1 Perf  o m a w e  T e s t s  

6 Steady  S t a t e  & a t  Loss - F u l l  Hot Tank 
7 S teady  S t a t e  Heat lass - Empty Hot Tank 
8 Dai ly  ChargeIDischarge 
9 T r a n s i e n t  Cooldown - F u l l  M t  Tank 

The d e s c r i p t i o n  o f  t h e  a c t u a l  test w i l l  be d e t a i l e d  later  i n  t h i s  eec-  
t i o n .  The complete test p l a n  which was developed p r i o r  t o  t h e  test 1s 
i n  Appendix D. 

T e s t  p rocedures  were g e n e r a t e d  f o r  each of t h e  tesEs planned. Each 
. 

p r m e d u r e  was a s t e p  by s t e p  d e t a i l e d  o p e r a t i o n a l  manual. The prace- 
d u r e s  l i s t e d  t h e  seguenee o f  each  s t e p  t o  be p e r f o m e d  I n  t h e  t e s t  s o  
t h e  t e s t  o p e r a t o r  had no d e c i s i o n s  t o  make d u r i n g  o p e r a t i o n  a s a m i n &  no 
a b n o m a l i t y  e x i s t e d .  Any r e s u l t s  t o  be checked durlw t h e  test were 
noted. Where c a u t i o n  needed t o  k e x e r c i s e d  i n  system o p e r a t i o n ,  i t  
was noted p r l o r  t o  e x e c u t i o n  o f  t h e  func1:ion. Thus a n  o p e r a t o r  f ami l -  

. 
i a r  w i t h  t h e  system cou ld  o p e r a t e  any t e s t  by f o l l a w i w  the e t e p  by 
s t e p  procedure.  

P r i o r  t o  t e s t i n g ,  t h e  procedures  were developed by a d e s i g n  e w i n e a r  
f m i l l a r  w i t h  a l l  a s p e c t s  of t h e  equipment. A Pal. lure Mode and e f f e c t  
Ana lys i s  (mEA) was developed f o r  t h e  system and was used i n  c m b i n a -  
t i o n  w i t h  t h e  test o b j e c t l v e s  t o  produce a procedure t o  s a f e l y  o p e r a t e  
t h e  system. The PPiEA i s  I n  Appendix E. A l l  s a f e t y  requ i rements  and 
e q u i p e n t  were s p e c i f i e d  i n  t h e  procedures.  

The g e n e r a l  o u t l i m e  f o r  t h e  procedure  i s  l i s t e d  i n  Table  7.2-1. 



2. b w r i = n e  checkout 
a. C e n e r r l f a w c t i o n  
b. E l e c t r i c a l  cheeks 
c. -matic c k c k s  
d -  Q u i w n t  checks 

- Mr cooler 
- U p s  
- Foudat iora e o o l l m  
- Support e q u i p e a t  - Tank: a d  s u p  ven t s  

3. h n t r o l  r a o s  eheckout 
a. Vedfy s a f e t y  e q u i w n t  
b. Heater c i r c u i t  checks 
e. b t a  system cheeks 
d. S y a t m  temperature v e r l f f c a r f ~ n  
a. Valve s p c r a r l o ~  checks 
f. Sa le  l e v e l  checks 

4. Test  
a Stap  by e t s p  operational aeqbaewe for 

- h m p  rmacaga 
- A6r c m P e r  operation 
- Propane heatar a p c r a t i o a  
- Temperature s e t  p e f n t s  
- Valva p o s l t l o n s  
- P l o w  rates - "Faak a d  e m p  Ble%.gkPrs - Trace h e a t e r  c o n t r o l  

eb t k a  @yotea wes oprabed  t h e  procedures M r a  updated P.O refleet rs- 
P B w m a t  %n the operation. Aa esxmple p r ~ a d u r e  for S y ~ t m  Opanatton 
(acekauh - Test 1 4 )  is i m l d e d  i n  &*&far P. 

Although the prmedures are deradlad they are  not adequare t o  p e m j r  a 
novice t a  o w r a t e  t h e  s y s t m .  Rae w t h d  s f  checkout ds not: de ta i l ed  
as Lo =bv" or "where" (f.e., e l e c t r i c a l  -parage sixslr of rhe traec 
katcrs d m @  sot dePBm t h e  eirerndts  or *re they are l w a t e d ) .  An 
aperator h o t a l l y  f m i l l a r  w i t h  e k e  syoeem Bs meessaq for s y s t a  @ p e r  
atton, s m a e i a l B y  i r a  ease of c q u b m n t  abaomalitles. 



7.3 TEST DESCRIPTION 

The f o l l o v i n g  p a r a g r a p h s  d e s c r i b e  t e s t i n g  o f  t h e  SRE and t h e  v a r i o u s  
problems exper i enced  w i t h  equipment and t h e  t e s t i n g  s c e n a r i o .  It 

shou ld  be no ted  however t h a t  a l t h o u g h  s e v e r a l  equipmenf problems 
occur red  d u r i n g  t h e  test ,  t h e  o v e r a l l  t e s t  o b j e c t i v e s  r e r e  m e t  and t h e  
sys tem p e r f o m a n c e  was c o n s i d e r e d  v e r y  s a t i s f a c t o r y .  The SRE sys tem 
o p e r a t i o n  and  t a n k  c y c l i c  c h a r g e / d i s c h a r g e  v e r i f i e d  t h e  f e a s i b i l i t y  of 
t h e  mol t en  s a l t  t h e r m a l  s t o r a g e  system. 

The major  t e s t i n g  o f  t h e  SRE o c c u r r e d  between J a n u a r y  and A p r i l  1982. 
C o n s t r u c t i o n  o f  t h e  SRE a t  t h e  CRTF i n  Albuquerque,  N.M. began i n  May 
1981. The f o u n d a t i o n  and e a r t h  work was accompl ished i n  June. The 
manufacture  of t h e  c o l d  and hot  t a n k s  was s t a r t e d  i n  J u l y  1981  and com- 
p l e t e d  i n  November 1981  and January  1982, r e s p e c t i v e l y .  The remaining 
p o r t i o n  o f  t h e  test items were assembled and i n s t a l l e d  d u r i n g  t h e  t a n k  
c o n s t r u c t i o n  span  time. The comple t ion  and checkout  o f  t h e  d a t a  sys tem 
was accompl ished s e v e r a l  weeks a f t e r  t h e  ho t  t a n k  complet ion.  A wore 
d e t a i l e d  s c h e d u l e  of t h e  c o n s t r u c t i o n  e f f o r t  i s  g i v e n  i n  Tab le  6.9-1. 
The checkou t  o f  t h e  e l e c t r i c a l  sys tem,  t r a c e  h e a t e r s ,  pneumatic sys t em 
and c o o l a n t  sys tem o c c u r r e d  b e f o r e  t h e  sys tem was f i l l e d  w i t h  s a l t .  
The t h e r m a l  performance o f  t h e  l i n e s ,  a i r  c o o l e r ,  and sumps had a l s o  
been v e r i f i e d  when s a l t  l o a d i n g  was i n i t i a t e d  o n  J a n u a r y  27. The o n l y  
subsystem n o t  f u l l y  checked o u t  a t  t h a t  time was t h e  d a t a  system. 

S a l t  pumping i n t o  t h e  c o l d  t a n k  began on J a n u a r y  27. Mel t ing  and load-  
i n g  t h e  79,250 kg (1?4,700 pounds) of s a l t  t o o k  t h r e e  days .  The s a l t  
m e l t i n g  was done i n  b a t c h e s ,  w i t h  up t o  18,180 kg (40,000 l b )  o f  s a l t  
i n  t h e  melter. It was n o t  p o s s i b l e  t o  melt s m a l l  b a t c h e s  of s a l t .  The 
s a l t  h e i g h t  ach ieved  i n  f i l l i n g  t h e  c o l d  t a n k  was w i t h i n  a f r a c t i o n  o f  
a n  i n c h  o f  t h e  c a l c u l a t e d  l e v e l .  The c o l d  sump had a l s o  been f i l l e d  
d u r i n g  t h i s  t ime.  During t h e  f i l l ,  l a r g e  amounts of s t eam emerged from 
t h e  c o l d  t a n k  founda t ion .  Although t h e  c o n c r e t e  and t h e  i n s u l a t i n g  
c a s t a b l e  had been poured t k t  p r e v i o u s  summer and were assumed c u r e d ,  
i n c r e a s i n g  t h e  f o u n d a t i o n  t e m p e r a t u r e  t o  t h e  b o i l i n g  p o i n t  of w a t e r  
l i b e r a t e d  l a r g e  q u a n t i t i e s  of  v a t e r  vapor.  The s a l t  t e m p e r a t u r e  from 
t h e  melter was i n c r e a s e d  t o  approx ima te ly  316OC (600°F) t o  a i d  i n  dry-  
i n g  o u t  t h e  founda t ion .  

The h e a t  l o s s  from t h e  c o l d  t a n k  was g r e a t e r  t h a n  expec ted  and add i -  
t i o n a l  t r a c e  h e a t i n g  e l e m e n t s  were added t o  t h e  i n s i d e  o f  t h e  t a n k  a s  
i m e r s f o n  h e a t e r s .  The power o f  t h e  o r i g i n a l  t r a c e  h e a t e r s  was 8.6 kW 
and t h e  power r e q u i r e d  f o r  t h e  a d d i t i o n a l  immersion h e a t e r s  was 8 .1  
W. The t o t a l  power was ma in ta ined  o n  t h e  t a n k  f o r  s e v e r a l  months and 
e v e n t u a l l y  t h e  i n l e t  s a l t  t c m p e r a t u r e  d u r i n g  c h a r g e / d i s c h a r g e  was 
r a i s e d  t o  343°C (650°F) i n  a n  e f f o r t  t o  d r y  o u t  t h e  f o u n d a t i o n .  Event- 
u a l l y  24 kW of  h e a t e r  power was added t o  t h e  c o o l a n t  l o o p  i n  o r d e r  t o  
h e a t  t h e  w a t e r  t o  l l g ° C  (246OF). It was a p p a r e n t  t h a t  good the rmal  
performance and good e n e r g y  ba lance  c o u l d  no t  be a c h i e v e d  u n t i l  a l l  of 
t h e  i n s u l a t i n g  c a s t a b l e  m a t e r i a l  was dry .  T h i s  was t r u e  f o r  bo th  
t a n k s ,  s i n c e  s i m i l a r  r e s u l t s  were e x p e r i e n c e d  w i t h  t h e  ho t  t a n k  when i t  
was f i l l e d  w i t h  mol ten  s a l t .  



Although t h e  t o p  o f  t h e  c a s t a b l e  i n s u l a t i o n  d r i e d  o u t  qu ick ly ,  t h e  bt- 
t o m  p o r t i o n  d f d  n o t  b e e  d r y  u n t i l  t h e  f f n a l  week of t h e  test axad 
consequen t ly  t h e  c o l d  t a n k  t e a p e r a t u r e  was rase reduced t o  288'6 ( 5 5 0 " ~ )  
u n t i l  t h a t  t i m e .  

A s  t h e  w a t e r  b o i l e d  o u t  o f  t tme  f o u d a t b o a  much o f  it condensed i a s  t h e  
e x t e r i o r  f i b r o u s  i n s u l a t  ion .  of  t h e  i i n s u l a t i o a  kcaae s a t u r a t e d ;  
h o e v e r  t h e  w a t e r  d i d  n o t  a p p e a r  t o  c a u s e  a d e g r a d a t i o n  o r  c o l l a p g e  of 
t h e  i n s u l a t i o n .  A check  o f  t h e  i n s u l a t i o n  at the eclad of  t h e  t e a t  re- 
v e a l e d  ve ry  l t t t l e  water. 

The f l r s t  c y c l e  o f  t h e  c o l d  t a n k  o u t l e t  s a l v e  (Valve #3) r e s u l t e d  i n  
salt  l e a k a g e  p a s t  t h e  plug.  ThLs l eakage  reealw& u n t i l  a new valve 
seat was i n s t a l l e d  when t h e  v a l v e  was rebuetflt on February 24. 

The sa l t  was t r a n s f e r r e d  t o  t h e  h o t  t a n k  a M  s t o r e d  f o r  o w  n igh t .  The 
t r a n s f e r  o f  t h e  sa l t  back t o  t h e  c o l d  t a n k  r e s u l t e d  i n  two f o r e i g n  
a r t i c l e s  being caugh t  l n  t h e  h o t  t a n k  d r a i n  va lve ,  (Valve Xl). A piece 
o f  b r i c k  and a c o a b t m d  n u t  and b o l t  lodged b t v e e n  t h e  plug and t h e  
seat. Cycl ing t h e  v a l v e  m u l d  n o t  d i s l o d g e  the@. When t h e  ho t  pump 
was t u r n e d  on, t o  t r a n s f e r  t h e  sa l t  Leaking p a s t  t h e  valve i n t o  t h e  
c o l d  t a n k ,  t h e  motor  P a l l e d .  T h i s  f a i l u r e  was due t o  a  f a u l t y  a o t o r  
and n o t  t o  p o o r  d e s i g n  o r  c o n s t r u c t i o n .  The leakage of t h e  v a l w  
caused  s a l t  t o  pour  from t h e  suap  vent  and from t h e  s a l t  puap between 
t h e  pump a o u n t i q  p l a t e  and main housing. The sump vent  had a 0.64 cm 
(114 i n c h )  d i a a e t e r  h o l e  t a  l i m i t  t h e  s a l t  l o s s  f o r  t h i s  typo of f a i l -  
u re .  Without t h i s  p r e e ~ u t l o n  t h e  t o t a l  s a l t  of t h e  hot bank would have 
h e n  l o s t .  To s t o p  t h e  s a l t  lass a n  a t t e m p t  was made t o  freeze t h e  
sa l t  i n  t h e  t a n k  o u t l e t  l i n e  (Line P I )  by reaev ing  its i n s u l a t i o n .  
P r e e z i w  w a s  n o t  ach leved  u n t i l  t h e  s a l e  f low th rough  the he% sump Vent 
was s topped  and wate r  was hosed Q V e H  t h e  bare l i n e  f o r  s e v e r a l  hours. 
The t o t a l  salt l o s s  was e s t i m a t e d  a t  12,700 kg (28,000 pounds). The 
sal t  Leakage was s topped  7 112 h o t ~ r s  a f t e r  t h e  valve and motor f a b l -  
u re .  Two t h i r d s  of  t h e  sale had l eaked  through t h e  hot pump, poured 
o v e r  t h e  h o t  sump i n s u l a t i o n  and f r o z e n  on t h e  f l o o r  of t h e  sump bu i ld -  

. T k  remaining s a l t  f r o z e  o n  t h e  groul.8d w i t h i n  t h e  area of t h e  
berm a u r r o u n d l w  t h e  SAP.. While rebLLd.bng t h c  valve i t  was f o w d  t h a t  
t h e  v a l v e  b d y  had cracked.  Tlrc valve had k e n  elepaed wi th  t h e  hand 
wheel as  t i g h t  as p o s s i b l e .  S p r a y i w  t h e  va lve  body with  water  caused 
stresses which may have c r a c k d  t h e  va lve .  The c r a c k  was partially 
ground o u t  and t h e  h d y  was welded. T h i s  f a i l u r e  accur red  January 31, 
1981. 

Between February 12  and February 23, f o u r  c y c l e s  of s a l t  t r a n s f e r  were 
made Ibetwen t h e  two tanks .  The last  c y c l e  k w l u d e d  d u a l  t r a n s f e r  
s i m u l t a n e o u s  c h a r g e  and d i s c h a r g e .  The h o t  t a n k  t e a p e r a t u r e  eras ra i sed  
t o  504°C ( 9 4 O B P ) .  System o p e r a t i o n  a d  checkout occur red  d u r i q  t h i s  
pe r iod .  Pletfnor probleras con t inued  t o  occur .  Bath Valve #l  and Valve %2 
con t inued  t o  have s m a l l  l e a k s .  Valve # 4 ,  which was the eontrol  walw@ 
f o r  t h e  f l o w  th rough  t h e  p r o p a m  h e a t e r ,  s e v e r e l y  c h a t t e r e d  and re- 
s u l t e d  i n  the v a l v e  Petea gubde unscrewlag a d  l i m i t i n g  i ts  a b i l i t y  to 
f u l l y  open. A l l  t h e  v a l v e s  exper ienced  c h a t t e r ,  ( v i b r a t i o n )  a t  saw 
p o r t t o n  a f  t h e i r  o p e r a t f o m l  t r a v e l .  



Valve 13 was r e b u i l t  w i t h  a new v a l v e  s e a t  which s topped i t s  leakage.  
A f a i l u r e  o f  t h e  t r a c e  h e a t e r  on  L ine  #1 caused t h e  l i n e  t o  f r e e z e .  
Tvo of t he  t h r e e  p a r a l l e l  h e a t e r s  on t h e  l i n e  were on one c i r c u i t  which 
e l e c t r i c a l l y  opened. The t h i r d  h e a t e r  burned out.  The h e a t e r  which 
burned o u t  was probably caused by rough phys ica l  usage i t  had exper i -  
enced when Valve # I  was t aken  a p a r t  and r e b u i l t .  The c a u s e  of t h e  
f a i l u r e  of the two p a r a l l e l  h e a t e r  c i r c u i t s  was never  determined. When 
a l l  t h e  electrical checks  were made t h e  h e a t e r s  were o p e r a t i o n a l .  They 
opera ted  d t h o u t  problems f o r  t h e  remainder of  t h e  test. A f t e r  L ine  # l  
f r o z e ,  Valve # l  was c u t  o u t  and s e n t  back t o  Denver. The v a l v e  body 
was rewelded and s e a t  t h r e a d s  were remachined. The p o r t i o n  of  t h e  s t e m  
which had been bent  was c u t  o f f  and a new s e c t i o n  was added. The p lug  
was machined and a new va lve  s e a t  was i n s t a l l e d .  The r e b u i l t  va lve  was 
s e n t  back t o  Albuquerque and no l e a k s  were exper ienced  t h e r e a f t e r .  

The f i r s t  t i m e  L ine  # l  f r o z e  i t  was thawed o u t  us ing  welding to rches .  
The l i n e  i n s u l a t i o n  had been removed and, a s  t h e  l i n e  was heated from 
t h e  va lve  toward t h e  t a n k ,  t h e  i n s u l a t i o n  was r e i n s t a l l e d  o v e r  t h e  
t h a w d  a rea .  The t r a c e  h e a t e r s  were l e f t  on s o  t h a t ,  i n  combination 
w i t h  i n s u l a t i o n ,  t h e  l i n e  would remain above t h e  s a l t  f r e e z i n g  terapera- 
t u r e .  The second t i m e  L ine  # l  f r o z e  i t  was thawed by t u r n i n g  on t h e  
trace h e a t e r s  w i t h  t h e  l i n e  f u l l y  i n s u l a t e d .  A p o r t i o n  o f  t h e  l i n e  
n e x t  t o  t h e  va lve  had been heated and d r a i n e d ,  such t h a t  a void volume 
of  p ipe  e x i s t e d .  The v e r t i c a l  s e c t i o n  of  p i p e  p e n e t r a t i n g  t h e  hot  t a n k  
founda t ion  r e q u i r e d  h e a t i n g  w i t h  t h e  welding t o r c h  t o  thaw t h e  s a l t .  
No trace h e a t e r s  wre i n s t a l l e d  i n  t h i s  s e c t i o n .  

Subsequentl; ,  t h e  s a l t  was s t o r e d  i n  t h e  hot t a n k  overn igh t  and week- 
ends.  I n  t h e  even t  of extended power 1 0 ~ 5  t h e  t ank  o u t l e t  l i n e s  would 
f r e e z e .  It was cons idered  s a f e r  t o  have s a l t  f r e e z e  i n  t h e  hot t a n k  
o u t l e t  l i n e  s i n c e  s t a i n l e s s  steel i s  more d u c t i l e  than  mi ld  steel. 

Three d i s c h a r g e  - charge  c y c l e s  o f  t h e  hot  t a n k  were p e r f o m e d  between 
March 1 0  and March 12. The ho t  t a n k  was d i scharged  t o  a r e s i d u a l  l e v e l  
of 0.4 r (16 inches )  and t h e n  t h e  s a l t  was pumped back t o  t h e  ho t  t ank  
a t  a temperature  o f  566'C (1050°F). A l l  t h e  s a l t  p o s s i b l e  was d ra ined  
from t h e  c o l d  tank. T h i s  completed t h e  Heat Up Hot Tank - procedure #3. 

From March 15 through Herch 17  t h e  t h r e e  d i s c h a r g e  - charge  c y c l e s  of 
t h e  System Opera t ion  Checkout procedure #4 were accomplished. During 
t h i s  t i m e  Valve #4 was r e p a i r e d  twice. T h i s  f i r s t  r e p a i r  w a s  t o  
t i g h t e n  t h e  stem guide.  The second time was t o  r e p l a c e  t h e  va lve  stem/ 
bellows which had f a i l e d .  

Two s imultaneous charge /d i schar  :e c y c l e s  were performed over  t h e  nex t  
tro days. The c y c l e  c o n s i s t e d  of  d i s c h a r g i n g  t h e  hot t a n k  t o  i t s  re- 
s i d u a l  l e v e l  and then, charg ing  and d i s c h a r g i n g  t h e  ho t  t a n k  a t  appro- 
x imate ly  e q u a l  r a t e s  f o r  one hour. Following t h i s  t h e  d i s c h a r g e  was 
t e rmina ted  and t h e  hot  t a n k  was charged u n t i l  t h e  c o l d  t a n k  was empty. 
During t h e  second c y c l e  t h e  plug of  v a l v e  nurber  f o u r  sheared  o f f  the  
valve stem a d  leakage  developed through t h e  bellows. Draining of t h e  
salt from t h e  propane heater a f t e r  s h u t  down t o o k  12  hours  as  con- 
t r a s t e d  t o  t h e  nonaal  20 minutes  because t h e  p lug  f e l l  i n t o  p l a c e  on 
the v a l v e  seat. Approximately t w o  thousand pounds of s a l t  flowed o u t  
through t h e  stem on t o  t h e  ground d u r i n g  t h i s  t i m e  because of t h e  
f a i  l e d  bellows. 



It was dee ided  t h a t  Valve 84 m u l d  n o t  w i t h s t a d  tk f low dya=les a d  
should  be r e p l a c e d  w i t h  a n  o r i f i c e .  me v a l v e  w a s  ra$LPIed so t h a t  t h e  
s t e m  and p lug  c o u l d  be removed and t h e  v a l v e  seat w a s  e~dPfied t o  bald 
a n  o r i f i c e .  Another c h a r g e / d f s c h a ~ e  c y c l e  was run  d t h  s i w l t a m w s  
charge  and  d l o c b r g e .  T h i s  c m p l e t e d  p r w e d u r e  n m k r  f o u r ,  Systea 
Q p r a t t o o  Checkout. 

E w a l u t i o n  of  t h e  v a l u e  f a i l u r e  l e a d  t o  the s o w l u s f a n  t h a t  t h e  p l u g  
should  b v e  a lateral c o a s t r a k n t .  T h i s  was h s e d  o n  the f o l l m t q  
f a c t s :  

a) Four f a i l u r e s  had occur red  c n  v a l v e s  on t h i s  and t h e  prevlocas t e s t .  

b) T k  wibraz ion  mode was heard r r k n  t h e  va lves  -re approx iaa te lg  2 %  
t o  40 pereene open. 

c )  Valve c h a t t e r  was mr5e w h n  the  va lves  =re downstrear  of a puep 
b u t  e h a t t e r  a l s o  occur red  i n  the t a n k  o u t l e t  valves .  

d )  Valves  c h a t t e r e d  wi thou t  v e r t i c a l  movement of t h e  stem. 

e) Chat te red  r e s u l t e d  w i t h  f l o w  o v e r  o r  u d e r  t h e  plug.  

f) When v a l v e  f 4  had a r i g i d  s e e n  c o n s t r a i n t  t h e  plug was f r a c t u r e d  
o f f  of t h e  stem. 

B o t w e n  March 24 and March 31 t h e  f i v e  c y e l i e  chaqc/dlacharp@ C Y C ~ @ @  
were p e r f a m e d .  The h a t  teak uas discharged t o  approximately  0.4 eci ( & h  
i n c h e s )  s a l t  h e i g h t .  Then d l ~ a l  t r a n s f e r  was perfomad f o r  one hour.  
C h a r g i w  t h e  h o t  t a n k  a t  5 M Q C  (1050QP) u n t i l  t h e  cold tank had a s a l t  
r e a l d u a l  of  0.4 a (16 i n c h e s )  completed t h e  cycle. Both charge and 
d i s c h a r g e  r a t e s  were approxLoately  3 W. This  completed procedure B 8, 
Dai ly  Charge /Bischage .  

Three c o o l d e m  t r a n s i e n t  tests of 6 & e  hat  tank were p r e f ~ w a d  f n  suc- 
e t r r i o n .  mebr d u r a t i o n s  were 5 days ,  3 days and 5 daps ,  rsrp@ctively. 

Although t h e  i n i t i a l  s a l t  t e a w r r t u r c  of t h e  t e s t a  were d i f f e r e n t ,  t k c  
f i r s t  two eoaldoun r a t e s  were t h e  gape. The t h f r d  cooldown had a 
slower coaldawn r a t e  due  t o  the d r i e d  foundat ion.  Heating the founda- 
t i o n  c o o l a n t  t o  l l9*C (24G°F) had f i n a l l y  fo rced  t h e  f o u n d s t f o n  teeprr-  
a t u r e  a b v e  t h e  k m f l t r g  p o i n t  of water.  Thus, t h e  o b j e c t i v e s  of proce- 
d u r e  # 9, T r a n s i e n t  Gooldom - F u l l  WOL Tank, was achteved. 

It was necessa ry  to use  the scoldacrw d a t a  ro d e t e m l w  t h e  hea t  Zoas 
from t h e  hart tank. Three o f  t h e  seven h a t e r  c i r c u i t s  I n  t h e  hot  tanks 
had f a f l e d  & f o r e  Lnstal la t ' ,on and t h e  o t h e r  f o u r  had f a i l e d  j u s t  p r i o r  
t o  t h e  t r a n s i e n t  test. I n s e r t i o n  of  a new k a t e r  i n s i d e  t h e  hot  t a n k  
was n o t  c o n s i d e r e d  due t o  t h e  t f a e ,  d i f f i c u l t y  and cost .  



During t h e  c m l d o v n  test of  t h e  hot  t ank ,  s t e a d y - s t a t e  tests were being 
performed o n  t h e  c a l d  t a n k .  The f o u n d a t i o n  o f  t h e  c o l d  t a n k  was b e i n g  
d r i e d  o u t  d u r i n g  t h e  f i r s t  two tests. During t h e  second s t e a d y - s t a t e  
test temporary  i n s u l a t i o n  was added t o  t h e  e x t e r i o r  of the: s t o r a g e  t a n k  
f o u d a t i o n s  t o  e x p e d i t e  d r y i n g  o f  t h e  c a s t a b l e  i n s u l a t i o n .  The founda- 
t i o n  i n s u l a t i o n  was covered  w i t h  a p l a s t i c  f i l m .  The temporary  i n s u l a -  
t i o n  soon  became impregnated w i t h  water .  

During t h e  f t r s t  t w o  s t e a d y  state tests t h e r e  was a l a r g e  d r o p  i n  t h e  
t a n k  t e m p e r a t u r e  d u r i n g  windy p e r i o d s .  P robab le  c a u s e s  were;  1 )  a i r  
i n f i l t r a t i o n  th rough  t h e  t a n k  s h e a t h i n g  and i n s u l a t i o n  and 2) a i r  i n -  
f i l t r a t i o n  th rough  t h e  t e a p o r a r y  i n s u l a t i o n  and e v a p o r a t i o n  of en- 
t r apped  wa te r .  Some o f  t h e  l a r g e  g a p s  i n  t h e  c o l d  t a n k  s h e a t h i n g  were  
cau lked  p r i o r  t o  t h e  t h i r d  test. The t h i r d  s t e a d y - s t a t e  test showed 
improved the rmal  p e r f o w a n c e  o f  t h e  c o l d  t a n k .  The w i n d f e s t  day of t h e  
s t e a d y - s t a t e  t e s t  o c c u r r e d  d u r i n g  t h i s  t h i r d  test but  t h e  l a r g e  t a n k  
t empera tu re  d r o p  e x p e r i e n c e d  a t  h i g h  winds d u r i n g  t h e  f i r s t  two t e s t s  
was n o t  seen.  Both t h e  c a u l k i n g  and t h e  d r y i n g  o f  t h e  temporary  i n s u l a -  
t i o n  were c o n s i d e r e d  r e s p o n s i b l e  f o r  t h e  b e t t e r  performance.  

The l a s t  test performed was a second c y c l i c  test. With t h e  f o u n d a t i o n s  
d r y ,  b e t t e r  t h e m a l  p e r f o w a n c e  o f  t h e  t e s t  was p o s s i b l e .  Three  d a y s  
o f  t h e  test had t h e  f o l l o w i n g  s c e n a r i o :  

- Discharge  of  ho t  t a n k  t o  0.4 ta (16 i n c h )  s a l t  h e i g h t  - Dual c h a r g e  and d i s c h a r g e  f o r  1 hour  
- Charge o f  ho t  t a n k  u n t f l  c o l d  t a n k  s a l t  r e s i d u a l  v a s  0.4 m (16 i n c h )  

A f t e r  t h e  l a s t  t e s t  a l l  t h e  s a l t  p o s s i b l e  was p laced  i n  t h e  c o l d  t ank .  
S a l t  remained i n  t h e  c o l d  and ho t  sumps bu t  t h e  h o t  t a n k  had been emp- 
t i e d .  T h e  power i n t o  t h e  c o l d  t a n k  was reduced t o  8.6 klJ and t h e  hea t -  
i n g  o f  t h e  f o u n d a t i o n  c o o l a n t  sys tem ~s s topped.  The o u t l e t  l i n e  from 
t h e  c o l d  t a n k  was t h e  o n l y  l i n e  f i l l e d  w i t h  s a l t .  The last test day 
was A p r i l  16 ,  1982. 

A surnnwary o f  t h e  t e s t  l o g  is g i v e n  i n  Appendix 6. The o c c u r r e n c e s  o f  
e a c h  day of t e s t i n g  is d e s c r i b e d  i n c l u d i n g  s a l t  t r a n s f e r  and equipment 
p r o  bleaas. 

THERMAL PERFORMANCE 

The t h e r m a l  performance ( h e a t  l o s s )  of t h e  sys t em i n c l u d e d  t h e  fo l low-  
ing :  

1 )  Not t a n k  
2) Cold t a n k  
3) C y c l i c  test w i t h  compar ison t o  a n a l y t i c a l  model 
4 )  T h e m a l  s i p h o n  h e a t  t r a n s f e r  i n  l i n e s  

The t h e r m a l  p e r f o m a n c e  o f  a l l  t h e  s u p p o r t  equipment (sumps, l i n e s ,  a i r  
c o o l e r )  was a s  p r e d i c t e d .  The t e m p e r a t u r e s  r e q u i r e d  f o r  t h e  s u p p o r t  
equipcaent was p rov ided  w i t h  t r a c e  h e a t i n g .  



7.4.1 kt Tank 

S t e a d y  state test%% was n o t  possible d w  t o  t h e  f a f l u r e  of t b s  fn ter -  
n a l  cleetdcal katers. mree e m l d o v a  tests were perfo-d. The tm- 
p e r a t u r e  h f s t o w  for the tests are a h -  Ba Ffgure  7.4.1-1. By the 
third test tk e a r t a b l e  f n s u l a t i ~ a  o f  t h e  f o r n d a t i o n  a p w r d  t o  b w  
drPed  o u t .  which a c c o u n t s  f o r  t h e  s l i g h t l y  ktter tkma1 w~a-ws. 
The pi& tasken for tmhe anslqgeis ekau'ld 'be as hot as p o s s i b l e  a& atlHl 
a l l w  colmshrtemt t k m a l  g r a d g e n t s  t h r o w h  t h e  insu la tbon .  "PM teat 
l o s s  f r m  tb bt t a n k  was a m l y z e d  a t  a tie approaimtalp tm drys 
after t h e  stam of  the thllrd cmldm. mc b a t  loss f r w  the c a n t  w a s  
based on th t m w r o t r m r e  rate of c b w e  a d  a d a t  c a p a e l t p .  T k  tmwr- 
ature e h a w e  o f  0.86'Glh (l.545P/h) was d e r i v e d  by aweragPw t h e  salt 
t e r w r a t u r e  data a t  t i e s  of 2 4 h r  a r o u d  t h e  ti- trred for the E b r -  
ma1 a m l y s i s .  The salt  welght was 53,369 kg (117,403 lb) a& t h e  b a t  
c a p a c i t y  of th salt was taken  as 1.53 JsulesJg-"C 4.366 Rtuklb-"P). 
The salt t a p r a t u r e  was 5l4'C (957@P) wneb a b a t  l o l a  of 19.50 W. A 
c o r n e v d l m  b a t  k s s r  of 22.36 kE2 would exist at 566'C (POf&beP). Tkw 
t h e m o c o u p l e a  on t h e  1%-r, r k l 1  a d  g h a t h i m  were pkaecd in a r a d i a l  
l i n e .  t e e w r a t u r e s  a t  th amafptcd c o d i t i o n  shorn i n  Figure 
7.4.1-2 arc p laced  i n  t h e i r  eorra t lpokadtq wartical height o f  t h e  tank 
a& a a q w n t i a L P y  fn o d c r  of acarrh, erst, routh, end usst.  S m  k w -  
perature v r r i a t l o n  d w  t o  fnauleat ian p a t f o r n a m e  w s  seen ba t  I n  gea- 
era1 t h e  t e e p c r a t u r a s  in e a c h  sr@a @ere c @ n @ i ~ Z @ n r .  

P l g u r a  7.0.8-3 s h w r  a t empera tu re  prof i l e  a t  t h e  l i n e r ,  5 b l B  and 
s k a t h i e .  l i n e r  had a n e a r l y  c a n s t a ~ t  t@mp@rakura varelcakly 
erlahln t h e  s a l t .  +ha ullage sec tLon  of the l ine r  was apprexisarely B ' i  
( 1 4 " ~ )  c o o l e r  t h a n  t he  l i n e r  c o n t a c t i n g  t h e  s a l t .  "fh w a l l  teap@raruPP 
of t h e  shell was 2 6 8 " ~  (514°F) adjacent to ehe l iner .  The skbl tea=- 
p e r a t u r c  we th in  the attic area r a s  PQO "C (320°F). 

The c a l c u l a t e d  s h e l l  t a m p e r a t a r e  a t  t h i s  c o d i t i o n  ahau ld  b v e  bees% 
280°C (465 '8) ,  mis d a t a  L d L e a t a r  t h a t  t h e  performawee of t M  brick 
was n o t  a@ go& as expected. Pw c m g a e r i ~  t h e  b r i c k  sad tb f i b r a t l a  
I n @ u B ~ t i o n ,  the f ib raur  inauPatiota perf omed r loser t e  expected Ehemal 
eonduetarnee. Thr s h s t l  t m p a r a t u r c  r f t h i a  t h e  a t t i c  spaes was 160°C 
(320°F) whksh war c o o l e r  t h a n  d t e t r a d .  "l"is was b e  to tk f a s t  t h a t  
t h e  a n a l y s i s  d i d  n o t  t a b  Paeo account t h e  e a r r e c t  ares of cite nrsic in 
t h e  heat t r a n s f e r  froa t h e  t o p  of the tank. I c  vae deshrad to malntalf? 
t h e  s h e l l  a t  a e o n s t a n t  t w p e r a t u r e  t o  reduce stresses. The maleLatra 
t empera tu re  difference alloercd between hhe  roof and t h e  w a l l  Mas 80'C 
( 1 7 6 " ~ ) .  I n  t h i s  test hogever, t h e  t empera tu re  g r a d i e n t  was 6 t i t h i n  ~b ,e  

w a l l  a d  n o t  a t  t h e  w a l l j r o o f  Jukletion. kt gas cnncluded that the 
e f f e c t  sf t h e  a t t i c  oa t h e  t h e m a l  performawe is m w h  g r e a t e r  i n  this 
ma11 t a n k  t b a  in a l a r g e r  tank. 
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Figure  7.4.1-3 Hot ITank T e q e m t m e  Prof<le--North Side 



The sbseathfw t e w r a t u r e  p r o f i l e  i n  F igure  7.4.1-3 IwPmded bath tkr -  
m o u p l e  d a t a  and d a t a  obtained u s i w  an Lnfrared o p t i c a l  w a n w r .  
F igures  7.b.l-4 shower t h e  p i c t u r e s  t a h n  of t h e  tank  d i c h  a r e  owerlaid 
wi th  t k i r  a r r ~ i a t e d  t e r v r a t u r e  p ro f i l e s .  me su r f ace  of tk tank 
seamed  is l o c a t e d  by t h e  l iw a t  t h e  r i gh t .  The r e l a t i v e  t e r F r a t u r a  
s c a l e  is 30°C (54°F) .  A s  t h e  s can  l i m e  (a c a r i e s  of red d o t s )  mwee t o  
t h e  l e f t ,  t h e  t e a p c r a t u r e  o f  t h e  r u d i t c e  sceakaed w a s  i a c r eos i=  i n  tm- 
pera ture .  % i n f r a r e d  seanmer had a f l o a t i w  l ~ w e r  temperature vhlteh 
w a s  t h e  lowest temperature ie: d e t e c t s  and i d i e a t c s  only r e l a t i v e  Cm- 
pera tures .  The i n f r a r e d  scanner  used w a s  a T b d t r a e e  by brws E q i -  
n e e r i a  Gompany. mese i d t a r e d  r e s u l t s  *re p lo t t ed  &Po= wi th  t h e  
the-ouple d a t a  ( taken  at t h e  s a w  t ire) a8 wea i n  FfgurQ 7.4.1-5 
a& Figure  7.4.1-6. The i d r a r c d  scan was over la id  on the  t kma<:bup le  
d a t a  t o  o k a i n  the best e o r r e l a t f o n  of tb two. e n e r a l l y  t k r a  was 
good agreement. 2%~ d i a c r e p a m i e r  could h w  k e n  caused by inaccraracgs 

ouple  l m a e i o n  def in l t foms.  A t  t h e  p e r i d  of tiae t b t  
t h e  i d t a r a d  scans  were t a k a  t h e  s y s t a  was not a t  t h e  d e ~ i g n  candf- 
t ion .  Wswwer; t h e  r r e l a t f v ~  LBpera tu re  p ro f f l ea  sleould r ~ a L w  con- 
s t a n t  for o t h e r  t i m e  periods. 3%~ use of t h l s  i n f r a r ed  @can was con- 
s idered  v a v  k l p f u l  i n  t h e  a m l y s k s  of t h e  tank thermal perfomarzce. 

Evaluat ion of  t h e  tank  t h e m a l  p e r f o m a w e  was m d e  by eo@prr iM t h e  
t o t a l  t ank  hea t  l o s s  with t h a t  af t he  empsrtcr  aodal .  T b  input  t a  tb 
t h e w a l  ode1  d e s e r i k d  i n  sachioa  5 . 0  was u@ated t o  iamelude the  eor- 
r e c t  areas of t he  tank  and t o  account f a r  paea&tration. T h  tank mcldal 
which wag dawelopd te aw~oLpz6 various @akcr i&l s  ahad t h i c k m r e a @  of in-  
s u l a t f o n  war r ~ i o p 1 a  a d c l  t o  m l a f ~ f z e  e m p u t a r  cos t .  &ere 6 k  a d e l  
d id  not  account f a r  var ious  hea t  lassas t h e  input  @as modiflad r a t h e r  
than eba~ga the madel. To account f o r  pene t ra t ions ,  such as b r i c k  
rhalwaa e ~ d  i n s u l a t i o n  almppore r i m ,  the  t h e m a l  c o d w e k r i e g  of t h e  
app rop r i a t e  Pasula t ion  was Paeraasad. To account f o r  the  l a rge  she11 
a r e a  a s roe i a t ed  wi th  t h e  a t t f e  t h e  ceaaduetivdty of t h e  e x t e r i o r  fnsuks-  
tLon war incrcaacd app rop r i a t e ly  t o  r e s u l t  i n  t he  co r r ec t  totad. k a b  
lose. Tha dar lved  e x t a r n a l  film e o e f f t c i c n t  Q h t h  r ad i a t i on  and eon- 
vectfon)  wfth t h e  a l r  was e n t ~ r e d  f a t o  the program a& tha  correck. are- 
b i en t  &@& faundwhfon tcaperakure were u ~ c d .  With b6ae a h v e  co r r ec t tons  
the  m d e l  pred ic ted  18.1 k@ of herat l a s s  v l t h  the s a l t  a t  508"~ 
(957@F). Thf o v ~ l u e  i s  l a s s  than t h e  a c t u a l  loss s f  19.40 W by a b u t  
7 pereent  wh ich  i r  v c ~ y  good f o r  heat  t r a n s f e r  calculators. 

'Po d e t e r n i n e  which po r t i ons  of the tanrk e o n t r i h t e d  to the bncrcaeed 
heat l o s s ,  t he  tank  @as  f u r t h e r  analyzed. Using t he  teaperaeure pro- 
f i l e  of  t h e  tank, po t en t f a1  hea t  l o s s e s  were ca l cu l a t ed  by two 
a e t b d s .  The f l r s t  m t h s d  was t o  c a l c u l a t e  heat Boss through tk tank 
i n s u l a t i o o  a &  suppor t s  usi* t h e i r  adve r t i s ed  t h e m a l  p rope r t i e s  and 
t h e  m a s u r e d  teapera tures .  This  a m l y s i s  vas more d e t a i l e d  than b k  

c m p u t e r  modal and w a s  more accura te .  Tkis  ca l cu l a t ed  h a t  loss was 
17 .48  W a d  w i l l  kw r e f e r r ed  t o  a s  t h e  ca l cu l a t ed  .%eat l o s s .  The 
saeond m e t h d  was t o  use  t h e  a c t u a l  hea t  l o s s  of 19.4 kcSJ a d  aapmoprf- 
a t e  L t  t o  t he  wariaus tank a r e a s  by usimg t k  t e ape ra t a r e  g rad l ea l  f rm 
the  skaehiikg eo  ambient. This  heat  Boss i s  carzed tk actual laeat 
loss .  h a t  lose was divided i n t o  var fsus  s c e t f o n ~  as shown f n  
Figure 7.4.1-7. Zm orde r  to def t*  t h e  heat  l a s e  Prom cab a r c s  i t  is 
necassarjP t o  baa@ know v a l w s  of teopera ture  a& t k m a l  r e s f s t a w e .  



(a) E a s t s i d e  7:15 a . m .  1 6  A p r i l  ( b )  E a s t s i d e  10:45 a .m.  1 6  A p r i l  

'Ille l i n e  a t  t h e  r i g h t  shows which pc 
' l ' l ~ t x  t empera tu re  a t  t h e  s c a n  l i n e  rey 
Tile l i n e  a t  the  leEt is 300C (54OF) 
s c a l e  of 30°C r e s u l t s .  

(d) N o r t l ~ s i d e  7:3@ a.m. 16  A p r i l  

b r t ion  of t h e  p i c t u r e  is  scanned.  
) r e s e n t s  t h e  co ldes t  t empera tu re  "seen". 
h o t t e r  t h a n  t h e  r i g h t  l i n e .  A l i n e a r  
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Sfllcc t h e  e f f e c t i v e  t hma l  codrretaabcre of t h e  s epa ra t e  a rea@ m s  t o  k 
detemiragd, t h e  b a t  l o s e  f r m  tbse areas was e s t i w t e d  by uslw ccn- 
vec t ion  a d  r d i a t i o n  from t h e  s k a t h i w .  The 8 t i o n  of lo8-e f r m  
t h e  s h e t h i n g  c a n  be adjus ted  t o  m t e b  tk t e a l  tank  b a t  l o s s .  This 
aeeaunts  for v a r i a t i o n  i n  tb fils e w f f l c f e a t  a d  t h e  surfree radia-  
t i on .  The d e t a i l e d  amlgsie is  i n  &mdix 8. 

Durt- t h e  test t h e  foueedatlon coolant  loop was k i n g  heated t o  ll9'C 
(246°F) by t b e m s t a t l e a l l y  e o n t r o l l e d  hea ters .  Thus tk b a t  laoea 
from foundation was mt detemflsed by t h e  h a t  r i s e  of t h e  coolant  as 
or ig i f l a l l p  i o t a d a d .  The temperature gradfant  a c r o s s  tb br i ek  and tb 
t n s u l a t i =  c a s t a b l e  t aa t e r t a l  were c o n s i s t e n t  wi th  wmlys i s ,  L a e l d L q  
d g e  e f f e c t s .  It was c o n c l a e d  that the  beat  loss through t h e  f o u d a -  
t f o n  was c l a w  t o  t h e  predte ted  value. 

The k a t  l o s s  through t h e  f o u d a t i o n  was addad t o  th l a t t l a l  c r l eu -  
l a t e d  convect ive  Posses f r m  t h e  s h a t h i % .  This  t o t a l  war s l f g h t l g  
g r e a t e r  t b n  the  bnawn lo s s .  The eonveetlwe Issrcr wr@ t b n  propor- 
t i o m l l y  ad jus t ed  eo t h a t  agreemeat wBth t h e  a c t u a l  l o s s  was sada. 
This, wae considered reasonable be?eaurc s f  t h e  a w e r t e i n t y  of the son- 
vec t iva  f i l m  cwf f  i c l e n t ,  a& the variation in the a k a t h l w  e s i t -  
tame. 'Plaehla ad jus t ed  esnvee t ive  losacs e r a  consldcred 60 be tk 
a c t u a l  hea t  l o s s e s  and a r c  emparad  with t h e  ca l cu l a t ed  l o r 8  through 
the i n s u l a t i o n  i n  Tabla 9.4.1-1. g t e r r s r  t he  ei$EPerrewa th poorar 
t h e  i n e u l a t i s a  parfarmanee. %c h s a t  loas  frm the  h a :  tank Pe shown 
fa Figure 7.4.1-7, The support t iw, p r m t r a t i o a c  (wento, heat kraca, 
Lns t ruwnt re i sn ) ,  lower r 1 ~  a&$ the EotmndatPon are smll e m p r r c d  t o  
tk t o t a l  tank heat  loss. The & i f f e r e m a  of @~Pe;ven percent was conr8d- 
a t e d  rcasoanablc. Soae of t h f a  vrtletton eain be reduced a s  discussed 
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The heat  l o s e  through t h e  t a n k  w a l l  was g w a t e a  e b n  ca l cu l a t ed  by 5 
percent .  The sk l l  Empratmre was 2 d ~ P e  (Sl4'P) which was g r e a t e r  
than  t h e  c a l c u l a t e d  s b l l  t r a t u r c  of 238*C (k62'P). T b  -]el Bw 
c r e a s e  of t h e  e f f ee t fwe  t h e m a l  codlmcteme of t h e  b a c k  m y  h v a  h a  
caused by a- cracks  heween  br fckr ,  i a~ufEBcfene  f i b r o u s  I n s u l ~ t f o a  
I n  expansione j o l n t s ,  comveetlon amad b l e s  f o r  tk aslehorr, a d j a r  
b r i &  tkml c o n d w t l v f t y  be%= d i f f e e a t  h b n  adver t i sed .  

The a t t i e  sb l l  temperature war 160-C (320'P). It was des%red to =%a- 
t r i m  t h e  s k l L  ( roof ,  w a l l ,  f l o o r )  ae a c o m t a n t  t e q e r a t u r a .  7% =- 
fmm t e r p r a t u r e  d i f f e r e ' e ~ ~ ~ e  a l l o w &  k t e e a  t h e  roof a d  tCle w a l l  was 
M ° C  (17h0P). In t h i s  test h o w a e r  tk t m m r a t u r e  gradien t  w a s  Mpith 
t h e  w a l l  a d  no t  a t  t h e  r o o f / v a l l  Juwt ion .  me t h e m a l  a m 2 y r f r  for 
s i x & %  t h e  t a n k  insuler t lon th lekness  d id  not eemrider tk paareton sf 
t h e  t a n k  s i d e  wall uhleh war In  t h e  a t t l e  area. Thl r  r e r u l t a d  i n  the  
Lwer s h e l l  terapcrature a& tk i r ~ s r a a s a  laeat l o s s .  T b  ieema@ed b a t  
l o s s  through t h e  roof was p r o b b l j  due t o  f l a t  block iinruhatlon befag 
i n s t a l l e d  on  a c o n i c a l  maf which made f t d i f f  i c u l t  t o  achiave a p o d  
t i g h t  convcceton f r e e  i n s t&lha t lon .  th a l a q e  tanks th@ POOP C U ~ V I -  

t u r e  is much maller thus  a i a i r i z l q  t h i s  problm. 

The hea t  1 o r r  through t h e  a t t i e  has fmbrras@d whlch also Lnbarr&d a 
g r e a t e r  & a t  l o s s  through t h e  i a e u l a t t o n  a r aa  of t h  liner top. This 
I w r e a s e d  hea t  l a s s  was c ~ n s f d e r e d  t o  k l a rge ly  d w  eo c t l n ~ @ e t l ~ ~  It% 
and a r o u d  t h e  o e r t i e r l  cor rugat ion  of the Liwr. Fhia soav~etiorr ie- 
creaaad t h a  t eapa ra tu re  of  t h e  i n w r  aurfre~ of t h e  rrsal l  b r icks  a k v r  
tk l f m r ,  vtrlsla f n  t u r n  inemrsrad t;b b a t  la@@ into L h  a t t i c  r& tk 
r a d i a l  hea t  loss t h r o u ~ h  the opwr wall.  The upper ueaLB. urs  dal iaad as 
thc wal l  a r e a  w i th  interma1 br ick  whtch uas o b v r  th euspended dack, 
I n  f u t u r e  a a p l i e a t i o n s  t h i s  convect ion eaw k raducad eittnar by al ta i -  
n a t b w  the uppat wall by haviafg t b  bbrlek s t o p  at tk suepeded deck o r  
by i n r t a l l t q  i n s u l a t i o n  i n  t h e  vteklcerl  corrugat lone t o  @Lfabsnet@ can- 
wact ion. 

Xn I a q e  tanks  t h e  s h e l l  a t t i c  a r ea  will km s&@ilar  t o  tho au~pcnded 
daek amor, Corner Isrr@r will 'k lerr s i g n i f i c a n t  t k t  tthorc La the 
Sf%. ansequanp ly ,  t h e  u n i t  area heat  Xaer of a large tank vial  b Lna- 
proved. % a t  l a r r  vcosi@nee from predierad va lues  have been d e f l w d ,  
t hus  t h e  hea t  Losr f r a a  t h e  tank  can k? d a f i w d .  Future prsdiebtoa 
s b u l d  be g u f t ~  s ceu ra t a ,  Tha t ank  a t t l c  b a t  loss can he impraved '& 
e l i o t n a t l %  problem seen f n  t h e  Sm. 

Ow p k n m e n o n  observed i n  tk hot tank  w a s  the l ack  of s t r a t i f f c a t l e a  
s f  e h  malten s a l t .  Figure 7.4.1-8 s b w s  r k  v e r t i c a l  t-peratuse o f  
tk salt  aeasured  by the  temperature rahs. Thts was da t a  t a k a  fr- 
t b e  f i r s t  c m l d ~ v n  r e s t  which is  t m i e a l  f o r  a l l  t h r e e  cooldam t e s t s .  

t e r p e r a t u r e  p r o f i l e  a t  tk rakg im tk c e n t e r  of t h e  tank s h o e d  
s w  1-r t m p r a t u r a s  a t  t h e  b t t m  as the days progreaeed, bat E k  

oupler  w a r  t h e  wal l  shav a l aoo t  a coas t an t  weeicaLLy E m -  
p r r a t u r e  at any g iven  E l = .  
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Figure 7.4.1-8 Woe-Tank SaZt T e ~ e r a t m  H%story--First Cool 



7.4.2 Cold Tent 

The p e r f o m w e  d a t a  of tk co ld  t ank  w a s  t a k a  f e a r  days a f t e r  &be 
start of  t he  t h i r d  steady state tast. lirlgure 7,4.2-1 s k u @  t h c  tewsr- 
a t u r e  h L s t o q  of t h e  taat c 8 u r i s  tb test. h r t w  the f m r t h  day 8 

very s t r o w  wind meurred whtch caumd a &&crerm Ln tank tmperatrare. 
Figure 7.4.2-2 sbws t h e  ta& t m e t a t u m r  For t h e  prcvfovns two steady 
s t a t e  tests. BLgh wl& days m e u r r e d  d u d =  b t h  p e r i d s  d e b  weq 
cbdoua t a n k  reapoascs. &teem tk a d  t h l r d  steady s t a t e  test 
th tank  foudatlcm was t b u g h r  to ha- d r L d  out, a m  of t he  aheweh- 
Lm eraeks e r e  c r u l k d ,  a d  to m e  degree the t raqv i ~ u l a t l o a  on 
t h e  outsfde of  the f a a d a t l o a  d r i ed  mt. The salt it? the tank w a s  at a 
r inbmw hetght  of  0.18 m (5.5 La.) a s h  a l l m d  a f a e t  t h e m a l  re- 
spoaaa t f ~ ? .  

Bower Supply 11.035 kg 
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F i g u r e  7.4.2-3 shows t h e  t e a p e r a t u r e s  of t h e  t a n k  a t  t h e  d e s i g n  c s n d i -  
b 

tf.on. The t e a p e r a t u r e s  e r a  ahown f o r  t h e  r o o f ,  f o u d a t i o n  and t h e  f o u r  
q u a d r a n t s  o f  t h o  s h e l l  and a b a t h i n g  of t h e  t a n k  wall. 

The i n f r a r e d  s c a n s  o f  t h e  c o l d  t a n k  are shown i n  F i g u r e  7.4.2-4. These  
s c a n s  were t a k e n  a t  a d i f  f e r e n t  time t h a n  t h e  r e a d i n g  used i n  t h e  anal- 
y s i s  o f  t h e  t a n k  h e a t  l o s e .  The t e m p e r a t u r e  g r a d i e n t s  measured a l s o  
e x i s t e d  a t  t h e  t i m e  of t h e  d e s i g n  a n a l y s i s ,  s o  t h e y  were c o n s i d e r e d  
u s e f u l  f o r  t h e  h e a t  l o s s  d e t e r r a i n a t i o n .  C m p a r i s o n  o f  t h e  i n f r a r e d  
s c a n s  w i t h  t h e  s h e a t h i n g  r h e w o c o u p l e  d a t a  i s  s e e n  i n  F i g u r e s  7.4.2-5 
and 7.4.2-6. The i n f r a r e d  s c a n s  were u t i l i z e d  i n  e s t a b l i s h i n g  t h e  csr- 
reet a h e a t h i %  t e m p e r a t u r e  p r o f i l e ,  which was used  i n  t h e  heat l o s s  de- 
t e r n i n a t t o n .  





'l'i~e time a t  t h e  r i g h t  shows which po r t i on  of tho p i c t u r e  i s  scanned. 
?lie tenlperature a t  scan l i n e  r ep re sen t s  t h e  co ldes t  temperature "seen". 
'i'ile line a t  the  l e f t  is 30°C (54OF) h o t t e r  than t h e  r i g h t  P ine ,  A l i n e a r  
s c a l e  of  30°C r e s u l t s .  
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The hea t  i w u t  t o  t h e  t ank  was d e t e m i m d  fm tb e l e c t r i c a l  p e r  t o  
t h e  heatere.  The r c s i s t e l l ce  of t h e  h t e r s  was masured  wW1e t h y  
were ope ra t iona l .  The vo l t age  was 277 V. Fleaau rmae  of tk v o l t w e  
w a s  t aken  a t  va r lous  t1-s but d ld  not s b w  any ~ o a s l s t e g l t  bfar.  V o l t -  
ages  h igher  and 1-r than  277 V were w a r u n d .  Thc t o t a l  e r r o r  in 
power could  be 5 3.6 X with  a -+ 10 v o l t  valriatfon. Siguce seve ra l  Baga 
w e r e  invol rcd  la  t h e  s teady  state c o d i t i o n ,  u* of a mar mmal wlt- 
age  va lue  was d e a ~ d  reasonable. %w a -11 e r r o r  i n  tk a e t u a l  
power e x f s t s .  The pwer i n t o  the  t a& was 11.835 W. 

Calcu la t i on  of  t h e  k a t  l o s s  was deteminrad i n  t h e  a- a a m r  ar used 
f o r  t h e  hot  tank. 1ZppdLx II contaihms tk d e t a i l e d  a m l y s i s .  % 
a c t u a l  energy l o s t  from t h e  r h a t h f e  ( r a d i a t i o n  a d  eonvect ioa)  war 
c a p a r e d  wi th  t h e  ca l cu l a t ed  e a e q y  eransferlred through the insu la-  
t fon.  The e m r g y  l o s s e s  through t h e  i n s u l a t i o n  were ca l cu l a t ed  by 
us%= t h e  k m m  t m p e r a t u r e s  a d  adweftfa&& c o ~ u c t l r i t y  of a a t e r f a l .  
The convect ive  hea t  bosses f r m  the  ~ k a t h i e  were belamed t o  r g r e r  
wfth t h e  kwvn Posr of 11.035 W .  TLBe t ank  war divided i n t o  varfws 
a m a s .  TIM w a l l s  roof a d  f l o o r  a m  o k i o u a  areas.  A f au r tk  a r e a  was 
t h e  upper r i a  a t  t h e  tank eve a& a f i f t h  a r ea  Lor t'w E a u d a t t o n  edge 
and l o w r  r i  rig. Prom t h e  s k a t h f a  t m w r o t u r e  pref i l e  t h e  a r ea s  aora- 
c i a t e d  wi th  t he  upper a d  lower r i w a  a n  approxiaa te lg  97 aquare 
f e a t .  The inc teaaed  t a r p r r a t u r c  a d  h a t  l o s s  of t b s e  two a r e a s  war 
due t o  t h e  s t r u c t u r a l  p n e t r a t f a n s  i n  t b  inrpulattan. The  ca lcu la ted  
heat  l o s s e s  from t k a r a  s h e a t a t f q  a r e a s  are t a k a  a s  t k ~  a c t u a l  b a t  
l o s s s e  and are shown i n  Piplure 7.4.2-7. Tabla 7.4.2-1 compareso 6 k  
e a l e u l a t s d  here Losses w i t l a  t h e  a c t u a l  heat  I o ~ s e r .  Tka b a t  loae  sf 
t h e  pene t r a t i ons  and heatera  @era & a k a  r e  ca1eulaeed s ince  no Instru-  
@enta t ion  has been i n s t a l l e d  i n  t k  tart  t o  datemi= t h i s  l o r s .  

TlPa d i f f i c u l t y  of f n r u l a t f ~  t i g h t l y  aga ins t  t h e  uppar ring i s  eonaid- 
e red  t h e  rcasen  f o r  t h e  increased h a t  l o s s  thera .  P l a t  block insatla- 
t i o n  I n s t a l l e d  on  t h e  c o n i c a l  roof rarralted i n  e poor f i t  which allowed 
sme eonvcctfon paths. The 47X f w r e e r e  i n  b a t  logs  was very s imi l a r  
t o  t he  m a u l t s  seen  i n  t h e  hot  tank a x t a r f o r  roof i n su l a t i on .  

%he major haat  l o r 5  d i f f e r e w e  h t w e n  a c t u a l  am3 ca l cu l a t ed  was i n  6hc  
wall i n ~ l u l a t i o n  which enereare  by 1123 gamea t .  T b  i n s u l a t i o n  which 
we@ 0.38 ca (15 in . )  was i n s t a l l e d  in rh rac  Payers, with overlappriw 
jo in t s .  The l a r g e  u n t f o m  r ~ r f i n c e  of t h i s  wall  should provide gorad in- 
s u l a t  ton perf o m a ~ e .  One poss ib le  e x p l a m t i o n  for t h e  Increraad thor- 
wal conductarrce w a s  t h e  p r e r e w e  of water. h n  tk foudat foer  was 
being d r f e d  ou t  Large anaunts  of water condensed i n  t he  f i b rous  wall  
i n su l a t i on .  Dry im of t h e  insulation a c c u r r d  over  6 h  tegE p e r i d  a d  
a v i s u a l  Z n s p a ~ t i o n  of t h e  I n s u l a t i o n  a t  t h e  e d  adof t h e  t e s t  gave fdi- 
c a t i o n  aHr very l i t t l e  water. % e v e r ,  o m a l l  mount  of water can 
t r anspo r t  l a r g e  a m u n t s  of b a t  by a n  e~aparatto~a+~Rdeadation ~ b -  
n i s ~ .  Y k  f t b r o u s  i n s u l a t i o n  can a c t  as r ulct a d ,  through c a p i L l a q  
ac t ion .  p w p  t h e  water i o t a  t h e  hot poK%cn of t h e  fnsulat8on. '%Air 
heat  pLpe a c t f a n  could g r e a t l y  i n e m a s e  t h e  h a t  l o s s  t h r m g h  the inam- 
l a t f o n @ @  kt LE is not coaskdered r ep ra sen ta t l ve  of f u t u r e  tank p r f o r -  
-me. 



Rake, Vents, kfanhale - 0.27 kW 

Insulation Support 

Trace Heater 

Wall - 6.40 kW 
Tank Lower Ring 
and Foundation 

~oundation - 1.52 tcW 
Total Loss = 11.035 kW 

7.4.2-7 Cold Tank Actual H@at Loss--Study Sea& Condition 

TdZe 7.4.2-1 CoZd Tank Heat Loss 

Calculated ' 

rietratlon a d  heater losses  were taken a s  caleuLatad values 



The c y c l i c  chage /d i scbame of t h e  s torage t a d s  w i l l  Be p r a  of t he  
nomal  opera t ion of o s o l a r  plakat. The a m l y t f c a l  model was deelowd 
not only t o  deternine  t h e  heat  l o s s  from t h e  tank, tnnt a l s o  t o  dater-  
riw the  s a l t  t e rpe ra tu re  p m f i l a  d u d -  o w r a t l a a  a& t h e  ecfffciemy 
of the s torage s p s t a .  

Two e y c l t c  tests were p@&orsld with tk SW. m e  f i r s t  t e s t  w a s  ftwe 
days In durat ion and the  a e e o d  test vas t h m  days. T k  = c o d  eye l t s  
was perfomed a f  t a r  t h e  foundation tkad drled out. There was one &is-  
c h a r g e / c b a e  cyc le  p e r  day. Figure 7.do.3-1 ebws  c ; k  s a l e  b t g h t  aB 
t h e  hot tanks as a function of t i m e .  The S M  flow parameters w r a  orrred 
ar input  t o  the  a n a l y t i c a l  mdel. B m  t k  a m l y s f s  of tk SWE warime 
tank i a r u l a t l o a  w e r e  aodiflsd t o  y ie ld  t k  actual  h a t  less frm the  
SRE. 



Figure  7.4.3-2 g i v e s  a comparison of  t h e  a n a l y s i s  and t h e  a c t u a l  SRE - 
r e s u l t s .  The tempera ture  o f  t h e  s a l t  decreased w i t h  t i m e  dur ing  t h e  
e a r l y  eorn ing  because of  h e a t  l o s s .  The d i s c h a r g e  o f  t h e  s a l t  was i n i -  
t i a t e d  a t  8:30 am and was t e m i n a t e d  at  11:30. There was concur ren t  
charging and d i s c h a r g i n g  f o r  one hour as charg ing  was s t a r t e d  a t  10:30 
am. The bu lk  s a l t  temperature  i n c r e a s e d  dur ing  charge /d i scharge ,  but 
n o t  as r a p i d l y  a s  w i t h  a s i n g l e  charge. Due t o  t empera ture  l i m i t a t i o n s  
o f  t h e  propane h e a t e r ,  t h e  r e s u l t i n g  i n i t i a l  t empera ture  of t h e  hot  
s a l t  i n t o  t h e  t a n k  was 400°C (750°F). I n c r e a s i n g  t h e  s a l t  t o  566OC 
(1050°F) t o o k  15  minutes. During t h i s  time t h e  s t o r e d  salt decreased 
s l i g h t l y  i n  temperature.  Th is  was n o t  p r e d i c t e d  a n a l y t i c a l l y  since 
o n l y  a s i n g l e  i n l e t  t e a p e r a t u r e  of  t h e  s a l t  was provided f o r  i n  t h e  
program. This  a l s o  r e s u l t s  i n  t h e  t o t a l  temperature  p r o f i l e  being 
lower t h a n  pred ic ted .  The a n a l y t i c a l  program does  not  account  f o r  t h e  
h e a t  c a p a c i t y  of  t h e  i n s u l a t i o n ,  which r e s u l t s  i n  a very s m a l l  va r ia -  
t i o n  o f  t h e  s a l t  temperature  a f t e r  charge. The a n a l y t i c a l  program pre- 
d i c t e d  t h e  s a l t  t empera ture  q u i t e  a c c u r a t e l y  and should prove t o  be a 
very u s e f u l  t o o l  i n  f u t u r e  a n a l y s i s .  

T h e w a l  s iphon  i s  a term d e f i n e d  by Sandia  L a b o r a t o r i e s  f o r  convec t ive  
heat  t r a n s f e r  from t h e  t a n k  i n t o  connec t ing  l i n e s .  F igure  7.4.4-1 show 
t h e  temperature  p r o f i l e  o f  t h e  o u t l e t  from t h e  c o l d  t a n k  a f t e r  t h e  
e l e c t r t c a l  t r a c e  h e a t e r  was tu rned  o f f .  The expected cooldown f a  rep- 
resen ted  by t h e  dashed l i n e .  The temperature  p r o f i l e s  of  p o i n t s  if1 and 
tY2 were a l s o  t h e  p r o f i l e  of  t h e  t a n k  temparature  as it wae b e i w  
f i l l e d .  The a n a l y s i s  shows t h a t  t h e  t o t a l  hea t  t r a n s f e r r e d  from t h e  
t a n k  i n t o  t h e  l i n e s  o v e r  t h e  f o u r  hours  was 5920 W/h (20,200 Btu). The 
t e a p e r a t u r e  decreased as t h e  d i s t a n c e  from t h e  t a n k  increased .  The 
l i n e  7.3 rn (24 f t )  away from t h e  t a n k  came t o  a thermal  s t e a d y  s tate  
condi t ion .  T h i s  phenomenon w i l l  average  ou t  v a r i a t i o n s  i n  t e a p e r a t u r e  
of l i n e s  t h a t  are t r a c e  heated and nay be used t o  e l i m i n a t e  t r a c e  heat  
a s  on  some Lines. 





The init ial  sa l t  temperature in the tank is  298'~ (568'~). 
ratxre was the azme 88 lia tep!peratur@s 1 & 2. 

7320 

Mstancs from 

2 -1.8(6) 
3 -4.0(13) 

Tim, h 

f i g w e  7.4.4-1 Line P * m k n t  Coot 



8.0 ConeBuaons and 
ammendations 



5.0 CONCLUSIONS AWD RECOMMENDATIONS 

T h e  b a s i c  coolclusion o f  t h e  Molten S a l t  S to rage  program is  t h a t  a 
m-1 energy  S torage  subsystem i s  both t e c h n i c a l l y  and e c o n o r i c o l l y  
f e a s i b l e .  The prograa  has  d m o n s t r a t e d  t h a t  a cmamercial v e r s i o n  of 
a n  i n t e r m l l y  i n s u l a t e d  s t o r a g e  t a n k  f o r  molten s a l t  c a n  be designed 
and b u i l t .  

a )  P r e s s u r e  c y c l i n g  o f  t h e  o w  c u b i c  meter test i t e m  h a s  deaaonstrated 
t h a t  t h e  Technigaz l i n e r  h a s  a n  e x c e l l e n t  f a t i g u e  s t r e n g t h  margin 
when c m p a r e d  t o  t h e  30-year o p e r a t i o n a l  l i f e  c r i t e r i a .  Th is  is i n  
a molten salt e n v i r o m n t  a t  566'6 (1050°F). The l a r g e  margin of 
f a t i g u e  l i f e  above a 30-year usage g i v e s  c o n f i d e m e  t h a t  
c reep- fa t igue  should  no t  produce a Fa i lu re .  E t  i s  d e s i r a b l e  
howewer t o  d o  f u r t h e r  t e s t i n g  i n  t h e  c r e e p - F a t i g w  a r e a .  

b) T k  t h e m 1  p c r f o m a n c e  OF t h e  hot  t a n k  was good. The a c t u a l  hea t  
loss was o n l y  11 p e r c e n t  g r e a t e r  t h a n  t h e  predicted aarount. 

c )  The p r e s s u r e  l i m i t a t i o n  of t h e  cor ruga ted  Ineoloy 800 l i n e r  p e r n i t s  
a molten s a l t  he igh t  i n  e x c e s s  of t h a t  allowed based on  t y p i c a l  
s o i l  bear ing  s t r e n g t h s .  

d )  The a m o n i a  l e a k  test procedure p rov ider  a n  e x c e l l a n t  method of 
p r o d u c i ~ ~ g  a t o t a l l y  l e a k  f r e e  l i n e r  f o r  molten s a l t  c o n e a i m e n t .  
The p o s s i b i l i t y  of c o r r o r i o n  r e s u l t k n g  from r e s i d u a l  a m o n i s  needs 
t o  be eva lua ted .  

a )  'Phs devalop-nt a d  t e s t i n g  done on  t h e  l imt ,  i n t e r n a l  i n s u l a t i o n ,  
and a t t a c h e m e @  used f o r  t h e  SW silted ho t  t a n k r  a p p l i e s  t o  t a n k s  
o f  any s i z e  &cause t h e s e  e l a w n t s  do n o t  c h a q a  as  t h e  t a n k  s i z e  
i n c r e a s e s .  

f) The o w  c u b i c  meter test s u c c s s s f u l l v  demonstrated the removal a d  
r e p a i r  of a Liner  s e g m n t  i n  t h e  u n l i k e l y  even t  o f  a l a a k  
developing i n  &he l i n e r ,  

g) A h o t  t a n k  shell designed t o  A P f  s t a n d a r d s ,  i n c a r p o r a t i w  i n t e r n a l  
f i r e b r i c k  i n e u l a t t o n  w i t h  a cor ruga ted  Irtcoloy 800 l i n e r  t o  
m a i n t a i n  t h e  s t e e l  s h e l l  temperature  c l o s e  t o  28g°C (550aF),  has  
k e n  d e a o n s t r a t e d  f o r  s t o r a g e  of ho t  molten s a l t .  

h )  ?b s p e c i a l i z e d  f a b r i c a t i o n  t echn iques  a r e  r e q u i r e d  f o r  t h e  e h e l l .  
Standard c-ercial p r a c t i c e s  may be u t i l i z e d  i n  f a b r i c a t i o n  of  t h e  
steel shell and i n  i n s t a l l a t i o n  of  t h e  i n s u l a t i n g  F i r e b r i c k  and 
o t h e r  t a n k  i n s u l a t i %  m a t e r i a l s .  

i )  Johns Manwille C222SL proved, through e x t e n s i v e  t e s t i n g ,  t o  be 
t h e  best i n t e r n a l  i n s u l a t i n g  f i r e b r i c k  f o r  high tempera ture  
a p p l i c a t i o n  i n  a mol ten  s a l t  e n v i r o m c n t  and u d e r  c y c l i c a l  
c o l s p r e s ~ i v e  l o a d i w .  



j) Improved t h e m a l  p e r f o m m e  can kw achiewed by t e m f n a t l w  th 
interhagl  f i r e b r i c k  a t  the  hetght  of t h e  s u s ~ d a d  deck. T h i s  
p o s s i b i l i t y  should  be eva lua ted .  

k) h a w l e d g e  ga%md f ram tk SEE test w i l l  tmble i a p r o w e n t ~  to be 
w d e  i n  the a n a l y t i c a l  &el aad pmwide very accurate e s t i m f a s  
f a r  f u t u r e  tank h i P d e .  

1) The u s e  o f  aneechor p i n s  r a t h e r  thaa support r ims s b u l d  he 
s v a l u t e d  f o r  f u t u r e  u s e  i n  supporttmg e ~ t ~ r m l  lns rn la t ian  k n  order  
t o  reduce t h e  heat less. 

9) S E  tees exxperlcncc has shorn chat water is d r i v e n  f ro% ehorrgc 
tank c a s t a b l e  i o s u l a t i ~ n .  Fu tu r e  @eltea sale s t o r a g e  tank Qasigns 
should c o n s i d e r  dehydra t ion  of r h e  castable i n s u l a t i o n  p r i o r  60 
s b l l  f a b r i c a t i o n ,  a Water vapor wenti* e t M  o r  a d i f f c r a n e  
E n s u l a t i q  @ a t e r i a l .  

n) The d t f f i c u l t y  s f  a c h i e v i q  a f l a t  b t tm  of t h e  s h a l l  iwraares 
d i f f b c u l t y  of instatlbe b r i ck .  bu%m of t b  b t t m  can ledad to 
buekltm u d e r  load t hus  f r a e t u r i ~  teEn brick. Eliminat ing t h e  
s k P 1  b r e a m  and using structure t o  aalpport t b  anchor peahato 
should be avalr ta ted oa f u t u r e  tanks,  

a )  A seeel cold t ank  skelt built t o  API standard@ has been 
daaowsttatad for w l t a n  salt @torage at temp@rrsuees of 288°C 
(550°F) with only external i n su l a t i on .  

b? The erearnaB I n s u l a t i o n  support tingo a b u l d  b rephacad by anchor 
stud@ t o  further reduce Great Pass. 

c )  Them31 prefomnweea of t h e  S R E  celd t a n k  was 63 percent worse than 
anakyt&caslLy prc$ ic t@d.  It is thoaght that %ha abasrptisea sf %Re 
water rapor emitted frc@ the ewetable %asulahion tn60 t h e  s x t a r n r l  
fibrous iaaaalaticn aag have caused tha problaa. Stepo aieoul3 k 
taken in future t enke  b u i l d s  to c l i a L ~ a $ ~  t h i s  p r o b l a  such as:  
c h a m @  of s a t s r f a l ,  predry blocks of castable sasaterlai, p radry ,  or 
i n s t a l l  vapor b a r r i e r .  

d )  It f s r e e m e n d e d  that d u r % w  the s r the SEE sheathfag s h o u l d  
be owned to a l l ow  any wate r  t o  evapora te  fro@ tk insulation. T k  
t h e m a l  p e r f o w a n e e  should t hen  be r e t v a l w t e d .  

a) &neiL@ver@d vertical p m p s  perf omed oeky @ell .In $ranap$tarttwq 
mttcn sa l t .  

b) Test skpericrmce with the control va lve s  i&icakcfl that f u t u r e  
sy,Pter  s b u l d  d-tad we- rigid plug suppor t  lw b b  wa1we derlgw. 



c )  Very good p e r f o r n a m e  was provided by e l e c t r i c a l  t r a c e  h e a t e r s  
c a b l e s  composed of a s i n g l e  h e a t e r  wire  surrounded w i th  minera l  
i n su l a t i on .  

d )  A very f u n c t i o n a l  p ip ing  de s ign  was produced us ing  s tandard  ANSI 
piping l ayou t  and s t r e s s  ana ly s i s .  

e) Standard i n s u l a t i o n  m a t e r i a l s  and i n s t a l l a t i o n  techniques  provided 
good t h e w 1  p e r f o m n c e .  

f )  Cleanl iness  and inter i ra  i n spec t i ons  dur ing  s a l t  t r a n s f e r  l i n e  
f a b r i c a t i o n  i s  aaandatory t o  prevent  va lve  c o n t m i n a t i o n .  Dual 
va lves  and/or  t r a p s  should be cons idered  i n  t h e  p ip ing  design.  

TES DESIGN 

a )  The es t imated  c o s t  of a  480 Whe  (1200 mt) s t o r a g e  is  1 3  m i l l t o n  
d o l l a r s .  This  r e s u l t s  i n  a  c o s t  of 27.1 $ / k ~ h e  (10.8 $/kwht). 

b) The hea t  l o s s  of a 480 MWhe s t o r a g e  subsystem on a d a i l y  
c h a r g e / d i s c b r g e  cyc l e  r e s u l t s  i n  s t o r a g e  e f f i c i e n c y  of 99.0 
percent .  The z f f l c i e n c y  of t h e  hot and co ld  tank  i s  89.34: and 
99.7% respec t ive ly .  

ADDITIONAL RECOMHDATIONS 

a )  Leakage of s a l t  i n t o  t h e  I n t e r n a l  ineu l t l t ion  (b r i ck )  should k 
t e s t e d  t o  eva lua t e  d e t e c t i o n  and r e p a i r a b i l i t y .  

h) Less expensive sources  of s a l t  should be sought.  

c )  A d e t a i l e d  c o s t  comparison of i n t e r n a l l y  i n s u l a t e d  t anks  and 
s t a i n l e a s  s t e e l  t anks  with e x t e r n a l  i n s u l a t i o n  should h made. 





A P P E N D I X  A 
- 



TES SZBBSPSm MFIIITZOW S~CIPIWTIOM 

A. General Discursion 
I . The present program i r  d i rec ted  t-rd develop8ng a mS 8 u b y s t a  wbich 

u t i l i e e e  t h e  previolrsly drescrfbd "d-1" o r  "b t / co2bn  s t r a tegy  f o r  contrining 
~ao l t en  draw s a l t .  Typical e w o n e a t s  which mk up t h e  s torage s u b y e t -  m y  . include : 

Rot a& cold stora,a z a ~ b  
Drain tanks f o r  winkemnce 
Ullage gas s y s t m  
In@uleEion 
Storage re la ted  ralt p a p a  
Piping i n  s torage area 
Tank f e u d a t i o a e  a d  addbktng 
Cooling r y e t w e  
Tracer hRa t iw 
Storage i n r t r m n t e t i o n  and con t ro l  
S a l t  mixing and m l t d m  w u i p n t  
Holtan draw satat inventory 
a. Working c a r t  
b. Hat tank r e s i d u l  ea l t  
c. Cold tank r e s l d m l  s a l t  
d. Storage a r e a  ptging rr l t  

Thh @toraga/EPGS h a t  exebo@er ,  i s  not eonridarad p a r t  of t h e  searage 
rubystea and, @I a rewlt, a b u l d  not be coolsfdared l a  estimating auh@ystm 
ceet. P I o m l l y  raceiver l r tora&r b a t  exehaagsrs a r e  credi tad  t o  t h e  storage 
subryrteoa but t n  the  p r a w a t  dewalapwnt i t  s h m l d  be a s s m d  t h a t  etoraegc i s  
coupled t a  a molten sale racadwer and, as a r e r d t ,  raqutrcs  rm 
receiver/etoragc heat  exchanger. Any orhar heat  axcbagernr required i n  the 
proposed rtorege concept r b u f d  b included i n  the  gubeyrtam coat. 

The atsraga  s u b a y ~ t m  shall be capable sf f u n c t i o w l ~  i n  t h e  following 
operational  mder:  

1. Cold start-up,  inelrading loading amd w l t d m  of solid s a l t .  
2. Diurnal start-up. 
3. Charging a& discharging a t  the  maximane and mfrs$mm rate8 as 

speci f ied  i n  t h i s  seetion.  
4 .  Cyclfag &tween charge a d  d i s c b r g c .  
5 .  Wold a t  f u l l a n d  p a r t i a l  charge. 
6. NQr-l d i u r m l  r h u t d o a .  
7. Eaergencj a b t d m .  
8. b i n t e n a n c a  exerc ises  ( insula t ion,  fnswceion,  tank drainage, etc.) .  



% con t r ac to r  s b l l  provide a n  e s t ima te  f o r  a otolten salt  TES s u b s y s t m  
f o r  use i n  a 120 W e  s o l a r  thermal c e n t r a l  r ece ive r  p l an t  f o r  e l e c t r i c  power 
generat ion.  Such a p l an t  is  similar i n  s i z e  t o  concepts  c u r r e n t l y  being 
evaluated. The subsystem shall have a s torage  capac i ty  of f o u r  hours. Four 

bars of s to rage  is  equiva len t  t o  t h e  atmunt of them1 energy which, upon 
discharge frcra t h e  TES subsystem through t h e  EPGS, could produce t h e  r a t e d  
p l an t  capac i ty  (120 We) f o r  four  hours. It may be a s s m d  that t h e  net EPGS 
cycle  eff icier tcy is  40%. Hence, t h e  s to rage  capac i ty  i n  PIGlht is 1,200 (120 E8W 
t i e s  4 div ided  by a n  assmaed EPGS e f f i c i e n c y  of 40%). 

The s to rage  subsystem accepts  ho t  molten draw s a l t  a t  1,050 degrees 
Fahrenheit from t h e  r ece ive r  a t  a ~ x i r s u m  charge rate of 480 W t .  The aaaximm 
discharge r a t e  from s to rage  i s  2'00 Wit which is  s u f f i c i e n t  t o  produce 120 MWE 
a s s m i n g  the  40% EPGS e f f i c i ency .  The subsystem s h a l l  be capable  of v a r i a b l e  
charge/discharge r a t e s  between 11; and 100% of t h e  aaxiaum values.  

The temperature of salt r e tu r idng  from t h e  storage/EPGS h e a t  exchanger i s  
550 degrees Fahrenheit.  Hence, t h e  s to rage  capac i ty  of t h e  TES subsystem 
based on use fu l  energy s to red  is g iven  by: 

1050 F 
Subsystem Storage Capacity - H s / c  dT = EiWht 

550 F 

where M, is t h e  working mss of s a l t  i n  t h e  subsystem and c i t s  s p e c i f i c  
heat .  l ased  on a cons tan t  s p e c i f i c  hea t  value of - = .371 Btu/lber - OF 

equation (1) p r e d i c t s  t h a t  22.1 x lo6 lb rn  of s a l t  is  requi red  t o  e t o r a  1,200 
klWht. Depending on the  subsystem der ign ,  a d d i t i o n a l  a a l t  may be requi red  f o r  
tank res idua ls .  

The ho t  tanks  s h a l l  be i n su l a t ed  i n  such a way a s  t o  prevent  t h e  average 
teapera ture  of s a l t  i n  a f u l l y  charged tank from reaching 1,035 degrees 
Fahrenheit (I.@., 15 degrees Fahrenhei t  drop from 1,050 degrees Fahrenhei t )  
over a 24 hour period. S imi la r ly ,  t h e  cold tanks  s h a l l  be i n su l a t ed  t o  
prevent t he  sa l t  i n  a f u l l  tank from reaching a n  average t eape ra tu re  of 535 
degrees Fahrenhei t  (i.e., 15 degrees Fahrenhei t  drop from 550 degrees 
Fahrenheit) over  a 24 hour period. For both t h e  hot  and t h e  co ld  tanks,  t h e r e  
spec i f i ca t i ons  imply a raaxirum hea t  l o s s  of 36 W h t  over a 24 hour period. 

'Ilk t h e m 1  energy s to rage  subsystem s p e c i f i c a t i o n s  descr ibed  above a r e  
r ized  i n  Table 11. The s p e c i f i c a t i o n  f o r  i n t e r n a l  tank  i n s u l a t i o n  should 

be regarded a s  a recommendation r a t h e r  than a requirement f o r  t h e  subsysteol. 
Other a t h o d s  which advance t h e  s tate-of- the-ar t  i n  molten sa l t  high 
te-rature containment may be s u b s t i t u t e d ,  providing they  can  be shown t o  be 
c m p e t i t i v e  with i n t e r n a l  i n s u l a t i o n  on a c o s t  e f f ec t ivenes s /des ign  r i s k  basis. 



TUt& H I  
S OP PEST SmSYSTa SPEGEPICATfMS 

Desc r ip t i on  S p c b f f c r t i 6 n s  
PIIPIPI=IPII I IPI===PIp== * 

Storage  Media 

Tankage Conf igura t ion  
Hot Tank I n s u l a t i o n  

Cold Tank I n s u l a t f o n  
Power P l a n t  h t i n g  
S torage  C a p c i t y  
m x i m m  Charge b e e  
Minimum Charge Ute 
Hexitaum Discharge mte 
Min iow  Discharge Rate 
Wximum Weat LOBS Ute-E5ot i a n a  
W x i a u r  Heat Loss b t e - C o l d  Tank 

The a q u i w n t ,  a a t e ~ i s l a ,  d~efign and c s n s t t u e r i o n  of t h e  s t a r a g e  w u h y r t s a  
s b l l  cmply v t t h  a l l  Faderrl, s t a t e  loeaP, aad ulter a tadard r ,  r e g u l r t l o n r ,  
codes, l a v a ,  and ord inances  c u r r e n t l y  appBLcrbPc f o r  t h e  s p e c i f i c  sit@ and the 
user .  These s b l k  i n e lude  but not ba I f r keed  t o  t h e  g o v c r n e n t  end 
nongdvcrnakene doeu;ntenta l i e r o d  belw. 1% there I s  an a v e r l a p  %a, o r  conflfst 
between t h e  r e q u l r ( ~ m ~ t @  of t h se  d a c u n t s  and t h e  a p p l i c a b l e  Federal, @tat@, 
county, or municipal  codas,  laera, or o t d i m w c a ,  that a p p l i c a b l e  requitremeat 
which 11@ t h e  mktt a t r i a g e n t  s h a l l  t aka  p r a sad rwe .  

T k  f a l l w i n g  d o e m n t r  of the? Blew fn af fec t  or thc d r t a  of rcqwat for  
quo t a t i on  Eom FA p a r t  of t h i s  r g a s i f f e a i s w  t o  the extent r p e c t f l ~ c f  hatein. %n 
tha  avant  of conflict bot-en t h e  d o c m n t s  ~ a f a r r e d  to hcrain rwd the 
con t en t s  of t h i s  a p e i f i c e t i o n ,  t h e  con t cn t e  of t h l s  epcffbcotion shall 
considered a superceding r equ f r caen t .  

- kgu l ea t i ons  of  the &eupat$onal Sa f e ty  and g e a l t h  
M m i n i ~ t r a E f o n  (BSM) 



- Standards of t h e  AZSG 
- B t i o n E l e c t r i c C d e  
- ABerican e l d i n g  Socle ty  Standards - Applicable B m a  Engimering Design C r i t e r i a  

c . Other Publ ica t ions  

- Matioaal E n w i r o m n t a l  Policy Act (htePA) - C a a p l f a x e  d t h  t h e  National E n v i r o m n t a l  Pol icy  Act, 
10CP6U021. 

a. Standards a d  Codes 

- Uoifom Bullding Code --- 1976 Edi t ion  by I n t s r ~ t l o m l  
Confarsnes s f  Building Off i c i a l s  

MST B31.1 --- 1977 Power Piping - I n s t i t u t e  of E l e c t r i c a l  a d  hdlsctronic Engimer ing  (IEEE) 
c d e s ,  as appl icable  - Rational  f i r e  Pro tac t ion  Assaelat ion (BFPA) National P i r e  
h e i g n ,  Construction and Pabr ica t ian  Standards 

Standards of  ATSC ( h r i c a n  Concrete I n r t i t u t s )  
S t a d a r d s  of TEMA (Tub. Exckaogar f i n u f a c t u r s r ' e  
A6rtn.) 
Standard 650 of A P E  ( h r i e a n  B e t r e l a m  f n a t i t u t e )  
h l d e d  S t e e l  Tank@ Par O i l  Storage 
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s iva  strawtDo $s mt off=%& by O h m 1  cyclrs 

& i f e r  m m  sSw eye la  a t  

O and 0.3 Wr.  (m I - S ~  bmka a t  147 W 
0 a d  0.45 Wa. 

- Fltxbm tee arc in pqress. 



e ~f ttac test ram was t o  veri fy the capabil i ty of the selec- 

ted kick  to b9 used as laad bearing insulation f o r  the corrugated 

have cut i n  thc 50 br ick provided by *R?IH rlWRIEnA and 

fhc raference axfs systm h s  been mrked as f o l 1 w  : 

figure 1 

For a l l  the tests 20 brick,naarked 1 t o  20 have been choked a t  random. 

On the s w l e  mrk, the f i rst  e r  indicates the br ick nunber. the 
secod r i s  the smple nmber (exmple : 18-4 i s  the sample n04 of 
the brick nb18). 

This caution a l l m  to  cmpare the results o f  the d i f ferent  tests i n  par t i -  
cular t o  see the evolution o f  strength a t  high tmperature. 



3. TEST 

the ~ @ ' J I o Q I D ~  mar  : 

- e s$m F a t * ~  test a t  W"G. 

' 4.1. 

I,-" - Smdtsens are 40 x x 4m. e&cr,pdckd up i n  brick n w t r  1 t e  bktcf 

r 10, - I n  arch brick.6 s ~ 3 m ~ s  =re cut : 
. 3 wm Wl& 8% *$ant, load klq amlid m @&ch @Q tb 
3  OF 1 JW~W,  

. 3 bfam t c s w  a t  +5amC, 1aad bdw awl%& m ~ 8 e h  of tM 3 a t %  
far 1 s p l m .  

4.2. 1 
I 

kGIlbOarrt mB m caw.ld mt m r -  fDald Chrrtbrq6 mehlm,ad hwl 
mtum Pests an Imbmn %chdw ulth an own adapt& k m n  h h  

plrtn as s m  ors f d w ~ e  2 a d  3, 

The rate o f  tlw c m s s k a b  mtim was : 0.01 &mi@. 

The stres strrjn cumc i s  m a r M  a d  th s t~eecgth  I s  detemiwd 

rs * first slide f r ~  the curve, k s m  m Lace b i ~ m  8 , 
w&s t o  a slow e k q e  o f  the slrcss-staairr cusvc. 



ratun a n  gfvan table 1 

. 
In Mltiolr ra k v a  g f m  fable 2 a lvrults  dtr l r red  uf a pmlfmf nary 

t M t d ~ ~ O d w t W I ~ 5 0 ~ 5 0 ~ 5 0 1 ~  cut i n  2 brick rsarkGd 19 
d 20. 



tests a t  Rlgh E a r n  
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TABLE 1 

: Fissum noted &Pare the test.  

TABLE 2 





TABLE 3 

1 

In o*r ta &tsmine i f  t k w  was a v a r i a t i v ~ ~  03 the ~mpmssive strength 
w i t h  the l w d  appl iat ian direction we have p l o t t d  results versus axis 
d i m t i a n  at  each rature. See table 4 belar. 

TABLE 4 



5. TIOE CVCLE TEST 

t i m s  am s- t t td  t4 them1 E Y & ~ ~ O  99 Mid Ckr : 

5.3. Results 

k u l t s  am gfvm bblc  5 )rem after. 



3 cycles 



6.2. 
7)14 -1- i s  a '4 p i n t s "  btutfm &vice as klw. 

* am btd a t  %Q6C, an oven k i w  a Q p t d  W Vlb flexi~n 

*fc@- (2- f iwmo 6 and 7 h r e a f t c t )  . 

7.1. Swcimns 
Specioens are 50 x 50 x 50 m.cubes cut in br lck n d r  1 to brick a~zder 1C 
oap rtrfch static tests had alriady N n  carrid at. 



figure 6 

figure 7 

-. Device and oven for flexion test  



figure 8 

General vue o f  the 
cycl ie empression 
test arrangeat 

f igure 9 

Continuous ~ e c o d i  ng 
of the defomtion 

figure 10 

Checking o f  tk 
stwss-st ra in curve 



fhs tasW specfms have bem selectQd i n  brick having the lawer 

cn a SHE~~CK TREBEL iw  type Rn 50. an which an 

is adapkd, (see fig.8, 9 and 10 the t ~ t  arra 
wt i s  %O0C. 

an * r t m s .  During the 
lar time inter -  

Thc cyclic f Udls 3 a. 

7.3, h u l t r  u a . ~ p F  @ 0 8 ~ 4 ;  

R e ~ u l t s  &tai& wfth the tam ~aiutirarrr 1- 1-1 : 0.3 Wa and 0.45 Wa 
for each level are givm ftcr) . 
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INTRODUCTION 1.0 - 

T h i s  document d e s c r i b e s  t h e  tests t h a t  will be perfo-d w i t h  a Thermal 
Energy S t o r a g e  Subsystem Research E x p e r i m n t  (SWE). The storage 
medlum used by t h i s  SRE is  a ~ P t e n  n i t r a t e  salt, 60% WaNQ3/40% ma3 by 
weight.  'B'Plese tests vjlll b e  performed a t  the  C e n t r a l  Receiver Tesl: 
F a c i l i t y  (CRTF) a t  Albuquerque, New kr r%co.  

The major e lements  of t h i s  SRE i n c l u d e  a hot  s t o r a g e  tank, a co ld  
s t o r a g e  tarnb, a propane h e a t e r ,  cn air c o o l e r ,  a h a t  sump and pump, a 
cold sump and pump, and a c o n t r o l  system. The nominal s a l t  temperature  
i n  t h e  hot tank i s  56b"C (P050"F) and is 288-6 (550°P) i n  t h e  co ld  
tank. The system is capab le  o f  s t o r i n g  up t o  7 m . t  of thermal  energy. 

1-1  TEST OBJECTIVES 

Tile o v e r a l l  o b j e c t i v e  is t o  demonstra te  t h a t  a s o l a r  thermal  energv 
stor:lgc system u s i n g  molten n i t r a t e  s a l t  a s  t h e  s t o r a g e  medium cal. 
o p e r a t e  e f f i c i e n t l y ,  r e l i a b l y  dnd s a f e l y  i n  both steady s t a t e  and 
t r a n s i e n t  modes r e ~ r e s e n t ~ i t i v e  of what would be exper ienced i n  a l a r g e  
so l  .ir power p l a n t .  

The s p e c i f i c  otaic3ctives tlf t h i s  test prtrgran a r e  l i s t e d  below: 

I )  Mea~itrc. tank h e a t  loss under b a t h  steady s t a t e  and t r a n s i e n t  
c o n d i t i o n s .  

2 )  Determnine s t o r a g e  systern e f f i c i e n c y  and salt temperatures under 
sianillated s o l a r  p l a n t  o p e r a t i n g  con t l l t ions .  

$ 1  l)rnir;l.st-rate system co ld  st.mrhup t e c h ~ ~ i q u e s .  

4 )  Demont;tr.~re no:.~nnl d i u r n a l  s t , i r t m p .  

5) Ue:eao~~st race claargialg and d i s c h d r g i n g  of  system I? t anywhere LC.' ' :~JC?II  

m'aximtlm and minimum r a t e s .  

6 )  D e ; n r ) a ~ s ~ r ~ t e  h01Jing a t  f u l l  and p a r t i a l  charge.  

7 )  Drmc>i~str :~tr  norma i d i u r n a l  shutdown. 

9 )  Berforrra i n s p e c t i o n  a n d  maintenance e x e r c i s e s .  

1 . 2  SCOPE 

The purpose of t h i s  exper iment  i s  t o  d e m n s t r a t e  t h e  performnce v t  n 
malten s a l r  tt~erla3aH energy s t o r a g e  subsystem. Other  e l e ~ n t s  of a 
commercial system such as t h e  h e l i a s t a r s ,  tower,  eKc, a r e  no t  part of 
t h i s  demons t ra t ion .  However, molten s a l t  pumps, h e a t  t r a c i n g ,  su~ps, 
p i p i n g ,  i n s t r u m e n t a t i o n ,  and controls w i l l  be d e m n s t r a t e d .  



1.3 BACKGROUND 

,%,tin M a r i e t t a  h a s  performed a number of s t u d i e s  of  mol ten salt 
c e n t r a l  r e c e i v e r  systems f o r  t h e  Department o f  Energy. The f i r s t  was 
e n t i t l e d  Conceptual Design o f  Advanced C e n t r a l  Rece iver  Power System, 
Phase I Cont rac t  EG-77-C-03-1724. The f i n a l  r e p o r t  f o r  t h i s  a c t i v i t y  
was r e l e a s e d  i n  September 1978. The second s t u d y  was e n t i t l e d  S o l a r  
C e n t r a l  Receiver  Hybrid Power System, Cont rac t  DE-AC03-7SET21038. 
The work performed under t h i s  c o n t r a c t  is  documented i n  a f i n a l  r e p o r t  
da ted  September 1979. Both of  t h e s e  s t u d i e s  were concerned w i t h  
commi.rcia1-size systems althotlgti bo th  of  t h e s e  s t u d i e s  c o n t r i b u t e d  a 
s i g l i i  f icar l t  :~rnour~t o F i n  ioriaa t  i o n  t h a t  was u s e f u l  i n  t h e  d e s i g n  of  
t h i s  r e s t .  

k'e have r e c e n t l y  completed t h e  Advanced C e n t r a l  Receiver  System, Phase 
TI program (Sandia  Cont rac t  No. 18-6879C). Th i s  program invo lved  t h e  
d e s i g n ,  f a b r i c a t i o n ,  e r e c t i o n  and t e s t i n g  o f  a 5  M W t  mol ten  s a l t  
r e c e i v e r  a t  tlie CRTF. T h i s  program  provide^ u s  w i t h  a w e a l t h  o f  
r e levan t  exper ience  i n  molten sal t  t e s t i n g  a t  t h e  CRTF. 

1. 5 TEST PROCRAW SL'EMKY 

Table  1-1 l is ts  t h e  t e s t s  t h a t  w i l l  be p e r f o w e d  d u r i n g  t h i s  program. 
A l l  of  t h e s e  t e s t s  w i l l  be performed a t  t h e  CRTF. The t e s t i n g  sequence 
w i l l  begin  w i t h  loatl ing o f  approximately  81,720 kg (180,000 l b )  of 
s a l t  i n t o  t h e  cold tank. Th i s  w i l l  be done a t  a riominal t empera tu re  
of 288°C (550°F).  The molten s a l t  w i l l  tlien be s lowly  c i r c u l a t e d  
througtl ttir e n t i r e  system a t  288OC (550°F) u n t i l  a31 components a t e  
brought up t o  temperature .  'I'hen, t h e  propane h e a t e r  and a i r  c o o l e r  
w i l l  be tu rned  on and t h e  iiot tank and suinp w i l l  s lowly  be brought  up 
t o  566°C (1050°F). Once t h e  e n t i r e  system is  a t  o p e r a t i n g  t e m p e r a t u r e ,  
we w i l l  check ou t  a l l  t h e  emergency shutdown procedures  s o  as t o  e n s u r e  
s a f e  o p e r a t i o n  o f  t h e  SRE.  

The s t a r t u p  and checkout phase w i l l  be followed by t h e  pe r fo rn ia~ lc r  t e s t  
phase.  A s e r i e s  of  s t e a d y  s t a t e  h e a t  l o s s  t e s t s  w i l l  h e  conducted a t  
v a r i o u s  s a l t  l e v e l s  i n  each t ank .  This w i l l  be fol lowed by some 
t rans ienL cooldown t e s t s  and some c-ycl ic  charge  and d i s c h a r g e  
t e s t s .  Tllrsc ~t:sts w i l l  measure tile thermal pe r fo r~nance  of the 
t anks  ( e . g . ,  h e a t  l o s s  r o t e ,  s tc)rdge e f f i c i e n c y  , s a l L  t empera tu re ,  
she1 1 tefi ineroture,  e t c )  under r e i l l i s t i c  o p e r a t i n g  c o n d i t i o n s .  



Test 
No. n t 2 e  - 

Startup d Checkout Tests 

1 Salt bading 
2 Functional Flow 
3 Neat Up Not Tank 
4 System Operation Checkout 
5 b r g e n c y  Shutdmn Cheekout 

Thermal Perforwnce Tests 

6 Steady State Heat Loss - Pull Hot Tank 
7 Steady State Heat Loss - Empty Hot Tank 
8 Daily Charge/Discharge 
9 Transient Cooldon - Full Hot 'Tank 



Although t h i s  s to rage  SRE is  being b u i l t  on site a t  t h e  CRTF, it  
r equ i r e s  very l i t t l e  i n t e r f a c f n g  wi th  the  r e s t  of t he  CRTF once con- 
s t r u c t i o n  is cosrpleted and t e s t i n g  is underway. This  is because i t  

is designed to be operated a s  a s tandalone f a c i l i t y ,  s epa ra t e  and 
independent o f  t he  tower and h e l i o s t a t  f i e l d .  The s to rage  SRE is  
loca ted  south and a l i t t l e  w e s t  of the  tower. 

During SRE t e s t i n g ,  the o n l y  i tems t h a t  the SRE w i l l  r equ i r e  from t he  
CRTF are :  

a 480V t h r ee  phase 
o 277V single phase 
o l l O V  s i n g l e  phase 
o 145 kk? rnaximurar 

2) Propane 

o Srlppl y a t  172 - 689 kPn (25 - 100 p i g )  t o  4 WL tiall Ireater 

3) Cooling Water fo r  Foundations 

2.1 SYSTEM OVERVTEIJ 

The rr;tjcir coebpclnents of t h i s  Themal  Energy Storage :;RE a r e :  

o Hot s to rage  t ank  
B Cold s to rage  tank 
o Propane t i r e d  salt hea t e r  
6 )  Fan driven a i r  cwoler 
o Not  stimp and punrp 
o Cold sump and pump 

A flow schematic is  shcm i n  Figure 2-1. Hot s a l t  w i l l  leave the  hot 
s t c r age  tarlk and flow by g r a v i t y  t o  the  hot sump. From t he re ,  the 
s a l t  is  pumped through the a i r  coo le r  which reduces its temperature 
from 566"C (1050°F) t o  288°C (550°F). This  s imula tes  t he  a c t i o n  01 
a sal t - to-vater /s team hea t  exchanger i n  a l a rge  s o l a r  p l an t .  The 
cooled s a l t  then flows i n t o  t h e  col cl s torage  rank. From the re ,  thc 
s a l t  f lows by g r a v i t y  t o  tile cold !;ump where i t  is pumped through the  
propane hea ter .  The hea t e r  s imula tes  the a r t i o n  o f  a s o l a r  r ece ive r  
i n  a large plant .  The pumps, va lves  and c o n t r o l s  are s e t  up so t h a t  
simultaneous charge and discharge of  each s to rage  tank is poss ib l e .  
The genera l  arrangecaent of t h i s  e q u i w n t  a t  t he  SRE si te is shown 
i n  Figure 2-2. The system has a s to rage  capac i ty  o f  7.0 mt. 
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c a n  a l s o  be  s e l e c t e d  below t h e  5 6 6 ' ~ .  The u n i t  is i n t e r n a l l y  i n s u l a t e d  
w i t h  f i b r o u s  insulation which a l l o w s  r a p i d  heat-up. T h i s  d e s i g n  a l s o  
reduces  the rmal  s t r e s s e s  and i n s u l a t i o n  breakage which could r e s u l t  
from c y c l i c  usage. The u n i t  w i l l  be  p rehea ted  b e f o r e  s a l t  i n t r o d u c t i o n  
by f i r i n g  t h e  burner .  

The b a s i c  h e a t e r  s i z e  is 2.7 m (9  f t )  d iamete r  and 7 .3  rn (24 f t )  h igh.  
The weight  of  t h e  h e a t e r  is 10,910 kg (24,000 l b ) .  The weight of t h e  
s a l t  i n  t h e  h e a t e r  is 3,310 kg (7,300 l b ) ,  t h u s  t h e  t o t a l  weight  is 
14,220 kg (31,300 l b ) .  A blower f a n  f o r  t h e  b u r n e r  h a s  a 14.9 kW (20 HP) 
480 v o l t  36 motor. Remote start  by l l O V  c i r c u i t  is p o s s i b l e  from t h e  
c o n t r o l  console .  Pane l  o p e r a t i o n  and v a l v e  i n t e r l o c k  power o f  l l O V  i s  
necessa ry  a t  t h e  c o n t r o l  conso le  and a t  t h e  burner .  

Cont ro l  of t h e  s a l t  t empera tu re  s h a l l  b e  by n c o n t r o l l e r  which moni to r s  
t h e  s t a c k  g a s  temperature .  The c o n t r o l  f o r  t h e  burner  s h a l l  be  mounted 
on t h e  console .  The fuel. is  propane a t  a  supply p r e s s u r e  from 689 kPa 
(100 p s i g )  t o  172 kPa (25 p s i g ) .  The e f f i c i e n c y  o f  t h e  h e a t e r  is 67  
percen t .  The approximate  f u e l  usage is  6,500 SCFH o f  2316 B t  u/SCF 
propane. The usage f o r  one h e a t  c y c l e  is  16,000 SCF of propane. 

2.2.4 A i r  Cooler  

The c o o l e r  i s  capab le  o f  c o o l i n g  11.43 k g / s  (90,500 l b / h )  o f  molten 
s a l t  from 566°C (1050°F) t o  288°C (550°F).  The u n i t  has  a  seven  pass 
t u b u l a r  h e a t  exchanger coo lcd  w i t h  two f a n s .  I t  is i n s u l a t e d  t o  a l l o w  
p r e h e a t i n g  t h e  tubes  and h e a d e r s .  Beneath t h e  f inned  c o o l i n g  c o i l s  is 
a l o u v e r  and above t h e  c o i l s  is  a  movable i n s u l a t e d  door .  Electr ic .11 
t r a c e  h e a t e r s  on t h e  i n s i d e  of  t h e  i n s u l a t i o n  a r e  used t o  h e a t  t h e  
tubes  and headers  t o  232°C (450BF). The c o o l e r  and i t s  Fan e n c l o s i ~ r c  
a r e  shown i n  F i g u r e s  2-5 and 2-6. 

Fans, louver:-; and t h e  rn13v;lble i n s ~ ~ l a t i o n  door can  be o p e r a t e d  remcltcl y .  
Flu id  o u t l e t  temperatlrre is c o n t r o l l e d  by v : ~ r y i n g  t h e  inn  pit-ch e i t h e r  
by manual c o n t r o l  s e t t i n g  o r  3n analog, feedback c o n t r i ~ l . 3 c r .  The a i r  
cooled h e a t  exchanger  weighs 9980 kg (23,000 l b ) .  An , ldd ie ionn l  700 
kg (1540 l b )  o f  s a l t  w i l l  be  p r e s e n t  d u r i n g  usage. 

Each of  t h e  two f a n s  a r c  d r i v c n  w i t h  n 14.9 kW ( 20  HP) 48 v o l t  3 phase. 
motor.  The weatherproof e l e c t r i c a l  s t a r t  boxes are mounted on t h e  
lower s t r u c t u r e .  Each s t a r t  hox car1 be  opera ted  l o c a l l y  o r  remotely  
through a  110 v o l t  supply.  The lot lvers  and movilhlc i n s u l a t e d  door  a r e  
a i r  opera ted .  The l o u v e r s  a r e  o p e r a t e d  w i t h  a v a r i a b l e  p r e s s u r e  dome 
motor c o n t r o l l e d  w i t h  a 3-15 ma s i g n a l .  The maximum p r e s s u r e  of 137 
kPa (20 p s i g )  is  c o n t r o l  l e d  by a r e g u l a t o r .  The i n s t ~ l a t i o n  door  is 
o p e r a t e d  by c a b l e  c y l i n d e r s  a t  41 3  bPa (60 p s i g )  w i t h  24 v o l t  l sontrol  
s i g n a l s .  Two r e g u l a t o r s  are used. 







2.2.5 Hot 5-p and P- 

The sump has a flat bottom and rop. ht is 1.2 a t i  ft) in 
dkaae ter  and h . 2 a  ( 4  ft) hlgh. The tank rests on 0.19 m (78s in.) 
of block insulation. The p m q  fs a verrleal cantLlewer pump capable 
of 0.8M7 r3!s (lM em) at 21 BZ (68 feP head rise. The pum lower 
bearing is water cooled.  The p w  has a 5.6 kB ( 7 . 5  HP) 580 volt 3; 
motor. 

The tank has 6.8 kld of electrical heaters. Insrrimnn@neatie,n @ i l l  in- 
clude themcaupkes and a level sensor. Ttae total tank and punp 
weight fs n l l O  kg (2150 l b > .  The salt load %s 2 2 3 0  kg (5800 15) 
m k f n g  the  totah weight 3380 kg ( 7450  I b ) .  

2 . 2 . 6  Cotd Sump dnd Bump 

The cold R I I F ~ ~  and pump was used arl .~n~>the.r zolscn n;.rl t svstelra, " F l i ~  
eump is a flat bottom cyPlndrics1 tar& of 1.4 m 145 it) h1~1, .  T11t- 

t ank  stands an four legs and  b z  .fn.;ulat.ed vdth a y p r i a x i n ~ a t r ~ l y  0.: ?-a 

(8 i n . )  af fIhargBa~s which 9s rai~e.rr?d w l i l a  sh~*tbh8sna.  The ditmsd It7;, 

05 etas. &,tnk has  3 f l anged  ~ a p c n i ~ g  far Isclc~ntfng b l ~ e  pump. A ven: pip' 

~ 1 8 2  8 1 1 0 ~  br@.%thiwg b u t  limit s a l t  la.%:; ;%I 1 stmp ,~verfiB1 $ 1 6 \ ~ d b i " : 1 .  
The tank rests on a !lass strtac.tv!re u k i i h  iare Swdc.; inqmalariotl fk.r tile 
tank Beg. 

E l e c t r i c a l  heaters are3 urnpped a raund  t t a r  :.2nk t-.,ld i s .  A l e v e l  m B n a b ? r  
will be added to t i : @  t a n k .  "B'kae pump i =  a v e r t i c a l  , a:ati ievt-real p\mp 
me3nufactclrcd by l ~ w r ~ w s e  Pe;sikg. hnc. I$ hnk: a 6 4 - A  2.d a t o l l  HP) mcltor 
and d e l i v e r s  O.O:Q = ? I s  (120 GPH"n)Vith n c n d t i s e  ~ . f  l B 7 Z  kPa  (170 ; ? - 6 )  + 

The ~ u s p  1wer be:~rias$, and p i ~ ~ k f n g  are  air r v ~ r % s d .  cC-vr.l ~ ~ g ~ l l a t t l r s  
are presently used t o  w a ~ p p b  h.8 b k & . ~  Ij lP psilg) for  !!re i r e?e ' lng  and t ! ~  
pol~kfng .  U s a ~ e  Tats $or each i e +  .Qt%kT n' .s (10 . .&m'I.  As, ePtqcsr i r ' .e ;  
start ktdlx f s  a l s o  U S P ~  uh%slb  c a ? .  Z'v 1 pp$18(ad 1<~a"dE 696 - 9 ~  P ~ ~ > P C % V  V ~ A  

110 wale s i g n a l .  

nae taka1 weight of t h e  pu@pI %cs60r and tank i s  ,l:3hf) kq 15200 ib). 
The operating salt load is 5088 kg  (11,2M IS) zd%king a tctal w i g k t  
of 7640 kg &36,408 Ib).  The purrsp ha9 a & & . R  kW (60  HP) 480 volt  35 
i%'%3tQr. 

2.2.7 Pip ing  

All hot salt p ip ing  will be ma6e of 316 s t a i n % ~ s s  s:eeI, w h i l e  n : l  
6 . = ~  ,),c. 8 p i p i ~ s g  w i l l  be aade f r ~ m  A5:6 grn$e ;Z r,xrbon s~eei. A 1 1  pipiiir; 
w i l l  be insanlatad and electrically trace iseated. The p i p e s  wf 11 bf: 
sloped to d r a i n  all c m p o n e n t s  aomd lines back to t h e i r  respectiws 
9a1mps. Expansion loops are used wherever  neces-a%: to keep pipe 
stresses at aeecptabke I r w i a .  



The s to rage  SRE w i l l  5e heavi ly  instrumented with thera~lcouples  i n  
order  t o  determine tank thermal performance and t o  prevent s a l t  
f r e e i h g  anywhere f n  t h e  system. The ther~locouples  w i l l  a l l  be of 
the  c h r o ~ l - a l - 1  type. A l l  thermocouples w i l l  be connected t o  an - automatic d a t a  logger;  f n  addf t ion ,  a few key readings w i l l  be d i s -  
played on t h e  c o n t r o l  console. A summary of t h e  thermocouples on 
each coqonen t  i s  given f n  Table 2-1. 

Tn add i t i on ,  two f l o w t e r s  w i l l  be used t o  measure foundation cool ing  
water  flow r a t e ,  and four  l e v e l  gages w i l l  be used t o  measure s a l t  
l e v e l  i n  both tanks and both sumps. Also, the  power to  t he  tank 
h e a t e r s  w i l l  be measured t o  determine s teady  s t a t e  hea t  l o s s .  

2.2.9 Controls  

The m t ~ i t o r i n g  and con t ro l  of t h e  SRE w i l l  be accomplished from the  
con t ro l  console. This inc ludes  thn following: 

S t o p / s t a r t  of a l l  motors 
S t a r t  of hea t e r  piLvt l i g h t  sequence 
Wcatsr s t o p  
Cooler fan  p i t c h  
Lctlver pos i t i on  
r)pen/rto..;e of cooler  i n su l a t ed  door 
Control of valves No. 1 through No. 4 
S a l t  l eve l  i n  simps and tank8 
T a p e r a t u r e  of hardware 

In t e r locks  w i l l  be used t o  provide con t ro l  and prevent hardware damage. 
Alarms wi l l  be rleed to warn sf condi t ions  which a r e  nut of des i red  
limits. Automatic ct~rl t rol  of the va lves  Mo. 1 and No. 3 w i l l  he rlfic.(ll 

t o  maintain specified h e i g l ~ t s  of e a l t  i n  the  srmps. Automatic con t ro l  
of tha cooler  otgtlet temperature w i l l  be accomplished by the  virrieblt? 
p i t c h e d  fans.  Klnual. con t ro l  of a l l  automatic c o n t r o l s  w i l l  be 
pc.>ssible. The hea t e r  w i l l  have automatic con t ro l  of the  o u t l e t  temp- 
e r a t u r e  by ad jus t i ng  the  burner. The instruatent;llion displayed on 
t h e  con t ro l  console i s  l i s t e d  i n  Table 2-2. 

1. Not Sump Level Control 

The l eve l  sensor  w i l l  i n d i c a t e  t he  tank s a l t  kefght  from 0.15 m 
(6 in . )  t o  1 .22 m (4  f t ) .  The l eve l  sensor  w i l l  h e  used t o  provide 
a u t o m t i c  con t ro l  of va lve  # I  (hot sump i n l e t  valve)  s o  t h a t  the 
sump is ~ ~ a i n r a f n e d  a t  0.58 (23 i n . )  +0.10 m (54 i n . ) .  Valve l 
has a head pressure  v a r i a t i o n  I n  the hot  tank which v a r i e s  from 
84.3 kPa (12 .24  p s i )  t o  6 . 8  kPa (1.00 p s i ) .  Flow through the valve 
v a r i e s  from 11.43 kg/s (90,500 Ib/h)  t o  1 .14  kg/s  (9.050 lb /h ) .  
An a d i b l e  alarm w i l l  sound when the s a l t  exceeds 1.12 m (3  f t - 
8 i n . ) .  M a n ~ l / a u t o m t i c  c o n t r o l  of the  va lve  is provided. Sump 
level, valve  pos i t t on ,  and open/close l i g h t s  a r e  a v a i l a b l e  on the  
con t ro l  ccnsole. 



Component 

Hot Tank 

S a l t  TC rakes 

Liner 

S h e l l  

Sheathing 

Founcla tion 

Cooling Water 

C n l d  Tank 

Salt TC rakes 

Shcll 

S h e a t h i n g  

Foiindrtt ion 

Cool ing  "n'ater 

Propane WeitLer 

Air Cooler 

Hot Sump and P m p  

Cold Sump and Pump 

Piping 

34 

2 9 

3 5 

31 

lQ 

3 (one 911 

142 SubtoenP 

2 5 

2 5 

2 4  

S 

3 (one AT) - 

85 Sl~br  o t a  1 

83 Subtotal 

-- 
310 T o t a l  SRE 



- 1. Air Cooler 

A. Pitch Control (GR) 
B. Louver (GFE) 
6. Open/Close Ins. Door - Switch 
D. Door - ~~en/Close Lights 
E. Outlet Temperature 
F. Over temperature alarm 
6 .  Under temperature alarm 

2. Heater 

A. ~tart/Stop Switch 
B. Temperature Controller (supplied) Bartlow Series 76 

Stack Temperature (on Controller) 
C. Overtemperature Kill-Controller Stack Temperature (on Controller) 
D. Burner Override - Switch 
E. 011tl et Tennperature 
F. Indicator Lights - Timer, Pi  lot, Burner 
6. Overtewerature alarm 

3. Hot Tank 

. Temperature 
B. Level Cage 

4. Cold Tank 

A .  Temperature 
13. Level Gage 

5 .  Hot Sump and Valve 

A. Level - (Control of Sump Inlet Valve) 
B. Valve Control (with Manual Override) 
C. Valve Stem Position (0-IOV, Bailey) 
D. Overheight Alarm 
E. Open/Close Lights on Valve Travel 

6 .  Cold Sump and Valve 

A. Level - (Contrnl of Sump I u l e t  Vnlvc) 
5. Valve Control (with Manual Override) 
C. Valve Stem Position (GFE) 
D. Over Height Alarm 
E. Open/Close Lights 

7. Cooler Flow Valve 

A. Nanual Valve Control 
B. Open/Close Lights 

8. Heater Flow Valve 

A. Manual Valve Control 
B. Open/Close Lights 



9. PneumatFc Indicator 

A. Loss of pressure 

10. Pressure 

A. Cold pump outlet 
B. Hot pump o u t l e t  



2. Cold Sump Level Control  

The l e v e l  sensor  w i l l  i n d i c a t e  t h e  tank s a l t  he ight  from 0.15 m 
(6 i n .  t o  1.78 r (5 f t - 10 i n .  1. The l e v e l  s enso r  dl1 be used 
t o  provide a u t m t i c  c o n t r o l  of va lve  83  (cold slnnp i n l e t  va lve)  
so t h a t  t h e  s q  l e v e l  is maintained a t  0.38 ta (15 in . )  20.08 
(3 in.) .  The k a d  pres su re  i n  t he  cold tank v a r i e s  from 61.9 kPa 
(8.99 psf )  t o  7.63 kPa (1.11 p s i ) .  Flow through t h e  va lve  v a r i e s  
from 6.86 kg/s  (54,300 l b / h )  t o  0.69 kg/s  (5438 lb /h )  . An audib le  
alarm w i l l  sound when t h e  s a l t  l e v e l  exceeds 1 .5  m (4 f t  11 i n . ) .  
Manual/automatic c o n t r o l  of the  valve is provided. Valve p o s i t i o n  
and sump l e v e l  a r e  ind ica ted  at t he  consale.  

3. Control Valve f o r  t h e  Hot Pump 

Valve 1112 con t ro l s  t h e  flow from the  hot purwp througll the  cooler  
t o  the cold tank. This  flow w i l l  be  s e t  manually with no auto- 
matic feedback. A valve  pos i t i on  ind i ca to r  is necessary s o  t ha t  
t he  flow can be se t  t o  previously determined va lues .  Open and 
closed i n d i c a t o r  l i g h t s  w i l l  be  used. 

4.  Control Valve f o r  the  Cold Pump 

Valve 1 4  c o n t r o l s  the  flow r a t e  From t h e  c o l d  pump th'rough the 
hea t e r  t o  t he  h ~ t  tank. This f l o v  w i l l  be s e t  manually and 110 

automatic: feedback Ss necessary. A valve poe i t i on  i n d i c a t o r  w i l l  
be used t o  set the  flow r a t e .  Open and closed i n d i c a t o r  l i g h t s  
w i l l  be provided. 

5. Fosoi l  S i red  Heater Control  

The hea t e r  w i l l  be s ~ ~ p p l  i ed  with i t s  own corlt r o l  panel wtlirh w i l l  
include burner  s a f e ty  f e a t u r e s  and s t a r t  sequence. Several  func- 
t i o n a l  items w i l l  be ava i l ab l e  a t  the  console: a s t a r t  button 
w i l l  s t a r t  t he  p i l o t  l i g h t  sequence, proper p i l o t  l i g h t i n g  will 
be ind ica ted  by a l i g h t .  The s a l e  temperature o u t l e t  w i l l  be 
cont ro l led  by the  c o n t r o l l e r  (Partlow 76) which is set i n  t h e  
console. I n i t i a l  preheat  of the hea t e r  w i l l  be  accomplished by 
s e t t i n g  the  c o n t r o l l e r  t o  550°F. Tile control  ler  wil l motlitor 
f l u e  gas e x i t  temperature. A s top  but ton w i l l  b e  a v a i l a b l e  a t  
the console t o  turn  of f  the  burner. A main burner  switch i n  tire 
con t ro l  console is provided t o  lock  out  the main burner  u n t i l  
flow is e s t ab l ih sed  through the  hea t e r .  

6. A i r  Cooler 

The con t ro l s  Eor the  a i r  cooler  a r e  GFE and w i l l  be i d e n t i c a l  t o  
the  ACR usage. A manual/autumatic con t ro l  w i l l  be provided f o r  t he  
va r i ab l e  p i tched  f ans  t o  con t ro l  t he  s a l t  o u t l e t  temperature. Roth 
f ans  can be stopped and s t a r t e d  from t he  console.  



'Ehe ~ U V ~ H  pitch is controlled by a dial unit an the console- 
Insulated movable cowers on the air caoler are pnewtically 
operated d t h  swttches from the console. Position indicator 
lights for open md closed will be provided. 

7. Foundation Coolant Flow 

The v a l e s  for controlling the coolant Plow through the tank 
fomdat%on will be aanual. Coglant flaw through the Courndetions 
will be parallel flow with a valve at each foundation. Each 
floi-s @ill be measured locally. 

8. EErctrleal Trace Heaters 

The centrals for the majority of trace heaters will be an e f f l o n  
switch with the temperature being controlled by a passive d e s i g n .  
The heater p o w r  is designed to obtain tile correct tersperntksre 
without cycling. TEme heater switches on t h e  tonstlPc will operate 
the heater relays. 

9. Yne fill valve to inrti-lly 6118 salt into the s:?stem will ba 
orantan 1. 

TEST PRaiSAX "--. *--- .. -- - 

This storage SRE t e s t  program will have t w o  main phases: 

I .  Systes star tup end checknrrt t e s t s  

In she first phase, t h e  system will be landed, Bunt-t inned w i s h  
melten salt and checked o u t .  En t h c  serond phase,  G e  v i i d  wk%asurc 
the thermal grerfo'e'%eaana.e 0% both t h e  llot tank and the c o l d  sank. 

Sdnce t he  storage SRE is being, cd~nvtruched as a starld-nlo;l@ fnt:i 
this tesefng will be conducted w%th very little interlacing w i t 1 1  t h e  
CRTF. A l l  that 2 s  required from CRTF is the propane, electricity .ind 
cooling water previously described in Section 1.5. The storage SRE 
will wmlnally be operated on a one shift [ W  h r )  p e r  day, f fve  days 
a week basis. -&en left unattended overnight, or on weekends and 
holidays, the only equipment that nay be operating will he electri- 
heaters, the foundation cooling water, and the data logger. A11 Pt i iWs 

wIPB be off, aHI valves will be closed and there will be no s a j t  l l c w .  



Each tank w i l l  always be l e f t  with a small amount of r e s i d u a l  s a l t  
s o  a s  t o  avoid f r eez ing  problems and t o  reduce thermal cyc l ing .  
Thus, even when a tank is  described a s  "enpty" i n  t h i s  r epo r t  i t  
still has s a l t  i n  i t .  The d e f i n i t i o n s  used here in  a r e  l i s t e d  below: 

Actual  S a l t  Level 

Short  T i t l e  Hot Tank Cold Tank 

Fu l l  4.98 8n (16' 4") 3.15 m (10' 4")  

Half - fu l l  2.49 FB (8' 2") 1.57 m (5' 2") 

ErnP EY 0.41 (1' 4") 0.41 m (1 '  4") 

Wo o t h e r  t e m c  t h a t  a r e  used here in  a r e  "charge" and "discharge." 
Charge means t h a t  hot s a l t  i s  flawing i n t o  the  hot  tank,  while  d i s -  
charge means hot s a l t  i s  flowing ou t  of t he  hot tank. T h e  SRE is 
capable of simultaneous charge and discharge.  

Each t ank  s h a l l  a l s o  be c lo se ly  monitored f o r  any s a l t  leaks a s  a 
rout ine  matter  af p r a c t i c e  throughout t h e  test program. This w i l l  
be accomplished by: 

a) Looking fo r  any abnormnl r i s e  i n  s h e l l  temperature (hnt tank 
on ly ) ,  foundation cool ing  water temperature, o r  e x t e r n a l  sheath 
temperatures a5 measured by the  thermocouples. 

b) Using an i . r .  scanner AT gage t o  observe the  o u t e r  su r f ace  sheath-  
ing of each tank t o  look f o r  any hot  spots .  

c) Visu:il observ;ltion of a l l  t anks ,  va lves ,  p ipes  and sumps .  

This  monitoring s h a l l  be  conducted a t  1.e;lst d a i l y  dur ing  the  enr1.y 
p a r t  of t he  t e s t  program, and a t  l e a s t  twice weekly t h e r e a f t e r .  

3.1 S Y S T M  STARTUP AND CHECKOUT TESTS 

The o v e r a l l  ob j ec t ive  of t h i s  s e r i e s  o f  t e s t s  is t o  demonstrate heu 
a commercial system would be s t a r t e d  up, and how t o  ge t  the  SRE i n  a 
s t a t e  of r ead i r~es s  f o r  s:~bsequent t e s t s .  

3 . 1 . 1  - S a l t  - Loading (Test #1) --- 

The n i t r a t e  salt wil l  be  s to red  a t  t h e  s i t e  i n  t h e  form of  a dry  
granular  a g g r e p t e .  The salt w i l l  be heated t o  t h e  mel t ing  po in t  and 
above (288°C 15508F]), and then pmped i n t o  t he  co ld  tank. It is  
planned t h a t  t h i s  opera t ion  w i l l  be conducted by an experienced sub- 
con t r ac to r  w b  w i l l  provide a l l  h i s  own e q u i p n t .  This  w i l l  be  a 
24 hour a day opera t ion  u n t i l  t h e  s a l t  i s  f u l l y  loaded (approximately 
79,200 kg f176.000 l b l ) .  The test sequence is as follows: 



I )  Close a11 v a l v e s  i n  t h e  system, excrp t  open t h e  f i l l  v a l v e .  

2) Attach  e x t e r n a l  f i l l  pipe t o  t h e  f i l l  va lve .  

3) Turn on t r a c e  h e a t i n g  on Pine 84 and t u r n  on t h e  co ld  tank 
h e a t e r .  Honi to r  the t empera tures  on t h e s e  components, and allow 
them t o  slowly warm up t o  as  c l o s e  t o  288OC (55DQF) as p r a c t i c a l .  
Turn on the  founda t ion  c o o l i n g  w a t e r  flow. 

4 )  A c t i v a t e  t h e  s u b c o n t r a c t o r ' s  l o a d i n g  equipment: 

a) Load the d r y  g r a n u l a r  s e d i u w  a i t r a t c  and potassium n i t r a t e  
i n t o  t h e  hopper; the mixture  is t o  be 682 by weight sodium 
n i t r a t e  and 40% by weight p e . t ; ~ s s i ~ m  n i t r a t e ,  

b)  Heat t h e  s a l t  i n  t h e  hopper u n t i l  i t  is a11 mel ted ,  a n d  t h e n  
hea t  ta 288'C (%5Q°F). 

c )  Pump tla-ls hopper load i n t o  t h c  crrl,i t;ank. 

d )  Adjust  t h e  co ld  t a n k  hecater and ehc ldnc 8.i :race laeaters 
t o  main ta in  a s  c l o s e  t u  283°C (550°F) as p r a c t i c a l .  

e) b n i t o r  t h e  co ld  tiink s a l t  l e v e l  g.mge t o  ensure  t h a r  t h e  
t ank  is  no t  o v e r f i l l e d .  

f )  Repeat s t e p s  a )  - e )  n.5 malay tines a s  necessa ry  t o  Inad 
approximately  one-half t h e  s a l t  i cko  t h e  co ld  t a n k .  

5) When t h e  cold tank i s  approx imate ly  h a l f - f u l l ,  t u rn  on tile Zr.3ct3 

h e a t i n g  for  t h e  cold sump and a l low i t  t o  rcach as c lose  to 23Y7C 
(55OoF) as prac t i ca?  . T l ~ e n  open valve d 3  and  sl low cold s n l  L 
t o  f l ew i n t o  road sump t l n t i l  t h e  sump is f u l l ;  then close va lve  " 3 .  

6) Repeat s t e p s  4.n)- G . E )  as many times as necessa ry  t o  f i l l  :he 
cold t ank  t o  a p p r ~ x i m a t e l y  3.52 m (11.56 f t ) .  

7) When a l l  t h e  s a l t  i s  loaded,  c l o s e  t h e  fill v a l v e  and d i sconnec t  
t h e  e x t e r n a l  f i l l  p i p e .  

8) During t h e  l o a d i n g  process, and f o r  sowtime t h e r e a f t e r ,  c l o s e i y  
examine t h e  cold t ank  f o r  l e a k s  u s i n g  both v i s u a l  i n s p e c t i o n  
and i.r. scanner  i n s p e c t i o n .  



Func t iona l  Flow T e s t  (Tes t  82) 

A f u n c t i o n a l  f low test w i t h  co ld  sal t  w i l l  be conducted f o l l o w i n g  t h e  
sa l t  load ing  o p e r a t i o n  ( i . e . ,  T e s t  81) .  The purpose o f  t h i s  t e s t  is 
t o  b r i n g  a l l  elenrents o f  t h e  system up t o  288'C (550°F),  t o  checkout 
t h e  f u n c t i o n i n g  o f  a l l  pumps, v a l v e s  and  c o n t r o l s  w i t h  mol ten sa l t ,  
and t o  check t h e  system f o r  l e a k s .  A t  t h e  beg inn ing  o f  t h i s  test ,  
i . e . ,  a f t e r  t h e  complet ion o f  Tes t  8 1 ,  t h e  fo l lowing  c o n d i t i o n s  
w i l l  e x i s t :  

a )  Both pumps w i l l  be o f f  and a l l  v a l v e s  w i l l  b e  c l o s e d .  

b) A l l  t r a c e  h e a t e r s  ( excep t  l i n e  1 4 )  w i l l  b e  o f f ,  and t h e  e n t i r e  
system (excep t  t h e  c o l d  tank and t h e  c o l d  sump) w i l l  b e  a t  ambient 
temperature .  

c )  The c o l d  t ank  w i l l  be e x t r a  f u l l  o f  s a l t  ( i . e . ,  I t  w i l l  c o n t a i n  
i t s  normal f u l l  load  p l u s  a l l  t h e  s a l t  from t h e  h o t  sump, a l l  
p i p e s ,  and t h e  ho t  t ank  r e s i d u a l )  a t  288°C (550°F) .  

The t e s t  sequence is :  

1) Turn on t r a c e  h e a t i n g  f o r  l i n e  81,  #5, & f 6 ,  v a l v e  # I .  /I3 d 1 4 ,  and 
hot t ank ;  t u r n  on pre-heat  on propane h e a t e r ;  s lowly  b r i n g  a l l  
t h e s e  components up t o  a s  c l o s e  t o  288'C (550°F) as p r a c t i c a l .  

2) Open v a l v e  1 3  and N 4 ,  t u r n  on co ld  pump, and s lowly  pump c o l d  s a l t  inLo 
t h e  hot  t a n k  u n t i l  I t  is f u l l .  Take a t  l e a s t  24 hours  t o  do t h i s .  

3) When ho t  t ank  i s  f u l l  of co ld  s a l t ,  s h u t  o f f  c o l d  pump and close 
v a l v e  # 3 .  Let  1-ines #5  and N6 and propane h e a r e r  d r a i n  back i n t o  
c o l d  sump and then c1.ose v a l v e  # h  . T ~ l r n  o f f  propane h e a t e r .  

4 )  A l l o w  t h e  P o l l  hot  tank t o  reach  thermal  e q u i l i b r i u m  ( o r  hold a t  
l e a s t  24 h o u r s ) .  C l o s e l y  moni tor  s a l t  t e m p e r a t ~ ~ r e  i n  each t a n k ,  
and a d j u s t  rank h e a t e r s  s o  as t o  main ta in  as  c l ~ s e  t o  288'C 
(55U0F) as p r a c t i c a l .  C a r e f u l l y  check hut tank for any l e a k s ,  
and check a l l  components f o r  p roper  f u n c t i o n i n g .  

5) Turn on t r a c e  h e a t i n g  on lirie #2, v a l v e  6 2 ,  hot  
sump and t h e  a i r  c o o l e r  and b r i n g  up t o  as c l o s e  t o  288°C (550°F) 
a s  p o s s i b l e .  

6 )  Open v a l v e  # I  and s l o w l y  f i l l  h o t  sump. 

7) Open v a l v e  8 2 ,  t ~ ~ r n  on h o t  pump, and s lowly  pump c o l d  s a l t  from 
hot  t ank  i n t o  co ld  tank.  

8 )  When c o l d  t ank  is f u l l  o f  c o l d  s a l t ,  s h u t  o f f  h o t  pump, and c l o s e  
v a l v e  $1. Le t  l i n e s  b2 and 13  and t h e  a i r  c o o l e r  d r a i n  hack t o  
t h e  ho t sump,and  then  c l o s e  v a l v e  lt2. 



9 )  Closely monitor the salt temperature in both tanks and both 
sumps, and adjust heaters t~ keep as close to 288°C (550°F) as 
practical .  

3.1.3 Heatup Not Tank (Test 53) 

The purpose of thfs test 1s to bring the hot tank up to its final 
operating terngeraeure, 566°C (P058"F). At the cutset of this rest 
the SRE will be in the following condition: 

a) The cold tank will be full of s a l t  at 28EZeC (55OQF), and tlae 
hut tank will be ""emptyw ( i . e . ,  with only residual salt) at 
2 8 8 ' ~  (550°F); both s u m p s  will have cold salt in them. 

b) All electrical heaters will be on. 

c )  Both pumps w h l l  be off and all valves vilE h e  r l . l s c d .  

Thc test seqrkencr is: 

! 1 Assinre all components exi-ept t h e  propane heater arc greater than 
288°C (550°F). 

2 )  Open valves b 3  and #A. start ccld p m p .  start propanr  hea t e r  
wfth o u t l e t  tempcr;xture set at At:a~ (&OBaF), and proceed t o  
f i l l  laaat ea~ak w i t h  w a r m  s.2lt; take  at l e n s t  2 $  91aurs tn  f 9 1 1  
the taak. 

4 )  ?&en tamp. is f u l l ,  s h u t  o f f  s o l d  prlap, c i o s e  v a l v e  194, s h u t  o f t  
propane hoares and ;zllov Pines to drnisa back t o  c o l d  s in tp .  

4 )  Allow full hot tdnk to si t  aaratil i t  reaches thermal cqrlllibrium 
(or for a t  least  24 B ' I O I I ~ S ) .  Wonitor s a l t  t c ~ p e r ~ i t u r e  and adit tsr  
tank heater to a,aintain as close to ir,:7"C (NOOnF) a:; p r , s l - t i c a l .  

5) Bper? valves $1 and #2, start air cos;:a~r, and s t a r t  hot pump; 
sls:vly ptamp warm s a l t  a t  5 2 7 ' ~  ( 8 0 0 ' ~ )  from hot tank through air 
cooker exiting at 283 'C ( 5 5 0 ' ~ )  and flowing into cold e m k ;  stop 
pumping whew hot tank is empty. 

6) Repeas- steps P) - 53 o n l y  with propane heater set to l ieat salt to 
566°C (lO%OQF); this w i l l  leave the SRE storage system in nn 
uncharged s t a t e  at fully operational temperatures. 

7)  A t  each step sf the way, careftally inspect hot tank for any 
leaks. 



3 . 1 . 4  =tan Opera t ion  Checkout ( T e s t  # 4 )  

The o b j e c t i v e  o f  t h i s  test is t o  checkout t h e  fundamental s t e p s  
invo lved  Pn o p e r a t i n g  t h e  SRE on a  normal d a i l y  b a s i s .  O p e r a t i o n s  
t o  be  performed d u r i n g  t h i s  test are: 

. Charge o n l y  

. Discharge o n l y  

- Simult ;~neous charge  and d i s c h a r g e  

T h i s  test w i l l  no t  o n l y  a l l o w  "bugs" t h a t  reraain i n  t h e  system t o  
be c o r r e c t e d  bu t  w i l l  a l s o  p rov ide  v a l u a b l e  e x p e r i e n c e  f o r  t h e  
o p e r a t o r s .  T t  shou ld  be no ted  t h a t  d u r i n g  t h e  performance of  t h i s  
t e s t ,  p o r t i o n s  of  t e s t  f 5  w11l be conducted by s i m u l a t i n g  v a r i o u s  
emergency s i t u a t i o n s  t h a t  might arise d u r i n g  normal o p e r a t i o n s .  

The s c e n a r i o  f o r  t h e  f i r s t  p a r t  of  t h i s  test ( P a r t  1) is  d e f i n e d  
below. Note t h a t  t h i s  w i l l  b e  r epea ted  on each of  t h r e e  days  b e f o r e  
going on t o  P a r t  B: 

. Charge a t  3 PIWt u n t i l  h o t  tank is  f u l l  (2 .33 h r )  

. Wold a t  f u l l  charge  for 1 hour 

. Discharge a t  3 Wt u n t i l  h o t  tank is  empty (2.33 hr)  

. Hold s t o r a g e  system i n  an uncharged c o n d i t i o n  f o r  o v e r n i g h t  

P a r t  II of t h i s  t e s t  w i l l  have t h e  fo l lowing  s c e n a r i o  ( a l s o  t o  be 
repea ted  t h r e e  t i m e s ) :  

. Charge a t  3 N t  u n t i l  h o t  tank is h a l f  f u l l  ( 1 . 1 7  h r )  

. S i m l t a n e o u s l y  cltargc a t  3 Wt and d i s c h a r g e  a t  3 MWt f o r  4 hr  
ho ld ing  s a l t  l e v e l s  c o n s t a n t  i n  each tank 

. Discharge a t  3 W t  u n t i l .  hot tank is  empty (1.17 hr )  

. ttold s t o r a g e  system i n  a n  uncharged c o n d i t i o n  For o v e r n i g h t  

Note t h a t  at t h e  beg inn ing  of  t h i s  test ,  t h e  SRE is  i n  an "uncharged" 
s t a t e  t y p i c a l  of  o v e r n i g h t  c o n d i t i o n s ,  i - c . .  t h e  h o t  t ank  is empty, 
t h e  c o l d  t ank  is  f u l l ,  bo th  sumps a r e  f u l l  and t h e  sa l t  is  a t  i t s  
proper  o p e r a t i n g  t empera tu re  i n  a l l  p l a c e s .  



The test sequence for Part 1 is: 

I-l Turn on the preheat on the propane heater, and set it to 
achieve temperature of 566°C (1050°) salt outlet temperature. 

1-2 Open valves P3 B # 4 ,  turn ran the cold pump and start the main burner. 
M j u s t  salt flaw rate so that the t h e m 2  flow rate into thp 
hot tank is 3 m't (this requires 6.96 k g / s  [55,2W Ibbhr] of 
salt). 

1-3 After approximately 2.33 h r ,  t h e  hL3t t ank  will be f u l l ;  then 
shut off the cold pump, close valve 1 3  and a l l o w  liaw ia5 tc 
d r a i n  back into cold srtnp. 

1-4 EItdld in this f u l l y  chnrgec? c o ~ ~ d i t i o ~ .  for 1 ilotlr. 

1-5 Assure l incs P I  , 7 2 ,  and the L ~ i r  ~ : k - , l l e r  ape  . ~ ! ~ ~ ~ v t .  188'C j55G5F). 

1-6 Open va lves  $1 and $ 2 ,  st.lrt the ho t  pump ;and pump s,31t out t': 

the h a t  tank and t h rnugh  the ci-o;ar , a t  d l a h e  o f  3 %C (6.9)b 
kgks  [>5,16)9 l l aeh r j  s.\le flow r'"ikr 

1-3 h h e r  ,~pproxdm,atcly 2 .  1 i ttr t h k =  !~~rnt t.3nlk wi; 1 D,cs rmjrtp; t l r r n  
shut  off t h e  ]ant ptrmp, c l o s e  e"t'bvr* s l  and s i  la92 dittca t t ,  d rn l  n 

h a r k  l n t o  the h,at .;clmp. 

1-8 Adjust t a a k  and stimp heaters  tu nafn: s i n  r,>ra,li opera t  inc:  
hempcr.ttures f t r r  o v e r n i g h t  storage. 

1-0 At eat:En stu]? .af t h e  wiry. c;nrefcsl!q c~i:ei-k $ I \ . *  wl ro l e  syste-.l f e r  
~ B P I B Y  ~ C ; I ~ S  ;~ i :d  f n r  prr-tpcr f tnnc tii..;.i r ; : ^  cqksil>z;i"nt . 

11-1 Turn a s n l  gBae prehea t  err) the pr.7pslrac i :~ .~e t , r ,  1 ~ 1 1 1  ; 3 1 1 0 w  i c  I B )  
come up to temperature. 

1 T-2 tapen valves : F J  L d & ,  t t , rn  c : ~  . pump. b8dhai:.: : ;a] l. f ?ts"ni rd?? 

5.3 that t h e  ti-rer%a"aiitw r?te i3:c tE-re h ;t tailk is  3 mt. 

11-3 After approxirwatelv 1-17 h r ,  the h c ~ t  tank will be half f u l l ;  
at this time, as5'4re t h e  correct tem;?er;e"brrre of lines i / l .  
t 2 ,  and hilt? air coolet .  Open valve9 81 and $ 2 ,  s t a r t  t1.r" 

h o t  p i m i )  and pump salt oaat o f  ctie h ~ t  tank an2 tlarlougb bhe 
coo le r  at s a l t  mass f1sr-d r;ste eq~ .n?  bc) t h e  irnllct flwl".%le. 

11-4 V ~ i n t a i n  this condi~ion of eql~i-31 (and sia~!! tnracor1:4! ~:k:dl.@> 

and discharge  f o r  4 h r s ;  e l o s e i y  mn9tos  both hot and bo ld  
tank salt levels to ensure apgra:c.iaate$y ;anstant half-full 
levels in each tank. 



11-5 A f t e r  t h e  4 h r s ,  s h u t  o f f  t h e  c o l d  pump, c l o s e  v a l v e  C3 and 
a l l o w  l i n e s  t o  d r a i n  back i n t o  t h e  c o l d  sump. 

11-6 A f t e r  approx imate ly  1.17 h r ,  t h e  h o t  tank w i l l  b e  empty; 
then s h u t  o f f  t h e  h o t  pump, c l o s e  v a l v e  # l  and a l l o w  l i n e s  
t o  d r a i n  back i n t o  t h e  bo t  sump. 

11-7 Adjust  t a n k  and sump h e a t e r s  t o  main ta in  normal o p e r a t i n g  
t empera tu res  f o r  o v e r n i g h t  s t o r a g e .  

If-8 A t  each  s t e p  o f  t h e  way, c a r e f u l l y  check t h e  whole system 
f o r  any  l e a k s  and f o r  p roper  f u n c t i o n  o f  equipment.  

3.1.5 y-Shutdown Checkout -.---- - (Tes t  # J )  

The purpose o f  t l tesc t e s t s  is t o  c l ~ e c k  o u t  t h e  a b i l i t y  of t h e  SRE 
t o  b e  s h u t  do- r e p i d l y  i n  t h e  even t  a n  emergency shou ld  o c c u r  
( e - g . ,  a f i r e ,  ea r thquake ,  e t c ) .  A c o r o l l a r y  o b j e c t f v e  is t o  g i v e  
t h e  o p e r a t o r s  p r a c t i c e  i n  hand l ing  such  s i t u a t i o n s ,  and t o  r e f i n e  
( i f  necessa ry)  t h e  emergency shutdown procedures .  

The Lese sequence is: 

1. Shut off  bo th  pumps. 

2. Shut o f f  h e a t e r  and c o o l e r .  

3 .  Close valves I 1  nnd # 3 .  

4 .  Shu t  o f f  a l l  e l e c t r i c a l  t r a c e  h e a t e r s  on lirres, valves ,  sumps, 
and t anks .  

5 .  Evacuate tile cont,rtrl room I m e d i u b e l y .  

Th i s  t e s e l n g  sequence Ls t o  he perfc~rmed a t  least twice  d u r i n g  t h e  
co t~dur  t Test f 4 .  

3 . 2  TWER-WL P E R F O W N C E  TESTS 

The b a s i c  o b j e c t i v e  of t h c s e  t e s t s  i s  t o  measure t h e  thermal  perform- 
ance  of t h e  h o t  s t o r a g e  t ank  and t h e  c o l d  s t o r a g e  tank under t r a n s i e n t  
and s t e a d y  state c o n d i t i o n s .  S p e c i f i c  pa ramete r s  o f  i n t e r e s t  a r e :  

1. T o t a l  t a n k  h e a t  l o s s  r a t e  

2 .  D i s t r t b u t i o n  of h e a t  loss r a t e  amongst w a l l s ,  top  and bottom 

3. S a l t  t empera tu re  

4 .  Liner  t empera tu re  



6 .  Sheath teqerature 

7.  Foundation and cooI&ng water temperature and coolicg water 
flww rate 

Referr ing to T a b l e  I-P, b t  is seen that these tests will be eon- 
dueted as f o t l w s :  

Steady stare heat  loss 

. Crelic charge and disc7~arge 

. Transient eooldaww 
3.2.1 Stea$y S t a t e  Heat ~ . B R >  - F u l l  iiot Tank [TV:.L # P J )  --- - -  --A- -A2- - --- - - 

The . :pecif ic  ~Fxfect ive  of tills ste,+dy st.;" t e s t  i* t ~ 1  measure i tenas 
1-7 l i s t e d  t,n seetion 3 . 2  far each tank  a t  steady s t a t e  cea rad i t i on~  
and a cncawtant s a l t  level. Steady s ta te  thermal a a?dft%nn.i will 
he esknbktr !~ed and maingained by the  tr:iek 'f t ! i a -  lank  I P ~ a t ~ r l ; .  
salt f l i ,u  w i l l  be pcraittcd i a r r  1 -  -5p. ('lit I ? :  ef  [ h e r  tank during .I 

stcwadg %t,.irsr t e s t ,  

S f e ~ r a  A true steddy s t a t e  t e s t  o f  suc.11 larat* aarcs elf ~qaiipw&na 
van take n vero long time ( r* .g . ,  1 or & xeeks), 1: i s  piaranrcl 

,? %lightly &+*>dificd   TO. C ~ ~ E B ~ C .  Thf &.i R.P:J b e  , 1 1  1t-d n ' ' k > i g i ~ - l # * ~  
boanaldfng" s e t b ~ o d .  In  the Ff r-st p . ~ r t  ok tire r e - h .  :he ta:>K i:eGntc#rs 
will be s e t  i s t  "1 %$+-el ~ ~ p r ~ ~ x k r n ~ t ~ l l v  10-; R ~ O - $ C  rile p rcd l t - t ed  i w a t  
Ic3ac: r a t e .  I f  a f t e r  :a f e w  d a w  S . F ~  t ,  liner :in$ s h e l l  t)lerm*- 
u.aarpI@ rek%.aci%smgs are stid l fnr sssrqireg wit4 r i m  , s h e  tank haa.aee.r 
see t i n &  (;%IKH-n) is kno*m to b r  ~ r ~ d t ~ r  'ti~.mn t lam - l a  tu"a haat 1% sx  
ra te .  T h e  heater ect " , n ~  will :hen h r  rerisie-e2 itv sapprnxim:atc"kv " i ? " .  

After .I fek d a a ~  if a l l  t h e  g d l t ,  i inf- r  37d %).el i tk-mper ' 1 t + 1 $ @  . ITC 

derressflzg, t h e n  th f  % ?auk h e a t e r  wett%%ta:; [blt.ua i s  knfi%m ti? 1@*9 
kh:rn the  trtse heat  loss rate .  The true he-st :8t+% rz le  r a n  L!IB"~I be 
.I:a urarelv ea;ti%2tetl fiv cprrer t i s tg  each Eneater se th i r rg  f ~ r  s a l b .  -3;md 

t m : k  hear c ~ o a  * i t ?  e f f e c t * .  and  averag ing  the tvr* V W ~ U C S :  



Where: 
- 

(' t o t a l  = ' s a l t   salt "tank % t a n k  

The h e a t  c a p a c i t y  c o r r e c t i o n s  a r e  c a l c u l a t e d  t h e o r e t i c a l l y  from o u r  
STS computer code,  and t h e  t ime r a t e  o f  change o f  s a l t  t e m p e r a t u r e  
w i l l  be c a l c u l a t e d  from t h e  thermocouple d a t a .  I n  t h e o r y ,  t h e  two 
t e s t s  ough t  t o  g i v e  i d e n t i c a l  v a l u e s  of t h e  h e a t  Loss r a t e .  

I n  p r a c t i c e ,  t h e  above p rocedure  may requ!re s e v e r a l - i t e r a t i o n s .  
The goal  i s  t o  a c h i e v e  two t e s t s  wherein  Qtankl and Qtank2 d o  no t  
d i f f e r  by more t h a n  10%. 

The test sequence is l i s t e d  below: 

1 .  'Turn on t h e  propane h e a t e r  a t  p r e h e a t  c o n d i t i o n  and a 1  low i t  t o  
come up t o  t empera tu re .  

1 

2 .  Open v a l v e s  83 and # 4 ,  t u r n  on c o l d  pump, t u r n  on main b u r n e r  
and proceed t o  f i l l  ho t  t ank  w i t h  566'C (1050°F) s a l t .  

3. When t ank  is f u l l . ,  s h u t  o f f  c o l d  pump and propane h e a t e r ,  c l o s e  
v a l v e  if3 and a l l o w  l i n e s  t o  d r a i n  back i n t o  sump. 

4 .  S e t  h o t  t a n k  h e a t e r  t o  a  power l e v e l  a p p r o x i m a t e l y  10X above 
t h e  b e s t  e s t i m a t e  o f  t h e  a c t u a l  t a n k  h e a t  loss  r a t e  ( c u r r e n t l y  
p r e d i c t e d  t o  be 21.5 kWt, bu t  u s e  l a t e s t  a v a i l a b l e  e s t i m a t e  a t  
t e s t  t i m e ) .  

5. Lenve t h e  h e a t e r  . ~ t  t h i s  c o n s t a n t  s e t t i n g  f o r  a t  l e a s t  48 
c o n t i n u o u s  hours .  

6. I f  d u r i n g  t h e  l a s t  24 h o u r s  o f  t h i s  p e r i o d  t h e  s a l t  and s h e l l  
thermocouples  llave been i n c r e a s i n g  w i t h  t ime  ( o r  have remained 
c o n s t a n t ) ,  go on t o  s t e p  t 7 .  I f  n o t ,  i n c r r ; l s c  the tamk h e a t e r  
s e t t i n g  and r e p e n t  s t e p s  if5 and $6 u n t i l  a  .;c.tt-ing is  found 
which sr~tisEies t h i s  c r i t e r i a .  

NOTES: a) I n  no c a s e  i s  a  test t o  b e  c o n t i n u e d  i f  t h e  h o t  s a l t  
t e m p e r a t u r e  r e a c h e s  ( o r  exceeds)  593'C (llOO°F)--if 
t h i s  shou ld  o c c u r ,  r e d u c e  t h e  h e a t e r  s e t t i n g  a t  once .  

b)  Perform s t e p s  4- 6 f o r  t h e  c o l d  t a n k  a t  t h e  same t ime 
a s  t h e  h o t  t a n k  t e s t s  a r e  b e i n g  performed.  C u r r e n t  
b e s t  p r e d i c t i o n  o f ' h e a t  l o s s  r a t e  is 4 . 8  kWt. 

7. Once a  b a n d i n g  h i g h  v a l u e  h a s  been found (dhigh) by t h i s  
p rocedure ,  reducx t h e  h o t  t ank  h e a t e r  s e t t i n g  by a p p r o x i m a t e l y  
20X. 



8. Leave t h e  h e a t e r  a t  t h i s  cons tan t  s e t t i n g  f o r  a t  Peast 48  hours. 

9. I f  dur ing  t h e  last 24 hours  of t h i s  per iod  t h e  s a l t  and s h e l l  
t he rmcoup le s  have been decreas ing  wi th  time (or  remaining 
cons tan t )  go on t o  s t e p  #10. I f  no t ,  reduce t h e  h e a t e r  s e t t i n g  
and r epea t  s t e p s  #8 and f 9  u n t i l  a s e t t i n g  i s  found which 
s a t i s f i e s  t h i s  c r i t e r i a .  

NOTE: Also p e r f o m  s t e p s  7 - 9  f o r  cold tank. 

10. Correct  t he  two heater  s e t t i n g s  for hea t  capac i ty  e f f e c t s  by t he  
methods explained above and thus obtain tuo  e s t ima te s  of the  
t r u e  tank hea t  l o s s  r a t e .  It is  a goal  of t h i s  program t h a t  the 
high and low hea t  r a t e  l o s s  t e s t s  should not  d i f f e r  by Bore than 
10%; some i t e r a t i o n  may be requi red  t o  achieve t h i s  goal. 

3.2 - 2  S -- t .- ea_dyY-S.tla_te3e a-t Leas s - Egp"pt1 Hot Tank -Q: s t  J?") 

The o b j e c t i v e  of t h i s  t e s t  is  identical t o  t ha t  of Test  #6 except 
t h a t  t he  s a l t  level i n  the  hot t a n k  is empty and t h a t  i n  t h e  co ld  
t a n k  i s ,  of course ,  f u l l .  

The test sequecce i s :  

1. Ver i fy  the a i r  cooler  and  l i n e s  b l  and  8 2  a r e  st the c o r r e c t  
temperature. 

2 .  Open va lves  C l  and # 2 ,  t u rn  on hot pump, t u rn  on a i r  coo l e r  ;and 
proceed t o  f i l l  cold tank wi th  288'C (550°F) s a l t .  

3 .  When (*old tank is Pull, shut  off hot  pump 2nd a i r  coo l e r ,  close 
v,%lve k61 and allow Bdnes tea d r a i n  bark i n t o  srrnp. 

4.-16. The remainder of the s k ~ p s  for c h i s  test  arc" i d e n t i ~ . ~ t l  L o  
those fear Test f i .  

Dai ly  Char~efDbscharge  ( T e s t  513) 3 - 2 . 3  . - ----. - - .-- 

The purpose of t he se  t e s t s  is t o  measure t he  thermal performance of 
the  s t o r a g e  system under d a i l y  cyclic condi t ions  sbmubatlng those 
t h a t  would b e  encoun~ered  bn a large STFR p lan t .  Pn p a r t i c u l a r ,  w@ 
w i l l  wasure t he  salt temperature vs  time in both tanks and aEI salt 
flow rates; these d a t a  w i l l  be used t o  ca l cu la te  heat input  and a~l tp ' l f  
q u a n t i t i e s ,  and the s t o r a g e  e f f i c i ency .  The charging scenar io  
s e l ec t ed  f o r  this test is as follnvs: 

. Charge at 3 W t  until h o t  tank is f u l l  (2.33 hr) 

. Simultaneous charge and discharge for 1  hour 



. Discharge a t  3 ElWt u n t i l  ho t  tank is  empty (2.33 h r )  

. Hold s t o r a g e  system i n  an uncharged c o n d i t i o n  f o r  o v e r n i g h t  

These t e s t s  w i l l  be  performed wi thou t  any tank h e a t e r s  be ing  on,  
s o  t h a t  t h e  s a l t  t empera tu re  i n  each t ank  w i l l  r i s e  and f a l l  d a i l y  
accord ing  t o  t h e  n a t u r a l  e n e r g e t i c s  o f  t h e  s i t u a t i o n .  

The t e s t  sequence is: 

1. Turn on t h e  p r e h e a t  on t h e  propane h e a t e r ,  and a l low i t  t o  come 
up t o  temperature .  

2 .  Open v a l v e s  1 3  & # 4 ,  t u r n  on the  c o l d  pump. Adjust  s a l t  f low r a t e  s o  
t h a t  t h e  thermal flow r a t e  i n t o  c h e  ho t  tank i s  7 Wdt. 

3 .  A f t e r  approximately  2.33 h r ,  t h e  ho t  tank w i l l  he t a l l ;  a t  t h i s  
t ime,  a s s u r e  t h e  c o r r e c t  temperature  of l j n e s  8 1 ,  $2, and t h e  
a i r  c o o l e r .  Open v a l v e s  #1 and 112, s t a r t  t h e  ho t  pump and pump 
s a l t  o u t  of  t h e  h o t  t ank  and through t h e  c o o l e r  a t  s a l t  mass 
flow r a t e  equal  t o  t h e  i n l e t  f l n w r n t e .  

4 .  K i i n t a i n  t h i s  c o n d i t i o n  of  equa l  (and s imul taneous)  charge ar~tl 
d i s c h a r g e  f o r  1 lrr; c l o s e l y  monitor bo th  ho t  and c o l d  t ank  s a l t  
l e v e l s  t o  e n s u r e  approximately  c o n s t a n t  f u l l  l e v e l s  i n  each tank.  

5. A f t e r  the  1 h r ,  s h u t  o f f  t h e  cold  pump, c l o s e  va lve  1 3  and a l low 
l i n e s  t o  d r a i n  back i n t o  t h e  c o l d  srrmp. 

6 .  A f t e r  approxirni~te ly  2 .33 h r ,  t h e  h o t  tank w i l l  be empty; then  
s h u t  o f f  t h e  h o t  pump, c l o s e  v;llvc lil and a l l o w  l i n e s  t o  d r a i n  
hack i n t o  t h e  ho t  sump. 

7 .  Let SKE s t a n d  overnigl l t  w I  t h  no tank l i en te r s  % ) l a .  

8. Repeat t h i s  sequence for f i v e  co:i::ec.tltive c a l e n d a r  days .  

3 . 2 .  T r a n s i q t  -- - C~~oldown - F u l l  Hot Tank (Tes t  #9)_ -- - - - - - -. - . - -  

The o b j e c t i v e  of  t h i s  t e s t  i s  t o  measure t h e  thermal  performance o f  
the  h o t  tank under  t r a n s i e n t  cooldown c o n d i t i o n s .  I n  p a r t i c u l a r ,  
cllider t h o s e  c o n d i t i o n s  wherein t h e  tank is brought up t o  a  f u l l  s a l t  
l e v e l  and a 566'C (1050DF) s a l t  t empera tu re ,  and then  a l lowed t o  
coo l  n a t u r a l l y  ( i . e . ,  w i t h  no e l e c t r i c  h e a t e r s  on o r  any s a l t  f low 
i n t o  o r  o u t  of t h e  tank)  f o r  two weeks. T h i s  w i l l  p rov ide  s e v e r a l  
important  p i e c e s  ol exper imenta l  d a t a .  F i r s t ,  t h e  o v e r a l l  h e a t  l o s s  
c o e f f i c i e n t  U under t r a n s i e n t ,  v a r i a b l e  tcmperatrlre corldition.3 w i l l  
be measured and compared t o  t h e  s t e a d y  s t a t e ,  c o n s t a n t  t empera tu re  
va lue .  Second, t h e  t r a n s i e n t  thermal  l a g  bet-ween t h e  s h e l l  and t h e  
s a l t  w i l l  be  measured. T h i r d l y ,  t h e  d a t a  can be e x t r a p o l a t e d  t o  
p rov ide  e s t i r r a t e s  of the  t i m e  i t  would t a k e  t o  r e a c h  t h e  f r e e z i n g  
temperature .  



The test sequence is: 

1-3. Fill h o t  tank using procedure identical te steps 1-3 in 
Test 16. 

4. Turn off hot t a d  heaters and allow tank to sit for t w o  weeks. 

NOTE: During thfs test, =nitor salt temperature in hot tank 
Frequently, and be sure there is no danger of freezing. 

4.0 TEST SCHEDULE 

The schedule for this test program is  shorn in Figure 4-1. The 
total test pe-iod c o v e r s  nine calendar weeks, with 4 weeks devcted 
to loading tiae system with salt, bringing it up to temperature and 
chcx-king it out, followed by 5 weeks i:f perform-lnce t e s t i n g .  The 
first Five tests must be performed in the e x a c t  rardar spcc i f i cr f ;  
i t :  is p r e f e r r e d  tirat the I;nst. f i v e  tests be\ done in the ordcr  
Indicated, but it is not m;andc3tinry. 

The elapsed tims indicated tar? F igure  4-1 are our bes t  es&ImaQe$; elf 
h r ~ ~  1 0 n ~  f t sJ10u1d t a k e  tt? p e h h ~ r m  each t v s t  . 'T1:esr h imes in(-]lade 
a "learning f a c t o r ' Y n  t h e  B,egBnilisng, %.tl., f o r  Tests I ,  2 and 3 .  
These esti-tes are b * ~ s e d  a n  t h e  test  cr4.w war kin^ a normal 8 hours 
per day, 5 days per week work s c h e d u l e ,  ankd of course on t h e  "'sucsc%% 
orEent;ltedt' assu~i~ptten t h a t  t h e r e  w i l l  be no major !lardware problems. 
Additional basis f o r  e s t i l , a t e a  Is given  britm. 

As noted prewinusIy, tB1e s a  a t  li~,zdIng ui ; l be dortc by an expca-lt*nt-r.i3 
eubcontra~=rcar.  Once the  ac:tual lo,ading h c ~ q i n s ,  ehcy  will Inad ntr a 
round-the-cb9t.k b a s t s  annti% at1 ttlc s a l t  is loaded .  3 % ~  wixc?%e 
p r o s e a s  i s  n~~s8nfnaPly eatinrated to t-eejriire 2 o r  3 .i:%?;s, b u t  we ilave. 
added several davs R R  3 m;lr&:in. 7116 frnltc-tion31 f l o w  and heating up 
t he  hob e,mk t e s t s  are estimated a t  4 a n d  5 d a y s  r e q p e c t i v e l y .  whi~l* 
inc3udes several days to allow tilerma1 s-nk o u t  t.0 6-*-cur a l l  th ewa:' 
t l~ rn r lgh  t h e  hot  eaark. Tests 4 and 5 ohokxld require 6 working days, 
and it Zs assumed by t h i s  rime t h a t  the  test crew is well a l o n g  t h e  
"learnfng cur-ae" and therefore requires no unusbral margin. 

The steady state heat loss tests should take a g p r o x i m t e l y  l week 
to complete each, 2 days far t h e  'PhigEa boumdpB P R P E ,  2 days f o r  the 
"'low bouaade~r,anrt, and P day for s m e  iteration on tswbr heater n e t t i n g s .  
The eharge/diarharge tests will be done on a one-per-day basis For . I  

total of 5 times, sand so @hauls8 only seqt~i re I ueek. Finally, f t  is 
s a H c u P s ~ e d  that without any tank h e e e e r s  on in a f u l l  hot tank,  16 
will take about tL days for the salt to cnoE l r s e ~ r t  to t h e  des i r ed  
temperature. 



Figure 4-1 Test Schedule 

Storage SRE Test  Matrix 
Weeks 

T e s t  
No. -- -- T e s t  T i t l e  

Startup & Checkout T e s t s  

I S a l t  Loading 

2 Functional Flow 

3 Heat Up Hot Tank 

4 System Operation Checkout 

5 Emergency S h u t d m  Checkout 

T h e r m a l  Performance T e s E  -. -. - -. -. . - -. -. - 
6 Steady S t a t e  Heat Loss - F u l l  Hot Tank 

7 Steady S t a t e  Heat Loss - Empty Hot Tn 

8 Dai ly  ChargeiDischarge 

9 Transient Gooldown - Full  Hot Tank - -  .-..- -.. . - -  



A P P E N D I X  & -------- 

FAILURE mOES ABD EFFECTS M & V S I S  



/ COMPONENT FAILURE M03E DETECTION 

Sa l t  loss Inspection 

Insu la t ion damage. Temp. measurements 
Increased heat 1 oss. and inspection. 

Tank d e f o m t i o n  o r  Tank pressure by 
~ u p t u r e  due t o  leve l  sensor. 
pressure. 

Damged insu la t ion.  Temp. measurements. 
Possible hot spots 
o r  co ld  spots. 

System inoperat ive Visual inspection. 
due t o  excessive 
leakage o r  loss o f  
sal  t frcm storage 
tanks. 

Brain hot  tank i n t o  Leve: sensor. Sal t  
hot sump out through sump 

vent. Enunciator 
alarm o f  overheight 
o f  sump. 

Improper l eve l  o f  
hot  sump. nunciator alarm f o  

verheight o f  sump. 

PREVENTIVE MEASURES OR 
CORRECTIVE ACTION 

Design t o  code and dik 
area w i th  equipment up 
o f f  the ground. 

Leak tests  p r i o r  t o  
tank usage. 

Vent l i n e  insu la t ion 
and rout ine pretest  
checkout. 

Proof and leak test ing 

Prevent sys tern f reezi  n 
by t race heating. 
Drain l i nes  (where 
possible) a f t e r  usage, 

Vent on sump 1 imi ted 
t o  small hole and 
sump designed t o  wi th 
stand t o t a l  head of 
hot tank. 

Manual c losing o f  
val ve. 

This i s  a 
f a i l  close 
val ve. 





FAILURE MODE 

Control Va 1 ve # 
Cold Sump 
I n l e t  

Valve stuck 
i n  open 
pos i t i on  

Fai 1 closed 

f 4  Heater I n l e t  a i l  open r 
alve stuck i 
emi -open 
os i  t i o n  

a i l  closed 

- -- - - --- --- - ---. 

- - 

vent. Enunciator 
alarm sump over- 

Increased leve l  o f  
Enunciator a1 arm 
sump overheight. 

proper leve l  i n  t h  
sump. Low leve l  
resu l t s  i n  f l u i d  10s 
t o  pump, thus over- 
heating sa l t .  High 
leve l  does not  al low 
s u f f i c i e n t  volume 
f o r  l i n e  drainage a t  

and loss o f  f low 
through heater. 
Overheating o f  sa l t .  

ja l  t f low 

ja l  t f low 

Salt f low 

Possible decrease o f  emp. measurements. 
s a l t  o u t l e t  temp eve1 sensor. 
from heater. 

Loss o f  cont ro l  may em. measurements. 
r e s u l t  i n  tempera- 
tures out o f  l i m i t s .  

Loss o f  f low possibl  entp. measurements. 
over l i m i t  o f  s a l t  
i n  heater. 

i PREVENTIVE MEASURES OR 
CORRECTIVE ACTION ----...- .. -.- - 

Vent o f  sump l im i t ed  to  
small hole and sump 
designed t o  w i  thstand 
t o t a l  head o f  cold tank 

- -. . . . . 
I 

COMMENTS . -.-... - .  . , 1 
This i s  a 
f a i l  close 
valve . 

Manual closing of valve I I 
Manual override o f  
valve shutdown & repa 

Overtemperature k i l l  
s a l t  heater. 

Overtemperature k i  11 
s a l t  heater. 
Shutdown and repai r  . 

Shutdown and repair .  

Shutdown and repai r .  

Shutdown and repair .  
Overtemp k i l l  on heal 
ou t le t .  
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rn 
m Possible tank outine pretest  check- 

nsulate l i n e  t o  keep 
bove freeze point  o f  

Increase tank outine pretest  check- 

i n g  i n  s a l t  f reez ing 









WLTE# SALT STOWAGE SRE 
TEST PROICEWRE 

TEST #4 

SYSTEM OPERATION CHECKOUT 

Revision Two 



Purpose : Itris t e s t  is Lo deckmat the f u d  t a1  s t e p  iawalvd i n  
the SBE m a rn-l daily basieP. Q ~ r a t i m  b ba 
during t h i s  task are: 

k s c r i p & i m :  'Ptre t e s t  w i l l  s t a r t  with tb h@C t& q t y ,  t k  cold tmk %all9 
a d  tb system i n  its m-E f i l l &  c d i t i m .  f o l l a o ~ i ~ g  
tes t  scenario will be gcrfo tbre t h a :  

Gharge b t  tank a t  3Wt urnti1 full 
Hold char@ for 1 hmr 
Dirchatge k t  tank a t  m t  lkntil m t y  
Bold d i s e h a r e  over ai&t 

Thee & @ c o d  p r t i m  of t h i s  t e s t  shLl have k k  fallwing 
scenario pcrfo three t h ~ .  

a a r g e  hot tank a& mt uatil it is 112 full 
ShultanemePly charge a d  discharge ak 3 W t  
far 4 hours MldBifsg salt Icwel cmrtscnh i n  
each &&mk 
Birc)rrrg@ at  mt until. b c  task i r  m t y  (1.17 haurs) 
Wold dirckar* owemi&@ 



Pre-Test Checklist 

#om - 
Pretest  checklist should be perfomtd every morning prior t o  a tes t  
or continuing a tes t .  

Experiment Setup 

1. Inspect system for evidence of leaks, insulation damage and repair  as  
required. 

2. Check for visual evidence of blown fusses or burned relays i n  power 
control J-Box. 

3. Verify the aaperage oa the active heat trace circui ts .  

1,CS-1 Coldsurp 
2, CS-2 
3 CS-3 
4 cs-4 
5 1s-1 Hotsump 
6 CT-1 Cold tank 
7 CT-2 
8 CT-3 
9 C T 4  
10 Ll-2,Ll-4 Line 11 
11 L1-1 
12 L2 Linef2 
13 HT-1 Hot tanlc 
14 HT-2 
15 m-3 
16 H T 4  
17 HT-5 
18 HT-6 
19 HT-7 
20 L-3 Line 13  

21 L-4 Line #4 
22 L4-3 
23 L5 Line iJ 
24 L6 Line W 
25 Ll-5 Line t o  sumps 
26 C1 A i r  Cooler 
27 C2 
28 C3 
29 C4 
30 c5 
31 C6 
32 C7 
33 C8, C9, C10 480,# 

HS-2 
C44 Line #4 

4. Star t  a i r  compressor and verify 80 psig tank pressure. 

5.  Verify a i r  flow through pump bearing. 

6. Verify the a i r  dryer is operating. 

7. Vaify/edjust  pneumatic regulator t o  valves and controls. 

5 .OA 
2.4A 
8.7A 
4.OA 
3.9A 

13.5A 
11 *3A 
17.2A 
17.2A 
14.4A 
14.4A 
18.9A 
19.5A ea, 
4.3A 
3.7A 

Valve #1, f 3  20 prig 
Valve #2, #4 20 psig 
Louvers 20 prig 
A i r  Cooler doors cylinder 90 psig 
A i r  cooler door tensioaer 46 prig (93% of cylinder) 
F n  pitch coatrol 20 prig 



8. Cheek zero & j u s t  cm V a l u r ~  f l  a d  /3 I/P t r awdwera~ .  

9. Verify t h a t  fm pi tch  eaaerol  operates f t m  O t o  IWZ. 

10. Verify o ~ e r a t i o a  of  b ~ t h  fa-- 

11. Verify operatiaa of lmvers .  

12. Verify both tanks a d  both s w  vests  a r e  f e e  of frozen s a l t .  

A p l u a e d  vent can c a e  a sewere pressure difference m the  
tanks and s w $ .  The ta&s a r e  e n i t i f a n  b e a u r e  of t h e i r  
s i r e .  AMing s a l t  with no venting carp c a s e  am owerprarrure 
cand i t im.  R-vaZ of s a l t  with tm went w i l l  cutarc a redaced 
pressure. ~ g a t i w  a l l m b t e  pressure of t& hhsC task 
is 5 d. A g e a t e r  prearure difference w i l l  pll the liws 
may f r m  the insulation.  

13. Check leve l  of propme tank aad ver i fy  a u f f i c i a t  p ropne  for the prarant 
tea t  -9W ga l lom m i n i m  (15X). 

14. ehecklignited p i l o t  Tights for propme evaporators. 

15. Inspect faa a d  louvers i n  punap house foe proper o ~ ~ a t i s n .  Sat ern 
t h e m s t a t  to  700P. 

16. Gkeck c w l a n t  wap &ad rad ia ta r  for faak &ad paowe o p r a t i m .  k e o r d  
c m l a n t  flaw. 

Cold tank - 
Wet tmk 

P 

17, Verify coolant flaw through p m p  bearing. 

18. Pressure transduear eheckoutt 

Check khe zero point of tka prarsura traardueets m-P and 2. A t  each 
t rawducar  dircoaaacr orae 1aad and p t  a d i g i t a l  a m t e r  i n  r a r i e r  m e  
reading with zero prarrurc r b u l d  be 4 m. I f  rsat, t h r e  i e  an adjaratirrg 
s c r w  lacatad on tke ~ p l t s i d e  of the tranrdrrear tha t  w i l l  a l t w  ad jus twnt  
to  4 w. 

19. Turn b&h breakers ""on". 

20. Clear a l l  p e r s m m l  frm the  t e s t  area. 

21. Verify both v p  s b f  t r  a r e  free to ro ta te .  



1. Verify trace heater c i r cu i t s  are on. 

2. Verify control console data system a d  CRT are  on. Verify pr inter  is 
operating. 

3. Verify system s a l t  terperatures are 450oF m i n k .  

4. Verify a11 controllers are in manual position. 

5. Verify a l l  valves are i n  the i r  fa i led position. 

I f  any console l igh t  is out that should be illuminated PRESS 
TO TEST bulb f i r s t  to verify l igh t  functions properly. 
Replace bulb i f  necessary. 

Valve l ights  are Red - Closed 
Green - Full  open 

Trace heat l ights  are Red - Off 
Green - On 

Opsaing valves #1 and #3 without system operation w i l l  cause 
overf i l l ing the suaps. 

CAUTION 

Operating valvew when they are colder than 430W can resu l t  
i n  bellow damage. 

6. Cycle valves P2 and #4, between f u l l  open and f u l l  closed. Observe 
operation of l i m i t  lights. 

7. Verify the two control console recorders are on and verify charts are 
inking. Record date, tine and tes t  number on charts. 

8. Verify data printer has adequate paper supply. 

9. Record tank and suop levels and compare with previous data. 

Present (in.) Previous (in.) Delta 
Hot t d  - 
Cold tank - - 
Hot s v  - 
Cold sump - 



Lakage of w r l w m  #1 a d  #3 epn overfill tk s q  r e s u l t i w  
in s a l t  lass. 

10. Verify safety  e g r r i w &  in place.  

Protective g l a w s  
Fire  retardehll coweralls 
&rcveB f i r e  e x t i a ~ i s h e r r  
Safety belts 

11. Ammaciator panel chackmt : 

Depress the m T  switch. fal lmirag chanrwls rhould r W  a fla&hiw 
l i g h t  a d  tb ham alarm s b e l d  ba m; air cmfer ~ v c r  a d  ~m~der 

rrture,  h a t e r  wtlet over t ratrmre, s w e  ovarReigh~ a L a m  md 

The pretest  c h r e k l i ~ t s  of Experiwme Setup .ad Gatrol R m  
Setup sblZ be p r f o  every mmim prior t o  a rtrtt af a 
test on tfar. ughlaartt a test. 



1. Verify a l l  valves from propane t m k  t o  heater are  open, the evaporator 
p i l o t  l igh t s  are on, and the pressure a t  the heater i n l e t  is 55 psig  2 5 
psi. 

2. Verify hot 5- is greater than 7000F. 

3. Verify L im  51 is greater than 700q.  

4. Place burner switch rm the control console t o  PIUIT. 

5. Set burner temperature controller t o  700cp. 

6. S ta r t  propam heater. The OH l i gh t  and TIMZR l igh t  should be on. The fan 
-tor w i l l  purge the system for 110 seconds prior to  introduction of p i l o t  
£la* gas. I f  IB scanner does not detect a p i lo t  f l a e  within 6 second8 
a f t e r  p i lo t  gas the s t a r t  sequence w i l l  be stopped. When the p i l o t  floere 
is acheived the P LIGRT w i l l  be on. Switch t o  X4IH a f t e r  PILOT 
LIGHT i s  m. 

l o  thermocouples are  upon the heating co i l  inside tk heater 
cabin. Teraperature of co i l  w i l l  have to  be detcmined by experience. 

7. Unlock valve #4 and open t o  lOOX open. 

8. Unlock valve P3 and place i n  neutral  p o r i t i m .  

9. Star t  the cold 15 minutes a f t e r  WIN !FUEL was turned on. 

10. &nitor cold e w  height and l ine  #6 t eqe r a tu r e .  Open valve #3 when amp 
level is 12 inches and s a l t  i s  flowing through l ine  66. It w i l l  take 4-8 
minutes to Elow through the propaae heater. 

11. Adjust heater for 1050- out le t  tewerature .  

12. Turn off trace heater t o  l ine  %6. 

13. P i l l  the hot tank a t  a ra te  of 3W. This w i l l  be a level change i n  the 
cold tank of 47 inches per hour. Ti- w i l l  be approximately 2.33 hours. 
Record valve #4 s e t t i ng  . 



14. Switch cmhrol of vallte t3, innlet to csld s q ,  ta at-tic. M i k a  tk 
salt lwei af  s q  to sraintain 122 3 %=ha. 

aPeater to *a b t  tak is witbin POw of the dersirei 
Level. (6'' of desired ki@t of c ~ k &  tmk) .  

16. Stop filling t k  hat taak h a  t b  cold teak level is lare t b m  7.0 
inches. St- t k  aft- s q  lam1 reach- 6 iacbea a d  prarue:Q 
drops. 

17. Switch valve f3 to m-1 d e  m d  o m .  Bse  ha 
open rn that c m l e t e  draiaaw of t b  eald  t& e m  =cur. 

18. Turn am trace katcrs r i m  fi. 

19. Turn off pmprrcc kcaeer 20 mcnutaa after r k u t d ~ .  

20. Own ttatve #& a d  allw the salt to drain f r m  r h  heater. k v e l  iwmara 
r b u l d  be apragbtaly W inches. h e k  vat- & s p a  to allm c w l e t a  
d r a i ~ g e  of lisle #S am& beater. 

21. Record lewls, 

XQt  tank 
P 

Cold tank 
P 

Mat s w  
P 

rnld r q  
P 

23, geld eadi t im foe: o w  hour. 

24. Varify t\oa air cmler dasrr and 16uvers are clossd. 

29. Turn off traec haeters on linss 52 a d  air cmlcr. 



31. Switch c o a t m l  of valve tl i n l e t  t o  hot  stmp t o  automatic. Wonitor the  

salt level  of sw t o  m i n t a i n  23 2 4 inches. 

32. Adjust tk a i r  cooler o u t l e t  t e q e r a t u r e  to  SSO- a s  follows: 

a)  Open i n s u l a t i m  cover and ver i fy  open. 
b) O p e s  lcuvars i n  10% i w r e m n t s  and note ou t l e t  tmpera tu re  a t  

each increment. 
c )  S t a r t  fam #1 a t  e n  
d) Iacrease fan pitch on t ro l  temperature. 
e )  S t a r t  fan #2 a t  e n  
f )  Increase fan  pi tch  t o  control  tesaperature. 
g) When ou t l e t  teaperature is SSOW, s e t  the fan set point t o  the  

equivalent s e t t i n g  and switch Fan # l  and Fan #2 t o  automatic. 

I f  p w e r  s e t t i n g  a l l -  Fan # l  t o  control  o u t l e t  temperature, 
P m  #l only may be used. 

33. Turn off  fans &en s a l t  level  i n  hot tank is 18 inches. 

34. Stop , a n  hot tank l eve l  i s  16 inches. 

35. Close louvers a d  i m u l a t i m  cover. 

Overtorquing valve handorhael can bend valve st= a& crack valve 
houring. 61me valve bndushael u n t i l  valve st%@ etapr mving, then 
an o d d i t i o ~ l  112 turn. 

36. Switch valve t l  t o  @mu81 w d  cloae. Ule handhee l  t o  secure valve. 

37. Turn on t race  heater  f a r  lime 12 and a i r  cooler. 

38. With valve #2 open a l l w  cooler t o  d ra in  i n t o  r q .  S q  level  should 
increase agproximtely  12 inches. 

39. Record levels. 

Hot tank 
Gold tank 
Rot 8- 

Cold S T  

40. Haintain l ine  and a i r  cooler t e q e r a t u r e  with the t race  heaters.  



EPewat tk abow procedure? i n c l d i w  B z p r k m E  Sctapl 
and GoDtrol S t q  for Em &diti-l cycle@. m a  a total  

af three cycles s h a l l  be perfomd. 

43. Set hmer t atwe cogltrollar to 450~. 

44. Start p r s p r w  heater. The W li&t a& FImP li&t s-ld be ma. % fa= 
meor w i l l  purge eke syst- for 1118 rcem.&t paiar to i n t r d u c t i m  of p i l o t  
El- gas. Lf IR scamer dm@ aot dee-E a p i l o t  f l a e  within 6 raceds 
af ter  pilot gas the a k r r t  aeqeaca w i l l  be a E a w .  %m t b  pilot E l -  
i r  scheiwad tiw PBHW LIGm w i l l  be m. &ltcba ro M I B  mm attar P I ' r  
LIGMT is m. 

KO themcauplea ara upsa Eke heatsag coil  i n s i d e  the ksatcr 
cabin, Tewrature  of coi l  w i l t  hawe to be d e r c m i m d  by 
awparbsme. 

45. Um1mk walva #4 and spa to LWf apaa. 

48. Turn off eraea heater 6a $in@ #ha 

51. Tr&nsber o m  half  o f  the gale $ ~ m  &k ea8d e&ak to th h-6 tamk. Rate 
s h u l d  be 47 iwseharlhwr fsz E k  esPd tank, R ~ i g b t  i n  r k  cold &ank 
ehauld he 70 iacha~. 

52. Switch emtro l  af value 13,  in le t  to cold s q ,  to a u t m t i e .   p pi tar th 
salt tactel oE 5- to m i n t a i n  18 3 imlocs, 



54. Wlock valve #1 rrsd place i n  neutra l  position. 

55. valve 442. 

56. S t a r t  hot 

57. Turn off t race  heaters otn l i n e  82 and a i r  cooler. 

58. S l w l y  open valve #2 t o  se t t ing  acheived i n  s t ep  #30. Adjust valve #2 t o  
achieve constant tank levels. 

59. Adjust the a i r  cooler ou t l e t  tmperature  t o  5 5 0 9  a8 follows: 

a Open i m u l a t i o n  cover a d  ver i fy  open. 
b) Open l o w e r s  i n  10% increagents and note ou t le t  te-ereture a t  

each increment. 
c )  S t a r t  fan #1 a t  minim- pitch. 
d) Increase faa pitch to control  temperature. 
a )  S t a r t  fan /2 a t  minim- pitch. 
f )  Increare fan pitch to  control  temperature. 
$1 When out le t  teeperature is 550-, met the fan s e t  paint t o -  the 

equivalent s e t t i n g  and switch Pan #1 and Fan #Z to  autmatxc.  

I f  pwcr  se t t ing  a l l m s  Pan #1 to  control ou t l e t  tmgerature ,  
Pmn #1 only may be used. 

60. Switch control  of valve i l  i n l e t  to  hot r w  to automatic. Monitor the 
s a l t  level  of smp to m i n t a i n  23 2 4 inches. 

61. llaintain the charge discharge d s  for  four hours. 

62. Switch propam heater to  p i lo t .  

63. Stop the cold P P J ~  *en s a l t  ou t l e t  temperature reaches 7 0 0 9 ,  

Overtorquing valve haadhae l  cm bend valve rtm a d  crack valve 
housing. GLma valve handwheel u n t i l  valve stem stops -wing, then 
an add i t ioml  1/2 turn. 

64. Switch valve f3 t o  ~ u a l ~ e  and close. Use handwheel t o  recure valve. 

65 .  Turn off  propaw heater 20 minutes a f t e r  cold shut d m .  

65. Turn w. t race  heaters lime #6 md a i r  ecpoler. 



68. Stop frm +m hot tmk level is 18 iwhw. 

69. Stop hat &em sere lmel in b t  tmk is Bgi t=bea. 

71. Switch valve #1 to d r  m d  cfwo, Blsc ba&&aef t o  reease valve, 

72. Turn trace heater fm Zi- ilt9 r d  air emler. 

73, With valve PZ c m  allm emlar to drain into S L ~ .  3- fewel rhmHR 
inereare rpgreltimtaly PZ i ~ k w .  

Bot t&& 
&Id t&klk 
Bot s w  
eaBd r q  

75, k i n a i n  sprkm t rakuma with trace heaters. 



A P P E N D I X  G -------- - 



m f l y  Test LQg 

25 Jan S a l t  r e l t l a / l o a d  e q u i p e a t  was sc2 up om slte. S a l t  w a s  l ~ d &  i a t a  
e l t e r  and kaeatfag was s t a r t e d .  m u i p w n t  problems with w w  e l k  
m e l t & =  equipcat w e r e  work& ou t  i n  tbar days. 

27 Jan The f i r s t  batch of m l t e n  salt was pm-d i n t o  the  cold tank. b g e  
a o u n t s  of water  vapor m i t t e d  f r m  zokd tank fors&adatiorp. 

29 Jan m e  cold  sump was f i l l e d .  baleage a f  valve $3 occurred a f t e r  i t  was 
cycled. Sale l e a b g e ,  past the waive was a r re s t ed  by H n s t a l l i w  the  
sight g l a s s  am the  cold sump a d  m f a t a i a i w  the  BraSbPim ogstacsl 
( l i q u f d  lewl gage). The reason why t h i s  worked is not kaowm. S a l t  
loadf% of 79,314 k g  ((174,WQ l b s )  w s  coapleted. Sa l t  
a e l t f ~ / l o a d i ~  e g u f p e n t  we% r a o e d  from the  t e s t  site. 

30 Jan The system was brought to temperature so  t h a t  ~aoltenr s a l t  cou ld  be 
t r ans fe red  to t h e  hot  tank. Pipe haqara were adjusted t o  the  hot  
ae t t fngs .  A l a r g e  t e w e r a t a r e  sptke of the  % n i t f a 1  s a l t  tkraugh t he  
progaae heater was seen. &atker f=  of Valve8 13 and #iEZ rrcrultd 
v l t h  s a l t  flow. Valve e h e t t e r  ~ c r c u r r e d  a t  t h e  ha l f  o ~ n  pooit tan.  
Water vapor continued t o  e x i t  frm t h e  cold tank feu&atferm. mrga 
aml~~ktnt~ of a t ean  end s-nia Issued from the apaa m n h s l e  BP eke %at 
tankr 

31 Jan Iwcpreeet r a a d i a s  of t h e  h~at  rank l i n e r  tlacwmou,allcs were 
observed. It was thought t ha t  the w t a l s ,  b r i c k  and a m a i r  created 
s m e  m l l l t v ~ l t  po ten t l a1  b u t  thZs was w ~ t  prowean. E l e c t r i c a l  trace 
heaters i n s i d e  the  hot tank -ere t r~ tned  on. Three e l ecuk t s  were bad. 

Tkmc hot  s a p  was f i l l e d  f ram t h e  h g t  tank liar preparation t o  c y c l e  t he  
salt back i n t o  the caZd tank.  Valve tl was again cycled bat t h i s  
t h e  s t uck  open. The hot: p-mp iras started but t h o  motor f a i l ed  i n  
lase than two eaainutes. It was deremlaed tha t  the li~atsr was fau l ty .  
VaLw 81 was closed a s  t i g h t l y  a s  poss lb le  with its h a d  w k @ $ .  Sal t  
continued t o  flow i n t o  the sump and out of kbe vent., & l s h  had a Eap 
between a m a t t e  surface of the  cowr p l a t e  a d  the p m p  main f r a e .  
Bolts  of t h e  puap were checked knit Pound t o  be ti&&. Insu la t ion  w a @  
t o r n  frorea Line # l  ( t h e  l i n e  &tween the hot tank and the a m p )  a& an 
e f f o r t  t o  freeze the  s a l t  w a s  made by s p r a y i w  the  ou t s ide  of t h e  
l iw with water. The leakage could a o t  be s topwd .  efforts t o  stop 
the  Leakage f r m  t h e  ven t  were eventua l ly  swcess fuP  when a r apered 
plug was placed  into t h e  hole  a d  the esalt w a s  frozen by sprayliw the 
l l a e  with water. W u r s  of aga in  spraying Line #l v l t h  water f i n a l l y  
f r o z e  t h e  s a l t  a d  stopped the leak. A total t h e  of 7 1 / 2  hours had 
e l a s p d  with  a l a s s  of approximately 12,700 kg (28,WO Lb.) of salt.  
AQproxhataly 96,090 kg (21,000 Zbs.) of salt co7zercd the  e m p  
build%% f l o o r  t o  a h f g h t  of .17 E (8 iwbs) .  

1 Peb M s a s s a b l y  of Valve # I  a h m d  a nert and bolt a& a piece o f  
i n s u l a t i w  brick a s  t R e  cads@ of k k e  anable to close the ce?.sal=~ 

2 Feb A new motor f o r  t h e  hot pekap was i n s t a l l e d .  A crack f a  the W-y of 
Valve fl was discovered. 



3 Feb 

4 Peb 

5 Feb 

10 Feb 

il Peb 

12 Feb 

15  Feb 

16 Fe5 

17 Feb 

The crack  i n  Valve #I. was welded c lose .  Welding w a s  d i f f i c u l t  due t o  
s a l t  i n  t he  crack. Tke s a l t  was pumped from the  hot  sump i n t o  the  
co ld  tank. The mating sur f  a c e  a r e a  of t h e  hot p m p  which had leaked 
s a l t  w a s  welded closed. 

The plug a d  seat of Valve 81 were lapped. Thawing oE Line tl was 
s t a r t e d  from t h e  va lve  loca t ion .  The t r a c e  h e a t e r s  were turned on 
and welded to rches  were used t o  hea t  t h e  bottom of t h e  l i ne .  A s  t h e  
l i n e  was t b w d  i t  was i n su l a t ed  and hea t ing  continued toward the  hor 
tank. 

The heat ing of Line # l  continued. 

me system was heated t o  a l low t r a n s f e r  of cold tank  r e s idua l  s a l t  
i n t o  t h e  hot tank. Flow throrrgh the  hea t e r  could not be achieved. 
It appeared t h a t  t he re  was a blockage a t  the  o u t l e t  of the  propane 
hea ter  o r  i n  t h e  l i n e  f r m  the  hea t e r  co t h e  hot tank  (Line # 6 ) .  

Two t e s t  p o r t s  were welded i n t o  Line 86  but no blockage could be 
found. It was l a t e r  determined t h a t  t h e r e  were stme i n s t r m e n t a t i o n  
problems which might have g iven  a n  ind i ca t ion  of blockage. This 
condi t ion  d i d  not  occur aga in  and was not explained. 

The cold tank r e s idua l  s a l t  was pumped i n t o  the hot tank. 

Valve f13 was t aken  apa r t  and lapped. This valve appeared t o  have t is 
s e a t  and plug ba t te red .  This valve had k e n  used on the s a l t  
rece iver  t e s t .  

S a l t  tnseltfq was completed on l i n e  bl and the  s a l t  was t r a n s f e r r e d  
i n t o  the  co ld  tank. h e  hot tank  was t o t a l l y  drained.  

Valve 83 leaked which caused erne s a l t  t o  l eak  out  of t h e  cold sump. 
S a l t  f roze  i n  the  w n t .  Valve #1 w&e lapped. E f f o r t s  t o  remove L t s r  
s e a t  were unsucceesf ul .  

S a l t  was t r ans fe r r ed  t o  t h e  hot tank a t  about 471°C (700°F). 

Valve t 3  was s t i l l  leaking. S a l t  was i rozen i n  t he  sump vent. 
E f fo r t  t o  t r a 7 s f e r  s a l t  back i n t o  t h e  hot tank was stopped because of 
what a2peared t o  be blockage i n  the hea ter .  However, i t  was found 
t h a t  t h e  s m p  l e v e l  readout was s t i c k i n g  midscale and t h a t  t h e  zero  
poin t  on the  pump o u t l e t  p ressure  measurement had s h i f t e d .  S a l t  was 
t r ans fe red  i n t o  t h e  hot  tank  a t  about 371°C (70Q°F). 

S a l t  i n  the co ld  sump was pumped t o  the  hot  tank without any l i n e  
blockage of i n s tu rnen ta t i on  problems. S a l t  was t r ans fe r r ed  t o  t h e  
co ld  tank. Temperature of s a l t  i n t o  co ld  tank had not been cooled 
s i m e  hot  tnak  t m p e r a t u r e s  were approximately 31S°C ( 6 0 0 " ~ ) .  Cold 
tank t e w e r a t u r e s  were r a i s ed  i n  order  t o  dry the foundation. S a l t  
was t r ans fe r r ed  t o  the  hot  tank  a t  approximately 40Q0C (75Q°F). The 
co ld  t ank  was reduced t o  minim- l eve l .  Valve #4 d i d  not f u l l y  
own.  Valve I1 was leaking. 



19 Feb The s a l t  fn t h e  ho t  omp was p m @  ta i  t h e  cold tank t o  al low ram 
fo r  tbe  salt  leak%= pas t  Valve Cl. System r e p a i r s  w e r e  p f o  

2 C  Feb Sit i n  t h e  ho: a m p  was p m p d  to t h e  cold tank. 

21 Feb Salt la  the  ho t  s u p  was puwwd to t h e  cold tank. 

22  Feb TkPe sal t  i n  the h o t  s m p  was pm& t o  t h e  cold rant. Salt Era the  
cold sump w a s  pu-8 i n t o  t5e %t tank. 731e hot tank  was d i w h q e d  
a d  a f t e r  o m  hour, c h a a i w  of the hot tank w a s  s t a r t e d .  me i n l e t  
t e w e r a t u m  zo the ho t  tank  was r e i e d  t o  426°C (8WQF). Valve #S 
d e w l a p 3  an extreme l e a k  so the d u a l  t r a n s f e r  was stopped. me 
belllous of Valve f4 had cracked. The plug st= a d  k l l o w  adsseably 
was replaced with a used a w  takca frcm the malten 8al.t rec~fwer. 
Valve #tes had a seve re  c h a t t e r  a t  a f d r a w e  and opera t lag  the valve at 
mduced or high flows was ngcessaw to eliminate the c h a t t e r .  Salt 
wae t r a n s f e r r e d  Efoa t h e  cold tank t o  the hot  tnnk with the 
t-peraturn reachiag 5504°C (940°F). 

24 Feb Valve #3 was rebtlt with  n e w  seat. 

25 Fe5 F a k l u ~  of  Line 81 t r a c e  h e a t e r s  occurred early in the mimorntw. S a l t  
a t  t he  va lve  a d  an adjacent  ? o r t i a n  of the l i n e  b d  f ro ten .  Che 
e i r e u t t  which had two of the  t h r e e  h e a t i w  elmenth3 b c m e  
ez l ee t r f ca l ly  open. batti- of eha t i n e  wi th  the  w l d i n g  t a r e k s  
fatled &o e s t a b l i s h  flow before t h e  line froze* The s e c o d  cckmudt 
foiled bcsuae  s a l t  *wetrated a crack  i n  the sheathing 0% t h e  
heater. b a s o n  f o r  f e f l u r e  0% t h e  f f r a t  c i r c u i t  was never 
detsmfned,  since a f t e r  all e l e c t r i c a l  cheeks were parfomed I t  waa 
found noma l .  It d i d  not fail f o r  t h e  remainder [or  the t e s t .  Valve 
dl was e a t  out af t%e s y s t e a  and 32at 'to k n v e r  for  r ~ b I l d L n g .  

R b r s h  Two trace Ireatera c i r c u i t s  on t h e  a i r  coo le r  fa i led open. 

9 Mrc'R Va1t.c #l ass ~ P d e d  h c k  i n t o  t h e  Pine. me kcat trace c l r c u l t a  orn 
Eiw b l  were turned on. 

18 24areh Tie vert ical  Peg of LLae kil P e a d i q  out af the  ho; tank rmsiraed 
fmaen.  P&ating t h i s  l i n a  eecelan with a torr-h gas rrcccseary t o  elldo 
the  salt. 

S a l t  was transferred dnto t he  cold tank a d  then back t o  the hot tank 
at a mx<- t e q e r a - r e  of 566°C (iO&OeF). The temperature of salt  
into t h e  cold tank was 316°C (6W°F). 

12 Wrck %It w a s  again cycled from the  hot tnnk i n t o  the  cold tank a& back 
to t h e  h o t  ter,t. e f f o r t  t o  c o n t r o l  the salt t a w r a t u r e  by the 
flow r a t e  resulted i n  a s a l t  peak temperature of 593°C (Lm"F)- 

15 k r c h  % orlffce bra the b u r e r  was imcreaeed t o  a l l w  f u l l  capaci ty  of the  
heater mnch a210ed the Jesfga flow r a t e  to be achieved. The salt 

Was cycled f r a  t h e  hot  taslk to t h e  cold tank .ad back to the hat. 
tarek. Thie war constdcred eke P l r s t  t r a n s f e r  of y r m ~ d u r e  / 4 .  Valve 
iB"6 would ape f u l l y  own. 



1 6  M r c h  It was aecessary t o  t ake  Valve #4 apar t  and t i g h t e n  t h e  stem guide. 
Draining the hot  t ank  and r e f i l l i n g  t h e  hot  tank accomplished the  
second cyc l e  of procedure #3. Control of t he  burner allowed f o r  a 
r a ~ i d  increase  of t h e  s a l t  o u t l e t  temperature t o  566OC (1050°F). 

17  March The s a l t  was t r a n s f e r r e d  frcm t h e  hot  t ank  i n t o  t h e  cold tank. 
Charging the  ho t  t ank  was t r i e d  but t h e r e  was blockage through the  
hea t e r  which appeared t o  be a t  the  hea t e r  i n l e t .  Heating t h i s  a r e a  
with t h e  welding t o r c h  d i d  not i n d i c a t e  any frozen s a l t .  S a l t  flow 
through t h e  hea t e r  w a s  achieved. Severe leakage a t  Valve #4 required 
s topping the  charge of the  hot  tank. The bellows were broken on 
Valve #4. Hew bellows a d  stem were added and t h e  valve guide was 
reassembled and the  completion of charging the  hot  tank  was 
accomplished. This  was t h e  t h i r d  cyc l e  of procedure 14. 

18 March The f i r s t  s i m l t a n e o u s  chargeldischarge cyc l e  of procedure #4 was 
accomplished. S a l t  aga in  was s tored  i n  t h e  hot tank. S a l t  i n l e t  
temperature t o  t h e  co ld  tank  was r a i s ed  t o  3 4 3 ' ~  (650°F) t o  dry t he  
Eoundat ion. 

19 Mar~h  A dischargelcharge cyc l e  was stopped when a f r eeze  occured a t  t h e  
propane hea t e r  i n l e t .  b a t i n g  the  i n l e t  s ec t ion  of p ipe  with a 
welding trouch was necessary t o  thav  the  f rozen  s a l t .  D ~ a l  t r a n s f e r  
was es tab l i shed .  The o u t l e t  temperature of the  s a l t  from the  hea t e r  
had a temperature sp ike  of 621°C (1150°F) due t o  a very low flow r a t e  
through the hea t e r ,  which was expected. a a r g i n g  of the  hot tank 
c m p l e t e d  a t  a low flow r a t e  (112 of normal). The d r a i n  back frm 
the  hea t e r  was unusually slow. The normal time was approximately 20 
minutes but t h i s  time i t  took 12 hours. A l o s s  of approximately 
2,000 pounds of  s a l t  occurred through the  valve stem. The power i n t o  
the  co ld  tank  was reduced t o  11.035 WJ. A 9 kW hea t e r  was added t o  
the  foundaion coolant  water. Water flow was e s t ab l i shed .  P r io r  t o  
t h i s  time water was not pumped through the  foundation. 

20 March The cause of the  low flow through the  hea t e r  and t h e  long d r a l n  back 
t h e  was due t o  a f a i l u r e  of Valve fC4. The valve stem broke allowing 
the  valve plug t o  be detached. Due t o  a l l  the  f a i l u r e s  of Valve 84 
and t h e  cons i s t en t  c h a t t e r  which occurred ( e spec i a l l y  a t  s t a r t i n g  
cond i t i ons )  i t  was decided t o  place an  o r i f i c e  p l a t e  i n  t h e  valve and 
el iminated t h e  stem and bellows. 

22 Piarch Valve 84 was modified with an  o r i f i c e  p l a t e .  One fu se  of t he  480 V 3 
phase t r a c e  h e a t e r s  burned o u t  over t h e  weekend. The cause could not 
be determined . 

23  k r c h  The same f u s e  aga in  burned ou t  and st i l l  t h e  cause could not  be 
determined. The hot  tank d ischarge  was s t a r t e d  and then dua l  
d i scharge  was i n i t i a t e d .  The pmps  were stopped because t h e  charge 
f low r a t e  was t o o  large.  A smal le r  o r i f i c e  p l a t e  was made and 
i n s t a l l e d  a t  Valve P4. Charging of t he  hot  tank was cannpleted- The 
f u s e  rep lace  t h a t  morning aga in  blew and aga in  t he  cause could not  be 
determined. Three of t he  nine t r ance  hea t e r s  c i r c u i t s  were removed 
and two of them added back over  t he  following week, with no more 
f a i l u r e s .  It was assuned t h a t  t he  t h i r d  c i r c u i t  had caused t h e  
problems. 



24 Iiarch TZle ho t  t a n k  was d f ~ h a r g e d  f o r  orme hour a& twenty minutes. h a 1  
t r a n s f e r  was i n i t i t g a t e d  ht it  was feud th t  blwkage  again 
occurred a t  t h e  h e a t e r  I n l e t .  After t h i s  area was heated with a 
w l d f %  t o r c h  f low w a s  os tab l fshed .  me c h a - e j d i a c k q e  af th bat 
t ank  was perforead  f o r  o w  hour. B e  h a t  t ank  chaqe  t m k  o w  haur 
23 minutes. This  w a s  t h e  f i r s t  c y c l e  of prmedure  #S. h i e t o w  
of t h e  h o t  t a n k  h e a t e r  was t h a t  3 of tBde 7 b e a t e r  c i g e u i t s  were 
always f a u l t y .  The o t h e r  4 c i ~ u i t s  had m w  f a i l e d .  

25 Hamh m e  h o t  t a n k  d f e h a e e d  f o r  o w  haur. b a l  t r a n s f e r  was run f o r  o m  
hour. The ho t  t a n k  charge took  I hour, 43 minutes. This 
a c c m p l f s M  t h e  second e y e l e  of procedure #8. A t r a c e  h e a t e r  was 
added t o  t h e  d n l e t  s ec ion  of t h e  p r o p n e  b a t e r  t o  elimiraate tile 
f r e e t i =  problm. 

26 EIareh The ho t  tank weer d i w h a q e d  f o r  1 hour am3 26 minutes. h a l  t r a n s f e r  
was run f o r  one hour. The hot t a n k  was c h a ~ e d  u n t i l  the eold tank 
was m p t y .  This  t e s t  a c c m p l i s k d  the  t h i ~  cyc le  of procedure X8. 

30 M r c h  The hot  tank  ms d i s e h a q e d  fa r  1 hour and 10 minutea. h a 1  t r a n s f e r  
was run  f o r  one hour. f i e  hot t e a k  w a s  chaged f o r  1 hour and 46 
minutes. h e  to  h igh  wind the  p i l o t  l i g h t s  of tke propane 
evapora tors  were b l o m  ou t .  mta r e su l t ed  i n  a drop o f  t h e  s a l e  
o u l a t  temperature of t h e  hea te r  t o  500Q6 (9M°F). %is war the 
f o u ~ h  cycle 06 procedure C8, 

31 Piarch The ho t  tank was d i s c h a g e d  f o r  1 hsur aad 32 mninutes. Dual t r a n s f e r  
m s  operated f o r  one hour. The hot tank W ~ B  chargad u n t i l  the eold 
t eak  was m p t y .  % l o  wee t h e  f i f t h  cyc l e  of procadure #8. fie first  
t ranofent  w a s  s t a r t e d  a t  t he  and of the cycle tes t .  

1 April A 15 MP heater was added to the f e u d a t P o n  cmlant loop. This a&&@ a 
t o t a l  of 2.44 kW. The temperature set pofnt of t h e  loop wae 199°C 
( 2 4 6 ° F ) .  I n i t i a l l y  t h e  power was on eonetanely. Eventualhy the  
h e a t e r  du ty  cyc l e  dropped Lo rggrsx%martckp fgfky p e E e n t .  

2 A p r i l  It was a w i d y  af te rnoon,  resuBiw i n  higher  than mama1 tank h a a t  
losses. 

5 A p r i l  End of t r ansden t  cooldown t e s t  %1 resuleed with t r a n s f e r  of salt t o  
the cold  t ank  and back t o  the  hot tasnk. was done t o  beat the 
ho t  tank  which s t a r t e d  t h e  second t r a n s i e n t  cooldown. 

7 Apr i l  It was very w i d y  af ternoon.  Temporary f i b r o u s  i n s u l a t i o n  w a s  added 
t o  t h e  e x t e r i o r  of t h e  tank  f o u d a t i o n  ho reduce the heat  Pose. The 
Lnauratfon m e  covered wi th  a p l a s t i c  f i b .  fie b t t o a  surfwe! of t h e  
hot  tank w a s  a l s o  i n su l a t ed .  me e d  of cmldown LeBt t 2  r e su l t ed  
&en t h e  s a l t  =a cycled  a& r e b a t e d .  me s t a r t  of the t h i r d  
caoldmn s taabed  a t  t h e  a d  of t h e  h e o t l x  cyc le .  me a a l t  inLee t o  
t h e  cold t a n k  w a s  l o w r e d  t o  288°C g550°F). %%c f o u d a t l a n  was 
dlryi% ou t .  

1 2  PLprLl  W we- v i d y  a f t e r m a n  occurred again, prdwtw excessive heat Bsee. 



13  Apri l  The t h i r d  ccmldown t r a n s i e n t  was ended wi th  the  i n i t i a t i i o n  of t h e  
second s e t  of cyc l ing  t e s t s .  The hot  tank was discharged f o r  1 hour 
and 43 minutes. Charge/discharge occurred f o r  1 hour and 6 minutes. 
The hot  tank  vas charged f o r  1 hour and 27 minutes. 

14 A p r i l  The hot  tank w a s  discharged f o r  1 hour and 39 minutes. 
Qlarge/discharge l a s t e d  f o r  one hour. The hot  tank was then  charged 
f o r  one and one ha l f  hours. This was the  second c y c l e  of the  second 
c y c l i c  t e s t .  two t r a c e  h e a t e r s  i n  t he  a i r  cooler  f a i l e d .  

1 5  April The hot  tank was discharged f o r  one hour and 40 minutes. Dual 
t r a n s f e r  l a s t e d  f o r  one hour. The hot  tank  charge took one hour and 
20 minutes. This was the s t a r t  of the t h i r d  cyc le  of the second 
c y c l i c  t e s t .  

16 Apr i l  The c y c l i c  t e s t  ended with t h e  t r a n s f e r  of a l l  t h e  hot tank s a l t  i n t o  
the cold tank a t  288°C (550°F). The hot  sump was pumped down such 
t h a t  t h e  s a l t  was below the  p a p  housing. The cold  pmp was f u l l .  
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T H E M 1  ANALYSIS OF TANKS 

I. The parer i n t o  the cold tank was by the fol lowing e l ec t r i ca l  c i r c u i t s .  - 
In terna l  Heater Resistances 17.9, 44.7, 44.5 and 87.2 ohms 

External Heater Resistances 31.4 ohms 

Hminal voltage 277 Vac, Measured voltage o f  279 t o  274 was seen over 
weeks of testing. Wo bias was seen i n  the voltage frm tk ideal  value. 

Power kxternal Heaters 8595 Watts 

In terna l  Neater 2440 Watts 

Total  11035 Watts 

II. T h e m 1  resistance a t  sheathing w i th  the env i r  n t  convection and 
rad ia t ion resistance per square faot.  

G r  f o r L = 1 2  ~ T z 2 0  A i r  f i l m  = 68°F 

G r  = 5 . 6 6 5 ~ 1 0 ~ 0  Film i s  turbulent 

Ver t ica l  Turbulent Physical B rowr t i es  
f o r  A i r  

Horizontal Heated Plate Facing Lip 

6. Cdiraald Radiation Convection ( ~ t u l h - f t 2 - O F )  
- 
h = 1.31 Ver t ica l  

1.34 Horizontal 



111. Heat loss throwh fwndatim was evalwt@d radfally dw t o  t 
gradient within tk faundation. k a t  lmncs to W astable 
concrete w m  evaluated sqamtely to  &&mi= possible effect. 
It was malized that  tk calculat& k t  lms to the castable cm k 
q e s t i m d  d w  k k n m  p l a c e w t  of W m c m p l e .  %b place- 
ment of tk the q l e s  in tk caasrcmte ape not as crl tical k a u s e  
of the greater t k m l  resistawe to * mltear salt .  

A. Reststarace salt to castable TBC ( u n i t  area) 
K Salt RIB h = 0.21 (6r~r)"~ ( b r i z o n h l  - Hot Platc Rcfng 

= 1.3 Dtu/h-fLz-"F 

1 = - 6-872 Btu/h-fhLc'F 'salt-castable T L 
iz 

B. Resistance s a l t  t o  concrete TPC (csnjt area) 

Fldi fy above by 

I 
32 

'salt-concrete t! r\ 
C. Calculated k a t  loss t h r a q h  battm. 

c@nger 3 ft Radius 6 Ft Radius 

Tsalt ("0 6M.8 6m.8 6M.8 

T~astab le  ( " E l  590. P 581.8 567.0 

T~oncreke ( "F) 257.9 260.2 224. B 
Q t o  Castable (~tulh-Be2) 44.5 42.7 64.5 

Q t o  C W C ~ ~ C  (Bt t lPh- f tZ% 39.1 B . 9  $2.5 

Inereas& Isso at B ft radius is dw to em effwt. 



&proximating the heat loss p r o f i l e  from the tank b o t t m  was as 
fo l lons:  

Q ~ o s s  
= 39 Btu/h-ft2 f o r  11.02 d ia  

plus 60 Btu/h-f t2 fqr 11.02 t o  13.02 d i a  

Q = 3720 + 2266 = 5986 Btu/h 

Without Edge Ef fect  

Q = 39 x 13.02~ j = 5192 Btu/h 

Edge Ef fect  i s  Difference o f  Last Two Heat Losses 

'~dge = 5986 - 5192 = 794 Btu/h 

794 - 15% Percent Increase o f  Edge = 5192 - 

D. Analyt ical  evaluation of edge loss. 

Edge conduction shape factor .  For two-plane sect ion and e 
(Pr inciples o f  Heat Transfer, Frank Kreith, Jan 1962, pg 83 
Q = S K  (AT)  

An approximate shape fac to r  was derived by modifying the above 
equation t o  a disk t o  

S = Area Disk + 0.54 + 0 (E f fec t i ve  area/thickness) 
A X  

thus; 

d ia  Base C 13.02 ft (Area = 133.1 f t 2 )  

-- 

Effect ive Area = S x thickness = 160.8 
160.8 - 133.1 , Z1g Percent Increase = 133.1 

Since sol;le o f  the concrete ex te r io r  i s  insulated the edge loss of 
by the data i s  less than analyzed by a reasonable value. An edge 
loss of 15 percent was used. 'Fhus the foundation heat loss i s  taken 
as 5192 wi th  the 794 k i n g  a por t ion o f  the lower r i ng  loss. T k r e  
was no way t o  d i r e c t l y  conf inn the loss frm the tank bottom. Evalua- 
tion of the hot tank foundation added confidence t o  the foundation 
ef fect ive conductivity. 



E. Penetratim Losses 

2 .  Electrical k a t t ~ g  elents 

Since tk kateter ~ w t r a t i w s  th slmlatim 
olmrrm&d by ara w n  caurl'ty tb satdm $5 Post fm 
the sysm. 

External heaters : 20 pmtrat iorrs - 15 fa .  I@RQ each; 10 Pea&- - % fk low- 
Percent beass = x HW 6.6% 

Internal healers; 6 wnetratisws- 2 ft low each; 3 kr ters  - 47 f8 law 

Pement Loss = 6 x 2 = 8-91 

2. Wakes 

Cal;teearctforl up to 14 tn, @ p t p  a ~ d  
1 fn. $ t u k  sen conwecllo@ frw 
surface 



3. Vent 

Conductim up 1%" 4 pipe then convection from 8"  long surface. 

Q = UAT = 0.077 (641 - 37.8) 

= 46 Btu/k 

The insulat ion on the manhole was less  than 15 i n .  

5.  Internal  heater penetration 

Conductfan up 1% fn. + pipe Ulmugh 4 i n .  instrlation fn  tk 
2- f t  conwetion area. 

Fin K f i n i t e  length no end loss 

i~ tanh ( EL) 



5. Encrease 105s o f  sakes, v a t ,  a d  k a b r  pmtralf cn by 2 a  rn 
accmat for irnbrml cmvstim f r~ pa'ws. 

F. Using the s k a a i n g  pkm Wwratdke, a& tk 
calculatd film coef t ,  %k &at loss %m the exterf or of tk 

calculated. T k  ttad was divI& into the  f o l l w i ~ g  r m s ,  
raturn di  Cfemme. 

Lskter 18 in. sf & wall A = r D p  = alS 70.7 ft2 IT 
gall A = rDa = r15 (12.74- 1.5- 1.0) 

= a2.5 fez 
Upper 12 f n .  0% wall + 
outer 12 -En. of soof 

The tank diamter o f  apprcsxim~tely 15 ft 4s grgalrr @an the 
theoretfcal d j a t e r  a d  p r o h b l y  Ss due t o  gaps dn the Inrulat%m. 

katures associated wi th these areas @a$ B COII@C$IM 
of t h e  TIC data and the IEW scan data. 

Wall 74.6 ETPC ave) "F 

Skathiwg h a t  lass by conaavectio~ a d  racfjatimee: 



G. Adjustment of f i l m  coeff ic ient  achieved the t o t a l  loss o f  37663 
Btu/h. Error can ex i s t  i n  surface m i t t a n c e  and the f ac t  tha t  the 
design po in t  was a t  the coldest atmosphere temperature whereas the 
heat loss was based over e igh t  hours. Adjusted losses were: 
Heat loss o f  foundations, heaters, and penttrat ions remain as calculated. 

Lower wal l 4,424 

Wall 17,750 

Upper wa 1 1 1,755 

Roof edge 1,937 

Roof 3,387 

H. The energy loss from the lower wal l  was divided i n t o  the wal l  loss 
which i s  consistent wi th  the loss o f  the remaining wal l  and the heat 
loss a t t r i bu ted  t o  the lower tank r i n g  and foundation edge. Thus 
4424 Btu/h b e c m s  2602 Btu/h for the wa l l  loss and 1822 Btu/h for  
the lwr r i n g  and foundation edge. 

Taking the upper wal l  and roof edge heat losses and d iv id ing  them 
s im i l a r l y  as the above the resu l t  i s  3 heat o f  1732 Btu/h f o r  the 
wall ,  1122 Btu/h for  the roof, and 838 Btu/h f o r  the upper r ing .  

I. The k a t  loss for  the co ld  tank i s :  

Foundation 5,190 

Heaters 2,614 
Penetrations 605 

Wall 22,084 

Upper Ring 838 

b w r  Ring & Foundation Edge 1,822 
Roof 4,509 



B HOT TANK - 
I. Heat loss was calculated by tk heat c w c i t y  c b w .  

Salt #ass 117.403 lb  
Heat Capacity 6.%6 Btu/lb-"F 

Tmp Rate of Change P.54"F/hAwg of All TbC @a k k e s  On Ql t .  
Heat Loss 66,226 Btrs/h 

11. Theml  resistance a t  the skathfrag t o  tk envi 
saw values as derived for the cold tank. 

- 
h = 1.31 Btu/h-"F-Pt2 (vertical) 

1.34 Btu/h-"~-ft' (horirmtal ) 

111. Heat Loss Thrwgh Fwndation 
. 9 4 I Q F  -957°F 

13% in. B r i c k  

18 in. Gastable T/C 5/8 1 n. k l w  SurCae@s 

' Uater Pipes 24 =in. 
h n  i n t o  Conerehe 

A.  Heat Lass m n  the PPiw 

The heat loss dwn the outlet p i p  i s  ilasimifl'cant. Ex~r i ence  frm 
the t es t  wwld indicate that no significant cmvection =curs. 

5. Them1 Resistance of Foundation  nit Ama) 



- 
'T/C Castable-Concrete = 1/E % = 0.176Z/h-ftZ-"F 

C. Heat loss tfrrough the founda t im  

Section - Radius ( i n . )  0-20 20-45 45-50 50-75 

Area (ft ) 8.73 35.4 34.4 44.2 

AT5al t -castable T/C ( "F) 460 488 557 

Q i n t o  Gastable (Btu/h) 428 la1 2 0 M  

A T ~ a l  t-concrete T/C ( O F )  6 58 688 710 

Q i n t o  ~ o n c r e b  (Btu/h) 3 3  1610 1610 

A T ~ a s t a b l  e-Concrete(° F, 199 203 151 98 

Q i n t o  Castable = 4m9 Btu/h 

g in to  Concrete = 3599 Btu/h 

Q ~ a s t a b l  e-concrete = 3248 Btu/h 

To m k e  the heat loss consistent  throughout the foundation, the conductance 
of the castable i n s u l a t i o n  has t o  be increased. The heat l oss  through the 
foundation was based on the heat l oss  i n t o  the castable insu la t ion .  

Edge e f f e c t  s a w  formula as on page 3. 

A = 78.5 ft2 (10 f t  d i a )  
S = 86.78 
E f f e c t i v e  Area = 97.63 
Percent Increase = 24% 

Due t o  the i n s u l a t i o n  on the e x t e r i o r  o f  the concrete foundation, the edge 
loss  Mas a s s m d  a t  20 percent, (860 Btu/h). Thus, the t o t a l  loss from the 
foundation was 5169 Btu/h. 





F. T m e r a t u r e  of Area 

Location T/C Average I R  Scan Adj 

L-r Ring 123 123 

Wal l 104.9 -10 94.9 

Upper Mall 48.9 43.9 

Upper king 48.9 +10 59.9 

A t t i c  h a l l  48.9 48.9 

A t t i c  Roof 43.4 43.4 

6. Convection Heat Loss (Btulh) 

L w e r  Ring Q = hAhT = 1.31 (39.7) (123- 35.4) = 4,556 

Wall Q = MAT 1.31 (633.2) (104.9- 10- 35.4) = 49,32 

Upper &*a l l  Q = ~ A A T  = 1.31 (152.1) (48.9- 35.4) = 2,690 

llpper Cing Q = MAT = 1.31 (34.8) (48.9+ 10- 35.4) 1,071 

A t t i c  Wall Q = hAAT = 1.31 (91.5) (48.9- 35.4) iE 18618 

A t t i c  Roof + ~ABT = 1.34 (160.5) (43.4- 35.4) = 1,721 

Total Cmvection Loss 60,998 

H. Convection loss t o  agree w i th  the knawn enewy loss o f  66,226 minus 
the foundation and penetrations loss i s  60,897 

Adjusted loss 

L m r  r i n g  4,548 
Wall 49,260 
Upper wa l l  2,685 
Upper r i n g  1,069 
A t t i c  wal l  1,615 
A t t i c  roof  1,718 

I. The energy loss from the lower wal l  was div ided i n t o  the wa l l  loss 
which i s  consistent wi th  the remaining wal l  and the heat loss 
a t t r i bu ted  t o  the lower r i n g  and foundation edge loss. Thus 4548 
&tu/h becones 3089 Btu lh  f o r  the wal l  loss and 1459 Btu lh  for  the 
lower r i n g  and foundation. 

Using the s e  technique f o r  the u p w r  r i n g  1069 Btu/h becomes 455 
Btu lh  for  the r i n g  and 615 Btu/h f o r  the a t t i c  wal l .  



3. The hat loss f o r  L k  hho tank is: 

Fw~dati m 5,169 
Pewtratims 160 
tower Riw 1,459 
Hal l 52,348 
Upper Mall 2,@5 
Uppr Riw 155 
Att ic  3.w 
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The evaluation of the feasibility of utilizing the Technigaz 
cross-corrugated Liner for the containmnt of mlten nitrate 
salt mixtures was intend& to e o m p l e e n t  the previous test 
and analysis work performed by Technigaz to qualify the 
liner for contaistaent service. Particular ewhasis was 
placed upon those areas that were s u b s t a n t i a l l y  different 
from the previous applications. 

Liner qualification procedures included: 

. Strain and pressure fatigue testing at room az2 
service temperature on liner elements f a b r i c a t e d  
on industrial tooling from the 1-800 alloy. 

. Cyclic pressure fatigue testing under molten salt 
conditions in accordance with r e e q n i  zed fatigue 
t e s t i n g  c d e s  which accounts for rapid strain %nd 
pressure cycling. Great care was taken to dupli- 
cate the full structure and simulate a c t u a l  aervise 
conditions and ean~tructi~n tslcrancas in accom- 
plishing &his test pr-ram. 

As defined i n  clasklcal material a n a l y s i s ,  creep is a plaa-  
tic deformation of a m t e r i a P  caused by stresses e x i s t i n g  i n  
a structure over an extended period of time. The ra t@ of 
creep increases with increasing temperature and material 
stress. The creep rate of the of the 1-806 material at ele- 
vated temperatures is quite well documented. 

However, sbas s i ea l  analysis does not apply for this liner 
which behaves as an elastsplastis material. The @xac$ l e v -  
el of stress existing in the corrugations and corrugation 
interseetioas (called @knotsnB is wat known with s u f f i c i e n t  
accuracy to lead to any firm analytical predictions. This 
lack of knowledge is due to t h e  complex geometry  of t h e  el@- 
men t , and the dependence upon f abricatisn t e c h n i q u e s  and 
their effect on khe metal sheet. 

Due to these r e a s o n s ,  e v a l u a t i o n  of t h e  liner's performance 
has been predominately carried out by e x p e r i m n t a l  and em- 
~ i r i c a l  methods.' For each new dp_~Pication we @ondjbl~t n e w  
tests relying on the previous tes2s and actual  performance 
to t h e  maximum extent possible. we can therefore make t h e  
following observations. 
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. The creep rate i n  t h e  maximum l o a d e d  a r e a s  o f  t h e  
k n o t  is lower  t h a n  t h a t  g i v e n  by t h e  g e n e r a l  docu-  
m e n t a t i o n  f o r  a g i v e n  l e v e l  o f  stress, as t h e s e  
areas r e c e i v e  a g r e a t e r  d e g r e e  of c o l d  working  d u r -  
i n g  l i n e r  f a b r i c a t i o n  and c o l d  working  e n h a n c e s  t h e  
x m t e r i a l ' s  r e s i s t a n c e  t o  c r e e p .  

. I n  c r e e p ,  t h e  material i s  s u b j e c t e d  to  a p las t ic  de -  
f o r m a t i o n  which m o d i f i e s  t h e  s h a p e  o f  t h e  maximum 
stressed areas s l i g h t l y .  Thus t h e  i n i t i a l  c r e e p  low- 
ers t h e  local stress l e v e l  t h e r e b y  c a u s i n g  a lower  
l e v e l  o f  creep and so on.  

W e  t h e r e f o r e  have  compensated f o r  c r e e p  e f f e c t s  by as- 
c e r t a i n i n g  t h a t  we have s u c h  l a r g e  marg ins  o f  s a f e t y  i n  
f a t i g u e  l i f e  t h a t  t h e  e f f e c t s  o f  c r e e p  become s e c o n d a r y  
c o n s i d e r a t i o n s .  

T e s t  R e s u l t s  

E l e m e n t a l  T e s t s  

E lemen ta l  l i n e r  t e s t i n g  was c a r r i e d  o u t  a t  l e v e l s  o f  pres- 
s u r e  ( 0  t o  44 p s i )  a b o u t  1 .34 more t h a n  t h a t  found i n  t h e  
S o l a r  100 t h e r m a l  e n e r g y  s t o r a g e .  L i n e r  e l e m e n t s  lasted up  
t o  150,000 c y c l e s  b e f o r e  t e s t i n g  was s t o p p e d  w i t h  no l e a k a g e  
and no s u r f a c e  c r a c k i n g .  T h i s  a f f o r d s  a large s a f e t y  f a c t o r  
as compared t o  t h e  10 ,950  c y c l e s  which c o r r e s p o n d  t o  30 
y e a r s  of d a i l y  f i l l  and  d r a i n  c y c l e s .  These  r e s u l t s  con-  
f ink-ed t h a t  t h e  l a r g e  f a c t o r s  o f  s a f e t y  to  which w e  are ac- 
customed i n  o t h e r  a p p l i c a t i o n s  and materials are p r e s e n t  
w i t h  1-800. 

I t  s h o u l d  b e  n o t e d  t h a t  we have  a n o t h e r  f a c t o r  o f  a s a f e t y  
on top of  t h e s e  1 5  l i f e t i m e s .  Fo r  t e s t i n g  ease we have  
adop ted  t h e  c r i t e r i o n  t h a t  f a i l u r e  o c c u r s  when a c r a c k  is 
d e t e c t e d  r a t h e r  t h a n  when a l e a k  is g e n e r a t e d .  T h i s  is  con-  
t r a r y  to  t h e  r e c o g n i z e d  f a t i g u e  t e s t i n g  c o d e s ,  b u t  i t  is 
r a t h e r  c o n s e r v a t i v e .  

P r e v i o u s  t e s t i n g -  h a s  shown t h a t  t e n  times t h e  number of  cy-  
cles found t o  i n i t i a t e  a s u r f a c e  c r a c k  i n  t h e  l i n e r  are re- 
q u i r e d  f o r  t h a t  c r a c k  t o  p r o p a g a t e  t h r o u g h  t h e  t h i c k n e s s  o f  
t h e  l i n e r  and c a u s e  a l e a k .  T h i s  is  i n  a d d i t i o n  t o  t h e  1 5  
or more t i m e s  proven  by  o u r  r e c e n t  h igh  t e m p e r a t u r e  tests. 



Full Scale Tests 

The results of the cyclic pressure fakigue test, conduct& 
in accordance with ASHE Pressure Vessel Cde, Appendix 11, 
Article 11-100, showed no cracks of the tight internal 
liner. These were conducted at a cyclic pressure level of 
1.34 tims the =ximum service pressure, and with 1.73 tiws 
the nu&er of cycles encountered over the 30 years service 
life. 

 he ASME prwedure defines specific factors to be a p p l i d  to 
the design service loads and cycles. These factors are in- 
tended to account for accelerated testing or mteriaP vari- 
ables that are not accurately simulated by the teak. By 
making a conservative use of the test. procedure to define 
loads and number of eyeles we have accounted for unknowns. 
This has also been our testing approach in all previous ap- 
plications. 

It should be noted that this test did not establish %he 
structure fatigue lifo, as no failures had occured bsfara 
reaching the required number of cycles. From the ale- 
mentary tests khough, we can conclude t h a t  structure f a t i g u e  
l i f e  at the higher pressure lev@hs is far bcyand the eyeyes 
tested. 

Thus a considerable margin of safety is present befare con- 
sidering the effects sf creep upon element fatigue proper- 
ties. We are well aware that differences in the liner el@- 
ment geometry can cause a difference in fatigue performnee, 
For example, the first liner elements mnufactured for test 
purposes were formed an wood prototype tools. Fatigue Life 
of elements formed with these prstotypa tools was neverthe- 
less adequake and within the code procedure. @hen slewnts 
fabricated by industrial tooling were later tested Esr caa- 
parison, an increase in fatigue life of about two was ac- 
complished. 

Thus, if substantial creep were to =cut in the liner under 
molten salt service conditions, we m y  expect a decrease in 
the fatigue life of the liner. However, the fatigue factors  
of safety are so great in this application thak a reduction 
in + h p  fatigue life will be sf no consequence. 

The consequences of a failure sf the tight liner due to m- 
terial creep sr corrosion affecting fatigue properties e r e  
also examined. The design concept sf the mlten salt tight 
internal liner system is to separate the containmnt, or 
tightness f u n c t i o n  of the syseem fron the mchanical, load 
bearing function. Thus, &he liner is "integrated" to %he 
supporting structure, but the stressed supparting structure 



is n o t  s u b j e c t e d  to  t h e  e x t r e m e  t e m p e r a t u r e s  of . t h e  con-  
t a i n e d .  l i q u i d .  

I f  t h e  creep rate o f  1-800 is such  t h a t  it w i l l  r e s u l t  i n  a 
s i g n i f i c a n t  d i s t o r t i o n  o f  t h e  l i n e r  w i t h  t i m e ,  we d o u b t  t h a t  
a n y  real f a i l u r e  ( s a l t  l e a k a g e )  w i l l  o c c u r .  

The l i n e r  h a s  been  s u b j e c t e d  t o  s t a t i c  p r e s s u r e s  as h i g h  as 
390 p s i  where t h e  c o r r u g a t i o n s  have  been  s u b s t a n t i a l l y  d e -  
formed.  Mo c r a c k s  or l e a k s  were  g e n e r a t e d  b y  t h e s e  p r e s -  
s u r e s .  B u t  even  i f  we assume t h a t  c r e e p  w i l l  d r a s t i c a l l y  
r e d u c e  t h e  f a t i g u e  l i f e  s o  t h a t  n o t  o n l y  c r a c k s  b u t  l e a k a g e  
w i l l  o c c u r  we are r e a s o n a b l y  c e r t a i n  of  t h e  f o l l o w i n g  f a i l -  
u r e  mode. 

. The b o t t o m  o f  t h e  t a n k  where t h e  c r e e p - f a t i g u e  p r o b l e m  
m i g h t  o c c u r  w i l l  e x p e r i e n c e  p i n  h o l e  l e a k s  which w i l l  
w e t  t h e  f o i l  p r o t e c t i o n  s u r f a c e .  I f  t h e s e  l e a k s  are 
n o t  d e t e c t e d  t h e y  w i l l  p r o g r e s s i v e l y  w e t  t h e  b o t t o m  
i n t e r n a l  b r i c k  i n s u l a t i o n .  T e s t s  have  shown t h a t  t h e  
i n s u l a t i o n  b e i n g  c o m p a t i b l e  w i t h  mo l t en  sal t  w i l l  n o t  
b e  m e c h a n i c a l l y  a f f e c t e d ,  b u t  i n s u l a t i o n  c o n d u c t i v i t y  
w i l l  i n c r e a s e  c a u s i n g  a s l i g h t  i n c r e a s e  i n  c a r b o n  
steel s h e l l  t e m p e r a t u r e .  

Even i f  c o m p l e t e  w e t t i n g  o f  t h e  bo t tom o c c u r s ,  t h e  
b r i c k  n o t  a c t i n g  as a b a r r i e r  t o  f u r t h e r  s a l t  p e n e t r a -  
t i o n ,  e v e n t u a l l y  t h e  l o w e r  e l e m e n t s  o f  t h e  outer cy- 
l i n d r i c a l  c a r b o n  steel s i d e s  w i l l  r e a c h  a t e m p e r a t u r e  
beyond t h e  material d e s i g n  l i m i t s ,  a t  which t im re- 
m e d i a l  a c t i o n  w i l l  have  t o  b e  t a k e n ,  

T h i s  whole f a i l u r e  p r o c e s s  c a n n o t  o c c u r  s u d d e n l y  and w i l l  
t a k e  weeks, months or  y e a r s ,  d u r i n g  which t h e  t he r rnoeoup le s ,  
t h e  l e a k  d e t e c t i o n  s y s t e m  o r  r e g u l a r  i n s p e c t i o n  would h a v e  
g i v e n  a d e q u a t e  warn ing .  

The re  can  b e  no c a t a s t r o p h i c  f a i l u r e  of t h e  c o n t a i n m e n t  
s y s t e m  when f i t t e d  w i t h  t h e  t i g h t  c o r r u g a t e d  l i n e r  and as- 
s o c i a t e d  i n t e r n a l  i n s u l a t i o n  sys t em.  

I n  a d d i t i o n  t o  t h e  r e c e n t  deve lopmen t  program a s s o c i a t e d  
w i t h  t h e  s u b s y s t e m  r e s e a r c h  e x p e r i m e n t ,  t h e  Techn igaz  cor- 
r u g a t e d  l i n e r  was u s e d  t o  l i n e  a c h e m i c a l  r e a c t o r  a t  t h e  
Humble R e f i n e r y  i n  Baytown, Texas  f o r  t w e l v e  y e a r s .  While  
t h e  p r o c e s s  is p r o p r i e t a r y  t o  Exxon, we d o  know t h a t  $he 
reactor o p e r a t e d  a t  650 d e g r e e s  F w i t h  y e a r l y  r e g e n e r a t i o n  
c y c l e s  up  t o  1000 d e g r e e s  F. The maximum p r e s s u r e  on  t h e  
l i n e r  was 48.5 p s i .  L i n e r  material was I n c o n e l  600. No 
problems a t t r i b u t e d  to  c r e e p  were i d e n t i f i e d  by  t h e  t i m e  
t h e  Hurnble p r o c e s s  was m o d i f i e d  and t h e  reactor was no  
l o n g e r  n e c e s s a r y  and  t a k e n  o u t  o f  s e r v i c e .  



The internal,liner concept lends itself to p@ri&ic m n -  
itoring of its integrity during its Life without affect- 
ing the overall  econ-ics of the projeek. A regular in- 
ternal inspeetion p r q r a a  can be developed s ia i lar  to t h e  
the one we use in L W  vessel operation. 

The hot tank can be emptied a d  internally inspeetad dur- 
ing norm1 plank m i n k e n a n c e  shutdown.  A special m n o -  
rail/scaf%olding a r r a n g e e n t  is installed i n  t h e  Lank for 
close inspection of the internal walls in addition to the 
bottom. 

Visual inspection every other year for the f i r s t  6 years 
and every four years during the remaining life can psovids 
adequate confidence of the liner peefarmnce. 

In addition f l a k  and angle piece elements from various key 
locat ions in k h e  tank can be easily c u t  ou t  w i t h  new piaces 
installed. The tank caw then be  axfailable far refiil im- 
mediately thereafter. 

The ramved pieces can t h e n  be checked i n  detail and & 
chranalagieal record of any macerial deterioration due ro . corrosion, fatigue or creep caw be mintained whish will be 
a guide  to any incipicnk prsbbems, i n  addition to t h e  other 
methods BE l i n e r  control. 

The corrugated liner has been shown to have a fatigue life 
in excess sf that required for t h e  Solar  100 thermal energy 
storage so that the eECeet of creep or corrosion on the 
fatigue life, if any, will not affect tho cumulative s a r g i n s  
of safe ty ,  

Failure analysis has concluded ehat catastrophic failure of 
the system is not possible and thmre are several e t h a d s  to 
anticipate any possible problems. 

Regular inspection and detail e t a l o g r a p h i c  cheek of the 
liner w i t h  t i m  can be part of the routine m i n k e n a n e e  ap- 
era t ion. 

In the extsew,  preventive ~ e p l a c e m n t  of deteriorated parts 
of the liner can be schedu led  within the warm1 plant -in- 
tenanee shutdowns. 
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