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SUMMARY 

Anhydrous sodium hydroxide modified by addition of 8% 
3odium nitrate and 0.2% manganese dioxide has been under 
development as a phase-change heat storage medium for a 
number of years for application to electrically powered, 
low temperature space and water heating. This medium 
is low in cost, has a high heat storing capacity, and is 
compatible with steel containers and heat exchangers. 
Therefore, it is of interest for use in salar powered 
electricity generating systems. 

The purpose of this program was to make an analytical 
and experimental study of a phase-change thermal stor- 
age system utilizing this medium, suitable for use in a 
solar total energy system, and to develop a preliminary 
design of such a storage system consistent with the fol- 
lowing specifications: 

6 Storage capacity is 3.1 x 10 kJ operating 
over the range of 516 K to 584 K. The heat 
transfer fluid for charging and extracting 
heat is Therminot-66. The maximum charg'ng 
rate is 1.8 x 10 kJ/hr with the Therminol-66 
temperature at 584 K + 2 K, and the maximum 
extraction rate is 1.0 x lo6 kJ/hr with the 
Therminol-66 inlet temperature 516 K + 11 K 
and outlet temperature 582 K + 2 K. 

The analysls showed that supplemental heat of about 10% 
of the heat extracted from storage, added to the Thermi- 
1101-66 during discharge to help maintain the outlet tem- 
perature within the specified range, had a large oeneficial 
effect on the size bnd cost of the storage system. There- 
fore such supplemental ("deficit") heating was employed 
in the design of the system. 

A mathematical simulation of the system and computer pro- 
gram were available as a result of prior work. These were 
amended to facilitate use in the present work. 

The program comprised the following tasks: 

... Measurement of physical and thermophysical 
properties of the storage medium. 

... Adaptation of the previ,~usly developed simu- 
lation and computer program to present re- 
quirements. 



... Development of a refereme design of P. sys- 
tem meeting the operating requirements. 

... Desigs and construction of an experimental 
model of 1/10 scale, and a test-bed in 
which to test it. 

... Operation of the 1/10 scale model under test 
conditions consistent with the specifica- 
tions, and collection of experimental data. 

... Correlation of data with computer-predicted 
results. 

... Modification of the simulation and computer 
program until correspondence was acceptable. 

... Development of a preliminary design meeting 
the operating specifications and estimation 
of the system cost. 

Satisfactory correspondence between experimental da.ta and 
computer predicted results has been obtained, and the pre- 
liminary design developed. The storage unit consists of 
a cylindrical vessel, surrounded by thermal insulation, 
containing the storage medium in which is Immersed a heat 
exchanger consisting of a number of helical coils of 
steel tubing, manifolded for parallzl flow at the top and 
bottom, through which the Therminol-66 flows downward d ~ r -  
ing charging and upward during heat extraction. 

The preliminary design summary is as follows: 

Vessel height and diameter 2.35 m (92.5") 

Insulation thickness 0.61 m (24") 

System hei!rht and diameter 3.6 m (1.4211) 

System weight 27300 kg (60,200 lb) 

Amount of storage medium 18000 kg (39,700 lb) 

Unit cost $33,700 
Heat exchanger 

Storage output 

.00635 m (1/4") tub- 
ing; 280 coils, each 
27.7 m (91 f t )  long 

Specific cost $11.2/MJ 

InsulatL~n loss 

Deficit heating 

3.253 of total stor- 
age output per day 

10.2% of s t ~ r a g e  out- 
put 



INTRODUCTION 

I n  t h e  g e n e r a t i m  of e l e c t r i c  power from s o l a r  h e a t ,  by 
means o f  a h e a t  engine ,  s t c r a g e  of h e a t  i s  r ~ e c e s s a r y  I n  
o r d e r  t o  make t h e  power g e n e r a t i o n  system independent  of 
t h e  s o l a r  i n s o l a t i o n .  The h e a t  s t o r a g e  element  o f  such 
a system i s  one of t h e  more c o s t l y  e lements  o f  t h e  s y s t t m ,  
and t h e  c o s t  g o a l s  f o r  thermal  s t o r a g e  have n o t  y e t  been 
achieved.  

One approach t o  thermal  s t o r a g e  f o r  s o l a r - e l e c t r i c  sys-  
tems which o f f e r s  a p o s s i b i l i t y  f o r  r educ ing  t h e  c o s t  
o f  s t o r a g e  is t h e  use  o f  t he rma l  s t o r a g e  media which 
undergo phase changes between s o l i d  and l i q u i d  states, 
o r  between s o l i d  s t a t e s ,  w i t h i n  t h e  o p e r a t i n g  t e m p e r ~ t u r e  
range ,  making t h e  l a t e n t  h e a t s  o f  t h e  phase changes,  a s  
w e l l  a s  s e n s i b l e  h e a t ,  a v a i l a b l e  f o r  h e a t  s t o r a g e  and 
r e t r i e v a l .  

Ob jec t ive  

The o b j e c t i v e  o f  t h e  work r e p o r t e d  h e r e i n  h a s  been t o  
s tudy  t h e  dynamic perfarmance o f  a phase change thermal  
s t o r a g e  u n i t  employing a p a s s i v e  hea t  exchanger ,  s u i t a b l e  
f o r  use  i n  a s o l a r  t o t a l  energy s y s t e m ,  o p e r a t i n g  i n  t h e  
mid-temperature range ,  t o  develop a p r e l i m i n a r y  Gesign 
f o r  such a u n i t ,  and t o  e s t i m a t e  i t s  c o s t .  

Concept f o r  Phase-Change Thermal S t o r a g e  

The concept f o r  t h e  a s e  o f  t h e  phase change medium, which 
has  been s t u d i e d  i n  t h i s  work, comprises a v e s s e l  conta in-  
i n g  t h e  medium i n  which i s  immersed a s i n g l e  f i x e d  h e a t  
exchanger,  th rough which a s i n g l e  h e s t  t r a n s f e r  f l u i d  i s  
passed f o r  cha rg ing  h e a t  i n t o  s t o r a g e  when h e a t  i s  avail .-  
a b l e  from t h e  s o l a r  c o l l e c t o r s ,  and f o r  r e t r i e v i n g  h e a t  
from s t o r a g e  a s  r e q u i r e d  a t  o t h e r  times. 

The p a r t i c u l a r  c o n f i g u r a t i o n  s t u d i e d  c o n s i s t s  o f  a c y l i n -  
d r i c a l  s t e e l  v e s s e l ,  and a h e a t  exchanger  c o n s i s t i n g  of  
a nur,,ber o f  h e l i c a l  c o i l s  o f  s t e e l  t u b i n g  which a r e  mani- 
fo lded  t o g e t h e r ,  i n s i d e  t h e  v e s s e l ,  a t  t h e  t o p ,  and a t  
t h e  bottom, forming p a r a l l e l  f low p a t h s  f o r  t h e  hea t  
t r a n s f e r  f l u i d .  When h e a t  i s  be ing  charged i n t o  s t o r a g e ,  



t h e  f l u i d  f lows downward through t h e  h e a t  exchanger,  and 
upward when s t o r e d  h e a t  is  be ing  r e t r i e v e d .  

A thermal  g r a d i e n t  e x i s t s  w i t h i n  t h e  medium ( w i t h  t h e  
h ighe r  tempera ture  i n  t h e  upper p a r t  o f  t h e  v e s s e l )  which 
moves v e r t i c a l l y  and changes shape d u r i n g  thermal  cyc l ing .  

The medium undergoes an i n c r e a s e  i n  volume as it mel t s ,  
and t o  accommodate t h i s  a c l ea rance  space  must be  a l l o u e d  
a t  t h e  t o p  o f  t h e  v e s s e l .  This  space  i s  open t o  t h e  
atmosphere through a "b rea the r"  tubo  which a l lows  a i r  t o  
e n t e r  and l e a v e  dur ing  cyc l ing ,  and which i n s u r e s  t h a t  
t h e  v e s s e l  o p e r a t e s  unpressur ized .  The v e s s e l  i s  s u r -  
rounded by thermal  i n s u l a t i o n ,  t h e  o u t e r  s u r f a c e  o f  which 
i s  p r o t e c t e d  by a m e t a l l i c  shroud. 

Heat S t o r i n g  Medium 

The hea t  s t o r i n g  medium used i n  t h e  work repol. ted h e r e i n  
is  tradenamed t harm keep* and has  t h e  fo l lowing composition: 

Anhydrous NaOH (commercial grade)  31.8% by w t .  
Sodium n i t r a t e  8.0% 
Manganese d iox ide  0.2% 

The commercial grade of  NaOH commonly c o n t a i n s  1-25 of  
sodium c h l o r i d e ,  1/2-15 o f  soaium ca rbona te ,  and s m a l l e r  
amounts of o t h e r  sa l t s  and hydroxides.  

S a l t  b a t h s  o f  similar composition s o l d  under s e v e r a l  
tradenames have been used i n d u s t r i a l l y  f o r  many yea r s  a t  
t e m p e r a t ~ r e s  of 750 K aqd h ighe r  f o r  metal  c l e a n i ~ g  and 
desca l ing .  These ba ths  a r e  conta ined  i n  l a r g e  s t e e l  
t anks .  When t h e  advantages o f  anhydrous NaOH a s  a phase 
change hea t  s t o r a g e  medium were recognized,  t h i s  compo- 
s i t i o n  was used because of t h i s  e x i s t i n g  i n d u s t r i a l  
exper ience  wi th  t h e  containment and s t a b i l i t y  of  t h e  
m a t e r i a l .  

A s  a h e a t  s t o r i n g  medium, Thermkeep has  t h e  advantages o f  

... high hea t  s t o r i n g  capac i ty  w i t h  ' a t e n t  
h e a t s  o f  f u s i o n  and a s o l i d  s t a t e  phase 
change i n  t h e  temperature range 566 K 
t o  507 K, 

* Regi s t e red  trademark Comstock & Wescott, I n c .  



... chemical s t a b i l i t y  and i n s i g n i f i c a n t  vapor  
p r e s s u r e  a t  tempera tures  up t o  750 K ,  

... s t a b i l i t y  i n  con tac t  wi th  a i r  a l lowing t h e  
v e n t i n g  o f  containment v e s s e l s  t o  t h e  at-  
mosphere, 

... c o m p a t i b i l i t y  wi th  s t e e l  f o r  containment 
and hea t  exchangers up t o  750 K ,  

... low c o s t  and ready a v a i l a b i l i t y ,  and 

... l a r g e  s c a l e  i n d u s t r i a l  expe r i ence  as a  
meta l  c l e a n i n g  s a l t .  

Backgrcund 

The use  of  Thermkeep a s  a h igh  tempera ture  phase change 
thermal  energy s t o r a g e  (TES) medium has  beer1 under 
development by Comstock & Wescott ,  Inc .  s i n c e  1958. The 
i n i t i a l  proposed use  f o r  YES u n i t s  was f o r  domest ic  space  
h e a t i n g  i n  con junc t ion  w i t ,  hea t  pumps. Off-peak e l e c t r i c  
energy was t o  be used t o  c h i r g e  t h e  TES u n i t s  which would 
assist t h e  hea t  pumps dur ing  pe r iods  of  h igh  h e a t i n g  r e -  
quirement .  This  development, sponsored by t h e  E d i s ~ n  
E l e c t r i c  I n s t i t u t e  and t h e  P h i l a d e l p h i a  E l e c t r i c  Co. was 
c a r r i e d  through a  s u c c e s s f u l  f i e l d  t e s t  from 1962-1964, 
bu t  was then  d iscont inued  because t h e  a n t i c i p a t e d  l a r g e  
s c a l e  use  o f  hea t  pumps d i d  not m a t e r i a l i z e .  

Beginning i n  1964, i n  coopera t ion  wi th  t h e  Hooker Chemicals 
and P l a s t i c s  Corp., Comstock & Wescott undertook f u r t h e r  
develoyrrler~t of the heat storage i i i ~ t e ~ i a l  arrd development 
of  equipment f o r  s e v e r a l  a n t i c i p a t e d  a p p l i c a t i o n s  o f  
thermal  s t o r a g e .  Extensive s t u d i e s  were c a r r i e d  out  on 
chemical fornu1at;ions and t h e  c o m p a t i b i l i t y  of  T!~ermkeep 
wi th  containment m a t e r i a l s ,  which has  r e s u l t e d  i n  n e a r l y  
complete e l i m i n a t i o n  o f  co r ros ion  of  c o n t a i n e r s  and hea t  
exchangers f a b r i c a t e d  from ord ina ry  m i l d  s t e e l  a t  tempera- 
t u r e s  up t o  755 K (900 F). 

A r e s u l t  o f  t h e  coopera t ive  e f f o r t  between Comstock & 
Wescott and Hooker Chemicals and P l a s t i c s  Corp. has  been  
t h e  development of t h e  Thermbank E l e c t r i c  Water Hea te r ,  
which was designed t o  provide hot  water  f o r  a l l - e l e c t r i c  
b u i l d i n g s .  Five Thermbanks were s u c c e s s f u l l y  c a r r i e d  
through a  one-year f i e l d  t e s t  i n  a coopera t ive  program 



w i t h  t h e  Hydro E l e c t r i c  Power Commission o f  On ta r io .  A 
Thermbank E l e c t r i c  Water Heater o f  t h i s  t y p e  has  been 
s u p p l i e d  t o  t h e  NASA Lewis Research Cen te r  under  Con t r ac t  
No. NAS3-20240 f o r  in-house t e s t i n g  and e v a l u a t i o n .  

The a p p l i c a t i o n s  d e s c r i b e d  above used e l e c t r i c  energy  t o  
charge  h e a t  i n t o  s t o r a g e ,  s t o r e d  i t  a t  t empera tu re s  up 
t o  755 K (900 F), and d e l i v e r e d  i t  a t  approximate ly  340 K 
(150 F) f o r  space  and wate. hea t ing .  I n  t h e s e  a p p l i c a -  
t i o n s  t h e  t empera tu re  o f  t h e  h e a t  d e l i v e r e d  from s t o r -  
age  can b e  a l lowed t o  d rop  s u b s t a n t i a l l y  below t h e  maxi- 
mum s t o r a g e  t empera tu re  as t h e  thermal  energy  s t o r e  i s  
d e p l e t e d  wi thou t  a f f e c t i n g  t h e  system e f f i c i e n c y .  

When h e a t  from s o l a r  c o l l e c t o r s  i s  s t o r e d  and r e t r i e v e d  
from s t o r a g e  f o r  power g e n e r a t i o n ,  a drop  i n  t empera tu re  
o f  t h e  h e a t  s u p p l i e d  t o  t h e  h e a t  eng ine  r educes  t h e  e f f i -  
c iency  o f  t h e  power g e n e r a t i n g  cyc l e .  The re fo re ,  t h e  
h e a t  from s t o r a g e  must be  d e l i v e r e d  t o  t h e  h e a t  engine  
a t  a t empera tu re  c l o s e  a s  p o s s i b l e  t o  t h a t  a t  which i t  
i s  charged i n t o  s t o r a g e .  T h i s  requirement  f o r  d e l i v e r y  
o f  s t o r e d  h e a t  a t  a  n e a r l y  uniform t empera tu re  imposes 
a new set  o f  c o n d i t i o n s  on t h e  des ign  o f  t h e  h e a t  ex- 
changers ,  and expe r i ence  w i t h  h e a t  exchangers  d e s i s n e d  
f o r  t h e  p r e v i o u s l y  developed dev ices  does  no t  app ly .  

Scope o f  Work 

The s tudy  h a s  i nc luded  bo th  a n a l y s i s  and t h e  des ign ,  
c o n s t r u c t i o n ,  and t e s t i n g  o f  a  sub-s ize  t he rma l  s t o r a g e  
u n i t  f o r  t h e  a c q u i s i t i o n  of exper imenta l  d a t a  f o r  co r -  
r e l a t i o n  w i t h  t h e  a n a l y s i s .  The a n a l y s i s  was based i n  
p a r t  upon t h t  r e s u l t s  o f  p r i o r  work by Cornstock & WescotL 
under Purchase Order No. 87-5030 from Sand ia  L a b o r a t o r i e s ,  
Livermore, CA,  t o  develop a  mathematical  model and write 
a computer program d e s c r i b i n g  t h e  dynamic behavior  o f  a 
phase change thermal  s t o r a g e  system u s i n g  Thermkeep a s  
t h e  medium. I n  a d d i t i o n ,  t h e  work has  i nc luded  t h e  
measurement of  c e r t a i n  thermophys ica l  p r o p e r t i e s  o f  t h e  
medium. 

S p e c i f i c a l l y ,  t h e  program has  i nc luded  t h e  fo l lowing  
t a s k s  : 

1. Experimental  de t e rmina t ion  of t h e  e f f e c t  
o f  a c c i d e n t a l  c o n t a c t  between Therminol-66 
( h e a t  t r a n s f e r  f l u i d )  and Thermkeep 2 t  
t empera tu re s  up t o  613 K .  



2.  De te rmina t ion  of p h y s i c a l  p r o p e r t i e s  o f  Therm- 
keep : 

a .  Thermal c o n d u c t i v i t y  o f  t h e  s o l i d  phase 
from room t empera tu re  t o  t h e  m e l t i n g  
p o i n t ,  and of t h e  l i q u i d  phase from t h e  
m e l t i n g  p o i n t  t o  750 K .  

b .  Dens i ty  o f  t h e  s o l i d  from room tempera- 
t u r e  t o  t h e  m e l t i n g  p o i n t ,  and o f  t h e  
l i q u i d  t o  750 K .  

c .  Heat c a p a c i t y  o f  t h e  s o l i d  and l i q u i d  t o  
750 K ,  i n c l u d i n g  t h e  h e a t  o f  t r a n s i t i o n  
from one phase  t o  t h e  o t h e r .  

d .  V i s c o s i t y  o f  t h e  l i q u i d  from t h e  m e l t i n g  
p o i n t  t o  750 K .  

The development o f  a Reference  Design,  based 
upon t h e  p r e v i o u s l y  developed Phase Change 
Computer Program ( s u i t a b l y  modi f ied  f o r  t h i s  
pu rpose ) ,  f o r  a phase change the rma l  energy 
s t o r a g e  (TES) u n i t  s u i t a b l e  f o r  u se  i n  a  s o l a r  
e l e c t r i t  power g e r ~ e r ~ t i o n  system,  u t i l i z i n g  
Therminol-66 a s  t h e  h e a t  t r a n s f e r  f l u i d  f o r  
cha rg ing  and r e t r i e v i n g  s t o r e d  h e a t .  The TES 
u n i t  ha s  t h e  f o l l o w i n g  o p e r a t i n g  r equ i r emen t s :  

S t o r a g e  c a p a c i t y  i s  3.1  x  l o b  kJ 
o p e r a t i n g  o v e r  t h e  range  o f  516 K t o  
584 K .  The h e a t  t r a n s f e r  f l u i d  f o r  
c h a r g i n g  and e x t r a c t i n g  h e a t  i s  Thermi- 
1101-66. The maximum charge  r a t e  i s  
1 . 8  x l o 6  k J / h r  d i t h  t h e  Therminol-66 
t empera tu re  a t  584 K + 2 K ,  and t h e .  
maximum e x t r a c t i o n  r a t e  i s  1 . 0  x l o 6  
k J / h r  w i t h  t h e  Therminol-66 o u t l e t  
t empera tu re  a t  582 K 2 2 K and i n l e t  
t empera tu re  a t  516 K 2 11 K .  

4 .  The d e s i g n  and c o n s t r u c t i o n  o f  a s u b s c a l e  TES 
system,  o f  one- ten th  t h e  s c a l e  o f  t h e  Reference  
Design.  The s u b s c a l e  sys tem i n c l u d e s  t h e  TES 
u n i t  and a  t e s t  bed which p e r n i t s  t e s t i n g  under  
o p e r a t i n g  condi t ior , . ,  c o n s i s t ~ n t  w i t h  t h e  opera-  
t i n g  c h a r a c t e r i s t i c s  o f  t h e  Reference Design.  



5. The operation of the subscale TES system 
under a range of conditions and the collec- 
tion of experime~tal data, 

6. Comparison of the experimental data with 
results predicted by the analytical model 
via the compcter program, a ~ d  revision 
until satisfactory agreement was attained. 

7. A Preliminary Design of a full scale TES 
unit and estimation of the cost of this 
unit. 



T E C H N I C A L  D I S C U S S I O N  

MATERIAL PROPERTY STUDIES 

A s u b c o n t r a c t  was i s s u e d  by Comstock & Wescot t ,  I n c .  t o  
Dynatech R/D Company, Cambridge, Mass., t o  de t e rmine  
some r e l e v a n t  p r o p e r t i e s  o f  t h e  s t o r a g e  medium, Thermkeep. 
T h i s  was i n  conJunc t ion  w i t h  e v a l u a t i n g  t h e  f e a s i b i l i t y  
of u s i n g  Thermkeep i n  t h e r m a l  s t o r a g e  d e v i c e s  f o r  s o l a r  
energy a p p l i c a t i o n s .  Dynatech was s e l e c t e d  because  of 
t h e  company's e x p e r i e n c e  i n  measur ing p r o p e r t i e s  of i n -  
o r g a n i c  hea t -of - fus ion  h e a t  s t o r a g e  m a t e r i a l s  (Ref.  1). 
A copy o f  Dynatech 's  f i n a l  r e p o r t ,  "The Thermophysical  
P r o p e r t i e s  o f  a Thermal Energy S t o r a g e  Material," d a t e d  
J anua ry ,  1978, i s  i n c l u d e d  as Appendix A .  

The work had two o b j e c t i v e s :  

1. To de t e rmine  t h e  consequences o f  con- 
t a c t  between t h e  h e a t  t r a n s f e r  f l u i d ,  
Therminol-66 (T-66),  and Thermkeep, 
and 

2 .  To measure s p e c i f i e d  thermophys ica l  
p r o p e r t i e s  of Thermkeep. 

Regarding t h e  c o m p a t i b i l i t y  o f  ~ h e r m i n o l - 6 6  and Therra- 
keep,  t h e  Dynatech a n a l y s i s  showed t h a t  nd detriment.:l 
r e a c t i o n s  occu r  between t h e  two m a t e r i a l s .  The majo?* 
e f f e c t  occu r r ed  i n  t h e  Therminol-66. A g r a d u a l  i n c r e a s e  
i n  i t s  v i s c o s i t y  was observed  when t h e  Therminol-Thermkeep 
mix ture  was i n  c o n t a c t  w i t h  a i r  a t  e l e v a t e d  t empera tu re s  
(593 K ;  320 C). Dynatech recommended t h e  u s e  of  a cove r  
g a s ,  such a s  d ry  He, o v e r  t h e  Thermkeep t o  remove any 
wa te r  o r  T-66 which may accumulate  i n  t h e  Thermkeep due 
t o  a l e a k  i n  t h e  h e a t  exchanger .  Th i s  i s  no t  neces sa ry  
from an o p e r a t i o n a l  s t a n d p o i n t  and n e g l e c t s  t h e  f a c t  t h a t  
a i r  b r e a t h i n g  i s  r e q u i r e d  t o  ma in t a in  t h e  p rope r  ba l ance  
of  NaNO which o t h e r w i s e  i s  s l o r l y  reduced t o  NaN02 w h i l e  3 
t h e  u n i t  o p e r a t e s .  

The thermophys ica l  p r o p e r t y  measurement phase r e q u i r e d  
d e t e r m i n a t i o n  o f  t h e  f o l l o w i n g  p r o p e r t i e s  o f  Thermkeep 
a s  a f u n c t i o n  o f  t empera tu re :  



1. The en tha lpy  ( o r  s p e c i f i c  h e a t ) .  

2. The thermal  conduo t iv i ty  o f  t h e  s o l i d  
and l i q u i d  phases .  

3 .  The d e n s i t y  i n  both  phases.  

4. The v i s c o s i t y  of t h e  l i q u i d .  

Data are provided I n  t h e  r e p o r t  on a l l  but  t h e  en tha lpy  
of  t h e  material. It was found t h a t  t h e  Q u a n t i t a t i v e  
Thermal Analyzer (QTA) used f o r  a c c u r a t e  c a l o r i m e t r i c  
s tudy o f  materials, owing t o  i t s  des ign ,  would not  p rov ide  
a c c u r a t e  d a t a  i n  t h e  tempera ture  r eg ion  o f  i n t e r e s t .  
Consequently, t h e  d a t a  u t i l i z e d  f o r  en tha lpy  vs .  tempera- 
t u r e  i n  t h e  course  of  t h i s  work was based upon t h e  b e s t  
informat ion  which Comstock & Wescott had p r i o r  t o  t h i s  
p r o j e c t .  It i s  f e l t  t h a t  at  some po in t  this ought t o  be 
improved upon but  c o r r e l a t i o n  of a n a l y s i s  wi th  expe r i -  
ment has  shown tha t  t h e  p resen t  d a t a  a r e  reasonably  good. 



REFERENCE DESIGN STUDY 

Computer Model 

A mathematical analysis and computer program were writ- 
ten to estimate the performance of a Thermkeep thermal 
energy storage device to meet the requirements of the 
Sandia Midtemperature Solar Test Facility and to design 
the one-tenth scale test model. It was expected to re- 
quire modification for correlation with actual data 
obtained from tests on the model. It was formulated as 
a design tool which would properly account for the thermo- 
dynamics of the process, approximately account for the 
heat transfer between the T-66 and the Thermkeep, and 
allow for easy handling of a variety of operating modes, 
from solar daily cycles to laboratory test modes. 

It is an analytical program rather than a design program 
in the sense that it requires a specific unit design as 
input, and outputs the calculated performance of that 
unit. This program is used for design by analysis of a 
large matrix of design options and separate parametric 
evaluation of the output by the engineer. 

The physical processes associated with the heat storage 
medium are quite complex and would be difficult, if at 
all possible, to model even given a large dedicated 
effort. The medium undergoes a solid-liquid phase change 
with a volume contraction associated with solidification. 
It is a non-eutectic multi-component material so that 
solidification, in part, probably occurs by precipitation 
of NaOH from the melt when the solubility is below the 
actual concentration. A solid-solid phase transformation 
occurs in the NaOH with a corresponding latent heat. 

Note: All symbols are defined in the Conpute.: Analysis 
Symbol List presented as a fold-out in Appendix D. 

Another computer analysis was formulated earlier in a 
prior program to attempt to account for some of these 
effects. It is a considerably more costly program to use; 
it is less flexible, and it would not as easily lend it- 
self to the incorporation of empirical modifications. It 
is also based, in large part, upon a published phase diagram 
for the system NaOH-NaN03. It is not known, however, 
whether or not this is truly characteristic of Thermkeep 
which is composed of commercial grade chemicals contain- 
ing impurities as well as the basic two components above. 



Consequently,  i t  was dec ided  t h a t  a s i m p l e r  a n a l y s i s ,  
o f  t h e  t y p e  t o  be d e s c r i b e d  h e r e i n ,  would be more de- 
s i r a b l e .  T h i s  ear l ier  a n a l y s i s  i s  d e s c r i b e d  i n  Appen- 
d i x  C *  

Genera l  D e s c r i p t i o n  

The computer a n a l y s i s  is  fo rmula t ed  around t h e  d e s i g n  
concept  o f  the proposed the rma l  s t o r a g e  u n i t .  The d e s i g n  
concept  c o n s i s t s  o f  a v e r t i c a l  c y l i n d e r  c o n t a i n i n g  t h e  
h e a t  s t o r a g e  medium. A h e a t  exchanger  is  immersed i n  
t h e  Thermkeep. The h e a t  t r a n s f e r  f l u i d ,  T-66, f l ows  
through t h e  heat exchanger  t u b i n g .  (Any f l u i d  which does  
n o t  undergo v a p o r i z a t i o n  can  be modeled u s i n g  i t s  p a r t i c u -  
l a r  thermophys ica l  p r o p e r t i e s . )  The h e a t  exchanger  con- 
sists of a number of p a r a l l e l  h e a t  exchanger  t u b e s  which 
a r e  i d e n t i c a l  g e o m e t r i c a l l y  and assumed t o  p a s s  e q u a l  
f lows o f  T-66. The t u b e s  a r e  manifolded a t  t h e  t o p  and 
bottom of  t h e  u n i t ,  t h e  h o t  end b e i n g  a t  t h e  t o p .  Dur- 
i n g  cha rg ing ,  T-66 e n t e r s  a t  t h e  t o p  and e x i t s  from t h e  
bottom, and v i c e  v e r s a  d u r i n g  d i s c h a r g i n g .  

It i s  d e s i r e d  t o  know how t h e  u n i t  w i l l  r e spond  t o  par -  
t i c u l a r  s t i m u l i ,  e . g . ,  f low r a t e ,  t empera tu re ,  and f low 
d i r e c t i o n  of T-66, b o t h  i n t e r n a l l y  and a s  a  "b lack  box" 
c h a r a c t e r i z e d  by what t h e  o u t s i d e  world  s e e s .  The ana ly-  
s is  has  been c o n s t r u c t e d  w i t h  two major  s e c t i o n s .  One 
c o n t a i n s  t h e  a n a l y s i s  o f  t h e  h e a t  t r a n s f e r  between t h e  
T-66 and medium w i t h i n  t h e  u n i t .  The o t h e r  c h a r a c t e r i z e s  
t h e  s t i m u l u s  and de t e rmines  t h e  s t a t u s  o f  t h e  T-66 d e l i v -  
e r e d  t o  t h e  u n i t  as a  f u n c t i o n  o f  t h e  o p e r a t i n g  time. 
Th i s  la t ter  s e c t i o n  i s  modi f ied  a t  w i l l  t o  a l low modeling 
o f  v a r i o u s  modes o f  o p e r a t i o n .  Thv mode d e s c r i b e d  h e r e i n  
i s  t h e  s o l a r  d a i l y  c y c l e  which was used i n  deve lop ing  
t h e  approximate  Reference  Design d e s c r i b e d  I n  a  subsequent  
s e c t i o n .  

F igu re  1 d e s c r i b e s  t h e  s o l a r  d a i l y  c y c l e  which was t aken  
t o  be  t y p i c a l - o f  t h e  mode o f  o p e r a t i o n  o f  t h e  Sand ia  Test 
F a c i l i t y .  The s o l a r  c o l l e c t o r s  g e n e r a t e  h e a t e d  T-66 which 
i s  s u p p l i e d  t o  t h e  b o i l e r  o f  a t o l u e n e  based Rankine power 
c y c l e .  The b o i l e r  demands 250 kw f o r  twelve  hours  a  day.  
During t h e  o t h e r  twelve  hou r s  t h e  system i s  s h u t  down. 
The s o l a r  c o l l e c t o r s  produce a  v a r y i n g  h e a t  o u t p u t  o v e r  
n ine  h o u r s ,  peak ing  a t  500 kw, s t a r t i n g  a t  z e r o  i n  t h e  
morning and dropping  t o  z e r o  i n  t h e  l a t e  a f t e r n o o n .  The 
exces s  h e a t  i s  s t o r e d  t o  a l l ow  o p e r a t i o n  when t h e  c o l l e c -  
t o r  o u t p u t  i s  d e f i c i e n t .  



Time, Sec X 

F igu re  1. T y p i c a l  s o l a r  daily cycle at Sandia Total Fnergy Test Fac i l i t y .  
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During cha rg ing  o f  t h e  u n i t ,  t h e  f low rate t o  t h e  s t o r -  
age  u n i t  i s  de te rmined  by t h e  a v a i l a b l e  e x c e s s  s o l a r  
h e a t i n g ,  and t h e  t empera tu re  change o f  t h e  T-66 a s  i t  
p a s s e s  through t h e  u n i t :  . 

where w p  i s  t h e  T-66 flow r a t e  t o  t h e  s t o r a g e  u n i t ,  qex 

i s  t h e  e x c e s s  thermal  power from t h e  c o l l e c t o r s  ( i . e . ,  
above b o i l e r  demand), c f  i s  t h e  T..66 s p e c i f i c  h e a t ,  and 

TH and To are t h e  T-66 i n l e t  and o u t l e t  t empera tu re s ,  
r e s p e c t i v e l y ,  o f  t h e  TES u n i t .  wf i s  l i m i t e d  t o  some 

r e a l i s t i c  va lue  o f  pump c a p a c i t y .  

During d i s c h a r g e  o f  t h e  u n i t ,  t h e  flow r a t e  i s  h e l d  con- 
s t a n t  as i f  t h e  f l u i d  were h e a t e d  o v e r  t h e  f u l l  tempera- 
t u r e  range .  It w i l l ,  i n  f a c t ,  e x i t  somewhat c o o l e r  t h a n  
t h e  cha rg ing  t empera tu re .  I n  t h i s  ca se ,  a boos t  h e a t e r  
i s  assumed and t h e  amount o f  t h i s  h e a t i n g  r e q u i r e d  i s  
c a l c u l a t e d .  

The u n i t  b e g i n s  a t  a  f u l l y  charged c o n d i t i o n  and is  per -  
t u r b e d  by t h e  s o l a r  d a i l y  c y c l e .  The c a l c u l a t i o n  pro- 
ceeds  u n t i l  a r e p e t i t i v e  c y c l i c  o p e r a t i o n  i s  ach ieved  
and t h e  u n i t  i s  c h a r a c t e r i z e d  by i t s  s t e a d y  s t a t i c  c y c l i c  
performance under  t h i s  mode o f  o p e r a t i o n .  Cumulative 
h e a t  ba l ances  o v e r  t h e  c y c l e  are made t o  d e f i n e  t h e  per-  
formance. The impor t an t  f a c t o r s  a r e  t h e  d a i l y  h e a t  ab- 
s o r p t i o n  by t h e  u n i t ,  t h e  d a i l y  h e a t  d e l i v e r y ,  t h e  d a i l y  
h e a t  l o s s  t o  t h e  environment,  and t h e  d a i l y  make-up hea t -  
i n g  (boos t  h e a t i n g )  requi rement .  

Based upon t h e  b e s t  knowledge a v a i l a b l e  a t  t h e  time, a  
method was dev i sed  f o r  e s t i m a t i n g  c o s t  of  m a t e r i a l s  and 
f a b r i c a t i o n  f o r  a  g iven  des ign .  These c o s t s  are computed 
a t  t h e  beginning  o f  each  a n a l y s i s  f o r  t h e  p a r t i c u l a r  de- 
s i g n  c o n f i g u r a t i o n .  The c o s t s  a r e  p r i n t e d  ou t  i n  an 
i t emized  f a s h i o n  f o r  each  p a r t  of  t h e  assembled u n i t  and 
l e a d  t o  a  t o t a l  u n i t  c o s t .  

F u r t h e r  d e t a i l s  o f  t h e  computer model used t o  deve lop  t h e  
Reference Design a r e  g iven  i n  Appendix B.  



Reference Design Analysis 

The computer analysis which was described above and in 
Appendix B was used to produce a "reference design" for 
a Thermkeep thermal energy storage unit. This unit waa 
specified as being subJected to the solar daily cycle as 
described on Figure 1. The unit was designed to provide 
a reasonable compromise between cost and efficiency as 
will be 5xplained later. Aside from the heat flow speci- 
fications, the fluid utilized was Therminol-66. It was 
assumed that during charging the fluid would enter stor- 
age from the solar coliector field at 584 K (311 C) and 
that during discharge it would enter storage from the 
boiler at 516 K (243 C). 

The design selected was to become the basis for the de- 
sign of a laboratory model of one-tenth scale in size, 
heat flows, fluid flows, etc., but with equivalent per- 
formance in terms of outlet temperatures, losses, and 
other factors. Eventually, after adjustments to the com- 
puter analysis had been made based upon empirical cor- 
relations, a new final reference design would be composed 
which would more accuratoly represent how a unit for 
Sandia Laboratories STETF' would appear. 

Note: At the point in the project when the ref- 
e..ence de~ign was composed, the available 
specific energy over the operating range 
was thought to be 450 kJ/kg. Subsequent 
investigation showed this to be closer to 
4?0 kJ/kg. However, the results to be 
discussed herein were based upon the 
larger value. They are shown to describe 
the method and trends but a roughly 10% 
addition to cost and size would be expected. 
The study was not rerun since the model was 
already in fabrication when the correction 
was discovered. The later analyses utilize 
the correct enthalpy vs. temperature relation- 
ship. nny graphs and tables presenting re- 
sults u*~ing the lower value are so noted. 

The procedure for design was as follows. Preliminary 
screening of some of the paramet.ers had shown that the 
primary variables are the quantity of storage medium and 
the total heat exchanger surface area. Thus, data were 
generated for a specific tube size and a preliminary ref- 
erence design was produced. The secondary variables were 



then tested to determine where improvements could be made 
to arrive at a reference design. 

The unit is presumed to'be a shell and tube device with 
helically coiled parallel tubes with a specified tube 
size, number and length. The variable parameter was the 
total inside surface area of the tub s. Heat exchangers 
were sized to produce about 703 g/cmg (10 psi) peak pres- 
sure drcp as s starting point. The reference tube size 
was 6.35 mm (1/4") 0.d. steel tubing, with 4.57 mm (0.180") 
1.d. The -%ti0 of vessel (shell) height to diameter, i.e., 
the "aspect raticv was fixed at 1 for screening. During 
cooling, flow enters the bottom end or element 1, ani 
vice versa during heating. 

For computational purposes, the solar collector and boiler 
demand characteristic as described wa, input. A suffi- 
cient nu~r~ber of points were input and straight lines were 
assumed between them. This characteristic was ldapted 
from the "winter cycle1' of the Sandia Laborstories and 
provides peak collector output of 500 kW, steady boiler 
demand of 250 kW and more excess heating 3vailable dur- 
ing charging than required during discharging. When 
steady state cyclic operation is achieved, the excess is 
simply wasted. The total s orage demand is 3.45 x lo6 kJ ti by this cycle, not 3.1 x 10 as specified in the contract, 
but a simple scaling codld redu-e this to the pro2er value. 

A 12-hour idle period is specified which is consistent 
with Sandia Laboratories' mode of operation. This cl-eates - - u.~~sual situation where the capacity is low but the 

ind rate Is high since it occurs for a short perlod 
. ,ime. It is expected that a unit sized to operate 
rroughout the idle period would ~2rform better over the 

complete cycle. 

The computer analysis was run over enough cycles to stabi- 
lize the unit performance. A criterion was found acczpt- 
able whereby the unit cycles until the storage cyclic 
inp~lr minus the storage cyclic output is close to the nomi- 
nal stand-by or surface loss. This condition is approached 
by :.tarting with the unit fully charged to peak fluid tem- 
per~ture and then cycled until the stable full charre 
br~dient is reached. 

Flow rate modulation during chargrng was provided based 
upon fluid outlet tenperature tc attempt to maintain 
heat balance around the solar collectors. A maximum 



total flow of 5 kg/sec was specified to collectors and 
boiler. In a thermocline system, 2.95 kg/sec would be 
required at 500 kW output so that an increase of 70% 
is allowed -- a value which is adjustable. 
Figures 2 and 3 describe the results of analysis plotted 
in two different ways, Figure 2 being constant surface 
area lines with amount of Thermkeep as the coordinate 
axis, Figure 3 being the opposite. Overall efficiency is 
defined as 

where Qo = storage daily output 

Qs = storage daily surface loss 

Qa = fluid auxiliary heating 

Qa is computed as the cyclic amount of heat required to 
bring the fluid up to 584 K (311 C), the peak temperatare. 
In fact, the specification allows as low as 580 K (307 c !  
so tiat the overall efficiency is somewhat pessimistic 
as will be discussed later. Qs is based upon 45.7 cm (1F'') 

of rock wool insulation. In applicatio~~, Qs and Qa would 
be weighted differently depending upon their effect on 
total system economics. Without knowledge of how to 
weight them accurately, the above definition of efficiency 
was used. It is not a pure t2ermodynamic efficiency but 
was falt to be adequate when comparing designs subjected 
t3 the same ducy cycle. 

Supface areas ranged from 37.16 sq m (400 sq ft) to 185.8 
sq m (2000 sq ft) in parallel tubes sized for 69 kPa 
(10 psi) peak pressure drop as discussed. Thermkeep quan- 
tities were varied from 6009 kg to 50000 kg. Figure 3 
ehows the normal improversnt expected with increasing 
surface area with no significant increase in performance 
beyond 148.6 sq m (1600 sq ft). Figure 2 shows e7  un- 
expected decrease in performance with large amounts of 
storage medium. This is believed to be due to the forma- 
tion of permanent s~l?.d throughout the lnit with inade- 
quate surface to extract heat from it. The calculation 



is believed to be pessimistic for solid heat transfer 
and real performance may be somewhat better. 

Cost factors were developed whereby materials costs were 
estimated at market values and fabrication costs were 
scaled from the Mod I Thermbank costs according to the 
normal "six-tenthsw factor whereby fabrication costs 
increase as the 0.6 power of the size ratio. This unit 
is the accepted rule for process industry equipment such 
as heat exchangers, vessels, etc. 

Figures 4 and 5 show the costs of storage in dollars per 
thousand kilo~oule based upon the resultant storage out- 
put which is taken to be the unit capacity. The important 
criterion, however, is not simply cost of storage but cost 
at an acceptable efficiency. Figure 6 is cross plotted 
from Figures 2 through 5 taking cost of storage for con- 
stant overall efficiency. From these curves ane from 
some interpolation, a preliminary reference design was 
selected which uses 15000 kg of Thermkeep and 83.6 sq m 
(900 sq ft) of surface area. The cost was estima ed at 
$27,880 with a total stcrage output of 3.225 x 10i kJ 
for $8.64/~J. A total efficiency of 0.911 was predicted. 

All data were obtained with only 10 numerical elements. 
It was determined that the grid size, beyond 10 or so, 
had a small effect on the computed performance. Figure 7 
shows the stable temperature swings for a 10 element grid 
and Figure 8 shows these for a 25 element grid. Using a 
finer grid improves the comp ted performance slightly to t a total output of 3.237 x 10 kJ for $8.61/~~ and an 
overall efficiency of ,914. Overlaying the two tempera- 
ture maps shows them to be similar except that the 25 
element grid has more definition (high frequency resolu- 
tion) as expected. T1 through T6 are key timec as de- 
scribed on Figure 9. 

The major effect of the 12-hour stand-by period (T2 to 
T3) is a loss of high temperature heat through the top 
of the unit. This heat is mainly sensible heat of the 
liquid phase above the melting range of the N~oH-8% 
NaN03 mixture (see Figure 81). This aspect of perform- 

ance (and others) might be improved by decreasing the 
NaNO content and thereby raising the melting range of 

3 
the mixture, so that the high temperature heat loss would 
come principally from latent rather than sensible heat. 



Figure 2. Overall efficiency as a function of 
Thermkeep mass, showing effect of heat 
exchhnger surface area. 



Figure 3 .  Overall eff ic iency fo r  constant Thermkeep mass 
a t  various heat exchanger surface areas .  
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F i g u r e  4 .  Cost o f  s t o r a g e  f o r  c o n s t a n t  h e a t  exchanger  
s u r f a c e  a r e a  a t  v a r i o u s  Thermkeep masses. 



F i g c r e  5. Cost o f  s t o r a g e  f o r  c o n s t a n t  Thermkeep mass 
a t  v a r i o u s  h e a t  exchanger  s u r f a c e  a r e a s .  
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Figure 6. Specific cost of storage for various TES 
designs at fixed overall efficiencies. 



F i g u r e  7 .  R e f e r e n c e  d e s i g n  w i t h  1 0  e l e m e n t  g r i d  
( p r e l i m i n a r y ) .  



F i g u r e  8 .  Reference d e s i g n  w i t h  2 5  element g r id  
( p r e l i m i n a r y ) .  
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Figure 9. Reference duty cycle. 



The fact that pure liquid with low specific heat exists 
above 578 K (305 C) is a contributing factor for the high 
temperature drops in this region during extraction of heat 
and during idle. In a unit design, it may be possible 
to use higher quality insulation only at the top and 
stainless steel outlet tubes to reduce loss. 

The preliminary reference design consists of 15000 kg 
of Thermkeep; 252 parallel coiled tubes, 0.635 cm 0.d. x 
0.457 cm i.d. x 23.1 m long (0.25' 0.d. x 0.180" i.d. x 
75.8 ft long); a vessel whose inside dimensions are 
2.23 m (7.31 ft) diameter by 2.23 m (7.31 ft) height. 
Total outside dimensions are 3.17 m (10.4 ft diameter 
by 3.19 m 10.5 ft) height. Total outlet capacity is i 3.237 x 10 kJ at 91.44% overall efficiency. Of the 
8.56% inefficiency, about 2.5% is due to surface losses 
which could be improved with high quality but expensive 
insulation. 

The next step was to evaluate the effects of minor param- 
eters. The preliminary reference design was used as a 
basis for all these parametric evaluations. Figure 1C 
shows the effect of increasing tube size. It can be 
shown from the cylindrical conduction equation that for 
equal surface areas and equal deposition of solid that 
small diameter tubes provide less conduction resistance 
so that the results were not unexpected. Clearly, the 
cost of storage increases and the overall efficiency de- 
creases with increasing tube size. 0.635 cm (1/4") 0.d. 
tubes are considered to be the smallest practical for fab- 
ricating the unit so that this size would be retained. A 
25-element grid was used here but 10 elements were used 
for the rest of the studies. 

Figure 11 shows the effect of variation in aspect ratio 
(vessel height/vessel diameter). As aspect ratio in- 
creases for the same volume, surface losses increase and 
axial conduction decreases. The results show decreasing 
performance with aspect ratio, suggesting that surface 
losses are more significant than axial conduction. In 
fact the decrease in efficiency can be attributed almost 
solely to increased insulation loss. From a pure surface 
loss standpoint, it can be shown a priori that an aspect 
ratio of 1 is an optimal configuration. The aspect ratio 
of 1 is therefore retained. 

Figure 12 shows the effect of increased fluid velocity, 
i.e., chanj-,ing tube lengths and number to achieve the 
same surface area with higher velocities and consequently 
higher pressure drops and pumping powers. While there is 



a n  expec t ed  performance improvement w i t h  i n c r e a s e d  ve loc-  
i t y ,  t h i s  must be  weighed a g a i n s t  i n c r e a s e d  pump power. 
I f  we assume t h a t  mechanica l  power i n  a t o t a l  energy 
system i s  o b t a i n e d  at  10% e f f i c i e n c y ,  t h e n  i n  t h e  ex t remes ,  
v i z . ,  76 kPa and 710 kPa (11 p s i  and 103  p s i ) ,  t h e  f o l -  
lowing i s  t r u e .  It t a k e s  57600 k i l o j o u l e s - t h e r m a l  t o  pro- 
duce t h e  5760 k i lo jou l e s -mechan ica l  r e q u i r e d  t o  pump f l u i d  
f o r  a day a t  76 kPa (11 p s i )  and 551160 k i l o j o u l e s - t h e r m a l  
t o  produce t h e  55116 k i lo jou l e s -mechan ica l  a t  710 kPa 
(103  p s i ) ,  a n e t  i n c r e a s e  of 493560 k i l o j o u l e s - t  e rmal .  I? The a d d i t i o n a l  1% o v e r a l l  e f f i c i e n c y  a t  3.2 x 1 0  k i l o -  
j o u l e s - s t o r a g e  p e r  day y i e l d s  32000 k i l o j o u l e s - t h e r m a l  
which i s  n o t  j u s t i f i e d .  Even from 76 kPa t o  145 kPa 
(11 p s i  t o  21  p s i ) ,  a n  a d d i t i o n a l  52560 k i l o j o u l e s - t h e r m a l  
i s  r e q u i r e d  t o  o b t a i n  0.35% o f  3.2 x l o 6  k i l o j o u l e s  o r  
9600 k i l o j o u l e s - t h e r m a l .  Thus, t h e  70 kPa (11 p s i )  s p e c i -  
f i c a t i o n  was accep ted .  The peak pump power i s  now 0.33 
kW-ideal v s .  3.12 kW a t  711 kPa (103  p s i )  and 0.64 kW at 
145 kPa ( 2 1  p s i ) .  Peak power may be reduced  by r educ ing  
peak a l l o w a b l e  f low which mev be worth  c o n s i d e r i n g .  

F i g u r e  1 3  shows t h e  e f f e c t  o f  i n s u l a t i o n  t h i c k n e s s  on 
t h e  p r e l i m i n a r y  r e f e r e n c e  d e s i g n .  Performance improves 
w i t h  i n s u l a t i o n  t h i c k n e s s  b u t  w i t h  d i m i n i s h i n g  r e t u r n s  
due l a r g e l y  t o  t h e  c y l i n d r i c a l  geometry.  The i n c r e a s e  
i n  c o s t  from 0.305 m ( 1 2 " )  t o  0.457 m (18") i s  $450 
which a f f o r d s  about  1%; t h e  i n c r e a s e  i n  c o s t  from 0.457 m 
(18")  t o  0 .61 m (24")  i s  $520 which a f f o r d s  0 .5%; t h e  
i n c r e a s e  i n  c o s t  from 0 .61  m (24") t o  0.76 m (30")  i s  
$600 which a f f o r d s  0 .2%.  The d e c i s i o n  was made t o  go 
t o  0.76 m (24")  o f  i n s u l a t i o n  b u t  i n  r e a l i t y  a  cos t -  
e f f e c t i v e n e s s  s tudy  f o r  a l l  parameters  ought  t o  b e  done 
which a s s e s s e s  t h e  impact on t h e  whole T o t a l  Energy System. 

F igu re  1 4  shows t h e  e f f e c t  of' peak a l l o w a b l e  s t o r a g e  f low 
due t o  f low modulat ion du?ing cha rg ing .  Beyond a  c e r t a i n  
p o i n t ,  t h e  e x c e s s  f low d o e s n ' t  p rov ide  any g a i n  s i n c e  t h e  
u n i t  can do no more t h a n  come t o  a  f u l l  cha rge .  Below 
t h a t  p o i n t  i nadequa t e  f low modulat ion p r e v e n t s  i n s u f f i -  
c i e n t  u n i t  r echa rge .  It would appea r  t h a t  something a  
b i t  s m a l l e r  t h a n  t h e  5  kg/second t o t a l  f low o r  3.5 kg/ 
second s t o r a g e  f low would be t o l e r a b l e  b u t  a r a p i d  d e t e -  
r i o r a t i o n  o f  performance e v e n t u a l l y  r e s u l t s .  For  now, 
t h e  5  kg/sec  ( 3 . 5  kg/sec s t o r a g e  f low)  w i l l  be r e t a i n e d .  

The f i n a l  r e f e r e n c e  d e s i g n  i s  now e s s e n t i a l l y  t h e  p r e l i m i -  
nary  r e f e r e n c e  d e s i g n  w i t h  0 .61  m ( 2 4 " )  o f  rock wool i n su -  
l a t i o n .  The e s t i m a t e d  u n i t  c o s t  i s  $28,399 w i t h  a  c a p a c i t y  
o f  3.24 x  l o 6  k i l o j o u l e s  o u t p u t ,  f o r  $8,765 p e r  thousand  
i c i l o jou l e s .  The t o t a l  e f f i c i e n c y  from a 25-element g r i d  
a n a l y s i s  i s  0,919 and t h e  i n s u l a t i o n  l o s s  i s  2 . 2 %  of  t h ?  
t o t a l  s t o r a g e  c a p a c i t y .  



Ef f 1 clency 

F i g u r e  1 0 .  E f f e c t  o f  t u b e  s i z e  on c o s t  and 
performance (25 element  g r i d ) .  
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Figui*e 11. Zffect of v e s s e l  aspect r a t i o  on 
cost and performance. 



Maximum Pressure Drop, kPa 

F i g u r e  1 2 .  E f f e c t  o f  f l u i d  v e l o c i t y  on c o s t  
and p e r f o r m a n c e  ( 1 0  e l e m e n t  g r i d )  



Figure 13. Effect of insulation thickness on cost 
and performance (10 element grid). 
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F i g u r e  14. Effect of peak allcwable storage 
flow on c o s t  and performance. 



Figure  15 is a map o f  t h e  movement o f  t h e  thermal  g r a d i e n t  
d u r i n g  s t a b l e  c y c l i c  o p e r a t i o n ,  f o r  a 25-element g r i d .  

The o v e r a l l  e f f i c i e n c y  is based upon t h e  i n s u l a t i o n  l o s s  
of 72,000 k i l o j o u l e s  and 213,500 a u x i l i a r y  i n p u t  t o  b r i n g  
t h e  f l u i d  t o  584 K (311  C ) .  A modlf ied e f f i c i e n c y  can 
be u t i l i z e d  which invo lves  b r i n g i n g  t h e  f l u i d  t o  580 K 
(307 C ) ,  t h e  s p e c i f i e d  minimum tempera ture ,  when i t  drops  
below t h i s  value.  Then t h e  modified a u x i l i a r y  i n p u t  be- 
comes 87,270 k i l o j o u l e s  and t h e  modi f ied  o v e r a l l  e f f i -  
c iency  becomes 0.953. F igure  16 is  a graph o f  t h e  f l u i d  
o u t l e t  t empera ture  vs .  c y c l e  t i m e  d u r i n g  d i s c h a ~ g e .  

The c o n f i g u r a t i o n  i s  now a v e s s e l  which is 2.23 m diam- 
e ter  by 2.23 m h e i g h t  (71411 diameter by 7'4" h e i g h t ) ,  
c o n t a i n i n g  252 t u b e s ,  0.635 cm 0.d. x 0.4572 cm i . d .  
(0.25" 0.d. x 0.180" i . d . ) ,  and 15,000 k g  (33,000 l b )  o f  
Thermkeep. The t o t a l  o v e r a l l  dimensions i n c l u d i n g  insu-  
l a t i o n  are 3.474 m d iameter  by  3.50 m h e i g h t  (111511 
d iameter  x 11'6" h e i g h t ) .  The t u b e s  would be c o n s t r u c t e d  
as i n d i v i d u a l  i d e n t i c a l  h e l i c a l  s p r i n g - l i k e  c o i l s ,  a l l  
p a r a l l e l  t o  each o t h e r  a l o n g  t h e  v e r t i c a l  a x i s  of  t h e  
u n i t  . 



Figure 15. Final full-scale reference design -- 
movement of thermal gradient. 
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SUBSCALE TES U N I T  

Fol lowing t h e  comple t ion  of  t h e  r e f e r e n c e  d e s i g n  f o r  t h e  
f u l l  s c a l e  u n i t ,  I t  was neces sa ry  t o  d e s i g n  a model t he rma l  
s t o r a g e  u n i t  of about  one- ten th  s c a l e .  Th i s  would be a  
r e a l i s t i c  e n g i n e e r i n g  model whose test d a t a  would p rov ide  
con f idence  t h a t  a f u l l  s c a l e  u n i t  would perform as ex- 
pec ted ,  i . e . ,  t h a t  a u n i t  s c a l e d  up from t h e  model would 
e s s e n t i a l l y  perform l i k e  t h e  model. If t h e  o r i g i n a l  
computer a n a l y s i s  were completely  : -  ' r e c t ,  t h e n  t h e  model, 
if d i r e c t l y  s c a l e d ,  would become ';he f u l l  s i z e  d e s i g n .  
However, s i n c e  i n c o r r e c t  d a t a  we;? used i n  t h e  r e f e r e n c e  
d e s i g n  and model des ign ,  as p r e v i o u s l y  d i s c u s s e d ,  and 
s i n c e  some a n a l y t i c a l  m o d i f i c a t i o n  would b e  expec ted ,  
t h e n  a d i r e c t  s c a l e u p  was n o t  expec ted  t o  t r u l y  p rov ide  
a f u l l  s i z e  des ign .  

The s u b s c a l e  u n i t  a n a l y t i c a l  d e s i g n  c o n s i s t e d  o f  two p a r t s .  
The f i r s t  p a r t  was t h e  examina t ion  o f  t h e  t h e o r e t i c a l  
c r i t e r i a  f o r  s c a l i n g  and t h e  second p a r t  was t h e  compu- 
t e r  a n a l y s i s  o f  model d e s i g n s  r e s u l t i n g  i n  a  c h o i c e  whose 
ou tpu t  c h a r a c t e r i s t i c s  were i n  some d i r e c t  r e l a t i o n s h i p  
t o  t h o s e  o f  t h e  f u l l  s c a l e  u n i t .  These t a s k s  are d e s c r i b e d  
below. 

S c a l i n g  Procedure 

There are a  number o f  methods f o r  a n a l y z i n g  e n g i n e e r i n g  
p roces ses  and d e s i g n i n g  s c a l e  models. The b e s t  of  t h e s e  
appea r s  t o  be  t o  w r i t e  t h e  d i f f e r e n t i a l  e q u a t i o n s  d e s c r i b -  
i n g  t h e  p roces s ,  non-dimensional ize  t h e  v a r i a b l e s ,  e x t r a c t  
c o e f f i c i e n t s  which a r e  d imens ion le s s  groups and set t h e s e  
groups e q u a l  t o  each  o t h e r .  

Using t h e  same assumptions i n  w r i t i n g  these e q u a t i o n s  a s  
i n  w r i t i n g  t h e  computer a n a l y s i s ,  one can w r i t e  t h e  d i f -  
f e r e n t i a l  e q u a t i o n s  f o r  i n f i n i t e s i m a l  e lements  i n  t h e  
h e i g h t  d i r e c t i o n .  An energy  b a l a n c e  i s  made around t h e  
element o f  s t o r a g e  medium which i n c l u d e s  a x i a l  conduct ion ,  
s u r f a c e  l o s s e s ,  and h e a t  t r a n s f e r  from ( o r  t o )  t h e  h e a t  
t r a n s f e r  f l u i d .  An energy ba l ance  around t h e  f l u i d  t h e n  
accounts  f o r  on ly  t r a n s f e r  t o  ( o r  from) t h e  s t o r a g e  e l e -  
ment. 

The d i f f e r e n t i a l  energy ba l ance  around an element i s  writ- 
t e n  as 



whi l e  t h e  energy  ba l ance  around the f l u i d  i s  w r i t t e n  as 

Note: A l l  symbols a r e  de f ined  i n  t h e  S c a l i n g  Procedure  
Symbol L i s t  p r e s e n t e d  as a fo ld-ou t  i n  Appendix E. 

Note t h a t  t h e  conduc t ion  down t h e  t u b e s  i s  t a k e n  a l o n g  t h e  
t u b e  l o c u s  s i n c e  i t  i s  c o i l e d .  The d e r i v a t i v e s  a l o n g  d s ,  
a t u b e  i n c r e m e n t a l  l e n g t h ,  may be t r a n s f e r r e d  t o  t h e  dx 
d i r e c t i a n  by 

s o  t h a t  



Moreover, making the s u b s t i t u t i o n s  

r e s u l t s  i n  the energy ba l ances  b e i n g  

a e f  ;P UAP (, - ,f, s - - + -  

a r( a" PcV 

The terms which now want t o  remain c o n s t a n t ,  i . e . ,  t h e  
c o e f f i c i e n t s  which a r e  d imens ionless  groups a r e  
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and t h e  0 i r . v )  and e f ( p , v )  w i l l  behave e x a c t l y  t h e  same i n  
t h e  model and i n  t h e  f u l l  s i z e  u n i t .  I n  f a c t ,  due t o  t h e  
tempera ture  dependence o f  many o f  t h e  p r o p e r t i e s ,  i t  i s  
d e s i r a b l e  t o  have t ( p , v )  and t f ( p , v )  behave t h e  same and 
t h e n  t h e  p r o p e r t i e s  at  any p o i n t  p,v w i l l  b e  i d e n t i c a l .  
Were it no t  f o r  t h i s  dependence, t h e  exper iment  could  be 
c a r r i e d  o u t  o*ler a d i f f e r e n t  t empera tu re  range  by s e l e c t -  
i n g  a  d i f f e r e n t  tL.  

While i t  i s  p o s s i b l e  t o  manipula te  t h e  c o e f f i c i e n t s  i n  a  
v a r i e t y  o f  ways and probably  a r r i v e  a t  a reduced s c a l e  
v e r s i o n  which i n  some way r e p r e s e n t s  t h e  r e a l  p r o c e s s ,  
c o n s i d e r  t h e  most impor t an t  t e rm i n  t h e  p r o c e s s ,  t h e  h e a t  
t r a n s f e r  between t h e  T-66 and t h e  Yhermkeep. Th i s  i s  
d e s c r i b e d  by t h e  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t ,  U ,  
which i s  composed of t h e  f l u i d - t o - w a l l  r e s i s t a n c e ,  t h e  
t u b e  wall i t s e l f ,  t h e  s o l i d  b u i l d  up on t h e  t u b e ,  and 
t h e  s o l i d  t o  l i q u i d  phase r e s i s t a n c e .  

Th i s  term i s  q u i t e  complex and i t  may be concluded t h a t  
t h e  b e s t ,  i f  no t  t h e  o n l y ,  way t o  a s s u r e  s i m i l i t u d e  would 
be t o  r e t a i n  the c y c l e  p e r i o d ,  P ,  t h e  t u b e  c o n f i g u r a t i o n ,  
t h e  amount o f  Thermkeep p e r  t ube ,  and t h e  flow p e r  t u b e .  
Then t h e  t u b e s  i n  t h e  model a c t  e s s e n t i a l l y  i d e n t i c a l l y  
t o  t h e  t u b e s  i n  t h e  f u l l  s c a l e  u n i t .  Th i s  i m p l i e s  t h a t  
t h e  model should  be  a f u l l  h e i g h t  v e r s i o n  of c ross -sec-  
t i o n a l  a r e a  reduced by t h e  s c a l i n g  f a c t o r  a s  well a s  t h e  
number of  t u b e s ,  t o t a l  f low, and i m p l i c i t l y  t h e  mass of  
s t o r a g e  medium. The du ty  c y c l e  i s ,  o f  cou r se ,  t h e  same 
w i t h  r e s p e c t  t o  t ime bu t  w i th  h e a t  f lows  reduced by t h e  
s c a l i n g  f a c t o r .  



Cons ider  what a s c a l i n g  l i k e  t h i s  does  t o  each  o f  t h e  
d imens ion l e s s  groups d e f i n e d  above.  

Th i s  term has  t h e  same v a l u e s  o f  k t ,  P ,  cs, and Lt f o r  

t h e  model and t h e  f u l l  s c a l e  u n i t .  The t o t a l  t ube  con- 
d u c t i o n  a r e a  i s  reduced by t h e  s c a l i n g  f a c t o r  s i n c e  t h e  
t o t a l  number of t u b e s  i s  reduced  a c c o r d i n g l y  and t h e  t o t a l  
mass o f  s t o r a g e  medium is  reduced a l s o  by t h e  s c a l i n g  
f a c t o r .  Thus, t h i s  term i s  unchanged. 

(C ka )  P 

csM hv 

The v a l u e s  o f  t h e  t he rma l  c o n d u c t i v i t i e s ,  k ,  P ,  c s ,  and hv 

a r e  i d e n t i c a l  f o r  t h e  model and t h e  f u l l  s i z e  u n i t .  If 
t h e  t h i c k n e s s  o f  t h e  v e s s e l  i s  reduced by  t h e  s q u a r e  r o o t  
o f  t h e  s c a l i n g  f a c t o r  and s i n c e  t h e  c i rcumference  o f  t h e  
v e s s e l  d rops  by t h e  s q u a r e  r o o t  o f  t h e  s c a l i n g  f a c t o r ,  
t h e n  a t e rm due t o  t h e  v e s s e l  w a l l  goes  down by  t h i s  f ac -  
t o r .  The medium a x i a l  conduct ion a r e a  a l s o  a u t o m a t i c a l l y  
d rops  by  t h e  s c a l i n g  f a c t o r .  I n  t h e  denominator ,  M d rops  
by t h e  s c a l i n g  f a c t o r  s o  t h a t  t h e  group remains  unchanged 
from model t o  f u l l  s c a l e .  

The v a l u e s  of  U ,  P ,  and cs a r e  i d e n t i c a l  i n  both t h e  model 
and t h e  f u l l  s i z e  u n i t ,  che r a t i o n a l e  f o r  equa l  U hav ing  
been a l r e a d y  e x p l a i n e d .  The tube  s u r f a c e  a r e a  is  s c a l e d  
down because o f  t h e  reduced number o f  t u b e s  and t h e  Therm-- 
keep t o t a l  mass i s  a l s o  s c a l e d  by t h e  same f a c t o r  s o  
t h a t  t h e  r a t i o  o f  A/M i s  unchanged, and t h e  group remains  
unchanged. 



P and P a r e  t h e  same whi l e  t h e  t o t a l  f low m i s  s c a l e d  
and t h e  t o t a l  volume o f  T-66 i n  t h e  t u b e s  i s  s c a l e d  s o  
t h a t  t h e  group remains unchanged. 

UAP - 
P cv 

The te rm U ,  P, p, and c  a r e  i d e n t i c a l  f o r  bo th  t h e  model 
and t h e  f u l l  s c a l e  u n i t  wh i l e  t h e  t ube  s u r f a c e  area and 
t h e  t o t a l  volume o f  T-66 i n  t h e  t u b e s  are s c a l e d  i d e n t i -  
c a l l y ,  Thus t h e  group remains unchanged. 

The va lues  o f  ki, hv, P ,  and c a r e  i d e n t i c a l  for t h e  model s 
and t h e  f u l l  s c a l e  u n i t .  R e t a i n i n g  t h e  e q u a l i t y  of  t h e  
groups r e q u i r e s  s e t t i n g  

1 1 

model .S. 

Noting t h a t  t h e  s t o r a g e  medium masses a r e  i n  t h e  r a t i o  
of  t h e  s c a l i n g  f a c t o r ,  R ,  t h i s  r e q u i r e s  t h a t  



R e f e r r i n g  t o  t h e  r e f e r e n c e  d e s i g n  d i s c u s s i o n s  

which i s  t o  say t h a t  

= ( 1 . 5 6 1 ~ '  = 85.4. 

model 

The model shroud  would b e  60 m ( 1 9 7 ' )  i n  d i ame te r !  T h i s  
i s  caused by t h e  c y l i n d r i c a l  conduc t ion  geometry and t h e  
f a c t  t h a t  t h e  v e s s e l  s u r f a c e  d e c r e a s e s  on ly  as t h e  squa re  
r o o t  o f  t h e  s c a l i n g  f a c t o r .  

The a o l u t i o n  t o  t h i s  problem was t o  reduce  t h e  s u r f a c e  
l o s s e s  i n  a d i f f e r e n t  way. Ra ther  t h a n  i n c r e a s e  t h e  
i n s u l a t i o n  t h i c k n e s s ,  we can use  a  r e a s o n a b l e  i n s u l a t i o n  
t h i c k n e s s  and reduce  t h e  t empera tu re  d i f f e r e n c e  between 
t h e  model v e s s e l  and t h e  model shroud .  Th i s  i n v o l v e s  t h e  
h e a t i n g  of  t h e  shroud  t o  an adequa t e ly  high t e m p e r a t u r e .  
Consequently,  f o r  s a f e t y  r ea sons  and t o  conserve  t h e  
amount o f  shroud h e a t i n g  r e q u i r e d  t o  ma in t a in  a  d e s i r e d  
temperature, a n o t h e r  l a y e r  o f  i n s u l a t i o n  and an o u t e r  
unheated shroud a r e  used.  



The u s e  o f  th: d i f f e r e n t i a l  e q u a t F o n s  t o  s c ~ l e  t h e  f u l l  
s i z e  u n i t  n e g l e c t s  t h e  h e a t  t r a n s f e r  a t  t h e  t o p  and b o t -  
tom e n d s  o f  t h e  u n i t ,  However, i t  s h o u l d  b e  c l e a r  t h a t  
s i n c e  t h e  c r o s s - s e c t i o n a l  a r e a  o f  t h e  u n i t  h a s  been  re- 
duced by t h e  s c a l i n g  f a c t o r ,  and s i n c e  t h e  number o f  
t u b e s  h a s  a l s o  been r e d u c e d  a c c o r d i n g l y ,  t h e  end l o s s e s  
a p p r o x i m a t e l y  go down by t h e  s c a l i n g  f a c t o r  a s  well .  

S u b s c a l e  U n i t  Des ign  

As was d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n ,  t h e  s c a l i n g  
g u i d e l i n e s  are s t r a i g h t f o r w a r d  and t h e  model was d e s i g n e d  
as a  f u l l  h e i g h t  c y l i n d r i c a l  s e c t i o n  o f  t h e  f u l l  s c a l e  
u n i t .  The c r o s s - s e c t i o n a l  a r e a  is o n e - t e n t h  of t h a t  of  

o r  .316 t h e  f u l l  s c a l e  s o  t h a t  t h e  d i a m e t e r  i s  - 
F 

o f  c h a t  o f  t h e  f u l l  s c a l e  u n i t .  The number o f  t u b e s  was 
reduced  from 252 t o  25 b u t  t h e  l e n g t h  & a s  i d e n t i c a l .  

The m a j o r  a n a l y t i c a l  d e s i g n  t a s k  w i t h  r e s p e c t  t o  t h e  model 
was t h a t  o f  s e l e c t i n g  a  t e m p e r a t u r e  t o  which t o  b r i n g  t h e  
h e a t e d  i n n e r  s h r o u d  i n  o r d e r  t o  s u f l ' i c l e n t l y  r e d u c e  t n e  
s u r f a c e  l o s s e s  from t h e  v e s s e l .  The r e s u l t  o f  t h i s  was 
t h a t  t h e  model would c o n t a i n  45.7 cm ( 1 3 " )  o f  m i n e r a l  
wool i n s u l a t i o n  between t h e  v e s s e l  and t h e  h e a t e d  s h r o u d  
and t h e  s h r o u d  t e m p e r a t u r e  would b e  m a l q t a i n e d  a t  498 K 
(225  C). The u n i t  would t h e n  have  L n 3 t n e r  1 5 . 2  cm ( 6 " )  
o f  i n s u l a t i o n  c o n t a i n e d  by an o u t e r  s h r ~ u d .  

The c r i t e r i o n  was used  t h a t  t h e  s u r f a c e  l o s s e s  De t h e  
same f r a c c i o n  o f  t h e  t o t a l  c a p a c i t y  i n  b o t h  t h e  model and 
t h e  f u l l  s i z e  u n i t .  While t h i s  c r i t e r i o n  was met, t h e r e  
is  a  d i f f e r e n c e  between t h e  moC?l and t h e  f u l l  s l z e  u n i t .  
S i n c e  t h e  e f f e c t i v e  ambien t  t e m p e r a t u r e  has b?en i n c r e a s e d  
and s i n c e  t h e r e  e x i s t s  a e r a d i e n t  f r o n  t h e  bot tom t o  t h e  
t c p  o f  t h e  v e s s e l ,  t h e  d i s t r r b u t i o n  o f  t e m p e r a t u r e  d i f -  
f e r e n c e  between t h e  v e s s e l  and ambient  i s  d i s t o r t e d .  

I n  t h e  f u l l  s c a l e  u n i t ,  w i t h  an ambient  t e m p e r a t u r e  o f ,  
s a y ,  296 K ( 2 3  C ) ,  a  t o p  end t e m p e r a t u r e  o f  584 K ( 3 1 1  C )  
and a bot tom end t e m p e r a t u r e  o f  516 K ( 2 4 3  C ) ,  t h e  r a t i o  
o f  AT'S compar ing t h e  t o p  t o  t h e  b o t t ~ m  is  !584-296)/  
(516-296) = 1 . 3 1 .  I n  t h e  model ,  w i t h  a n  e f f e c t i v e  ambient  
t e m p e r a t u r e  of  498 K ( 2 2 5  C )  and t h e  same t o p  and bo t tom 
end t e m p e r a t u r e ,  t h e  r a t i o  o f  AT'S i s  (584-498) / (516-498)  = 
4 .78 .  C o n s e q u e n t l y ,  w h i l e  t h e  t n t , a l  s u r f a c e  l o s s  i s  I n  
t h e  r i g h t  p r o p o r t i o n ,  t h e  t o p  end o f  t h e  u n i t  i s  p e n a l i ~ ~ e d  



somewhat i n  t h a t  it l o s e s  r e l a t i v e l y  more h e a t  t h a n  i t  
does i n  t h e  f u l l  s i z e  u n i t ,  S i n c e  o v e r a l l  t h e  s u ~ f a c e  
l o s s e s  a r e  on ly  a couple  o f  p e r c e n t  o f  t h e  t o t a l  c a p a c i t y  
p e r  day, t h e  r e d i s t r i b u t i o n  s h o - ~ l d  be unimportant .  

F jgure  17 shows t h e  s t o r a g e  response  t o  s o l a r  c y c l e  dy- 
namics f o r  t h e  1/10 s c a l e  model. Th i s  may b e  compared 
w i t h  F igu re  1 5  (page 69), t h e  response  f o r  t h e  f u l l  s c a l e  
u n i t .  It i s  s u b s t a n t i a l l y  i d e n t i c a l .  F igu re  18  shows 
t h e  f l u i d  o u t l e t  t empera ture  at  t h e  h o t  end ( d u r i n g  d i s -  
charge)  vs .  c y c l e  t i m e  f o r  t h e  model. Th i s  may be com- 
pared  wi th  F i g u r e  1 6  (page 71 )  For t h e  f u l l - s c a l e  u n i t .  
Again, t h e  two a r e  s u b s t a n t 4 a l l y  t h e  same. Note, however, 
t h a t  t h e s e  r e s u l t s  were o b t a i n e d  w i t h  t h e  i n c o r r e c t  en- 
t ha lpy  as was t h e  r e f e r e n c e  des ign .  They are shown t o  
demonstrate  s i m i l a r i t y  between t h e  two d e s i g n s .  

The model i s  b a s i c a l l y  an  i n s u l a t e d  v e r t i c a l  c y l i n d e r .  
The s t o r a g e  v e s s e l  is 0.70 m (27.5")  d i amz te r  by 2.23 m 
(87.8") t a l l .  S ince  i t  has  0.152 m (6")  o f  i n s u l a t i o n  
Setween t h e  hea t ed  shroud and t h e  o u t s i d e  shroud,  t h e  
o v e r a l l  s i z e  i s  1.93 m (6 '4")  d i ame te r  by 3.45 m ( 1 1 ' 4 " )  
t a l l .  Th i s  i s  somewhat l a r g e  f o r  t h e  Comstock & Wescott 
b u i l d i x g  s o  i t  was i n s t a l l e d  i n  an a r e a  where a t h r e e  
f o o t  deep p i t  had been p r e v i o u s l y  c o n s t r u c t c d  f o r  a  s i m i -  
l a r  p r o j e c t .  

P rov i s ion  was made t o  remove t h e  h e a t  exchanger ( shou ld  
a T-66 l e a k  deve lop) .  The c o l d  s i d e  i n l e t  comes i n t o  
t h e  u n i t  from t h e  t o p  ( o r  h o t  s i d e )  v i a  an i n s u l a t e d  
duc t  s o  t h a t  h e a t  i s  n o t  t r a n s f e r r e d  t o  t h e  T-66 p a s s i n g  
through i t  (due t o  c o n t a c t  w i t h  h o t  end Thermkeep). 
Heat ing e lements  were i n s t a l l e d  t o  keep t h e  Thermkeep 
l i q u i , l  o r  b r i n g  i t  back t o  t h e  l i q u i d  s t a t e  t o  f a c i l i -  
t a t e  replacement  o f  t h e  h e a t  exchanger a f t e r  r e p a i r .  

The v e s s e l  c o n t a i n s  1530 kg o f  Thermkeep and 2 5  t u b e s ,  
8 . 6 3 5  cn ( 1 / 4 " )  0 .d .  by 23.1 m ( 7 5 ' 9 " )  l o n g ,  through 
which t h e  T-66 p a s s e s .  Measurements o f  t empera tu re  were 
made on t h e  v e s s e l  s u r f a c e  and v i a  h o r i z o n t a l  wells  e x -  
t end ing  i n t o  t h e  v e s s e l .  These save a measure o f  t h e  
Thcrmkeep thermal  g r a d i e n t .  T h e i r  meaning and p o s i t i o n -  
i n g  w i l l  be d i s c u s s e d  i ' .~lder d a t a  a n a l y s i s .  



C o n s t r u c t i o n  o f  S u b s c a l e  TES Un i t  

The s t o r a g e  u n i t  i s  comprised of :  

... h s t e e l  v e s s e l  

... a he?: exchanger  which does  n o t  pene- 
t r a t e  t h e  bottom and i s  hung from t h e  
l i d  o f  t h e  v e s s e l  

... a n ~ m b e r  o f  thermocouples  set i n t o  
wells which p e n e t r a t e  t h e  v e s s e l  

... a number o f  thermocouples  bonded t o  
t h e  s u r f a c e  o f  t h e  v e s s e l  

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

. . . 45.7 cm (18") o f  m i n e r a l  wool i n s u l a -  
t i o n  

... a l i g h t  gage s h e e t  me ta l  i n n e r  shroud  
t o  which a r e  f a s t e n e d  f l e x i b l e  i n su -  
l a t e d  h e a t i n g  wires 

... 15.2 cm (6") o f  m i n e r a l  wool i n s u l a -  
t i o n  

... a n  o u t e r  shroud  

. . . suppor t  l e g s  

. . . s u p p o r t  s t r u t s  

The v e s s e l  was purchased  froin an  o u t s i d e  shop. It  s t a n d s  
2.44 m (96") t a l l ,  ha s  an  0.d.  o f  .718 m (28") ;  t h e  s i d e  
w a l l  i s  . 6 3  cm (1/4")  t h i c k ,  and t h e  base  p l a t e  i s  1.27 cm 
(1/2") t h i c k .  Twenty h o l e s  are d r i l l e d  i n t o  t h e  v e s s e l  
f o r  Z n s e r t i o n  o f  t h e  thermocouples .  F igu re  1 9  i s  a photo- 
graph o f  t n e  v e s s e l  l y i n g  on i t s  s i d e  w i t h  t h e  thermo- 
couple  w e l l s  pa re t i a l l y  i n s e r t e d .  

F igu re  20 shows haw t h e  thermocouple w e l l s  a r e  formed. 
Type J ( i r o n - c o n s t a n t a n )  thermocouple w i r e  was s t r i p p e d  
nea r  t h ~  end and i n s e r t e d  i n t o  t h e  s t e e l  w e l l .  The end o f  
t h e  w e l l  was p inched  t o  clamp t h e  ends o f  t h e  w i r e s  and 
t h e  f l a t t e n e d  end was welded t o  s e a l  i t .  The wells were 
i n s e r t e d  from i n s i d e  t h e  v e s s e l  t o  t h e  p r o p e r  dep'k, and 
welded from t h e  o u t s i d e  t c  t h e  v e s s e l  w a l l .  



Element Number 

F i g u r e  17 .  1 /10  model d e s i g n  Thermkeep 
thermal energy storage u n i t .  



- 
d 

Break f o r  12-hour standby 

I 

----- 
I I Amount o f  Thermkeep 1500kg 

I 
'*\ I 

Number o f  tubes  2 5 

I Tube od/ld 0.635cm/0.457cm 

\. Tube l eng th  23. l m  
\ I Capacity 3 .  2 4 x l o 5 k ~  

.. \I Heated shroud I 
498K/l8"ins. 

F i g u r e  18. 1/10 model d e s i g n  -- Thermkeep Thermal  Energy  Storage U n i t .  
Variation of Therminol-66 outlet temperature during discharge. 



























SUBSCALE TEST SYSTEM 

A f a c i l i t y  has  been b u i l t  which was used t o  t e s t  t h e  
performance o f  t h e  model s t o r a g e  u n i t .  This  f a c i l i t y  
i s  requ i red  t o  d e l i v e r  ho t  T-66 t o  t h e  u n i t  d u r i n g  charg- 
i n g  w i t h  p r o v i s i o n  made t o  r e h e a t  t h e  o u t l e t  T-66 as 
would be  done by t h e  s o l a r  c o l l e c t o r s  i n  t h e  f u l l - s c a l e  
i n s t a l l a t i o n .  On t h e  o t h e r  hand, it is r e q u i r e d  t o  de- 
l i v e r  coo l  T-66 t o  t h e  u n i t  d u r i n g  d i s c h a r g i n g  wi th  pro- 
v i s i o n  made t o  r e c o o l  t h e  o u t l e t  T-66 as would be done 
by t h e  to luene  b o i l e r  i n  t h e  f u l l  s c a l e  i n s t a l l a t i o n .  

The test modes, i n c l u d i n g  t h e  s o l a r  d a i l y  c y c l e  simula- 
t i o n ,  were t o  be c h a r a c t e r i z e d  by cons tan t  i111st tcmp- 
e r a t u r e  of  t h e  T-66 30 th  d u r i n g  charg ing  and d ischarg-  
ing ,  b u t ,  mainly i n  s o l a r  c y c l e  t e s t i n g ,  by v a r i a b l e  
flow r a t e .  The o p e r a t i o n  o f  t h e  c o l l e c t o r  f i e l d  i n  t h e  
Sandia Labora to r i e s '  system main ta ins  a f i x e d  c o l l e c t o r  
o u t l e t  tempera ture  o f  584 K (311 C )  by v a r i a t i o n  o f  T-66 
flow rate o r  dumping o f  excess  hea t  i f  flow c o n t r o l  can- 
not  keep t h e  temperature dowr due e i t h e r  t o  i n t e n s e  heat-  
i n g  o r  l a c k  o f  a v a i l a b l e  s t o r a g e  capac i ty .  

Consequently, T-66 -:s supp l i ed  t o  t h e  model s t o r a g e  u n i t  
from a h igh  c a p a c i t y ,  w e l l  mixed r e s e r v o i r  c o n t r o l l e d  t o  
t h e  a p p r o p r i a t e  d e l i v e r y  tempera ture .  F igure  29 i s  a 
schematic diagram o f  t h e  t e s t  appa ra tus .  I t  does not  
show i n c i d e n t a l  d e t a i l s ,  such as s a f e t y  re l . ie f  va lves ,  
over-temperature s a f e t y  s h u t o f f s  and low l i q u i d  l e v e l  
s a f e t y  s h u t o f f s ,  p r e s s u r e  gauges,  and tempera ture  s e n s o r s  
i n s t a l l e d  i n  t h e  a c t u a l  system. 

The r e s e r v o i r  i s  a  66 g a l l o n  h o r i z o n t a l  c y l i n d r i c a l  s t e e l  
vesse l .  It i s  conta ined  i n  a  r e c ~ a n g u l a r  s h e e t  s t e e l  box 
i n s u l a t e d  by  minera l  wool. S e t  p ~ i n t  tempera ture  i s  rnain- 
t a i n e d  by  t h r e e  10-ki lowat t ,  480 V t u b u l a r  e l e c t r i c  imrner- 
s i o n  h e a t e r s .  This  a l lows  supply o f  t h e  r a t e d  2 5  kW of  
h e a t i n g  t o  t h e  T-66 p l u s  a  margin t o  compensate f o r  l o s s e s .  

Control  f o r  t h e  h e a t e r s  t o  main ta in  s e t  p o i n t  i s  provided 
by a  p r o p o r t i o n a l  p l u s  r e s e t  p l u s  rate type of d r i v e r  
and a s o l i d  s t a t e  ze ro -c rossover - f i r ing  power c o n t r o l l e r  
r a t e d  a t  41 kVA. The r a t e  func t ion  provides  f a s t  response 
while  t h e  r e s e t  f e a t u r e  provides  long t e r n  accuracy on 
set p o i n t .  A high temperatui-e water  cooled centrifu;:al 
c i r c u l a t i n -  pump i s  used t o  mix t h e  T-66 i n  t h e  r e s e r v o i r  
t o  prevent  thermal  s t r a t i f i c a t i o n  and t h e  vonsequent poor 
temperature c o n t r o l  which was exper ienced  be fo re  i n s t a l l a -  
t i o n  of t h e  pump. 



When t h e  mode of  pera at ion of t h e  s t o r a g e  u n i t  is t h a t  
o f  charging,  t h e  T-66 e x i t s  from t h e  bottom manifold 
c o o l e r  t h a n  i t  en te red .  Then t h e  h e a t e r s  a r e  a l l  t h a t  
are r e q u i r e d  t o  maintain'  d e l i v e r y  tempera ture .  On t h e  
o t h e r  hand, du r ing  the d i s c h a r g i n g  mode, t h e  T-66 e x i t s  
from t h e  t o p  manif012 h o t t e r  t h a n  d e l i v e r y  tempera ture .  
Here t h e  coo l ing  whict, t h e  to luene  b o i l e r  would cause  
must be provided. 

This  coo l ing  i s  done ,:I a h e a t  exchanger immersed i n  
water i n  a 55-gallon drum. The h e a t  exchanger  is  formed 
by two h e l i c a l  c o i l s  o f  2.54 cm (1") copper  t u b i n g  mani- 
fo lded  i n  p a r a l l e l .  F a c i l i t y  water  f lows i n t o  t h e  drum 
a t  t h e  bottom and e x i t s  h o t t e r  from a d r a i n  on t h e  s i d e  
o f  t h e  drum n e a r  t h e  top .  The hea t  exchanger and water  
flow r a t e  were chosen t o  i n h i b i t  b o i l i n g  o f  t h e  wa te r  
(assuming a 584 K (311 C )  T-66 i n l e t  t empera tu re ) ,  s o  
t h a t  energy ba lances  could be made from measured water  
tempera ture  and flow r a t e s .  

The performance of  t h e  hea t  exchanger was c a l c u l a t e d  s o  
t h a t ,  wi thout  having t o  a d j u s t  t h e  f low o f  water ,  t h e  
T-66 would b e  a t  l e a s t  cooled below se t -po in t  d e l i v e r y  
temperature.  Moreover, it should never  overcool  s o  much 
t h a t  t h e  30 kW of h e a t i n g  c a p a c i t y  would be i n s u f f i c i e n t  
t o  r e t u r n  t h e  T-66 t e m p e r a t u ~ e  t o  s e f  p o i n t .  Therefore ,  
no coo l ing  c o n t r o l  is r e q u i r e d ,  t h e  c o o l e r  i s  completely 
pass ive ,  and t h e  h e a t i n g  c o n t r o l ,  which i s  q u i t e  depend- 
a b l e ,  is  used bo th  f o r  charg ing  and d i s c h a r g i n g  t e s t s  t o  
hold a  cons tan t  d e l i v e r y  tempera ture .  

The expansion t ank ,  which compensates f o r  t h e  change i n  
dens i ty  of  t h e  T-66 w i t h  tempera ture  changes,  was fash- 
ioned a f t e r  t h e  g u i d e l i n e s  desc r ibed  by Monsanto Company 
brochure,  "Therminol Heat T r a n s f e r  F l u i d s ,  a Design, 
Operating, and Maintenance Guide f o r  Low-Cost, Low-Pres- 
s u r e  Heat T r a n s f e r  Systems." The c a p a c i t y  of t h e  tank  i s  
such t h a t  t h e  l e v e l  o f  t h e  T-66 stays w i t h i n  t h e  tank  
r e g a r d l e s s  of  t h e  tempera ture .  It has a  side-rr2unted 
s i g h t  g l a s s  t o  observe t h e  T-66 l e v e l .  A s l i g h t  p res su re  
of  dry n i t r o g e n  gas i s  maintained above t h e  T-66 t o  pre- 
vent ox ida t ion  i f  a i r  were p r e s e n t .  A low l e v e l  s a f e t y  
swi tch  which s h u t s  of f  t h e  r e s e r v o i r  h e a t e r s  was i n s t a l l e d .  

The T-66 i s  pumped t o  t h e  s t o r a g e  u n i t  by a  high tempera- 
t u r e  r o t a r y  pump wi th  g r a p h i t e  a s b e s t o s  packing. Maximum 
flow i s  7 .5  gpm. The pump i s  d r iven  by  a shunt  wound d .c .  
motor c o n t r o l l e d  by a  motor c o n t r o l l e r  which can be oper- 
a t ed  e i t h e r  manually o r  by command from an analog c o n t r o l  
system. The l a t t e r  o p t i o n  was r equ i red  t o  a l low schedul ing  
of t h e  T-66 flow r a t e  f o r  s o l a r  c y c , e  s imula t ion .  



Figu re  2 9 .  Test c i i ~ u i t  schematic.  
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A high  t empera tu re  t u r b i n e  f lowmeter  i s  used i n  conjunc- 
t i o n  w i t h  a flow rate moni tor  (D/A c o n v e r t e r )  t o  g e n e r a t e  
a flow s i g n a l .  The f low s i g n a l  i s  used as a measure o f  
t h e  T-66 flow rate and a l s o  as a feedback s i g n a l  f o r  a n  
ana log  flow c o n t r o l  c i r c u i t  commanding t h e  motor c o n t r o l -  
ler  f o r  t h e  d e l i v e r y  pump. 

Two groups of v a l v e s  can be  seen  on t h e  schemat ic  diagram 
(F igu re  2 9 ) .  One group (Vl-V4) i s  f o r  r e g u l a t i o n  o f  
f u n c t i o n  of t h e  expansion t a n k .  During s t a r t u p ,  V 1  and 
V2 are open, V3 and V4 are c l o s e d .  T h i s  a l l ows  T-66 t o  
p a s s  th rough t h e  expansion t a n k  f o r  d e a e r a t i o n .  A f t e r  
a s h o r t  p e r i o d  o f  t i m e ,  V3 i s  opened, V 1  and V2 a r e  
c lo sed ,  and V4 which is  smaller and on a s m a l l e r  d i ame te r  
p i p e  i s  open. T h i s  va lve  and p i p e  a r e  s i z e d  s m a l l e r  s o  
t h a t  t h e  expansion is  al lowed b u t  t he rma l  syphoning o f  
t h e  T-66 i s  i n h i b i t e d .  

The second group o f  f o u r  v a l v e s  ( ~ 5 - ~ 8 )  c o n t r o l s  t h e  f low 
d i r e c t i o n  t o  t h e  thermal  s t o r a g e  u n i t .  During a cha rg ing  
tes t  ( h e a t i n g  t h e  s t o r a g e  medium), T-66 f lows from t h e  
r e s e r v o i r  th rough va lve  V7 (V8 i s  c l o s e d ) ,  i n t o  t h e  t o p  
manifold o f  t h e  u n i t ,  th rough t h e  h e a t  exchanger ,  ou t  of  
t h e  bottom manifold,  th rough va lve  V6 (V5 i s  c l a s e d )  and 
back t o  'he r e s e r v o i r  f o r  r e h e a t i n g .  During a d i s c h a r g e  
tes t  ( c o o l i n g  o f  t h e  s t o r a g e  medium and h e a t i n g  of  t h e  
T-66), T-66 f lows  from t h e  r e s e r v o i r  th rough va lve  V 5  
(v6 is  c l o s e d ) ,  i n t o  t h e  b o t t o n  mani fo ld ,  th rough t h e  h e a t  
exchanger,  o u t  o f  t h e  t o p  mani fo ld ,  th rough v a l v e  ~8 (V7 
i s  c l o s e d ) ,  th rough a h e a t  exchanger  which c o o l s  t h e  T-66 
w i t h  f a c i l i t y  water t o  below t h e  r e s e r v o i r  c o n t r o l  tempsra- 
t u r e  and back t o  t h e  r e s e r v o i r  f o r  r e h e a t i n g .  

F igu re  30 i s  a photograph of a l l  of t h e  aforement ioned 
components o f  t h e  t e s t  f a c i l i t y  excep t  f o r  t h e  expans ion  
t a n k  which i s  e l e v a t e d  beyond t h e  upper  edge of t h e  photo- 
graph.  The drum, c o n t a i n i n g  t h e  h e a t  exchanger f o r  cool-  
i n g  t h e  T-66, i s  i n  t h e  l e f t  foreground wi th  t h e  d r a i n  t o  
t h e  l e f t  s i d e .  The r e c t a n g u l a r  box t o  t h e  r e a r  c o n t a l n s  
t h e  T-66 hea t ed  r e s e r v o i r .  Connec t ior~s  t o  t h e  upper  and 
lower mani fo lds  o f  t h e  s t o r a g e  u n i t  a r e  i n  t h e  r i g h t  
foreground w i t h  t h e  edge o f  t h e  p i t  c o n t a i n i n g  t h e  u n i t  
a l s o  v i s i b l e .  Th i s  photograph was t aken  b e f o r e  t h e  p i p e s  
were i n s u l a t e d  w i t h  F i b e r g l a s .  

P r e s s u r e  measurements u s i n g  s t a n d a r d  Bourdon-tube gauges 
were made a t  v a r i o u s  p o i n t s  i n  t h e  c i r c u i t :  upstream of  
t h e  h igh  t empera tu re  r o t a r y  pump; between t h e  pump and 
f i l t e r ;  between t h e  f i l t e r  and t h e  flowmeter;  upper hea t  
exchanger manifold;  and lower h e a t  exchanger manifold.  





I n  a d d i t i o n  t o  t h e  tempera ture  measurements i n s i d e  t h e  
s t o r a g e  u n i t ,  c e r t a i n  t empera tu re s  were measured i n  t h e  
e x t e r n a l  c i r c u i t :  water supply  tempera ture ,  w a t e r  d r a i n  
tempera ture ;  T-66 t empera tu re s  i n t o  and ou t  of t h e  c o o l e r  
hea t  exchanger;  upper  and lower mani fo lds  o f  t h e  s t o r a g e  
hea t  exchanger;  and two p o i n t s  i n s i d e  t h e  hea t ed  reser- 
v o i r  p l u s  t h e  c o n t r o l  p o i n t  which i s  n e a r  t h e  d e l i v e r y  
tube .  A l l  t empera tu re  s e n s o r s  a r e  t y p e  J ( i ron -cons t an tan )  
thermocouples.  

F igu re  31 i s  a b lock  diagram schemat ic  o f  t h e  c i r c u i t  
l o g i c  f o r  t h e  ana log  f low c o n t r o l  c i r c u i t .  The feed-  
back loop  con:pares t h e  measured f low rzte from t h e  out-  
pu t  of t h e  flowmeter w i t h  a  d e s i r e d  f low r a t e  and causes  
t h e  motor c o n t r o l l e r  t o  a d j u s t  pump speed u n t i l  t h e  e r r o r  
i s  e f f e c t i v e l y  z e r o .  For  s t e a d y  f low rate t e s t i n g ,  a 
f i x e d  v a l u e  of  d e s i r e d  flow i s  i n p u t  t o  t h e  comparator .  
The rest  of t h e  c i r c u i t r y  i s  used t o  progTam t h e  f!ow 
us ing  t h e  cam program c o n t r o l l e r .  

The b lock  f u n c t i o n  q ( t )  r e p r e s e n t s  t h e  cam program con- 
t r o l l e r .  To use  i t ,  one t a k e s  a c i r c u l a r  d i s k ,  which 
r o t a t e s  a t  a  prede te rmined  r a t e  i n  t h e  c o n t r o l l e r ,  and 
forms t h e  d e s i r e d  f u n c t i o n  by c u t t i n g  t h e  d i s k  accord-  
i n g l y .  A cam f o l l o w e r  d i s p l a c e s  an amount de te rmined  by 
t h e  d i s k  p a t t e r n  and g e n e r a t e s  a  0 t o  8 VDC a n a l o g  s i g n a l .  
Normally t h i s  i s  coupled t o  an a p p r o p r i a t e  t empera tu re  
c o n t r o l l e r  which t h e n  could,  f o r  example, r e p l a t e  a 
furnace  t empera tu re  t o  ach ieve  a  c e r t a i n  c o n t r o l l e d  pro- 
c e s s .  

I n  t h i s  ca se  t h e  c o n t r o l l e r  ou tpu t  i s  t aken  t o  be a  r a t e  
of h e a t  f low, e i t h e r  t h e  exces s  h e a t  from t h e  s o l a r  c o l l e c -  
t o r s  which one i s  a t t e m p t i n g  t o  pu t  i n t o  s t o r a g e ,  o r  t h e  
hea t  d e f i c i e n c y  o f  t h e  s o l a r  c o l l e c t o r s  which one i s  
a t t empt ing  t o  e x t r a c t  from s t o r a g e .  As was d i s c u s s e d  i n  
t h e  s e c t i o n  on a n a l y s i s ,  t n e  flow r a t e  t o  t h e  s t o r a g e  
u n i t  i s  determined d i f f e r e n t l y  f o r  cha rg ing  t h a n  f o r  ?is- 
charg ing .  

The s t o r a g e  u n i t  i s ,  i n  essence ,  a  l a r g e  thermal  regenera-  
t o r .  It is  c h a r a c t e r i s t i c  o f  such a  dev ice  t h a t ,  a s  hea t -  
i n g  o r  c o o l i n g  proceeds ,  t h e  o u t l e t  t empera tu re  o f  t h e  
f l u i d  changes.  During d i s c h a r g e ,  t h e  d e l i v e r y  tempera- 
t u r e  t o  t h e  b o i l e r  w i l l  drop and d u r i n g  cha rg ing ,  t h e  
d e l i v e r y  t empera tu re  t o  t h e  s o l a r  c o l l e c t o r s  w i l l  r i s e .  
I n  t h e  former ca se ,  t h e  tempera ture  d e f i c i e n c y  i s  accep ted  
and i t  i s  assumed t h a t ,  p o s s i b l y ,  ? - e m s  3f  b o o s t i n g  t h e  
tempera ture ,  e . g . ,  a  f 'uel- f i red burner would be provided .  
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Fi3ure 31. Main T-66 pump control circuit schematic. 



I n  t h e  l a t t e r  case ,  i t  i s  assumed t h a t  t h e  f low rate 
through t h e  c o l l e c t c r s  would be i n c r e a s e d  t o  a t t empt  t o  
absorb a l l  t h e  h e a t  c o l l e c t e d  i n  t h e  f a c e  o f  a  diminish-  
i n g  tempera ture  r i s e ,  The a d d i t i o n a l  c i r c u i t r y  shown 
accomplishes t h i s  a d d i t i o n a l  flow r a t e  adjustment .  

For d i scha rg ing ,  a cam i s  c u t  which o u t p u t s  t h e  d i f f e r -  
ence between t h e  f i x e d  flow r a t e  demanded by t h e  b o i l e r  
and t h e  flow r a t e  which i s  expected from t h e  s o l a r  co l -  
l e c t o r s  as desc r ibed  by t h e  c h a r a c t e r i s t i c  curve .  The 
m u l t i p l i e r  (M2) shown on t h e  b lock  diagram would be Ly -  
passed and t h e  flow demanded would be i n  d i r e c t  propor- 
t i o n  t o  t h e  m t p u t  of' t h e  program c o n t r o l l e r .  The shape 
of  t h e  f low demand i s  such t h a t  flow begins  a t  zero i n  
t h e  l a t e  a f t e rnoon  when t h e  c o l l e c t o r  output  becomes 
equal  t o  t h e  b o i l e r  demand. T h e r e a f t e r ,  t h e  s t o r a g e  flow 
i n c r e a s e s  u n t i l  t h e  c o l l e c t o r  output  ceases  and a l l  t h e  
b o i l e r  f low passes  through s t o r a g e .  The flow r a t e  i s  
cons tant  u n t i l  t h e  beginning o f  t h e  n igh t t ime  i d l e  p e r i o d  
a t  which p o i n t  i t  becomes ze ro .  I n  t h e  e a r l y  morning, 
a f t e r  t h e  i d l e ,  s t o r a g e  flow begins  a t  f u l l  b o i l e r  flow, 
stays cons tan t  u n t i l  c o l l e c t o r  output  begins  and dec reases  
s t e a d i l y  t o  ze ro  flow which occur s  when t h e  c o l l e c t o r  out -  
put  r i s e s  t o  t h e  va lue  o f  t h e  b o i l e r  demand. 

During charg ing ,  one would l i k e  t o  absorb a l l  t h e  output  
of t h e  s o l a r  c o l l e c t o r s .  I f  t h i s  occurred ,  one could 
w r i t e  t h e  equa t ion  

where TH is  t h e  f i x e d  d e l i v e r y  tempera ture  from t h e  c o l l e c -  
t o r s  (584 K ;  311 C ) ,  TL i s  t h e  v a r i a b l e  o u t l e t  tempera ture  

- 
from s t o r a g e ,  cf i s  t h e  average T-66 s p e c i f i c  h e a t  ove r  t h e  

range TL t o  TH, wf i s  t h e  r e q u i r e d  flow and qex i s  t h e  
hea t  a v a i l a b l e  t o  go i n t o  s t o r a g e .  The flow rate f u n c t i o n  
becomes 



The contrcl circuit takes the value of TL, as measured 

at the lower manifold, and uses it first to form the dif- 
ference, TH - TL, in the summer shown, and second to form 
the av=rage specific heat in the function block cf (TL) 
where this can be described as a function of TL only with 
TH fixed. The outputs of both of these operations are 

input to the multiplier to form the product Cf(~H - T ~ )  
which is then inverted to form l/cf(~H - TL). This value 

together with q(t) is input into the multiplier to form 
the demanded flow according to the aforementioned equa- 
tion. Lastly, it is expected that the pump would be 
limited to some realistic flow rate, at least to limit 
the pressure loss through the system so that the func- 
tion w(wd) is essentially a limiter whereby w wd up to 

.PJ at which point it no longer increases. Moreover, max 
the flowmeter cmnot function below a miriimum of about 
0.75 gpm so that the solar characteristic cams were modi- 
fied to demand no less than this. 

Debugging the facility involved the usual problems asso- 
ciated with such a system. Erratic behaviour of the 
turbine flowmeter was traced to two problems, First, 
the wrong sensor head was provided. Rather, one rated 
for only 355 K (180 F) was received and had to be replaced 
by the factory. Second, problems were traced to the D/A 
converter and certain factory recomnended adjustments 
had to be done. 

It was expected that the test flow race would be adequat.e 
to agitate the T-66 in the reservoir. However, the T-66 
formed a thermocline (thermal stratification) and a cen- 
trifugal circulating pump had to be ordered. T-66 leaks 
developed in the plumbing, a problem which is known to 
be quite prevalent with this fluid, and these had to be 
repaired. Other minor problems were also rectified. 

Overall, it is felt that a very useful test facility now 
exists. It can be used to model any test duty cycle which 
requires fixed temperatures and variable flow rates. The 
next section discusses the perform2nce testing which was 
done on the model storage unit usin[; this facility. 



SUBSCALE TEST RESULTS AND EVALUATION 

\ .P re l imina ry  D i scus s ion  

The s t e p s  which l e d  t o  t h e  f i n a l  form o f  t h e  a n a l y s i s  
w i l l  b e  b r i e f l y  d i s c u s s e d .  The? a l l  t h e  d a t a  and t h e  
computer p r e d i c t i o n s  w i l l  be  p r e s e n t e d  and compared, t h e  
computer p r e d i c t i o n s  b e i n g  t h o s e  from t h e  f i n a l  form o f  
t h e  a n a l y s i s .  

A number o f  changes were made t o  go from t h e  d e s i g n  
a n a l y s i s  used i n  t h e  r e f e r e n c e  d e s i g n  t c  t h e  t e s t  ana ly -  
s is .  Some r e l a t e  t o  s i m u l a t i o n  o f  tes t  c o n d i t i o n s  and 
w i l l  n o t  a f f e c t  t h e  a n a l y s i s  t o  be  used f o r  d e s i g n  of  a  
f u l l  s c a l e  u n i t .  These m o d i f i c a t i o n s  i n v o l v e  t h e  a b i l i t y  
t o  i n p u t  t h e  p r o p e r  s t a r t i n g  c o n d i t i o n s  o f  t h e  u n i t  ( i . e . ,  
t empera tu re  d i s t r i b u t i o n ) ,  t o  i n p u t  a v a r i a S l e  T-66 i n -  
l e t  t empera tu re  f o r  r u n s  where t h i s  t empera tu re  had no t  
y e t  s t a b i l i z e d  by t h e  s t a r t  of  t h e  t e s t ,  t o  i n p u t  t h e  
p rope r  c o n s t a n t  f low r a t e ,  and t o  o v e r r i d e  t h e  s o l a r  
c y c l e  s c h e d u l e  normal ly  i n  t h e  program. Three decks  o f  
computer c a r d s  were produced from t h e  o r i g i n a l  prcgram. 
One s i m u l a t e s  a  s i ng l e -pas s  hea tup ,  one s i m u l a t e s  a s l n -  
g le -pass  drawdown, and one s i m u l a t e s  t h e  square-wave 
c y c l i n g .  

Other  changes  r e l a t e  t o  updated knowledge of  m a t e r i a l  
p r o p e r t i e s .  S i n c e  t h e  r e f e r e n c e  d e s i g n  was produced,  new 
in fo rma t ion  was r e c e i v e d  f ~ o m  t h e  Monsanto Company on t h e  
p r o p e r t i e s  o f  T-66 and new i n f o r m a t i o n  was prov ided  by 
Dynatech R/D Company on t h e  p r o p e r t i e s  of Therinkeep. 
These changes were i n c o r p o r a t e d  i n t o  t h e  program. 

New t a b l e s  o f  t h e  e n t h a l p y  and s o l i d  f r a c t i o n  of Therm- 
keep as a  f u n c t i c n  o f  t empera tu re  were i n p u t .  These were 
composed on a  r a t i o n a l  b a s i s  bu t  are no t  based upon labo-  
r a t o r y  measurements. A s  ment ioned,  t h e  h(T)  d a t a  ex-  
pec t ed  from t h e  s u b c o n t r a c t o r  were never  p r o p e r l y  pro-  
duced and C&W used t h e  b e s t  i n f o r m a t i o n  p ~ e v i o u s l y  a v a l l -  
a b l e .  

The e n t h a l p y  v s .  t e rnpera ture  cu rve  was adapted  from a  
t empera tu re  v s .  t ime  c o o l i n g  cu rve  done i n  t h e  C&W labo-  
r a t o r y  ( s e e  F i g u r e  3 2 ) .  The u se  of t h i s  has  produced 
r ea sonab ly  good r e s u l t s ,  a s  w i l l  be s e e n ,  bu t  i t  is be- 
l i e v e d  t h a t  some of t h e  l a c k  of  agreement between t e s t  
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and a r s l y s l s  can be a t t r i b u t e d  t o  t h e  l a c k  o f  accuracy  
i n  t h e  en ths lpy- tempera ture  c o r r e l a t i o n .  The s o l i d  
f r a c t i o n ,  $(T), was adae t ed  from a phase diagram f o r  t h e  
b ina ry  system NaOH-NaN02 (Ref. 3 ) .  Thi s  a l s o  is n o t  con- 

-1 

s i d e r e d  t o  be h igh ly  a c c u r a t e ,  bu t  i t  i s  no t  cons ide red  a s  
s i g n i f i c a n t  a  f a c t o r  as t h e  inaccuracy  i n  t h e  h ( T )  curve  
i n  c o n t r i b u t i n g  a r e a s  o f  l a c k  o f  agreement .  

The on ly  impor tan t  change made i n  t h e  c a l c u l a t i o n  proce- 
dure  was t h e  i n c l u s i o n  o f  a c o r r e c t i o n  t o  t h e  f l u i d  s i d e  
h e a t  t r a n s f e r  c o e f f i c i e n t  caused by t h e  winding of t h e  
t u b e s  i n  a s p r i n g l i k e  h e l i x  (Ref .  4 ) .  The o r i g i n a l  com- 
p u t a t i o n s  were based  upon s t r a i g h t  t u b e  c o r r e l a t i o n s .  
The new c o r r e l a t i o n  s a y s  t h a t  t h e  c r i t i c a l  Reynolds num- 
b e r  f o r  t r a n s i t i o n  from laminar  t o  t u r b u l e n t  flow i s  
i n c r e a s e d  acco rd ing  t o  

where d t  i s  t h e  tube  d i ame te r  and dh i s  t h e  h e l i x  d i ame te r .  

Moreover, t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  I n  l amina r  f low i s  
i n c r e a s e d  a s  fo l lows .  Def ine  

and 

Where P r  i s  t h e  f l u i d  P r a n d t l  number, t hen  



Figure 32 .  Thermkeep e n t h a l p y  from C&W cooldown d a t a .  



where Nuc is  t h e  Nusse l t  number for  curved t u b e s  and Nus 
is t h e  Nusse l t  number f o r  s t r a i g h t  t u b e s .  Using t h i s  
c o r r e c t i o n  f o r  t h e  low flow r a t e  tes ts  brought  t h e  agree- 
ment from poor  t o  good and t h i s  v e r i f i e s  i t s  u s e f u l n e s s .  
Other  t h a n  t h i s  change, t h e  method of t h e  computer sna ly-  
sis s t a n d s  e s s e n t i a l l y  as i t  was f o r  t h e  r e f e r e n c e  de- 
s i g n  a n a l y s i s .  

D e s c r i p t i o n  o f  Tes t  Procedures  

The model TES u n i t  was i n s t a l l e d  i n t o  t h e  t e s t  f a c i l i t y  
and t h e n  s u b j e c t e d  t o  a v a r i e t y  o f  tests t o  de te rmine  
i t s  a b i l i t y  t o  accep t  h e a t  from and d e l i v e r  h e a t  t o  t h e  
h e a t  t r a n s f e r  f l u i d .  These tes ts  f e l l  i n t o  f o u r  b a s i c  
c a t e g o r i e s ,  each  w i t h  i t s  own o b j e c t i v e .  

1. One-Pass Charge/Discharge T e s t i n g  

I n  t h i s  t y p e  o f  t e s t ,  which was t h e  b a s i c  sournce o f  
d a t a  f o r  t u n i n g  t h e  computer a n a l y s i s ,  t h e  u n i t  i s  
brought  t o  e i t h e r  a  f y p i c a l  charged o r  a t y p i c a l  d i s -  
charged c o n d i t i o n  and t h e n  e i t h e r  d i scha rged  o r  
c;.arged ai; a c o n s t a n t  f low r a t e .  The change o f  t h e  
i n t e r n a l  c o n d i t i o n  3f t h e  u n i t  was oSserved as a 
f u n c t i o n  o f  time as w e l l  as t h e  change i n  d e l i v e r y  
tempera ture  of  t h e  T-66. A number o f  d i f f e r e n t  flow 
r a t e s  were checked r a n g i n g  from 0.02 kg/sec (1 gpm) 
t o  0.29 ka/sec ( 6 . 3  g p m ) .  

I n  t h i s  t ype  of t e s t ,  t h e  u n i t  was brought  t o  a h o t  
o r  charged c o n d i t i o n ,  f low was s t o p r l d ,  a rd  t h e  
change i n  i n t 2 r n a l  cond i t i on  was recordel .  as a  func- 
t i o n  o f  time. The purpose of  t h i s  tes t  i s  t o  e l i m i -  
n a t e  t h e  e f f e c t  of hea t  t r a n s f e r  w i t h  t h e  f l u i d  and 
observe on ly  :he e f f e 2 t s  o f  axial conduct ion and 
l o s s e s  t o  t h e  environment.  



3 .  Sguare-Wave C y c l i c  T e s t i n g  

I n  t h i s  t y p e  o f  test', t h e  u n i t  i s  brought  t o  a 
t y p i c a l  charged  c o n d i t i o n  and t h e n  a l t e r n a t e l y  
d i scha rged  and charged a t  c o n s t a n t  T-66 flow rates 
w i t h  minimal changeover t imes .  The purpose o f  
t h i s  test i s  t o  v e r i f y  t h a t  t h e  u n i t  approaches  
a s t a b l e  c o n d i t i o n  under  c y c l i c  o p e r a t i o n  and t h a t ,  
w i t h c u t  specifyir .g  t h e  s t a r t i n g  concl i t ion f o r  each  
segment o f  t h e  t e z t ,  e x c e p t  f o r  t h e  i n i t i a l  start- 
i n g  c o n d i t i o n ,  t h e  a n a l y s i s  could  p r e d i c t  t h e  
performance a f te r  a number o f  r e p e t i t i v e  c y c l e s .  

4 .  S o l a r  Da i ly  Cycle  T e s t i n g  

These t e s t s  were run  t o  d e s c r i b e  how t h e  u n i t  
would f u n c t i o n  under  s o l a r  c y c l e  c o n d i t i o n s  where 
f lows  would vary  acco rd ing  t o  a  p r e s c r i b e d  sched- 
u l e  and a  c o n t r o l  mode. Th i s  c o n t i n u a l  v a r i a t i ~ n  
would c r e a t e  d i f f i c u l t y  i n   sing t h i s  t y p e  of  
test  f o r  t u n i n g  t h e  a n a l y s i s  b u t  would be  a proof  
test  o f  t h e  u n i t  under  r e a l i s t i c  c o n d i t i o n s .  

The test  c o n d i t i o n s  were s e l e c t e d  t o  b e  1/10 s c a l e  o f  t h e  
t y p i c a l  f u l l  s c a l e  c o n d i t i o n s .  T-66 t empera tu re  d u r i n g  
a charge  was h e l d  a t  around 584 K (311  C) whi l e  d u r i n g  a 
d i s c h a r g e ,  i t  was h e l d  a t  around 516 K (243 C); however, 
t h e s e  changed somewhat from t e s t  t o  t e s t .  

With a 25 kW h e a t  l oad  and a  68 K a v a i l a b l e  o v e r a l l  AT, 
a T-66 f low o f  about  0.14 kg/sec (j gpm) i s  r e q u i r e d .  
The test  f lows  ranged from 0.05 k g i s e c  ! 1 gpm) t o  0 .29  kg/ 
s e c  ( 6 . 3  gpm) but n o s t  tests were run  i n  t h e  9 .09  t o  0 . 1 6  
kg/sec ( 2  t o  3.5 gpm) range .  A range  o f  f lows i s  d e s i m d  
s i n c e  i n  an  o p e r a t i o n a l  system,  t h e  f iows would vary a s  
t h e  a v a i l a b l e  c o l l e c t o r  ou tpu t  changes.  

The pr imary o b j e c t i v e  of  t e s t i n g  was t o  d e t e r n i n e  i f  t k e  
computer a n a l y s i s  t o  b e  used f o r  t h e  d e s i g l  of  l a r g e  
s c a l e  TES u n i t s  i s  a c c u r a t e  i n  i t s  d e s c r i p t i o n  o f  how the 
u n i t  would respond t o  a g iven  s t i m u l u s .  If r e a s d n a t l e  
accuracy can be  o b t a i n e d ,  t hen  t h e  a n a l y s i s  can  he use? 
f o r  d e t e r m i n a t i o n  of e f f i c i e n c i e s ,  d e l i v e r y  t e ~ p e r a t u r e s ,  
p r e s s u r e  d rops ,  and any o t h e r  f ~ c t ~ o r s  cons idered  i r n p ~ r ~ a n t  
i n  des ign ing  a  f u l l - s c a l e  s t o r h g e  u n i t .  



Comparison o f  Computed and Exper imenta l  System Response 

One-Pass Charge/Discharge T e s t  R e s u l t s  

For  a s t e a d y  f low d i s c h a r g e  test, t h e  u n i t  i s  brought  t o  
a r e a s o n a b l e  charged c o n d i t i o n  and a f low o f  T-66 ( a t  
low c y c l e  t empera tu re )  is i n t r o d u c e d  i n t o  t h e  bottom mani- 
f o l d .  The hot-end o u t l e t  t empera tu re  o f  t h e  T-66 as a 
f u n c t i o n  of  t i m e  i s  t h e  c r i t i c a l  c h a r a c t e r i s t i c  i n  t h a t  
t e n p e r a t u r e  d e f i c i e n c y  h e r e  impacts  d i r e c t l y  on t h e  t u r -  
b ine  performance and must be compensated. F igu res  33  
through 40 p l o t  t h e  T-66 o u t l e t  t empera tu re  d u r i n g  draw- 
down tests f o r  f low r a t e s  i n c r e a s i n g  from 0.05 kg/sec 
(1 gpm) t o  0.29 kg/sec ( 6 . 3  gpm). 

Except f o r  test  No. 007, which s t a r t e d  a t  q u i t e  a low 
state o f  cha rge ,  t h e  computer p r e d i c t i o n s  a g r e e  reason-  
a b l y  w e l l  w i t h  t h e  measurements. The on ly  o b s e r v a t i o n  
t h a t  seems a t  l e a s t  somewhat c o n s i s t e n t  i s  t h a t  between 
577 K and 566 K ,  t h e  u n i t  d e l i v e r s  more h e a t  t h a n  pPe- 
d i c t e d  and v i c e  v e r s a  below 566 K .  This  s u g g e s t s  t h a t  
t h e  h (T)  cu rve  used shou ld  be reshaped  t o  have l e  .s o f  
a p l a t e a u  a t  566 K w i t h  s l i g h t l y  more energy a v a i l a b l e  
above 566 K and a more rounded shape  t ~ e l o w  566 K .  

F igu res  4 1  th rough 49 are comparisons o f  measured thermal  
d i s t r i b u t i o n  w i t h  comptrted d i s t r i b u t i o n .  The ccmputer 
t echn ique  a s s i g n s  one va lue  of  t empera tu re  t o  any d e p t h  
and i g n o r e s  l a t e r a l  g r a d i e n t s .  A s  may b e  s e e n  by some o f  
t h e  f i g u r e s ,  e s p e c i a i l y  i n  t h e  lower t empera tu re  r e g i o n s ,  
t h e  rneesured v a l u e s  do n o t  n e c e s s a r i l y  f a l l  on a s i n g l e  
l i n e .  There  a r e  two a x i a l  rows o f  thermocouples ,  each  
row at  a d i f f e r e n t  r a d i a l  p o s i t i o n  i n  t h e  u n i t .  Thus, 
t h e  e x i s t e n c e  o f  r a d i a l  ( l a t e r a l )  gradients would cause  
disagreerridnt between each se t .  Rad ia l  g r a d i e n t s  t e n d  
t o  occu r  i n  lower  tempera ture  r e g i o n s  because more o f  t h e  
Therrnkeep i s  s o l i d .  C i r c u l a t i o n  i n  t h e  l i q u i d  phase pre-  
v e n t s  t h i s  from o c c u r r i n g .  

Note t h a t  t h e  clrmputed a x i a l  t empera tu re  p r o f i l e s  do not  
ex tend  t o  t h e  t o p  o f  t h e  v e s s e l .  The i n i t i a l  h e i g h t  o i  
t h e  The rmkeep depecds on t h e  i n i t  l a 1  t empera tu re  o f  ;he 
Thermkeep, and a c t u a l l y  v a r i e s  i n  some c a s e s  ove r  e 
range o f  roughly  20cm d u r i n g  o p e r a t i o n  o f  t h e  system.  
The computed p o i n t s  a r e  a s s o c i a t e d  w i t h  t h e  e s t i ~ a t e d  
t o t a l  he igh t  o f  Thermkeep d e f i n e d  by t h e  i n i t i a l  measurad 
tempera ture  p r o f i l e .  The e s t i m a t e d  d i s t a n c e  o f  t h e  Thherm-  
Keep s u r f a c e  from t h e  t o p  o f  t h e  v e s s e l  i s  lndinat .ed s n  
t h e  f i g u r e s .  Tt.us, measured p o i n t s  above t h i s  e s t i na t , ed  



Thermkeep surfaces are interpreted as being in the air 
space above the surface and are not computed by the 
analytical model. 

Again, except for test No. 007, the data and analysis 
agree quite well. The analysis predicts a longer dwell 
at 566 K than actually seems to occur, suggesting that 
the plateau on the h(T) curve say be too strongly de- 
fined . 
For a constant flow charging test, the unit is brmght 
to a low state of charge and a flow of T-66 (at high 
cycle temperature) is introduced into the top manifold. 
The cold-end outlet temperature of the T-66 as a func- 
tion of time is the critical characteristic in that 
rising outlet temperature requires additional flow to 
absorb the collector output without exceeding a speci- 
fied upper temperature limit. Figures 50 through 54 
plot the T-66 outlet temperature during charging tests 
for flow rates varying from 0.05 to 0.3 kg/sec (1 to 
3.5 gpm). 

Overall, the agreement is reasonably good. The compu- 
ter prediction of the outlet temperature is higher than 
measured outlet temperature. This is p~ssibly due to 
over-estimating the resistmce of the solid Thermkeep 
layer. The rate of rise of the temperature is consist- 
ently good which could be indicative of a fair agreement 
in h(T) in the low temperature regions. 

Figures 55 through 59 are comparisons of measured thermal 
distributions with computed distributions. Again, the 
computer seems to predict a stronger than measured pla- 
teau at 566 K which also may be due to incorrect shaping 
of h(T) in the vicinity ~f this temperacure. Otherwise, 
the agreement is reasonably gcod. The fact that both the 
cold-en< outlet and cold-5nd distribution are off in the 
same way, i.e., that the computer predicts higher tempera- 
tures than the data, could indicat.e an errcr in h ( T )  
rather than in the resistance of the solid layer. 



Figure  33.  T-66 o u t l e t  tempera ture  d i scha rge  
t e s t  014 (1 gpm). 
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Figure 3 4 .  T-66 o u t l e t  temperature d i s c h a r ~ e  
t e s t  012 ( 2  gprn). 
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Figure  35. T-66 o u t l e t  tempera ture  discharge 
t e s t  303 !? gpm). 
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F i g u r e  37.  T-66 o u t l e t  t e m p e r a t u r e  d i s c h a r g e  
t e s t  009-1 ( 2 . 8  gpm). 
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F i g u r e  38. T-66 o u t l e t  t empe ra tu r e  d i s c h a r g e  
t e s t  001 (2 .83  gprn). 
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Dlacharp Test 005 
Plow rate  0.18 kB/eea (3 .5  Wm) 
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Figure 39. T-66 outlet temperature discharge 
test 005 (3.5 gpm). 

Figure  40. T-66 outlet temperature discharge 
test 019 (6.3 gprn). 



Figure 4 1 .  Thermkeep temperature p r o f i l e ,  dis- 
ckarge t e s t  014  (1 ~ p m ) ,  a t  3 h r s .  
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Figure  42 .  Thermkeep tempera ture  p r o f i l e ,  dis- 
charge t e s t  012  ( 2  gpm), at 2 h r s .  
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F i g u r e  45 .  Therrnkeep temperature  p r o f i l e ,  d i s -  
charge  test  009-1 ( 2 . 7 9  gpm), at 2 h r s .  
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Figure  4 6 .  Thermkeep temperature  p r ~ ~ f i l e ,  d i s -  
charge  test 001 ( 2 . 8 3  gpm), at 2 . 3 3  h r s .  
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F i g u r e  47. Thermkeep t e m p e r a t u r e  p r o f i l e ,  d i s -  
charge  test 001 (2.83 gpm) a t  5.33 h r s .  
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F i g u r e  48. Thermkeep t empera tu re  p r o f i l e ,  d i s -  
cha rge  t e s t  005 (3.5 gpm), a t  2 h r s ,  
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Figure 49. Thermkeep temperature pro f i l e ,  dls- 
charge test 019 ( 6 . 3  gpm), at 2 hrs .  

Figure 5 0 .  T-66 out le t  temperature, 
charge test  015 (1 gpm). 
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Figure 51. T-66 o u t l e t  tempera ture ,  
charge test 013 ( 2  gpm). 
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Figure  52 .  T-66 o u t l e t  tempera ture ,  
charge t e s t  006 ( 2 . 5  gpm) . 
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1 crm@ %st 002 
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Figure 53. T-66 out le t  temperature, 
charge t e s t  002 ( 2 . i '  gpm). 

Chac6e Test 008 
P l a  rate 0.18 kYsec  ( 3 . 5  awn) 

580 

5tm 510 1 2 3 b ELAPSED TI=, 5 ROORS 6 P 8 7 

Figure 54. T-66 out le t  temperature, 
charge t e s t  004 (3.5 gpm). 



Figure 55. Thermkeep temperature profile, 
charge test 015 (1 gpm), at 2 hrs. 
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Figure 56. Thermkeep temperature profile, 
charge test 013 ( 2  gpm) at 4 hrs. 



Figure 57. Thermkee~ temperature p r o f i l e ,  
charge test  6 (2.5 gpm) at 2 h r s .  
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Figure 58. Thermkeep temperature p r o f i l e ,  
charge test 002 (2.83 gpm) a t  3 hr s .  
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Figure  5 9 .  Thermkeep temperature p r o f i l e ,  charge 
t e s t  004 (3.5 g ~ m ) ,  at 6.5 hrs. 
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I d l e  T e s t s  

For Test  No. 010, t h e  u n i t  was charged and allowed t o  
s t a n d  f o r  115 hours,  dur ing  which t l m e  t h e  thermal 
d i s t r i b u t i o n  was recorded. F igures  60 through 64 d e s c r i b e  
t h e  computed and measured thermal  d i s t r i b u t i o n s  a t  t h e  
s tart  o f  t h e  test and after 25, 45, 65, and 115 hours.  

Two c h a r a c t e r i s t i c s  are evident .  F i r s t ,  t h e  r e a l  t e m -  
p e r a t u r e  drop is greater t h a n  t h e  computed. Th i s  may be 
due t o  t h e  f a c t  t h a t  t h e  l o s s e s  are a c t u a l l y  h igher  than  
computed o r  due t o  t h e  p o s s i b l e  e r r o r  i n  t h e  h(T) curve 
which has a l ready  been suggested.  I n  genera l ,  stand-by 
l o s s  should be p r e d i c t a b l e  al though t h e r e  are a s p e c t s  of 
t h e  model des ign  which are not  taken i n t o  account i n  t h e  
a n a l y s i s  and which could i n c r e a s e  t h e  stand-by l o s s e s .  

F i r s t  o f  a l l ,  t h e  v e s s e l  has an i n t e r n a l  he igh t  which i s  
15% g r e a t e r  than  t h a t  occupied by t h e  s t o r a g e  medium and 
causes more s u r f a c e  l o s s e s .  Second, t h e r e  a r e  shroud 
suppor t  s t r u t s  and suppor t  l e g s  which cause hea t  l o s s  but  
a r e  not descr ibed by t h e  program. Third ,  t h e r e  i s  a i r  
c i r c u l a t i o n  which can have a coo l ing  e f f e c t  on t h e  ex- 
posed p a r t  of  t h e  h e a t  exchanger i n  t h e  cpen space a t  t h e  
t o p  of t h e  v e s s e l  and on t h e  t o p  su r face  of t h e  Therm- 
keep. Moreover, values f o r  i n s u l a t i o n  conduc t iv i ty  a r e  
not  p rec i se .  There i s  a l s o  a c a p a c i t i v e  e f f e c t  a s soc ia -  
t e d  with t h e  i n s u l a t i o n .  When t h e  v e s s e l  i s  heated ,  t h e  
i n s u l a t i o n ,  which has  a  low thermal  d i f f u s i v i t y ,  l a g s  
behind i n  temperature rise. During a s tandby,  t h e  insu-  
l a t i o n  absorbs heat  from t h e  v e s s e l  i n  an  a t tempt  t o  come 
t o  equ i l ib r ium wi th  i t .  

Overa l l ,  t h e r e  seems t o  be no s i n g l e  reason f o r  t h e  more 
r a p i d  temperature drop i n  t h e  d a t a  than  i n  che computer 
p r e d i c t i o n s .  Rather ,  a  combination of  e f f e c t s  a l l  o f  
which move t h e  r e s u l t s  i n  t h e  same d i r e c t i o n ,  seem t o  be 
involved. 



Square Wave Cyclic  T e s t i n g  

Two t e s t s  were run  wi th  r e p e t i t i v e  c y c l i n g  and minimal 
changeover ttme, thereby minimizing t h e  e f f e c t  of  e r ro -  
neous p r e d i c t i o n  o f  stand-by hea t  l o s s ,  as descr ibed 
above. During a flow test, t h e  hea t  exchange between 
t h e  f l u i d  and t h e  s t o r a g e  medium f a r  exceeds t h e  e f f e c t  
o f  stand-by l o s s e s  and e r r o r s  i n  stand-by l o s s  a r e  ln- 
g i g n i f i c a n t  I n  terms o f  c o r r e l a t i o n .  

The two tests were run  a t  flows o f  0.1 kg/sec ( 2  gpm) 
f o r  4 hours d ischarging,  4 hours charging,  w i t h  one-hour 
per iods  f o r  changeover. Tes t  017 r a n  two c y c l e s ,  and 
test 018 r a n  t h r e e  cyc les .  Four cyc les  were d e s i r e d  each 
time but o p e r a t i o n a l  problems prevented completion of  t h e  
f u l l  four  c y c l e s .  

Figures 65 and 66 d e s c r i b e  t h e  T-66 o u t l e t  temperatures 
dur ing  t h e  first and second cyc les  of t h e  two-cycle tes t  
(No. 017). The computed r e s u l t s  a r e  based on t h e  i n i -  
t i a l  measured temperature p r o f i l e  a t  t h e  beginning of  
t h e  first cyc les ,  l .e . ,  only  a t  t h e  s t a r t  o f  t h e  t e s t  
sequence. 

Figures 67 through 70 a r e  t h e  computed and measured 
thermal d i s t r i b u t i o n  a t  t h e  end of each of t h e  four  
segments. Agreement appears  accep tab le .  

Figures 71 through 73 d e s c r i b e  t h e  T-66 o u t l e t  tempera- 
t u r e s  dur ing  each o f  t h e  t h r e e  cyc les  o f  t e s t  No. 018. 
Figures 74 through 79 desc r ibe  t h e  measured and computed 
thermal d i s t r i b u t i o n s  at t h e  end of  each of t h e  s i x  seg- 
ments. Again, agreement i s  acceptable .  
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Figure 60. I n i t i a l  Thermkeep tempera ture  
p r o f i l e ,  i d l e  test 010. 
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Figure 61. Thermkeep tempera ture  p r o f i l e ,  
i d l e  tes t  010, a t  25 h r s .  
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F i g u r e  62.  Thermkeep t e m p e r a t u r e  p r o f i l e ,  
i d l e  t e s t  010, a t  45 hou r s .  
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F i g u r e  63. Thermkeep t empera tu re  p r o f i l e ,  
I d l e  t es t  010,  a t  65 hour s .  
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Figure  64 .  Thermkeep tempera ture  p r o f i l e ,  
i d l e  test 010, a t  115 hours .  

590 

g/rec ( 2 . 0  gpml 
580 F i r s t  Cycle 

-+ 
570 

560 

s' 
2' 550 

% 5, 

530 Cherve O l i H  

520 

510 

1 . 0  1 .5  2 . 0  2.5 3 . 0  3 . 5  4 . 0  6 . 5  5 . 0  

ELAPSED TIRE. HOURS 

Figure  65. T-66 o u t l e t  tempera ture ,  cyclic 
t e s t  017 ( 2  gpm), c y c l e  1. 
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F i g u r e  68. Thermkeep t empera tu re  p r o f i l e ,  c y c l i c  
tes t  017 ( 2  gpm), a t  end o f  first 
charge  phase.  

590 

580 

ST0 

Y 
560 

ti 
550 

I , .  
530 

520 

510 

Figure  69. TI-,ermkeep t empera tu re  p r o f i l e ,  c y c l i c  
t e s t  017 ( 2  gpm), a t  end o f  second 
d i s c h a ~ ~ g e  phase .  
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Figure  71. T-66 o u t l e t  tempera ture ,  c y c l i c  
t e s t  018 (2 gpm), c y c l e  1. 

F igure  70. Thermkeep tempera ture  p r o f i l e ,  c y c l i c  
t e s t  017 ( 2  gpm), a t  end of second 
charge phase.  
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Figure 72. T-66 outlet temperature, cyclic 
test 018 (2 gpm), cycle 2. 

Figure 7 3 ,  T-66 outlet temperature, cyclic 
test 018 ( 2  gpm), cycle 3. 
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Figure 75. Thermkeep temperature profile, cyclic 
test 018 (2 gpm), at end of first 
charge phase. 
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Figure 77. Thermkeep tempera ture  p r o f i l e ,  c y c l i c  
test  018 ( 2  gpm), at end of  second 
charge phase.  
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Figure 76. Thermkeep tempera ture  p r o f i l e ,  c y c l i c  
test  018 ( 2  gpm), at end of second 
d i scha rge  phase.  
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F i g u r e  79. Thermkeep t empera tu re  p r o f i l e ,  c y c l i c  
t e s t  018 ( 2  gpm), a t  end of  t h i r d  
charge  phase.  
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F i g u r e  78. Thermkeop t empera tu re  profile, c y c l i c  
t e s t  018 ( 2  gpm), a t  end of t h i r d  
d i s c h a r g e  phase.  
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S o l a r  Cycle S imula t ion  T e s t s  

Two s o l a r  c y c l e  tests were r u n  w i t h  d a t a  be ing  measured 
every 3C minutes .  The f i r s t  ( t e s t  020) was run  as a 
system shakedown wi th  t h e  charg ing  and d i s c h a r g i n g  sched- 
u l e s  compressed t o  6/10 o f  normal, s o  t h a t  t h e  twelve  
hours  o f  b o i l e r  demand were decreased  t o  7.2 hours .  Th i s  
a l lowed t h e  test t o  b e  r u n  i n  '-he course  o f  two normal 
workdays, and as t h e r e  were no system malfunct ions ,  t h e  
d a t a  a r e  be ing  p resen ted .  The second t e s t  ( test  023) 
was run  w i t h  t h e  i n s o l a t i o n  and b o i l e r  demand j u s t  as 
desc r ibed  i n  F igure  1 (page 13). 

The o r d e r  o f  e v e n t s  i n  t h e  computer program was modif ied 
s o  t h a t  a s t a r t i n g  p r o f i l e  was inpu t  and computations 
began a t  the predawn s tar t  of  b o i l e r  demand ( t ime  T3),  
and a c y c l e  runs  from t h e n  through t h e  end of t h e  over- 
n igh t  i d l e  pe r iod .  Next, t h e  program used an i n p u t  
t a b l e  of  a c t u a l  flow r a t e s  r a t h e r  than  c a l c u l a t i n g  flow 
on t h e  basis o f  t h e  s o l a r  c h a r a c t e r i s t i c  and t h e  i n l e t  
and o u t l e t  tempera tures .  Th i s  mod i f i ca t ion  removed any 
d iscrepancy between t h e  a c t u a l  flow a s  determined by 
t h e  test bed e l e c t r o n i c s  and t h e  computed flow. L a s t l y ,  
a change was made t o  a l low f o r  t h e  f a c t  t h a t  t h e  t e s t  
bed has  a minimum flow rate o f  .75 gpm (about  .04 kg / sec ) .  
Below t h i s  r a t e ,  t h e  flowmeter i s  not  a c c u r a t e  and t h e  
load  on t h e  pump causes  i t  t o  p u l s a t e .  Therefore ,  t h e  
flow rate w i l l  s t a y  at  t h e  minimum r a t e  i n  response  t o  
any s i g n a l  t o  pump a t  .75 gpm o r  lower.  The computer 
a n a l y s i s  a l lowed an i d l e  per iod  between charg ing  and 
d i s c h a r g i n g  phases ,  because dur ing  t h e  t e s t s  t h e  flow 
was c u t  o f f  early a t  t h e  end o f  a phase o r  s t a r t e d  l a t e  
a t  t h e  beginning  of  a phase.  The t imes  of  c u t o f f  o r  
s t a r t u p  were c a l c u l a t e d  so  t h a t  t h e  t o t a l  d e s i r e d  amount 
o f  heat was s t i l l  t r a n s f e r r e d .  With these modi f i ca t fons ,  
t h e  computer a n a l y s i s  d u p l i c a t e s  t h e  a c t u a l  e v e n t s .  

The morning d i scha rge  pe r iod  i n  which flow s t a r t s  b e f o r e  
dawn and la ter  dec reases  as t h e  sun r i s e s  i s  r e f e r r e d  t o  
i n  t h e  d a t a  as t h e  Phase 1 d i scha rge  t o  d i s t i n g u i s h  it  
from t h e  a f t e rnoon ,  o r  Phase 2 d i scha rge  d u r i n g  which 
t h e  sun s e t s  and t h e  u n i t  con t inues  t o  supply h e a t  t o  
t h e  b o i l e r  u n a s s i s t e d .  

During each phase t h e  T-66 i n l e t  tempera ture  was main- 
t a i n e d  cons tan t  w i t h i n  l i m i t s  -- near  516 K d u r i n g  d i s -  
charge and 594 K du r ing  charging.  The a c t u a l  i n l e t  
tempera tures  were inpu t  i n t o  t h e  computer t o  e l i m i n a t e  
v a r i a t i o n s  due t o  e x t e r n a l  e f f e c t s  on t h e  c o n t r o l  system. 



~ i g u r e  80 shows t h e  computer c o r r e l a t i o n  t o  T-66 o u t l e t  
temperature f o r  Tes t  020 and Figures  81-84 compare t h e  
computed and a c t u a l  Thermkeep temperature p r o f l l e s  f o r  
t h e  f i r s t  d a i l y  cycle .  F igure  85 shows t h e  varying r a t e  
of  T-66 flow dur ing  t h e  charge cyc le .  Note t h a t  t h e  
h ighes t  r a t e  a t t a i n e d  was 0.31 kg/sec, whereas t h e  maxi- 
mum p o s s i b l e  r a t e  is  about 0.38 kg/sec. This  i s  because 
t h e  flow rate is e l e c t r o n i c a l l y  a d j u s t e d  t o  account f o r  
t h e  i n s o l a t i o n  c h a r a c t e r i s t i c  and t h e  r e t u r n  tempera- 
t u r e ,  j u s t  as t h e  computer a n a l y s i s  d i d  p rev ious ly .  I n  
a  r e l a t i v e l y  low state o f  charge, t h e  r e t u r n  tempera- 
t u r e  w i l l  be low and mainta in  a l a r g e  AT which r e q u i r e s  
less flow. 

Figures 86-90 show t h e  computer c o r r e l a t i o n s  f o r  t h e  sec-  
ond cyc le  o f  Tes t  020. Agreement has  improved f o r  both 
charging and d i scharg ing  phases and is very c l ~ s e  a t  t h e  
e ~ d  of t h e  test (F igure  89).  F igure  90 shows t h a t  t h e  
maximum flow r a t e  was momentarily reached, and al though 
t h e  r e t u r n  temperature was high,  t h e  flow r a t e  dropped 
o f f  as t h e  c o l l e c t o r  output  dropped. 

S o l a r  Cycle Tes t  023 (F igures  91-101) was a  f u l l - s c a l e  
s imula t ion  of  two s o l a r  d a i l y  cyc les .  This  t e s t  c l o s e l y  
approximates t h e  a c t u a l  performance cond i t ions  of  a  f u l l -  
s c a l e  s t o r a g e  u n i t  i n  t h e  f i e l d .  

Figure 9 1  shows t h e  c o r r e l a t i o n  between computed and 
a c t u a l  f l u i d  d e l i v e r y  temperatures f o r  both cyc les .  
Agreement i s  very good, wi th  two except ions :  dur ing  both 
charge phases,  when t h e  T-66 temperature approaches 560 K ,  
computed and a c t u a l  d a t a  begin t o  d iverge .  S i m i l a r l y ,  
t h e  Phase 1 d i scharge  of t h e  second cyc le  (from 24  t o  
26.5 ?ours)  i s  s l i g h t l y  d ive rgen t  i n  t h e  560 K range.  

The reason f o r  t h i s  d e v i a t i o n  has not been determined. 
Some f a c t o r s  which may be  c o n t r i b u t i n g  a r e  a  misshapen 
enthalpy curve ,  some h y s t e r e s i s  which r a i s e s  t h e  l a t e n t  
hea t  p l a t e a u  on hea t ing  and/or depresses  t h e  l a t e n t  hea t  
on cool ing ,  p o s s i b l e  segrega t ion  of  t h e  Thermkeep compo- 
nents  which changes t h e  s p e c i f i c  hea t  and mel t ing  po in t  
of t h e  bottom most elements ,  and expansion and c i r c u l a -  
t i o n  of  hot  l i q u i d  Thermkeep which s h i f t s  e n e r g i e s  and 
volumes of t h e  elements i n  ways unaccounted f o r  by t h e  
computer. 

Although t h e  p red ic ted  r e t u r n  temperature was lower than 
a c t u a l  dur ing  charging,  which might suggest  t h a t  l e s s  
energy was absorbed by t h e  u n i t ,  t h e  p r o f i l e s  a t  t h e  end 
of t h e  charge phases (F igures  9 4  and 9 9 )  show t h a t  



tempe'ratures are s l i g h t l y  h igher  than  p r e d i c t e d  i n s i d e  
t h e  u n i t .  I n  p a r t i c u l a r ,  F igure  99 shows an abrupt  
d i p  i n  t h e  computed temperature a t  about 150 cm from 
t h e  t o p  o f  t h e  v e s s e l .  This  again  i s  a r e f l e c t i o n  of  
t h e  s t r o n g  p l a t e a u  i n  the  enthalpy curve, which exper i -  
mental d a t a  sugges t s  are not  a s  s t r o n g  as we assumed 
Below t h e  l e v e l  of t h e  d ip ,  t h e  d iscrepancy i s  roughly 
15 K ,  o r  t h e  same discrepancy which appears  i n  t h e  re- 
t u r n  f l u i d  temperature dur ing  charging ( s e e  Figure  91) 
a t  about 32 hours e l apsed  time. 

The f i n a l  d i scharge  phase showed good agreement between 
computed and a c t u a l  d a t a  on t h e  T-66 d e l i v e r y  tempera- 
t u r e ,  and t h e  test ended with t h e  temperature p r o f i l e  
a l s o  agree ing  c l o s e l y  (Figure  100).  

Figure 1 0 1  shows t h e  v a r i a t i o n  in flow r a t e  dur ing  t h e  
f i n a l  charge phase. Although peak i n s o l a t i o n  occurred  
a t  about 30 hours  e l e  -?d time, the flow r a t e  continued 
t o  rise and h e l d  near  . ~ ~ a ~ i m u m  (.35 kg/sec) f o r  about an 
hour, whi le  t h e  c o l l e c t o r  output  continued t o  drop. 



ELAPSED TIME. HOURS 

Figure 80. T-66 o u t l e t  t e m p e r a t u r e  for 6/10 s c a l e  
s o l a r  c y c l e  s i m u l a t i o n  t e s t .  
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Figure 81. Thermkeep starting temperature, 
cycle  1. 

Figure 82. Thermkeep temperature at end of 
Phase 1 discharge, cycle 1. 
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Figure  83 .  Thermkeep tempera ture  a t  end 
o f  charge,  c y c l e  1. 

DISTANCE PROM TO? O? 8TORAOl VESSEL. em 

590 

580 

570 

560 

f 
550 

1 540 

530 

520 

510 

Figure  84. Thermkeep tempera ture  a t  end of 
phase 2 d i scha rge ,  c y c l e  1. 
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F i g u r e  85. T-66 flow rate d u r i n g  c h a r g e .  
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Figure 86. Thermkeep temperature a t  s t a r t -  
i n g  p r o f i l e ,  cycle  2.  
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Figure 87. Thermkeep temperature a t  end of 
phase 1 discharge ,  cycle  2 .  
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Figure  89. Thermkeep tempera ture  a t  end of 
phase 2 d i scha rge ,  cyc le  2 .  
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Figure 90. T-66 flow rate variation during 
second ckarga cycle. 



Figure 91. T-66 o u t l e t  temperature  f o r  f u l l - ~ - 2 l e  
s o l a r  cycle simulation test. 



Figure  92. Thermkeep temperature, Test 023 
starting p r o f i l e ,  cycle 1. 
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Figure  94. Thermkeep tempera ture  a t  end of 
charge,  c y c l e  3 . 
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Figure  95. Thermkeep tempera ture  a t  end of  
phase 2 discharge, c y c l e  1. 
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Elapsed T i m e ,  Hours 

Figure 96. T-66 flow rate variation d u r i n g  
f i rs t  charge  c y c l e .  



Figure 97.  Thermkeep temperature at s t a r t i n g  
p r o f i l e ,  c y c l e  2.  
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Figure 98 .  Thermkeep temperature at  end o f  
phase 1 discharge,  c y c l e  2 .  
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Figure  99. Thermkeep tempera ture  a t  end o f  
charge ,  cycle 2. 

o 0 0 - 0 8  " ,J 
w 

- 
- 
- 
- 
C 

- 
- 

Figure  100. Thermkeep tempera ture  a t  end of 
phase 2 d i scha rge ,  cycle 2 .  
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Figure  101. T-66 f low r a t e  v a r i a t i o n  during 
second charge cyc le .  



PRELIMINARY DESIGN 

With t h e  computer model now r e l i a b l y  p r e d i c t i n g  e x p e r i -  
mental  r e s u l t s ,  i t  was used t o  produce a n  updated de- 
s i g n  f o r  a u n i t  meet ing t h e  performance s p e c i f i c a t i o n s  
a s  l i s t e d  under  Task 3 ,  Page 7 .  

The pr imary v a r i a b l e s  a f f e c t i n g  system performance a r e  
t h e  q u a n t i t y  o f  s t o r a g e  medium and the t o t a l  heat ex- 
changer  s u r f a c e  a r e a .  These two parameters  were used 
t o  produce a first o p t i m i z a t i o n .  A f i g u r e  o f  merit 
(F.O.M.) which is  an  e f f i c i e n c y  based  upon the  d e f i c i t  
requi rements  of t h e  u n i t  ( t h e  amount o f  h e a t  r e q u i r e d  
t o  ma in t a in  t h e  o u t l e t  t empera tu re  a t  a minimum o f  580 K 
(307 C )  d u r i n g  d i scha rge )  was used t o  d e s c r i b e  t h e  per-  
formance o f  each  des ign .  

F.O.M. = u 
B0 + Bs + QD 

where  Qo = s t o r a g e  d a i l y  ou tpu t  

Qs = s t o r a g e  d a i l y  s u r f a c e  l o s s  

Q~ 
= f l u i d  d e f t c i t  h e z t i n g  

Sur face  a r e a s  from 55.7 m 2  (600 f t  2 ,  t o  167 rn2 (1800 f t  * )  
were run  i n  u n i t s  r ang ing  from 10,000 t o  50,000 kg o f  
Thermkeep. A l l  were run  w i t h  t h e  optimum a s p e c t  r a t i o  
o f  1 ( v e s s e l  he ight  t o  v e s s e l  d i a m e t e r )  and s t a n d a r d  
0.635 cm (1/4") t u b i n g  of a g iven  l e n g t h  and number t o  
produce about  69 kPa ( 1 0  p s i )  o f  p r e s s u r e  drop  i n  t h e  
h e a t  exchanger  w i t h  a f low o f  5 kg/sec o f  Therminol-66. 

F i g u r e s  102 through 105 show t h e  h e a t  exchanger  s u r f a c e  
a r e a  and amounts o f  Thermkeep p l o t t e d  a g a i n s t  t h e  f i g u r e  
o f  r r e r i t  and t h e  s p e c i f i c  c o s t  o f  s t o r a g e  i n  d o l l a r s  p e r  
M J .  With some i n t e r p o l a t i o n ,  t h e  amount o f  Thermkeep 
was t h e n  c r o s s  p l o t t e d  a g a i n s t  s p e c i f i c  c o s t  a t  c o n s t a n t  
f i g u r e s  o f  merit ( F i g .  106 ) .  



A t  t h i s  p o i n t ,  a first o p t i m i z a t i o n  is  s e l e c t e d  w i t h  one 
add i t ' i ona l  a r b i t r a r y  l i m i t  -- r easonab le  s i z e .  A v e s s e l  
w i th  a n  a s p e c t  r a t i o  of  1 t e n d s  t o  exceed 1 2  f e e t  i n  
d iameter  a t  about  20,000 kg, above which t h e  u n i t  would 
probably have t o  be  f a b r i c a t e d  and shipped i n  more than  
one p iece .  The h i g h e s t  F.O.M. a t  lowes t  s p e c i f i c  c o s t  
f o r  a r easonab ly  s i z e d  u n i t  f a l l s  a t  an  F.O.M. of .88, 
as s p e c i f i c  c o s t  o f  $11.20/MJ and u s e s  18,000 k of  Therm- Q keep. The h e a t  exchanger has  111.5 m 2  (1200 f t  ) o f  
s u r f  ace  area. 

This  des ign  was ob ta ined  u s i n g  10 numerical  e lements  f o r  
computer a n a l y s i s ;  a f i n e r  g r i d  of  25 e lements  improves 
t h e  computed p e r f o r m a n c e - s l i g h t l y  and b r i n g s  t h e  c o s t  
down t o  $11.17/MJ. 

Next t h e  d e s i g n  was t e s t e d  t o  e v a l u a t e  t h e  e f f e c t  o f  f i v e  
minor parameters:  t ube  s i z e ,  f l u i d  v e l o c i t y ,  a s p e c t  r a t i o ,  
i n s u l a t i o n  t h i c k n e s s ,  and peak flow through s t o r a g e .  

F igure  107 shows t h e  e f f e c t  of  i n c r e a s i n g  t u b e  s i z e  both  
a g a i n s t  e f f i c i e n c y  and c o s t .  0.635 cm (1/4") i s  b e l i e v e d  
t o  be t h e  s m a l l e s t  p r a c t i c a l  s i z e  t o  work wi th ;  and a s  t u b e s  
g e t  l a r g e r ,  t h e  c o s t  i n c r e a s e s  whi le  e f f i c i e n c y  d e c r e a s e s .  
The 0.635 cm ( 1 / 4 " )  t u b e s  a r e  t h e r e f o r e  r e t a i n e d .  

F igure  108 shows t h e  e f f e c t  of  i n c r e a s i n g  f l u i d  v e l o c i t y  
by i n c r e a s i n g  t h e  l e n g t h  of  t h e  tubes  and d e c r e a s i n g  
t h e i r  number, r e t a i n i n g  t h e  same s u r f a c e  a r e a .  Perform- 
ance does i n c r e a s e  wi th  v e l o c i t y  a s  expected;  however, if 
we assume a 10% thermal-to-mechanical e f f i c i e n c y  f o r  e r i v -  
i n g  t h e  pump, any i n c r e a s e  over  11 p s i  cannot be j u s t i f i e d .  
To go t o  145 kPa ( 2 1  p s i ) ,  f o r  example, t h e  pump would 
use  an  a d d i t i o n a l  54,000 kJ  ou tpu t .  The re fo re ,  t h e  76 kPa 
(11 p s i )  s p e i c i f i c a t i o n  was accepted .  

The e f f e c t  of t h e  v e s s e l  a s p e c t  r a t i o  (he ight /d iamet .e r )  
on t h e  s p e c l f i c  c o s t  and on t h e  f i g u r e  o f  mer i t  i s  shown 
on Figure  109. Although t h e  f i g u r e  o f  mer i t  i s  h i g h e s t  a t  
t h e  r a t i o  1.0,  and t h e  s p e c i f i c  c o s t  has  a  minimum a t  t h e  
r a t i o  2.0, t h e  a s p e c t  r a t i o  has  s o  l i t t l e  e f f e c t  on t h e s e  
parameters  t h a t  i t  can be chosen on t h e  b a s i s  cf o t h e r  
f a c t o r s .  The a s p e c t  r a t i o  1 .0  i s  used i n  t h e  P re l imina ry  
Design. 

F igure  119 shows t h e  e f f e c t  on t h e  F igure  o f  Meri t  and on 
s p e c i f i c  c o s t  o f  i n c r e a s i n g  i n s u l a t i o n  t h i c k n e s s .  Perform- 
ance does i n c r e a s e  but  wi th  d iminish ing  r e t u r n s .  The 
i n c r e a s e  i n  t o t a l  c o s t  of t h e  TES u n i t  by i n c r e a s i n g  t h e  



insulation thickness from 0.457 m (18") to 0.61 m (24") 
is $470 which affords about 1.5% increased performance. 

The increase from 0.457 m (18") to 0.61 m (24") costs 
$560 and affords about 0.7% increased performance. From 
0.61 m (24") to 0.76 m (30") costs $630 and affords less 
than 0.5%. Meanwhile, the loss from 0.457 m (18") of 
insulation is 3.9% of the daily storage, and from 0.61 m 
(24"), it is 3.3%. 0.76 m (30") makes the loss 2.9%. 
Thus, the 0.61 m (24") thickness was selected as the 
point at whlch returns begin to diminish most sharply. 

The effect of varying the peak allowable storage flow is 
shown in Figure 111. 5 kg/sec seems to be the point b,'~w 
which efficiency begins to deteriorate rapidly and cost 
begins to escalate markedly. Therefore, 5 kg/sec is re- 
tained in the design. 

The quantity of Thermkeep and the size of the heat ex- 
changer, and consequently the size and cost of the TES 
unit are strong functions of QD, the deficit heating. 
Figure 112 shows the relation between the specific cost 
of the TES unit and the deficit heating as percent of the 
daily output from storage when the unit is performing 
according to the solar cycle. The points on the curve 
correspond to a range of quantities of Thermkeep from 
12,000 kg to 27,000 kg. Throughout, the aspect ratio of 
the vessel is 1.0, and the total inside surface of the 
heat exchanger tubes is in the same proportion to the 
mass of Thermkeep as in the Preliminary Design, namely, 
0.00619 m2/kg. 

Preliminary Design 

Vessel height and diameter 
Insulation thickness 
System height and diameter 
System weight 
Amount of storage material 
Unit cost 

Heat exchanger 

Figure of Merit based upon 
a 25-element grid 

Storage output 
Specific cost 
Insulation loss 
Deficit heating 

.00635 m (1/4") tubing; 
280 coils, each 27.73 m 
(91 ft) long 

6 3.01 x 10 kJ 
$11.2/MJ 
3.25% of storage output 
10.2% of storaqe output 
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Figure 103. Figures of merit fo r  varjous Therm- 
keep masses a t  constant heat ex- 
changer surface areas.  
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Figure 104. Figures of merit for various 
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Figure 105. Specific cost of storage fo r  
various Thermkeep masses a t  
conatant heat exchanger surfaces. 



Figure 106, Specific cost of storage for 
various Thermkeep meqses at 
constant figares of merit. 
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Figure 107. Specific cost of storage 
and figures of merit vs. 
tube diaaeters. 



Figure 108. Specific cost of storage, peak pump 
power, and figures of merit at vari- 
ous heat exchanger pressure drops. 
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Figure 109. Specific cost of storage 
and figures of merit vs. 
aspect ratio. 
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Pigure 110. Effect of various insula- 
tion thicknesses on cost 
and performances. 
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Figure 112. Specific cost versus def?cit heating. 



Cost Es t imates  

The es t ima ted  c o s t  o f  t h e  TES u n i t  i s  c a l c u l a t e d  by t h e  
computer program by methods descr ibed i n  t h e  preceding 
s e c t i o n  t i t l e d  Reference Design Study. Input  d a t a  con- 
sists of t h e  c o s t  o f  m a t e r i a l  f o r  each component, and 
a f a b r i c a t i o n  c o s t  f o r  each component which d i f f e r s  from 
p a r t  t o  p a r t  depending on t h e  type  o f  f a b r i c a t i o n  re-  
qui red .  The i n p u t  d a t a  f o r  c o s t  c a l c u l a t i o n s  a r e  given 
i n  Table I. The d e t a i l e d  r e s u l t :  bf t h e  cos t  ca lcu la -  
t i o n  f o r  t h e  Reference Design anc shown i n  Table 11. 

The m a t e r i a l s  c o s t s  were those  obta ined a t  t h e  t i m e  of 
t h e  c o n s t r u c t i o n  of  t h e  subsca le  u n i t ,  i . e . ,  1977. The 
f a b r i c a t i o n  c o s t s  a r e  based upon t h e  a c t u a l  manufactur- 
i n g  c o s t s  of  two Thermbank e l e c t r i c  water  h e a t e r s  o f  t h e  
type  descr ibed i n  t h e  Background s e c t i o n  of t h e  I n t r o -  
duct ion .  

The es t imated  c o s t  o f  t h e  Prel iminary Design TES u n i t  
is  t h e r e f o r e  r e p r e s e n t a t i v e  o f  t h e  c o s t  t o  be expected 
i f  a  very small number of  u n i t s  were t o  be f a b r i c a t e d .  
The f a b r i c a t i o n  component of  t h e  c o s t  can 5e expected 
t o  decrease  s u b s t a n t i a l l y  i f  u n i t s  a r e  manufactured i n  
large enough numbers s o  t h a t  t h e  c o s t  advantages of 
q u a n t i t y  production can b e  r e a l i z e d .  



TABLE I 

COST CALCULATION INPUT DATA 

Shroud m a t e r i a l  c o s t ,  $/kg 
Shroud s i d e  f a b r i c a t i o n  c o s t ,  $/sq m 
Shroud s i d e  f a b r i c a t i o n  c o s t ,  $/kg 
Shroud top  f a b r i c a t i o n  c o s t ,  $/sq m 
Shroud top  f a b r i c a t i o n  c o s t ,  $/kg 
Shroud bottom f a b r i c a t i o n  c o s t ,  $/sq m 
Shroud bottom f a b r i c a t i o n  c o s t ,  $/kg 
Shroud top  th ickness ,  m 
Shroud s i d e  t h i c k n e s s ,  m 
Shroud bottom th ickness ,  m 
Vessel w a l l  m a t e r i a l  c o s t ,  $/kg 
Vessel end material c o s t ,  $/kg 
Vessel  f a b r i c a t i o n  c o s t ,  $/cu m 
Vessel f a b r i c a t i o n  c o s t ,  $/kg 
Tube m a t e r i a l  c o s t  c o e f f i c i e n t  
Tube m a t e r i a l  c o s t ,  $/kg 
Tube f a b r i c a t i o n  c o s t ,  $/kg 
Tube f a b r i c a t i o n  c o s t ,  $/sq m 
S torage  m a t e r i a l  c o s t ,  $/kg 
I n s u l a t i o n  c o s t ,  $/kg 

COST 

TABLE I1 

CALCULATION OUTPUT 

Tube m a t e r i a l  c o s t ,  $ 
Tota l  tube  c o s t ,  $ 
Storage m a t e r i a l  c o s t ,  $ 
I n s u l a t i o n  c o s t ,  $ 
Shroud s i d e  m a t e r i a l  c o s t ,  $ 
Shroud s i d e  t o t a l  c o s t ,  $ 
Shroud bottom m a t e r i a l  c o s t ,  $ 
Shroud bottom t o t a l  c o s t ,  $ 
Shroud top  m a t e r i a l  c o s t ,  $ 
Shroud top  t o t a l  c o s t ,  $ 
Shroud t o t a l  m a t e r i a l  c o s t ,  $ 
Shroud t o t a l  c o s t ,  $ 
Vessel m a t e r i a l  c o s t ,  $ 
Vessel  t o t a l  c o s t ,  $ 
Tota l  m a t e r i a l s  cos t  f o r  TES, $ 
Tota l  f a b r i c a t i o n  cos t  f o r  TES, $ 
TES t o t a l  c o s t ,  $ 

DATA 



The use of a phase change thermal  s t o r a g e  media f o r  t h e  
s to rage  o f  hea t  from s o l a r  c o l l e c t o r s  f o r  use i n  e l e c t r i c  
power genera t ion  may have economic advantages over  o t h e r  
types  o f  h e a t  s t o r a g e  media. Previous exper ience  wi th  
phase change thermal s t o r a g e  has been l i m i t e d  t o  e l e c t r i -  
c a l l y  heated  a p p l i c a t i o n s  i n  which t h e  s t o r e d  hea t  i s  
used f o r  low temperature water and space hea t ing .  Devel- 
opments of t h i s  kind have only been c a r r i e d  t o  p o i n t  of 
small s c a l e  f i e l d  t e s t i n g  of  water  h e a t e r s  and space  
h e a t e r s .  

The work repor ted  h e r e i n  has been undertaken t o  provide  
an assessment o f  t h e  c h a r a c t e r i s t i c s  o f  a phase change 
thermal s t o r a g e  u n i t  meeting t h e  requirements  of a  m i d -  
temperature range s o l a r  powered e l e c t r i c i t y  genera t ing  
sys  tem. 

An a n a l y t i c a l  model and computer program have been de- 
veloped f o r  p r e d i c t i n g  t h e  performance and e s t i m a t i n g  
t h e  c o s t  of  a phase-change TES u n i t  us ing  a  pass ive  hea t  
exchanger. These have been app l i ed  t o  a  phase change 
TES medium having t h e  composition 

NaOH (Commercial grade)  91.8% ( w t )  
NaNOg 8.0 

*O2 0.2 

The h e a t  t r a n s f e r  f l u i d  f o r  charging and e x t r a c t i n g  hea t  
i s  ~herminol-66.  

By r e l a t i v e l y  s imple modif ica t ions ,  t h e  model and compu- 
t e r  program can be app l i ed  t o  any phase change medium 
f o r  which temperature-enthalpy d a t a  a r e  a v a i l a b l e .  

The computer-predicted performance has b e e n  c o r r e l a t e d  
w i t h  experimental  d a t a  obta ined from t e s t s  on a  TES u n i t  
and tes t  bed which have a  thermal s t o r a g e  capac i ty  ( i n -  
put  and output  p e r  cyc le )  of 0.3 x 106 k J  a t  a  maximum 

b Input  r a t e  o f  0.18 e x  1 0  k J / h r ,  and a  maximum e x t r a c t i ~ n  
b r a t e  of 0.10 x 1 0  kJ /hr ,  and conta ins  1800 kg of t h e  

TES medium. 

S a t i s f a c t o r y  agreement has been obtained between t h e  
computer p r e d i c t i o n s  and t h e  experimental  d a t a .  



The program is now believed to be a reasonably reliable 
toollfor predicting the effect on the operation of phase- 
change TES units of this type, of variations in the 
operating parameters, and variation in size and storage 
capacity. 

The program has been used to predict the characteristics 
of a TES unit which has the following performance speci- 
fications: 

6 Heat storage capacity of 3.1 x 10 kJs oper- 
ating over the range of 516 K to 584 K. The 
heat transfer fluid for charging and discharg- 
ing heat is The; inol-66. The maximum charge f! rate is 1.8 x 10 kJ/hr with the Therminol-66 
temperature at 584 K + b K. The maximum dis- 
charge rate is 1.0 x 10 kJ/hr with the Thermi- 
nol-66 outlet temperature at 582 K + 2 K and 
inlet temperature at 516 K + 11 K. 

The analysis showed that supplemental heat of about 10% of 
the heat extracted from storage, added to the Therminol-66 
during discharge to help maintain the outlet temperature 
within the specified range, had a large beneficial effect on 
the size and cost of the storage system. Therefore, such 
supplemental ("deficitw) heating was employed in the design 
of the system. 

The characteristics of a TES unit employing the NaOH-NaN03 
heat storing medium predicted by the analysis and compu- 
ter program are as follows: 

Preliminary Design 

Vesselheightanddiameter 2.35m(92.5") 
Insulation thickness 0.609 m (24") 
System height and diameter 3.6 m (142") 
System weight 27290 kg (60,200 lb) 
Amount of storage material 18000 kg (39,700 lb) 
Unit cost $33,790 

Heat exchanger .00635 m (1/4") tubing; 
280 coils, each 27.73 m 
(91 ft) long 

Figure of merit based upon 
a 25-element grid .882 

- 
Storage output 
Specific cost 
Insulation loss 
Deficit heating 

3.01 x lob kJ 
$11.2/MJ 
3.25% of storage output 
10.2% of storage output 
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Report on 

THE THERbfOPHY SICAL PROPERTIES OF 

A THERMAL STORAGE MATERIAL 

For r Comstock and Wescott, Inc. 
765 Concord Avenue 
Cambridge, Maesachusetts 02139 

Section 1 

Introduction 

The work described i n  t h i s  report  was car r ied  out  a t  Dynatech R/D 

Company f o r  Comstock and Wescott, Inc. under Contract No. 23385. 

The purpose of t h i s  invest igat ion was twofold. The f i r s t  task  was 

t o  experimentally determine the e f fec t  of accidental  contact between Therminol-66, 

a heat t ransfer  f lu id ,  and Thermkeep, a po ten t i a l  thermal energy storage material  

w e t  the approximate temperature range of 20 t o  480C (70 t o  900F). Once a com- 

pa t ib le  material was chosen, measurements of various propert ies  using standard 

equipment and techniques available o r  de*-eloped especial ly f o r  energy storage 

materials were u t i l i zed  t o  generate basel ine data on Thermkeep. The propert ies  

analyzed were d i f f e r e n t i a l  thermal analysis,  thermal conductivity i n  the so l id  

and molten phases, density i n  the  so l id  and molten phases, spec i f i c  heat and heats  

of transformation, and viscosi ty.  The temperature range of i n t e r e s t  was 20 to  480C 

(70 t o  900F). 



Task 1 

Section 2 

PROPOSED PROGRAM FOR THE 

COMFATIBILlTY OF THERMINOL-66 AND THERMKEEP 

Dynatech proposed the  following s tudy f o r  determining the  cempatibi l i  t y  

of Therminol-66 (Monsanto Chemical Co.) with Thermkeep. Design and f a b r i c a t e  a 

opecial  mild s t e e l  closed container  vented t o  t he  outs ide,  fabr ica ted  t o  contain 

t h e  s a l t  and Therminol-66. The Therminol-66 sample w i l l  be analyzed using a gas 

chromatograph p r i o r  t o  being heated i n  contact  with t h e  Thermkeep. The container  

w i l l  be heated a t  a f ixed  r a t e  t o  one of th ree  o r  four  successive increasing 

temperatures up t o  t he  order  of 300C. During the  heat ing and a t  each temperature 

condit ion any vapors given off  w i l l  be co l lec ted  and analyzed. Af te r  the  heat- 

ing the  s a l t  sample w i l l  again be analyzed. f n f r a  red spec t ra  of t he  Theminol-66 

w i l l  be obtained before and a f t e r  heat ing with the Thermkeep. IR spec t r a  of t h e  

condensed vapors w i l l  a l s o  be obtained. Following t h i s  the container  w i l l  be 

heated once more t o  t he  next higher temperature and t h e  procedure repeated. 

Therminol-66 is s t a t e d  t o  be  a hydrogenated terphenyl with a bo i l i ng  

range of 340°C t o  396'C. Thermkeep is s t a t ed  by Comotock and Wescott t o  be 

l a rge ly  anhydrous caus t i c  soda ( technica l  grade) containing va r i ab l e  amounts 

of sodium carbonate, 8% by weight of sodium n i t r a t e ,  and 0.2% of Manganese d i a ~ c i d e  

It is sa id  t o  melt from 282OC t o  292'C. 



Sect ion 3 

ExPERIHENTAt PROCEDURE 

A container  was made from a 2-1/2" long n ipple  c u t  from standard 

2-112" NPT i r on  prpe, threaded i n t o  a 2-1/2" NPT i r on  pipe cap with a 3" x 3" 

x l f8" mild s t e e l  p l a t e  welded to t h e  top  of t h e  nipple.  A 318" - 316' reducing 

bushing w a s  welded to  the  cen t e r  of t h i s  p l a t e  and adapted from 318" NPT t o  

3/8" OD g t a i a l e s s  steel tubing w i ~ h  Swagelock f i t t i n g s .  The r e s u l t i n g  ves se l  

is 4-3/6" high a s  measured from the  too of t he  steel p l a t e  t o  t he  bottom of 

the  2-112'' IPS pipe cap. The stainless steel tube passes  i n t o  a 500 r n l  

Erlenmeyer f l a s k  submerged i n  a trichloroethylene-dry ice mixture. The f l a s k  

is vetted through Tygon tubing i n t o  a j a r  of water s o  any rapid evolut ion of 

gases  can be m i t o r e d .  The apparatus w a s  later modif f ed by incorporat ing 

fittings f o r  a second 318" OD s t a i n l e s s  s t e e l  tube s o  the ves se l  can be 

flushed with i n e r t  ga s  during t h e  run. 

l'he vesse l  was placed on a 4-112" diameter r e s i s t ance  hea te r  which 

was mounted on a hea t  sink. Temperature instrumentation was spot-welded on the  

container t o  monitor t h e  temperature through the  sample /conta iner  assembly. 

The e n t i r e  assembly w a s  surrounded by a cy l ind r i ca l  furnace with the  in te rspace  

f i l l e d  with expanded vewicu1i:e t o  minimize temperature gradients .  

Figures 1 and 2 are respec t ive ly  p i c tu re s  showing the  ves se l  sur- 

rounded by the nea te rs  and the  modified ves se l  connected t o  two lengths  of 

3/8" OD s t a i n l e s s  s t e e l  tubing i n  the  oven with the  upper heat ing element 

removed. The r e s u l t s  of the  compatibi l i ty  tests a r e  summarized i n  Table I. 

The r e s u l t s  ind ica te  t he  following: . 

The chemical reziction between the Thermincl-66 and Themkeep a t  

temperatures up t o  320eC (c lose t o  tile bo i l ing  point of the  Therm- 

inol-66) a r e  mild and produce no v i s i b l e  evolution of gases. Such 

reac t ions  a s  do occur (darkening and thickening of the  Therminolj 

should not have a detrimental e f f e c t  of the  Thermal Energy Storage 

(TES) system. 



When a dry inert gas (helium) is circulated above the Themakeep, 

it sweeps out any Therminol-66 present by the time the temperature 

of the Thermkesp has reached 326OC. 



Section 4 

FURTHER ANALYSIS OF THE THIBMINOL-66 AND THERMIMOLr66 XESIDUES 

4.1 Gas Chromatography 

After 9-114 hours a very sharp peak fo r  Therminol-66 was obtained 

in the  f i r s t  run using our Cow Mac 69-750 G a s  Chromatograph with a 6' long 

118" s t a in less  steel column packed with 3% OV-101 s i l i cone  o i l  on chromosorb W 

obtained from Applied Science Laboratories S ta te  College, PA. The column was 

heated t o  290°C. We were unable t o  obtain a peak on subsequent runs and con- 

cluded tha t  e i t h e r  the  column had been inactivated by long exposure a t  290°C 

o r  t h a t  the peak observed was due t o  "noiseB' of some kind. 

A second columwas obtained only 2' long packed with Tenax 6 4  

on 60180 Chrornosor!, W. This column is claimed t o  be capable of prolonged 

heating up t o  350°C. However, w e  o b ~ a i n e d  no Theminol peak during 1 4  hours 

operatins a t  300°C with maximum nitrogen flow. 300°C is the maximum temperature 

available with our Gow Mac 39-750 apparatus. We concluded tha t  our gas chro- 

motagraph is  nci  capable of analyzing Therminol-66 f o r  breakdow because of 

its low vapor pressuz- a t  300°C. 

Viscosity Changes 

A qua l i t a t ive  assay of the v iscos i ty  of Therminol-66 at-d Theminol- 

66 from runs 21745 and 21746 summarized i n  Table I was made by putting a drop 

of each i n  three f l a t  dishes, simultaneously tipping the  dishes and observing 

the comparative r a t e  of flow of t h e  drops. From th i s ,  we estimate the v i scos i t i e s  

to  be a s  follows: 

Therminol-66 a s  received 
cps 
150% 

Therminol-66 heated t o  320°C in  contact with Thennkeep 225 

Thcrminol-66 heated to  320°C for  16 hours i n  contact 
with Thennkccp 300 

* Monsanto data 



4.3 I R  Spectra 

Figures 3, 4,  5, and 6 are respectively IR spect ra  of: 

Figure 

10% Therminol-66 i n  Heptane 

10% Thermiaol-66 taken from Experiment 
21745 (Table I) i n  Heptane 

10% Therarinol-66 taken from Experiment 
21746 (Table I) i n  Heptane 

All non heptane peaks observed i n  Figures 4, 5, and 6 a r e  typica l  

of aromatic hydrocarbons, There a r e  no peaks indicat ing any take up of oxygen. 

4.4 Conclusions from Analytical Data 

The changes tha t  take place i n  Therminol-66 when placed i n  contact 

with Tbermkeep a t  320°C i n  contact with air appear t o  be slow darkening and a 

slow increase i n  viscosi ty.  Any oxidation of the  Therminol is too low t o  show 

up i n  the  I R  spectra. 



Section !5 

COEOCIU SIONS 

We conclude from our study that accidental contact between The- 

-1-66 and Thewkeep i n  the TES w i l l  not r e s u l t  i n  a reaction which w i l l  be 

detrimental. 



Sect ion 6 

RECOMMENDATIONS 

Provide a means f o r  sweeping the  top of t h e  Thermkeep with a dry  

inert gas. This w i l l  sweep out any water present  i n  the  Thermkeep and a l s o  

any Therminol-66 which may acc identa l ly  l a k  i n t o t h e  Themkeep i n  the  TES 

unit. The end of the  vent  should be lower than the  e x i t  point  and cool  enough 

so t ha t  any Therminol-66 w i l l  condense and c o l l e c t  i n  a ves se l  positioned 

below t h e  end of the  vent. 

Our experiment demonstrating t h e  above was made with dry  helium. 

Dry a i r  or ni t rogen should work equally w e l l  but i f  they a r e  t o  be used t e s t s  

should be made similar t o  t he  one using helium t o  confirm t h i s  assumption. 



?&la I 

SlQMW OF Tl lERHI~L 66 - TH-REP COMPAtIBlLIT1 TESTS (1) 

NOtES: (1) See text f o r  d e s c r i p t i o n  o f  appara tus  used. 

lun 
Ib. 

21142 (2) 

21763 (2) 

21144 (2) 

21745 (2) 

I 

21766 

27150 

(2) The v e s s e l  war no t  opened a f t e r  t hese  runs.  

(3) Hodt t ied  appara tus  used wi th  a f low of helium pass ing over c o n t e n t s  and through condenser and 

i n t o  water so  flow race  could be  monitored. 

Themkeep 
0 

100 

U 

99 

99 

# 

99 

(6) The condensate war the  c o l o r  and v i s c o s i t y  of f h e m i n o l  66. There was a few drops  of 

water suspended i n  t he  condensate. 

Tberolnol  
8 

10 

U 

99 

U 

20 

ee 

I 
I 

opcncd. The Thermkerp had 
solidified t o  a s o l i d  blue 
mass v i t h  no evldcnce of any 
f h e m i n o l  rcmainlng. 

I 
i 

Temp. 
.C 

272 

258 

310 

320 

320 

320 

s 
h a .  Temp. 

b u r r  

'1 

31 

>1 

>1 

16 

'1 

I n e r t  
Cae 

8 lanke t 

No 

No 

NO 

No 

NO 

Yes (3) 

V o l a t i l c s  
In  

Trap 

Itone 

l o n e  

None 

None 

None 

Yes (6) 

Comment a 

A sample of Thermlnol ohra lnec  
from the  ves se l  us ing a hvpo- 
demic needle a f t e r  t h e  run 
appeared s i m i l a r  t o  t h e  
o r i g i n a l  ma te r i a l  except f o r  
a s l i g h c  inc rease  Inv l scos l ty .  

No sample could be obta ined.  I 

l hemkeep  too  s o l i d  t o  penult  1 
sampllng f l u i d .  1 

The Themkeep had apparent ly  1 
melted and s o l l d l f l e d .  I 
Af te r  cool ing  the  appara tus  
was disassembled. n e  Therm- 
keep had solid1f:ed wi th  a 
semi-solid brown rush  of 
l 'hemlnol  and Themkeep on the  
su r f ace .  There was a small  
amounc of v iscous  l i q u i d  con- 

i 
I 
I densa t e  i n  t h e  lowet end of 1 

t h e  s t a i n l e s s  s t e e l  tube.  1 
Samples ve re  taken f o r  fu r the r  I 

a n a l y s i s  and che ves se l  cleaned I 
ou t  by inunersing rn  hot water.  I 

1 

The ves se l  was cooled ard  I 
examlncd a s  above. The r e s u l t s  
were s i m i l a r  except th.it the  
mush was darker  brovn i n  co lo r .  , 
Samplcs were taken f o r  fu r the r  
a n a l y s i s .  1 

Af te r  cool ing  the  ves se l  was I 
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Figure 3 n Heptane Control 



Figure 4 10% Therminol 66 in n-Heptane 



Figure 5 10% Therminol 66 i n  a-Heptane (Therminol 66 from run 21745 heated t o  320°C) 



Figure 6 10% Thenninol 66 i n  n-Heptane (Therminol 66 from run 21746 heated 16 hours at 320°C) 



Tadk 2 

Sec t ion  7 

PROPOSED .PROGRAM 

Dynatech proposed t h e  following techniques  f o r  t h e  measurement o f  

the  requ i red  thermophysical proper ties : 

a. The meaeurement of d i f f e r e n t i a l  thermal a n a l y s i s  u t i l i z i n g  a Netzsch 

DTA w i t h  a Netzsch Temperature Programmer was undertaken on t h r e e  

r e p l i c a t e  samples of t h e  m a t e r i a l  w i t h  each sample being heated end 

cooled a t  an agreed hea t ing  and coo l ing  r a t e .  

b. The measurement of thermal c o n d u c t i v i t y  i n  t h e  s o l i d  and molten 

phases by t h e  Comparative F l a t  S l a b  Technique a s  modified f o r  t h e  

requirements of t h e  m a t e r i s l  us ing a Dyaatech Model TCFCM-N8 Thermal 

Conductivity Instrument.  

c.  The measurement of d e n s i t y  and c o e f f i c i e n t  of thermal expansion i n  

t h e  s o l i d  phase by d i l a tomet ry  u t i l i z i n g  a Netzsch E lec t ron ic  Auto- 

mat ic  Recording Dilatometer and t h e  measurement of d e n s i t y  i n  the  

molten phase by s tandard buoyancy techniques.  

d .  The measurement of s p e c i f i c  heal and h e a t s  of t ransformat ion i n  t h e  

s o l i d  and molten phaseo us ing a Dynatech Model QTA-N7 Q u a n t i t a t i v e  

Adiabat ic  Calorimeter.  

e. The measurement of v i s c o s i t y  u t i l i z i n g  a Brookfield Viscometer (with 

a n  extended s p i n d l e ) .  



Sect ion 8 

EXPERIMENTAL PROCDURES 

8.1 D i f f e r e n t i a l  Thermal Analysis 

A small  amount of t h e  c r y s t a l l i n e  ma te r i a l  was placed i n  a spec i a l l y  

shaped n icke l  DDK measuring cup centered around a protected thermocouple. A 

similar amount of powdered Kaolin as a reference mater ia l  was s i m i l a r l y  placed 

i n  a comparison measuring cup. The outputs  of t h e  two thermocouples were 

connected d i f  f e r s n t i a l l y .  A separa te  temperature measurement protected thermo- 

couple was placed cen t r a l l y  between the  two cups. The cups were placed a t  the  

cen te r  of a r e s i s t ance  heated temperature enclosure which could be heated o r  

cooled a t  constant  temperature r a t e s .  After  allowing t h e  system t o  come t o  

equilibrium i t  was heated automatical ly  a t  a constant  r a t e  of SC/min, up t o  230C 

(450F). The heat ing r a t e  was then decreased t o  0.1 C h i n  up t o  350C (66OF). 

The heating r a t e  was then increased t o  SC/min t o  480C (900F). The system was 

then allowed t o  cool  t o  350C a t  SC/min and t o  230C a t  O.lC/min. 

The melting poin t  and temperaturesoftransformation were determined 

from the  i n t e r sec t ion  of l i n e s  drawn through the  por t ions  of the  temperature 

time curve inmediately below and above the  peak, 

The system had been pre-calibrated with standard reference mater ia l s  

KC104, Si02, and K Cr04 obtained from National Bureau of Standards. The meas- 
2 

ured melting poin ts  were within + O.5C of the re fe rence  malting points.  

8.2 -. Thermal Condbctivity 

8.2.1 Solid Phase 

The bas ic  method is  shown schematically i n  Figure 7 ,  For tha 

measurements Pyroceram 9606, an i n e r t  ceramic g l a s s ,  was chosen a s  the most 

s u i t a b l e  ava i lab le  reference niater ia l  t o  cover a l l  of the  mater ia l s  over the  

t o t a l  temperature range. The thermal conduct ivi ty  of Pyrocc:m 9606 is i n  

t he  range 4 t o  3 W/mK over the  temperature range of i n t e r e s t  and the s a l t ;  

were expected t o  be  i n  a s imi la r  thermal conduct ivi ty  range. 



I 

Figure 7 

Comparative Method - Schematic Assembly 



For  t h e  purpose of test, f i n e  g a w e  chromel /a lua~el  thermocouples 

in a high n i c k e l  a l l o y  p r o t e c t i v e  s h e a t h  having o v e r a l l  dimensions o f  0.25 mm 

were f i t t e d  t i g h t l y  i n t o  t h e  f i n e  grooves c u t  a c r o s s  t h e  s u r f a c e s  of t h e  sample. 

The i n ~ t r u m e n t e d  sample was sandwiched between two similar instrumented samples 

o f  the  re fe rence  material and of  similar dimensions. 

The composite sample was placed between two s i m i l a r  s i z e d  h e a t e r  

u n i t s  and mounted on  a f l u i d  cooled h e a t  s i n k  under a uniform load  app l ied  a t  

t h e  top  of t h e  composite s tack.  A meta l  and ceramic h e a t e r  guard tube  some 

75 m diameter  and 100 m long  which could be  heated a t  v a r i o u s  p o s i t i o n s  

a longs  its l e n g t h  and cooled a t  thc  bottom end was placed around t h e  composite 

test s t a c k  such r h a t  t h e  sample s t a c k  was pos i t ioned  c e n t r a l l y  w i t h  t h e  guard 

tube. A f u r t h e r  l a r g e  metal  f l u i d  cooled shroud was placed around t h i s  s t a c k  

and t h e  i n t e r s p a c e s  around t h e  sample a ~ d  between t h e m e t a l  tubes  f i l l e d  wilth 

a thermal i n s u l a t i n g  powder which had been pre-dried under vacuum at  e leva ted  

temperatures. A l i d  was f i t t e d  over  t h e  metal shroud and a l a r g e  g l a s s  b e l l  

jar was placed around t h e  whole assembly. The system was then evacuated and 

b a c k f i l l e d  wi th  pure d r y  argon. 

A s teady  temperature equ i l ib r ium was e s t a b l i s h e d  i n  t h e  system by 

means of adjustment of t h e  power t o  t h e  h e a t e r s  i n  t h e  sample s t a c k  and t h e  

rate of f low of coo l ing  water  through t h e  h e a t  s ink .  The temperature g rad ien t  

a long t h e  l eng th  of t h e  guard tube  was matched approximately t o  t h a t  on t h e  

composite t e s t  s t a c k  by automatic c o n t r o l  of t h e  h e a t e r  a long  t h e  l e n g t h  of 

t h e  guard tube. 

A t  equi l ibr ium t h e  temperatures i n  d i f f e r e n t  s e c t i o n s  of t h e  s t a c k  

were obtained from t h e  v a r i o u s  thermocouples i n  d i f f e r e n t  l o c a t i o n s i n  the  sys- 

tem. Thc thermal conduc t iv i ty  was der ived :ram a knowledge of t h e  h e a t . f l o w  a s  

determined from t h e  mean vs iue  c a l c u l a t e d  i n  t h e  top  and bottom r e f e r e n c e  

m a t e r i a l s ,  t h e  temperature d i f f e r e n c e  a c r o s s  t h e  sample and the  known dimen- 

s i o n s  a s  follows: 



A = &'[&) 2 AT sample kz) t o p  r e f e r e n c e  + - bottom r e f e r e n c e  1 
where i = thermal conduc t iv i ty  

AX = t h i c k n e s s  

AT = temperature  d i f f e r e n c e  

k = thermal c o n d u c t i v i t i e s  o f  t h e  r e f e r e n c e  a t  r e s p e c t i v e  mean 
temperatures  

Measurements were made a t  r e g u l a r  temperature  i n t e r v a l s  up t o  as 

close to t h e  mel t ing  p o i n t  as could be obta ined wi thout  any p a r t  o f  t h e  t e s t  

sample being at a temperature above t h e  measured mel t ing  point .  Following 

t h e s e  measurements a r e p e a t  de te rmina t ion  was m d e  a t  a lower temperature  t o  

check whe ther thesample  had changed dur ing  t h e  h e a t i n g  o r  f o r  p o s s i b l e  contam- 

i n a t i o n  of t h e  thermocouples. 

8.2.2 Molten Phase 

The method c h o s m  was based on t h e  comparative technique modified 

for t h e  molten state. It is shown schemat ica l ly  i n  F igure  8. 

E s s e n t i a l l y  t h e  test sample is conta ined w - t h i n  a t h i n  walled 

c a v i t y  i n  a l a r g e r  p i e c e o f  a r e f e r e n c e  mate r ia l .  The bottom s o l i d  s e c t i o n  

o f  t h e  m a t e r i a l  a c t s  a s  t h e  lower por t ion  of t h e  comparative s t a c k  whi le  an 

upper s e c t i o n  of t h e  same r e f e r e n c e  m a t e r i a l  f i t s  t i g h t l y  i n t o  t h e  sample 

c a v i t y  t o  s e a l  t h e  test sample w i t h i n  t h e  c a v i t y .  The upper r e f e r e n c e  m a t e r i a l  

contained a ven t  h o l e  t o  a l low f o r  expansion of t h e  test sample on mel t ing  

and subsequent i n c r e a s e  i n  temperature. Sheathed p ro tec ted  f i n e  gauge thermo- 

couples were placed i n  t h e  w a l l  of t h e  c a v i t y ,  i n  t h e  s u r f a c e s  of t h e  re fe r -  

ences touching t h e  molten m a t e r i a l ,  i n  h o l e s  along t h e  l e n g t h  of t h e  re fe rence  

materials and i n  t h e  sample i t s e l f .  I n  a11 o t h e r  r e s p e c t s  the  experimental  

techniques were t h e  same a s  f o r  t h e  s o l i d  phase. 

I n  d e r i v i n g  t h e  thermal conduc t iv i ty  of t h e  molten sample t h e  same 

p r i n c i p l e  was used a s  t h a t  f o r  t h e  s o l i d  m a t e r i a l .  liowever al lowances had t o  

be  made f o r  t h e  h e a t  flow through t h e  w a l l s  of t h e  sample c o n t a i n e r .  This was 

found t o  be i n  t h e  o rder  of 20 t o  25% of t h e  t o t a l  h e a t  flow measured i n  terms 
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Molten Thermal Conductivitj Test Stack Schematic Assembly 



of that i n  t he  upper and lower reference mater ials .  

The t e s t  ceJ.1 was fabr ica ted  out  of Inconel 600, The Inconel 600 
- e l  -1 

has a much h ig i~e r  conductivity (10 t o  20 WM K ) than the  salt, but  t h i s  f ac to r  

was compensated f o r  by uslng a t h i a  w a l l  sec t ion  and therefore  decreasing t h e  

area r a t i o  betwen t b e  containment ves se l  and t h e  specimen. Tho specimen was 

cast d i r e c t l y  i n  the  Inconel 600 container  by rneltzng the  specimen externa l ly  

and pouring it i n t o  t h e  cavi ty ,  

8.3 Linear Expansion and Density 

8.3.1 Solid Phase 

For t h e  measurement of l i n e a r  expansi~n t he  i n i t i a l  l ength  of a 

sample was measured accura te ly  with a micrometer. The sample together  wi th  

a temperature measurement thennoucouple was placed i n  a ca l ib ra t ed  fused 

quartz  push rod measuring system of a Netzsch Electronic  Automtic  Recording 

Eilatometer. The system w a s  placed at the center  of a r e s i s t ance  hea ter  envir- 

onmental chamber and allowed t o  equi l ibra te .  Power was then supplied t o  t h e  

hea ter  i n  A regular  manner such that t h e  sample t a p e r a t u r e  increased a t  a 

constant  slow r a t e  Of 1 C / min up t o  a s  c lose  t o  t h e  melting point  of 

the mater ia l  a s  could be obtained before so t ten ing  of t h e  sample was noted. 

&ring t h e  vh6le length of the experiment the continuous length  and tempera- 

ture changes of t he  sample were recorded. 

The l i n e a r  thermal expansion of the  s a m ~ l e  was obtained a9 follows: 

where a a the  coe f f i c i en t  of l i n e a r  expansion 

Lo = t h e  i n i t i a l  length a t  20C 

L = the chanse l a  length f o r  a p a r t i c u l a r  temperature i n t e r v a l  

obtained from a curve of d t  versus temperature, allowance being 

made fo r  the length change of t he  quartz  system ca l i3ra ted  

previously 

19 



The volume coefficient was obtained as the sum of the three respective linear 

coefficients and the density calculated from knowledge of the volume coefficient 

and the mass of the specimen. 

8.3.2 Molten Phase 

The basic buoyancy method was used to determine this property. A 

solid cylindrical piece of nickel some 6 mm diameter and 18 mm long weighing 

approximately 408 at 20C was used as the suspended bob for the measurements. 

The expansion of a separate rod of the same nickel was measured in the Netzsch 

dilatometer in order to detersine the change in volume of the metal bob at any 

particular temperature within the desired temperature range. 

A sample cf the material was melted into a large steel container 

which could be maintained at any desired temperature level, The nickel bob 

was suspended from tcle arm of a balance into the molten salt, Shields and 

insulation were placed around the wire and between the furnace and balance to 

minimize radiation, convection and updraft effects, The mass of the bob was 

evaluated once the system had attained equilibrium. 

Measurements were made in this manner at successive increasing 

temperatures some 200C (360F) above the melting point. 

The density of the salt was determined as follows; 

where PS= density of salt 

~i 
5 density of nickel bob at test tesp-rature iT) 

m 20 = mass of nickel bob at 20C 

mT mass of nickel bob at test temperature (T) 



8.4 Viscosity 

600 grams of Thermkeep were melted i n  the  vessel  described i n  Task 

1 a f t e r  modifying the  vesse l  by opening up the  center  port and welding a 4" 

length of 1 i-ch IPS iron pipe i n  place. A slow stream of a dry nitrogen . 
gas was used to blanket the s a l t  while heating. The gas was turned off 

during the  ac tual  v iscos i ty  measurements. 

The viscos i ty  was measured using a LUT Brookfield Viscometer with 

a ? 1 spindle a t  60 RrM. Two spindle extensions were required t o  have exlough 

length t o  permit the spindle t o  be immersed i n  the molten Thermkeep t o  the 

notch on the  sha f t  and still have the  instrument clear the  top of the 1" pipe 

The Brookfield Viscometer was cal ibrated using glycerine the vis- 

cosi ty of which was measured using a cal ibrated Cannonubbeholde Viscometer 

#400 A 35 a t  3S°C. 



Section 9 

TEST RESULTS 

9.1 Di f f e ren t i a l  Thermal Analysis 

Table 2 

The Di f f e ren t i a l  Thermal Analysis of  3 "Themkeep" Mater ials  i n  A i r  

Tes t  1 Test 3 Tes t  2 

Heating 

0.1 c .in-' 

Endotherm 

260 C 

500 F 

Endr?herm 

306 C 

583 F 
b 

Heating 

0.1 

Endotherm 

277 C 

531 F 

Endotherm 

287 C 

549 F 

Heating 

0.1 c oin- '305~ 

Endotherm 

276 C 

529 F 

Endotherm 

290 C 

554 F 

Cooling 

005 c inin-I 

Exotherm 

273 C 

531 F 

Exotherm 

--- 

Cooling 

c r n i n - ' ~ o s c m i h '  

Exotherm 

280 C 

536 F 

Exotherm 

228 C 

442 F 

Cooling 

mi.-' 

Exotherre 

280 C 

536 F 

Exothenn 

2 2 1  C 

432 F 



9.2 Thermal Conductivity . 
9.2.1 Solid Phase 

Table 3 

The !Chermal Conductivity of ''Themkeep" in the Solid Phase 

*on cooling 

Tem3erature 

C 

50 

150 

250 

150* 

Thermal Conductivity, X 

F 

122 

302 

482 

302 

t3hr-lK-1 

1.30 

1.10 

1.00 

1.15 

-1 -2 -1 Btu-in hr f F 

9.0 

7.6 

7.5 

8.0 



9.2.2 Molten Phase 

Table 4 

The Thermal Conductivity of "Themkeep" 

in the Molten Phase 

Temperature Thermal Conductivity, A 

C 

350 

4 00 

4 SO 

h-lfl 

0.90 

0.92 

0.935 

. 
662 

752 

84 2 

-1 -2 -1 Btu-ia hr ft F 

6.2 

6.4 

6.5 
.- 



9.3 Linear Thermal Expans ion 

Table 5 

The Linear Thermal Expansion of "Thermkeep" i n  Three Mutually 

Perpendicular Dir x t i o n s  

I 

Specimen 

I I t o  Lamf nat ions 

1 t o  Laminations 
- - - - - - - -- - - 

I I t o  Laminations 

4 Thermal Expansion, (AL/Lo) x 10 @ 

20 

0 

0 
- - - 

0 

50 

6.0 

8.5 

6.0 

100 

1.9.2 

25.2 

19.0 

150 

37.0 

45.5 

36.6 

200 

60.0 

69.5 

59.2 

250 C 

90.0 

98.8 

89.0 



9.3.1 The Density of "Thermkeep" i n  the Solid and Molten Phasee 

Table 6 

- 1.08 
melting point 

1 Temperature 
I 

I 
400 752 1756 109.6 1756 ' 109.6 

-- 
6 

20 

50 

100 

150 

200 

250 

300 

w 

350 

F 

68 

122 

212 

30 2 

39 2 

482 

57 2 

662 

Dens1 ty 
(Test Specimen) 

Density 
(Theorc t ical) 

kg m 3  

1883 

1879 

1871 

1861 

1848 

1832 

1808 

1782 

kg c3 

2140 

2136 

2127 

2115 

2100 

2082 

1808 

1782 

lbs f to3 

117.5 

117.2 

116.8 

116.1 

115.3 

114.3 

112.8 

111.2 

lbs fto3 

133.5 

133.3 

132.7 

132 0 

131.0 

129.9 

112.8 

111.2 
I 



Table 8 

The Viscosity of "Themkeep" 

I 

Viscosity, 
Centipoises 

7.9 2 0.3 

6.7 2 0.3  

5.2 2 0.1 

Temperature 

C 

328 

398 

4 80 
L 

F 

622 

748 

89 6 



A P P E N D I X  B 

COMPUTER MODEL USED FOR REFERENCE DESIGN STUDY 
AND PRELIMINARY DESION 

Main Program 

The main program determines the fluid condition which is 
transferred to subroutine ELANAL, an element by element 
analysis of the heat transfer within the unit. The nature 
of the analysis is such that it assumes that the temperature 
within the lmlt stays constant over a very small time. The 
size of the time step is determined also in the main program. 

The time step is computed as follows. w5 is the computed fluid flow rate at the time of the calcu ation. Then: 

where 

so that the time step is determined by the ratio of the 
thermal capacity of the Thermkeep in an element t d  the 
thermal capacity of the T-66 passing through it. The 
ratio MTK/~E is simply the Thrrmkeep mass per element. 

C~~ 
varies throughout the unit as a function of temperature 

so that a cTK is selected to be as small as wlll be exr~er- 

ienced (liquid phase). Sillce the object is to compute a 
sufficiently small time step to satisfy the assumption of 
negligible temperature change in the Thermkeep, the time 
step will then be satisfactorily small for regions wheze 
c is larger and larger time steps could be toler&;ed. TK 
The factor of 0.06 was selected so thbt in the worst case, 
the error in heat transfer by this assumption will be no 
more than 2%. Smaller time steps would reduce this error. 

A table of solar collector output is read into this sec- 
tion of the program. It is based upon key times within 
the twenty-four hour day, plus other tabulated points to 
fully describe the shape of the output. The key tlmes 
are determined in such a way that the beginnJ7g of the 



c y c l e  o c c u r s  at the beg inn ing  of d i s c h a r g e  o f  the u n i t ,  T6, 
i .e . ,  t h e  time when t h e  solar c o l l e c t o r  o u t p u t  h a s  
dropped t o  e x a c t l y  t h e  b o i l e r  demand ( la te  a f t e r n o o n ) .  
(See  F ig .  1.) 

From t h e r e  to TI, t h e  c o l l e c t o r s  and s t o r a g e  combine t o  
produce t h e  d e s i r e d  f low t o  t h e  b o i l e r .  wmin, t h e  de- 

s i r e d  flow r a t e  t o  t h e  b o i l e r ,  i s  computed by 

where qg is  t h e  h e a t i n g  rate r e q u i r e d  by t h e  b o i l e r .  

The flow which can b e  prov ided  by t h e  c o l l e c t o r s  is:  

where qc i s  t h e  hea t  o u t p u t  from t h e  c c l l e c c o r s ,  and t h e  

n e t  f low from t h e  s t o r a g e  u n i t  d u r i n g  t h i s  p e r i o d  is: 

Wt = W W min c o l l  

A t  T1, the c o l l e c t o r  c u t p u t  ha s  dropped t o  z e r o ,  and a l l  
t h e  f low r e q u i r e d  p a s s e s  th rough  t h e  s t o r c 3 e  u n i t .  I h e r e -  
fcre, from T1 t o  T2: 

P ,  T2,  t h e  b o i l e r  demand goes  t c  z e r o  and a  n i ~ h t t i r ~ e  
i d l e  pn r iod  ( 1 2  h c u r s )  uc2urs .  At 7'3, the boiler d e ~ a n d  
beg ins  a g a i ?  ( e a r l y  mornin!;). From T? t o  T 3 ,  , h e  o n l y  
c a l c u l a t i o n s  perforrr.-z, qn t h e  u n i t  a r e  t h ~ s c  ~ h f c h  are 
~ o t  f low related, i . e . ,  LOSS Yo t h e  env i ronmen t  3r,d a x i a l  
heat conduct ion .  



From T3 t o  T4, t h e  c o l l e c t o r s  produce no o u t p u t  and a l l  
t h e  b o i l e r  f low o r i g 3 n a t e s  i n  t h e  s t o r a g e  u n i t .  Fo r  t h i s  
pe r iod ,  as from T1 t o  T2, wp I Wrninm From T4 t o  T5, t h e  

c o l l e c t o r  o u t p u t  I s  less t h a n  t h e  b o i l e r  demand and t h e  
flow, as between TO and T1, comes f r o m  b o t h  s t o r a g e  and 
t h e  c o l l e c t o r s ,  t h e  amount from storage a g a i n  b e i n g  
determfned by : 

A t  T5, t h e  c o l l e c t o r s  beg in  t o  p u t  o u t  e x c e s s  h e a t i n g  
o v e r  t h a t  demanded by t h e  b o i l e r .  The e x c e s s  h e a t i n g  i s  
computed by: 

The flow t o  t h e  s t o r a g e  u n i t  d u r i n g  t h i s  p e r i c d  i s  ca l cu -  
lated by: 

and i s  l i m i t e d  t o  some prede te rmined  maximum v a l u e .  

A key, c a l l e d  K 7 ,  i s  recorded  t o  be t r a n s f e r r e d  t o  ELANAL 
which t e l l s  i t  what t h e  f low c o n d i t i o a  i s  s o  t h a t  t h e  c a l -  
c u l a t i o n  p r o c e s s  i s  d i r e c t e d  t o  t h e  c o r r e c t  p a r t  of  ELANAL. 
If K7 = 2 ,  t n e n  t h e  flow e n t e r s  che t o p  o r  h o t  end o f  
t h e  u n i t  and cha rg ing  i s  o c c u r r i n g .  I f  K 7  = 3 ,  t hen  t h e  
flow e n t e r s  t h e  bottom o r  c o l d  end of  t h e  u n i t  and d i s -  
cha rg ing  i s  o c c u r r i n g .  I f  K 7  = 1, t h e  flow is z e r o  and 
no f l g w  r e l a t e d  c a l c u l a t i o n s  occu r  i r  ELAN4L. Th i s  a p p l i e s  
t o  t h e  o v e r n i g h t  i d l e  and t h e  p o i n t s  i n  t h e  c y c l e  whe-e 
t h e  c o l l e c t o r  o u t p i ~ t  e x a c t l y  e q u a l s  t h e  b o i l e r  demand. 

A f t e r  d e t e r m i n a t i o n  o f  w f ,  ~t and K7, t h z  computation 

e n t e r s  ELANAL and computes t h e  i n t e r n a l  hea t  t r a n s f e r  dur- 
i n g  t h e  time scep .  Upon c o n p l c t i n g  t h e  computat icns  i n  
ELXNAL, t h e  c a l c u l a t i c  7 ~ * e t u r n s  t o  t h e  ma! -I program where 
i t  adds incrementa l  - ' f lows t o  t h e  cumulative h e a t  
ba l ances  f o r  t h e  b -  h e a t i n g ,  h e a t  aSsorbed,  e t c .  Upon 



completion of a d a i l y  cyc le ,  t h e  t o t a l  cumulat ive h e a t  
ba lances  are ou tpu t ,  reset t o  zero ,  and t h e  d a i l y  c y c l e  
begins  anew w i t h  t h e  s tate  o f  t h e  s t o r a g e  u n i t  be ing  as 
it was a t  t h e  end o f  t h e  p rev ious  cyc le .  

Other in fo rma t ion  is produced such as peak flow rate, 
peak i d e a l  pump power, peak y e s s u r e  drop,  and t o t a l  
e l apsed  o p e r a t i n g  t ime.  The computation tests t h e  num- 
b e r  o f  c y c l e s  a g a i n s t  a p r e s e t  number o f  d a i l y  c y c l e s  
and e i t h e r  s t o p s  o r  begins  a n a l y s i s  of a new des ign  a f t e r  
t h e  d e s i r e d  number o f  c y c l e s  has  been completed. 

The hea t  ba lances  a r e  computed f o r  each t ime s t e p  and 
summed t o  produce cumulat ive hea t  ba lances  o v e r  t h e  
d a i l y  cyc le .  Qc, t h e  d a i l y  t o t a l  s o l a r  c o l l e c t o r  o u t p u t ,  

i s  dependent upon how t h e  t ime increments  are determined 
s i n c e  qc i s  c a l c u l a t e d  by l i n e a r  i n t e r p o l a t i o n  o f  a t a b l e  

of  qC VS. t i m e  and i s  assumed cons tan t  over  a t ime s t e p .  

Thus, 

c y c l e  

'abs ' t h e  amount o f  hea t  absorbed by the  TES u n i t  f o r  t h e  

c y c l e ,  i s  computed by summing t h e  en tha lpy  changzs of  t h e  
T-66 dur ing  each  t ime increment o f  t h e  oharg ing  phase.  

charge 
c!!cle 

Q i o s s  9 
t h e  amount o f  h e a t  which i s  wasted, i . e . ,  which i s  

a v a i l a b l e  frcm i h e  s o l a r  c o l l e c t o r s  but  no t  absorbable  by 
the  u n i t ,  due t o  r e a c h i n e  maximum pump flow, i s  i h e  d i f -  
f e rence  between t h e s e .  

charge 
c y c l e  

- - 
Q l o s s  

i 



t h e  amount o f  heat d e l i v e r e d  by t h e  s t o r a g e  u n i t  
over  a cyc le  i s  a l s o  computed by summing t h e  enthalpy 
changes of t h e  T-66 dur ing  each time increment duping 
t h e  d i scharge  phase: 

d i scharge  
c y c l e  

Qdel  
= c ;T C wt,i i e , i  - T ~ )  ~t~ 

i 

%urn ' che compensatory o r  boost hea t ing  t o  be  app l i ed  t o  
b r i n g  t h e  T-66, which e x i t s  a t  Te, up t o  'TH f o r  d e l i v e r y  

t o  t h e  b o i l e r  is t h e  sum of t h e  incrementa l  d e f i c i e n c i e s  
i n  each t i m e  s t e p  dur ing  disck'arge: 

discnayge 
c y c l e  

Qenvs t h e  t o t a l  h e a t  l cs t  t o  the  environment, is ?qua1 
t o  t h e  d i f f e r e n c e  between Qabs and Qdel, once s teady r t a t e  

i s  e s t b b l i s h e d  and no n e t  change of s:ate 1s experienced 
wi th in  t h e  u n i t  over  a cycle :  

- 
Qenv - %bs - Qdel a t  steady s t a t e  

Sub r o u t i n e  ELANAL 

This subrou t tne  Is c a l l e d  by t h e  main program each time 
s t e p  and performs t h e  hea t  c r a ? s f e r  c a l c u l a t i o n s  between 
t h e  T-66 and t h e  Therrnkeep. However, one sec5icn  of  i t  
i s  u t i l i z e d  only once f o r  each desfgn,  t h e  f1,-st t ime ir't:, 
ELANAL, and bypassed t h e r e a f t e r .  This  s e c t i o n  performs 
i n i t i a l i z a t i o n  o f  c e r t k i n  groups d f  values w h i ~ h  a r e  un- 
changed throughout t h e  a n a l y s i s ,  i-eads iflost of  the ! r l p ~ ~ t .  
t o  t h e  program (geometry, cos t  f a c t o r s ,  f l u i d  p r o p e r t i e s ,  



e t c . ) ,  and computes t h e  es t ima ted  u n i t  c o s t .  It i n d i r e c t l y  
s e t s  up a t a b l e  of Thermkeep p r o p e r t i e s  by c a l l i n g  sub- 
r o u t i n e  TKPROP which is  used a t  t h i s  p o i n t  t o  r ead  i n  
va lues  and set up tables of  element t o t a l  e n t h a l p i e s  vs.  
temperature and s o l i d  f r a c t i o n  o f  Themkeep vs. tempera- 
r e .  These t a b l e s  a r e  pe re r red  t o  when p r o p e r t i e s  are 
sought wl th in  t h e  rest o f  ELANAL. 

I n i t i a l i z a t i o n  Sec t ion  

The fo l lowing c a l c u l a t i o n s  &re performed t o  determine t h e  
geometry o f  t h e  u n i t  from inpu t  va lues .  

Displaced tube  volume, 

'tubes 

where LT i s  t h e  tube  l eng th ,  NT is  t h e  number of tubes ,  and 
do is t h e  tube  0.d. 

Thermkeep volume, 

To ta l  i n t e r n a l  volume, tubes  p l u s  Thernkzep, 

- - 
v ~ p t a l  "tubes + 'TKO 

An aspec t  r a t i o ,  t h e  vesse l  i n t e r n a l  he ight  d iv ided by 
the i n t e r n a l  diameter  i s  s p e c i f i e d  s o  t h a t ,  from knowledge 
of  t h e  t o t a l  volume, t h e  he ight  and diameter  o t  t h e  ves- 
sz l  may b e  computed, 



If the height of the vessel happens, by poor selection, 
to be less than the total tube length, LT, then it is 

set exact iy  equal to LT and the diameter is determined 
by the volume, 

The inner diameter of the shroud containing the insulation 
is determined from the insulation thickness, tins, and the 

vessel wall thickness, tshell, 

- 
d8 hroud - dshell + tins ' tshell. 

The total shroud inner height is determined froni the insu- 
lation thickness and the vessel and plate thicknesses, tend, 

The weigats of the vessel, shroud, heat exchanger, and 
insulation are determined from the density of steel (heat 
exchanger, vessel, and shrouds), psteel, the density of the 

insulation, 'ins3 and the shroud thicknesses, tshroud,bottom, 

tshroud, tap' and tshroud, side3 

2 - 'vessel - P r end + d~hell tshell hshell 

- n 
'heat exchanger - 7- 'steel L ~ N ~ i d o 2  - ' 

B-7 



'shroud = nPsteel  1 h dshroud shroud t shroud ,  s i d e  

2 

+ dsh;oud (+ 
shroud,  t o p  + t shroud ,  bottom)}. 

J 

The c o s t  of t h e  u n i t  (w i thou t  go ing  i n t o  each  e q u a t i o n  used)  
i s  de te rmined  i n  two ways. Cost o f  materials i s  based  upon 
t h e  m a t e r i a l  weight  and a c o s t  p e r  u n i t  weight .  Cos t s  of 
f a b r i c a t i o n  are de te rmined  by a  well accep ted  approximat ion 
known as t h e  " s i x - t e n t h s  f a c t o r "  r u l e .  Th i s  s a y s  t h a t ,  
based  upon some parameter ,  weight ,  volume, s u r f a c e  a r e a ,  
e t c . ,  t h e  c o s t  o f  a p a r t i c u l a r  p a r t  w i l l  vary a s  t h e  0.6 
power o f  t h e  r a t i o  o f  va lues  of t h i s  parameter  where t h e  
c o s t  f o r  one v a l u e  i s  known: 

- - 
'unknown 

where 'known is t h e  known c o s t  f o r  a  u n i t  of v a l u e ,  Pknown 

f o r  t h e  parameter  used ,  and Punknown i s  t h e  va lue  of  t h a t  

parameter  f o r  t h e  u n i t  t o  be e s t i m a t e d .  For example,  a  
h e a t  exchanger  > f  tw ice  t h e  s u r f a c e  a r e a  o f  a n o t h e r  may 

i n c r e a s e  on ly  a s  ( 2 )  0s6 o r  1 . 5  112 c o s t .  I n  most c a s e s ,  
t h e  c a l c u l a t i o n  usea bo th  we11:ht and s u r f a c e  a r e a  as t h e  



s c a l i n g  parameters  and averages t h e  two values  which were 
c a l c u l a t e d .  

I n  t h i s  s e c t i o n  c e r t a i n  groups of  numbers which c o n t r i b u t e  
t o  h e a t  t r a n s f e r  c a l c u l a t i o n s  and do no t  change each time 
increme&-t are computed t o  save  repe t i t ' i ous  c a l c u l a t i o n s .  

The t o t a l  c a p a c i t i v e  e f f e c t  of  t h e  s t o r a g e  u n i t  is  based 
upon t h e  Thermkeep, t h e  tubes ,  and t h e  v e s s e l .  The insu-  
l a t i o n  and t h e  T-66 are ignored.  Although t h e  i n s u l a -  
t i o n  may have a l a r g e  c a p a c i t i v e  e f f e c t ,  i t s  thermal  . 
d i f f u s i v i t y  i s  s o  low t h a t  dur ing  d a i l y  cyc l ing ,  i t  should 
be unimportant.  

The u n i t  i s  d iv ided i n t o  a number of numerical elements  
which a r e  h o r i z o n t a l  s l i c e s  through t h e  t o t a l  u n i t .  Each 
element,  except  f o r  t h e  f i r s t  and l a s t ,  have an equal  
weight d i s t r i b u t i o n  due t o  Thermkeep, tubes ,  and v e s s e l  
s i d e s .  Ths weight of  Thermkeep i n  each element,  AMTK, i s  
the t o t a l  weight d iv ided  by t h e  number of numerical e l e -  
ments. The weight o f  steel i n  a l l  but  t h e  end element,  
d.Mst ,m,  Is t h e  t o t a l  tube  weight p l u s  t h e  t o t a l  v e s s e l  

weight l e s s  t h e  ends d iv ided by t h e  number of numerical 
elements.  The weight o f  s t e e l  i n  t h e  end elements ,  

A M s t , m  p lus  t h e  weight of an end p l a t e  f o r  each. 

During t h e  course of t h e  a n a l y s i s ,  t h e  c a l c u l a t i o n  works 
wi th  t h e  t o t a l  e n t h a l p i e s  o r  ene rg ies  of each element 
where 

These two t a b l e s  of elemen: e n t h a l p i e s  a r e  e s t a b l i s h e d  
dur ing  t h e  first pass through subrout ine  TKPROP when t h e  
enthalpy t a b l e  f o r  Thermkeep i s  read .  In  t h e  l n i t i a l i z a -  
t i o n  s e c t i o n  o f  ELANAL, t h e  s t a r t i n g  temperature i s  known 
and t h e  e n e r g i e s  a r e  computed. Therea f t e r ,  new e n e r g i e s  
a r e  determined from element heat  balances and TKPROP de- 
termines t h e  updated temperature of t h e  elements .  



Heat Trans fe r  S e c t i o n  

The u n i t  is modeled as a v e r t i c a l  c y l i n d e r  wi th  t h e  nu- 
mer ica l  elements be ing  h o r i z o n t a l  s l i c e s  each assumed t o  
be at  uniform temperature.  I n  t h i s  way, a step-wise 
temperature g r a d i e n t  Is c a l c u l a t e d  which ~ p ~ r o a c h e s  a 
smooth curve  as t h e  number o f  elements i n c r e a s e s .  The 
computed temperature o f  each element is  taken  t o  be t h e  
midpoint temperature f o r  purposes o f  a x i a l  conduction 
c a l c u l a t i o n s  and p l o t t i n g  o f  t h e  ou tpu t .  

A h e a t  ba lance  i s  made around each element co i i s i s t ing  o f  
t h r e e  components: 

... the a x i a l  conduction from one element t o  
t h e  next  c o n s i s t i n g  o f  conduction through 
t h e  Thermkeep, through t h e  tubes ,  and 
through t h e  v e s s e l  wall ;  

... t h e  conduction t o  t h e  environment which is  
p r imar i ly  conduction l o s s  through t h e  
thermal  i n s u l a t i o n ;  and 

... t h e  h e a t  t r a n s f e r  between t h e  T-66 and t h e  
Thermkeep. 

The last  component i s ,  o f  course,  s e t  equal  t o  zero when 
no T-66 i s  flowing. The r a t e s  of  h e a t  flow by t h e s e  
modes a r e  m u l t i p l i e d  by t h e  time s t e p  and summed, a n e t  
energy change pe r  element i s  computed, and t h e  new t e m -  
p e r a t d r e  is found from subrout ine  TKPROP. 

The key, K7, s e l e c t s  which p a r t  o f  ELANAL i s  used f o r  
t h e s e  computations, depending upon t h e  d i r e c t i o n  of  flow. 
The computations wi th in  each p a r t  a r e  i d e n t i c a l  but  t h e  
d i r e c t i o n  of movement through t h e  numerical elements i s  
reversed  caus ing a r e v e r s a l  of t h e  indexing,  and a change 
i n  t h e  d e f i r i t i o n  of  which T-66 cond i t ion  is  s p e c i f i e d  
and which i s  sought.  Consequently, t h e  computational 
method w i l l  be descr ibed only once wi th  d i f f e r e n c e s  between 
t h e  p a r t s  be ing s p e c i f i e d  where necessary.  

The numerical elements a r e  numbered from 1 t o  NE, w i t h  1 

being a t  t h e  cold  o r  bottom end and NE being a t  t h e  hot  

o r  top  end. F lu id  temperatulaes a r e  numbered from 1 t o  
NE + 1. One i s  t h e  lower manifold temperature which is  

t h e  i n l e t  dur ing  d ischarge  when i t  i s  f ixed  a t  TL and 



is t h e  o u t l e t  dur ing  charging and has been c a l l e d  To. 

1 + NE i s  t h e  upper manifold temperature which i s  t h e  
i n l e t  dur ing  charging when it i s  f i x e d  a t  TH and i n  t h e  
o u t l e t  dur ing  d ischarge  and has  been c a l l e d  Te. 2 through 
NE are t h e  T-66 tempera tures  between t h e  elements.  Thus, 
f o r  each element, T-66 i n l e t  and o u t l e t  temperatr=es a r e  
def ined,  t h e  o u t l e t  temperature from one element oeing 
t h e  i n l e t  temperature t o  t h e  next element i n  t h e  flow 
d i r e c t i o n .  

T-66 thermophysical p r o p e r t i e s ,  v i z . ,  s p e c i f i c  h e a t ,  v is -  
c o s i t y ,  d e n s i t . ,  and thermal  conduc t iv i ty ,  a r e  assumed 
cons tant  and a r e  taken t o  be t h e  va lve  at  t h e  nominal 
a r i t h m e t i c  mean temperature.  The p r o p e r t i e s  do vary with 
temperature but  t h e s e  v a r i a t i o n s  are small over  t h e  tem- 
p e r a t u r e  range o f  opera t ion  of  t h e  u n i t  and accounting 
f o r  t h i s  v a r i a t i o n  would add unnecessary complexity t o  
t h e  a n a l y s i s .  

The c a l c u l a t i o n s  on t h e  T-65 side a r e  a s  fo l lows.  The 
f l u i d  Reynolds number is  def ined as 

where t h e  flow a r e a  is  

The T-66 s i d e  hea t  t r a n s f e r  c o e f f i c i e n t  i s  c a l c u l a t e d  a s  

(Ref. 2) 

E-11 



Where NpR, t h e  P r a n d t l  number i s  

I n  t h e  l amlna r  flow reg ion ,  NRE < 2000, t h e  h e a t  t r a n s f e r  
c o e f f i c i e n t  i s  d e s c r i b e d  by 

The o b j e c t  I s  t o  compute a n  o v e r a l l  h e a t  t r a n s f e r  resist- 
ance between t h e  T-66 and t h e  Thermkeep. One component 
o f  t h i s  is  t h e  r e s i s t a n c e  between the  T-66 and t h e  i n s i d e  
wall o f  t h e  t u b e  which i s  

where t h e  t o t a l  i n s i d e  s u r f a c e  area, Ai ,  o f  t h e  t u b e s  i n  
a numer ica l  e lement  i s  

The f l u i d  s i d e  p r e s s u r e  drop  through t h e  h e a t  exchanger  
is: 

* I:I t h e  f i n a l  form o f  t h e  a n a l y s i s ,  t h i s  h a s  been modi- 
f i e d  t o  account  f o r  t h e  e f f e c t  of  h e l i c a i l y  c o i l e d  
tubes .  See pages 7 ?  and 7 4  o f  t h i s  r e p o r t .  



where f (NW) 18 the frlction actor and is a user sup- 
plied function of the Reynolds number, and the coeffl- 
cient, 0.102, represcnfs conversion factors to arrive 
at AP In unite of kg/m . &She ideal pumping power is 

in kilowatts. The peak values of AP and P are output 
P 

at the end of each cycle. The total cyclic pump work Is 

cycle 

in kilowat t hrdrs. 

All calculations are performed in the mks system of units 
which is essentially the SI designation. Mass is ex- 
pressed in kilograms, length in meters, temperature in 
Kelvin degrees, time in seconds, energy in kilojoules, 
power in kilowatts, etc. 

The other components of heat transfer resistance between 
the T-66 and the Thermkeep are the Itlateral" resistance, 
through the tube and the resistance between the tube out- 
side surface and the Thermkeep. The tube has an "axial" 
component also which is associated with axial heat conduc- 
tion. The "lateral" tube resistance is computed by the 
usual cylindrical conduction equation: 



The only r e s i s t a n c e  c a l c u l a t e d  on t h e  Thermkeep s i d e  
i s  t h e  r e s i s t a n c e  of  t h e  s o l i d  l a y e r  b u i l t  up on t h e  
tube  su r faces .  The amount of s o l i d  i n  a numerical e l e -  
ment i s  taken t o  be  a f u n c t i o n  of  t h e  temperature of 
t h e  Themkeep and is  i n p u t  t o  t h e  program t o g e t h e r  wi th  
t h e  temperature v a r i a t i o n  of t h e  enthalpy i n  t a b u l a r  
form. From knowledge of  t h e  s o l i d  f r a c t i o n ,  @, t h e  
t o t a l  s o l i d  l a y e r  s i z e  may be es t imated .  The volume o f  
t h e  s o l i d  l a y e r  around each tube  i n  an  element i s  

from which t h e  diameter of  t h e  s o l i d  l a y e r  i s  determined, 

The hea t  t r a n s f e r  r e s i s t a n c e  through t h i s  s o l i d  l a y e r  i s  
a l s o  computed by t h e  c y l i n d r i c a l  conduction equat ion ,  

The t h r e e  r e s i s t a n c e s  a r e  summed t o  determine t h e  t o t a l  
resistance between t h e  T-66 and t h e  Thermkeep: 



The number of  t r a n s f e r  u n i t s ,  NTU, of t h e  e lementa l  h e a t  
exchanger is  

NTU = 1 

"f Cf R t o t a ~  

where t h e  T-66 s i d e  capac i ty  i s  taken t o  be  the minimum 
capaci ty .  This  is  i n  agreement with t h e  assumption t h a t  
t h e  temperature change of  t h e  s t o r a g e  medium is  n e g l i g i b l e  
over  a t ime s t e p ,  With t h i s  assumption and t h e  assumption 
o f  uniform Thermkeep temperature w i t h i n  an element,  t h e  
e f f e c t i v e n e s s  o f  t h e  hea t  t r a n s f e r  process ,  E ,  i s  calcu- 
l a t e d  by  

For a f l ~ i d  wi th  cons tan t  s p e c i f i c  h e a t ,  t h e  e f f e c t i v e n e s s  
r e p r e s e n t s  t h e  degree o f  approach o f  t h e  f l u i d  temperature 
t o  t h e  Thermkeep temperature.  Where Tin is  t h e  temperature 
of t h e  f l u i d  i n t o  t h e  element,  Tout i s  t h e  t.emperVature out  
of  t h e  element,  and TE i s  t h e  temperature o f  t h e  s t o r a g e  
m a t e r i a l  i n  t h e  element,  

The r a t e  of  h e a t  t r a n s f e r  between t h e  T-66 and t h e  s t o r a g e  
m a t e r i a l  i n  the  element i s  

Excluding t h e  end elements ,  t h e  " l a t e r a l "  i n s u l a t i o n  r e s i s t -  
ance t o  hea t  t r a n s f e s  i s  determined a l s o  Sy t h e  c y l i n d r i c a l  
conduction equat ion ,  



t 
'shroud I 

and the  r a t e  of heat loss  from an element a t  TE through 
the  Insulat ion i n  the  lateral d i rec t ion  t o  ambient tempera- 
ture, T-, which i s  an approrirnatlon t o  the shroud surface 

temperature is 

The a x i a l  conduction term f o r  a l l  except the  end elements, 
i .e. ,  between the  WE storage temperatures of which there  
a re  (NE - 1) conduction calculations,  consis ts  of conduc- 
t ion  through t h e  heat exchanger tubes, the  s h e l l ,  and the  
Thermkeep. The resis tances f o r  each mode a re  computed 
separately and summed a s  p a r a l l e l  res i s tance  paths. The 
tube a x i a l  conduction resis tance is 

e 5 

$,a r 
F 'steel (dof - d< ) N ~  

while the  s h e l l  a x i a l  conduction term is  

= I 
t Rshell ',tee1 s h e l l  dshel l  



Both of these  term8 are the  same for  every conduction 
path and for  a l l  times and are not changed afier being 
set i n i t i a l l y ,  

The conduction through the  Thermkeep is  r a t h e r  complex 
due t o  t h e  geometry of t h e  buildup of s o l i d  on t h e  tubes. 
The conductivity i n  t h e  s o l i d  i s  s l i g h t l y  higher than 
t h a t  i n  t h e  l i q u i d  phase but not enough t o  warrant consid- 
e r a t i on  of t h e  above-mentioned geometry. Rather, an aver- 
age r e s i s t ance  wi thin  an element is ca lcu la ted  assuming a 
net  thermal conductivity which is  t h e  average of  t h a t  i n  
t he  s o l i d  and l i q u i d  weighted by t he  f r a c t i o n  of  each, 

- 
kTK nr' "solid + (1 - @) kliguid, 

and these  conduc t iv i t i es  a r e  ava i lab le  as temperature 
dependent funct ions  within t h e  program. 

The a x i a l  conduction r e s i s t ance  wi thin  a uniform element 
is ca lcu la ted  from the  average cross-sect ional  a r ea  of 
the  The~mkeep i t s e l f  and the  conduction length as: 

and i s  d i f f e r e n t  f o r  each element. Since the  element 
temperature i s  considered t o  occur at the  a x i a l  midpoint 
of each element f o r  purposes of conduction, t he  ac tua l  
conduction r e s i s t ance  through the  Thermkeep between e le-  
ments i s  the  s e r i e s  sum of t h e  h a l f  values of r e s i s t ance  
of adjacent  elements. Between element j and element j + 1, 
e.g-  , 



The total  a x i a l  conduction r e s i s t a n c e  between t h e s e  ele- 
ments would now be 

and t h e  r a t e  o f  h e a t  flow i n  t h e  a x i a l  d i r e c t i o n  Is calcu- 
l a t e d  by 

The t o t a l  r a t e  of h e a t  flow assoc ia ted  with t h e s e  elements 
is  t h e r e f o r e  

'TOT ( j )  = - q f ( ~ )  + qins(J) + qaX(J,J+1) - qax(J-l .J) 

For each of  t h e  end elements,  one a x i a l  conduction term 
must be modified. Both of t h e s e  elements  a r e  assumed t o  
conduct i n  one d i r e c t i o n  t o  ambient through a series o f  
two r e s i s t a n c e s .  One i s  t h e  h a l f  r e s i s t a n c e  o f  t h e  ele- 
ment and t h e  o t h e r  i s  t h e  n e t  r e s i s t a n c e  between t h e  end 
p l a t e  and t h e  shroud which c o n s i s t s  o f  c o n t r i b u t i o n s  from 
t h e  i n s u l a t i n g  m a t e r i a l  and t h e  p ipes  and suppor t s  which 
p e n e t r a t e  t h e  i n s u l a t i o n .  The o t h e r  a x i a l  conduction 
term f o r  t h e  end elements is  t h e  normal conduction t o  t h e  
ad jacen t  eiement . 
The r e s u l t  o f  a l l  of t h i s  i s  a n e t  

%OT 
(j) f o r  each of  

t h e  NE elements.  The t o t a l  hea t  flow a s s o c i a t e d  with an 
element over  a time s t e p  is  t h e  n e t  energy change of t h e  
whcle element and i s  



These energy changes are applied to the total energies 
of each element to arrive at a new energy for each. 

These values of energy are used, by calling subroutine 
TKPROP, to determine the updated temperature array, 
TE(j ) and solid fraction array, 4(j), for the storage 

unit. This updated state then becomes the starting state 
for the next time step. The state of the storage unit 
is printed at key times as a table of Thermkeep tempera- 
ture, solid fraction, and T-66 temperature for all the 
elements. 

After solving for the new updated state of the storage 
unit and the exit temperature of the fluid, the calcu- 
lation returns to the main program for determination of 
the new fluid condition to be delivered to the unit. 

Secondary Subroutines and Functions 

In addition to the two major sections of the computer 
analysis there are three functions and one subroutine 
which are auxiliary in nature. These are used in sub- 
routine ELANAL for the purposes already described. 

Subroutine TKPROP is a routine used to determine the up- 
dated temperature and fraction of solid in a numerical 
element after the energy change over a time step has 
been applied. During the initialization section of ELANAL, 
TKPROP is called ror the purpose of reading in a table 
of Thermkeep enthalpy and solid fraction as a tabular 
function of temperature, setting up tables of total ele- 
ment energy for internal and end elements as a function 
of temperature, and determining the starting value of 
energy for each element from the starting temperature 
by linear interpolation between the table values. There- 
after, the subroutine is used in the reverse mode to 
determine, as mentioned above, the updated temperature 
and solid fraction in each element as a function of the 
updated element energy arrived at in the elemental heat 
balances in ELANAL. This also is done by linear inter- 
polation within the tabulated values. 

Function THSS is used to determine the thermal conduc- 
tivity of solid phase Thermkeep from the element tempera- 
ture. Function THCL is used to determine the therhnal 
conductivity of liquid phase Thermkeep from the element 
temperature. 



A t  t h e  time of t h e  preliminary reference design ana lys i s  
t he  temperature dependence was not known and these  
values were assumed constant .  

Function FF is used t o  determine t h e  f r i c t i o n  f a c t o r  i n  
t he  heat  exchange tubing as a funct ion of Reynolds 
number. It is a curve f i t  approximating t h e  f r i c t i o n  
f ac to r s  on t h e  well-known Moody cha r t  f o r  an est imated 
r e l a t i v e  roughness of 0.00012. 



A P P E N D I X  C 

O R I G I N A L  COMPUTER ANALYSIS 

I n t r o d u c t i o n  

P r i o r  t o  t h e  s t a r t  of t h e  c u r r e n t  p r o j e c t ,  a d e t a i l e d  
computer a n a l y s i s  was fo rmula t ed .  Th i s  a n a l y s i s  is s i m i -  
l a r  t o  t h e  one g e n e r a l l y  used i n  t h e  p r o j e c t .  I t  d o e s ,  
however, a t t e m p t  t o  account  f o r  a d d i t i o n a l  e f f e c t s  n o t  
c o n s i d e r e d  i n  t h e  a n a l y s i s  d e s c r i b e d  i n  t h e  main t e x t .  

It was n o t  used  f o r  a number o f  r e a s o n s :  

... It  is  c o n s i d e r a b l y  more c o s t l y  t o  u se .  

. . . It is  less f l e x i b l e .  

... It would n o t  a s  e a s i l y  l end  i t s e l f  t o  
t h e  i n c o r p o r a t i o n  of  e m p i r i c a l  modif ica-  
t i o n .  

... It i s  based upon a pub l i shed  phase d i a -  
gram f o r  t h e  b i n a r y  sys tem NaOH-NaNO 3 
which may n o t  be  c h a r a c t e r i s t i c  o f  Therm- 
keep.  

Being made from commercial g r ade  chemica ls ,  Thermkeep con- 
t a i n s  i m p u r i t i e s  which probably a l t e r  i t s  phase  d iagram.  

Th i s  a n a l y s i s  does  compute f o r  each e lement  d u r i n g  each  
t ime s t e p  an o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  accoun t -  
i n g  f o r  t h e  t empera tu re  dependence o f  a l l  p r o p e r t i e s .  
It u s e s  t h e  phase diagram t o  i n c l u d e  t h e  e f f e c t  of s o l u -  
b i l i t y  o f  t h e  two components i n  each  o t h e r .  It  accoun t s  
f o r  r e d i s t r i b u t i o n  of mass a s  t h e  d e n s i t y  changes  due t o  
t h e  s o l i d - l i q u i d  phase change.  The major  purpose  o f  t h i s  
appendix i s  t o  d e s c r i b e  t h e  p a r t s  o f  t h i s  a n a l y s i s  which 
d i f f e r  from t h e  s i m p l i f i e d  v e r s i o n  used i n  t h e  r e p o r t .  

Th i s  a n a l y s i s  c o n s i s t s  o f  a  l a r g e r  number o f  f u n c t i o n s  
and s u b m u t i n e s  f o r  t h e  purpose o f  d e s c r i b i n g  t h e  tem- 
p e r a t u r e  dependence of  f l u i d  p r o p e r t i e s  and Thermkeep 
p r o p e r t i e s ,  and t h e  c h a r a c t e r i s t i c s  o f  t h e  phase diagram,  
and o f  h a n d l i n g  t h e  d i f f e r e n t  c o n d i t i o n s  of Thermkeep 
d i s t r i b u t i o n  which o c c u r  i n  t h e  numer ica l  e l emen t s .  How- 
e v e r ,  t h e  b a s i c  program s t r u c t u r e ,  method and o r d e r  o f  
c a l c u l a t i o n s ,  e t c . ,  a r e  t h e  same i n  bo th  a n a l y s e s .  



D e s c r i p t i o n  

The TES u n i t  i s  assumed t o  be a  v e r t i c a l ,  c y l i n d r i c a l ,  
i n s u l a t e d  v e s s e l  c o n t a i n i n g  Thermkeep i n t o  which i s  
immersed a h e a t  exchanger  c o n s i s t i n g  o f  c o i l e d  p a r a l l e l  
t u b e s  manifolded a t  t h e  t o p  and bottom. The a n a l y t i c a l  
approach i s  t o  d i v i d e  t h e  u n i t  i n t o  a number o f  numeri- 
c a l  e lements  which r e p r e s e n t  h o r i z o n t a l  s l i c e s  t a k e n  o u t  
o f  t h e  c y l i n d e r .  I n  t h e  s i m p l i f i e d  a n a l y s i s ,  d e n s i t y  
change is n o t  cons ide red .  Consequent ly ,  e l emen t s  con- 
t a i n  b o t h  f i x e d  mass and f i x e d  volume. Here,  t h e  volume 
o f  each  e lement  i s  cons idereC f i x e d  b u t  mass i s  a l lowed 
t o  r e d i s t r i b u t e  i t s e l f .  

F igu re  C 1  d e s c r i b e s  t h e  way t h e  impor t an t  p a r t  o f  t h e  
NaOH-NaNO, phase  diagram was approximated.  Thermkeep i s  

3 

roughly  8% sodium n i t r a t e .  It is  assumed t h a t  t h e  u n i t  
neve r  o p e r a t e s  a t  o r  above t h e  m e l t i n g  p o i n t  o f  p u r e  
sodium hydroxide .  T h i s  can be changed b u t  was n o t  nec- 
essary f o r  t h i s  p r o j e c t  s i n c e  NaOH m e l t s  a t  about  592 K 
(319 C) and t h e  s p e c i f i e d  c h a r g i n g  t empera tu re  i s  584 K 
(311  C). Thus, t h e  o r l y  p r o c e s s  f o r  l i q u e f y i n g  NaOH 
i s  t h a t  o f  d i s s o l v i n g  i n t o  t h e  melt. 

The first  e u i e c t i c  p o i n t  f o r  t h i s  system occu r s  a t  abou t  
33% NaN03. Consequent ly ,  t h e  c o n c e n t r a t i o n  o f  N a N O  w i l l  3 
neve r  exceed t h i s .  Once enough NaOH p r e c i p i t a t e s  o u t  o f  
s o l u t i o n ,  t h e  e u t e c t i c  behaves l i k e  a  pu re  s u b s t a n c e  and 
f r e e z e s  i s o t h e r m a l l y  w i th  no change i n  c o n c e n t r a t i o n .  

The numer ica l  e lements  w i t h i n  t h e  u n i t  a r e  assumed t o  be 
a t  uniform,  c o n s t a n t  t empera tu re  d u r i n g  a t ime  inc remen t .  
T h i s  was a l s o  done i n  t h e  s i m p l i f i e d  a n a l y s i s .  The con- 
d i t i o n  o f  t h e  l i q u i d  Thermkeep i s  de te rmined  by t h e  equ i -  
l i b r i u m  concen t r a t i o t i  a t  t h e  e lemeqt  t empera tu re  and any 
exces s  NaOH p r e c i p i t a t e s  o u t  a s  a  s o l i d .  D e t e r r i n a t i o n  
o f  t h e  new e q u i l i b r i u m  c o n d i t i o n ,  however, r e q u i A z s  an  
i t e r a t i v e  procedure .  

The cool-down p r o c e s s  can be d e s c r i b e d  i n  t h e  f o l l o w i n g  way. 
Assume one s t a r t s  w i t h  eve ry  e lement  i n  t h e  l i q u i d  phase 
and occupying t h e  f u l l  volume o f  t h e  el<;ment. I n  f a c t ,  t h e  
s i z e  of  t h e  numer ica l  e lements  i s  de te rmined  by t h e  l i q u i d  
phase volume. The n e t  h e a t  t r a n s f e r  by convec t ion ,  a x i a l  
conduc t ion ,  and l o s s  t o  t h e  environment i s  comput3d gener-  
a l l y  a s  i t  i s  i n  t h e  s i m p l i f i e d  program w i t h  an  e x c e p t i o n  
t o  be d e s c r i b e d  l a t e r .  The program g e n e r a l l y  works w i t h  
element e n e r g i e s  a l s o  a s  i n  t h e  s i m p l i f i e d  program. 
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An energy l o s s  i s  computed y i e l d i n g  a n e t  energy  a t  t h e  
end of a time s t e p .  The t o t a l  mass o f  material i n  a n  
e lement  i s  n o t  a d j u s t e d  u n t i l  t h e  end o f  a time s t e p .  
The program keeps  t r a c k  of  t h e  amount o f  mass o f  each  
component (NaOH,  NaN03) i n  an  e lement .  The Liquidus  l i n e  
o f  t h e  phase  diagram d e f i n e s  t h e  s o l u b i l i t y  o f  NaOH i n  
t h e  melt of NaOH--NaN03. However, t h e  amount o f  s o l i d  
NaOH i s  dependent  upon t h e  way mass h a s  been t r a n s f e r r e d  
and the s o l i d ,  o f  cou r se ,  s t a y s  i n  i ts e lement  s i n c e  i t  
i s  assumed t o  be f r o z e n  t o  a t u b e  w a l l .  The l i q u i d  phase 
i s  d i s t r i b u t e d  t o  f i l l  i n  any vdid s p a c e  caused  by s o l i d i -  
f i c a t i o n  w i t h  consequent  h i g h e r  d e n s i t y .  

I g n o r i n g  f o r  t h e  moment t h e  way i n  which l i q u i d  i s  re- 
d i s t r i b u t e d ,  t h e  a n a l y s i s  t a k e s  t h e  upda ted  energy  con- 
t e n t ,  knows t h e  amount o f  e a c h  component a s  well a s  t h e  
s t e e l  a s s o c i a t e d  w i t h  t h e  v e s s e l  wall and t h e  h e a t  ex- 
changer  and computes a new t empera tu re .  Th i s  t empera tu re  
i s  one where t h e  t o t a l  o f  t h e  energy a s s o c i a t e d  w i t h  an  
e q u i l i b r i u m  s o l u t i o n  of  mel t  p l u s  t h e  c o n t r i b u t i o n s  from 
s o l i d  Thermkeep and s t e e l  a g r e e s  w i t h  t h e  known element  
energy.  F i n d i n g  t h e  p r o p e r  t empera tu re  i s  an  i t e r a t i v e  
p roces s .  

The Thermkeep changes s t a t e  i n  t h e  f o l l o w i n g  way. Pure  
l i q u i d  e x i s t s  down t o  t h e  Liqu idus  l i n e .  No volume change 
occu r s .  Between t h e  Liqu idus  and t h e  a-B t r a n s i t i o n ,  
B-NaOH p r e c i 2 i t a t e s  o u t  a s  a s o l i d  assumed t o  adhere  t o  
t h e  c o o l  t u b e  w a l l s .  Again, p u t t i n g  r e d i s t r i b u t i o n  of  
l i q u i d  a s i d e  f o r  t h e  moment, t h e  c o o l i n g  c o n t i n u e s  t o  p re -  
c i p i t a t e  s o l i d  B-NaOII u n t i l  t h e  a-B t r a n s i t i o n  tempera- 
t u r e  i s  reached .  A t  t h i s  p o i n t ,  t h e  me l t  i s  about  10% 
NaNO from which one can deduce t h e  amount o f  s o l i d  B-NaOH 3 
i n  t h e  e lement .  

The energy e x t r a c t i o n  p r o c e s s  h t  t h e  CL-6 t empera tu re  
(566 K ;  293 C) i s  t h e n  a t t r i b u t e d  on ly  t o  t h e  l a t e n t  h e a t  
a s s o c i a t e d  w i t h  t h e  t r a n s f o r m a t i o n  of  t h e  NaOH n o t  i n  
s o l u t i o n  i n  t h e  m e l t .  Once a l l  t h e  s o l i d  B-NaOH has  t r a n s  
formed t o  a-NaOH, t h e  cooldown c o n t i n u e s .  The s o l i d  NaOH 
which p r e c i p i t a t e s  o u t  below 566 K ( 2 9 3  C) appea r s  i n  t h e  
a phase .  Thus from 566 K (293  C) down t o  529 K ( L 5 6  C) 
( t t , e  e u t e c t i c  t e m p e r a t u r e ) ,  t h e  a n a l y s i s  combines energy 
c o n t r i b u t i o n s  from a-NaOH and an e q u i l i b r i u m  mel t  t o  
de te rmine  t h e  upda ted  t empera tu re .  



A t  529 K (256 C), t h e  Thermkeep beg ins  a s  a melt o f  eu t ec -  
t i c  c o n c e n t r a t i o n ,  33% NaNO,, and a s o l i d  of a-NaOH. The 

J 
e u t e c t i c  melt t h e n  f r e e z e s  a s  i f  i t  were of a p u r e  material, 
l e e . ,  i s o t h e r m a l l y ,  and no energy i s  removed from t h e  
a-NaOH o r  t h e  s teel .  When a l l  t h e  l a t e n t  h e a t  a s s o c i a t e d  
w i t h  f r e e z i n g  t h e  e u t e c t i c  h a s  been  removed, t h e  mater- 
i a l s  t h e n  c o o l  s e n s i b l y  w i t h  a l a y e r  o f  e u t e c t i c  composi- 
t i o n  s o l i d  o v e r  t h e  l a y e r  o f  a-NaOH f r o z e n  t o  t h e  h e a t  
exchanger  t u b e s .  

During h e a t i n g ,  t h e  r e v e r s e  p r o c e s s  i s  assumed t o  occu r :  
s e n s i b l e  h e a t i n g  o f  t h e  e u t e c t i c  p l u s  t h e  a-NaOH s o l i d  
phases ;  m e l t i n g  o f  t h e  e u t e c t i c  a t  529 K (256 C); h e a t -  
i n g  of t h e  s o l i d  a-NaOH and t h e  melt w i t h  NaOH d i s s o l v -  
i n g  i n t o  t h e  melt; t r a n s f o r m a t i o n  o f  t h e  s o l i d  a-NaOH on 
t h e  t u b e  walls t o  s o l i d  B-NaOH a t  566 K (293  C); f u r k h e r  
h e a t i n g  o f  t h e  melt and t h e  ~ o l i d  8-NaOH w i t h  t h e  NaOH 
d i s s o l v i n g  i n t o  t h e  m e l t ;  and ,  f i n a l l y ,  s e n s i b l e  h e a t i n g  
o f  t h e  l i q u i d  phase Thermkeep up t o  584 K (311  C ) .  

The volume change d u r i n g  c o o l i n g  i s  t r e a t e d  by computing 
r e s u l t a n t  v o i d  spaces  i n  t h e  c o n s t a n t  volume e l emen t s  
and f i l l i n g  downward s o  t h a t  a l l  t h e  v o i d  space  i s  t r a n s -  
f e r r e d  t o  above t h e  l i q u i d  l e v e l .  A t  t h e  end o f  a t ime  
s t e p  a new f r a c t i o n  o f  l i q u i d  and s o l i d ' r e s u l t s  from t h e  
new energy c o n t e n t  and consequent  new e q u i l i b r i u m  tem- 
p e r a t u r e .  An a r r a y  o f  volumes o f  l i q u i d  i s  composed f o r  
t h e  e lements  as w e l l  a s  an a r r a y  o f  t h e  t o t a l  volumes in 
each element  n o t  occupied by s o l i d .  The l i q u i d  i s  t h e n  
used t o  f i l l  t h e  dead space  i n  each  e lement  t a k i n g  l i q u i d  
from s e q u e n t i a l  upper  e lements  as needed t o  comple te ly  
f i l l  lower  e lements  u n t i l  a l l  t h e  l i q u i d  i s  accounted  f o r .  
The r e v e r t e  p rocedure  i s  used d u r i n g  h e a t i n g  where e x c e s s  
volume i s  g e n e r a t e d  by m e l t i n g  and m u s t  be  t r a n s f e r r e d  up 
t o  s u c c e s s i v e  volume e l emen t s .  

The r e l a t i v e  amounts of each  chemical  component i n  e l e -  
ments o f  d i f f e r e n t  t empera tu re s  a r e  d i f f e r e n t  and t h e  
a c t u a l  amount of  each  b e i n g  t r a n s f e r r e d  i s  c a l c u l a t e e  t o  
a r r i v e  a t  a  new c o n c e n t r a t i o n  o f  each  i n  t h e  mel t  a t  t h e  
end o f  a  t ime  s t e p  t o g e t h e r  wit.h a  new t o t a l  energy con- 
t a i n e d  i n  t h e  e lement .  I n  r e a l i t y ,  t h i s  might imply a  
new e q u i l i b r i u m  c o n c e n t r a t i o n  a f t e r  mixing but  i t  was 
assumed t h a t ,  s i n c e  t h e  t ime s t e p s  a r e  q u i t e  s h o r t  and 
s i n c e  t h e  t r a n s f e r  of  m a t e r i a l  should  be p r o p o r t i o n a l l y  
q u i t e  small, t h e  r e s u l t a n t  t empera tu re  of  each numeri- 
c a l  e lement  i s  unchanged and t h e  subsequent  t ime s t e p  
u s e s  t h e  t empera tu re  d i s t r i b u t i o n  a s  computed a t  t h e  end 
o f  h e a t  t r a n s f e r  f o r  t h e  p rev ious  time s t e p .  Thus, t h e  
avai lab1.e  AT f o r  h e a t  t r a n s f e r  i s  i n f i n i t e s i m a l l y  



i n a c c u r a t e ,  b u t  t h e  energy and material c o n t e n t s  are 
a c c u r a t e l y  accounted  f o r ,  s o  t h a t  i n  a l l  r e s p e c t s  t h e  
laws of  thermodynamics of t h e  p r o c e s s  are obeyed. 

I n  the wri te-up on the s i m p l i f i e d  program, it was ex- 
p l a i n e d  t h a t  a c r i t e r i o n  was used f o r  computing t h e  time 
s t e p  whereby t h e  c a p a c i t a n c e s  o f  t h e  f l u i d  and t h e  s t o r -  
age medium were compared. The r e s u l t a n t  time s t e p  would 
be small enough t o  j u s t i f y  t h e  assumption o f  n e g l i g i b l e  
tempera ture  change i n  the  s t o r a g e  medium and t h e  use  o f  
t h e  s i m p l i f i e d  r e l a t i o n s h i p ,  

t o  c h a r a c t e r i z e  t h e  h e a t  t r a n s f e r  p r o c e s s .  Where no l o s s  
o f  mass is expe r i enced ,  t h e  u se  of  a minimum va lue  o f  
C~~ 

was cons ide red  a s u f f i c i e n t  c r i t e r i o n .  

I n  t h i s  a n a l y s i s ,  i t  is  p o s s i b l e  t o  l o s e  enough m a t e r i a l  
i n  a p a r t i c u l a r  element t o  cause  t h i s  assumption t o  be 
i n a c c u r a t e .  When t h i s  i s  t h e  c a s e ,  t h e  time s t e p  i s  s t i l l  
determined a s  b e f o r e  b u t  f o r  t h e  e lements  a t  t h e  upper  end 
o f  t h e  u n i t  where i n s u f f i c i e n t  mass may e x i s t ,  c a l c u l a -  
t i o n s  a r e  performed which account  f o r  t h e  changing element  
tempera ture  d u r i n g  t h e  h e a t  t r a n s f e r  p r o c e s s .  The c a l c u l a -  
t i o n  is s e p a r a t e d  i n t o  s e c t i o n s  of  t h e  phase diagram t o  
i nc lude  t h e  knowledge o f  t empera tu re  arrests, e t c .  The 
g e n e r a l  fo rmula t ion  f o r  v a r i a b l e  t empera tu re  i s  as f o l l o w s .  

The t empera tu re  o f  a d j a c e n t  e lements  ought  t o  r i s e  o r  
f a l l  s i m i l a r l y  t o  t h e  one i n  q u e s t i o n .  kloreover, t h e  
a x i a l  t r a n s f e r  is assumed t o  be  small. The re fo re ,  t h e  
a x i a l  h e a t  f lows  a r e  based upon s t a r t i n g  t empera tu re s  and 
a r e  assumed t o  be c o n s t a n t  d u r i n g  a t ime s t e p .  A h e a t  
ba lance  around t h e  e lement  i n  q u e s t i o n  says: 

where q 2  and ql  a r e  t h e  a x i a l  h e a t  f lows computed i n  ad- 
vance,  t h e  nex t  t e rm i s  t r a n s f e r  t o  t h e  f l u i d ,  and t h e  
last term is  i n s u l a t i o n  l o s s .  The c a l c u l a t i o n  o f  E may 
te unchanged as l o n g  as t h e  t ime v a r i a t i o n  o f  TE, t h e  



element temperature, is considered. The sclution to this 
first order differential equation is simpla 

where 

B 1 q 2 -  q1 .I- % ' amb + 'fcf' Tf,in 

and @Mc) represents the total heat capacity 01' the stor- 
age materials in the element. 

The computer analysis uses two subroutines for this pro- 
cess, one for heating and one for cooling, in order to 
properly move along the phase diagram. Comparing the 

8 value of, with TE,,, the initial element temperature, 
determines which of these to use. 

If use of this relationship over the whole time step, Ot, 
passes a transition temperature, such as a-0 transition, 
then a reduced At is computed to get to the transition 
temperature and the element is assumed isothermal at the 
transition temperature. The computations proceed this 
way until the whole time step, At, is traversed. Some 
simplifications are made in the way the capacitance term 
is handled but in the end the thermodynamic balances are 
always preserved and no serious errors arise. 

As one will now realize, the computations are considerably 
more involved than those in the simplii'ied program which 
is why it is so costly to run and so hard to modify em- 
pirically. The following secti~ns will try to describe 
each of the subroutines and functions used. At this 



p o i n t ,  t h e  program works r ea sonab ly  well; bu t  s i n c e  i t  
was neve r  used i n  d e t a i l  f o r  d e s i g n  o r  tes t  analysis, it  
is p o s e l b l e  t h a t  t h e r e  are areas r e q u i r i n g  modi f ica -  
t i o n  which would b e  d i s cove red  th rough  e x t e n s i v e  u se .  

Main Program 

The main program i s ,  i n  e s sence ,  i d e n t i c a l  t o  t h e  main 
program of t h e  s i m p l i f i e d  a n a l y s i s  a l r e a d y  d e s c r i b e d .  
It does  refer t o  a s u b r o u t i n e ,  COLL, t o  de t e rmine  t h e  
s o l a r  c o l l e c t o r  c h a r a c t e r i s t i c  b u t  t h i s  i s  an  unimportant  
d i f f e r e n c e .  

It is,  as be fo re ,  i n  t h i s  s e c t i o n  where t h e  time s t e p ,  
t h e  f l u i d  f low r a t e ,  and d i r e c t i o n  a r e  computed. The 
c y c l i c  h e a t  b a l a n c e s  a r e  performed. A l l  t h e  d a t a  are 
p r i n t e d .  

HTCALC 

Th i s  s u b r o u t i n e  performs a l l  of  t h e  h e a t  b a l a n c e s  excep t  
f o r  t h e  c a s e  where t h e  e lement  t empera tu re  i s  assumed t o  
change d u r i n g  t h e  t ime  s t e p .  I n  t i - a t  c a s e ,  b a s i c  h e a t  
t r a n s f e r  i n f o r m a t i o n  is  s t i l l  comp\.ted h e r e  bu t  t h e  ca l cu -  
l a t i o n  i s  t r a n s f e r r e d  t o  e i t h e r  VRTHS o r  VRTCS t o  d e t e r -  
mine t h e  energy change i n  t h e  e lement .  I n  c e r t a i n  c a s e s  
where s u f f i c i e n t  material e x i s t s  t o  j u s t i f y  i t ,  t h e  pro-  
gram u s e s  a sequence o f  up t o  t h r e e  c a l c u l a t i o n s  assum- 
i n g  c o n s t a n t  t empera tu re  bu t  wi th  t h e  t ime  s t e p  d i v i d e d  
and an  updated t empera tu re  computed between each  reduced 
t ime s t e p .  

The c a l c u l a t i o n  m e ~ h o d  i s  e s s e n t i a l l y  i d e n t i c a l  t o  t h a t  
used i n  ELANAL i n  t h e  s i m p l i f i e d  program. The d i f f e r -  
ence  i s  t h a t  t h e  program keeps  t r a c k  o f  t h e  masses and 
volumes of  s o l i d  and l i q u i d  i n  each  e lerrent  and t h e  masses 
and volumes o f  t h e  chemical  components, s o  t h a t  a c c u r a t e  
accoun t ing  i s  made o f  t h e  p roces s  o f  t r a n s f e r  o f  mass 
from one e lement  t o  a n o t h e r .  

A t  t h e  end o f  t h e  energy  b a l a n c e s ,  r e g a r d l e s s  o f  which 
method was used t o  accomplish them, t h e  a n a l y s i s  ha s  
a r r a y s  o f  v a r i a b l e s  d e s c r i b i n g  t h e  m a t e r i a l  con t en t  o f  
t h e  e l emen t s .  These are l i s t e d  below wi th  bo th  a l g e b r a i c  
and computer noca t ion  : 



i = AL(1) = mass of l i q u i d  i n  element iil) 

As,i AS(1 )  - mass of s o l i d  i n  element i ( 1 )  

'nt , i = ANL(1) = mass of NaNO ( l i q u i d )  i n  e lenent  i(1) 3 

'ns , i ANS(1) mass of NaNO ( s o l i d )  i n  element ?(I: 3 

i EL(1) energy o f  l i q u i d  i n  element i(1) 

These va lues  t o g e t h e r  with knowledge of  t h e  l i q u i d  and 
s o l i d  d e n s i t i e s  (one value  only i s  used f o r  each,  and t h e  
t o t a l  f ixed  element volume can be  used t o  compute the 
material t r a n s f e r .  The comr;utations a r e  a s  fol lows:  

The volume of s o l i d  i n  element i i s  

t h e  volume of  l i q u i d  i s  

The volume a v a i l a b l e  f o r  l i q u i d  i s  t h e  d i f f e r e n c e  between 
t h e  elenient volume, V~ ' and t h e  s o l i d  volume. 



From t h i s  information I s  c r e a t e d  a K-long a r r a y  o f  a v a i l -  
able l i q u i d  volumes and a s s o c i a t e d  enthalpy and Na&Og 
concent rat  i o n  

where j = f is t h e  first of  the i a r r a y  o f  elements  wi th  
a v a i l a b l e  void  space,  and t h e  t o t a l  a v a i l a b l e . l i q u i d  vol- 
ume is 

The t o t a l  a v a i l a b l e  void space (no t  s o l i d  space )  i s  

and t h e  volume remaining a t  t h e  top  of  t h e  u n i t  which is  
empty becomes 

'void,unit t o p  'TOT,V - 'TCT,L 

The l i q u i d  i s  then r e d i s t r i b u t e d  i n  t h e  f o l l ~ w i r ~ g  way. 
The values  o f  void and l i q u i d  a r e  compared s e q u e n t i a l l v .  
If t h e  void is l a r g e r  than t h e  l i q u i d ,  a l l  t h e  l i q u i d  i s  
assigned t o  t h a t  void and t h e  next l i q u i d  volume i s  
examined, e t c .  u n t i l  t h e  value of  l i q u i d  i s  l a r g e r  than 



t h e  remaining void.  Then t h e  v o i d  is f i l l e d ,  t h e  volume 
of  l i q u i d  from which i t  was t aken  is  reduced by t h a t  
a ~ o u n t ,  and t h e  next  void  i s  examined and compared w i t h  
t h i s  -9xt  a v a i l a b l e  l i q u i d  voiume. 

The a r r a y s  AL(I),  EL(I), and AKL(I) are then  r eeva lua ted  
a s  t h e  sums o f  t h e  c o n t r i b u t i o n s  from each  of t h e  arnountz 
o f  l i q u i d  d ~ p o s i t e d  i n t o  t h e  p a r t i c u l a r  element.  I n  t h i s  
way, a l l  t h e  mass, energy,  and chemical components are 
accounted f o r .  The c a l c u l a t i o n ,  on t h e  assumption t h a t  
t h e  t r a n s f e r  o f  m a t e r i a l  is small, does not  r e a d j u s t  t h e  
element tempera ture  t o  a l low f o r  t h e  new mixed tempera- 
t u r e  s i n c e  i t  would invo lve  new c o n s i d e r a t i o n s  o f  so lu-  
t i o n  equ i l ib r ium,  e t c . ,  and new f r a c t i o n s  of  l i q u i d  and 
s o l i d ,  r e q u i r i n g  a r e p e t i t i o n  o f  t h e  above procedure.  
This  d i d  no t  seem necessary .  

FULLEL 

This  s u b r o u t i n e  i s  used t o  determine t h e  updated s t a t e s  
of  t h e  e lements  when t h e  normal c a l c u l a t i o n  o f  h e a t  ba l -  
ances can be used i n  HTCALC. It t a k e s  t h e  newly computed 
energy of t h e  element t o g e t h e r  wi th  t h e  t o t a l  mass o f  
m a t e r i a l  and t h e  knowledge o f  t h e  amount of  NaNO i n  t h e  3 
element and computes t h e  new e q u i l i b r i u m  tempera ture  and 
r e l a t i v e  amounts o f  s o l i d  and l i q u i d  phase.  

The computation determines where t h e  t o t a l  energy o f  t h e  
element l ies  wi th  r e f e r e n c e  t o  key i d e n t i f i a b l e  p o i n t s  
i n  t h e  phasz diagram. These p o i n t s  are: t h e  Liquidus 
l i n e  tempera ture  a t  t h e  c o n c e n t r a t i o n  of NaNO which is  3 
i n p u t ,  t h e  a-B t r a n s i t i o n  t e m p e r a t w e ,  wi th  a l l  8 and a l l  
a p o i n t s  o f  t h e  NaOH component; t h e  e u t e c t i c  tempera ture  
both a l l  l i q u i d  and a l l  s o l i d  e u t e c t i c  component. Above t h e  
Liquidus l i n e ,  between a l l  a and a l l  0-NaOH a.t t h e  t r a n s i -  
t i o n  tempera ture ,  between t h e  a l l  l i q u i d  and a l l  s o l i d  
e u t e c t i c  p o i n t s ,  and below t h e  e u t e c t i c  tempera ture ,  t h e  
c a l c u l a t i o n s  a r e  s t r a i g h t f o r w a r d  s i n c e  they  invo lve  
e i t h e r  pure  s e n s i b l e  o r  pure  l a t e n t  h e a t  e f f e c t s .  

Between t h e  Liquidus tempera ture  and t h e  a-6 t r a n s i t i o n  
temperature o r  between a-0 t r a n s i t i o n  tempera ture  and 
t h e  e u t e c t i c  tempera ture ,  an i t e r a t i v e  approach i s  used. 
This  i s  a s t a n d a r d  method known a s  " t h e  nethod of  r e g u l a  
f a l s i n  and i s  desc r ibed  i n  mathematics tex tbooks  (Ref .  5 ) .  
The c a l c u l a t i o n  begins  by assuming a s t r a i q h t  l i n e  between 



r e f e r e n c e  p o i n t s  and i terates  w i t h  s u c c e s s i v e  s t r a i g h t  
l i n e  approximat ions  u n t i l  t h e  e r r o r  i s  small. 

VRTCS, VRTHS 

These two s u b r o u t i n e s  compute t h e  e lement  energy change 
when t h e  amount o f  matenial i n  t h e  c a p a c i t a n c e  o f  t h e  ele- 
ment i s  small enough t o  r e q u i r e  c o n s i d e r a t i o n s  o f  t h e  
v a r i a t i o n  i n  t empera tu re  d u r i n g  t h e  t i m e  s t e p .  It assumes 
t h a t  o n l y  s o l i d  phase  remains  and consequent ly  c o n s i d e r s  
on ly  p u r e  s e n s i b l e  o r  p u r e  l a t e n t  h e a t  t r a n s f e r .  

I n  t h e  c a s e  where some l i q u i d  r e s i d e s  i n  t h e  e lement ,  i t  
w i l l  u n d e r e s t i m a t e  t h e  h e a t  t r a n s f e r  b u t  i t  is a ~ s u m e d  
t h a t  t h e  e r r o r  is n o t  s i g n i f i c a n t .  Energy and material 
ba l ances  are main ta ined  a t  a l l  t imes .  It shoufd be  n ~ t e d  
t h a t  at  any t ime t h e r e  would b e  on ly  one element  con ta in -  
i n g  s o l i d  p l u s  some l i q u i d  and i t  is  on ly  h e r e ,  and on ly  
when t h e  l i q u i d  i s  q u i t e  d e f i c i e n t  i n  terms o f  f i l l i n g  
t h e  a v a i l a b l e  space ,  when t h e  e r r o r  would occu r .  

VRTCS i s  used d u r i n g  c o o l i n g  and VRTHS i s  used d u r i n g  
h e a t i n g .  The method o f  c a l c u l a t i o n  has  a l r e a d y  been 
desc r ibed .  As d i scussed ,  t h e  v a r i a b l e  tempera ture  ana ly-  
sis is  used when s e n s i b l e  h e a t i n g  o c c u r s .  When a  c r o s s -  
ove r  i n t o  a l a t e n t  heat r e g i o n  o c c u r s ,  t h e  t ime s t e p  i s  
d i v i d e d  and t h e  c a l c u l a t i o n  f o r  v a r i a b l e  t empera tu re  i s  
used when needed. Two s u b r o u t i n e s  were w r i t t e n  f o r  
c o c t r o l  purposes  t o  a l l o w  s e l e c t i o n  o f  moving e i t h e r  up 
o r  down i n  t empera tu re  i n  t h e  phase diagrsm.  

These r o u t i n e s  compute t h e  energy change i n  t h e  m a t e r i a l  
d i r e c t l y ,  and s e c o n d a r i l y  compute t h e  energy change o f  
t h e  f l u i d  t o  de te rmine  t h e  nominal f l u i d  t empera tu re  ou t  
of  an e lement .  

Most c a l c u l a t i o n s  a r e  done i n  t h e  r e v e r s e  o r d e r  where t h e  
f l u i d  energy  change is  computed f i r s t  and t h e n  a s s igned  
t o  $he e lement .  

Th i s  s u b r o u t i n e  r e a d s  i n  t h e  s o l a r  c o l l e c t o r  2 h a ~ a c t e r i s -  
t i c  and i s  used t o  de te rmine  c o l l e c t o r  ou tpu t  i n  t h e  main 
program. The s i m p l i f i e d  computer program dons t h i s  
d i r e c t l y  i n  t h e  main program. 



RLCALC 

T h i s  s u b r o u t i n e  was t o  b e  used t o  d e s c r i b e  an  a d d i t i o n a l  
h e a t  t r a n s f e r  r e s i s t a n c e  between t h e  T-66 and t h e  Therm- 
keep which is a s s o c i a t e d  w i t h  t h e  l i q u i d  phase t r a n s -  
f e r r i n g  h e a t  t o  t h e  s o l i d  on t h e  t u b e s .  A t  p r e s e n t  i t  
is  assumed t o  b e  z e r o  and t h e  s u b r o u t i n e  is  n o t  used.  

Th i s  f u n c t i o n  is  used  t o  c a l c u l a t e  t h e  f lowing  T-66 f r i c -  
t i o n  f a c t o r  as a f u n c t i o n  o f  Reynolds number. It i s  
used f o r  p r e s s u r e  drop  c a l c u l a t i o n s .  

The t empera tu re  v a r i a t i o n  o f  t h e  s p e c i f i c  h e a t  o f  t h e  
T-66 is cons ide red  i n  t h i s  a n a l y s i s .  During HTCALC, t h e  
s p e c i f i c  h e a t  a t  i n l e t  t empera tu re  t o  an  e lement  i s  used 
t o  compute t h e  h e a t  t r a n s f e r .  Subsequent ly ,  t h e  computed 
en tha lpy  change o f  t h e  T-66 1s a p p l i e d  t o  t h e  i n l e t  
e n t h a l p y  and a c o r r e c t e d  o u t l e t  t e inpera ture  i s  computed. 
T h i s  f u n c t i o n  computes t h e  t empera tu re  o f  T-66 as a func- 
t i o n  of t h a t  en tha lpy .  

CPF. VISF. ENTHF 

These f u n c t i o n s  compute t h e  s p e c i f i c  h e a t ,  v i s c o s i t y ,  and 
en tha lpy  o f  t h e  T-66 a s  a  f u n c t i o n  of  t empera tu re .  

CPA, H A ,  HB 

These f u n c t i o n s  compute t h e  s p e c i f i c  h e a t  o f  a-NaOH, t h e  
en tha lpy  of a -NaOH,  and t h e  e n t h a l p y  of  6-NaOH as func- 
t i o n s  o f  t empera tu re .  The s p e c i f i c  h e a t  o f  B-Na0H i s  
r e l a t i v e l y  c o n s t a n t  s o  t h a t  t h e  en tha lpy  is a  l i n e a r  
f u n c t i o n  o f  t empera tu re .  The a-NaOH appea r s  t o  have a  
t empera tu re  dependence bu t  w l t h i n  t h e  t empera tu re  r ange  
of i n t e r e s t  h e r e  i t  i s  no t  s i g n i f i c a c t ,  s o  t h a t  f o r  now 
t h i s  has  been assumed c o n s t a n t  and t h e  en tha lpy  i s  a  
l i n e a r  f u n c t i o n  o f  t empera ture .  



THCA, THCB, THCE 

These functions compute the thermal conductivities of 
a-NaOH, 8-NaOH, and eutectic solid phase as functions of 
temperature primarily foz purposes of solid resistance 
to heat transfer between the T-66 and the liquid phase 
Thermkeep. At the present time these are assumed to be 
equal and constant. 

CLIQ, TLIQ, HLIQ, CPT 

The first two functions are the inverse of each other. 
CLIQ computes the concentration of NaNO, in the melt as 

a 

a function of temperature along the Liquidus line. TLIQ 
computes the temperature of the melt as a function of 
concentration of NaNO, along the Liquidus line. The line 

J 

Is assumed to be strai- , at present,' as shown on Figure 
~ 1 ,  since the accurate locus was not required at this 
point. 

Energies derived from the phase diagram are estimated 
based upon the appearance of the phase program and all 
compositions are assumed to have the same total enthalpy 
change distributed according to the phase diagram. HLIQ 
computes the enthalpy of the melt as a function of tem- 
perature for the Liquidus line. No solution effects are 
accounted for. Eventually, good h(T) data should be 
obtained for a range of concentrations so that a good 
map of h(T,C) could be produced. 

CPT computes the specific heat of the liquid phase as a 
function of concentration of NaNO This implies that 3 ' 
no temperature dependence is expected. At this point the 
function does not provide even the concentration depend- 
ence since data are not available. 



Conclusion 

A t  t h e  completion o f  t h e  work on t h i s  computer a n a l y s i s ,  
Cornstock & Wescott submit ted an i n t e r i m  r e p o r t ,  "Computer 
Program Development," da ted  December 7, 1976, t o  Sandia 
Labora to r i e s  ( t h e i r  P.O. No. 87-5030). 

This  r e p o r t  d i s c u s s e s  t h e  g e n e r a l  program phi losophy and 
t h e  way by which d a t a  a r e  fed i n t o  t h e  program. Sample 
output  was p resen ted .  Decks of computer ca rds  were de- 
l i v e r e d  f o r  both  t h e  FORTRAN and t h e  b ina ry  programs 
a long  wi th  l i s t i n g s  o f  t h e  r o u t i n e s  i n  bo th  FORTRAN and 
machine language. Following t h i s  d i s c u s s i o n  a r e  l ist-  
i n g s  of t h e  FORTRAN code f o r  a l l  t h e  r o u t i n e s .  



FORTRAN CODE ORIGINAL PAGE IS 
OF POOR g u m  

H E A T - O P - F U ~ ~ O N  THERMAL STORAGE ANALUS1 S 
11s P R O M  ANALYZES T W  OVNAl l lC  RESPONSE Of A TWO-COWYONeNT* 
AT-OPIPUS I O N *  COUNTlERPCOU MEAT S70RAGE DEVICE 
PUT NEAT lNG I S  OETERMfNeo o V  A SOLAR CCiLUCToc l  CNARACTkAfSTIC 
TPUT ts t o  A co~stkwr oewm WJLER FOR A RANKINE CVUE TURBINE 

R M A T C 9 f ~ O a b a f 1 0 e 3 a F 1 0 ~ 2 ~ P 4 e O ~ 0 f  1003mf ~ O ~ ~ S I ~ ~ F ~ O ~ ~ * J P ~ O ~ ~ J  
I R M A T ~  4 F I O o 4 e  XdmP10 0 4 8  
b M A t ~ P 1 0 e S a P A O o 7 ~ Z I C A O e 3 J  
IAMAT C f P 1 0 e # 3 F I O e 6 e F 1 O e 7 J  
lRMAT4 14ia*SX * *  &€At-OPIPUSI ON TH~RMAL sTQRAG€ ANALYSI  S e  r/// ) 
I R M ~ T  C lax*@ DATA.*//& 
~ M A T ~ S X ~ ~  NO. PMUU~EL T O ~ ~ S  meFA0eOJ 
I R M A T ~ ~ S * *  TUBE f *DO@ NO sF10.48 
1RMAT(SIme TUBE OeOee M a  * w F 1 0 0 4 2  
lRMAT4 % l a  TUBE CUYGt)l* M l • 6P10.2 J 
IRIYAT 4 5 X e e  TUBE MATL E N S 1  TYm K G / C U m h  l .FA0033 
lHMAT4 51. l TUBE THERWK Ks K I / I I e - K  sFL 0 IS) 
IRMAT(SX** AMT SfOAAGE MATLe KG. @*FA 0.d) 
IRYAT( S%ee VESSU DIAWETERe M. eeFAOe3J 
IRMAT t//mSX. NO. €L€WENTS * .FlOoO3 
I R M A T ~ S X * ~  MAX. T I M E  I N C R o e  S€Cm l mFlO.28 
IRMAT(SX** B O I L m  I K E T  TEMP.* K a.P10.2J 
IRMAT ( SWm BCICER OUT L E T  TEMP. r R l eFlO.2 J 
IF(MAT(SW** MAXoPUWQ FLOW* KG/SEC **F1003J 
tRMAT(5Xs* SOLAR a € C T O A  OUTPUT NO. * s 6 X m i 4 )  
IRMAT ( 8 X e e  B O I L E R  OaWANO*. KU a s F 1 0 0 3 J  
IRMLT( EX* TOTAL W E  IGMTe KC(AQPROX& * * F l O o l  3 
R n A T ( S X * *  VESSEA H E I 6 H f  r Me eF 10.1 8 
IRMAT( IHA. 9Xm* U A P S E O  t l M E e  HR sF10m2J 
IRMAT ( lox*  l 'VCCE T I M E *  SEC *ePlO.&b 
!RMAt( &OX.* COST C O U E C T W  HEAT* K J  * e E i O o 4 J  
IRMATI AOX. COUECTOW OUTPUT* K 3  sElO.48 
IRMATI I O X s *  S T O M G E  OUTPUT* K J  eE1O.a) 
Q M A T ( l O I e e  STORAGE INPUT* KJ  0 l E 1  0.44 
IRMAT( lox**  A U X I L I M Z V  I N P U T S  K 3  €1 0 0 4 8  
lQMAT(lOX.* B O I L E R  REQUIRkMENTe K 3  * s E l O o 4 J  
IRYAT ( / / /ee  SYSTEM MAC* e//) 
I R M A T I ~  C 1) t E 4 1  J 7FC1) VS41) V L t I )  
1) A-41 J 
IRWAT( 1 Y e  1 3 a l X e f  9 m 2 * J % w F 9 ~ 2 e 3 X * F S I e S e 3 X e f 9 ~ 5 * 3 X e ~ S e ~  *3x*F9 0 5 4  
IRMAT( i X e I J e 1 3 X e F 9 . 2 J  
lRMAT(SXe* E S T I M a  MATL COST DOLLARS m*F10.2# 
IRMAT 4 SXe*  OVERALL I I € I G W I e  Me * r f l Q . l )  
lRMAt( SWm* O V E R A U  DIAUET€Rs M. l e610.2) 
lRMAT(SXee AMOUNT OF I N S U C A T I O N ~  KG * e F 1 3 . 2 )  
IRMATI SXe AMBIENT TEMPECiAf b R k s  K *SF# 3.1 8 
lRMAf(////ee VSeVLeANSrANO AhC SkOOCU 6 E  M u C T ~ P L I ~ D  BY THE M J H B C A  
IF TUt3QS WHICH I S  'eFAO.1) 
IdMAT( SXe* SHROUD THICKNESS* Yo ' e F 1 3 . 0 &  
IRMAT( 1 0 & e e  PEAK PUMP POUER. K U  ' e 1 1 0 0 4 J  
RMAT( LOX** TOTAL PUMP WORK* KI--HR *sE10.43 
IRMAT ( l o x *  * PkAK PRESS DROPS KGF/SM l mE10.4) 
IRMAT( I O X e  l PkAK STORAGE $COB* K t / S  l .FA3 04) 
IRHAT(SX~*  VESSEL WALL THO* W. I O o 6 J  

~~0 PAGE EUW NOT 
c- 1 7  



a46 P O R I 1 A T l d l a ~  ViE- e ) A S  7M.e Ma l ePLOe6J 
90RMAt(SXa@ 1NSULATIOIS TMlCKruESSa Mm @ e f  10.4) 

244 FORI IAt (6Xaa THe CONDO INSULem KM/H-K @oFlOePS) 
2s0 F O A M A T ( S W ~ ~  LIQO. PnAsg oms@ KC/CU~N. . C L O ~ ~ J  
2 S l  fORMATISXe@ -10 PHASE OehlSm KWCUeMm eaFLOeP) 
ZSa FORMAT( SXa@ i N S U U T l Q N  0eNS.m UGICUoNm * e F l O o 2 J  
283 PUAMAT(SXm@ HoTm FLU10 OeNSe KG/COmMm * a F 1 0 0 2 J  

COMMON TecrorJ~7FiAol~~VStAoL~~vr.t1oA~~Ahs~1oA ,aANL(LOl)  
C ( i M M ~ / O A T A / R W ) L e R ~ S a T ~ a T € O & W m ~ E O T a H ~ T a C P E U e C P ~ a C b a T K L  
CU))MON/VCWRYAX mRIN8eRINQNe f AN@ a n 1  1 

C COMPUTE TME W i t  GEOMETRIC COWICURATION 
HEAO(SeA00) D Q a O I  aOVaXL7 e A S T O h  W m R H O Y e t K I ~ M ~ 3 f M A X ~ T b V ~ T B V ~ T S H  
H i A O ( S e I 0 2 )  TlNSoTMCxNaRMIFaRHDI 
R E A 0 1 5 e 1 0 3 J  R ~ L ~ R H O S ~ T T R O T E U O H W ~ ~ U T  oHA8TeWEUeCPfJeCWelKL 

C € A S I C  U N I T  6EONETRV AN0 F I X E D  MEAT FLOY ~ S I S T A I Y C E S  
xn=M 
VSTOR=AS7OR/AtU2L 
VT U 8 ~ 0  m f  B S H K W * X l T  *00**2 
H i t= (  VSTOR+VTUB)/(Oo 7859+;OV**2) 
XCfE=xLT/xM 
A l E T  ~SmA416S*DI*JU.TE 
V&=VSTOfU( XM*XN) 
A ~ O o 7 8 S 4 + (  OO*2~01**2~*XLTE*RHOW 
H W ~ A L G 6 ~ 0 8 / 0 1 ~ / ~ 6 r Z ~ ~ * f K U * X L T E 8  
H V Y ~ ~ ~ T + X W ( ~ O ~ ~ ~ S ~ * O V * T W V * T K # I ) ( W )  
RTUmXLT€/( O m 9 6 S ~ ( 0 0 1 * 2 - O I * * 2 J * T K I 8  
RbAX=L a/(  A./RVL+l ./QTUB) 
R i N S ~ T I N S + U I * X N / ( 3 ~ 1 4 1 S 9 . T W C l W . O V * ~ l f )  
R~WTINS*XW(Om7BS4*T)1CiN*OVrU2)  
RPEN=TI NS/( 0 m7BB4*TKU*400**2-01**3 b  B 
R I N E N s l  ./(A m/RiNS+lm/RENO+l m/AeEN# 
AFLTsO m 7 8 § 4 * 0  1**2 
AVYs3m14 159+RMOW*DV*T YV*H17 
A V f L ~ A V Y / ( K W * X I )  
Am=Ab+AVOL 
AVB~Om7854*RHOl*tBV*DV8*2 
u e = A v w x t u  
hSOaMIT +2m+t iNS  
C S W ~ G V + E  m*T I N S  
W I N S ~ O m 7 ~ ~ 4 + A ~ 1 + i I O S W c . L 2 ~ O V * * 2 ~ * ~ l T + Y m ~ T X  NS*OSH*821 

Y k l  t=Ab+WXW2a+AVB+ASTOR+I,lNS+USn+ UTF 
C U S t r A  m1*(AW+~M+2m8AV8+bSH)+Om44LASTOR+Oe22*UANS 
k k A O i S e A O l 1  TUaTCoWIAXeCLIQReNOeTAMEB 
CLU=ENfHFtTUO 
m.=mrtwrtL, 
OhMAX=M)-)IL 

c COEFFICIENT FOR DETERMINATION OF TIME STEP 
Zoo ml*VEL*CC iQR*RWOL/CPFi TUJ 
J l m 9 9  
CALL COLLICTeOCef  AaTZmT3oT4eQL)eJA 
UMINnQ80OiWAX 
Y H I T k ( 6 e 2 O l J  
Y R I T E i b e 2 0 2 )  
Y R I T E ( 6 a 2 0 9 b  ASTOW 
U R 1 7 E ( 6 e 2 0 3 #  XN 
U R I T E ( 6 e 3 0 4 b  08 



00 
W t  
RWW 
RHO I 
RhOF 
hHOC 
RhGS 
TY V 
TBV 
TKY 
T Stl 

U H I T E ( 6 r 2 I O j  OV 
WRATk(a rZ47 )  T I N S  
WRlTE(6mZ33J Wk 
YRITE(6.234) OSH 
YR17E(6a239 )  WINS 
U R I T E ( 6 a 2 1 8 )  YEAT 
U k f T E ( 6 e 2 3 2 )  COST 
Y H I T E ( 6 r  311 ) XM 
~ R I T E ~ 6 e 2 1 2 j  OTWAX 
YRITE(6.2134 TU 
Y W I T E 4 6 m 2 1 4 j  T L  
~ R l T E ( 6 a 2 3 6 3  TAM6 
Y R I T E ( b a 2 1 5 ~  Y I U X  
U R i T E ( 6 e 2 A 6 )  J1 
m R I T E ( 6 a i 1 7 J  Q8 
NC=O 
J W l  
ET=O l 
CT=T 4 
TP4 1 )ST&. 
060 U=OB*T4  
60 TO 3 

C ENTER SUBROUf XNE FOR INTERNAL H € A r  TRANSfkW ANALYSIS  
A0 C A L L  hTCALC( ~ T e G e O T I ~ e K 3 o M e D i e h b m A f E T  aA&mOO~)(LTEeV€Lm JS 

C C O l r l P b t A f l O N  OF PUMP REQUIREMENT F C A  PUMP Y F a l r O  
TLM=(TFLU+JJ-fF~1)) /MOG(TF (M+ lB /TF t  1)) 
R E A o G * C I / V  I S F l T L M 3  
PO~OmlOZ+fF(REAJSXLT*CrU2/42m*UI*RHOF~ 
I F (  PD mGT ePDWAX PDMAXnPO 
POYkR=b+PO/t 1 0 2 0 * R ~ F  J 
IF (  POYER mCT ePMAX P M M I P O Y € R  
WPUMPrZ. 723€-6*PD*DT AMVRMOF+wPUWP 
IF( U .GT eUPEAK4 YPEAKclrY 
60 TO ( 5 0 s S l J m K 3  

C COMPUTATlONS ASSOCIATED WITH CWARGING P H A S E  
50 QLOSS=QCOSS+(OC-Q&l * (~ENTf f4  t f 4 1 8  8 J88OTIME 

QSOL=OSOL+QC+CT I M E  
O C H ~ O C h 6 + U * ~ W - € N T n i . ( T F 4 1 ) ~ J * O T I N E  
GO TO 52 

C COMPUTAT IONS ASSOCIATED WITH O I S C M G I N G  PHASE 
51 QBURN=Q~URN+N+(N~-~NT)(P~TP(M+A~ 8 I D T I  ME 

QDIS=QOIS+Y*1 W T  ff 4 T F t M V l d J - K ) 8 0 T  I M E  
aSOC=OSOL +OC*OT I M E  

SS IF(CTmGEmT44 60 TO 2 
30 C A L L  COCL4CTsQCeT l a T 2 e T 3 a T 4 m 9 8 I  



AP(Ct.6P.T4) 60 TO 6 
C iNAOBQUAtB COLLBCtOB OUTPUT AT BNO O f  OAVm eVENlCYC 

UCOLCmW/O)I)IAX 
Y=wMAN-mCOLC 
Y T o  W/XN 
g r B N A f L T  
K-2 
IP(CT&OoOe)  GO TO 3 
D T I U B - U I T  
l f ( O T I M E m L % e 0 T W A X ~  GO TO a1 
DT I Me-DT MAX 

A 1 CT=Cl+DT I M E  
IF (CToLQoT1)  GO TO 10 
D l  IME=DT I ~ - ~ C t - l l )  
CT=T 1 

1 d k T ~ E t + O T  iWWJ600e 
7 P t  1 )=TL 
co-to io 

6 I P ( C T o 6 E  012) 60 TO 7 
C NO M A T  l N G  AVAICABLC FROM COLCECTORS - 

m U M I N  
(If ow/- 
mw T/AFL T 
K-0 
CT IME=Z/YT 
I F  O f  IME OLE 001 MAX ) GO TO A 3 
CTlME=DTMAx 

13 CT=CT + D l  lME 
I F ( C T o L E o T 2 )  60 TO A 4  
GT IMEoDT IME-( CT-12) 
CT=TZ 

14 ET*€T+UT I M W 3 6 0 0 0  
T F t  I J=TL 
60-10 10 

7 I F t C T o G t o T 3 8  GO TO 8 
C INADEQUATE COLLtiCTOR OUTPUT AT BEGINNING OF DAY*  MORNING 

YCOUPGC/DMAX 
Y = q l l k r m C a L  
It-Urn 
brrUt /APL T 
K-2 
Di i i i ~=z / l r t  
IF(OTlMEoL&eDTMAX) GO TO AS 
3 T I M E ~ U T M A X  

10 ct -c r+or  rwe 
I F ( C T e L C o T 3 8  GO TO 16 
O T l l k = D T  1ME-a CT-t3) 
CT=T3 

16 f i t  =kT+GT IME/dbOGo 
TF( 1 )=TL 
60 TO 10 

C EXCESS SOLAR N A T I N G  AVAILABLE F O k  STOWAGk 
8 OST=OC-013 

U=US7/(  hU-€NTMf(TF( I))) 
l F (CToEOoT3)  GO TO 2 
YCOU=Y+YMfU 
IF ( ICOUo6ToUMAJC)  60 TO 20 
MIC=(u*ENT W t T P t  A )  )+YLI IhJ8) rC~/KOLL 



~ P c r e w ( H a c )  
I/XN 
'/AFLT 

IE=f / O f  
IT l M E  OLE eDTMAX) 60 TO 21 
I€-DTMAX 
,T +UT I* 
; T b E e T 4 )  60 19 22 
IE=DT rwe-cct-tr J 
'4 
:T+OT AM8136000 
t+a 8-7 U 
'0 10 
I @ F I C I E N t  PUMP FLOW C A P A B t L l T l  
IAS-bM I N  
I/ XN 
' 0AFLT 

E=Z/ Y t  
IT l M E  eLE eDTMAW J GO TO 26 
IE=DT )llU( 
if +Dt lM€ 
;T.LEeTaJ 60 TO 27 
lE~OTlM%-CC?-t48 
'4 
:T +0T IME13 tOOo 
L + 1  W T U  
'0 10 
'UT DATA 
'E(6.290) E t  
'€46.221) ST 
'E(6.222a QLOSS 
'E(6.2238 QSOL 
'E(6.224) Q D l S  
' € 4 6 ~  226) OCM6 
' E ( 6 e 1 3 6 J  WURN 
' € ( 6 m l 2 7 )  0801L 
'E(6.242) YPEAK 
' E ( 6 a 5 4 1 J  POMAX 
'E(6rZ39) PI lAX 
' E ( b e i 4 0 )  LPUW 
'E(6e22d) 
'k(6eIL93 
,a I=L.M 
rE(bmk90)  IaTE(l~oTP(I)eVSblJmVLi12eALS~1)eANL(IO 
I+ 1 
' B ( b e 2 3 1 )  K t e T P ( K 7 )  
t E ( 6 e 3 3 7 )  JW 
BESOT MAX 
iT +Ot M A W 3 6 0 0  l 
:T oCf  oT44 60 TO 61 
IN NEW OAICY c Y c L e  
I 

ORIQIW. PAW I8 
OF W o R  g u m  



OaUmmO. 
POMAX-00 
PMAt(-0 
~euae=o. 
WPBAK-0. 
NCINC+a 

6 CTmCT+DtWAX 
tfIWC.EQ.Im) CO TO 99 
60 TO 30 

99 STOP 
END 



ORIGINAL PAW IS 
OF POOR QUALrn 

SUBRUOT I N 4  WTCALC(Y~ . 6 b ~ t l d * ~ 3 e n  ~ R Y ~ A ~ ~ T ~ u Y ~ @ o ~ x L T L ~ v ~ ~ * J ~ * ? ~ )  
C T H I S  SUeROUTrNk PERF3RMS tnli HeAT ThANSfER COIJPUtAt IONS ON THE 
C E U M E N T S  AN0 THE R L D ~ S T R I d U T A O N  99 LIQUID.  
C 

800 PURMbT(2F12.S) 
50A fORMAT( / /a6Xa@ 8 N l T I A L  WITRAT6 CONCENTRAtAON @efAOe!S)  
bOY FURMAT( SXm' l N 1 T I A L  STORAGE t€MPkRATWE mK @ .FA 0.3) 

O I M e U S l O k  R S ~ l O A ) r ~ C P ( A O l J a ~ L ~ A O 1 O e A S ~ l O A J e A L ~ 1 O l ~ m V V ~ l O i J m V k ~ 1 O ~  
A ) ~ M ( A O A ) ~ C ( L O A )  mQAXC i O ~ ) m W A I S 4 A O l ) m Q C 4 1 O l J  

COMMON TE(lOl)~T?(AOI)mVS~lO1~mVL(AO1~mANS(AO1JmANL410~~ 
COnMOWDATA/RM)LeRHOSmTTRvT EUe&UOwHEUTeHA~T m ~ ~ u m c ~ 6 ~ c W e T K ~  
CCJMMOWVALWliBTRoKT AeMYtR wHATRmHAeUa)ilEUmHWEUmCTRm CeUoCAtUoTUATRm 

1TKBTRmTKAEUm TKtEUmCAtR 
C W M O W V C O W  RlAImRXNSwRINENm tAM8mcIIT 
1F(48eEQ.Q9) 60 TO 9 

C I N X T I A L  AN0 CONSTANT VALUES 
CAEWCPAtTEU 8 
CATR=CPA(TTR J 
CTR=CLlQ(TtR)  
C€U=UIQ(TEU ) 
HBTR=HB(TIR) 
HLTRWiL lQ4T t t38  
H l T  R.rHbO+CY*TT R 
HAtR-hA4TTR) 
WAEWhAt  T W a 
WCCUIHL 1 0 4 1  EU) 
nwEU-HmO+Cb+T€U 
TKATFWthCA(T lR# 
1 K Y T ~ T h C B 4 T T f i )  
T K A E U I T M A ( T € U )  
TKEEU=T hCE4TEUJ 
xlcn 
AOVL=VEL+(XM/hAT )4*Z 
K AIM 
VVL-0 . 
REAC(5m b04J COmTO 
37= .l 

C IN11 I& CON011 I O N  OF SVOEIAGe U M l f  
00 8 l ~ 1 e M  
TE( l )=TO 
AS4 I W O  
AL( I )=VEL*RHOC 
b*-rlI 
. 1 i.EO. 4 )  Am-WbSIB 
:' 1oQOoMJ AW=WU+WB 

id. . I JmOo 
A X S ~  I )SO 

VL( I b V E L  
V S I  1 )=O. 
e ~ ~ o ( ~ ) = ~ m + ( n r o + c r + t o i  
T C = T L I O ( c O ~  

I ) = A L ( I J * I N 1 0 l T L 8 + C P T 6 C L ) ) * 6 T O I T C ) )  
AMS(A)*O. 

L) ANLtI)=CO+AL( I) 
WRlTEtbmSOA) CO 
YRf $E(6*303) TO 



X P ~ R A X S ~ K A B ~ ~ ~ O O Z ~ ~ G O ~ O  36 
RBELOPVEUt AOVL* V S L U T  (U,+%LTE**2IAA%S4 K a  b 
69 TO 37 

36 ~~~~~1 .IdAOVI.*tKL8 
37 R B U ~ ~ V E U ~ V U L B / ~ V € U * ~ l  m / R M % * l o m E E L O 8 J  

crut car ~ ~ u ~ a ~  
00 33 m0.n 

33 QC4 1 8 ~ ~ e * ( T % 4 l ~ - T & E (  1-A D W t R A X 4  I 8+RAXt i -A 88 
act A )SO 
QC4 rr+l )=Om 
60 1 0 4  A m  1018mK3  

C )rEATUU6 SECTSOIY 
a 00 A0  l=A.ll 

.bn-1+1 
AU=ml 
I F 6  J m E O e I  8 AWrUU+U8 
I F (  3mEO eW B AUIYW +We 
RANBrQ INS 
IF( J r E Q -  1 8  QAME~AANEN 
IF( J oEQoMJ RAM8aAINEN 
PlLM RESISTANCEm INSIDE T U 8 L  
T(CPtHCF4ff  (3+EB8 
C m  W P 4 T Q t  J+L88  
VF=VISC( lP( .HL8 8 
R E Y = a O I  /VF 
I F C R O V o L t . 2 0 0 0 o ~  60 TO 2 
~ ~ ~ 0 e O 2 2 + 4 R E Y * ~ 0 o 8 8 * 4 ( V ~ C F / T K D * * O o 3 ~ * f K / O I  
60 TO t l  

2 H 1 ~ 3 0 6 6 C T W 0 1  
A1 m F ~ l e / 4 H I * A l € t )  

f F 4 J - K A 8  21m22.23 
C FULL U M E N T .  ASSUME0 1SOTHER)UIL 

21 C A L L  RLCALC(RL8 
ROV=Rm+(ZS(3D+RF+RL 
E f f = l o - E X P d - I  J 4 R O V * Y T * C F B j  
T f  ( J ) a T P ( ~ A ~ + ~ f * ( T E t J ~ - T F 4 4 + 1 4 8  
D Q P = u T + ( ~ f f f 4 t Q ( J 8 8 - W W ( t C 4 3 + 1 4  88*OTIME 
D Q M ( r n 4 f  €4 J)-TAH0 I / -  
etOt~€L44~+EELO~J8-0QO-~OQ~B+OC~J~QC~J+A3~*OTI~ 
ATOf rAS(J )+AL (J8  



CALL F U L L e L ( A t O 1  &TOTmOOmAY e X L l T i e ~ ~ t  JJeAS(38 *US4 J b  mTE4 3) *EL( J)*W* 
LSELO(J3eUIIL~33eUYS~Jb.RAwStJb8 

GO TO 29 
C COMPLETELY S m I O e  VAIZIA lKE REFERENC€ TEWPERA7URE UsOD 

23 RW=RU+Rg(.))+Rf 
eff=l P E W # - I  J # R O V l u T U f j a  
rrcemrr*co*e~o+r 
BET A=QC(3*1 ) - O C ( J ) 4 T ~ 8 + U t * C O ~ P + T e t U A b  
a n l l r P e E f A 0 K P n  
I F l 6 L L M A o C E o T E ~ ~ 8 8  GQ TO 6S 
CALL VRTCS4TE43)mEELO~J)mAS~ JB~Au~IT*CF*W mtPt&bn mXLTEmOT1 MEmAhlS 

i t 3 8  e00mTf tJ8mRS448mRAWS( JbmQCCJbmOC4 J + A  a mRAr(BmTM188 
GO TO 29 

QS CKL VRTHS~AIUS~J) .AS( J~.TE~ ~).eupc J, .rrr.rFt.wA, . e e e e m  m r  moa*rrte 
~ m O T I H E m A W L ~ J b m K I J 3 m l O ~ 3 ~  m€L4JbmRS64)mRAXSlJ) mQCt48 mOCtJ+IJ mRAMHeT 
W 8  
60 TO 29 

C la FSCEMEW lNCLUOIN6 THE SURFACE. PARTIALLY FULL 
22 C U L  CCCALCtRL) 

AOV=RM+43S( 3 b+RF+RL 
Effs1 * -EXPt -Ar / tROV*u l *CPb~ 

C CHECK F I L L I N 6  RATfOo IF 0610 OmZSm USE REOOCEU TIME INftZRVACS 
C IF  &To OOPS* NEGUECT L I Q U I D  AND U S  VmRoTo 

VWAT 1- L 0-VVUVTC 
IF( VRATIOoLT mO*Sb GO TO 10 
Dlnoo=OT I W W  1 
N1s a 
GO TO 50 

70 l F t V 1 U T 1 0 J T  0003333  60 TO 71 
ozn01)rroT wiw 3. 
)3I=3 
60 TO 50 

71 I F 4 V R A T f G ~ L T o O o P 5 B  GO TO 72 
OTWOO=OT 1-/4 l 
NI=4 

so DofT=O. 
00 55 ISUB=I.NI 
TFO=TFt J+l)+EFF+tTE4J4-TFtJ+i88 
DQF=Wf+~ENTf f~TFO~-eh lT*4TF~~+A848~0f1190  
00F 7 +OQFT *oaf 
OQAU-4 1 Q t  4)-TMB)/RAWB 
€TOT~€L IJ~+€€CO~J~-0QF- t0QWB+QC~JJ -0C43+1~8*UTM00  
A T O T = A S t J J + M t J )  
CALL F U U U I A T O T  eETOTe00mAUmXLTEmAl.t J8mAStJB mWStJJ mTEt J J  e t L (  JBmK3e 

A€?€LO(JBmANCt J 8 e ~ N S t . l  DmRAXSt J B 8  
59 CONTINUE 

MFOnECJT hF4TFtJ+18)+0QFT/t WT*OTIMEJ 
TP4 3 P F C T  EMPt -0 J 
60 TO 29 

72 ALP#WUT*CFYFQ+I ./RAW3 
B C T & O C ~ J + ~ ~ - Q C ~ J ~ + T A ~ ~ W R A L I ~ + U T * C ~ ~ E F F * ~ F ~ J + A )  
GAWMMBEfA/ALPkl 
lP(GAMUA.6E.TE4 J)) GO TO 75 
CALL V R T C S ( T E ~ J ) ~ E U D ~ J ~ ~ A S ( J ) ~ A I ~ I T ~ C F ~ E P F ~ T F ~ ~ A ~ ~ X L T ~ ~ O ~ I ~ S A N S  

A ~ 3 ) ~ 0 0 m T F t 3 b m A S ~ J 3 m R A X S ~ J ) m O C 4 J ~ m O C t 3 + 1 ~ m R A M 8 m t A ~ J  
GO TO 20 

75 ELR=Om 
&Roo l 

ORlormAb PAGE IS 
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A*APOe 
CALL V R T ) ( S ~ A N S ~ ~ ) ~ A S ( J ~ ~ T E ~ ~ ~ ~ E ~ L D ~ J ) ~ A M ~ ~ F  ( . M A )  mWFmUCeWe00eXLTE 

AmDT INEmMYCRmAULmTFtd8mUJ1 mRS4JBmAAXS44B mOC(48 mOCI&bIB mCUHBmTAWBD 
A N f t  J)=ANL44D+ANLR 
AL< J)*AC(3D+ALJI 
6 L 4 3 W E L 4 J D W  

29 V S t  J 8 r A S t  J)/R)rOS 
VC4 J)=AL13 J/RhC& 
VV44)rV€4.-VS(J) 

A 0  CONTINUE 
60 TO 200 

C CUOC IN6 SECT ION 
10I DJ 110 I = l * M  

A I s I I Y  
A F ~  I.EQ.AD Iru=rw+rcr 
I F 4  104QoM) AUrWh+&B 
RAMBe(l1NS 
I F ~ d m E Q m l B  RAMB-INEN 
1F4 J r E Q o I J  R A - d  XNEN 

C F I L M  RESISTANCES I N S I O E  TU8E 
T K - T H c F i T F I I  DJ 
CF=CPFiTF t I )b  
V m V I S C ( T F (  I D  8 
RkV=GIO I / V F  
I F 4 R E V r L T  020008  60 TO 102 
H I ~ ~ ~ ~ P ~ * ~ R E V * * C O ~ ~ * # ~ ~ * ~ ~ ~ K D * * O ~ ~ ~ * T W O I  

i l l  RF=A . / (h l*AxE~a 
A F (  i -K1  D 151 l 125. A23 

C CULL ECEMWTm ASSUMED 1SOTHER)IAC 
121 CALL CCCALC(RLB 

HOV=Ru+CS(I)+RF+RL 
EFF~1m-EI1P(-Im/4ROV*YT*CFD# 
TFiI+AD=TF(lJ+EFF*(TE(IJ-TFtIJ# 
O Q F ~ ~ T + i E N T h F ( T F ( I + 1  D#-€NTWfiTF( IB)8*OTAN€ 
OQAMBotT € 4  1)-TA)IB)/AAMB 
ETOT =EL( I ) + E W I  13-CJQF-(OQAMB+QCi I b-QCt I+A.J )+OTILIE. 
ATOf rAS4 I J + A L 4 1  8 
CALL FUUU(ATOTmETOT*00mAUmI (LTEmAL~i )mAS~I  ) mRS4f B mTE(8) eEL(IBmK3s 

A€ELO( X)rANL~I~mAIYSiIDmRAXS4f B #  
60 TO 129 

C COMPLETELY SOLID*  VARIABLE REFERENCE TEMQERATUe USED 
123 ROVsRU+RS# I )+Re 

E F F * l  O - E X P ( - A ~ / ( R O V ~ U ~ ~ L C F J ~  
A L P m u T * C F * f f f + l  */RAW8 
B€TAsOC( I+ 1 )-act I J+f AMWRA)IB+&t*CFYFQ*TF 4 1  
6AWMA~BElUALP) I  
IF( GAMMA.LE~TL~ 18) 60 TO 130 
CALL VRTblS(MS( I BsAS4f )mTi i ( I  JmEEU)(I JmAUmfF4lB mEFFmCFeUTmDOmXCTEmD 

1 T I M E m A N L ~ I J m A L l I # ~ T F # ~ + A J m E L ~ i J m R S 4 I ~ m R A & S ~ i # m ~ C # I J m ~ ~ f + l ~ m R A M 8 m T  
-- -- -- 
Go l o  129 

139 CALL VRTCS(TE( I #mEELD(1 #*AS( I JmAUsIT eCCmffFmW#f3 mXLfE*DTIMikeANS( 8 
1Bm00mTF(I+1JmRS~I)~RA)(StIDmOCiI~mOC~1+1#mRAMBmTA)38~ 
60 TO A29 

C THE ELEMENT 1hCLUOIN6 T n E  SURFACE* PART I A C L V  PULL 
122 CALL GLCALC4RA.3 



i k n G o e  
CALL VRTWS(ANS4I)mAS4IJmT€tf8 m€EU)tI)mAUeTF41B e E f f e C F m ~ T e O O e X L T E e 0  

A T  U l E e ~ e A L A m T F ( U 1  B e U R e R S 4 I ) o R A I S t I )  e O C t I  j e Q C t I + a  ImRAMBmTA-J 
A m 4  I j ~ A W 4 I B + A r u L R  
A L 4  I B o a t  I )+Am 
€At 1)-Utf)+UR 
69 TO A29 

r7S CALL VRTCS(TE(1 8m€ELD(I)mASt 18mAYa1TeQ:e€fFef f4IB eWLTEmOT1 MEmANSt I 
1)mDOmTFt I+A)eRSt  I B m A A X S t 1 ~ m O C t I  BmQCtI+A JmRAM8mfAMBB 

129 V S t  I b r A S a  I B / M S  
VLC I l=M 4 I J/R)(OL 
VV4 I l=VEC-VS4 a B 

110 CONT INUE 
C L E T  C I o U I D  REDISTRIBUTE DUE TO CRAVITV ASSOCIATED YITW CHANGING 
C VOIO SPACE AS SOLID ~ L T S  OR LIQUIO SOLIOIFIES 

200 VTOTLtOo 
*a 
00 210 1sAmM 
I F t V L 4 1 ) o E Q m O o I  6G TO 210 
V E t  J )=VL4 I )  
C 4 J M A N L t I ) / A L t I B  
W t 3 B ~ L t t B / A L 4 1 )  



v t O t ~ - U t O t L * V € 4  J) 
J=.4+1 

210 C 3 N t U U u E  
c HAVE A K-CONG ARRAY OF C r o u r o  VOLUMES A ~ D  A S Q C ~ A T ~  c ANO H 

mJ-A 
I F a K e 6 0 r O J  WJ TO 231 
Y r O f v = O *  
00 211 t = l * M  
V t ~ t u a v T ~ T  V+VV( 1 J 
r e 4  vrorv-VTOTL J zaa 0213~+13 

213 KA= I 
VVLI V tOTV-VtOTL 
69 TO 214 

ar i corut INUE 
C MAVE A K I - L O N G  ARRAV OF V O I D S  THAT I S  4OCT U R G E R  THAN L i W l D  VOLUME 
c REDISTR~BUTI tne ~rou ro  t o  FILL s u c c ~ s s r u ~  voros 
2A4 el 

09 2AS ImAeKA 
Mt 1 ) ~ 0 0  

I J s O o  
A N L t I J = O r  

21B I F ( V V 4  14-VE1 3) J  2 1 € * 2 1 6 e 2 1 7  
216 V E ( J 8 o U E t J J - V U d I )  

AL4 I J = U C  I W V V t  I J W H O C  
U( I)=€&( tJ+YV4I: J w w c n + W 4 J b  
A ~ t l ) = A ~ t I ~ ~ U U 4 I J * C P W O C * C t J b  
C l =  A  

TO 21s 
217 A C t  I)=AL( I J + V E t J J + R H O L  

at f )=EL( I J + V E t  JJ*RHOLWt J J  
A K 4 l J = A w 4 t J + V E t J D * W O L * C C J 8  
VV( l )=VV4f ) -VECJ)  
C l = 2  
/ F 4  J o E Q o K J  GO TO 2 8 9  
JSJ+l 
6U TO 218 

21 9 WL4 I B=AL t I J / C l k o ~  
220 KWKA+l 

SF( KS-L( J 221 *240*232 
221 DO 225 1rKSsM 

ALt I )=Om 
at 1)=00 
AM.4 I J=Oe 

225 Y L t  1)=Oe 
232 CWTINUE 

RET WN 
231 K1=1 

K S I l  
VVL= VEC-VS 4 A J 
60 TO 221 

240 ALt KS )SO. 
€Ct KS JsOe 
A W t K 5 ) s O o  
VL4  KS )SO l 
V V t  S5)cVEL-VSCKe 3 
RETURN 
END 



SUBROUT ANC FUU~tATOTrEt01mOOmAYerU.fEmALmASmRSmt.ELmIU*eEU).ANL~A' 
i%%,9'.?.% ! 

C T M f S  $bBROUTI&E COUPUt&S TbS F I N A L  CONDITION 99 AN I N t T I A b L Y  PULL 
C &CBl(eM lNC&.W/IJC TOTAL MASS* HAS$ O f  N I  VAAfEo AM2 ENER67 L E V U  OF 
c eutn tne LIWIG AND SQLIO P H A S ~ ~  AS IUC AS t n ~  FINAL TEWP~RATUAE~ 
C AND TM€ SOL10 W.T. RBSISTAMCO 
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GO TO 11 
22 CA=U 

%A=EO 
60 TO 20 

C SaL I D  ABSISTANCE 
2s VScAWRWS 

O ~ S ~ T 4 ~ 2 + 1 0 2 7 ~ * V W ~ T e 8  
RSsAL064 05/00 D 1 t  6e483O*tMC84 t 8 a I L T E 8  
R A X m S L T E W U 4  VS*tMC8IT8 b 
amU6lN 

C CWECW SOL40 TIUNSITaOW AT M L  ALPHA 
f E l  E S T S P E T E S T ~ - A S ~ W ~ A ~ T  

I F ~ E T O T O L ~ ~ E T E S T ~ ~  GO TO 3 
ABo t€TOT-~TEST381MAfBT 
W A % e A B  
A-AS? 
&=&2 
T=tTR 
ANLmANL+ANS 
ANSaO 
IEGLWAU+MUTCI+AS+WATR+ABWBT 
EL= €TOT-€€LO 
60 T0438.29 8 e K 3  

C SOL I 0  RQSIS'IANCE l COOLING A T  TUANSlT lON 
29 VAPAA/R)IOS 

OAo SORT 4 -*a+ 1 e5732*VAIXL I@ 8 
RA=MOG( 3A/00  #/a 6 e2832*TKATR*XLTE 1 
V-ABIRMS 
O S S O f i T  tCA**5+1 r2732*VWI tCTE1 

RETURN 
C SOL 10 RESISTANCE. HEAT I N G  A T  TRANS1 TI* 

28 VBrA%/R)SS 
0-SORT 4 0W*f +l e2732*VWKLTC1 
RBo&06~08/00D/t6e2632*fKBTR*XLTE a 
VAorAArnWS 
OS~SORT406**Z+AeS732*VA/XLTEb 
~IILOG4DS/OB#/t6e2832*TKATR*ICLTE1+RB 
RA)(~)lLfE**2/CVA*TKATR+VB+TK~TR# 
RETURcu 

C CHECK L l O U I O  kUTECTfC 
3 CrnCEU 

AL4= 1 ANC+ANS b/C4 
W e A T O T - A L 4  
ETESTQrAS4*MAEU~AC#)pL€O+AU*)I~U 
I F 4  ETOT eLTmETEST41 60 TO 4 

C RECUCA P K S l  B E T U E N  TRANS1 T l O N  AND EUT ECT 1 C  
U = € T  EST3-€TOT 
E m  ET ESt4-€7 O f  
CmC+E4S(CZ-C48/(E+E4D 
T W T C I Q 4  CO8 
ACO~~ANC+ANS)/CO 
ASOaATOT-KO 
ETESTOrrASO*LA~TO8+MO*)(LI Q t  10b+Ab*(WUWCU*TO1 
E m  E l  EST 0 - l T  O f  
I F I E O )  3 0 m 3 A m 3 2  

31 T=10 



ACSALO 
ASPASO 
AIYLaANL+ANS 
ANSsO 
EELD=Am*(YID+CY+T)+ASIMt 1 3  
U=EtOt*ELD 
6U TO 38 

40 00 36 JOarn3 
COICO-U)8~C2ICOD/(E3-€Ob 
TmTLIQ(C0)  
ACO=tANL+AMs )/CO 
AS-ATOT-KO 
ETE~~O~ASOLWA~TO~+ACOIHCIQ~ TOMAW tnbcncw*roa 

30 EO=ETEsT+ETOT 
60 TO 91 

32 cmc4 
E m € +  
GO TO 30 

c s a  10 RESISTANCE 
36 V S I A U R h O S  

osPsBRr too r+z+  I ,2?32*YWXLTE& 
R S P ~ G C O S / O O ~ / t 6 e 2 8 3 2 * T M C A t T b * 1 U ~ € &  
RAX-XLT E * *U4US*TMAtT )  b 
RETORN 

C CHECK SOLID EUtECTfC 
4 ETEsTS-ETEsT4-ALllnEUT 

IP(ET0ToCT~ETESTS) 60 TO 5 
C TuJO-PMSE EOTECT I C  

ACS=(ETOT-€TEST t )/HEW 
T=t eu 
A - A T O I - K S  
AL=ALs 
ELIALw4EU 
L a - € T O T - U  
ANT OT= ANL4ANS 
AIJCsC48M 
ANS=UUTOT-A)JL 

C SOLID RESISTANCE 
VWASI/R)rOS 
O & S O R T ~ 0 0 * * 2 + l r 2 7 3 ~ V A / 1 ( L l E ~  
R& M O G t  O W 0 0  )/ t 602832*tKAEU*1Q.T C 
V€= 4-AC6 )/AMOS 
OStSORT(DA+*Z+l e2732*VE/XATE) 
R S o ~ 0 6 ( O S I O A b 1 ~ 6 ~ 2 8 3 2 * T K E E U * ~ T E ~ ~ A  
RA)<~)(LTf*+2/~Vl*TKAeU+VE*TKEEU& 
RE7 URN 

C A U  SOL15 BELOW f W  
5 T-TEU-4ETESTS-ETOT#/~CU*A~+CAEU*AS4+AU*CP€U~ 

-0. 
A&ATGT 
E a ~ E T O T  
ELSO. 
A M =  ANC4ANS 
A K = O  l 

C SOL 10 RESISTANCE 
VArr AS4/R)1OS 
O ~ S Q A T ~ ~ ~ + * ~ I O ~ ~ ~ ~ I V A / ~ U T I E ~  
RAm M O C t  OUO0)/16e283~*T)(CAt  7 88% f E b 





SUBROUT I N 6  VRTCS(T€~€ELO~AS~AUOUT~CP a E P f  ~TPIO)(LT€ mOtI@E ~ A N S ~ D O ~ T F O  
4 . R S * ~ X S . U l  .U;i.Sim&Pe7Ahe~ 

C THIS SUb3ROUtlNE USES VARIAPKE REFERENCE TUPBRATURE TO D E T a M a N E  
C TME CUOLXNG PROCESS IN A PW1E SOLID W W E N T  
C 

COWW)N/OATUR) IOLm~~Sot~ReTEOeM~Oe~OfoWABtmCPBUaCP6oCUoTKC 
~~ON0VACW)(BTR~nLTAoHUtRoMATRe)cAIUe)YOCOoMYEOmCTReCEOoCAeUeTKAT~m 

IfKBTRaTKAEUmTKEEUmCATQ 
A*UT*CF+eff+Ae/RAllg 
~ Q 2 - O A + t M W R ~ B + Y T + C P * E F F * T P I  
es0r 
lQ4ASmEQeOo) 60 TO 10 
lO(TE-TTR) 1.5.3 

C S O L I D  A80Vk  tRANSlT1O)Y AT STARf. A L L  BETA 
3 SMC=AS*CPB+AI+Cu 

T AUaSMC/A 
f DT=C+( TE-C)*EXP4-OTl11€8TAU) 
tF(T07-TTR) 4Am42m42 

A0 sMC=AI*CI 
TAU=SMC/A 
tOt~C+tTE-CaCellPt-OTILIE/TAU) 
Q=A WCY* 4 TE-TOT 1 
RAXS-0. 
60 TO 43 

u o = A s * ~ ~ ~ ~ T E ~ - ~ ~ ~ T D T ~ ~ + A ~ * c ~ * ~ T E - T o T )  
43 €6LO=EUD-Q 

QF~UT*Cf+tFF*(DTfME*4C-TFI B+TAU*t TE-C)* l l e -EXP4-0T  I)3E/TAU) )J  
T E = t D t  
MFO=ENTff 4 t Q  I )+QF/tUT*DtIm€) 
TFO=PLT U P  4 W G )  
R E 1  URN 

4 i  O T l ~ I ~ T A U * K 0 6 ( 4 T E - C ) / 4 T T R - C ) ~  
OF= WT*CF*eOO*I DTfMI*(C-TO I )+TAU*(TECJ* (4 e-EWd-Of lMI/TAUD ) ) 
Ot lM2=OTl IE-QTtMA 
T F O l ~ t f  I f f F 8 4 T T R - T F I )  
-I WT*CF*(fFOT-TFl H01-02+4  t T-TACre )dRAIB4*OTIM2 
OQL=AS*HABT 
I O 4 0 4 Q L )  S 2 e S 2 a 8 3  

S2 OTOT~AS+4H@( tE3-MBTR B+AY*CY* 4 TE-TT R)+Q 
EELO=EECDlOTOf 
OF=Ut*CF+4 TFOt-tFl)+:OTIM24OF 
T m T f R  
HFO=ENT W( TFf )+fW/4 YT*OTIM€) 
TFO=FLTEMP( W O )  
A& WHABT 
A* AS-AA 
V M A M R W S  
OAoSQRT (00**S+102732*VA&&Tt 8 
RAPAL064 OA/00 )/(6 m2832*TKATA*XCT E ) 
VBnAB/RHOS 
OmSQRT( OA**Z+A e2732*V8/XLfE) 
R S ~ A L 0 6 # O S / O A ) / 4 6 e 2 8 3 2 * T K 8 T R * X L t E j + R A  
RAXSIXCTE**2/dVA+TKATRf V@+tKBTR3 
RETURN 

53 O T f l W ~ A S + n A 8 7 / 4 U T * C ~ ~ T f O T - T P f ~ + Q l - O ~ ~ T ~ R - T A M 8 b / R A M ~ ~  
O T l W O T l M 2 - 0 T l M 3  



Of=mt+CF&4Tf O T - t f  I J U ) t l M 3 + 0 P  
8L(C+AS+CATR+A WCP 
tAU=SmC/A 
t D T = C + 4 T t ~ C ) ~ W ( 4 T I M 4 0 t A U 8  
OoAS*(MB(T€8-M(TOT~ 8+AmCWC4T8-tOTA 
IELOIOBt.0-Q 
af~MT+CP+EFF*6OT I M W ~ C - T C I ~ + t A U 8 (  TtR-C$* (1e-SXP4-0t I  M40TAO8 J 8+OP 
FACT-THCB4 t e  J0T)lCAdTOTJ 
ASlRSrlPACT 
RAXS-RAI88f  AC T 
tm t o t  
HF0=8NlHP(TF 1 )+Of / (YT*D l lE )  
TPOoFLT~WeOcPO) 
RET URN 

C -30 AT TRANS31 IOlJ AT START'. ALPHA + 8ETA 
8 t P O t - T F  I+EPO+4T€-tPf) 

O.r~YT+CP*4TfOT-TPIJ+Q1-Q2+~TtU-TAWe~0RAM8~+OTfME 
~ r t r O * ~ t ~ O t - T r l ~ + D T l ~ ~  
OQA~&lOT-AY8HmT~AS*))(LTR 
I f ( 0 - D E A 8  S 4 s W s 8 S  

54 TPOmTFOT 
e a c e e ~ o - o  
TE=TTR 
@mum 

ss OTJW~=OEU ( u t * c ~ ~ e t e o t - t ~  I ~+oi-oa+ ~ T R - T M ~ J / R A M ~ )  
QF=Wl*CF*l TFOT-TQ J J * D t I M l  
0TIm2=OT IHE-QTIH& 
$MC=ASICATR+AO+CW 
TAU=SMC/A 
TDT=C~4TTR..C8*U(P4-OTIMUTAU~ 
Q ~ A ~ ( ~ t R - H A ~ T D T ~ J + A W 1 C U * ~ T T R - T O T J + O E A  
OaD-EeLD-Q 
QPsWT UP*€FF+4OT IW2+(C- tQ1J+tAOr4TTR-CJ* (1~-QXP~-OTI~ /TAUJ)  )+OF 
T r n T O f  
~ F 0 = E U T h F ~ T f 1 ~ + Q Q / ~ W T * O T l I I E 3  
t fO=FLTEMPCWO3 
RET URN 

C SOCIO BELOW TRANSITION AT START 
1 I F ( A N S J  61.61.62 

c PURE UPWA 
61 S(IC=AS+CPA4TEJ*AY*CU 

TAO=SIIC/A 
T D T r C + ( ~ E - C B L ~ P L - O T I ~ / T A U ~  
O=AS*d MA4 1 El-CIA( t D t  1 )+AW8CU8 (-7OT J 
Bao=E&LO-Q 
O f ~ l T t C P * E P F * ( 0 T 1 ~ E 8 ~ C - W  I J+TAU*t TE-CJ* ( 1 ~ - € W ~ - O T I M E ~ T A U )  J J 
t E = T D t  
W O = ~ t ~ 4 T F J J + O F / L I T * O ~ I U E J  
TPO-fLTCMP4WO3 
RE 1 URN 

C ALPMA PLUS EUTECTIC 
62 Ak=ANS/CEU 

AA= AS- A€ 
SWC=AA+CA€U+AE* WEU+AW+CY 
TAU=SMC/A 
TOT=C+4tE-C)*~P4.9TIME/tAU) 
O I I A U O I A i  TEb-)rA4tOTJ J+4AE+CPEU+AW+C@)rl(TE-TDTJ 
EELO=teCO-Q 

~ r ~ + c l r * ~ ~ e ~ c o r r w e * c c - r r t  J+TAW( TE-car c r . - c r r r , c - o r ~ u w ~ ~ u ~  8 )  
TenTDT 
H ~ O ~ ~ N T M F ~ T F I ~ + Q ~ P / ~ W ~ * O T I ~ ~ )  
TFO=PLTCMP 4 W O )  
RETUAhl 
END 



, 0201  
10% i D I o  NO N l T  RATE 
I) 408e6  

PEP P*(TE-TFI ) 
M T f  l - t f O T ~ + ~ - 0 ~ - 4 T ~ B - T A H B ~ / e U , B ~ * O t ~ M E  
11 R+As+HBtR...eELo 
I 10.10.11 
I+O 
I(T POT-TP 1 )+DTIWE 



H P u ~ ~ T * ( T ~ ~ ) + Q P / ~ U ~ * O ~ ~ M € )  
TFO=QLTeMP(ffO) 
RkTURN 

13 Of IMI=TAU+ALOG( ( tE-C b/(TTQ-CJ b 
O P = ~ T + C F + E ~ ~ + ~ ~ C - T ~ I ~ ~ ~ T ~ M ~ + T A U C ~ T E - C ~ ~ ~ ~ ~ . - E ) ( P ~ - U T I ~ ~ ~ A ~ ~ ~ ~  
OT1M2rOTIME-0t1M1 
TPOTmTf l+EFP+(TTR-TPt) 
mi MT*CF*( T P f - I F 0 1  ) + Q ~ C - O ~ - ( T T R . . ~ A M B ~ ~ R A W S ~  8 0 T I ~ k  
DLA* AS*NAB)T 
f O l  O l O E A )  A 7 m 1 7 m  1 B  

17 O ~ U + A S + ( ~ T A - W A ( T E ~ ~ + A U * C U I ~ ~ T T R - T E )  
€€LO-IELO+O 
QF=rl*CF+(TfOT-TQf8*OTIM2+W 
T k=TTR 
HFO=ENT H f  4 T f  I l + Q F I (  Y T*OT1 ME) 
T F O - f L f  EMP(MfO) 
QET URN 

16 O T I W 3 ~ O E A ( (  YT*CP*( TP f -TFOT )+&?-01-4 TYR-TA)0RAMBJ 
QF=Yf+CF*(TPOT-Tf I ) *Q71Q3+W 
O f  1 MWOT IM2-OT1W3 
SnC=AS*CPB+Aw*Cm 
TAU*SMC/A 
TDT*C+( T 1-C) *EXP~--OT1M40TAU) 
~ A W H B ( T D T ) + A t * ( & W + C I * T O T  )-EELD 
€€LO-LkLDW 
Q F ~ l T * C F * E F P I I D T I W 4 * 4 C - T F I ) + f A W ~ T T R - C ~ * ~ l ~ - € X P ~ - O T l W 4 / T A U ~ ) ~ + O f  
Te- TOT 
HFO=ENf W ( T f  l ) * Q F / ~ U T Y O T I M ~ )  
TFOsFLT EMP 4 W 0 1 
R e T  URN 

c SOLID u l t n  N ~ T R A T € ~ E U T E C T ~ C , O  MUST BE eELow rku 
A CI=CEU 

A€= ANS/C 1 
AA=AS-AE 
SMCmMLCAEU+AE*CPEU+AW+CI 
T AU-SMC0A 
T OT=C+(TE-C J*€%P(-Of I&E/TAU8 
iF(T0T-TEU)  2 0 m 5 0 0 2 1  

20 O=AAI(hA( TOT )-HA( T E J  8+(A€*CPEU+AW*CU8*4 TOT-TEl 
E€LOIEELD+O 
O F ~ ~ T ~ C F ~ C F F I 4 ( C - T P i J * D T I W E + T A I H ~ T E - C ~ * ~ l ~ - E ~ ~ - O T I W € 0 T A U ~ ~ ~  
TEST OT 
HFOPENT He4 1 F I )+OF/ (UT*OT 1ME8 
1 FOsFLT EMP (HFO 
RkT URN 

21 D T i M l = T M I * A L O G ( ( T E - C ~ / ( T E U - C j ~  
Q F ~ ~ t + C F ~ E f F * ( ~ C - T C I ~ * O T i H l + T A U * ~ T € - C ~ * ~ 1 ~ - E ) ( P ~ - D ~ ~ M 1 ~ T A U ~ ~ J  
Of lM iWOT IYE-OTIW 1 
TPL~T=TFI+EFF*(T EU-Tf 1) 
~ ~ ~ T + C F ~ ~ T $ I - T F O T ) + 0 2 - 0 1 - ~ T B U - ? A M B ~ / A A M @ J + D T I & Z  
OtA=AELH2'ST 
1F ( 0-DEA) 23wZ3m 24 

23 ALsO/h€UT 
QIAM4HAEU-b iA ITk  1 )+A€*CPEW 4 f€UITYB+AC*H€UT+AU*CU*( TEU-TEb 
EL- ALL& W 



ORIGINAL PAGE a 
OF POOR Q U A L ~  

) IFO~€NT&F(TFIJ+QF/4 YT*DTI M€ ) 
T FO~PLTEM?(MfO)  
A S I  AS- K 
A N L = C l * K  
ANSmANS-ANL 

C SOL I 0  RESISTANCE 
VISr A A / R M S  
0- SORT 4 OO**S+l e273P*VA/X iTE J 
RAmAL06( OA#004/( 6 *2832*TKAEWXATE a 
V CI 4 A€-& )/RHOS 
os S Q R ~  0 ~ * * 0 + 1 . 2 7 3 2 * v ~ ~ x ~  t e  j 
RS AL06C OS/00 )/( 6 r2832*TKE€U*14 TE J+RA 
I F (  V A o E O ~ O ~ r A N O e V E r E Q ~ O o  D 60 TO 25 
RAXSnXLT €+*a/( VA+t1CAEU+YS*TKEEUJ 
RETURN 

25 R A X I O .  
WETURN 

C BiYONO L I O U l D  EUTECTIC. LESS ACCURATE A N 0  LESS L IKELY 
24 01 l ~ 3 r D E A / ~ W T ~ C F 8 4 T F 1 - t F O T ) + Q 2 - 0 ~ - (  fEU-TA3/RAMB) 

Q F ~ B T b C f * ( T F O T ~ t F I J * O f f I U + W  
O 7 l w 4 = O t I M 2 - 0 t I M 3  
SMC=AA+CA€U+AE*CFJT(Cl )+AY*Cw 
f AU-WCdA 
m- fWC* i tEU-C)* (  A r - L X P ( ~ O t l Y 4 / T A U 3  3 
O I Q + M + 4  WAEU-M(TE) l + A E * W U T + ( A Y 8 C W ~ * C P € U ~  *4 T t U - T E j  
OF~UT+CF*EFF*(DTIH#~C-TFI)+TAU*~T€U-CA* ( A o - ~ X P ( - O T I W ~ / T  AUJb&+OF 
HFOaWThF(  T F  I )+OF/( WT*DTI ME 
tFO=FLT€MP( f fO  I 
E TO l=EELD+O 
K3- 1 
CALL FULCEL(ASaET0T .OOoAUaXCTEeALmASmI(SaTE mELmIUaEaOeANLeANSeRAXS 

AJ 
RETURN 

30 SMCaAW*CU 
TAU=SMC/A 
TDT=C+iT€-CWEXPC-OT IME/ fAU& 
OIIAU*CW+4TOT-T& 
€a. DIEELD*Q 

c r+cFrew*( 4 C-T~I  ~*OTIME+TAU+~TE-ca* (I.-EXPI-DTIME~TAU) 4 D 
TE* TOT 
HPOPENT W d T P I  J+OP/(UT*OTI ME8 
T F O = F L T E Y Q i w o )  
RE7 URN 
END 



SUBROUT ah€ C a & ( c T ~ Q C m T l m f  2.1 3mT4saBm ~1 
C T M l S  SU8ROlJTINE READS A T A M E  W COLLECTOR OUTPUT US. CYCLE TlMEm 
C AND COlPUfES T H I S  OUTPUT AT A G I V E N  CYCLE T A N 5  
C 

I O O  FORMAT< 13m4F1PoOeF1004mI2 j  
101 P ~ W A t ~ F l O i 4 m F l Z a O &  

OfMEkSION Q(SOJmT(208 
IF(J .NE-99)  60 '10 10 
REAC4Sm 1 0 0 8  KmT lmT2mT3mT4mQ80 J 
00 A I=1mK 

1 R E A O ~ S ~ I O A )  O(J)mT( IB 
RETURN . 

10 DO t Is5.K 
I F t C T . 6 E . T ( l D ~  GO TO 2 
Q e Q (  I -A)+4Q(  I~~(I-~b)*~CT-Ttl-lJ&/4T~lJ-T4I-AB~ 
GO TO 3 

L CONTINUE 
3 RcTURh 

END 

SUBROUT I N €  RLCALCdRL 8 
C T H I S  SUBROUTINE COMPUTES A L I Q U I D  PHASE &EAT T M N S E R  CESISTAIJCE 
C I Y ThERHKEEP 
C FUR NOW I T  I S  A OUMMY ROUTINEm SETTING RLsO 
C 

RL=Oe 
QET URN 
END 

FUNCT I O N  F F ( R  ) 
C T N I S  FUNCTZON COMPUTES THE ClACUCAa TUBE F R i C T i C N  FACT CR FOR 
C ROUGHNESS RAT I 0  OF 0.0002 
C 

l F ( R . 6 1  .P000. J GO TG 1 
QFz 64 . /R 
SETURN 

1 &FCR.Clr100000oD 60 10 2 
FF=0 1923*R** 5-0.1772) 
R E 7  UGN 

L FF=OoOZC 
Rkf U r n  
END 



FWCT ION mtew()o 
C T H I S  O U U T I O N  COWUTES FLU10 TEMPERATIRE I N  K FkQW ENTMALPV 
C I N  K U K 6  USING MsO A T  4OOK 
c 

FCT e W Q I - ~ i l a l + S O R T  0026A~E+06+53OaSW4h 
nEt URN 
END 

FUNCTION TWCF(T8 
C Y M l S  FUNCTION 6 1 V S  K U I O  T-RHAL C0hY)UCTlVITY I N  KJ/I)-SEC-K 
C FROM TENPERATURE I N  K 

ORIGINAL PAGE IS 
OF POOR QUALITY 

FUNCTION C P F t V J  
C T H i S  FUNCTIOk COMPUTES F L U I C  S E C I F I C  HCAT I N  KMKG-K FROM 
C TEMPERATURE I N  K 
c 

CPF~Oe4189~0 .277€ -02 *T  
fUEtURN 
END 

F U ~ C T  I O N - ~ I S ~ ~ ? )  
C T H I S  FUNCTION COMPUTES ABSOLUTE VISCOSITY I N  Kci/M-SEC FROM 
C TEMPEQATUfiE I N  K 
C - FOR 1-66 IT IS A FAIR APPROILIATION FEQM 3 6 7 ~  10 S&SK 
C 

X=1079 ./T-5a34 
V I S F ~ l O . * * X  
R E 1  UGN 
END 



FUNCT I O N  Mff (T 8 
C T h i s  FUNCTION COYPUTES FLU10 EIYt)(ALPY I N  K U K 6  FRCY TEWcRATORE 
c IN K USING n=o AT 4 0 0 ~  
C 

WTWsC l e l 7 3 + 0 e  1865E-C2*T b*4 T-4OOe b 
RET Urn 
END 

FUNCT l O N  W A 4 T  b 
C T H I S  FUhCTION COMPUTES THE S P E C I F I C  hEAT OF ALPHA--WOH I N  KJ/Kb-K 
C FROM TEMPERATURE /N K O  I T  I S  ASSUMED CONETANTe 
C 

CPAt2  rO 18 
RETURN 
EN0 

FUNCT r o N  ' M(T 8 
C T H l S  FUNCTION C W U T E S  THE E N T M C P Y  l3F ALPHA-NAU I N  K U K G  FRUW 
C TEMPERATURE IN K O  I T  bILL BE ASSbMED T I M 1  M(ALPkiA)sO AT SOOK Ahlo 
c AU ENTMLPJES MILL = RELATIVE TO THIS. CP IS ASNUED CONSTANT 
C 

M=S0018*CT-5000  B 
RETURN 
EN0 

FUNCT ION h8( T B 
T H I S  FUhCTION COMPUTES THE tNTHALPV # BETA-MU.)  I N  K U K G  FHClU 
TEMPERATURE I N  K e  CP OF B t T A  I S  ASSUMW CONSTANT* 

H8n29ZoO8+S015* t?-866e 4 
RE1 URN 
END 



OONCTAON r n c r c n  
T H I S  FUN- #ON COWWTES THE TMlERMAL CON)UCt IV fTV OF ALPHA-NAMo 
SOCIO. I N  K J / S E C 0 M  FROM TEMPEMATURE I N  Ke 

FUNCT I O N  ThCBtT  B 
C T H I S  FUNCTION CCUWUTES THE TM€RMAC CONOUCl lVITY OF BETA-NAWm 
C - S3CIO. I N  K J 8 S E C - H  FROM TEIIQERATURk I N  K I  
L 

T M - 0  0001471 
RETURN 
Ern 

PAGE IS 
OF POOR QUALrn 

FUNCTICJh THC€4T) 
TMIS FUNCTION COMPUTES TMti THERMAL CONDUCTIV ITY  CF CUTkCTIC N A - a m  
NANa3. S 4 L I D .  I N  KJ/SEC-M-K FROM T&MPi;RATUfic I h K O  

f hI;k=Q e00  A 4 Z  1 
RETURN 
khD 

FUNCT i(ik CL la (  T j 
C T H I S  FUhCTION F I N D S  TWE CONCWTRATAON OF NAN03 CN TnE. L IOUlDUS 
C L l N E  V S  TEMPERATURE I N  K C=WASS(NAN03# /TOT M MASSeTHEfiWKEhPo 
C T H I S  I S  A SAMPLE YEASION U N T I L  PHAS.. OlAGCiAY I S  FGUhOe - 
C 

IF(T.LT.fef0)  GC TO 1 
C L I  QsZ e27tiS-OoOC3646*T 
Qtf URN 
i CL1013rb184-0oOGCS16+T 

REV URN 
t H O  



FUNCTlON TCIQ(C8  
T H I S  F U N C T f a k  C O u m f E S  TEMPERATURE 1L K GN X e  LIQUIDUS L1Nk VSe 
CUNCENTRATIOU OF NAN03. C a A S S I N A N G 3 ) / T b I A L  WASS.T)(ERUKEEPm 
T H I S  I S  A SIMPLE VERSION UNf I C  PCIASI OIACRAM I S  OGUNDe 

I F I C e C T  001108 6G 70 1 
f C 1 0 r S 9 i e - 2 6 0 - * C  
R i f  UW 

1 TL AO=58ieOS-itOeB7*C 
hcf URN 
END 

FUNCTION CPTtCD 
C T M l S  FUNCf lON COMPUTES THk L l W i D  THEWWKEEP S P E C I F I C  H E A T  A S  A 
C FUNCT SON GF COhCENfWATION(KJ/KG-KJ 
C I T  I S  ASSUMEC TO 6 C  A FUNCTIGN LiF COWCENfRATldN ONLY 
C 11 I S  NOW A OiJMMV FUNCTIOh I X T H  A COkSTAhT VALUE 
C 

C P T = L ~ l 4  
RETURN 
END 

FUNCTION H L I O ( T b  
rnlS FUNCTfGk COMPUTES TME EkTHALPY ff SATUWATW S W U T I O k (  ON THE 
L I U U I W S  C I h k l  AS A FUNCTION CY= SOLUTAON fc)lrPkHAiUkE. 
I T  I S  k G Y  A S I M P L I F I E D  FUNCTIGN N c U E C T l N G  Qf l iUAHlLY HkAT OF 
SULUTION AS YELL AS ALISLG'TE U A R I A f f  ON FROM NO3 TO GHe 



A P P E N D I X  D  

L I S T  OF SYMBOLS FOR COMPUTER ANALYSIS 

C s teel  

C TK 

di 

do 

d s h e l l  

k s t e e i  

t o t a l  T-66 flow apes (m2) 

tube  i n s i d e  s u r f a c e  a r e a  p e r  e lement  ( m 2 )  

s p e c i f i c  h e a t  o f  h e a t  t r a n s f e r  f l u i d  (kJ/kg-K) 

s p e c i f i c  h e a t  o f  s tee l  (kJ/kg-K) 

Thermkeep minimum s p e c i f i c  he&t  (kJ/kg-K) 

i n s i d e  d i ame te r  o f  t u b e s  (m) 

o u t s i d e  d i ame te r  o f  t u b e s  (m) 

i n s i d e  d i ame te r  of v e s s e l  (m) 

i n s i d e  d i ame te r  o f  sh roud  (m) 

s o l i d  l a y e r  d i ame te r  around a  t u b e  <?! 

energy c o n t e n t  of a n  end element  (kJ) 

energy c o n t e n t  o f  an i n t e r i o r  e lement  !kJ) 

T-66 f r i c t i o n  f a c t o r  

T-66 s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t  (kw/m2-k) 

i n s i d e  h e i g h t  o f  v e s s e l  (m) 

i n s i d e  h e i g h t  o f  shroud  (m) 

en tha lpy  o f  Thermkeep (kJ/kg) 

T-66 thermal  c o n d u c t i v i t y  (kW/m-K) 

thermal  c o n d u c t i v i t y  of i n s u l a t j o n  (k!d/m-K) 

thermal  c o n d u c t i v i t y  ~f Thermkeep, l i q u i d  
( kW/m-K) 

t he rma l  conduc4:ivity of Thermkeep, s o l i d  
( kW/n-K) 

t h e r n a l  c o n d u c t i v i t y  of s t e e l  (kW/m-K)  

average a x i a l  t h e r n a l  c o n d u c t i v i t y  of 
Thermkzep i n  ar, element t ki.4/m-Y? 

ORIGINAL PAGE IS 
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L~ 

M?% 
N~ 

N~~ 

N~~ 

N~ 

NTU 

P 
P  

qax  

qE3 

q c  

qex 

qf  

' ins  ,e 

 TOT 
Qabs  

Qburn 

c 

'del 

'e nv 

Q l o s s  

* a s p e c t  

Rf 

t 

l e n g t h  o f  e a c h  t u b e  (m) 

t o t a l  mass o f  Thermkeep ( k g )  

number of  s p a t i a l  e l e m e n t s  

T-66 P r a n d t l  number 

T-66 Reynolds  number 

ORIGINAL PAGE IS 
OE POOR QUALITY 

t o t a l  number o f  h e a t  e x c h a n g e r  t u b e s  

number o f  t r a n s f e r  u n i '  : i n  a n  e lement  

ideal  pumping power !kc;/ 

a x i a l  h e a t  t r a n s f e r  ra te  be tween  e l e m e n t s  (kW) 

h e a t  r a te  r e q u i r e d  f o r  b o i l e r  (kW) 

c o l l e c t o r  o u t p u t  (kW) 

e x c e s s  h e a t i n g  p r o v i d e d  by c o l l e c t o r s  (kW) 

h e a t  t r a n s f e r  rate t o  f l u i d  p e r  e lement  (kW) 

h e a t  t r a n s f e r  rate t o  env i ronment  p e r  e l e m e n t  
(kW) 
t o t a l  h e a t  t r a n s f e r  ra te  t o  a n  e lement  (kW) 

t o t a l  d a i l y  h e a t  a b s o r p t i o n  by s t o r a g e  ( k J )  

t o t a l  d a i l y  make-up h e a t i n g  r e q u i r e d  (kJ) 

t o t a l  d a i l y  o u t p u t  o f  c o l l e c t o r s  ( k ~ )  

t o t a l  d a i l y  h e a t  d e l i v e r e d  from s t o r a g e  (kJ) 

t o t a l  d a i l y  h e a t  l o s t  t o  env i ronment  ( k J )  

t o t a l  d a i l y  c o l l e c t o r  h e a t  n o t  used  ( k J )  

a s p e c t  r a t i o ,  v e s s e l  h e f g h t / v e s s e l  d i a m e t e r  

r e s i s t a n c e  t o  h e a t  t r a n s f e r ,  f l u i d  s i d e  (K/kW) 

l a t e r a l  r e s i s t a n c e  t o  h e a t  t r a n s f e r  o f  i n s u l a -  
t i o n  p e r  e l e m e n t  (K/kW) 



v e s s e l  a x i a l  h e a t  t r a n s f e r  r e s i s t a n c e  p e r  
e lement  (K/kW) 

r e s i s t a n c e  o f  s o l i d  t o  r a d i a l  h e a t  t r a n s f e r  
( KlkW 

t u b e  a x i a l  h e a t  t r a n s f e r  r e s i s t a n c e  p e r  
e lement  (K/kW) 

Thermkeep a x i a l  h e a t  t r a n s f e r  r e s i s t a n c e  p e r  
e lement  (K/kW) 

ave rage  Thermkeep a x i a l  r e s i s t a n c e  between 
e l emen t s  (K/kW) 

t u b e  l a t e r a l  h e a t  t r a n s f e r  r e s i s t a n c e  p e r  
e lement  (K/kW) 

t o t a l  a x i a l  r e s i s t a n c e  between e l emen t s  (K/kW) 

t o t a l  e l e m e n t a l  h e a t  t r a n s f e r  r e s i s t a n c e  (T--66 
and Thermkeep) (K/kW) 

v e s s e l  end  p l a t e  t h i c k n e s s  (m) 

i n s u l a t i o n  t h i c k n e s s  (m) 

v e s s e l  s i d e  wall  t h i c k n e s s  ( m )  

sh roud  bo t tom t h i c k n e s s  ( m )  t sh roud ,  
bot tom 

shroud  s i d e  wall t h i c k n e s s  (m) t s h r ~ ~ d ,  
s i d e  

shroud  t o p  t h i c k n e s s  (m) 

ambient t e m p e r a t u r e  ( K )  

s t o r a g e  o u t l e t  t empera ture -upper  (K) 

c o l l e c t o r  o u t l e t  t e m p e r a t u r e  ( K )  

f l u i d  t e m p e r a t u r e  i n t o  an e lement  ( K )  

b o i l e r  o u t l e t  t empe ra tu r e  o f  T-66 (K) 

s t o r a g e  o u t l e t  t empera ture - lower  (K) 

f l u i d  t e m p e r a t u r e  o u t  o f  a n  e lement  (K! 

element  t e m p e r a t u r e  (K) 



' so l id  s o l i d  l a y e r  volume p e r  t u b e  p e r  e lement  (m3) 

'TK t o t a l  Thermkeep volume (m3) 

'TOTAL t o t a l  i n t e r n a l  volume o f  v e s s e l  (m3) 

'tuDes t o t a l  volume occupied  by h e a t  exchanger  (m3)  

W c o l l  T-66 mass f low r a t e  from c o l l e c t o r s  (kg / sec )  

Wf f l u i d  (T-66) mass f low ra te  t o  TES u n i t  ( kg / sec )  

W min T-66 mass f low r a t e  t o  b o i l e r  (kg / sec )  

*heat h e a t  exchanger  weight ,  t u b e s  on ly  (kg )  

exchanger  

W i n s  i n s u l a t i o n  weight  ( k g )  

W~ 
t o t a l  pump work ( i d e a l )  p e r  d a l l y  c y c l e  (kw-hr) 

Wshroud sh roud  weight  (kg)  

'vessel  t o t a l  v e s s e l  weight  (kg) 

z f a c t o r  f o r  t ime  s t e p  c a l c u l a t i o n  ( k g )  
AE energy  change i n  a n  e lement  p e r  t ime s t e p  ( k J )  

AMst ,e mass o f  s t e e l  p e r  end e lement  (kg )  

AM s t , m  mass o f  s t e e l  p e r  i n t e r i o r  e lement  ( k g )  

 AM^^ mass o f  Thermkeep p e r  e lement  (kg )  

A P h e a t  exchanger  p r e s s u r e  drop  (kg/m2) 

A t  time s t e p  ( s e c )  

F e f f e c t f v e n e s s  o f  h e a t  t r a n s f e r  i n  a n  e lement  

v f  T-66 v i s c o s i t y  (kg/m-sec) 

0 f r a c t i o n  o f  Thermkeep i n  s o l i d  phase i n  an  
e lement  

pf T-66 d e n s i t y  (kg/m3 ) 

P i n s  d e n s i t y  o f  i n s u l a t i o n  (kg/m3 ) 

P s t e e l  d e n s i t y  of s t e e l  (kg/m3) 

P~~ 
Thermkeep d e n s i t y ,  l i q u i d  phase (kg/m3 ) 



A P P E N D I X  E 

LIST OF SYMBOLS FOR SCALING PROCEDURE 

heat exchange surface area 

heat exchange surface area per unit length 

cross sectional area of storage medium 

tube cross-sectional area 

fluid specific heat 

storage medium specific heat 

diameter of shroud 

diameter of vessel 

height of vessel 

thermal conductivity of storage medium 

thermal conductivity of insulation 

thermal conductivity of tube 

tube length 

Storage medium total mass 

storage medium mass per unit length 

fluid mass flow rate 

reference time period 

distance along tube 

storage medium temperature 

fluid tcmperature 



reference temperature 

shroud surface temperature 

overall heat transfer coefficient 

fluid volume 

fluid volume per unit length 

distance along flow direction in storage unit 

dimensionless storage medium temperature, t/tL 

dimensionless time, T/P 

dimensionless distance, x/hv 

fluid density 

time 
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