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ABSTRACT 

T h i s  n u m r i c a l  s t u d y  d e f i n e d  t h e  behav io r  of a s e n s i b l e  h e a t  

t h e r m a l  ene rgy  s t o r a g e  sys tem whose p h y s i c a l  d e s i g n  and o p e r a t i o n  had 

been op t imized  t o  minimize t h e  p roduc t ion  of thermodynamic i r r e v e r s i b i l -  

i t i es .  Un l ike  p r e v i o u s  s t u d i e s ,  i t  i n c l u d e d  t h e  e f f e c t s  of t r a n s i e n t  

conduc t ion  w i t h i n  t h e  s t o r a g e  m a t e r i a l .  

A d i m e n s i o n l e s s  se t  of g o v e r n i n g  e q u a t i o n s  was d e f f n e d  f o r  a com- 

p l e t e  s torage- removal  c y c l e  t h a t  i n c l u d e d  t h e  e f f e c t s  o f  e n t r o p y  gene ra -  

t i o n  due t o  c o n v e c t i o n  and v i s c o u s  e f f e c t s  i n  t h e  f lowing  f l u i d ,  two- 

d imens iona l  t r a n s i e n t  conduc t ion  w i t h i n  t h e  s t o r a g e  material, and t o  

c o n v e c t i o n  due t o  t h e  d i s c h a r g e d  l o t  f l u i d  comiilg t o  e q r i i I i b r i u m  w i t h  

t h e  envi ronment  d u r i n g  t h e  s t o r a g e  pe r iod .  A computer program was 

w r i t t e n  t o  s o l v e  t h i s  e q u a t i o n  set and t h i s  program was i n  t u r n  con- 

t r o l l e d  by a s o p h i s t i c a t e d  o p t i m i z a t i o n  r o u t i n e  to de te rmine  a dimen- 

s i o n l e s s  s t o r a g e  t i m e ,  f low channe l  h a l f - h e i g h t ,  and h e a t  t r a n s f e r  co- 

e f f i c i e n t  t h a t  r e s u l t e d  i n  a minimulm amount of a v a i l a b i l i t y  d e s t r u c t i o n .  

The r e s u l t s  of t h i s  a n a l y s i s  showed t h a t  e n t r o p y  g e n e r a t i o n  w i t h i n  

t h e  s t o r a g e  materlal due t o  t r a n s i e n t  conduc t ion  was a major c o n t r i b u t o r  

t o  t h e  t o t a l  t he rma l  i r r e v e r s i b i l i c i e s  a s s o c i a t e d  w i t h  t h e  o p e r a t i o n  of 

a s e n s i b l e  hea t  t he rma l  ene rgy  s t o r a g e  s y s t e m .  For t h e  c o u n t e r f l o w  con- 

f i g u r a t i o n  and o v e r  t h e  range  of d e s i g n  v a r i a b l e s  examined,  m a t e r i a l  en- 

t r o p y  g e n e r a t i o n  accounted  f o r  between 26.% and 60 .2  o €  t h e  t o t a l  

the rma l  a v a i l a b i l i t y  d e s t r u c t i o n  t h a t  a c c u r r e d  d u r i n g  a complete s t o r -  

age-removal c y c l e .  It was also shown t h a t  t h e  s torage  material a s p e c t  

r a t i o  ( t h e  r a t i o  of a s e c t i o n ' s  h a l f - t h i c k n e s s  t o  i t s  l e n g t h )  had a 
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s i g n i f i c a n t  impact on the opEirat.m d e s i g n  of a s torage system. I t s  

i n f l u e n c e  was second on ly  t o  t h e  f l u i d  mass velocity. 

Other s i g n i f i c a n t  r e s u l t s  of this s t u d y  were: 

a, The thermodynamic e f f i c i e n c i e s  for the s t o r a g e  sysEem3 were ex- 

Erernely poor i n  t h a t  I t  d e s t r o y e d  from ?(le% t o  82.X of t h e  e n t e r i n g  

t h e r m 1  and pressure a v a i l a b i l i t y .  

b. A c o u n t e r f l o w  c o n f i g u r a t i o n  wfthout  a dwe l l  p e r i o d  was shown t o  

opera te  more e f f i c i e n t l y  than  a p a r a l l e l  flow c o n f i g u r a t i o n  wi th  o r  

w i t h o u t  a d w e l l  p e r i o d ,  Depending on the v a l u e  of t h e  d i m e n s i o n l e s s  

maas v e l o c i t y ,  the parallel flow conf igi . tratlons i n c r e a s e d  t h e  total 

t he rma l  e n t r o p y  g e n e r a t e d ,  over  t h e  c o r r e s p o n d i n g  c o u n t e r f l o w  des ign ,  

from 12.% t o  6 7 . % ,  

c.  Dwell per iods  were shown t o  be i m p r a c t i c a l  because of t h e i r  ex- 

creme lengrh ;  dimensionless times on t h e  o r d e r  of 6500.0 were re- 

q u i r e d .  These are mtch g r e a t e r  t han  the optimum s torage  p e r i o d  t i m e s  

d e f i n e d  € o r  thc counter f  low e o n f i g u r a t i o n s  wi thou t  d v e l l  p e r i o d s ,  which 

r anged  from 0.5 t o  6.0. 
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1 INTRODUCTION 

Background and G e n e r a l  S t a t emen t  of t h e  Problem 

The 1973 Middle East o i l  embargo f o r c e d  changes  i n  many p r e v a i l i n g  

s o c i a l ,  p o l i t i c a l ,  and e n g i n e e r i n g  c o n v e n t i o n s .  Long s t a n d f n g  assunp-  

t iocis  of u n l i m i t e d ,  e a s i l y  a c c e s s i b l e  ene rgy  r e s o u r c e s  were no l o n g e r  

v i  a b l e  e I n  a n  a t t e m p t  t o  l e s s e n  t h e  impact  of t h i s  and Eu tu re  

s h o r t a g e s ,  n a t i o n a l  c o n s e r v a t i o n  g o a l s  were f o r m a l l y  deEined.  These  

g o a l s  i n c l u d e d  b u t  were n o t  l i m i t e d  to :  

a. u s i n g  less of an ene rgy  r e s o u r c e  to  do a p a r t i c u l a r  t a s k ,  

b. d o i n g  s e v e r a l  t a s k s  ( c o n c u r r e n t l y  o r  s e q u e n t i a l l y )  w i t h  t h e  same 

p o r t i o n  o f  an  ene rgy  r e s o u r c e ,  and 

e .  u s i n g  d i f f e r e n t  ene rgy  resc lurce ,  o n e s  more c l o s e l y  matching  t h e  

d e s i r e d  t a s k s .  

Perhaps most i m p o r t a n t  t h e r e  w a s  a r e s u r g e n c e  of the concep t  t h a t  t h e  

real v a l u e  of an ene rgy  r e s o u r c e ,  t h e  one t o  be conse rved ,  w a s  i t s  po- 

t e n t i a l  t o  do  u s e f u l  work r a t h e r  t h a n  i t s  ene rgy  c o n t e n t .  The i Jn i ted  

S t a t e s  Congress  even  d i r e c t e d  t h a t  3 s t u d y  be conducted  t o  d e t e r m i n e  t h e  

r e l e v a n c e  of t h i s  i d e a  t o  f e d e r a l  ene rgy  c o n s e r v a t i o n  programs [ l ] .  

Even though t h e  maximum u s e f u l  work concept  had been i n  e x i s t a r i c e  

f o r  more t h a n  a c e n t u r y ,  i t s  acceDtance  as an a n a l y t i c a l  t o o l  w a s  de- 

l a y e d  by a l a r g e l y  r e c a l c i t r a n t  t z c h n i c a l  community. D e f i n i n g  u s e f u l  

work meant u t i l i z i n g  t h e  Second Law of Thermodynamics as an i n t e g r a l  

p a r t  of t h e  a n a l y s i s  and t h e  m a j o r i t y  of the rma l  e n g i n e e r s  were re- 

l u c t a n t  t o  do t h i s .  I d e a s  i n v o l v i n g  t h e  Second Law of Thermodynamics, 
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and i t s  a s s o c i a t e d  p r o p e r t y  e n t r o p y ,  had been t r a d i t i o n a l l y  p r e s e n t e d  t o  

s t u d e n t s  w i t h i n  a s t r i c t ,  c l a s s i ca l  s c i e n t i f i c  framework. Consequent ly ,  

inany t h e r m a l  e n g i n e e r s  came t o  c o n s i d e r  t h e s e  c o n c e p t s  as " t o o  a b s t r a c t  

t o  use seriously."' As a r e s u l t  of t h i s  i n t e l l e c t u a l  i n e r t i a  i t  was not 

u n t i l  v e r y  r e c e n t l y  t h a t  second l a w  c o n s i d e r a t i o n s  began t o  be incorpor- .  

a te6 i n t o  t h e  maknstream of thermal  e n g i n e e r i n g  a n a l y s i s  

[2,3,4,5,6,7,8,9,10,ll,lQ,14]. In r e c e n t  y e a r s  t h e  a c c e p t a n c e  and ap- 

p l i c a t i o n  of t h e  second l a w  has i n c r e a s e d  t o  t h e  p o i n t  t h a t  s e v e r a l  

s p e c i a l  t e c h n i c a l  s e s s i o n 4  have  been he ld  a t  N a t i o n a l  Heat T r a n s f e r  Con- 

fer?nces to  d i s c u s s  the  s u b j e c t .  R e f c r e n c e s  [3-131 were presenr.ed a t  a t  

t h e  1984 ASME/AIChE N a t i o n a l  Heat T r a n s f e r  Conference  s e s s i o n  and  demon- 

s t r a t e  t h a t  second l a w  c o n s i d e r a t i o n s  have been foiind t o  be u s e f u l  i n  

v i r t u a l l y  a l l  areas of t h e r m a l  eng.n'neering. 

The purpose of t h i s  s t u d y  i s  t o  add t o  t h i s  growing body of second 

law o r i e n t e d  t h e r m a l  a n a l y s e s .  T h i s  w i l l  be accompl ished  by c o n d u c t i n g  

a d e s i g n  o p t i m i z a t i o n  s t u d y  of a p a r t i c u l a r  thermal  sys tem:  a s e n s i b l e  

heat  t h e r m a l  energy  s t o r a g e  s y s t e m  w i t h  a d i s t r i b u t e d  s t o r a g e  e lement .  

Heat t r a n s f e r  processes i n  g e n e r a l ,  and s t o r a g e  sys tems i n  p a r t i c u l a r ,  

a r e  i n h e r e n t l y  i r r e v e r s i b l e  t h u s  d e s t r o y i n g  much of t h e  p o t e n t i a l  of a 

rt3soiirce. As such  th<*y a r e  a f e r t i l e  area for p r o d u c t i v e  second law 

s t u d y ,  These t y p e s  of s y s t e m  were i n  s e r v i c e  d u r i n g  t h e  e a r l y  1970 ' s  

and t h e i r  v a l u e  as a c o n s e r v a t i o n  t o o l  a l s o  r e c e i v e d  renewed a p p r e c i a -  

t i o n  a f t e r  t h e  o i l  embargo. 

F e a s i b i l i t y  s t u d i e s  conducted  e a r l y  i n  t h e  p o s t  embargo e ra  iden- 

t i f i e d  them as an e s p e c i a l l y  p rac t i ca l  means of a c h i e v i n g  c o n s e r v a t i o n  



g o a l s .  They were p a r t i c u l a r l y  u s e € u l  i n  s i t u a t i o n s  where t h e  s u p p l y  of 

and demand f o r  t h e r m a l  ene rgy  d i d  not  o c c u r  s i m u l t a n e o u s l y .  S p e c i f -  

i c a l l y  t h e y  cou ld :  

a. improve t h e  o v e r a l l  e f f i c i e n c y  of l a r g e  ene rgy  p roduc ing  sys tems 

th rough  l o a d  l e v e l i n g ,  

b. enhance  t h e  development of a l t e r n a t i v e  ene rgy  r e s o u r c e s  s u c h  as 

s o l a r ,  and  

c. d e c r e a s e  t h e  consumpt ion  of ene rgy  r e s o u r c e s  th rough  t h e  u s e  of 

w a s t e  h e a t  r e c o v e r y  sys tems.  

S i n c e  t h e s e  i n i t i a l  s t u d i e s ,  t h e s e  sys t ems  have  i n d e e d  found many res- 

i d e n t i a l ,  commercial, and i n d u s t r i c 3 1  a p p l i c a t i o n s  [15,16,17,18,19,201. 

A p a r t i c u l a r  t y p e  of sys t em,  r h e  s e n s i b l e  h e a t  t he rma l  ene rgy  s t o r -  

age  sys t em,  has  become one of t h e  most common t y p e s  of u n i t s .  T h i s  i s  

d u e  i n  p a r t  t o  t h e i r  r e l a t i v e l y  l o w  cos t  and i n h e r e n t l y  s i n p l e  d e s i g n .  

S o p h i s t i c a t e d  a n a l y t i c a l  t e c h n i q u e s  have been deve loped  t o  f a c i l i t a t e  

t h e i r  d e s i g n  and o p e r a t i o n  [ 2 1 , 2 2 , 2 3 , 2 4 ]  and t h e y  c o n t i n u e  t o  be cons id -  

e r e d  an a p p r o p r i a t e  f i e l d  f o r  s t u d y  by t h e  f e d e r a l  government [ 2 5 , 2 6 ] .  

T h i s  cechnology b a s e  however is  grounded Eirmly i n  t h e  F i r s t  Law of 

Thermodynamics. A s t o r a g e  sys t em is  c o n s i d e r e d  more e E f i c i e n t  i f ,  Ear 

t h e  same ene rgy  i n p u t ,  i t  stores more t he rma l  e n e r g y  t h a n  a n o t h e r  c o w  

p d r a b l y  s i z e  u n i t .  T h i s  p rocedure  r e s u l t s  i n  h i g h  f i r s t  law e f f i -  

c i e n c i e s ,  bu t  i t  a l s o  p roduces  s y s t e m s  t h a t  d e s t r o y  most of t h e  poten-  

t i a l  of an ene rgy  r e s o u r c e .  U h i l e  t h i s  has  been,  and c o n t i n u e s  to h e ,  

an a c c e p t a b l e  d e s i g n  p h i l o s o p h y  [251 ,  i t  i s  i n  d i r e c t  c o n f l i c t  w i t h  

modern c o n s e r v a t i o n  e f f o r t s .  
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The s p e c i f i c  goal  of t h i s  sttitly is  t o  d e f i n e  geometry a n d  p r o c e s s  

parameters  t h a t  will p e r m i t  t h e s e  types  of s torage systems t o  o p e r a t e  

w F r h  dn i rnum th;..rmodynainic i s r e v e r s i b i l i t i e s .  The s p e c i f i c  s t o r a g e  s y s -  

t e m  t o  be modeled is a e o u n t e r i l c w  r e g e n e r a t o r .  It c o n s i s r s  of a 

s t o r a g ~  material t h a r  is  a l t e r n a t e l y  exposed t o  hot  and co ld  f l u i d  

streams, The material stores s e n s i b l e  hea t  e n e r g y  d u r i n g  t h e  s t o r a g e  

p e r i o d  and d i s c h a r g e s  ir d ~ r P n g  t he  removal pec-lod. During normal. oper -  

ation t h e  two f l u i d  streams a l t e r n a t e l y  co l tn t e r f lnw i n  t h e  same channe l .  

P r e v i o u s  Related S t u d i e s :  Second ._ .-.---- Law Aspects 
o f  Thermal A n a l y s i s  

._..I- 
...-.--- 

The r e c e n t  i n c r e a s e  I n  t h e  a p p l i c a t i o n  of t h e  Second Law of Thermo- 

dynamics t o  thermal a n a l y s i s  resul ted from the  renewed i n t e r e s t  i n  con- 

servaLion t h a t  o c c u r r e d  d u r i n g  and a f t e r  t h e  1913 o i l  embargo. T h i s  

change vas n e c e s s a r y  because t h e  emphasis  of c o n s e r v a t i o n  programs had 

changed from maximizing energy trans fer across  a process  t o  c o n s e r v i n g  

t h e  p o t e n t i a l  of energy r e s o u r c e s .  The fo l lowing  b r i e f  d i s c u s s i o n  ex-- 

p l a i n s  t h e  r e a s o n s  fo r  t h i s  sh i f t  i n  p r i o r i t i e s  and t h e  r e s u l t i n g  n w d  

f o r  u s ing  t h e  Second La- of Thermodynamics. 

I n  a q u a l i t a t i v e  s e n s e  t h e  prnspose of riiost i n d u s t r i a l  t he rma l  s y s -  

t em is t o  u t i l i z e  an energy resourrp t o  c a u s e  a chaitge. For example,  

bu rn i  rig f u e l  to change a f l u i d '  5 t empera tu re  and  p r e s s u r e  t o  genera te  

e l e c t r i c i t y  o r  ks lng  a hot  e f f l u e n t  stream t o  change the  t empera tu re  o f  

a s o l i d  s l a b  to store was te  heat.  It follows then t h a t  t h e  most va lu - -  

able p r o p e r t y  of an energy  resource, the  one t o  be consprved, i s  i t s  

a b i l i t y  to produce such  changes.  Thi 5 maximum u s e f u l  work concep t  had 



been d e f i n e d ,  f o r g o t t e n  and t h e n  x e d i s c o v e r e d  many times i n  t h e  past; 

e s p e c i a l l y  when e n e r g y  s u p p l i e s  were cheap and p l e n t i f u l .  It  took t h e  

o i l  embargo t o  gel t h e  i d e a  t h a t  t o t a l  e n e r g y  r e s o u r c e s  were i n d e e d  

l i m i t e d  and t h a t  t r u e  c o n s e r v a t i o n  c o n s i s t e d  of maKimizing t h e  u s e f u l  

work a v a i l a b l e  i n  them. 

To implement t h i s  new s t a n d a r d ,  i t  was n e c e s s a r y  t o  be a b l e  t o  de- 

f i n e  t h e  maximum u s e f u l  work a v a i l a b l e  i n  a g i v e n  e n e r g y  r e s o u r c e .  

Energy ,  o r  more c o r r e c t l y  i n t e r n a l  e n e r g y ,  c o u l d  n o t  by i t s e l f  g i v e  an 

i n d i c a t i o n  of u s e f u l  work and was t h e r e f o r e  i n a d e q u a t e  as a measure of  

performance.  S e v e r a l  d e f i n i t i o n s  were p r e s e n t e d  i n  a t  tempts  t o  r i g o r -  

o u s l y  q u a n t i f y  u s e f u l  work. A v a i l a b i l i t y  or a v a i l a b l e  work became t h e  

most prominent  and o f t e n  used. It is  d e f i n e d  as  a n  e x t e n s i v e  p r o p e r t y  

t h a t  d e s c r i b e s  t h e  maximum u s e f u l  work t h a t  could  be done by a g i v e n  

amount of energy .  E x p r e s s e d  i n  terms of thermodynamic p r o p e r t i e s  f o r  a 

u n i t  mass of homogeneous f l o w i n g  f l u i d  w i t h  n e g l i g i b l e  k i n e t i c  and po- 

t e n t i a l  e n e r g i e s  [ L 6 1 :  

9 = Ah - Tm ( s i  - s ~ )  (1-1) 

A v a i l a b i l i t y  i s  t h u s  d e f i n e d  i n  r.erms of t h r e e  thermodynamic proper-  

t i es :  e n t h a l p y ,  t e m p e r a t u r e ,  and e n t r o p y .  E n t h a l p y  changes a r e  cal-  

c u l a t e d  by t h e  F i r s t  Law of Thermodynamics and are d i r e c t l y  r e l a t e d  t o  

n e t  changes i n  h e a t  and work. Entropy is a p r o p e r t y  of matter t h a t  mea- 

s u r e s  t h e  d e g r e e  of d i s o r d e r  a t  tlie m i c r o s c o p i c  l e v e l .  Most i m p o r t a n t  

f rom an a v a i l a b i l i t y  c o n s e r v a t i o n  a e r s p e c t i v e ,  e n t r o p y  i s  not conserved  
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as i s  i n t e r n a l  ene rgy .  The n a t u r a l  s t a r e  is f o r  e n t r o p y  t o  be gc'nerated 

i n  d real ( i r r e v e r s i b l e )  sys tem.  A s s o c i a t e d  w i t h  t h i s  p r o d u c t i o n  is a 

l o s s  of a b i l i t y  t o  d o  u s e f u l  work. Because e n t r o p y  i s  c a l c u l a t e d  u s i n g  

t h e  Second Law of Thcrmodynamics, implement ing  a v a i l a b i l i t y  a n a l y s e s  re- 

q u i r e d  t h e  q u a n t i t a t i v e  a p p l i c a t i o n  of t h e  Second Law of Thermodynamics 

t o  thermal  a n a l y s i s "  

With t h i s  a v a i l a b i l i t y  f u n c t i o n  as a t o o l ,  i t  w a s  p o s s i b l e  t o  ad- 

d ress  c o n s e r v i n g  t h e  p o t e n t i a l  of energy r e s o u r c e s .  As w i t h  t h e  t r a d i -  

e i o n a l  f i r s t  l a w  approach ,  a n  a v a i l a b i l i t y  compar ison  c o u l d  be e a s i l y  

fo rmula t ed  t o  d e s c r i b e  any sys tem of i n t e r e s t .  A n a l y t i c a l l y  t h i s  com- 

p a r i s o n  was d e f i n e d  [ 1 ] as: 

a v a i l a b i l i t y  r e q u i r e d  f o r  a t a s k  
a v a i l a b i l i t y  i n  t h e  i n p u t s  

E ::- ( 1 - 2 )  

T h i s  r a t i o  and o t h e r  s l i g h t  v a r i a t i o n s  were adop ted  as t h e  thermodynamic 

e f f i c i e n c i e s  needed t o  implement meaningfu l  c o n s e r v a t i o n  s t u d i e s .  

An e x c e l l e n t  cxmiple of an a v a i l a b i l i t y  a n a l y s i s  u s i n g  eqiiat  i o n  

( 1 - 2 )  can  be found i n  [ 2 8 ] .  I n  t h i s  s t u d y  t h e  aii thors conducted  b n t h  

a v a i  l a b i  li t y  and energy  a n a l y s e s  of a nominal 300 14W( e )  coa l - f  i r e d  gen- 

e r a t i n g  p l a n t .  The z s s u l t s  of t h i s  s t u d y  are sumnarizerl  i n  T a b l e  1.1.  

Cdhi Le tiit. n e t  e f f i c i e n c i e s  a re  e s s e n t i a l l y  t h e  same, t h e  d i s t r i b u t i o n  

between p r o c e s s  s t e p s  i s  q u i t e  d i f f e r e n t .  The ene rgy  ( f i r s t  l a w )  re- 

s u l t s  i n d i c a t e  t h a t  t h e  g r e a t e s t  i n e f f i c i e n c y  o c c u r s  i n  t h e  condense r  

and c o o l i n g  towers. The a v a i l a b i l i t y  ( second  law) a n a l y s i s ,  however ,  

shows t h a t  t h e  b iggesc  i n e f f i c i p n r y  ( d e s t r u c t i o n  of a v z i l a h i l i t y )  i s  i n  

th,: conbus t ion  and steam g e n e r a t o r  s t e p s .  



T a b l e  1.1. Summary of a v a i l a b i l i t y  and energy  a n a l y s e s  
of a 300 MW(e) coa l - f i r ed  g e n e r a t i n g  p l a n t  

X of  e n t e r i n g  % of e n t e r i n g  
Process  s t e p  a v a i l a b i l i  ty  ene rgy  

d e s t r o y e d  10s t 

B o i l e r  45 .O 0.0 

Exhaus t s t a c k  5 .O 8.0 

Turb ine  5 .O 1 .0 

Condenser  and u l t i m a t e  
h e a t  s i n k  

5 .0 , 50.0 

Genera t o r  7.0 7 .O 

T o t a l  67 .Q 66 .O 

_I 



These  r e s u l t s  were f i r s t  p r e s e n t e d  i n  o r d e r  t o  i d e n t i f y  areas where 

c o n s e r v a t i o n  e f f o r t s  would be t h e  most e f f e c t i v e .  Obvious ly ,  t h e  d i r e c -  

t i o n  of r e s e a r c h  and development  would be p r o f o u n d l y  e f f e c t e d  by which 

5 e t  of r e s u l t s  were chosen as t h e  benchmark. The q u e s t i o n  t h a t  f o l l o w s  

i s ,  “Which i s  t h e  c o r r e c t  s e t ? ‘ *  q u i t e  s i m p l y ,  t h e r e  i s  no s i n g l e  

t o t a l l y  c o r r e c t  c h o i c e .  F i r s t  and second l a w  r e s u l t s  represent  two 

d i f f e r e n t ,  bu t  e q u a l l y  v a l i d ,  r ea l i t i e s .  The p a r t i c u l a r  r e a l i t y ,  o r  

blend of r e a l i t i e s ,  t o  be observed  a t  any g i v e n  t i m e  is  a f u n c t i o n  of 

economics.  T h i s  r e a l i z a t i o n  has  l e a d  Bejan  [ 2 9 ]  t o  d e f i n e  a n  o p t i m a l  

t h e r m a l  d e s i g n  as t h e  least  i r r e v e r s i b l e  s y s t e m  t h e  d e s i g n e r  can  

a f f o r d .  

I n  che p a s t ,  c o n b u s t i o n  p r o c e s s e s  were n o t  s e r i o u s l y  c o n s i d e r e d  f o r  

e f f i c i e n c y  improvement because of low f u e l  c o s t s .  C u r r e n t l y  however,  

one  o f  the major  o b j e c t i v e s  of t h e  E l e c t r i c  Power Research  I n s t i t u t e  i s  

t o  improve t h e  h e a t  ra te  (BTU/KW(e)) of f o s s i l - f i r e d  p l a n t s  [ 3 0 ] .  T h i s  

i s  due ,  i n  p a r t ,  t o  r a p i d l y  e s c a l a t i n g  f u e l  c o s t s .  

Xacroscopic  a v a i l a b i l i t y  b a l a n c e s  of e n t i r e  p r o c e s s e s  are  

e s p e c i a l l y  u s e f u l  when t h e r m a l  a n a l y s i s  i s  combined w i t h  o t h e r  d i s -  

c i p l i n e s  such as economics and o p t i m i z a t i o n .  Two r e c e n t  examples of 

t h i s  t ype  of a n a l y s e s  are  by Frangoponlos  [ l l ]  arid Hesselmann [ 1 3 ] .  

Frangopoulos  conducted  an o p t i m i z a t i o n  of t h e  c o s t s  of a t y p i c a l  thermal  

power p l a n t .  The o b j e c t i v e  f u n c t i o n  c o n t a i n e d  b o t h  i n i t i a l  and o p e r a t -  

i n g  c o s t s ,  t h e  o p t i m i z a t i o n  was c o n s t r a i n e d  by second l a w  c o n s i d e r a -  

t i o n s ,  and t h e  e n t r o p y  g e n e r a t i o n  c h a r a c t e r i s t i c s  of t h e  p l a n t  conpo- 

n e r i t s  were c a l c u l a t e d  by p e r f o r m i n g  macroscopic  a v a i l a b i l i t y  h a l a n c e s .  
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Hesselmann o p t i m i z e d  t h e  i n v e s t m e n t  c o s t s  of a h e a t  e x c h a n g e r  network 

f o r  t h e  case of c o n s t a n t  i n l e t  f l u i d  a v a i l a b i l i t y .  

Some of t h e  most i n t e r e s t i n g  r e c e n t  r e s u l t s  have b e e n  produced when 

t h e  f o c u s  of t h e  a n a l y s i s  was s h i f t e d  t o  t h e  i n d i v i d u a l  components of a 

p r o c e s s .  These  s t u d i e s  d e f i n e d  the e n t r o p y  g e n e r a t i o n  c h a r a c t e r i s t i c s  

of s y s t e m  components as a f u n c t i o n  of t h e i r  g e o m e t r i e s  and o p e r a t i n g  

c o n d i t i o n s .  These  t y p e s  o f  a n a l y s e s  were f a c i l i t a t e d  by t h e  a p p l i c a t i o n  

of t h e  Guoy-Stadola [31] t h e o r e n  which s t a t e s  t h a t  t h e  ra te  of a v a i l -  

a b i l i t y  d e s t r u c t i o n  i s  p r o p o r t i o n a l  t o  t h e  rate of e n t r o p y  g e n e r a t i o n .  

Expressed m a t h e m a t i c a l l y  this g i v e s :  

= T, 5gen 
of a v a i l a b i l i t y  

d e s t r u c t i o n  ( 1-3) 

T h i s  theorem p e r m i t s  t h e  second l a w  a n a l y s i s  of components as ii function 

of t h e i r  o m  o p e r a t i n g  c h a r a c t e r i s t i c s .  T h i s  c a p a b i l i t y  can b e s t  be 

i l l u s t r a t e d  by examining  t h e  second l a w  i n e q u a l i t y  which h a s  been rear- 

ranged t o  i n d i c a t e  t h e  d e g r e e  of i r r e v e r s i b i l i t y  of a thermodynamic sys- 

t e m :  

o u t  i n  

E q u a t i o n  (1-4) s t a t e s  t h a t  t h e  r a t e  of  e n t r o p y  g e n e r a t i o n  i s  a f u n c t i o n  

of t h e  working f l u i d s  s p e c i f i c  e n t r o p y ,  heat t r a n s f e r  r a t e s ,  mass f l o w  

r a t e s ,  and e n t e r i n g  and  e x i t i n g  t e m p e r a t u r e s  and p r e s s u r e s .  The v a l u e  

of t h e s e ,  and t h e r e f o r e  t h e  r a t e  of e n t r o p y  g e n e r a t i o n ,  can a l l  b e  



i n f l u e n c e d  by t h e  d e s i g n  and o p e r a t i o n  of a component. U t i l i z i n g  equa- 

t i o n s  (1-3) and (1-4) t h u s  p e r m i t s  t h e  d e s i g n e r  t o  i n c o r p o r a t e  second 

l a w  effects  d i r e c t l y  i n t o  che  d e s i g n  p rocess .  

A t y p i c a l  example of t h i s  new g e n e r a t i o n  of second law o r i e n t e d  

thcrirlal a n a l y s i s  i s  by Perez-Blanco [ 5 ]  and d e a l s  w i t h  performance en- 

hancement o f  hea t  exchangers .  Almost a l l  methods of enhancing  hea t  

t rarisfer perfarimrice dccrease thermal  e n t r o p y  g e n e r a t i o n  but i n c r e a s e  

p r e s s u r e  e n t r o p y  g e n e r a t f o n .  Th i s  s u g g e s t s  t h e r e  is some optimum l e v e l  

of  enhancement t h a t  r e s u l t s  i n  a minimum amount of t o t a l  e n t r o p y  gcner -  

a t i o n .  Rczildfng on ea r l i e r  work by Bejan [ 1 4 ] ,  Perez-Blanco d e f i n e d  an 

a n a l y t i c a l  r e l a t i o n s h i p  f o r  t h e  t o t a l  e n t r o p y  g e n e r a t e d  by a smooth tube  

hea t  exchanger as a f u n c t i o n  of t y p i c a l  d e s i g n  pa rame te r s .  These i n -  

c luded  Reynolds ,  P r a n d t l ,  Brinkman, and Musselt numbers as well as t h e  

f r i c t i o n  f a c t o r ,  aspect ratio, and i n l e t  f l u i d  t e m p e r a t u r e ,  Using t h i s  

mode1 t h e  author d e f i n e d  e n t r o p y  g e n e r a t i o n  c h a r a c t e r i s t i c s  of t h e  hea t  

exchanger  f o r  t r m  t y p e s  of enhancement;  a reduced hea t  t r a n s f e r  a r e a  atid 

a reduced t e m p e r a t u r e  d i f f e r e a c e  a c r o s s  t h e  t u b e  walls. It: was shown 

t h a t  enhancements which reduced t empera tu re  d i f f e r e n c e s  proticiced t h e  

lowes t  r a t e s  of e n t r o p y  g e n e r a t i o n .  These r e s u l t s  a l s o  r e i n f o r c e d  t h e  

c o s t  i n t e n s i v e  n a t u r e  of optlirnm secorid law d e s i g n s .  

R e l a t e d  S t u d i e s  of S e n s i b l e  Heat 'Thermal 
Ene rgy S to rage  Systems 

S e n s i b l e  hea t  thermal  energy  s t o r a g e  systems t h a t  o p e r a t e  w i t h  

s e p a r a t e  s torage- removal  p e r i o d s  can be c l a s s i  Eied by e i t h e r  t h e i r  oper -  

a t i n g  or  p h y s i c a l  c h a r a c t e r i s t i c s .  F r o m  an o p e r a t i n g  p e r s p e c t i v e ,  t h e r e  



are two b a s i c  c a t e g o r i e s  of u n i t s :  t h o s e  which use  a s i n g l e  f l u i d  and 

those  which employ two s imul t aneous  h e a t  t r a n s f e r  f l u i d s .  Those us ing  a 

s i n g l e  f l u i d  are r e f e r r e d  t o  as s t o r a g e  u n i t s  [ 2 1 ]  and those  wi th  t w o  

s imul t aneous  h e a t  t r a n s f e r  f l u i d s  a r e  c a l l e d  the rma l  s t o r a g e  exchangers  

[ 21 ] .  Both t y p e s  can be made t o  o p e r a t e  i n  e i t h e r  a s i n g l e  blow or 

p e r i o d i c  mode of o p e r a t i o n .  A s i n g l e  blow o p e r a t i n g  mode o c c u r s  when 

t h e  f l u i d  i n l e t  t empera tu re  e x p e r i e n c e s  a s t e p  change and then  remains 

c o n s t a n t  a t  the e l e v a t e d  v a l v e  u n t i l -  t h e  end of t h e  pe r iod .  C l a s s i f i c a -  

t i o n s  based on geometry g e n e r a l l y  f a l l  i n t o  one of f o u r  groups :  

a. con t inuous  e l emen t s  of s t o r a g e  m a t e r i a l  w i t h  d i s c r e t e  p a s s a g e s ,  

b. m e t a l l i c  wire m e s h  as t h e  s t o r a g e  material, as i n  t h e  matrix of 

a r o t a r y  r e g e n e r a t o r ,  

C. packed beds wi th  small par t ic les  of s t o r a g e  material, and 

d.  ceramic or r e f r a c t o r y  s t o r a g e  materials s t a c k e d  i n  o r d e r l y  ar- 

r a y s .  

Although t h e r e  are many p o s s i b l e  combina t ions  of geometry and o p e r a t i n g  

modes t h e  mathemat ical  models used t o  d e f i n e  t h e l r  performance are 

q u i t e  similar and have been so lved  i n  v a r y i n g  d e g r e e s  of complexi ty  by 

many i n v e s t i g a t o r s .  

Thermal ene rgy  s t o r a g e  s y s t e m  have been t h e  o b j e c t  of s e r i o u s  

s t u d y  s i n c e  t h e  mid 1920's. These e a r l y  s t u d i e s  by Anze l ius  [ 3 2 ] ,  

N u s s e l t  [ 3 3 ] ,  Hausen [ 3 4 ] ,  and Schumann [35 ]  developed a n a l y t i c a l  so lu -  

t i o n s  f o r  t h e  t r a n s i e n t  behav io r  of a s i m p l i f i e d  model; a con t inuous  

s l a b  of material exposed on one s i d e  t o  a moving f l u i d  and p e r f e c t l y  in -  

s u l a t e d  on t h e  o t h e r  s i d e .  A major  assumpt ion  Eor t h e s e  s t u d i e s  was 
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t h a t  t h e r e  was a zero  thermal  c o n d u c t i v i t y  i n  t h e  d i r e c t i o n  of f l o w  and 

a17 i n f i n i t e  c o n d u c t i v i t y  normal t o  the flow. Subsequent  anaLyses  became 

m o r e  sophisticated and solution t e c h n i q u e s  more e l a b o r a t e .  Larson [ 361 

ex tended  t h e  e a r l y  wsrk by Schumaran [ 3 5 ]  t o  i n c l u d e  a r b i t r a r y  i n i t i a l  

material and e n t e r i n g  f l u i d  t empera tu res .  

Coppagc and London [ 3 7 ]  summarized t h e  s ta te  of p e r i o d i c  r e g e n e r -  

a t o r  t h e o r y  and t h e n  deve loped  a supp lemen ta l  approx ima te  t h e o r y  fo r  ex- 

e r n p o l a t i n g  t h e s e  ~ R ~ W I I  s o l u t i s n s  t o  o t h e r  c o n d i t i o n s  (i.e., i n i t i a l  o r  

boundary)  of i n t e r e s t .  London [38] la ter  p r e s e n t e d  computer  g e n e r a t e d  

s o l u t i o n s  f o r  t h i s  same t y p e  o f  equipment .  As w i t h  p r e v i o u s  s t u d i e s ,  

t h e s e  resu l t s  were de te rmined  u s i n g  t h e  a s sumpt ions  of z e r o  material 

e o n d u z r i v i t y  i n  t h e  f low d i r e c t i o n  and i n f i n i t e  c o n d u c t i v i t y  n ~ r ~ ~ a l  t o  

t h e  f low.  Much l a t e r ,  Willrnott [39] a l s o  p r e s e n t e d  computer  g e n e r a t e d  

s o l u t i o n s  for  this s i m p l i f i e d  model. 

O n e  of t h e  most r e c e n t  and tho rough  a n a l y s e s  of c o n t i n u o u s  mater ia l  

s t o r a g e  s y s t e m  was conducted  by Szego [ 2 2 ] .  I n  this numer ica l  s t u d y  he 

acc.ounted for  t he  e f f e c t s  of a x i a l  and t r a n s v e r s e  c o n d u c t i o n  i n  t h e  

s to rage  material ,  modeled b o t h  f l a t  s l a b  and hol low c y l i n d e r  g e o m e t r i e s ,  

and c o n s i d e r e d  s i n g l e  and two f l u i d  o p e r a t i o n .  S z e g o ' s  work formed t h r  

b a s i s  of a t e x t  by Schmidt and W i l l m o t t  [ 2 1 ]  t h a t  c o n t a i n s  t h e  most  c u r -  

r e n t  silnoiary of f i r s t  law a n a l y t i c a l  t e c h n i q u e s  and o p e r a t i n g  p r o c e d u r e s  

for  ~he rma l  energy s t o r a g e  u n i t s  of a l l  k i n d s .  

Packed bed s t o r a g e  sys tems were d e f i n e d  a n a l y t i c a l l y  by Rosen [ G O ]  

and n u m e r i c a l l y  by Handley [ 4 1 ] .  These s t u d i e s  c o n s i d e r e d  the  e f f e c t s  

on f i n i t e  p a r t i c L e  c o n d u c t i v i t y  i n  t h e  d i r e c t i o n  of t h e  E l a w i n g  f l u i d .  
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. 

A s  w i t h  most o t h e r  i n v e s t i g a t o r s ,  t h e y  bo th  made 

n e g l i g i b l e  the rma l  c o n d u c t i v i t y  i n  the l o n g i t u d i n a l  

t h e  assumpt ion  of 

d i r e c t i o n .  Subse- 

quen t  e f f o r t s  by J e f f e r s o n  [ 4 2 ]  and Riaz [431  i n c l u d e d  t h e  e f f e c t s  of 

t r a n s v e r s e  conduc t ion .  These r e s u l t s ,  however,  were not  a p p l i c a b l e  t o  

c o n t i n u o u s  s t o r a g e  materials. 

A s  p r e v i o u s l y  i n d i c a t e d ,  t h e s e  r e s u l t s  viere based on t he  F i r s t  Law 

of Thermodynamics; that  is per formance  pa rame te r s  were d e f i n e d  t o  max- 

imize  t h e  amount of thermal ene rgy  s t o r e d .  Bejan [441  w a s  t h e  f i r s t  t o  

demons t r a t e  t h e  impor tance  of a p p l y i n g  t h e  Second Law of Thermodynamics 

t o  the rma l  energy  s t o r a g e  sys tems.  He s t a t e d  t h a t  since a v a l l a b i l i t y  

w a s  the commodity of i n t e r e s t ,  si :orage sys tems shou ld  be d e s i g n e d  t o  

s t o r e  a v a i l a b i l i t y  rather than  the rma l  e n e r g y ;  t h a t  i s  t h e y  shou ld  oper -  

ate w i t h  a minimum of e n t r o p y  g e n e r a t i o n .  

I n  t h i s  s t u d y ,  Bejan modeled t h e  s t o r a g e  p e r i o d  of a s i m p l e  sys tem 

u s i n g  a set of gove rn ing  e q u a t i o n s  des igned  t o  emphasize r a t e s  of en- 

t r o p y  g e n e r a t i o n  r a t h e r  t h a n  energy s t o r a g e .  His sys t em c o n s i s t e d  of a 

well s t i r r e d  ba th  p l aced  i n  an i n s u l a t e d  v e s s e l  and i n i t i a l l y  a t  t h e r m a l  

e q u i l i b r u m  w i t h  t h e  atmosphere.  A hot  gas e n t e r e d  t h e  sys tem,  was 

coo led  by f lowing  t h r o u g h  a hea t  exchanger  immersed i n  t h e  b a t h ,  arid was 

t h e n  d i s c h a r g e d  t o  t h e  atmosphere.  Bejan d e f i n e d  a f i g u r e  of mertt t h a t  

was a f u n c t i o n  of e n t r o p y  g e n e r s t i o n  due t o  c o n v e c t i o n  and v i s c o u s  

losses w i t h i n  t h e  h e a t  exchange r  duc t  and t o  t h e  d i s c h a r g e d  f l u i d  corning 

t o  e q u i l i b r u m  w i t h  the  a tmosphere ,  He  de t e rmined  independent  optimum 

s t o r a g e  t i m e s  and heat: exchange r  sizes e h a t  minimized t h e  t o t a l  r a t e s  oE 

e n t r o p y  g e n e r a t i o n  d u r i n g  t h e  s t o r a g e  pe r iod .  Be jan ' s  resul ts  
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e s t a b l i s h e d  t w o  v e r y  i m p o r t a n t  c h a r a c t e r i s t i c s  of s t o r a g e  u n i t s  d e s i g n e d  

t o  opera te  w i t h  a minimum of t h e r m a l  i r r e v e r s i b i l i t y .  That  i s :  

a .  when o p e r a t e d  a t  optimim s t o r a g e  t i m e s ,  t h e  f i r s t  law e f f i c i e n c y  

(arnoenrii of thermal  energy  s t o r e d )  was v e r y  poor ,  and 

b. depending  on  t h e  p a r t i c u l a r  o p e r a t i n g  p o i n t ,  optimum h e a t  ex- 

changer  s i z e s  were much l a r g e r  t han  t r a d i t i o n a l  u n i t s .  

Mathiprakasarn and Beeson [ 4 5 ]  e x t e n d e d  t h e  second l a w  a n a l y s i s  of 

s i m p l e  s t o r a g e  sys tems t o  i n c l u d e  b o t h  t h e  s t o r a g e  a n d  removal 

p e r i o d s .  T h c y  conducted  a n  a n a l y t i c a l  s t u d y  of a s t o r a g e  s y s t e m  w i t h  

both  r e c t a n g u l a r  and c i r c u l . a r  f l o w  p a s s a g e s  and d e f i n e d  t h e  e f f e c t s  of 

f l o w  d i r e c t i o n ,  mass f l o w  r a t e ,  arid c y c l e  times on t h e  second law e f f i -  

c i e n c y  of the system. T h e i r  major a s s u m p t i o n s ,  which l i m i t  t h e  

a p p l i c a b i l i t y  of t h e  r e s u l t s ,  were t h a t  t h e  p r e s s u r e  d r o p  i n  t h e  f low 

channel  w a s  z e r o  and t h e  t h e r m a l  c o n d u c t i v i t y  of t h e  s t o r a g e  m a t e r i a l  

was z e r o  i n  t h e  f low d i r e c t i o n  and i n f i n i t e  normal t o  t h e  f low,  

Perhaps  t h e  most r i g o r o u s  and s o p h i s t i c a t e d  second law a n a l y s e s  of 

sys lems w i t h  lumped s t o r a g e  e l e m e n t s  a re  t h o s e  of Krane. I n  one s t u d y  

[ I t b ]  he s u b s t a n t i a l l y  modi f ied  and extended  R e j a n ' s  model [ 4 4 ]  of a sys- 

tern w i t h  a lumped s t o r a g e  e lement  t h a t  was b o t h  h e a t e d  and c o o l e d  by 

f lowi.ng gas s t r e n m s .  K r a n e ' s  a n a l y s i s ,  which i n c l u d e d  both  v i s c o u s  and 

t h e r m a l  s o u r c e s  of  e n t r o p y  g e n e r a t i o n ,  w a s  t h e  f i r s t  t o  show t h a t  a n  c n -  

t i r e  storage-removal c y c l e  ( a s  opposed t o  t h e  s t o r a g e  p e r i o d  a l o n e )  n u s t  

b e  a n a l y z e d  i n  o r d e r  to o p t i m i z e  t h e  d e s i g n  and opera t . ion  of a s e n s i b l e  

h e a t  system. T h i s  s t u d y  a l s o  showed t h a t  from 70.% t o  90.% of  t h e  

e n t e r i n g  a v a i l a b i l i t y  w a s  d e s t r o y e d  by i r r e v e r s i b i l i t i e s .  Ailother 
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s i g n i f i c a n t  r e s u l t  w a s  t h a t  t h e  f i r s t  l a w  e f f i c i e n c y  of an optimum 

sys t em i s  q u i t e  low. In a second s t u d y  Krane [ 4 7 ]  performed t h e  f i r s t  

second  l a w  s t u d y  of a s e n s i b l e  h e a t  s y s t e m  w i t h  j o u l e a n  h e a t i n g  of t h e  

s t o r a g e  e lement .  T h i s  a n a l y s i s  showed t h a t  i r r e v e r s i h i l i t i e s  i n  

e l e c t r i c a l l y - h e a t e d  s e n s i b l e  h e a t  s y s t e m s  d e s t r o y e d  f rom 60.% t o  80.X of 

t h e  a v a i l a b i l i t y  t h a t  e n t e r e d  t h e  sys tem d u r i n g  a comple te  s t o r a g e -  

removal  c y c l e .  

D e t a i l e d  Problem S t a t e m e n t  

The p r e c e d i n g  d i s c u s s i o n  d e m o n s t r a t e s  t h e  need f o r  a second l a w  

o r i e n t e d  the rma l  a n a l y s i s  of a s e n s i b l e  h e a t  s t o r a g e  sys tem w i t h  

p rac t i ca l  compos i t ion  and o p e r a t i n g  pa rame te r s .  A l l  of t h e  second l a w  

o r i e n t e d  s t u d i e s  conducted  t o  d a t e  have modeled the  s t o r a g e  material as 

a lumped e l emen t ;  t h a t  is w i t h  a n  i n f i n i t e  t he rma l  c o n d u c t i v i t y .  

Because of t h i s  a s sumpt ion ,  e n t r o p y  g e n e r a t i o n  due t o  h e a t  t r a n s f e r  

t h r o u g h  f i n i t e  t e m p e r a t u r e  g r a d i e n t s  h a s  noc been c o n s i d e r e d ,  A l so  a t  

t h e  p r e s e n t  t i m e ,  i t  ha5 not  been demons t r a t ed  t h a t  a s o p h i s t i c a t e d  

o p t i m i z a t i o n  s t u d y  u t i l i z i n g  t h e  i n d i v i d u a l  t e m p e r a t u r e  and p r e s s u r e  

components of e n t r o p y  g e n e r a t i o n  is p r a c t i c a l .  

The goa l  of t h e  p r e s e n t  s t u d y  is  t o  e x t e n d  Krane ' s  a n a l y s i s  [ 4 h ]  of 

a lumped e l e m e n t  sys tem t o  i n c l u d e  t h e  e f f e c t s  of a s t o r a g e  material  

w i t h  a f i n i t e  t h e r m a l  c o n d u c t i v i t y .  S o l v i n g  t h i s  problem w i l l  r e l a x  t h e  

l a s t  major s i m p l i f y i n g  assumpt ion  of p r e v i o u s  s t u d i e s  and g e n e r a t e  use- 

a b l e  r e s u l t s  f o r  second l a w  o r i e n t e d  the rma l  a n a l y s i s  in g e n e r a l  and 

the rma l  energy  s t o r a g e  sys tems i n  p a r t i c u l a r .  I t  w i l l  ex t end  the  r i g o r  
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e €  e x i s t i n g  the rma l  energy  seorage a n a l y s i s  and demons t r a t e  t h e  prac- 

t i e a l i t y  of d e s i g n i n g  real equipment by minimiz ing  the ra te  o f  e n t r o p y  

gene ra t  ion .  

To f i x  i d e a s ,  c o n s i d e r  t h e  s e n s i b l e  h e a t  t he rma l  energy  s t o r a g e  

sys tem shown s c h e m a t i c a l l y  i n  Ffgure  1.1. It c o n s i s t s  of a s t o r a g e  

rna~erfal  u n i t  w i t h  a s s o c i a t e d  p i p i n g  and v a l v i n g  t o  p e r w i t  a c o u n t e r f l o w  

arrangement  of f l u i d .  I n  an a c t u a l  sys tem,  t w o  such u n i t s  are o p e r a t e d  

i n  p a r a l l e l .  t o  prov ide  a con t inuous  stream of h e a t e d  f l u i d  t o  the 

load. The s t o r a g e  matertal. has a g e o m e t r i c  c o n f i g u r a c i o n  wi th  d i s c r e t e  

f l u i d  pas sages  t h a t  a l low t h e  f l u i d  t o  c o n t a c t  t h e  s t o r a g e  m a t e r i a l .  

T h i s  study i s  focused  on a s p e c i f i c  geometry:  t h e  f l a t  s l a b .  Th i s  con- 

EIgura tPon c o n s i s t s  of a number of small aspect r a t i o  c h a n n e l s  o f  rer- 

t a n g u l a r  cross-sect ion for  the f lowing  f l u i d ,  connec ted  i n  p a r a l l e l  and 

separated by s l a b s  of t h e  h e a t  s t o r a g e  material as shown i n  Figure 1.2. 

The s t o r a g e  sys tem o p e r a t e s  i n  a thermodynamic c y c l e  w i t h  a s i n g l e  

c y c l e  c o n s i s t i n g  of both a s t o r a g e  pe r iod  and removal pe r iod .  During 

e k  s t o r a g e  p e r i o d ,  v a l v e s  A and R are open and v a l v e s  C and D a r e  

c losed .  A c o n s t a n t  mass f l o w r a t e ,  m o f  hot  f l u i d  a t  a c o n s t a n t  i n l e t  

t e m p e r a t u r e ,  ‘ P f , i , s ,  and p r e s s u r e ,  P f , i , s ,  e n t e r s  th rough va lve  A, 

passes th rough  t h e  flow c h a n n e l ,  and i s  then d i s c h a r g e d  t o  the a t -  

mosphere th rough  v a l v e  B, This e x i t i n g  f l u i d  has  a t e m p e r a t u r e  g r e a t e r  

t han  ambient but its p r e s s u r e  is e q u a l  t o  ambient pressure.  During t h i s  

t i m e ,  bo th  t h e  ave rage  t e m p e r a t u r e  of the s t o r a g e  material and t h e  El t i id  

out l e t  temperature g r a d u a l l y  approach  the f l u i d  i n l e t  t e m p e r a t u r e  

After an a p p r o p r i a t e  t i m e ,  t h e  s t o r a g e  per iod  i s  t e r m i n a t e d  by c los ing  

S ’  



1
7

 

t 

u >
 

d
 

w
 

I
 

d
 
a
 

z w
 
c
 

v1 



1
8

 

l3 t- w
 

w
 
a
 
0
 

m
 

$ m
 

6- 
w

 
d

 
z
 

- 3
 

ba 
u
 

*
d
 

c a 



1.. 9 

v a l v e s  A and B. A t  t h e  end of t h e  s t o r a g e  p e r i o d  t h e r e  a re  two o p e r a t -  

i n g  opc ions .  These are t o  beg in  t h e  removal p e r i o d  immedia te ly  o r  go 

th rough  a d w e l l  p e r i o d  and t h e n  b e g i n  t h e  removal  p e r i o d .  

During t h e  removal  p e r i o d ,  a c o n s t a n t  mass f l o w r a t e ,  m of co ld  

f l u i d  a t  a c o n s t a n t  i n l e t  t e m p e r a t u r e ,  T f , i , r ,  and p r e s s u r e ,  Pf 9 i , r ,  

e n t e r s  t h e  s y s t e m  through v a l v e  C ,  p a s s e s  through t h e  f low c h a n n e l ,  and 

t h e n  e x i t s  t h e  system. th rough  v a l v e  D t o  be used  e l sewhere .  A s  w a s  t h e  

case f o r  t h e  s t o r a g e  p e r i o d ,  t h i s  e x i t i n g  f l u i d  has a t e m p e r a t u r e  

r9 

g r e a t e r  t h a n  ambient  bu t  a p r e s s u r e  e q u a l  t o  ambient .  T h i s  removal pro- 

cess c o n t i n u e s  u n t i l  t h e  s t o r a g e  material ave rage  t e m p e r a t u r e  r e t u r n s  t o  

i t s  i n i t i a l  v a l u e ,  which i s  a l s o  greater  t h a n  ambient .  Time dependent  

ave rage  material and f l u i d  o u t l e t  t e m p e r a t u r e  h i s t o r i e s  f o r  t h i s  t y p i c a l  

c o u n t e r f l o w  cyc le  are shown i n  F i g u r e  1.3. 

The s p e c i f i c  o b j e c t i v e  of t h i s  p r e s e n t  s t u d y  is t o  q u a n t i f y  the  ef-  

f ec t s  of f i n i t e  material t h e r m a l  c o n d u c t i v i t i e s  on t h e  second law 

e f f i c i e n c y  of a f l a t  s l a b ,  coun1:erf low s e n s i b l e  h e a t  t he rma l  ene rgy  

s t o r a g e  system. To meet t h i s  o b ; e c t i v e ,  a n  a n a l y t i c a l  model based on  

t h e  second l a w  of thermodynamics w i l l  be deve loped  and then  c o n t r o l l e d  

by a n  o p t i m i z a t i o n  r o u t i n e .  T h i s  p r o c e d u r e  will d e t e r m i n e  a n  optimum 

se t  of geometry and o p e r a t i o n a l  pa rame te r s  t h a t  r e s u l t  i n  a m i n i m u m  

amount of g e n e r a t e d  e n t r o p y  f o r  a comple te  s torage- removal  cycle .  

Geometry parameters t o  be i n v e s t i g a t e d  are t h e  s t o r a g e  material  a s p e c t  

r a t i o  ( i . e . ,  t h e  r a t i o  of a s e c t i o n ' s  h a l f - t h i c k n e s s  t o  i t s  l e n g t h . )  

A l s o ,  t he  e f f e c t s  of f l u i d  f low d i r e c t i o n  ( i . e . ,  c o u n t e r f l o w  vs parallel 

f l o w ) ,  s t o r a g e  p e r i o d  f l u i d  i n l e t  t e m p e r a t u r e ,  and s t o r a g e  p e r i o d  
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i n i t i a l  material t e m p e r a t u r e  w i l l  a l s o  be examined. The f o l l o w i n g  i s  a 

surnmary of t h e  major  a s sumpt ions  t o  be u t i l i z e d  i n  f o r m u l a t i n g  t h e  

a na 1 y t i c a1 no de  1 ; 

a.  There  a re  t h r e e  s o u r c e s  of e n t r o p y  g e n e r a t i o n  common t o  b o t h  t h e  

s t o r a g e  and removal p e r i o d s :  h e a t  t r a n s f e r  th rough t h e  f i n i t e  temper- 

a t u r e  d i f f e r e n c e  between t h e  f l o w i n g  f l u i d  and t h e  s t o r a g e  mater ia l ,  

conduc t ion  hea t  t r a n s f e r  t h rough  f i n i t e  t e m p e r a t u r e  g r a d i e n t s  w i t h i n  t h e  

s t o r a g e  material ,  and v i s c o u s  e f fec ts  i n  t h e  f l o w i n g  f l u i d .  

b.  T h e r e  is an a d d i t i o n a l  s o u r c e  of e n t r o p y  g e n e r a t i o n  d u r i n g  t h e  

s t o r a g e  p e r i o d  due  t o  h e a t  t r a n s f e r  t h rough  t h e  f i n i t e  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  d i s c h a r g e d  hot gas  and ambien t ,  A l l  oE t h e  a v a i l -  

a b i l i t y  i n  t h e  e x i t i n g  hot  gas is  d e s t r o y e d  and t h i s  d e s t r u c t i o n  i s  t o  

be charged  t o  t h e  s t o r a g e  p e r i o d  &hen c a l c u l a t i n g  v a l u e s  f o r  t h e  f i g u r e  

of merit.  

c. The s y s t e m  i s  o p e r a t e d  i n  a c y c l e  c o n s i s t i n g  of b o t h  a s t o r a g e  

dnd reinoval p e r i o d  and p o s s i b l y  a dwe l l  p e r i o d .  

d. Both t h e  s t o r a g e  and remcval  p e r i o d s  are i n i t i a t e d  by a s t e p  

change i n  t h e  f l u i d  i n l e t  t e m p e r a t u r e  which t h e r e a f t e r  remains c o n s t a n t  

e .  The same f l u i d ,  an  i d e a l  gas w i t h  c o n s t a n t  s p e c i f i c  h e a t ,  f l ows  

through t h e  u n i t  i n  bo th  t h e  s t o r a g e  and reinoval p e r i o d s .  The inass f low 

r a t e  can  d i f f e r  between t h e  s t o r a g e  and removal  p e r i o d s  but  remains  con- 

s t a n t  d u r i n g  each  p e r i o d ,  

f .  The h o t  arid c o l d  f l u i d s  e x i t  t h e  s t o r a g e  u n i t  a t  a t m o s p h e r i c  

p r e s s u r e  and e n t e r  a t  a p r e s s u r e  j u s t  g r e a t  enough t o  overcome t h e  pres -  

s u r e  d r o p  due t o  v i s c o u s  e f f e c t s .  
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g. There is no phase change 

i n g  f l u i d  and each have c o n s t a n t  

i n  e i t h e r  the s torage material  o r  flow- 

pro @re a: t i e s * 

h. There is a c o n s t a n t  c o n v e c t i v e  hea t  t r a n s f e r  c o e f f i c i e n t  a long  

the  l eng th  of ik storage e l emen t .  

i. 'fiere i s  two-dimenstanal canduct  i o n  wlsirhin t h e  storage material 

and one-dimensional  ( i . e e  c o n s e r v a t i o n  of ene rgy)  f o r  t h e  f lowing  f l u i d  

i n  the f low d i r e c t i o n .  

j .  The i n i t i a l  t e m p e r a t u r e  d i s t r i b u t i o n  w i t h i n  t h e  s t o r a g e  material 

is  uni form and g r e a t e r  than the  ambient  t empera tu re .  This r e p r e s e n t s  a 

"tare capacity" w h i c h  pernits t h e  storage sys tem t o  d e l i v e r  a thermal  

ene rgy  t o  the  load .  

k. There are no heat losses t o  t h e  s u r r o u n d i n g s  from the s t o r a g e  

mat e ri al e 
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2. DEVELOPMENT OF THE ANALYTICAL MODEL 

S e l e c t i o n  of the P h y s i c a l  System t o  be Modeled 

For t h i s  s t u d y  of a f l a t  s l a b  c o n f i g u r a t i o n ,  i t  i s  assumed t h a t  

e a c h  f low c h a n n e l  and s t o r a g e  material s e c t i o n  i s  i d e n t i c a l  and t h e  

f l u i d  mass f l o w r a t e  i n  each  channe l  i s  the same. With t h e s e  s t i p u l a -  

t i o n s ,  i t  i s  p o s s i b l e  t o  d e f i n e  s a r f a c e s  of symmetry as i l l u s t r a t e d  i n  

F i g u r e  2.1. Accord ing ly ,  i t  is  n e c e s s a r y  t o  model o n l y  one symmetrical 

s e c t i o n  of t h e  comple t e  s t o r a g e  unit. T h i s  r e p r e s e n t a t i v e  s e c t i o n  has  a 

l e n g r h  L, a material h a l f - t h i c k n e s s  w, a f low channe l  h a l f - h e i g h t  d ,  arid 

a u n i t  w i d t h  r i n t o  t h e  paper  and I s  i l l u s t r a t e d  i n  F i g u r e  2.2. 

D e f i n i t i o n  of a Second Law Figure of Merit 

To meet t h e  o b j e c t i v e s  of thi-s  s t u d y ,  it i s  n e c e s s a r y  t o  d e f i n e  a 

f i g u r e  of merit t h a t  i s  a f u n c t i o n  o f  the e n t r o p y  g e n e r a t i o n  c h a r a c t e r -  

i s t i cs  of t h e  s t o r a g e  u n i t .  Using t h e  methodology of b a n e  [ 4 6 , 4 7 ] ,  t h e  

f o l l o w i n g  second law o r i e n t e d  f i g u r e  of merit can be d e f i n e d  f o r  a gen- 

er ic ,  s e n s i b l e  h e a t  thermal  energy  s t o r a g e  sys tem o p e r a t i n g  i n  a c o w  

plete c y c l e :  

o t a l  a v a i l a b i l i t  

g e n e r a t i o  

( 2 * 1 >  

d u r i n g  a cycle 

number f o r  a 
c y c l e  

N =  
C 

As can be s e e n ,  t h e  behavior  of N, is d i r e c t l y  r e l a t e d  t o  t h e  

d e g r e e  of i r r e v e r s i b i l i t y  of t h e  s t o r a g e  system. As i t  approaches  a 
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2 6  

l i m i t i n g  v a l u e  of one, a l l  of the e n t e r i n g  a v a i l a b i l i t y  i s  des t royed .  A 

v a l u e  of ze ro  I n d i c a t e s  R comple t e ly  r e v e r s i b l e  o p e r a t i o n  w i t h  no a v a i l -  

a b i l i t y  d e s t r u c t i o n .  Accord ing ly ,  a sys tem s t o r i n g  a v a i l a b i l i t y  should  

be des igned  and o p e r a t e d  t o  minimize the value of Nc. 

To begin t h e  development of  the  f i g u r e  of merit, we conduct  an 

a v a i l a b i l i t y  balance f o r  the  r e p r e s e n t a t i v e  section d u r i n g  t h e  s to rage  

pe r iod .  This g i v e s :  

i n i  t i a 1 ava i 1 a b i  1 i t 
of the s t o r a g e  

m a t  e ria 1 

avai  1 a b i l i t y  
of tbe e n t e r i n g  

hot f l u i d  

t o t a l  a v a i l a b i l i t y  
d e s t r o y e d  during 

the  storage p e r i o d  

Note that e q u a t i o n  (2.2) ref lects  t h e  assumpt ion  t h a &  t h e  f l u i d  a v a i l -  

a b i l i t y  c o n t a i n e d  i n  t h e  e x i t i n g  hot  f l u i d  d u r i n g  t h e  s t o r a g e  p e r i o d  i s  

assumed t o  be: comple t e ly  d e s t r o y e d  and is c o n s i d e r e d  a p a r t  of t he  t o t a l  

d e s t r u c t i o n  t h a t  o c c u r s  d u r i n g  the s t o r a g e  pe r iod .  A s i m i l a r  a v a i l a b i l -  

i t y  ba lance  fo r  t he  removal pe r iod  r e s u l t s  i n :  

i n  i t i a l  a v a i  1 a b i  1 it  
of t h @  s torage  

material  

a1 a v a i l a h i  lity 
of the  e n t e r i n g  

c o l d  f l u i d  
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i n a l  a v a i l a b i l i t y  o t a l  a v a i l a b i l i t  
of t h e  s t o r a g e  of t h e  e x i t i n g  

r c o l d  f l u i d  r m a t  e r i a1 
(2 .3 )  

t o t a l  a v a i l a b i l i t y  
d e s t r o y e d  d u r i n g  

t h e  removal p e r i o d  r 

Because t h e  sys tem o p e r a t e s  i n  a cycle, we can immedia te ly  s p e c i f y  t h a t :  

( 2 . 4 a )  f i n a l  a v a i l a b i l i t y  o f  
t h e  s t o r a g e  material  > r  

a v a i l a b i l i t y  of 
t h e  s t o r a g e  material 

and 

. ( 2 . 4 b )  f i n a l  a v a i l a b i l i t y  o 
t h e  s t o r a g e  material 

S 

a v a i l a b i l i t y  of 
t h e  s t o r a g e  m a t e r i a l  

Adding e q u a t i o n s  (2.2) and ( 2 . 3 1 ,  and u t i l i z i n g  e q u a t i o n  ( 2 . 4 )  we can  

wri te :  

o t  a1 a v a i  l a b i  1 i t  
- - 

o t a l  a v a i l a b i l i t y  
of t h e  e n t e r i n g  of t h e  e n t e r i n g  

hot  f l u i d  c o l d  f l u i d  

t o t a l  a v a i  1 a b i  1 i t  t o t  a1 avai 1 a b i  1 i t  y 
of t h e  e x i t i n g  d e s t r o y e d  d u r i n g  

the s t o r a g e  p e r i o d  r c o l d  f l u i d  

a1 a v a i l  a b i  1 i t  y 
des toyed  d u r i n g  

t h e  removal p e r i o d  
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Expressed  a l g e b r a i c a l l y ,  equation (2  e 5 )  y i e l d s :  

Now recall  t h e  Gouy-Stodola theorem 1311,  which s t a t e s  t h a t  the 

a v a i l a b i l i t y  d e s t r o y e d  is p r o p o r t i o n a l  t o  t h e  e n t r o p y  g e n e r a t e d .  Apply- 

i ng  t h i s  t o  our sys t em r e s u l t s  i n :  

) = Ta Sgen 
( 'destroyed s 9 

(2,7a) 

and 

( 2 , 7 b )  
P . .  

( 'destroyed ) r = Tm Sgen 

E q u a t i o n s  (2.6) and (2.7) can be used t o  d e f i n e  t h e  t o t a l  a v a i l a b i l i t y  

d e s t r o y e d  d u r i n g  a cycle as: 

1 = + ('r,i - - y "  11 
( 'destroyed s + ( 'destroyed r s ,i p ,e 

This  a l lows t h e  q u a l i t a t i v e  f i g u r e  of w r i t  g iven  by equat ion (2.1), t o  

be rewritten a l g e b r a i c a l l y  as :  



29 

R e a l i z i n g  t h a t  t h e r e  are both  the rma l  and viscous  components of Sgen, 

and Sgen,, e q u a t i o n  (2.9)  can be expanded t o  g i v e :  

Now d e f i n e  t he  following q u a n z i t i e s :  

t o t  a1 ava i 1 a bi 1 i t  y con :ai ned 
i n  t h e  e n t e r i n g  ho t  and cold 

g r e a t e r  t h a n  ambient  
'AP ' f l u i d s  due t o  press a r e s  'S,i,AP + ' r P i , A P  

( 2 .  lla) 

and 

's,i ,AT i- ' r , i  ,AT * 

(2.11 b )  

t o t a l  a v a i l a b i l i t y  c o n t a i n e d  

f l u i d s  due t o  t e m p e r a r u r e s  
great  e r t h a n  ambient  

'AT = ( - i n  the e n t e r i n g  hot  and c o l d  

S u b s t i t u t i n g  e q u a t i o n  (2.11) i n t o  e q u a t i o n  (2 .10 )  r e s u l t s  i n :  

Now d e f i n e  a new paramete r :  

( a v a i l a b i l i & y  d i s t r i b u t i o n  )., *A P 
rat i o  (2.13) 
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The a v a i l a b i l i t y  d i s t r i b u t i o n  r a t i o  is an  i n d i c a t i o n  of how t h e  t o t a l  

a v a i l a b i l i t y  of t h e  e n t e r i n g  hoe and co ld  f l u i d s  is d i s t r i b u t e d  between 

t h a t  due t o  pressures and t o  t e m p e r a t u r e s  being greater  than  ambient.  

Rewr i t ing  e q u a t i o n  ( 2 - 1 2 )  i n  eerms of X gives:  

(2.14a) 

+ Sgen ) 
( 2 .  1 4 b )  

8 , b e  r , A P  ( T J  (Sgen 
number of e n t r o p y  

due t o  v i s c o u s  
wAP 

- - ('rJ (Sgen s,AT + Sgenr,AT) 

%T 
(2. 14c) 

number of entropy 
ger i e ra t  i n g  u n i t s  

due t o  hea t  t r a n s f e r  

t e m p e r a t u r e  d i f f e r e n c e s  
N*T =( t h rough  f i n i t e  

The reason f o r  d e f i n i n g  h is  now a p p a r e n t .  Tt p e r m i t s  t h e  e n t r o p y  

g e n e r a t i o n  number, Ne ,  t o  be w r i t t e n  as t h e  sum of two s e p a r a t e  terms: 

one due t o  v i s c o u s  effects and one due t o  hea t  t r a n s f e r  across  a f i n i t e  

temperature d i f f e r e n c e .  Because of t h e  assumpt ion  used i n  t h i s  a n a l y s i s  

t h a t  the storage and removal pe r iod  f l u i d s  e n t e r  t h e  flow channel  a t  a 

pressure  j u s t  g r e a t  enough t o  overcome v i s c o u s  effects  (and t h e r e f o r e  

e x i t  a t  a tmosphe r i c  p r e s s u r e ) ,  a l l  of the e n t e r i n g  p r e s s u r e  a v a i l a b i l i t y  

i s  d e s t r o y e d  and the N term always has t h e  value one. Ahp 
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D e f i n i t i o n  of  Governing E q u a t i o n s  

To a c t u a l l y  c a l c u l a t e  a v a l u e  for  t h e  f i g u r e  of merit, i 

s a r y  t o  d e f i n e  r e l a t i o n s h i p s  f o r  W A p ,  WAT,  Sgen and s ,AT 

i s  neces- 

Sge*r ,AT* 

The SgenAp terms are n o t  r e q u i r e d  f o r  this a n a l y s i s  because of t h e  as- 

sumpt ion  t h a t  N a lways  h a s  t h e  v a l u e  one. 
AP 

The e n t e r i n g  a v a i l a b i l i t y  of a u n i t  mass of f l u i d  i n  a s t e a d y  

s ta te ,  s t e a d y  f low p r o c e s s  w i t h  n e g l i g i b l e  changes  i n  k i n e t i c  and poten-  

t i a l  e n e r g y  i s  g i v e n  by [ 2 7 ] :  

9 ( h f , i  - h,) - Tao ( s f , i  ..- so0) * (2.15) 

For an i d e a l  gas w i t h  c o n s t a n t  s p e c i f i c  h e a t s  WE can write [ 2 7 ] :  

and 

( S ,  - S 1 = -Cpln (F) + Rln (F) 
f , I  

( 2 . 1 6 b )  

S u b s t i t u t i n g  e q u a t i o n  ( 2 . 1 6 )  i n t o  e q u a t i o n  (2.15) and r e a r r a n g i n g  g i v e s :  

$ = CpT- [(''*;=- '-) - I n  (y) + In (F)] (2.17) 

The t o t a l  e n t e r i n g  a v a i l a b i l i t y  o v e r  some e l a p s e d  t i m e  i s  the re fo re :  
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Because neither JI o r  are f u n c t i o n s  of time, e q u a t i o n  (2.18) r e d u c e s  

t o :  

Y = h t  . (2.19) 
1 

Separating equation (2.19) into temperature and pressure components 

y i e l d s  : 

and 

(2.20b) 

F i n a l l y ,  evaluating equation (2.20) for both the s t o r a g e  and removal 

period and summarizing the r e s u l t s  y i e l d s  : 



3.3 

and 

(2.2 l b )  

To d e v e l o p  t h e  (Sgen)  term:, i t  i s  n e c e s s a r y  t o  d e f i n e  expres- 

s i o n s  f o r  t h e  ra tes  of e n t r o p y  g e n e r a t i o n  due t o  t e m p e r a t u r e  g r a d i e n t s  

w i t h i n  t h e  s t o r a g e  material ,  conveztive h e a t  t r a n s f e r  between t h e  f l o w -  

i n g  f l u i d  and t h e  material, and c o c v e c t i v e  h e a t  t r a n s f e r  b e t w e e n  t h e  ho t  

f l u i d  d i s c h a r g e d  d u r i n g  t h e  s t o r a g e  p e r i o d  ar,d t h e  a tnosphere.  

AT 

Bejan  [ 1 4 ]  h a s  d e r i v e d  t h e  f o l l o w i n g  r e l a t i o n s h i p  f o r  t h e  ra te  of 

e n t r o p y  g e n e r a t i o n  i n  a u n i t  volume of m a t e r i a l  due t o  condrlct ion 

t h r o u g h  f i n i t e  t e m p e r a t u r e  g r a d i e n t s :  
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( 2 . 2 2 )  

The t o t a l  e n t r o p y  g e n e r a t e d  i n  an a r b i t r a r y  volume of material d u r i n g  

sow f i n i t e  time p e r i o d  i s  found by i n t e g r a t i n g  e q u a t i o n  ( 2 . 2 2 )  o v e r  

b o t h  volume and time. The t o t a l  entropy g e n e r a t e d  i n  t h e  r e p r e s e n t a t i v e  

s e c t i o n  during the s t o r a g e  pe r iod  as a r e s u l t  of conduc t ion  w i t h i n  t h e  

material  can be w r i t t e n  as: 

+- ($-YJ dzdydxdt  

and fo r  t h e  removal p e r i o d  as: 

2 

Sgen 
A T , m , r  

c -  (ai;9rf"j dzdydxdt  . 

(2.23a) 

( 2.23 h )  

Again utilizing t h e  results of Bejan ( 1 4 ) ,  t h e  r a t e  of e n t r o p y  gen- 

e r a t i o n  due to c o n v e c t i v e  hea t  t r a n s f e r  per  u n i t  l e n g t h  of f lowing  f l u i d  

can be w r i t t e n  as: 



( 2 . 2 4 )  

D e f i n i n g  t h e  ( A / L )  term i n  e q u a t i a n  ( 2 . 2 4 )  as a u n i t  w i d t h ,  I", and not- 

i n g  t h a t  t h e  t o t a l  amount of e n t r o p y  g e n e r a t e d  i n  t h e  r e p r e s e n t a t i v e  

s e c t i o n  as a r e s u l t  of c o n v e c t i v e  h e a t  t r a n s f e r  i s  de te rmined  by in -  

t e g r a t i n g  e q u a t i o n  ( 2 . 2 4 )  over l eng th  and t i m e ;  t h e  f o l l o w i n g  e q u a t i o n  

can  be w r i t t e n  f o r  t h e  s t o r a g e  per::od: 

- - hs r (Tf  ,s Tw, SI2 dxd t 

- L 

Sgen 
T? f ,AT,s 

t = O  x-0 1: , s 

and f o r  t h e  removal  p e r i o d :  

( 2 . 2 5 4  

The a v a i l a b i l i t y  d e s t r o y e d  as a r e s u l t  of t h e  h o t  f l u i d  e x i t i n g  t h e  

s t o r a g e  sys t em t o  t h e  s u r r o u n d i n g s  can  a l s o  be d e s c r i b e d  by equa- 

t i o n  (2 .18 ) .  T h e r e  i s  no p r e s s u r e  a v a i l a b i l i t y  d e s t r o y e d  because  t h e  

f l u i d  e x i t s  the  sys t em a t  a t m o s p h e r i c  p r e s s u r e .  Thus, t h e  t o t a l  a v a i l -  

a b i l i t y  d e s t r o y e d  as a r e s u l t  of t h e  hot f l u i d  e x i t i n g  t o  t h e  s u r r o u n d -  

i n g s  d u r i n g  t h e  s t o r a g e  p e r i o d  i s  g i v e n  by: 
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Equa t ion  (2.26)  f o l l o w s  from e q u a t i o n  (2.18) and t h e  t i m e  i n t e g r a l  re- 

mains because tk f l u i d  o u t l e t  t e m p e r a t u r e  is a f u n c t i o n  of t i m e .  

S u b s t i t u t i n g  e q u a t i o n s  (2.21)'  (2,23),  (2.251, and (2.26)  i n t o  

( 2 . 1 4 )  and r e c a l l i n g  t h a t  N i s  e q u a l  t o  one, t h e  f o l l o w i n g  second law 

f i g u r e  of m r i t  can be d e f i n e d  f o r  t he  r e p r e s e n t a t i v e  s e c t i o n  of t h e  

storage system shown i n  F i g u r e  2.1: 

Alp 

where : 

+ TqDSgen 
f ,AT'S + Tm Sgen m,AT,r Tm Sgen 

rn ,AT,s  

- f ,AT,r + y e x i t  + To, Sgen 
EE 

NAT 'AT 
9 

'A P 

'AT ' 
= -  

( 2 . 2 7 a )  

(2 .27b)  

(2 .27c)  

( 2 . 2 7 d )  



3 7 

t 

Sgen m,AT,s = k j  m j]] dzd ydxdt 

( 2 . 2 7 f )  
t = O  x 4  y 4  2 4  

a k 9 r r  + 

Y Sgen dzdydxdt , m,AT,r 
T2 

( 2  27g) m, r 

h I' (T  - T  )2 
f , s  w,s 

Sgen dxdt  , 
1'2 f ,AT,s 

t = O  x-0 f,s 

= Sgen w'r dxd t  , 
1 h r r  (Tf - T l2 

T2 
f ,AT,r 

t=t x=L f , r  S 

( 2.27  h)  

( 2 . 2 7 1 )  

and 

dt . m 
- T  

t s  

= GsCpTp [rEYe9' - 
' ex i t  Tm 

t = O  
( 2 . 2 7 j )  

An examina t ion  of e q u a t i o n  (2.27) shows t h a t  t o  c a l c u l a t e  a v a l u e  

f o r  t h e  f i g u r e  of merit, i t  is n e c e s s a r y  t o  s p e c i f y  t r a n s i e n t  f l u i d  arid 

material t e m p e r a t u r e s  as w e l l  as f l u i d  i n l e t  t e m p e r a t u r e s  and pres- 

sures. E x p r e s s i o n s  w i l l  now be d e f i n e d  t o  g e n e r a t e  t h i s  i n fo rma t ion .  
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The t r a n s i e n t  t e m p e r a t u r e  r e sponse  o f  t h e  r e p r e s e n t a t i v e  s e c t i o n  of 

the s t o r a g e  s y s t e m  is governed by a coupled set o f  d i f f e r e n t i a l  equa- 

t i o n s ,  a one-dimensional  c o n s e r v a t i o n  of energy f o r  t h e  f l u i d ,  and a 

two-dimensional t r a n s i e n t  h e a t  conduc t ion  e q u a t i o n  f o r  t h e  s t o r a g e  

mater ia l ,  We can  mice f o r  the material d u r i n g  t h e  s t o r a g e  p e r i o d :  

(2.28) 

The energy ba lance  €or h a t  f l u i d  d u r i n g  t h e  s t o r a g e  p e r i o d  can be w r i t -  

ten as:  

The i n i t i a l  and boundary c o n d i t i o n s  f o r  the s t o r a g e  per iod  are: 

@t < 0 

(2.29) 

(2 .30a)  

where T i s  a c o n s t a n t ,  g r e a t e r  t h a n  ambient .  
m,o 9s 

__1- - 0  O l ; y < w ,  
= T  a T m , s  

@ t > O  @ x = O  T 
f ,s f ,P,s a Y  

(2.30b) 



and 

In a s imi l a r  manner, the following mathemat ica l  d e s c r i p t i o n  can be 

w r i t t e n  f o r  the material and c o l d  f l u i d  d u r i n g  t h e  removal per iod:  

a2T a T  
m , r  + m,r = _ I  m , r  

a2T  

a a t  a x2 a Y2 

and 

(2.31) 

( 2 . 3 2 )  

Where t h e  i n i t i a l  and boundary c o n d i t i o n s  f o r  the removal period are  

given by: 

@t = tS T = f ( x , y )  , 

@ t > t  @ x = O  - = o  o c y c w ,  

m,o,r 

m r  
a T  

S a Y  

(2.33a) 

(2.33b) 



(2.33c) 

- 0  O G x t L ,  
a Y  

@y = 0 (2.33d1 

and 

FQK- t h e  c o n s t a n t  p r o p e r t y  f l u i d  and c o n s t a n t  mass f l o w r a t e  assurnp- 

t i o n s ,  t h e  r e l a t i o n s h i p  f o r  t h e  f l u i d  p r e s s u r e  drop i n  the n o n - c i r c u l a r  

f low channe l  is g iven  by: 

Equarion (2.34) can be r e w r i t t e n  fo r  the s torage  p e r i o d  as: 

and for  the removal p e r i o d  as: 

(2.34)  

(2.35a) 

Together with t h e  f i g u r e  of merit, e q u a t i o n  (2 ,27) ;  e q u a t i o n s  

( 2 . 2 8 ) ,  (2 .291,  ( 2 . 3 0 ) ,  (2 .311,  (2 .321 ,  (2 .331 ,  and (2.35) form a 



comple te  set of gove rn ing  e q u a t i c n  f o r  t h e  r e p r e s e n t a t i v e  s e c t i o n  of 

s t o r a g e  u n i t .  

Non-Dimensional izat ion 'of t he  Governing Equa t ions  

To e n s u r e  t h e  b r o a d e s t  a p p l i c a b i l i t y  of t h e  results of t h i s  s t u d y ,  

t h e  set of gove rn ing  e q u a t i o n s  are non-dimensional ized as fol lows.  The 

f o l l o w i n g  d i m e n s i o n l e s s  t empera tu re  and pressure groups  are d e f i n e d :  

( 2 . 3 6 )  

and 

P - P- 
B =  

' f , i 7 s -  pm ' 
(2.37) 

Fol lowing  Szego [ 221 , we i n t r o d u c e  t h e  f o l l o w i n g  d i m e n s i o n l e s s  groups  : 

X x - -  (2.38a) L '  

v+ ir w 
L '  

hw Bi - k '  
m 

at F o = - ,  
W* 

and 

( 2 . 3 8 4  

( 2.386) 

( 2  .Me) 



+ Phkm 
c=----- .  
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( 2 . 3 8 f )  

Note a lso t h a t  t h e  d i m e n s i o n l e s s  h e a t  exchange r  s i z e ,  NTU, can be de- 

f i n e d  i n  t e r m  of the above d i m e n s i o n l e s s  g roups  as:  

( 2 . 3 8 8 )  

The t e m p e r a t u r e  and p r e s s u r e  g roups  a r e  of a s t a n d a r d  form and t h e  

c h o i c e  of ambient  v a l u e s  as n o n - d i n e n s i o n a l i z a t i o n  p a r a m e t e r s  was d i c -  

t a t e d  by t h e  p h y s i c a l  problem. Ambient c o n d i t i o n s  r e p r e s e n t  a "ground 

state9'  at which a s u b s t a n c e  has  z e r o  a v a i l a b i l i t y .  The "x" d i s t a n c e  i s  

non-d imens iona l ized  u s i n g  the l e n g t h  of t h e  storage u n i t ,  L, The "y" 

d i s t a n c e  is non-dimens iona l ized  u s i n g  the  s torage  m a t e r i a l  h a l f -  

t h i c k n e s s ,  W. The R io t  number, B i ,  and t h e  F o u r i e r  number, Fo, repre- 

s e n t ,  r e s p e c t i v e l y ,  t h e  d i m e n s i o n l e s s  c o n v e c t i v e  heat t r a n s f e r  term arid 

t h e  d i m e n s i o n l e s s  t i m e .  The V g r o u p i n g  is a storage m a t e r i a l  dimen- 

s i o n l e s s  a s p e c t  r a t i o ,  t h e  r a t i o  of t h e  symmetr ica l  s e c t i o n ' s  h a l f -  

t h i c k n e s s  t o  i t s  l eng th .  The G term r e p r e s e n t s  a d i m e n s i o n l e s s  mass 

f low pe r  u n i t  w i d t h  of section i n t o  the paper .  

c 

-4- 

To begin t h e  n o n - d i m e n s i o n a l i z a t i o n  of t h e  f i g u r e  of merit, reca l l  

e q u a t i o n  (2.20a); an e n r e r i n g  f l u i d ' s  t e m p e r a t u r e  a v a i l a b i l i t y :  

(2 .20a)  

R e w r i t i n g  e q u a t i o n  (2.20a) i n  terms of t h e  d i m e n s i o n l e s s  v a r i a b l e s  

g i v e s :  
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(2.39a) 

1 
where : 

(2 .39  b) 

'f,i,s = 1.0 , 

and 

( 2 . 3 9 ~ )  

( 2 . 3 9 d )  

( 2 . 3 9 e )  

Non-dimensionalization of the entering pressure avai  lability pro- 

ceeds in an identical manner. We can immediately define the following 

for the entering pressure availability: 

( 2 . 4 0 4  
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where: 

= = I  9 f , i , s  B 

and 

z 

6, ,i , r  

( 2  40b) 

( 2 . 4 0 ~ )  

( 2 . 4 0 d )  

( 2 . 4 0 ~ )  

E q u a t i o n s  (2.39) and (2 .40 )  c a n  now be u s e d  t o  non-dimension- 

a l i z e  A ,  t h e  a v a i l a b i l i t y  d i s t r i b u t i o n  r a t i o .  Making t h e  i n d i c a t e d  sub-  

s t i t u t i o n s ,  e q u a t i o n  ( 2 . 2 7 ~ )  becomes: 

A =  (2 .41)  

C a n c e l l i n g  o u t  t h e  common term ( T m w 2 / a ) ,  d i v i d i n g  t h e  numerator and 

denominator  by (1.  /Phk,) and r e a l i z i n g  tha t :  
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( 2 . 4 2 )  

t h e  comple t e ly  non-d imens iona l ized  a v a i l a b i  L i t y  d i s t r i b u t i o n  r a t i o  can 

be written as: 

A =  

To 

( 2 . 4 3 )  

begin t h e  non-d imens iona l l za t ion  of t h e  NAT term, recall  equa- 

t i o n  (2.27f); t h e  t o t a l  e n t r o p y  g e n e r a t e d  i n  t h e  material d u r i n g  t h e  

s t o r a g e  p e r i o d :  

'genm,~~,s ='I j 1 ) k  m dzdydxdt . 
( 2 . 2 7 f  1 t = O  x=a y 4  2 4  

After a s t r a i g h t f o r w a r d  non-d imens iona l i za t ion  of t h e  l e n g t h ,  t i m  and 

t e m p e r a t u r e  g r a d i e n t  terms, we can write t h e  f o l l o w i n g  €or t h e  e n t r o p y  

g e n e r a t e d  i n  t h e  material d u r i n g  t k  s t o r a g e  p e r i o d :  

Sgen m,AO,s = (F) s g e n  m,hO ,s 
( 2  44a)  

where : 



4 6  

- Fos 

] dZdYdXdFo ( 2 . 4 4 b )  = J l K f  [6Sgenm3AQ , S  

.... 
m,A@ ,§ 

Sgen 

Fo=o x=o Y=O z=0 

and 

Similarly for the removal period we can show t h a t :  

Sgen m,AO,r = (kc) sgen m,AO , r  

where : 

and 

( 2 . 4 5 a )  

( 2 . 4 5 b )  
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The non-d imens iona l i za t ion  of  t h e  f l u i d  e n t r o p y  g e n e r a t i o n  terms 

proceeds  in t h e  same manor. Beginning with e q u a t i o n  (2.27h) which gave 

t h e  t o t a l  e n t r o p y  g e n e r a t e d  i n  t h e  f l u i d  d u r i n g  the s t o r a g e  p e r i o d :  

ts h I' (Tf - T  l2 

t -O  XI0 

9 w, s dxdt  , 
T2 
f , s  

Sgen f , A T , s  = J  I" ( 2  27h) 

and p roceed ing  as before with o t h e r  t e m p e r a t u r e  terms results i n  the 

f o l l o w i n g  e q u i v a l e n t  d i m e n s i o n l e s s  q u a n t i t y :  

where : 

Fo 

] dXdFo ;i j- t6sgenf ,BO,s 
- 

f ,A8,s Sgen 

FO=O X=O 

and 

( Tf ;-' i s - 1 7  - 0 >* ", s 
1 -- - - I . 

6zgenf A 8  , s 2 

[Of+ (Tf;i,s - 1) + I] 

(2.46a) 

(2 .46b)  

( 2  e 4612) 

The i d e n t i c a l  o p e r a t i o n  f o r  the removal per iod term, ( 2 . 2 7 i ) ,  r e s u l t s  

i n  : 
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where : 

and 

(Tf;y - I>' (Q f , r  - 0 W,P )2 

(2 .47a )  

( 2 . 4 7 b )  

( 2 . 4 7 ~ )  

The e q u a t i o n  Eor t h e  e x i t i n g  a v a i l a b i l i t y  that is  d e s t r o y e d  due to 

t h e  d i s c h a r g e d  hot f l u i d  coming to e q u i l i b r i u m  w i t h  t h e  environment  i s  

non-d imens iona l ized  i n  a manner i d e n t i c a l  Co t h e  e n t e r i n g  f l u i d  a v a i l -  

ability term. Th i s  o p e r a t i o n  r e s u l t s  i n :  

where : 
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S 
Fo 

FO=O 

and 

Equations ( 2 . 3 9 ) ,  (2 .441 ,  ( 2 , 4 5 1 ,  (2 .461,  ( 2 , 4 7 1 ,  and ( 2 . 4 8 )  are 

used t o  non-dimensionalize the N t e r m  i n  (2.27b). Making these sub- 

s t i t u t i o n s  g i v e s :  

A I '  

Cancel l ing out t h e  common term Tml'a and factoring out a d - r k  

t h e  numerator and denominator of ( 2 . 4 9 )  r e s u l t s  in: 

term from m 

m,AO ,s + (k) sgen n,Ao ,r + (%).en f,AQ,s 
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Note that t h e  variable  I' r e p r e s e n t s  a u n i t  w i d t h  (i.ee, i n t o  t he  

p a p e r )  of  t h e  r e p r e s e n e a t i v e  f l u i d - m a t e r i a l  s e c t i o n .  For t h e  f l a t  s l a b  

configtiration, t h e  u n i t  w id th  is  also t h e  hea ted  p e r i m e t e r ,  Ph. Making 

t h i s  s u b s t i t u t i o n  i n t o  e q u a t i o n  (2.50)  and n o t i n g  t h a t  

and 

. 
mCp 
-=; G' ; 
Phkm 

the completely non-dimens iona l ized  NAT term can be w r i t t e n  as: 

(2.51) 

Equations ( 2 . 4 3 )  and (2.51) c m  now be u t i l i z e d  to calculate a v a l u e  of  

t h e  f i g u r e  of merit as a f u n c t i o n  of t h e  dimensionless sys t em of v a r -  

i a b l e s .  



The non-dimensionalization of the fluid-material thermal response 

equations is quite straightforward and w i l l  not be repeated here. The 

reader is invited to read references 1211 and I 2 2 1  f o r  details. The 

dimensionless transient response equations for the storage period are 

t h e n  : 

and 

- - o  ) = O .  
% , s  + 
ax ( O f  ,s w,s 

The initial 

@ Fo = 

@ x-0 

@ X = l  

@ YE0 

a n d  

and boundary condi t ions are given by : 

0 

m,s a@ 
= o  ay 

- 8  f ,i ,s  a 
f,s 

0 I)= 
s 

ay 

0 aom s 
a x  L r  

O < Y < l ,  

( 2 . 5 2 )  

(2.53) 

(2.54a) 

( 2 . 5 4 b )  

( 2 . 5 4 ~ )  

( 2 . 5 4 d )  
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- 0  ] 0 < X < 1 . ( 2 . 5 4 ~ )  s Hi & =  
ay s [%,s w , s  e Y-l 

S i m i l a r i l y  we can write f o r  the  removal p e r i o d :  

and 

(2.5.5) 

(2.56) 

The i n i t i a l  and boundary conditions are giver,  by: 

@Y=O = o  aOnn,r 
ax 0 < x c  1 y (2 .57d)  

and 



To beg in  t h e  n o n - d i m e n s i o n a l i z a t i o n  of t h e  pressure drop  equations, 

recall equation ( 2 . 3 4 ) :  

Define  the f o l l o w i n g  terms: 

A = Phd 
cs 

and 

Dh = 4d e 

Substituting Dh = 4d  i n t o  ( 2 . 3 4 )  results i n :  

Recogniz ing  t h a t  : 

G’Bi PhLh 
-r:- 

V+ ACPf 
, 

( 2 . 3 4 )  

(2.58) 

( 2 . 5 9 )  

and s o l v i n g  t h i s  term f o r  PhL, and s u b s t i t u t i n g  the result i n t o  e q u a t i o n  

(2.58) g i v e s :  



(19'2) 

(T9.Z) 

' 8, 
3 c/zJd3S 
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S u b s t i t u t i n g  e q u a t i o n  ( 2 , 6 4 1  i n t o  e q u a t i o n  ( 2 , 6 2 )  g i v e s :  

where : 

T . 

(2 .64 )  

(2 .65b)  

T i s  a d i m e n s i o n l e s s  mass v e l o c i t y  pa rame te r  common in t he rma l  a n a l y s i s  

problems.  

An i n s p e c t i o n  of e q u a t i o n  ( 2 . 4 0 b )  and e q u a t i o n  ( 2 . 4 0 ~ )  shows t h a t  

the p r e s s u r e  r a t i o  Pf,i/Pm is r e q u i r e d  t o  c a l c u l a t e  the i n l e t  f l u i d s  

p r e s s u r e  a v a i l a b i l i t y .  S o l v i n g  e q u a t i o n  (2.65a) f o r  t he  r e q u i r e d  i n l e t  

pressure excess (i.e., an amount g r e a t e r  t h a n  ambient )  and s u b s t i t u t i n g  

t h e  v a l u e  of B f , i , s  as  given by ( 2 . 4 0 d ) ,  t h e  Eol lowing can be written 

f o r  t h e  f l u i d  i n l e t  p r e s s u r e  excess d u r i n g  t h e  s t o r a g e  p e r i o d :  

= 0.5 f 40.25 + A B s  (2 .66a)  
pf ,I , s  

POD 

where : 
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S u b s t i t u t i n g  the d e f i n i t i o n  o f  $ g tven  by e q u a t i o n  (2 .40~2)  i n t o  

e q u a t i o n  (2.65a) and s o l v i n g  for t h e  i n l e t  f l u i d  p r e s s u r e  excess d u r i n g  

t b i  removal p e r i o d  gives: 

f , i , r  

where : 

(2 .67a)  

(2.67 b) 

To complete  t h e  set  o f  governing e q u a t i o n s  i t  is n e c e s s a r y  t o  make 

an o b s e r v a t i o n  conce rn ing  material temperatures and t o  d i s c u s s  c e r t a i n  

a s p e c t s  of t h e  e x e c u t i o n  of the numer ica l  model. The d i m e n s i o n l e s s  w a l l  

temperature v a r i a b l e  Ow, which a p p e a r s  i n  s e v e r a l  e q u a t i o n s  is a c t u a l l y  

t h e  tempera t i i re  of t h e  s o l i d  s t o r a g e  material e v a l u a t e d  a t  Y = l .  Thus, 

we may wri te  f o r  the s t o r a g e  p e r i o d :  

(2.68a) 

and f o r  t h e  removal p e r i o d :  
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(2 .68b)  

P r i o r  t o  t h e  a n a l y s i s  of t h e  removal p e r i o d ,  t h r e e  v a r i a b l e s  must 

be d e f i n e d ;  Gr ,  B d , ,  and rr. It i s  assumed t h a t  t h e i r  v a l u e  i s  a s i m p l e  

r a t i o  of t h e i r  s t o r a g e  p e r i o d  amourt. However, because  of geometry con- 

+ 

s i d e r a t i o n s ,  whichever  c o n s t a n t  i s  used t o  ratio ? must also be used t o  

r a t i o  G and Bi,. The r e a s o n s  f o r  t h i s  r equ i r emen t  can be e x p l a i n e d  by 

examining  e q u a t i o n s  (2.38f 1, (2.38Q), and ( 2 . 6 5 b ) .  They r e p r e s e n t ,  re- 

s p e c t i v e l y ,  d e f i n i t i o n s  fo r  G', B i ,  and rs, and we obse rve  t h a t  e a c h  

e q u a t i o n  c o n t a i n s  s e v e r a l  c o n s t a n t  terms. These are e i t h e r  material or  

S 

9 
S 

f l u i d  p h y s i c a l  p r o p e r t i e s ,  ambiect  t e m p e r a t u r e s  and p r e s s u r e s ,  o r  a 

s t o r a g e  material geometry parameter. The p h y s i c a l  p r o p e r t i e s  are as- 

sumed t o  be the  same f o r  t h e  s t o r a g e  and removal p e r i o d s ,  ambient condi -  

t i o n s  and material geometry cannot  change between t h e  s t o r a g e  and re- 

moval p e r i o d s .  Because of t h e  p re sence  of t h e s e  c o n s t a n t s ,  the r a t i o  

of T =  t o  T~ reduces t o  a r a t i o  of f l u i d  mss flowrates. S p e c i f i c a l l y ,  

i t  reduces  t o  t h e  s q u a r e  of t h e  r a t i o  of removal p e r i o d  t o  s t o r a g e  

period mass f l o w r a t e s .  We now obse rve  t h a t  t h e  r a t i o  of G t o  G re- 
+ + 
r s 

duces  t o  t h e  r a t i o  of  mass f l o w r a t e s  for t h e  s t o r a g e  and removal 

p e r i o d s .  We obse rve  t h a t  Chis  i s  the i n v e r s e  of the s q u a r e  roo t  of  t h e  

r a t i o  of T =  t o  r . We conclude  tha t  whichever  c o n s t a n t  is  m u l t i p l i e d  

by 5 ,  t o  d e t e r m i n e  T ~ ;  t h e  i n v e r s e  of t h e  square r o o t  of t h a t  c o n s t a n t  

m u s t  also be used t o  d e t e r m i n e  t h e  v a l u e  of G . Because i t  i s  assumed 

S 

f 
r 
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t h a t  the heat transfer coefficient, h, in equation (2.386) is a linear 

function o f  the f l u i d  mass flowrate; Bi, must 3180 be multiplied by the 

square root of the same constant to define Bi,. Incorporating this re- 

qu i remen t s  i n t o  the mathematical model results in: 

and 

(2 .69a)  

(2.69b) 

(2.69,) 

Closure of the Model and Description 
of the Optimization Study 

The set of non-dimensionalized equations t h a t  describe the entropy 

generation characteristics of t h e  representative section of storage unir , 

are summarized b e l e w ,  

A =  

(2.27a) 

( 2 . 4 3 )  

( 2.59 b) 



n
 

.a
 

0
 

U
 

N
 

W
 

A
 

73 
0

 
-3

 

N
 

W
 

A
 

n
 

n
 

A
 

u 
0
 

V
 

cn 
rl 

8
 

CJ 
W

 
W

 
h
)
 

. P
i 

W
 

. c.4 W
 

+ 
T

 
I 

t 

H 
II 

II 
II 

II 
II 

L
 

-
d
 

w
 L
 

c
 

m
 

F: 
m

 

IsQ
 

*! 0
 

I 3“ 



60 

( 2 . 5 1 )  

(2.69C) 

dZdY dXdFo (2 .44b)  m,Ae,s 
- 

x=o Y-0 z=0 Sgenms*E),s 
Fa=O . 



- 
dXdFo f,A@,s 

Sgen 
f ,AO,s 

Fo=O X=O 

FO==FOS X = l  

( 2 . 4 6 b )  

(2.6813) 

Fo EO 
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( 2 . 5 2 )  

(2.53) 

(2.5423) 

(2 54 b)  

( 2 . 5 5 )  

( 2  a 56)  
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P 
f’i’s = 0.5 + 40.25 + Afi s  

pa3 
(2 .66 b) 

(2 .66b)  

( 2  e 67 b) 

L J 

Thus ,  the numerical mode1 consis ts  of 37 equations in 48 v a r i -  

a b l e s .  These 48 v a r i a b l e s  are:  



6 4  

Thus, there  are 11 independent  v a r i a b l e s  i n  t h e  problem. For  this 

s&ridy of a f la t :  s l a b  r e g e n e r a t o r ,  t h e  independent  v a r i a b l e s  were chosen  

t o  be: 

T 

s ’  T Pry and T . m’o’s 
S 

m 

4- R f , i , s  T f , i , r  v + y  Ri 
T 

FOS Y Gs ,  c1 Y cp’ ’ T ’  aa Tm 

It is obvious  c h a t  a l a r g e  number and v a r i e t y  of d e s i g n  p r o b l e m s  

c o u l d  be formulated wich t h i s  model. Since t h e  purpose of t h i s  p r e s e n t  

s t u d y  is t o  d e f i n e  c o n f i g u r a e i o n s  which minimize t h e  p r o d u c t i o n  of en- 

t r o p y ,  an o p t i m i z a t i o n  program was employed t o  c o n t r o l  t h e  e x e c u t i o n  of 

t h e  model and s y s t e m a t i c a l l y  d e t e r m i n e  t h e s e  c o n f i g u r a t i o n s .  To make i t  



a t r a c t a b l e  problem i t  was n e c e s s a r y  t o  l i m i t  t h e  number of v a r i a b l e s  

t h a t  t h e  O p t i m i z a t i o n  r o u t i n e  coulc  control. T h i s  was accompl ished  by 

o r g a n i z i n g  t h e  11 independen t  v a r i a b l e s  i n t o  e i t h e r  " d e s i g n "  o r  " o p t i -  

miza t ion"  v a r i a b l e s  e Design v a r i a b l e s  are d e f i n e d  as t h o s e  whose v a l u e s  

a re  f i x e d  f o r  a g i v e n  case. O p t i m i z a t i o n  v a r i a b l e s ,  as t h e  name inr 

p l i e s ,  are t h o s e  v a r i a b l e s  whose v a l u e s  are c o n t r o l l e d  by t h e  op t imiza -  

t i o n  r o u t i n e  s u c h  t h a t  t h e  f i g u r e  of merit i s  minimized. Fo r  t h i s  

s t u d y ,  the 11 independen t  v a r i a b l e s  were d i v i d e d  i n t o  e i g h t  d e s i g n  and 

t h r e e  o p t i m i z a t i o n  v a r i a b l e s  and the d i s t r i b u t i o n  was made t o  g i v e  re- 

a l i s t i c  d e s i g n  cases. The op t i rn i zac ion  v a r i a b l e s  were chosen t o  be: 

t 
Fos , Gs , and B i s .  

Thus ,  t h e  d e s i g n  v a r i a b l e s  were: 

T T 
, P r ,  and T . K f , i , s  Tf i r + m 0 , s  

CP'  Too 00 
Cl, - 9 ; . ' , V ,  .;. m S 

The c h o i c e  of o p t i m i z a t i o n  v a r i a b l e s  was made t o  p e r m i t  t h e  s i m u l -  

t aneous  o p t i m i z a t i o n  of bo th  geometry and o p e r a t i n g  p a r a m e t e r s *  The 

r a t i o n a l e  f o r  t h e s e  c h o i c e s  c a n  bes,: be  e x p l a i n e d  by b r i e f l y  summarizing 

t h e  s t e p s  i n  t h e  p rocedure  t h a t  could  be used t o  t r a n s l a t e  t h e  dirnen- 

sionless r e s u l t s  i n t o  an a c t u a l  des ign .  These  s t e p s ,  which assume t h a t  

a l l  t h e  n e c e s s a r y  c o n s t a n t s  have becm d e f i n e d ,  are as follows: 

a.  The d i m e n s i o n l e s s  mass v e l o c i t y  d e s i g n  v a r i a b l e ,  r and t h e  

are  used  t o  de- 

S '  
+ 

% > 
optimum v a l u e  of t h e  d i m e n s i o n l e s s  mass f low term, 

f i n e  t h e  f low channe l  h a l f - h e i g h t ,  d .  



be The d i m e n s i o n l e s s  mass v e l o c i t y  and she  f low c h a n n e l  h a l f -  

h e i g h t  are used t o  c a l c u l a t e  t h e  Reynolds number. 

e. The Reynolds number and t h e  P r a n d t l  number ( a  d e s i g n  v a r i a b l e )  

are used to  c a l c u l a t e  t h e  c o n v e c t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t ,  h. 

d e  The optimum s t o r a g e  p e r i o d  B io t  number, Bi,, and the c o n v e c t i v e  

hea t  t r a n s f e r  c o e f f i c i e n t  are used t o  c a l c u l a t e  the  s t o r a g e  marerial 

h a l f - t h i c k n e s s ,  w, 

e, The d i m e n s i o n l e s s  s t o r a g e  m a t e r i a l  a s p e c t  r a t i o ,  V', and t h e  

material h a l f - t h i c k n e s s  are used t o  c a l c u l a t e  t h e  l e n g t h ,  L, o f  t h e  

s t o r a g e  u n i t .  

f .  The o p t i m u i ~  v a l u e  of t h e  d i m e n s i o n l e s s  s t o r a g e  t i m e ,  ??os, and 

the material h a l f - t  h i ckness  are used t o  c a l c u l a t e  t h e  d imens iona l  stor- 

age t i m e .  

A s  t h e s e  s t e p s  i l l u s t r a t e ,  t h e  p a r t i c u l a r  combina t ion  of d e s i g n  and 

o p t i m i z a t i o n  v a r i a b l e s  chosen f o r  t h i s  s t u d y  ( w h i l e  no t  necessar i ly  

un ique )  do p e r m i t  p h y s i c a l  c h a r a c t e r i s t i c s  s u c h  as w i d t h  and Length,  and 

o p e r a t i n g  c h a r a c t e r i s t i c s  such  as s t o r a g e  time, t o  be de te rmined  i n  a 

s i n g l e  e x e r c i s e .  

To summarize, this s t u d y  G a i l 1  d e f i n e  t h e  optimum p h y s i c a l  d e s i g n ,  

operat-l-ng p a r a m e t e r s ,  and e n t r o p y  g e n e r a t i o n  c h a r a c t e r i s t i c s  of a number 

o f  d e s i g n  c a s e s .  An op t imized  sys tem i s  one t h a t  o p e r a t e s  w i t h  a min- 

imum amount of  g e n e r a t e d  e n t r o p y  f o r  a comple te  s torage- removal  c y c l e ,  

T h i s  w i l l  be accompl ished  u s i n g  t h e  f i n i t e  c o o d u c t i v i c y  ma themat i ca l  

model d e f i n e d  above,  running  under cont ro l .  of a n  o p t i m i z a t i o n  program. 

A d e s i g n  c a s e  will c o n s i s t  of a set of v a l u e s  f o r  t h e  e i g h t  design 



v a r i a b l e s  and t h e  r e s u l t i n g  ( i . e . ,  c a l c u l a t e d  by the o p t i m i z a t i o n  

program) set of t h r e e  o p t i m i z a t i o n  v a r i a b l e s .  A s u f f i c i e n t  number o f  

cases w i l l  be run  t o  a d e q u a t e l y  d e f i n e  the e f f e c t  of changes  i n  t h e  

d e s i g n  v a r i a b l e s  on the optimium system. Most i m p o r t a n t l y ,  t h e s e  

o p t i m i z a t i o n  s t u d i e s  w i l l  be u n c o n s t r a i n e d .  T h i s  means that t h e  

o p t i m i z a t i o n  program is  free t o  m r n i m i z e  the f i g u r e  of merit w i t h o u t  

f i r s t  having s a t i s f i e d  some a d d i t l o n a l  r equ i r emen t  such  as a minimum 

f i r s t  law e f f i c i e n c y ,  m i n i m u m  flsDw c h a n n e l  d i a m e t e r ,  or a maximum 

p h y s i c a l  s i z e .  



3. DEVELOPMENT OF THE NUMERICAL, MODEL 

In  order t o  e x e c u t e  the a n a l y t i c a l  model as a part of an opt i rn iza-  

t i o n  s t u d y ,  two s e p a r a t e  computer prvgrms must be a v a i l a b l e .  These are 

a r o u t i n e  t o  c a l c u l a t e  t h e  f i g u r e  of merit fo r  a comple te  storage- 

reinoval cyc le  and an o p t  irnizat i on  r o u t  i n e  t o  sys t ema t  i c a P l y  de t e rmine  

v a l u e s  of t h e  o p t i m i z a t i o n  var iab les  t h a t  r e s u l t  i n  a minimum v a l u e  f o r  

t h e  f i g u r e  of merit. TRe f o l l o w i n g  i n f o r m a t i o n  d e t a i l s  t h e  c o n s t r u c t i o n  

of t h e  p rogran  t o  c a l c u l a t e  t h e  f i g u r e  of merit and d i s c u s s e s  t h e  

p r o p r i e t a r y  o p t i m i z a t i o n  r o u t i n e  s e l e c t e d  for u s e  i n  t h e  a n a l y s i s .  

D i s c u s s i o n  of t h e  O p t i m i z a t l o a  - Rout ine  Used i n  t h e  S tudy  

An o p t i m i z a t i o n  program which r e s i d e s  i n  t h e  U n i v e r s i t y  o f  

Tennessee  computer l i b r a r y  was u t i l i z e d  fo r  t h e  a n a l y s i s .  This program, 

G R G 2 ,  I s  a s o p h i s t i c a t e d  rou t ine :  f o r  s o l v i n g  p r O b l 1 ~ 1 3  w i t h  e i t h e r  l i n e a r  

o r  non- l inear  o b j e c t i v e  f u n c t i o n s  and c o n s t r a i n t s .  It is based on t h e  

g e n e r a l i z e d  reduced g r a d i e n t  a l g o r i t h m  and h a s  a modular c o n s t r u c t i o n  t o  

p e r m i t  i t s  use  w l t h  completely independent  o b j e c t i v e  f u n c t i o n  suhrou-  

t i n e s .  The b a s i c  GRG a l g o r i t h m  has been e x t e n s i v e l y  i n v e s t i g a t e d  

[ 4 8 , 4 9 ]  and the GRG2 program i t s e l f  has been w e l l  documented and t e s t e d  

[ 4 8 , 5 0 , 5 1 ] .  These cowpara t fve  e v a l u a t i o n s  have e s t a b l i s h e d  t h a t  GRG2 is 

o n e  o€ t h e  r i s  t c a p a b l e  and v e r s a t  I l e  Ron- l inear  o p t  i m i z a t  i on  programs 

av a i  1 ab  1 e. 

For t h e  end u s e r ,  t h e  GRG2 program is very  easy t o  use.  In addi -  

t i o n  t o  a s p e c i f i c  d a t a  inpu t  f o r m a t ,  it r e q u i r e s  o n l y  one u s e r  S u p p l i e d  

s u b r o u t i n e l  T h i s  s u b r o u t i n e ,  which must be named GCOMP, c a l c u l a t e s  the  



o b j e c t i v e  f u n c t i o n  f o r  v a l u e s  of t h e  o p t i m i z a t i o n  v a r i a b l e s .  For  t h i s  

s t u d y ,  the o b j e c t i v e  f u n c t i o n  is Che f i g u r e  of merit, N c ,  d e f i n e d  . in  

S e c t i o n  2. A t y p i c a l  o p t i m i z a t i o n  sequence  c o n s i s t s  of a c o n t i n u o u s  ex- 

change of i n f o r m a t i o n  between GRG2 and GCOMP. The GRG2 program passes 

v a l u e s  of t h e  o p t i m i z a t i o n  v a r i a b l e s  t o  GCOMP and i n  r e t u r n  r e c e i v e s  a 

c o r r e s p o n d i n g  v a l u e  f o r  t h e  f i g u r e  of merit. Using i t s  own a l g o r i t h m ,  

GRG2 s y s t e m a t i c a l l y  d e t e r m i n e s  t h e  one set of o p t i m i z a t i o n  v a r i a b l e  

v a l u e s  t h a t  r e s u l t  i n  a minimum f i g u r e  of merit. 

The GRG a l g o r i t h m  i s  a non-l i r iear  e x t e n s i o n  of t h e  s implex  method 

f o r  l i n e a r  programming. It was not  p o s s i b l e  t o  become t e c h n i c a l l y  pro- 

f i c i e n t  i n  a l l  t h e  facets O E  e i t h e r  t h e  b a s i c  a l g o r i t h m  o r  t h e  o p e r a t i o n  

of t h e  GRG2 program. However, :In o r d e r  t o  e f f i c i e n t l y  conduct  an 

o p t i m i z a t i o n  e x e r c i s e  and i n s u r e  t h a t  t h e  program w a s  g e n e r a t i n g  accu r -  

a te  r e s u l t s ,  it was n e c e s s a r y  t o  l e a r n  someth ing  about  its behav io r  dur -  

i n g  an a c t u a l  o p t i m i z a t i o n  cyc le .  

To d e t e r m i n e  i f  a p a r t i c u l a r  set of r e s u l t s  were a c c e p t a b l e ,  i t  was 

n e c e s s a r y  t o  unde r s t and  t h e  meaning of c e r t a i n  s t a t u s  v a r i a b l e s  s u p p l i e d  

by GKG2 a t  t h e  end of a cyc le .  This e x p e r i e n c e  was g a i n e d  d u r i n g  t h e  

v e r i f i c a t i o n  procedure  and w i l l  be d e s c r i b e d  l a te r  In  t h i s  s e c t i o n .  The 

one aspect of GRG2's o p e r a t i o n  t h a t  a f f e c t e d  both  t h e  e x e c u t i o n  and i n -  

t e r p r e t a t i o n  of r e s u l t s  was t h e  method it used t o  c a l c u l a t e  the  partial 

d e r i v a t i v e s  of t h e  o b j e c t i v e  f u n c t i o n .  Because of t h e  complex i ty  of t h e  

o b j e c t i v e  f u n c t i o n ,  it was not p o s s i b l e  t o  supp ly  e x a c t  a n a l y t i c a l  re- 

l a t i o n s h i p s  t o  c a l c u l a t e  t h e  p a r t i a l .  d e r i v a t i v e s .  Accord ing ly ,  GRG2 was 

r e q u i r e d  t o  c a l c u l a t e  them u s i n g  a m u l t i s t e p  procedure .  T t  accompl ished  



70 

t h i s  by d e t e r m i n i n g  the  change i n  t h e  o j e c t i v e  f u n c t i o n  f o r  an in-  

@remental change i n  t h e  o p t i m i z a t i o n  v a r i a b l e  of i n t e r e s t .  The 

i n c r e m e n t a l  length w e d  t o  d e t e r m i n e  this change is a c o n s t a n t  embedded 

i n  t h e  programming of GRG2 and i t  is not normal ly  p o s s i b l e  t o  change i t s  

va lue .  I f  it: i s  too  small ( r e l a t i v e  t o  t h e  magnitude of t h e  p a r t i a l  

d e r i v a t i v e ) ,  GRG2 can mis taken ly  eoncllsde the  o b j e c t i v e  func t ioo .  i s  i n  a 

r e g i o n  of l i t t l e  of no change and s t o p  t h e  o p t i m i z a t i o n .  T h i s  s i t u a t i o n  

a f f ec t s  the  c h o i c e  of the i n i t i a l  v a l u e  of t he  o p t i m i z a t i o n  v a r i a b l e s  

s u p p l i e d  t o  GRG2 a t  t h e  beg inn ing  of an o p t i m i z a t i o n  e x e r c i s e ,  I f  t h i s  

i n i t i a l  v a l u e  r e s u l t s  i n  a v a l u e  of t h e  o b j e c t i v e  f u n c t i o n  i n  t h e  

' ' f la ts*q of i t s  s u r f a c e ,  GRG2 cannot  recover and w i l l  t e r m i n a t e .  S m a l l  

i n c r e m e n t a l  l e n g t h s  a l s o  p reven t  GKG2 from r e a l i z i n g  when i t  i s  o p e r a t -  

i n g  i n  a n  area of l o c a l  " p l a t e a u s "  f a r  removed from t h e  a c t u a l  minimum 

p o i n t .  I f  t h e  incremental l e n g t h  is too l a r g e ;  t h e r e  i s  t h e  p o s s l b i l i t y  

t h a t  t h e  d i s c r e t e  f u n c t i o n  e v a l u a t i o n s  w P l l  be made ""across" a minimum 

p o i n t ,  thus  p r e v e n t i n g  CRC2 from f i n d i n g  a t r u e  minimum v a l u e  f o r  t h e  

o b j e c t i v e  f u n c t i o n .  The s p e c i f i c  e f f ec t s  t h i s  f i x e d  i n c r e m e n t a l  l e n g t h  

had on t h e  f i n a l  r e s u l t s  of t h e  s t u d y  w i l l  be d i s c u s s e d  i n  S e c t i o n  4 .  

D e s c r i p t i o n  of t h e  Program t o  C a l c u l a t e  t h e  F i g u r e  of Merit 

The pr imary  c o n f i g u r a t i o n  t o  be examined i n  this s t u d y  i s  t h e  

c o u n t e r f l a w  r e g e n e r a t o r  o p e r a t i n g  wi thou t  a dwel l  p e r i o d .  A dwel l  

p e r i o d  i s  t h e  i n t e r v a l  between t h e  s t o r a g e  and removal p e r i o d s  d u r i n g  

which t h e  s t o r a g e  material t empera tu re  g r a d i e n t s  are a l lowed  to r each  a 

uni form a v e r a g e  t empera tu re .  There are, I P O W P Y ~ ~ ,  two o t h e r  
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c o n f i g u r a t i o n s  of i n t e r e s t :  p a r a l l e l  f low w i t h  a dwell p e r i o d  and 

p a r a l l e l  f low wi thou t  a dwel l  pe r iod .  The e f f e c t s  of  t h e  dwel l  p e r i o d  

are i n c l u d e d  i n  t h i s  s t u d y  because e n t r o p y  g e n e r a t i o n  o c c u r s  as a r e s u l t  

of t he  material r e a c h i n g  a uni form t e m p e r a t u r e .  A computer  program, 

ENTROP, was w r i t t e n  t o  c a l c u l a t e  t h e  f i g u r e  of merit, Ne, fo r  t h e s e  

t h r e e  c o n f i g u r a t i o n s .  It was w r i t t e n  i n  double  p r e c i s i o n  FORTRAN and i n  

a form t o  permit i n t e r f a c e  w i t h  t h e  GRG2 program. A l i s t i n g  of ENTROP, 

a g l o s s a r y  of t h e  s u b r o u t i n e s ,  and some t y p i c a l  ou tpu t  are c o n t a i n e d  i n  

Appendix A. The f o l l o w i n g  i s  a b r i e f  d e s c r i p t i o n  of t h e  o p e r a t i o n  of 

t h e  program and t h e  numer i ca l  t e c h n i q u e s  employed. 

In t h e  most macroscop ic  s e n s e ,  the program performs f i v e  b a s i c  com- 

p u t a t i o n s  t o  g e n e r a t e  t h e  i n f o r m a t i o n  needed t o  c a l c u l a t e  a va lue  f o r  

t h e  f i g u r e  of  merit. They are: 

a. c a l c u l a t e  the t o t a l  e n t e r i n g  a v a i l a b i l i t y  and e n t r o p y  g e n e r a t e d  

d u r i n g  the s t o r a g e  p e r i o d ,  

b. d e t e r m i n e  an approximate  dwe l l  t i m e ,  

C e  c a l c u l a t e  the t o t a l  e n t r o p y  g e n e r a t e d  d u r i n g  t h e  dwel l  p e r i o d ,  

d. d e t e r m i n e  an approximate  removal time, and 

e. c a l c u l a t e  t h e  t o t a l  e n t e r i n g  a v a i l a b i l i t y  and e n t r o p y  g e n e r a t e d  

d u r i n g  t h e  removal pe r iod .  

These f i v e  b a s i c  s t e p s  are exp la ineG below and summarized in F i g u r e  3.1. 

The sequence  beg ins  w i t h  GRG2 p a s s i n g  t h e  most current va lue  f o r  

t h e  s t o r a g e  p e r i o d  time, Fo,, mass f low p a r a m e t e r ,  G: 9 and Bfot number 

Bi,.  Using t h i s  i n f o r m a t i o n ,  ENTROE' c a l c u l a t e s  t h e  t o t a l  e n t e r i n g  f l u i d  

a v a i l a b i l i t y  per u n i t  t i m e .  It t h e n  c a l c u l a t e s  t h e  f l u i d - m a t e r i a l  
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t r a n s i e n t  temperature r e sponse  f o r  t h e  s t o r a g e  pe r iod  i n  59 e q u a l  t i m e  

i nc remen t s  ( i . e . ,  Fo,/59). Once t h e  f l u i d  and material t e m p e r a t u r e  

d i s t r i b u t i o n s  have been c a l c u l a t e d  €or  a t i m e  i nc remen t ,  and b e f o r e  pro- 

ceeding t o  the next i n c r e m e n t ,  ENTR(1P: 

a. C a l c u l a t e s  t h e  t e m p e r a t u r e  g r a d i e n t s  a t  e a c h  node i n  t h e  ma- 

t e r i a l  and u s e s  them, w i t h  t h e  t e n p e r a t u r e  at  e a c h  node, t o  c a l c u l a t e  

t h e  ra te  of e n t r o p y  g e n e r a t i o n  a t  e a c h  node, These i n d i v i d u a l  terms a r e  

then  i n t e g r a t e d  over  t h e  material volume t o  de t e rmine  t h e  t o t a l  e n t r o p y  

g e n e r a t i o n  i n  t h e  s t o r a g e  material. 

b. C a l c u l a t e s  t h e  f l u i d - w a l l  t e m p e r a t u r e  d i f f e r e n c e  for  t h e  nodes 

a l o n g  t h e  flow channe l  t h e n  u s e s  t h e m  and t h e  f l u i d  t e m p e r a t u r e  a t  e a c h  

node t o  c a l c u l a t e  the rate of e n t r o p y  g e n e r a t i o n  a t  each node. These 

terms are then  i n t e g r a t e d  over  t h e  l e n g t h  of t h e  channel  t o  d e t e r m i n e  

t h e  ra te  of e n t r o p y  g e n e r a t i o n  i n  t h e  f l u i d .  

e .  Using the f l u i d  o u t l e t  t e m p e r a t u r e ,  c a l c u l a t e s  t h e  rate of 

a v a i l a b i l i t y  d e s t r o y e d  due t o  t h e  d i s c h a r g e d  f l u i d  coming t o  thermal  

e q u i l i b r i u m  w i t h  t h e  environment .  

A t  t h e  end of t h e  59 t i m e  i n c r e m e n t s ,  t h e  rates of e n t r o p y  g e n e r a t i o n  

f o r  t h e  material, f l u i d ,  and d i s c h a r g e d  f l u i d  are i n d i v i d u a l l y  In- 

t e g r a t e d  over  t i m e  t o  d e t e r m i n e  t h e  t o t a l  amounts of e n t r o p y  g e n e r a t e d  

d u r i n g  t h e  s t o r a g e  p e r i o d ,  

I f  a dwe l l  p e r i o d  i s  d e s i r e d ,  ENTROP e x e c u t e s  a two s t e p  p rocedure  

t h a t  d e t e r m i n e s  an approximate time t h e n  u s e s  it t o  c a l c u l a t e  rhe amount 

of e n t r o p y  g e n e r a t e d  in t h e  material d u r i n g  t h e  pe r iod .  To de t e rmine  an 

approximate dwell  t i m e ,  ENTROP begins an open ended c a l c u l a t i o n  of t h e  



f l u i d - m a t e r i a l  t r a n s i e n c  t e m p e r a t u r e  response.  "Open ended" i n  t h i s  

c o n t e x t  means f o r  an u n s p e c i f i e d  number of t i m e  i nc remen t s .  The 

i n c r e m e n t a l  t i m e  i t  u s e s  is t h e  same one used d u r i n g  t h e  s t o r a g e  

per iod.  At the end Q €  each tine incremenlr, t h e  ave rage  material t e w -  

p e r a t u r e  (which does not  change w i t h  time d u r i n g  t h e  dwell  p e r i o d )  is  

compared t o  t h e  h i g h e s t  t empera tu re  that e x i s t e d  i n  t h e  material a t  t h e  

end of the s t o r a g e  pe r iod .  The c a l c u l a t i o n s  are s topped  when t h e  

d i f f e r e n c e  between t h e s e  two has been  reduced t o  a s u f f i c i e n t l y  sinall 

amount. This c a l c u l a s l o n / c o m p a r i s a n  sequence c o n t i n u e s  f o r  20 t i m e  

i nc remen t s  a t  which t im  t h e  i n c r e m e n t a l  time i s  i n c r e a s e d  by a f a c t o r  

of  two. The c a l c u l a t i o n s  t h e n  proceed w i t h  t h i s  larger  t i m e  s t e p .  T h i s  

g r a d u a l l y  i n c r e a s i n g  i n c r e m e n t a l  t fm p e r m i t s  c o v e r i n g  a l a r g e  t o t a l  

e l a p s e d  t i m e  i n  as f e w  s t e p s  as p o s s i b l e  wh i l e  s t i l l  r e t a i n i n g  

a c c e p t  a b l e  accuracy.  Thi s e n t i r e  p r o c e s s  con t  i n n e s  unt  il t h e  f l u i d - w a l l  

t e m p e r a t u r e  d i f f e r e n c e  w e t s  t h e  convergence c r i t e r i a .  The approximate 

dwell  time is then e q u a l  t o  t h e  to t a l .  e l a p s e d  time s ince t h e  s tar t  o f  

t h e  c a l c u l a t t o n s .  

To de te rmine  t h e  amaunC of e n t r o p y  g e n e r a t e d  i n  the m a t e r i a l  d u r i n g  

t h e  dwell  p e r i o d ,  ENTRQP t a k e s  the approximate t i m  j u s t  d e f i n e d ,  

d i v i d e s  i t  i n t o  59 equal i nc remen t s  t hen  res ta r t s  t h e  t r a n s i e n t  t e m g e r -  

a t u r e  r e sponse  c a l c u l a t i o n s .  A t  t h e  end of each  tine increment ENTROP 

d e t e r m i n e s  t h e  ra te  O€ e n t r o p y  generation i n  t h e  na te r ia l  e x a c t l y  as i t  

d i d  for t h e  s t o r a g e  pe r iod .  Also at  t h e  end of each  t iw p e r i o d ,  a 

check i s  made t o  see i f  the t e m p e r a t u r e  d i f f e r e n c e  has mt t h e  con- 

vergence c r i t e r i a .  To a l l o w  f o r  an i n a c c u r a t e  approx i rnak  dwell  t i m e ,  
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t h i s  sequence can c o n t i n u e  fo r  up t o  100 time increments .  When t h e  con- 

vergence c r i t e r i a  has  f i n a l l y  beem met, ENTROP s t o p s  t h e  t r a n s i e n t  

c a l c u l a t i o n s  and t h e n  i n t e g r a t e s  t h e  material ra tes  o v e r  t i m e  t o  

de t e rmine  the t o t a l  amount of e n t r o p y  g e n e r a t e d  i n  t h e  m a t e r i a l  d u r i n g  

t h e  dwe l l  period.  

A s imi l a r  two s t e p  procedure  is  also u t i l i z e d  f o r  t h e  removal 

pe r iod .  Using an i n i t i a l  i n c r e m e n t a l  t i m e ,  ENTROP begins an open ended 

c a l c u l a t i o n  of t h e  f l u i d - m a t e r i a l  t r a n s i e n t  t e m p e r a t u r e  response.  These 

c a l c u l a t i o n s  proceed as t h e y  d i d  d u r i n g  t h e  dwell  p e r i o d  with an in -  

c r e a s i n g  i n c r e m e n t a l  t i m e  e v e r y  20 s teps .  The o n l y  d i f f e r e n c e  i s  t h a t  

t h e  t e r m i n a t i o n  d e c i s i o n  c r i t e r i o n  i s  based on an average materfal t e m -  

p e r a t u r e / i n i t i a l  material temperature df f f e r e n c e .  As w a s  done d u r i n g  

t h e  dwell  p e r i o d ,  once an approximate t i m e  has been de te rmined ,  EMTROP 

restarts the  t r a n s i e n t  t e m p e r a t u r e  c a l c u l a t i o n s  u s i n g  1/59 of t h e  ap- 

proximate t i m e .  At t h e  end of  e a c h  t i m e  inc remen t ,  ENTROP c a l c u l a t e s  

t h e  rates of material and f l u i d  e n t r o p y  g e n e r a t i o n  and checks t h e  tem- 

p e r a t u r e  convergence. Also as before, when t h e  convergence c r i t e r i a  has  

f i n a l l y  been meet, ENTROP s t o p s  t h e  t r a n s i e n t  c a l c u l a t i o n s  and then  p e r -  

forms an i n t e g r a t i o n  Over time t o  d e t e r m i n e  t h e  t o t a l  amounts of e n t r o p y  

g e n e r a t e d  i n  t h e  material and f l u i d  d u r i n g  t h e  removal pe r iod .  In addi-  

t i o n ,  once t h e  removal t i m e  has been de te rmined ,  ENTROP calculates rhe 

t o t a l  e n t e r i n g  f l u i d  a v a i l a b i l i t y .  

A t  t h e  end of t h e s e  s t e p s ,  ENTROP has  g e n e r a t e d  a l l  t h e  i n f o r m a t i o n  

needed t o  c a l c u l a t e  a va lue  f o r  the f i g u r e  of merit. It t h e n  performs 

t h i s  c a l c u l a t i o n  and r e t u r n s  t h e  v a l u e  T O  t h e  LXG2 r o u t i n e .  



78 

From t h i s  d e s c r i p t i o n ,  it is clear t h a t  c a l c u l a t i n g  t h e  f l u i d -  

material t r a n s i e n t  t e m p e r a t u r e  r e s p o n s e  is one  of t h e  most c r i t i c a l  

o p e r a t i o n s  of t h e  e n t i r e  sequence. To accomplish t h i s ,  an i t e r a t i v e  

p rocedure  w a s  u t i 1  i zed  t o  so lve  the  coupled f l u i d - m a t e r i a l  e q u a t i o n s .  

T h i s  c o n s i s t e d  of making an i n i t i a l .  guess  of t h e  f l u i d  temperatures,  

t hen  us ing  them as c o n s t a n t s  i n  t h e  s o l u t i o n  of t h e  material c o n d u c t i o n  

equa t ion .  Once t h e  material t e m p e r a t u r e  d i s t r i b u t i o n  has been cal- 

c u l a t e d ,  t h o s e  t e m p e r a t u r e s  on t h e  c o n v e c t i v e  bouridary are d e s i g n a t e d  as  

wall t e m p e r a t u r e s  and used t o  s o l v e  t h e  f l u i d  t e m p e r a t u r e  d i f f e r e n t i a l  

equa t ion .  The € l u i d  t e m p e r a t u r e s  t h u s  c a l c u l a t e d  are then compared to 

t h e  p r e v i o u s  guessesc I f  t h e  d i f f e r e n c e  between the two is greater than  

a c e r t a i n  amount, t h e  mcst r e c e n t l y  c a l c u l a t e d  t e m p e r a t u r e s  becomes t h e  

n e x t  guess. The conduc t ion  e q u a t i o n  is then  s o l v e d  a g a i n  u s i n g  t h e s e  

v a l u e s .  Th i s  i t e r a t i v e  sequence c o n t i n u e s  u n t i l  t h e  convergence c r i -  

t e r i a  ( i . e . ,  d i f f e r e n c e  between s u c c e s s i v e  v a l u e s )  h a s  been r n e t  at which 

t i m e  the  r e s u l t i n g  f l u i d  and material  t e m p e r a t u r e s  are used i n  t h e  en- 

t r o p y  ger ierat  i o n  c a l c u l a t i o n s .  This sequence  is i l l u s t r a t e d  g r a p h i c a l L y  

i n  the f low diagram s h o r n  i n  F i g u r e  3.2. 

As can b e  seen,  t o  a c t u a l l y  e x e c u t e  t h e  above s t e p s  r e q u i r e s  

s e v e r a l  d i f f e r e n t  numer lcal  o p e r a t i o n s .  The most p rominen t  of t h e s e  

ar e : 

a. a s o l u t i o n  of t h e  f l u i d - m a t e r i a l  t r a n s i e n t  t e m p e r a t u r e  re- 

s p o n s e ;  t h a t  is t h e  coupled material conduc t ion  equa t ion  and t h e  f l u i d  

energy b a l a n c e ,  and 

b. t h e  one- and two-dimensional i n t e g r a t  tons.  
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A b r i e f  d i s c u s s i o n  of  t h e  s p e c i f i c  numer i ca l  t e c h n i q u e s  used t o  perform 

t h e s e  o p e r a t i o n s  f o l l o w s ,  

The material conduc t ion  e q u a t i o n s  were d i s c r e t i z e d  u s i n g  s t a n d a r d  

Tay lo r  series approx ima t ions  [52 ] ,  A f u l l y  i m p l i c i t  schems u s i n g  cen- 

t r a l  d i f f e r e n c i n g  for t h e  s p a t i a l  c o o r d i n a t e s  and backward d i f f e r e n c i n g  

f o r  t h e  t i m e  c o o r d i n a t e s  was d e f i n e d *  The programming was w r i t t e n  such  

that t he  number of nodes i n  each dimension was an i n p u t  v a r i a b l e .  This 

f l e x i b i l i t y  was n e c e s s a r y  because i t  w a s  not known ahead of time how 

f i n e  a g r i d  would be needed t o  give results a c c u r a t e  enough for  t h e  

o p t i m i z a t i o n  a lgo r i thm.  In o r d e r  to s o l v e  t h e  conduc t ion  e q u a t i o n s  

tinder these c i r c u m s t a n c e s  c e r t a i n  p r o c e d u r e s  had t o  k d e f i n e d .  These 

i n c l u d e d  : 

a, a means of g e n e r a t i n g  t h e  d i s c r e t i z e d  e q u a t i o n  set c o e f f i c i e n t  

m a t r i x  at  run time, and 

b. an e f f i c i e n t  a l g o r i t h m  f o r  s o l v i n g  c h i s  set of e q u a t i o n s .  

The ef f i c i e n t  a l g o r i t h m  was an e s p e c i a l l y  c r i t i c a l  r equ i r emen t  

s i n c e  very l a r g e  e q u a t i o n  sets a f t e n  r e s u l t  from d i s c r e t i z e d  conductfon 

e q u a t i o n s  and t h e y  can r e q u i r e  l a r g e  amounts of computer memory and 

e x e c u t i o n  t ine,  The spec i f ic  one used was a handed m a t r i x  package t aken  

from the p u b l i c  domain C O R L I B  l i b r a r y  [ 5 3 ] .  This  package c o n s i s t e d  o f  

two s u b r o u t i n e s ;  DGBFA and DGBSL. Working t o g e t h e r  t h e y  solve t h e  sys- 

t e m  o f  l i n e a r  e q u a t i o n s ,  A*X=B. A is the o r i g i n a l ,  sparse  c o e f f i c i e n t  

m a t r i x  having a banded c o n s t r u c t i o n .  DGBFA f a c t o r s  t h i s  banded m a t r i x  

u s i n g  a gaussiaw e l i m i n a t i o n  t echn ique .  Using these f a c t o r s ,  DGBSL Chen 

a c t u a l l y  s o l v e s  f o r  t h e  unknown material t empera tu res ,  The on ly  
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a d d i t i o n a l  programming r e q u i r e d  by t h i s  package was a method t o  read t h e  

non-zero elements  of t h e  o r i g i n a l  banded matrix, w i t h o u t  h a v i n g  

p r e v i o u s l y  d e f i n e d  a l l  of the o r i g i n a l  s p a r s e  matr ix .  The s t e p s  f o r  

accomplishing t h i s  as a f u n c t i o n  oE a v a r i a b l e  number of nodes are t o o  

i n v o l v e d  t o  be d e s c r i b e d  h e r e  bu t  are  d i s c u s s e d  a t  l e n g t h  i n  Appendix B.  

T h e  f l u i d  energy e q u a t i o n  was  t r e a t e d  as an i n i t i a l  v a l u e  problem 

and was s o l v e d  u s i n g  a f o u r t h - o r d e r  Runge-Kutta t e c h n i q u e  [ 54;) ._ Wall 

t e m p e r a t u r e s  were r e q u i r e d  t o  501Ve f o r  t h e  f l u i d  t e m p e r a t u r e s  and two 

s e p a r a t e  methods were programmed t o  s u p p l y  them, The f i r s t  was a 

second-order polynomial c u r v e  f i t  [ 551 of t h e  nodal  material temper- 

a t u r e s  at t h e  c o n v e c t i v e  boundary. R o u t i n e s  were w r i t t e n  t o  d e f i n e  t h e  

set of s i m u l t a n e o u s  e q u a t i o n s  as a f u n c t i o n  of t h e  number of nodes i n  

t h e  x d i r e c t i o n .  The r o u t i n e  t o  a c t u a l l y  s o l v e  f o r  t h e  unknown f l u i d  

t e m p e r a t u r e s  w a s  t a k e n  from t h e  CClRLIB l i b r a r y .  The second method of 

c a l c u l a t i n g  w a l l  t e m p e r a t u r e s ,  and t h e  one e v e n t u a l l y  s e l e c t e d  fo r  use, 

w a s  a second o r d e r  i n t e r p o l a t i o n  E521 of t h e  a p p r o p r i a t e  nodal  temper- 

a t u r e s ,  

The numer i ca l  t e c h n i q u e s  used to  perform t h e  one- and two-dimen- 

s i o n d  i n t e g r a t i o n s  were based on Simpson's  o n e - t h i r d  r u l e  [ 5 4 ]  and are 

q u i t e  s t r a i g h t f o r w a r d  except: t h a t  t hey  were modif ied to  u t i l i z e  f i n i t e  

v a l u e s  i n s t e a d  of  c o n t i n u o u s  f u n c t i o n s .  The o n l y  r e s t r i c t i o n  r e s u l t i n g  

f r o m  t h i s  m o d i f i c a t i o n  was t h a t  an (odd number of E i n i t e  v a l u e s  had to be 

used. A d e t a i l e d  d e s c r i p t i o n  of t h e  m o d i f i c a t i o n s  n e c e s s a r y  t o  i m -  

plement this p r o c e d u r e  is c o n t a i n e d  i n  Appendix C. 
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V e r i f i c a t i o n  of t h e  Numerical Model 

It was known from t h e  beg inn ing  of t h i s  s t u d y  t h a t  t h e r e  would be 

no p rev ious  r e s u l t s  t o  check t h e  a c c u r a c y  of t h e  ENTROP computer pro- 

gram. Consequen t ly ,  i t  w a s  c o n s t r u c t e d  i n  a manner t o  permit  v e r i f i c a -  

t i o n  of complete  b locks  of p r o g r a m i n g ,  i n d i v i d u a l  s u b r o u t i n e s  and some 

c r i t i c a l  i n d i v i d u a l  i n s t r u c t i o n  strings. The f o l l o w i n g  is a b r i e f  

b e s c r i p t f o n  of some of the s t e p s  t h a t  were t aken  t o  v e r i f y  the  accu racy  

of t h e  program. 

R o u t i n e s  t h a t  performed curve f i t s ,  i n t e g r a t i o n s ,  i n t e r p o l a t i o n s  

and s o l v e d  the i n i t i a l  va lue  problem were v e r i f i e d  by u s i n g  them t o  

so lve  example problems th known r e s u l t s .  Each of t h e s e  example 

problems were w r i t t e n  i n t o  a s e p a r a t e  c a l l i n g  program, t h e  d a t a  passed 

t o  t h e  a p p r o p r i a t e  s u b r o u t i n e  r e s i d e n t  i n  EN'IXOP, and t h e  r e s u l t s  

checked a g a i n s t  the known answer. Other  s u b r o u t i n e s  t h a t  could not be 

compared t o  k n o m  examples were v e r i f i e d  by comparison w i t h  hand cal- 

c u l a t i o n s .  Typ ica l  of these were t h e  r o u t i n e s  t o  c a l c u l a t e  sates of en- 

t r o p y  g e n e r a t i o n ,  c a l c u l a t e  t h e  average material t e m p e r a t u r e ,  t o  read 

t h e  banded m a t r i x  and load t h e  DGBFA working matrix, and t o  c a l c u l a t e  

t h e  d i s c r e t i z e d  c o e f f i c i e n t  and c o n s t a n t  ma t r ix .  

C e r t a i n  c r i t i c a l .  i n d i v i d u a l  l i n e s  of programming were v e r i f i e d  by 

c a u s i n g  ENTROP t o  WT t t e  out  i n t e r m e d l a t e  r e s u l t s .  T h i s  i n c l u d e d  t h o s e  

l i n e s  used t o  r o u t e  t h e  program e x e c u t i o n  w i t h i n  GCOMP, t r a n s f e r  d a t a  

arrays t o  s u b r o u t i n e s ,  d e f i n e  i n i t i a l  d a t a  a r rays ,  i n i t i a l i z e  temper- 

a ture  arrays between i t e r a t i o n s ,  and t o  swap t h e  material h o r i z o n t a l  

t emperacure  € i c l d  f o r  the  coun te r f low c o n f i g u r a t i o n .  



8 3  

Once key b locks  of programming wre c o n s t r u c t e d ,  t h e y  t o o  were 

v e r i f i e d  u s i n g  known example problems. Typ ica l  of t h e s e ,  was the sub- 

r o u t i n e  t o  perform t h e  t r a n s i e n t  t e m p e r a t u r e  r e sponse  of the  f l u i d -  

s t o r a g e  material. The o p e r a t i o n  of t h i s  i t e r a t i v e  sequence of i n s t r u c -  

t i o n s  was checked out  by f o r c i n g  i t  t o  d u p l i c a t e  a one-dimensiutial ,  

lumped element s t o r a g e  problem from Schmidt and Wil lmott  [ 21 ] .  The 

exact a n a l y t i c a l  s o l u t i o n  t o  this problem was programmed i n  a s e p a r a t e  

r o u t i n e  and i t s  r e s u l t s  compared t o  ENTROP's answer. A d e t a i l e d  summary 

of t h i s  comparison is c o n t a i n e d  i n  Appendix D. 

T h i s  same, c a r e f u l  v e r i f i c a t i o n  was r e p e a t e d  € o r  a l l  program ele- 

ments down th rough  t h e  f i n a l  c a l c u l a t i o n ,  t h e  f i g u r e  of merit. Once t h e  

e n t i r e  program was c o n s t r u c t e d ,  i t s ;  o p e r a t i o n  was compared t o  one par- 

t i c u l a r  Case €rom Krane ' s  well s t i i r r e d  b a t h  s t u d y  [ 4 6 ] .  To model t h i s  

one-dimensional ,  lumped element system, i t  was n e c e s s a r y  t o  f o r c e  ENTROP 

t o  o p e r a t e  well away from t h e  d e s i g n  C o n f i g u r a t i o n  i t  was ment t o  

model. Allowing f o r  this, t h e  agreement w i t h  Krane 's  r e s u l t  was ex- 

cel lent .  A more complete  d e s c r i p t i o n  of this exercise is a l s o  c o n t a i n e d  

i n  Appendix D. 

Once t h e  e n t i r e  ENTROP program had been c o n s t r u c t e d  and i t s  oper-  

a t i o n  v e r i f i e d ,  a series of s e n s i t i v i t y  runs were conducted t o  d e f i n e  

optimum e x e c u t i o n  parameters s u c h  as t e m p e r a t u r e  convergence c r i t e r i a  

and number of time i nc remen t s .  It was known t h a t  o p t i m i z a t i o n  s t u d i e s  

r e q u i r e d  more a c c u r a t e  models and t h e  test for  e s t a b l i s h i n g  some of 

t h e s e  pa rame te r s  w a s ,  t h e r e f o r e ,  t x i r  e f f e c t  on t h e  f i g u r e  of merit. 

It was during t h i s  series of  r u n s  t h a t  t h e  f o l l o w i n g  parameters w a s  de- 

f i n e d :  



a. The number o f  t i m e  i nc remen t s  vas chosen t o  be  59, 

b. a 9x9 nodal network was: e s t a b l i s h e d  f o r  t h e  s t o r a g e  material ,  

c. t h e  t e m p e r a t u r e  convergence c r i t e r i o n  f o r  t e r m i n a t i o n  of t h e  

f l u i d  t e m e p r a t u r e  i t e r a t i o n  w a s  set at 5.0 x 10-4, 

d. t h e  convergence c r i te r ia  for t e r m i n a t i o n  of material temper- 

a tu re  i t e r a t i o n s  w a s  set at O.OOlX, 

e. t h e  second-order polynomial  c u r v e  f i t  was more a c c u r a t e  than  a 

t h i r d - o r d e r  f i t ,  and 

f .  f i rs t -  and second-order i n t e r p o l a t i o n s  were shown t o  be mre 

a c c u r a t e  than  a second-order c u r v e  f i t .  

The o p e r a t i o n  of t h e  CRG2 progr  , and i t s  somewhat i nvo lved  d a t a  

input: fo rma t ,  was v e r i f i e d  by c a u s i n g  it to  s o l v e  a known, s i m p l e ,  t w o -  

d i m e n s i o n a l ,  u n c o n s t r a i n e d  o p t i m i z a t i o n  problem. The o p e r a t i o n  of t h e  

combined ENTROP, GRG2 model was e x m i n d  i n  some d e t a i l .  Although no 

a t t e m p t  was made t o  Learn the d e t a i l e d  o p e r a t i o n  of t h e  CRC a l g o r i t h m ,  

i ts  behavior  d u r i n g  a typical .  o p t i m i z a t i o n  sequence  w a s  s t u d i e d  t o  b u i l d  

c o n f i d e n c e  that c o r r e c t  answers were be ing  gene ra t ed .  I t  was d u r i n g  

t h e s e  e x p l o r a t o r y  ~ U R S  t h a t  i t  became e v i d e n t  t h a t  t h e  o p t i m i z a t i o n  var- 

i a b l e s  had t o  be s c a l e d .  S c a l i n g  is o f t e n  r e q u i r e d  f o r  o p t i m i z a t i o n  

s t u d i e s  and, i n  p a r t i c u l a r ,  is c r i t i c a l  t o  the s u c c e s s f u l  o p e r a t i o n  o f  

t h e  GRG2 r o u t i n e .  S c a l i n g  is a c c o a p l i s h e d  by r m l t  i p l y i n g  t h e  o b j e c t i v e  

f u n c t i o n  and t h e  o p t i m i z a t i o n  v a r i a b l e s  by a p p r o p r i a t e  c o n s t a n t s  so 

t h e i r  v a l u e s  w i t h i n  GRG2 have t h e  same o r d e r  of magnitude. The s c a l i n g  

is r e v e r s e d  w i t h i n  ENTXOP p r i o r  to  any c a l c u l a t i o n s .  The scaling re- 

quirement  e v e n t u a l l y  became something of a h i n d r a n c e  d u r i n g  t h e  

o p t i m i z a t i o n  s t u d i e s .  
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As p r e v i o u s l y  e x p l a i n e d ,  GRG2 r e q u i r e s  t h a t  r anges  and i n i t i a l  

v a l u e s  of the o p t i m i z a t i o n  v a r i a b l e s  be d e f i n e d  p r i o r  eo a run.  

De te rmin ing  t h e s e  r anges  was i t s e l f  an i n v o l v e d  p rocedure  because the 

behav io r  of t h e  op t imized  s u r f a c e  was unknown. The s c a l i n g  r equ i r emen t  ~ 

however, compl i ca t ed  the procedure  because i n  o r d e r  t o  a c c u r a t e l y  scale 

the problem, i t  was n e c e s s a r y  t o  somewhat res t r ic t  t h e  ranges. During 

the v e r i f i c a t i o n  p rocedure ,  a set of r a n g e s  were d e f i n e d  f o r  an uncon- 

s t r a i n e d  c o u n t e r f l o w  problem u s i n g  a nominal set of medium temperature 

d e s i g n  v a r i a b l e s .  Because these r anges  were necessarily small, they  

l i m i t e d  t h e  t y p e s  of d e s i g n  cases t h a t  cou ld  be op t imized  wi thou t  rede- 

f i n i n g  r anges  and r e s c a l i n g  the problem. The e f f e c t  of t h i s  r e s t r i c t i o n  

on t h e  r e s u l t s  of o p t i m i z a t i o n  s t u d y  i s  examined l a t e r  i n  S e c t i o n  4.  
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4 .  PRESENTATION AND ANALYSIS OF RESULTS 

D e s c r i p t i o n  of t h e  Study and Summary of R e s u l t s  

A t o t a d  of 36 d e s i g n  cases were opt imized using t h e  mathematical  

model and e x e c u t i o n  sequence d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n s .  T h i r t y  

of t h e s e  cases were u n c o n s t r a i n e d  o p t i m i z a t i o n s  d e a l i n g  wi th  both the  

c o u n t e r f l o w  and p a r a l l e l  f low c o n f i g u r a t i o n s .  S i x  c o n s t r a i n e d ,  

coun te r f low cases were a l s o  i n c l u d e d  as a s e n s i t i v i t y  s t u d y .  The uncon- 

s t r a i n e d  cases were d i s t r i b u t e d  as fo l lows :  

a. 24 f o r  a COunterflOW c o n f i g u r a t i o n  wi thou t  a dwell p e r i o d ,  and 

b. t h r e e  each f o r  a p a r a l l e l  f low c o n f i g u r a t i o n  w i t h  and w i t h o u t  a 

dwe l l  p e r i o d ,  

S i x  c o n s t r a i n e d  cases w i t h  two separate c o n s t r a i n t s  ( i .e. ,  on ly  one  

c o n s t r a i n t  a c t i v e  at a t ime)  were a l s o  i n c l u d e d -  These c o n s t r a i n t s ,  

which were imposed on t h e  coun te r f low c o n f i g u r a t i o n  withour: a dwel l  

p e r i o d ,  were : 

a *  t h e  d i m e n s i o n l e s s  storage u n i t  s i z e ,  NTU, was r e q u i r e d  t o  be 

t e n  o r  less, and 

b. t h e  s t o r a g e  per iod f i r s t  law e f f i c i e n c y  was r e q u i r e d  t o  be 0.90 

o r  g r e a t e r .  

Each of t h e  36 des ign  cases w a s  d e f i m d  by f i r s t  s p e c i f y i n g  values 

f o r  t h e  e i g h t  d e s i g n  v a r i a b l e s .  Because of the  o r i g i n a l  c h o i c e  of de- 

s i g n  v a r i a b l e s ,  i t  was p o s s i b l e  t o  permanent ly  f i x  t h e  v a l u e  af f o u r  of 

them wi thou t  compromising the  r igor  of t h e  problem. Ranges of v a l u e s  

were d e f i n e d  f o r  t h e  remaining f o u r  d e s i g n  v a r i a b l e s  as a f u n c t i o n  of 
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t h e  p a r t i c u l a r  c o n f i g u r a t i o n  o r  d e s i g n  b e i n g  a n a l y z e d .  Once a p a r t i c u l a r  

c o m b i n a t i o n  of e i g h t  d e s i g n  v a r i a b l e s  had been  s e l e c t e d ,  GRG2 would 

t reat  them as c o n s t a n t s  and  d e t e r m i n e  t h e  v a  

t i o n  v a r i a b l e s  which r e s u l t e d  i n  a minimum 

merit. The f o u r  d e s i g n  v a r i a b l e s  t h a t  were 

cases and t h e i r  v a l u e s  were: 

u e  o f  t h e  t h r e e  o p t i m i z a -  

v a l u e  f o r  t h e  f i g u r e  of 

h e l d  c o n s t a n t  f o r  a l l  36 

a. t h e  c o n s t a n t  C1, used  t o  d e f i n e  t h e  r a t i o  of  T t o  T d e f i n e d  
S r’ 

as  1.0, 

b. t h e  f l u i d  p r o p e r t y  r a t i o  RICp ,  d e f i n e d  as 0.2843 ( a i r ) ,  

c .  t h e  f l u i d  i n l e t  t e m p e r a t u r e  e x c e s s  f o r  t h e  removal  p e r i o d ,  

T f , i , r / T a ,  d e f i n e d  as 1.0, and  

d. t h e  f l u i d  P r a n d r l  number PI:, d e f i n e d  as 0.71 ( a i r ) .  

The c o u n t e r f l o w  c o n f i g u r a t i o n  d i t h o u t  a d w e l l  p e r i o d  is  one of t h e  

most  cumnon o p e r a t i n g  modes 1211 f o r  t h i s  t y p e  of s t o r a g e  s y s t e m  and was 

t h e r e f o r e  t h e  p r imary  f o c u s  of t h i s  s t u d y .  For  t h e  24 u n c o n s t r a i n e d  

cases d e a l i n g  w i t h  t h i s  d e s i g n ,  t h e  f o u r  design v a r i a b l e s  t h a t  were per -  

m i t t e d  t o  f l o a t  and t h e  v a l u e s  u t i l i z e d  f o r  t h i s  s t u d y  were: 

Tf , i , s / T m *  a. t h e  s t o r a g e  p e r i o d  f l u i d  . ; n l e t  t e m p e r a t u r e  e x c e s s ,  

and v a l u e s  of 2.0 and 3.0 were d e f i n e d ,  

b. the d i m e n s i o n l e s s  material a s p e c t  r a t i o ,  V’, and v a l u e s  of 0.01 

and  0.U5 were d e f i n e d ,  

c. t h e  s t o r a g e  p e r i o d  i n i t i a l  material  t e m p e r a t u r e  e x c e s s ,  

T m , O , s / T m ,  and v a l u e s  of 1.1 and 1.3  were d e f i n e d ,  and  

d. t h e  s t o r a g e  p e r i o d  d i m e n s i o n l e s s  mass v e l o c i t y ,  T and v a l u e s  
S ’  

of 0.005, 0.05, and 0 . 5  were d e f i n e d .  
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The r e s u l t s  of t h e s e  cases are summarized i n  t a b u l a r  form i n  T a b l e s  4.1 

t o  4 . 8 .  

The u n c o n s t r a i n e d  a n a l y s e s  of t h e  p a r a l l e l  flow c o n f i g u r a t i o n  were 

i n c l u d e d  i n  the study for  completeness .  The i n t e n t  w a s  t o  i n v e s t i g a t e  a 

sinall number of cases t o  per1113.t a comparison t o  t h e  c o u n t e r f l o w  conf ig -  

u r a t i o n  a t  some nominal o p e r a t i n g  p o i n t  ( i . e , ,  se t  of e i g h t  d e s i g n  v a r -  

i ab le s )  . Accord ing ly ,  on ly  one d e s i g n  v a r i a b l e ,  T ~ ,  w a s  v a r i e d  and 

valuer ;  of 0.005, 0.05, and 0.5 were used. The remaining three  d e s i g n  

v a r i a b l e s  t h a t  were u t i l i z e d  and t h e i r  v a l u e s  were: 

TmlO,s/Tm, which w a s  h e l d  c o n s t a n t  a t  1.1, 

Tp,i,s/Tm, which was h e l d  c a n s c a n t  a t  2.0, and 

V', which w a s  h e l d  c o n s t a n t  a t  0.01. 

a. 

b. 

c.  

The r e s u l t i n g  s i x  cases ( t h r e e  runs f o r  each of two ope ra t ing  modes) 

were execu ted  and the r e s u l t s  are summarized i n  T a b l e s  4.9 and 4.10. 

The two c o n s t r a i n e d ,  c o u n t e r f l o w  eases were i n c l u d e d  t o  d e f i n e  t h e  

s e n s i t i v i t y  of the f i g u r e  of wr i t  t o  c o n s t r a i n t s  on the  d e s i g n  and 

operation of a nominal system, These runs were execu ted  with the same 

s e t  of d e s i g n  v a r i a b l e s  as t h e  p a r a l l e l  f low cases and t h e  r e s u l t s  are 

summarized i n  T a b l e s  4.11 and 4.12, 

A n a l y s i s  of the R e s u l t s  

The a n a l y s i s  of t h e  o p t i m i z a t i o n  results will begin w i t h  a ser ies  

of b r i e f  e x p l a n a t i o n s  of: t h e  e f f e c t s  that changes i n  t h e  o p t i m i z a t i o n  

and d e s i g n  v a r i a b l e s  have on t h e  performance of a t y p i c a l  s t o r a g e  s y s -  

tem. Presen t ' i ng  t h i s  i n f o r m a t i o n  f i r s t  w i l l  f a c i l i t a t e  u n d e r s t a n d i n g  

t h e  detailed a n a l y s e s  which f o l l o w .  
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Table 4 - 1 .  Optimization results for unconstrained, 
counterflow design cases for inlet fluid 

temperature excess  of 2.0, material 
aspect ratio of 0.01, and initial 
material temperhture excess of 1.1 

Storage period dimensionless 
Variable mass velocity term 

T = 0.005 ^cS = 0.05 rs  = 0.5 S 

Nc 
NTU 

Gi 
S 

FuS 

B i  

x 
'f ,i ,SIP, 

rls 

'A0 ,s 
Y 

At3 ,s 
Sgen 

% Sgen 
m, 5 

m , s  

Sgenf ,s 
% Sgenf 

Sgen 
e , s  

% Sgen 

C Sgen 

9 

e , s  

5 

' f , i , d  / P  

''*e , r  
Y 

A 8  ,r 
Sgen 

X Sgen 

'genf, r 
% Sgenf L^ 

C Sgen 

m, r 

m, r 

9 

r 

0.216 

52.47 

0,106 

4.199 

4.951 

0.004 

1.002 

0.425 

12.16 

0.023 

1 .(I36 

55.70 

0.602 

32.30 

0.223 

12.00 

1.861 

1,002 

0.0 

0.029 

0.427 

58.90 

0.298 

41.10 

0.725 

0.379 

36.50 

0.084 

4.97 

4.33 

0.234 

1.129 

0.584 

18.09 

2.029 

1.37 

47.70 

0 900 

31.40 

0.600 

20.90 

2.868 

1.091 

0.0 

2.199 

0.751 

55.40 

0.605 

44.60 

1.356 

0.797 

23.44 

0.064 

5.67 

3.68 

2.387 

3.59 

0.759 

27.30 

32.36 

1.77 

30 *80 

1.35 

23.50 

2.63 

45.70 

5.76 

2.834 

0.0 

32.80 

1.37 

50 .30 

1.35 

49.70 

2.727 
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Table 4.2.  Optimization r e s u l t s  f o r  u n c o n s t r a i n e d ,  
c o u n t e r f l o w  des ign  cases f o r  i n l e t  f l u i d  

temperature excess of 2.0, material 
aspect r a t i o  of 0.01, and i n i t i a l  

material t e m p e r a t u r e  excess of 1.3 

Variable  

S t o r a g e  p e r i o d  dimensionless 
mass ve lac . i ty  t e r m  

T = 0.005 I- = 0.05 r = 0.5 
S s S 

NC 0.254 0.383 0.777 

NTU 57.11 31.34 28.85 

c f 
S 

0.1 14 0.087 0.044 

FoS 3.698 4.67 4.73 

Bf 4.992 3.60 3.59 

x 0.004 0.141 2 .15  

'f p i ,  sipa 1.002 1.112 3.92 

lf.'*9 ,S 

0 .359  0.537 0.577 

9.92 16.44 18.09 

0 .O% 1 1.519 22.91 

n s  

* A 8  , s  
S g 9 l , s  0.464 0.640 0.696 

2 Sgen 23.60 18.40 11.50 m9s 
S k W f  0.277 0.523 0.571 

X Sgenf  14 10 15.0 14.40 

Sgen 1.22 2.32 2.71 
* 

e9s 
x Sgen 62.20 66.60 68.10 

C Sgen 1.96 3.482 3.97 
e95 

s 
'f ,i ,d/Pm 1.002 1.080 3 " 068 

0.0 0 .o 0.0 'Ai3 ,r 
B 0.015 1.024 16.00 A B  ,r 
Sgenm, IC 0.307 0.587 0.685 

% Sgen,n,r 58.40 49.90 49.60 

% Sge?nf 41.60 50.10 50.30 

Sgen 0.2 19 0.589 0.694 f , r  

9 

C Sgen 0.526 1.17b 1.379 r 



T a b l e  4.3. O p t i m i z a t i o n  resul ts  f o r  u n c o n s t r a i n e d ,  
c o u n t e r f l o w  d e s i g n  cases f o r  i n l e t  f l u i d  

t e m p e r a t u r e  excess of 2.0, material 
aspect ra t io  of 0 . 0 5 ,  and i n i t i a l  
material t e m p e r a t u r e  excess of 1.1 

S to rage  p e r i o d  d i m e n s i o n l e s s  
mzss v e l o c i t y  term 

T = 0.005 T = 0.05 T = 0.5 

V a r i a b l e  

s s s 

N C  

C+ 

Fos 

NTU 

S 

B i  

A 

' f , i , s  /I? oo 

A0 ,s Y 

'AB , s  

X Sgen 

%enn, 

Sgenf ,  

m , s  

% Sgenf  

Sgen  
e 9s 

2 
C Sgen 

'f , i , d / p ,  

9 ~ 0  , r  

'AB , r  
Sgen  

% Sgen 

Sgen 

9 

S 

m, r 

m , r  

f ,r 
x S W Q r  

C Sgen 
r 

0.389 

20.34 

0.165 

1 e648 

6.156 

0.002 

1.001 

0.478 

3.062 

0 .0u2 

0.453 

57.30 

0.201 

25.40 

0.137 

17.30 

0.791 

l .O(J2 

0.0 

0 .0O3 

0.255 

64.10 

0.143 

35.90 

0 . 3 9 8  

0.470 

18.65 

0.158 

1.90 

5.91 

0.140 

1.069 

0.550 

3.5Y 

0.230 

0.498 

52.80 

0.229 

23.80 

0.234 

24.30 

0.962 

I .Ob9 

0 e 0 

0.289 

0.313 

h2.8(J 

0.186 

37.20 

0.499 

0.823 

9.14 

0.121 

2.51 

3.77 

1.75 

2.47 

0.732 

6.34 

5 .31  

0.605 

26.81) 

0.416 

18.50 

1.23 

54.70 

2.254 

2.04 

0 . 0 

5.7h 

0.498 

49.40 

0.51 I 

50.60 

1.009 
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T a b l e  4.4.  O p t i m i z a t i o n  r e s u l t s  f o r  u n c o n s t r a i n e d ,  
counterflow d e s i g n  cases f o r  i n l e t .  f l u i d  

t e m p e r a t u r e  excess of 2.0, material 
a s p e c t  ratio of 0.05, and i n i t i a l  

material t e m p e r a t u r e  excess of 1.3 

Vasi a b l e  

S t o r a g e  period d i m e n s i o n l e s s  
mass velocity term 

f =. 0.005 T = 0.05 r = 0.5 
S S S 

* c  0.395 0.462 0.812 

N T U  19.67 19.29 11.46 

G; 0" 158 0.168 0.154 

Fos 0.875 0.811 0.50 

B i  5.854 5.74 3.73 

x 0.001 0.121 1.97 

'f ,i , S I P m  1 .00z 1.072 2.69 

0.271 0.253 0.169 

1.598 1.48 1.000 'A0 , s  

Y 0.001 0.095 0.918 A @  ,s 

ns 

Sg=b,,s 0.155 0.146 0.098 

% Sgenmss 34 * 70 35.10 31.60 

Sgen 0.07'6 0.077 0.082 
9s  

% Sgenf 17.70 18.30 26.20 
9 

Sgen 0.212 0.195 0.131 

% Sgen 47.60 46.60 42.20 

c Sgen 0./+46 0.418 0.311 

@ , S  

e , §  

S 

' f , i , d  / P  l.O(J2 1.051 2 e 2 0  

y A B  ,r 

%en,, 1- 0.073 0.069 0.070 

0.0 0.0 0 . 0 

0.001 0.084 1.05 
A 3  *r Y 

'genin, r 0.110 0.101 0.061 
% S g e n  60.10 59.40 46 .50  

m,r 

% S g s n  39.90 40.60 53.50 
f , r  

r C Sgen 0.184 0.170 0.131 
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T a b l e  4.5.  O p t i m i z a t i o n  r e s u l t s  f o r  u n c o n s t r a i n e d ,  
c o u n t e r f l o w  d e s i g n  cases f o r  i n l e t  f l u i d  

t e m p e r a t u r e  excess of 3.0, material 
a s p e c t  r a t i o  of 0.01, and i n i t i a l  

material t e m p e r a t u r e  excess  of 1.1 

S t o r a p  p e r i o d  d i m e n s i o n l e s s  
mss velocity term Variable 

T = 0.005 T = 0.05 TS = 0.5 
S S 

Nc 0.200 0.295 0.640 

NTU 
+ 

cS 

SO e89 39.22 28.43 

1.104 0.087 0.072 

FoS 4.24 4.89 5.37 

Bi 4-89 4.50 3.95 

x 0.002 0.125 0.109 

pf ,i , S / L  1.003 1.196 4.65 

Os 

'&e ,s 

0.438 0.562 0.686 

36.77 50.50 67.25 

0.035 2.85 32.60 'Ai3 ,s  
3.17 3.89 4.66 

% Sgen 61.30 54.90 42.20 
m 7 s  

Sgenf ,s 0.170 2.27 3.05 

32.10 27.70 X Sgenf 32.80 

Sgen 0.306 0.926 3.32 

X Sgen 5.90 13.10 30.1U 

C Sgen 5.1b7 7.094 11,03  

' f , i , d  / P  w 1.002 1.113 3.11 

0.0 0.0 0.0 'AB , r  
0.467 3.47 40.95 

'AB ,r 
Sgen n, r 1.22 1 .88 2.83 

2 %en,n,r  5H .oo 55.60 51.60 

8 

e 9s 

e ,s  

S 

Sgenf ,  r 0.886 1.50 2.66 

X Sgenf 42 .OO 44.40 48.40 
Y 

E Sgen 2.109 3.37 5.49 r 
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T a b l e  4.6. O p t i m i z a t i o n  r e s u l t s  f o r  u n c o n s t r a i n e d ,  
e o u n t e r f  low d e s i g n  cases f o r  i n l e t  f l u i d  

t e m p e r a t u r e  excess of 3.0, material 
aspect r a t i o  of 0.01, and i n i t i a l  
material t e m p e r a t u r e  Q X C ~ S S  of 1.3 

Storage per iod  d i m e n s i o n l e s s  
mass v e l o c i t y  t e r m  V a r i a b l e  

P = 0.005 T I- 0.05 T = 0 - 5  
8 S S 

0.192 

52.37 

0.107 

4.01 

4 . am 
0.002 

1.003 

0.404 

33.72 

0.033 

2.0.3 

43.30 

1.14 

24.30 

1.52 

32.40 

4.693 

1.002 

0.0 

0.029 

1 .00 

57.90 

0.728 

4 2  - 10 

1.730 

0.280 

45.26 

0.098 

4.31 

4.60 

0. I17 

1.221 

0.46U 

39.49 

2.49 

2.25 

40 .a0 

1.34 

24 e 20 

1.93 

35 .OO 

5.527 

1.128 

0.0 

2.13 

1.25 

56.30 

0.968 

43.70 

2.22  

0.608 

29.58 

0.074 

5.25 

3.99 

0.917 

4 - 7 3  

0.663 

63.88 

31.31 

3.1 1 

28 “30 

2.09 

19.10 

5.76 

52.60 

10.95 

3.15 

0.0 

27.29 

2 . 5 2  

5 1 .kO 

2.38 

48 -60 

4.91 
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T a b l e  4.7. O p t i m i z a t i o n  r e s u l t s  f o r  u n c o n s t r a i n e d ,  
counterflow d e s i g n  cases f o r  i n l e t  f l u i d  

t e m p e r a t u r e  e x c e s s  of 3.0, material 
a s p e c t  ratio of 0.05, and initial 

material  t e m p e r a t u r e  e x c e s s  of 1.1 

S t o r a g e  p e r i o d  d i m e n s i o n l e s s  
mass velocity term V a r i a b l e  

T = 0.005 T = 0.05 1 = 0.5 
S S S 

0.350 

22.41 

0.168 

2.24 

6.671 

0.001 

1.001 

0.6U2 

12.04 

0.005 

1.50 

53.90 

0.548 

19.70 

0.732 

26.40 

2.776 

I .002 

0.0 

0.006 

0 .936  

65.00 

0.505 

35 .00 

0.144 

0.407 

20.40 

0.162 

1.95 

6.31 

0.078 

1.110 

0.554 

10.88 

0.357 

1.46 

56 -80 

0.561 

21.80 

0.552 

21  .SO 

2.575 

1 .Oh4 

0.0 

0.486 

0.860 

63.60 

0.492 

36.40 

1.35 

0.695 

14.70 

0.143 

2.28 

5.13 

0.950 

3.50 

0.656 

14.37 

5.68 

1.62 

41.90 

0.747 

19.30 

1.50 

35.80 

3.87 

2.44 

0.0 

7.96 

1.11 

57 10 

0.831 

42.90 

1.938 
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T a b l e  4.8.  O p t i m i z a t i o n  r e s u l t s  f o r  u n c o n s t r a i n e d ,  
c o u n t e r f l o w  d e s i g n  cases €o r  i n l e t  f l u i d  

t e m p e r a t u r e  e x c e s s  o f  3.0, mater ia l  
a s p e c t  ratio of 0.05, and i n i t i a l  

material temperature excess of 1.3 

S t o r a g e  p e r i o d  d i m e n s i o n l e s s  
mass v e l o c i t y  term 

Var iab le  
-I___ 

T = 0.005 T = 0.05 f = 0.5 
-- S S S 

0.344 

20.99 

0 . l b 7  

1.40 

6.304 

0.001 

1.001 

0.416 

7.57 

0.003 

0,843 

49.40 

0.34 1 

20.00 

0.523 

30.60 

1.707 

1.002 

0.0 

0 .u03 

0,563 

63.10 

0.330 

36.90 

0.8’32 

0.387 

2 1  .OY 

u. 168 

1.30 

6.27 

0.069 

1.111 

0.388 

6.98 

0.235 

0.807 

50.90 

0.327 

20.70 

0.540 

28.40 

1.58 

1.065 

0.0 

0.245 

0.517 

63.00 

u.303 

36.90 

0.82c) 

0.660 

14.52 

0 .143 

1.95 

5 .OY 

0.780 

3.49 

0.590 

12.32 

4.85 

1.07 

33.10 

0.521 

16.10 

1.63 

50.70 

3.22 

2.44 

0 . 0 

4.76 

0.917 

56.10 

0.7 19 

43 (I 90 

1.63 
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T a b l e  4.9. Optimization r e s u l t s  fo r  unconstrained, 
p a r a l l e l  flow d e s i g n  cases without a dwell p e r i o d  

Storage p e r i o d  d i m e n s i o n l e s s  
mass velocity term 

Variable  

T = 0.005 T = 0.05 T = 0.5 
S S S 

0.313 

41.140 

0.087 

5.108 

4.750 

0.004 

1.001 

0.586 

18.102 

0.027 

1.356 

0.490 

0.823 

0.30 

0.585 

0.210 

2.764 

1.001 

0.0 

0 .(I380 

1.580 

0.550 

1.280 

0.440 

2.850 

0.4438 

30.84 

0.072 

5.588 

4.280 

0.207 

1.111 

0.706 

23.820 

2.313 

1.631 

0.380 

1.090 

0.254 

1 e 5 5 0  

0 .363  

4.267 

1.078 

0.0 

2.6 10 

1.870 

0.520 

1.700 

0.476 

3.570 

0.815 

2 1.02 

0.055 

6.155 

3.795 

2.237 

3.435 

0.843 

34.100 

38.98 

1.980 

9 . 2 2 0  

1.460 

0.160 

5.580 

0.618 

9.032 

2.720 

0.0 

37.290 

2.280 

0.490 

2.390 

0.51 

4.477 



Table 4.10. Optimization r e su l t s  f o r  unconstrained, 
parallel flow d e s i g n  cases wi&h a dwell p e r i o d  

S t orage p e r i o d  d i mens i on 1 e s s 
mass velocity term Variable 

T = 0.005 T -.. 0.05 T = 0.5 
s s S 

0.301 

37.130 

0.080 

5.320 

6833 .U 

4.617 

0 003 

1.002 

0.636 

2u. 30u 

0.028 

1.470 

0.340 

0.9170 

0.220 

0.857 

0.210 

0.843 

0.206 

1.001 

0.0 

0.032 

1.100 

0.550 

0.881 

0.445 

1.98s 

0.427 

30. 950 

0.073 

5.530 

6530 .O 

4.260 

0.202 

1.111 

0.698 

23.410 

2.28 

1.610 

0.339 

1.O80 

0.226 

0.1460 

0.305 

0.619 

0 -130 

1.078 

0.0 

2.440 

1.330 

0.53 

1.170 

0.468 

2 I 505 

0.810 

22 e 150 

0.059 

5.930 

6170.0 

3.738 

2.341 

3.511 

0.805 

30.690 

35.71 

1.880 

0.250 

1.410 

0.188 

3.950 

0.524 

0.280 

0.372 

2.776 

0.0 

36.120 

1.800 

0.49 

1.850 

0.507 

3.650 



99 

Table  4.11. Optimizat ion r e s u l t s  f o r  cases where 
the s t o r a g e  sys t em NTU was c o n s t r a i n e d  

to a value of 10.0 o r  less 

Storage  p e r i o d  dimensionless  
mass v e l o c i t y  term 

1 V a r i a b l e  

= 0.05 T = 0.5 
TS S 

= 0.005 
T S  

N C  

NTU 

G: 

F's 
B i  

x 
' i , i ,s  / P  QD 

yAO ,s 

O s  

'Ai3,5 
Sgen 

% Sgen 
m,s 

m , s  
Sgenf 

% Sgenf 

e , s  Sgen 

% 

C Sgens 

' f , i ,d/ '= 

'AEI ,r 

l Y A B , r  
Sgen 

% Sgen 

Sgenf, r 
% Sgenf 

C Sgen r 

9 

m,r 

m , r  

9 

0.354 

10 .00 

0.100 

6.209 

1,000 

0.001 

1 .ooo 
0.571 

19.050 

0.007 

0.930 

0 2 1 7  

2.320 

0.542 

1.029 

0.240 

4.281 

1 .ooo 
0 .o 
0 e 008 

0.539 

0.220 

1.916 

0.780 

2.445 

0.442 

10 .oo 
0.060 

6.336 

1.673 

0.064 

1.038 

0 .796  

32.520 

1 .133  

1.609 

0.169 

2.501 

0.263 

5.396 

0.567 

9.507 

1.027 

0.0 

0.950 

1.337 

0 .303 

3.068 

0.697 

4.404 

0.809 

10 .oo 
0.043 

4.336 

2.300 

1,521 

2.554 

0.897 

44.969 

39.070 

2.088 

0.119 

2.400 

0 . 1 3 7  

13.001 

0.743 

17.490 

2.099 

0.0 

29.340 

2.110 

0.364 

3.687 

0.636 

5.797 
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T a b l e  4.12.  Optimization results for 
cases where storage period f i r s t  
law efficiency was c o n s t r a i n e d  
t o  a value o f  0.90 o r  greater 

Storage p e r i o d  d i m e n s i o n l e s s  
mass velocity term Variable  

T = 0.005 T = 0.05 T = 0.5 s S S 

0.315 

51.947 

0.813 

10.00 

6.388 

0.003 

1.002 

0.899 

37.734 

0.072 

1.521 

0.176 

0.759 

0.082 

6.845 

0.742 

9.225 

1.001 

0.0 

0.048 

1.640 

0.636 

0.938 

0.364 

2.579 

0.437 

3 1.426 

0.08102 

10.00 

3 -879 

0.166 

1. I12 

0.900 

37.872 

3,738 

1.576 

0.159 

1.167 

0.118 

1.167 

0.724 

9.923 

1.079 

0.0 

2.549 

1.587 

0.514 

1.439 

0.486 

3.056 

0.809 

18.820 

0.0484 

6.525 

3.886 

1.946 

3.282 

0. 900 

4 1.341 

45.519 

2.161 

0.158 

1.554 

0.144 

9.960 

0.728 

13.674 

2.614 

0.0 

3s. 947 

2.270 

r) .503 

2.203 

0.497 

4.433 
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The s p e c i f i c  e f f e c t s  t h a t  change i n  t h e  o p t i m i z a t i o n  v a r i a b l e s  have 

on t h e  e n t r o p y  g e n e r a t i o n  c h a r a c t e r i s t i c s  of a s t o r a g e  s y s t e m  a r e  a 

compl i ca t ed  f u n c t i o n s  of t h e  e i g h t  d e s i g n  v a r i a b l e s .  Accord ing ly ,  i t  i s  

n e i t h e r  pract ical  nor  p o s s i b l e  t o  d e s c r i b e  a l l  of t h e s e  complex i n t e r -  

a c t i o n s  i n  d e t a i l .  A g r e a t e r  u n d e r s t a n d i n g  of t h e  p h y s i c s  of t h e  

problem can be g a i n e d  by d e f i n i n g  I n d i v i d u a l  q u a l i t a t i v e  e f f e c t s  ( i * e - ,  

t h e  e f f e c t  of changing one v a r i a b l e  a t  a t i m e  w i t h  a l l  o t h e r  v a r i a b l e s  

f i x e d )  h e r e  and then  d i s c u s s i n g  combined e f f e c t s  in c o n j u n c t i o n  w i t h  

s p e c i f i c  results.  Because t h e  miniinurn v a l u e  of an  u n c o n s t r a i n e d  optirni- 

z a r i o n  o c c u r s  where t h e  p a r t i a l  d e r i v a t i v e s  of t h e  o b j e c t i v e  f u n c t i o n  

w i r h  respect t o  t h e  o p t i m i z a t i o n  v a r i a b l e s  are  equal t o  z e r o ,  i t  i s  ap- 

p r o p r i a t e  t o  d e f i n e  c a u s e  and e f f e c t  i n  t h i s  way. The most e x p e d i t i o u s  

means of e x p l a i n i n g  t h e s e  effects  i s  t o  e x p l o r e  how t h e y  i n f l u e n c e  the 

terms i n  t h e  f i g u r e  of merit d u r i n g  a t y p i c a l  s t o r a g e  p e r i o d .  These 

bu t  because  N i s  by d e f i n i t i o n  always one,  terms are A ,  NAP,  and N 

i t  i s  on ly  n e c e s s a r y  t o  a d d r e s s  t n e  A and N terms. As a n  a i d  t o  

u n d e r s t a n d i n g  t h e  f o l l o w i n g  e x p l a n a t i o n s ,  ma themat i ca l  and v e r b a l  

d e s c r i p t i o n s  of t he  major d i m e n s i o n l e s s  v a r i a b l e s  used i n  t h i s  s t u d y  are 

summarized i n  T a b l e  4.13. 

AT’ A P  

AT 

The nos t  s t r a i g h t f o r w a r d  i n f l u e n c e  t o  e x p l a i n  i s  t h e  e f f e c t  t h a t  an 

i n c r e a s e  i n  s torage  time, FoS, h a s  on t h e  a v a i l a b i l i t y  d i s t r i b u t i o n  

r a t i o ,  A .  Q u a l i t a t i v e l y ,  t h e  longer t h e  s to rage  p e r i o d  t h e  more t o t a l  

p r e s s u r e  a v a i l a b i l i t y  and t h e r m a l  a v a i l a b i l i t y  enters t h e  c o n t r o l  

volume. However, t h e  magnitude and t i n e  dependent behav io r  of t h e w  t w o  

q u a n t i t i e s ,  and t h e r e E o r e  t h e  v a l u e  and  b e h a v i o r  of t h e i r  r a t i o  A ,  i s  a 
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Table 4.13. P h y s i c a l  i n t e r p r e t a t i o n  of t h e  major d i m e n s i o n l e s s  
v a r i a b l e s  used t o  d e s c r i b e  t h e  e n t r o p y  g e n e r a t i o n  

c h a r a c t e r i s t i c s  of a s e n s i b l e  heat the rma l  
energy s t o r a g e  system 

- 

Variable D e f i n i t i o n  Verba l  d e s c r i p t i o n  

W - 
L V" 

hw 
_I Bi 

PO 
art 
7- 

G' 

f i c p  

G + R i  - NTU 
V+ 

R a t  i o  of s t o r  age mater i a1 h a 1  f -- t hi cknes s 
t o  i t s  l e n g t h .  

Ratio of f l u i d  h e a t  t r a n s f e r  c o e f f i c i e n t  
t o  t h e  unit conduc tance  of t h e  s t o r a g e  
material over  t h e  c h a r a c t e r i s t i c  dimension 
W. 

Dimens ion le s s  t i m e .  A r a t i o  of t h e  rate 
of h e a t  conduc t ion  a c r o s s  FJ t o  t h e  ra te  of 
h e a t  s t o r a g e  w i t h i n  w3. 

Dimens ion le s s  mass f low p e r  u n i t  w id th  
i n t o  t h e  paper .  When used i n  c o n j u n c t i o n  ' 

w i t h  T, it r e p r e s e n t s  t h e  h a l f - h e i g h t  of 
t h e  flow channel .  

D imens ion le s s  s i z e  of t h e  s torage.  u n i t  

PhhL 

Equa t ion  (2.27a) Ratio of the t o t a l  a v a i l a b i l i t y  d e s t r o y e d  
d u r i n g  some e l a p s e d  t i m e  t o  t h e  t o t a l  
a v a i l a b i l i t y  t h a t  e n t e r e d  t h e  s t o r a g e  
system d u r i n g  t h a t  t ine .  

% 

x 

NAP 

Equa t ion  ( 2 . 4 3 )  R a t i s  of t h e  p r e s s u r e  a v a i l a b i l i t y  t o  
thermal a v a i l a b i l i t y  t h a t  e n t e r s  t h e  
s t o r a g e  s y s t e m  d u r i n g  some e l a p s e d  t i n e .  

R a t i o  of p r e s s u r e  a v a i l a b i l i t y  d e s t r o y e d  
d u r i n g  some e l a p s e d  t i m e  t o  t h e  t o t a l  
pressure a v a i l a b i l i t y  that e n t e r e d  t h e  
s t o r a g e  system d u r i n g  t h a t  time. For  
t h i s  s t u d y ,  always has  t h e  v a l u e  one ( 1 ) .  

E q u a t i o n  (2.51) Ratio of the rma l  a v a i l a b i l i t y  d e s t r o y e d  
d u r i n g  some e l a p s e d  t i m e  t o  t h e  t o t a l  
thermal  a v a i l a b i l i t y  t h a t  e n t e r e d  t h e  
s t o r a g e  system d u r i n g  t h a t  t ine.  

NAT 
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s t r o n g  f u n c t i o n  of t h e  o t h e r  o p t i m i z a t i o n  v a r i a b l e s  and  t h e  e i g h t  d e s i g n  

v a r i a b l e s .  For example ,  t h e  i n l e t  p r e s s u r e  a v a i l a b i l i t y  i n c r e a s e s  f o r  

+ 
S S 

i n c r e a s i n g  T and  Tf , i , s /Tw b u t  g e t s  smaller f o r  d e c r e a s e s  i n  G and  

i n c r e a s e s  i n  V+. If a l l  o rhe r  v a r i a b l e s  are h e l d  c o n s t a n t ,  a larger  

v a l u e  of T~ t r a n s l a t e s  i n t o  a g r e a t e r  f l u i d  v e l o c i t y  and t h e r e f o r e  a 

larger p r e s s u r e  d rop .  To overcome t h e s e  i n c r e a s e d  v i s c o u s  e f f e c t s  t h e  

f l u i d  i n l e t  p r e s s u r e  must be i n c r e a s e d  and t h i s  r e s u l t s  i n  a g r e a t e r  

amount of p r e s s u r e  a v a i l a b i l i t y  e n t e r i n g  t h e  c o n t r o l  volume. A 11 

increase i n  T f  , i ,s /TaD fo r  a f i x e d  v a l u e  of T c a u s e s  a d e c r e a s e  i n  t h e  

f l u i d  d e n s i t y  and  t h e r e f o r e  (by 2.70) r e q u i r e s  a n  i n c r e a s e d  i n l e t  

pressure.  A d e c r e a s e d  v a l u e  of G s  (all o t h e r  v a r i a b l e s  c o n s t a n t )  

p h y s i c a l l y  c o r r e s p o n d s  t o  a l a r g e r  f l o w  c h a n n e l  d i a m e t e r  and t h e r e f  o r e  

s’ 

4- 

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

t h e r e f o r e  less e n t e r i n g  a v a i l a b i l i c y .  An i n c r e a s e  i n  V r e s u l t s  i n  a 
+ 

s h o r t e r  f l o w  c h a n n e l  l e n g t h  and : h e r e f o r e  less p r e s s u r e  d rop ;  again 

a l l o w i n g  a lower f l u i d  i n l e t  p r e s s u r e .  Changes i n  t h e  o p t i m i z a t i o n  

v a r i a b l e  B i ,  can  a l so  e f f e c t  t h e  amount of e n t e r i n g  p r e s s u r e  a v a i l -  

a b i l i t y  d u r i n g  t h e  s t o r a g e  p e r i o d .  This term was i n t r o d u c e d  d u r i n g  t h e  

n o n - d i n e n s i o n a l i z a t i o n  of t h e  f r i c t i o n  f a c t o r  i n  t h e  p r e s s u r e  d r o p  

e q u a t i o n .  A c c o r d i n g l y ,  r e d u c t i o n s  :In i t s  v a l u e ,  all o t h e r  v a r i a b l e s  t h e  

same, c o r r e s p o n d s  t o  r educed  v i s c o u s  e f f e c t s  and a lower i n l e t  pressure 

r e q u i r e m e n t .  The e n t e r i n g  t h e r m a l  a v a i l a b i l i t y  i s  a l s o  i n f l u e n c e d  by 

changes  i n  t h e  d e s i g n  v a r i a b l e s .  

greater  amount of  e n t e r i n g  t h e r m a l  a v a i l a b i l i t y .  F o r  a f i x e d  T a 

d e c r e a s e d  v a l u e  o€ G ( i .e.,  a l a r g e r  f l o w  c h a n n e l  d i a m e t e r )  r e s u l t s  i n  

An i n c r e a s e d  T f , i , s  / T  (D r e s u l t s  i n  

s 
+ 
S 



in~r-e t o t a l  f l u i d  e n t e r i n g  t h e  c o n t r o l  volume and t h e r e f o r e  more e n t e r i n g  

t h e r m a l  a v a i l a b i l i t y .  

The r e n d e r  will reca l l  t h a t  t h e  N term is  a r a t i o  of t h e  t h e r m a l  

a v a i l a b i l i t y  d e s t r o y e d  t o  t h e  t o t a l  t h e r m a l  a v a i l a b i l i t y  t h a t  e n t e r e d  

t h e  sys t em d u r i n g  some t i m e  i n t e r v a l .  For a g i v e n  set of o p t i m i z a t i o n  

and d e s i g n  v a r i a b l e s ,  t h e  total a v a i l a b i l i t y  t h a t  e n t e r s  t h e  s y s t e m  in -  

creases l i n e a r l y  w i t h  t i m e ,  However, t h e  v a l u e  and t i n e  dependent  he- 

h a v i o r  of t h e  r a t i o ,  and t h e r e f o r e  t h e  v a l u e  of t h e  f t g u r e  of merit ,  N c ,  

depends  on how much t h e r m a l  a v a i l a b i l i t y  i s  d e s t r o y e d .  Quite under- 

s t a n d a b l y ,  t h i s  d e s t r u c t i o n  and i t s  t i m e  dependen t  b e h a v i o r  are  de- 

pendent  on t h e  value. of t h e  o p t i m i z a t i o n  and d e s i g n  v a r i a b l e s .  To h e g i n  

t h e  e x p l a n a t i o n  of t h e s e  i n t e r a c t i o n s  we w i l l  examine  t h e  e f f e c t  of  an 

i n c r e a s i n g  s t o r a g e  t i m e  on N 

AT 

AT" 

The d i s t r i b u t i o n  of t h e  d e s t r u c t i o n  o f  a v a i l a b i l i t y  among t h e  v a r i -  

ous s o u r c e s  of i r r e v e r s i b i l i t y  s h i f t s  w i t h  i n c r e a s i n g  t i m e  d u r i n g  t h e  

s to rage  p e r i o d .  I n  t h e  b e g i n n i n g  of t h e  s t o r a g e  p e r i o d  t h e  f l u i d  o u t l e t  

t e m p e r a t u r e  is low and,  t h e r e f o r e ,  most of t h e  e n t r o p y  g e n e r a t i o n  t a k e s  

p l a c e  i n  t h e  s t o r a g e  m a t e r i a l  and t h e  f l u i d .  As time p r o g r e s s e s  and t h e  

f l u i d  o u t l e t  t e m p e r a t u r e  b e g i n s  t o  r i s e ,  a g r e a t e r  p e r c e n t a g e  of a v a i l -  

a b i l i t y  d e s t r u c t i o n  i s  due t o  t h e  h e a t  transfer between t h e  d i s c h a r g e d  

ho t  f l u i d  and t h e  envi ronmene .  A l l  t h r e e  mechanisiiis a r e  s t i l l  g e n e r a t -  

i n g  e n t r o p y ,  bu t  t h e  d e s t r u c t i o n  of a v a i l a b i l i t y  d u e  t o  t h e  e x i t i n g  

f l u i d  coming i n t o  e q u i l i b r i u m  w i t h  t h e  envi ronment  b e g i n s  t o  domina te .  

The f o l l o w i n g  i s  a b r i e f  summary of some of t h e  i n d i v i d u a l  i n f l u e n c e s  

t h a t  e f fec t  t h e  r e l a t i v e  magni tude  of t h e  t h r e e  e n t r o p y  g e n e r a t i o n  

inecmnisrns  d u r i n g  t h e  s t o r a g e  p e r i o d .  



a. A s  t h e  d i m e n s i o n l e s s  m a t e r i a l  aspect r a t i o ,  V', g e t s  l a r g e r  t h e  

l e n g t h  of t h e  flow c h a n n e l  gets  s h o r t e r .  A l l  o t h e r  v a r i a b l e s  t h e  same, 

t h i s  r e s u l t s  i n  a s h o r t e r  f l u i d - m a t e r i a l  c o n t a c t  t i m e ,  less t o t a l  h e a t  

t r a n s f e r r e d ,  and h i g h e r  f l u i d  o u t l e t  t e m p e r a t u r e s .  Q u a l i t a t i v e l y  t h i s  

r e s u l t s  i n  less e n t r o p y  g e n e r a t i o n  i n  t h e  s t o r a g e  material and f l o w i n g  

f l u i d  and more i n  t h e  e x i t i n g  f l u i d .  An a d d i t i o n a l  e f f e c t  of i n c r e a s e d  

v a l u e s  of V+ i s  t h a t  i t  increases f h e  amount of  l o n g i t u d i n a l  c o n d u c t i o n  

w i t h i n  t h e  s t o r a g e  material. T h i s  r e s u l t s  i n  s l i g h t l y  more e n t r o p y  gen- 

e r a t i o n  w i t h i n  t h e  material. 

b. Changes i n  t h e  s t o r a g e  p e r i o d  M o t  Number, Bi,, a f f e c t  t h e  r a t e  

of h e a t  t r a n s f e r  between t h e  f l o w i n g  f l u i d  and t h e  s t o r a g e  m a t e r i a l  as 

w e l l  as t h e  t e m p e r a t u r e  and t e m p e r a t u r e  g r a d i e n t s  w i t h i n  t h e  s t o r a g e  

material. A d e c r e a s e  i n  t h e  v a l u e  of B i s  r e s u l t s  i n  less h e a t  t r a n s f e r  

f r o m  t h e  f l o w i n g  f l u i d  and ,  t h e r e f o r e ,  h i g h e r  f l u i d  t e m p e r a t u r e s  a long  

t h e  e n t i r e  l e n g t h  of t h e  f l o w  c h a n n e l .  A c c o r d i n g l y ,  t h e  f l u i d  o u t l e t  

temperature is  a l s o  g r e a t e r .  A d e c r e a s e d  v a l u e  of  B i ,  a l s o  results in 

smaller t e m p e r a t u r e  g r a d i e n t s  and lower a b s o l u t e  t e m p e r a t u r e s  w i t h i n  the 

s t o r a g e  material. The smaller g r a j i e n t s  r e s u l t  i n  less e n t r o p y  gener- 

a t i o n  i n  t h e  n a t e r i a l ,  bu t  t h e  lower  material  t e m p e r a t u r e s  and h i g h e r  

f l u i d  temperatures  r e s u l t  i n  more e n t r o p y  g e n e r a t i o n  i n  t h e  f l u i d .  I n  

t u r n ,  t h e  i n c r e a s e d  f l u i d  o u t l e t  t e m p e r a t u r e  r e s u l t s  i n  more e n t r o p y  

g e n e r a t i o n  due  t o  t h e  e x i t i n g  f l u i d  r e a c h i n g  e q u i l i b r i u m  w i t h  t h e  en- 

v i ronmen t .  An a d d i t i o n a l  c o m p l i c a t i o n ,  as e q u a t i o n  ( 2 . 4 4 ~ )  shows,  i s  

t h a t  t h e  e n t r o p y  g e n e r a t i o n  i n  t h e  s t o r a g e  material depends QII t h e  

g r a d i e n t  as w e l l  as t h e  a b s o l u t e  v a l u e  of t h e  t e m p e r a t u r e  at  a p o i n t .  
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Thus ,  i t  is  c o n c e i v a b l e  t h a t  t h e r e  are c o m b i n a t i o n s  of v a r i a b l e s  t h a t  

c a n  r e s u l t  i n  r educed  rates of h e a t  t r a n s f e r  t o  t h e  material w i t h o u t  

s i g n i f i c a n t l y  c h a n g i n g  t h e  t o t a l  amount of e n t r o p y  g e n e r a t e d .  

3- 
c. Decreases i n  t h e  d i m e n s i o n l e s s  mass f l o w  term,  G s ,  r e s u l t  i n  

more f l u i d  e n t e r i n g  t h e  s y s t e m  d u r i n g  a g i v e n  t i m e  p e r i o d .  A l l  o t h e r  

v a r i a b l e s  t h e  same, t h i s  h a s  the e f f e c t  of d e c r e a s i n g  t h e  t e m p e r a t u r e  

d r o p  i n  t h e  f l o w i n g  f l u i d ,  which  r e s u l t s  i n  h i g h e r  e x i t i n g  tetnpera- 

t u r e s .  T h i s  i n c r e a s e s  t h e  amount of e n t r o p y  g e n e r a t e d  as a r e s u l t  of 

t h e  e x i t i n g  h o t  f l u i d  corning t o  equilibrium w i t h  t h e  e n v i r o n m e n t .  

d .  I n c r e a s e s  i n  t h e  f l u i d  i n l e t  t e m p e r a t u r e  e x c e s s ,  T f , i ,S /Tm re-- 

s u l t  i n  i n c r e a s e d  ra tes  of e n t r o p y  g e n e r a t i o n  by a l l  t h r e e  mechanisms. 

A n  i n c r e a s e  i n  t h e  i n i t i a l  s t o r a g e  material t e m p e r a t u r e ,  w i t h  a l l  o t h e r  

v a r i a b l e s  rer i ia ining c o n s t a n t ,  c a u s e s  a d e c r e a s e d  t e m p e r a t u r e  d i f f e r e n c e  

between the  f l o w i n g  f l u i d  and s t o r a g e  material. T h i s  r e s u l t s  i n  less 

h e a t  t r a n s f e r  be tween t h e  f l u i d  and material and h i g h e r  f l u i d  temper-  

a t u r e s  a l o n g  t h e  e n t i r e  l e n g t h  of t h e  f l o w  c h a n n e l ,  T h i s  p roduces  less 

e n t r o p y  g e n e r a c i o n  i n  t h e  material  and more i n  t h e  f l o w i n g  and e x i t i n g  

f l u i d s .  

The c o m p l e x i t y  of t h e  o p t i m i z a t i o n  p r o c e d u r e  i s  now a p p a r e n t .  A 

change  i n  a g i v e n  v a r i a b l e  can  a f f e c t  t h e  d e s t r u c t i o n  of p r e s s l i r e  and 

t h e r m 1  a v a i l a b i l i t y  i n  o p p o s i t e  d i r e c t i o n s .  Decreases i n  G and  B i ,  

r e s u l t  i n  lower p r e s s u r e  d r o p s  b u t  c a u s e  i n c r e a s e d  amounts  of t h e r m a l  

a v a i l a b i l i t y  d e s t r u c t i o n .  I n c r e a s e s  i n  V" a l so  r e s u l t  i n  d e c r e a s e d  p r r s -  

s u r e  d r o p s ,  b u t  i n c r e a s e d  d e s t r u c t i o n  of t h e r m a l  a v a i l a b i l i t y .  I n  add i -  

t i o n ,  t h e  r e l a t i v e  magn i tude  of t h e s e  e f f e c t s  depend a g r e a t  d e a l  on t h e  

+ 
S 
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v a l u e  of t h e  o t h e r  d e s i g n  v a r i a b l e s .  The a n a l y s i s  is f u r t h e r  cow 

p l i c a t e d  because t h e  f i g u r e  of merit is a f u n c t i o n  of r a t i o s  r a t h e r  t h a n  

i n d i v i d u a l  g e n e r a t i o n  terms and t h e s e  r a t i o s  are f u n c t i o n s  of b o t h  t h e  

s t o r a g e  and d i s c h a r g e  p e r i o d s .  Q u i t e  o b v i o u s l y ,  t h e  complex interac- 

t i o n s  among sys t em v a r i a b l e s  make i t  i m p o s s i b l e  t o  a n t i c i p a t e  t h e  v a l u e s  

o r  behav io r  of t h e  o p t i m i z a t i o n  v a r i a b l e s  which r e s u l t  i n  a minimum 

amount of e n t r o p y  g e n e r a t i o n  f o r  a g i v e n  design case. R a t h e r  t h a n  gen- 

e r a l i z e  any f u r t h e r ,  t h e  f i n a l  v a l u e s  f o r  t h e  t h r e e  o p t i m i z a t i o n  v a r i -  

a b l e s  w i l l  be summarized and t h e  d i s c u s s i o n  w i l l  s h i f t  t o  s p e c i f i c  re- 

s u l t s .  F i g u r e s  4.1, 4.2 ,  and 4 . 3  show, r e s p e c t i v e l y ,  t h e  optimum v a l u e  

of Fos,  G s ,  and B i ,  f o r  the u n c o n s t r a i n e d ,  c o u n t e r f l o w  cases t h a t  are t o  

b e  d i s c u s s e d .  The b e h a v i o r  of t h e s e  v a r i a b l e s  w i l l  he d i s c u s s e d  i n  con- 

+ 

j u n c t i o n  w i t h  t h e  r e s u l t s .  

Uncons t r a ined  Counterf  low Cases Without a Dwell P e r i o d  

The p r e s e n t a t i o n  of t h e  c o u n t e r f  low r e s u l t s  b e g i n s  w i t h  an o v e r a l l  

summary of the optimum performance € o r  a s t o r a g e  system then proceeds 50 

a d e t a i l e d  e x a m i n a t i o n  of i t s  e n t r o p y  g e n e r a t i o n  c h a r a c t e r i s t i c s .  To 

s i m p l i f y  t h e  d i s c u s s i o n ,  w e  w i l l  l i m i t  t h e  a n a l y s i s  t o  t h e  d e s i g n  cases 

where  T m,o,slT, was 1.1. S i m i l a r  r e s u l t s  were reached f o r  t h e  cases 

where T m,oaS/To. was 1.3 and i r  would be r edundan t  t o  d i s c u s s  them i n  t h e  

sane d e t a i l ,  

The f i r s t  of these summaries c o n c e r n s  t h e  temperature r e s p o n s e  of  a 

nominal ,  op t imized  s t o r a g e  u n i t .  T h e  p a r t i c u l a r  c o n f i g u r a t i o n  to be ex- 

amined i s  r e p r e s e n t a t i v e  of many medium t e m p e r a t u r e  s r o r a g e  s y s  terns arid 

i s  defined by: 
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a. a Tf,i,S/T, of 2.0, 

b. 

c. a V+ of 0.01. 

a T~ of 0.05, and 

The d i m e n s i o n l e s s ,  ave rage  s t o r a g e  material and f l u i d  o u t l e t  temyera- 

t u r e s  f o r  t h i s  nominal o p e r a t i n g  p o i n t  are shown f o r  a complete  s t o r a g e -  

removal  c y c l e  i n  F i g u r e  4 . 6 .  The d imen s i o n  1 es s t emp er a t  u r  e 

d i s t r i b u t i o n s  f o r  t h e  material at  the end of t h e  s t o r a g e  and removal 

p e r i o d s  are summarized i n  t a b u l a r  form i n  T a b l e s  4.14 and 4 , 1 5  and shown 

g r a p h i c a l l y  i n  F i g u r e s  4.5 and 4 . 6 .  

The t e m p e r a t u r e  h i s t o r i e s  shown i n  F i g u r e  4 . 4  are representative of 

s e n s i b l e  h e a t  s t o r a g e  u n i t s  i n  genera l  and e x h i b i t  t h e  expected p h y s i c a l  

behav io r .  The a v e r a g e  material t e m p e r a t u r e  i n c r e a s e s  w i t h  time d u r i n g  

t h e  s t o r a g e  p e r i o d  and d e c r e a s e s  d u r i n g  t h e  removal pe r iod .  The f l u i d  

o u t l e t  t e m p e r a t u r e  g r a d u a l l y  i n c r e a s e s  d u r i n g  t h e  s t o r a g e  p e r i o d  re- 

f l e c t i n g  the c o n s t a n t  f l u i d  i n l e t  t e m p e r a t u r e  and g r a d u a l l y  d e c r e a s i n g  

f l u  id-s t o r  age mater la1  t anp er a t u r  e d i f f e r e n c e .  The f l u  i d  o u t  l e t  temper- 

a t u r e  d u r i n g  t h e  removal p e r i o d  gradual1.y d e c r e a s e s  as a r e s u l t  of t h e  

d e c r e a s i n g  ave rage  material t empera tu re .  The s t o r a g e  material temper- 

a t u r e  d i s t r i b u t i o n s  shown i n  F i g u r e s  4.5 and 4.6 show t h e  expec ted  re- 

s u l t  fo r  t h e  small  a s p e c t  r a t i o s  ( i . e . ,  very long  compared t o  t h e  width) 

u t i l i z e d  f o r  this s tudy .  S p e c i f i c a l l y ,  t h e  g r a d i e n t s  i n  t h e  d i r e c t i o n  

normal t o  t h e  f l o w  are very steep b u t  are m r e  g r a d u a l  i n  t h e  d i r e c t t o n  

para l le l  t o  t h e  f low.  l n  a d d i t i o n ,  t h e  t e m p e r a t u r e  d i s t r i b u t i o n  at  t h e  

end of t h e  removal p e r i o d  d e m o n s t r a t e s  one of t h e  working asswnp t ions  of 

t h e  s tudy .  The removal p e r i o d  i s  t e r m i n a t e d  when t h e  average s t o r a g e  

material t e m p e r a t u r e  has  r e t u r n e d  t o  i t s  i n i t i a l  value.  Because of t h e  
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Table 4.14. The s t o r a g e  m a t e r t a l  t e m p e r a t u r e  d l s t r i b u t l o n  at  t h e  
elid of the storage p e r i o d  f o r  a n o m i n a l ,  optimized, counterflow s t o r a g e  bystem 

U t  me lis 1 on 1 ess  t l tmenstanless longitudinal c o o r d i n a t e  
1 rrtiibverse - 
L o u r d  i i iate X = 0 .U3  X 2 U . 1 2 5  X = 0.25U X = 0.375 X = 0.500 X = 0.625 X = 0.750 X = 0.875 X 1.04 

Y = 1 . 0 ’  

Y = 0.875 

Y = 1).?5U 

Y = U . h 2 5  

Y = U.bUU 

Y = t J . J ? 5  

Y = 0.250 

Y = 0.125 

Y = il.iJz 

0.9997 

0.9995 

0.199Y 

U.99YL 

u.9991 

t). 9990 

0 . 9 9 8 9  

0.99119 

0.99819 

U.Y713  

0.9682 

(J.9653 

0 .9b30  

0.9609 

0.9593 

0.9582 

0.9573 

u.9573 

- 

0.902u 

0.8943 

0.8875 

0.8817 

0.8769 

0.87 3 I 

I ) .  8103 

0,86117 

0 * 8btll 

0 . 7 9 5 2  

0 . 7 8 3 4  

u . 7 7 3 0  

0.7642 

0.7569 

0.7512 

0.7471 

0.74&6 

0.7438 

0.6668 

0.h526 

0.6403 

0.6 300 

0.62 1 I 

0.6 144  

0.6096 

0.6067 

0.6057 

~~ 

0 . 5 3 5 7  

0.5213 

0.5U89 

0.4983 

0.4846 

0.4828 

0 , 4 7 8 0  

0.4751 

0.4742 

0.4172 

0.4042 

0.3930 

0.3836 

0.3759 

0.3699 

0.3656 

0.3630 

0.3612 

0.3197 

0 3040 

0.2999 

0.2922 

0.2860 

0.2811 

0.2776 

0.2755 

0.2744 

0.2458 

0 2378 

0.2309 

Id 

w 
u 0,2251 

0.2204 

0.2168 

0.2142 

0.2127 

0.2122 
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F i g u r e  4.0.  T e m p e r a t u r e  d i s t r i b u t i o n  i n  t h e  s t o r a g e  
material a t  t h e  end of t h e  removal p e r i o d  f o r  
a n  optimum, i incons t r a i n e d ,  c o u n t e r €  l o w  , mediiin 
t e m p e r a t u r e  design c a s e .  
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low f l u i d  i n l e t  t e m p e r a t u r e  and  t h e  minimal  amount of l o n g i t u d i n a l  con- 

d u c t i o n ,  t h e  n a t e r i a l  t e m p e r a t u r e s  i n  t h e  i n l e t  h a l f  of t h e  u n i t  are 

a l w a y s  much lower t h a n  t h e  o u t l e t  h a l f .  It i s  t h e s e  v e r y  low temper- 

a t u r e s  i n  t h e  i n l e t  h a l f  of t h e  u n i t  t h a t  f o r c e  t h e  a v e r a g e  na te r ia l  

t e m p e r a t u r e  down. This has the  e f f e c t  o f  t e r m i n a t i n g  t h e  removal  p e r i o d  

b e f o r e  t h e  e n t i r e  u n i t  h a s  s t a r t e d  t o  approach  t h e  i n i t i a l  material 

t e m p e r a t u r e .  Thus we may c o n c l u d e  t h a t  t h e  a s s u m p t i o n  of an i n i t i a l  

u n i f o r m  mater ia l  t e m p e r a t u r e  is n o t  a good a p p r o x i m a t i o n .  

Next, t h o s e  p a r a m e t e r s  indicative of t h e  o v e r a l l  pe r fo rmance  of t h e  

o p t i m i z e d  s t o r a g e  s y s t e m  are summari.zed. The f i r s t  of t h e s e  w i l l  be t h e  

f i g u r e  of merit,  Nc,  and i t s  components ;  lambda, X ,  and the i n d i v i d u a l .  

p r e s s u r e  and t e m p e r a t u r e  e n t r o p y  g e n e r a t i o n  terms, N A P  and NAT. F i g u r e  

4.7 shows t h e  f i g u r e  of  merit, N,, as  a f u n c t i o n  of t h e  t h r e e  d e s i g n  

v a r i a b l e s  t h a t  were p e r m i t t e d  t o  f l c a t ;  T ~ ,  Tf , i ,S /Tm,  and Vf. The most 

prominent  r e s u l t  shown is t h a t  h c  i n c r e a s e s  f o r  i n c r e a s i n g  T a n d  

t h a t  T has  t h e  g r e a t e s t  impact c n  Nc of a l l  t h e  d e s i g n  v a r i a b l e s .  

5 

S 

O t h e r  c h a r a c t e r i s t i c s  of optimum pe r fo rmance  shown are: 

a. For  a g i v e n  r and V'; an  i n c r e a s e  i n  T f , i , s  IT, p roduces  a 
S 

l ower  v a l u e  f o r  Nc, t h a t  i s  a more e f f i c i e n t  s t o r a g e  u n i t .  

/ T an i n c r e a s e  i n  V+ r e s u l t s  i n  a b. For a g i v e n  T S and T f , i , s  m y  

l a r g e r  v a l u e  f o r  N,, t h a t  is a less e f f i c i e n t  s t o r a g e  u n i t .  

c .  For low v a l u e s  of T V' is t h e  second  most i n f l u e n t i a l  v a r i -  

a b l e ;  b u t  as T i n c r e a s e s  t o  i t s  maximum v a l u e  T f , i , s  /T, becomes t h e  

S' 

S 

second most i n f l u e n t i a l .  

Excep t  f o r  t h e  a b s o l u t e  v a l u e s  of t h z  v a r i a b l e s ,  t h e  s t r o n g  i n f l u e n c e  of 

r and t h e  b e h a v i o r  of Nc w i t h  r e s p e c t  t o  changes i n  T f , i , S / T ,  a r e  
S 
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i d e n t i c a l  t o  the r e s u l t s  o b t a i n e d  by Krane (461 f o r  t h e  lumped element  

s t o r a g e  s y s  tern. 

F i g u r e  4 , 8  shows the  optimum va lues  of t h e  i n d i v i d u a l  p r e s s u r e  and 

t empera tu re  e n t r o p y  g e n e r a t i o n  t e rw;  NAP and NATe A s  t h i s  d a t a  5how, 

t h e  N term is always u n i t y .  T h i s  r e f l e c t s  t he  r equ i r emen t  t h a t  the 

f l u i d  mst  e n t e r  t h e  s t o r a g e  u n i t  a t  a p r e s s u r e  j u s t  g r e a t  enough t o  

overcome the  e f f e c t s  of f r i c t i o n .  It a l s o  shows t h a t  f o r  a11 cambina- 

t i o n s  of t h e  t h r e e  f l o a t i n g  d e s i g n  v a r i a b l e s ,  t h e  f r a c t i o n  of e n t e r i n g  

t e m p e r a t u r e  a v a i l a b i l i t y  d e s t r o y e d  d u r i n g  a c y c l e  i n c r e a s e s  as T i n -  

c r e a s e s .  O the r  c h a r a c t e r i s t i c s  of thermal  a v a i l a b i l i t y  d e s t r u c t i o n  f o r  

an optimum, u n c o n s t r a i n e d ,  c o u n t e r f  low d e s i g n  a r e  t h a t :  

AP 

s 

a. f o r  the same value of V', a h i g h e r  T f , i , s  /T fD r e s u l t s  i n  a 

smaller f r a c t i o n  of t h e  e n t e r i n g  the rma l  a v a i l a b i l i t y  b e i n g  d e s t r o y e d ,  

and 

b. f o r  t h e  same v a l u e  of T f , i , s  /T a h i g h e r  v a l u e  of V' r e s u l t s  i n  

more of t h e  e n t e r i n g  the rma l  a v a i l a b i l i t y  b e i n g  d e s t r o y e d .  

To unde r s t and  t h e  behav io r  of t h e  N term, reca l l  the  t r e n d s  of 

t h e  o p t i m i z a t i o n  v a r i a b l e s  shown i n  Figures 4.1, 4 . 2 ,  and 4.3 ( p p .  108, 

109, and 110). Over the range of c examined, Fa, I n c r e a s e d  and G and 

B i ,  d e c r e a s e d .  These changes combined t o  f o r c e  more f l u i d  through t h e  

s y s t e m  for  a l o n g e r  t i m  a t  a h ighe r  o u t l e t  t empera tu re  which r e s u l t e d  

i n  a h i g h e r  p e r c e n t a g e  of t h e  e n t e r i n g  the rma l  a v a i l a b i l i t y  be ing  

AT 

4- 
s s 

d e s t r o y e d .  

The optimum b e h a v i o r  of t h e  a v a i l a b i l i t y  d i s t r i b u t i o n  r a t i o ,  A ,  is  

shown i n  F i g u r e  4.9. These d a t a  show t h a t  €or a l l  combina t ions  QE 

/ T  and V+, A i n c r e a s e s  as T i n c r e a s e s .  A s  was t h e  c a s e  f o r  t h e  
* f , i , s  co S 
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f i g u r e  of wri t ,  Nc,  T~ a l s o  h a s  t h e  g r e a t e s t  impact of any of t h e  de- 

s i g n  v a r i a b l e s .  The r e a s o n s  f o r  t h i s  behav io r  can b e s t  be e x p l a i n e d  by 

examining t h e  components of A. These a r e  the  t o t a l  amounts of p r e s s u r e  

and thermal  a v a i l a b i l i t i e s ,  W A p  and WATP of t h e  f l u i d s  t h a t  e n t e r  d u r i n g  

t h e  s t o r a g e  and removal pe r iods .  The optimum v a l u e s  of t h e s e  terms are  

shorn i n  F i g u r e s  4.10 and 4.11. T h e s e  d a t a  show t h a t  f o r  low v a l u e s  of 

^cS, WAT d o d n a t e s  r e s u l t i n g  i n  l o w  v a l u e s  f o r  A .  As T~ i n c r e a s e s ,  t h e  

optimum v a l u e  of MA., i n c r e a s e s  u n t i l  it: is  t h e  same o r d e r  of m g n i t u d e  

The e n t e r i n g  p r e s s u r e  a v a i l a b i l i t y  shows t h e  expec ted  de-- a s  W 
AT * 

pendence on V+ and Tf,i,s/Tm less for lower v a l u e s  of Vf and more f o r  

h i g h e r  v a l u e s  of Tf,i,s/Tm. The behav io r  of t h e  e n t e r i n g  thermal  a v a i l -  

a b i l i t y  is c o n s i s t e n t  w i t h  the  f a c t  t h a t  t h e  optimum s t o r a g e  t i m e  i n -  

c r e a s e s  and t h e  optimum v a l u e  of G 
3- 

S 
d e c r e a s e s  f o r  i n c r e a s e s  i n  T ~ .  

E t  i s  the i n c r e a s i n g  amoun t of pressure  a v a i  l a b i  li t y  that causes  

the observed behavior  o f  A. It r e s u l t s  from the r equ i r emen t  t h a t  t h e  

f l u i d  m s c  e n t e r  t he  s t o r a g e  u n i t  a t  a p r e s s u r e  j u s t  g r e a t  enough t o  

overcome v i s c o u s  e f f e c t s .  We conclude t h a t  the d e s t r u c t i o n  of i n c r e a s -  

i n g  amounts of p r e s s u r e  a v a i l a b i l i t y  as  T i n c r e a s e s  c a u s e s  t h e  observed 

behav io r  of t h e  f i g u r e  of merit, Nc. T h i s  dependence i s  b e s t  

S 

i l l u s t r a t e d  by examining the components of t he  f i g u r e  of m e r i t  f o r  a 

nominal d e s i g n  case .  Typical. v a l u e s  f o r  t h e s e  components a r e  summarized 

i n  Table  4 .16  f o r  the same medium t empera tu re  ease t h a t  w a s  summarized 

i n  F i g u r e  4 . 4  ( p p .  1 1 2 ) .  T h i s  d a t a  shows t h a t  even though N i s  con--. 

s t a n t  and N i s  always i n c r e a s i n g ;  t h e  i n c r e a s i n g  v a l u e  of 1 c a u s e s  the  

f i g u r e  of merit t o  i n c r e a s e  a s  T i n c r e a s e s .  T h i s  r e s u l t s  i n  thermal  

d e s t r u c t i o n  be ing  t h e  dominani mechan.ism f o r  low v a l u e s  of 'r and 
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p r e s s u r e  d e s t r u c t i o n  becoming t he  primary c o n t r i b u t o r  a s  T approaches  
S 

i t s  upper l i m i t .  

With t h i s  u n d e r s t a n d i n g  o f  t he  behav io r  of t h e  f i g u r e  of m e r i t ,  i t  

is now p r a c t i c a l  t o  proceed w i t h  the a n a l y s i s  of t he  o p t i m i z a t i o n  v a r i -  

a b l e s  summarized i n  F i g u r e s  4.1, 4 . 2 ,  and 4.3 (pp. 108, 109, and 110). 

To beg in ,  we make t h e  f o l l o w i n g  o b s e r v a t i o n s :  

-+ 
a. f o r  i n c r e a s i n g  v a l u e s  of T t h e  optimum v a l u e  of Gs and H i s  

s’ 

d e c r e a s e  and t h e  optimum v a l u e  of Fa, i n c r e a s e s ,  

b. changes i n  T appear  to have the most i n f l u e n c e  on the f i n a l  

v a l u e  of the  o p t i m i z a t i o n  v a r i a b l e s  w i t h  V’ b e i n g  t h e  next: most i n -  

f l u e n t i a l  v a r i a b l e ,  and 

9 

c. the ra te  of d e c r e a s e  of a l l  t h r e e  v a r i a b l e s  g e n e r a l l y  i n c r e a s e s  

a s  T~ approaches i t s  upper va lue .  

The con t inued  d e c r e a s e  i n  t h e  v a l u e s  of C, and B i s  f o r  i n c r e a s i n g  v a l u e s  

of T~ o c c u r s  because of t he  i n c r e a s i n g  amount of p r e s s u r e  a v a i l a b i l i t y  

b e i n g  d e s t r o y e d .  As p r e v i o u s l y  e x p l a i n e d ,  d e c r e a s e s  i n  t h e s e  v a r i a b l e s  

reduce v i scous  e f f e c t s  and i t  is  t h e r e f o r e  r e a s o n a b l e  t o  expec t  t h i s  be- 

havi’or. The i n f l u e n c e  of V+ on t h e  a b s o l u t e  v a l u e  of t h e s e  two v a r i a b l e s  

4- is  a l s o  consistent w i t h  the know?. p h y s i c a l  s i t u a t i o n .  I n c r e a s e s  i n  V 

result. i n  a s h o r t e r  f low channe l  l e n g t h  and t h e r e f o r e  one shou ld  e x p e c t  

t h a t  s m a l l e r  d e c r e a s e s  i n  G and B i s  a r e  n e c e s s a r y  t o  a c h i e v e  a minimum 

amount of e n t r o p y  g e n e r a t i o n .  The i n c r e a s e  i n  t h e  r a t e  of change of a l l  

t h r e e  o p t i m i z a t i o n  v a r i a b l e s  can a l s o  be a t s r i b u t e d  t o  the i n c r e a s i n g  

amount of p r e s s u r e  a v a i l a b i l i t y  d e s t r u c t i o n .  As t he  p r e s s u r e  d e s t r u c t i o n  

begins  to  dominate,  g reacer  changes i n  the o p t i m i z a t i o n  v a r i a b l e s  a r e  

r e q u i r e d  t o  e f f e c t  r e d u c t i o n s  i n  t h e  amount oE e n t r o p y  g e n e r a t i o n .  

c 
S 

+ 
S 
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The optimum s t o r a g e  u n i t  d i m e n s i o n l e s s  s i z e ,  NTU, f o r  t h e  coun te r -  

f low d e s i g n  cases i s  summarized i n  F i g u r e s  4.12 and shows very c l e a r l y  

t h a t  t h e  NTU d e c r e a s e s  w i t h  i n c r e a s i n g  T . Except f o r  t h e  v a l u e  of t h e  

N T U ,  t h i s  is t h e  same r e s u l t  t h a t  Krane [ 4 6 ]  r e a c h e d  f o r  t h e  lumped 

s t o r a g e  element  system. Other  optimum s i z e  c h a r a c t e r i s t i c s  i n c l u d e :  

S 

a. f o r  a g iven  Tf s/T, i n c r e a s i n g  V+ r e s u l t s  i n  a much smaller 
> s  

s i z e d  u n i t ,  and 

b. for  a g i v e n  v a l u e  of v+, m i n c r e a s e  i n  T f,i,s/Tw r e s u l t s  i n  a 

much larger optimum s i z e .  

The b e h a v i o r  of t h e  NTU w i t h  r e s p e c t  t o  ' T ~  is c o n s i s t e n t  because  G and 

B i s  also d e c r e a s e  w i t h  i n c r e a s i n g  T . Decreases  i n  G ( f o r  f i x e d  f l u i d  

and s t o r a g e  material  p r o p e r t i e s  and f i x e d  wid th  of t he  s t o r a g e  e l emen t )  

co r re spond  t o  i n c r e a s e d  mass flows which cause  a d e c r e a s e  i n  the NTU o f  

a u n i t .  Dec reases  i n  B i s  c o r r e s p o n d  to a d e c r e a s e d  h e a t  t r a n s f e r  coef-  

f i c i e n t  which also r educes  the v a l u e  of the  NTU. The s t r o n g  dependence 

of NTU on V+ is a l s o  c o n s i s t e n t  w i t h  the known p h y s i c a l  s i t u a t i o n .  De-  

creases i n  V+ cor re spond  t o  a s h o r t e r  flow channe l  l eng th  which r e s u l t s  

i n  a r educed  h e a t  t r a n s f e r  s u r f a c e  a r e a  and t h e r e f o r e  a r educed  v a l u e  of 

the  NTU. 

i- 
S 

+ 
S S 

Having summarized optimum seccnd  l a w  performance and s i z e  charac-  

t e r i s t i c s  oE t h e  s t o r a g e  e l emen t ,  i t  is now a p p r o p r i a t e  t o  make some ob- 

s e r v a t i o n s  conce rn ing  t h e  r e l a  t i o n s h i p  between the  optimum N T U  and t h e  

c o r r e s p o n d i n g  v a l u e  f o r  N,. Comparing the resu l t s  shown i n  F i g u r e s  4.7 

( p .  118) and 4.12, i t  can be seen t h a t  r e d u c i n g  1: f r o m  0.05 to 0.005 

always c a u s e s  an i n c r e a s e  i n  the  optimum NTU of t h e  u n i t  and a d e c r e a s e  

i n  Ne. Fur thermore,  t h e  s i z e  of such  a change is a s t r o n g  f i m c t i o n  o f  

S 
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V'. For  t h e  d e s i g n  cases where V' was 0.01, t h e r e  was a c o r r e s p o n d i n g  

d e c r e a s e  i n  N, f o r  a g i v e n  i n c r e a s e  i n  NTU. The same is not t r u e ,  how- 

ever, f o r  t h e  cases where V" w a s  0,05.  

2.1) and Vf was 0.01; r e d u c i n g  T t h e  i n d i c a t e d  amount caused  a 4 4 . 4  in-  

crease i n  t h e  NTU and a 43.% d e c r e a s e  i n  N,. For a Tf,i,s/Ta of 3.0 and 

t h e  same V'; r e d u c i n g  T r e s u l t e d  i n  a 30.2, i n c r e a s e  i n  t h e  NTU and a 

f ,ias/Tm Idas 
Fo r  t h e  case where T 

S 

s 
+ 32.% d e c r e a s e  i n  N c .  For t h e  case where V w a s  0.05 and T f , i , S / T a  was 

2.0, r e d u c i n g  T t h e  i n d i c a t e d  amount i n c r e a s e d  t h e  NTU by on ly  9.Z bu t  

caused  N, t o  d e c r e a s e  by 1 7 . X .  For  a T f , i , s  /T ~ of  3.0 and t h e  same V"; 

r e d u c i n g  T r e s u l t e d  i n  a 9.% increase i n  t h e  NTU b u t  a 14.% d e c r e a s e  

in N,. Thus,  w e  may conc lude  tha:  f o r  t h e  a s p e c t  r a t i o s  examined, re- 

S 

S 

duc ing  T can r e s u l t  i n  moderate gains  i n  performance f o r  r e l a t i v e l y  

small i n c r e a s e s  i n  NTU. T h e s e  r e s u l t s  d i f f e r  from t h o s e  Krane  [ 4 6 1  ob- 

S 

t a i n e d  i n  t h a t  a g i v e n  increase i n  NTU for t h e  lunped e l e m e n t  sys t em w a s  

no t  matched by a c o r r e s p o n d i n g  r e d u c t i o n  i n  t h e  f i g u r e  of merit. 

A somewhat d i f f e r e n t  r e s u l t  was observed when 7c was i n c r e a s e d  From 

0.05 t o  0.5. As b e f o r e ,  t h e  r e l a t i o n s h i p  between d e c r e a s e s  i n  t h e  

optinurn NTU and t h e  c o r r e s p o n d i n g  r e d u c t i o n  i n  s y s t e m  performance is a 

s t r o n g  f u n c t i o n  of V". For t h e  cases where  t h e  T f , i , s / T a  was 2.0 arid V' 

was 0.01; i n c r e a s i n g  T f r o m  0.05 t o  0.5 r e s u l t e d  i n  a 3 5 . X  r e d u c t i o n  i n  

N T U  but a t o t a l l y  u n a c c e p t a b l e  21'0.% i n c r e a s e  i n  N c ,  Fo r  ttie same 

Tf,i,,/Ta and a Vf of 0.05; i n c r e a s i n g  R t h e  i n d i c a t e d  amount r e s u l t e d  

i n  a 51.% d e c r e a s e  i n  t h e  NTU, b u t  a 75.X increase i n  Nc. 

s 

S 

S 

The f i r s t  l a w  e f f i c i e n c i e s  f o t  the optimum c o u n t e r f l o w  systems a r e  

shown i n  F i g u r e  4.13. T h i s  d a t a  i l l u s t r a t e s  a f u n d a m e n t a l  second l a w  



130 

D
 

L P
 

N
 

* P [9
 

m
 I (3
 I 

5 
U

 
Q

) 
c
 

E
 

"
'-
.
 



c o n s i d e r a t i o n s ;  t h a t  i s  t h e s e  s y s t e m s  have  poor f i r s t  l a w  e f E i c -  

i e n c i e s .  The storage s y s t e m  w i t h  t h e  l o w e s t  f i g u r e  of merit, and t h e r e -  

f o r e  t h e  b e s t  s e c o n d  law p e r f o r m a n c e ,  a l s o  h a s  t h e  p o o r e s t  f i r s t  l a w  ef-  

f i c i e n c y .  As t h e  f i g u r e  of merit i n c r e a s e s  ( i n d i c a t i n g  a less e f f i c i e n t  

s y s t e m ) ,  t h e  f i r s t  l a w  e f f i c i e n c y  i n c r e a s e s .  S i m i l a r  r e s u l t s  were 

r e a c h e d  by b o t h  Bejan  [ 4 4 ]  and Krane  [ 4 6 ] .  We n o t e  t h a t  t h e  f i r s t  P a w  

e f f i c i e n c y  i n c r e a s e s  w h i l e  t h e  v a l u e  of  B i ,  d e c r e a s e s .  S i n c e  t h i s  t e r n  

i s  d i r e c t l y  p r o p o r t i o n a l  to t h e  a v e r a g e  s t o r a g e  m a t e r i a l  t e m p e r a t u r e ,  

t h i s  b e h a v i o r  would seen c o n t r a d i c t o r y .  It is e x p l a i n e d ,  however ,  by 

t h e  f a c t  t h a t  t h e  optimum s t o r a g e  t i m e  i n c r e a s e s  as B i ,  d e c r e a s e s .  We 

c o n c l u d e  t h a t  e v e n  though  t h e  r a t e  of h e a t  t r a n s f e r  decreases as Ri, de- 

creases, t h e  t o t a l  amount of h e a t  t r a n s f e r  i n c r e a s e s  due t o  i n c r e a s e d  

s t o r a g e  t i m e s .  

The d i s t r i b u t i o n  of  t h e  t h e r m a l  a v a i l a b i l i t y  d e s t r o y e d  d u r i n g  t h e  

s t o r a g e  p e r i o d  is summarized i n  F i g u r e  4.14 f o r  t h e  d e s i g n  cases where 

Tf , i , s /Tm was 2.0. The r e s u l t s  f o r  t h e  cases where i t  was 3.0 have  t h e  

same t r e n d s  and w i l l  n o t  be shown h e r e  f o r  t h e  sake of b r e v i t y .  F i g u r e  

4.14 shows t h e  f r a c t i o n  of t o t a l  t h e r m a l  a v a i l a b i l i t y  d e s t r o y e d  d u r i n g  

t h e  s t o r a g e  p e r i o d  f o r  e a c h  of ‘ Ihree mechanisms: c o n d u c t i o n  in t h e  

s t o r a g e  mater ia l ,  h e a t  t r a n s f e r  between t h e  f l u i d  and s t o r a g e  mater3a1, 

and h e a t  transfer between t h e  d i s c h a r g e d  h o t  f l u i d  and t h e  env i ron -  

ment. These  data  show t h a t  the d i s t r i b u t i o n  is n o t  a s t r o n g  f u n c t i o n  of 

V+ and  t h a t  o v e r  t h e  r a n g e  o f  T examined ,  t h e  c o n t r i b u t i o n  due  t o  con- 

d u c t i o n  i n  t h e  s torage material  d o m i n a t e s  u n t i l  T a p p r o a c h e s  i t s  u p p e r  

l i m i t  of  0.50. D u r i n g  t h e  t h i s  t i m e ,  t h e  n e x t  l a r g e s t  c o n t r i b u t i o n  i s  

f r o m  h e a t  t r a n s f e r  be tween t h e  f l u i d  and s t o r a g e  material fo l lowed  by 
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t h a t  due t o  t h e  d i s c h a r g e d  ho t  f l u i d  coming t o  e q u i l i b r i u m  w i t h  t h e  en- 

vironment .  A s  T~ approaches i t s  upper v a l u e  of 0.5, t he  c o n t r i b u t i o n  

d u e  t o  h e a t  t ransfer  from e x i t i n g  t o t  f l u i d  i n c r e a s e s  and b e g i n s  t o  dom- 

i n a t e .  As t h i s  happens,  t he  c o n t r i b u t i o n s  from both t h e  conduc t ion  i n  

t h e  s t o r a g e  material and h e a t  t r a n s f e r  between the. f l u i d  and s t o r a g e  

material  d e c r e a s e ,  w i t h  the m a t e r i a l  conduc t ion  f r a c t i o n  always being 

larger.  Again we n o t e  t h a t  t h e s e  t r e n d s  a r e  c o n s i s t e n t :  w i t h  t h e  be- 

h a v i o r  of t he  o p t i m i z a t i o n  v a r i a b l e s  summarized i n  F i g u r e s  4 , l  4 * 2 ,  and 

4 . 3  (pp. 108, 109, and 110). I n c r e a s e s  i n  G and d e c r e a s e s  i n  fit, re- 
+ 
S 

s u l t  i n  more f l u i d  e x i t i n g  a t  a ' I i g h e r  t empera tu re .  A l s o ,  i n c r e a s e d  

values of Fo, r e s u l t  i n  a h ighe r  p e r c e n t a g e  of t h e  t o t a l  a v a i l a b i l i t y  

d e s t r u c t i o n  o c c u r r i n g  i n  t h e  e x i t i n g  f l u i d .  We conclude t h a t  f o r  a l l  

but  the h i g h e s t  mass v e l o c i t i e s ,  e n t r o p y  g e n e r a t i o n  w i r h i n  the  s t o r a g e  

m a t e r i a l  i s  a s i g n i f i c a n t  c o n t r i b u t o r  t o  t h e  t o t a l  e n t r o p y  g e n e r a t e d  i n  

a s torage-removal c y c l e .  

There i s  one o t h e r  s i g n i f i c a n :  r e s u l t  conce rn ing  t h e  o p e r a t i o n  of 

optimum c o u n t e r f l o w  systems:  the d i s t r i b u t i o n  of t o t a l  amounts of en- 

t r o p y  g e n e r a t e d  i n  t h e  s t o r a g e  and removal p e r i o d s .  An examina t ion  of 

t he  d a t a  i n  T a b l e s  4.1,  4 . 3 ,  4 . 5 ,  arid 4.7 ( p p .  89,  91, 93 ,  and 95) shows 

t h a t  f o r  t h e  d e s i g n  cases summarized above,  t h e  t o t a l  anoun t  of e n t r o p y  

g e n e r a t e d  d u r i n g  the s t o r a g e  p e r i o d ,  i n c l u d i n g  t h a t  a t t r i b u t a b l e  to  t h e  

e x i t i n g  f l u i d ,  is  approx ima te ly  twice t h a t  g e n e r a t e d  d u r i n g  t h e  removal 

p e r i o d .  A l s o ,  t h e r e  is c o n s i s t e n t l y  less e n t r o p y  g e n e r a t e d  i n  t h e  

s t o r a g e  m a t e r i a l  d u r i n g  t h e  removal p e r i o d  than d u r i n g  t h e  s t o r a g e  

p e r i o d ,  It i s  n o t  known i f  t h i s  behav io r  a c c u r a t e l y  reflects the phy- 

s i c a l  s i t u a t i o n  o r  r e s u l t s  from t h e  assumption of a uniforin ma te r i a l  



134 

t e m p e r a t u r e  a t  the  h e g i n n i n g  of t h e  s t o r a g e  p e r i o d ,  T h i s  d i s p a r i t y  how- 

ever  does n o t  hold f o r  e n t r o p y  g e n e r a t e d  by h e a t  t r a n s f e r  between the 

f l u i d  and s t o r a g e  element .  As r i n c r e a s e s  f a r  a g i v e n  set  of d e s i g n  

v a r i a b l e s ,  t h e  e n t r o p y  g e n e r a t e d  i n  t h e  f l u i d  d u r i n g  t h e  removal per iod  

approaches and i n  som c a s e s  s l i g h t l y  exceeds t h a t  of t h e  s toragtr  

pe r iod .  The primary r e s u l t  though i s  t h e  f a c t  & h a t  only one t h i r d  of 

t he  t o t a l  thermal  i r r e v e r s i b i l i t i e s  of a c y c l e  occur d u r i n g  the removal 

p e r i o d .  T h i s  r a i s e s  t h e  concern t h a t  a s  T i n c r e a s e s  and t h e  i n f l u e n c e  

of t h e  thermal  i r r e v e r s i b i l i t i e s  on the  f i g u r e  of merit decreases; en- 

t ropy  g e n e r a t i o n  due to heat t r a n s f e r  d u r i n g  &he removal p e r i o d  does n o t  

s i g n i f i c a n t l y  e f f e c t  t h e  o p t i m i z a t i o n  process .  T h i s  concern w i l l  be ex- 

p lo red  i n  more d e t a i l  d u r i n g  the d i s c u s s i o n  of the performance of t h e  

wat’nematical  model. 

S 

s 

The o p t i m i z a t i o n  r e s u l t s  f o r  t h e  d e s i g n  c a s e s  where t h e  i n i t i a l  

s t o r a g e  m a t e r i a l  t empera tu re  excess, ‘r,n9tl,s/Tm was 1.3 will nov be 

p r e s e n t e d .  As p r e v i o u s l y  i n d i c a t e d ,  t h e s e  r e s u l t s  a re  v e r y  s i m i l a r  t o  

those  where T,B,o,S/Tm was 1.1. The q u a l i t a t i v e  behav io r  of t h e  

o p t i m i z a t i o n  v a r i a b l e s  and o t h e r  d e s c r i p t i o n s  of system performance were 

i n  f a c t  i d e n t i c a l .  The d i f f e r e n c e s  between the c a s e s  O C C U K ~ ~  o n l y  i n  

t h e i r  a c t u a l  va lues .  The m j o r  ‘ r e s u l t  O E  t h i s  a n a l y s i s  was t h a t  in- 

c r e a s i n g  the i n i t i a l  m a t e r i a l  t empera tu re  r e s u l t e d  i n  s l i g h t l y  lower 

f i g u r e s  of wr i t .  This behavior  is  summarized i n  F i g u r e  4.15 fo r  the 

T, was same set of des ign  v a r i a b l e s  u t i l i z e d  f o r  the cases where T m, o ,  

1.1. An examina t ion  of t h e  d a t a  summarized i n  Tables  4 - 1  t o  4.8 (pp. 89 

through 96)  shows the following a d d i t i o n a l  d i f f e r e n c e s  f o r  an optiinurn 

d e s i g n  w i t h  a h i g h e r  i n i t i a l  m a t e r i a l  t e m p e r a t u r e :  
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4- a .  lower values  of FasP h ighe r  v a l u e s  of G, , and lower v a l u e s  of 

E l i ,  were g e n e r a l l y  rcquirad for an optimum system, 

b. lower t o t a l  amounts of thermal  and p r e s s u r e  a v a i l a h i l i t y  were 

d e s t r o y e d  as well as smaller f r a c t i o n s  of e n t e r i n g  thermal  a v a i l a b i l i t y ,  

C. t h e r e  was less  e n t r o p y  g e n e r a t i o n  due t o  conduc t ion  i n  t h e  

storage m a t e r i a l  and h e a t  t r a n s f e r  between the f l u i d  and m a t e r i a l ,  and 

more due t o  &he d i s c h a r g e d  ho t  f l u i d  r e a c h i n g  e q u i l i b r i u m  w i t h  t he  cn- 

v i ronmsn t ,  

d. l a r g e r  NTUS were r e q u i r e d ,  and 

e .  f i r s t  law e f f i c i e n c i e s  were lower. 

We conclude t h a t  h i g h e r  i n i t i a l  material t e m p e r a t u r e s  r e s u l r :  i n  u n i t s  

t h a t  are s l i g h t l y  inure e f f i c i e n t  (i.ee9 lower v a l u e s  of Ne) but  a l s o  

have l a r g e  MTUs, These a r e  t h e  same q u a l i t a t i v e  r e s u l t s  t h a t  Krane [ 4 5 1  

reached f o r  t h e  lumped element s y s  tern. 

Uncons t rd ined  P a r a l l e l  Flow Cases 1." 

The p a r a l l e l  f low c o n f i g u r a t i o n  was op t imized  with t h e  same s e t  of 

m e d i m  t empera tu re  d e s i g n  v a r i a b l e s  summarized i n  F igu re  4.4 ( p .  1 1 2 ) .  

The most g e n e r a l  r e s u l t  i s  t h a t  t h i s  c o n f i g u r a t i o n  ( w i t h  and wi thou t  a 

dwell  p e r i o d )  r e s u l t e d  i n  optimum s y s t e m  with h ighe r  f i g u r e s  of merit 

t han  t h e  comparable coun te r f low c a s e s  w i t h o u t  a dwe l l  pe r iod .  These re- 

s u l t s  a r e  summarized i n  F i g u r e  4.16 and show the  f i g u r e  of merit fo r  the  

two p a r a l l e l  f low designs a s  w e l l  a s  t h e  comparable c o u n t e r f l o w  case.  

These d a t a  show t h a t ,  over  t he  range of T examined, t h e  pe r fo rmance  of 

t h e  p a r a l l e l  f l o w  c a s e s  was c o n s i s t e n t l y  worst? than t h a t  fo r  the 

coun te r f low base case ( i . e * ,  t he  set  of d e s i g n  v a r i a b l e s  summarized i n  

F i g u r e  4 . 4 ) .  We a l s o  n o t e  t h a t  t h e  f igures  of merit  f o r  both p a r a l l e l  

S 
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cases were e s s e n t i a l l y  t h e  same and t h e  d i f f e r e n c e  between then  and the 

cotinterflow case dec reased  as ‘I: approached i t s  upper va lue .  Th i s  be- 

h a v i o r  is  a t t r i b u t e d  t o  the  i n c r e a s i n g  amounts of p r e s s u r e  a v a i l a b i l i  cy 

des t s uc t i  on. As T~ increases t l i ~  i n f l u e n c e  of t he  therinal 

i r r e v c r s i b i l i t i e s  on t h e  v a l u e  of the f i g u r e  of w r i t  decreases. I t  is  

not  un reasonab le  then to  expec t  the p e r f  orrnance of the p a r a l l e l  d e s i g n s  

to approach t h a t  of the c o u n t e r f l o w  case i n  those  o p e r a t i n g  r e g i o n s  

where p r e s s u r e  a v a i l a b i l i t y  d e s t r u c t i o n  dominates .  

S 

* A n  examina t ion  of t h e  o p t i m i z a t i o n  r e s u l t s  p r e s e n t e d  i n  T a b l e s  4.9 

and 4.10 (pp .  97 and 98) shows the  fo l lowing  a d d i t i o n a l  optimum oper-  

a t i n g  c h a r a c t e r i s t i c s  of t h e  p a r a l l e l  f l ow designs: :  

a. Both d e s i g n s  ( i * e * ,  p a r a l l e l  f low c o n f i g u r a t i o n  with and with- 

o u t  a d w e l l  p e r i o d )  g e n e r a l l y  r e q u i r e d  longer  s t o r a g e  p e r i o d s  and lower 

v a l u e s  of G,+ and ~ i ,  f o r  an optimum system. than t h e  c o u n t e r f l o w  case. 

b. Both d e s i g n s  d e s t r o y e d  h i g h e r  t o t a l  amounts of p re s su re  and 

thermal  a v a i l a b i l i t y  a s  well as d e s t r o y i n g  a h ighe r  p e r c e n t a g e  of t h e  

e n t e r i n g  thermal a v a i l a b i l i t y .  The d e s i g n  w i  thorit t h e  dwell  pe r iod  

destroyed the  l a r g e s t  p e r c e n t a g e  of e n t e r i n g  a v a i l a b i l i  t y .  

c 1  During the s to rage  p e r i o d ,  eneh of t h e  t h r e e  e n t r o p y  g e n e r a t i o n  

mechanism d e s t r o y e d  more a v a i l a b i  li t y  i n  ehe p a r a l l e l  f l a w  d e s i g n s  than 

i n  the coun te r f low case. 

d, The f i r s t .  law e f f i c i e n c i e s  of t he  p a r a l l e l  f low d e s i g n s  were 

both h i g h e r  than the coun tc r€ low case ,  w i t h  the des i f f r i  w i t h o u t  the dwt3:ll 

p e r i o d  g e n e r a l l y  hav ing  the h i g h e s t  e f f i c i e n c y ,  

e. Over the  range of c examined, both p a r a l l e l  flow d e s i g n s  re- 

s u l t e d  i n  a sma11.ei optimum NTU. The d e s i g n  w i t h  the smal les t  s i z e  

s 
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v a r i e d  as  T~ i n c r e a s e d .  For l o w  v a l u e s ,  t h e  dwell p e r i o d  d e s i g n  re- 

s u l t e d  i n  t h e  s m a l l e s t  NTU. A t  t h e  maximum v a l u e  of T t h e  dwe l l  p e r i o d  

d e s i g n  had t h e  l a r g e s t  optimum NTU. 

S 

f. The dwe l l  p e r i o d  e l a p s e d  d i m e n s i o n l e s s  times were on t h e  o r d e r  

of 6500. By comparison,  t he  s t o r a q e  p e r i o d  d i m e n s i o n l e s s  times f o r  a l l  

c o u n t e r f l o w  and p a r a l l e l  cases ranged from 0.5 t o  abou t  h.0. The amount 

of e n t r o p y  g e n e r a t e d  by conductiori  i n  the s t o r a g e  m a t e r i a l  d u r i n g  t h e  

d w e l l  p e r i o d  ave raged  24.% of t h e  amount g e n e r a t e d  d u r i n g  t h e  s t o r a g e  

p e r i o d  and a p p r o x i m a t e l y  lo.% of t h e  t o t a l  g e n e r a t e d  f o r  the e n t i r e  

s to rage - remova l  cyc le .  Depending cln t h e  v a l u e  of T a d w e l l  p e r i o d  in -  

c r e a s e d  t h e  t o t a l  e n t r o p y  g e n e r a t e d  d u r i n g  a c y c l e  from 12.X t o  67.W 

over  t h a t  f o r  t h e  c o u n t e r f l o w  case. 

s ’  

We conclude t h a t  t h e  p a r a l l e l  f l o w  c o n f i g u r a t i o n ,  w i t h  and w i t h o u t  

a dwe l l  p e r i o d ,  r e s u l t s  i n  optimum systems t h a t  a r e  less  e f f i c i e n t  t han  

t h o s e  of t h e  c o r r e s p o n d i n g  counterElow des ign .  This was the  same qual- 

i t a t i v e  r e s u l t  t h a t  Ma th ip rakasan  and Beeson [ 4 5 ]  r eached  d u r i n g  t h e i r  

s i m p l i f i e d  second l a w  a n a l y s i s  of the rma l  energy s t o r a g e  systems. 

C o n s t r a i n e d  Coun te r f low Cases W i  t h e u t  a D w e l l  P e r i o d  

The c o n s t r a i n e d  o p t i m i z a t i o n s  were d e f i n e d  t o  assess the  s e n s i t i v -  

i t y  of t he  f i g u r e  of merit,  N e ,  t o  two p rocess  pa rame te r s  t h a t  a r e  

c l o s e l y  r e l a t e d  t o  t h e  economic . l i a b i l i t y  a system d e s i g n ;  i t s  s i z e  

(NTU) and i t s  f i r s t  l a w  e f f i c i e n c y .  Two c a s e s  were e x e c u t e d  w i t h  t h e  

same set  of medium t empera tu re  d e s i g n  v a r i a b l e s  summarized in F i g u r e  4 . 4  

(p .  112). The p r i n c i p l e  r e s u l t  o b t a i n e d  was t h a t  t he  second law ef-  

f i c i e n c i e s  for b o t h  cases were poorer  than the  nominal c o u n t e r f l o w  

case. These r e s u l t s  are summarized i n  F i g u r e  4.17 and  show t h e  f i g u r e  
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o f  merit a s  a f u n c t i o n  of T f o r  che two c o n s t r a i n e d  d e s i g n s  a s  w e l l  a s  

f o r  t h e  c o u n t e r f l o w  case. 

S 

Examining the o p t i m i z a t i o n  r e s u l t s  summarized i n  T a b l e  4.11 ( p .  9 9 )  

shows t h e  f o l l o w i n g  s p e c i f i c  rem.1 ts fo r  the cases where t h e  s to rage  

system NTU was c o n s t r a i n e d  t o  a maximurn v a l u e  o f  t en :  

a. The optimum v a l u e s  of t h e  f i g u r e  of merit were g r e a t e r  than t h e  

c o u n t e r f l o w  c a s e  f o r  a l l  v a l u e s  of T examined. This d i f f e r e n c e ,  how- 
S 

e v e r ,  d e c r e a s e d  as T approached i t s  maximum va lue .  N c  i n c r e a s e d  ap- 

p r o x i m a t e l y  6 3 , % ,  22 .%,  and 1 .5% f o r  v a l u e s  of T of 0.005, 0105, and 

0.5 r e s p e c t i v e l y .  Cor re spond ing  r e d u c t i o n s  i n  t h e  v a l u e  of NTU were ap- 

p rox ima te ly  819%, 73 .%,  and 57.%. 

s 

s 

b. Compared t o  t h e  c o u n t e r f l o w  c a s e ,  smaller v a l u e s  of G,' and B i ,  

and l a r g e r  v a l u e s  of Fo, were r e q u l r e d  f o r  an optimum system. The v a l u e  

of G,+ d e c r e a s e d  approx ima te ly  5 . 6 % ,  29 .%,  and 32.2 f o r  v a l u e s  of T $  of 

0.005, 0.05, and 0.5 r e s p e c t i v e l y .  Corresponding r e d u c t i o n s  i n  B i ,  were 

BO.%, 61.%, and 38.% r e s p e c t i v e l y .  I n c r e a s e s  i n  Fo, f o r  t h e  correspond-  

i n g  v a l u e s  of T~ were 48.%, 27.2, and 12.%. Reduc t ions  i n  G,' and B i ,  

were expec ted  s i n c e  t h e s e  a r e  :he two o p t i m i z a t i o n  v a r i a b l e s  t h a t  

d e t e r m i n e  t h e  v a l u e  of the NTU. T h e i r  product  must d e c r e a s e  i f  t he  NTil 

i s  t o  d e c r e a s e .  

C .  The f i r s t  law e f f i c i e n c i e s  of t h e  c o n s t r a i n e d  systems were con- 

s i s t e n t l y  h i g h e r .  Again we n o t e  t h a t  t h i s  behav io r  i s  c o n s i s t e n t  w i t h  

t h e  l o n g e r  s t o r a g e  p e r i o d s .  

d. The c o n s t r a i n e d  systems d e s t r o y e d  e s s e n t i a l l y  the same t o r a l  

amount of p r e s s u r e  a v a i l a b i l i t y  but c o n s i d e r a b l y  more t o t a l  t he rma l  

a v a i l a b i l i t y  than t h e  c o u n t e r f l o w  base case. For v a l u e s  of 'cS of TJ.OOS, 
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0.05, and 0.5;  i n c r e a s e s  of 160.2, 230.%, and 174.X r e s p e c t i v e l y  were 

c a l c u l a t e d ,  

FJe conclude t h a t  c o n s t r a i n i n g  t h e  d i m e n s i o n l e s s  s t o r a g e  u n i t  s i z e  

to wsderatcl v a l u e s  r e s u l t s  i n  l ess  efficient u n i t s  and the d e g r a d a t i o n  

of system performance,  a s  measured by t h e  v a l u e  of N c ,  i s  a s t r o n g  f u n c -  

t i o n  of u . This  raises the p o s s i b i l i t y  tha t  some u n i t s  could be o p e r -  

a t e d  away from t h e i r  optimum d e s i g n  p o i n t  w i t h o u t  a d v e r s e l y  a f f e c t i n g  

t h e i r  second law e f f i c i e n c y .  Such a move shou ld  be c o n s i d e r e d  c a r e f u l l y  

though, given the l a rge  i n c r e a s e s  i n  t o t a l  thermal  i r r e v e r s i b i l i  t ies  

t h a t  would accompany such  off d e s i g n  o p e r a t i o n .  

S 

The r e s u l t s  f o r  th2 d e s i g n  where the s t o r a g e  p e r i o d  f i r s t  law ef- 

ficienc.y was c o n s t r a i n e d  t o  a minimum va lue  of 0.30 are summarized i n  

Table  4.12 (p.  100).  S p e c i f i c  o b s e r v a t i o n s  and c o n c l u s i o n s  a re :  

a. The optimum v a l u e s  f o r  the. f i g u r e  of merit were l a r g e r  than t h e  

c o u n t e r f l o w  c a s e  for  a1.1. v a l u e s  of 1: examined. As w a s  t he  c a s e  whein 

the NTU was cons t r a i n e d ,  t h e  p e r f  oruxince degratla t i on  WRS a s t r o n g  func- 

t i o n  of T . N, i n c r e a s e d  a p p r o x i m a t e l y  4 6 . X ,  15.%, and 1.6% as  T i n -  

c r e a s e d  from 0.005 to  0.5. The c o r r e s p o n d i n g  r e d u c t i o n s  i n  t he  v a l u e  of 

NTU were approx ima te ly  1.%, 14.%, and 2O.Z 

8 

S S 

b. Siualler v a l u e s  of Gs+,  l a r g e r  v a l u e s  a €  ai,,  and l o n g e r  s to rage  

times were r e q u i r e d  for an optimum s y s t e m ,  The v a l u e  of G, d e c r e a s e d  

approx ima te ly  23.%, 4 . % ,  and 2 4 - 2  a s  T i n c r e a s e d  from 0.005 t o  0.5. 

Corresponding i n c r e a s e s  i n  t h e  v a l u e  of W i ,  were 29.%, 10.42, and 

5.6%. Fo, i n c r e a s e d  approx ima te ly  138.%, 101.%, and 15.X as  T~ i n -  

c r e a s e d  Froin 0.005 to  0.5. The behav io r  of Gs and B i ,  a r e  c o n s i s t e n t  

with the p h y s i c a l  s y s t e m  and the Lyyx of c o n s t r a i n t  imposed. La rge r  

4- 

S 

.+ 
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v a l u e s  of B i s  i n c r e a s e  t h e  ra te  of  h e a t  t r a n s f e r  t o  t h e  s t o r a g e  

material .  R e d u c t i o n s  i n  t h e  v a l u e  of C,' i n c r e a s e  t h e  t e m p e r a t u r e  d r o p  

i n  t h e  f l u i d .  T h i s  would i n c r e a s e  t h e  ra te  of h e a t  t r a n s f e r  t o  t h e  

s t o r a g e  material and  c o n s e q u e n t l y  r e d u c e  t h e  e x i t i n g  f l u i d  t e m p e r a t u r e .  

c. The c o n s t r a i n e d  s y s t e m s  d e s t r o y e d  more t o t a l  p r e s s u r e  and 

t h e r m a l  a v a i l a b i l i t y  t h a n  t h e  c o u n t e r f l o w  case and ,  l i k e  p r e v i o u s  re- 

s u l t s ,  t h i s  b e h a v i o r  was a s t r o n g  f u n c t i o n  of "I . A t  t h e  t h r e e  v a l u e s  

o f  T examined ,  t h e  t o t a l  t h e r m a l  a v a i l a b i l i t y  d e s t r u c t i o n  i n c r e a s e d  ap- 

p r o x i m a t e l y  356.%, 2078%, and 1 1 3 . 2 .  I n c r e a s e s  i n  t o t a l  p r e s s u r e  a v a i l -  

S 

S 

a b i l i t y  d e s t r o y e d  a t  t h e  same p o i n t s  were 263.%, 48.2,  and 23.2. 

We c o n c l u d e  t h a t  c o n s t r a i n i n g  t h e  s t o r a g e  u n i t  f i r s t  l a w  e f f i c i e n c y  

r e s u l r s  i n  less e f f i c i e n t  u n i t s  ( i . e e ,  larger v a l u e s  of N c >  and t h a t  t h e  

degree of d e g r a d a t i o n  is  a s t r o n g  € u n c t i o n  of  T . A s  was t h e  case when 

s i z e  c o n s t r a i n t s  were imposed ,  t h i s  r e s u l t  s u g g e s t s  t h a t  t h e  some o f f -  

S 

d e s i g n  o p e r a t i o n  i s  p o s s i b l e  w i t h o u t  s i g n i f i c a n t l y  a f f e c t i n g  t h e  second  

l a w  e f f i c i e n c y  of  t h e  u n i t .  Again ,  t h i s  o p t i o n  s h o u l d  be c o n s i d e r e d  i n  

c o n j u n c t i o n  w i t h  t h e  i n c r e a s e d  amounts  of t o t a l  a v a i l a b i l i t y  d e s t r u c t i o n  

t h a t  c a n  occur .  

C r i t i q u e  of  t h e  M a t h e m a t i c a l  Model 

The p u r p o s e  of t h i s  s e c t i o n  of t h e  document is  t o  assess t h e  per-  

formance  of t h e  m a t h e m a t i c a l  model d e v e l o p e d  f o r  t h i s  s t u d y .  T h r e e  

s p e c i f i c  areas w i l l  be a d d r e s s e d :  

a .  t h e  e f f e c t s  of some of t h e  a s s u m p t i o n s  u t i l i z e d  i n  t h e  model., 

b. t h e  a c c u r a c y  of t h e  o p t i m i z a t i o n  r e s u l t s ,  and 

c .  t n e  p e r f o r m a n c e  of t h e  CRG2 o p t i m i z a t i o n  r o u t i n e .  
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G i v e n  t h e  c o m p l e x i t y  of t h e  problem,  t h e  a s s u m p t i o n  t h a t  t h e  s t o r -  

age p e r i o d  b e g i n s  w i t h  a u n i f o r m  s t o r a g e  material t e m p e r a t u r e  was made 

for the sake of s i m p l i c i t y .  It was e v e n t u a l l y  p r o v e n ,  however ,  n o t  t o  

be a good a p p r o x i m a t i o n  as a s u b s t a n t i a l  t e m p e r a t u r e  g r a d i e n t  e x i s t e d  i n  

t h e  s t o r a g e  m a t e r i a l  a t  t h e  end  of  t h e  renioval p e r i o d ,  A s  3 conse-  

q u e n c e ,  f u t u r e  a n a l y s e s  s h o u l d  i n c l u d e  a p r o c e d u r e  i n v o l v i n g  s u c c e s s i v e  

i t e r a t i o n s  u s i n g  t h e  t e m p e r a t u r e  d i s t r i b u t i o n s  a t  t h e  end of  the p r e v i -  

o u s  removal  p e r i o d  as t h e  i n i t i a l  c o n d i t i o n  f o r  t h e  n e x t  s t o r a g e  

p e r i o d .  T h i s  i n c r e a s e d  r i g o r  w i l l  a l s o  p e r m i t  t h e  i d e n t i f i c a t i o n  of t h e  

came f o r  a n o t h e r  i n t e r e s t i n g  o p e r a t i n g  c h a r a c t e r i s t i c .  I t  s h o u l d  be 

r e c a l l e d  t h a t  t h e  m a j o r i t y  of t h e  co i in t e r f  l o w  s y s t e m s  o p t i m i z e d  

d e s t r o y e d  more t h e r m a l  a v a i l a b i l i t y  i n  the material d u r i n g  t h e  s t o r a g e  

p e r i o d  t h a n  d u r i n g  t h e  removal  p e r i o d .  G iven  t h a t  t h e  f l u i d  mass 

v e l o c i t i e s ,  heat t r a n s f e r  c o e f f i c i e n t s ,  arid p h y s i c a l  geomet ry  were t h e  

same f o r  b o t h  p e r i o d s ,  t h e  most p l a u s i b l e  e x p l a n a t i o n  i s  t h a t  t h e r e  arc 

d i f f e r e n t  time a v e r a g e d ,  m a t e r i a l - f  l u i d  t e m p e r a t u r e  d i f f e r e n c e s  f o r  t h e  

s t o r a g e  and r emova l  p e r i o d s .  The i t e r a t i v e  e x r c r i t i o n  s e q u e n c e  d e s c r i b e d  

above  would d e t e r m i n e  i f  t h e  c h a r a c t e r i s t i c  is  caused  by i n c o r r e c t  stor-- 

age material t e n p e s a t u r e s  d u r i n g  t h e  s t o r a g e  p e r i o d  O i  i s  a v a l i d  con- 

s e q u e n c e  of t h e  lower  e n t e r i n g  f l u i t l  t e m p e r a t u r e  and s e v e r e  s t o r a g e  

material  t e i n p e r a t u r e  g r a d i e n t  d u r i n g  t h e  removal  p e r i o d .  

The a c c u r a c y  of t h e  r e s u l t s  f o r  a g i v e n  d e s i g n  case were v e r i f i e d  

by showing t h a t  changes  i n  t he  f i n a l  v a l u e  of t h e  o p t i m i z a t i o n  v a r i a b l e s  

produced  h i g h e r  v a l u e s  f o r  the f i g u r e  of merit, Nc.  To a c c o m p l i s h  t h i s ,  

(11-1) of t h e  n o p t i , n i z a t i o n  v a r i a b l e s  were f i x e d  at t h e  v a l u e  d e t e r m i n e d  

by GKG2 d u r i n g  t h e  o r i g i n a l  o p t i m i z a t i o n .  The v a l u e  of t h e  r en ia in ing  



145 

O p t i m i z a t i o n  v a r i a b l e  ( i . e . ,  t h e  nth v a r i a b l e )  was t h e n  v a r i e d  and t h e  

behav io r  of t h e  f i g u r e  of merit obse rved .  I f  it i n c r e a s e d  f o r  a l l  bu t  

t h e  o r i g i n a l  optimum v a l u e ,  t h e n  the o r i g i n a l  v a l u e  w a s  shown t o  be a 

minimum. 

T h i s  p r o c e d u r e  w a s  execu ted  f o r  s i x  u n c o n s t r a i n e d ,  c o u n t e r f l o w  de- 

sign cases, which represented a cross s e c t i o n  of t h e  d e s i g n  v a r i a b l e s  

u t i l i z e d  f o r  the  s tudy .  The d e s i g n  v a r i a b l e s  fo r  each case as w e l l  as 

an i n d i c a t i o n  of how t h e  o r i g i n a l  o p t i m i z a t i o n  w a s  t e r m i n a t e d  is summar- 

i z e d  i n  T a b l e  4.17. The t e r m i n a t i o n  d a t a  are  p r e s e n t e d  now but w i l l  be  

d i s c u s s e d  la ter .  The r e s u l t s  of this v e r i f i c a t i o n  p r o c e d u r e  are summa- 

i z e d  i n  F i g u r e s  4.18, 4.19, and 4.20. F i g u r e  4.18 i s  f o r  t h e  i t e r a t i o n  

where only  Gs was v a r i e d ,  F i g u r e  4.19 where o n l y  B i ,  w a s  v a r i e d ,  and 

F i g u r e  4.20 where o n l y  Fos was va r i ed .  Each f i g u r e  shows a p l o t  of the 

f 

f i g u r e  of merit as f u n c t i o n  of t h e  p a r t i c u l a r  o p t i m i z a t i o n  v a r i a b l e  be- 

i n g  v a r i e d .  The o r i g i n a l  optimum p o i n t  f o r  each case a p p e a r s  as a l a rge  

a s t e r i s k .  Each f i g u r e  also shows a v e r t i c a l  l i n e  which r e p r e s e n t s  t h e  

i n i t i a l  v a l u e  of t h e  v a r i a b l e  (i.e. f i r s t  guess f o r  t h e  optimum v a l u e )  

t h a t  was used i n  t h e  o r i g i n a l  o p t i m i z a t i o n .  

An examina t ion  o €  t h e s e  r e s u l t s  f o r  each o p t i m i z a t i o n  v a r i a b l e  

shows t h a t  t h e  v a l u e  of t h e  f i g u r s  of merit e i t h e r  i n c r e a s e d  away from 

each o r i g i n a l  optimum v a l u e  or  g r a d u a l l y  i n c r e a s e d  0r d e c r e a s e d  through 

t h e  o r i g i n a l  optimum value.  We conc lude  t h a t  GKG2 was siiccessful i n  

l o c a t i n g  a minimum v a l u e  o r ,  at l ea s t ,  a v a l u e  i n  a “minimum r e g i o n ”  

where t h e  f i g u r e  of merit was changing o n l y  s l i g h t l y .  The i n s e n s i t i v i t y  

of  GRG2 in t h e s e  “minimum r e g i o n s “  i s  a t t r i b u t e d  t o  t w o  c a u s e s ;  t h e  in- 

t e n s e  numer i ca l  n a t u r e  of t h e  problem and t h e  s t e p  s i z e  t h a t  GRG2 used 

t o  c a l c u l a t e  t h e  p a r t i a l  d e r i v a t i v e s  of t h e  f i g u r e  of merit. 
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C a l c u l a t i n g  a v a l u e  f o r  t h e  f i g u r e  of merit  r e q u i r e s  a l a r g e  number 

o€ i n d i v i d u a l  c a l c u l a t i o n s .  For  b o t h  t h e  s t o r a g e  and removal  p e r i o d s  

t h e r e  are a series of 59 t r a n s i e n t  t e m p e r a t u r e  c a l c u l a t i o n s .  W i t h i n  

e a c h  t i m e  i n c r e m e n t  t h e r e  are b o t h  one and two-dimens iona l  i n t e g r a -  

t i o n s ,  At. t h e  end  of each p e r i o d  t h e r e  are a d d i t i o n a l  one -d imens iona l  

i n t e g r a t i o n s .  As p r e v i o u s l y  e x p l a i n e d  GRG2 w a s  r e q u i r e d  t o  c a l c u l a t e  

o b j e c t i v e  f u n c t i o n  p a r t i a l  d e r i v a t i v e s  w i t h  t h e  same r o u t i n e  which  cal- 

c u l a t e d  a v a l u e  for t h e  f i g u r e  of mer i t ,  u s i n g  a f i x e d  i n c r e m e n t  s i z e .  

G iven  t h e s e  c i r c u m s t a n c e s  i t  is  r e a s o n a b l e  t o  e x p e c t  t h a t  "small" s t e p  

s izes  would p a r t i a l l y  o b s c u r e  any  real changes  i n  t h e  v a l u e  of t h e  

f i g u r e  of merit b e c a u s e  of t h e  e r r o r s  p r o p a g a t e d  t h r o u g h  t h e  l a r g e  

number of i n d i v i d u a l  c a l c u l a t i o n s  t h a t  had t o  be pe r fo rmed .  

An example  of t h i s  t y p e  of b e h a v i o r  c a n  be seen i n  case numbers 

f o u r  and f i v e .  GKG2 t e r m i n a t e d  t h e s e  r u n s  w i t h  i t s  most r i g o r o u s  s t a t u s  

message ;  t h a t  t h e  f i n a l  p o i n t  meet t h e  Kuhn-Tucker c r i t e r i a .  Kuhn- 

Tucker  are a set  of c o n d i t i o n s  which  i n d i c a t e  t h a t  a t r u e  l o c a l  minimum 

p o i n t  h a s  been found  w i t h i n  t h e  t o l e r a n c e  s p e c i E i e d  by t h e  u s e r .  How- 

e v e r ,  a n  e x a m i n a t i o n  of t h e  r e s u l t s  shown i n  F i g u r e s  4.18 t h r o u g h  4,20 

i n d i c a t e  t h a t  f i n a l  v a l u e s  of  G and  Fos c a n  be changed  and  f u r t h e r  re-- 

d u c e  t h e  v a l u e  of t h e  f i g u r e  of mer i t .  S i n c e  t h e  t e r m i n a t i o n  t o l e r a n c e  

s p e c i f i e d  f o r  Lhese runs  w a s  1.0 x and r e d u c t i o n s  i n  t h e  f i g u r e  of 

merit g r e a t e r  t h a n  t h i s  c o u l d  have  been a c h i e v e d ,  w e  c o n c l u d e  t h a t  t h e  

i n c r e m e n t  s i z e  used  t o  c a l c u l a t e  t h e  p a r t i a l  d e r i v a t i v e s  w a s  of s u c h  a 

s i z e  as t o  o b s c u r e  t h e  r e a l  change  i n  t h e  f i g u r e  of merit. 

-4- 

S 



Case two i l l u s t r a t e s  t h e  e f f e c t  of b e g i n n i n g  a n  o p r i m i z a t i o n  r u n  

w i t h  imprope r  i n i t i a l  v a l u e s  of t h e  o p t i m i z a t i o n  v a r i a b l e s .  As p r e v i -  

o u s l y  e x p l a i n e d ,  a s e t  of i n i t i a l  t a l u e s  f o r  t h e  o p t i m i z a t i o n s  v a r i a b l e s  

was d e f i n e d  d u r i n g  t h e  v e r i f i c a t i o n  e f f o r t  and u s e d  for a l l  s u b s e q u e n t  

d e s i g n  cases. A s  t h e  d a t a  i n  F i g u r e s  4.18 t h r o u g h  4.20 shows, tising 

t h i s  se t  f o r  case two r e s u l t e d  i n  v a l u e s  of t h e  f i g u r e  of merit i n  a 

r e g i o n  of t h e  s u r f a c e  w i t h  l i t t l e  s e n s i t i v i t y  t o  B i s  o r  Fo,. A s  a re- 

s u l t ,  GRG2 c o u l d  no t  f i n d  a b e t t e r  p o i n t  af ter  nine comple t e  o p t i m i z a -  

t i o n  i t e r a t i o n s  and  t e r m i n a t e d .  A l though  a small s t e p  s i z e  c e r t a i n l y  

c o n t r i b u t e d  t o  the i n a b i l i t y  of CRG2 t o  d e t e r m i n e  which d i r e c t i o n  t o  

p r o c e e d ,  t h i s  r e s u l t  is p r i m a r i l y  due  t o  poor  i n i t i a l  v a l u e s  f o r  t h e  

o p t i m i z a t i o n  v a r i a b l e s .  

We c o n c l u d e  t h a t  GRG2 i s  c a p a b l e  of o p t i m i z i n g  l a r g e ,  c o n p l i c a t e d  

problems bu t  r e q u i r e s  c o n s i d e r a b l e  p r e p a r a t i o n  t o  operate p r o p e r l y .  

P r i o r  t o  a r u n  i t  is  n e c e s s a r y  t o  s p e c i f y  a p p r o p r i a t e  i n i t i a l  v a l u e s  f o r  

t h e  o p t i m i z a t i o n  v a r i a b l e s ,  t o  d e f i n e  an a p p r o p r i a t e  i n c r e m e n t a l  l e n g t h  

t o  c a l c u l a t e  p a r t i a l  d e r € v a t i v e s ,  and t o  have  c o r r e c t l y  s c a l e d  t h e  

problem.  S i n c e  e a c h  of t h e s e  r e q u i r e m e n t s  can change  be tween p rob lems ,  

and e v e n  between cases fo r  t h e  same problem, w e  a l s o  c o n c l u d e  t h a t  CRG2 

i s  somewhat problem s p e c i f i c  and s h o u l d  be r e p r e p a r e d  when s i g n i E i c a n t  

changes o c c u r  i n  t h e  p rob lem s t a t e m e n t .  
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5 .  CONCLUSIONS AND RECONKENDATTONS 

Based on t h e  a n a l y s i s  a d  r e s u l t s  p r e s e n t e d ,  t h e  f o l l o w i n g  obser- 

v a t i o n s  , c o n c l u s i o n s  and  r e c o r n e n d a t i o n s  c a n  be made a b o u t  t h e  d e s i g n  

and o p e r a t i o n  of s e n s i b l e  h e a t  thermal e n e r g y  s t o r a g e  s y s t e m s  that have  

been  o p t i m i z e d  t o  min imize  e n t r o p y  p r o d u c t i o n .  

a. The e n t r o p y  g e n e r a t i o n  a t t r i b u t a b l e  t o  material c o n d u c t i o n  is  a 

m a j o r  c o n t r i b u t o r  t o  t h e  t o t a l  therr i ia l  i r r e v e r s i b i l i t i e s  a s s o c i a t e d  w i t h  

t h e  o p e r a t i o n  o f  s e n s i b l e  h e a t  storage u n i t .  Over  t h e  range of v a r i -  

a b l e s  examined ,  t h i s  c o n t r i b u t i o n  a c c o u n t e d  f o r  be tween 26.X and 60.% of 

t h e  t o t a l  t h e r m a l  a v a i l a b i l i t y  d e s t r u c t i o n  t h a t  o c c u r r e d  d u r i n g  a com- 

p l e t e  s t a r n g e - r e m o v a l  c y c l e .  

b. The s t o r a g e  material  g e o m e t r y ,  s p c c i f i c a l  l y  t h e  s t o r a g e  e l e m e n t  

a s p e c t  r a t i o ,  V', has a s i g n i f i c a n t  impact  011 t h e  optimum d e s i g n  of 

t h e s e  t y p e s  of s y s t e m s .  The e f f e c t  o f  V' o n  t h e  v a l u e  of N, i s  exceeded  

o n l y  by t h a t  of t h e  f l u i d  mass v e l o c i t y ,  T . 
S 

c. The c o u n t e r f l o w  c o n f i g u r a t i o n  w i t h o u t  a d w e l l  p e r i o d  o p e r a t e s  

more e f f i c i e n t l y  t h a n  t h e  p a r a l l e l  f l o w  c o n f i g u r a t i o n ,  w i t h  o r  w i t h o u t  a 

d w e l l  p e r i o d .  Dwell p e r i o d s  i n  g e n e r a l  were shown t o  be i m p r a c t i c a l  be- 

c a u s e  of t h e i r  ex t r eme  l e n g t h  and t h e i r  n e g a t i v e  impac t  on t h e  f i g u r e  of 

mer i t .  Depending  on  t h e  v a l u e  of -t a d w e l l  p e r i o d  i n c r e a s e d  ( o v e r  t h e  
S' 

c o r r e s p o n d i n g  c o u n t e r f  l o w  d e s i g n )  the t o t a l  t h e r m a l  e n t r o p y  g e n e r a t e d  

f rom 12.% t o  67.%. 

d. The thermodynamic  e f f i c i e n c i e s  of t h e s c  t y p e s  of s t o r a g e  sys -  

tems are e x t r e m e l y  poor ,  i n  t h a t  o v e r  t h e  r ange  of v a r i a b l e . ;  examined i n  

t h i s  s t u d y ,  t h e y  d e s t r o y e d  from 2 0 . %  t o  82.X o f  t h e  e n t e r i n g  t h e r m a l  and 

p r e s s u r e  a v a i l a b i l i t y .  
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e .  The optimum f i g u r e  of merit i s  r e l a t i v e l y  i n s e n s i t i v e  t o  

changes i n  t h e  s i z e  (NTU) of t h e  s t o r a g e  u n i t ,  bu t  t h i s  i n s e n s i t i v i t y  i s  

a s t r o n g  f u n c t i o n  of T . T h i s  agrees w i t h  t h e  r e s u l t s  of Krane 

146,471.  O p e r a t i o n  s l i g h t l y  away f r o m  a n  optimum s i z e  s h o u l d  be  consid-  

e r e d  c a r e f u l l y ,  however, because of t h e  large i n c r e a s e s  i n  t o t a l  t he rma l  

and p r e s s u r e  a v a i l a b i l i t y  d e s t r u c t i o n  t h a t  can accompany such  moves, 

S 

These s p e c i f i c  r e s u l t s  can be g e n e r a l i z e d  t o  g i v e  a g e n e r i c  se t  of 

d e s i g n  g u i d e l i n e s  f o r  t h e  t y p e  of s t o r a g e  u n i t  examined i n  t h i s  s t u d y .  

F i r s t ,  anyone want ing t o  s p e c i f y  a c o n c e p t u a l  d e s i g n  of a s t o r a g e  system 

t h a t  minimizes  e n t r o p y  g e n e r a t i o n  s h o u l d  c o n s i d e r  on ly  c o u n t e r f l o w  u n i t s  

t h a t  o p e r a t e  w i t h o u t  a dwe l l  p e r i o d .  The f o l l o w i n g  g u i d e l i n e s  s h o u l d  

t h e n  be fo l lowed  t o  d e f i n e  a s ' t a r t i n g  p o i n t  f o r  t h e  d e s i g n  o p t i m i z a t i o n  

s t u d y :  

a. Nominal v a l u e s  f o r  T and V+ on t h e  o r d e r  of 0,05 and 0.05 re- 

s p e c t i v e l y  shou ld  be u t i l i z e d .  These v a l u e s  were shown t o  produce t h e  

most r e a s o n a b l y  s i z e d  systems.  

s 

b, Va lues  of 2.0, 0.15, and 6.0 s h o u l d  be used as t h e  s t a r t i n g  

v a l u e s  f o r  t h e  o p t i m i z a t i o n  v a r i a b l e s  F , C s 9  and B i s  r e s p e c t i v e l y .  

These  v a l u e s  are r e p r e s e n t a t i v e  of a l l  t h e  optimum v a l u e s  a t  o r  n e a r  t h e  

nominal v a l u e  of r d e f i n e d  above and as such are e x c e l l e n t  s t a r t i n g  

p o i n t s  f o r  a d e s i g n  procedure.  

-4- 

O S  

S 

The secondary  pu rpose  of t h i s  s t u d y  w a s  t o  d e m o n s t r a t e  t h a t  i t  w a s  

p r a c t i c a l  to  conduct  a s o p h i s t i c a t e d  d e s i g n  o p t i m i z a t i o n  s t u d y  us ing  in -  

d i v i d u a l  t e m p e r a t u r e  and p r e s s u r e  e n t r o p y  g e n e r a t i o n  terms. The r e s u l t s  

p r e s e n t e d  h e r e i n  show t h a t  such  p rocedures  are indeed  workable and pro-  

v i d e  c o n s i s t e n t  r e s u l t s .  T h e r e  are,  however, two comments c o n c e r n i n g  
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t h e  rna th tma t i ca l  model and o p t i m i z a t i o n  program t h a t  are p e r t i n e n t  t o  

f u t u r e  s t u d i e s :  

a. The assriniption of a uniform i n i t i a l  material t e m p e r a t u r e  f o r  

t h e  s tar t  o f  t h e  storage p e r i o d  w a s  shorn t o  be not  r e p r e s e n t a t i v e  o f  

the p h y s i c a l  s i t u a t i o n .  Large temperature gradieriCs were found t o  e x i s t  

i n  the storage material at  t h e  end of the removal per iod .  The 

wmtbwnatical  model and i t s  e x e c u t i o n  should be mod i f i ed  i n  f u t u r e  

s t u d i e s  t o  i n c l u d e  t h e  e f fec ts  c>f t h e s e  large g r a d i e n t s .  

b. The a b i l i t y  of the GRG2 o p t i m i z a t i o n  program t o  f i n d  inizinimum 

valirtrs af t h e  f i g u r e  of merit w a s  a c c e p t a b l e  g iven  its i n t e n s e l y  numer- 

i c a l  n a t u r e  but r e q u i r e d  c o n s i d e r a b l e  p r e p a r a t i o n  t o  use.  F u t u r e  

s t u d i e s  shou ld  efther l i m i t  the  range o f  d e s i g n  v a r i a b l e s  examined o r  

e n s u r e  that  GRG2 is  r e p r e p a r e d  when major changes aTe made i n  t h e  

problem d e s c r i p t i o n .  

Recommendations - l Y D  f o r  F u t u r e  Study 

The resu l t s  of t h i s  s t u d y  have also i d e n t i f i e d  aseas f o r  f u t u r e  

s tudy .  These i n c l u d e  a n a l y s e s  of heat t r a n s f e r  augmentat ion d e v i c e s  

t h e  o p e r a t i o n  of several storage u n i t s  in ser ies ,  and a d e s i g n  op t i rn i za -  

t i o n  cons t ra ined  by economic c o n s i d e r a t i o n s .  These were p r e v i o u s l y  

identified as p r o s p e c t i v e  areas f o r  s t u d y  by B a j a n  [1(+] and Kranc [ 4 6 ]  

and t h e i r  v a l i d i t y  has  been re-established by t h i s  s t u d y .  

For  nominal. v a l u e s  of the F l u i d  mass v e l o c i t y  ( i .  e. r = 0.051, a 

s i g n i f i c a n t  f r a c t i o n  of t h e  t o t a l .  e n t r o p y  g e n e r a t e d  d u r i n g  a s t o r a g e -  

rernoud c y c l e  o c c u r s  as a r e s u l t  of heat t r a n s f e r  t h rough  f i n i t e  tenper-- 

a t u r e  d i f f e r e n c e s  rather than  v i s c o u s  f r i c t i o n .  R e l  a t  i v e l y  s i m p  1 e 

s 
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d e s i g n  changes however have the p o t e n t i a l  t o  s i g n i f  f c a n t l y  r e d u c e  t he  

e f f e c t s  of two such mechanisms: c o n v e c t i v e  h e a t  t r a n s f e r  w i t h i n  t h e  

f l o w i n g  f l u i d  and c o n v e c t i v e  h e a t  t r a n s f e r  between t h e  e x i t i n g  h o t  f l u i d  

and t h e  s u r r o u n d i n g s .  

a. Convec t ive  h e a t  t r a n s f e r  between t h e  f l o w i n g  f l u i d  and t h e  

s t o r a g e  material accounted €or  betdeen 24.% t o  36.X of the the rma l  ir- 

r e v e r s i b i l i t i e s  g e n e r a t e d  d u r i n g  a comple t e  cyc le .  Beat t r a n s f e r  aug- 

men ta t ion  d e v i c e s  have t h e  p o t e n t i a l  t o  r e d u c e  t h e  f l u i d - m a t e r i a l  ten- 

p e r a t u r e  d i f f e r e n c e  and t h u s  d e c r e a s e  t h e  en t ropy  g e n e r a t i o n  a t t r i b u t -  

a b l e  t o  t h i s  mechanism. The e f f e c t  t h a t  t h e s e  d e v i c e s  might have on t h e  

o t h e r  e n t r o p y  g e n e r a t i o n  mechanisms is no t  clear. I n  any e v e n t ,  t h e f r  

net e f f e c t  on t h e  optimum d e s i g n  and o p e r a t i o n  of t h e s e  t y p e s  of s t o r a g e  

u n i t s  shou ld  be e s t a b l i s h e d  i n  some f u t u r e  s tudy .  

b. Thermal a v a i l a b i l i t y  d e s t r o y e d  as a r e s u l t  of t h e  d i s c h a r g e d  

h o t  f l u i d  r e a c h i n g  e q u i l i b r i u m  w i t h  t h e  environment accounted f o r  as 

much as 67.X of t h e  the rma l  i r r e v e r s i b i l i t i e s  g e n e r a t e d  d u r i n g  t h e  s t o r -  

age per iod.  T h i s  d e s t r u c t i o n  could be g r e a t l y  reduced by c o n n e c t i n g  

s e v e r a l  s t o r a g e  u n i t s  i n  series. With t h i s  flow a r rangemen t ,  t h e  a v a i l -  

a b i l i t y  c o n t a i n e d  i n  t h e  e x i t i n g  ho t  f l u i d  of t h e  f i r s t  u n i t  would no t  

be d e s t r o y e d  but would be t h e  a v a i l . a b i l i t y  s o u r c e  f o r  subsequen t  

u n i t s ,  Thus, an i n v e s t i g a t i o n  t o  d e t e r m i n e  t h e  optimum number of u n i t s  

and t h e i r  o p e r a t i o n  shou ld  be carried out .  

A s  p o i n t e d  ou t  by Krane  [ 4 6 ]  t h e  optimum d e s i g n  and performance of 

a s e n s i b l e  h e a t  s t o r a g e  u n i t  must e v e n t u a l l y  be  d e f i n e d  i n  ecor~ornic 

terms. Given t h e  p r o g r e s s  made by t h i s  and p r e v i o u s  s t u d i e s  [ 1 4 , 4 6 , 4 7 ]  
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i n  d e f i n i n g  fundamental ,  optimum, o p e r a t i n g  c h a r a c t e r i s t i c s ,  it is rec- 

ommended tha t  f u t u r e  s t u d i e s  e o n c e n t r a t e  less on t h e  e f f e c t s  OP T and 

d e f i n e  optimum systems f o r  some nominal mass v e l o c i t y  as a function of 

both eeonoruic c o n s i d e r a t i o n s  and the material aspect r a t i o ,  V.’. T h i s  

v a r i a b l e  was shown t o  have a s i g n i f i c a n t  i m p a c t  on t h e  optimum d e s i g n ,  

and i ts  e f f ec t  s h o u l d  be defined i n  greater  d e t a i l .  Futhermore ,  i t  i s  

recommended tha t :  any econoimic c r i t e r i o n  be t r e a t e d  as c o n s t r a i n t s  on t h e  

optimum d e s i g ~ i  r a t h e r  than as t h e  o b j e c t i v e  funct‘ton t o  be miniuiized. 

T h i s  has t h e  b e n e f i t  of alLowing a r a n g e  of c o n s t r a i n t s ,  such as d i f f e r -  

en t  i n i t i a l  c a p i t a l  c o s t s ,  t o  be c o n s i d e r e d .  This  approach w i l l  a l so  

p r o v i d e  data t u  q u a n t i f y  Be jan ’ s  d e f i n i t i o n  of fpn o p t i m a l  t he rma l  s y s -  

tem; namely “‘he least  i r r e v e r s i b l e  s y s t e i  that a d e s i g n e r  can a f f o r d . ”  

s 
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APPEFDIX A, 
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The f o l l o w i n g  i s  a g l o s s a r y  of t h e  names and f u n c t i o n s  of  t h e  sub- 

r o u t i n e s  i n  t h e  ENTROP program.  They are l i s t e d  i n  t h e  same o r d e r  t h a t  

t h e y  o c c u r  and a l i s t i n g  of t h e  program and some t y p i c a l  o u t n u t  i s  a l s o  

i n c l u d e d .  A l though  men t ioned  i n  hhe body of t h e  r e p o r t ,  i t  s h o u l d  be 

r e p e a t e d  h e r e  t h a t  t h e  s u b r o u t i n e s  DECQMP, DGBFA, DAXPY, DSCAL, ' I D A W ,  

DGBSL, and DDOT were n o t  w r i t t e n  by t h e  a u t h o r  bu t  t a k e n  from t h e  C O R L I R  

p u b l i c  domain compute r  l i b r a r y .  

GCOW: T h i s  is  ENTROP's p r i m a r y  s u b r o u t i n e  and t h e  i n t e r f a c e  t o  the  
GRG2 o p t i m i z a t i o n  program. It c o n t a i n s  t h e  r o u t i n g  to  conduc t  
t h e  f i v e  most b a s i c  c a l c u l a t i o n s .  The o n l y  c a l c u l a t i o n  i t  per -  
forms i t s e l f ,  b e s i d e s  i n i t i a l i z i n g  d a t a  a r r a y s ,  is t h e  figure 
of merit. T h i s  s u b r o u t i n e  c o n t a i n s  t h e  i n s t r u c t i o n s  s t e p s  
i l l u s t r a t e d  i n  F i g u r e  3.1. 

B182: C a l c u l a t e s  t h e  B1 and B2 c o e f f i c i e n t s  of t h e  d i s c r e t i z e d  ma-  
t e r i a l  c o n d u c t i o n  e q u a t i o n s .  These  c o e f f i c i e n t s  are d e f i n e d  i n  
Appendix  B. 

GUTS: Pe r fo rms  t h e  r o u t i n g  and c a l l s  t o  c a l c u l a t e  t h e  f l u i d - m a t e r i a l  
t r a n s i e n t  t e m p e r a t u r e  r e s a o n s e  f o r  one t i m e  i n c r e m e n t .  T h i s  
s u b r o u t i n e  c o n t a i n s  t h e  i t e r a t i v e  s e q u e n c e  i l l u s t r a t e d  i n  
F i g u r e  3.2. 

CUNST: C a l c u l a t e s  t h e  d i s c r e t i z e d  material c o n d u c t i o n  e q u a t i o n  con- 
s t a n t  a r r a y  f o r  e a c h  t i m e  p e r i o d .  

UECOMP: Decomposes t h e  w a l l  t e m p e r a t u r e  p o l y n o m i a l  c u r v e  f i t  c o e f f i -  
c i e n t  a r r a y  by a g a u s s i a n  e l i m i n a t i o n  p rocedure .  

DEFINE:  D e f i n e s  t h e  c o e f f i c i e n t  a r r a y  for  t h e  d i s c r e t i z e d  material cnn- 
d u c t i o n  e q u a t i o n s  and s t o r e s  t h i s  a r r a y  i n  DCBFA and DGHSL's 
work ing  m a t r i x .  

IIGBEA: Factors t h e  d i s c r e t i z e d  material  c o n d u c t i o n  e q u a t i o n  s e t  work- 
i n g  matrix u s i n g  a gaussian e l i m i n a t i o n  p r o c e d u r e .  

DAXPY: Per fo rms  a v e c t o r  o p e r a t i o n  needed  by t h e  DGBFA and DGBSL, sub- 
r o u t i n e s ,  I t  m u l t i p l i e s  it c o n s t a n t  times a v e c t o r ,  t h e n  a d d s  
t h e  r e s u l t s  t o  a s e c o n d  v e c t o r .  

USCAL: P e r f o r m s  a v e c t o r  o p e r a t i o n  needed by DGBFW. It scales  a 
v e c t o r  by a c o n s t a n t .  



IDANIpIvn: Performs a v e c t o r  o p e r a c i s n  needed by DGBFA. I t  f i n d s  t h e  
index of an element having t h e  maximum a b s o l u t e  va lue .  

I>GBSL,: So lves  the banded sys t em,  A*X-B using the  f a c t o r s  s u p p l i e d  by 
DGBFA. 

DDO'P: Performs a v e c t o r  o p e r a t i o n  needed by DGBSZ., It forms t h e  d o t  
product  of two v e c t o r s .  

INTERP:  The i n t e r p o l a t i o n  r o u t i n e  used t o  deter ining material w a l l  tern-- 
p e r a t u r e s  as a p a r t  of t h e  f l u i d  t e m p e r a t u r e  s o l u t i o n  pro- 
c edur e. 

ONEDIM: Per forms t h e  one-dimensional  i n t e g r a t i o n  of d i s c r e t e  d a t a  
p o i n t s .  Th i s  r o u t i n e  is used to  i n t e g r a t e  r a t e s  ( i . e . ,  per 
u n i t  l e n g t h )  of en t ropy  g e n e r a t i o n  along t h e  f l o w  channe l  dur- 
ing a g i v e n  time increment nnd also t h e  raLw of r n a t p c i a l ,  
f l u i d ,  and e x i t i n g  f l u i d  en t ropy  gerneration at  t h e  end of the 
s torage ,  dwell, and removal p e r i o d s .  

SGEN: C a l c u l a t e s  t h e  ma te r i a l ,  f l u i d ,  and e x i s t i n g  f l u i d  r a t e s  of en- 
t r o p y  generat ion f o r  each of the material and f l u i d  nodes,  fo r  
each time increment.  

SOLVE: Solves the Linear  system AhX-B. It is use3  t o  calculatsa  t h e  
c o e f f i c i e n t s  of t h e  w a l l  ternperaLure p o l y n o m i a l  cu rve  f i r .  I n  
t h i s  s y s t m ,  A i s  t h e  cu rve  f i t  qqeaai.Pon se t  c o e f f i c i e n t  m a t r i x  
( t h a t  is t h e  summation of t h e  l e n g t h  t e r m s ) ,  X is t h e  unknown 
c o e f f i c i e n t  m a t r i x ,  and B is t h e  matrix of known noda l  temper- 
atures at t h e  s t o r a g e  mater,ials c o n v e c t i v e  boundary. 

SWAP: I n i t i a l i z e s  t h e  mater ia l  t e m p e r a t u r e  array a t  t h e  s t a r t  of each 
i t e r a t i o n  d u r i n g  t h e  f l u i d  t e m p e r a t u r e  s o l u t i o n  procedure.  I t  
i n i t i a l i z e s  t h e  material temperature a r r a y  u s i n g  t h e  s o l u t i o n  
from t h e  p rev ious  t i m e  s t e p .  I t  is a l s o  c a L l d  p r i o r  t o  the 
removal p e r i o d  and i f  a two-dimensional  inaterial t e m p e r a t u r e  
d i s t r i b u t i o n  is d e s i r e d .  I f  a p a r a l l e l  flow arrangement is re- 
q u i r e d ,  i t  merely i n i t i a l i z e s  t h e  array. T f  a coun te r f low ax- 
rangement is r e q u i r e d ,  i t  "swaps" t h e  h o r i z o n t a l  e lements  of 
t h e  t t .mperature  array. 

TBAW: Calci.il.ates an ave rage  s t o r a g e  material t e m p e r a t u r e  u s i n g  a l l  
t h e  noda l  t e m p e r a t u r e s e  

TFEINT: Solves for  t h e  f l u i d  t e m p e r a t u r e s  u s i n g  a f o u r t h - o r d e r  Runge- 
K u t t a  t echn ique .  T h i s  p a r t i c u l a r  r o u t i n e  de t e rmines  t he  wall 
t e m p e r a t u r e s  u s i n g  t h e  i n t e r p o l a t  i on  i echn ique .  

TFXKV:  So lves  f o r  ehe f l u i d  t e m p e r a t u r e s  u s i n g  a fou r th -o rde r  Runge- 
K u t t a  t echn ique*  Th i s  r o u t i n e  uses i h e  resu l t s  of t h e  P O L Y -  
noinial cu rve  f i t  t o  c a l c u l a t e  t h e  w a l l  t e m p e r a t u r e s .  



THCHW: C a l c u l a t e s  t h e  c o o r d i n a t e  l o c a t i o n ,  t h a t  is the  (i9j) p o s i t i o n ,  
of a material node g iven  t h a t  nodes un ique  number. 

TWLCRV: Performs t h e  second-order polynomial  c u r v e  f i t  of t h e  wall t e m -  
p e r a t u r e s .  Th i s  r o u t i n e  deve lops  t h e  coe f f  iclent and constant 
matrix as a f u n c t i o n  of t h e  number of nodes i n  t h e  X d i r e c t i o n .  

TW0L)II.I: Performs a two-dimensional i n t e g r a t i o n  of d i s c r e t e  data 
points. It i n t e g r a t e s  t h e  rates (i.e.. , p e r  u n i t  volume) of en- 
t r o p y  g e n e r a t i o n  at each of t h e  nodes d u r i n g  each t i m e  i n c r e -  
ment. 

WCHNDE: Determines which p a r t i c u l a r  c o e f f i c i e n t  array element is being 
d e f i n e d  i n  t h e  DEFINE subroutine. It then  i n i t i a l i z e s  t h e  zip- 
p r o p r i a t e  c o e f f i c i e n t :  f o r  that  element. 

WHCH: Using an (.F,j) p a i r ,  t h i s  r o u t i n e  i d e n t i f i e s  n o d a l  p o i n t s  by 
t y p e ;  such as t h e  (1  * I )  c o r n e r  o r  t h e  Y=O f3cee 

WHCHT: Determines a unique nodal  number f o r  a g iven  ( i 9 j )  l o c a t i o n .  

WRTO1: Writes o u t  a s p a c i a l l y  c o r r e c t  material t e m p e r a t u r e  f i e l d .  

KEPORT: Writes t h e  program o u t p u t .  Although written by t h e  a u t h o r ,  i t  
is c a l l e d  by GRG2 at the comple t ion  of an o p t i m i z a t i o n  run. 
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SUBROUTINE GCOMP ( G  , X )  
C 
C 

C 
C 
C 
C 
C 
c 
c 
c 
c 
c 
C 
c 
c 
c 
C 
c 
C 
C 
C 
c 
c 
C 
c 

c 
c 
c 
C 
c 
c 
C 
C 
C 
c 
C 
C 
c 
C 
c 
c 
c 
c 
C 

c 

e 

PROGRAM AND FILE NAME IS  ENTROP. 

PROGRAM TO CALCULATE ENTROPY GENERATION CHARBCTERISTICS OF A 
S E N S I B L E  HEAT THE ENERGY S'L'OKAGE DEVICE. I T  WAS I N I T I A L L Y  
CONSTRUCTED BY ?I..J. TAYLOR DUKING 198 5.  

THE FOLLOWING I S  A B R I E F  SWMARY OF THE DATA R E Q U I R E D  
PER RUN. IN I N T E R P R E T I N G  THIS DATA YOU SUQU?,U KEEP SEVERAL 
THINGS TN MIND. THESE ,ME: ( A )  ALL AMIPlJNTS ARE DZMENSIONLESS,  
( B )  iU4 "EXCESS'* I S  DEFINED AS AN hYO?JNT DIVIDED BY E I T H E R  TdE 
AMBIENT TEMPERATURE OR AMBIENT PRESSURE.  

B I D  ( R ) ;  

CLOSE ( R 3 ;  
BIS ( R ) ;  

FIPXD ( R ) ;  

F I P X S  (R); 

FITXD ( R ) ;  

PiTXS ( R ) ;  

FNeM ( R ) ;  
G P L S D  ( R ) ;  
GPLSS ( R ) ;  
IDIST (1); 

IGEOM (1); 

ZIdXCH (I); 

ISWAP (I); 

B I O T  NUMBER FOR DISCIIARGE P E R I O D  
BLOT NUMBER FOR STORAGE P E R I O D  
TEW E M T U  RE CO NV E RGE N C E C R I T E R  I A 
FLUID INIXT PRESSUKE EXCESS FOR 
THE DISCHARGE Pb.KIOD 
FLUID INLET PRESSURE EXCESS FOR 
THE STORAGE PERIOD 
FLUID INLET IEMPERATURK EXCESS FOR 
THE DISCHARGE P E R I O D  
FLUID INLET TEMPERATURE EXCESS FOR 
THE STORAGE P E R I O D  
TOTAL ELAPSED STORAGE T I E .  

G "PLUS" VARHAHLE FOR STORAGE P E R I O D  
WE'THER OR NOT A 2-D PIATERIAL T E W E W l U K E  
I S  D E S I R E D  FOR TFHE STAK'I' OF T W  DISCHARGE 
FEWIOl) : 
1= UNIE'UKM TEMPERATURE D E S I R E D  
2= 2-D D I S T R I B U T I O N  D E S I R E D  
GEOMETRY B E I N G  M A L Y  ZED : 
1= FLAT SLAB 
2- HOLLOW C Y L I N D E R  
WETHOD TO DETEKMINE W L J ,  TEPPEMTURES 
D U R I N G  FLUTO TEMPERATURE SOLUTION: 
i= ~ J R V E  F I T  
2= 1 NTE RPOT.AT ION 
WHETHER OR NOT H O R I Z O N T A L  MATERIAL 
TEMPERla'l'UKIE F I E L D  I S  SWAPED P R I O R  TO 
D I S C  HAKGE PER T O  D : 
1- DO SWAP 
2= DON'T SWAP 

I N I T I A L  MAL'KRIAL TCMPERATUKE EXCESS 

e a n ~ ~ & u s w *  VARIABLE FOR DISCHARGE PERTOD 

NUMBER OF NODES I N  THE Z D I R E C T I O N .  



w
 

N
 

z
 

w
 



170 

10 

2 0 

3O 
C 
C 
C 

100 

* 
A 

c 

150 
c 
C 
c 
c 

!4ODE=I 
I Y ( D @u i; . GT . 0 . D +O ) \Ti? IT E ( 6 ,!? 9 0 ) MOD E 
CALL R 1  B2 ( LGEOfl ,  DFOST ,VL'LS, D Z  ,DY , R 1  R 2  1 
i F( DBUG .GT .O . D+O) CALL WRTO 1 (TFE , R , M , N  , M N )  
JK-1 
L CNT = J K 

IWllsH,TFL,MODE,ZDIST,GPLSS,VPLS,D%,TeJL,B,0.nco) 
CALL S G E N ( V P L S  , BIS  ,FZTXS ,N, M ,MN ,TFL H ,DY, D% ,Tn, 
MODE,O .C+O ,AVLM( J K >  , A V L F L ( J K )  , A V L E X T ( J K ) )  

CALL CUT s ( M , N , MN MU , ME MN ,I D A ,  RI s , DY B 1 , ~2 z CNT , 

FLEXS ( J K )  =T F I ,  ( M ) 
cLm,  TBAR( M , N , MN , E  ,AVMTMP ( J K )  ) 
I F  ( .JK. LE. 1 0 )  CALL WKTO 1 ( I' t.'~, , B , M ,N ,PIN 

AVLF s ( J K) =AV LFL ( J K )  

IF(.JK.GT.NTMSS) GO TO 150 

T F( ~ B U G . G T  .o .DW) CALI, S J K ~  1 ( ~ F L :  B , M , N  , M N )  

AVLMS ( J K )  =AVLX( J K )  

AVJ,ES( J K ) - A V L E X I ' (  J K )  
J K - J K +  1 

GO TO 100 

DETKRMTNE AVERAGE MATERIAL TEMPEKATURE AND PIIYOUNT OF 
E. N T K O  PY GENE KATED D U K I NG STORAGE P E R I  0 [I 



17 1 

160 

* 

200 

240 
2 50 

* 

DO 160 JJ=l,iLI 
F L D S ( J J ) = T F L ( J J )  
CALL SWM(M,N,MN,Z R ,MATSTR) 
T KC: ET = D FO ST 
CALL TBAR( PI, N 
CALI, ONEDIM( 0 .D+0 ,I)FOST ,AVLM,NTMSS ~ STOPfAT) 
CALL ONEDLPI(0 .a+o,r)EOST,AVLFL,NTMSS,STOFLD) 
CALL ONEDIM(O.D+O ,DFOST,AVLEXT ,MTMSS,STOEXT) 
STOMAT=STOMAT/VPLS 
STOFLL)= ( BI S/VPLS ) *: STOFLD 
STUEXT=STOEXT /c P LS s 
STOKSM=STOMAT+3TOFLD+STOEXT 
IF(DBUG.GT.U .D+O) WKLTE(6 1020) STOMAT ~ 

STOPLD STOEXT , TOPT 

DETERMINE I F  h 2-D OR UWLFORM TEkIPEKATIJRE I S  DESIRED FOR 
THE STAKT OF THE STORAGE CYCLE AND ACT ACCORDINGLY 

IF(LUPST.EQ.2) AVLSS=O.D+O 
I F  ( I D  LST . EQ . 2 )  CALL SWAP ( M i l  N , MN XSWAP B TMINT ) 
I F ( I D L S T . E Q . ~ >  GO TO 5 5 0  

AT mis  POINT WE KNOW A UNIFORM TEMPERATURE PS REQUIRED 
PRIOR m THE START OF THE DISCHARGE PERIOD. THE FOLLOWING LOGIC 
DETERMINES THE AI?PROXhMATE TIHE REQUIRETI TO REACH STEADY STATE, 

LRGEST=O .) D + 0  
DO 20(J I=1 , N  
DO 200 J = l , M  
N l = I + ( J - l ) * N  
IF ( R ( N 1 )  .GT.LR@EST) NCNT=N1 
I F  (B(Nl).GT.EKGEST) LRGEST=B(Nl) 
LF(DBUG.GT.0 .D+O) WRITE(6 1025) LRGEST ,NCNT 
I F (  DABS ( ( LRGEST-TOP" 1 /TOPT ) a LE e CLOSE) AVLS S=O . WO 
IF( [)ABS( (EKGEST-TOPT) /TOPT) .LE .CLOSE) GO TO 5 10 
KCSS=O 
ISS=1 
MODE= 2 
I F ( D BU G ,, G T . 0 D+ 0 ) \JK L T E ( b ~ 9 (2 0 ) MUD E: 
ETSS-O .DCO 
LIFO-TKGET 
CALL SWAP ( M , N  .PIN, 2 ,  B ,TMI.NT) 
lF(DBUG.GT.O.D+O) CALL, FlRTOl (TFL,R,M,N,MN) 
CALL B1 B2 (IGEOM,DFO ,VPLS ,DZ ,DY, A 1  ~ B 2 )  
ICNT= I SS 
ET s s = t.; T s S+ I> FO 
CALL CUTS(M ,N NN ,Mu E l l ,  ,MM ,LDA,O .D+O, OY, B l  , R2 Ir ICNT , 
IF I I ICH,TFL,MOaE,ZDIST,GPLSS,VPLS,DZ ,TWL,B,O.D+O) 
ABSS=( B(NCNT)-TOPT)/TOPT 
I F (  ARSS . L E  *CLOSE) GO TO 300 
I SS=I s s+ 1 



2b0 

3uu 

C 
c 
c 
c 
3 50 

400 

c 

5 00 

1 7 U  

525 
5 5u 

C 

IF(ISS.GT.~O) GU TO 260 
GO 'ru 2x1 
KCSS=KCSS+1 
I F ( KC S S . G T -1 0 0 ) IJR IT E ( 6 , I  0 3 0 1 ABS S 
IF(KCSS.GT. 100) STOP 

ISS-1 
GO TO 240 
TF(DBUG.GT.0 .D+O) \JRI'L'K(b, 1050) KCSS ,PCNT ,ABSS ,ETSS 
IF( DBUG .CT .O .D+Q) CALL GdRTOl (TFL ,H , M , N  , M N )  

DFO-DFO+Z .D+O 

U S I N G  THIS APPROXIMATE TIME,, UETEKMINE ENTKOPY G E N E U T E D  
D U R I N G  AFPKOACH TO STEADY STATE. 

MODE= 3 
TF(DBUG.GT.O.D+O) WRITE(6,990) MODE 
KL- I 

CALL B I B 2  (LGEOM,DYOSS,VPES,DZ,DY,R1 , B 2 )  
CALL SWAP ( M , N , MN ,2 TPl INT , B 1 
L F(  DBUG .GT .0 .D+O) CALI, lJRTO 1 (TFL 13 , M  , N  , ivlN 1 
LCNT-KT, 
LRMN=MOD( ICNT,2) 
CALL GIJ'IS(M , N  ,MN 9iW, P4L MM ,LDA,O . M O ,  DY ? B1 , B2 
TFL , M O D E ,  ZDIST ,GPLSS , VPLS , DZ ,TWL B ,  c) . D+O) 
CALL SGEN (V PLS ,O . D+O , FITXS ,N , M , MN ,T FI, , B , DY , D Z  , TUL , 
MODE , 0 . D+O AV LM ( KL ) AV I, FL ( KL 1 AV LE X'l" ( KL ) ) 

I) FOSS-RTSS/NTMS s 

Y CNT , IWHCH, 

AVLMSS(KL)=AVLM(KL) 
WGHTMP( KL ) = R (  N C N L ' )  

AB=(R(NCNT)-T~PT)/TO~T 
APRSS(K1,) =AB 

CALL THAR(M,N,MN, B,AVGTSS(KL)) 

IF(DBUG.GF.O.D+O) WRLTE(b? 1O55) AB 
LF( AB.LE .CLOSE .AND. IRMN .CQ - 1) GO TO 500 
KL=KL+ 1 
IF(KL.EQ.100) \dRI l 'E(6 ,1070)  
i F (  KL. EQ. 100) STOP 
GO TO 4 U 0  
CALL O N R D I  M(U.U+O,DFOSS ,AVLM,KJ,,AVLSS) 
DO 170 KM=l ,M 

CALL SIJAP(M ,N ,MN, 2 B ,  MATSS) 

IF(DHUG.GT.O.U+O) WKITE(6,1065) AVLSS 
IF( DBUG .GT. 0. D+O) CATL WRTOl ( TFL,  B , M , N  , M N )  
DO 525  L = l , N  
DO 525 J=l,M 

TF.IINT( N 1  )=TOP I? 
S TU KS E l =  S T( 1 RSM+XV J,  S S 

FLUSS(KN)-TFI,(KM) 

AV I, s s - AV L s s / v PL s 

Nl-L+(J-1)*N 
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c 
C 
c 

6 4 0  
b 50 

* 

6 6 0  

6 80 

C 
C 
c 
c 

NOW WE WANT TO START THE DI.SCHARGE PERIOD. R E G I N  BY 

LNZTLALIZING SQME V A R I A B L E S  

U S I N G  T H I S  APPROXIMATE TIME ~ DETERMINE ENTROPY GENERATED 
DURING DISCHARGE PERIOD 



7 uu 

7 10 

7 25 

.L 

.J. 

C 

C 

7 50 

7bU 

C 

MOD E= 5 
IF( DBlJG .GT .O . D+O) bJRI m ( 6  , 990) 
LM= 1 

CALL B1f32 ( I G E O M , D ~ U I ) , V ~ L S , D Z , D Y , B l  ,H2)  
CALL SWAP( M , N ,MN , 2 , T M I N T  , B )  
IF( DBUG .GT .O . D W )  CALI, WKTO 1 (TFL , B ? M  ,N , MN) 
DO 71U L I Y E T ~ , M  
T F L  I) 3 ( LM I A 1 -T FL, ( LPfL ) 
CALL SWAP( M ,  N , EIN , 2 , €3 ,MATDB ) 
I C N T = L M  
I RW% = MO D ( I C: N T , 2 1 
CALL GUTS ( M , N , MN MU HL MM , I; I3 4. B 1 13 , DY , B 1 , B2 , I CNT , I WHCM , 
I k L PIODE, Z D  1 ST , GPLSD , VPLS , DZ , TNL R , 0 . D t-0) 
CALL SGEN ( V P LS , R 1 D , FITXS , N , M , MN , TFL B ,DY , U Z , TWL , 
MilD~,O.DIO,AVL~I(L~.l) ,AVLFL(LM)  ,AVLEXT(LM))  

AVLFD( LM)=AVLPL(  IM) 
AV 1, E 1) ( LPl ) = AV LEX I' ( L M ) 

CALL TBAR(M,N,MN,8, 'L'AVG(LM)) 

MODE 

D FO 19- ET u s / NT MS s 

- -- 

AV LMD ( LM ) -AV T I M ( I, N ) 

ELDD( LM 1 -TFL( 11) 

IF(DBIJG.Gr .O. i )+Q)  \ \ IKLL 'E(6 ,1O53)  TAVG(J,M) 
AB- ( '1" AV G ( LM) - T ?IT ) / I PIT 
TF(DBUG.C'l ' .U.I~+O) W K I T E ( 6 , 1 0 5 5 )  AB 
I F ( A ~ . L E . C L o S E . A N D . I R ~ ~ ~ ~ .  1) GO TO 150 
LM=LA+ 1 
IF(L,M.EQ. l o o )  rmirtc(5,i080) 
I b ( L M . E Q . 1 0 0 )  STOP 

I 1: ( D RUG. GI .  o . o w )  CALL WKTO 1 ( T FL B , M ,N , MN 

' T P I  ,i)b i LMM) -TPL ( I MPI) 

G O  TO 7 2 5  

DO 7 6 0  LAM-1 ,PI  

CALL SWAP M , N , MN , 2  , R M A  I'DE ) 

c D E T E K M Z N E  AMCUNT OF ENTROPY GENEKATEI) DURING DISCHARGE P E R I O D  
C 

800 CALL O N E D L M ( ( J . C I O ,  DFOD,AVCM,LM,DISMAT) 
CALL ONEDIM( o .G+O , DFOD ,AVLFT, , L M ,  D I S F L D )  
C A L L  ONEDIM(0.1)+(3,DFOD7AVLEX'P,LM,DISF:X':') 
DLSNA,r-otSMAT/VPLS 
D I S FI, 11= ( H 1 D / V  P LS ) *I) 1 S FLD 
DLSEXT-L)~ SEXT/GPLSD 
D I s SUM=D i s MAT+ D I s PLD 
IF( UBUG .GT .O . D+U) WKITE(6 , 108 5)  SUMMnr SUMFLD DISSUM 

C 
C D E T E R M I N E  FIGURE O F  EERTT FOR T H I S  C Y C L E  
C 

T P ~ = ( ~ . D . ~ O / G P ~ , S S ) ~ R O V R C P " D L O @ ( N ~ F ~ P S " ( F L ~ X S - ~ . ~ + Q ) ~ ~ . D + O )  
* * F N U M  

TPL-(  1 .I)+O/CIPI,Sl))"ROVRCP"DI,OC(NDFIYD*(FIPXS-l . D + O )  1-1 .D+O) 



A- 

* 

e 
e 
C 
C 

C 

c 
e 

9 7 0  
380 
990 
995 
I U O O  
10lU 
1020 * 

* 
1025 
LU30 

l.040 

lU50 

1053 
1us5 
1060 
1065 
l l J 7 0  

1072 
1075 

* 
* 
* 

* 

UE'I'EMI\1TNE FIRST LA? COWARI.SON FOR THIS  CYCLE, ONLY APPLIES 
TO THE S'I'ORACE POR'd"ION OF THE CYCLE 
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SUBROUTINE B l R 2 (  LGEOM,DFO,VPLS ,DZ ,DY,  B1 ,B2) 
c 
c 
c 

99Y9 

c 
C 
C 
c 
c 

* 
c 
(; 

c 
C 

THIS ROUTINE CALCULATES THE B1 AND B2 VARIABLES.  

I M P L I C I T  REAL"8 (A-?l,O-Z) 
I F ( I G E O M . E Q . 2 )  GO TO 9999 
H l = ( n F O * V P Z S * * 2 ) / ( D Z ~ ~ ~ ~  

RE r U R N  
E N 3  

B2=DFO/ (DY**2)  

SUBROUTINE GUTS(M,N,  MN ,Mu ,ML,MM,I.,IDh, R I O T  ,DY, E1 B2 I I C N T ,  
I WHC H , T F L  , MC) D F, , Z D I ST , F I, WKT , V PL S , D Z , T WL > B , D BU G ) 

THIS ROUTINE PERFORMS THE MAJORITY OF THE R O U T I N G  AND 
CALCULATIONS FOR T I E  PROGRAM. IT REALLY I S  THE GlJTS OF 
PKOCKAM- 

THE 

c 
IIG'LXCT'T REAL%( A-H ,0-Z> 
KEAL*8 LS'TFCU 
DIMENSION ABD(28,lOO) , I P V T (  100) ,TMINT( 100) , B ( M N )  , T F L ( H )  ,TWL(M),  

* ZDIST(M),RCOF(3),I,STFLU(10) 
I F (  DBUG.GT .U . D W )  IJRI'TE(6,990> 
CALL SWAP(M,N , M N ,  2 R ,TMTNT) 
Z F ( T C N T . G l ~ . l )  GO TO 140 
CALL DE F I N E  ( M , N  , MN , MU, MI,, MN ,LDA , B I O T  , DY , R 1 ,  B2 ARD 1 
CALL DGBFA(ABD,LDA,MN ,PIL,MU, IPVT,INFO) 
I F ( I N F O . G T . O )  m i T E ( 6 , 1 1 1 2 )  
iF(LNFO.CT.0) STOP 

C 
C 
r, 
C 
C 

140 
150 

4 u u  

D E F I N E  CONSTANT ARRAY FOR THIS T I M E  PERIOD/F t , [ IT l l  TEMPERATURE 
GUESS 
AND SOLVE FOR MATERLAT, TEMPERATURES. 

J C O I - U  
I F (  DBUG,GT.O.D+O) I J R L T E ( 6 , l O O O )  L C N T , J C O I  
DO 400 I..JK=1,N 
LSTFI,IJ( LJK)=TFL( I JK)  
CALL CONST( DBUG,  N , M ,PIN ,TMINT , E ,  BLOT,  BZ D Y  , T F L )  
CALL DGRSI..(ABD ,LDA,MN,ML,MU ,LPVT,B,O> 
L F( DHIIG a GT .O . I H O )  bJKITE( 6 ,1005) 



c 

C 

C 
c 
c 

FORMAT STATEMENTS FOR T H I S  KOUTLNE 

990 FUKMAT(//2SX,'FKOM GUTS') 
1000 FORMAT( I' 5X ' LCNT= ' 12, l X ,  ' J C O I =  ' , I2  ) 
l u u 5  FURMAT( / / 5 X 9  'TEPPERATUKE SOLUTION FOR T H I S  ITEKATlON' ) 
i u i o  FORM~T(/~X,'QLJOT= , ~ 2 0 . 1 0 )  
1112 FORMAT(5X, 'SLNGULAR MATRIX L N  MATERIAL TEMPEKATUKE SOLUTION 

2 2 2 3  FORMAT(SX, 'FLIJEI) TEWEKATUF.E I T E R A T I O N  W I L L  NOT CLOSE. '  / 

2224 FCJkl"WT(5X, ' lWI)E= ' ,13/5X, ' I C N T =  ' , L 3 / 5 X ,  

9999 RETURN 

"ROUTLNE.'/SX,'EXECUTION TERMINATED. ' )  

*SX, 'EXECUTION TEKMINATED. ' )  

* 'AVG DLFFERENCE BETWEEN L T E U T I O N S =  ' ,D20,10) 

END 
c 
c 
c 
c 
c 

C 
C 
C 

T H I S  ROUTLNE OETERMINES THE CONSTANT ARRAY F!)R EACH TrME STEP 



178 

100 

C 
c 
C 

1000 
9999 

FORMAT STATEMENTS FOR THIS R O U T I N E  

FORMAT(//25X,'FROM CONST, ICNT- ',I31 
KE'TU K M  
E N D  

c 

c 
C TWZS ROUTINE DECOMPOSES A DOUBLE PRECISION NATRIX BY 
C GAUSSIAN ELIMINATION AND ESTIMATES THE CONDITION OF THE 
C MATRIX 
c 

SUBROUTr NE DECONI? ( N l ) I M , N  , A  ,CONI), IPVT,  WORK) 

INTEGER N D I M , N  
DOUBLE PKEC LSLON A( NDIM , N )  , COND ,WORK( N )  

DOUBLE L'KECISION E K ,  T ,  AMORM, YNORM, ZNORM 
INTEGER N M 1 ,  I ,  J ,  K ,  K P l ,  KB,  KM1, M 
D O U 8 L E  PKh:CISLON DABS D S I G N  

IPVT(N) -I 1 
I F  (N .EQ. 1) GO TO 80 
NM! = N - I 

INTEGI.;K IPVT(  N) 

C 

C 
C C U W U T E  1-NORM OF A 
C 

ANORM = O . O D 0  
DO 1 U  J = 1 ,  N 

r --- U.ODO 
D O 5  I -  1 ,  N 

r = T -t D A B S ( A ( 1 , J ) )  

I F  ('r .GT. A N O M )  W O R M  = T 
5 CONT LNUE 

10 CONTINUE 
C 
C GAUSSlAN E L I M I N A r I U N  WITH P A R T I A L  P I V O T I N G  
C 

DO 35 K = 1 , N M l  
KP1= K + l  

c 
c F I N D  P I w r  
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c 
M = M  
DO 15 I = KP1,N 

I F  (DARS(A(I,K)) .GT. I A R S ( A ( M , K ) ) )  M = I 
15 CONTLNUE 

IPVT(K) = M 
IF ( M  .NE. K >  IPVT(N) = -IPVT(N) 
T -- A(M,K) 

A ( K , K )  = T 
A ( M , K ?  = A ( K , K )  

C 
c S K I P  STEP I F  PIVOT IS ZERO 
c 

I F  (T d3JQ 0.OP)O) GO TO 35 
c 
C COMPUTE MULTIPLIERS 
c 

DO 2 0  I = KP1,N 
A ( I , K )  e -A(I,K)/T 

20 CONTIM17E 
c 
C I NT E KCHANGE AND E i 1 MI N AT E BY CO LU PIN S 
c 

110 30 J = K P I , N  
T = A ( M , T )  
A ( M , . J )  -- A ( K , J )  
A ( K , J )  = T 
L P  c r  .EQ. O , O D O )  GO TO 30 
W 25 I = KP1,N 

A ( L , J )  =i A ( I , J )  + A(I,K)*T 
25 CONTINUE 
30 CONTINUE 
35 CONTINUE 

C 
C SOLVE (A-TRANSPOSE)*Y 1.: 
c 

DO 50 K = 1, N 
T = (J . O D 0  
I F  (K .EQ. 1 )  CO TO 45  
Dll = K-1 
DO 4u I .= 1,  m1 

T = T -t A(I,K)*WOKK(I) 

IF  (T .L'r. O .OUO> EK = - 1 . o ~  
LF ( A ( K , K )  .EQ. (i.o130) GO TO 90 

4 0 C O N T I N U E  
4 5  EK = 1.ODU 

WOKK(K) = - (EK + T)/A(K,K) 
50 CONTINUE 

DO 60 KB = 1 ,  N M 1  
K = N - K R  
T = U.ODO 
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KPL = K+1 
DO 55 L = KP1, N 

T = T 9 A(I,K)*WORK(K) 
55  CONTZ NUE 

TJQRK(K) = T 
M = IPVT(K) 
IF (M .EQ. K) GO TO 40 
T = WORK(M) 
W Q R K ( M )  = WOEX(K) 
WQKK(K) = T 

60 CONTINUE 
C 

YNQRM = O.ODO 
DO 65  I = 1 ,  N 

YNOKM = Y N O W  + DABS(WORK(I)) 
6 5  CON'l'INUE 

C 
c 
C 

C 
C 
C 

SOLVE A*Z = Y 

C A L L  S O L V E ( N D I M ,  N ,  A ,  W O W ,  IPVT) 

ZNORl4 = O.ODO 
D O 7 0 1 = 1 , N  

ZNORM = ZNORM t DARS(WOFK( I) ) 
70 CONTINUE 

ESTIMATE C O N D I T I O N  

COND = ANORM*ZNORM/YNORM 
I F  (COND .TAT. 1.000) CQM) = 1.OI)O 
KETIJKN 

I-BY- i 

8 0  CONI) = 1.ODO 
I F  ( A ( 1 , l )  . N E .  O . O D 0 )  RETURN 

EXACT SINGULARI'1'Y 

90  COND .= 1.0M32 
RETUKN 
E N D  

S U B R O U T I N E  DEFINE(M,N, P l N ,  MI ML, MM ,LDA,  BIOT ,DY, B 1 ,  B2 , A B D )  
C 
C 
C 

THIS ROUTINE DEFINES THE COEFFICIENT AKRAY. I T  STORES THE AKRAY 
I N  BANDED FORM. KEFERENCE IS ORtJL COR1,IR DGHFA/DGBSL PROGRAM. 



181 

20 
9999 

LPlP L 1 C 1T W A L * 8  ( A-H , 0-2 ) 
DLMENS LON ABD(LDA,MN) 
DO 20 J=l,MN 
JJ=J 
I I -MAXO( 1 ,J-:lU) 
I2=MINO(MN,J+NL) 
DO 20 I=Il,I2 
II=I 
K=I-,J+Nii 
CALL WCHNDE(1I9JJ,M,N,BIOT,DY,Bl,B2,COEF) 

ABD ( K , J )=COEF 
RETU KN 
END 

SIJBROUTKNE UGBFA(ABD,LDA,N ,ML,MU,IPVT,LNFO) 
c 
c 
c 

UGBFA FACTORS A DOUBLE P K E C I S I O N  BAND MATRIX BY E L I M I N A T I O N  

I N T E G E K  L D A , N  ,ML ,MU 1 PVT( 1 ) ,INFO 
DOUflLE PKECISION ABD( LDA, 1) 
DOUBLE PKECISLON T 
I N T E G E R  I , I D ~ ' ~ , T C ) , J , J U , J Z , J O , J l , K , K P l  ,L,LM,M,PVI,NMl 
M = b¶L + MU + 1 
INFO = 0 

C 
c ZERO INITLAL F I L L - I N  COLUFZNS 
c 

J O = M U + 2  
J1 = MINO(N,M) - 1 
IF (Jl .LT. J O )  GO TO 30 
DO 20 JZ = JO, J1 
L c ) = M + l - J Z  

ARD(1,JZ) = O.ODO 
UO 10 I = L O ,  EIL 

10 CONTINUE 
2 0  CONTINUE 
30 CONTINUE 

J Z  = JI 
JU = 0 

c 
c GAUSSIAN ELIMINATKON WITH P A K T I A L  P I V O T I N G  
C 

N M 1  = N - 1 
I F  ( N M 1  .LT. 1 )  GO TO 130 
DO 120 K = I ,  N M 1  
K P 1  = K f 1 
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C 
c 
c 

C 
c 
c 

C 
c 
C 

C 
c 
C 

c 
C 
C 

c 
C 
c 

ZERO NEXT FILL-IN COLUMN 

JZ = J Z  + 1 
IF (J% .@T. N) GO TO 50 
I F  (MI, .LT. 1) GO TO 50 
BO 40 I = 1, ML 

ARD(L,JZ) = 0.OI)O 
40 CONT TNU E 
50  CONTINUK 

FLNC L '= PIVOT LNDEX 

LM == MTNO(ML,N-K) 
L KDBMAX(LE.I-tl,AAD(~1,K),l) -t M - 1 
IPVT(K) L + K - 1.1 

ZERO PIVOT IMPLIES THIS COLUMN ALREADY TRIANGULARIZED 

I F  (ABD(L,K) .EQ. O . O D 0 )  GO TO 100 

INTERCMNGE IF NECESSARY 

IF ( L  .EQ. M) GO TO 60 
T -- ABD(L,K) 
ARD(L,K) = A B D ( M , K )  
ABD(M,K) = T 

40 CONT I NU E 

COMPIJTE MULTIPLIERS 

T = -~.ODO/ABD(M,K) 
CALL DSCAL(LM,T,ABD(M+l,K),l) 

ROW ELLMINATION GJZTH COLIJW INDEXING 

J U  
MPI 
IF 
DO 

70 

80 CONTINITE 
90 CONTINUE 

C I) N T I N UE 
CALL DLU(PY (LM ,T ,AMI(  M+1 $K), 1, ARB( Mfl+l, J ) , 1 ) 

GO TO 110 
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100 CONTINUE 

110 CONTINUE 
120 CONTINUE 
130 CONTINUE 

I N F O  = K 

I P V T ( N )  = N 
IF (ABD(M,N)  .EQ. O.OD0) I N F O  = N 
KETURN 
END 

c 
C 
C 
C 
C 

S[JBKOUTLNE DAXPY(N,DA,DX,INCX,DY,INCY) 
c 
c CUNSTANT T I M E S  A VECTOR P L U S  A VECTOR. 
C USES UNROLLED LOOPS FOR INCREMENTS EQUAL TO ONE. 
C J A C K  DONGARKA, L I N P A C K ,  3/11/78. 
C 

DOUBLE PKECLSION DX( 1) ,DY( 1)  , D A  
INTEGER I,INCX,INCY,IXIY,M,MPl,N 

C 
IF(  N , L E  .o) RETURN 

L F ( L N LY w.) e 1 . AND. T NCY . E(). 1 G O  TO 20 
I F  (DA .EQ. U-ODO) KETUKN 

c 
C CODE FOR UNEQUAL I N C R E M E N T S  OR EQUAL INCREMENTS 
C NOT EQUAL TO 1 
c 

IX = 1 
IY = 1 
I F ( 1 N C X . L T . O ) L X  = ( - N + l ) * I N C X  + 1 
LF(INCY.LT.0)LY = (-N+l)*LNFY f 1 
DO 1(J I = l , N  

UY( LY) = D Y ( 1 Y )  + DA*DX( 1x1 
1X = IX + LNCX 
LY = IY + LNCY 

10 CONTINUE 
KE 'r 1J KN 

c 
c CODE FUR BOTH INCREMENTS E"?UUAL TO 1 
C 
C 
C CLE&i.-U? LOOP 
C 

20 PI = M O D ( N , 4 )  
LF( M .EQe 0 ) GO TO 40 
DO 30 L = 1 , M  

D Y ( 1 )  = D Y ( 1 )  t DA*DX(L) 
30 C O N T l N U E  



i a  4 

e 
c 
c 
C 
C 

C 
C 
c 
C 
C 

c 

c 
C 
c 

C 
c 
C 
C 
C 
c 

I F (  M .L%. 4 ) RETURN 

DO 50 L = MP1,N,4 
40 MP1 = M -4- 1 

DY(1) = DY(P) C DA*DX(I) 
DY(L + 1) = DY(I + 1) + DA*DX(I 3- 1) 
DY(X -+ 2) = DY(L I- 2) -+ DA*RDX(I + 2)  
DY(L -0- 3 )  = DY(L -t- 3 )  -0- DA"DX(1 3- 3)  

50 CONTINUE 
RETUKN 
END 

SUBROUTINE DSCGL( N ,DA ,DX, INCX) 

SCALES A VECTOR BY A CONSTANT. 

JACK DOMCARKA, LLNPACK, 3/11/78. 
USES UNROLLED LOOPS POK INCREMENT EQUAL TO ONE. 

DOUBLE PRECISLON DA,DX( 1)  
INTEGER I,INCX,M,MPl,N,NINCX 

T U N  .LE .O)RETIJRN 
IF(INCX.EQ.~)GO TO 20 

CODE FOK INCREPENT NOT EQUAL TO 1 

NLNCX = N*SNCX 
DO 10 I = l,NINCX,INCX 

D X ( I )  = DA*DX(I)  
LO CONTLIJUE 

RETURN 

CODE FOR INCREMENT EQUAL TO 1 

CLEAN-UP LOOP 

2 U  M i + O D ( N , 5 )  
LF( fl .EQ. 0 ) GO T O  40 
DO 3O I = 1,M 

DX( r >  = DA*DX( r )  

IF( N .L'r. 5 RETURN 
3U CONTINUE 

40 MP1 = PI -1- 1 
DO 50 I = KPl,N,5 

UX( 1) = DA*DX( r.1 
DX(L -4- 1) = DA*DX(L + 1) 
UX(L -1- 2) = DA*DX(I + 2) 
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C 
C 
C 
c 
c 

C 
c 
C 
C 

C 

C 
C 
c 

C 
C 
C 

c 
C 
C 

DX(L + 3 )  = DA*DX(L + 3 )  
D X ( I  f 4 )  = L)A*DX(I + 4 )  

50 CONTINUE 
RETURN 
E N D  

I N T E G E R  FUNCTION IDAMAX(N,DX,ZNCXj 

FINDS THE INDEX OF ELEMENT HAVING MAX. ABSOLUTE VALUE. 
JACK DONGARRA, L I N P A C K ,  3 / 1 1 / 7 8 .  

DOUBLE P R E C I S I O N  DX( 1) ,DEW 
INTEGER I LNCX , LX ,N 

LDAMAX = 0 
I F (  N .LT. 1 ) R E T U R N  
LDAMAX = 1 
LF(N.EQ.1)RETURN 
I P ( I N C X . E Q . 1 ) G O  TO 20 

CODE FOR INCREMENT NOT EQUAL TO 1 

LX = 1 
DMALY = DARS(DX(1)) 
IX = I X  + I N C X  
DO 10 I = 2,N 

IF(uAsS(DX(IX)).LE.DMAX) G 3  TO 5 
IDAMAX = I 
DMAX = DABS(DX( 1x1 

5 IX = IX + INCX 
10 CONTLNUE 

RE TU KN 

CODE FOR LNCKEMENT EQUAL TU 1 

2 0  D W Y  = DABS(DX( 1 ) )  
DO 3U L = 2 , N  

lF(DABS(DX( L ) )  .LE.DMAX) GO TO 30 
IDAMAX = I 
DMAX = DAES(bX( 1) ) 

30 CUNTINUE 
RETURN 
E NI) 

C 
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c 

C 
C THIS ROUTLNE SOLVES THE DOUBLE PRECISION BAND SYSTEM 
C A*X=B OR T U N S  ( A )  *X=B 
c 

INTEGEK E ,DA,N,ML,MIJ , IPVT( l )  , J O B  
DOUBLE P R E C I S I O N  ABD( LDA, 1) $R( 1) 
DOUBLE P R E C I S I O N  UDOT,T 
lNTEGER K , K B  , L  L,A, 14H LM,Pl ,NMI  

M - = M U + M L + l  
NM1 = N - 1 
ZF (JOB . N E .  0 )  GO TO 50 

SUBROUTLNE DGBSL(ABD,LUA,N,~,MU,IPVT,B,JOB) 

C 

JOB -- 0 , SOLVE A * X = B 
FIRST SOLVE I,*Y = B 

I F  (ML .Eo. 0 )  GO TO 30 
IF ( N M 1  .LT. 1)  Cx) TO 30 

DO 20 K = 1, N M 1  
LM = MINO(ML,N-K) 
L = IPVT(K) 
T = B ( L )  
I F  ( L  .EQ. K) GO TO 10 

B(L) = B ( K )  
B ( K )  = T 

10 

20 C O N T I N U E  
3u CONT I N U  E 

CON T 1 N U  E 
CALL UAXPY(LM,T,ABD(M+l,K) ,1  , B ( K + l )  ,1) 

c 
c NOW SOLVE U*X '-. Y 
C 

UO 40 Kf) -- I ,  N 
K N +- 1 - KB 
B ( K )  = B ( K ) / A B D ( M , K )  
LM = M I N O ( K , M )  - I 
LA = M - J.&M 
1,H = K - LII 
T - B ( K )  
C A L L  DAXPY(LM,T,ABD(LA,K),l,B(LB),l) 

40 CONTINUE 
60 TO 100 

50 CONTINUE 
c 
c .JOd = NONZERO, SOLVE T W S ( A )  * X = R 

c 
c FLKST SOLVE TRANS(IJ)*Y = B 

DO 611 li 1, i.j 

LX = M N O ( K , M )  - i 



60 
C 
C 
G 

70 
80 

. 9u 
100 

C 
C 
I: 

c 
C 

C 
C 
C 
c 
C 

c 

C 
C 
c 
c 

NOW SOLVE TRANS(L)*X = Y 

I F  (ML .EQ. 0 )  GO TO 90 
I F  (NM1 .LT. 1)  GO TO 90 

I10 80 U3 = 1, NMl 
K = N - K B  

B ( K )  = B ( K )  + DDOT(LM,ABD(M+l ,K) ,1 , B ( K + l ) ,  1 )  
L = IPVT(K)  
I F  (L .EQ. K) GO TO 70 

T = B ( L )  
B(L) = R ( K )  
B(K)  = T 

LM = MINO(ML,N-K) 

CONTINUE 
CONTLNUE 

CONTINUE 
CONTINUE 
RETURN 
END 

DOUBLE PRECLSLON FUNCTION I ) D O ' T ( N , D X , ~ N C X , D Y , T N C Y )  

FVRlYS THE DOT PRODUCT OF TWO VECTORS. 
USES UNROLLED LOOPS FOR INCKEMENTS EQUAL TO ONE. 
JACK DONGARRA, L INPACK, 31 1 1 / ;' 8. 

DOUBLE PKECZSLON UX( 1) ,DY( 1 )  ,DTEMP 
INTEGER I ,LNCX,INCY , I X , I Y , M , M P L  , N  

UDOT = O.UI10 
UTEM? = Cf.UD0 

I F ( I N C X . E ~ , 1 , A N D . I N C Y . E ~ . 1 ) ~ ( ~  TO 20 
I F ( N  .LE .o KETURN 

CODE FOR U N E Q U A L  INCREMENT:? O R  EQUAL INCREMENTS 
NOT EQUAL TO 1 

LX = 1 
LY = 1 
IF(INCX.LT.O)LX = (-N+l)*INCX -t 1 
IP(LNCY.LT.O)LY = (-N+l)*INCN + 1 
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DO l U  I = l , N  
D'TEMP = D'I'EMP 1- I>X( I X ) * D Y (  I Y )  
LX = ex + L N C X  
IY = IY 3- LNCll 

10 CONTINUC 
DDOT = DTEMP 
KETlJ RN 

CODE FOR BOTH INCREMENTS EQUAL 'I'O 1 

CLEAN-UP LOOP 

20 Pl = N O D ( N , 5 )  
I F (  M .SQ. 0 ) GO TO 40 
DO 30 L = 1 , M  

D T E W  = DTEMP + DX(I>*DY(K) 
70 CONTLNUE 

40 I y T l  M d- 1 
LF( N .LT. 5 ) GO TO 60 

DO 50 I = MFl,N,5 
DTEMP = [)TEMP 3- DX(I)*DY(I) + D X ( Z  C l)*DY(L i- 1)  I- 

* DX(1 +- 2)*L)Y(L  ?- 2) + D X ( L  3- 3)*DY(I + 3 )  + D X ( 1  + 4 ) * D Y ( I  + 4 )  
50 CONTINUE 
60 DDOT = UTEMP 

RETURN 
END 

S U BROIJ'L' l.N E L NTEXP ( N , X 1 , H ,Y , M ,XO , Y VALU E)  

rriiis K O U T L N E  LNTEKPKETS VALUES OF THE WALL TEMPERATURE. 
IT  I S  CALLED D U K I N G  T lE  SOLUTION FOK FLIJID TEMPERATURES 

L iWLICLT KEAL"8 (A-H,O-Z) 
D L M E N S L O N  Y ( N )  , Z (  10) 
F 1 2 = ( M + l ) / L  
I(= ( xu / H ) +  1 
IF(K-M%) iu,lu,ll 

1u L-K 

11 IF(N-X-M2) 21,21,20 
2 0 L=M% 

21 L-M+ 1 --N+K 
1 2  M 1  -Pi+ 1 

GO TO 1 2  

GO 'TO 1.2 

DO 2 2  l=l,Ml 
IILK+K-T, 
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2 2  2 ( I ) =Y ( 1 1 1 
AK=K 
AE= E 
P=(xo-x~-(AK-AL)*H)/H 
DO 24 J=l,M 
A J = J  
M J = M +  1 - J 
DO 24 I=1 ,MJ 
A i = 1  

24 ~ ( ~ ) = ( ( A ~ - ~ + A Y - ~ . D + ~ ) * z ( X ) + ( P - A I + ~ . D + O ) *  
$2 Z(I+ l ) ) /M 

YVALUE-Z(~) 

END 
9999 RETURN 

SUBROUTINE ONEDIM(DRUG,H,Y ,M,SUM) 

1 uu 

c 
c 
c 

990 
1000 
9999 

THIS ROUTINE PERFORMS A 1-D NUMERICAL 'INTEGRATION OF DATA. I T  
1s BASED ON SIWSONS RULE AM) R E Q U I R E S  AN ODD NUMBER OF 
DATA S E T S -  REFERENCE I S  MCCORMICK AND SALVADORI, PP.165 

I M P L I C I T  KEAL*B(A-H , 0 - Z )  
i)TP.IENSION Y(M) 
I. F( D M J G  .GT .U . D-t-0) WKLTE(  6 , 9 9 0 )  
N U  M= ( M- 1 ) / 2 
N l = l  
SUbl=O e D+O 
DO 100 I = I , N U M  
N 2 = N  I+ 1 
N 3 = N 2+ 1 
SUM=SUM+(H/3.0+0)*(Y(Nl)+4.0+0*Y(N2)+Y(N3)) 

IF(  L)BUG.GT .U . D+o) W R I T & (  6,1300) SUM 
N I = ~ 3  

FORMAT STATEMENTS FOR T H I S  R O U T I N E  

FUKMAT( / / 2 5 X ,  'FROM ONEDIM'  ) 
FORMAT( 5 X ,  1-0 SUM= ' , D Z O . l U )  
RETU KN 
END 

SUBROUTINE. S G E N ( V P L S , R I O T , F ? T X S  ,N,M,MN,TFL, B,DY,DZ, 
* TWL,MODE,DBUG,SUMFZAT,SIJMFLD,EXTFLD) 



C 
1 

C 
2 

C 
3 

C 
4 

C 
C 

THIS ROUTINE CALCULATES THE ENTROPY GENERATION TEKMS FOR THE 
CNRRENT TIM P E R I O D .  

DETERMINE KA'E OF ENTROPY GENERATION Ar EACH POINT I N  THE 
STORAGE MTEKTAL AND ENTEGtWl'E TO GET A TOTAT, FOR T H I S  TIME 
P E R I O D .  

DO 100 I = l , N  
DO 100 J=1,M 
I I=I 
J , J = J  
N ~ = I + ( J - ~ ) * N  
N ~ z I + ( J - ~ ) * N  
N 3 = I + J * N  
~ 4 -  (I- 1 )+( J -  1 ) *N 
N5=(1+1)+(J-l)*N 

DETERMINE WI-IICM TYPE OF NODE THIS I S  AND BRANCH TO GRAnLENT 
CALCIJLATLON. NON ZERO GRADIENTS THAT ARE NOT A BOUNDARY 
CONDITION ARE CALCULATED U S I N G  A CENTRAL D I F F E R E N C E  SCHEPE e 

CALL WHCM( L I ,  J . J  ~ M ,N , lWWCH) 
IF(LWHCH.LE.4) VOLFRC=.25DtU 
I F (  L(JHCH.GT .G .ANI). IWHCH .LT.9) VOLFRC-. 5D.t-0 
I F (  IIJHCH.E().9) VOIdFKC=l .D+O 
GO TO ( 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 ) ,  IWHCM 

FOR 1 , l  CORNER NODE 
GKDZ-0.  D-+O 
GKDY -0 D+0 
GO TO 95 

G R1)%=0 . D+O 

GO TO 95 

GRDZ=U,D+O 

GO TO 95 

GRI)Z=O D+O 
GKDY-O.D+O 
GO T O  95 

FOR N ,  1 CORNER NODE 

CKDY=SIOT~(TFL(J>-B(N~)) 

FOK N , M  CORNER NODE 

C K ~ U = ~ ~ O T * ( T F L ( J > - $ ( N ~ ) )  

FOR 1 , M  CORNER NODE 

FOR Y=O INSULATED FACE.  GRADIENT BASED O N  CENTRAL 
I I IFFEKKNCE scHEm. 
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5 

C 
6 

C 
7 

C 
8 

c 
Y 

Y5 

100 
C 
C 
C 
c 

200 

c 
C 
c 

GKDZ=(  B(N3)-3(N2))/(DZ*2 .D--O) 

CKDY =O . D+O 
GU TO 9.5 

C , U Z = O  e D-w 
GRDY=( E!( N 5  )-R(N4) 1 / (DY”2. D i - 0 )  
GO TO 95 

GRDZ ( B ( N 3  ) -B ( N2 ) ) / ( I)% * 2 . U+O ) 

GO TO 95 

CKi)Z=O . D+U 
GKDY=( B( NS )-E( N 4 )  ) / (DY*2.  D + O )  
0 TO 95 

G R D Z = ( B ( N ~  ) - B ( N ~ )  ) / ( D z * ~  ,D+o)  

FOR Z=O LNSULATED FACE 

FOR Y = l  CONVECTIVE FACE 

GRDY= SLOT” ( TFL ( J 1 -B ( w 1 1 ) 

FUR Z=1  INSULATED FACE 

FOR I N T E R I O R  NODES. 

GKDY=(B(NS) -B(N4)  ) / ( D Y * L D + O )  
TOP=(VPLS**2)*(GRDZ**Z)+C~Y**2 
HTM= ( B( N 1 ) *TKMl+ 1 .  D+O ) **2 
~ G N M T ( ~ ~ > = ( T R M ~ ~ * T O P / B T M ) * V ~ L F R C  

INTEGRATE OVEK MATEKIAL VOLUPlE TO GET A TOTAL FOR THIS TIME 
P E R I O D ,  AN ODD NUMBER OF DATA P O I N T S  ARE l i E Q U I R E n  

CALL TWODIM(DBUG,SGNMT,DZ ,DY,M,N,MN,SUMFIAT) 
IF(MODE.EQ.3) GO TO 9999 

DETEKMLNE RATE UF ENTROPY C E N E M T T O N  AT EACH P O I N T  I N  THE FLUID 
AND LNTECKATIz, TO GET A TOTAL FQK T H I S  TIME P E R I O D .  

L ~ T E G K A T E  O V E K  C H A N N E L  L E w r H  TO GET A TOTAL FOR THIS ‘rim 
PEKLOD,  AN ODD NUMBER OF PIliNTS A% KE()UIRED.  

CALL O N E D I N (  DBUG,DZ ,SGNF ,M,SUMFLD) 

1)ETERMINE AVAILABILITY OF EXITING FLUID FOR THIS T I M E  P E R I O D .  

FKST=TKf.I1*TFL(M) 

E XT F L D= F K S T- S C N D 
I F (  DBI1G.GT .O .D+O) WRITE( 6 , l O  10) EXTFLD 

S C N D = D I , ~ G  ( TFL ( ~1 *TRM 1 + 1 D+O 1 

C 
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c 
c 
C 
C 

c 
C THIS KOLJTINE SOLVES THE L I N E A R  SYSTEM A*X=B. 
C DO NOT USE I F  DECOW HAS DETECTED A SINGULARITY 
c 

S U B R O U T I N E  SOLVE(NDPM, M ,  A ,  R ,  IPVT) 

I N T E G E R  N D L M ,  N, IPVT(N) 

INTEGER KR, KN1, N M l  , KP1, 1, K, M 
D O U H I X  P R E C I S I O N  T 

DOUBLE PRECISION A(NDIX,N)  ,R(N) 

c 
C kWKSJXRD K L  1141 NATION 
C W  

I F  ( N  .EQ. 1) GO TO 50 
MML - N - l  
DO 2 0  K = 1, N i I l  

14 = I P V T ( K )  
KYI = K+1 

T = B(M) 
B(I'I) = R ( K )  
B ( K )  = T 
D O  1U L 7 KP1, N 

B ( I )  = B ( 1 )  +. A(I,K)*T 
10 CONTINIJE 
2 0  CONTLNUL: 

0 
C BACK SU BST TTUTION 
C 

00 40 KB = 1 , N N l  
Kkll  N-KB 
K = L?llt-1 

'T -B (K)  
K ( K )  = B ( K ) / A ( K , K )  

DO 3u I = 1, rnl 
B ( I )  = B ( I )  + A(I,K)*T 

3u CONTINUE 
40 C O N T I N U E  
50 R ( 1 )  - B ( l ) / A ( l , l )  

RETURN 
kND 

c 
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c 
C 
c 
c 

c 
c 
C 
C 
c 
C 
c 
C 
c 
c 
c 
G 
c 
c 
C 
c 
C 

THIS R O U T I N E  IS CALLED AT 'WE START OF EACH T I M E  INCREMENT,  
DURING THE FLUID TEMPERATURE I T E R A T I O N .  I T  L N L T I A L I Z E S  THE 
MATERIAL TEMPERATURE ARRAY TO THE SOLUTION FKOM THE PKEVIOUS 
TIME STEP. 

I T  ZS ALSO CALLED P R I O R  TO THE START OF THE DISCHARGE P O R T I O N  
OF THE CYCLE I F  A 2-D TEMPERATURE D I S T R I B U T I O N  I S  REQUIRED. I F  
A COUNTEKFIA0'6J CONFIGURATION I S  D E S I R E D ,  I T  "SWAPS" THE 
HORIZONTAL TEMPERATURE F I E L D  AS I T  I N I T I A L I Z E S  THE MATERIAL 
TEMPEKATUKE ARRAY. 
LF A PARALLEL CoMFTGURATION IS DESIRED,  I T  JUST R E I N T I A L I Z E S  THE 
PIATERIAL TEMPERATURE ARRAY.- 

ISWAP= 1 : S'IJAP HORIZONTAL T E W E R A T I J R E  F I E L D  
LSWAP=2: DON'T SWAP TEMPERATURE FIELD 

C 
G 
C 

THIS ROUTINE DETERMINES AN AVERAGE PIATEKIAL TEMPERATURE e 
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100 

9999 

c 
c 
C 

C 
C 
C 
C 
C 

C 

c 

1 

3 

2 00 
c 
C 
C 

CALL !JHCH( I I  ,JJ, H,N, IWHCII)  
I F (  IWHCK.LE.4) VOI,FRC-.25D+O 
I F (  IWHCX .GT .4. AND I I W C H  .TAT .9 
I F (  LUHCH.t.:(!,.9) VOLFRC-B .O+O 
N l r i  f ( . . J - l ) * N  

VOLFKC-. . 5 W O  

S11M=STJb1+B(Nl )*VOLFKC 
'I' AV G= s ii pi/ N vo L s 
RETURN 
E N D  

SU BKOUT L NE TFL I Ki'( DBUC , G PLS , B I O T  , V PLS ,TWI,, 11 I ST, M , D Z , T FL ) 

'THIS R O U T I N E  S O L V E S  FOR THE FLUID TEMPEKATURES lJSTNG A 4TH ORDER 
RUNGE-KUI'l 'h 'I"ECMNZ()IJE. REFERENCE I S  MCCORMICK AN13 SALVADOR1 , PP 
2 4 5 ,  

FOKNAT STATEMENTS F U R  THIS ROUTINE 



195 

11110 
9999 

SUBROUTINE T F L C R V ( Q R U C , G P L ~ , R I O T ~ V P L S , B , D L S T , M , D Z  ,TFL) 

c 

c 

3 

2uo 

T H I S  KQUTLXIE SOLVES FOR T H Z  FLUID TEMPERATURES IJSLNG A 4TH ORDER 
KUNGE:-KUTTA TECHNIQUEe REFERENCE IS  MCCORMICK ANI) SALVADOR1 , P P  

1NTERME;DIATE FUNCTIONAL VALUES CENERATED BY CURVE FIT 
2/15. 

L 
c FOKMRT STATEMENTS FOR THIS ROUTINE 
C 

1000 FO@UiT(//25X, 'FROM TFLCRV' ) 
10111 FORMAT(SX,'I= ',12/5X,'Xx= ',D20,15/5X,'TFL= ',D20.15) 
9 9 9 9  RETURN 

END 
C 
C 
c 
C 
c 

C 
SUBROUTINE THCHW(NTH,N,I , J )  
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c 
c 
C 

99Y9 

THIS ROUTLNE DETERMINES A MATRIX LOCATION FOR A GIVEN UNIQUE 
NUMBER. 

S U 8 KOUT I NE T W L  CRV ( DEIlJG X , Y , M , €3 1 

10 

2 0 

3u 
C 
c 
C 
c 
c 
C 

THIS ROUTINE DOES A 3RD ORDER POLYNOMIAL C?JRVE FIT OF THE 
STORAGE MA'I'ERIAL WALL TEMPERATURES. IT WILL BE IJSEO I N  THE 
R O U T I N E  TO SOLVE FOR FLIIID TEMPERATURES. 

IMPLICIT REAT."8( A-tl,O-%) 
D XMEN S I O N  X( p.i ) , Y ( 11 1 , S (  3 ) , COF(  3 , 3  ) , I PVT ( 3 ) , WORK( 3 ) 
LF(DRUG.GT.O.D+O) WKITE(6,1000) 
i P K = U  
DO 1U 1-1 ,3  
B( 1 ) 4 , D + O  
DO 1 U  J=1,3 
COF ( I J 1 =o e D +O 
COF( I ,  1)-PI 
DO 20 K=l,M 
B(l)=B(l)+Y(K) 
R(2)=8(2)+X(K)*Y(K) 
B(3)=B( 3 ) + ( X ( K ) * " 2 )  * Y ( K )  

COF(1,3)=COF( 1,3)+X(K)**2 

COY(  3 ,3)  - C O F (  3,3)+X( K) * *4  
DO 30 1-2,3 
DO 30 J-l,L 
LIzl-1 
JJ=J+ I 
COF( I, J)=COF( 11, JJ) 

Co~(1,2>-co~(~,2)ax(K) 

CO~(L,3>5COY(2,3)+X(~)~~3 

SOLVE THIS SET OF EQUATIONS. REALIZE THE F O L L O W I X :  
I N  THE DECOPlP SUBROUTINE,  COF GOES OUT 
AS THE COEFFICIENT MA'FRIX AND RETURNS AS 
THE rKIANGIJLARIZED MATRIX. 



19 7 

c 
C 
c 

I N  THE SOLVE SUHKOl'TPNE, B GOES OUT AS THE 

MATKIX. 
CONSTANT mTKr.x ANC RET~JKNS AS SOLUTION 

DE BUGG I. NG 1 N FO RPMT I O N  

c 
c 

c 

S iJBiZ0UTIXE TWODIM( DBUC , TSOL , D Z  DY W ,N , FIN, SUM) 

'MPS R O U T I N E  PERFORMS A 2-D NUMERICAL INTEGRATION OF DATA. IT 
IS BASED ON SLMPSONS RULE AND REQUIRES AN ODD NUMBER OF DATA 
SETS e 
KEFEKENCE LS SALVADORP AND MCCORj?lICK, PP 316 



200 
C 

300 

400 

* 

1 uo 

C 
c 
C 

1 uuo 
l0lU 
Y999 

FOOLAT STATEMENTS FOR THIS R O U T I N E  

FORMAT( / / 2 5 X ,  FKON TWODIM' ) 
FORMT(5X, '2-1)  SUM- ,D;?U.lU) 
KETUKN 
END 

SUBROUTINE ~ ~ C H N D E ( I C A P , J C A P , M , N , B I O T , D Y , R L  , R 2 , C O E F )  

T t i IS  K O U T I N E  DETEKMINES W H I C H  NODE WITHIN T H E  STORAGE MATERIAL 

DEFINES THE NEIGHBOR N O D E S  AND I N I T I A L I Z E S  T H E  C O E F F I C I E N T  
IS CURRENTLY BEING DEFINED I N  THE **DEFINE'* ROUTINE. IT THEN 

DEPENUING ord THE VARIABLE JCBP. 

T.MPLLCIT REAL*8( A-H ,0-Z> 
COEF=O .D+O 
TAIL=( 1 . ~ + 0 + (  BLOT"DY) ) 
X = 2  .D+O*:R1 
Y-2 .D+O*H2 

c 



c 
c 
c 

c 
1 

c 
2 

c 
3 

c 
4 

c 
c 
c 

5 

I: 
c 
e 

6 



200 

c 
1 

c 
8 

C 
'3 

c 
C 
c 

1111 

Y9Y9 
JC 

C 
c 
C 

I F ( . J C A P * E Q . N l )  COEF=-( 1 .D+U+X+Y) 
CO TO 9999 

FOR Y = 1  CONVECTLVE FACE 
IF (JCAP . EQ . N:! 1 C O E F = B ~  
IF(JCAP. E Q . N ~ )  COEF-BI 
IF(  JCAP EQ . ~ 4 )  COEF-Y 
I E ( J C A P . E Q . N L )  COEF--( 1 .D+O-+X+Y*TAIL) 
GO TO 9'999 

FOR Z = 1  INSULATED FACE 

L F ( J CAP t Q . N4 ) CO E E- 112 
I P ( J C . V . E Q . N 5 )  COEF-52  

Go TO 9999 

I F ( J C h P . E Q . N 2 )  COEF-81 
co EF=B 1 

LF(JCAP. EQ .) N 4 )  COEF-R2 
I F (  JCAP EQ. N5 ) COEF-B2 

~ ( J C A P  E(>. ~ 2 )  COEF=X 

IF(JCAP.EQ.NL) C O E F - - - ( ~ . D + ~ + X + Y )  

FOK I N T E R I O R  NODES 

I F  ( J C M '  . E(1. N3 1 

T F ( J C A P . E ( ) . N ~ )  COEY=-( 1 . D + ~ + x + Y )  

FORMAT STATEMENTS FOR THIS  KOIJTINE 

FORMAT( 5 X ,  WCWNDE ROUTINE I S  NOT KETURNING CORRECT NODAL 
LOCATION.  / 5 X ,  ' EXECIJTTON TERMINA'TED. ' ) 
RETURN 
END 

SUBKOUTLNE WHCH( I ,  J , M , N ,  IWHCH) 

THIS ROUTLNE IDENTIFIES  NODAL POINTS BY TYPE. 

L W L I C I T  KEAL*8( A-[I ,0-Z> 
r P ( r . E ~ ~ . l . A N D . J . E Q . l )  IWFICH-I 
iF (L .EQ.N.AND.J .EQ.  1) TWHCH=2 
I F (  I .EQ.N.AND. J . EQ .M) I W C H = 3  
IF( L .EQ. 1. A N D - J .  EQ. M )  IWHCH-4 

L F( L .GT . I  . AND. L . L T  . N .AND. J EQ 1 ) IWHCH= 6 
I F (  I .EQ. N .AND. J .GT. 1 .AND. J .  L T * M )  I!mCH=7 
IF( I .GT. 1 .AND - I .LT .N .AND.J.  EQ. M) IWHCH=8 
IF( I .GT. 1 .AND. I .T,T.N .AND. J .CT. 1 .AND.J.  LT.M) IWHCiI=9 

END 

IF(I.EQ.~.AND.,J.C,T.~.AMD.J.LT.M> I W W C H = ~  

99'69 Rkl'TIJXN 

C 
e 
c: 



c 
C 

9999 

c 
c 
c 

9 90 
1000 
1010 
Y999 
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c 

C 

c 

t 

-k 

COt4MdN/KEb'U LT/M ,N , I G E O M , X  SWAP I D I S T  , I I M C H  ,KCSS , T S S  ,KL,  
KCDS , I I ) $ ,  LM, FI'IXS , F ITXD , MITX, 
MDOTS ,P.lRA'I ,VPLS ,WPLS ,ROVRCP,  TKRAT , 2 R  ,CLOSE:, LMT, FNUM ,DFOST, 
NDFiTS ,F IPXS ,NDFIPS,RIS ~CPT,SS,NTUS,REYSTO,rOPT,S'1'0hZAr,STOFLD, 
STOEX'T ,SYORSFZ,F;TSS,ABSS,DFOSS,,~VLSS,ETI)S,ABDS, 
1 )FOD,ND~ ' I ' I "D ,FI~XI ) ,NDFIPD,BZD,GPLSU, I " IDOTD,NTeTD,  
UY1)IS ;DTSKA' l ' , J~ iSFLD,nesSern , '~u l  , T P 2  
F S ' I C W  ,T,RGES f D I S E X T  

COMMON/DIM/AVE.lTW , E i  EXS ,FLI)S  ,MATSTR,AVLMS ,AVLFS ,AVCES ,AVGTSS 
flGHTE.Zu ,N'ICSS ,AVLMSS ,FLDSS ,MATSS , ~ ~ T D H , T A V G , F L D D , A V T ~ M E ) ,  
AVL4ED,MBrUE,  TPLDB,TFLDE,AVLEfI  
DATA CONSS/ 'F I .AT"  'CYI ,N ' /  
DATA FLIJDIR/  ' C N T R '  , ' P A R L '  / 
UATA ENUI)ST/ ' UNFH' , ' 2-9' / 
DATA rYLSI,V/ 'CKFT' , ' I N T R '  / 

RTM1 ,BTM;) ,ALPHA,NSURS 

COMMON/IN i ' f B K / I N I T  

START WRITE SUktFlARY, BEGIN BY CALLING CRGZ. W I T H  THE OPTIMUM. 
VAKLAI31,ES i N  ORDER TO GET A GOOD PRINTOUT.  



2c3 

1 00 * 

C 

C 

200 

c 
30u 

c 

400 
.k 

PCTF=STOFLD/STORSM 
PCTX=STOEXT/STORSM 
WRITE( 6,2035) PCTM,PCTF,PC'.CX 
WRITE( 6,2040)  
DO 100 I=1,59 
AVLMS( ]I)=AVLM( I)/VPLS 
AV L FS ( I ) =AVL F s ( I[ ) * ( BI S/ v PLS ) 
AV~E~(I)=AVLES(I)/CPLSS 

~ ~ ~ ~ ~ ( 6 , 2 0 5 0 )  I,AVLMS(I) , A Y L E S ( L )  ,AVLES(I),TOTAI,, 
To~AL-AVLMS(r)+AVLFS(I)+AVLES(IJ 

AVPITME'( I) I FLEXS( I) 
WRlTE (6,2060) 
CALL WKTOI(FLDS,MATSTR,M,N ,MN) 

MODE 2 SUMMARY 
I. F ( L I3 IST *EQ ., 2 1 WRITE( 6 ,20 7 ( 3 )  
TF(LDIST.EQ.2) GO TO 300 
WRITE( 6,3000) 
WRITE(6,3OlU) ETSS,ABSS,KCSS,ISS 

WRITE(  b ,4000) 

W R L T E ( 6 , 4 0 1 0 )  DFOSS,KL,AVLSS,PCTSS ,LRGEST 
WRITE(6,4020) 
DO 200 J=I,KL 

WKLTE(b,4U30) J,AVLMSS(J) ,AVGTSS(J) ,HGHTW(J) ,APRSS(J) 
WRITE ( 6 , 4 0 4 0  1 
CALL WRTU I (FLDSS ,MATSS ,M,N ,MN) 

WRLTE( 6 5000) 
WKITE(6 ,5010)  ETDS,ABDS,KCI>S,IDS 

1WDE 3 SUMMARY 

P CT s s = AV L s s / STU KS M 

AVLMSS(J)=AVLMSS(J)/VPLS 

MODE 4 SUMMARY 

MODE 5 (DZSCHARGE) SUMMARY 

W K I T E ( 6 , h U l O )  DFOD,NDFITD,FIPXD,NDFIPD,LM 
WRITE ( 6 60 20 ) B I D ,  GPLSD , MDOTD , NTUD , REY D I  S 
WRITE ( 6 ,6 0 3 0 )  D I SMAT ,D I SFLII , D ISEXT , D I SSUM 

P CTF=D IS FLD/ D I S SUM 
WKITE(h,6035) PCTM,PCTF 
W R L T E ( 6 , 6 O 4 0 )  
CALL WKTO 1 ( T FI, D B , MATI) 3 M , N , MN ) 
DO 400 K=l,LM 
A V L W  ( K )  =AVLMD ( K )  / V PLS 

w u m ( 6  ,WOO) 

P CTM= D I SMAT / D L s SUM 

WKITE(S , 2 0 4 0 )  

AVLFD(K)=AVLFD(K)*(BID/VPLS) 
AVLED(K)=AVLED(K>/GPLSD 
TOTAL=AVLbW( K )+AVLFD(K ) 
WKLTE(6,6050) K , A V L m ( K )  ,AVLFD(K) ,AVLEI>(K) ,TDTAL,TAVG(K) , 
FLDD (K) 
I J R I T E ( b ,  6 0 6 0 )  
CALL WRTO 1 ( T F L  DE , PIATDE , M , N , MN 
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4020 * 
* 
* 
* 
* 

4030 
4040 

5000 
5010 

6000 

60  10 

6020 

6U30 

bo35 
6040 

605U 

bU60 

7 000 

7010 

* 

* 
* 
* 
* 
x 

* 
* 
* 
* 
* 
* 
* 

9999 

FOWlAT(13X, 'ENTROPY' , 1 1 X ,  'AVEKAGE1/3X,  'TIME' ,5X, 
' ~ E N E K A T E D f , ~ O X , ' M A T E R I A L i ~ l ~ X ~ ~ H I G H E S T ' / 3 X ~ ' S T ~ P ' ,  
6X, 'MATEKLAL'~9XX'TTEMYERA'CURE',7X,7TTEML-'ERATURE',7X, 

,2x B 'DLFFEKENGE' / /~X, ' - - - - '  , 2 x ,  '---.-------,-----) 
9 2 x ,  '--,---,---------' J X ,  I-- --------------- 8 

/ >  1-----,---,---,--1 

FORfZAT(3X,I3,4(2X,DI6.10>~ 
PORP/IAT(/3X, 'MATERIAL AND F L U I D  TEMPERATURE DISTRIRUTTON',lX, 

' A T  END OF STEADY STATE PEKIOD. ' ) 
FORMAT(3X7 'M0DE 4 SUMMARYr/3X,'---- - -------' ) 
FORMAT( 3 X ,  ' ETDS= ' , D l h  . . 0 , 2 X  ' ABDS= ' , D l b  1 0 , 2 X y  'KCDS- 
13, ' / 1 00 * ,2x,  LDS- 
FOKi tAT(3X,  'NODE: 5 (DISCHARGE) SIJMMARY'/3Xy 

FORMAT(3X,  ' DFOD= ' , D 1 6 . 1 0 9 2 X ,  ' NDFITD= ' D16.10, Z X ,  ' F I P X D =  

FORMAT( 3 X ,  ' B I D =  ' , D I 6 . 1 0 , 2 X ,  'GPLSD= ' , D 1 6 . 1 0 , 2 X 9  *PMDOTD= 
D 1 6 . L 0 , 2 X , ' N T U U =  ',D16.10,2X,'REYDIS= ',D16.10) 
FORMAT ( 3 X ,  ' D I  SMAT= ' D I6 e 1 0,2X ' DISFLD- ' D 16.10 , 2 X ,  ' D 1 SEXT= 
D16.1U92X,'DISSUM= 'yD16.10) 
FOKMAT(3X, 'PCTM= ' , D 1 6 . 1 0 , 2 X , ' P C T F =  ' ,D16.10/ )  
FOKPlA' I ( f3X,  'MATERIAL AND F L U I D  TEMPERATURE DISTKIRUTION' , I X ,  

FORMAT(3X,I3,2X,D16.10,2X,1~16.1U,2X,D16.10,2X,D16.10,2X, 
D16.10,2X,D16.10) 
FOKf.IAT( / 3 X ,  'MATEKLAL AND F L U I D  TEMPERATURE D I S T R I B U T I O N '  , IX, 

F O W T ( 3 X ,  ' FLGURE Ut: MERIT SUMMARY' / 3 X ,  

' ,111, ' f 20 ' / f 

1 I---- - ----------- ------"-f 

D16.10,2X,'NDFIPD= 8 9 D 1 6 . 1 0 , 2 ~ , t ~ ~ =  "13) 

"PRIOR TO START OF DISCI~AKC:E PERIOD, ) 

'AT END OF DISCHARGE P E R I O D . ' )  

) ' -- -----I- f 

1 
Y 

1 
? 

1 
9 

F O R M A T ( 3 X , ' P R S  AVL,  STORACE= ' , D 1 6 . 1 O Y 5 X , ' P R S  AVL, DISCHARGE= ', 
D l b . l 0 / 3 X , ' T M P  AVL, STOMGE= ' , D l h . l O , S X , ' T W  AVL, DISCHARGE= ' 
D 1 6 . 1 0 / 3 X , ' A L P H A =  ' , D 1 6 . 1 C , 3 X 9 ' N S U R S =  ' ,D l6 . l0 ,3X,  
'1ST LAW COMP= ' ,D16.1U/ / f )  
RETURN 
E N D  
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APPENDIX B 

DEVELOPMENT OF DISCRE'T I ZED TRANS1 ENT CONDUCT1 OM 

EQLJATlOrJlS FOR THE STORAGE ELEMENT 





T h i s  a p p e n d i x  explains the s t e p s  t h n c  were t a k e n  t o  e n a b l e  FNTWOP 

to  d e f i n e  the. i n d i v i d u a l  terms a'? t h e  d i s c r e t i z e d  material c o n d u c t i o n  

e q u a t i o n  c o e f f i c i e n t  noatrtx a t  run t i m e  and as a function of t h e  number 

of material. nodess 

F i r s t . ,  i t  is necessary t o  define a c o n s i s t e n t  coordinate s y s t e m  arid 

n o d a l  number ing  s e q u e n c e ,  T h e  0 3 n C 5  $C!Veloped. f o r  t h i s  StLQdy IS 

i l l u s t r a t e d  i n  F i g u r e  B . 1 .  It- has t h e  s t a n d a r d  *'in' and ""j'" ax i s  desig- 

nation and r? numbering s y s t e m  that atares each t~ode  a u n i q u e  number. 

Figure B . 1  shows a 4x7 network  but: t h e  matlaeinatical r e l a t i o n s h i p s  dcvel-  

oped are v a l i d  f o r  any s i z e  s y s t e m .  t f  we d e f i n e  the number o f  nodes i n  

the X d i r e c t i o n  as m arid t h e  number of nodes  i n  t h e  Y d i r e c t i o n  as 11, 

t h e  following c h a r a c t e r i s t i c s  of the nodal  s y s t e m  shown bn F i g u r e  B.1 

can he  noted: 

a.  t h e  iiode number f o r  any g iven  ( i 9 j )  node c a n  he  u n i q u e l y  d e f i n e d  

as [ i + ( j - l > * n ] ,  

b e  t h e  node  d i r e c t l y  above a n y  g i v e n  (i,j) node can be d e f i n e d  as 

(i+19j) and h a s  a u n i q u e  number gibetl  by [(i+l>+(j-l)*nl, 

c. the node d i r e c t l y  below it can be d e f i n e d  as ( i - -19j)  and has a 

unique number g i v e n  by { ( i - l ) + ( j - l ) * n ]  ~ 

d. the one e o  i t s  righs can be  d e f i n e d  as ( i $ j + l )  and  has a unique 

number g i v e n  by [ i + j a n ] ,  and  

e .  t h e  one t o  its l e f t  can be d e f i n e d  as ( i , j - - l )  and has a un ique  

number g iven  by [i+(5-2)*n] 

The coef f ic ien t  matr ix  t h a t  res ra l t s  f rom t h i s  nodal  n e t w w k  h a s  

c e r t a i n  c h a r a c t e r i s t i c s  t h a t  are also of i n t e r e s t .  The f i r s t  o f  these 
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i s  t h a t  t h e  m a t r i x  is  s q u a r e  w i t h  an order  e q u a l  t o  nxm. TheseEore Clie 

sample  4x7 a r r a n g e m e n t  shorn i n  Figure 13.1 would r e s u l t  i n  a 28x28 co- 

e f f i c i e n t  m a t r i x .  I n  a d d i t i o n ,  e a c h  row of t h e  m a t r i x  would represent a 

particular material node and t h e  en t r ies  i n  t h a t  row would represent 

e i t h e r  t h e  p a r t i c u l a r  node o r  one o€ i t s  ne ighbors .  T h i s  m a t r i x  would 

a l s o  have a unique physical appearance. The nsn-zero  c o e f f i c i c n t s  woirlc! 

be a r r a n g e d  i n  a band c e n t e r e d  a r o u n d  the m a i n  d i a g o n a l .  These  t r a i t s  

are i l l u s t r a t e d  i n  F i g u r e  B.2 and t h e  ' 'X'S''  r e p r e s e n t  t h e  non-zero co- 

e f f i c i e n t s .  T h i s  f i g u r e  shows a v e r y  i m p o r t a n t  c h a r a c t e r i s t i c  of t h i s  

t y p e  of c o e f f i c i e n t  m a t r i x ;  t h a t  is t h e  upper and lower band w i t l t h s  are 

equal t o  t h e  number of material nodes i n  t he  "i" d i r e c t i o n .  

To u n d e r s t a n d  t h e  r e q u i r e m e n t  t h a t  we must be a b l e  to  d e f i n e  each 

i n d i v i d u a l  term i n  t h e  c o e f f i c i e n t  m a t r i x ,  i t  is n e c e s s a r y  t o  examine 

t h e  i n s t r u c t i o n  string p r o v i d e d  wich s u b r o u t i n e s  DCRFA and DGHSL to lsad 

t h e i r  w o r k i n g  m a t r i x .  T t  i s :  

M = M L + M U  

11 = P W O  ( l , I  - Mu) 
IK) 20 I = 1,N 

I2 = M I N O  ( N , I  + ML) 
DO 20 J = I l , I 2  

20  ABD ( i ( , T )  = A ( J , L )  
K = J - I + - M  

where ; 

P f L  = Band w i d t h  be low t h e  m a i n  d i a g o n a l  

t4LJ = Rand w i d t h  above the main d iagonal  
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N = S i z e  of t h e  o r i g i n a l ,  large,  sparse  c o e f f i c i e n t  matr ix ,  A,  

and is  e q u a l  t o  nxm 

ABD = DGBFA's working m a t r i x  

The  pu rpose  of t h i s  i n s t r u e t i m  s t r i n g  i s  q u i t e  s i m p l e ,  TJsjng the 

t o t a l  number of nodes p h s  the upper and lower band w i d t h  05 t h e  

o r i g i n a l  sparse matr ix ,  it s k i p s  O V ~ K  the z e r o  e n t r i e s  and "reads" o n l y  

t h e  non-zero e n t r i e s  of each row. The "I@* c o u n t e r  on t h e  iaut,en: l o o p  

causes i t  t o  look a t  e a c h  ~ Q W  of the o r i g i n a l  m a t r i x  and r e p r e s e n t s  t h e  

unique number of a p a r t i c u l a r  material node. The "J"" c ~ ~ a t e r  on the  

i n n e r  l o o p  r e p r e s e n t s  t h e  un ique  numbers o f  t h e  ne ighbor  nodes ,  t h a t  i s  

the n e i g h b o r s  of t h e  node represented by ""I". T h e r e f o r e  once the i n -  

s t r u c t i o n  s t r i n g  h a s  d e f i n e d  a p a r t i c u l a r  e l e m e n t ,  (lac., a n  * I p o  and 

"J") i t  " reads"  t h e  v a l u e  of t h a t  r?.lemenE from t h e  o r i g i n a l  sparse, c:o- 

e f f i c i e n t  m a t r i x  i n t o  J X B F A ' s  w o r k i n g  m a t r i x ,  The o p e r a t i o n  of t h i : ~  in-  

s t r u c t i o n  s t r i n g  can b e s t  be i l l u s t r a t e d  by c a l c u l a t i n g  t he  '*I**, " I l ' " ,  

and ''12'' c o u n t e r s  f o r  a f e w  i te rac i ions  and t h e n  comparing :hem t o  KIIG 

example c o e f f i c i e n t  m a t r i x  i n  F i g u r e  B . 2 ,  The r e s u l t s  of these f w  

i t e r a t i o n s ,  u s i n g  t h e  nodal  network i n  F i g u r e  B . 1 ,  are  shown i n  Tab le  

B*1. 

The problem t h a t  r e s u l t s  i s  t h a t  b o t h  t h e  o r i g i n a l  sparse, cncE- 

f i c i e n t  m a t r i x  and t h e  working m a t r i x  have t o  he  d e f i n e d ,  T h i s  is;  U R -  

d e s i r a b l e  because even moderate  sized noda l  syscerns r e q u i  1-e l a rge  

amounts of computer memory, To s o l v e  rh i s  problem jt: w a s  necessary 

i n c o r p o r a t e  t h e  a b i l i t y  t o  c a l c u l a t e  a coefficient array elenent g i v ~ ~ r i  

any "I", "J" p a i r ,  The s t e p s  tacen t o  d e v e l o p  t h i s  c a p a b i l i t y  *2r6* 

d e s c r i b e d  below. 
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T a b l e  8.1. P a r t i a l  summary 

original i n s t  renctlon 
s t r i n g  t o  read the 

banded matrix 

Of the OQeratiOn Of the 

____I 

Inner  loop 
Outer loop counter 

-- counter 
T i  i2 

1 1 5 

2 1 6 

3 1 7 

4 1 8 

5 1 9 

6 2 10 

7 3 11 

8 4 12 

23 19 27 

24 20 28 

2 5  21  28 

24 22 28 

24  23 25 

28 24 28 
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The key  t o  p r o v i d i n g  t h i s  c a p a b i l i t y  i s  t o  have  a d i s c r e t i z e d  con- 

d u c t i o n  e q u a t i o n  w i t h  a u n i f o r m  physical .  c o n s t r u c t i o n  t h a t  is applicable 

t o  e v e r y  t y p e  of node. The most g e n e r a l  €orm of a discretized, f ~ l l y  

i m p l i c i t ,  t r a n s i e n t  c o n d u c t i o n  e q m t i o n  f o r  any p a r t i c u l a r  ( i , j >  n5de i n  

t h e  s y s t e m  shown i n  F i g u r e  B.l is: 

As can be s e e n ,  e q u a t i o n  (B .1 )  c o n t a i n s  a t o t a l  o f  s i x  terms, each 

w i t h  a l e a d i n g  c o e f f i c i e n t  o r  associated c o n s t a n t .  The s i x  te rms  are:  

a. t h e  t e m p e r a t u r e  of t h e  ( i , j )  node f o r  t h e  next  t i m e  p e r i o d ,  

b. t h e  c u r r e n t  t e m p e r a t u r e  of t h e  ( f * j )  node,  and 

c .  t h e  c u r r e n t  t e m p e r a t u r e s  crf t h e  f o u r  n e i g h b o r  nodes, 

The v a l u e  of a l e a d i n g  c o e f f i c i e n t  o r  assoc ia ted  c o n s t a n t  is cl 

f u n c t i o n  of t h e  p h y s i c a l  l o c a t i o n  of t h e  p a r t i c u l a r  ( i , j )  node w i t h i n  

t h e  s y s t e m ,  i t s  n e i g h b o r  nodes ,  and t h e  boundary c o n d i t i o n s ,  For the 

s y s t e m  u n d e r  s t u d y ,  t h e r e  are n i n e  d i f f e r e n t  t y p e s  of nodes. T h e y  are: 

a. t h e  i n t e r i o r  nodes  

b. t h e  c o r n e r  node l o c a t e d  a t  i=l and  j=13 

c. t h e  nodes on  t h e  X=O f a c e  b u t  no t  a t  a c o r n e r ;  

that i s  j=n, i > 2 ,  and  i 4 n ,  

d e  t h e  c o r n e r  node l o c a t e d  a t  i = n  and j=1 ,  

e .  t h e  nodes  on  t h e  Y = l  f a c e  bu t  no t  a t  a c o r n e r ;  
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t h a t  is  i = n ,  j > 2 ,  and j b m 9  

f .  the  c o r n e r  node l o c a t e d  a t  i-a, and  j = m ,  

g.  t h e  nodes  on t h e  X = l  Pace h u t  not  a t  a c o r n e r ;  

t h a t  i s  j=m9 i > 2 ,  and  icin,  

h. t h e  c o r n e r  node located a t  i= l  and  j = = m 9  and 

i. t h e  nodes  on t h e  Y=Q face b u t  n o t  a t  a c o r n p r ;  

t h a t  is  i= l ,  j > 2 ,  and j 6 m a  

The l e a d i n g  c o e f f i c i e n t s  and  c o n s t a n t s  f o r  each of t h e  s i x  terms i n  t h e  

nost g e n e r a l  e q u a t i o n  form and f o r  each of t h e  n i n e  nodes were computrd 

a n d  are  summarized i n  T a b l e  B . 2 .  The a c t u a l  a l g e b r a  i s  q u i t e  s t r a i g h t -  

f o r w a r d  but v e r y  long  atid i n v o l v e d  and will n o t  @e r e p e a t e d  here f o r  t h e  

sake of b r e v i t y .  T h e  r e a d e r  i s  i n v i t e d  t o  r e a d  r e f e r e n c e  [ 5 2 ]  f o r  de-  

t a i l s .  

Wi th  t h i s  inTor i i ia t ion ,  i t  i s  now a f a i r l y  s i m p l e  o p e r a t i o n  t o  de- 

fine any g i v e n  c o e f f i c i e n t  a r ray  e l e m e n t  and t h i s  p r o c e d u r e  is sumi:zar- 

i z e d  as fo l lows:  

a- G i v e n  t h e  v a l u e  of t h e  "I" c o u n t e r  and t h e r e f o r e  t h e  u n i q u e  

number of a node; d e t e r m i n e  i t ' s  ( i , j )  l o c a t i o n .  

b .  Based on  t h e  ( i , j )  l o c a t i o n ;  d e t e r m i n e  wh ich  one  o €  t h e  n i n e  

t y p e s  of nodes  is r e p r e s e n t e d .  

c. U s i n g  the v a l u e  of t h e  " J "  c o u n t e r ;  d e t e r m i n e  wh ich  n e i g h b o r  

node is  r e p r e s e n t e d .  

d. F i n a l l y ,  w i t h  t h e  p a r t i c u l a r  t y p e  of node and  n e i g h b o r  iden-  

t i f i e d ,  p i c k  t h e  a p p r o p r i a t e  c o e f f i c i e n t  f rom T a b l e  A . 2 .  

T h i s  c o e f f i c i e n t  i s  t h e n  l o a d e d  d i r e c t l y  i n t o  DGBFA's work ing  array i n  

t h e  l o c a t i o n  d e s i r e d  by DCHFA.  
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APPENDIX C 

DESCRIPTION OF MODIFICATIONS TU PERMIT 

INTEGRATlON OF DISCRETE VALIJES 
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The f o l l o w i n g  informat  i o n  summarizes t h e  m o d i f i c a t i o n s  t h a t  were 

made t o  the Simpson's One-Third Rule a l g o r i t h m  t o  p e r m i t  i n t e g r a t i o n  of 

d i s c r e t e  d a t a  points i n s t e a d  of c o n t i n u o u s  f u n c t i o n s .  One- and ~ W Q -  

dimens iona l  numer ica l  i n t e g r a t i o n s  were r e q u i r e d  at several .  loca t l ions  

w i t h i n  ENTROP, and i t  was decided  that it would b e  more a c c u r a t e  t o  use 

t h e  d i s c r e t e  p o i n t s  r a t h e r  than  a c u r v e  f i t  of t h e  d i s c r e t e  p o i n t s .  

For a one-dimensional i n t e g r a t i o n ,  t h e  reader will reca l l  t h a t  t h e  

t r a d i t i o n a l  procedure has  t h e  f o l l o w i n g  p r e l i m i n a r y  s t e p s :  

a. d e f i n e  a c o n t i n u o u s  f u n c t i o n ,  F, and t h e  limits of i n t e g r a t i o n ,  

A to  B, 

b. d e f i n e  t h e  number of divisions, D ,  t h a t  t h e  c o n t i n u o u s  f u n c t i o n  

is t o  be d i v i d e d  i n t o ,  

c. using t h e  l i m i t s  of i n t e g r a t i o n  and t h e  number o€ d i v i s i o n s ,  

c a l c u l a t e  t h e  l e n g t h ,  H ,  of each d f v i s i o n  u s i n g  t h e  r e l a t i o n s h i p  

(B-A)/D, and f i n a l l y  

d. d i v i d e  t h e  number of d i v i s i o n s  by two t o  d e t e r m i n e  t h e  number 

of "groups of t h r e e  e v a l u a t i o n s "  i n  t h e  i n t e r v a l  from A to '13, 

The a c t u a l  i n t e g r a t i o n  of t h e  cont lnuous  f u n c t i o n  is accomplished u s i n g  

t h i s  i n f o r m a t i o n  and t h e  fo l lowing  i n s t r u c t i o n a l  s t r i n g :  

X l = A  
N U M = D I V / 2  0 
sm=o .o 
DO 100 1=1 , N W  
SUM=SUFf+H/ 3 .  * [ F ( X 1 )  +4 a *F ( X 1+H )+F (X 1+2 *H 1 

100 Xl=X1+2.*H 

The numerical i n t e g r a t i o n  proceeds as t h e  value of t h e  X 1  vari.ab1.e i s  

incremented and c o n t i n u e s  u n t i l  a l l  t h e  "groups of t h r e e  e v a l u a t i o n s "  

have been pro ces s ed . 
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To modify t h i s  s t r i n g  t o  use d i s c r e s t s  v a l u e s ,  we f i r s t  do t h e  f o l -  

lowing:  

a. define some number 01 d i sc r2 t - e  nodes i n  t h e  i n t e r v a l  f r o m  A t o  

$ as M, and s p e c i f y  an odd number of nodes,  

b.  d e f i n e  a s i n g l e  d imens ioned  a r ray ,  Y ,  t h a t  c o n t a i n s  t he  values 

a t  e a c h  node, 

c. r e a l i z e  that t h e  i n t e r v a l  be tween nodes,  dX, i s  t h e  same RS t h c  

l ength  i n t e r v a l ,  B,  used in the traditional t e c h n i q u e ,  and 

d e  r e a l i z e  t h a t  f o r  t h e s e  d e f i n i t i o n s ,  t h e  t i m b e r  of "g roups  of 

th ree  nodes" i s  e q u a l  to ( M - - 1 ) / 2 .  

An i l l u s t r a t i o n  o f  t h i s  p h y s i c a l  system i s  shown i n  F i g u r e  C.1 a n d  shows 

the o r ig ina l  i n t e r v a l  from A t o  B d i s c r e t i z e d  w i t h  s e v e n  nodes.  U s i n g  

these d e f i n i t i o n s  w e  can  rewrite t h e  t r a d i t i o n a l  i n s t r u c t i o n a l  s t r i n g  ds 

f O l l O W S  

N U M  = (M.- -1) /2 .O 
N1xl 
SUM-0.0 
DO 100 I = 1 , N U M  
N 2 = N  1-9-1 
N 3 - N 2 +  1 
SUt"l=SUW+ [ (dX)  / 3 . ]  * [ Y ( N 1 ) + 4 .  *Y (N2)+Y(N3) 1 

100 N l - N 3  

T h i s  m o d i f i e d  s e q u e n c e  then  s t e p s  t h rough  r h e  d i s c r e t e  p o i n t s  i n  t h e  

saint? o r d e r  ( i . e . ,  the s a m  " g r o u p s  of three nodes" )  as t h e  traditional 

proc.edure.  The N1, N2, and N 3  c o u n t e r s ,  which are  r e d e f i n e d  f o r  each 

i n c r e m e n t  of t he  do- loop ,  specify t h e  p o i n t s  b e i n g  p r o c e s s e d .  The 

n u n e r i c a l  i n t e g r a t i o n  is  comple t e  when t h e  l a s t  "g roup  of th ree"  h a s  
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been processed. T h i s  mnodif i e d  s t r i n g  vas programmed and i n s t a l l e d  i n  

the  ENTROP program as  the  subrou t l c i e  ONEDIM.  

A two-dimensional i n t e g r a t i o n  u s i n g  t h e  t r a d i t i o n a l  o n e - t h i r d  r u l e  

p ioceeds  i n  a s i m i l a r  manner .  The o n l y  d i f f e r e n c e  i s  t h a t  f o r  .c?a?a& 

"group oE t h r e e  e v a l u a t i o n s * '  i n  the X d i r e c t i o n ,  i t  must a l s o  e v a l u a c e  

a l l  t he  " ~ P O U Q S  of t h r e e  e v a l t i a t i o n s "  i n  the  Y d i r e c t i o n .  'The primary 

d i f f i c u l t y  i n  implementing such a prseedare i s  d e f i n i n g  a rncthod to  keep  

t r a c k  of which node numbers are b e i n g  processed a t  any g i v e n  t i m e .  T n  a 

one-dimensional  system, t h e  node numbers proceeded i n  o r d e r ;  t h a t  is  N 1 ,  

N 2 ,  N3, then N3, N4, and N5 u n t i l  t h e  Las t  "group o f  t h ree '*  has heen  

processed.  I n  i! two-dimensional system, the node numbers i n  a given  

d i r e c t i o n  are not  s e q u e n t i a l .  Th i s  i s  due t o  the numbering sequence 

used t o  i d e n t i f y  nodes. The reader can r e v i e w  t h i s  s equence  by r e f e r -  

r i n g  to F i g u r e  B.l  ( p .  217) .  Before d i s c u s s i n g  the s p e c i f i c  modif ica-  

t i o n s  t h a t  were made, it i s  n e c e s s a r y  to b r i e f y  summarize t h e  t r a d i -  

t i  ooaP two-dirnensi o n a l  i n t e g r a  tion procedure.  

The two-dimensional, o n e - t h i r d  riile a l g o r i  thcn r equ i r e s  the same 

t ypes  of i n f o r m a t i o n  as i t s  one-dimensional c o u n t e r p a r t .  I t  must have 

l imits  of i n t e g r a t i o n  and i n t e r v a l  l e n g t h s  f o r  b o t h  t h e  X and Y , d i r e c -  

t i o n .  The running t o t a l ,  t h a t  is  the  r e s u l t  of the  i n t e g r a t i o n ,  is a l s o  

s i r n i l a r  excep t  t h a t  i t  s -ms  n i n e  v a l u e s  i n s t e a d  o f  t h r e e  and Inas t h e  

f o l l o w i n g  form: 
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The n i n e  3 " s "  in e q u a t i o n  ( C g l )  r e p r e s e n t  v a l u e s  of t h e  contiatrorls 

f u n c t i o n  a t  s p e c i f i c  X and Y c o o r d i n a t e  p o i n t s .  To d e f i n e  t h e s e  func-  

t i o n  v a l u e s ,  assume t h a t  t h e  i n t e g r a t i o n  process h a s  j u s t  begun. The 

c u r r e n t  X and Y v a l u e s  would be t h e  r e s p e c t i v e  lower  l i m i t s  o f  i n t e g r a -  

t i o n .  D e s i g n a t i n g  t h e s e  i n i t i a l  vslues as X1 and Y1 and d e f i n i n g  HX and 

HY as t h e  X and Y i n t e r v a l  l e n g t h s ,  w e  d e f i n e  t h e  following q u a l i t a t i v e  

r e l a t i o n s h i p s  f o r  t h e  n i n e  f u n c t i o n  v a l u e s :  

F l=F(XL , Y l  ) F2=F(XZ ,Y 1 ) F3=P( X 3  ,Y1) 

F4=F(Xl,Y2) F5=F(X2,Y2), F6=E'(X3,Y2) 

F7=F(X1 ,Y3) ,  F8=F(X2 ,Y3),  F9=P(X3 ,Y3), 

(c.2 j 

where : 

These g e o m e t r i c  r e l a t i o n s h i p s  are  i l l u s t r a t e d  f o r  a h y p o t h e t i c a l  problem 

i a  F i g u r e  C . 2 .  A s  i n  t h e  one -d imens iona l  case, t h e  nunerical  i n e e g r a -  

t i o n  proceeds by summing t h e  f u n c t i o n  e v a l u a t i o n s  f o r  g i v e n  i r i i t i aP  

v a l u e s  of X 1  and Y1 t h e n  i n c r e m e n t i n g  t h e i r  value u n t i l  a l l  t h e  "'groups 

o f  t h ree  e v a l u a t i o n s "  have  been  processed. The o n l y  d i f f e r e n c e  is  t h a t  

f o r  each X "group of r h r e e  e v a l u a t i ~ m s " ,  & t h e  Y " e v a l r ~ a t i o n s "  have t.0 

be performed b e f o r e  movlng on t o  t h e  n e x t  X "group of three evalua-  

t i o n s . "  

__. 
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To modify t h e s e  r e l a t i o n s h i p s  t o  accomnadate d i s c r e t e  p o i n t s ,  i t  

on ly  n e c e s s a r y  t o  r e a l i z e  two f a c t s .  These are:  

a.  t h a t  t he  X and Y c o o r d i n a t e  p o s i t i o n s ,  that: is  the  %El, X 2 ,  . 
XM and the Yl, Y 2 ,  YN values, ,  a l s o  r e p r e s e n t  the ( i l j >  c o o r d i n a t e s  

of the material  nodes, and 

b e  t h e  ( X , Y )  c o o r d i n a t e s  can t h e r e f o r e  be used to  d e f i n e  a un ique  

node number u s i n g  the r e l a t i o n s h i p  developed in  Appendix B. 

With t h i s  i n f o r m a t i o n ,  a s t r a i g h t f o r w a r d  computing scheme can b e  d e f i n e d  

t o  pe rmi t  the i n t e g r a t i o n  of d i s c r e t e  v a l u e s .  Th i s  scheme can be b e s t  

e x p l a i n e d  u s i n g  t h e  l o g i c  diagram i n  F i g u r e  C.3. This diagram was pre-  

pared by: 

a ,  assuming an odd number of material nodes i n  the  X and ']I d i r e c -  

t i o n ,  

b. u s i n g  the  same c o o r d i n a t e  system and nodal  numbering sequence 

as  shown i n  F i g u r e  3.1 ( p .  2171, and 

c. assuming t h a t  t he  f u n c t i o n  v a l u e s  t o  be  i n t e g r a t e d  a re  con- 

t a ined  i n  a s i n g l e  s u b s c r i p t e d  array, TCB); where B represents a u n i q ~ e  

nodal  number. 

The steps o u t l i n e d  i n  F i g u r e  C . 3  were programmed and i n s t a l l e d  i n  t h e  

ENTROP program as the  s u b r o u t i n e  TWODIM. 
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I DEFINE N U M B E R  OF ' G R O U P S  OF 
THREE NODES' IN THE Y O lRECf lQN I 

I QEFlPdE FIRST THREE X V A L U E S  AS 
X I  - t ,  x a  - 2.  x 3  - 3 I 

I 1 FOR EACH 'GROUP OF THREE NODES" 
IN THE X O I R E C f l Q N  

ORNL-DWG 85C-4993 ETD 

no 
INCREMENT THE Y VALUES AS FOLLOWS 

Figure C.3. Schematie  r e p r e s e n t a t i o n  of the. c a l c u l a t i n g  
sequence used t o  perform two-dimensional 
i n t e g r a t i o n  of di,;crete v a l u e s .  
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APPENDIX D 

VERIFICATION OF TWO CRITICAL CALCULATIONS 

PERFORMED BY THE ENTROP COMPUTER 

PROGRAM 
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This  appendix summarizes the  s t e p s  t h a t  were taken t o  v e r i € y  two 

c r i t i c a l  c a l c u l a t i o n s  o€ t he  ENTUOP computer program: t h e  s t o r a g e  ma- 

t e r i a l  t r a n s i e n t  temperature  d i s t r i b u t i o n s  and t h e  f i g u r e  of merit, Ne. 

TQ v e r i f y  t h a t  ENTROP was c o r r e c t l y  c a l c u l a t i n g  s t o r a g e  material transf- 

e n t  tempera tures ,  a comparison was made wi th  a s i m p l i f i e d  s t o r a g e  system 

example problem contained in Schsnidt and Wil lmot t ' s  [21]  t e x t .  The 

a b i l i t y  of t h e  ENTROP computer prDgrarn t o  accu ra t e ly  c a l c u l a t e  a va lue  

f o r  t h e  f i g u r e  of merit w a s  v e r i f i e d  by having  i t  d u p l i c a t e  a des ign  

c a s e  t h a t  had a l s o  been eva lua ted  '2y the computer program Krane used f o r  

h i s  Pumped s t o r a g e  element s tudy  [46].  

The accuracy of t h e  s t o r a g e  material two-dimensional t r a n s i e n t  t e m -  

pe ra tu re s  as c a l c u l a t e d  by ENTROP could not be v e r i f i e d  d i r e c t l y  because 

s imilar  temperature  d a t a  was not a v a i l a b l e  w i t h  which eo make a compar- 

ison.  Even though Szego 1221 published r e s u l t s  based on such ca l cu la -  

t i o n s ,  a c t u a l  storage material temperature  d i s t r i b u t i o n s  were not  

included.  Consequently,  a c ~ m p a r i s o n  had t o  be made using a one-dimen- 

s i o n a l  s t o r a g e  s y s t e m  example problem from r e fe rence  I211. This  par- 

t i cu la r  problem was chosen, i n  p a r t ,  because it  u t i l i z e d  an a n a l y t i c a l  

s o l u t i o n  f o r  the  s t o r a g e  material trans i e n t  temper a t  u r e  d i  st ri but i on 

t h a t  had been non-dimensionalizec' with many of the  same variables 

utilized i n  t h i s  s tudy.  This  problem descr ibed  the  s i t u a t i o n  where t h e  

f l u i d  was assumed t o  have an i n f i n i t e  hea t  capac i ty  ( i . e a 9  constant t e m -  

p e r a t u r e  a long the flow channel)  and t h e  temperature  g r a d i e n t s  w i th in  

the  s to rage  m a t e r i a l  were not  n e g l l g i b l e .  The one-dimensional material 

temperature  d i s t r i b u t i o n  f o r  t h e s e  zond i t ions  can be w r i t t e n  as*. 
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(n. la) 

where: 

arid 

M. t an  M = Bi . 
J j 

(D. IC) 

It should be no ted  t h a t  e q u a t i o n  (D.1) u t i l i z e s  a d i m e n s i o n l e s s  temper- 

a t u r e  d i f f e r e n t  from t h e  one used i n  t h i s  s t u d y .  Th i s  is mentioned h e r e  

because  i t  somewhat compl i ca t ed  t h e  v e r i f i c a t i o n  procedure.  

Cornpar i ng ENTROP ' s two-dime ns i onal  t empe r a t  u re  d i s t r i  b u t  i o n  agai LIS t 

a one-dimensional d i s t r i b u t i o n  was p o s s i b l e  on ly  because  a small  v a l u e  

f o r  the s t o r a g e  material aspect r a t i o ,  V" could he s p e c i f i e d ,  This i s  

the r a t i o  of the h a l f - t h i c k n e s s  of a s e c t i o n  of storage material t o  i t s  

l e n g t h  and small v a l u e s  minimize the  e f f e c t s  of l o n g i t u d i n a l  conduc- 

t i o n ,  Therefore, once a two-dimensional d i s t r i b u t i o n  f o r  a s t o r a g e  u n i t  

w i t h  a small v a l u e  of V' had been c a l c u l a t e d ,  i t  was reasonable t o  

i n t e r p r e t  i t  as a group of i n d i v i d u a l  one-dimensional  d i s t r i b u t i o n s .  

Each of these groups  could  then  be compared t o  the one-dimensional d i s -  

t r i b u t i o n  c a l c u l a t e d  by e q u a t i o n  (D.  1). 
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A computer program was w r i t t e n  t o  s o l v e  e q u a t i o n  ( D e l >  and t o g e t h e r  

w i t h  ENTROP was used t o  conduct ithe v e r i f i c a t i o n  p rocedure .  T h i s  se- 

quence proceeded  as f o l l o w s :  

a. Values f o r  Bi, and Fo, were d e f i n e d  and s t o r a g e  material ~ t m -  

p e r a t u r e s  a t  25 e q u a l l y  spaced  p o i n t s ,  c o r r e s p o n d i n g  t o  an  e l a p s e d  rime 

e q u a l  t o  Fos9 were c a l c u l a t e d  u s i n g  e q u a t i o n  ( D e l ) .  

b .  Using t h e  same B i ,  and Fo, d e f i n e d  above,  d i v i d i n g  Fo, inc ia  $19 

/Ta d e f i n i n g  8 and T e q u a l  i n c r e m e n t s ,  d e f i n i n g  v a l u e s  f o r  T -  

v a l u e  f o r  Vf as w e l l  as t h e  r a t i o  of G 

t , i  * s l T m  m,o,s  
-t- 

S 
t o  V+, and s p e c i f y i n g  a s p e c i f i c  

m a t e r i a l - f l u i d  nodal. a r r angemen t ,  ENTROP was made t o  s o l v e  t h e  one- 

d i  mens i m a  4. E 1 u i d  and two-d i mens i o 2al s t o rage mat e r i a1 t enp e r a tl u re d is - 
t r i b u t i o n s  f o r  t h e s e  c o n d i t i o n s .  T h i s  r e s u l t e d  in n i n e  dimensioti.kess 

f l u i d  t e m p e r a t u r e s  i n  the l o n g i t u d i n a l  d i  reetion and 25  d i m e n s i o n l e s s  

material t e m p e r a t u r e s  th rough  t h e  c h i c k n e s s  of t h e  s t o r a g e  material. f o r  

each of t h e  n i n e  f l u i d  cernperatures ,  

c.  One of t h e  n i n e  d i m e n s i o n l e s s  f l u i d  t e m p e r a t u r e  c a l c u l a t e d  by 

ENTKOP w a s  t h e n  c o n v e r t e d  t o  i t s  a p p r o p r i a t e  d imens iona l  va lue .  T h i s  

value., a d i m e n s i o n a l  ambient  t e m p e r a t u r e ,  t h e  d i m e n s i o n a l  f l u i d  ternpcr- 

a t u r e  used t o  d e f i n e  Tf,i,s/T,B and t h e  d imens iona l  i n i t i a l  material 

t e m p e r a t u r e  used  t o  d e f i n e  Tm90,!5/Ta were used t o  c o n v e r t  t h e  2 5  

material t e n p e r a t u r e s  c a l c u l a t e d  by equation (D.1) t o  t h e i r  a p p r o p r i a t e  

d imens iona l  v a l u e .  These d imens iona l  t e m p e r a t u r e s  were i n  t u r n  non- 

d i m e n s i o n a l i z e d  w i t h  the scheme u t i l i z e d  i n  t h i s  s t u d y  and t h e n  compared 

t o  t h e  c o r r e s p o n d i n g  dimensionless material t e m p e r a t u r e s  c a l c u l a t e d  by 

ENTROP. 
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S t e p  c was a c t u a l l y  performed on t w o  of t h e  n i n e  f l u i d  t e m p e r a t u r e s  

and the r e s u l t s  a€ these comparisons are summarized i n  l'ahle Dei. These 

data show t h a t  t h e  agreement b ~ t w e e n  ENTROP and e q u a t i o n  (D.1) was on 

the order of 2 .%. Given t h a t  approximate two-dimensional temperature 

d i  siri b u t i o n s  irbere being compared t o  exact one-dimens i o n a l  d i  s t  r i  bu- 

t i o n s ,  the: agreement was c o n s i d e r e d  exce l len t  and i t  was concluded t h a t  

ENTROP was c o r r e c t l y  c a l c u l a t i n g  t r a n s i e n t  material temperature d i s t r i -  

b u t i o n s .  

It WaS e q u a l l y  d i f f i c l l l t  t o  V e r i f y  the Q D e r a t i O r P  Of t h e  ENTRoP pro-" 

g r m  f o r  a complete storage-removal cycle, Although i n d i v i d u a i  parts of 

the  program had been v e r i f i e d  s e p a r a t e l y ,  no data werc a v a i l a b l e  t o  i n -  

sure that t h e  f i g u r e  of merit, N,, w a s  being c a l c u l a t e d  c o r r e c t l y .  Ac- 

c o r d i n g l y ,  i t  was dec ided  t o  d c f i n e  a s p e c i f i c  set  of d e s i g n  pa rame te r s  

and then have both ENTROP and t h e  computer program Krane used f o r  h i s  

lumped element  s t u d y  [ 4 6 ]  c a l c u l a t e  v a l u e s  f o r  lambda, A ,  and t h e  f i g u r e  

of w r i t ,  N,. This r e q u i r e d  a c o n s i d e r a b l e  e f f o r t  eiiat c o n s i s t e d  a€  t h e  

foPlowing major s t e p s :  

a. A h y p o t h e t i c a l  s torage s y s t e m  was defined u s i n g  a i r  as  t h e  

flowing f l u i d  and f e o l i t e  as the  s t o r a g e  m a t e r i a l .  This d e s i g n  u t i l i z e d  

feolite and a i  E- p h y s i c a l  propere ies arbi t r a r y  v a l u e s  f o r  the storage 

material h a l f - t h i c k n e s s  and l e n g t h ,  and a unit width i n t o  the  pape r .  

The p h y s i c a l  d e s i g n  and o p e r a t i n g  pa rame te r s  of t h i s  system were spe-  

c i f i e d  to  approximate a lumped e l emen t .  T h i s  was accomplished by 

s p e c i f y i n g  small v a l u e s  of t o  approximate a s t o r a g e  material with a B i ,  
-k 

S 
very la rge  the rma l  c o n d u c t i v i r y ,  and s m a l l  v a l u e s  of G t o  m i n i m i z e  t h e  

t e m p e r a t u r e  d rop  i n  t h e  f lowing  f l u i d .  
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T a b l e  D.l Comparison of storage material temperatures 
calculated by ENTROP with those calculated 

by E q u a t i o n  D . 1  

For the dimensionless f l u i d  temperature 
calculated by ENTROP h a v i n g  a value of 

Dimensionless  Y 
distance 0.9982 0,9891. 

ENTKOP Eqn.  D.l  ENTKOP Eqn. D - 1  - 
0 .0000 
0.0417 
0.0833 
0.1250 
0.1667 
0.2083 
0.2500 
0 2 9 17 
0.3333 
0,3750 
0.4267 
0.4583 
c). 5000 
0.5417 
0.5833 
0.6250 
0.6667 
0.7083 
0.7500 
0.7917 
0.8333 
0.8750 
0.9167 
0.Y583 
1 .0000 

0.2346 
0 a 2346 
0.2348 
0.2352 
0.2356 
0.2362 
0.2369 
0.2377 
U.2387 
0.2398 
0.2410 
0.2423 
0,2438 
0.2454 
0.2471 
0.2489 
0.2509 
0.2530 
0.2552 
0.2576 
0.2601 
0.2626 
0.2654 

0.27 12 
0 e2682 

0.2394 
0.2395 
0.2397 
0.2400 
0.2405 
0.24 10 

0.2426 

0.2446 
0.2458 
0.2471 
0 -2486 
0 -2502 
0.2519 
0.2537 
0.2557 
0 2578 
0.2600 
0.2623 

0.2674 
0.2701 
0.2729 
0.2 7 58 

0.2417 

0.2435 

0.2448 

0.2321 
0.2322 
0.2324 
0.2327 
0.2331 
0.2337 
0 , 2 3 4 4  
0,2352 
0 * 2362 
0.2373 
0.2385 
0.2400 
0.2422 
0.2428 
0.2445 

0.2483 
0 2504 
0.2526 
0.2549 
0.2574 
9.2600 
0.2626 
0 e 2655 
0.2684 

0.2463 

c) e 2 a 7 3 
O e 2 3 7 3  
0.2375 
0.2378 
0.2383 
0.238B 
0.23'65 
0.2404 
0.2413 
0 2424 
0,2436 
0.2449 
0.2463 
0.2479 
0.2496 
0.2514 
0 .2534  
0.2554 
0.2576 
0.2599 
0 * 2 6 24 
0.2649 
0.2b76 
0,2704 
0.2733 
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b. Using c h i s  hypothetical des ign ,  two e q u i v a l e n t .  s e t s  of d i m e m -  

sionlrss design v a r i a b l e s  were d e f i n e d :  one f o r  ENTROP and one f o r  

Krane's model. 

80th models were run and the v a l u e s  of X and N, compared. ENTROP 

calculated a v a l u e  f o r  X of  0.7419 x lom7 and  a v a l u e  f o r  N, of 

O.Yb53. Krane's model c a l c u l a t e d  v a l u e s  o f  0.1920 x and 0.9980 

P'OK A and N, r e s p e c t i v e l y .  Given that i t  was n o t  p o s s i b l e  t o  comple&eiy 

simulate a lumped eleii ient,  the agreement was c o n s i d e r e d  good and i t  w a s  

concluded t h a t  ENTROP w a s  cor rec t ly  c a l c u l a t i n g  v a l w s  f o r  X and N,. 
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