
MATHEMATICAL MODELING OF THREE ZONE SOLAR 
PONDS-THERMAL AND STABILITY ANALYSES

BY
YOJANA KATTI

THESIS SUBMITTED TO THE 
INDIAN INSTITUTE OF TECHNOLOGY, DELHI 

FOR THE AWARD OF THE DEGREE OF
DOCTOR OF PH ILO SO PH Y

CENTRE OF ENERGY S TU D IE S

INDIAN INSTITUTE OF TECHNOLOGY, DELHI
M A R C H  1985



c E R T I F  I C A T E

This is to certify that the thesis entitled 

"Mathematical Modeling of Three Zone Solar Ponds - Thermal

to the Indian Institute of Technology, Delhi, for the award 

of the degree of Doctor of Philosophy, is a record of bona- 

fide? research work carried out under our supervision. The 

results contained in this thesis have not been submitted 

to any other University or Institute for the award of any 

degree or diploma.

and Stability Analyses" being submitted by Ms. Yojana Katti

Dr. P.K. Bansal 
Centre for Energy Studies 

Indian Institute of Technology 
New Delhi 

India

Prof. M.S. Sodh.a 
Department of Physics 

Indian, Institute of Technology 
New Delhi 

India



ACKNOWLEDGEMENTS

I wish to r ecord  my deep sense of  g r a t i t u d e  to 

P r o f e s s o r  M.S.  Sodha under whose s u p e r v i s i o n  and guidance the 

p resen t  i n v e s t i g a t i o n s  have been c a r r i e d  out ;  to Dr.  P .l< . Dansal  

f or  h i s  cont inuous guidance and a s s i s t a n c e  and to P r o f .  C . L .  Gupta 

for  h i s  cont inued i n t e r e s t  throughout  the course o f  t h i s  

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

I am g r a t e f u l  to my t eache r s  and c o l l e a g u e s  i n  the Centre 

of  Energy S tud i es  for  di scuss i  ons whi ch have b e n e f i t t e d  me 

g r e a t l y .  I f e e l  h i g h l y  i ndebted to Dr.  J . R .  Hu l l  o f  Argonne 

N a t i o n a l  L a b o r a t o r y ,  I l l i n o i s ,  for  d i scuss ion .  by correspondence 

for  the r e s u l t s  presented in  Chapters  I I  and I I I .  Thanks are 

a l s o  due to the r e f e r e e s  o f  " So l a r  Energy "  whose comments have 

g r e a t l y  improved the p r e s e n t a t i o n  o f  the s t a b i l i t y  problems i n  

Chapters  V and V I I .

My thanks are  a l so  due to Dr.  Sathe and Mr. Gopolnn o f  

the I nd ian  A g r i c u l t u r a l  and S t a t i s t i c a l  Research I n s t i  t u t e  who 

have been k ind enough to extend t h e i r  a s s i s t a n c e  i n  dev e lop ing '  

some computat ion programs in the e a r l i e r  s t age o f  t h i s  work.

F i n a l l y ,  I would l i k e  to express  my a p p r e c i a t i o n  to 

Mr. Ashok Vash i sh t  and Mr. K r i p a l  Singh r e s p e c t i v e l y  for  t h e i r  

e x c e l l e n t  t yp ing and drawings o f  the e n t i r e  manusc r ip t .

K a t ie

Yojana K a t t i



TO

MY FATHER

An Unfathomable Pond o f  I n s p i r a t i o n



SUMMARY

This t h e s i s  p resen t s  some i n v e s t i g a t i o n s  on the thermal  

per formance (magni tudes and e f f i c i e n c i e s  o f  heat  r e t r i e v a l )  

and s t a b i l i t y  aspec ts  of  t hree  zone s o l a r  ponds round the year  

under JafcnJ nmi, nnro 1 oy i i:n 1 c o n d i t i o n s  o f  s o l a r  i n s o l a t i o n  and 

othe r  f a c t o r s .  Sodha et  a l . had developed a s e l f  c o n s i s t e n t

anal ys i s  along wi th computer s o f t w a r e ^ f o r  s tudying- the 

thermal  behav iour  o f  s o l a r  ponds under two modes o f  heat

e x t r a c t i o n ,  v i z .  cons tant  f low r a t e  o f  heat  removal  f l u i d /
cm xi

co ns t an t  bottom temper a tu r eAfor  p r e d i c t i n g  the s o l a r  pond 

per formance round the year^ urv<Atr JLocoA ConcitG^fis .

E f f e c t  o f  bottom r e f l e c t i o n s  i n  the pond has been s tud ied  

by d e r i v i n g  a modi f i ed  a t t e n u a t i o n  c o e f f i c i e n t .  The l a t t e r  

has been i n co r p o r a t e d  in  Sodha’ s model to t ake  i n t o  account  

the more r e a l i s t i c  case of  s o l a r  ponds wi th  r e f l e c t i n g

bot toms .

A comprehensive over v i ew o f  the c o n d i t i o n s  for  s t a b i l i t y  

a g a in s t  c o n v e c t i v e  breakdown of  s a l t  s t a b i l i z e d  l i q u i d  columns_, 

under l a r g e  adver se  t emperature g r a d i e n t s ; has been p resented .
-the. Sfcab'iUfcj of-

The p r e s e n t a t i o n  cover s  the most r e cen t  a n a l y s i s  o fA l i q u i d  
With

columns e-f- h i-gfy tempera ture  gradi  ents backed by the exper imenta l  

ev idence  from the UNM pond for  the adequacy o f  the Sub l ayer  

a n a l y s i s  f o r  s o l a r  ponds.



( v )

I n v e s t i g a t i o n s  on s a l t  d i f f u s i o n  i n  l i q u i d  columns 

wi th  cons tan t  tempera ture  g r a d i e n t s  have a l so  been c a r r i e d  

out.  The. So^et effect u4acK j\ , cfchfi. dU j^uaxem.

S a lt  m  <x c^adxstJc ^as a -*-s0 been taken i n t o

c o n s i d e r a t i o n .  This  theory  has been u t i l i z e d  for  e v a l u a t i n g  

the p r e d i c t e d  s a l t  c o nc en t r a t i o n  p r o f i l e s  i n  s o l a r  ponds 

using co nv en t i o na l  methods of  s a l t  s t a b i l i z a t i o n  whi oh- bif eoTvsbanfclij 

mai n t a i  ni^saturated b r i n e  a t  the bottom and f resh  water  a t  the  

top.  Using the above r e s u l t s ,  s t a b i l i t y  c o n d i t i o n s  o f  

o p e r a t i o n a l  t h ree  zone s o l a r  ponds have been ana l yzed  under 

v a r i o u s  thermal  c o n f i g u r a t i o n s .

An express ion  in  the form of  a po l ynomial  has been
ZttTugAATido's

co n s t r u c te d  for  express ing  the v a r i a t i o n s  o f  t+teAs ta b i l i  ty
{■<xc*o\s

eoe f f i c i entc ' in  the o p e r a t i o n a l  range o f  t emperatures  and 

c o n c e n t r a t i o n s  i n  3o l a r  ponds w i t h i n  an accuracy  o f  5?o.

This  express ion  has been u t i l i z e d  for  i n t e g r a t i n g  the 

d i f f e r e n t i a l  form o f  the s t a b i l i t y  c r i t e r i o n ,  which a l l o w s  

tho cont inuous  mapping o f  the marginal  s t a b i l i t y  c r i t e r i o n  as 

w e l l  as the p r e d i c t i o n  of  s a l t  c o n c e n t r a t i o n  p r o f i l e s  for 

marg ina l  s t a b i l i t y  i n  o p e r a t i o n a l  ponds wi th known 

t emperature  p r o f i l e s .
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PREFACE

S ince  the emergence of  the concept  o f  the s o l a r  pond

at  the beginning o f  t h i s  c e n t u r y ,  two s p e l l s  o f  i n t e n s i v e

resear ch  and development programmes - the f i r s t  between 1 958-

1966 and the second between 1974 - 1980, have f i n a l l y  l ed  to

the i ni t i  a t j on of  the t h i r d  s tage h I1 the (jpe-p-H-r-a-tl-QO—t1©*-

the commercial  u t i l i z a t i o n  o f  s o l a r  pond heat  in  n a t i o n a l

energy s t r a t e g i e s  of  many c o u n t r i e s .  Wi th the exper ience

gained by a l l  round e f f o r t s  i n  t h i s  area from fundamental

r e sear ch  to the study of  smal l  exper imenta l  s o l a r  ponds,

the p resent  t h i r d  phase a c t i v i t y ,  in f a c t ,  dea ls  wi th  the

s c a l i n g  up from the e x i s t i n g  models of  s o l a r  ponds to l a rg e

s i z e s - o f  the order  of  1 00 ,000  square metres and beyonc^6H=hd 
to <rveate_ a  base- foA.
f-ormp—t-h e b a c i a—e-f the economic commercial  u t i l i z a t i o n  of  

s o l a r  energy .  Hence,  comprehensive mathemat ica l  model l ing 

of  s a l t  g r a d i e n t  s o l a r  ponds to p r e d i c t  th ei*op t i  mum 

per formance and s t a b i l i t y  under va r y in g  c l i m a t o l o g i c a l  

c o n d i t i o n s ,  has become an impor t ant  a sp ec t .  'As a major 

example of  t h i s  e / f o r t ,  one can c i t e  the ’ HULLP0ND* and the 

'COMMIX - 1A - S P ' 'which are being used for  l a r g e  s c a l e  

s o l a r  power p l a n t s  in  I s r a e l t and U . S . A .  [11 .

To support  an emerging n a t i o n a l  programme in  I n d i a ,

(a coun t r y  wi th e x c e l l e n t  p o t e n t i a l  for  e x p l o i t a t i o n  of  

s o l a r  ponds)  mathemat ica l  mode l l ing  has been taken up a t  the 

Cent re  of  Energy S tu d i es ,  I n d i a n  I n a U t u t a  of  Technology,  

Delhi  [21.
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A mathemat i ca l  model ,  us ing more e l e g a n t  e x p r es s io ns  

fo r  the  a t t e n u a t i o n  c o e f f i c i e n t  o f  the pond f l u i d ,  the  t ime 

v a r i a t i o n  of  .thM* s o l a r  i n s o l a t i o n  and o ther  m e t e o r o l o g i c a l  

f a c t o r s ,  has been s e t  up. The so f t w a r e  programs deve loped 

by t h i s  group a re  a d e q ua t e l y  comprehens i ve  for  p r e d i c t i n g  

the the rma l  beha v iou r  ( t em per a tu re /h ea t  r e t r i e v a l  p r o f i l e s )  

of  s o l a r  ponds for  v a r i o u s  o p e r a t i n g  c o n d i t i o n s ,  v i z .  heat  

e x t r a c t i o n  a t  c o n s t a n t  t emperature  and co n s t a n t  f low r a t e s .

Under these  c o n d i t i o n s ,  the e f f i c i s n c i e a  a re  p r e d i & t s d  

assuming t h a t  the s o l a r  r a d i a t i o n  i s  absorbed c o m p le t e l y  a t  

the bottom s u r f a c e .  The author  has been working i n  the s o l a r  

pond program at  I . I . T .  De lhi  s i n c e  1982; the r e s u l t s  o f  her 

i n v e s t i g a t i o n s  are  p resen ted  in  t h i s . t f i e s i s .

Chapter  I  i s  an ov e r v i e w  o f  the  comprehens i ve  

i n v e s t i g a t i o n s  l e a d i n g  to the i n i t i a t i o n  o f  e f f o r t s  on . the 

development  o f  s o l a r  pond t echno logy  for  commerc ia l  e x p l o i t a t i o n  

of  s o l a r  energy .

In Chapter  I I ,  i t  has been shown t h a t  the  r e f l e c t e d  

r a d i a t i o n  from the bottom o f  the pond a f f e c t s  the magni tude o f  

a b s o r p t i o n  o f  r a d i a t i o n  i n  the pond f l u i d  c o n s i d e r a b l y  and 

should be p r o p e r l y  a ccounted  for  i n  the mathemat i ca l  

m ode l l i ng  of  Ho l ar  pan tlo by n n u i l,n li 1 p med j ' f i ga t i on  i n  the 

a t t e n u a t i o n  . c o e f f i c i e n t .  E x p l i c i t  r e l a t i o n s  for  the 

m o d i f i e d  a t t e n u a t i o n  c o e f f i c i e n t  for  a s i n g l e  d i f f u s e



r e f l e c t i o n  at  the bottom as w e l l  as for  the case o f  m u l t i p l e  

r e f l e c t i o n s  in  the pond f l u i d  have been ob ta ined .

In Chapter  I I I ,  p r e d i c t i o n  of  the thermal  behav iour
-Pofi.

of s o l a r  ponds [ 21 wi th  modi f i ed  sub r ou t ines  i n t roduced  i-R- 

the a t t e n u a t i o n  coef  f i  ci  ents^to take i n t o  account  the e f f e c t s  

of  bottom r e f l e c t i o n s j h a s  been d i scussed and the v a r i a t i o n  

of  optimum e f f i c i e n c y  wi th  c o l l e c t i o n  temperatures  and f low 

r a t e s  has been i n v e s t i g a t e d .

A r ev i ew  of  the mathemat ica l  theory  o f  s t a b i l i z a t i o n  

a g a in s t  co nv e c t i v e  breakdown, in  d o u b l e - d i f f u s i v e  f l u i d  

systems wi th heated bottoms and l a r g e  temperature g rad i en t s  

and t h e i r  a p p l i c a t i o n s  to the s t a b i l i t y  assessment o f  s a l t  

s t a b i l i z e d  s o l a r  ponds has been presented  i n  Chapter  I V .

In Chapter  V, s t ud i e s  on " s a l t  d i f f u s i o n  i n f l u i d s  wi th 

non-constant  t em per a tu re s "  has been p r esen ted .  A n a l y t i c a l  

r e l a t i o n s  have been obta ined  for  the e v a l u a t i o n  o f  s a l t  

c o n c e n t r a t i o n s  and s a l t  g r ad i e n t s  i n  f l u i d  l a y e r s  i n  the 

non-conveo t i ve  zones of  s o l a r  ponds by the process  of  

n a t u r a l  d i f f u s i o n  of  s a l t  from s a t u r a t e d  bottom l aye r s ' .  The 

na tu re  and magnitudes of  the s a l t  c o n c e n t r a t i o n  p r o f i l e s ,

C ( x ) ,  a long the depth ' x 1 i n  the thermal  c o n f i g u r a t i o n s  o f  

o p e r a t i o n a l  s o l a r  ponds wi th p a r a b o l i c  temperature  v a r i a t i o n s  

a long the depth (which are  g e n e r a l l y  observed i n  p r a c t i c a l  

s i t u a t i o n s )  have been d i s cussed.

P-3
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R e su l t s  of the i n v e s t i g a t i o n s  on the k i n e t i c s  o f  s a l t  

d i f f u s i o n  i n v e r t i c a l  l i q u i d  columns across  which a cons tan t  

c o n c e n t r a t i o n  d i f f e r e n c e  i s  mainta ined  has been presented 

i n  Chapter  V I .  A n a l y t i c a l  r e l a t i o n s  . for  cont inuous changes 

in  the s a l t  d i s t r i b u t i o n  w i th  t ime ,  for  the cases when the 

temperature of the column .is held constant and when the 

I'.ompern Lure rjrudionl: i n  hold 'conatnnt.  has been deve loped.

In the l a t t e r  case, the Beasel form of the d i f fus ion  equation 

has been solved.

Concentrate  on p r o f i l e s , C ( x ) ,  a t  d i f f e r e n t  t imes 

have been ey a lua ted  s t a r t i n g  from the i n i t i a l  s t a t e  wi th  the 

lower  h a l f  of  the column a t  maximum Conc en t r a t i o n  and the 

upper h a l f  at  zero c o n c e n t r a t i o n  u n t i l  the near  e q u i l i b i r u m  

s t a t e  i s  reached by s a l t  d i f f u s i o n  along the v e r t i c a l  d i r e c t i o n .  

The na tu re  and th'e magnitudes of  s a l t  co n c e n t r a t i o n  and 

s a l i n i t y  g r ad i e n t s  as w e l l  as the t ime r eq u i r ed  for  r each ing  

the near e q u i l i b r i u m  s t a t e  have been d i s cussed .

The theory has been extended to s a l t  d i f f u s i o n  across  

s tacked l a y e r s  using the step fu nc t i on  suggested by Chepurniy 

and Savage [ 5 6 ] .  The decrease in t ime for  e s t a b l i s h i n g  near 

e q u i l i b r i u m  c o n d i t i o n s  o f  s a l t  g r a d i e n t s  i n  s o l a r  ponds by 

the s tacked  l a y e r  t echnique has been d i s cussed .

From t h e . r e s u l t s  o f  the preced ing  c h a p t e r s ,  a technique 

for  the assessment of  s t a b i l i t y  c o n d i t i o n s  in d i f f e r e n t  

l a y e r s  along the depth has been presented  i n Chapter  V I I .
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The t echn ique  i n v o l v e s  the comparison o f  the obse r va b l e  r a t i o  

o f  the l o c a l  t emperature  and s a l i n i t y  g r a d i e n t s  w i th  the
d.ete.TY>un.ejd t y  -the i o o x t  p A o p e^ tte s  o f  -the.

s t a b i l i t y  f a c to r  of  the l a y e r  govarnod by—W m ^ s o l u t i  on •

The a p p l i c a t i o n  o f  t h i s  t echn ique  to the 

exper imenta l  data of  the UNM pond has been d is cussed  and 

shown to be in  agreement w i th  the observed s t a b i l i t y  c o n d i t i o n s  

of  the pond and c o r r e c t l y  p r e d i c t s  the onset  o f  c o n v e c t i v e  

breakdown.

The a p p l i c a t i o n  of  t h i s  technique,  has been f u r t h e r  

a p p l i e d  to s o l a r  ponds s t a b i l i z e d  by using n a t u r a l  d i f f u s i o n  

procenn Fo r . tho  hs t n b,l j nhnifln t nnd maj ntenance of  s a l t  g r a d i e n t s .  

By the use of  t h i s  t e c hn i que ,  the suggested p o s s i b i l i t y  o f  U5i.-aq
Salt :

1 owe*Ac o n c e n t r a t i o n s —(of  the order  o f  9^(as  a g a in s t  25%))-* 

for  s a 14 s t a b i l i z i n g  the thermal  c o n f i g u r a t i o n s  o f  

o p e r a t i o n a l  ponds has been d i s cussed .

The above mentioned work has appeared p a r t i a l l y  i n  

the form of  f o l l o w i n g  papers :

1• Heat E x t r a c t i o n  from a D i f f u s e l y  R e f l e c t i n g  Bottom

S a l t  Grad i en t  S o l a r  Pond, I n t .  J .  S o l a r  Energy ,  1_ ( 6 ) ,  

405-417 (1983) .

2. R e f l e c t i n g  Bottom So l a r  Pond, Energy Convers ion and 

Management, 2̂ 4 (1 ) ,  75-88 (1984) .

3. M u l t i p l e  R e f l e c t i o n  Phenomenon in S a l t  G rad i ent  S o l a r  

Ponds,  S o l a r  Energy ,  33_ (1 ) ,  1 984.
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4 . K i n e t i c s  o f  D i f f u s i o n  of  S a l t  in S o l a r  Ponds,  I n t .  J .  

Energy Resea rch ,  ( In  P r e s s ,  1984).

5 . S a l t  D i f f u s i o n  in a Temperature F i e l d :  A p p l i c a t i o n  to 

S a l i n i t y  P r o f i l e s  in S o l a r  Ponds,  I n t .  J .  Energy Research  

( I n  P r e s s , 1984 ) .

6 . S a l t  Con cen t r a t i o n  and G rad i ent  P r o f i l e s  for  Margina l  

S t a b i l i t y  of  S o l a r  Ponds,  (Communicated , ■ 1 985 ) .

7. 5 tnh J ,1 ,i ty Aranranamshl; oF Sti] I; Grad i en t  Sol  or Ponds,  

(Communicated,  1985).

8 . Temperature Dependent S a l t  D i f f u s i o n  C h a r a c t e r i s t i c s  o f  

S o l a r  Ponds,  (Communicated,  1985).

In a d d i t i o n  to these ,  the author  has presented the f o l l o w i ng

papers i n  con fe rences :

1. Thermal Behaviour of a Sa l t  Gradient Solar Pond with 

D i f fuse ly  Re f lect ing  Bottom, Proc. of, National  Solar 

Energy Convent ion ,  I . I . T .  D e l h i ,  I n d i a ,  1982.

2. E f f e c t  of  D i f f u s e l y  R e f l e c t i n g  Bottom on S a l t  G rad i en t

S o l a r  Pond, I n t .  S o l a r  Energy Congress ,  P e r t h ,

A u s t r a l i a ,  Aug. ,  14-19, 1983.

3. S tacked Layer  S o l a r  Pond, P roc .  N a t i o na l  S o l a r  Energy

Convent ion,  Baroda ,  I n d i a ,  1983.

4. Mo l ec u l a r  D i f f u s i o n  of  S a l t  Across a Temperature F i e l d

in S o l a r  Ponds,  US-INDIA Symposium Workshop on ' S o l a r  

Energy Research & A p p l i c a t i o n s ' ,  May 29-31, 1985 at  

U n i v e r s i t y  o f  Roorkee.  (To be p r e s e n t e d ) .



P-7
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