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PEFACE 

This  r e p o r t  was p repa red  by the Colorado School  of Mines, 

Golden, Colorado, under Con t rac t  N A S  8-30511 "Research i n  

Phase Change Thermal Cont ro l  Technology" and under Colorado 

School  of Mines Foundation Con t rac t s  ~ 6 9 1 1  and F6915. The 

work was admin i s t e red  under the d i r e c t i o n  of the  Space 

Sc iences  Labora tory ,  George C. Marshall Space F l i g h t  Center ,  

w i t h  Mr. T. C.  B a n n i s t e r  a c t i n g  as the  c o n t r a c t i n g  o f f i c e r ' s  

t e c h n i c a l  r e p r e s e n t a t i v e .  T h i s  r e p o r t  covers  work from 2 1  

November 1968 t o  3 1  December 1969. The work a t  the Colorado 

School of Mines was under t h e  d i r e c t i o n  of D r s .  J. 0. Golden 

and F, J. Stermole.  



ABSTRACT 

T h i s  r e p o r t  p r e s e n t s  a summary of a program of r e sea rch  

i n  phase change thermal c o n t r o l  technology conducted a t  the  

Colorado School of Mines under N A S A  sponsorship;  Phase change 

thermal  c o n t r o l  involves  the  i d e a  of  u s ing  t h e  h e a t  a s s o c i a t e d  

w i t h  t h e  me l t ing  process  ( s o l i d - l i q u i d  phase t r a n s i t i o n )  t o  

absorb excess  thermal  energy of a t h e r m a l l y  s e n s i t i v e  compon- 

e n t .  Conversely,  w i t h  a p rope r ly  designed device ,  the 

component can be h e l d  below a p r e s c r i b e d  temperature  bound by 

us ing  t h e  h e a t  of f u s i o n  of a given m a t e r i a l  t o  r e l e a s e  energy 

t o  the component. Three s e p a r a t e  b u t  r e l a t e d  phase change 

s t u d i e s  a r e  summarized. They a r e :  

(1) A s tudy  of the  unsteady s ta te  temperature  response 

of a phase change t e s t  c e l l  w i t h  emphasis on t h e  g r a v i t y  

induced f r e e  convect ion e f f e c t s  

( 2 )  A microscopic  and thermal s tudy  of the s o l i d i f i c a -  

t i o n  of hexadecane 

( 3 )  A s tudy  of the thermal modeling of the s o l i d i f i c a -  

t i o n  p rocess  f o r  a phase change t e s t  c e l l .  
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1 . 0 INTRODUCTION 

I n  r e c e n t  years t h e  concept of us ing  t h e  h e a t  a s s o c i a t e d  

w i t h  t h e  s o l i d - l i q u i d  phase t r a n s i t i o n  of a number of m a t e r i a l s  

has r ece ived  i n c r e a s i n g  a t t e n t i o n  as an a t t r a c t i v e  thermal 

c o n t r o l  concept.  T h i s  concept involves  the idea of u s ing  t h e  

h e a t  a s s o c i a t e d  w i t h  t h e  me l t ing  process  of' a given m a t e r i a l  

t o  absorb t h e  excess  thermal  energy of a thermal ly  s e n s i t i v e  

component. With a proper ly  designed dev ices  t h e  component 

can be he ld  below a p r e s c r i b e d  temperature  bound, Conversely,  

the  component temperature  could be h e l d  above a p r e s c r i b e d  

temperature  bound by u s i n g  the heat of f u s i o n  of a given 

material t o  r e l e a s e  energy t o  the  component, 

T h i s  concept,  phase change thermal c o n t r o l ,  i s  p a r t i c u -  

l a r l y  a t t r a c t i v e  f o r  use  i n  s p a c e c r a f t  thermal c o n t r o l  

problems from the s t andpo in t  t h a t  i t  i s  a pass ive  system 

( r e q u i r e s  no moving pa r t s )  and, t h e r e f o r e ,  should have a high 

r e l i a b i l i t y .  However, a number of p o i n t s  r e q u i r e  f u r t h e r  

i n v e s t i g a t i o n  b e f o r e  phase change thermal c o n t r o l  can be 

a p p l i e d  t o  s p a c e c r a f t  problems. One p o i n t  i n  ques t ion  i s :  

What e f f e c t  does t h e  space environment have on the  me l t ing  o r  

s o l i d i f i c a t i o n  of t h e  phase change m a t e r i a l ?  

I n  a t t empt ing  t o  answer the  previous  q u e s t i o n  and t o  

understand t h e  behavior  and performance of candida te  phase 

change m a t e r i a l s ,  t h e  fo l lowing  problems immediately ar ise:  

unders tanding  t n e  s o l i d i f i c a t i o n  p rocess ,  

unders tanding  t h e  me l t ing  process  , 
unders tanding  the  c r y s t a l l i z a t i o n  p rocess ,  and 
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what i s  the  r o l e  of var ious  forms of convect ion i n  the 

phase change devices .  

Therefore ,  i f  phase change thermal  c o n t r o l  is t o  b e  a p p l i e d  as 

an eng inee r ing  s o l u t i o n  t o  s p a c e c r a f t  thermal  c o n t r o l  problems, 

t he  above problems must be a t t a c k e d  and some degree of solu- 

t i o n  obta ined .  Only when we have a c l e a r  Understanding of 

t he  sc i ence  involved  i n  the  above processes  can we r e l i a b l y  

p r e d i c t  performance i n  a space environment f o r  a v a r i e t y  of 

s i t u a t i o n s .  With t h i s  understanding,  phase change thermal 

c o n t r o l  can then  be  used wi th  confidence f o r  s p a c e c r a f t  problem 

s o l u t  i on. 

Therefore ,  t h e  g o a l  of t h i s  r e s e a r c h  program i s  a con- 

t i n u e d  a t t a c k  on t h e  problems mentioned i n  the previous  

paragraph.  S p e c i f i c a l l y ,  t h r e e  r e l a t e d  b u t  separate i n v e s t i -  

g a t i o n s  were undertaken.  They were: 

(1) A s tudy  of the  unsteady s t a t e  temperature  response 

of a phase change t e s t  c e l l  w i t h  emphasis on the 

g r a v i t y  induced f r e e  convect ion e f f e c t s  
6 

( 2 )  A microscopic  and thermal  s tudy  of t h e  s o l i d i f i c a t i o n  

of hexadecane 

( 3 )  A s tudy  of the thermal modeling of t h e  s o l i d i f i c a t i o n  

p rocess  f o r  a phase change t e s t  c e l l . *  

. . .  

Upon agreement of t he  NASA t e c h n i c a l  r e p r e s e n t a t i v e ,  t h i s  
s tudy  was undertaken i n  p l a c e  of the o r i g i n a l  s tudy s p e c i f i e d  
i n  the scope of work ( t h e  o r i g i n a l  s tudy  deal t  wi th  a s e a r c h  
for new phase change m a t e r i a l s ) .  
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The r e s u l t s  of a l l  three s t u d i e s  a r e  p re sen ted  i n  

s e p a r a t e  r e p o r t s  which are companion documents t o  t h i s  summary 

r e p o r t  ( s e e  References 1, 2 ,  and 3 ) .  A b r i e f  summary o f  t h e  

purpose,  r e s u l t s ,  and conclus ions  of each s tudy  i s  p r e s e n t e d  

i n  t h e  n e x t  th ree  s e c t i o n s  o f  t h i s  r e p o r t .  
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2.0 UXSTEADY STATE TEMPERATURE DISTRIBUTIOX STUDY 

2 . 1  Purpose 

The goa l  of t h i s  i n v e s t i g a t i o n  i s  bo th  a t h e o r e t i c a l  and 

exper imenta l  i n v e s t i g a t i o n  of t he  r o l e  of n a t u r a l  convect ion 

i n  phase change thermal c o n t r o l  devices .  Although many s t u d i e s  

of n a t u r a l  convect ion have been conducted i n  the p a s t  u s ing  

f i x e d  geometry s y s t e m s ,  the problem of convect ion w i t h  a 

r eceed ing  s o l i d - l i q u i d  i n t e r f a c e  i s  n o t  w e l l  understood.  Only 

when n a t u r a l  convect ion e f f e c t s  can be p r e d i c t e d  on ear th ,  can 

w e  t h e n  e v a l u a t e  the behavior  of phase change devices  i n  the  

space environment w i t h  n a t u r a l  convect ion reduced o r  absent .  

F u r t h e r ,  the  n a t u r e  of t he  c r y s t a l  growth i s  t i e d  t o  convec- 

t i o n  e f f e c t s  from a p h y s i c a l  and thermal  viewpoint.  Therefore ,  

t h e  purpose of t h i s  i n v e s t i g a t i o n  was t o  v e r i f y  exper imenta l ly  

a t h e o r e t i c a l  model f o r  the  n a t u r a l  convect ion p rocess  i n  a 

phase change t e s t  c e l l  undergoing mel t ing .  

2 . 2  Resu l t s  

S i x  exper imenta l  runs were conducted us ing  a s m a l l  phase 

change t e s t  c e l l  w i t h  thermocouples mounted bo th  i n s i d e  and i n  

t h e  t o p  and bottom of the c e l l .  By fo l lowing  i n d i v i d u a l  

thermocouple response while the bottom of  the c e l l  was heated, 

t h e  movement of the s o l i d - l i q u i d  i n t e r f a c e  and temperatures  

a t  g iven  p o s i t i o n s  i n  b o t h  the s o l i d  and l i q u i d  could be 

t r acked .  T h i s  in format ion  was then  used t o  t e s t  the v a l i d i t y  

of t h e  t h e o r e t i c a l  model f o r  the me l t ing  process  and the 
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n a t u r a l  convect ion phenomena. The phase change material  used 

i n  t h i s  i n v e s t i g a t i o n  was n-octadecane, a candida te  material 

f o r  phase change thermal c o n t r o l ,  

The mathematical  model developed f o r  the me l t ing  and 

n a t u r a l  convect ion process  was rather  complex (see Reference 

1 fop  d e t a i l s )  and c o n s i s t e d  of a s o l u t i o n  f o r  bo th  the p w e  

conduction process  p e r i o d  ( b e f o r e  t h e  i n i t i a t i o n  o f  me l t ing )  

and a s o l u t i o n  f o r  the  combined conduction and convect ion 

process  ( a f t e r  m e l t i n g  i s  s t a r t e d ) .  The pure conduction 

problem was a t t a c h e d  by a s t r a i g h t  forward f i n i t e  d i f f e r e n c e  

numer ica l  s o l u t i o n  technique  f o r  t h e  s o l u t i o n  of the  energy 

e q u a t i o n ,  However, the  combined conduction and convect ion 

problem involved  the  s imultaneous s o l u t i o n  of the conserva t ion  

equa t ions  of f l u i d  mechanics i n  two spa t i a l  dimensions and 

n e c e s s i t a t e d  a s o p h i s t i c a t e d  mathematical  formula t ion  fol lowed 

by a f i n i t e  d i f f e r e n c e  s o l u t i o n  of t he  r e s u l t i n g  equa t ions .  

The mathematical  a n a l y s i s  used i n  t h i s  i n v e s t i g a t i o n  was 

p a t t e r n e d  a f t e r  t h a t  used by  Wilkes and C h u r c h i l l  (Reference 4) 

who achieved  a convect ion s o l u t i o n  f o r  a f i x e d  geometry system. 

However, i n  t h i s  s t u d y ,  the geometry i s  no t  f i x e d  ( the i n t e r -  

face i s  moving) and t h e r e f o r e ,  the  problem i s  more complex. 
. 

The p r i n c i p a l  i n v e s t i g a t o r s  recognized i n  the beginning  

of t h i s  s tudy  tha t  the  numer ica l  s o l u t i o n  t o  t h i s  problem was 

d i f f i c u l t .  However, numer ica l  d i f f i c u l t i e s  f o r  the d i g i t a l  

computer s o l u t i o n  t o  t h i s  problem have been fa r  greater than  

a n t i c i p a t e d  and, as y e t  the d i g i t a l  computer program f o r  the  

convect ion problem i s  n o t  working. Therefore ,  no comparison 
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between theo ry  and experiment  has been performed f o r  the  

convec t ion  problem. We a n t i c i p a t e  a t  the  p r e s e n t  tha t  the 

model w i l l  work as soon as the numer ica l  problems are so lved .  

Once t h e  model i s  completed and e v a l u a t e d ,  u s e f u l  p r e d i c t i o n s  

f o r  o t h e r  phase change problems can then  be  made. A r e v i s e d  

t e c h n i c a l  r e p o r t  (Reference  1) w i l l  be  i s s u e d  upon completion 

of  the t h e o r e t i c a l  work i n  t h i s  s tudy  (approximately A p r i l  

2 .3  Conclusions 

Based upon t h e  expe r imen ta l  and t h e o r e t i c a l  r e s u l t s  of 

t h i s  s tudy  the  fo l lowing  conclus ions  are p resen ted :  

(1) The t h e o r e t i c a l  model f o r  t he  conduction problem 

(be fo re  the  i n i t i a t i o n  of me l t ing )  agrees reasonably  w e l l  w i th  

t h e  expe r imen ta l  data 

( 2 )  Examination of the  expe r imen ta l  data i n d i c a t e s  t h a t  

n a t u r a l  convec t ion  s h a r p l y  i n f l u e n c e s  tempera ture  p r o f i l e s  i n  

the phase change c e l l .  
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3.0 MICROSCOPIC I N V E S T I G A T I O N  OF THE 

S O L I D I F I C A T I O N  O F  HEXADECANE 

3 .1  Purpose 

The i n t e r e s t  i n  t h e  n -pa ra f f in s  as p o t e n t i a l  candida te  

phase change thermal  c o n t r o l  materials n e c e s s i t a t e s  a de t a i l ed  

unders tanding  of t h e i r  s o l i d i f i c a t i o n  p rocesses  b o t h  on ear th  

and i n  space.  Previous work i n  t h e  phase change c r y s t a l l i z a -  

t i o n  area had po in ted  t o  microphotography as one good method 

f o r  e v a l u a t i n g  the  c r y s t a l l i z a t i o n  p rocesses .  Therefore ,  t he  

g o a l  of  t h i s  i n v e s t i g a t i o n  was two f o l d :  

(1) Develop an improved microphotography appara tus  f o r  

observ ing  t h e  phase change p rocess  

( 2 )  Perform meaningful s t u d i e s  on the c r y s t a l l i z a t i o n  

dynamics of the  s o l i d i f i c a t i o n  of  the n -pa ra f f in s .  

I n  regard t o  the  f i r s t  g o a l ,  one au tho r  had the opportun- 

i t y  t o  spend two summers a t  NASA/MSFC on a NASA/ASEE Summer 

Facu l ty  Fel lowship Program working w i t h  Mr. Tommy B a n n i s t e r  

and Miss Barbara Richard (Reference 5)  i n  the microphotography 

area. Based upon h i s  r e s e a r c h  us ing  the  equipment developed 

a t  MSFC, a number of equipment improvements were apparent  i f  

a new microphotography appara tus  was developed. I n  p a r t i c u l a r ,  

v a r i a b l e  magn i f i ca t ion  and more f l e x i b l e  sample h o l d e r s  

p o t e n t i a l l y  improve any f u r t h e r  microphotography experiments.  

I n  regard t o  the second g o a l ,  a d e c i s i o n  was made t o  

s tudy  i n  d e t a i l  the  c r y s t a l l i z a t i o n  of hexadecane. The pur- 

pose w a s  t o  ga in  q u a n t i t a t i v e  informat ion  and unders tanding  of 
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the  behav io r  of one mater ia l  ra ther  than  a b r i e f  s tudy  of 

many. 

The microphotography s tudy  was c a r r i e d  ou t  by photo- 

graphing  the  format ion  and growth of the s o l i d  i n t e r f a c e  i n  a 

small t e s t  c e l l .  By va ry ing  the  c o o l i n g  ra te  t b  the  bottom 

of the  t e s t  c e l l ,  one could then  vary the growth r a t e  of t he  

s o l i d - l i q u i d  i n t e r f a c e  and t h u s  t he  t y p e  of c r y s t a l s  produced. 

3.2 R e s u l t s  

A t o t a l  of seven runs  were analyzed us ing  t h e  improved 

microphotography equipment t o  view the  s o l i d i f i c a t i o n  p rocess  e 

On each run the f o l l o w i n g  data were ob ta ined :  

(1) Temperature ve r sus  time behav io r  f o r  each thermo- 

couple i n  the t e s t  c e l l  

( 2 )  Average s o l i d  i n t e r f a c e  v e l o c i t y  ve r sus  t i m e  

( 3 )  Average peak he ight  ( a  measure of the  d i s t a n c e  tha t  

c e r t a i n  c r y s t a l s  l ed  t h e  s o l i d  i n t e r f a c e )  versus t i m e  

( 4 )  I n d i v i d u a l  c r y s t a l  growth ra tes  ve r sus  t i m e  

(5 )  Q u a l i t a t i v e  obse rva t ions  on c r y s t a l  morphology 

throughout  the run. 

The reader i s  referred t o  Reference 2 f o r  p r e c i s e  d e f i n i -  

t i o n  and e x p l a n a t i o n  of the above terms and a r e p o r t  of t h e  

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

3 . 3  Conclusions 

The fo l lowing  conclus ions  are p r e s e n t e d  based upon the  

r e s u l t s  of t h i s  i n v e s t i g a t i o n :  
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(1) The development of an improved microphotography 

appara tus  was s u c c e s s f u l .  

( 2 )  The s l o p e  of t h e  temperature  versus  t ime curve 

f l a t t e n s  as t h e  i n t e r f a c e  approaches t h e  thermocouple 

( 3 )  The average i n t e r f a c e  v e l o c i t y  decreases  w i t h  

i n c r e a s i n g  run time o r  as the  i n t e r f a c e  moves away 

from t h e  h e a t  s i n k .  

( 4 )  The v a r i a t i o n  of peak h e i g h t  w i t h  run t i m e  i s  l i n e a r  

up t o  t h e  r eg ion  n e a r  t h e  f i rs t  thermocouple.  Near 

t h e  r eg ion  of t h e  thermocouple,  peak he igh t  i s  

reduced and then  i n c r e a s e s  as the  i n t e r f a c e  moves 

away from the  thermocouple. 

(5)  The maximum peak h e i g h t  between var ious  runs 

i n c r e a s e s  as t h e  c r y s t a l  growth r a t e  i n c r e a s e s ,  

( 6 )  I n d i v i d u a l  c r y s t a l  growth ra tes  may be as much as 

~ 2.5 t o  3.0 t imes the  average i n t e r f a c e  v e l o c i t y  a t  

a given t ime dur ing  a run .  

( 7 )  The s o l i d  i n t e r f a c e  t akes  on a v a r i e t y  of geometr ica l  

shapes depending upon a number o f  cond i t ions .  In 

p a r t i c u l a r ,  heat t r a n s f e r  c o n s i d e r a t i o m  ( i n t e r f a c e  

n e a r  a thermal  conduc t iv i ty  thermocouple) 

p e r t u r b s  t h e  i n t e r f a c e  geometry. Thorn-like 

c r y s t a l s  a r e  only observed a f t e r  the i n i t i a l  growth 

pe r iod .  
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4 0 SOLIDIFICATIOX PHENOIEMA STUDY 

4 . 1  Purpose 

The g o a l  of t h i s  i n v e s t i g a t i o n  was t o  c o n t r i b u t e  t o  t h e  

unders tanding  of s o l i d i f i c a t i o n  phenomena as i t  a f f e c t s  the 

performance and s u i t a b i l i t y  of phase change materials i n  thermal 

c o n t r o l  dev ices .  S p e c i f i c a l l y ,  the  g o a l  was t o  develop and 

e v a l u a t e  a one-dimensional t h e o r e t i c a l  model f o r  the s o l i d i f i -  

c a t i o n  of a n -pa ra f f in .  The e s s e n t i a l  f e a t u r e s  o f  t he  model 

involved  a f i n i t e  d i f f e r e n c e  s o l u t i o n  of t h e  two-phase heat- 

conduction equa t ions  wi th  moving i n t e r f a c e  and v a r i a b l e  bound- 

a r y  cond i t ions .  Constant p h y s i c a l  p r o p e r t i e s  were assumed 

f o r  each phase a l though t h e  p r o p e r t i e s  v a r i e d  from one phase 

to ano the r ,  The p r e s e n t  model n e g l e c t e d  the  e f f e c t s  of con- 

vec t ion ,  supe rcoo l ing  and n u c l e a t i o n  phenomena. 

4 .2  Resu l t s  

An expe r imen ta l  system was designed and f a b r i c a t e d  t o  

t es t  t he  v a l i d i t y  of the proposed t h e o r e t i c a l  model. The 

s y s t e m  c o n s i s t e d  of a r e c t a n g u l a r  c e l l  which was f i l l e d  w i t h  

hexadecane ( n  - C16H34). The c e l l  was cooled from the bottom 

(minimizing convect ion e f f e c t s )  by a r e f r i g e r a t i o n  system and 

the s o l i d i f i c a t i o n  process  was followed by the  response of 

thermocouples p o s i t i o n e d  i n  the  c e l l .  T h i s  data ( tempera ture  

versus  t i m e  and p o s i t i o n  i n  t h e  ce l l )  were then  compared t o  

t h e o r e t i c a l  model p r e d i c t i o n s .  A t o t a l  of s i x  exper imenta l  

runs  were performed t o  t e s t  ' the model v a l i d i t y .  (See Reference 
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3 f o r  b o t h  t h e o r e t i c a l  and exper imenta l  de t a i l s  of t h i s  s t u d y . )  

4.3 Conclusions 

Based upon t h e  r e s u l t s  of t h i s  i n v e s t i g a t i o n ,  t he  follow- 

i n g  conclus ions  are p r e s e n t e d :  

(1) Good agreement between t h e  t h e o r e t i c a l  model and 

expe r imen ta l  r e s u l t s  was observed, a l though a s l i g h t l y  fas te r  

ra te  of s o l i d i f i c a t i o n  was p r e d i c t e d  t h e o r e t i c a l l y .  

( 2 )  The numer ica l  t echn ique  developed i n  t h i s  s tudy  has 

c e r t a i n  advantages f o r  the  s o l u t i o n  of f r e e z i n g  problems over  

o t h e r  p u b l i s h e d  methods i n  terms of computer time r e q u i r e d  and 

minimizat ion of  computer memory r e q u i r e d .  

( 3 )  The numer ica l  t echnique  used i n  t h i s  s tudy  has t h e  

d isadvantage  of be ing  approximate i n  t h a t  heat l o s s e s  were 

n e g l e c t e d  i n  two dimensions and convec t ion ,  supe rcoo l ing  and 

n u c l e a t i o n  e f f e c t s  were ignored .  
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5 . 0  FUTURE EFFORT 

Based upon t h e  r e s u l t s  of t h i s  program of r e s e a r c h ,  t h e  

p r i n c i p a l  i n v e s t i g a t o r s  recommend the fo l lowing  r e s e a r c h  areas 

f o r  i n v e s t i g a t i o n  du r ing  the  coming year :  

(1) An expe r imen ta l  and t h e o r e t i c a l  i n v e s t i g a t i o n  of t he  

e f f e c t s  of n a t u r a l  convect ion upon s o l i d i f i c a t i o n  phenomena 

( 2 )  An e v a l u a t i o n  of t he  e f f e c t s  of v i b r a t i o n  upon both  

m e l t i n g  and s o l i d i f i c a t i o n  phenomena 

( 3 )  A de t a i l ed  expe r imen ta l  i n v e s t i g a t i o n  of  i n d i v i d u a l  

c r y s t a l  growth i n  a phase change c e l l  u s i n g  microphotography 

techniques  

( 4 )  A t h e o r e t i c a l  and exper imenta l  i n v e s t i g a t i o n  of bo th  

n a t u r a l  convect ion and convec t ion  d r i v e n  by i n t e r f a c i a l  

t e n s i o n  du r ing  t h e  m e l t i n g  p rocess  i n  an improved phase change 

tes t  c e l l .  

The above i n v e s t i g a t i o n s  are l o g i c a l  ex tens ions  of  t h i s  

r e s e a r c h  program and would s e r v e  t o  enhance our  s c i e n t i f i c  

and e n g i n e e r i n g  unders tanding  of phase change thermal c o n t r o l  

technology.  
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