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ABSTRACT 

Fracture stimulation is expected to increase the productivity 

of geothermal reservoirs by providing increased permeability in hydro- 

thermal systems or increased surface area for heat transfer in hot 

igneous systems. The extent of heat and mass transfer from porous 

rock fragments to circulating fluids is important for evaluating the 

effects of fracture stimulation. 

for individual spherical porous rocks. 

between tritiated-water saturated rock to surrounding fluid was 

determined by radioactivity measurement. 

was determined by quartz thermometry. 

Experimental data have been obtained 

The rate of mass transfer 

The rate of heat transfer 

The measured effective mass diffusivity of the micropore water 
-6 2 was of the order of 10 

of the rock fragments was of the order of 10 

were used to analyze energy transfer for a model involving both intra- 

sphere and interface transport steps. The results show that heat 

transfer is the dominant mechanism for transferring energy from hot 

porous spheres to circulating cold water at (constant pressure. 

cm /sec and the measured thermal diffusivity 
-2 2 cm /sec. These data 

. 
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NOMENCLATURE 

E n g l i s h  Letter Symbol:; 

A = area ( f t  ) .  2 

C = c o n c e n t r a t i o n  of  t r i t i a t e d  water (cprn/mA). 

C = h e a t  c a p a c i t y  (Rtu/ 'F).  

C 

D 

= s p e c i f i c  h e a t  c a p a c i t y  (Btu/ lb°F)  . 
= molecular  d i f f u s i v i t y  (cm /sec). 

P 
2 

D = diamete r  of porous sphere  ( i n ) .  

= e f f e c t i v e  molecular  d i f f u s i v i t y  i n  porous media (cm 2 / s e c ) .  

= h e a t  t r a n s f e r  c o e f f i c i e n t  ( B t u / h r ° F - f t  2 ) .  

De 

Fr  = F o u r i e r  number (d imens ion less ) .  

h 

k 

M = mass ( l b ) .  

Nu = Nusse l t  number (d imens ion less ) .  

P r  = P r a n d t l  number 

q = energy t r a n s f e r  rate ( B t u / h r ) .  

R = r a d i u s  o f  sphere  (i-n) . 
R e  = Reynolds number (d imens ion less ) .  

r = r a d i u s  from t h e  #cen te r  of sphere .  

Sc = Schmidt number (d imens ion less ) .  

Sh = Sherwood number (dimensionless)  

T = temperature  (OF o r  "C). 

3 V = volume ( f t  ) . 
W = weight  (g ) .  

= thermal c o n d u c t i v i t y  (Btu/ O F -  f t )  . 

v i i  



Greek Letter  Symbols 

cy 

0 = t i m e  ( s e c  o r  min).  

2 
= thermal  d i f f u s i v i t y  (cm /sec)i. 

3 
= d e n s i t y  ( l b / f t  ) .  

4 = p o r o s i t y  (d imens ion less ) .  

u) = c a p a c i t y  r a t i o  (d imens ion less ) .  

S u b s c r i p t s  

c = c o r e .  

f = f l u i d .  

i = i n i t i a l .  

m = mass t r a n s f e r  mechanism. 

s = sphere .  

t = h e a t  t r a n s f e r  mechanism. 

= i n f i n i t e  t i m e .  

Supers  c r  i p  t 

Jc = dimensionless  q u a n t i t y .  

v i i i  



CHAPTER 1 

INTRODUCTION 

Vast q u a n t i t i e s  o f  thermlal energy are s t o r e d  i n  t h e  e a r t h ' s  c r u s t .  

The development o f  geothermal energy  r e s o u r c e s  may c o n t r i b u t e  between 

0 . 2  and 8 p e r c e n t  of t h e  U.S. e l ec t r i c  g e n e r a t i n g  c a p a c i t y  by 1985, and 

between 1 . 5  and 1 4 . 4  p e r c e n t  i n  t h e  y e a r  2000 (U.S. Department o f  t h e  

I n t e r i o r ,  1973).  C u r r e n t l y ,  on ly  t h e  h i g h e s t  q u a l i t y  hydrothermal re- 

s o u r c e s  are u t i l i z e d  commercially f o r  t h e  g e n e r a t i o n  o f  e l e c t r i c  power. 

For  s i g n i f i c a n t  c o n t r i b u t i o n  from lower temperature  hydrothermal systems 

and such systems as geopressured b a s i n s  and h o t  d r y  rock ,  development o f  

new technolog ies  is needed i f  t h e s e  promising estimates are t o  be t r a n s-  

l a t ed  i n t o  r e a l i t y .  For long- term economic v i a b i l i t y ,  s t i m u l a t i o n  tech-  

nology of  hydrothermal and h o t  d r y  rock r e s e r v o i r s  w i l l  be r e q u i r e d .  

S t i m u l a t i o n  o f  geothermal r e s e r v o i r s  can be u s e f u l  t o  improve t h e  

performance of  n a t u r a l  r e s e r v o i r s  o r  t o  c r e a t e  u s a b l e  r e s e r v o i r s  i n  

o the rwise  u n e x p l o i t a b l e  geothermal r e s o u r c e s  (Ewing, 1973) . The use  o f  

chemical  e x p l o s i v e s  f o r  s t i m u l a t i o n  o f  marginal  geothermal wells has  been 

suggested by Aus t in  and Leonard (1973).  Hydraul ic  f r a c t u r i n g ,  thermal 

stress c rack ing  (Smith e t  a l . ,  1973),  and n u c l e a r  e x p l o s i v e  f r a c t u r i n g  

(Burnham and S t e w a r t ,  :1973) have been proposed f o r  h o t  d r y  rock format ions .  

The major  e f f e c t s  of f r a c t u r i n g  or  c rack ing  i n c l u d e  inc reased  format ion 

p e r m e a b i l i t y  and inc reased  s u r f a c e  area o f  h o t  d r y  rock.  

and Raghavan (1973) proposed h i g h- y i e l d  e x p l o s i v e s  t o  c r e a t e  a rubb le  

chimney i n  hydrothermal- r e s e r v o i r s .  They showed from t h e  a v a i l a b l e  en- 

e r g y  a s p e c t s  o f  hydrothermal r e s e r v o i r s ,  g iven  i n  Table 1.1, t h a t  most 

Ramey and Kruger 
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TABLE 1.1 

A v a i l a b l e  Energy Content  f o r  Hypothe t i ca l  Geothermal Reservo i r s  

S t e a m  Reservo i r  - 
Mass A v a i l a b l e  Energy 

(1061b) (106Btu) ( b b l  o i l )  

5.410 233 40 

0.016 15 3 

5.426 248 43 

Component 

Hot-Water Reservo i r  

Mass A v a i l a b l e  Energy 

(10 l b )  (10 Btu) ( b b l  o i l )  6 6 

5.410 233 40 

01.534 101 18 

5.944 334 58 

Aqui fe r  rock 

~ 

Note: Data based ton a geothermal r e s e r v o i r  o f  2 5  p e r c e n t  p o r o s i t y  
1 a c r e - f o o t  i n  e x t e n t ,  i n i t i a l l y  a t  500"F, w i t h  p roduc t ion  a t  
d e l i v e r y  p r e s s u r e  o f  100 p s i a  (327.8').  O i l  d e n s i t y  340 l b / b b l .  

F l u i d  

TOTAL 

of t h e  a v a i l a b l e  energy r e s i d e s  i n  t h e  rock  matri.x r a t h e r  than i n  t h e  

geof l u i d .  

P roduc t ion  methods p e r m i t t i n g  t h e  recovery o f  t h e  h e a t  i n  t h e  r o c k ,  

a s  w e l l  as t h e  h e a t  i n  t h e  f l u i d ,  are under i n v e s ' t i g a t i o n  (Kruger and 

Ramey, 1974).  F r a c t u r e d  and poroiis rocks  i n  a s t : imulated geothermal 

r e s e r v o i r  (chimney) c o n t a i n  two types  of v o i d  spa.ce: (1) macropores,  

de f ined  as v o i d  volume between rock f ragments ,  and ( 2 )  micropores ,  de-  

f i n e d  as pore  space i n s i d e  i n d i v i d u a l  rock fragmen,t. Micropores may be 

due e i t h e r  t o  n a t u r a l  p o r o s i t y  o r  t o  induced f r a c t u r e s .  Heat may be re- 

covered from t h e  rock  i t s e l f  by one of  two processes :  (1) f l a s h i n g  t h e  

e x i s t i n g  l i q u i d  t o  steam w i t h i n  t h e  pore  s p a c e ,  o r  (2 )  r e c y c l i n g  c o l d e r  

f l u i d  back i n t o  t h e  format ion.  Recycling flow of c o l d e r  f l u i d  through 

rock fragments is expected p r i m a r i l y  through t h e  macropores.  Heat 

t r a n s f e r  from porous o r  f r a c t u r e d  rocks  t o  recharge  f l u i d  i s  a two-step 

p r o c e s s .  F i r s t ,  h e a t  i n s i d e  t h e  rock  is conducted t o  the  rock  s u r f a c e ,  

2 



. 

which is then convected by surrounding f l u i d .  I n  a d d i t i o n  t o  h e a t  t r a n s-  

f e r ,  energy e x t r a c t i o n  rate nlay a l s o  be s i g n i f i c a n t l y  inc reased  by mass 

t r a n s f e r  o f  h o t  water i n  t h e  micropores  t o  t h e  c i r c u l a t i n g  water i n  t h e  

macropores.  The mass t r a n s f e r  rate is  dependent on micropore p o r o s i t y  

and p e r m e a b i l i t y  o f  t h e  rock  fragments;  and t h e  h e a t  t r a n s f e r  rate is 

dependent on t h e  flow regime i n  t h e  macropores.  Both conduct ion and 

convect ion have been e x t e n s i v e l y  examined i n  t h e  l i t e r a t u r e .  However , 

t h e  r e l a t i v e  importance o f  m a s s  t r a n s f e r  f o r  i n c r e a s i n g  t h e  energy ex- 

t r a c t i o n  rate  i n  a f r a c t u r e d  geothermal r e s e r v o i r  is n o t  wel l  known. 

T h e r e f o r e ,  t h e  o b j e c t i v e  o f  t h i s  s t u d y  is t o  assess t h e  r e l a t i v e  impor- 

tance  o f  mass t r a n s f e r  between hydrothermal f l u i d s  i n s i d e  micropores  o f  

i n d i v i d u a l  rocks  o r  fragments and c o l d e r  water flowing through macro- 

pores  on t h e  ra te  of  energy t r a n s f e r  t o  t h e  macropore water i n  a st imu- 

l a t e d  geothermal r e s e r v o i r .  

The s t u d y  o f  h e a t  and mass t r a n s f e r  i n s i d e  a f r a c t u r e d  geothermal 

r e s e r v o i r  can be s i m p l i f i e d  by measurement o f  h e a t  and mass t r a n s f e r  

rate from s i n g l e  rocks  t o  surrounding f l u i d .  The r e s u l t s  from s i n g l e  

rock  s t u d i e s  can be extended t o  a r e s e r v o i r  system. To e v a l u a t e  the  

important  mechanisms r e l a t e d  t o  h e a t  e x t r a c t i o n  from h i g h l y  f r a c t u r e d  o r  

porous medius,  s e p a r a t e  exper iments  were conducted t o  determine t h e  mass 

t r a n s f e r  and t h e  h e a t  t r a n s f e r  rates from w e l l - d e f i n e d  a r t i f i c i a l  porous 

rocks  t o  surrounding f l u i d  under c o n t r o l l e d  t r a n s i e n t  c o n d i t i o n s .  The 

exper iments  encompassed t h e  fo l lowing  s p e c i f i c  o b j e c t i v e s :  

(1) exper imenta l  d e t e r m i n a t i o n  o f  t h e  rnass t r a n s f e r  rate between 

micropore wa te r  o f  i n d i v i d u a l  porous rocks  and t h e  surround-  

i n g  macropore water. T r i t i a t e d  water w a s  used as t h e  e x p e r i -  

mental  l a b e l  f o r  t h e  micropore w a t e r .  

3 



(2)  exper imenta l  de te rmina t ion  o f  t h e  h e a t  t r a n s f e r  rate from 

i n d i v i d u a l  water-sa tura t led  h o t  porous rocks  t o  c o l d e r  su r-  

rounding water. A q u a r t z  thermometer w a s  used t o  moni tor  t h e  

temperature  o f  su r rounding  water. 

(3)  assessment  o f  t h e  importance o f  mass t r a n s f e r  on t h e  ra te  o f  

energy t r a n s f e r  based on t h e s e  exper imenta l  d a t a .  

Roclcs o f  s p h e r i c a l  shape are 'more r e a d i l y  amenable t o  mathemat ical  

a n a l y s i s .  T h e r e f o r e ,  f a b r i c a t e d  porous rocks  o f  s p h e r i c a l  shape were 

used i n  t h e  exper iments .  Mathematical  models were designed t o  r e p r e s e n t  

t h e  p h y s i c a l  sys tems.  The models e x p r e s s  m a s s  and h e a t  t r a n s f e r  rates i n  

terms of  mass and thermal  d i f f u s i v i t y .  

were e s t i m a t e d  from t h e  comparison o f  exper imenta l  d a t a  w i t h  mathemat ical  

models.  The r e l a t i v e  importance o f  mass and h e a t  t r a n s f e r  were assessed 

based on t h e  e s t i m a t e d  v a l u e s  o f  mass and thermal  d i f f u s i v i t y .  

The mass and thermal  d i f f u s i v i t y  

4 



CHAPTER 2 

EXPE RIMENTAL TECHNIQUES 

I n  t h e s e  mass and h e a t  t r a n s f e r  exper iments ,  a n  a r t i f i c i a l  porous 

sphere  w a s  immersed i n  a c y l i n d e r  o f  surrounding f l u i d  and t h e  mass o r  

h e a t  t r a n s f e r  r a t e s  were determined by p e r i o d i c  sampling and measurement 

o f  t h e  corresponding t iracer c o n c e n t r a t i o n  o r  f l u i d  temperature .  

t h e  measurements involved small changes i n  t r a c e r  c o n c e n t r a t i o n  and t e m -  

p e r a t u r e ,  methods o f  h i g h  s e n l s i t i v i t y  and p r e c i s i o n  were r e q u i r e d .  

S ince  

For mass t r a n s f e r  exper iments  invo lv ing  water, t r i t i u m  i n  the  form 

o f  HTO is  a n  idea l  t r a c e r  b e c m s e  i t  i s  chemical ly  and p h y s i c a l l y  s i m i -  

lar t o  water.  The l i q u i d  s c i n t i l l a t i o n  count:er is i d e a l l y  s u i t e d  t o  

measure t r i t i a t e d  water i n  low c o n c e n t r a t i o n s .  For h e a t  t r a n s f e r  exper-  

iments ,  t h e  q u a r t z  thermometer is  a l s o  i d e a l l y  s u i t e d  because o f  i t s  high 

r e s o l v i n g  power and s h o r t  t i m e  c o n s t a n t .  

2 . 1  P r e p a r a t i o n  o f  Porous Sp'heres 

S y n t h e t i c  rocks  w i t h  p r e d i c t a b l e  p o r o s i t y  and p e r m e a b i l i t y  can be 

p repared  from mix tures  of sand ,  cement and w a t e r  (Wygal, 1963; Heath,  

1965; A r i h a r a ,  1974) .  S y n t h e t i c  s p h e r i c a l  rocks  p repared  far t h i s  s t u d y  

i n  a way similar t o  t h a t  o f  A r i h a r a  (1974) are shown i n  F i g .  2 . 1 .  

Fondu calc ium aluminate  cement, s i l i c a  sand ,  and water were used t o  

make t h e  s y n t h e t i c  s p h e r e s  i n  p r o p o r t i o n s  o f  80% sand and 20% cement by 

weigh t .  The sand-cement mix ture  w a s  thoroughly mixed w i t h  blending water 

(1% by weight)  and poured i n t o  a mold of 

pour ing t h e  mold w a s  tapped and v i b r a t e d  

two semispheres  . During t h e  

from t i m e  t o  t i m e  i n  o r d e r  t o  

5 



Figure 2 . 1  V i e w  of porous spheres 
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Sphere 
No. 

s- 1 

s- 2 

4 

Weight 
D i a m e t e r  

i n .  

21.4 101.8 

16.6 116 .O 

2.0 

2.0 

compact t h e  sand.  Water w a s  i n j e c t e d  through a f i t t i n g  connected t o  one 

end o f  t h e  mold. A f t e r  breakthrough of  t h e  i n j e c t e d  water, t h e  mold was 

d i sconnec ted  from t h e  water i n l e t  and allowed t o  h y d r a t e  f o r  one day.  

Then t h e  mold was pee led  o f f ,  and t h e  sphere  was machined ( f i l l e d )  t o  

shape . 
Figure  2 .2  shows t h e  soaking curve o f  EL d r y  porous rock  i n  water.  

I t  can be s e e n  t h a t  a f t e r  four  hours  o f  soaking t h e  weight  o f  t h e  water- 

s a t u r a t e d  phere  is e s s e n t i a l l y  c o n s t a n t .  The p o r o s i t y  o f  t h e  s y n t h e t i c  

porous rock  i s  c a l c u l a t e d  from t h e  d i f f e r e n c e  o f  t h e  measured weigh t s  o f  

d ry  and s a t u r a t e d  rock  d iv ided  by t h e  b u l k  volume o f  t h e  s p h e r e .  

The p o r o s i t y  and o t h e r  p h y s i c a l  p r o p e r t i e s  f o r  t h e  s y n t h e t i c  porous 

sphere  used i n  t h i s  s t u d y  are l i s t e d  i n  Table  2 .1 .  The p e r m e a b i l i t y  o f  

t h e s e  s p h e r e s  is  e s t i m a t e d  t o  range from 0.09 t o  0.10 darcy  based on d a t a  

from A r i h a r a  (1974).  

L- 1 

TABLE 2.1 

P h y s i c a l  Data f o r  t h e  Spheres 

2.5 

= (weight o f  s a n d ) x ( s p e c i f i c  Heat c a p a c i t y ,  C , is c a l c u l a t e d  by: 
h e a t  o f  sand) -k ?weight of cement )x (spec i f i c  h e a t  o f  cement) -t (weight 
o f  pore  w a t e r ) x ( s p e c i f i c  h e a t  of water). 
The fo l lowing  v a l u e s  are utsed i n  t h e  c a l c u l a t i o n :  
sand = 0.187 cal /g"C , 
s p e c i f i c  h e a t  o f  water = 1.0 cal /g"C . 

cs 
* _- 

s p e c i f i c  h e a t  of 
s p e c i f i c  h e a t  o f  c.ement = 0.2  cal /g"C , 

-4 

Weight o f  
Cement 

Ca0.A1203, g - 
25.5 

29 .O 

46.3 

Heat J; 

Capac i ty  
C s ,  Btu/"F 

0.0857 

0.0858 

1 0.1790 
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2 . 2  Mass T r a n s f e r  E r r p e r i m e i z  

Three s p h e r e s  of  d i f f e r e n t  p o r o s i t y  were used t o  determine the  e f -  

f e c t  of p o r o s i t y  on t h e  mass t r a n s f e r  ra te .  

2 . 2 . 1  Exper imental  System 

F igure  2 . 3  shows t h e  exper imenta l  sys tem f o r  the  mass t r a n s f e r  ex- 

per iment .  The main p a r t  o f  t h e  system is a l a r g e  c l y l i n d e r  i n  which d i E -  

f u s i o n  o f  t h e  s a t u r a t e d  t r i t i a t e d  water from t h e  porous sphere  i n t o  t h e  

su r rounding  water can be measured. The sur rounding  water i s  mixed by a 

magnetic s t i r rer  t o  o b t a i n  uniform c o n c e n t r a t i o n  con t inuous ly .  The cy- 

l i n d e r  i s  temperature  c o n t r o l l e d  by c i r c u l a t i n g  cons tan t-  temperature  

water through the  c y l i n d e r  . jacket .  

2 .2 .2  Experiment Procedure 

Measurement o f  t:he rate of d i f f u s i o n  was ob ta ined  w i t h  t h e  follow- 

ing  s t e p s :  

1. 

2 .  

3 .  

4 .  

5.  

* 
The s y n t h e t i c  p rorous  sphere  was d r i e d  i n  a vacuum oven a t  

100°C f o r  20 t o  30 hours  u n t i l  a c o n s t a n t  weight  was a t t a i n e d .  

The d r y  sphere  was immersed i n  a t r i t i a t e d - w a t e r  r e s e r v o i r  f o r  

a t  least n i n e  hours  t o  o b t a i n  a c o n s t a n t  weight  s a t u r a t e d  

sphere .  

The HTO- s a t u r a t e d  s p h e r e  was p laced  r a p i d l y  i n t o  t h e  c y l i n d e r  

f i l l e d  w i t h  pure  water, a t  which t i m e  r e c o r d i n g  o f  t h e  mass 

t r a n s f e r  rate was i n i t i a t e d .  

Sample o f  1 ma were taken from t h e  d i f f u s i o n  c y l i n d e r  p e r i o d i -  

c a l l y  a t  recorded t i m e s  over  a four teen- day  p e r i o d .  

The samples were prepared f o r  t r i t i u m  c o n c e n t r a t i o n  measurement 

i n  a s c i n t i l l a t i o n  f l u i d  composed o f  t h e  1 - m a  sample and 10-md 

INSTA-GEL i n  a 20-ma po lye thy lene  v i a l .  
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Figure  2 . 3  Experimental  s e t u p  f o r  m a s s  t r a n s f e r  experiments 
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6 .  The t r i t i u m  c o n c e n t r a t i o n  of  t h e  sample w a s  measured i n  a l i q u i d  

s c i n t i l l a t i o n  coun te r  (Packard Model 3330).  

2 . 2 . 3  T r i t i a t e d  Water Measurement 

I n  a t r i t i a t e d  wate r  mol.ecule, one atom of  t r i t i u m  ( H ,  T = 1 2 . 3  y r ,  3 
112 

E -(max) = 0.0186 MeV; No y) r e p l a c e s  one atom of  hydrogen, 'H . 
long h a l f  l i f e  o f  H makes i t s  measurement by h a l f - l i f e  de te rmina t ion  

i m p r a c t i c a l ,  t h e  v e r y  weak b e t a - r a y  energy makes i t s  measurement i n  

r e g u l a r  i o n i z a t i o n  c o u n t e r s  c d . f f i c u l t ,  and s i n c e  

r a d i a t i o n ,  y- spectroscopy cannot  be used.  'The b e s t  form of measurement 

o f  "weak b e t a  e m i t t i n g"  r a d i o i s o t o p e s ,  such <as H ,  is t h e  l i q u i d  s c i n t i l -  

l a t i o n  c o u n t e r  i n  which t h e  kl -par t ic le  energy i s  conver ted d i r e c t l y  i n t o  

l i g h t  energy  i n  a s c i n t i l l a t i o n  s o l u t i o n  (Horrocks,  1973; K e l l y  and 

P h i l l i p s  , 1973) .  

The B 
3 

3 
H does n o t  e m i t  Y 

3 

A s c i n t i l l a t i o n  sample c o n s i s t s  o f  t h r e e  components, t h e  r a d i o a c t i v e  

material, a n  o r g a n i c  s o l v e n t ,  and phosphors.  The l i q u i d  s c i n t i l l a t i o n  

p r o c e s s  may be cons idered  as a series o f  energy t r a n s f e r  s t e p s  mediated 

by an  a romat ic  s o l v e n t  and f l u o r e s c e n t  s u b s t a n c e s  c a l l e d  phosphors.  

p rocess  may be r e p r e s e n t e d  by t h e  fo l lowing  msequence o f  r e a c t i o n s :  

The 

* 
( 1) p- + s o l v e n t  s o l v e n t  , 

* >k 
(2)  s o l v e n t  + primary s c i n t i l l a t o r  4 primary s c i n t i l l a t o r  + s o l v e n t  , 

* 
(3 )  primary s c i n t i l l a t o r  + secondary s c i n t i l l a t o r  

* 
-' secondary s c i n t i l l a t o r  I- primary s c i n t i l l a t o r  , 

* 
( 4 )  secondary s c i n t i l l a t o r  -+ h v  ( l i g h t )  + secondary s c i n t i l l a t o r  , 

where t h e  star (*) r e p r e s e n t s  t h e  e x c i t e d  s ta te .  

11 



By t h i s  p rocess  , t h e  $ - p a r t i c l e  energy is transformed i n t o  p u l s e s  

The number of s c i n t i l l a t i o n s  d e t e c t e d  p e r  u n i t  t i m e  i s  pro-  of  l i g h t .  

p o r t i o n a l  t o  t h e  rate of r a d i o a c t i v e  decay by 

C = e D ,  

where 

C = count ing  ra te ,  cpm , 

D = d i s i n t e g r a t i o n  rate  o f  r a d i o i s o t o p e ,  dpm , and 

E = e f f i c i e n c y  o f  coun t ing ,  c /d  . 
A schemat ic  diagram of t h e  d e t e c t i o n  system is shown i n  F i g .  2.4.  

The system c o n s i s t s  of p h o t o m u l t i p l i e r  t u b e s ,  a m p l i f i e r ,  coincidence c i r -  

c u i t ,  d i s c r i m i n a t o r s  and scaler t o  record  t h e  p u l s e s .  The coincidence 

c i r c u i t  a c c e p t s  on ly  those  p u l s e s  t h a t  occur  s imul taneous ly  from bo th  

p h o t o m u l t i p l i e r  tubes  and can reduce t h e  background due t o  random thermal 

emiss ion o f  e l e c t r o n s  i n  t h e  p h o t o m u l t i p l i e r  tubes .  The thermal e l e c t r o n s  

produced i n  each  i n d i v i d u a l  tube (are n o t  s imul taneous ,  e x c e p t  r a r e l y  by 

chance,  and are r e j e c t e d .  Thermal n o i s e  is a l s o  decreased by c o o l i n g  t h e  

p h o t o m u l t i p l i e r  tube t o  abou t  4°C. P u l s e  h e i g h t  a n a l y z e r s  w i t h  d i s c r i m i-  

n a t o r s  a l l o w  lower and upper limits t o  p u l s e  ampl i tude accep ted  and passed 

on t o  t h e  s c a l e r ,  e l i m i n a t i n g  most of t h e  u n d e s i r a b l e  p u l s e s .  

The t r i t i a t e d  water must be d i s s o l v e d  i n  t h e  s c i n t i l l a t i o n  so lu-  

t i o n ,  s i n c e  phase s e p a r a t i o n  may l e a d  t o  e r ra t ic  count ing  rate and lower 

e f f i c i e n c y .  For t h i s  purpose ,  INSTA-GEL (Packard I n s t .  Co.) was used t o  

s o l u b i l i z e  t h e  aqueous samples (C,arter  and Dyke , 1973) . 
The e f f i c i e n c y  o f  coun t ing  a s o l u t i o n  w i t h  1.0 nu?, INSTA-GEL and 1 m a  

sample w a s  32% f o r  a g a i n  s e t t i n g  o f  50% and window s e t t i n g ,  50 - 1000 . 

12 



H i g h  V o l t a g e  

P o w e r  S u p p l y  

Photo mul t ip l ier  

Tu b e  

P h o t o m u l t i p l i e r  

Co inc idence  G a t e  

S u m m i n g  A m p l i f i e r  

---I- 

U p p e r  

D iscr imina tor  

Low o r  

D iscr imina tor  

----- u Scaler  

U p p e r  

Discr iminator  

L o w e r  

D iscr imina tor  

- - - - - -- 

I 
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Lower  

------- 

Discr iminator  

I 
Scaler  9 1 1 

Figure  2.4  Schematic diagram o f  d e t e c t i o n  system o f  l i q u i d  
s c i n t i l l a t i o n  coun te r  
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The background under t h e s e  c o n d i t i o n s  w a s  I1 cpm po lye thy lene  coun t ing  

v i a l s  and t h e  minimum c o n c e n t r a t i o n  of HTO measu.red was t h e r e f o r e  about  

20 t o  30 cpm. The measurement u n c e r t a i n t i e s  of the  coun t ing  ra te  o f  

t h e  t r i t i a t e d  water sample are due t o  two sources :  (1) n a t u r a l  s ta t i s -  

t i c a l  p r o c e s s  o f  r a d i o a c t i v e  decay and (2) e r r o r s  i n  p i p e t i n g  volume. 

The f i r s t  u n c e r t a i n t y ,  due t o  t h e  n a t u r a l  s t a t i s t i c a l  p rocess  o f  

r a d i o a c t i v e  decay,  is  given by t h e  fo l lowing  e q u a t i o n  (Kruger,  1971): 

where 

0 = s t a n d a r d  d e v i a t i o n  o f  t o t a l  coun ts ,  

C = count ing  ra te  o f  t h e  sample,  

N 

N = t o t a l  co'unts,  

t = count ing  t i m e .  

Th i s  u n c e r t a i n t y  o f  coun t ing  can be reduced by i .ncreasing coun t ing  t i m e .  

The second u n c e r t a i n t y ,  due t o  p i p e t i n g  e r r o r  can be e s t i m a t e d  from 

sampling i n  t r i p l i c a t e  by t h e  fo:llowing equa t ions :  

c1 + c + c3 
2 - c = -  

3 ¶ 

where 

C ,C ,C = count ing  rate of e a c h  sample for t r i p l e  sampl ing,  

C = mean count ing  ra te ,  

1 2 3  
- 

= s t a n d a r d  d e v i a t i o n  of coun t ing  r a t e .  c% 
From a mass ba lance  of t h e  HTO tracer,  assuming no t r a c e r  i s  absorbed 

14 



i n  t h e  porous s p h e r e ,  t h e  f i n a l  c o n c e n t r a t i o n  can be p r e d i c t e d  as 

413  8 n R 3  Csi 
( 2 . 4 )  - - 

3 ’  p r e d i c t e d  Vf + 413  4 n R  (C f (2 

where 

= f i n a l  c o n c e n t r a t i o n  of t r i t i a t e d  water i n  t h e  surrounding f l u i d ,  cfm 

C = i n i t i a l  c o n c e n t r a t i o n  of t r i t i a t e d  water i n  t h e  s p h e r e ,  

V f  

R = r a d i u s  of t h e  s p h e r e ,  and 

d 

s i  

= volume of  t h e  su r rounding  f l u i d . ,  

= p o r o s i t y  of t h e  s p h e r e .  

Thus, when t h e  c o n c e n t r a t i o n  measured i n  each exper iment  reaches  t h e  pre-  

d i c t e d  f i n a l  c o n c e n t r a t i o n ,  i t  i s  concluded t h a t  t h e  e q u i l i b r i u m  state 

has been reached and a f f i r m s  t h a t  no tracer has  been absorbed i n  t h e  por- 

ous s p h e r e .  

2 . 3  Heat T r a n s f e r  Experiment 

2 . 3 . 1  Exper imental  System 

F igure  2 .5  shows t h e  exper imenta l  s e t u p  f o r  t h e  h e a t  t r a n s f e r  exper-  

iment.  The system i n c l u d e s  a t h e r m o s t a t - c o n t r o l l e d  h o t  r e s e r v o i r ,  an  

a d i a b a t i c  co ld  r e s e r v o i r ,  magnet ic  st irrers,  and a q u a r t z  thermometer. 

The co ld  r e s e r v o i r  i s  t h e  p a r t  of t h e  system i n  which t h e  h o t  sphere  is  

in t roduced  and t h e  temperature  response is  measured. I t  is  i n s u l a t e d  by 

s t y r e n e .  A d i a b a t i c  c o n d i t i o n s  were checked by cool-down t e s t i n g .  Three 

d i f f e r e n t  s t irrer speeds  were used i n  t h e  co ld  r e s e r v o i r  of surrounding 

water t o  check t h e  e f f e c t  o f  e x t e r n a l  flow regime on t h e  temperature  re- 

sponse o f  the  su r rounding  water. 

15 



Quartz" Thermometer 
Ins  t rurnent 

Figure  2.5 Experimental  s e t u p  f o r  h e a t  t r a n s f e r  experiments 
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2 . 3 . 2  Exper imental  Procedure  

The exper imenta l  proced,ure c o n s i s t s  o f  t h e  fo l lowing  s t e p s :  

1. The s y n t h e t i c  porous sphere  was brought  t o  t h e  d e s i r e d  temper- 

a t u r e  (around 55 O C )  i n  t h e  t h e r m o s r a t - c o n t r o l l e d  h o t  r e s e r v o i r .  

The i n i t i a l  temperature  o f  t h e  s p h e r e ,  

t h e  h o t  r e s e r v o i r  r eaches  t h e  se t  p o i n t  of  t h e  the rmos ta t .  

The i n i t i a l  temperature  o f  t h e  cold  r e s e r v o i r ,  

corded.  

is  recorded when Tsi 9 

2 .  

, is re- T f i  
3 .  

4 .  The h o t  sphere  is r a p i d l y  t r a n s f e r r e d  t o  the  c o l d  r e s e r v o i r  

which i n i t i a t e s  t h e  r e c o r d i n g  of e x t e r n a l  f l u i d  temperature .  

Temperature r e c o r d i n g  as a f u n c t i o n  o f  t i m e  s t o p s  when t h e  

e x t e r n a l  f l u i d  has  a c q u i r e d  temperature  e q u i l i b r i u m  w i t h  t h e  

5 .  

porous s p h e r e .  

2 . 3 . 3  Temperature Measurement 

The temperature  rise i n  t h e  surrounding water is v e r y  small com- 

pared t o  t h e  temperature  drop i n  t h e  s y n t h e t i c  sphere  , because t h e  l a r g e  

h e a t  c a p a c i t y  r a t i o  o f  the  su r rounding  water t o  t h a t  o f  t h e  s y n t h e t i c  

s p h e r e .  For a h e a t  c a p a c i t y  r a t i o  o f  60, and a temperature  d i f f e r e n c e  

o f  the  s p h e r e ,  T - T of  30 O C  , t h e  temperature  d i f f e r e n c e  of the  

su r rounding  water is 

t r a n s i e n t  behav ior  of a sphere  o f  1- inch  r a d i u s  is  e s t i m a t e d  t o  be  

s i  s a  , 
= 0.5 O C  . T'he t i m e  c o n s t a n t  of t h e  h e a t  T f m  - 'fi 

100 s e c .  There fore  , t h e  temperature  measuring system w a s  s e l e c t e d  on 

the  b a s i s  o f  t h r e e  primary c r i t e r i a :  

and d i r e c t  r ecord ing .  

and t h e  u n c e r t a i n t y  o f  each temperature  measurement i s  e s t i m a t e d  t o  be  

h igh  r e s o l u t i o n ,  q u i c k  response , 

I n  t h i s  s t u d y ,  t h e  r e s o l u t i o n  o f  0.01"C is  adopted 

f 0 . 0 1 O C .  
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Quartz Thermometer. A q u a r t z  ithermometer (Hewlett Paclcard Model 

2801 A) was used i n  t h i s  s t u d y .  It:; key f e a t u r e s  inc lude  r e s o l u t i o n  t o  

0.001 " C ,  a 2-second t i m e  c o n s t a n t ,  and d i g i t a l  r ecord ing  o u t p u t .  The 

s e n s o r  i s  a pure  q u a r t z  c r y s t a l  r e s o n a t o r  w i t h  a n z t u r a l  frequency o f  

o s c i l l a t i o n ,  l i n e a r l y  dependent on temperature .  It: o s c i l l a t e s  a t  a nom- 

ina l  freuuency of 28 MHz a t  0 ° C  w i t h  a frequency g r a d i e n t  of approximately  

1000 Hz p e r  degree  C e l s i u s .  

probe,  p r i m a r i l y  in tended f o r  l i q u i d  immersion., as shown i n  F i g .  2 . 6 .  

The r e s o n a t o r  i s  sealed i n  a s t a i n l e s s  s tee l  

The schemat ic  diagram o f  t h e  quartz.  thermometer system i s  shown i n  F i g .  

2 . 7 .  The ins t rument  c o n t a i n s  a s e n s o r  o s c i l l a t o r  and a s t a b i l i z e d  r e f -  

erence o s c i l l a t o r  w i t h  which t h e  s e n s o r  s i g n a l  i s  compared. The r e f e -  

rence frequency i s  abou t  28 MHz and i s  a d j u s t a b l e  s o  t h a t  a p r e c i s e  ze ro  

b e a t  can be achieved a t  ze ro  degree  and a s l o p e  of 1000 H z / " C  is o b t a i n e d .  

I h e  ins t rument  a l s o  c o n t a i n s  a n  e l e c t r o n i c  coun te r  c i r c u i t ,  which d e t e c t s  

the  b e a t s  and p rov ides  t h e  d i g i t a l  d i s p l a y .  

2 . 3 . 4  Cool-Down T e s t i n g  

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

was checked w i t h  cool-down exper iments .  The s t y r e n e  i n s u l a t e d  system 

was f i r s t  hea ted  t o  a h i g h  temperature  condi t ior i  (about  5 5 O C )  by c i r c u-  

l a t i n g  h o t  water through t h e  c y l i n d e r  j a c k e t ,  foll.owing which t h e  system 

w a s  al lowed t o  coo l  down. Temperature measurements i n  t h e  system and 

Khe surrounding environment were rlecorded as a func:tion of t i m e .  

A mathemat ical  model f o r  t h e  cool-down t r a n s i e n t  can be obtained. 

from t h e  energy ba lance  f o r  t h e  exper imenta l  system. For one-lump model, 

t h e  v a r i o u s  masses of exper imenta l  sys tem,  water and g l a s s ,  are  assumed 

t o  be a t  uniform temperature .  The energy ba lance  e q u a t i o n  f o r  the  ex- 

p e r m e n t a l  system i s  
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Figure  2 .6  V i e w  o f  q u a r t z  thermometer probe 
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- - hA(T - T,) , dT MC -- - 
p d 8  ( 2 . 5 )  

where 

MC = h e a t  c a p a c i t y  o f  t h e  exper imenta l  sys tem,  

T = temperature  of t h e  sys tem,  

Tes = temperature  o f  t h e  environment,  a.nd 

hA = h e a t  t r a n s f e r  parameter  o f  t h e  system. 

P 

So lv ing  t h e  above e q u a t i o n  w t t h  t h e  i n i t i a l  c o n d i t i o n  T = T a t  9 = 0 

y i e l d s  

i 

0 + kn(Ti - T,) . hA kn(T - T 'I = - - ad 
McP 

According t o  t h e  above s o l u t i o n  f o r  one-lump model, t h e  cool-down 

exper imenta l  d a t a  w i l l .  fo l low a semi- log s t r a i g h t  l i n e  w i t h  (T - T J  

v s .  0 . The h e a t  t r a n s f e r  parameter  o f  t h e  sys tem,  hA , can be esti- 

mated from t h e  s l o p e  o f  t h e  s t r a i g h t  l i n e .  

2 1  





CHAPTER 3 

EXPERIMENTAL RESULTS 

3 . 1  Mass T r a n s f e r  Data 

F i g u r e s  3.1, 3 .2 ,  and 3.3 show mass t r a n s f e r  exper imenta l  data f o r  

The f i n a l  concentra-  t h r e e  runs  w i t h  t h r e e  d i f f e r e n t - p o r o s i t y  s p h e r e s .  

t i o n  measured i n  each run  rea.ches t h e  p r e d i c t e d  va lue  based on E q .  ( 2 . 4 ) .  

T h e r e f o r e ,  no tracer (HTO) has  been absorbed by t h e  porous sphere  and 

t h e  e q u i l i b r i u m  s ta te  o f  d i f f u s i o n  has  been < a t t a i n e d .  

The u n c e r t a i n t i e s  o f  t h e  coun t ing  rate {of t r i t i a t e d  water samples 

are due t o  two sources :  (1) n a t u r a l  s ta t i s t ics  of r a d i o a c t i v e  decay,  

and (2) e r r o r s  i n  p i p e t i n g  volume. According t o  E q .  (2.1) t h e  f i r s t  

u n c e r t a i n t y  o f  each  sample w a s  reduced t o  1% by i n c r e a s i n g  coun t ing  t i m e  

so  t h a t  t o t a l  count  o f  each  measurement equa'ls 10,000. The second uncer-  

t a i n t y  was estimated f o r  t h e  second and t h i r d  runs  (Runs MT-071775 and 

MT 073175) based on E q s .  (2.3) and ( 2 . 4 ) .  The f i r s t  run (Run MT-121074) 

was s i n g l e  sampling and t h e  s t a n d a r d  d e v i a t i o n s  due t o  p i p e t i n g  cannot  

be est imated.  The estimated s t a n d a r d  d e v i a t i o n s  f o r  t h e  second and 

t h i r d  runs  are shown i n  F i g s .  3.2 and 3.3. Most e r r o r s  due t o  p i p e t i n g  

are w i t h i n  5% and can be seen  from t a b u l a t e d  d a t a  i n  Appendix D .  

3 . 2  Heat T r a n s f e r  Data 

F i g u r e s  3 . 4 ,  3 . 5 ,  and 3.6 p r e s e n t  h e a t  t r a n s f e r  experiment d a t a  f o r  

f o u r  runs  w i t h  t h r e e  d i f f e r e n t  s t irrer speeds:. Tabulated data are given 

i n  Appendix E .  A s  can be s e e n  from t h e s e  f i g u r e s ,  t h e r e  i s  a measured 

i n c r e a s i n g  rate of  surrounding f l u i d  temperature  b e f o r e  t h e  h o t  sphere  
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i s  in t roduced  and a f t e r  e q u i l i b r i u m  state  i s  reached o f  about  0.01"C p e r  

100 s e c ,  which is used t o  c o r r e c t  t h e  recorded temperature  o f  t h e  su r-  

rounding f l u i d .  T h i s  ra te  of temperature  i n c r e a s e  is  due t o  t h e  combined 

e f f e c t s  o f  s t irrer and environment c o n d i t i o n s .  It is noted t h a t  the  

s t i r rer  speed h a s  a n e g l i g i b l e  e f f e c t  on t h e  rate o f  temperature  i n c r e a s e .  

The u n c e r t a i n t y  of each temperature  measurement i s  estimated a t  0.01 "C.  

Exper imental  d a t a  f o r  t h e  cool ing-down exper iments  are shown i n  

F i g s .  3.7 through 3.10 and are matched w i t h  the  lumped-parameter model 

g iven i n  Chapter 2 ,  Eq. (2 .2) .  The h e a t  t r a n s f e r  parameters  f o r  t h i s  

system have been e s t i m a t e d  from t h e  s l o p e s  o f  s t r a i g h t  l i n e s  i n  F i g s .  

3 .7  through 3.10 and a r e  l i s t e d  i n  Tab les  3 . 1  and 3.2.  Table  3.1,  

F i g s .  3.7 and 3.8 arc f o r  t h e  sys tem w i t h  water i n  t h e  c y l i n d e r  j a c k e t ,  

w h i l e  Table  3 . 2 ,  F i g s .  3.9 and 3.10 are f o r  t h e  system w i t h  a i r  i n  t h e  

j a c k e t  o f  t h e  c y l i n d e r .  

For t h i s  s t u d y ,  h e a t  t r a n s i e n t  exper iments  of s p h e r e s  have been 

conducted i n  t h e  system w i t h o u t  wa te r  i n  t h e  j a c k e t .  For  a mean h e a t  

t r a n s f e r  c o e f f i c i e n t ,  hA = 0.576 Btu /h r"F ,  t h e  hea!t l o s s  o f  t h e  system 

t o  the  su r rounding  f l u i d  i s  e s t i m a t e d  t o  be 0.0576 Btu f o r  t h e  e x p e r i -  

mental  p e r i o d  of 360 s e c ,  and a temperature  d i f f e r e n c e  o f  1°F between 

t h e  su r rounding  f l u i d  and t h e  systlem w a s  no ted .  The h e a t  t r a n s f e r r e d  

from t h e  h o t  porous sphere  t o  the  su r rounding  fluid f o r  t h e  exper imenta l  

p e r i o d  o f  360 sec is  e s t i m a t e d  t o  be 3.OBtu. The h e a t  l o s s  o f  t h e  sys-  

t e m ,  0.0576 Btu,  i s  n e g l i g i b l e  as compared t o  3.0 Btu. Thus,  t h e  system 

is  w e l l  i n s u l a t e d  f o r  t h e  purpose o f  t h i s  exper imenta l  s t u d y .  
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TABLE 3 .1  

Summary of  Data from Cooldown Experiments* 

Run 
ID No. 

C- 0416 75 

C-042575 

C- 041875 

C- 042175 

S t i r r e r  
Speed 

1 

1 

2 

2 

- 

T o t a l  System 
Seat Cap a c  i t  y , 

MC (B.tu/ OF) 

Measured 
Slope 
hr' 

8.44 1 - 0.0858 1 tn.;; 
8 .44  - 0.0732 

8.44 - 0.01726 

8 .44  - 0.01800 12.50 

T i m e  
Constant  

(hr)  

0.724 

0.618 

0.613 

0.675 

C ompu te d 
hA 

(Btu/hr O F )  

w i t h  water i n  cy l inder  j a c k e t .  Mean = 0.658 Btu/hr°F 

Standard Devia t ion  = * 0.053 Btu/hr"F 

TABLE 3.2 

Summary of Data from Cooldown Experiments'' 

Run 
I D  No. 

C-070175 

C-070275 

C-  062675 

C-063075 

S t i r r e r  
Speed 

T o t a l  System 
Heat Capaci ty ,  

MC (B 1x1 / O F )  

6 .,04 

6 .,04 

6 .,04 

6 ,.04 

Me as u red  

hr' e 

- 0.0906 

- 0.1027 

- 0.0960 

- 0.0919 

Time 
Constant  

(hr)  

11.04 

9.74 

10.42 

10.88 

C ompu t e d 
hA 

(Btu/hr O F )  

0.547 

0.620 

0.580 

0.555 

without  water i n  c y l i n d e r  j a c k e t .  Mean = 0.576 Btu/hr"F 
0.033 Btu/hr "F I *  Standard Dieviation = 
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CHAPTER 4 

MATHEMATICAL MODELS FOR EXPERIMCENTAL SYSTEMS 

4 . 1  Mass T r a n s f e r  Models 

F igure  4 .1  shows t h e  schemat ic  diagram o'f t h e  mass t r a n s f e r  e x p e r i -  

mental  s e t u p .  Mathematical models are designed t o  r e p r e s e n t  t h i s  p h y s i c a l  

system. A pseudo s t e a d y  state model and a p a r a m e t r i c  model are pre-  

s e n t e d  i n  t h e  fol lowing two s u b s e c t i o n s .  

4 .1 .1  Pseudo Steady S t a t e  Model 

F igure  4 .2  r e p r e s e n t s  a t i m e  sequence of' a s imple  model o f  d i f f u -  

s i o n  o f  t r i t i a t e d  wate r  fromaLsingle rock i n t o  a surrounding f l u i d .  An 

e f f e c t i v e  core  o f  r a d i u s  r is used t o  denote  t h e  average s p h e r i c a l  

r e g i o n  i n t o  which t h e  e x t e r n a l  water f r o n t  h a s  n o t  y e t  d i f f u s e d ,  s o  t h a t  

C 

t h e  i n i t i a l  concen t ra t ion  o f  t r i t i a t e d  water w i t h i n  t h e  c o r e  C re- 

mains c o n s t a n t .  F igure  4.2(a:I shows t h e  c o n c e n t r a t i o n  p r o f i l e  i n  a 

C 

molecules  o f  HTO i n  t h e  surrounding Ni rock i n i t i a l l y  s a t u r a t e d  w i t h  

f l u i d  o f  e x t e r n a l  water. F igure  4.2(b) r e p r e s e n t s  t h e  c o n c e n t r a t i o n  

p r o f i l e  i n  t h e  p a r t i a l l y  d i f f u s e d  rock a t  time t . Figure  4 .2(c)  

e x h i b i t s  the  comple te ly -d i f fused  rock a f t e r  a n  i n f i n i t e  t i m e .  

The mathematical  r e s u l t s  o f  t h e  f r o n t  model can be summarized as 

(4 .2)  

Equat ion (4 .2)  relates t h e  measurable q u a n t i t i e s ,  C , C f  , R , d C 
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Figure  4.1 Schematic diagram of mass t r a n s f e r  experiment s e t u p  
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and V , t o  t h e  e f f e c t i v e  c o r e  r a d i u s  r f o r  t h e  f r o n t  model. The e f f e c -  

t i v e  d i f f u s  i v  i t y  , De , can be calcul-a ted from E q s .  (4.1)  and (4 .2)  from 

t h e  known v a l u e s  o f  

f u n c t i o n  of  t i m e .  The d e r i v a t i o n  o:E t h i s  model i s  given i n  Appendix A .  

C 

:K , d , V , Cc and t h e  measured v a l u e s  o f  C f ,  as a 

4 . 1 . 2  Paramet r i c  Model without. Skin  E f f e c t  

I n  t h i s  model a sys tem as t h e  one d e p i c t e d  i n  Fig .  4.1 i s  consid-  

e r e d .  The system c o n s i s t s  o f  two pair ts ,  a porous s p h e r e ,  t h e  void  space 

o f  which is  f i l l e d  w i t h  a s o l u t i o n  of  t r i t i a t e d  w a t e r ,  and a surrounding 

f l u i d  which i s  considered t o  have a uniform c o n c e n t r a t i o n .  The system 

is  s u b j e c t  t o  the  fo l lowing  cond i t ions :  

1. The i n i t i a l  c o n c e n t r a t i o n  of  t r i t i a t e d  water i n  the  porous 

sphere  is  uniform. 

The o u t s i d e  s o l u t i o n  always has  a uniform c o n c e n t r a t i o n  and i s  

e q u a l  t o  t h e  s u r f a c e  c o n c e n t r a t i o n  of t h e  porous s p h e r e .  

2 .  

3 .  The m a t r i x  o f  t h e  porous sphere  is i n e r t .  

4 .  The d i s i n t e g r a t i o n  o f  t r i t i a t e d  water i s  n e g l i g i b l e  due t o  

the  long h a l f - l i f e  o f  t r i t i -um,  12.4 y e a r s .  

A mass ba lance  011 t h e  t r i t i a t ed  water i n  t h e  sphere  l e a d s  t o  t h e  

fo l lowing  p a r t i a l  d i f f e r e n t i a l  equa t ion :  

6c 1 6 2  s 
6r) - --(r De 2 (jr r 

- -  6cs - 
60 ( 4 . 3 )  

where 

C = t h e  c o n c e n t r a t i o n  of t r i t i a t e d  water, 

De = t h e  e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  o f  t r i t i a t e d  water, 

8 = t i m e ,  and 

S 

r = t h e  d i s t a n c e  from t h e  c e n t e r  of t h e  porous s p h e r e .  
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. (4 .4)  

A mass ba lance  a t  t h e  i n t e r f a c e  o f  t h e  two p a r t s  g ives :  

116 , dC f % 
De F r = R  

v -  = - 
d e  

where 

R = the r a d i u s  of the s p h e r e ,  

A = t h e  s u r f a c e  area o f  t h e  s p h e r e ,  i .e .  4 r r R  , 

Cf = t h e  c o n c e n t r a t i o n  of t r i t i a t e d  water i n  t h e  surrounding f l u i d ,  

6 

V = t h e  volume of t h e  su r rounding  f l u i d .  

2 

= t h e  p o r o s i t y  o f  t h e  s p h e r e ,  and 

The i n i t i a l  and boundary c o n d i t i o n s  are as follows: 

1. The c o n c e n t r a t i o n  w i t h i n  t h e  porous sphere  and t h a t  i n  t h e  

surrounding f l u i d  are i n i t i a l l y  C i  and C , r e s p e c t i v e l y ,  

t h a t  i s ,  when 0 = 0 , 
f i  

c = c  
S s i  Y 

Y 

f o r  

f o r  

r < E l  , - 

r > R .  

2. A t  t h e  i n t e r f a c e  between t h e  sphere  and t h e  surrounding f l u i d ,  

t h e  c o n c e n t r a t i o n  is  con t inuous ,  tha. t  i s ,  a t  r = R , 

f o r  t > 0 . f ’  cs = c 

For s i m p l i c i t y ,  t h e  fo l lowing  se t  o f  dimlensionless q u a n t i t i e s  is in-  

troduced: 
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c - c  
S s i  

' f i  s i  
- c  3 

x =  

* 
r = r/Xi 

S u b s t i t u t i n g  E q .  (4.5) i n t o  E q s .  ( 4 . 3 )  and (4.4) g i v e s  

The i n i t i a l  and boundary c o n d i t i o n s  become: 

1. When 9* = 0 

x = o ,  

Y = l .  

2 .  A t  r* = 1 , 

3 .  A t  r* = 0 , 

X = Y f o r  (3Jr > O  , 

Z = 0 f o r  9* > O  . 

The a n a l y t i c a l  s o l u t i o n  f o r  t.he sys tem e q u a t i o n s  ( 4 . 6 )  and (4 .7)  

s u b j e c t  t o  t h e  above i n i t i a l  and boundary c o n d i t i o n s ,  has  been ob ta ined  

(Carslaw and J e a g e r ,  1959; Crank, 1956): 



s i n ( y  r*) - yn2 e* 
e 

(4 .8 )  
1 2 n X(W,r*) = - 

w + 1 +z 1 sin(yn)  2 
n = l  Yn 

[ ( 3 w +  3) +XI , 

2 -yn e* - e 
2 ,  

Y(0*)  = - 
w +  1 (4 .9)  

n.=l  yn 
[ ( 3 w  + 3) + - 3 1  

w 

sa t i s f  ies yn where 

3 y c o t  y = 1 +-  . 
3w 

D e t a i l e d  d e r i v a t i o n s  through the  use  of  Laplace t ransforms are given i n  

Appendix B .  

It is  convenient  t o  d e f i n e  a d imensionless  v a r i a b l e ,  C f k  , whose 

v a l u e  ranges from 0 t o  1 : 

* C f  i s  r e l a t e d  t o  Y by 

S u b s t i t u t i n g  Eq .  (4 .9 )  i n t o  the  above equa t ion  y i e l d s  

- 'InL e* 
* = 1 - 2 - -  l.+w 1 e 

2 v c f  n = l  
(4.10) 

[ (3w + 3) + 3Wl ' n  

F igure  4.3 shows C f *  v s  e* w i t h  w as parameter .  A s  can be s e e n ,  

t he  curve wi th  w -+ 0 can r e p r e s e n t  the  range 0 < w < 0 . 1  w e l l .  
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Figure  4.4 p r e s e n t s  C * vs O* w i t h  w 4 0 on t h e  log- log  s c a l e ;  t h e  

l i n e  can r e p r e s e n t  t h e  range 

f o r  Cf*  . 

f 

0 < w < 0.1  w i t h i n  t h e  accuracy  of 2% 

4.2 Heat T r a n s f e r  Models 

F i g u r e  4.5 shows t h e  schemat ic  diagram o f  t h e  h e a t  t r a n s f e r  s e t u p .  

The system is  i n s u l a t e d  from t h e  environment:. Mathematical  models de- 

s igned  t o  r e p r e s e n t  t h i s  p h y s i c a l  system inc lude  t h e  one 

t h e  p a r a m e t r i c  model. 

model and 

4.2.1 One Lump Model 

I n  t h e  One Lump Model, the temperature  i n s i d e  t h e  sphere  is as- 

sumed t o  be uniform. T h i s  is c o n s i s t e n t  w i t h  t h e  f a c t  t h a t  t h e  i n t e r n a l  

r e s i s t a n c e  t o  h e a t  t r a n s f e r  is assumed t o  be n e g l i g i b l e  compared t o  

t h e  i n t e r f a c e  r e s i s t a n c e .  

The rate e q u a t i o n  f o r  h e a t  t r a n s f e r  from t h e  sphere  t o  t h e  water 

can be expressed  as 

CI hA(T - Tf) . 
S 

The energy balance f o r  t h e  w a t e r  can be w r i t t e n  as 

- q  - dT f CW de - 

(4.11) 

(4.12) 

Combination of t h e  energy balance e q u a t i o n ,  Eq. (4 .11) ,  and t h e  rate 

e q u a t i o n ,  E q .  (4 .12) ,  r e s u l t s  i n  

- - Tf) 9 

dT f 
cw dB - (4.13) 

where 

C = t h e  h e a t  c a p a c i t y  of t h e  water, 
W 
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T f  
= t h e  temperature  of t h e  water, 

T f i  = t h e  i n i t i a l  temperature  of t h e  water, 

T = t h e  temperature  o f  t h e  s p h e r e ,  
S 

hA = t h e  h e a t  t r a n s f e r  pa ramete r ,  and 

8 = t i m e .  

Assuming t h a t  t h e  ex,perimental  system is i s o l a t e d  from t h e  surrounding 

f l u i d  , t h e  following, e q u a t i o n  is  obta ined:  

= t h e  i n i t i a l  t e m-  where 

p e r a t u r e  o f  t h e  sphere .  From Eq. (4.14),  

Cs = t h e  heat: c a p a c i t y  of t h e  s p h e r e ,  and Ts i 

W 
C 

T = -- ( T ~  - T ~ ~ )  + r r s i  . 
cs  

L e t  l / t u  = Cw/Cs , and t h u s ,  

1 T S = - - - ( T ~  - T ~ ~ )  + orsi . (4.15) 

S u b s t i t u t i n g  Eq. (4.15) i n t o  (4.13) y i e l d s  

dT f 1 C w d B '  - - hA(Tsi - w (Tf  - Tfi) - T f )  . (4.16) 

Rearranging Eq. (4 .  :L6) y i e l d s  

L e t  
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and E q .  (4.17) becomes 

L e t  @C = u @ / c W  , and Eq . (4.18) becomes 

dYf * 1 - + (; + 1) Ff* =: 1 , 
d 0* 

N J- 

s u b j e c t  t o  T f "  = 0 , a t  8:' = 0 . 
Solv ing  E q .  (4.19) w i t h  t h e  above i n i t i a l  c o n d i t i o n  y i e l d s  

- ( l / w  + 1)8* 
(1 - e 1 3  

-*=-- 1 
*f l / w +  1 

o r  

1 1 an (1 - (; -k 1) Yp) = - (-w + 1) e* . 

For l/u, >> 1 , E q .  (4.20) can be s i m p l i f i e d  as 

,1 hA h [ i  - (,- + 1) T*] = .- - e . w f C 
S 

(4.18) 

(4.19) 

(4.20) 

(4.21) 

Th is  model p r e d i c t s  a l i n e a r  r e l a t i o n s h i p  between h[l - ( l / w +  1) yf*] 
and 8 . I f  t h e  model is adequate  f o r  t h e  system, t h e  exper imenta l  d a t a  

should behave s e m i -  l o g  l i n e a r l y ,  and vice v e r s a .  

Paramet r i c  Model w i t h o u t  Skin  E f f e c t  4.2.2 

I n  t h i s  model a s o l i d  sphere  o f  uniform i n i t i a l  temperature  i s  

cooled i n  a f i n i t e  mass of  f l -u id ,  w e l l  s t i r r e d  and e x t e r n a l l y  i n s u l a t e d .  

The s u r f a c e  temperature  o f  t h e  sphere  is assumed e q u a l  a t  a l l  subsequent  

t i m e s  t o  t h a t  o f  t h e  f l u i d ,  which is so w e l l  s t i r r e d  t h a t  i t s  temperature  

- 
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is  always uniform throughout  and is: e q u a l  t o  the  s u r f a c e  temperature  of 

t h e  s p h e r e .  

An energy ba lance  i n  t h e  sphere  l e a d s  t o  t h e  fo l lowing  p a r t i a l  

d i f f e r e n t i a l  equa t ion :  

(4.22) 

where 

T = t empera tu re ,  

CY = t h e  therma.1 d i f f u s i v i t y  o f  t h e  s p h e r e ,  

0 = t i m e ,  and 

r = t h e  d i s t a n c e  from t h e  c e n t e r  o f  t h e  s p h e r e .  

S 

An energy ba1anc:e a t  the  i n t e r f a c e  o f  t h e  sphere  and t h e  s u r r o m d -  

ing f l u i d  g i v e s  

t h a t  is , 

(4.23) 

where 

- = t h e  h e a t  c a p a c i t y  o f  t h e  su r rounding  f l u i d ,  ‘f - ( P C p V ) f l u i d  
- 413 nR’ = t h e  h e a t  c a p a c i t y  o f  t h e  sphere  , 

‘s - (PCp)sphere  

R = t h e  r a d i u s  o f  t h e  s p h e r e ,  

T f  = t h e  temperature  i n  t h e  surrounding f lu i ld ,  and 

V = t h e  volume of  t h e  surrounding f l u i d .  



The i n i t i a l  and boundary c o n d i t i o n s  are as follows: 

1. The t:emperature w i t h i n  t h e  sphere  and t h a t  i n  t h e  surrounding 

and T , r e s p e c t i v e l y ,  t h a t  i s ,  Ts i f i  
f l u i d  are i n i t i a l l y  

when 0 = 0 , 

Ts= Tsi , f o r  r < R , 

r > R . 
- 

Tf - - T f i  , f o r  

2. A t  t h e  i n t e r f a c e  between t h e  spherle and t h e  su r rounding  f l u i d ,  

t h e  temperature  is con t inuous ,  t h a t  i s ,  a t  r = R , 

f o r  0 > 0 . f Y  T = T  
S 

For s i m p l i c i t y ,  t h e  fb1.lowing set o f  d imensionless  q u a n t i t i e s  i s  

int roduced:  

s i  T - T  
S x =  

T f i  - Tsi ’ 

S u b s t i t u t i n g  Eq. (4.24) i n t o  E q s .  (4.22) and (4.23) g i v e s  

(4.24) 

(4.25) 

(4.26) 
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The i n i t i a l  and boundary c o n d i t i o n s  become: 

1. When 8* = 0 , 
x = o ,  
Y = O .  

2 .  A t  r* = 1 , 
X = Y ,  f o r  8 > 0 .  

The a n a l y t i c a l  s o l u t i o n  f o r  s y s t e m  e q u a t i o n s  (4 .25 )  and ( 4 . 2 6 ) ,  

s u b j e c t  to t h e  above i n i t i a l  and bjoundary c o n d i t i o n s  has  been ob ta ined  

(Carslaw and J e a g e r ,  1959; Crank, 1956): 

1 

x, - yn2 e* 

[ 3 ( w  + 1) + -1 

e 
u,2’ y(e*) = - + 2  w +  1 

1n=1 
3m 

(4.28) 

s a t  i s  f i e s  yn where 

y c o t  ?( = 1 + 
3 w  * 

D e t a i l e d  d e r i v a t i o n s  through t h e  use o f  Laplace  t r ans forms  are given i n  

Appendix B .  

* It is convenient  t o  d e f i n e  a dimensionless  v a r i a b l e ,  T f  , whose 

v a l u e  ranges  from 0 t o  1 . 

T * is r e l a t e d  t o  Y by f 
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S u b s t i t u t i n g  Eq. ( 4 . 3 0 )  i n t o  t h e  above e q u a t i o n  y i e l d s  

2 -yn e* m 

T f * =  1 - 2- 2 .  ( 4 . 2 9 )  

Equat ion ( 4 . 2 9 )  i s  s imi lar  t o  Eq .  ( 4 . 1 0 ) .  Figure  4 .4  p r e s e n t s  Tf* 

v s  W on the  log- log  scale w i t h  

range 0 u) < 0 . 1  w i t h i n  t h e  accuracy  of 2% f o r  Tf* . 
w 4 0 ; t h e  l i n e  can r e p r e s e n t  t h e  

4.3  Comparisons o f  Models 

Two models have been proposed f o r  a m a s s  t r a n s f e r  exper imenta l  sys-  

t e m ,  a pseudo s t e a d y  s ta te  model and a paramet r i c  model w i t h o u t  s k i n  

e f f e c t .  Two models, a one lump model and a paramet r i c  model, have a l s o  

been proposed f o r  t h e  h e a t  t r a n s f e r  exper imenta l  system. Comparisons o f  

t h e  models are shown i n  Tab les  4 . 1  and 4 . 2 ,  r e s p e c t i v e l y .  

F igure  4.6 p r e s e n t s  t h e  s i m u l a t i o n  r e s u l t s  o f  the  two mass t r a n s f e r  

models. The pseudo s t e a d y  s tate  model p r e d i c t s  lower v a l u e s  of Y , 

(Tf - T . ) / ( T f i  - Tsi) , than  those  p r e d i c t e d  by t h e  pa ramet r i c  model, 

e s p e c i a l l y  when t h e  dimensionless  t i m e  is la.rge ( > 10 ) .  Pseudo 

s1 
- 2  

s t e a d y  s tate  assumption is  n o t  good when the  c o r e  r a d i u s  is s m a l l ,  o r  

when t h e  i n t e r m e d i a t e  l a y e r  is t h i c k .  
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TABLE 4.1 

Comparisons o f  Mass T r a n s f e r  Models 

Models: Pseudo S teady  S t a t e  Mode 

Remarks: Pseudo s t e a d y  s tate  is  
assumed. 

I n t e r f a c e  r e s i s t a n c e  
is  n e g l e c t e d .  

Paramet r i c  Model 
w i t h o u t  Skin  E f f e c t  

I n , t e r f a c e  r e s i s t a n c e  
is n e g l e c t e d .  

TABLE 4.2 

Comparisons o f  H.eat T r a n s f e r  Models 

Paramet r i c  Model 
w i t h o u t  Sk in  E f f e c t  

Remarks: Ln t rasphere  res is tance  I n t e r f a c e  resist- 
ance is n e g l e c t e d .  

Models: One Lump Model 

is n e g l e c t e d .  
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CHAPTER 5 

ANALYSES OF EXPERIMENTAL RESULTS 

5 . 1  E f f e c t i v e  D i f f u s i . v i t y  

The mass t r a n s f e r  exper imenta l  d a t a  have been matched w i t h  F ig .  4.5,  

developed i n  Chapter  4 ,  t o  estimate t h e  va lue  o f  e f f e c t i v e  d i f f u s i v i t y .  

Exper imental  d a t a  were p l o t t e d  as C f *  v s  0 . Figure  4.5 r e l a t e d  

Cf*  v s  

by the  fo l lowing  d e f i n i t i o n :  

e* . The dimensionless  t i m e ,  0* , i s  r e l a t e d  t o  real t i m e ,  6 , 

Taking t h e  logs  o f  bo th  s i d e s ,  we o b t a i n  

e D 
log  w = l o g  g + log - 

R2 * 

For  a given s p h e r e ,  De and R are c o n s t a n t s .  There fore ,  l o g  9* 

always d i f f e r s  from l o g  8 IDY a c o n s t a n t .  The exper imenta l  d a t a  p l o t t e d  

on log- log  paper  can be s h i f . t e d  from l e f t  t o  r i g h t  p a r a l l e l  a t  t h e  top  

o f  F i g .  4.5 t o  g e t  t h e  b e s t  match. The e f f e c t i v e  d i f f u s i v i t y  i s  ca lcu-  

l a t e d  from t h e  match p o i n t .  

F i g u r e s  5 . 1 ,  5 . 2 ,  and 5 .3  show t h e  r e s u l t s  o f  t h i s  matching.  A s  

can be  s e e n ,  t h e  model w i t h o u t  s k i n  e f f e c t  c:annot f i t  t h e  exper imenta l  

d a t a  e q u a l l y  w e l l  i n  t h e  whole range o f  t i m e .  I n c o r p o r a t i n g  s k i n  e f f e c t  

i n t o  t h e  p r e s e n t  model can improve t h e  f i t .  

The e f f e c t i v e  d i f f u s i v i t y  o f  t r i t i a t e d  w a t e r  i n  t h e  s y n t h e t i c  rock 

is found t o  i n c r e a s e  w i t h  i n c r e a s i n g  p o r o s i t y .  F igure  5 . 4  shows t h e  
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r e l a t i o n s h i p .  

t u r e s ,  and t h e  open c i r c l e  d a t a  are o b t a i n e d  through temperature  cor rec-  

t i o n  t o  25OC based on t h e  work by Wang (1952). 

f o r  e f f e c t i v e  d i f f u s i v i t y  and p o r o s i t y  is  suggested:  

The d a r k  c i r c l e  d a t a  are e v a l u a t e d  a t  d i f f e r e n t  tempera- 

The fo l lowing  c o r r e l a t i o n  

where D = e f f e c t i v e  d i f f u s i v i t y  , D = molecu1a.r d i f f u s i v i t y  , e 
6 = p o r o s i t y  , and 

5.2 One Lump Model Ana lys i s  

7 = t o r t u o s i t y .  

Two sets of  exper imenta l  d a t a  u s i n g  sphere  S - 2  and stirrer speed 1 

are p l o t t e d  i n  F i g .  5.5 w i t h  [l .- ( l / C s *  + 1) yf*] v s  9 . The one 

lump model, Eq. (4 .21) ,  s u g g e s t s  a l i n e a r  r e l a t i o n s h i p  between them. A s  

can be  s e e n ,  t h e  d a t a  do n o t  fo l low a s t r a i g h t  l i n e ,  i n d i c a t i n g  t h a t  t h e  

one lump model is  n o t  adequate  because t h e  internal r e s i s t a n c e  o f  rock  is  

n e g l e c t e d .  

To t ake  i n t o  account  t h e  i n t e r n a l  r e s i s t a n c e ,  a two lump model o r  a 

p a r a m e t r i c  model may be cons idered .  

a d d i t i o n a l  pa ramete r s ,  namely two e f f e c t i v e  r a d i i .  Hunsbedt e t  a l .  (1975) 

have shown t h a t  an  e f f e c t i v e  r a d i u s  depends on th.e B i o t  number. 

t i o n ,  t h e s e  parameters  have no exact p h y s i c a l  meaning. There fore ,  a 

paramet r i c  model is cons idered  i n  t h e  fol lowing s e c t i o n .  

5 .3 Thermal Dif f u s i v i t y  

The two lump model i n t r o d u c e s  two 

In  addi-  

The h e a t  t r a n s f e r  exper imenta l  d a t a  have been matched w i t h  F i g .  4.5, 

developed i n  Chapter 4 ,  t o  estimate t h e  v a l u e  o f  thermal d i f f u s i v i t y .  

Exper imental  d a t a  were p l o t t e d  as Tf vs . Figure  4.5 relates 

T f  v s  F r  . The F o u r i e r  number i s  r e l a t e d  t o  9 by t h e  fol lowing 

* 
Jr 
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d e f i n i t i o n :  

F r  = - 2 .  R 

Taking t h e  logs  f o r  b o t h  s i d e s ,  w e  o b t a i n  

(Y l og  F r  = l o g  8 + l o g  - . 
R2 

For a given s p h e r e ,  CY and R are c o n s t a n t s ,  and ,  t h e r e f o r e ,  l o g  F r  

always d i f f e r s  from Log e by a coinstant. The exper imenta l  d a t a  p l o t t e d  

on log- log  paper  can be  s h i f t e d  from l e f t  t o  r ight :  p a r a l l e l l y  a t  t h e  

top  o f  F i g .  4.5 t o  g e t  t h e  b e s t  match. From t h e  match p o i n t ,  thermal  

d i f f u s i v i t y  is  c a l c u l a t e d .  

F i g u r e s  5 .6 ,  5.'7, and 5.8 show t h e  r e s u l t s  of t h e  matching.  As 

can be s e e n ,  t h e  p r e s e n t  model witlhout s k i n  e f f e c t :  cannot  f i t  t h e  

exper imenta l  d a t a  f o r  t h e  whole p e r i o d  of time. I n c o r p o r a t i n g  

s k i n  e f f e c t  i n t o  t h e  p r e s e n t  model would improve t:he matching.  

summarizes the  thermal  d i f f u s i v i t y  e v a l u a t e d  from s e v e r a l  runs .  It 

Table  5 .1 

. I  

i n d i c a t e s  t h a t  t h e  measurement is  : reproducible ;  t h e  exper imenta l  s e t u p  

is r e l i a b l e  and w i l l  be u s e f u l  f o r  thermal d i f f u s i . v i t y  measurement, when 

t h e  mathemat ical  model i s  f u r t h e r  .improved. 
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TABLE 5.1 

Summary of Data from H.eat Transient Experiments 

Run 
I D  No. 

HT-070975- 1 

HT- 070975- 2 

HT- 06 2475 

HT-070975 

St i r r e r  
Speed 

De t e  mine d 

- 3  2 (x 10 cm /sec) 

ICY 

9.158 

10.1 

9.68 

2 Mean = 9.82 x cm /sec. 
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CHAPTER 6 

ASSESSMENT OF EFFECT OF MASS TRANSFER ON ENERGY TRANSFER 

Experiments have been c a r r i e d  o u t  f o r  b o t h  mass t r a n s f e r  and h e a t  

t r a n s f e r  from a s i n g l e  porous rock  t o  t h e  surrounding f l u i d .  Energy 

t r a n s f e r  due t o  b o t h  h e a t  and mass t r a n s f e r  mechanisms are ana lyzed .  

The t r a n s p o r t  p rocess  is  d i v i d e d  i n t o  two s t e p s :  (1) i n t r a s p h e r e  

t r a n s p o r t ,  and (2) in te r face :  t r a n s p o r t .  It is  cons idered  t h a t  h e a t  

t r a n s f e r  i s  t h e  dominant mechanism f o r  energy t r a n s f e r  from a h o t  

porous sphere  t.0 t h e  su r rounding  f h i d .  

6 . 1  I n t r a s p h e r e  T r a n s p o r t  

Heat t r a n s f e r  i n s i d e  the: porous sphere  is  p r i m a r i l y  c a r r i e d  o u t  by 

t h e  conduct ion o f  micropore water and t h e  rock matrix. The s o - c a l l e d  

" e f f e c t i v e  conduction" is  used f o r  t h i s  mechanism. T h i s  i n t r a s p h e r e  

e f f e c t i v e  conduct ion p r o c e s s  can be  w e l l  desc r ibed  by t h e  fol lowing 

mathemat ical  mode 1: 

where 

d i f f u s i v i t y  o f  t h e  porous s p h e r e ,  s a t u r a t e d  w i t h  water , 0 = t i m e  , and 

r = t h e  d i s t a n c e  from t h e  c e n t e r  of t h e  porous sphere .  

Ts = the  temperature  o f  t h e  sphere  , cy = t h e  e f f e c t i v e  thermal  

Mass t r a n s f e r  i n s i d e  t h e  porous sphere  i s  mainly  due t o  molecular  

s e l f - d i f f u s i o n  o f  t h e  micropclre water. 

c h a r a c t e r i z e d  by a paramete r ,  

The i n t r a s p h e r e  mass t r a n s f e r  p r o c e s s  can be  r e p r e s e n t e d  by a mathematical  

model similar t o  Eq. (6.1):  

The rate o f  t h i s  p rocess  can be 

De , which is  t h e  e f f e c t i v e  d i f f u s i v i t y .  
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where C = t h e  c o n c e n t r a t i o n  o f  t r i t i a t e d  water, and D = t h e  i n t r a -  

sphere  e f f e c t i v e  d i f f u s i v i t y  o f  t r i t i a t e d  water. 

S e 

It i s  assumed t h a t  no t r a n s p o r t  r e s i s t a n c e  exists a t  t h e  i n t e r f a c e  

when i n t r a s p h e r e  t r a n s p o r t  is cons idered .  Equat ions  ( 6 . 1 )  and ( 6 . 2 )  can 

be r e s p e c t i v e l y  w r i t t e n  i n  dimensionless  v a r i a b l e s ; ,  as i n  t h e  fol lowing 

equa t ions :  

where 

Ts - T f i  

Ts i  - T f i  TsJC = 

's - ' f i  cs:'c = 
csi - C f i  ' 

De e e," = - ' R2 

and 

R = r a d i u s  of t h e  porous sphere  . 
Equat ions  ( 6 . 3 )  and ( 6 . 4 )  have t h e  same s o l u t i o n .  I n  o t h e r  words, t h e r e  
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should be t h e  same dimensionless  times, \* and em* , r e q u i r e d  f o r  

reach ing  t h e  fo l lowing  c o n d i t i o n s ,  respectivebly,  

and 

(CS - C f i )  = 0.1(Csi - C f i )  , 

i . e . ,  % = e m .  
The e f f e c t . i v e  thermal d i f f u s i v i t y ,  a , has  been e s t i m a t e d  a t  

- 3  2 9.82 x 10 cm /see . The e f f e c t i v e  d i f f u s i v i t y  o f  t r i t i a t e d  water, 

De , has  been e s t i m a t e d  around 4.0 x 10 

T h e r e f o r e ,  t h e  r a t i o  of real  t i m e s  r e q u i r e d  f o r  reach ing  (T - T ) = 

O.l(Tsi - Tfi)  and (Cs - Cf, i )  = O . l ( C s i  - C f i )  is: 

-6 2 cm /'see from exper imenta l  d a t a .  

S f i  

4 'h e 4.0 x loe6  = 4.07' . D 
- =- =-  

k cy 
9.82 I O - ~  

Th is  s u g g e s t s  t h a t  the heat t r a n s f e r  mechanism i s  accomplished much 

faster than t h e  mass t r a n s f e r  mechanism. 

6.2 I n t e r f a c e  T r a n s p o r t  

Forced h e a t  convec t ion  f i r a  a sphere  can. be p r e d i c t e d  by t h e  f o l -  

lowing e m p i r i c a l  r e l a t i o n  ( B i r d ,  1960) : 

1 / 2  C 1 / 3  
- =  htD 2.0 + 0.6 (F) (, 2 ) , 

f f IC 
(6.5) 

where 

- -  - NU , htD 

kf 
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and 

Equat ion (6.5) p r e d i c t s  Nu = 2 f o r  a mot ion less  f l u i d .  The s u b s c r i p t  

r e p r e s e n t s  t h e  p r o p e r t y  o f  t h e  f l u i d .  S i m i l a r l y ,  forced mass l l f l l  

t r a n s f e r  from a sphere  can be p r e d i c t e d  by t h e  fo l lowing  e m p i r i c a l  rela- 

t i o n  (Bi rd ,  1960): 

112 113  
hmD 

De 
- =  

where 

- -  hmD - Sh , 
De 

and 

Equat ion (6.6) a l s o  p r e d i c t s  Sh = 2.0 f o r  a mot ion less  f l u i d .  

A l i m i t i n g  case, where t h e  f l u i d  is m o t i o n l e s s ,  i s  cons idered  t o  

compare t h e  relative importance o f  mass and h e a t  t r a n s f e r  mechanisms f o r  

i n t e r f a c e  energy t r a n s f e r  a t  a low R e  reg ion .  For  t h i s  case, we  can 

o b t a i n  t h e  fo l lowing  r e l a t i o n  from E q s .  (6.5) and (6.6): 

Nu = Sh = 2.0 

o r  

htD h d m 

kf De 
2.0 . - = . - =  
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The numerical  v a l u e s  used f o r  t h e . p h y s i c a 1  c o n s t a n t s  are as follows: 

D = 2 i n  = 5.08 cm , 

IC = 0 . 3 4 3  B t u / h r - f t ° F  , 

pf  = 62 .4  l b / f t 2  = 1.0 g/c:m , 

De = 4.0 x 10 

C = 1.0 Btu / lb°F  , 

f 

3 

-6 2 cm /sec , 

P 
and 

- 2  p = 2.42 l ' b / f t - h r  = 10 glcm-sec . 

T h e r e f o r e ,  bo th  h e a t  and mass t r a n s f e r  c o e f f i - c i e n t s  can be c a l c u l a t e d  as 

f 01 lows : 

3 (6.7) 
20  - 2.0 x 0 . 3 4 3  B t u / h r - f t ° F  = 4.12 Btu/hr-ft 2. Okf 

h = - -  
t D 2 x 1/12 f t  

2.OD - 6  2 
h - e = (2.0)(4.O x 10 cm /set) 

D 5.08 cm m 
- 6  

= 1.57 x 10 cm/sec 

= 1.85 x 10- 4 f t / h r  . (6.8) 

, can be  
qt  The energy t r a n s p o r t  due t o  t 'he h e a t  t ransfer :  mechanism, 

w r i t t e n  as 

= h t A A T .  
'¶ t 

The energy t r a n s p o r t  due t o  t 'he mass t r a n s f e r  mechanism, 

d e r i v e d  i n  AppendixC and can be w r i t t e n  as 

g, , h a s  been 

= h  A A T p  C . (6.10) 
'm m f P  

The r a t i o  o f  energy t r a n s f e r  'due t o  t h e s e  two d i f f e r e n t  mechanisms can be  
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obta ined  from E q s .  (6 .9)  and (6 .10 )  : 

(6.11) 

From E q s .  (6 .7) ,  ( 6 . 8 ) ,  and ( 6 . 9 ) ,  qt/qm can be c a l c u l a t e d :  

= 357 . ht - 4.12 - _  qt - - 
4 qm hmpfcp (1.85 x :LO- ) ( 6 2 . 4 ) ( 1 . 0 )  

The above r a t i o  s u g g e s t s  t h a t  energy t r a n s f e r  a t  t h e  i n t e r f a c e  i n  a low 

Re 

mass t r a n s f e r  mechanism, by comparison, is neg l ig i .b le .  

r eg ion  is  mainly  c o n t r i b u t e d  by t h e  h e a t  t r a n s f e r  mechanism. The 

I n  t h e  second c a s e ,  where t h e  f low regime is i n  a h i g h  Re r e g i o n ,  

t h e  second terms on t h e  r igh t- hand  s i d e  o f  E q s .  (6.5) and (6 .6 )  are much 

l a r g e r  than 2.0 . T h e r e f o r e ,  t h e  Eollowing approx:imations can be  ob- 

ta ined  : 

o r  

(6 .12)  

The numerical  v a l u e s  f o r  P r  and Sc o f  water can b e  c a l c u l a t e d  as 

f o  1 lows : 

Y (6 .13 )  
1.0 Btu/lbo'F x 2.42 l b / f t - k d  = 7.06 CCL 

2 = (  
Pr = ( k )f 0.343 Btu/hr- f t O F  

p/ cm- sec 2.5 x 10 3 . (6 .14)  - =  
s c  = Of = 3 - 6 2 

(1.0 g/cm ) ( 4 . 0  x 10 c m  /sec:) 
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S u b s t i t u t i n g  Eqs. (6.13) and (6.14) i n t o  Eq. (6 .12) ,  we ob ta in :  

113 
= 0.141 7.06 

*,5 x 10 

o r  

Rearranging Eq. (6.15) y i e l d s  

h 0.141 kf 

11 

t 

m 
-- = 

De 

(6.15) 

(6.16) 

The r a t i o  of  energy t r a n s f e r  due t o  t h e s e  two mechanisms can be ca lcu-  

l a t e d  from Eqs. (6.11) and (6.16): 

0.141 k, 

- - 0.141(0.343)Btu/hr- ft "F 
3 -6 2 

(l.Og/cm ) ( 4 . 0  x 10 cm /sec)(l.OBtu/lb"P)(36OOsec/hr~ ( lb /450g)(30 .5cm/f t )  

= 49.6 . (6.17) 

Equat ion (6.17)  also sugges t s  t h a t  energy  t r a n s f e r  a t  the  i n t e r f a c e  is 

mainly a r e s u l t  of h e a t  t r a n s p o r t ,  r a t h e r  than  mass t r a n s p o r t .  
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

7 . 1  Conc l u s  ions  

1. The e f f e c t i v e  d i f f u s i v i t y  o f  micropore water has  been measured 

i n  t h e  o r d e r  o f  10 cm /sec. - 6  2 The e f f e c t i v e  d i f f u s i v i t y  in-  

c r e a s e s  w i t h  i n c r e a s i n g  p o r o s i t y  o f  t h e  rock fragment.  

The mass t r a n s f e r  mechanism between micropore water and 2. 

macropore water under c o n d i t i o n s  o f  c o n s t a n t  p r e s s u r e  is  

mainly a molecular  d i f f u s i o n  p rocess .  

3 .  The thermal d i f f u s i v i t y  o f  the  rock  fragment s a t u r a t e d  w i t h  

water has been measuxed i n  t h e  o r d e r  of  10 - 2  cm 2 / s e c .  

4. Heat t r a n s f e r  i s  t h e  dominant mechanism f o r  energy t r a n s f e r  

from a h o t  porous sphere  t o  t h e  r e c y c l i n g  co ld  f l u i d .  

5 .  The p r e s e n t  h e a t  t r a n s f e r  exper imenta l  s e t u p  i s  r e l i a b l e  f o r  

t h e  measurement o f  thermal d i f f u s i v i t y .  

7 .2  Recommendations 

1. The p r e s e n t  mathemat ical  model assumes t h a t  t h e  s u r f a c e  tempera- 

t u r e  ( c o n c e n t r a t i o n )  is t h e  same as t h a t  i n  the  bu lk  f l u i d ,  

I n c o r p o r a t i n g  s k i n  e f f e c t  i n t o  t h e  p r e s e n t  model i s  recommended. 

The model w i t h  s k i n  e f f e c t  h a s  t h r e e  advantages .  F i r s t ,  i t  w i l l  

g ive  a b e t t e r  match w i t h  exper imenta l  d a t a .  Second, i t  conveys 

in format ion  abou t  in t :er face  t r a n s p o r t .  T h i r d ,  i t  w i l l  be u s e f u l  

i n  rock c h a r a c t e r i z a t i o n  s t u d i e s .  

c o r r e l a t i o n s  among skiin c o e f f i c i e n t ,  F o u r i e r  number and rock 

shapes  I 

There may e x i s t  c e r t a i n  
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2 .  The p r e s e n t  s t u d y  c o n s i d e r e s  s p h e r i c a l  shapes  f o r  rock f rag-  

ments.  

o f  i r r e g u l a r  shapes .  

by c i r c u l a t i n g  co ld  f l u i d ,  i n f l u e n c e s  t h e  temperature  of t h e  

produced f l u i d .  It i s  important  t o  know the  h e a t  t r a n s i e n t  

behav ior  o f  t h e  h o t  d r y  rock ,  e s p e c i a l l y  when t h e  rock  s i z e  i s  

l a r g e .  A rock c h a r a c t e r i z a t i o n  s t u d y  is recommended f o r  

i r r e g u l a r l y  shaped r o c k s .  

Rock fragments de r ived  from e x p l o s i v e  s t i m u l a t i o n  a r e  

Rate o f  h e a t  e x t r a c t i o n  from h o t  d r y  rock 

3 .  Because o f  t h e  complex geometry o f  i r r e g u l a r  shapes ,  i t  is  

impossible  t o  s o l v e  a n a l y t i c a l l y  the  t r a n s i e n t  behav ior  o f  rock 

f o r  i r r e g u l a r  shapes .  To answer t h e  q u e s t i o n ,  What are t h e  

k a t  t r a n s i e n t  behav iors  o f  rocks f o r  i r r e g u l a r  shapes?  w e  

propose the  fol lowing:  

( a )  C h a r a c t e r i z e  r a t i o n a l l y  t h e  h e a t  t r a n s i e n t  behav ior  of 

rocks  for  regular geomet r ies ,  such a s  f i n i t e  r e c t a n g u l a r  and 

c y l i n d r i c a l  shapes ,  and then  extend t h e  c h a r a c t e r i z a t i o n  

t o  rocks  o f  i r r e g u l a r  shapes .  

(b) Test and v e r i f y  t h e  c h a r a c t e r i z a t i o n s  exper imenta l ly  u s i n g  

t h e  e x i s t i n g  equipment. 

4.  The conc lus ion  t h a t  h e a t  t r a n s f e r  is t h e  dominant mechanism 

under c o n s t a n t  p r e s s u r e  c o n d i t i o n s  may n o t  be a p p l i c a b l e  t o  

h e a t  t r a n s f e r  mechanisms i n  which h e a t  is e x t r a c t e d  by f l a s h-  

i n g  water i n  s i t u .  

t r a n s f e r  i n  excess  o f  d i f f u s i o n  may occur  as a r e s u l t  o f  t h e  

p r e s s u r e  d i f f e r e n c e  e x i s t i n g  between the  micropores  and 

macropores.  

For i n - s i t u  f l a s h i n g  p r o c e s s e s ,  mass 
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APPENDIX A 

DERIVATION FOR PSEUDO STEADY STATE MODEL 

I n  F i g .  4.2(b) we assume!d a pseudo s t e a d y  s tate system and showed 

t h e  c o n c e n t r a t i o n  p r o f i l e  i n  a p a r t i a l l y  d i f f u s e d  rock a t  t i m e  t . 
Under t h e s e  c o n d i t i o n s ,  the rate of d i f f u s i o n  o f  t h e  t r i t i a t e d  water is  

g iven  by 

(A. 1) dN 2 2 - = 4m Q = 4mR Q, = 4nr 2Q = c o n s t a n t  , 
d t  c c  

where Q = f l u x  o f  t r i t i a t e d  water through a s u r f a c e  a t  r a d i u s  r , 

Q, = f l u x  o f  t r i t i a t e d  water through t h e  roc'k s u r f a c e ,  and 

t r i t i a t e d  water through t h e  c o r e  s u r f a c e .  

Qc = f l u x  of  

The f l u x  of t r i t i a t e d  wate r  through a s u r f a c e  a t  r a d i u s  r may be 

expressed  by F i c k ' s  l a w  f o r  d i f f u s i o n ,  i . e . ,  

dCS Q = D  - e d r  ' 

where De i s  the  e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  o f  water i n  t h e  rock.  

The v a l u e  of  De shou ld  be v e r y  s e n s i t i v e  t o  p o r o s i t y  and p e r m e a b i l i t y  

o f  porous media and t o  t h e  o r i e n t a t i o n ,  d e n s i t y  and connect ion o f  f r a c-  

t u r e s .  

Combining E q s .  ( A . l )  and (A.2), we o b t a i n  f o r  1: : 

S 
dC - dN = 41Tr 2 De dr = c o n s t a n t  . 

d t  

The c o n d i t i o n  o f  a p a r t i a l l y  d i f f u s e d  rock  can be o b t a i n e d  by i n t e g r a t -  

i n g  t h e  above e q u a t i o n  from R t o  r : 
C 

C: 
dN f c  dr 2 = mD, 
dt R r 

J c' dCs 

c f  

dN f ' d r  2 = mD, Jc' dCs 

c f  dt  R r 
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o r  

Next,  t h e  c o r e  s i z e  changes w i t h  t i m e .  S ince  dN/dt i s  c o n s t a n t  

on ly  €or  a given s i z e  of c o r e ,  as t h e  core  s h r i n k s ,  dN/dt w i l l  decrease. 

The decrease o f  t r i t i a t e d  water i n .  t h e  c o r e ,  dN , i s  r e l a t e d  t o  d r  by 
C 

( A . 6 )  dN = XC d ( r c  3 ) = 4nCcrc2dr . 3 IC 

Replacing dNA i n  Eq. (A.5) by Eq,. ( A . 6 ) ,  w e  o b t a i n ,  

2 1 1 d. r  
C r (- - --) 7; = De(Cc - Cb) c. c R 

c 

o r  

C c  (5 1 1  - r ) r c 2 d r c  = De(Cc - Cb) d t  . 
C 

I n t e g r a t i n g  from time 0 t o  t i m e  t , we ob ta in :  

.- 

Thus , from Eq. (A.9) , we o b t a i n  thLe fo l lowing  e x p r e s s i o n  f o r  e f f e c t i v e  

d i f f us i v i  t y  : 

C R2[1 - 3(r /R)2 3- 2(rc/R) 3 ] 
- C C - 

De - (A.  10) 

In Eq. (A . lO)  the  e f f e c t i v e  c o r e  r a d i u s  r can  be r e l a t e d  t o  meas- 
C 

u r a b l e  q u a n t i t i e s  through a material ba lance  f o r  t h e  t r i t i a t e d  water. 

The t r i t i a t e d  water e x i s t s  i n  t h r e e  phases  , name1:y c o r e ,  currounding 

f l u i d  , and t h e  l a y e r  between t h e  c o r e  and t h e  surrounding f l u i d .  
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. 

Since  t h e  c o r e  concentra . t ion,  C , is cjonstant and the  e x t e r n a l  
C 

f l u i d  c o n c e n t r a t i o n ,  Cb 

t r i t i a t e d  water i n  t h e  i n t e r m e d i a t e  l a y e r  needs t o  be determined.  The 

d i s t r i b u t i o n  of t r i t i a t e d  wa  tier c o n c e n t r a t  ion  i n s  i d e  t h e  i n t e r m e d i a t e  

l a y e r  can be  ob ta ined  through t h e  material b,alance e q u a t i o n .  The 

pseudo s t e a d y  s ta te  material ba lance  of  t r i t i a t e d  water i n  i n t e r -  

mediate  l a y e r  a t  t i m e  t r e s u l t s  i n  t h e  fo l lowing  equat ion:  

can be measured, on ly  t h e  d i s t r i b u t i o n  of 

3 
dlLC 2 dC -- + - -  = 0 

2 r d r  d r  
(A. 11) 

s u b j e c t  t o  boundary condi t i0n.s  

a t  r = R ,  f Y  c = c  

C = C c ,  a t  r = r  . 
C 

S o l v i n g  E q s .  ( A . l l )  , ( A . 1 2 )  , and ( A . 1 3 ) ,  w e  ob ta in :  

cc - cf  1 RCf .- rcCc  c=-- -+-- 
R .- r 

C 
l / rc  - 1/R r 

The i n i t i a l  amount o f  t r i t i a t e d  water i n  t h e  rock i s  g iven  by 

Ni = $ n R  3 Cc . 

(A. 12) 

(A.  13) 

(A. 14) 

A t  any i n s t a n t  t , t h e  t o t a l  amount o f  t r i t i a t e d  water is  d i s t r i b u t e d  

i n  the  c o r e ,  surrounding f l u i d ,  and porous l a y e r .  The amount i n s i d e  t h e  

c o r e  is 4/3rrrc3C . The amount i n  t h e  surrounding f l u i d  i s  N = C V , 

where V is  t h e  volume of surrounding f l u i d s .  The amount i n  t h e  porous 

l a y e r  can be  ob ta ined  from the  fo l lowing  i n t e g r a t i o n :  

C f f  
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2 N = f C4m d r  
r 

C 

m c c  - C f >  4rr(RCf - r C ) 
c, (R3 - r 3 ,  . l / r c  - 11/R C: 3 ( R  - IC> C 

( R ~  - r 2 )  + - - 

Therefore  t h e  mater:i.al. ba lance  f o r  t r i t i a t e d  water i n  t h e  system can be 

w r i t t e n  as 

2rr(Cc - cf)  2 ( R ~  - r n~ cC = 3 rrr .3~: + cfv + - 
(.. c 1/rc - 1 / R  C 

3 

o r  

3 2n(C C: - C f )  4 ~ c ~ ( R  - r 3, = cfv  + - 
C ( l / r  C: - 1 / R )  

4rr(RCf - rcCc)  ( R 3 - r  3 ) .  +- 3(R - rc) C 

( A .  15) 

( A .  16) 

The above e q u a t i o n  relates the  measurable q u a n t i t i e s ,  C , C f  , R C 

and V , t o  the  e f f e c t i v e  co re  r a d i u s  r f o r  a pseudo s t e a d y  s tate  

model. De , can be c a l c u l a t e d  from Eqs. 

( A . l O )  and ( A . 1 6 )  from known v a l u e s  o f  R , V , C and measuring 

as a f u n c t i o n  o f  time ,, 

C 

The e f f e c t i v e  d i f f u s i v i t y ,  

c f  C 
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APPENDIX B 

DERIVATION FOR EQUATIONS ( 4 .8 )  AND ( 4 . 9 )  

OR EQUATIONS (4.27) ANI3 ( 4 . 2 8 )  

A t r a n s f o r m a t i o n  Z = r*X is in t roduced  i n t o  Eqs. ( 4 . 6 )  and ( 4 . 7 ) ,  

o r  (4 .25)  and ( 4 . 2 6 ) .  A se t  o f  two l i n e a r  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  

w i t h  c o n s t a n t  c o e f f i c i e n t s  are obta ined:  

dY 
d 8* 
.- = 

r*=l 

The i n i t i a l  and boundary c o n d i t i o n s  become: 

1. When W = O  , 

z = o ,  

c * = 1 .  f 

2 .  A t  r* = 1 , 

Z = Y , f o r  e* > O  . 

3 .  A t  r* = 0 , 

Z = O  , f o r  0 * > 0 .  

The Laplace  t r a n s f o r m a t i o n  o f  the above system e q u a t i o n s  and t h e  

i n i t i a l  and boundary c o n d i t i o n s  w i t h  r e s p e c t  t o  86: y i e l d s :  

- d% s z  = -  
dr* 2 '  

- 
s y  - - 1 = - 3 4 2  - .)/ , 

I.*= 1 dr*  

7 9  



s u b j e c t  to:  
- 

1. Z ( S , l )  = Y(s) ; 
- 

2. Z(s ,O)  = 0 . 
- 

Solv ing  E q .  (B.l), Z can  be w r i t t e n  as 

a l  and a are a r b i t r a r y  c o n s t a n t s  and can be  determined through 2 where 

the boundary c o n d i t i o n s .  From E q .  (B.3) and boun’dary c o n d i t i o n  ( 2 ) ,  i t  

can be ob ta ined  that: 

a + a  = O .  1 2  

- 
T h e r e f o r e ,  Z can be  g iven  as: 

Applying E q s .  (B.2) and (B.4) and boundary c o n d i t i o n  (1) , 
determined t o  be  

al can be  

1 a =  1 
2 [ ( s  - 3d s inh(s1l2)  + 3u1l2 C O S ~ ( S ” ~ ) ]  

- 
S u b s t i t u t i n g  a i n t o  E q .  (B.4), Z becomes 1 

- s i n h  (s ‘I2,*) 
[ ( s  - 3w) s inh(s1I2)  + 3 1 s  

Z =  
cos.h(s1/2) 1 

- - 
X can be ob ta ined  through t h e  t r ans format ion  in t roduced ,  X = l/r*(?) , 
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- X(s,r*) = s i n h (  s1’2r*) 

r*[(s - 3w) s inh(s1I2)  + 3 ~ ~ s ” ~  cosh(s1/2)]  

- - s in.h ( s 2r*) /s i n h  6s 
r*[(s - 3 4  + 3us1I2 

- 
The i n v e r s e  Laplace  t ransforms of  X can be  ob ta ined  by means o f  t h e  

r e s i d u e  theory  (Wylie, 1960) : 

(B.6) %(s,r*)) = r e s i d u e  o f  X(s,r*) e s e* 

- 
a t  each  of  i ts p o l e s .  X(s , r*)  h a s  a f i r s t - o r d e r  p o l e  a t  s = 0 . More- 

o v e r ,  X ( s , r * )  h a s  i n f i n i t e l y  many o t h e r  f i r s t - o r d e r  p o l e s ,  namely, t h e  

p o i n t s  where 

- 

s 

where 

n = 1 , 2  ,..., I’ , 

must be n e g a t i v e  i n  o r d e r  t o  be p h y s i c a l l y  f e a s i b l e ,  o r ,  t h e  p o i n t s  

2 , and yn s a t i s f i e s  y c o t  ‘y = 13- y 2 / 3 w  , and,  
= -yn 

a t  s = 0 t h e  r e s i d u e  o f  x(s,r*) e so* is : 

is : SO* , t h e  r e s i d u e  of X ( s , r * )  e 
- 2 a t  s = -yn 

(s  + q, 2 ) sinh(s1I2r*) e s 8JC 

2 r*[ (s - 3w) si.nh(s’/’) + 3 r ~ s ~ / ~ c o s h ( s ~ / ~ )  ] 
1 i m  

s + -  yn 
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- 
Hence, the  i nve r se  Laplace t ransform of X ( s  ,r*) can be ob ta ined  by sum- 

ming the  above r e s idues :  

.--- 
X(Bik , r* )  = g - l @ ( s , r * )  3 = 1 r e s i d u e s  o f  x(s,:r*) e'* a t  each  o f  

i t s  po le s  

W 'n " s i n ( y  n r*) e 2 z -  2 
1 - -. 

sin(./n) [ ( 3 w  + 3) + 'Yn /3wl  
w +  1. +r* - 

n = l  

Y(O*) e q u a l s  X(B*,r*) , when r* = 1 , and can be w r i t t e n  as 

- yn2 e* 
n 
K z  1 

i- Y(0*) = - 
w +  1 1, [ ( 3 w  + 3) -t y */3w] 

12 n= 1 
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APPENDIX C 

DERIVATIONS FOR EQUATION (6.10) 

The mass t r a n s f e r  rate e q u a t i o n  f o r  s e l - f - d i f f u s i o n  o f  t r i t i a t e d  

water from the sphere  t o  t h e  su r rounding  f l u i d  can be r e p r e s e n t e d  by 

where h = t h e  s e l f - d i f f u s i o n  rate of  t h e  t : r i t i a t e d  water from t h e  

sphere  t o  t h e  su r rounding  f l u i d  , h = t h e  mass t r a n s f e r  c o e f f i c i e n t  , 

Cs = t h e  c o n c e n t r a t i o n  o f  t h e  t r i t i a t e d  w a t e r  a t  t h e  i n t e r f a c e  , Ci = 

t h e  i n i t i a l  c o n c e n t r a t i o n  o f  t h e  t r i t i a t e d  water i n s i d e  t h e  sphere  , 

A = t h e  s u r f a c e  area o f  t h e  sphere  , and 

t r  

m 

p f  = t h e  d e n s i t y  o f  t h e  

= 0 , and Cs = Ci . 
‘bulk t r i t i a t e d  water o r  water . A t  t h e  beginning;,  

There fore  , 

ii = h C . A p f  . t r  m 1 

Def in ing  T;t 
t o  t h e  su r rounding  f l u i d ,  and 6 as t h e  s e l f - d i f f u s i o n  rate of the 

water from t h e  su r rounding  f l u i d  t o  t h e  s p h e r e ,  because  it is  a n  exchange 

p r o c e s s ,  = hR . The s e l f - d i f f u s i o n  rabe  o f  t h e  water is l / C i  

t i m e s  g r e a t e r  t h a n  t h e  s e l f - d . i f f u s i o n  ra te  of t h e  t r i t i a t e d  water, be- 

as t h e  s e l f - d i f f u s i o n  rate of t h e  water from the s p h e r e  

R 

cause  on ly  a p o r t i o n  of  t h e  micropore water is l a b e l e d ,  and can be 

r e p r e s e n t e d  by 

The energy t r a n s f e r  rate due t o  % can be expressed  as 

8 3  



4, = %C T = hmAp C T , 
P S  f P S  

while t h e  energy t r a n s f e r  rate due t o  & R can be w r i t t e n  as 

= A C T  = h , A p C T  . 
‘R R p f  f P f  

T h e r e f o r e ,  t h e  n e t  energy t r a n s f e r  rate due t o  self  d i f f u s i o n  can be 

expressed  as 

4 = 4, - 4, = h,Ap C 0 . 
f P  
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APPENDIX D 

DATA OF MASS TRANSFER EXPERIMENT 

Mass T r a n s f e r  Experiment,  Run No. MT-121074 

Tempera tu.re = O C  

= 3250 m a  

= 126.3 g 

'water i n  c y l i n d e r  

'dry b a l l  

'sat d ba 11 = 141 g 

= 14.7 g 'HTO soaked 

= 1.0 i n  = 2.54 cm 

d = 0.214 

8 ,min 

0 
1 2  
20 
30 
40 
53 
64  
90 

121  
15 2 
180 
27 2 
360 
415 
47 5 
5 17  
7 22 

1450 
3305 
4707 
5930 
7418 
8792 

!0175 
11625 
14500 
-8800 

c f ,  c,pm /m R 

21.0 
57.1 
68.6 
81.6 

101.1 
111.4 
131.2 
158.3 
182.4 
212.9 
234.6 
247.2 
334.6 
344.6 
349.8 

440.3 
561.2 
68'7.7 
801.3 
797.0 
886 .O 
881.0 
90.3.0 
926 .O 
926.0 
924.0 

378.2 

-- -- 

S t i r r e r  Speed 2 

c = :t1. cpm/mR 

C f i  = 21 cpm/ma 

5 
'b i 

bg 

= 2.0 x 10 cpm/mJ 

TJ x c  
= -  IlTO soaked b i  = 905 cpm/ma 

CfoD "water in c y l i n d e r  

Cf - C f i  

f C f m  - C f i  
c * =  

Cf*  

0.0408 
0.0539 
0.0686 
0.0906 
0.1020 
0.1250 
0.1550 
0.1830 
0.2170 
0.2420 
0.2560 
0.3550 
0.3660 
0.3720 
0.4040 
0.4740 
0.6110 
0.7540 
0.8830 
0.8780 
0.9790 
0.9730 
0.9980 
1.0200 
1.0200 
1.0200 
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Mass Transfer Experiment, Run No. MI-071775 

Temperature = O C  

= 2250 m a  'water in cylinder 

'dry ba l l  = 154.8 g 

= 143.4 g 'sat Id bal l  

'HTO soaked 

sail = 1.0 in  

= 11.4 g 

= 2.54 

d = 0.166 

Stirrer Speed 2 

C = 11.3 cpim/ml 
bg 

C f i  = 64  cpm/imfi 

'b i = 1.5 x 110' cpm/mA 

- 'HTO soaked 'bi 

'water in cylinder 
- 

- 
C f  = mean of Cf 

'f - ' f i  - cf* = 
C f a -  C f i  

0,min 

0 
13 

22 

32 

42 

52 

63 

240 

335 

1145 

Jial No. 

7 
8 
9 
11 
12 
13 
14 
15 
16 
21 
22 
23 
24 
25 
26 
27 
28 
29 
31 
32 
33 
34 
35 
36 
37 
38 
39 

102.0 
91.6 
91.9 
108.3 
106.9 
107.1 
125.6 
121.1 
123.4 
138.9 
138.7 
137.6 
149.2 
150.1 
170.6 
184.6 
168.1 
165.6 
269.0 
275.1 
293.4 
347.5 
344.0 
339.5 
405.5 
375.8 
405.3 

95 & 6  

107 f 1 

123 f 2 

138 f 1 

157 f 12 

173 f 10 

279 f 13 

344 k 4  

396 f 17 

c cpm/m a 

760 

76 3 

767 

770 

cf* 

0.0445 * 0.010 

0.0618 

0.0848 

0.0965 

0.121 iz0.016 

0.142 f0.013 

0.279 f0.017 

0.369 

0.431 f0.022 

cont. 
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. 

0 ,min 

1650 

4588 

6875 

9950 

1450 

3025 

5765 

7015 

Vial No. 

42 
43 
44 
45 
46 
47 
48 
49 
54 
55 
56 
57 
58 
59 
61 
62 
63 
6 4  
65 
66 
67 
68 
69 

548.8 
591.2 
776.7 
774.1 
744.1 
946.4 
866.5 
869.4 
742.0 
692.0 
785 .O 
887.8 
747.9 
942.1 
858.9 
784.2 
741.0 
816.9 
765.8 
781.1 
762.2 
724.4 
744.0 

- 
C c m/mR f '  

570 f :30 

765 f 118 

894 f 45 

740 f 47 

859 f. :LOO 

794.7 :so 

788 f 26 

744 f I19 

c cpm/m I 

774 

777 

781 

Mass Trans fe r  Experiment, Run No. MT-073175 

Temperature = "IC S t i r r e r  Speed 2 

= 2250 m a  C = 1.1.6 cpm/m.P, 

= 229.3 g 

= 266.4 g 

'water i n  cy l inde r  bg 
C f i  = 30 cpm/m,i?, 

5 
'b i 

'dry b a l l  

'sat d ba 11 = l.50 x 10 cpm/ma 

bI x c  - €IT0 soaked b i  

"water in cy l inde r  
_ -  

cfa, = 37.1 g 'HTO soaked 

- 
f %all = 1.25 i n  = 3.18 cm C f  = mean o f  C 

d = 0.277 

- 
Cf - C f i  

f fa- ' f i  
c * = c :  

cont .  

cf* 

0.654 f0.039 

0.906 kO.023 

1.07 h0.058 

0.870 &0.060 

1.02 f0.129 

0.934 f0.077 

0.927 f0.033 

0.871 f0.024 

con t . 
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B , m i n  

0 
i 5  

27 

48 

180 

260 

47 0 

1250 

2750 

4115 

56 20 

6965 

8410 

9910 

11315 

12715 

14340 

156 15 

C , c p m / m R  f 

172.2 
175.8 
244.0 
245.8 
264.3 
296.3 
298.0 
295.2 
557.6 
570.6 
572.6 
676.3 
669. I. 
692.8 
970.0 
880.7 
905.1 

1531.9 
1624.6 
1411.6 
1854.2 
1955.2 
1832.9 
2099.7 
2057.0 
2063.0 
2239.3 
2321.1 
2159.5 
2281.3 
2290.2 
2373.8 
2364.2 
2320.8 
2080.6 
2689.3 
2560.7 
2628.1 
2506.7 
2415.7 
2341.9 
2737.6 
2517.5 
2652.4 
2634.3 
2610.5 
2539.5 
2435.3 
2344.2 
2477.4 

- 
C c m/mR f’ 

174 * 2 

251 f 11 

297 f 1 

567 i 8 

679 f 12 

919 f 46 

1523 f 107 

1881 f 65 

2073 f 23 

2240 f 81 

2315 f 51  

2255 f 153 

2626 * 6 4  

2421 f 83 

2636 k 111 

2595 k 49 

2419 * 68 

- - 
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C , c p m / m  f cr 

247 3 

2496 

2507 

25 18 

25 30 

2541 

1 

cent. 

Cf* I 
1 

0.0589 

0.0905 f 0.005 

0.218 

0.263 

0.361 f 0 . 0 1 9  

0.603 f 0.043 

0.747 kO.026 

0.825 

0.888 f.O.033 

0.918 5 0 . 0 2 1  

0.894 f 0 . 0 6 2  

1.038 fO.026 

0.956 f.O.033 

1.042 fO.044 

1.022 * 0.020 

0.951 f 0 . 0 2 7  



APPENDIX E 

DATA OF HEAT TRANSFER EXPERIMENT 

Heat T r a n s f e r  Experiment,  Run No. HT-070975-1 -- 

= 23.08"C S t i r r e r  Speed 1 T f i  

= 58.77'C Ts i 

C/sec cIT 0.01 0 

de 100 
- = -  dT - T .) c o r .  = (Tf - Tfi) -k de (Tf f l  

0 ,sec  

- 200 
- 100 

0 
2.9 
5.8 

8 
10.2 
1 3 . 1  

16 
24 
32 
40 
48 

100 
200 
300 
400 
500 

Tf-Tfi ,  "C 

- 0.04 
- 0.03 

0 
0.05 
0.10 
0.13 
0.16 
0.19 
0.22 
0.28 
0.31 
0.36 
0.39 
0.57 
0.63 
0.65 
0.66 
0.67 

(T .-T ) cor. , "C f f i  

0 
0.05 
0.10 
0.13 
0.16 
0.19 
0.22 
0.28 
0.31 
0.36 
0.39 
0.56 
0.61 
0.62 
0.62 
0.62 

Tf* 

0.0000 
0.0806 
0.161 
0.210 
0.258 
0.307 
0.355 
0.452 
0.500 
0.581 
0.629 
0.903 
0.984 
1.000 
1.000 
1.000 

l-(l/cu + 1) Yf* 

1.000 
0.918 
0.836 
0.787 
0.719 
0.689 
0.639 
0.541 
0 * 491 
0.409 
0.361 
0.0812 
0.00079 

c 
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Heat T r a n s f e r  Experiment, Run No. HT-070975-2 

= 24.08OC Stirrer Speed 1 
T f i  

T = 58.59"C s i  

I 

0,sec 

- 200 
- 100 

0 
2.9 
5.8 

8 
10.2 
13.1 

16 
24 
32 
40 
48 

100 
200 
300 
400 
500 

T -T "C f f i '  

- 0.04 
- 0.03 

0 
0.06 
0.11 
0.14 
0.17 
0.20 
0.22 
0.28 
0.32 
0.37 
0.39 
0.57 
0.60 
0.62 
0.63 
0.64 

(T -T  ) c o r .  , "C 
f f i  

0 
0.06 
0.11 
0.14 
0.17 
0.20 
0.22 
0.28 
0.32 
0.37 
0.39 
0.56 
0.58 
0.59 
0.59 
0.59 

'zlf - T f i  

'f* =?ii - T f i  

-- 
Tf* -- 

0.000 
0.102 
0.186 
0.237 
0.288 
0.339 
0.373 
0.475 
0.542 
0.627 
0.661 
0.949 
0.983 
1.000 
1.000 
1.000 - 

l - ( l / w  + 1) Yf* 

1 .o 
0.897 
0.810 
0.759 
0.707 
0.655 
0.621 
0.517 
0.448 
0.363 
0.328 
0.0345 
0.00057 
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Heat T r a n s f e r  Experiment,  Run No. HT-062475 

= 2 1 . 1 1 O C  S t i r r e r  Speed 2 T f i  

'r = 58.91"C s i  

(Tf - T ) cor. f i  

T f a , -  Tfi 
Tf* = 

0,sec  

- 200 
- 100 

0 
2.2 
4.5 
6.8 
9 . 1  

13.6 
18.2 
22.7 
29.5 
38.6 
47.7 
100 
ZOO 
300 
400 
500 

Tf'Tf Y "c 

- 0.05 
- 0.04 

0 
0.05 
0.10 
0.15 
0.19 
0.25 
0.29 
0.33 
0.37 
0.41 
0.45 
0.56 
0.64 
0.66 
0.67 
0.68 

(Tf-Tfi)  c o r . ,  O C  

0 
0.05 
0.10 
0.15 
0.19 
0.25 
0.29 
0.33 
0.37 
0.41 
0.45 
0.55 
0.62 
0.63 
0.63 
0.63 

Tf* 

0.00 
0.0794 
0.159 
0.238 
0.302 
0.397 
0.460 
0.524 
0.587 
0.651 
0.714 
0.873 
0.984 
1..  000 
1.. 000 
1.. 000 

l - ( l / w  + 1) Ff: 

1.00 
0.919 
0.838 
0.758 
0.693 
0.597 
0.532 
0.467 
0.404 
0.338 
0.274 
0.112 
0.0004 
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Heat T r a n s f e r  Experiment,  Run No. HT-070975-3 

0,sec 

- 200 
- 100 

0 
2.9 
5.8 

8 
10.2 
1 3 . 1  

16 
24 
32 
40 
48 

100 
200 
300 
400 
500 

I 

= 25.Ol0C f i  S t i r r e r  Speed 3 

= 58.7 2 O C  Ts i 

dT dT 0.01 o c I s e c  
(Tf - T .) c o r .  = (Tf - Tfi) +de - 9  - = -- 
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