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Heat Transfer in Porous Media with 

Fluid Phase Changes 
ai 

i 

- Ho-Jeen Su 

Abstract 

In heat transfer in partially liquid saturated porous 

media, a so-called "Heat Pipe Effect" may be observed. 

Experimental measurements,of thermal conductivity of such 

systems may be strongly affected by the presence of this- 

phenomenon. The heat pipe effect could greatly increase 

the heat transfer capacity of a porous medium by virtue of 

latent heat exchange. 

A one-dimensional experimental apparatus was built to 

study the heat pipe phenomenon. Basically, it consists of 

a 25 cm long, 2.5 cm I.D. Lexane tube packed with Ottawa 

sand. The two ends of the tube were subjected to different 

temperatures, i":e., one above the boiling temperature and 

the other below. The tube was well insulated so that a 

uniform one-dimensional heat' flux could pass through the 

sand pack. Presence of the heat pipe phenomenon was con- 

firmed by the temperature and saturation profiles of the sand 

* 

pack at the final steady state condition. A one-dimensional 

steady state theory to describe the experiment has been 

developed which shows the functional dependence of the heat 

pipe phenomenon on liquid saturation gradient, capillary 
b 

i 



pressure, permeability, fluid viscosity, latent heat, heat 

flux and gravity. 

Influence of the heat pipe phenomenon on wellbore heat 

losses was studied by use of a two-phase two-dimensional 

cylindrical coordinate computer model. A finite difference 

scheme was developed to solve a set of partial differential 

equations describing the process. The numerical results 

using different formation property parameters are presented. 

For shallow formations, the heat pipe effect could increase 

the wellbore heat losses by up to 50 percent compared with 

heat conduction alone. The heat pipe phenomenon is not 

likely to occur n deep formations where the higher forma- 

tion pressure will prevent development of a two-phase 

region. 
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CHAPTER I .  IKTRODUCTIOK 
kd 

I n  ear l ier  work, Gomaa and Somerton (1) o b s e r v e d  t h a t  

t h e  .apparent thermal  c o n d u c t i v i t y  of p a r t i a l l y  l i q u i d  

s a t u r a t e d  sand  can be s e v e r a l  times l a r g e r  t h a n  for f u l l y  

l i q u i d  s a t u r a t e d  sand .  F i g u r e  1.1 shows t h e  e x p e r i m e n t a l  

resu l t s  from a comparator a p p a r a t u s  which was described 

i n  Gomaa's d i s se r t a t ion  ( 2 ) .  The lower c u r v e  of t h e  

f i g u r e  represents t h e  measured v a l u e s  of t h e  e x p e r i m e n t s  

i n  which t e m p e r a t u r e  s e t t i n g s  were below t h e  b o i l i n g  con- 

d i t  i o n .  Therefore t h e  t e s t .  s amples  main ly  i n c l u d e d  a i r  

and w a t e r ,  t h e  vapor  e x i s t e d  o n l y  for  t h e  p a r t i a l  vapor  

p r e s s u r e  of t h e  thermodynamic e q u i l i b r i u m .  

hand ,  when t h e  t e m p e r a t u r e  s e t t i n g s  of t h e  expe r imen t  

were raised t o  t h e  range above t h e  b o i l i n g  t e m p e r a t u r e ,  

. t h e  t r e n d  of t h e  e x p e r i m e n t a l  r e s u l t s  was g rea t ly  changed 

- 
s 

On t h e  other  

as shown by t h e  uppe r  c u r v e .  

Gomaa and Somerton a p p l i e d  t h e  so-called "heat p ipe  

concept in p o r o u s  media" (3) t o  e x p l a i n  t h e  difference 

wo sets of e x p e r i m e n t a l  r e s u l t s .  As shown 

i n  F i g u r e  , a core sample rated w i t h  water is 

I 
u b j e c t e d  t o  two d i f f e r e n t  t e m p e r a t u r e s ,  one above t h e  

b o i l i n g  t e m p e r a t u r e  and  t h e  other below. Suppose t h a t  a 
- 

e g u l a t o r  is i n s t ' a l l e d  at  t h e  ottom s u r f a c e  t o  

allow f l u i d  f l o w  o u t  of t h e  s y s t e m ,  G r a d u a l l y  some water 

w i l l  be d i s p l a c e d  by t h e  vapor  generated near t h e  h o t  

u s u r f a c e ,  t h e n  t h e  core sample becomes a wa te r -vapor  
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s a t u r a t e d  porous s y s t e m .  The water and t h e  vapor are n o t  

s e p a r a t e d  i n t o  d i s t i n c t  zones ,  b u t  bo th  of t h e  phases  are 

d i s t r i b u t e d  through t h e  e n t i r e  porous s y s t e m .  I n s i d e  t h e  

po re  space t h e  water is  t h e  w e t t i n g  phase and is a d j a c e n t  

t o  t h e  s o l i d  s u r f a c e  and i n  t h e  f i n e  pore spaces .  The 

vapor phase  is t h e  non-we t t ing  phase and is i n  t h e  c e n t e r  

of t h e  larger po re  space The vapor t ends  t o  t r a v e l  

towards t h e  c o l d  s u r f a c e  by a vapor p r e s s u r e  g r a d i e n t  and 

condenses there. I n  t h e  o p p o s i t e  direct ion,  t h e  water is 

brought i n t o  t h e  vapor zone by  t h e  c a p i l l a r y  force due t o  

a l i q u i d  s a t u r a t i o n  g r a d i e n t .  Thus, i n  a d d i t i o n  t o  heat 

conduct ion ,  a large amount of t h e r m a l  e n e r g y  is t r a n s -  

p o r t e d  b y  v i r t u e  of l a t e n t  h e a t  exchange. T h i s  e x p l a i n s  

t h e  increase of t h e  apparent  t h e r m a l  c o n d u c t i v i t y  f o r  a 

water-vapor porous s y s t e m .  

Heat t ransfer  by  t h e  above means can be impor tan t  i n  

t h e  c a l c u l a t i o n  of we l lbo re  h e a t  losses from steam 

i n j e c t i o n  o r  geothermal p roduc t ion  w e l l s .  I t  may also be 

important  i n  geothermal r e s e r v o i r  s i m u l a t i o n ,  t h e r m a l  

enhanced o i l  r ecove ry ,  heat d i s s i p a t i o n  from n u c l e a r  

waste disposal s t o r e d  i n  water b e a r i n g  fo rma t ions ,  under- 

ground storage of h o t  f l u i d s  from power p l a n t s ,  or other 

thermal p r o c e s s e s  i n v o l v i n g  l i q u i d  s a t u r a t e d  porous  media. 

The purpose of t h i s  s t u d y  is t o  g a i n  a f u r t h e r  

unde r s t and ing  of t h e  heat p i p e  phenomenon i n  porous  media 

and t o  g i v e  a q u a n t i t a t i v e  a n a l y s i s  of its magnitude. A 

one dimensional  experiment w a s  des igned  t o  measure t h e  

Lt 

t 

t empera ture  and s a t u r a t i o n  p r o f i l e s  of a 25.4 c m  l o n g ,  



5. 

5.08 c m  i n  diameter sand  pack. This experiment is 

des igned  t o  confirm t h e  heat pipe phenomenon i n  a long 

t u b e  and i n v e s t i g a t e  t h e  p r i n c i p a l  mechanism. Based on 

b/ 
I 

t h e  mass balance p r i n c i p l e  and D a r c y ' s  l aw,  a s imple  

a n a l y t i c  equa t ion  w a s  obtained for  a s teady s ta te ,  l i n e a r  

porous s y s t e m .  The numerical r e s u l t s  o b t a i n e d  u s i n g  t h e  

equa t ion  were compared w i t h  exper imenta l  data. 

A l l  of t h e  app l i ca t ions  are t r a n s i e n t  and mul t i -  

dimensional  problems. Thus a set of s imul taneous ,  

coupled pa 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  f o r  e n e r g y ,  

momentum, and c o n t i n u i t y  n e e @ t o  be ved. The re  is 

no g e n e r a l  s o l u t i o n  for  a l l  of t h e  p o s s i b l e  a p p l i c a t i o n s ,  

and t h e  we l lbo re  heat losses problem was selected as an 

example t o  i l l u s t r a t e  t h e  methodology of t h e  numerical  

s i m u l a t i o n  which  i n c l u d e s  t h e  heat pipe phenomenon i n  

porous media. 

, 

. -  

Y 

The s ignif icance of t h e  heat p i p e  

shown from t h e  numerical r e s u l t s .  
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CHAPTER 11. ONE DIMENSIONAL STEADY STATE THEORY 

11.1. L i t e r a t u r e  Review 

The heat p i p e  concept w a s  first in t roduced  by 

Grover,  Cotter and Er ickson  ( 4 )  who s t u d i e d  t h e  behav io r  

of very h i g h  conductance sys t ems .  A s  i l l u s t r a t e d  i n  

F ig .  2 .1 ,  a heat p i p e  is u s u a l l y  a s l ende r  p i p e  l i n e d  

on t h e  i n s i d e  s u r f a c e  w i t h  a l i q u i d  s a t u r a t e d  wick  of 

very h i g h l y  porous and permeable material. 

channel  i n  t h e  c e n t e r ,  surrounded b y  t h e  w i c k ,  is for  t h e  

vapor passage .  The p i p e  is  d iv ided  i n t o  t h r e e  s e c t i o n s :  

e v a p o r a t o r ,  adiabatic section, and condenser. The 

l i q u i d  is evapora t ed  i n  t h e  e v a p o r a t o r  s e c t i o n  which is 

h e a t e d  b y  an  e x t e r n a l  sou rce .  The vapor t r a v e l s  t o  t h e  

condenser  s e c t i o n  cooled by  an  e x t e r n a l  heat s i n k  and 

The hol low 

condenses there. The c a p i l l a r y  force r e t u r n s  t h e  con- 

densate t o  t h e  evapora t ion  s e c t i o n  and t h e  cycle con- 

t i n u e s .  The adiabat ic  s e c t i o n  l i e s  be tween t h e  o t h e r  

s e c t i o n s  and is  i n s u l a t e d .  Many i n v e s t i g a t o r s  have 

worked on app ly ing  t h e  heat p i p e  concept and improving 

its performance. Some r e p r e s e n t a t i v e  works  were by 

Cotter ( 5 ) ,  Tien ( 6 ) ,  and Sun ( 7 ) .  

The ear l ier  research work on thermal  behav io r  of 

porous  systems which d i s p l a y  c a p i l l a r y  phenomena probably  

started a t  least  f i f t y  y e a r s  ago i n  t h e  f i e l d  of S o i l  

Sc ience .  Boyoucos ( 8 ) ,  Winterkorm ( 9 ) ,  and T a y l o r  and 

Li 

Carazza (10) concluded t h a t  moi s tu re  movement i n  porous 



c 
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Figure 2.1 Schematic diagram of the heat pipe. 
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media under  a tempera ture  g r a d i e n t  can be coupled w i t h  

t h e  local  evapora t ion  and condensat ion c o n d i t i o n s .  

L iqu id  can be evapora ted  i n t o  vapor  a t  a w a r m e r  pa r t ,  

and vapor w i l l  move towards t h e  colder p a r t  due t o  d i f -  

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

S imul taneous ly ,  there is l i q u i d  flow by  a c a p i l l a r y  

d r i v i n g  force associated w i t h  a moi s tu re  c o n t e n t  

g rad ien t .  

The q u a n t i t a t i v e  a n a l y s i s  of t h e  above phenomenon 

h a s  been developed through many d i f f e r e n t  approaches at  

l a te r  t i m e s .  Following t h e  convent iona l  way ,  P h i l i p  and 

de V r i e s  (11) and de V r i e s  ( 1 2 )  combined D a r c y ' s  l a w  for  

l i q u i d  flow, F i c k ' s  l a w  for  gas d i f f u s i o n  f l o w ,  F o u r i e r ' s  

l a w  for  heat  conduct ion ,  and t h e  mass balance and energy  

balance r e l a t i o n s  t o  o b t a i n  a set  of 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  i n  g e n e r a l  form. T h i s  approach h a s  inc luded  

t h e  p re sence  of a i r .  O t h e r  researchers, such  as Valchar 

( 1 3 ) ,  Cary ( 1 4 ) ,  and Hansen , B r e y e r  and Riback (15) ,  have 

tackled t h i s  problem from t h e  non-equi l ibr ium thermo- 

dynamics v iewpoin t .  In  some a p p l i c a t i o n s  , t h e y  can 

s i m p l i f y  t h e  set of fo rce - f lux  r e l a t i o n s  by Onsager 

r e c i p r o c a l  r e l a t i o n s  o f  phenomenological c o e f f i c i e n t s  

and mass and energy conse rva t ion  l a w .  Hansen, Breyer  

and Riback (15) have a p p l i e d  t h i s  t echn ique  t o  a l i n e a r  

s t e a d y - s t a t e  thermal c o n d u c t i v i t y  measurement process and 

a s imple  l i n e a r  equa t ion  w a s  o b t a i n e d :  

J = L  V R n T  
q 99 

(2 .1)  ' c 
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where J refers t o  heat ' f l u x ,  L is t h e  phenomenological 

C o e f f i c i e n t  and 0 an T is t h e  d r i v i n g  force. From t h e  

exper imenta l  r e s u l t s ,  t h e y  observed t h a t  t h e  same va lue  

of L w a s  o b t a i n e d  for  t h e  same va lues  of tempera ture  

and l i q u i d  con ten t  i n  d i f f e r e n t  exper iments  even though 

t h e  tempera ture  and l i q u i d '  g rad ien ts  are d i f f e ren t .  This 

s u p p o r t s  t h e  v a l i d i t y  of 'Eq. ( 2 .1 ) .  Furthermore,  it 

i m p l i e s  t h a t  t h e  t o t a l  heat f l u x ,  t h e  sum of conduct ive  

heat t r a n s f e r  and la tent  h e a t  t r a n s p o r t ,  can be c a l c u l a t e d  

w i t h  t h e  known phenomenological c o e f f i c i e n t  and tempera ture  

9 99 
'c, 

99 
0 

d 

p r o f i l e .  However, t h e  v a l u e s  of t h e  phenomenological co- 

eff ic ients  are t h e  characterist ics of t h e  porous s y s t e m s  

and must be e m p i r i c a l l y '  determined. 

Gomaa ( 2 )  proposed 'both  a macroscopic model and  a 

microscopic model for  a n a l y s i s  of a s t e a d y  s ta te  l i n e a r  

vapor-water porous system, a n d ' t h e  fo l lowing  s o l u t i o n  w a s  

o b t a i n e d  for both models: 

where 'iii is t h e  average mass evapora t ion  or Condensation 

ate,  h fg  is t h e  l a t e n  d L is t h e  l e n g t h  of t h e  

system: ' T  and Ts denote t h e  local t empera tu re  and s a t u r a -  

t i o n  t empera tu re  - a 9 is p o r o s i t y  and Sv is vapor s a t u r a t i o n .  

apor s a t u r a t i o n " '  is e f i n e d  as t h e  pe rcen tage  of t h e  
~ p o r e  space  occupied  by t h e  vapor phase.  ' 'A  is t h e  the rma l  

c o n d u c t i v i t  i f  t h e r e  were ho h e a t  p i p e  e f f e c t ,  wh i l e  

r e p r e s e n t s  ' t h e  c o n t r i b u t i o n  of t h e  heat p ipe  effect  

'cs . In  t h e  above 
AaP t o  t h e  apparent  thermal  c o n d u c t i v i t y ,  
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d e r i v a t i o n  t h e  fo l lowing  assumptions were made: 

1. The vapor and water t empera tu res  are d i f -  

ferent a t  t h e  same c r o s s  s e c t i o n .  

2 .  The local evapora t ion  o r  condensat ion rate 

is l i n e a r  along t h e  l e n g t h  o f  t h e  porous 

s y s t e m .  

3. The v a r i a t i o n  of vapor s a t u r a t i o n  throughout  

t h e  porous system is neg lec t ed ,  i . e . ,  t h e  

local vapor s a t u r a t i o n  e q u a l s  t h e  average 

va lue  o f  vapor s a t u r a t i o n  o f  t h e  ent i re  

system. 

4 .  The the rma l  c o n d u c t i v i t y  o f  vapor is assumed 

n e g l i g i b l e ,  and t h e  e n e r g y  balance is o n l y  

a p p l i e d  t o  t h e  l i q u i d - s o l i d  ma t r ix .  

5 .  T o t a l  heat  f l u x  = -XVT is assumed a t  t h e  e n d  

p o i n t s ,  i . e . ,  t h e  phase change e f fec t  a t  these 

p o i n t s  is neglected. 

Obviously,  these assumptions are o v e r l y  s i m p l i f i e d .  

Gomaa a l s o  r a n  regression a n a l y s i s  fo r  t h e  expe r i -  

mental  r e s u l t s  of t h e  thermal  c o n d u c t i v i t y  measurements 

of p a r t i a l l y  l i q u i d  s a t u r a t e d  c o r e  samples. H e  o b t a i n e d  

a c o r r e l a t i o n  formula for  t h e  heat p i p e  e f f e c t  i n  terms 

of average  l i q u i d  s a t u r a t i o n  of t h e  core sample,  a b s o l u t e  

p e r m e a b i l i t y ,  v i s c o s i t i e s  of vapor and l i q u i d  p h a s e s ,  

l a t e n t  h e a t  and p o r o s i t y .  Note t h a t  t h e  d r i v i n g  force of 

t h e  heat p i p e  effect is t h e  c a p i l l a r y  p r e s s u r e  g r a d i e n t  

due t o  t h e  l i q u i d  s a t u r a t i o n  grad ien t  b u t  is n o t  i n c l u d e d  . 

i n  t h e  c o r r e l a t i o n  formula. In  t h e  absence of c a p i l l a r y  
I 

LI 

i 



p r e s s u r e  and l i q u i d  s a t u r a t i o n  grad ien t  from t h e  a n a l y s i s ,  

t h e  above c o r r e l a t i o n  formula is probably  o n l y  v a l i d  for  

p r e d i c t i o n  of t h e  heat p ipe  e f f e c t  i n  p a r t i a l l y  l i q u i d  

W 

s a t u r a t e d  core Gamples i n  t h e  s p e c i f i c  appa ra tus .  

However, it does g i v e  t h e  o r d e r  of importance of  many of 

t h e  v a r i a b l e s  involved  i n  t h e  p rocess .  

11.2. Mechanism of Heat P i p e  Phenomenon 

1 The fo l lowing  d i s c u s s i o n  is restricted t o  t h e  case 

of a one-dimensional  porous s y s t e m  i n  which  t h e  s t eady  

s ta te  heat p i p e  effect  is  o c c u r r i n g .  The main mechanism 

of t h e  h e a t  p i p e  phenomenon i n  a one-dimensional porous 

s y s t e m  is t h e  counter f low o f  t h e  l i q u i d  and its vapor.  

F igu re  2 . 2  shows a conceptua l  c o n f i g u r a t i o n  of a two- 

phase system i porous  media. The vapor is generated a t  

t h e  zone where a t empera ture  h i g h e r  t han  o r  equa l  t o  t h e  

b o i l i n g  tempera ture  e x i s t s ,  and t h e n  t h e  vapor t r ave l s  

towards t h e  c o l d e r  zone by a vapor p r e s s u r e  gradient .  

This vapor p r e s s u r e  g r a d i e n t  can r e s u l t  from a t empera tu re  

gradient  i n  t h e  mixing zone, a l though t h e  t e n p e r a t u r e  

g r a d i e n t  may be very  small. !€he vapor w i l l  condense a t  

e i n t e r s e c t i o n  between t nd  t h e  l i q u i d  zones.  

A t  t h e  same t i m e ,  t h e r e  is a counter f low of l i q u i d  due t o  

a l i q u i d  p r e s s u r e  gradient.  The existence of t h e  l i q u i d  

p r e s s u r e  g r a d i e n t  w i l l  be exp la ined  later i n  t h i s  s e c t i o n  

f f  

P 

i 

i n  d i s c u s s i o n  o f  t h e  c a p i l l a r y  p r e s s u r e  concept .  Note 

he  f l u i d  flow d i s c u s s e d  above is also i n f l u e n c e d  

by t h e  g r a v i t y .  To i n c l u d e  t h e  g r a v i t y  effect ,  t h e  
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p r e s s u r e  g r a d i e n t ,  VP, shou ld  be r e p l a c e d  b y  ,(VP - p i ) .  

The fo l lowing  assumptions and r e s t r i c t i o n s  are needed 

b e f o r e  a n y  f u r t h e r  d i s c u s s i o n  of t h e  heat p i p e  phenomenon 

i n  porous media: 

L, 

,l. 

2 .  

, 3. 

There is no a i r  p r e s e n t  i n  t h e  porous sys t em.  

Only a s i n g l e  working l i q u i d  and  its vapor 

e x i s t  i n  t h e  pore  s p a c e s , s u c h  as water and 

water vapor.  

The porous s t r u c t u r e  is homogeneous. The 

p o r o s i t y  and a b s o l u t e  pe rmeab i l i t y  are assumed 

t o  be. uniform (throughout t h e  system. 

The- f l u i d  f l o w  rates, t empera tu re ,  p r e s s u r e  

and  l i q u i d  saturation are uniform ove r  t h e  same 

c r o s s  s e c t i o n .  For  example, t h e r e  are no 

l i q u i d  i s l a n d s  i n  a p a r t i a l l y  l i q u i d  s a t u r a t e d  

zone. 

The l i q u i d  is t h e  w e t t i n g  phase and  i t s  vapor 

is t h e  non-wetting phase.  

4 .  

es are assumed to be continuous 

in t h e  mixing zone. 

The flow p a t h s  

5 

- 

s f low rates for  

t h e  t w o  phases  must be equa l  b u t  o p p o s i t e  i n  

d i r e c t i o n  i n  o r d e r  t o  s a t i s f y  t h e  mass u 
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conse rva t ion  1 a w  

ml = m 
A 

v 
- - - m  

W 

The f l u i d  f l o w  r a t e s  f o r  both phases are 

assumed t o  be small enough t o  be w i t h i n  t h e  

l amina r  flow region. Thus Darcg's law can  

be a p p l i e d  t o  both phases .  

I n s i d e  t h e  porous s y s t e m  t h e  s o l i d  material 

h a s  t h e  same tempera ture  as t h e  f l u i d  phases. 

There  is no heat transfer a c r o s s  t h e  interface 

of t h e  s o l i d  material and t h e  f l u i d  phases. 

For a ' p a r t i a l l y  l i q u i d  s a t u r a t e d  porous media, t h e r e  

is a c a p i l l a r y  p r e s s u r e  between t h e  two phases :  

- - 
'c - 'non-wet t i n g  'wet t i n  g 

.I -I 

= P v - P w  = o ( - + g )  I 
I 

r, L L 

where u is t h e  i n t e r f a c i a l  t e n s i o n  between t h e  two 

phases ,  and r1 and r2 are t h e  p r i n c i p a l  r a d i i  of curva- 

t u r e  o f  t h e  interface.  The r a d i i  w i l l  be determined b y  

t h e  water c o n t e n t  i n  t h e  porous  medium, therefore,  t h e  

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

Two phase f l o w  i n  porous media is associated w i t h  t h e  

thermodynamics of curved s u r f a c e .  

assumed t o  be i n  thermodynamic e q u i l i b r i u m ,  t h e n  t h e y  

e x i s t  a t  t h e  same tempera ture  b u t  a t  d i f f e r e n t  p r e s s u r e s .  

As shown i n  F ig .  2.3, Keenan (16) d i s c u s s e d  t h a t  b o t h  

t h e  water p r e s s u r e  and t h e  vapor p r e s s u r e  a t  e q u i l i b r i u m  

If t h e  two phases  are 



W 

. .  . .  

Vapor Phose 

Inf e r f oce 

- 
Wafer Phose 

Figure 2 . 3  Configuration of thermodynamic 
equil ibrium at  a curved surface  
( 1 6 )  
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c o n d i t i o n s  w i l l  be lower than  f o r  t h e  case o f  a f l a t  

s u r f a c e  i f  t h e  i n t e r f a c e  between t h e  t w o  phases  is 'a 

concave s u r f a c e  towards t h e  water phase. Thus, t h e  

water p r e s s u r e  w i l l  decrease s u b s t a n t i a l l y  as t h e  water 

s a t u r a t i o n  decreases. The effect on t h e  vapor p r e s s u r e  

is no t  as great s i n c e  t h e  vapor d e n s i t y  is n e g l i g i b l e  

compared w i t h  t h e  water d e n s i t y .  Usual ly  t h e  vapor 

p r e s s u r e  lower ing  effect is n e g l e c t e d  u n l e s s  t h e  water 

s a t u r a t i o n  is lower t h a n  t h e  so-called " i r r e d u c i b l e "  

va lue  a t  which t h e  c a p i l l a r y  p r e s s u r e  becomes very  large.  

D a r c y ' s  l a w  w a s  extended t o  mult i -phase f low i n  o i l  

reservoirs by bluskat and Meres (17) , a n d  it  has been 

adopted f o r  a water-vapor flow s y s t e m  such as i n  t h e  

geothermal energy a p p l i c a t i o n .  Based o n  D a r c y ' s  l a w ,  

t h e  mass f l o w  rates fo r  t h e  f l u i d  phases can be c a l c u l a t e d  

b y  t h e  fol lowing e q u a t i o n s :  

where K = a b s o l u t e  p e r m e a b i l i t y ,  

kv,kw = re la t ive  p e r m e a b i l i t i e s ,  

p = p r e s s u r e ,  

p = d e n s i t y ,  

w = k inemat i c  v i s c o s i t y ,  

x = distance i n  v e c t o r  form. 
h 

Values of r e l a t i v e  permeabilities, f r a c t i o n s  o f  t h e  

a b s o l u t e  p e r m e a b i l i t y ,  used i n  t h e  above e q u a t i o n s ,  are 

ii 
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U 
determined e m p i r i c a l l y .  Although r e l a t i v e  p e r m e a b i l i t i e s  

are f u n c t i o n s  of p r e s s u r e ,  t empera ture  and l i q u i d  s a t u r a -  

t i o n ,  t h e i r  v a l u e s  are u s u a l l y  expressed  as f u n c t i o n s  of 

l i q u i d  s a t u r a t i o n  only .  

I n  petroleum e n g i n e e r i n g ,  t h e  " i r r e d u c i b l e  water 

s a t u r a t i o n "  is d e f i n e d  as t h e  water s a t u r a t i o n  a t  which 

t h e  water flow becomes n e g l i g i b l e .  For t h e  vapor phase ,  

t h e  "cr i t ical  gas s a t u r a t i o n "  is de f ined  i n  t h e  same 

manner.  I n  t h i s  work these s a t u r a t i o n  va lues  are d e f i n e d  

as t h e  v a l u e s  a t  which t h e  d i s c o n t i n u i t y  is developed. 

For  example, t h e  water flow due t o  a water p r e s s u r e  

, g r a d i e n t  is  no t  l i k e l y  i f  t h e  water i n  t h e  pore  spaces  

is n o t  i n t e r c o n n e c t e d <  

There is a. l a c k  o f  r e l a t i v e  pe rmeab i l i t y  d a t a  f o r  

t h e  water-vapor - s y s t e m .  I n  geothermal r e s e r v o i r  a n a l y s i s ,  

. t h e  d a t a  f o r  .a gas-water o r  gas-oil s y s t e m  are used fo r  

a water-vapor s y s t e m .  Chen ,  Counsi l  and Ramey (18) have 

r e p o r t e d  a large d i f f e r e n c e  ' i n  r e l a t i v e  p e r m e a b i l i t y  

v a l u e s  between. an a i r -wa te r  system and a vapor-water 

system fo r  t h e  same porous s t r u c t u r e  Furthermore,  t h e  

r e l a t i v e  p e r m e a b i l i t y  v a l u e s  are e m p i r i c a l l y  determined 
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and t h e  l i q u i d  zone. The fo l lowing  argument is n o t  

r i g o r o u s l y  v e r i f i e d  and shou ld  o n l y  be viewed as a 

poss ib le  exp lana t ion  o f  t h e  phenomena o c c u r r i n g  i n  

these zones.  The water t ranspor ted  through t h e  mixing 

zone e v a p o r a t e s  as i t  e n t e r s  t h e  supe rhea ted  vapor  zone. 

I t  is  assumed t h a t  t h e  e v a p o r a t i o n . o c c u r s  a t  t h e  i n t e r -  

face between t h e  supe rhea ted  zone and t h e  mixing zone. 

The evapora t ion  i n c r e a s e s  t h e  vapor p r e s s u r e  i n s i d e  t h e  

supe rhea ted  zone due t o  t h e  difference between t h e  

specif ic  volumes of t h e  t w o  phases, caus ing  some of t h e  

vapor t o  f l o w  i n t o  t h e  mixing zone. The above becomes a 

s teady  s ta te  p r o c e s s  i f  t h e  e x i t  p r e s s u r e  is h e l d  c o n s t a n t .  

The w a t e r  s a t u r a t i o n  i n  t h e  supe rhea ted  zone may become 

equal  t o  z e r o  o r  t o  some va lue  below t h e  i r r e d u c i b l e  

water s a t u r a t i o n .  Hence heat convect ion b y  water move- 

men t  i n  t h e  vapor zone is n o t  p o s s i b l e .  Heat convec t ion  

b y  vapor movement is assumed t o  be very  small compared 

t o  heat conduct ion i n  t h e  vapor zone. Rad ia t ion  can be 

neglected i f  t h e  tempera ture  is less t h a n  4OO0C ( 1 9 ) .  

The re fo re ,  heat conduct ion is t h e  dominant heat t r a n s f e r  

mechanism i n  t h e  supe rhea ted  zone. Thus t h e  t empera tu re  

p r o f i l e  in t h e  supe rhea ted  zone w i l l  be a s t r a igh t  l i n e .  

This may be observed  from t h e  exper imenta l  r e s u l t s  shown 

in Fig .  3.3 and Fig .  3.5. A similar argument c a n . b e  

a p p l i e d  t o  t h e  l i q u i d  zone. If t h e  ho t t e r  s u r f a c e  is 

n o t  a t  t h e  t o p  of t h e  system, some s t r o n g  n a t u r a l  con- 

v e c t i o n  motion may be induced i n  t h e s e  t w o  zones.  T h i s  

t h e n  becomes a two-dimensional problem which is n o t  

. 
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c ons ide red  a t  t h i s  t i m e .  
W 

11.3. Development of One-Dimensional Steady State Theory 

Based on t h e  assumptions and arguments i n  t h e  above 

.( s e c t i o n ,  a s imple equa t ion  can be d e r i v e d  for  t h e  heat 

p i p e  effect i n  a one-dimensional s t e a d y  s t a t e  s i t u a t i o n .  

The f o l l o w i n g  t h e o r y  is o n l y  for  t h e  mixing zone p o r t i o n  

of a porous s y s t e m  which  mag a l s o  i n c l u d e  a supe rhea ted  I 

vapor zone and a l i q u i d  zone. 

c 

Combining E q s .  (2.3) through (2 .6)  and s i m p l i f y i n g  

g i v e s  : 

T h i s  is t h e  governing. flow equa t ion  f o r  t h e  heat p i p e  

effect  ' i n c  a l i n e a r ,  closed porous s y s t e m  i n  t h e  absence 

of a i r ,  and i t  i l l u s t r a t e s  t h e  f u n c t i o n a l  r e l a t ionsh ip  

between heat p i p e  effect  an -parameters  such 8s permea- 

b i l i t y ,  v i s c o s i t i e s ,  c a p i l l a r y  p r e s s u r e ,  and g r a v i t y .  

-.If the capil lary pressure is assumed,to be a 

f u n c t i o n  of l i q u i d  s a t u r a t i o n  o n l y ,  t hen  

(2 .8)  
dS 

V I S  d& 
-- g ( P w - P v ) l  

n m =  

P 

@C where (x) is t h e  cap i l la ry  p r e s s u r e  gradient w i t h  
S - . r e s p e c t  t o  s a t u r a t i o n  a t  a c e r t a i n  va lue  of s a t u r a t i o n .  

) + &pw-pv)]  1 d; (2.9) 

U 
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o r  

where b and a can be any two a r b i t r a r y  p o i n t s  w i t h i n  t h e  

heat p i p e  phenomenon r eg ion .  

I f  t h e  mass f l o w  rate is s p e c i f i e d  and a l l  t h e  

f l u i d  p r o p e r t i e s  are known, t h e  l i q u i d  s a t u r a t i o n  

p r o f i l e  can be c a l c u l a t e d  from Eq. (2.8) provided  t h a t  

one of t h e  boundary v a l u e s  of l . iqu id  s a t u r a t i o n  is 

given.  Under t h e  same c o n d i t i o n s ,  Eq. (2 .10)  i m p l i e s  

t h a t  t h e  l e n g t h  of t h e  two-phase mixing zone can be 

e v a l u a t e d  i f  t h e  s a t u r a t i o n  v a l u e s  a t  t h e  two end 

p o i n t s  are g iven .  

If t he re  is no o r  very  small t empera tu re  g r a d i e n t  

i n  t h e  h e a t  p i p e  phenomenon r e g i o n ,  as shown i n  t h e  

exper imenta l  d a t a  of t h e  next  Chapter ,  t hen  t h e  h e a t  

f l u x  can be p r e d i c t e d  from t h e  fo l lowing  a n a l y s i s :  

I n t e g r a t i n g  Eq. ( 2 . 8 )  over  t h e  en t i r e  l e n g t h  of t h e  

mixing zone g i v e s :  

(2 .11)  

where c and d denote  t h e  end p o i n t s .  Assuming there is 

' no h e a t  l o s s  from t h i s  l i n e a r  system, then  t h e  h e a t  f l u x  

w i l l  be c o n s t a n t  through t h e  system as w i l l  t h e  vapor 

i 



and water mass f l u x e s .  Thus, 

kd 

(2 .12 )  

c 

e-, 

where L i s  t h e  t o t a l  l e n g t h  of t h e  mixing zone. The 

average mass f l u x  is  E and Q is t h e  heat f l u x .  

first term i n  t h e  r igh t -hand side of t h e  above equa t ion  

is always a p o s i t i v e  v a l u e ,  bu t  t h e  s i g n  o f  t h e  second 

term depends on t h e  r e l a t i v e  d i rec t ion  between g r a v i t y  

and heat f l u x .  For a given l e n g t h  of t h e  mixing zone,  

t h e  maximum heat f l u x  w i l l  be expec ted  i f  g r a v i t y  is 

o p p o s i t e  i n  direct ion t o  heat f l u x  and t h e  s a t u r a t i o n  

v a l u e s  a t  t h e  end p o i n t s  are a t  i r r e d u c i b l e  w a t e r  and 

c r i t i ca l  gas s a t u r a t i o n s .  On t h e  o ther  hand, t h e  h e a t  

f l u x  wouldbe e l i m i n a t e d  i f  t h e  two terms i n  t h e  r i g h t -  

hand s ide were t o  cancel each o ther .  T h i s  is n o t  l i k e l y  

t o  occur  i n  real s y s t e m s .  

The 

The above equation may be u s e f u l  fo r  a f u l l y  porous 

heat p i p e  d e s i g n ,  i . e . ,  no hollow channel  between t h e  

wick l i n i n g .  For example, i f  t h e  h e a t  flux, t h e  l eng th  

of t h e  heat p ipe ,  and t h e  f l u i d  properties i n  t h e  porous  

medium are s p e c i f i e d ,  t h e n  t h e  s a t u r a t i o n  v a l u e s  a t  both 

ends  can be estimated b y  a t r i a l  and error t echn ique  

u s i n g  Eq. (2 .12 ) .  The s a t u r a t i o n  p r o f i l e  can t h e n  be 

calculated from Eq .  ( 2 . 8 ) .  The amount of l i q u i d  t o  be 



con ta ined  i n s i d e  t h e  p i p e  can t h u s  be c a l c u l a t e d .  

The above a n a l y s i s  is rest r ic ted t o  t h e  s imple 

l i n e a r  s teady s t a t e  case. Othe r  a p p l i c a t i o n s  of t h e  

heat p i p e  phenomenon i n  porous media r e q u i r e  s o l u t i o n  

of a set  of 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  as described 

i n  Chapter I V .  

i 
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d i s t r i b u t i o n  and l i q u i d  s a t u r a t i o n  d i s t r i b u t i o n  i n s i d e  

t h e  core sample which data are needed for a thorough 

i n v e s t i g a t i o n  of t h e  h e a t  i p e  phenomenon i n  porous media. 

CHAPTER I I I .  ONE-DIiMEXSIOEAL EXPERIMENT 

111.1. Prev ious  Experimental  Work 

Gomaa ( 2 )  has made a number o f  measurements of t h e  

the rma l  c o n d u c t i v i t y  of p a r t i a l l y  l i q u i d  s a t u r a t e d  porous 

media w i t h  d i f f e r e n t  s a t u r  n g  f l u i d s  such as b r i n e ,  

heptane  and Stoddard  s o l v e n t .  A schematic diagram of 

t h e  s tack used i n  t h e  exper imenta l  appa ra tus  is shown i n  

F ig .  3.1. Two standards i t h  known thermal  c o n d u c t i v i t y  

v a l u e s  are used t o  measure t h e  f l u x  through t h e  

system. According t o  F o u r i e r ’ s  law, t h e  t h e r m a l  con- 

d u c t i v i t y  o f  t h e  c o r e  can be c a l c u l a t e d  by d i v i d i n g  t h e  

heat f l u x  b h e  Gat io  of t h e  t e r a t u r e  d i f f e r e n c e  

across t h e  core and t h e  h e i g h t  of t h e  c o r e .  Th i s  expe r i -  

I 

m e n t  does n o t  p rov ide  informat ion  on t h e  tempera ture  

Hansen,  Breyer  and Riback (15) used  t h e  X-ray method 

t o  de termine  l i q u i d  s a t u r a t i o n  d i s t r i b u t i o n  a long  a core 

sample. Thermocouples recorded t h e  t empera tu res  w i t h i n  

- . t h e  porous media a t  q u a r t e r  i n c h  i n t e r v a l s  along a 

t w o  i n c h  t h i c k  c o r e  sample. O n e , s e t  of Idata was p r e s e n t e d  

.r as shown i n  Fig. 3.2 from an’exper iment  on glass beads a t  

61 p e r c e n t  average  water s a t u r a t i o n  and 1.82 atm. t o t a l  

gas p r e s s u r e ,  The gas phase  inc luded  bo th  a i r  and water 

vapor .  Note t h a t  t h e  system p r e s s u r e  is above t h e  
W 
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apparatus (2) 



25. 

. 



s a t u r a t i o n  p r e s s u r e  at  t h e  maximum sys tem t empera tu re ,  

hence t h e  evapora t ion  ra te  at  t h e  w a r m e r  par t  is n o t  

very h igh .  The heat p i p e  phenomenon o c c u r s  even though 

t h e  s y s t e m  tempera ture  w a s  w e l l  below. t h e  cor responding  

b o i l i n g  tempera ture .  The reason fo r  t h i s  can be exp la ined  

as fo l lows .  The vapor concen t r a t ion  is h i g h e r  a t  t h e  

w a r m e r  p a r t ,  t h u s  t h e  vapor d i f f u s e s  i n t o  t h e  colder 

p a r t .  Nhen t h e  p a r t i a l  vapor p r e s s u r e  a t  t h e  colder 

par t  exceeds t h e  s a t u r a t i o n  p r e s s u r e  o f  water a t  t h e  

local t empera tu re ,  t h e n  some vapor w i l l  condense there. 

On t h e  o ther  hand,  when t h e  p a r t i a l  vapor p r e s s u r e  at t h e  

w a r m e r  par t  is lower t h a n  t h e  local s a t u r a t i o n  p r e s s u r e  

va lue  due t o  t h e  fact t h a t  some vapor d i f f u s e s  i n t o  t h e  

colder p a r t ,  t h e n  some water w i l l  evapora t e .  

R e c e n t l y  Kar and Dybbs (19) a l s o  observed  t h e  h e a t  

p i p e  e f f e c t  d u r i n g  measurement of appa ren t  t he rma l  con- 

d u c t i v i t y  of f u l l y  and p a r t i a l l y  s a t u r a t e d  metal w i c k s .  

F igu re  3.3 is a t y p i c a l  example of t h e  s t e a d y  s t a t e  

t empera tu re  p r o f i l e  o f  t h e  one-dimensional  wick  s y s t e m .  

The heat p i p e  phenomenon is c l e a r l y  shown b y  t h e  f l a t  

t empera tu re  p r o f i l e  at  t h e  vapor-water t r a n s i t i o n  zone.  

The above exper imenta l  r e s u l t s  have shown t h e  

e x i s t e n c e  of t h e  heat p i p e  phenomenon. The t y p e s ’ o f  

porous  media used i n  t h e  las t  t w o  exper iments  are n o t  

s imi l a r  t o  t h e  porous  media found i n  n a t u r a l  underground 

systems.  Also many characteristics of t h e  porous media, 

such as c a p i l l a r y  p r e s s u r e  and r e l a t i v e  p e r m e a b i l i t i e s ,  

26. 
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were n o t  p r e s e n t e d  in t h e i r  papers. Hence ,  f u r t h e r  
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a n a l y s i s  for  n a t u r a l  porous media s y s t e m s  based on t h e i r  

exper imenta l  r e s u l t s  is l i m i t e d .  I n  o r d e r  t o  make a 

comparison between a n a l y s i s  and  exper iment ,  t h e  fol-  

l o w i n g  exper imenta l  work w a s  cons ide red  t o  be necessa ry .  

111.2. Experimental  Apparatus 

F igu re  3 .4  shows t h e  c o n f i g u r a t i o n  of t h e  e x p e r i -  

m e n t a l  appa ra tus .  I t  c o n s i s t s  of a 25 c m  l o n g ,  5.08 c m  

I .D . ,  7 c m  O . D . ,  h o l l o w  c y l i n d r i c a l  Lexane t u b e  packed 

w i t h  unconso l ida t ed  Ottawa sand. The tempera ture  d i s -  

t r i b u t i o n  w a s  measured at t h e  center of t h e  t u b e  by  

chromel-alumel thermocouples and p r o v i s i o n s  f o r  measuring 

s a t u r a t i o n  .va lues  were provided  b y  e lectr ical  resistance 

measurements b e t w e e n  p a i r s  of s i l v e r - c o a t e d  copper 

electrodes p l a c e d  o n  t h e  i n n e r  w a l l  of t h e  t u b e .  Holes 

about 1 . 5  mm d iameter  were d r i l l e d  through t h e  w a l l  of 

t h e  Lexane t u b e  f o r  t h e  passage  o f  sheathed thermo- 

couples  and electrodes. A s e a l a n t  w a s  used t o  form a 
* 

s t rong  bond and seal t h e  clearance between t h e  i n s e r t e d  

leads and t h e  Lexane tube .  I n  a d d i t i o n ,  a s i l i c o n  

rubber  sealant was a p p l i e d  around t h e  holes on t h e  o u t e r  

s u r f a c e  of t h e  tub ing .  The f l e x i b i l i t y  of t h e  s i l i c o n  

rubbe r  sealant can s t o p  p o s s i b l e  leaks from t h e  j o i n t s  

o f  t w o  materials w i t h  d i f f e r e n t  thermal  expansion coef -  

f i c i e n t s  if t h e  exper imenta l  p r o c e s s  is  c a r r i e d  o v e r  a 

, l a r g e  t empera tu re  range. 
~ 

* 
Eccobond 104, Emerson & Cuming,  Inc .  

ii 
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The sand  packed t u b e  was mowted  between two f i r e d  
** 

Lava s t a n d a r d s  of known thermal  c o n d u c t i v i t y  ( 2 . 1 1  

W/m-OC a t  12OoC)  which are used t o  measure t h e  heat 

f l u x .  The f i r e d  Lava s t anda rds  of c i r c u l a r  d i s c  shape ,  

5 . 0 8  c m  i n  diameter and 1.61 c m  t h i c k n e s s ,  were p l a c e d  

n c o n c e n t r i c  r i n g s  made of a polyimide r e s i n  ( V e  
9 SP1) w i t h  o u t s i d e  diameter o 0 .2  c m .  Two s t a i n l e s s  

s teel  thermocouple p l a t e s  were mounted on both sides o f  

t h e  s t a n d a r d s .  V i t o n  0 r i n g s  were used i n  grooves on 

both of t h e  two e n d  s u r f a c e s  of t h e  t u b e  t o  p r o v i d e  

l i q u i d  seals.  A h y d r a u l i c  p r e s s  w a s  used t o  apply  

500 p s i  a x i a l  compression t o  t h e  entire s tack for  t h e  

purpose of g i v i n g  good thermal  contact and p r e v e n t i n g  

leaks  between t h e  s tandards and t h e  t u b e  end  s u r f a c e s .  

l k o  sets of h e a t i n g  c o i l s ,  of 800 wat ts  each, were 

embedded w i t h i n  two copper c y l i n d e r s  located above and 

below t h e  stack. The heaters are coupled w i t h  two 

tempera ture  sensors and tempera ture  c o n t r o l l e r s  so t h a t  

c o n s t a n t  t empera tu res  can be set  a t  t h e  t w o  e n d s  of t h e  

t u b e .  Radial heat losses from t h e  t u b e  t o  t h e  su r -  

roundings  are minimized b y  p l a c i n g  a guard heater 

assembly between t h e  i n n e r  and o u t e r  i n s u l a t i o n s .  The 

i n n e r  i n s u l a t i o n s  consis t  of 1.5 c m  t h i c k  calcium 

s i l ica te  ( A  = 0.06 W/m-OC a t  100°C) and 1.5 c m  t h i c k  

f i b e r  glass  ( A = O . O 5  W/rn-'C). The o u t e r  i n s u l a t i o n  is 

2 . 5  c m  t h i c k  f iber  glass. The Lexane t u b e  i t se l f  is a 

N a t u r a l  S tone ,  Grade A ,  Aluminum S i l i c a t e ,  American 
Lava Corp. 

** 

'DU Pont Company. 
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W 
good i n s u l a t o r  (1 = 0.17  N'/m-°C). 

assembly h a s  two h e a t i n g  co i l s  wound on two ceramic 

semi -cy l ind r i ca l  s e c t i o n s  w i t h  v a r i a b l e  spac ing  and 

t h r e e  small tape h e a t e r s .  Each heater has  i t s  own 

Variac c o n t r o l l e r  so a t  t h e  guard tempera ture  may be 

a d j u s t e d  t o  f i t  t h e  sand pack tempera ture  p r o f i l e  

c l o s e l y .  

The guard heater 

The pore f l u i d  p r e s s u r e  was c o n t r o l l e d  b y  a back- 

p r e s s u r e  r e g u l  r w i t h  t h e  range of  0-6 p s i g ,  which w a s  

connected t o  t bottom i n l e t  o f  t h e  Lexane tube .  A 

used t o  measure t h e  p r e s s u r e  

d i f f e r e n c e  between top  and bottom end p o i n t s  of t h e  sand 

/16" O.D. w a s  used t o  

connect t h e  d i f f e r e n t  components. 

111.3. Experimental  Procedure 

Two d i f f e r e n t  grain-size O t t a w a  s a n d s ,  20-28 mesh 

. and 65-100 mesh ,  were chosen f o r  t h e  porous media, I n  

3 packing  t h e  tubes ,  a p l a s t i c  r i n g  was placed on t o p  o f  

t h e  t u b e  and '100  p s i  a x i a l  compression was appl ied  t o  t h e  

. sys t em.  The sand  was s lowly  poured through an 'opening on 

t h e  s ide of t h e  p l a s t i c  r i n g  i n t o  t h e  tube.  As t h e , s a n d  

2 w a s  b e i n g  added, a compressed-air  d r iven  v ibra tor  w a s  

p l a c e d  a g a i n s t  t h e  w a l l  o f - t h e  tube t o  v i b r a t e  t h e  pack 

for e f f e c t i v e  packing  The u s u a l  p lunge r  packing p r o c e s s  
- 

was nQt  used t o  avoid  damaging or  r e l o c a t i n g . t h e  Ahermo- 

coup les -  i n s i d e  t h e  tube .  After t h e  packing was complete ,  

t h e  p o r o s i t y  was c a l c u l a t e d  88 bs 



32. 

mass of sand  packed 
(volume o f  empty tub ; ) (dens i ty  of sand)  @ = 1 -  

After packing ,  t h e  p l a s t i c  r i n g  w a s  removed and replaced 

by t h e  t o p  s tandard  holder.  The s y s t e m  w a s  again p l a c e d  

under 500 p s i  a x i a l  compression. 
\ 

For l i q u i d  s a t u r a t i n g  t h e  sand  pack ,  a vacuum pump 

was attached t o  t h e  top  of t h e  t u b i n g ,  w h i l e  t h e  lower 

end  o f  t h e  t u b i n g  w a s  connected t o  a vacuum gauge t o  

measure t h e  degree of vacuum. Unfo r tuna te ly ,  there w a s  

d i f f i c u l t y  i n  o b t a i n i n g  sa t i s fac tory  vacuum even a f te r  

t e n  hours  o f  o p e r a t i o n .  (The degree of vacuum achieved  

was about 3 & H g . )  

i n  t h e  s y s t e m  and t h e  small diameter o f  t h e  o u t g a s s i n g  

tub ing .  With  some vacuum i n  t h e  system, deaerated b r i n e  

Th i s  is probably due t o  minute l e a k s  

(2000 ppm K C E )  w a s  flowed i n t o  t h e  s a n d  pack through t h e  

lower t u b i n g  a t  a f l o w  ra te  of about 10 cc /min .  The 

va lve  on t h e  t o p  t u b i n g  w a s  c l o s e d  u n t i l  t h e  b r i n e  

reached t h e  top s u r f a c e .  The i n i t i a l  l i q u i d  s a t u r a t i o n  

w a s  c a l c u l a t e d  by measuring t h e  n e t  amount of water t h a t  

flowed i n t o  t h e  t ube .  

After s a t u r a t i n g  t h e  sand  pack,  a p e r m e a b i l i t y  t es t  

w a s  run by app ly ing  a c o n s t a n t  water head between t h e  two 

end  s u r f a c e s  of t h e  tube .  The a b s o l u t e ,  p e r m e a b i l i t y  w a s  

c a l c u l a t e d  by use  of D a r c y ' s  l a w .  

The test w a s  s tarted by s e t t i n g  t h e  t empera tu re  

c o n t r o l l e r s  so t h a t  both ends  of t h e  t u b e  reached t h e  

desired tempera tures .  The tempera ture  a t  t h e  h o t t e r  

s i d e  w a s  between 122OC and 100°C, and t h e  t empera tu re  
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a t  t h e  colder s ide was specified b e t w e e n  100°C and t h e  

u ambient tempera ture .  Due t o  t h e  d e n s i t y  difference 

between vapor and w a t e r ,  some b r i n e  is  d i s p l a c e d  from 

t h e  t u b e  as t h e  r e s u l t  o f  phase changes.  The back 

* p r e s s u r e  r e g u l a t o r  s e t t i n g  was kept  a t  a cons tan t  va lue  

s l i g h t l y  above atmospheric  p r e s s u r e .  The amount of d i s -  

p l a c e d  b r i n e  w a s  Iceasured by a c a l i b r a t e d  c o l l e c t i o n  t u b e  

located a t  t h e  ou t le t  of t h e  r e g u l a t o r .  I t  u s u a l l y  took 

t e n  hours  t o  achieve  s t e a d y  s t a t e  c o n d i t i o n s  which could  

e a s i l y  be observed by t h e  conti.nuous r e c o r d i n g  of 

t empera tu res .  Each experiment ended when t h e  s t eady  

s t a t e  c o n d i t i o n  w a s  reached. Sometimes t h e  tempera ture  

c o n t r o l l e r s  for  b o t h  e n d  s u r f a c e s  were reset t o  start 

a n o t h e r  experiment .  A f t e r  completion of t h e  t e s t ,  t h e  

was weighted t o  check t h e  mass ba lance .  

erimental R e s u i t s  

peaking ,  t h e  pe r imen t s  were q u i t e  

s u c c e s s f u l .  The ' h e a t  p i p e  ph omenon can be e a s i l y  

achieved  and t experiment a1 r e s u l t s  were q u i t e  

r e p r o d u c i b l e .  

F i  xperiments  were carried o u t  f o r  t h e  d i f -  

f e r e n t  tempera ture  s e t t i n g s  a t  t h e  t w o  end s u r f a c e s  as 

shown i n  Table 3.1. S i n c e  similar r e s u l t s  were o b t a i n e d  
4 

* from t h e  exper iments ,  only f o u r  t y p i c a l  sets of expe r i -  

m e n t a l  r e s u l t s  are p r e s e n t e d  h e r e .  Two sand-grain 

sizes, 20-28 mesh and 65-100 mesh,  were used.  For 

F i g s .  3.5 through 3 .7 ,  t h e  ho t te r  s u r f a c e  was on t h e  
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Table 3.1 L i s t  of experimental tests 

T e s t  Date Grain Temperature se t t ings  
N o .  s ize  at 

(mesh) top-bottom s u r f a c e s  
(OC) 

1 Mar. 15 20-28 92.8- 43.9 

2 Mar. 15 20-28 105.7- 47.8 i 
3 Mar. 16 20-28 

4 Mar. 16 20-28 

115.7- 46.9 

113.3- 80.1 

5 Mar. 23 20-28 74.3-107.6 

6 May 15 -20-28 119.7- 68.9 

7 May 16 20-28 122.2- 84.1 

8 Apr. 7 65-100 112.6- 58.2 

9 Apr. 8 65-100 108.1- 60.4 

10 Apr. 8 65-100 108.5- 87.4 

11 Apr. 9 65-100 116.9- 61.4 

12 Apr. 10 65-100 58.5-105.9 

13 Apr. 30 65-100 89.6- 43.3 

14 May 3 65-100 112.1- 86.7 

15 Dec. 3 65-100 117.7- 70.6 

1 

Lt 
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top end.  For Fig.  3.8, t h e  c o l d e r  t empera tu re  w a s  a t  

t h e  top  of t h e  t ube .  

F igu re  3.5 shows t h e  t empera tu re  p r o f i l e  f o r  t h e  

large grain-size O t t a w a  sand  sample. The  two s t r a i g h t  

l i n e  p o r t i o n s  of t h e  p r o f i l e  imply t h a t  conduct ion is 

t h e  o n l y  heat transfer mechanism i n  these two zones.  

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

can  be c a l c u l a t e d  from t h e  measured heat f l u x  and t h e  

tempera ture  grad ien t .  The c a l c u l a t e d  va lue  of 3.3 

W/m-OC is i n  good agreement w i t h  100 pe rcen t  l i q u i d  

s a t u r a t i o n  va lue  from Fig. 1.1. The c a l c u l a t e d  t h e r m a l  

c o n d u c t i v i t y  i n  t h e  vapor zone agrees w i t h  t h e  v a l u e  i n  

Fig.  1.1 a t  10 percent l i q u i d  s a t u r a t i o n .  A possible  

exp lana t ion  f o r  t h i s  is t h a t  some supe rhea ted  water is 

h e l d  w i t h i n  t h e  s m a l l e r  p o r e s  by s u r f a c e  t e n s i o n  and 

adso rp t ion .  T h i s  is i n  agreement w i t h  t h e  o b s e r v a t i o n s  

of Calhoun, Lewis and Newman (20) who r e p o r t e d  t h a t  t h e  

e q u i l i b r i u m  vapor p r e s s u r e  of water i n  porous media 

decreases as t h e  l i q u i d  s a t u r a t i o n  decreases. 

Be tween  t h e  vapor zone and  t h e  l i q u i d  zone is t h e  

mixing zone i n  which water is  evapora t ed  a t  t h e  i n t e r -  

s e c t i o n  w i t h  t h e  vapor zone and t h e  vapor so gene ra t ed  

is condensed w i t h i n  t h e  mixing zone. The e x i s t e n c e  of 

vapor a t  a t empera tu re  below its b o i l i n g  p o i n t  is due t o  

t h e  p re sence  of a s m a l l  amount of a i r  i n  t h e  sys tem.  In  

a l l  t h e  exper iments ,  t h e  i n i t i a l  a i r  s a t u r a t i o n  of t h e  

sand packs r anges  from 2 p e r c e n t  t o  15 p e r c e n t  even 

though t h e  vacuum s a t u r a t i o n  procedure w a s  appl ied.  

.’ 
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Figure  3.6 shows t h e  tempera ture  p r o f i l e  of t h e  

smaller g r a i n - s i z e  O t t a w a  sand  sample.  The r e s u l t s  are 

q u i t e  d i f f e r e n t  from t h e  p rev ious  case. There w a s  n o  

s e p a r a t e  vapor zone i n  t h e  f ine -g ra ined  sand pack as i n  

t h e  p rev ious  case shown i n  F ig .  3.5. T h i s  is because t h e  

larger c a p i l l a r y  p r e s s u r e  g r a d i e n t  of t h e  smaller grain- 

size sand b r ings  t h e  water r i g h t  up t o  t h e  t o p  s u r f a c e  of 

t h e  sand pack. The mixing zone i n  t h i s  case h a s  a large 

p o r t i o n  without  any tempera ture  change i n  which t h e  l a t e n t  

h e a t  exchange is t h e  o n l y  heat t r a n s f e r  mechanism. The 

h e a t  p i p e  phenomenon is obvious  as shown i n  t h i s  f i g u r e .  

The apparent t h e r m a l  c o n d u c t i v i t y  may be d e f i n e d  as: 

hap = QL/AT 

where AT is t h e  tempera ture  d i f f e r e n c e  between t h e  t w o  end 

p o i n t s  o f  a sand  pack,  L is t h e  l e n g t h  o f  t h e  t u b e  and Q is 

t h e  h e a t  f l u x .  The apparent  thermal  c o n d u c t i v i t y  of t h e  

small grain-size sand pack can be c a l c u l a t e d  as 3.4 W/m-OC 

wnich is cons ide rab ly  h i g h e r  t h a n  i ts  f u l l y  l i q u i d - s a t u r a t e d  

va lue  of 2.6  W/m-'C. Expressed i n  ano the r  way, f o r  t h e  same 

s e t t i n g  o f  end tempera tures  ( 1 1 7 . 7 O C  - 70.6OC) t h e  h e a t  

f l u x  for t h e  small g r a i n  size sand  pack w i t h  h e a t  p i p e  

phenomenon w a s  1 .28  w a t t s  compared t o  0.97  wat t s  f o r  t h e  

f u l l y  l i q u i d  s a t u r a t e d  sand pack. 

F i g u r e  3.7 shows t h e  tempera ture  p r o f i l e  for t h e  

smaller g r a i n - s i z e  sand pack,  b u t  w i t h  d i f f e r e n t  tempera- 

t u r e  s e t t i n g s  at  t h e  two ends  ( l l O o  and 8 6 . 5 O C ) .  The 

iJ 

t empera tu re  r e a d i n g s  i n d i c a t e  t h e  presence  of some 
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supe rhea ted  steam i n  t h e  t o p  p o r t i o n  of t h e  tube .  T h i s  

also means  t h e  i r r e d u c i b l e  water s a t u r a t i o n  w a s  reached 

a t  t h e  t op  s u r f a c e .  The h e a t  p ipe  phenomenon e x i s t s  o v e r  

W 

a greater l e n g t h  than  t h e  las t  test .  The apparent con- 
e 

d u c t i v i t y  i n c r e a s e s  t o  11.7 PF/m-OC and t h e  heat f l u x  t o  

2.21 w a t t s .  
d 

In Fig .  3.8, t h e  ho t te r  tempera ture  w a s  set a t  t h e  

bottom. The tempera ture  p r o f i l e  shows a s h o r t  heat p i p e  

zone (wi thout  a tempera ture  g rad ien t ) . ”  I n  t h i s  case , 

g r a v i t y  e n h a n c e s  t h e  heat p ipe  effect  b y  a s s i s t i n g  t h e  

water f l o w  back t o  t h e  h o t t e r  s u r f a c e .  

Unfo r tuna te ly  , t h e  r e s i s t i v i t y  measurements for  

l i q u i d  s a t u r a t i o n  de te rmina t ion  were o n l y  q u a l i t a t i v e l y  

s u c c e s s f u  The r e s i s t i v i t y  readings i n  t h e  mixing zone 

were errat ic  m a k i n g  i t  imposs ib le  t o  e v a l u a t e  t h e  local 

s a t u r a t i o n  va lues .  However, t h e  in te rsec t ion  between t h e  

l i q u i d  zone and t h e  mixing zone w a s  clearly i n d i c a t e d  b y  a 

ten-fold or greater difference i n  t h e  r e a d i n g s  as shown i n  

Fig. 3.9. Chen (21) made t h e  following comments h i s  

ation: “The r e s i s t i v i t y  method can be used t o  

.gas  o r  o i l  s a t u r a t i o n  i n  gas-water or  oil-water 

by u s i n g  conduct ive  water, is method 

i t ‘ u s e f u l  for bo i l ing  steam-water f l o w  experiments .  

n drawback is t h a t  t h e  e lectr ical  c o n d u c t i v i t y  of 

e as t h e  water starts t o  bo i l .  

Consequent ly ,  t h e  change of l i q u i d  s a t u r a t i o n  w i l l  t e n d  t o  

be masked by changing water c o n d u c t i v i t y .  I’ 
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W 
111.5. Comparisons of T h e o r e t i c a l  Development w i t h  

Experiment a1 R e s u l t s  

The exper imenta l  r e s u l t s  shown i n  F ig .  3.6 f o r  t h e  

f ine -g ra ined  sand pack w e r e  used t o  c a l c u l a t e  t h e  s a t u r a -  

t i o n  p r o f i l e  from t h e  numerical  s o l u t i o n  o f  Eq. ( 2 . 8 )  

u s i n g  t h e  t h i r d - o r d e r  Runge-Kutta method, 

= Si + 7 Ax ( a l + 4 a 2 + a  ) 
'i+l 3 

where S = l i q u i d  s a t u r a t i o n  

Ax = g r i d  size 

a1 = f ( S i )  

"2 = f ( S i + -  2 "1) Ax 

a3 = f ( Si + 2Axa2 - Axal) 

The r e l a t i v e  
fg '  

The mass f l u x  m w a s  o b t a i n e d  from m = Q / h  

p e r m e a b i l i t y  v a l u e s  kv,kw were c a l c u l a t e d  from t h e  Corey 

equa t ion  (22 )  as fo l lows :  

* (l-B12(1-B2) ( 3 ; l )  
V 

(3.3) 

d water s a t u r a t i o n s ,  

v e r s u s  s a t u r a t i o n  
c 

c e n t r i f u g a l  

method) and w a s  r e p r e s e n t e d  by t h e  fo l lowing  r e g r e s s i o n a l  

I f ormul a : 
- .  



Pc = (72.7-607. 3xSw+2494. 6xSw2-5556xSw3+6842xSw4-4359xS, 5 

+ 1 l l l . lXSw6) /1033.6  

where Pc is i n  a t m .  

o b t a i n e d  from an air-water s y s t e m .  Details  o f  t h i s  

c e n t r i f u g a l  method of de te rmining  Pc a r e  c lear ly  d e s c r i b e d  

by Cas to r  ( 2 3 ) .  

Note t h a t  t h e  above formula w a s  

4 4 .  

Based on t h e  above measurement, t h e  i r r e d u c i b l e  water 

and gas  s a t u r a t i o n s  were assumed t o  be  10 pe rcen t  and 

4 percen t  r e s p e c t i v e l y ,  t h e n  t h e  Runge-Kutta r e s u l t s  were 

o b t a i n e d  as shown i n * F i g .  3.10. The volume o f  w a t e r  d i s -  

p l aced  i n  t h i s  experiment w a s  47 .3  cc compared w i t h  a 

c a l c u l a t e d  v a l u e  of  5 5 . 7  cc. T h i s  d i f f e r e n c e  is probably  

due t o  t h e  use  o f  sand  p r o p e r t y  d a t a  from an a i r - w a t e r  

s y s t e m  s ince  d a t a  f o r  a steam-water s y s t e m  were not  

a v a i l a b l e .  Clien, Counsi l  and Ramey (15) have r e p o r t e d  a 

d i f f e r e n c e  i n  r e l a t i v e  p e r m e a b i l i t y  cu rves  between an a i r -  

water s y s t e m  and a steam-water s y s t e m .  The c a p i l l a r y  

p r e s s u r e  d a t a  o b t a i n e d  from experiment  is a l s o  f o r  an 

air-water s y s t e m .  

Another way t o  compare t h e  exper imenta l  r e s u l t s  w i t h  

t h e o r y  is t o  run  t h e  two-phase computer program d e s c r i b e d  

in Chapter  I V  f o r  t h e  same i n i t i a l  and boundary c o n d i t i o n s .  

F igu re  3.11 shows comparisons between numerical r e s u l t s  and 

exper imenta l  d a t a  a t  d i f f e r e n t  t i m e  s t e p s .  The f i n a l  s t e a d y  

s ta te  r e s u l t  is  shown i n  F ig .  3.12. 

A l l  t h e  comparisons show good agreement between e x p e r i -  

I mental r e s u l t s  and t h e  theoretical development and also 

I, 

L 
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demonstrate  t h e  v a l i d i t y  of t h e  two-phase computer program 

developed la te r  i n  t h i s  work. Presence  of t h e  h e a t  p ipe  

phenomenon i n  a l o n g  sand  packed t u b e  is  confirmed through 

t h e  experiment .  The assumption t h a t  there is a very  small 

tempera ture  grad ien t  i n  t h e  heat p ipe  zone is confirmed by 

t h e  tempera ture  r ead ings .  

U 
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CHAPTER I V .  NUhERICAL SIMULATION OF 

WELLBORE HEAT LOSSES 

I V .  1. I n t r o d u c t i o n  

I n  t h e  case of steam i n j e c t i o n  o r  geothermal produc- 

t i o n ,  there is t ransfer  of heat between t h e  f l u i d  i n s i d e  

t h e  wellbore and t h e  sur rounding  formation due t o  t h e  

tempera ture  d i f f e r e n c e  between t h e  f l u i d  and  t h e  format ion .  

S e v e r a l  a u t h o r s  (24 ,25 ,26 )  have presented niathemat i c a l  

models, bu t  a l l  of them c o n s i d e r  on ly  heat conduct ion t o  

c a l c u l a t e  h e a t  10s from t h e  we l lbo re  i n t o  t h e  formation. 

A t  depths n o t  o f a r  from t h e  s u r f a c e ,  t h e  tempera ture  

around t h e  wellbore can exceed t h e  b o i l i n g  tempera ture  of 

po re  f l u i d s  depending 

Under these condi t ions,  t h e  heat p i p e  nomenon described 

in Chapter  I11 may occur  i n  the-format sur rounding  t h e  

wellbore. Th 

e local format i o n  p r e s s u r e .  

ase changes.  

In  order t o  s 

- 
where changes fr 

many a u t h o r s  ha  I 

The p r e s s u r e s  and s a t u r a t i o n s  were c a l c u l a t e d  s imul t aneous ly  u 
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from mass balances u s i n g  Newtonian i t e r a t i o n  on non- 

l i nea r i t i e s  o c c u r r i n g  i n  t h e  accumulation terms. The 

energy equa t ion  is s o l v e d  s e p a r a t e l y  by  n o n - i t e r a t i v e  

app l i ca t ion  of t h e  AD1 procedure .  The mass b a l a n c e  and 

energy  ba lance  e q u a t i o n s  were coupled by  v i r t u e  of t h e  

condensat ion term, which can be estimated i n  a s p e c i a l l y  

d e r i v e d  m a n n e r  f o r  use  i n  s o l u t i o n  o f  t h e  mass ba lances .  . 

In  general, S u t t e r  avoided t h e  e x c e s s i v e  computer t i m e  o f  

completely s imul taneous  s o l u t i o n s  a t  t h e  expense of a 

small error. 

Mercer and Faust  (28 )  developed a two-dimensional 

(areal)  two-phase geothermal model u s i n g  a so-called 

Galerk in  f i n i t e  e l e m e n t  ‘ formulat ion i n  space  and f i n i t e  

d i f f e r e n c e  formula t ion  for t i m e .  They chose p r e s s u r e  and 

en tha lpy  as dependent v a r i a b l e s  and s o l v e d  for  t h e s e  two 

v a r i a b l e s  s imul t aneous ly .  

Garg e t  a l .  ( 2 9 )  t ransformed t h e  fundamental  equa- 

t i o n s  of mass and e n e r g y  b a l a n c e s  i n t o  f o u r  e q u a t i o n s  for  

f o u r  unknowns, mix ture  ( l i qu id -vapor )  d e n s i t y ,  mix ture  

i n t e r n a l  energy ,  rock i n t e r n a l  energy and mass transfer 

rate from l i q u i d  t o  vapor due t o  phase  change. They set 

some c o n s t i t u t i v e  re la t ions t o  make t h e  above t r a n s f o r m a t i o n .  

The i t e r a t i v e  AD1 method w a s  employed t o  s o l v e  t h e  f o u r  

unknowns s imul taneous ly .  

L a s s e t e r  et a l .  (30) used  t h e  f i n i t e  element method 

t o  develop a computer program called SHAFT f o r  mult i -phase 

mult i -dimensional  s imula t ion  o f  geothermal reservoirs. 

S o l u t i o n s  were obtained by s o l v i n g  for  t w o  unknowns, 

bi 

L’J 
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d e n s i t y  and i n t e r n a l  e n e r g y  o f  t h e  f l u i d  mixture  ( l i q u i d -  

vapor) ,  as f u n c t i o n s  o f  t i m e  and p o s i t i o n  w i t h i n  t h e  

sys t em.  

bd 

I n  t h e i r  approach,  one  s t a r t s  w i t h  t h e  i n i t i a l  

e n e r g y  d i s t r i b u t i o n  and assumes t h a t  t h i s  d i s t r i b u t i o n  

remains c o n s t a n t  ove r  t h e  t i m e  s t e p ,  t h e n  t h e  d e n s i t y  

. d i s t r i b u t i o n  is so lved .  With t h i s  new d e n s i t y  d i s t r i b u -  

t i o n ,  t h e  energy s o l u t i o n  is t h e n  obtained. This process 

is cont inued  u n t i l  t h e  differences between s u c c e s s i v e  

estimates of t h e  energy and d e n s i t y  d i s t r i b u t i o n s  are 

w i t h i n  acceptable l i m i t s .  C a p i l l a r y  p r e s s u r e  is ignored 

i n  t h e i r  program. 

Atkinson (31) transformed t h e  f l o w  and e n e r g y  equa- 

t i o n s  i n t o  a different  form so t h a t  t h e  dependent v a r i a b l e s  

became p r e s s u r e  -and l i q u i d  s a t u r a t i o n .  

Nicholson i m p l i c i t  scheme was used w i t h  t h e  Newton- 

Raphson i t e r a t ion  for  these non- l inear  e q u a t i o n s .  His 

work is res i c t e d  t o  t h e  one mensional problem and 

capi l la ry  p r e s s u r e  is neg lec t ed .  

The Crank- 

Faus t  and Mercer (32) compared t h e  f i n i t e  d i f f e r e n c e  

t h e  f i n i t e  eleme models, and found t h a t  t h e  l a t t e r  

is more s u i t a b l e  for hot-water r e s e r v o i r s  du 

numerical  d i f f u s i o n  and better approximations of boundary 

and i n t e r n a l  geometries (wit ewer node p o i n t s ) .  

, vapor- domia a t  e d stems, t h e  f i n i t e - d i f f e r e n c e  model 

appea r s  s u p e r i o r  because it reduces  mass and energy ba lance  

errors and exhibi ts  less numerical  

c 

I . .  

Although'  a l l  of t h e  above a u t h o r s  claimed s table  and 

. a c c u r a t e  s o l u t i o n s ,  t h e  work of some a u t h o r s  (31 ,32 )  k, 
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s u f f e r e d  numerical  d i f f i c u l t i e s  f o r  t h e  i n i t i a l  f u l l y  

l i q u i d  s a t u r a t e d  c o n d i t i o n .  The problem of  c h a n g i n g  from 

sub-cooled l i q u i d  t o  s a t u r a t e d  steam was avoided b y  

s t a r t i n g  t h e  s i m u l a t i o n  a t  reduced i n i t i a l  p r e s s u r e  so 

t h a t  s a t u r a t e d  c o n d i t i o n s  would be p r e s e n t .  

Coats et a l .  (33 )  p r e s e n t e d  a new t echn ique  f o r  

numerical s i m u l a t i o n  o f  t h e  steamflood p r o c e s s  t o  solve 

mass balance and e n e r g y  balance e q u a t i o n s  s imul t aneous ly .  

Thomas and P ie r son  ( 3 4 )  extended t h e  method t o  a geothermal 

s y s t e m .  The mathematical model developed i n  t h e  present 

d i s s e r t a t i o n  is s imilar  t o  t h e i r  fo rmula t ion ,  b u t  d i f f e r s  

from t h e i r s  i n  t h e  f o l l o w i n g  aspects. 

I 

1. The c a p i l l a r y  p r e s s u r e  is inc luded  i n  t h e  

, 
I c a l c u l a t i o n  of p r e s s u r e  d i s t r i b u t i o n .  
I 

2 .  The vapor p r e s s u r e  lower ing  effect is con- 

s idered .  

3. The t ransmiss ib i l i t i es  and d e n s i t i e s  f o r  both 

phases are treated i m p l i c i t l y .  

IV.2. Mathematical Modeling I 

I 
I 

4 The governing e q u a t i o n s  f o r  t w o  phase  f low i n  porous 
I 

I media are: 

mass conse rva t ion  for  water phase: 

mass conse rva t ion  f o r  vapor phase : 

L 

c 
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n + l  6P = Pv - p t  9 

where n + l  and n denote  p r e s e n t  and p rev ious  t i m e  s t e p s ,  

r e s p e c t i v e l y .  Then Eq. ( 4 . 3 )  and Eq. ( 4 . 4 )  can be 

i J  

r ea r r anged  as fo l lows  : 

V [(Tw+'Iv)v6P] = Cl16SW + C126T + C136P - R1 

C218SK, + C226T + C236P - R2 

( 4 . 5 )  

(4 .6 )  V [ ( T ~ ~  V6P] 

Kkw , f l o w  transmitivity for water where 'tw = - 
V 

W 

, flow t r a n s m i t i v i t y  for vapor KkV 'I = -  
V V V 

n + l  n + l ) / A t  Cll = mw -pv  

C12 = 0 

n n  n n + l + p  n 

R1 - V[Tw(VPw-Pc C -pwg)l - v [Tv(vPv-Pvg)J 

= h T +hVTV, thermal  t r a n s m i t i v i t y  TH w w  

c 
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The above r e l a t i o n s  are der ived i n  d e t a i l  i n  Appendix A. 

One more equa t ion  needs  t o  be i n c o r p o r a t e d  w i t h  

Eq. ( 4 . 5 )  and Eq. ( 4 . 6 )  f o r  s o l v i n g  t h e  three new 

d e f i n e d  var iab les ,  6 P , b S  an6 6T. T h i s  can come from t h e  

thermodynamic e q u i l i b r i u m  or phase  r e l a t i o n s h i p  

The coefficients and r e s i d u a l  i n  Eq. ( 4 . 7 )  depend on t h e  

s ta te  of a b lock  a t  t i m e  n+ l .  For example,  i f  s a t u r a t e d  

steam is p r e s e n t  at  t i m e  s t e p  n + l ,  t h e n  

6P = Psat(Tn+') - Pn 

t h e r e f o r e ,  for t h e  case 

Cgl = 0 

c33 = 

- Rg = Pn-Psat (T" 

4 , t h e n  6Sw= 1-Sw 
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c31 = 1 

c32 = 0 

c33 = 0 

"hen t h e  l i q u i d  s a t u r a t i o n  is below t h e  i r r e d u c i b l e  

water s a t u r a t i o n ,  t h e  thermodynamic e q u i l i b r i u m  relation- 

s h i p  between t empera tu re  and p r e s s u r e  h a s  t o  be modif ied 

t o  t h e  fo l lowing  form due t o  t h e  vapor p r e s s u r e  lower ing  

e f f e c t  (20)  

-cs;4 
Pv = Poe 

where P is t h e  s a t u r a t i o n  p r e s s u r e  for t h e  case of f l a t  

s u r f a c e  between water and vapor ,  and C is a c o n s t a n t  equa l  

t o  5.2 x 10-7. This  modif ied formula w a s  sugges t ed  by 

Moench and H e r k e r l r a t h  (35). As a consequence of t h e  

above, Eq. (4 .7 )  becomes 

0 

s i n c e  

Furthermore,  t h e  v a r i a b l e s  6T, 6Sw can be e l i m i n a t e d  by 

o p e r a t i n g  on Eq. ( 4 . 5 ) ,  Eq. ( 4 . 6 )  and Eq. ( 4 . 7 ) ,  t h e n  a 

s i n g l e  p a r t i a l  d i f f e r e n t i a l  equa t ion  w i t h  one unknown 6P 

is o b t a i n e d  as fo l lows  
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c 

6 

A1[V(~w+~v)V6P] - A2 V [ T ~  V6P] = A36P + A4 ( 4 . 8 )  

where A1 = C 21 [C 32 C 11 -C 11 C 31 J -C31[C22Cll-C12C211 

A2 = c11[c32c11’c12c311 

*3 L: [c33c11~c13c313 [‘22‘ll -c c 3 12 21 

A [c23Cll’c13c211 ~c32c11-c12c311 

... [R2C11’R1C21 [c32cll’c12c31 

t a i l s  o f  t h i s  d e r i v a t i o n  are shown i n  Appendix A. 

Equation ( 4 . 8 )  is an e l l i p t i c  t y p e  p a r t i a l  d i f f e r e n t i a l  

equa t ion  and can be so d i m p l i c i t l y .  The Gaussian 

e l i m i n a t i o n  method is employed here t o  s o l v e  t h e  f i n i t e  

d i f f e r e n c e  

After t h e  6P so  ion is o b t a i n e d ,  t h e  6T and 6Sw 

s o l u t i o n s  can be sol  e x p l i c i t l y  by t h e  fo l lowing  

e q u a t i o n s  : 

( 4 . 9 )  

1 /c (4 .10)  c13” 1 .  
-w 

S i n c e  t h e  above e q u a t i o n s  are h i g h l y  non- l inea r ,  t h e  
* 

p r o c e s s  is re’peated tintil a 

peaking ,  t h i s  s a very  e f f i c i e n t  

I n s t e a d  of * s o l v i n g  a set geothermal r e s e r v o i r  s imula tor .  

of coupled 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 ,  o n l y  a s i n g l e  
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p r e s s u r e  equa t ion  is  i m p l i c i t l y  so lved .  Bes ides  t h e  

advantage of sav'ing computing t i m e ,  t h i s  s i m u l a t o r  always 

s a t i s f i e s  t h e  thermodynamic e q u i l i b r i u m  cond i t ion  between 

water and steam and t h e  mass conse rva t ion  l a w .  I t  a l s o  

t a k e s  i n t o  account t h e  vapor p r e s s u r e  l o w e r i n g  e f f e c t  

below i r r e d u c i b l e  water sa tu ra t ion  and t h e  c a p i l l a r y  

p r e s s u r e  e f f e c t  . 

I V .  3. Numerical Formulation f o r  Wellbore System 

F igure  4 . 1  shows t h e  c o n f i g u r a t i o n  o f  t h e  we l lbo re  

sur roundings .  A 4 x  7 g r i d  system is used ,  t h e  d i s t a n c e  

between two s u c c e s s i v e  g r i d  p o i n t s  i n  t h e  v e r t i c a l  d i r e c -  

t i o n  being 30.5 c m .  The distances from t h e  wellbore 

i n t e r s e c t i o n  t o  each g r i d  p o i n t  i n  t h e  h o r i z o n t a l  d i r e c -  

t i o n  are 15 .25  c m ,  45.75 c m ,  106.75 cm, 198.25 cm, 

320.25 c m ,  472.75 cm, 655.75 c m .  T h e o r e t i c a l l y ,  a s e m i -  

i n f i n i t e  region should  be used f o r  c a l c u l a t i n g  t h e  radial 

h e a t  losses from a wellbore. Under t h e  l i m i t a t i o n  of  a 

computer account budget ,  t h e  above g r i d  system w a s  chosen. 

As observed from t h e  numerical  r e s u l t s  i n  t h e  c a l c u l a t i o n  

of t empera tu re  and s a t u r a t i o n ,  t h e  i n f l u e n c e  o f  t h e  

wellbore does n o t  reach  t h e  second f a r t h e s t  g r i d  p o i n t .  

The p r e s s u r e  does change at  p o i n t s  beyond t o  allow water 

f l o w  inward or  outward. 

The upper and lower boundar i e s  are two impermeable 

l a y e r s ,  so t h e  p r e s s u r e  boundary c o n d i t i o n s  can be 

t 

s p e c i f i e d  as : 
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. I t  is a l s o  assumed t h a t  heat t ransfer  is  n e g l i g i b l e  a t  

t h e s e  boundar i e s  for  s i m p l i f y i n g  t h e  problem. 

A t  t h e  o u t e r  boundary, a l l  t h e  p r o p e r t i e s  are assumed 

t o  keep t h e i r  i n i t i a l  va lues .  

A no f l u i d  f l o w  cond i t ion  is a l s o  assumed a t  t h e  

i n t e r s e c t i o n  of t h e  we l lbo re  and t h e  r e s e r v o i r .  The 

boundary c o n d i t i o n  f o r  t h e  e n e r g y  equa t ion  is 

t o  Eo(Tw-T) - 
rh 

1- - x - =  2T 
ar 

where  rto and rh are o u t s i d e  r a d i u s  o f  t u b i n g  and t h e  

we l lbo re  r a d i u s .  T and Tw are formation and wellbore 

tempera tures .  The o v e r a l l  h e a t  t r a n s f e r  coe f f i c i en t  Uo 

based  on o u t s i d e  s u r f a c e  o f  t h e  t u b i n g ,  w a s  c a l c u l a t e d  

from a t r i a l  and error method developed b y  W i l l h i t e  (26). 

The c a l c u l a t i o n  i n c l u d e s  t h e  h e a t  conduct ion through t h e  

t u b i n g ,  c a s i n g ,  cement  and t h e  r a d i a t i o n  and n a t u r a l  

convect ion i n  t h e  c a s i n g  annulus .  The d e t a i l s  are given 

i n  Appendix B. The h e a t  t ransfer  c o e f f i c i e n t  depends 

weakly on  t h e  formation t empera tu re  and t h e  c a l c u l a t e d  

r e s u l t  can  be r e p r e s e n t e d  by t h e  fo l lowing  equa t ion  : 

Uo = (3 .475+0.002641X (T-80))x1 .354x10 '4  

where T is i n  OC and U 

we l lbo re  dimensions and material s p e c i f i c a t i o n s  are 

is i n  cal/sec-cm sq-OC. The 
0 

l i s t e d  on Table  4.1. 

The c a p i l l a r y  p r e s s u r e - l i q u i d  s a t u r a t i o n  r e l a t i o n -  

ship used i n  t h e  a n a l y s i s  is adapted  from Bruce and 

Welge (41) .  By u s i n g  a c u r v e - f i t t i n g  t echn ique ,  it can 
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Table 4.1 Specifications for overall heat transfer 

coefficient calculation (18) 

Hole size (diameter) 24.5 cm 

Casing: 

O.D. 17.8 cm 

I .D. 15.9 cm . 

Tubing: 

O.D. 7.3 cm 

I.D. 6.2 cm 

Cement thermal conductivity 

Emissivity of outside tubing surface 0.9 

Emissivity of inside casing surface 0.9 

Injection steam temperat 315.6OC 

2.1 x l~-~cal/sec-cm-~ 
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be expres sed  as 

= 2 .  32-17.64xSw+53.2xS:-78.6xSw+56. 3 9xS$16. 16xSw 5 
pC 

where  Pc is  i n  atm. 

c a l c u l a t e d  from Corey’s  e q u a t i o n s  (Eqs. (3 .1)-(3.3)) .  

The o t h e r  p r o p e r t i e s  used i n  t h i s  s i m u l a t i o n  are 

The r e l a t ive  p e r m e a b i l i t i e s  are 

l i s t e d  i n  Table  4 . 2 .  Thermal c o n d u c t i v i t y  o f  p a r t i a l l y  

l i q u i d  s a t u r a t e d  porous media can  b e  c a l c u l a t e d  b y  t h e  

fo l lowing  equa t ion  (36) : 

x = A d +  (Xw’Ad)  Js- W 

where s u b s c r i p t s  d and  w denote  t h e  d r y  and t h e  fully 

l i q u i d  s a t u r a t e d  c o n d i t i o n s ,  r e s p e c t i v e l y .  Some of t h e  

f l u i d  p r o p e r t i e s  depend on t empera tu re  and p r e s s u r e ,  and 

can be expressed  as fo l lows  ( 3 7 ) :  

v i s c o s i t y  o f  vapor (T i n  OC, and p i n  c p )  
g 

Range: 100°C - 25OoC 

0 v i s c o s i t y  of water ( T  i n  F, pw i n  cp )  

- 1 )  -6T2 = 2 .185 / (0 .04012T+5 .155x10  VW 

e n t h a l p y  of vapor (P i n  p s i ,  h i n  Btu/lbm) 

0.01267 h = 1119 P 
g 

. 
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W 
Table 4.2 Input specifications for 2-D simulation 

Porosity 0.2 

Absolute permeability 0.1 darcys 

Specific heat for water 1.0 cal/gm-OC 

'"p'rock 0.47 cal/gm-OC 

Thermal conductivity of formation: 
0 wet (100% liquid saturation) 

dry (0% liquid saturation) 

5.78 x 10-3cal/sec-crn- C 

1.24 x 10-3cal/sec-cm- C 0 

Initial temperature 26.6OC 

Initial pressure 2.475 atm at upper 
boundary 

(15.25 meters hydrostatic pressure) 

Irreducible water saturation 0.28 

Irreducible gas saturation 0.05 
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d e n s i t y  o f  vapor ( P  i n  p s i ,  p i n  gm/cc) 

= 4.378 x 10- 5p0. 9588 
pg 

0 i n t e r n a l  e n e r g y  of vapor ( T  i n  F,  U i n  Btu/lbm) 

-3 2 = 995. .3+0.4862T-0.4618x 10 T 
uV 

Range:  193OF - 400°F 

0 i n t e r n a l  e n e r g y  of water ( T  i n  F ,  U i n  Btu/lbm) 

= - 24.86 + 0.9313T f 0.1646 x 10-3T2 
uW 

Range: 80°F - 400°F 
0 specif ic  heat of vapor ( T  i n  F,  U i n  Btu/lbm) 

= 0.4862 - 0.9236 x 10-3T 
cV 

The central  difference scheme is used t o  s o l v e  t h e  

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 .  For  example, 

S i n c e  most of t h e  c o e f f i c i e n t s  are s t rong f u n c t i o n s  of t h e  

dependent v a r i a b l e s ,  t h e y  are e v a l u a t e d  w i t h  updated 

v a l u e s  i n  t h e  i t e r a t i o n  procedure.  The i n t e r b l o c k  coef- 

f i c i e n t s  are c a l c u l a t e d  b y  a we igh t ing  t echn ique  

= a .w + aj+l( 1-w) 
j +4 3 

a 

If t h e  c o e f f i c i e n t  is t empera tu re  o r  p r e s s u r e  dependent ,  

w = O . 5  is adapted.  If t h e  c o e f f i c i e n t  is a f u n c t i o n  of 

l i q u i d  s a t u r a t i o n ,  then  80 p e r c e n t  we igh t ing  factor  is put  

L 

c 
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W 

on t h e  upstream p o i n t  from where t h e  f lowing  f l u i d s  come. 

Aziz (38), Lasseter and Witherspoon (39), and B la i r ,  et a l .  

(40) have reported t h a t  some sor t  of upstream w e i g h t i n g  

would probably g i v e  better resul ts .  The numerical  r e s u l t s  

are very  s e n s i t i v e  t o  t h e  s a t u r a t i o n  dependent coefficients.  

An improper 

unreasonable  r e s u l t s .  

w e i g h t i n g  f a c t o r  could  cause  u n s t a b l e . o r  

The convergence test c a n  be sa t i s f i ed  i f  

I (YE;+l - YK)  I / Y K + l  c 0.01 

where Y is any  dependent var iable  and K deno tes  i t e ra t ion  
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s t e p s .  An au tomat ic  time s tep  control is employed t o  save  

computing t i m e .  When any  one of t h e  sa tura t ion  changes 

exceed a spec i f ied  upper l i m i t ,  t h e  t i m e  s t e p  i n t e r v a l  w i l l  

be d i v i d e d  by t w o .  O t h e r w i s e ,  t h e  time i n t e r v a l  is  increased 

20 percent f o r  t h e  next  t i m e  s t e p .  T h e r e  is also a maximum 

bounds f o r  t h e  t i m e  step i n t e r v a l .  

IV.4. Verif icat ion of Numerical Mode 
_. 

I t  is n e c e s s a r y  t o  compare t h e  numerical r e s u l t s  w i t h  

resul ts  i n  order  t o  con- e i ther  a n a l y t  i 

f i r m  t h e  v a l i d  Unfo r tuna te ly ,  

e n t  f o r  t w o -  

are a v a i l a b l e .  

hase f l o w  expe r i -  

ment conducted 2 ) .  The exper imenta l  

a p p a r a t u s  w a s  c o r e  ho lde r  

located i n  a c o n s t a n t  tempera ture  bath and was equipped 



66. 

w i t h  f i v e  p r e s s u r e  t a p s  and s i x  tempera ture  probes .  The 

c o r e  h a s  60 c m  i n  l e n g t h ,  5.1 c m  i n  d i ame te r ,  and w a s  made 

of a s y n t h e t i c  c o n s o l i d a t e d  sands tone  (80  p e r c e n t  s and ,  

30 percen t  cement) .  I n i t i a l l y ,  t h e  c o r e  w a s  f u l l y  

s a t u r a t e d  w i t h  water a t  18.16 a t m ,  w i t h  t empera tu re  va ry ing  

from 192.2OC a t  t h e  l e f t  end t o  182.8OC at t h e  r i g h t  end. 

Flow w a s  i n i t i a t e d  a t  t h e  r i g h t  end by opening a v a l v e ,  

and then  t h e  p r e s s u r e  a t  t h a t  end w a s  dropped a t  a con- 

t r o l l e d  rate.  

For  comparison w i t h  t h e  above exper imenta l  . r e s u l t s ,  

t h e  two-dimensional program w a s  s i m p l i f i e d  i n t o  a one- 

dimensional  form t o  s i m u l a t e  t h e  experiment .  Gary et a l .  

(29)  also compared t h e i r  numerical  r e s u l t s  w i t h  t h i s  expe r i -  

m e n t .  A l l  t h e  above r e s u l t s  are p l o t t e d  i n  F i g .  4 . 2  which 

shows t h e  p r e s s u r e  p r o f i l e .  The exper imenta l  d a t a  fo r  t h e  

s a tu ra t ion  p r o f i l e  is n o t  a v a i l a b l e ,  b u t  t h e  two sets  of  

numerical  r e s u l t s  o f  s a t u r a t i o n  c a l c u l a t i o n s  are p r e s e n t e d  

i n  F i g .  4 .3 .  The c o r e  p r o p e r t i e s  s p e c i f i c a t i o n s  are l i s t e d  

i n  Table  4 .3 .  

The t h r e e  sets of  r e s u l t s  agree w i t h  each o t h e r  very  

w e l l .  The p r e s s u r e  decreased  r a p i d l y  u n t i l  i t  approached 

t h e  s a tu ra t ion  p r e s s u r e ,  and then  t h e  phase change 

phenomenon slowed down t h e  rate of p r e s s u r e  d e c r e a s e .  

The evapora t ion  began a t  t h e  l e f t  end due t o  t h e  h i g h e r  

i n i t i a l  t empera ture  a t  t h i s  end. Note t h a t  t h e  c a p i l l a r y  

p r e s s u r e  e f f e c t  is no t  inc luded  i n  t h i s  s i m u l a t i o n .  

The one-dimensional two-phase program w a s  also 
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Table 4.3 Input specifications for simulation of 

Stanford experiment 

Absolute permeability 0.10 darcys 

Porosity 0.36 

Formation specific heat 0.24 cal/gm°C 

Grain density 3 2.65 gm/cm 

Pressure history at the right end 

p-4.76 atm t = 0 - 1 8 0  sec 

1 
l 

a 
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applied to the experiment in the present work as described 

in Chapter 111, as a verification for the case when capil- 

lary pressure effect is included. 

agreement between the experimental and numerical results 

There is also a good 

as shown in Fig. 3.12. 

IV.5. Numerical Results 

With the input specifications described in Section 

IV.3, the simulation of the process around the wellbore 

and surrounding system generated reasonable results. The 

convergence was achieved in four to eight iterations. 

Evaporation begins in the first cell adjacent to the 

wellbore at 42 hours. The temperature history before 

evaporation is shown in Fig. 4.4. As expected, all the 

horizontal layers have the same temperature profile before 

evaporation begins. 

Table 4.4 shows the results at 42.53 hours. The 

pressure build up due to phase change may be noted in 

cell (1,l). The grid cell identification notation, 

(i,j), shown in Fig. 4.1 is used for convenience. The 

strong convection from (1,l) to (1,2) makes the temperature 

at (1,2) higher than the temperature of the other grid 

cells in the same column. The grid point (1,l) has a lower 
, , temperature than the other cells in the first column, 

since most of the heat conducted from the wellbore is 

required for the phase change. ~ 

Table 4.5 shows the numerical results at 45.77 hours. 

At this time, all the grid cells in the first column are 

within the two-phase region. The rapid decrease in water 
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r i  T=26.8 
P = 2.490 
s =  1.0 
T=26.8 
P=2.519 
s = 1.0 

T =  26.8 
P = 2.549 
s =  1.0 

Table 4.4 Numerical results at 42.53 hours 
grid notation ( i , j )  

T = 26.66 T = 26.66 T =  26.66 
P = 2.484 P =  2.479 P =  2.475 
s =  1.0 s =  1.0 s = 1.0 

T =  26.66 T =  26.66 T = 26.66 
P = 2.514 P =  2.509 P =  2.505 
s =  1.0 S=l.O 

T =  26.66 T = 26.66 T = 26.66 
P = 2.543 P =  2.538 P = 2.534 
s =  1.0 s =  1.0 s =  1.0 

s = 1.0 

T = 126.9 Tr60.1 
P = 2.507 
S = 0.965 s =  1.0 

P = 2.503 

T =  127.1 
P = 2.532 
s = 1.0 

T =  127.1 
P = 2.560 
s=1.0 

T =  127.1 
P =  2.588 
s = 1.0 

T = 29.8 
P = 2.497 
s = 1.0 

T =  59.96 
P =  2.530 
s =  1.0 

T =  59.96 
P =  2.558 
s=1.0 

T = 59.96 
P =  2.587 
s-1.0 

T=26.8 
P =  2.578 
s = 1.0 

T = 29.8 
P = 2.526 
s = 1.0 

T = 26.66 T =  26.66 T = 26.66 
P = 2.573 P =  2.568 P =  2.564 
s = 1.0 s =  1.0 s =  1.0 

- 

T = 29.8 
P =  2.555 
s =  1.0 

T =  29.8 
P = 2.584 
s =  1.0 

T = OC 

P = atm 

S = dimensionless 

Units = 

T=temperature; S = liquid saturation 

Pv if s < 1 

P = {  Pw if s = 1 

. s c 



Table 4.5 Numerical results at 45.77 hours 
grid notation (i,j) 

T=26.66 
P =  2.475 
s =  1.0 

T = 26166 
P=2.505 
s=1.0 

T=26.66 
P = 2.534 
s =  1.0 

T = 26.66 
P = 2.564 
s = 1.0 -: 

. 

( T = O C  T = temperature; S = liquid saturation 

atm 

ensionless 

pV if s < 1 
P =  

pw if s = 1 



s a t u r a t i o n  is no t  due t o  evapora t ion  a l o n e ,  bu t  t h e  water 

is  a l s o  d isp laced  by  t h e  p r e s s u r e  b u i l t  up around t h e  

wellbore. The g r a v i t y  e f f e c t  is  shown by t h e  greater 

l i q u i d  s a t u r a t i o n  i n  t h e  lower cel ls .  

The las t  t i m e  s t e p  (302.8 hours)  is  shown i n  Table  

4 .6 .  Although t h e  whole region has no t  reached steady 

s ta te  as y e t ,  t h e  g r i d  cel ls  i n  t h e  first column seem t o  

have reached s t eady  tempera ture  and s a t u r a t i o n  v a l u e s .  

The water p r e s s u r e  d i s t r i b u t i o n  is shown i n  Table  4 . 7  

from which some inward  w a t e r f l o w  can be observed .  Note 

from Table  4 . 6  t h a t  t h e  water s a t u r a t i o n s  i n  t h e  f i r s t  

column are below i r r e d u c i b l e  w a t e r  s a t u r a t i o n .  

To g i v e  more i n s i g h t  i n t o  t h e  whole p r o c e s s ,  t h e  

tempera ture  and s a t u r a t i o n  h i s tor ies  o f  g r i d  ce l l  (1,l) 

are p l o t t e d  i n  F i g .  4 . 5 .  After evapora t ion  begins,  t h e  

water s a t u r a t i o n  v a l u e  of g r i d  cel l  (1,l) d rops  s h a r p l y  

u n t i l  t h e  phase change phenomenon o c c u r s  a t  t h e  o ther  

g r i d  cel ls  of t h e  first column. A f t e r  a l l  t h e  s a t u r a t i o n  

v a l u e s  of t h e  g r i d  cells  i n  t h e  first column have reached 

t h e  i r r e d u c i b l e  water s a t u r a t i o n  v a l u e  a t  about  90 hours, 

74. 

t h e  s a t u r a t i o n  of g r i d  cell (1,l) beg ins  t o  show ano the r  

s h a r p  drop .  

c a p i l l a r y  p r e s s u r e  is large enough t o  b r ing  some water 

back t o  ma in ta in  t h e  l i q u i d  s a t u r a t i o n  v a l u e  around 0.128. 

F i n a l l y  it reached a p o i n t  a t  which t h e  

I t  is  also i n t e r e s t i n g  t o  n o t e  t h a t  t h e  t w o  tempera- 

t u r e  changes af ter  42 hours  occur  a t  t h e  same t i m e  as t h e  

s h a r p  s a t u r a t i o n  changes.  

i n c r e a s i n g  as a resul t  of  t h e  r a p i d  phase change. 

T h i s  is due t o  t h e  pressure 



, t 

T =  26.9 
P =  2.497 
s =  1.0 

Table 

T =  26.66 
P = 2.475 
s = 1.0 

4.6 Numerical results a t  302.8 hours 

T =  26.9 
P =  2.526 
s =  1 . 0  

grid notation ( 1 , j )  

P =  2.632 P =  2.625 P = 2.608 P = 2.766 
S = 0.133 

P = 2.704 
S = 0.334 S = l . O  s = 1 . 0  s =  1 . 0  

i 

T = 26.66 
P = 2.505 
s =  1 . 0  

S = dimensionless I 

~~ ~~~ 

T=26.9 
P = 2.556 
s = 1 . 0  

T =  26.9 
P = 2.585 
s=1.0 

T =  26.66 
P = 2.534 
s = 1.0 

T = 26.66 
P = 2.564 
s = 1 . 0  

T = temperature; S = l iquid  saturation 

P =  I P v i f S < l  l p w  i f  s = 1 
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It is worthwhile to study the effects of different 
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input specifications. Some interesting conclusions.can be 

made for the following cases: 

Case A. Assume that capillary pressure equals zero. 

The saturation values in the first column drop faster 

than in the standard case. At 48.71 hours, all the 

grid points in the first column reach very low liquid 

saturations as follows: 

=0.078; S =0..095; S =0.138; S =0.183 
sl,l 1,2 1,3 1 9 4  

The other grid cells are still in the fully water 

saturated region. This is due to the l ack  of c a p i l -  

lary driving force to move water back into the first 

column. A superheated vapor zone will soon develop 

around the wellbore, and the heat losses'will decrease 

because of the lower thermal conductivity and higher 

surrounding formation temperatures. The capillary 

pressure is instrumental in preventing formation of 

a superheated vapor zone around the wellbore, thus 

increasing heat losses from the well. The temperature 

and pressure distributions at 48.71 hours are shown 

in Table 4.8. 

Case B. Increase the absolute permeability from 0.1 

to 0 . 5  darcys. 

The results show that the first column is only able to 

develop a two-phase region for a short period before 

water flows back to the first column. Figure 4.6 



Table 4.8 Numerical results of case A at 48.71 hours 

grid notation (i,j) 

T = OC 

P = atm 

S = dimensionless 

T = temperature; S = liquid saturation 

Pv if S < 1 

Pw if S = 1 
P =  [ Units = 
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Figure  4 . 6  S a t u r a t i o n  v a r i a t i o n  of g r i d  p o i n t  (1,4) 
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shows t h e  v a r i a t i o n  of s a t u r a t i o n  w i t h  t i m e  fo r  g r i d  

cel l  ( 1 , 4 )  t o  demonstrate  t h i s  p rocess .  The above 

p r o c e s s  can be exp la ined  as follows. I n  t h e  i n i t i a l  

stage of  evapora t ion ,  there is a p r e s s u r e  i n c r e a s e  

i n  t h e  cel ls  around t h e  wellbore due t o  t h e  phase 

change. However, t h i s  p r e s s u r e  i n c r e a s e  effect due 

t o  t h e  phase change w i l l  become smaller a t  later 

t i m e s  when t h e  water s a t u r a t i o n s  i n  these ce l l s  

decrease, Meanwhile there is  an  outgoing  f l o w  from. 

t h e  cel ls  around t h e  wellbore t o  t h e  cel ls  away from 

t h e  wellbore due t o  a p r e s s u r e  gradient  and t h i s  

ou tgoing  f low w i l l  decrease t h e  p r e s s u r e  of t h e  cel ls  

around t h e  wellbore. I n  h i s  case, t h e  h i g h  

p e r m e a b i l i t y  v a l u e  w i l l  create a s i t u a t i o n  where 

t h e  p r e s s u r e  decreasing e f f e c t  due t o  t h e  outgoing  

flow can overcome .the p r e s s u r e  i n c r e a s i n g  e f f e c t  

from t h e  phase change. hus,  t h e  p r e s s u r e  of t h e  

cells around t h e  wellbore w i l l  d e c l i n e  t o  a v a l u e  

u 

which t h e  water can f low back towardssthe w e l l -  

bore by c a p i l l a r y  force. The numerical r e s u l t s  a t  

44.4 hours  are shown i n  Table  4 .9 .  

Case C. Decrease ab l u t e  p e r m e a b i l i t y  from 0.1 t o  

0.05 darcys .  

The t empera tu re  and s a t u r a t i o n  h i s t o r i e s  i n  cell  

(1,l) are shown i n  Fig. 4 .7 .  

phase  r eg ion  is developed s imi l a r - to  t h e  s t a n d a r d  

case, b u t  w i t h  h i g h e r  tempera ture  and lower water 

s a t u r a t i o n  a t  t h e  f i n a l  s i m u l a t i o n  t i m e .  As shown 

I n  t h i s  case, a t w o -  

LJ 



Table 4.9 Numerical results of case B at 44.4 hours 

grid notation (i,j) 

S = 0.40 

T =  126.7 
P = 2.491 
S = 0.48 

T = 126.7 
P = 2.493 
S = 0.48 

s =  1.0 s =  1.0 s =  1.0 s =  1.0 s =  1.0 s=1.0 

T=66.1 T = 30.5 T=26,8 T=26.7 T=26.7 T=26.7 
P = 2.441 P = 2.452 P = 2.468 P = 2.483 P = 2.495 P =  2.505 
s =  1.0 s =  1.0 s = 1.0 s = 1.0 s =  1.0 s =  1.0 

T = 66.2 T = 30.5 T=26.8 T=26.7 T=26.7 T = 26.7 
P = 2.464 P = 2.480 P = 2.500 P =  2.483 P = 2.524 P =  2.534 
s=1.0 s=1.0 s = 1.0 s =  1.0 s =  1.0 s=1.0 

T = 126.0 
P = 2.438 
S =  0.60 

0 T =  C 

P = atm 

S = dimensionless 

Units = 

~- ~~ 

T = 66.6 T = 30.6 T = 26.8 T =  26.7 T =  26.7 T=26.7 
P = 2.480 P =  2.507 P =  2.527 P = 2.453 P = 2.554 P =  2.564 
s=1.0 s=1.0 s =  1.0 s = 1.0 s =  1.0 s = 1.0 

T = temperature; S = liquid saturation 

P" if s < 1 

Pw if S = 1 
P =  { 

c c 
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in Fig. 4.7, the lower absolute permeability value 

slows down the rate of decrease in water saturation 

due to the smaller outgoing water flow rate when 

evaporation first begins. Numerical results at 

45.77 hours are shown in Table 4.10. 

Case D. Increase the injection temperature from 

315.6OC to 426.7OC. 

As expected the temperature in the first column 

increased faster than for the standard case, and 

the evaporation also starts earlier, at 16.19 hours. 

Compared with the standard case, the first column 

has a lower liquid saturation and a higher tempera- 

ture in the final state. The numerical results at 

45.83 hours are shown in Table 4.11. 

The numerical results can be affected by other input 

parameters such as thermal conductivity of the formation, 

density and specific heat of the rock, porosity, initial 

formation pressure and temperature, and the dimensions and 

materials of the well tubing and casing. But the general 

pattern of the numerical results remains the same, only the 

different beginning times of evaporation and slightly dif- 

ferent temperature and pressure distributions are observed. 

Dimensionless analysis would be useful to achieve more 

general solutions, but the governing equations in this work 

could not be transformed into any simpler form due to the 

fact that most of the coefficients are not constant, the 

equations are coupled with the pressure-temperature rela- 

tion of the steam table, and no independent dimensionless 



T =  130.9 
P-2.828 
S = 0.475 

T =  130.8 
P =  2.828 
S = 0.677 

T = 129.5 
P = 2.715 
S =  0.993 

T=129.3 
P = 2.730 
s =  1;o 

Tr64.3 
P =  2.614 
S = l . O  

T=64.5 
P = 2.654 
s = 1.0 

T = 63.4 
P = 2.692 
s =  1.0 

T=62.8 
P = 2.72 
s=1.0 

T=26.7 
P = 2.475 

, s=1.0 

C 

T = 26.8 
P =  2.564 
s =  1.0 

' T=26.7 
P=2.500 
s =  1.0 

T =  30.6 
P=2.560 
s-1.0 

T =  30.6 
P=2.632 
s =  1.0 

L 

P = 2.529 
s =  1.0 

T =  26.7 
P = 2.559 
s = 1.0 

T =26.8 
P =  2.595 

c s=1.0 

T=26.7 
P = 2.530 
s =  1.0 

T=26.7 
P=2.505 
s =  1.0 

T= 30.5 
P =  2.663 
S'= 1 .o  

T=26.8 
P = 2.623 
s = 1.0 

T = 26.7 
P =  2.588 
s = 1.0 

T =  26.7 
P = 2.559 
s =  1.0 

T=26.7 
P =  2.534 
s=1.0 

T=26.8 
P=2.653 
s = 1 . 0  

T=26.7 
P = 2.618 
s =-1.0 

T=26.7 
P =  2.589 
s=1.0 

T =  26.7 
% Pz2.564 
S=l.O 

T =  30.5 
P =  2.693 
s =  1.0 

T = temperature; S = liquid saturation 

Pv if S < 1 

Pw if S = 1 
P =  { 

S = dimensionless 



. ~ .  . . ~ .  ~ . ._ ... _._ . . .. -. _. ....I._._..__.... . .. . .. .. . . . . .  _ _ I  . 

1 T=127.2 
P = 2.529 
S = 0.959 

Table 4.11 Numerical results of case D at 45.83 hours 

grid notation (i,j) 

T = 35.2 
P = 2.522 
S=l.O 

T = 35.0 
P = 2.551 
s = 1.0 

T = 129.0 
P = 2.695 
S = 0.265 

T=27.0 
P=2.509 
s =  1.0 

T = 27.0 
P = 2.539 
s =  1.0 

T = 129.4 
P =  2.709 
S = 0.300 

~~~ ~ 

T = 129.7 
P = 2.732 
S = 0.273 

T = 129.9 
P = 2.747 
S = 0.279 

T =  127.9 T =  27.0 T =  26.7 T = 26.7 T=26.7 
P = 2.588 P =  2.581 P =  2.568 P =  2.555 P =  2.544 
S = 0.952 s =  1.0 s =  1.0 s = 1.0 s =  1.0 

T =  128.3 T =  34.7 T = 27.0 T = 26.7 T =  26.7 
P = 2.614 P = 2.610 P =  2.598 P = 2.584 P =  2.573 
s = 0,990 s = 1.0 s = 1.0 s =  1.0 s =  1.0 

T = 119.4 
P=2.553 
s = 1.000 

T=26.7 
P = 2.496 
s =  1.0 

T =  26.7 
P = 2.525 
s =  1.0 

T =  26.7 
P = 2.485 
s =  1.0 

T=26.7 
P = 2.514 
s =  1.0 

T = 26.7 
P =  2.475 
s =  1.0 

T = 26.7 
P =  2.505 
s ='1.0 
T=26.7 
P=2.534 
s =  1.0 

T =  26.7 
P =  2.564 
s =  1.0 

T = temperature; S = liquid saturation 0 T =  C 

P = atm 

S = dimensionless 

Pv if S < 1 

Pw if s = 1 
P =  [ - 

Units = 

c c 
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U 
form of the set of governing equations will be identical, 

in a mathematical sense, for different application cases. 

Hence the dimensionless analysis was not performed here. 

IV.6. Applications 

The following equation can be used for calculating the 

wellbore heat losses per unit length of wellbore: 

Q = Uo(Tw-T)2ar 

In the numerical simulation, the wellbore inside tempera- 

ture is kept at a constant value which is also the case 

in practice. The heat losses will change the quality of 

the injected steam, but the steam temperature essentially 

remains a constant value subject to a nearly constant 

pressure inside the wellbore. - Also the overall heat 

transfer coefficient, Uo, is a y weak function of 

formation temperature. Therefore, the heat losses will 

be determined by the temperature surrounding the wellbore. 

Usually wellbore heat loss calculations only consider 

single phase heat conduction. This calculation would 

indicate a higher formation temperature around the well- 

bore.in the region in which a two-phase mixing zone could 

be developed. For example, the final surrounding tempera- 

ture from the single-phase calculation will reach 176.6OC 

for a constant wellbore temperature of 315.6OC, while the 

lowest surrounding temperature, considering phase changes, 

will be 100°C at depths near the surface. In such a case, 

# 

hd the maximum error in the heat losses calculations could be 
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up to 50 percent. 

Since the saturation temperature increases as the 

pressure increases, the formation of a two-phase zone 

will be suppressed in deeper formations by a higher 

formation fluid pressure. The phase change phenomenon 

will not occur, if the surrounding formation temperature 

from the single-phase heat conduction calculation is lower 

than the saturation temperature. If the formation fluid 

pressure can be approximated by the hydrostatic pressure, 

then the maximum depth possible for formation of a two- 

phase mixing zone is listed in Table 4.12 according to 

different injection temperatures. The maximum surrounding 

formation temperatures in the above table are taken from 

the numerical results of the computer program developed 

in this work with the single-phase option. Therefore, the 

influence of the heat pipe effect in wellbore heat losses 

is limited. It may have a significant effect for the 

shallow formations but it will have little or no effect 

c 

in deep formations. 
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. 

Table 4.12 The maximum possible depths of a two-phase 

zone developed around the wellbore 

Injection steam Naximum formation 
temperature temperature 

204.4OC llo.ooc 

315.6OC 176.6OC 

426.6OC 235.4OC 

84.3 meters 

301.2 meters 

Depth 

4.3 meters 
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CHAPTER V . CONCLUSIONS 

1. The one-dimensional experiment has  confirmed t h a t  there 

may be a heat p i p e  e f f e c t  i n  a p a r t i a l l ' y  l i q u i d  s a t u r a t e d  

porous medium. 

2 .  The occurrence  of t h e  heat p i p e  phenomenon can cause  

s i g n i f i c a n t  changes i n  t h e  apparent  thermal  c o n d u c t i v i t y  of 

a p a r t i a l l y  l i q u i d  s a t u r a t e d  porous medium and t h u s  g r e a t l y  

increase t h e  magnitude of hea t  f l u x  fo r  a g iven  t empera tu re  

d i f f e r e n t i a l .  

3. A one-d imens iona l  steady s ta te  theo ry  has been 

developed which describes t h e  f u n c t i o n a l  dependence of t h e  

heat p i p e  phenomenon on l i q u i d  s a t u r a t i o n  g rad ien t ,  capil-  

l a r y  p r e s s u r e ,  p e r m e a b i l i t y ,  v i s c o s i t y ,  l a t e n t  h e a t ,  heat 

f l u x  and g r a v i t y .  C a l c u l a t i o n  of t h e  amount of water 

d i s p l a c e d  from t h e  system at  e q u i l i b r i u m  c o n d i t i o n s ,  u s i n g  

t h e  mathematical s o l u t i o n  of  t h e  t h e o r y ,  is i n  r easonab le  

agreement w i t h  t h e  exper imenta l  data.  

4 .  A two-dimensional two-phase program h a s  been developed 

t o  c a l c u l a t e  t h e  heat losses fro'm a steam i n j e c t i o n  w e l l  

o r  a geothermal p roduc t ion  w e l l .  The s i m u l a t i o n  r e s u l t s  

show t h a t  a two-phase r e g i o n  is l i k e l y  t o  be developed 

around a wellbore w i t h  t h e  depth  n o t  too fa r  from t h e  

s u r f a c e  for t y p i c a l  underground format ion  p r o p e r t i e s .  

The water s a t u r a t i o n  o f  t h e  format ion  nearest t h e  we l lbo re  

may be reduced below t h e  i r r e d u c i b l e  p o i n t ,  b u t  t h e  vapor  

p r e s s u r e  lower ing  effect and capi l la ry  p r e s s u r e  w i l l  

. 

i 
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prevent formation of a completely dry region. 

condition, the heat losses from the wellbore will increase 

because of the lower surrounding formation temperature due 

to the heat pipe effect. 

5 .  

absolute permeability is not too high, then a superheated 

vapor zone will be formed around the wellbore. That will 

result in a reduction of heat losses from the wellbore. 

Under this 

If the capillary pressure can be neglected and the 

6. The numerical results show that permeability is an 

important parameter in formation of a two-phase zone. In 

a very high permeability formation, the pressure built up 

around the wellbore from phase changes, declines quickly 

due to greater outgoing flow rate, 

easily drawn back to the two-phase region by capillary 

pressure. A stable two-phase zone cannot be developed 

around the wellbore for this case. On the other hand, for 

Then the water will be 

low permeability formations higher pressure will be built 

up in the two-phase region around the wellbore due to a 

smaller outgoing flow rate. 

surrounding temperature around the wellbore. 

This results in a higher 

7 .  The two-phase region will be suppressed by higher 

hydrostatic pressure of the formation fluids and can exist 

between the surface and 84 meters depth for an injection 

temperature of 315OC. Consideration of phase changes is 

probably only important for shallower formations. 
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NOMENCLATURE 

g 

h 
fg 

hW 

hV 

J 
F;. 

K 

kw 

kV 

L 

h 

m V 
A 

m 
W - 

m 

pC 

pW 

V 
P 

Q 

QC 

rto 

rh 

sW 

sV 

'ig 

'iw 

gravity in vector form 

latent heat of vaporization ' 

enthalpy of water - 

enthalpy of vapor 

heat flux in non-equilibrium thermodynamics 
approach 

absolute permeability 

relative permeability to water 

relative permeability to vapor 

length of system 

phenomenological coefficient 

mass flux of vapor phase in vector form 

mass flux of water phase in vector form 

average mass flux 

capillary pressure 

vapor pressure 

water pressure 

heat flux 

condensation or evaporation term 

outside radius of tubing 

well bore radius 

water saturation 

vapor saturation 

irreducible gas saturation 

irreducible water saturation 

9 



T 

TW 

TS 

uO 

0 

p w  

pV 

U 

temperature 

wellbore inside temperature 

saturation temperature 

internal energy 

overall heat transfer coefficient 

porosity 

water density 

vapor density 

volumetric heat capacity of rock (PCp)rock 
V kinematic viscosity 

IJ dynamic viscosity 

6P vapor pressure change between time steps 

ion change between time steps 6sW 

6T temperature change between time steps 

x thermal conductivity 

apparent thermal conductivity 

heat pipe effect contribution to thermal 
conductivity 

ha 

+iP 
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APPENDIX A .  DERIVATION OF TRAXSFORMATION EQUATIONS 

(1) D e r i v a t i o n  of E q s .  ( 4 . 5 ) ,  ( 4 . 6 )  a n d  t h e i r  c o e f f i c i e n t s .  

E q u a t i o n  ( 4 . 4 )  c a n  be e x p a n d e d  as  ' 

A 

+ UP;- P w g ) l l  v {- [V(PV - Pv) +Pc -Pc KkW n + l  n n n + l  
vW 

A n n + l  n V 
Kk 

+ v {- [V(PV - Pv) + VPV - Pvg) 3 )  
V 

( A . 1 )  - a - (4 at ( P W S W + P V S V )  

a And at (p,Sw) c a n  be expressed as 

n + l  n + l  n n  1 
C(Pw SR, >- (P ,S , ) l  E 

- n + l  n + l  n n n + l  n 1 - CP, (SW - S w ) + S w ( p w  -Pw)l E 

"+%S +SE6pw] E 1 
= CPw W 

Then ,  

n+l n+l n - A t  - P, )6SW@6PW - SV(46PV 

tr, 

I f  water d e n s i t y  is c o n s i d e r e d  c o n s t a n t ,  t h e n  6 p w = 0 .  

6pv can be e x p a n d e d  as  
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c12 

c12 

( -  - '31 + '32) c1 1 and add Eq. ( B . 4 ) ,  Multiply Eq. (B.3) by - 
(- - c21 + c22) 

n n 

"12 
'31 + '32]/ 

b31 b13 
+ V[(TW+TV)6P]+ -) = c - [ -  - c21 cll cll 

R, C,, c, n 

Multiply the above equation by [- c,, c12 c21+c22 IC2 11 and 
II 

rearrange, 

The above equation is Eq. (4.8). 
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4) Estimate heat transfer coefficient for natural convec- 

tion in annulus. 

0.333 0.074 
k 0.049(GrPr) ’r r an 

r 

- 1 
hC ci rtoln - 

to 

- 

where kan = thermal conductivity of the fluid in annulus, 

r = casing inside radius, ci 
Pr = Pradntl number, 

n n  

pan = viscosity of the fluid in annulus, 

pan = density of the fluid in annulus, 

Tan = average temperature of annulus, 

g = gravity. 

102. 

ti 

.) 

i 

5 )  Calculate Uo. 
rh r In - to r 

hc+hr kcem 
to) uo = ( 1 .  

,-* 0 -- 
. ~9 P,’ M iQ6 assumed ralue and the calculated value of U do 

not agree, repeat the steps until agreement is obtained 

between two successive trials. 




