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INTRODUCTION 

Geothermal energy has received much a t t e n t i o n  i n  recent  years as one 

of the  sources t h a t  can help  r e l i e v e  the  energy crisis i n  the  next  decade. 

There is considerable l i t e r a t u r e  on the  poss ib le  methods of geothermal 

energy ex t rac t ion ,  and p r a c t i c a l  usage of geothermal energy is growing 

worldwide. 

The goal  of any geothermal production system is  t o  e x t r a c t  hea t  from 

the  e a r t h ,  and t o  e x t r a c t  i t  a t  a high enough temperature and rate  t h a t  

i t  can be  used commercially t o  genera te  power o r  process heat .  Most 

present  geothermal systems are geared toward power generation.  To evalu- 

ate these  systems w e  must p red ic t  the  amount of hea t  present  and the  r a t e  

a t  which i t  can be ext rac ted .  

economics of any recovery process. 

These are the prime f a c t o r s  a f f e c t i n g  the  

These two factors--amount of heat  and recovery rate-- in t u r n  depend 

on b a s i c  physical  p roper t i e s  of t he  r e se rvo i r  rocks and the  f l u i d s  con- 

ta ined wi th in  them. 

capaci ty  and dens i ty  of the  rock and the  f l u i d s  wi th in  i t .  

heat  e x t r a c t i o n  depends on the  thermal conduct iv i ty  and the  f l u i d  flow 

c h a r a c t e r i s t i c s ,  i .e . ,  permeabil i ty and r e l a t i v e  permeabil i ty,  of the  

water and steam i n  the  rocks. 

of the  rock and f l u i d s  are funct ions  of both the  temperature and pressure  

The amount of hea t  present  depends on the  heat  

The rate of 

All t:hese important bas ic  c h a r a c t e r i s t i c s  

of t h e  r e se rvo i r  system. 
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Fortunate ly  t h e r e  is  an extens ive  body of l i t e r a t u r e  ava i l ab le  t o  

help  one es t imate  many of these f l u i d  and rock proper t ies .  

information can be found i n  the petroleum l i t e r a t u r e ,  f o r  the  petroleum 

indust ry  has  had an i n t e r e s t  i n  the  use of underground heat  f o r  o i l  recov- 

ery s i n c e  t h e  e a r l y  1900's. 

t h a t  is use fu l  for geothermal systems. 

are ex t rac ted  from the  petro:leum l i t e r a t u r e .  

Much of t h i s  

I n  the  paper w e  summarize some of t he  da ta  

A l a r g e  f r a c t i o n  of these  da ta  

STORAGE AND TRANSPORT OF HEAT I N  ROCKS 

Neglecting heat  of phase change and hea t  of r eac t ion ,  t h e r e  are th ree  

important thermal p roper t i e s  i n  any process involving heat  t r a n s f e r :  

mal conduct iv i ty ,  hea t  capaci ty ,  and thermal d i f f u s i v i t y .  

t i v i t y  i s  genera l ly  shown by the  symbol, k ,  and u n i t s  i n  the  c-g-s system 

are cal/sec-cm-'C. Many of the  references ,  however, are given i n  B r i t i s h  

thermal u n i t s ,  Btulhr-ft-OF. The conversion f a c t o r  is:  

ther-  

Thermal conduc- 

Btu = 4,134 x c a l  
hr-f t-OF Sec-cm-Oc 

The s p e c i f i c  heat  genera l ly  used is the  s p e c i f i c  heat  a t  constant  pres-  

sure ,  o r  (aH/aT)  The c-g-s u n i t ,  calfgm-"C, i s  

numerically the  same as t he  B r i t i s h  u n i t ,  Btu/lb-OF. Thermal d i f f u s i v i t y  

is a c o l l e c t i o n  of terms, k/p C p )  where p i s  the  densi ty .  

ind ica tnd  by the  symbol a. This grouping i s  the  r a t i o  of the  a b i l i t y  to  

t r a n s f e r  h e a t ,  k, t o  the  a b i l i t y  t o  s t o r e  h e a t ,  p C . I n  the  c-g-s sys- 

t e m  t h e  dimensions are c m  /sea?, and i n  t h e  B r i t i s h  system f t  / h r .  Many 

references  use B r i t i s h  u n i t s .  The conversion f a c t o r  is: 

and the  symbol i s  C . 
P )  P 

It is o f t e n  

P 
2 2 



2 f t 2  0.258 cm 1- - hr sec 

Thermal Conductivity 

An e a r l y  evaluat ion of rock thermal conduct iv i ty  w a s  made by Birch 

and 

e ighteen igneous rocks,  seven sedimentary and metamorphic rocks,  and c e r t a i n  

s i n g l e  c r y s t a l s  and g lasses .  

t he  g las ses  (both man-made and na tu ra l )  all t he  materials showed a reduc- 

t i o n  of thermal conduct iv i ty  with temperature increase .  This behavior is  

as should be expected. 

They s tudied a broad range of rock materials including some 

With the  exception of the  anor thos i t e s  and 

1 
See Figures 1 and 2, from Birch and Clark. 

Probably the  most important f inding by Birch and Clark was t h a t  the  

thermal conduct iv i ty  of  a mixture could be  est imated by assuming t h a t  the  

var ious  components of the  system were i n  series. The t o t a l  thermal resis- 

t i v i t y  of the  system is equal  t o  the  volumetric weighted average of resis- 

t i v i t y  of each component. The t o t a l  conduct iv i ty  is thus the  harmonic 

average : 

x x  X 1 1 2  n - 5 - +- +  ... + -  
'ave k1 k2 kll 

(3) 

where x = volumetric f r a c t i o n  of each component. 

Birch and Clark's  da ta  were mostly f o r  rocks of low poros i ty .  

Somertonj was an e a r l y  inves t iga to r  of the  thermal conductivity '  of f lu id-  

conta ining rocks. He s tud ied  unconsolidated sands, sandstones,  s i l t y  

sandstones,  s i l t s t o n e ,  s h a l e  and limestone. He developed an empir ica l  

equation t o  p r e d i c t  the  e f f e c t  of f l u i d  s a t u r a t i o n  on the  thermal con- 

d u c i t i v i t y  of porous rocks. It was :  i 
* 
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c+ 
k 

where k = thermal conduc i v i t y  of f l u  

(4) 

i- saturated rock 

kl 

kZ 
4 = poros.ity - f r a c t i o n  

c = empir ica l  cons tan t  approximately equal  t o  1. 

The empir ica l  cons tan t ,  c,was a c t u a l l y  found t o  range from 0.9 t o  2.3 

with the  l a r g e r  values found a t  :Lower po ros i t i e s .  

ranged from 0.325 t o  0.460. 

= thermal conductivi ty of rock s o l i d s  

thermal conductivi ty of s a t u r a t i n g  f l u i d  

The product, c$, 

I n  1961 Kunii and Smith4 measured thermal conduc t iv i t i e s  of porous 

rocks s a tu ra t ed  with var ious  f l u i d s .  They proposed an equation ( t h e i r  

Eqn. 3) t o  r e l a t e  t he  f l u i d  s a tu ra t ed  conduct iv i ty  t o  the  conductivi ty of 

dry rock. Some of t h e i r  r e s u l t s  a r e  reproduced here  a s  Figures 3 and 4 

t o  show the  correspondence of t h e i r  da ta  t o  t h e i r  model. Water may increase  

conduct iv i ty  more than two-fold alepending on the  na ture  of t he  porous 

medium. Their  da t a  were run on Boise, B a r t l e s v i l l e ,  Berea and Rangely 

sands tones. 

Smith and h i s  ~ o w o r k e r s ~ ' ~  also s tudied  t h e  e f f e c t  of f l u i d  flow on 

the  thermal conduct iv i ty  of porous systems. I n  general  they found t h a t  

thermal conduct iv i ty  i n  t he  d i r e c t i o n  of flow w a s  increased as the  flow 

v e l o c i t y  increased. '  

They made a c o r r e l a t i o n  of t h i s  e f f e c t  through use of the  product of t he  

Reynolds' Number and the  Prandt l  Number (Fig. 6).  Thermal conductivi ty 

perpendicular  t o  t he  d i r e c t i o n  of flow, however, remained near ly  constant-- 

unaffected by flow rate.6 

Figure 5 shows t h i s  e f f e c t  with water and br ine .  
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Anand, Somerton and Gomaa’ recent ly  have shown empirical  methods of  

predic t ing  thermal conduct iv i t ies  of f l u i d  s a tu ra t ed  rocks when the re  

is l i t t l e  thermal da t a  ava i lab le .  

ana lys i s  equations. 

air)  was co r r e l a t ed  a s  follows: 

These methods are based on regress ion  

The thermal conductivi ty of dry rock (containing 

Ad = 0.3386 p 1*034 - 3.194 4 + 0.5304 k 0.100 

+ 0.0131 F - 0.0311 ( 5 )  

where Ad = thermal conductivi ty of dry  rock, Btu/hr-ft-OF 

p a bulk dens i ty ,  gmfcc 

4 = f r a c t i o n a l  poros i ty  

k = permeabil i ty ,  m i l l i da rc i e s  

F a formation e l e c t r i c a l  r e s i s t i v i t y  f a c t o r  

The formation r e s i s t i v i t y  f a c t o r  is a common formation evaluat ion term 

which can be ex t rac ted  from electric logs.  

r e s i s t i v i t y  t o  t h a t  i f  t h e  rock pores were t o t a l l y  f i l l e d  with formation 

water. 

r e l a t i onsh ip  can be used: 

It is t he  r a t i o  of t he  a c t u a l  

I n  t he  absence of d a t a  on t h i s  parameter, t h e  following empirical  

F = 

where m = cementation f a c t o r ,  o f t e n  near 2.0 f o r  sandstones. 

Where t h e  rock Is f l u i d  s a tu ra t ed  t h e  thermal conductivi ty is higher ,  

and Anand, e t  a l . ,  found the  following empirical  equat ion was usefu l :  
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0.330 

- AS = 1 + 0.299 I?) 
- 11 Ad 

0.482m -4.30 

(7) 

where As - thermal conduct iv i ty  of f lu id- sa tura ted  rock, 

B t u/h r - f t - O F  
Af = thermal conductivi ty of t he  s a t u r a t i n g  f l u i d  

Aa = thermal conductivi ty of a i r  

ps = bulk dens i ty  of s a tu ra t ed  rock 

pd = bulk dens i ty  of dry rock 

Las t ly ,  t he  effects  of temperature were included. h a n d ,  e t  a l . ,  

used a modif icat ion of Tikhomirov's8 c o r r e l a t i o n  t o  show t h i s  e f f e c t .  

Their r e s u l t s  were as follows: 

-3 A, = h680 - 0.709 x 10 (T - 528) (A68o - 0.800) 
c -4 

0. 545X680 1 x680 ( T  x 10-3) + 0.738 

L 

where AT = thermal conductivi ty a t  temperature, T, Btu/hr-ft-OF 

A680 = thermal conductivi ty a t  68OF 

T = temperature, OR = "F + 460 

A graph of  t h e i r  da t a  compared t o  t h i s  equat ion is  shown i n  Figure 7.  

The match appears t o  be sa t i s f i sc tory .  

high conduct iv i ty  ma te r i a l s  have lower thermal conductivi ty a t  higher  

temperatures, while low conductivi ty materials exh ib i t  increas ing  con- 

d u c t i v i t i e s  with temperature. 

The equat ion properly p red i c t s  t h a t  



Often rocks contain two f l u i d s  r a t h e r  than one. Gomaa and Somerton ¶ , l o  

d i scuss  t h i s  e f f e c t  i n  two recent  papers. 

i f  n e i t h e r  f l u i d  is bo i l i ng  o r  condensing, the  thermal conductivi ty of the  

system is a simple square roo t  r e l a t i onsh ip  between the  thermal conduc- 

t i v i t y  and the  f l u i d  content ,  as follows: 

I f  both f l u i d s  are l i q u i d ,  o r  

where A = thermal conductivi ty of rock containing two f l u i d s  

hl = thermal conductivi ty of rock sa tu ra t ed  with f l u i d  1 

X2 = thermal conductivi ty of rock sa tu ra t ed  wi th  f l u i d  2 

S2 = t he  f r a c t i o n  of pore space f i l l e d  with f l u i d  2 

I f  t h e  f l u i d s  a r e  a l i q u i d  and vapor i n  equil ibr ium with each o the r ,  

f o r  example water and steam, the  th'ermal conductivi ty may be f a r  higher  

than predic ted  by Eqns. 8 and 9. 

i ng  and mass flow by c a p i l l a r y  pressure e f f e c t s  can cause the  e f f e c t i v e  

thermal conductivi ty t o  increase  2 'to 5 fo ld .  This is ca l l ed  the  "heat 

pipe" e f f e c t .  

rock, t he  l a t e n t  hea t  of vaporizat ion,  t he  vapor s a t u r a t i o n  and t h e  direc-  

t i o n  of  hea t  flow wi th  respec t  t o  gravi ty .  

found t o  p red i c t  t h i s  add i t i ona l  term is as follows: 

Tlhe combination of hea t  t r ans fe r  by boi l-  

The amount of  increase  depends on the  permeability of t he  

The empir ical  equation they 

AHp = 0.003 Cp 0'357 k0*424 >- (1  + 0.107 s i n  Cp) F(S)  (10) 
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F(S) = s i n  [-]sin[ T r [  1-sa) IT[ l-svc] l-Sv) 

l-s&c 

-0.236 = 0.098 k sRc 

-0.236 = 0.060 k svc (13) 

where S and Sv = the  f r a c t i o n  of pore space f i l l e d  with l i q u i d  R 
and vapor, respec t ive ly  

+ = poros i ty ,  f r a c t i o n  

k = permeabil i ty ,  da rc i e s  

L = la tent  hea t  of vaporizat ion,  Fitullb 

y = vapor pressure- temperature de r iva t ive ,  lb/in*-OF 

v and V R g 
= v i s c o s i t y  of l i q u i d  and vapor, f t  2 /day 

J, = angle  of h e a t  flow d i r e c t i o n ,  p o s i t i v e  upward 

A m  = add i t i ona l  thermal conductivi ty due t o  hea t  

pipe e f f e c t ,  Btu/hr-ft-'F 

By t h i s  s t age ,  i t  should be c l e a r  t h a t  t he re  is a problem i n  t h i s  

s tudy wi th  r e spec t  t o  symbols and u n i t s .  

widely t o  represent  both t h e  thermal conductivi ty and permeabil i ty .  

the  Greek symbol X has been used o f t e n  i n  var ious  l i t e r a t u r e s  t o  r ep re sen t  

both hea t  and f l u i d  conduc t iv i t i e s  of porous s o l i d s .  Rather than t o t a l l y  

recast equat ions i n  a s i n g l e  set of symbols and u n i t s ,  w e  have e l ec t ed  t o  

preserve t he  symbols of t he  o r i g i n a l  s tudy,  where poss ib le ,  and t o  de f ine  

symbols and u n i t s  where presented. 

The symbol k has been used 

Even 

This is done because the  purpose of 



of s t u d i e s  such as t h i s  is usual ly  t o  guide a reader  t o  f u r t h e r  informa- 

tion, r a t h e r  than t o  rep lace  i t .  

voluminous f o r  a s i n g l e  paper t o  nerve a t r u e  summary purpose. 

The pe r t i nen t  l i t e r a t u r e  is f a r  too 

W e  t u r n  now t o  a review of pe r t i nen t  information on hea t  capaci ty 

and dens i ty .  

Heat Capacity and Density 

Somerton's3 da t a  on hea t  capaci ty o f t rocks  shows t h a t  most r e se rvo i r  

materials behave s imi l a r ly .  

work. 

roughly by a l i n e a r  equat ion f o r  heat capac i ty  as a funct ion of 

temperature: 

Figure 8 shows some of t he  r e s u l t s  of h i s  

Martin and Dew" poin t  ou t  t h a t  these  da t a  can be approximated 

P T + 2000 
cp 10,000 

where c = hea t  capaci ty of rock, BtuIlb-OF 
P 
T - temperature, O F  

Somerton also found t h a t  where rock is  made up of minerals with many 

d i f f e r i n g  ma te r i a l s ,  t he  average hea t  capaci ty follows Kopp's Law, 

which states t h a t  the hea t  capacity is t h e  mass weighted average of the  

cons t i t uen t s .  

,\ 

\ 

I n  genera l ,  rock volume changles only s l i g h t l y  with temperature. 

Further ,  many rocks containing lar,ge percentages of quar tz  behave much 

a l i k e .  

s t ones  and quartz .  

four  materials. 

Figure 9 shows t h e  da t a  of Somerton and Selim'* f o r  t h r ee  sand- 

There is little di f fe rence  i n  t he  r e s u l t s  f o r  t he  
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Thermal D i f fus iv i ty  

Because t he  thermal conductivi ty of many mater ia l s  behaves s i m i l a r l y  

as a funct ion of temperature, and because many materials have similar 

hea t  capacity- temperature behavior,  i t  seems l o g i c a l  t o  expect t h a t  ther-  

mal di f fus iv i ty- tempera ture  r e l a t i onsh ips  w i l l  agree f o r  many materials. 

The da t a  of Somerton and 

rials do exh ib i t  similar t rends i n  thermal d i f f u s i v i t y  as a func t ion  

of temperature. A notable exc:eption was found with a tuffaceous sand- 

s tone ,  as seen i n  Figure 10; hiowever, a f a i r l y  good approximating l i n e  

could be  drawn through the  rest of the  da t a  i n  Figure 10. Thus use of 

t h i s  f i g u r e  f o r  quick es t imat ion  appears reasonable. 

show t h a t ,  indeed, many porous mate- 

Heats of Phase Change and Reaction 

In gas and o i l  r e s e r v o i r s ,  very low hea t s  of phase change and low 

hea ts  of  so lu t ion ,  p lu s  t h e  high hea t  capaci ty of t h e  s o l i d  phase (rock) 

due t o  high mass of rock leads  t o  near ly  isothermal  behavior for most 

f l u i d  production thermodynamic paths. Exceptions a r e :  (1) the  process 

of o i l  recovery by underground combustion5’ and (2) o i l  recovery by 

steam in j ec t ion .=  The f i r s t  involves release of l a r g e  amounts of hea t  

due t o  oxida t ion  of a part of the o i l ,  and the  second releases hea t  by 

condensation of t he  i n j ec t ed  steam. Actually s eve ra l  types of spon- 

taneous o i l  ox ida t ion  r eac t ions  may occur leading  even t o  i gn i t i on .  S ¶  

There ap?ears l i t t l e  purpose t o  c i t e  e x i s t i n g  s t u d i e s  of o i l  ox ida t ion  

r e a c t i o n  k i n e t i c s ,  o t h e r  than t o  warn such information is ava i l ab l e  

should pore space r eac t ions  become important i n  geothermal energy ex t rac t ion .  

We t u r n  now t o  a cons idera t ion  of t he  e f f e c t s  of  e leva ted  temperatures on 

the  flow c h a r a c t e r i s t i c s  of porous rocks. 



TEMPERATURE AND PRESSURE EFFECT ON PERMEABILITY OF POROUS MEDIA 

It is w e l l  known t h a t  t he  viscous flow of f l u i d s  through porous 

media fol lows Darcy's Law,  which is expressed as:  

(15) 

where v is volume rate of flow across  a u n i t  a rea  of the  porous medium, 

k is  permeabil i ty  of t he  medium t o  a f l u i d  a t  constant  temperature, p is 

v i s c o s i t y  of the f l u i d ,  p is pressure,  p is the  dens i ty  of  the  f l u i d ,  

g is the  acce l e r a t i on  due t o  g rav i ty ,  z is the  v e r t i c a l  coordinate,  and 

8 is  t h e  coordinate along the  d i r e c t i o n  of flow. 

The permeabil i ty  of a porous medium t o  a gas phase usual ly exceeds 

t he  permeabil i ty  of t he  same medium t o  a l i q u i d  phase. 

i n  these  permeabi l i t i es  is due t o  t he  phenomenon known as s l i p I 4 ,  reac- 

t ions  between l i q u i d s  and the  s o l i d ,  and relative permeabi l i t i es .  S l i p  

is r e l a t e d  t o  t he  mean f r e e  path of the gas molecules. Consequently, 

the  permeabil i ty  of a porous medium t o  gas should be a funct ion of t he  

temperature, pressure,  and the  na ture  of t he  gas. 

oped the  r e l a t i o n  between t h e  permea.bility of a porous medium t o  gas 

and t o  a non- reactive l i q u i d ,  v i z :  

The d i f f e r ence  

K l i ~ k e n b e r g ' ~  devel- 

(16) 

This equat ion w a s  derived assuming t h a t  a l l  the  c a p i l l a r i e s  i n  the  porous 

medium are of t he  same diameter,  and are o r i en t ed  a t  random through the  

f; 20 



s o l i d  mater ia l .  

to  gas and t o  a s i n g l e  l i q u i d  phase completely f i l l i n g  t he  pores of the  

medium a t  cons tan t  temperature, 1 is t h e  mean f r e e  path of t he  gas mole- 

cules, r is the  rad ius  of c a p i l l a r i e s ,  and c is a propor t iona l i ty  constant .  

Then, t h e  mean f r e e  path can be expressed as: 

I n  Eqn. 16, k and kg are permeabi l i t i es  respec t ive ly  
g 

RT 
E----- 

1 
2 x =  fi d2n fi p,,Nd 

where d i s  c o l l i s i o n  diameter,  11 is concentrat ion of molecules per u n i t  

volume, N is  Avogadro's Number, pm is mean pressure,  T is temperature, 

and R is universa l  gas constant. .  

w e  ob ta in :  

Therefore, by combining Eqns. 16  and 1 7 ,  

where b is c a l l e d  t he  Klinkenberg f a c t o r ,  which is cons tan t  f o r  a given 

gas and a given porous medium at a constant  temperature. 

from Eqn. 18, a graph of k 

with an i n t e r c e p t  of kg and a s lope  of bk 

must become s t eepe r  as the temperature increases. Thus, t h e  permeabil i ty  

t o  a gas is g r e a t e r  a t  low pressures ,  and is a t  a minimura t  a maximum 

pressure  of flow. 

As e a s i l y  seen 

vs. 1/p, should r e s u l t  i n  a s t r a i g h t  l i n e  
g 

as shown i n  Figure 11. Slope a 

The permeabil i ty  defined i n  Eqn. 15 requi res  t h a t  t he  porous medium 

is s a t u r a t e d  completely with one homogeneous, single- phase f l u i d .  The 

permeabil i ty  thus defined is ca l l ed  t he  absolu te  permeability. When t h e  



medium contains more than one f l u i d ,  the  conductance of the  medium t o  one 

f l u i d  phase is connnonly c a l l e d  t he  e f f e c t i v e  permeability. It depends on 

t h e  volume f r a c t i o n  of each phase present  i n  t he  pore space (ca l led  t he  

s a tu ra t i on ) ,  t he  wett ing c h a r a c t e r i s t i c s  of the  f l u i d s ,  and even the  

s a t u r a t i o n  h i s t o r y  of t h e  f l u id s .  

below. Another term, the  r e l a t i v e  permeabil i ty ,  is a lso  commonly used. 

It is defined as t h e  r a t i o  of t h e  e f f e c t i v e  permeabil i ty  t o  some base 

absolu te  permeabil i ty  value. 

This w i l l  b e  discussed more thoroughly 

Wet tab i l i ty  and Capi l la ry  Pressurc: 

When more than one f l u i d  e x i s t s  i n  a porous medium, the  s ta t ic  and 

flow p rope r t i e s  of t h e  medium depend upon t h e  microscopic d i s t r i b u t i o n  

of these  phases wi th in  t h e  pores. 

w e t t a b i l i t y  of t he  porous medium. 

preference of t he  porous medium su r f ace  fo r  t he  various f l u i d  phases. 

I n  petroleum engineering,  water and o i l  are o f t e n  considered wett ing and 

non-wetting phase respec t ive ly .  Ln geothermal systems t h a t  have water 

and steam coex i s t i ng  i n  the  same pore spaces,  water w i l l  be t he  wett ing 

phase and steam w i l l  be t he  non-wetting phase. 

fol lows concerning o i l  and water can i n  many respec ts  be d i r e c t l y  r e l a t e d  

t o  steam-water systems. 

This d i s t r i b u t i o n  is cont ro l led  by the  

The w e t t a b i l i t y  is the  degree of 

Thus t h e  discuesion t h a t  

We t t ab i l i t y  of an oil-water- solid system is schematical ly shown i n  

The terms yo, and yw, are sur face  tension between o i l  and Figure l 2 . I5  

s o l i d ,  and between water and s o l i d ,  respec t ive ly .  

sion between o i l  and water. 0 is c a l l e d  contact  angle. Then, f o r  t he  

equi l ibr ium state: 

yow is i n t e r f a c i a l  ten- 
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Contact angles  of less than 9 0 ° ,  measured through the  water phase, indi-  

cate p r e f e r e n t i a l l y  water-wet condit ions,  whereas contact  angles  g rea t e r  

than 90' i nd i ca t e  p r e f e r e n t i a l l y  oil-wet condit ions.  

e i t h e r  t h e  wet t ing  o r  non-wetting phase wi th in  the  pore spa t e s  does not  

depend s o l e l y  upon the  s a t u r a t i o n  of t h a t  phase, bu t  depends a l s o  upon 

the  d i r e c t i o n  of t he  s a t u r a t i c n  change. 

b i t i on"  refer t o  flow r e s u l t i n g  :in a decrease and increase ,  respec t ive ly ,  

i n  the  wett ing phase s a tu ra t i on .  

The d i s t r i b u t i o n  of 

The terms "drainage" and "imbi- 

Since the w e t t a b i l i t y  and d i r e c t i o n  of s a t u r a t i o n  change inf luence  

the  f l u i d  d i s t r i b u t i o n ,  these f ac to r s  would be expected t o  a f f e c t  s i m i -  

l a r l y  both t he  c a p i l l a r y  pressure and r e l a t i v e  permeabil i ty  c h a r a c t e r i s t i c s .  

The c a p i l l a r y  pressure,  pc, i n  porous media is defined a s  the  pressure d i f-  

ference e x i s t i n g  across  the  i n t e r f a c e  separa t ing  two immiscible f l u i d s . a t  rest, 

one of which wets t h e  sur faces  of t h e  rock i n  preference to t h e  o ther .  

The water- oil  c a p i l l a r y  pressure  i s  defined as the  pressure  i n  the  o i l  

phase minus t h e  pressure  i n  t he  water phase, or: 

Pc = Po - 43 

For t h e  gas- liquid case (or steam-water) : 

P, - Pg - Pg 

(20) 

(21) 

Figure 1 3  shows the  c a p i l l a r y  pressure  c h a r a c t e r i s t i c s  of A s t rong ly  water- 

wet rock. It is  seen i n  Figure 13 t h a t  t he  pressure  i n  t he  o i l  phase (non- 

wett ing)  m u s t  exceed t h a t  i n  t h e  water phase (wetting) before o i l  w i l l  en t e r  

t h e  i n i t i a l l y  water- saturated rock. 

system. 

This would a l s o  b e  seen i n  a steam-water 

This entrance pressure  is r e f e r r ed  t o  as the  threshold pressure  



or  displacement pressure.  

t h e  i r r e d u c i b l e  water sa tu ra t i on .  

The minimum s a t u r a t i o n  poin t  i n  Figure 1 3  gives 

It has long been recognized t h a t  t he  vapor pressure  above the  curved 

sur face  of a l i q u i d  is a funct ion of t he  curva ture  of t he  l i q u i d  sur face .  

The c a p i l l a r y  pressure is a l s o  a funct ion of t he  curvature of the  l i q u i d  

sur face .  Considering t h a t  t h e  l i q u i d  and vapor respec t ive ly  a r e  the  w e t -  

t i n g  and non-wetting phases, t he  c i ip i l la ry  pressure,  per ta in ing  t o  s ta t ic  

equil ibr ium a t  curved su r f aces  of vapor- liquid phase separa t ion ,  may be 

w r i t t e n  asi6: 

P 
D pg - pgl + En 

PC Mva pg 
(22) 

where p 

pressure  of t he  l i q u i d  above a f l a t :  sur face ,  M is the  molecular weight,  

and v is the  s p e c i f i c  volume of l i qu id .  Then, the  pressure i n  t he  l i q u i d  a 
phase is: 

is the  pressure  i n  t he  vapor phase, pg, is the  equil ibr ium vapor 
g 

As t he  l i q u i d  i s  the  wett ing phase, p , is  g r e a t e r  than p 

smaller than p Therefore, i f  l i q u i d  pressures  and temperatures are 

measured i n  t he  two-phase por t ion  of t he  porous medium,*liquid pressures 

must be lower than t h e  normal (planle-surface) s a t u r a t i o n  pressures  cor- 

responding t o  the  measured temperatures. Since c a p i l l a r y  pressure values 

are a func t ion  of the  l i q u i d  s a t u r a t i o n ,  t he  vapor pressure lowering must 

be a func t ion  of t he  l i q u i d  s a t u r a t i o n  of the  porous medium. 

Then pQ is  
8 g' 

g' 

I 
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where vm = v i s c o s i t y  of mixture 

pi = v i s c o s i t y  of itlh component 

Mi = molecular weight of ith compcnent 

Yi, = mole f r a c t i o n  of the  ith component i n  mixture 

n = t o t a l  number of components i n  the  mixture 

Basica l ly  t h i s  i s  an averaging ca lcu la t ion  weighted by the  mass of each 

component present .  The v i s c o s i t y  of var ious  gases over a range of tem- 

pera tu res  can be found i n  standard physica l  p roper t i e s  reference  books 

(e.g., see Weast 

condensable gas content  w i l l  not  s i g n i f i c a n t l y  a f f e c t  the  v i s c o s i t y  of 

most geothermal steams. 

5 5  , pp. F41-F44). For p r a c t i c a l  purposes, the  non- 

A Note on Units  

In general ,  equations and numerical values  have been expressed in 

C,  m, kg) ,  with values  f o r  engineering u n i t s  given 0 metr ic  u n i t s  (bar ,  

i n  parenthes is  ( p s i a ,  F, f t ,  lb,). Viscosi ty  is  given i n  cent ipoise .  

For convenience of w r i t i n g  t h i s  i s  not  t r u e  in every case.  

always s p e c i f i e d  where equations are presented throughout the  paper.  

0 

Units a r e  

Note the  following conversions: 

Pressure  : 1 p s i a  = 0.06895 bar  

1 bar = 1.0197 lcg/cmz 

1 bar  = 0.9869 a t m .  

1 f t 3 / l b m  = 0.062428 m3/kg 

1 f t 3 / l b m  = 62.43 cc/gm 

Spec i f i c  Volume: 

Enthalpy : 1 Btu/lbm = 2324.4 Joules lkg 

Yiecosi ty  1 c.p.  = 6 . 7 2 ~ l O - ~  l b m f t  sec 

1 c.p. = 2.089~10-' lbF s e d f  tz 

I 

I 

I 

I 
I 
I 

I 

I 

I 

I 
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TABLE 1 

Isothermal Compres,sibility of Liquid Water, psia-' 

500°F - 400 * F - 300°F - p,psia 

700 3.793 x 5.811 x 7.146 x 

800 

1000 

3.795 x lo+ 

3.913 x 

5.815 x 

5.821 x 

7.152 x lom6 

10.703 x 

a 
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FIGURE 1 

30~-T7- 

'l'Ii(~riaa1 conductivity of quartz and of a quartzitic silntlstonr. 
QS, 
QSii 
Q, 
Qli 

(&uirtritic sandstone, Penn., 1 bed-plane. 
Quartzitic sandstone, Penn., 11 bed-plane. 
Quwtz single crystal 1 optic axis. 
Quartz single crystal 11 optic axis. 

(Ref. 1 )  
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