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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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Relative Pe rneab i l i  ty  

Figure 14 shows typ i ca l  water- oil r e l a t i v e  permeability charac ter i s-  

t ics  f o r  a water-wet core.”’ I n  t h i s  f i g u r e  t h e  permeabil i ty  t o  oil a t  

r e se rvo i r  connate water s a t u r a t i o n  was used as the  base va lue  f o r  rela- 

t i v e  permeabi l i t i es .  

s a t u r a t i o n  increased while  t h e  o i l  s a t u r a t i o n  decreased. 

been taken f o r  decreas ing  water s a tu ra t i on ,  t h e r e  would be a marked 

d i f fe rence .  

bu t  t h e  o i l  (non-wetting phase) permeabi l i t i es  would have been higher ,  

e spec i a l l y  a t  t he  r i g h t  hand s i d e  of t h e  graph. 

of t h e  curves--the i rreducihl le  water s a t u r a t i o n  and the  r e s i d u a l  oil 

sa tura t ion- - l ike ly  would have changed. 

These d a t a  were taken €or t h e  case  where t h e  water 

I f  the  da t a  had 

The water (wetting phase) permeabil i ty  da t a  would be unchanged, 

Fur ther ,  t h e  end po in t s  

Muskat, e t  al . ,  le presented r e l a t i v e  permeabil i ty  curves f o r  gases 

and l i q u i d s  i n  unconsolidated sands, as given i n  Figure 15, which shows 

t h a t  f o r  p r a c t i c a l  purposes t he  curves f o r  t h e  r e l a t i v e  permeabi l i t i es  

k and krQ a r e  independent of the  na tu re  of t h e  unconsolidated sand. 

This is i n  marked c o n t r a s t  with most consolidated media, where t h e  rela- 

tive permeabi l i t i es  must near ly  always be measured, f o r  they vary widely 

depending on the  na ture  of t he  f l u i d s  and t h e  porous system. 

r g  

Temperature E f f ec t  on Rela t ive  Permeabil i ty  

The relative permeabil i ty  is a f f ec t ed  by the  test environment. The 

important f a c t o r s  are temperature, p ressure ,  f l u i d s  and core  condit ion.  

Several  i n v e s t i g a t o r s  have reported experimental r e s u l t s  of t he  e f f e c t  of 

temperature on r e l a t i v e  permeability. 

Poston, e t  al .  ,l’ using unconsolidated sand, found t h a t  the  irre- 

ducib le  water s a t u r a t i o n  increased and the  r e s idua l  o i l  s a t u r a t i o n  decreased 
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with increas ing  temperature, a s  shown i n  Figures 16 and 17. 

t i on  can be seen m o t h e r  way by considering Figure 14. 

temperature caused both r e l a t i v e  Permeability curves t o  s h i f t  t o  the  l e f t  

on t ' a  s a t u r a t i o n  ax is .  Poston, e t  al., speculated t h a t  i f  t h e  r e l a t i v e  

permeabil i ty  has changed, the  c a p i l l a r y  pressure should a l s o  be  tempera- 

t u r e  s e n s i t i v e .  

This observa- 

I n  e f f e c t  t he  higher  

-- 

Sinnokrot,  e t  a l .  , * O  s tudied  c a p i l l a r y  pressure behavior of t h r ee  

consol idated sandstones and one limeetone sample over  a temperature range 

of 7.5" t o  325'F by the  res tored  s t a t e  method. 

observat ion of Poston, e t  a l . ,  t h a t  t he  i r r educ ib l e  water s a t u r a t i o n  

increased and apparent r e s idua l  o i l  s a t u r a t i o n  decreased with increase  

i n  temperature. 

s tones  were displaced toward h igher  wet t ing  phase s a tu ra t i ons  with an 

increase  i n  temperature l e v e l ,  i nd i ca t ing  an increase  i n  water wetness with 

temperature level increase.  

Their work confirmed the  

They concluded t h a t  c a p i l l a r y  pressure curves f o r  sand- 

Figure 18 shows p a r t  of t h e i r  work. 

Weinbrandt, ,et a l .  ," found r e s u l t s  similar t o  Poston's when increas-  

ing  from room temperature t o  175°F i n  Boise sandstone. 

are shown i n  Figure 19. They a l s o  obtained da t a  on absolu te  permeabil i ty  

i n  an increas ing  temperature l e v e l  sequence from 75 t o  315"F, as shown i n  

Representat ive da t a  

Figure 20. 

increased.  

212 OF. 

and 

The absolu te  permeabil i ty  decreased d r a s t i c a l l y  as temperature 

AfinogenovZ2 found similar r e s u l t s  up t o  temperatures of 

MunganZ3 a l s o  s tudied  r e l a t i v e  permeabi l i t i es  a's a func t ion  

of temperature and found r e s u l t s  simil!ar t o  Weinbrandt, e t  91. and Poston. 

They a l s o  s tudied  systems of  d i f f e r i n g  wetness c h a r a c t e r i s t i c s  and the  

results were found t o  be  similar i n  both oil-wet and water-wet systems. 
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Poston, e t  a l . ,  point:ed out  t h a t  the  changes i n  rock- fluid charac- - 
teristics as funct ions  of temperature l e v e l  were a l l  i n  a d i r e c t i o n  sug- 

ges t ive  of an increase  i n  water wetness with temperature Increase.  

Contrary t o  t h i s ,  Weinbrgndr , et al. ,  considered t h a t  temperature induced 

changes were too l a r g e  t o  be  explained by obvious f a c t o r s  such a s  change 

i n  contac t  angle  in te r facLa1 tension,  etc. They speculated t h a t  most of 

t he  above observat ions concerning temperature s e n s i t i v i t y  may have been 

a r e s u l t  of thermally-induced mechanical stress. 

t o  attempt t o  c l a r i f y  these r e s u l t s  and t h e  reasons f o r  them. 

Work is  continuing 

Pressure Effec t  on Pore V o l . ~  

Von Gonten and Choudha~ry~' inves t iga ted  experimentally t he  tempera- 

t u r e  e f f e c t  on pore volume compress ib i l i ty ,  which is defined a s :  

where V 

overburden pressure  minus pore pressure.  

t i v e  f r a c t i o n a l  pore volume change v e r s w  compacting pressure  f o r  sand- 

s tone  a t  75'F and 400OF. The pore volume compress ib i l i ty ,  which is the  

s lope  of these  curves,  becomes smaller a t  higher  pressure.  

is pore volume and p is compacting pressure  which is equal  t o  
P 

Figure 21 is a p l o t  of cumula- 

Somerton and Selim12 showed the  e f f e c t  of  temperature on sandstone 

volume, as indica ted  earlier in t h e  paper i n  Figure 9. 
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Pressure  Effect  on Permeabil i ty 

Afinogenov22 presented d a t a  on the  absolute  permeabil i ty decrease 

as a f fec ted  by ex te rna l  pressure.  

formula t o  p red ic t  t h i s  e f f e c t :  

Firom h i s  d a t a  he introduced an empir ica l  

127 x 10 
P 

k 

where e f f e c t i v e  pressure ,  p, is defined as: 

P = Pcon - 0.85 Ppore 

(25) 

pcon and ppore are confining pressure! and pore pressure  r e spec t ive ly  

i n  atmospheres. He deduced t h a t  this; permeabil i ty decrease was due t o  

a decrease  i n  t h e  cross- sect ional  area of the pores and t o  a more tor-  

turous pore space conf igura t ion under the  e f f e c t  of pressure .  

Zoback and Byerlee2’ measured th le  permeabil i ty of  Berea sandstone 

as a funct ion of both confining pressure  and pore pressure.  

reported t h a t  the  permeabil i ty decreased with increased confining pres-  

sure ,  and increased as pore pressure  was increased.  Qua l i t a t ive ly ,  

t h i s  agrees  wi th  Afinogenov’s r e s u l t s .  

s u r e  had a s i g n i f i c a n t l y  l a r g e r  e f f e c t  upon permeabil i ty than d id  con- 

f i n i n g  pressure .  

They speculated t h a t  the  matr ix  through which the  f l u i d  floKs has a higher  

compress ib i l i ty  than does the  granular  framework through which the  

confining pressure  stresses are transmitted.  

They 

They found a l s o  t h a t  pore pres-  

This does e agree wi th  the  r e s u l t s  of Afinogenov. 

Many o t h e r  i n v e s t i g a t o r s ,  such as F a t t  and Davis2: Wyble2’, Dobrynin=, 

Gray, e t  al.‘’, and Wilhelmi and Somerton”, have repor ted  t h e  e f f e c t  of 

overburden pressure  on the  permeabil i ty of sandstone. Figure 22 is the  
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L experimental r e s u l t s  provided by F a t t  and Davis. 

sandstone decreased with increase  i n  overburden pressure.  

decrease took p lace  over t h e  range of zero t o  3000 p s i  overburden 

pressure.  

The permeability of 

Most of t he  

PHYSICAL STATES OF WATER 

The physical  states of water of interest i n  geothermal r e se rvo i r s  

are: 

o r  unsaturated)  steam, sa tu ra t ed  (or wet) steam, and the  dense f l u i d  

state. 

compressed l i q u i d ,  s a tu ra t ed  l i q u i d ,  superheated ( a l so  ca l l ed  dry 

The term "saturat ion"  may thus have seve ra l  meanings i n  geothermal 

r e se rvo i r  engineering. "Saturation" can r e f e r  to :  (1) t h e  volume fsac- 

t i o n  of pore space occupied by a f l u i d  phase, (2) t he  thermodynamic 

state of t he  f l u i d  phases wi th  re ference  t o  some appropr ia te  vapor pres- 

su re  curve, and (3) t h e  usual  sense of s o l i d s  and gases being dissolved 

i n  a l i q u i d  phase. Care must be used t h a t  t he  term "saturat ion" is not 

misunderstood. 

Figure 23 is  a graph of t he  vapor pressure  curve of water, showing 

the  pos i t i on  of t he  c r i t i c a l  poi.nt a t  221.07 bar  and 374.1"C (3206.2 ps i a  

and 705.4'F). Poin t  A on t h i s  f i g u r e  is i n  t he  superheated steam region,  

po in t  B is a t  s a t u r a t i o n  condit ions where both l i q u i d  and vapor may 

coex i s t ,  and poin t  C is i n  t h e  compressed l i q u i d  region. 

are i n  t h e  dense f l u i d  region. 

showing t h e  i n i t i a l  thermodynamic s t a t e  of var ious  geothermal f i e l d s  around 

t h e  world. Note t h a t  t h e  geopressured aqu i f e r s  found i n  the  Gulf Coast 

area of t h e  United S t a t e s ,  wi th  temperatures of 260°C (500°F) and pres- 

Points  D and E 

Figure 24 is an  expanded form of Figure 23 



sure8 i n  excess of 700 ba r  (10,000 ps i a ) ,  are o f f  t he  scales of both 

Figures 23 and 24, and might be considered a s  dense f l u i d s .  

Gibb's Phase Rule teaches thlat i n  order  t o  spec i fy  t he  thermodynamic 

state of a s i n g l e  phase of water, two independent thermodynamic proper t ies  

(e.g., pressure and temperature) must be  spec i f ied .  But i f  two phases a r e  

present  (e.g., s a tu ra t ed  steam and water) spec i f i ca t i on  of only one inten-  

s i v e  property def ines  t h e  system. 

condit ions must follow some appropr ia te  vapor pressure  curve as f l u i d  is 

produced. 

A geothermal aqu i f e r  a t  s a tu ra t ed  

It can be shown from thermodynamic ana lys i s  t h a t  a geothermal system 

i n i t i a l l y  containing a single-phase f l u i d  ( e i t h e r  compressed l i q u i d  o r  

superheated steam) w i l l  tend t o  dep le t e  isothermally.  

form, a system should dep le t e  along some s o r t  of vapor pressure  curve 

appropr ia te  f o r  t he  f l u i d s  i n  t he  pore space. 

But once two phases 

Proper t ies  of I n t e r e s t  

A thermodynamic equat ion of s tate  f o r  water expresses the  pressure-  

volume-temperature (PVT) r e l a t i onsh ips .  These descr ibe  the  s p e c i f i c  

volume, v, (or dens i ty ,  p = l / v )  as a funct ion of pressure and temperature 

f o r  t he  var ious  phases. I n  add i t i on  w e  r equ i r e  the  energy r e l a t ed  prop- 

erties, s p e c i f i c  enthalpy,  h, and s p e c i f i c  entropy, s,, and s p e c i f i c  

hea t s ,  c and cy. 
P 

The t ranspor t  p rope r t i e s  that: are important are v i s c o s i t y  and thermal 

conductivi ty.  Viscos i ty  is b a s i c a l l y  an i n t e r n a l  r e s i s t ance  of the  f l u i d  

t o  flow, due t o  molecular interact : ion.  Thermal conductivi ty a f f e c t s  the  

rate of hea t  t r a n s f e r  of t he  rock- fluid system. 
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._ 
Data descr ib ing  the  forementioned p rope r t i e s  f o r  impure water is  

meager, although a f a i r  amount is known about t h e  s o l u b i l i t y  of numerous 

substances found i n  geothermal waters.  

can be used t o  estimate which chemicals w i l l  remain dissolved,  and which 

Ionic  equil ibr ium ca l cu l a t i ons  

.ones w i l l  p r e c i p i t a t e  under changing pressure,  temperature, and composi- 

tiw condit ions.  

(Krauskopf 31 ) and i o n i c  equil ibr ium ca l cu l a t i ons  (Butler3’ ) and a l s o  t o  

work on the  chemistry of geothermal systems by White”, Fournier and 

T r ~ e s d e l l ’ ~ ,  and Helgeson. 62 

The reader  is r e f e r r ed  t o  textbooks on geochemistry 

Equations of S t a t e  

Since t he  e a r l y  p a r t  of t h i s  century t he re  has been an in t e rna t iona l  

e f f o r t  t o  s tandard ize  the  various thermodynamic and t r anspo r t  p rope r t i e s  

of pure water.  

r e s u l t  of these  e f f o r t s .  

recent  products of these  e f f o r t s ,  and are used as a bas i s  f o r  much of t h e  

da ta  i n  t h i s  r epo r t .  These t ab l e s  present  t he  r e s u l t s  of a series of 

accura te  matching of analytic! func t ions  ( t he  1967 IFC Formulation f o r  

I n d u s t r i a l  Use) t o  accepted and standardized experimental da t a  ( t he  1963 

The well-known Keenan and Keyes” steam t ab l e s  were a 

The ASME Steam Tables36 are one of t h e  more 

In t e rna t iona l  Skeleton Tables).  

g raphica l  form. 

grammed f o r  use on a computer. 

is t he  Steam Tables by Keenan, e t  a1.” 

The r e s u l t s  a r e  presented i n  tabular  and 

The ana ly t i c  funct ions a r e  a l s o  given, and can be  pro- 

Another recent  source of water  .p roper t ies  

The r e s t  of t h i s  review w i l l  be devoted t o  descr ib ing  the  p rope r t i e s  

mentioned above, both f o r  pure and impure water.  Data w i l l  be presented 

in t abu la r  o r  graphica l  form, and seve ra l  s impl i f ied  a n a l y t i c  forms w i l l  

be discussed.  
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Pure Saturated Steam and Water 

For condi t ions  below the  cri t ical  s ta te  (221.07 ba r ,  374.1"C; 

3206.2 p s i a ,  705.4'F) t h e  l i q u i d  and vapor phases can coex i s t  i n  equi-  

librium. 

i n g  sa tu ra ted ,  and such states l i e  along the  vapor pressure  curve (see  Figures 

23 and 24). 

When l i q u i d  and vapor are i n  equil ibrium they are described as be- 

This curve is of g r e a t  i n t e r e s t ,  and a number of s impl i f ied  

a n a l y t i c  approximations have been presented.  

Whiting and Ramey" used an integrat:ed form of the  Clausius-Clapeyron 

equation t o  develop the  following approximation by a least mean square 

curve match over the  temperature range 150-315OC (300-600'F): 

A few w i l l  be given here .  

-4667*0754 + 12.59833 ; where p = b a r ,  T = 'C. In p - (26-a), (T + 273) 

O r  : 

-8400*7358 + 15.272703 ; where p = p s i a ,  T = OF. (26-b) In = (T + 460) 

This match is claimed t o  have an average d i f fe rence  from the  a c t u a l  da ta  

of only 0.048%. 

In o i l  and gas technology, the  Cox Chart is a use fu l  empir ica l  

technique for represent ing t h e  vapor pressure  curves of hydrocarbon f l u i d s .  

This is a graph of I n  p vs. 1/(T-77.41, T i n  OR, and i t  is useful  because 

both hydrocarbon and water vapor pressure  curves tend t o  graph as s t r a i g h t  

l i n e s .  

vapor p ressu re  curve w e  can determine t h a t  t h e  equation of t h i s  s t r a i g h t  

l ine is  of the  form:6' 

Thus, by choosing two po in t s  f o r  water a t  opposi te  ends of t h e  
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-7001*4928 + 14.46928 ; where p .=  p s i a ,  T = OF. (T + 382.2) I n  p = (27) 

This funct ion is a match over the  whole vapor pressure  curve, whereas the  

Whiting and Ramey approximation is f o r  the  range 150-315°C. 

Farouq A l i 3 '  observed t h a t  a graph of  pressure  vs .  temperature on log-log 

paper y i e l d s  a s t r a i g h t  l i n e .  Hence: 

F ina l ly ,  

T - 115.1 p (T = OF, p = ps ia )  

or 

(28-a) 

T - 116.7 p 0*225 - 17.778 (T = '6, p = bar)  (28-b) 

Equation 28 is repor ted  t o  :have a maximum of 1% e r r o r  over the  pressure  

range 1-200 bar (10-3,000 p:sia). 

The s p e c i f i c  volume of sa tu ra ted  steam, v and water, v are shown g' f '  

as a funct ion of pressure  on Figure 25. 

mixtures of steam and water can be determined a t  a p a r t i c u l a r  pressure  

(or temperature) if the  q u a l i t y ,  x, of the  mixture is known. 

is defined: 

The o v e r a l l  s p e c i f i c  volume of 

Quali ty 

Mass of mixture as steam 
Tota l  mass of mixture (29) 

The e f f e c t  of q u a l i t y  on s p e c i f i c  volume can be seen on Figure 25, and 

can be ca lcula ted  from tab1e:s using the  r e l a t i o n :  

v ' X V  + ( l - x ) V f  

= Vf + x Vfg 

mix g 

, 

~ 

I 
I 

~ 

I 
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where v = mixture s p e c i f i c  volume mix 

8 
v = sa tu ra t ed  gas s p e c i f i c  volume 

- sa tu ra t ed  l i q u i d  s p e c i f i c  volume Vf 

f g  - - Vf 

The second expression r e s u l t s  i n  more accura te  numerical r e s u l t s  i n  hand 

ca l cu l a t i ons  i f  steam q u a l i t y  is lalw. 

The enthalpy of  s a tu ra t ed  steaim and water is shown as a funct ion of 

pressure  i n  Figure 26. 

those on Figure 23 .  

(1204.8 Btu/lbm) t h a t  s a tu ra t ed  steam may have under any condit ions.  

This occurs  between 31.16 and 31.85 ba r  (452  and 462 p s i a ) .  

Poin ts  B and C on t h i s  diagram correspond with 

6 There i s  a maximum enthalpy of 2 . 8  x 10 Joules/kg 

The o v e r a l l  enthalpy of s a tu ra t ed  mixtures can be ca lcu la ted  from 

the  r e l a t i o n :  

hmix = x h + ( 1  - X) hf 
i3 

= h f + x h  
f g  

where hmix = mixture s p e c i f i c  enthalpy 

hf 

h = sa tu ra t ed  gas s p e c i f i c  enthalpy 
g 

h 

= sa tu ra t ed  l i q u i d  s p e c i f i c  enthalpy 

= l a t e n t  hea t  of vapor iza t ion  per  u n i t  mass 
f g  

The s p e c i f i c  enthalpy of such mixtures is shown i n  Figure 26. 

The l a t e n t  hea t  of vapor iza t ion  p e r  u n i t  mass, h is t h e  increase  
fg’ 

i n  en tha lpy .as  a f l u i d  vaporizes from sa tu ra t ed  l i q u i d  t o  s a tu ra t ed  steam 

at  cons tan t  pressure  o r  temperature. A t  atmospheric pressure  h is  

approximately 2 . 3  x 10 

presented the  approximation: 

f g  
6 Joules/kg (:LOO0 Btu/lbm). Farouq A l i ”  (p. 5 )  has 
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-0.08774 h = 1318 p 
f g  

f o r  use i n  hand ca lcu la t ions .  

The u n i t s  used i n  Eqn. 32 are p, p s i a ;  h 

The maximum e r r o r  is reported t o  be 1.9%. 

Btu/lbm. 
fg’ 

There appears to  be some uncertainty about t he  v i s cos i ty  of sa tura ted  

steam and water. 

Figure 27 shows the  viscosi t :y  of sa tura ted  steam and water vs. temperature. 

The v i s c o s i t i e s  of t he  two plhases tend t o  approach one another  as they 

approach the  c r i t i c a l  temperature. 

Accepted values are presented i n  the  ASME Steam Tables. 

Farouq A l i ”  recommends use of the  following equation f o r  t he  vis-  

cos i ty  of steam: 

p/100 = 88.02 f 0.32827 T + 0.0002135 T3 - p (1858 - 5.90 T) (33) 

where p = v i s c o s i t y  of steam, cent ipoise  

T - temperature, O C  

p 5 dens i ty  of steam, gm/cc 

The dens i ty  of steam can be determined from steam tables .  

up t o  1000 ps i a ,  t he  dens i ty  of steam can a l s o  be  determined from the  fo l-  

lowing r e l a t i o n  developed by Farouq A l i  (p. 22): 

For pressures  

0.9588 p = 0.0000440189 p (34) 

where p - dens i ty  of  steam, gm/cc 

p = pressure,  p s i a  

The thermal conductivi ty of water f i r s t  increases  as the  temperature 

increases  and reaches a maximum a t  about 150°C. Thereaf te r  i t  decreases.  

This is shown i n  Figure 28. 



Impure Saturated Water 

Chemical content  w i l l  tend t o  have the  same e f f e c t  on the  proper- 

ties of s a tu ra t ed  water and steam a s  they w i l l  on the  unsaturated phases. 

Hence, wi th  t he  exception of t h e  vapor pressure  curve, discussion of t he  

e f f e c t  of  impur i t ies  w i l l  be postponed u n t i l  l a t e r  sec t ions .  

The vapor pressure  of water i n  a geothermal system w i l l  not  neces- 

s a r i l y  be t h a t  presented i n  t h e  s t e a i m  t ab l e s .  

b o i l i n g  temperature of water w i l l  be e leva ted  by t h e  presence of impuri t ies .  

This is equivalent  t o  a lowering of vapor pressure.  

is usual ly  r a t h e r  small. For example, a t  4.621 ba r  (67.013 ps i a )  pure 

water would b o i l  a t  148.89"C (300°F), whereas a 100,000 ppm ( p a r t s  pe r  

mi l l ion)  sodium ch lo r ide  b r i n e  would b o i l  a t  150.62"C (303.113"F). 'Chis 

d i f f e r ence  would probably not  be measurable i n  a geothermal system. 

However, s i g n i f i c a n t  vapor pressure  lowering has been observed with 

production of 350,000 ppm b r ines  i n  the  Imperial Valley, Cal i forn ia .  

For a f ixed pressure,  the  

However, t h e  e f f e c t  

The vapor pressure  da t a  presented i n  steam tab l e s  were measured fo r  

f l a t  su r f ace  i n t e r f aces .  I f  the  steam-water interEace is a s t rongly  

curved sur face ,  as might occur i n  small pores i n  porous media, then the re  

could be  s i g n i f i c a n t  vapor pressure  lowering e f f e c t s  (Calhoun, e t  a l  . ; 

Edlefsen and Anderson4'). Cady, Bi lhar tz ,  and R a m e ~ ~ ~  have inves t iga ted  

t h i s  phenomenon with regard t o  geoth(erma1 aqui fers .  

vapor pressure  lowering i n  unconsolidated sandstone cores.  However, a 

recent  s tudy by StrobelS6 ind i ca t e s  a po ten t i a l  vapor pressure lowering 

a t  very low l i q u i d  contents  i n  experiments with a s i n g l e ,  consol idated 

core. Continued experimentation is .in progress. 

They d id  not observe 
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Pure Compressed Liquid Water 

The compressed liquid region lies above the vapor pressure curves 

in the pressure-temperature planes of Figure 23 and Figure 24. Enthalpy 

and PVT b e h d r  for compressed water is given in various tablesJ5’”and 

ia the ASME Steam  table^'^ 
/ _/’ 

for pressures up to 1070 bar (15,500 psia). 
/ 

/’ A technique commonly used in oil reservoir engineering for relating 

compressed water at some given reservoir condition to its state at sur- 

face conditions is via the formation volume factor, Bw. This is defined 

as the volume of liquid at reservoir conditions divided by the volume of 

liquid that 

conditions, 

A 
I 

BW 

would remain if it were brought to some standard surface 

commonly 2OoC and 1 bar (70°F and 14.67 psia) . 

(35) 
initial volume Qf liquid at reservoir conditions 
volume ofiiquid remaining at standard conditions 

Figure 29 is a graph of the Flormation Volume Factor, Bw, for pure liquid 

water as function of pressure and temperature. 

temperature, as pressure decreases, B increases slowly up to saturation 

conditions, below which it falls rapidly. 

Note that for constant 

W 

The specific volume-pressure behavior of a compressed liquid under 

an isothermal expansion or contraction process is often of interest 

(particularly in unsteady liquid flow through an aquifer). This P-V 

behavior is usually expressed in terms of the isotherma? coefficient of 

compressibility, c which is defined: R’ 
c 



ca can be  viewed a s  t he  f r a c t i o n a l  decrease i n  s p e c i f i c  volume caused by 

an isothermal  u n i t  increase  i n  pressure.  

p r e s s i b i l i t y  of l i q u i d  water is o f t en  used i n  ground water hydrology and 

o i l  r e se rvo i r  engineering,  i t  appears t o  have been seldom reported f o r  

high values of temperature (grea te r  than 12OoC; 240'F). 

rizes high temperature r e s u l t s  reported by Whiting and R a m e ~ . ~ '  

be seen, t h e  isothermal  compress ib i l i ty  f o r  water is reasonably constant  

wi th  pressure ,  but  v a r i e s  with temperature. 

Although the  isothermal com- 

Table 1 summa- 

As can 

Table 2 presen t s  t h e  enthalpy of compressed pure water over a range 

of pressures  and temperatures. 

is only weakly dependent on presslure, but  s t rongly  dependent on tempera- 

ture.  

It can be seen t h a t  the l i q u i d  enthalpy 

The v i s c o s i t y  of pure compressed water is  presented i n  var ious  Steam 

Tables. '-' 
with  pressure ,  and genera l ly  only about 10-15% higher  than t h e  correspon- 

ding value f o r  s a tu ra t ed  l i q u i d  a t  t he  same temperature. 

which shows the  v i s c o s i t y  of s a tu ra t ed  l i q u i d  as a funct ion of temperature, 

can be  used as a good estimate of compressed l i q u i d  v i scos i ty .  

The v i s c o s i t y  of high pressure  l i q u i d  is  almost constant  

Hence Figure 27, 

The s p e c i f i c  hea t ,  c , of compressed water is a l s o  presented i n  the  
P 

Steam  table^^''^' €or  pressures  u,p t o  1035 b a r  (15000 ps i a ) .  

c 

except a t  temperatures g r e a t e r  than 26OoC (500'F). 

po in t  va lues  become very high. 

Values of 

0 range from 4100 t o  5000 Joules,/Kg. C (1.00 t o  1.20 Btu/lbm OF), 
P 

Near the  cr i t ica l  

Impure Compressed Water 

The waters produced from geothermal systems o f t en  conta in  a dissolved 

chemical content  high i n  ch lo r ides  and s u l f a t e s .  Brines from some areas, 
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such as the  Imperial Valley Sal ton Sea Geothermal Resource Area, have up 

t o  t e n  times t h e  dissolved s o l i d s  content  of seawater. 

geothermal l i q u i d s  o f t en  contain dissolved noncondensable gases. 

I n  addi t ion ,  

A m p ,  Bass and Whiting” (p. 450) state “L i t e r a tu re  r e l a t i v e  t o  t he  

e f f e c t  of composition on the  p rope r t i e s  (of water) is  meager, and is  

l imi ted  t o  gas s o l u b i l i t y  da t a  over the  temperature range 32-250°F 

(O-12loC) at  pressures  ranging from 0-6000 p s i a  (0-415 bar )  .I1 

authors  summarize t h e  work o f  numerous workers (Dodson and Standing4‘, 

Rowe4’, Bea14‘, Bridgman4’) on the  e f f e c t  of n a t u r a l  gas s o l u b i l i t y  on 

the  PVT behavior of water. 

These 

Long and Chierici4’  have presented experimental da t a  on t h e  PVT 

behavior of aqueous solution:; of sodium chloride.  Their  r e s u l t s  were 

measured f o r  temperatures over t h e  range 20-100 0 C ,  p ressures  from 

2-500 kg/cm2, and s a l i n i t i e s  from 0-3OOglL. They a l s o  presented ana ly t i c  

curve matches g iv ing  densi ty, ,  p, as a funct ion of s a l i n i t y ,  pressure,  and 

temperature over t h e  range of! experimental conditfons.  It is  unfortunate 

t h a t  da t a  f o r  higher temperatxres were not  measured. But r e s u l t s  do give 

a q u a n t i t a t i v e  i nd i ca t ion  of the e f f e c t  of chemical composition on the  

PVT behavior of water. 

Amyx, Bass and Whiting4’ (p. 466) present  da t a  from Van wing ex^^^ on 

the  v i s c o s i t y  of o i l  f i e l d  b r ines  at  pressures  to  7100 p s i a ,  and tempera- 

t u r e s  t o  300°F. 

8-11 e f f e c t  on the  v i s c o s i t y  of s a l i n e  br ines .  

have presented d a t a  on the  v i s c o s i t y  of sea water compared t o  pure water 

from 0-30°C. They observed t ’ h a t  f o r  p r a c t i c a l  purposes, the  increase  is 

not  s i g n i f i c a n t .  

This  d a t a  suggests  t h a t  dissolved s o l i d s  have only a 

Stanley and Batten” 
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I, 

I --- 

Although important information is available there is a need for PVT 

data for geothermal waters at conditions characteristic of geothermal 

reservoirs, showing the effect of chemical composition. In addition, 

more information is needed about the solubility and PVT characteristics 

of noncondensable gases dissolveld in geothermal waters. 

Pure Superheated Steam 

Superheated steam occurs on the pressure-temperature plane at tem- 

peratures above the vapor pressure line, e.g., point A on Figure 23. 

This state is also called "dry" steam. The ASME Steam Tables36 (1967, 

Table 3) present data for the enthalpy and PVT behavior of superheated 

steam for temperatures up to 815°C (1500'F). 

showing the specific volume of dry steam as a function of pressure and 

temperature. 

d r y  steam is via the real gas law equation of state: 

Figure 30 is a diagram 

One convenient means of calculating specific volumes of 

Pv 
8 

where P 

V 
8 

z 

R 

zRT 
M 

P -  (37) 

= z?iT 

= pressure, bar 

= specific volume of steam, m'lkg 

= gas law deviation (also compressibility) factor 

bar m3 0.08288 -- 
'&:LeoK 

= molecular weight of water, 18 kg/kgmole 

bar m3 
kg OK 

= RIM = 0.00460!3 

= absolute temperature, OK 
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OR, f o r  English u n i t s  

p = p s i a  

v = f t  / lbm 
g 

f t  p s i a  

16  moleoR R 10.72 - 

f t  p s i a  
lbm OR 

E = 0.5956 . 

0 T - R  

The gas l a w  devia t ion  f a c t o r ,  2,  f o r  steam is presented i n  Figure 31. 

Figure 32 presents  a pressure-enthalpy diagram f o r  superheated steam. 

Point  A on t h i s  diagram corresponds t o  poin t  A i n  Figure 23. 

steam rese rvo i r  were t o  prodluce a t  constant  temperature, i t s  state would 

follow the  isotherms on Figure 32. 

po in t  A, the  produced steam would tend t o  increase  i n  enthalpy. 

and Ramey" have suggested t h a t  t h i s  tendency is a p o t e n t i a l  means of 

i den t i fy ing  t h e  i n i t i a l  s tate of a geothermal f l u i d  r e se rvo i r  as dry steam. 

Values f o r  t h e  v i s c o s i t y  of superheated steam are presented i n  the  

I f  a dry 

As ind ica ted  by the  arrow below 

Whiting 

ASME Steam Tables" (1967, Table 10 and Fig. 7). Table 3 p re sen t s  va lues  

of dry steam v i s c o s i t y  over ,a range of condit ions.  

vapor pressure  curve, the  vilscosity of dry steam i s  e s s e n t i a l l y  indepen- 

dent  of pressure ,  and is a l s o  only s l i g h t l y  higher  than t h a t  of s a tu ra t ed  

steam a t  t h e  same temperature. 

Except near t he  

The s p e c i f i c  hea t  a t  constant  pressure ,  c of dry  (and sa tura ted)  
P 

steam is  presented i n  Table 5 )  of t he  ASME Steam Tables. Except near  the  

vapor pressure  curve and at  higher  pressures  and temperatures, i t  is 

approximately 2100 J/kg-OC ( 0 . 5  Btu/lbm-OF). 



Mixtures of Dry Steam and Other Noncondensable Gases 

Two of the recognized dry steam geothermal reservoirs in the world 

(the Geysers Field in California, and Larderello in Italy) are known to 

produce quantities of noncondensable gases along with their steam. 

Typically such gases contain carbon dioxide, hydrogen sulfide, ammonia, 

methane, and ethane. 

function of time, flow rate, and from well to well over the fields. 

It is clear that the noncondensable gas content of a dry steam 

reservoir will effect the thermodyna.mic and transport properties of the 

produced fluid. Unfortunately, almost no experimental work seems to 

have been done on the properties of dry steam and noncondensable gas 

mixtures. However, generalized correlations have been extensively 

developed for natural gas mixtures of hydrocarbons. 

are based on reduced pressures and temperatures: 

The quantity and proportions produced vary as a 

These correlations 

A actual pressure Reduced Pressure, - 
pr pseudo critical pressure 

A s u a 1  temperature Reduced Temperature, Tr pseudo critical temperature (39) 

where the pseudo critical pressure and temperature are the molar average 

of the component critical values. 

Amyx, Bass and Whiting’3 (pp. 260-268) have discussed and summarized 

correlations available for determining the PVT behavior of mixtures of 

natural gases with impurities such a s  nitrogen and carbon dioxide. On 

the basis of their discussion, the best method for estimating the effect 

of a noncondensable gas on steam compressibility appears to be through the 

use of an additive compressibility factor as first defined by Eilerts et al?’ 
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+ z  Y ‘a ZSt Yst ncg ncg . 
where Za = additive compressibility factor 

Zst = steam compressibility factor 

Y = noncondensable gas compressibility factor 
ncg 

Zst = Mole fraction steam in mixture 

Y = mole fraction noncompressible gas in mixture 
ncg 

Amyx, Bass and Whitingb3 (pp. 260-268) present graphs of the com- 

pressibility factor, 2, for nitrogen (from Eilerts et al?l), carbon 

dioxide (from Olds et a1.52), and hydrogen sulfide (from Reamer et al.”). 

For purposes of reservoir calculations, it is expected that the nonconi 

densable gas content of many geothermal steams will have a minimal effect 

on PVT behavior. 

The effect of nonconderisable gases on geothermal steam viscosity is 

also of interest. 

available, and we must resort to correlations. 

Again, there appears to be almost no experimental data 

Amyx, Bass and Whitin23 

(pp. 278-286) present the results of numerous correlations for natural 

gases. On the basis of their discussion, a rule proposed by Herning and 

ZippererS4 for calculating the viscosity of mixtures of gases appears to 

be the most promising correlating method. In this rule the viscosity of 

the mixture, p , is given by m 

n c vi yi Mi 
c yi Mi 
i=l 

82 - urn n 

ill 
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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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* Tbcrnull conductivity of holocrptalline rock. (Ref 
Anorthosite, Qrcbcc. RG, Rockport Granite 1. 
G o e h  Pelhats 1 bed-plane. RG, Rockport Granite 2. 
Gneiss. Pelham, N bed-plane Br 
Syenite, Ontnriol. Hy Hyprsthenite. 
Watcriy Gnnik. 
Tonalite. Calif. 
Barre Granite. 

Brontit ite. 

Dunite 1. 
Dunite 3. 
Dunite 2 

Dl 
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Quark monzonite, Cdif. 
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F IGURE 3 - STAGNANT CONDUCTIVITIES VS CONDUC- 
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(Ref. 4) 
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I 10% Sodium Chlor ide  So lu t ion  

F IGURE 5 -Effective thermal conductivity (Ke) as 

a function of mass flow rate (GI. See Ref. 5 
for legend. (After Adiviirahan, Kunii and Smith, 
Courtesy SOC. of Petrol. Engrs. of AIME.) (Ref.  
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F I GURE 6 - CORRELATION OF kd J k g  WITH 
(DC/qMC, p h p  )- 

(Ref. 5) 
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WETTING NON-WETTING 
e e o o  e x o "  ' GURE 

Relationship between preferential wetting and contact angle. ( R e f .  1 5) 



13 -Capillary pressure vs. water 
tatura tion. 

(Ref. 16) 
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FIGURE 19 
I n d i v i d u a l  r e l a t i v e  

p e r m e a b i l i t i e s  as a f u n c t i o n  
o f  t e m p e r a t u r e ;  Core 4 ,  

B o i s e  s a n d s t o n e .  (Ref. 2 1 )  
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FIGURE 23 

PRESSURE-TEMPER19TURE DIAGRAM FOR WATER 

(Ref. 38) 
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FlGtlRC 28. THE THERMAL CONDUCTIVITY 'IF ZATURATED k l Q U l D  WATER 

Temperature, "c 
( R e f .  I ~ 3 9 )  
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FIGURE 29 

FORMATION VOLUME FACTOR FOR PURE LlOUlD WATER 
A FUNCTION OF PRESSUIRE AND TEMPERATURE 

(Ref. 38) 
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FIGURE 30 

PRESSURE - SPECIFIC VOLUME CHART FOR SUPERHEATED STEAM 
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PRESSURE - ENTHALPY DIAGRAM FOR SUPERHEATED STEAM 

(Ref. 38) 
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Discussion Following Ramey Paper 

llinehart 

Do you think these things would hold for large,  fractured mass  when yau have microscopic 

fractures with impermeable rock in between? 

Ramey 

In some cases  we already know that they do. There a r e  many oil and gas reservoi rs  that 

a r e  in fact la rge ,  fractured masses .  Generally speaking, the laws of nature seem to  work the 

same there .  

permeability curve details, would not be identically the same.  

of the massive,  fractured reservoi rs  seem to  follow simple mechanics. 

Now some of the details on these homogeneous porous s t ruc tures ,  the relative 

It has amazed me to  find that some 

The permeability is a function of temperature.  When the temperature is increased, the 

permeability becomes lower; then when the temperature is reduced, the original numerical value 

for  permeability is reached. I mean it is almost reversible.  

Ramey 

It is reversible.  One other thing: the shapes of the curves,  whether i t ' s  temperature o r  

pressure ,  a r e  almost the same.  In data where permeability rat io is plotted versus  effective pres-  

su re ,  you will note that the shape is almost identical with what you get for temperature,  In our 

temperature work we have kept the confining pressure  constant, just varying the temperature in 

the sys tem,  and we see this reversible result .  

will move down the line and come back up slightly below its original path. But the difference is not 

much. Within the experimental accuracy it appears to  be reversible.  On the other work, on 

relative permeability, most of it does s eem to be temperature level  reversible.  

and measure  relative permeability you get one value; if  you cool it off and heat i t  up again you get 

the same value. 

In our data it is perhaps not totally reversible; it 

If you heat a core  

Rinehart 

These a r e  al l  corrected for viscosity? 

I 
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Ramey 

Yes. 

Rine hart 

Do you feel that your correction is good? 



t 

+ 

i 

Ramey 

We know it is. We've used fluids where the density of the fluid is known perfectly, we've 

used desensitized cores  where we're  not getting reaction with the core material ,  we've tested the 

fluids before and after ,  we've measured everything we can think of to  be su re  nothing has changed, 

Coryell 

It looks a s  though you a r e  drawing attention to a large body of empirical evidence for  temper-  

ature dependence of these parameters ,  

where the science is going to go, the state of the theory at the present t ime? 

Would you ca re  to  comment a s  to how you see  the future, 

Ramey 

Yes, you see a lot of interesting problems, 

Coryell 

You s e e  a lot of interesting behavior, but is there the science and the basic understanding of 

why i t 's  happening? 

. 

Ramey 

Oh, very definitely. Everything [ have shown you, I can explain I should have added that this 

one is almost on the forefront of knowledge and I can tell you what I think is the cause. In many 

cases ,  for  example, the change in thermal conductivity with temperature will fit a very logical 

model of this system to  the point that you can almost calculate the results  you will get. Practical$ 

everything that has been done has  been strongly related to  underlying principles. People have beer4 

searching for ways to  compute the result .  Generally speaking, we have wanted this so we could 

patch i t  into some computer software and forecast what would happen under different cases .  It 's 

been necessary to  generalize; i t ' s  been necessary to, at least ,  curve-fit to  the point that is acces-  

sible to  a computer. Almost everything that exists  in the l i terature will have a very good expla- 

nation; it is not empirical .  These a r e  experimental determinations, of course; when you deal in 

this a rea ,  what you a r e  talking about a r e  experimental measurements that fit  your constants. But 

the laws of physics st i l l  apply. 

, 

What I really deal in a r e  reservoi r  models, physical models. We produce an oil reservoi r ,  

measure  pressure  al l  over it--what comes out, what goes in--and I attempt to  build some mathe- 

matical picture of the thing so I can forecast what will happen under any other scheme in the future. 

To do this I've got t o  use the laws of physics. In some cases I discover that the reservoi r  knows 

some detail that I don't o r  I've overlooked, But generally speaking, they always make sense.  
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