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INTRODUCTION 

RESERVOIR ENGINEERI~G AND EVALUATION 

James W. Mercer and Charles R. Faust 

U.S. Geological Survey 

An understanding of t h e  physics of f l u i d  flow 
and hea t  t r anspor t  i n  geothermal systems is  impor- 
t a n t  wi th  regard t o  the  c l a s s i f i c a t i o n  of and ex- 
p l o r a t i o n  f o r  geothermal resources.  This under- 
s tanding  i s  perhaps even more important i n  terms of 
a id ing  i n  determining i f  t h e  resource  can be  
developed economically. Obviously, geothermal 
systems are very complex wi th  many processes occur- 
r i n g  i n  them. Some of t hese  phys ica l  processes 
include: 1) convective and conductive t ranspor t  of 
hea t  i n  t h e  f l u i d  and rock matrix, 2) t he  tran- 
p o r t  of water and (or )  steam i n  porous and f r ac tu r -  
ed media, 3) s o l u t e  t r anspor t  inc luding  chemical 
r eac t ions  t h a t  a f f e c t  t h e  flow c h a r a c t e r i s t i c s  of 
t h e  medium, and 4) consol ida t ion  and land subsi-  
dence e f f e c t s  a s soc ia t ed  wi th  f l u i d  withdrawal. 
For many f i e l d  problems, some of t hese  processes 
have neg l ig ib l e  e f f e c t s  and may be omitted,  lead- 
i n g  t o  a somewhat s impl ie r  desc r ip t ion .  Even wi th  
t h e  s impl i f i ca t ions ,  some r a t i o n a l  framework is 
required i n  o rde r  t o  keep t r a c k  of t h e  important 
processes and how these  processes  i n t e r a c t .  

One approach t o  a t tempt  t h i s  "bookkeeping" of 
t h e  phys ica l  behavior of geothermal systems is t o  
use  a mathematical model. Such a model c o n s i s t s  of 
a set of equat ions  t h a t  desc r ibe  t h e  t r anspor t  pro- 
cesses a c t i v e  wi th in  t h e  system and t h e  so lu t ion  t o  
these  equations sub jec t  t o  condi t ions  t h a t  p reva i l  
a t  a p a r t i c u l a r  si te.  This  set of equations is 
genera l  and may be  used t o  consider two major sub- 
d i v i s i o n s  of geothermal modeling: 1 )  modeling t h e  
geothermal system under n a t u r a l  condi t ions  i n  an  
e f f o r t  t o  b e t t e r  understand how i t  forms and per- 
sists wi th in  t h e  e a r t h ' s  c r u s t ,  and 2) modeling 
t h e  geothermal system dur ing  exp lo i t a t ion  i n  order  
t o  p red ic t  i ts  behavior sub jec t  t o  man-made stress- 
es. 

The formation of geothermal sys t ems i s  thought 
t o  be assoc ia ted  with r ecen t  volcanism o r  s i g n i f i -  
can t  t ec ton ic  movements. As a r e s u l t  of t hese  
a c t i v i t i e s ,  magmatic i n t r u s i o n s  may occur a t  shallow 
depths  i n  t h e  e a r t h ' s  c r u s t .  
recharged t o  depth  where i t  is  heated d i r e c t l y  o r  
i n d i r e c t l y  by t h e  intruded magma. Density d i f f e r -  
ences caused by t h e  hea t ing  d r i v e  the  f l u i d  buoy- 
a n t l y  upward where, hopefu l ly ,  i t  can be explo i ted  
f o r  power production. To be economically s i g n i f i -  
can t ,  a geothermal resource must have high 
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temperatures and be located a t  shallow depths  with- 
i n  t h e  e a r t h ' s  c r u s t .  

Since cu r ren t  technology does not permit eco- 
nomical e x t r a c t i o n  of hea t  d i r e c t l y  from dry  rock, 
geothermal resources  must a l s o  con ta in  a f l u i d  
( e i t h e r  steam o r  water) t o  t r a n s f e r  heat from the  
geothermal r e s e r v o i r  t o  the  sur face .  I n  add i t ion ,  
t h e  r e se rvo i r  must have suf f ic ien tvolume,  porosity,  
and permeabili ty t o  y i e l d  adequate flow r a t e s  t o  
w e l l s .  

One s imula tes  a geothermal system t o  under- 
s t and  its behavior as w e l l  as t o  estimate the  
quan t i ty  of recoverable energy and the  rate a t  
which mass and energy may be ex t rac ted .  
ach i eve  these  o b j  ec t i v e s  , known geologica l  inf or- 
mation obtained from both su r face  techniques and 
d r i l l i n g  is u t i l i z e d  t o  determine equation parame- 
t e r sand  boundary and i n i t i a l  condi t ions .  During 
t h e  e a r l i e r  s t a g e s  of f i e l d  development, t h i s  in- 
formation is l imi t ed ,  and t h e  s imula t ion  model w i l l  
undoubtedly be crude. Through t h e  simulation of a 
v a r i e t y  of producing schemes, however, t h e  energy 
a v a i l a b l e  and i ts  rate of e x t r a c t i o n  may beroughly 
estimated. Reservoir c h a r a c t e r i s t i c s  can  be var- 
i e d  t o  determine what parameters are most c r i t i ca l  
t o  r e se rvo i r  production, and what add i t iona l  d a t a  
is required t o  improve the  simulation. I f  the  
dec i s ion  is  made t o  develop the  f i e l d  f u r t h e r ,  t h e  
r e s e r v o i r  model may be used t o  he lp  answer such 
engineering ques t ions  as optimal w e l l  l oca t ion  and 
spacing, o r  whether o r  not t o  r e i n j e c t  condensate. 
A s  more geologica l  information becomes a v a i l a b l e  
through continued d r i l l i n g ,  t h e  s imula t ion  model 
may be updated t o  g ive  a more accu ra t e  a n a l y s i s  of 
t h e  geothermal r e se rvo i r .  

To 

I n  t h i s  d i scuss ion ,  w e  res t r ic t  our  a t t e n t i o n  

I n  pa r t i cu la r ,  hydrothermal 
to hydrothermal systems, t h a t  is, geothermal sys-  
t e m s  conta in ing  water. 
-convection systems are considered where most of 
t h e  heat is t r ans fe r r ed  by c i r c u l a t i n g  f l u i d s  
r a t h e r  than by hea t  conduction. These systems can 
be  f u r t h e r  subdivided as e i t h e r  l i q u i d  dominated 
o r  vapor dominated (White, Muffler,  and Truesde l l ,  
1971). I n  t he  liquid-dominated type,  water is t h e  
continuous phase throughout t he  system t h a t  pro- 
v i d e s  t h e  pressure  cont ro l .  Continuity of the  
l i q u i d  phase is evident from rese rvo i r  pressures  
t h a t  a r e  near hydros t a t i c  and presence of so luble  
s a l t s  t h a t  are no t  found i n  s i g n i f i c a n t  q u a n t i t i e s  
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in low-pressure steam. 
type, steam is the continuous, pressur-ontrolling 
phase, although water is also present. 

In the vapor-dominated 

Hydrothermal Systems 

As stated, hydrothermal systems are geothermal 
systems that contain fluid. 
fluids contain impurities, many reservoirs are of- 
ten approximated as pure-water systems. 
figure 1, a pressure-temperature diagram of the 
liquid-vapor region for pure water (Whiting and 
Ramey, 1969). The points A, B, and C represent 
possible conditions for a hydrothermal system: 

Although geothermal 

Consider 

Critical Point 

TEMPERATURE 

Fig. 1 Generalized pressure-temperature diagram 
for pure water showing points A, B, and C 
located in the compressed-liquid, saturat- 
ed'liquid-steam, and superheated steam 
regions, respectively (after Whiting and 
Ramey, 1969). 

compressed-liquid, saturated liquid-steam, and 
superheated steam, respectively. These points are 
shown in figure 2, which is a pressure-enthalpy 
diagram for pure water (Whiting and Ramey, 1969). 
The compressed-liquid region is the condition ex- 
isting in liquid-dominated hydrothermal systems. 
The vapor-dominated system described by Whiteetal. 
(1971) is believed to exist mainly in the saturat- 
ed liquid-steam region. In vapor-dominated systems, 
it is also probable, especially when influenced by 
exploitation, that parts of the system contain 
superheated steam. 

At point A (see figure 1) in the compressed- 
liquid region, the system has one component, water, 
and one phase, liquid. According to Gibb's phase 
rule, two independent intensive properties (for 
example, temperature and pressure) must be speci- 
fied to determine the the~odynamic state of the 
system. Once these properties are specified, 
point A can be located on any other thermodynamic 
diagram (for example, the pressure-enthalpy dia- 
gram). Liquid-dominated reservoirs with these 
initial conditions yield water to wells. 

Critical 
Point 

ENTHALPY 

Fig. 2 Generalized pressure-enthalpy diagram for 
pure water showing points A, B, and C lo- 
cated in the compressed-liquid, saturated 
liquid-steam, and superheated steamregions, 
respectively (after Whiting and Ramey, 
1969). 
dashed lines are lines of equal steam 
quality. 

Bold lines are isotherms and the 

A decrease in pressure in the wellbore, however, 
causes steam to form, providing a mixture of steam 
and water at the wellhead. Field data (Grindely, 
1965) indicate that producFion of a geothermal 
reservoir initially at point A will tend to cause 
an isothermal depletion, with reservoir pressures 
decreasing until the vapor-pressure curve is 
reached. 

At the vapor-pressure curve, point B (figure 
l), one intensive property determines the thermo- 
dynamic state. Although the thermodynamic condi- 
tion is specified as liquid and vapor in equilib- 
rium, the relative amounts can not be determined 
unless two independent properties such as pressure 
and mixture enthalpy are known. Notefrom figure 
2 that temperature and pressure do not determine 
the relative amounts since temperature and pres- 
sure are not independent in the two-phase region. 

Once vapor forms in the reservoir, tempera- 
tures drop slightly as a result of the heat of 
vaporization used to form steam. Because thewater 
saturation is high, the relative permeability for 
the liquid phase dominates, and water continues to 
be produced from the reservoir. Pressuredecreases 
only slightly in the two-phase region because 
pressure is maintained by the formation of steam. 
As production continues, however, water saturations 
decrease, temperatures decrease, and consequently, 
pressures also decrease, with more steam being 
produced from the reservoir. 

Point C lies entirely in the vapor (super- 
heated steam) region. 
rarely occurs naturally in a reservoir. As in the 
compressed-Jiquid region, two independent intensive 
properties are required to define the thermodynamic 

This condition probably 
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state. In this case, the reservoir would also tend 
to deplete isothermally. 

This description of reservoir behavior hasbeen 
based on the assumption that the reservoir fluid is 
pure water and (or) steam. Geothermal fluids, how- 
ever, contain dissolved solids and noilcondensable 
gases. For example, the total dissolved solids for 
the Wairakei, New Zealand field is less than 3% by 
weight, whereas some geothermal fluids in Imperial 
Valley, California contain as much as 30% dissolved 
solids by weight. Therefore, the vapor pressure of 
the fluid in a geothermal reservoir may not neces- 
sarily be that represented in the steam tables. 
For a fixed pressure, the boiling temperature of 
water will be elevated by the presence ofimpurities 
General field behavior, however, should be qualita- 
tively similar to that outlined for pure water. 

T H E O ~ T I C ~   DEVELOP^^ 

The physical properties of the fluid and reser- 
voir vary spatially and temporally, and effects of 
gravity segregation of steam and water require ver- 
tical as well as horizontal treatment. Consequently, 
a general model must be a distributed parameter mo- 
del with the capability of three-dimensional simu- 
lation. To answer important engineering questions, 
a general model must not only accommodate the 
transient flow of compressed liquid, steam-water 
mixture, and superheated steam, but also must allow 
for phase changes. In this discussion, we neglect 
solute transport and chemical reactions that may 
occur in the geothermal system. Furthermore, we 
assume that the reservoir can be treated as a 
porous medium. 

The general governing equations consist of 
mass, momentum, and thermal energy balances for 
each phase present in a geothermal system. 
set of constitutive relationships, these balance 
equations may be reduced to two or three nonlinear 
partial differential equations. 

Using a 

Mass Balance 

The mass balances for steam, s, and water, w, 
may be written as: 

and 

a 
ax, 

- -  

where - 
v =  
P =  
9 -  

d, = 
$ =  
S -  

Momentum Balance 

For velocity, we assume that Darcy's equation 
for multiphase flow may be used 

and 

2 where 
k = local intrinsic permeability tensor [L 3 

~r = dynamic viscosity [ML'lt-l] 
p = pressure, [ML-I~'~] 
g = gravitational acceleration, [Lt ] 

kr = relative permeability, dimensionless 

-2 

Energy Balance 

The thermal energy equations, neglecting 
viscous dissipation, for steam, water, and rock (r) 
are : 

+ qwhw + Q,, + Qrw = 0, ( 6 )  

in which 2 -2 u = internal energy per unit mass [L t 
h = enthalpy per unit mass EL2t"*1 

a ($SWPW) (2 = interphase heat transfer term [ML t 1 
X = combined conduction - dispersion vector 

J 
-1 -3 

(2) [ Mt-31 
(cwP,> + 4, - dw = at 

The first subscript of the Q term refers to the 
phase from which the energy is obtained, whereas 
the second subscript refers to the phase receiving phase average velocit [Lt-'] 

average density, lm-31 the energy. 
source term, [~~-3t-l~ -3 -f 
rate of vaporization, [MI, t ] 
porosity, dimensionless 
saturation, dimensionless, where SwfS = 1 
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Cons t i tu t ive  Relationships 
and Simplifing Assumptions 

The equations presented i n  t h e  previous sec- 

Many of 
t i o n s  have 23 dependent va r i ab le s ,  e.g. d e n s i t i e s ,  
r e l a t i v e  permeabi l i t i es  and v i s c o s i t i e s .  
t hese  can be r e l a t e d  t o  p a r t i c u l a r  thermodynamic 
va r i ab le s  and thus,  add i t iona l  equations a r e  needed 
expressing them as funct ions  of t hese  var iab les .  
To ob ta in  equations (1) - (7), i t  was necessary to 
make the  following s impl i f ing  assumptions: 
1) s o l u t e  t ranspor t ,  chemical reac t ions ,  k i n e t i c  
energy, v i scous  d i s s ipa t ion ,  and p o t e n t i a l  energy 
can be  neglected; and 2) t he  geothermal r e se rvo i r  
behaves as a porous medium. I n  order  t o  s impl i fy  
t h e  equations f u r t h e r  and reduce t h e  number of de- 
pendent va r i ab le s ,  c o n s t i t u t i v e  r e l a t ionsh ips ,  6.e. 
express ions  r e l a t i n g  dependent va r i ab le s ) ,  are 
used. I n  genera$, c o n s t i t u t i v e  r e l a t ionsh ips  a r e  
determined i n  t h e  f i e l d  and used t o  obta in  t h e  most 
s impl i f i ed  subse t  of t h e  general  equations t h a t  
descr ibe  a p a r t i c u l a r  geothermal r e se rvo i r  appl ica-  
t i on .  For example, i f  a r e se rvo i r  is l iqu id-  
dominated, with no chance f o r  steam formation, it 
would be unnecessary t o  include t h e  steam balance 
equations.  For some app l i ca t ions ,  such a s  w e l l -  
test ana lys i s ,  isothermal condi t ions  o f t en  e x i s t  
over t he  period of ana lys i s  so t h a t  energy balance 
equations can be neglected. 

For genera l  two-phase r e se rvo i r  app l i ca t ions ,  
t h e  c o n s t i t u t i v e  r e l a t ionsh ips  concern thermodyna- 
mics, c a p i l l a r y p r e s s u r e ,  r e l a t i v e  permeabili ty,  
v i scos i ty ,  r e se rvo i r  consol ida t ion ,  thermal ex- 
change between phases, and thermal dispersion- 
conduction. 

. The thermodynamics of single-component water 
provide r e l a t ionsh ips  between Ss,Sw9ps,pw,U U ,hs, 
h ,p sp  ,p (mixture dens i ty  of steam and watkry, 
hymi%de enthalpy of steam and water),  and T 
(temperature). The f i n a l  governing equations are 
usua l ly  reduced t o  two o r  t h ree  t h a t  are posed i n  
terms of two o r  t h r e e  thermodynamic var iab les .  
Models based on'pressure-mixture enthalpy, pressure-  
mixture  internal.  energy, mixture density-mixture 
i n t e r n a l  energy, and pressure-temperature-satura- 
t i o n  have been suggested by var ious  authors.  

Capi l la ry  pressure  is t h e  d i f fe rence  between 
steam pressure  and water pressure,  defined as 

Pc = Ps - Pw 

S ign i f i can t  vapor pressure  lowering i n  experiments 
-using unconsolidated sands. 
ence i n  these  r e s u l t s  is t h a t  t h e  experiments of 
Calhoun and o the r s  were made a t  a temperature of 
36*C, while  those of Cady and Bi lhar tz  were done 
over a temperature range from 121OC t o  240°C. 
Fur ther  work on t h e  importance of c a p i l l a r y  pres- 
su re  i n  geothermal r e se rvo i r s  is required.  
many app l i ca t ions  c a p i l l a r y  pressure  is assumed t o  
be  neg l ig ib l e .  

An important d i f f e r -  

For 

Re la t ive  permeabili ty is a property of t h e  
porous medium, and is alsa dependent on thevolume 
s a t u r a t i o n  of l i qu id .  It can be thought of as t h e  
r a t i o  of a phase permeabili ty t o  the  t o t a l  perme- 
a b i l i t y  and ranges i n  va lues  from 0.0 t o  1.0. 
Rela t ive  permeabili ty is commonly t r ea t ed  a s  a 
functfon of sa tu ra t ion  a lone  and r e l a t ionsh ips  
similar t o  those i n  Brooks and Corey (1964) a r e  
used. Ramey, et  al. (19741, po in t  ou t  t h a t  rela- 
t i v e  permeabili ty can a l s o  be a function of tem-  
perature.  Using unconsolidated sand and working 
with o i l  and water, Poston, et  al .  (1970), obser- 
ved t h a t  f o r  increased temperatures, the  r e l a t i v e  
pe rmeab i l i t ycu rvessh i f t  t o  t h e  l e f t  on t h e  
sa tu ra t ion  ax i s .  

Viscos i ty  is dependent on both t h e  pressure  
and temperature, but t h e  pressure  dependence is 
small and genera l ly  neglected.  

Coupled equations f o r  c o n s u l i d ~ t i o n ?  f l u i d  
flow, and hea t  t r anspor t  i n  geothermal r e se rvo i r s  
may be derived and solved, but consolidation i s  
not  t he  process of concern i n  many s tudies .  
simple approximation of consol ida t ion  t h a t  incor- 
pora tes  its main e f f e c t  on f l u i d  flow may be 
used. This approximation relates the  poros i ty  t o  
pressure  by, 

A 

4 = bli + E3 (P - Pi) (91 
where 4~ and p~ are t h e  i n i t i a l  porosity and pres- 
sure ,  respec t ive ly ,  and f3 is t h e  in t e rg ranu la r ,  
ver t ica l .  compress ib i l i ty  coe f f i c i en t .  

The movement of steam and weter through 
porous media i s  s u f f i c i e n t l y  slow, and sur face  
a reas  of a l l  phases are s u f f i c i e n t l y  l a rge ,  t h a t  
i t  is reasonable t o  assume t h a t  l o c a l  thermal 
equilibrium among phases is achieved instantane- 
ously. This common assumption permits t h e  energy 
equations f o r  rock, steam, and water t o  becombined 
and the  medium conduction-dispersion term t o  be 
expressed as a func t ion  of a s i n g l e  temperature. 
I n  most developments t h e  lumped conduction- 
d ispers ion  term i s  defined by a Fourier-type 
equation* 

It is a property of t h e  porous medium, but,  i n  
genera l ,  is a l s o  dependent upon t h e  volume sa tura-  
t i o n  of l i q u i d  and the  temperature. Capi l la ry  
pressure  has  the  e f f e c t  of apparently lowering t h e  

ou t  t h a t  t h e  reason f o r  t h i s  lowering is tha tvapor  
vapor pressure  of water, Ramey e t  al .  (1973)point  xs + Xw + xr = ZmVT (20) 

pressure  d a t a  found i n  s t e a m  t a b l e s  (Meyer, et al.,  
1968; Keenan, e t  al., 1969) are based on f l a t ,  
steam-water in t e r f aces ,  whereas t h e  i n t e r f a c e  i n  
posous media is curved. The amount the  vapor- 
pressure  curve is lowered i n  a geothermal reservoir.  
is no t  completely understood. The work of Calhoun, 
e t  a l .  (1949) on consolidated rock does show a 
lowering wi th  decreased f l u i d  sa tu ra t ion .  
(1969) and B i lha r t a  (1971), however, i nd ica t e  nu 

Cady 

where T is temperature=and, i n  general ,  t h e  medium 
conduction-dispersion is a tensor quant i ty .  
Regarding t h e  thermal d i spe r s ion  tensor i t  should 
be noted t h a t  Mercer (1973) separa tes  the  medium 
thermal d ispers ion  tensor  i n t o  th ree  par t s :  
conduction i n  the  s o l i d  phase, d i f fus ion  i n  t h e  
l i q u i d  phase, and a velocity-dependent d i spers ion  
i n  t h e  l i q u i d  phase. This last pa r t  is an  attempt 
t o  take  i n t o  account t h e  hea t  t ranspor t  r e l a t e d  t o  
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the mixing of different temperature waters as they 
flow through the pore spaces. Furthermore, 
Somerton, et al. (1974), point out that thethermal 
conductivity of the medium is a function of tem- 
perature, porosity, and water saturation. 

Initial and Boundary Conditions 

In order to obtain a solution to the govern- 
ing equations for geothermal reservoirs, hydro- 
dynamic and thermal boundary and initialconditions 
must be specified. These conditions can be deduc- 
ed from a thorough examination of hydrologic and 
geologic data. There are generally three types of 
hydrodynamic boundary conditions in geothermal 
reservoirs: 1) constant pressure boundary condi- 
tions, 
impermeable surfaces, and 3) specified flux. The 
corresponding thermal boundary conditions are 
constant temperature, 2) no heat flow-insulated 
boundary, and 3) specified heat flux. When pro- 
duction or injection wells exist in the reservoir, 
additional boundary conditions specifying either 
the pressures or the mass flow rates for the 
sources or sinks are required. 
specifying thermodynamic variables throughout the 
reservoir at the beginning of the simulation, 
determine whether the reservoir is liquid- or 
vapor-dominated. In addition, the boundary condi- 
tions determine the flow conditions. Depending on 
the hydrodynamic and thermal boundary conditions, 
both free (or natural) and forced convection may 
occur in geothermal systems. 
generally dominates flow conditions in geothermal 
reservoirs before exploitation, while forced 
convection dominates during exploitation when 
externally imposed pressure gradients aregenerated 
due to production and/or reinjection of fluids. 

2) no-flow boundary conditions along 

1) 

Initial conditions, 

Free convection 

Equation Parameters 

In addition to boundary and initial condi- 
tions, many of the equation parameters, which are 
also field parameters (for example, permeability), 
need to be determined. Some of these are deter- 
mined by performing laboratory tests on core 
samples. Thermal conductivities and porosities 
may be obtained in this fashion. 
however, are generally determined in the field 
using in situ techniques, such as well testing. 
This involves analyzing pressure data using simpli- 
fied subsets of the general governing equations. 
This is often referred to as an inverse problem, 
since permeabilities are ''backed out" from pre.ssure 
build-up or drawdown data. 

Permeabilities, 

Such analyses have been performed on several 
liquid-dominated reservoirs (Narasimhan, 1977) 
with limited success. These tests have establish- 
ed that well-testing, based on techniques develop- 
ed in the fields of petroleum engineering and 
hydrogeology, is a valuable tool in estimating 
in situ parameters and in deciphering the geometry 
of geothermal reservoirs. 

The application of transient pressureanalysis 
methods to vapor-dominated reservoirs has generally 
been done using methods developed fornoncondensable 

gas reservoirs. Moench and Atkinson (1977) exa- 
mine this problem and conclude that the presence 
of a vaporizing liquid will not complicate evalu- 
ation of the reservoir permeability-thickness 
product from drawdown data when the usual methods 
of gas reservoir engineering are applied. Simu- 
lated pressure buildup data, on the other hand, 
show characteristics that are markedly different 
from that expected for noncondensable gas. 

CONCLUDING REMARKS 

Numerous models based on the concepts presented 
in this paper have been applied to geothermal 
systems under both natural conditions and exploi- 
tation. A complete review of free convection 
models applied to natural systems is included in 
Witherspoon, et al. (1975). A review of reservoir 
models used to examine exploitation effects is 
presented by Faust and Mercer (1979). From these 
reports, it seems obvious that our mathematical 
tools, both analytical and numerical, are suffi- 
ciently powerful to solve the most difficult 
problems. Unfortunately, the conceptual basis of 
these mathematical models appears to need rein- 
forcement. The geologic materials in which heat 
transport processes occur are not easily idealiz- 
ed. Constitutive relationships for thermal dis- 
persion and relative permeability, and the 
description of flow and transport in fractured 
rock are areas that need further study. Finally, 
additional field verification of the complicated 
mathematical models are needed. 
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