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ABSTRACT 

In many geothermal fields there is evidence 
for rapid migration of injected fluids along 
"preferential flow paths", presumably along 
fractures. The potential for unacceptable fluid 
temperature decline at production wells as a 
consequence of large scale injection is of obvious 
concern to geothermal developers, and methods are 
needed for evaluating the thermal response of 
"fast-paths" to injection. One difficulty encoun
tered in analyzing test data is that the geometry, 
of the flow path( s) may be speculative and ambigu
ous, leading to unreliable predictions of thermal 
interference. Fast pathways may often be provided 
by major vertical or nearly vertical fractures and 
faults with approximately linear flow geometry. 
This paper discusses possibilities for characteriz
ing the thermal properties of fast paths by means 
of different types of tests (tracers, pressure 
transients, non-isothermal injection). Thermal 
breakthrough in vertical fractures is examined in 
some detail, using an idealized model for which an 
analytical solution is available. The model shows 
that rapid tracer returns are not necessarily 
indicative of rapid thermal interference. "Thermal 
breakthrough predictions can be made from tracer 
data only, if both fluid residence time and tracer 
dispersion are taken into account. However, due 
to the geometric simplifications necessary in 
analyzing the tracer data, thermal interference 
estimates on this basis appear questionable. 
Pressure transient tests can provide additional 
parameters for thermal interference predictions, 
but they cannot resolve the problem of non-unique
ness. A more reliable determination of thermal 
characteristics of fast paths appears possible 
from non-isothermal injection tests, combined with 
numerical simulation. We employ a mixed numerical/ 
semi-analytical approach to model the three-dimen
sional fluid and heat flow in injection-production 
systems in vertical fractures, with heat transfer 
to and from the adjacent rock matrix. Illustrative 
cal culations of thermal recovery after di fferent 

References and illustrations at end of paper. 

injection periods suggest that shutting-in an 
injection well can prevent unacceptable tempera
ture declines at production wells. 

INTRODUCTION 

Reinjection of spent geothermal brines is the 
most attractive method for their disposal. Field 
experience and theoretical work have shown that 
properly designed injection systems can avoid 
premature thermal interference at production wells, 
and may serve additional purposes, such as mainten
ance of reservoir pressures, and enhancement of 
ultimate energy recovery. There has been some 
controversy in the literature regarding benefits 
and drawbacks of reinjection. At the present time 
it seems clear that the issues are largely site
specific, and that reservoir response to reinjec
tion is strongly dependent upon formation proper
ties and the thermodynamic state of the reservoir 
fluids. Whether or not reinjection at a given 
site is deemed desirable from the standpoint of 
reservoir management, it appears that for environ
mental reasons most future geothermal projects 
will require full reinjection as a method of waste 
disposal. There is a need for methods of design
ing and testing reinjection systems such as to 
avoid premature breakthrough of colder fluids at 
the production wells. 

An advisory panel convened by the U.S. Depart
ment of Energy identified the development of tech
niques for monitoring, prediction, and control 
of the migration of injected waters as an urgent 
priority. Depending upon the geological character
istics of a geothermal reservoir, this can be a 
rather difficult task. For reservoirs approaching 
the idealization of a porous medium of uniform 
thickness, porosity, and permeability, analytical 
solutions are available for estimating the migra
tion of thermal (cold) fronts away from injection 
wells (Lauwerier, 1955; Bodvarsson, 1972; Gringarten 
and Sauty, 1975; Hanson and Kasameyer, 1978). 
However, most high-temperature geothermal reservoirs 
are situated in fractured volcanic rocks. There is 
plenty of field evidence showing that in fractured 
,reservoirs injected water can migrate rather rapidly 
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to production wells. The possibility of rapid 
thermal breakthrough along "preferential pathways" 
is of obvious concern to field developers. 

In the next section we review some field evi
dence for "fast paths", and discuss possibil ities 
and limitations for determining the thermal char
acteristics of fast paths by non-thermal means. We 
present idealized models of fast paths, and examine 
their applicability to field situations. It is 
emphasized that tracer tests and pressure transient 
tests can only provide incomplete and ambiguous 
information on the thermal characteristics of fast 
paths. More reliable predictions of thermal inter
ference are possible from non-isothermal injection 
tests. Numerical simulations incorporating ·approx
imate analytical solutions are then used to examine 
thermal breakthrough and recovery in vertical 
fractures. 

"FAST PATHS" 

Rapid migration of injected waters to produc
tion wells has been observed in many geothermal 
fields by means of (natural or artificial) trac~rs, 
and enthalpy transients. Table I summariz~s some 
of the pertinent data. Tracer migration veloci
ties of 0.1 to 100 m/hr, over distances of several 
hundred meters, provide clear evidence for prefer
ential pathways, presumably along fractures. For 
comparison, consider average linear velocities 
in a porous medium-type reservoir, v = qv/nHtr; 
Inserting representative values (qv = 0.02 m3/s, 
H = 200 m, t = 10%, r = 300 m) results in 
v = 3.8 x 10-3 m/hr, which is several orders of 
magnitude lower than tracer velocities observed in 
many fractured reservoirs. 

It should be emphasized that rapid tracer 
returns alone do not indicate possible or actual 
problem situations. As far as field management is 
concerned, the important parameter is velocity of 
the thermal front. This depends on various char
acteristics of the preferential pathway(s), which 
are only partially determined by the speed of 
tracer movement. Indeed, tracer breakthrough time 
is essentially a measure of the total volume of 
the preferential path between injection and pro
duction wells (see equation 14, below). Thermal 
migration on the other hand is largely determined 
by the total available surface area for heat 
transfer from the reservoir rocks to the preferen
tial flow path. From an analysis of tracer dis
persion one can obtain an estimate of the effec
tive fracture aperture (Fossum and Horne, 1982). 
This, together with data on fracture volume 
between injection and production points, permits 
an approximate estimate of total fracture surface 
area. This estimate, however, depends on hypothe
tical assumptions about the geometry of the 
preferential flow path, so that predictions of 
thermal interference on this basis are question
able. 

Several authors have proposed injection of 
"reactive" tracers, which would in some way 
interact with the wall rocks and thus permit an 
estimate of heat transfer area (e.g. Robinson, 
1982). Although this approach holds some promise, 
it is unlikely that the ambiguities regarding heat 
transfer can be resolved. Fracture faces may have 
considerable roughness, which would cause effec-

tive heat transfer areas to be overestimated on 
the basis of reactive tracer data. Further com
plications arise from the presence of dead end 
pores, diffusion into which would also tend to. 
diminish the return of tracer, causing unrealisti
cally high estimates of heat transfer area (Coats 

. and Smith, 1%4). Preferential flow paths may be 
contorted, causing thermal interference between 
different path segments, which could not be pre
dicted from tracer tests (Zyvoloski, 1981). Due 
to thermal drawdown over extended injection periods, 
the flow field may change with time, chiefly from 
buoyancy and viscosity effects. This cannot be 
predicted on the basis of tracer data obtained over 
relatively short flow periods. To summarize, it 
appears that even if rather ideal reactive tracers 
were available, the possible inference regarding 
the thermal characteristics of fast paths would 
remain seriously incomplete. The uncertainties 
tend to be non-conservative, i.e., thermal break
through could occur more rapidly than might be 
estimated from tracer returns. 

Additional information on the nature of fast 
paths can be obtained from enthalpy transients 
(observed e.g. in Krafla, Iceland; Bodvarsson et 
al., 1983), and pressure transients. It should be 
stressed, however, that interpretation of field 
test data invariably requires certain model 
assumptions and approximations, which will lead to 
uncertainties in heat transfer predictions. 
Thermal retardation is very strongly affected by 
matrix-fracture interaction, which may have quite 
different and probably often much smaller impact 
on migration of injected water and tracer, and on 
pressure diffusion. One should not expect that 
the processes and parameters governing heat trans
fer could be unambiguously resolved by non-thermal 
tests, as these involve different physical proces
ses, and probe different properties of the flow 
system. The only type of test which can provide 
reliable estimates of the heat transfer properties 
of preferential pathways appears to be a thermal 
interference test. This has been carried out 
successfully in small experimental hot dry rock 
reservoirs (Murphy and Tester, 1979; Zyvoloski, 
1981; Dash et al., 1981; Murphy et al., 1981). 
For conditions of interest in natural hydrothermal 
systems, however, thermal interference tests 
cannot be carried out ahead· of a long-term injec
tion program, as required test durations may be 
many years. In order to make a reliable determin
ation of the thermal characteristics of preferen
tial pathways, it is necessary to implement a 
trial injection program on a substantial scale. 

If no thermal drawdown data are available, 
thermal interference analysis must be based in 
part on hypothetical model assumptions, which are 
made on the basis of geological, geophysical, or 
geochemical information about a geothermal field, 
and on the basis of mathematical convenience. 
The element of uncertainty inherent in this type 
of approach requires a conservative philosophy in 
injection design, with considerable safety margins 
against premature thermal breakthrough. 

SOME IDEALIZED MODELS 

Useful insight into thermal interference can 
be obtained from idealized models of preferential 
pathways, including horizontal fractures, vertical 
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fractures, and pipes. High-permeability horizontai 
zones are common in volcanic rocks, especially at 
the contacts between lava flows (Bodvarsson, 1975). 
This type of permeable zone has been identified in 
several geothermal fields; e.g. Baca, New Mexico 
(Grant and Garg, 1981), Ohaaki, New Zealand (Grant, 
personal communication, 1983); and various geo
thermal fields in Iceland (Fridleifsson, 1975). 
Bodvarsson and Tsang (198Z) studied the case of 
injection into horizontal permeable zones (frac
tures). Their analysis indicated that a porous 
medium-type situation with uniform thermal sweep 
is attained at surprisingly small distances from 
the injection well. This favorable result is in 
part due to the radial flow geometry of horizontal 
zones. For radial flow systems, the flow velocity 
is proportional to 1/r and the surface area for 
heat transfer grows proportional to rZ. Conse
quently, the retardation of the thermal front due 
to heat conduction from the rock matrix is strong. 
For cases where horizontal permeable zones are 
dominant, the formulas given by Bodvarsson and 
Tsang (198Z) can be used to estimate proper 
locations of injection wells. 

However, nearly vertical fractures, faults, 
and dikes are also commonly encountered in geo
thermal systems. These structures could conceiv
ably offer thermally short-circuiting pathways 
with linear flow geometry. We shail here review 
some simple analytical results for temperature 
fields in vertical fractures. Subsequently, we 
shall examine possible generalizations to other 
flow channel geometries. 

VERTICAL FRACTURES 

In order to develop an analytically solvable 
model, idealizations or approximations must be 
made for (i) the fracture geometry, (ii) the ini
tial and boundary conditions, and (iii) the fluid 
and heat flow fields in fracture and wallrocks, 
respectively. Consider a vertical fracture of 
aperture wand porosity ~f, embedded in imper
meable rock of uniform thermal properties, and 
infinite lateral extent. Initially the entire 
system has a uniform temperature To, and at time 
t = 0 water of temperature Tin is injected into 
the fracture at a constant pore velocity vW' It 
is assumed that water flows only horizontally, 
with pore velocity equal to Vw throughout the 
fracture at all times. At a distance x from the 
injection point, the mean arrival time (residence 
time) of non-reactive tracer is tb = x/vw• The 
thermal front is retarded in comparison to the 
tracer by two different mechanisms, namely, ther
mal equilibration within the fracture, and lateral 
heat conduction from the reservoir rocks across 
the fracture faces. Neglecting heat conduction in 
the direction of water flow, the water temperature 
in the fracture can be computed from a solution 
obtained by Lauwerier (1955) for non-isothermal 
injection into a horizontal layer: 

T(x ,t) = To + (Tin - To) erfc (~(x,t)) • U(t-t*) 
(1) 

The 
flO 

argument of the complementary error function 

.fzPzcz x 
~(x,t) = it - €* w'PfPwcwvw 

.fzPzcz x 
= c (q/H) h - t* (Z) 

w 

where q/H = w'PfPwvw is the mass injection rate per 

unit fracture height, and U is the Heaviside step 
function 

U( ) - I 1 for y > 0 (3) 
y - 0 for y ~ 0 

Here,t* is the breakthrough time of the thermal 
front in the absence of lateral heat conduction, 
and is given by (Bodvarsson, 197Z) 

t* = 

In the absence of lateral heat conduction, the 
temperature at the front jumps from To to Tin. 

(4) 

The lateral heat conduction causes the temperature 
profile to diffuse, and in general the thermal 
front may be defined as the locus of points where 
temperature has dropped to a certain fraction of 
the initial difference between reservoir and 
injection temperature: 

(5) 

For a symmetrical front one could chose f = 0.5 to 
define the front. However, in the present problem 
fronts are highly non-symmetrical, and a smaller 
temperature decline is very significant in many 
geothermal applications. A value of f = 0.75 may 
be a more useful measure of the thermal front. 
From the above definition, the front location is 
given by 

erfc (~f) = 1 - f (6) 

For f = 0.75 we have ~f = 0.8134Z. 

THERMAL BREAKTHROUGH 

From equations (Z) and (6), the thermal break
through time tf at a distance xf from the injec
tion point can be written as 

Z 

t* 
(l x f 

+ ------
~~ (q/H)Z 

Z Here (l = AZPZCZ/cw is a group of thermal para-

meters which is not strongly dependent ·upon site
specific conditions. 

The first term in 
in terms of mean 
dence) time tb 

t* 

equation (7) 
tracer arrival 

can be re-written 
(or fluid resi-

(8) 

3 
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This first term represents the thermal breakthrough 
time in the absence of lateral heat conduction, 
whereas the second term represents the thermal retar
dation from lateral heat conduction alone. It is 
interesting to note that both effects are additive 
in their impact on thermal breakthrough time. Many 
of the parameters in equations (7) and (8) depend 
little on temperature or site-specific conditions, 
which permits some general conclusions to be made. 
With tracer velocities in fractured geothermal 
reservoirs being typically of the order of 1m/hr, 
a typical tracer breakthrough time at an observa
tion well distance of 250 m is of the order of 
10 days. Thermal retardation from equilibration 
within the fracture, t*/tb, is unlikely to exceed 
10 in practical cases (see equation 8), so that 
thermal breakthrough in the absence of lateral 
heat conduction will occur in a matter of months. 
Obviously, lateral heat conduction must be relied 
upon for providing thermal breakthrough times 
commensurate with the typical design life of geo
thermal power installations (30 years). 

Equation (7) gives an expression for partial 
thermal breakthrough time from lateral heat con
duction as a function of xf and q/H (second term 
in equation 7), which appears to be of rather 
limited utility. The rate of injection into a 
preferential flow path may be estimated in the 
field from total injection rate qo and fractional 
cumulative recovery of tracer L, q = L • qo' but 
meaningful estimates of fracture height H may be 
impossible. 

A more useful expression can be obtained by 
introducing fluid residence time tb: 

t 2 
b 

~ 't'f W 

(9) 

This relationship is plotted in Figure 1 for a 
thermal front parameter f = 0.75 (corresponding to 
~f = 0.81342). The parameter tb can be directly 
obtained from field observation, and the group <Pfw 
can be determined from an analysis of tracer dis
persion (Horne and Rodriguez, 1981; Fossum and 
Horne, 1982). Horne and coworkers have proposed a 
model of linear flow in a fracture, in which the 
observed tracer dispersion is caused by an inter
play of molecular di ffusion with a parabolic 
velocity profile across the fracture width. 8ased 
on their model, the effective fracture aperture 
can be expressed as 

(10) 

On the basis of their linear flow dispersion 
model, Fossum and Horne (1982) were able to obtain 
good matches for tracer return data at Wairakei 
geothermal field. Their analysis provides some 
justification for the underlying model, and it 
provides estimates of the parameters tb and 
Npe. A thermal breakthrough prediction can then 
be made from equations (9) and (10), utilizing 
only reservoir parameters obtained from tracer 
tests. However, tracer data can usually be 
described with a variety of different models and 

assumptions, so that the reliability of fracture 
aperture estimates from a dispersion analysis is 
uncertain. 

The assumption' of linear one-dimensional flow, 
which is implicit in the tracer analysis of Fossum 
and Horne, can be tested by means of thermal 
interference tests. In this way a more reliable 
prediction of thermal drawdown may be achieved. 
We sugggest the following procedure. Monitoring 
production temperatures during an injection 
experiment, one can obtain the quantity 

f -1 (T - T 
~ = er c -;-0_---",_ 

To - Tin 
(11) 

as a function of time. If ~ is plotted versus 
time on log-log paper, a straight line with slope 
-1/2 should result if flow is in fact linear along 
a planar fracture (see equation 2; the term t* is 
usually insignificant in comparison to t, except 
at very early times). If the half-slope is 
observed, the plot can be used to estimate future 
production temperatures by extrapolation. From a 
pair of values (t, ~(t)) one can compute the 
parameter <Pfw, or q/H. Estimating q on the basis 
of fractional recovery of tracer, it is also poss
ible to obtain the effective fracture surface area 
S = 2Hx. 

MORE GENERAL FLOW CHANNELS 

The discussion so far was limited to one
dimensional linear flow. The function ~(x,t) given 
in equation (2) can be rewritten in a number of 
ways, which are instructive in showing the depen
dence of thermal front migration upon the geometric 
parameters of the flow channel. Introducing the 
fracture surface area S = 2Hx between the injection 
point and an observation point at distance x, we 
have 

~(S, t) ( 12) 

The thermal breakthrough time in the absence of 
lateral heat conduction, Equation (4), can also 
be re-written in terms of total volume V = wHx 
and flow rate q of the preferential flow path 

t* = ( 13) 

Equations (12) and (13) are written in terms 
of parameters S, V, and q, which have meaning for 
any type (geometry) of flow channel, not just for 
vertical fractures. This is suggestive of a 
greater range of validity of Lauwerier's solution 
than was implied in the restrictive approximations 
made in the derivation of equations (1) and (2). 
Indeed, it was shown by Gringarten and Sauty 
(1975) that Lauwerier's solution is applicable to 
the steady, nonisothermal flow field of an injection
production doublet in a horizontal aquifer of 
uniform thickness. When reformulating Lauwerier's 
heat balance equations for flow channels of more 
general geometry, it is apparent that Lauwerier's 
solution is valid as long as the surface-to-volume 
ratio S/V in a flow. channel is constant, independent 
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of position. This requirement is obviously ful
filled for all stream channels in a production
injection douplet in a horizontal aquifer of 
uniform thickness ,h, as considered by Gringarten 
and Sauty, where S/V = h/2. Equations (1) and 
(12) are identical to Gringarten and Sauty's· 
solution for any particular stream channel in the 
doublet problem with horizontal flow. 

A further generalization for applications is 
gained by rewriting equation (2) or (12) in terms 
of fluid residence time, as suggested by Hanson 
and Kasameyer (1978). Noting that the total 
reservoir volume swept by injection is 

v ( 14) 

we have 

I,; = ( 15) 

While the parameters entering equations (12) 
through (15) can be defined for very general flow 
channel geometry, the validity of these equations 
is restricted to flow channels with constant 
surface-to-volume ratio S/v throughout. It should 
be emphasized that all of the various forms given 
for I,; (equations 2, 12, 15) contain certain 
geometrical parameters (w, ~f' qlH, q/S, S/v) 
which are rather elusive in practical field 
situations, unless actual thermal interference 
tests can be made. Therefore, the practical 
utility of the analytical model appears limited. 

In practical circumstances, quantitative 
matching and prediction of thermal interference 
will often require a detailed numerical modeling 
effort (Murphy et a1., 1981). This is necessi
tated not only by the geometrical complexity of 
fracture systems, but also by operating conditions 
that involve time-varying flow rates, and non
uniform initial temperatures. 

It is interesting to compare thermal break
through in horizontal and vertical fractures of 
identical aperture wand porosity ~f. Based on 
the foregoing discussion, an observation well placed 
at a distance x from the injection well will "see" 
the same thermal history in either case if the swept 
surface areas are identical (assuming pure radial 
flow in the horizontal fracture, and one-dimensional 
horizontal flow in the vertical fracture). The 
condition for identical thermal history can be 
written 

H = lTX 

For x < HIlT, thermal interference will be more 
rapid in the radial flow geometry, while for 

(16) 

x > HIlT it will be more rapid in the linear flow 
geometry. 

FIELD EXAMPLE 

To illustrate the simple thermal analysis 
proposed above (discussion following equation 11) 
we present an application to "run segment 2" of 
the Fenton Hill hot dry rock experiment (Murphy 

and Tester, 1979; Dash et al., 1981; Murphyet 
al., 1981). In this experiment, fresh water at 
25°C was injected continuously for a period of 75 
days into a man-made geothermal reservoir. After 
passing through a fracture system at about 2.8 km 
depth, the water was retrieved at a production 
well where its temperature was monitored. From 
the temperature data given in the above refer
ences, we calculate the parameter I,; from equation 
(11). This is plotted against time on log-log paper 
in Figure 2. Two cases were considered. Assum
ing an injection temperature of 65°C, which is the 
downhole temperature in the injection well (Dash 
et al., 1981), we obtain a set of points which do 
not fallon a straight line with a half-slope. 
When injection temperature is set equal to the 
well head temperature of 25°C, the resulting data 
points are well matched by a straight line of 
slope -1/2. This indicates that the entire heat 
transmission system, including injection wellbore 
and fractures, approximates the behavior of a 
linear flow system in a planar fracture. This 
holds only approximately, because neither flow 
rate nor initial reservoir temperature were con
stant in this experiment. Utilizing the data 
given by Murphy and Tester (1979), and Dash et 
al. (1981), the value ~ = 0.443 at t = 50 days 
(see Figure 2) yields a total heat transfer area 
of 26,800 m2 • This value includes effects 
from wellbore heat transmission, and it is compa
tible with values of 16,000 - 30,000 m2 (for 
both fracture faces) obtained by Dash et al. 
(1981) through detailed heat transfer modeling. 

We now turn to a consideration of fracture 
apertures. During the above mentioned heat extrac
tion experiment several tracer tests were run. 
Tester, Bivins, and Potter (1982) developed two
dimensional type curve matches to the tracer data, 
which when combined with the fracture area obtained 
from heat transfer modeling, yield an estimated 
effective fracture aperture of ~fw = 5 - 5.8 mm. 
We use their published data for tracer test 
1-3 (tb = 1633 S; NPe = 1.06), and apply the 
method of Fossum and Horne to obtain an indepen
dent estimate of effective fracture aperture based 
solely on tracer data, equation (10). Assuming a 
value of D = 10-10 m2/s for molecular diffu
sivity, as recommended by Fossum and Horne, 
equation (10) yields ~fw = 5.7 mm. This agrees 
very closely with the values obtained by Tester et 
al. (1982), which in view of the different assump
tions made in their analysis is probably somewhat 
fortuitous. Nonetheless it may indicate that 
parameters obtained from tracer tests alone may be 
useful for thermal interference predictions in 
preferential flow paths. 

PERMEABLE ROCK MATRIX 

If the rock matrix is permeable thermal inter
ference along a preferential flow path will be 
retarded, because the rate of fluid flow in the 
fast path will diminish with distance from the 
injection point, due to leakage into the rock. 
This effect is here considered for the cases of a 
single vertical or horizontal fracture, embedded 
in permeable rock. We assume injection at constant 
rate, one-dimensional (linear or radial) flow in 

- the fracture, and one-dimensional flow in the rock 
matrix perpendicular to the fracture faces. With 
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these approximations, solutions for the flow rate 
in the fracture as a function of distance from the 
injection point can be obtained in closed analytical 
form (in the Laplace domain; see the Appendix). 

Figure 3 shows the fractional flow rate along 
the fractures as a function of a parameter ;, which 
is a combination of distance from the well (x or r), 
time, and various fracture and rock properties, 
; = x(krCr~r~/kf2w2t)1/4. This parameter was chosen 
because it allows all cases to be represented by a 
single curve. The parameter shows that the dimen
sionless /flow rate along the fracture is dependent 
upon x/t 1 4, and more strongly dependent upon 
the fracture parameters (/kfW) than the rock 
matrix parameters «~rCrkr)1/4). It also depends 
upon the fluid viscosity, as the pressure buildup 
in the fracture is directly related to the viscosity. 

Figure 3 shows that there is relatively more 
leakage for the vertical fracture case than the 
horizontal fracture one. This result is somewhat 
surprising in view of the large surface area for 
fracture/rock matrix inter flow in the case of 
horizontal fractures. However, the dominating 
factor is the pressure buildup in the fractures. 
In the horizontal fracture case the pressure drop 
along the fracture depends upon the logarithm of 
distance, whereas in the vertical fracture case 
the pressure drop is linear with distance. Con
sequently, the pressure buildup in the vertical 
fracture case is larger except very close to the 
well, and more fluids are forced into the rock matrix. 

Table 2 illustrates the fluid leakage' into 
the rock matrix in terms of real parameters. The 
table gives the fractional flow rate along the 
fracture for various values of distance (r or x), 
and parameters kfw and kr • The table shows that 
fluid leakage to the rock matrix will typically 
be less than 1m~ except for the case of rather 
small kfw and large kr • As one would expect 
that for a fast path kfw is significantly larger 
than 10-14 , the fluid leakage to the rock matrix 
will be negligible in many cases. 

PRESSURE TRANSIENT ANALYSIS 

In the above discussion we emphasized that 
predictions of thermal interference can only be 
made when a specific model of the preferential 
flow path has been established. Geologic evidence 
can help establish such a model. For example, 
major fractures or fault zones identified at the 
surface can suggest that the fast path connecting 
injection and production wells may be visualized 
as a vertical fracture. Similarly, the identi fi- . 
cation of permeable zones in wells at approxi
mately the same depth may suggest a continuous 
horizontal permeable zone; in this case a hori
zontal fracture model may be appropriate. When an 
appropriate geometrical model of a fast path has 
been identified, we must attempt to quantify the 
important parameters that govern the response of 
the system to cold water migration. 

Ideally, one would like to determine the 
fracture geometry (e.g., fracture aperture, w, 
and height, H) and hydraulic parameters (fracture 
porosity, ~f' and permeability, kf). Some para
meter values may be obtained through use of pres
sure transient tests. 

In order to analyze pressure transient data 
for the determination of geometric and hydraulic 
parameters, the rate of fluid flow into the fast 
path must be known. Tracer data show that gener
ally only a small portlon (typically 1-1m~) of the 
fluids injected travel along the fast path to the 
observation point. The remainder flow along other 
fractures intercepting the injection well or in 
the rock matrix itself. For a well test conducted 
over the entire open interval of an injection well 
it is very difficult to determine the transient 
fraction of the injected fluids that enter the 
fast path. 

If the feed point of the fast path in the 
injection well can be identified from well logs or 
spinner data, it may be possible to pack off a 
small zone containing that fracture zone. In this 
case all of the injected fluids would enter the 
fast path, and conventional methods of analysis 
developed in the petroleum and groundwater litera
ture can be applied. 

Various pressure transient solutions are 
available for wells intersecting single fractures. 
These have been summarized by Earlougher (1977) 
and Raghavan (1977). In general, these solutions 
show that the early time data can be used to 
deduce some of the fracture parameters needed. 
However, it is generally not possible to determine 
individual parameters but only groups such as 
wkf, or ~fkf' etc. These may provide impor-
tant constraints for numerical modeling of thermal 
processes in fast paths, but it appears unlikely 
that pressure transient testing alone can deter
mine the parameters needed for thermal breakthough 
calculations. 

NUMERICAL SIMULATIONS 

In this section we present some results of 
numerical simulations of fluid and heat flow in 
vertical fractures. The purpose of the numerical 
experiments is twofold: (i) to explore the 
significance of physical effects which were 
neglected in the analytical model, in particular 
effects of buoyancy, time-dependent flow fields, 
and hydrodynamic sweep efficiency; and (ii) to 
study temperature recovery at production and 
injection wells, when injection is stopped after 
significant temperature decline has occurred. 

The latter point is of considerable practical 
importance. In the above discussion, we emphasized 
that estimates of thermal properties of preferential 
flow paths not based on thermal interference tests 
are probably unreliable, and can not provide 
conservative margins of safety on which to base 
injection design. Data from which future thermal 
interference may be predicted with confidence can 
only be obtained from pilot injection operations, 
with monitoring of production temperatures over a 
period of months or years. If data begin to show 
trends of thermal interference which are detrimental 
to production, it is of interest to know to what 
extent and over what time scale thermal degradation 
is reversible if the injection well causing the 
interference is shut in. 

Migration of injected fluids in vertical 
fractures, with heat transfer from the wall rocks, 
is a three-dimensional problem. A "head-on" 
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numerical approach is computationally very inten
sive, and it is desirable to economize on the 
numerical work as much as possible, without 
compromising the physics of the problem to be 
studied. 

The simulations reported here were carried out 
with the geothermal version of our general purpose 
simulator MULKOM (Pruess and Narasimhan, 198Z; 
Pruess, 1983), into which we incorporated the 
semi-analytical method for lateral heat transfer 
by conduction, as developed by Vinsome and 
Westerveld (1980). This permits very efficient 
calculations for problems with impermeable rock 
matrix, effectively reducing the numerical work to 
that of a 2-D problem. To test the accuracy of 
the numerical method, we performed simulations of 
non~isothermal injection into a one-dimensional 
fracture. Figure 4 shows that the agreement with 
the analytical solution of Lauwerier (1955), 
Equations (1) and (2), is excellent. Vinsome and 
Westerveld demonstrated in their paper that their 
method gives accurate results also in cases with 
non-monotonic temperature variations at the rock 
faces. 

A schematic diagram of the injection-production 
system considered is given in Figure 5, and Table III 
summarizes parameters used in the simulations. These 
parameters are intended to be representative of 
typical fast path conditions which may be encountered 
in liquid-dominated fractured geothermal reservoirs 
(see Table I). The choice of an injection rate of 
4 kg/s into the fracture was based on a typical 
total injection rate of 40 kg/s per well, of which 
typically 10 percent may enter a preferential flow 
path, as inferred from cumulative tracer returns 
observed in the field (see Table I). The choice 
of effective fracture apertures ~fw = 5-Z0 mm 
deserves comment. Apertures of this magnitude are 
consistent with estimates based on tracer returns 
and heat transfer data for the Fenton Hill hot dry 
rock reservoir (Tester et al., 198Z) and for the 
Wairakei geothermal field in New Zealand (Fossum 
and Horne, 198Z). Field evidence indicates that 
effective fracture aperture ~fw and permeability 
kf are essentially independent parameters, which 
are not related by the "cubic" law for idealized 
parallel-plate fractures (Witherspoon et al., 1980). 
"Real" fractures have considerable sur face irregu
larities and roughness, and are partially filled 
with debris. The average parameters ~fw and kf 
of real fractures are primarily determined by their 
"wide" and "narrow" portions, respectively. Field 
data on tracer migration speeds and cumulative 
tracer returns from fractured geothermal reservoirs 
clearly show that fracture volumes are typically 
several orders of magnitude larger than would be 
expected if apertures were related to permeability 
by the "cubic law". For a fracture height of ZOO 
m and an effective aperture of ZO mm, our injection 
rate of 4 kg/s corresponds to a realistic (large) 
speed of tracer migration of 5.0 m/hr. Permeabil
ities of preferential flow paths may typically be 
in the range of tens or hundreds of darcies. 
Fracture permeabilities of 50-500 darcies were 
chosen in our simulations because this gives a 
"reasonable" pressure buildup at the injection 
well of a few bars, and because this range covers 
the cases of "weak" and "strong" buoyancy effects 
(see below). 

Results of our simulations are presented in 
Figures 6-14. In most cases the "upper" injection 
and production points (I and P in Figure 5) were 
used, and grid blocks of ZOm x ZOrn were employed. 
Test calculations made with and without a gravity 
correction for flowing bottomhole pressure in the 
production wells gave virtually identical results 
for flow patterns and temperature contours in the 
fracture. Therefore', in subsequent calculations 
bottomhole pressure was specified as constant at 
its initial hydrostatic value, Pwb = 9.56 MPa. 
For a fracture height of H = ZOO m, production 
temperatures are virtually independent of fracture 
permeability (Figure 6), which is surprising 
because flow patterns and thermal sweeps are rather 
different, see Figures 7-1Z. For the lowest perme
ability of 50 darcy, larger pressure gradients 
occur from injection so that the relative impor
tance of gravity effects is diminished. Horizontal 
flow rates change little with time and show little 
variation over the height of the fracture (Figure 
7). The temperature field after one year indicates 
a preferential sweep along the line connecting 
injection and production points (Figure 10). For 
higher permeability buoyancy effects are more 
pronounced, resulting in a loss of hydrodynamic 
sweep efficiency, as the upper portions of the 
fracture are increasingly bypassed by the injected 
water (Figures 8 and 9). This effect is offset by 
the increase in average thermal path length between 
injector and producer. It is interesting to note 
that the downward slumping of the injected plume 
diminishes with time in all cases so that sweep 
efficiency increases. This effect can be clearly 
seen when comparing production temperatures with 
those predicted from a 1-0 uniform sweep model 
(Lauwerier solution; Figure 6). Initially the 
temperature drop in the Z-D cases is much more 
rapid, but the ratio aT(2-D)/aT(1-D) diminishes 
with time. Lowering the injection point (to I' in 
Figure 5) has little effect, but lowering the 
production point (to P' in Figure 5) gives a more 
rapid temperature decline. This suggests that 
injection should not be made above the production 
horizon. Extending the fracture another ZOO m 
downward, for a total height of 400 m, results in 
a strongly reduced thermal decline and an excellent 
nearly uniform sweep, see Figures 6 and 13. The 
temperature contours in Figure 13 are drawn for 
the case where injection and production points are 
at a height of 350 m, 50 m below the fracture top. 
Thermal degradation for the case H = 400 m, w = 1 cm 
is slower than in the cases with H = 200 m, w = 4 cm 
(see Figure 6), although average speed of tracer 
migration in the former case is larger by a 
factor of Z. This illustrates a point made above, 
namely, that tracer velocities do not necessarily 
correlate with thermal breakthrough times. 

Figure 14 shows the temperature recovery at 
production and injection wells, respectively, when 
injection is stopped after one, two, or five years. 
Recovery at the injection well is relatively more 
rapid, because temperature gradients in the rock 
are larger near the injection point, and because a 
buoyancy-driven convection cell develops in the 
fracture. The circulation pattern is counterclock
wise in Figure 5, removing cold fluid from the 
vicinity of the injection point. This effect 
decreases the rate of temperature recovery at the 
production well, but significant recovery occurs 
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nonetheless in a period of a few months. This is 
encouraging in the sense that shutting-in an 
injection well appears to be a viable cure if 
thermal interference has caused unacceptable 
temperature decline in a production well which is 
connected with an injection well by a preferential 
flow path. Thermal recovery has been observed in 
several fields. For example, Wairakei well WK107 
produced again at its original temperature after 
300 tonnes/hour of 160°C water had been injected 
for a period of four years (Horne, 1982b). 

CONCLUSIONS 

(1) A reliable determination of the thermal 
properties of preferential flow paths 
requires non-isothermal injection over 

. periods of months or years, with careful 
monitoring of production temperatures. 

(2) Rapid tracer breakthrough and large cunu-. 
lative returns indicate a "preferential 
flow path", but do not necessarily indi
cate a potential for rapid thermal inter
ference. 

(3) Predictions of thermal interference can 
be made on the basis of tracer data alone. 
However, this will usually require an ad 
hoc model for the flow path geometry, and 
the reliability of thermal predictions on 
this basis is uncertain. 

(4) If thermal interference along a preferen
tial flow path causes unacceptable declines 
in production temperature, shutting-in of 
the inj ection well involved should prov ide 
an acceptable cure, with substantial temper
ature recovery to be expected within typi
cally a few months. 

NOMENCLATURE 

c specific heat (J/kg °C) 

average speci fic heat of rock and fluid 
in fracture (J/kg °C) 

c2 specific heat of rock matrix (J/kg °C) 

Cw specific heat of water (J/kg °C) 

Cf 

Cr 

D 

h 

H 

k 

L 

compressibility of fracture (Pa-1) 

compressibility of rock (Pa-1) 

molecular diffusivity of tracer, m2/s 

reservoir thickness (m) 

height of vertical fracture (m) 

permeab il it Y (m2) 

length of vertical fracture (m) 

NPe Peclet number 

q flow rate (kg/s) 

qD dimensionless flow rate in fracture 

qv volumetric flow rate (m3/s) 

r radial distance (m) 

rD dimensionless radial distance, r/w 

S surface area (m2) 

t time (s) 

tb fluid residence time (s) 

t* partial thermal breakthrough time when 
neglecting heat transfer across fracture 
faces (s) 

tf thermal breakthrough time in fracture (s) 

tf2 partial thermal breakthrough time from 
heat transfer across fracture faces (s) 

T temperature (OC) 

To initial temperature (OC) 

Tf temperature in fracture (OC) 

Tin injection temperature (OC) 

v velocity (m/s) 

Vw pore velocity of water (m/s) 

V volume (m3) 

w fracture aperture (m) 

x linear distance (m) 

xD dimensionless distance x/w 

xf distance from injection point in 
fracture (m) 

Greek 

a group of thermal parameters, defined in 
Equation (7) 

~ argument of complementary error function 

~ dimensionless time-distance parameter 

</l. porosity 

A thermal conductivity (W/m ·C) . 

AZ thermal conductivity of rock matrix (W/m ·C) 

p density (kg/m3) 

P1 

PZ 

6 

average densit5 of rock and fluid in 
fracture (kg/m ) 

density of rock matrix (kg/m3) 

fractional cumulative recovery of tracer 

dimensionless parameter in pressure solution, 
equation (A.1) (6 = </lrCrkr/</lfCfkf) 

viscosity (Pa • s) 

Subscripts 

f fracture 

r rock 

w water 
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APPENOIX 

Here we will give solutions for the dimen
sionless flow rate in vertical and horizontal 
fractures as a function of dimensionless time 
and distance. One-dimensional flow in the rock 
matrix is assumed for both cases. These solutions 
can be found in the groundwater and petroleum 
literature. The solutions are given in the 
Laplace domain, and are inverted numerically using 
an inverter developed by Stehfest (1970). 

Vertical Fracture (constant rate) 

In the Laplace domain the solution for the 
dimensionless pressure i.s: 

u = ph exp - [xolZ] (A.1 ) 

where z = p + ~, p being the Laplace parameter. 
The dimensionless flowrate along the fracture can 
be obtained by differentiating equation (A.1) 
w.r.t. xO: 

au 1 
[xOIZ] ( A.2) axo 

= - p exp -

Horizontal Fracture (constant rate) 

In the Laplace domain the dimensionless pres-
sure in the fracture is: 

u = ~ Ko(rolZ) (A.3) 

where Ko is the modified Bessel function of zero 
order. Equation (A.3) has been inverted to real 
space by Hantush (1960) • The dimensionless flow
rate is: 

au IZ r-ar::- = - K1(roY z) (A.4) 
ro p 

Equations (A.2) and (A.4) have been inverted 
numerically to yield the fractional flow rate qO 
in the fracture, (see Table II and Figure 3). 

v 
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TABLE I 

SELECTED TRACER DATA FROM GEOTHERMAL FIELDS WITH PREFERENTIAL FLOW PATHS 
(compiled from Horne, 1982 a,b; Fossun and Horne, 1982; Hayashi et al., 1978) 

geothermal injection production or injection distance of tracer average linear cunulative 
field well observation well rate (kg/ s) recovery (m) velocity (m/hour) recovery (%) 

Wairakei WK80 WK116 500 2.7 
WK76 145 0.7 

v WK108 230 1.1 

WK107 WK24 22 3.7 

C 
WK48 7.0 1.3 

WK101 WK121 500 8.0 6.0 
WK103 1.3 
WK116 2.0 

Ohaaki BR13 BR23 41.7 270 0.4 6.0 
( Broadlands) BR28 BR25 41.7 0.8 

BR33 BR11 83.3 75 0.4 12.0 
BR8 5.0 

Hatchobaru HR17 H7 97.2 78.0 
H3 16.0 

H6 H14 11 .1 35.0 
H4 8.0 
H13 2.0 

H-9R H13 19.4 62.0 

H3 H4 140 6.1 
H6 135 . 33.8 
H7 180 9.0 

Otake OR-2 0-8 125 0.2 
0-9 203 0.3 
0-10 140 0.2 

Tongonan 4R1 404 :::1400 57.0 11.5 
401 :::1200 30.0 2.8 
108 :::1200 22.0 2.0 

TABLE II 

FRACTIONAL FLOW RATE ALONG FRACTURE 

x }(m) kfW(m 3) kr (m2) 
qD 

r vertical horizontal 
fracture fracture 

250 10-10 10-17 .995 1.0 
250 10-10 10-15 .78 .999 

v 250 10-12 10-17 .98 .995 
250 10-12 10-15 .94 .992 

1 250 10-14 10-17 .485 .73 
,.1 250 10-14 10-15 .08 .19 

1000 10-10 10-17 .97 .995 
1000 10-10 10-15 .92 .990 

1000 10-12 10-17 .922 .991 
1000 10-12 10-15 .763 .935 

1000 10-14 10-17 .04 .11 
1000 10-14 10-15 .0 .0 

(Parameters: ~r = .1, Cr = 10-9Pa- 1, t = 1 year, II = 1O-4Pa's) 



TABLE III 

PARAMETERS USED IN THE VERTICAL FRACTURE 
INJECTION SIMULATION 

Rock 

Heat conductivity 
Volumetric specific heat 

Permeability 

Fracture 

Height 
Length 
Aperture 
Porosity 
Permeability 

Initial Conditions 

Temperature 
Pressure 

Injection 

Temperature 
Rate 

Production 

Productivity index of 
production well 

2.1 W/moC 
2.65 x 106 

J.m3oC 
o 

200 m, 400 m 
240 m 
.01 m, .04 m 
50% 
50, 200, 500 

darcy 

300°C 
hydrostatic 
profile with 
Pav = 100 bar 

100°C 
4 kg/s 

4 x 10-12 m3 

Flowing bottomhole pressure 9.56 MPa 

102 103 

Fluid residence time (hours) 
'lun-tlS' 

Fig. 1. Thermal breakthrough time as function 
of fluid residence time and effective 
fracture aperture (from Equation 9). 
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Fig. 2. Temperature decline in the Los Alamos 
hot dry rock experiment, run segment 2. 
(The parameter ~ is defined in Equation 11.) 
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Fig. 5. Schematic diagram of injection-production 
system in vertical fracture. (I, I' -
injection points; P, P' - production points. 

250 

~ 

~ 200 
8. 
E 
~ 

150 

1~~--~--~2~--~--~----~--~6~--~7~--~8----9~~ 

Time (years) 
.8L 83'- Z2D 

Fig. 6. Simulated production temperatures for injection-production systems 
in vertical fractures. Reference fracture parameters are H = 200 m, 
L = 240 m, w = .04 m, tf = 50%, kf = 200 x 10-12 m2• 



150 
.-
E 
cD 
c.J 
c: 
~IOO 
:0 
"0 
~ ... 
~ 50 

XBL839-2241 

Fig. 7. Horizontal flow rate through a vertical 
plane at fracture center (between injection 
and production points) for permeability 
kf = 50 x 10-12 m2• 

E 
cD 
c.J c: 
~IOO 
:0 
c 
~ 

>~ 50 

4 

XBLI39- 2240 

Fig. 9. Same as Figure 7, but kf = 500 x 10-12 m2• 

150 
..... 
E 
cD 
c.J 
c: 
~IOO 
'1:1 

'0 
c.J 

:0: ... 
~ 50 

XBLI39- 2242 

Fig. 8. Same as Figure 7, but kf = 200 x 10-12 m2• 

HorIzontol distance (m) 
XBLIU- 2239 
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Fig. 11. Same as Figure 10, but kf = 200 x 10-12 m2• 
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Fig. 12. Same as Figure 10, but kf = 500 x 10-12 m2• 
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Fig. 13. Temperature contours in fracture pI ane after 
two years of production and injection, for a 
fracture of height H = 400 m, permeability 
kf = 200 x 10-12 m2• 

Fig. 14. Temperature recovery at production and 
injection points ( P and I, respectively), 
when injection is stopped after different 
time periods. Parameters are for the 
reference case, see Figure 6. 
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