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B. L. Cox and G. S. Bodvarsson 
Earth Sciences Division 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 

INTRODUCTION 

Pressure transient tests are conducted on 
geothermal wells in order to obtain data that 
can be used to calculate the transmissivity 
(permeability-thickness product) and the skin 
factor of the well. Various tests can be used 
to obtain pressure transient data, including 
pressure drawdown, build-up, injection and 
falloff tests, and interference tests. Here we 
are concerned with the analysis of nonisothermal 
injection and falloff test data. Injection 
data from pressure transient tests are commonly 
interpreted using conventional type-curve or 
graphical analysis, which usually assumes 
isothermal fluid flow in porous media. In 
geothermal reservoirs, these tests are compli
cated by nonisothermal behavior, fractures, and 
the presence of multiple fluid phases. However, 
injection and falloff tests are often favored 
for the analysis of two-phase reservoirs, 
because they eliminate the need for assuming 
relative permeabilities for vapor and liquid 
phases; these factors are unknown at present. 

Injection/falloff data are affected by 
nonisothermal behavior because of variations of 
temperature-dependent fluid properties (viscosity, 
density, expansivity, and compressibility). Over 
a temperature range of 20-300"C, some of these 
fluid properties can vary by more than an 
order of magnitude (Figure 1). 

Previous studies of nonisothermal pressure 
transients include those of Tsang and Tsang 
(1978), who developed an analytical model of 
the pressure response to nonisothermal injection, 
and Bodvarsson and Tsang (1980), who studied 
pressure transients and migration of thermal 
fronts in fractured reservoirs. Nonisothermal 
injection tests in two-phase reservoirs have 
been analyzed by Garg (1978) and O'Sullivan and 
Pruess (1980). 

The basic methodology for the analysis of 
injection and falloff test data for porous 
medium reservoirs has been provided by Bodvarsson 
and Tsang (1980) and Benson and Bodvarsson 
(1982); methods for evaluating the skin factor 
have been developed by Benson (1982) and Benson 
and Bodvarsson (1983). Sigurdsson et al. (1983) 
developed methods for relating the nonisothermal 
injectivity index to the isothermal injectivity 
index. 

The present paper extends the analysis of 
nonisothermal pressure transient data to 
fractured reservoirs. Two cases are considered: 
reservoirs with predominantly horizontal frac
tures and reservoirs with predominantly vertical 
fractures. Effects of conductive heat transfer 
between the fractures and the rock matrix are 
modeled, and the resulting pressure transients 
evaluated. Thermal conduction tends to retard 
the movement of the thermal front in the frac
tures, which significantly affects the pressure 
transient data. The purpose of the numerical 
simulation studies is to provide methods for 
analyzing nonisotherma1 injection/ falloff data 
for fractured reservoirs. 

APPROACH 

In our study, the computer program PT 
(Pressure-Temperature; Bodvarsson, 1982) was 
used to simulate pressure transients during 
nonisothermal injection and falloff tests. 
The three-dimensional single-phase simulator 
employs the integrated finite difference method 
to discretize the medium and formulate the 
mass and energy transport equations in a liquid 
saturated porous medium. PT allows for both 
pressure-dependent and temperature-dependent 
fluid properties, which are computed internally 
to within 1~ of the true values. The simulator 
has been validated against many analytic solu
tions (Bodvarsson, 1982) and field experiments 
( Buscheck et a1. , 1983) • 

A reservoir with predominantly horizontal 
fractures is modeled employing a radial grid to 
represent the fracture elements. The grid 
extends sufficiently far from the well that 
boundary elements do not affect the results. 
We assume that the permeability of the rock 
matrix is much lower than that of the fractures; 
the _fluid mass exchange between the fractures 
and the rock matrix is therefore negligible. 
We model conductive heat transfer between the 
matrix and the fractures using semi-analytic 
approximations developed by Vinsome and 
Westerfeld (1980). Their model is based upon 
the work of Lauwerier (1955), which considered 
the problem of conductive heat losses during 
injection. The semi-analytical approach allows 
us to accurately model the conductive heat 
transfer without using volume elements for the 
rock matrix, hence, reducing a two-dimensional 



problem to one-dimension. The accuracy of the 
heat-loss routine has been verified by compari
son with Lauwerier's analytical solution 
(C. H. Lai, personal communication, 1984). 

The vertically-fractured reservoir is 
modeled using a single vertical fracture; cases 
are studied for a fracture without gravity 
(single-layer), and with gravity (multi-layered). 
We again assume that the fracture is infinite 
in extent, and that the rock matrix is imper
meable. Results are obtained both with and 
without conductive heat transfer with the rock 
matrix. For all cases, injection of 100"C 
fluids into a 250"C reservoir is considered. 
Figure 2 shows the geometries considered for 
the reservoir systems modeled. 

REINJECTION/FALLOFF TESTS IN POROUS MEDIUM 
RESERVOIRS 

In order to evaluate the results of 
injection tests in fractured reservoirs, we 
first need to consider earlier results for 
porous-medium-type reservoirs. Figure 3 shows 
the semi-log plot of pressure transients from 
simulated nonisothermal injection into a porous 
medium with and without a cold spot around the 
well (Benson and Bodvarsson, 1982). The cold 
spot can result either from cooling due to 
drilling or from previous injection. In Figure 
3 we see the effects of no cold spot, and of 
cold spots with radial distances of 1m, 5m, and 
10m from the injection well. 

In the case where there is no cold spot, 
the late-time slope (after 1100 sec) is that of 
the 100"C injection fluid. Therefore the fluid 
properties (~,P) corresponding to the injected 
fluid are used to calculate the transmissi
vity (permeability-thickness product), where 

kH = 2.303 g ).1 
411 m P 

(1) 

When a cold spot is present, the data 
initially follow a slope corresponding to the 
fluid properties of the cold inner region. 
Later, when the pressure pulse propagates into 
the hot outer region, the slope changes cor
responding to the fluid properties of the hot 
outer region. At late times, the thermal front 
starts to move away from the well and the slope 
changes again to that reflecting the cold fluid 
properties. For injection periods on the order 
of a few hours, the pressure transient data 
will at all times (except for the first 
few seconds) follow the slope corresponding to 
the fluid properties of the hot reservoir 
fluids. Therefore the transmissivity (kH) in 
Equation (1) should be calculated using the hot 
fluid properties for ~ and 1.1 • 

In the case of falloff following non
isothermal injection into a porous medium 
reservoir, Bodvarsson and Tsang (1980) Benson 
and Bodvarsson (1982) found that the fluid 
properties corresponding to the hot reservoir 
fluids must be used. After shut-in, immediately 
following nonisothermal injection, the reservoir 
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behaves like a composite system, with an inner 
cold region of low fluid mobility and a hot 
outer region with high fluid mobility. Once 
the radius of investigation is greater than the 
size of the cold spot, the slope reflects the 
fluid properties of the hot reservoir. Analysis 
of falloff data is therefore for most cases 
analogous to analysis of injection data 
with a pre-existing cold spot. 

HORIZONTAL FRACTURE CASE 

The pressure transients resulting from 
nonisothermal injection into a horizontal 
fracture are shown in Figure 4. The pressure 
transients mentioned above for a porous medium 
reservoir are included for comparison. The 
results show that pressure response depends on 
the value of the thermal conductivity. If there 
is no heat transfer between the rock mat_rix and 
the fractures the solution for the horizontal 
fracture case is identical to that for a porous 
medium reservoir (>. = 0) • On the other hand, 
if the thermal conductivity is very large (>. = •) 
the thermal front cannot move away from the 
well and the results are identical to those for 
isothermal 250"C injection· in porous medium 
reservo1rs. The shaded region shown in Figure 
4 represents the range of realistic thermal 
conductivity values. All of our results 
indicate that it is reasonable to use average 
fluid properties to calculate kH; other simula
tion studies have found this to be true over a 
range of injection and reservoir temperatures 
(Bodvarsson et al., 1984). Although more 
accurate results may be obtained using fluid 
properties which are more strongly weighted 
towards the cold injected fluid (i.e., the band 
is slightly closer to the cold slope), the use 
of average fluid properties is reasonable 
when one considers the degree of uncertainty in 
other parameters. 

The different slope of the horizontal 
fracture case can be explained if one considers 
the velocity of the thermal front moving away 
from the well. The advancement of the thermal 
front in porous medium reservoirs (or in horizon
tal fractures without heat conduction)is given 
by: 

(2) 

Equation (2) shows that the thermal front moves 
with a velocity proportional to rZ/t. On the 
other hand, the movement of the thermal front in 
horizontal fractures is given by (Bodvarsson and 
Tsang, 1982): 

2 2 (pwCwl 0 t 

4.396 Pr Cr ,.;2 
{3) 

Inspection of Equation (3) shows that in this 
case the velocity of the thermal front is pro
portional to r4/t. The thermal conduction 
between the rock matrix and the fracture is 
therefore very effective in retarding the 
advancement of tht! lht!("lnal front. 

I 
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The skin factor can be calculated using 
the methods developed in Benson and Bodvarsson 
(1982), as long as average fluid properties (~ 
and p) are used. However, additional simulations 
have shown that, when calculating the skin factor, 
the compressiblity of the in-situ reservoir 
fluids·must be used in all cases. 

Horizontal Fracture with a Cold Spot 

The pressure transients for nonisothermal 
injection into a horizontal fracture with a cold 
spot generally result in 3 slopes, as in the 
porous medium case. An early time cold slope is 
followed by a hot slope, but then by an inter
mediate slope at late time instead of a cold 
slope. The larger the cold spot, the larger the 
pressure increase, because of the high viscosity 
of the cooler fluids. Thus, we see a parallel 
set of hot slopes for the horizontal fracture 
case, similar to those observed in the porous 
medium case (Figure 3). 

The early time slppe reflecting the 
prop_erties of the near well cold spot seen for 
porous medium reservoirs (Fig. 3) may not be 
seen in the horizontal fracture case (Figure 5), 
because of the high fracture permeability 
compared to that of porous medium reservoirs. 
Comparison of Figures 3 and 5 also shows that 
the hot slope at intermediate time lasts a much 
shorter time for the horizontal fracture case 
than in the porous medium case. The reason is 
the small fracture aperture compared to the 
large thickness of porous medium reservoirs. 
Therefore, one may expect to see the late time 
slope representing the average fluid properties 
in injection test data, even though a large 
initial cold spot is present. 

Horizontal Fracture Step-Rate Tests 

In many cases, a series of injection/falloff 
tests with different flow rates (step-rat~ tests) 
are conducted instead of single tests (Sigurdsson 
and Stefansson, 1977; Sigurdsson, 1978). In our 
study, we simulate the hypothetical step-rate 
test shown in Figure 6. We start with an 11-day 
injection at a rate of 0.2 kg/s followed by a 
1-day falloff. This is followed by a second in
jection test at the same rate. The pressure 
transients and the location of the thermal front 
(assumed to be the average of the injection and 
reservoir temperatures) versus time are shown in 
Figure 6. The pressure transients for the first 
injection period show the same characteristics as 
before (Figure 4) with an early-time hot slope 
followed by an intermediate slope on the semi-log 
plot. 

The falloff data are plotted on a Horner 
plot (Figure 7). The pressure transients for 
the falloff in horizontal fractures exhibit a 
typical composite reservoir behaviour, with an 
early-time slope corresponding to that of the 
cold fluids near the well and then a slope 
corresponding to the hot reservoir fluids at 
later time. These results are very similar to 
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those obtained by Bodvarsson and Tsang (1980) 
and Benson and Bodvarsson (1982) for porous 
medium falloff tests. In the case of fractured 
reservoirs, however, the duration of the cold 
water slope is often very short due to high 
fracture permeability and the rapid heating 
through heat conduction from the rock matrix. 

The second injection step is analyzed 
using the multi-rate theory of EarloUgher 
(1977) in a manner similar to that of Benson 
(1982). Figure 8 gives the results on a semi
log plot. It shows an early slope corresponding 
to the hot fluid properties and then, at later 
time, a slope corresponding to the average 
fluid properties. The transition occurs at 
less than 20 seconds after the start of the 
second injection step. The results shown in 
Figure 8 are quite different from those of 
porous medium reservoirs, where, for most 
practical purposes, one expects to see the hot 
slope at late times (although at very late time 
the cold slope reappears). This difference is 
because of heating up of the fracture fluids 
during the falloff period. However, if the 
test conditions are such that a cold zone of 
significant radial extent develops and the 
falloff is of short duration (so that heating 
of fracture fluids is small), the test results 
for the second injection step should show 
primarily the slope corresponding to the hot 
reservoir fluids. 

VERTICAL FRACTURES 

Vertical fractures are modeled both with 
and without gravity. Vertical fractures without 
gravity are modeled with a one-dimensional 
geometry, utilizing a single layer of elements 
which fully penetrates and is penetrated by the 
well. The heat loss routine described above is 
used to simulate the thermal conduction between 
the fractures and the matrix. The vertical 
fracture models which include gravity have a 

, two-dimensional planar geometry and penetrate 
the well at either the top or bottom of the 
fracture. The length of well intersected 
by the fracture is assumed to be 50 m, while 
the total height of the fracture is 500 m (see 
Figure 2). The initial pressure distribution 
of the gravity models corresponds to a hydro
static profile. The parameters used for the 
vertical fracture models are given in Table 1. 

In the present work, we are only interested 
in examining nonisothermal effects during 
injection into single vertical fractures. No 
leakage into the rock matrix is allowed, hence, 
the results obtained are only valid for short 
test periods or for vertical fractures in very 
tight formations. 

The pressure transient solution for single 
infinite vertical fracture fully penetrated by 
a well is given in dimensionless form (Earlougher, 
1977) as: 

Po= 2.,fi (4) 



where Po and to are dimensionless pressure and 
time, respectively. In terms of real parameters, 
Equation (4) becomes: 

liP = 2~ Jkt 
kHb 'II Cll 

(5) 

where H is height of the fracture and b the 
thickness of the fracture. Inspection of 
Equation (5) shows that it is not possible to 
determine the transmissivity (kfb) of the 
fractures alone, but the cumbersome parameter 
kfb2HZ. Equation (5) shows that it is con
venient to determine this parameter using 
either log-log plots of pressure versus time, 
or liP vs. yt. 

If the log of the pressure change versus 
the log of time is used, a half slope will 
result as shown in Figure 9. The two curves of 
100°C and 250°C for isothermal injection are 
shifted because of the different viscosity 
values. It is interesting, however, that for 
all cases with 100°C injection into a 250°C 
reservoir, the plot falls along the isothermal 
250°C curve. For all cases with 250°C injection 
into a 100°C reservoir, the curve falls on the 
isothermal 100°C curve. In other words, no 
matter what the injection temperature or whether 
or not conductive effects are included, pressure 
transients for the vertical fracture without 
gravity follow a curve reflecting the fluid 
properties of the hot reservoir temperature. 

The presence of a 100 m cold spot around 
the well results in the log-log plot of pressure 
transients shown in Figure 10. In this case, 
the data initially follow the curve reflecting 
the temperature of the cold spot, but after 100 
seconds they follow the curve denoting the-hot 
reservoir temperature. 

In plots of liP versus Vt, the slope 
depends upon the fluid viscosity, so that 
different slopes emerge for these nonisothermal 
cases. Figure 11 shows a schematic summary of 
our results plotted as liP versus~· For 
most practical purposes it is probable that 
conductive heat transfer will effectively 
retard the advancement of the thermal front in 
the fracture, so that the effects of the cold 
spot will be rather small. 

Vertical Fracture Case with Gravity 

In order to study the effects of gravity 
on our results we constructed a two-dimensional 
vertical model of a fracture as shown in Figure 
2. We consider four cases: injection into the 
top of the fracture, both with and without heat 
conduction, and injection into the bottom of the 
fracture, both with and without heat conduction. 
The ratio of the interval open to the well (50 m) 
and the total fracture height (500 m) is 0.1. 

The results obtained are shown in the ~ 
vs Vt plot in Figure 12. As the figure shows, 
the effects of gravity are very small. All 
cases show a slope similar to that of the hot 
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reservoir, with deviations less than 10%. An 
exception is the rather unrealistic case of no 
thermal conduction and injection at the bottom. 
In this case the cold water basically flows 
along the bottom of the fracture, creating a 
rather large zone with high viscosity cold 
fluids. Consequently, the pressure rise is 
somewhat higher than in the other cases. 

Figure 12 also shows some non-linear 
behavior in the curves at early times. This is 
due to the partial penetration and shows up 
more clearly on the log-log plot (Fig. 13). The 
pressure data fall above the hot reservoir curve 
because of the resistance caused by the partial 
penetration. It is interesting to note that the 
early-time transients due to the partial pene
tration last for several hundred seconds for this 
rather high penetration ratio. A more realistic 
open interval to the well is perhaps 1 m, which 
would give much longer early transients due to 
the lower penetration ratio. If a vertical 
fracture case is suspected, these early tran
sients would be detected because of the lack of 
a 1/2 slope. 

Although the pressure transients for 
nonisothermal injection into vertical fractures 
are not significantly affected by gravity or 
thermal conduction, the temperature distributions 
of the various models are quite different. This 
is illustrated in Figure 14 where the location 
of the thermal front is shown for the two cases 
of upper and lower injection. After 1 x 106 
s (- 12 days) the thermal front in the case 
with upper injection has advanced 5.6 m while 
for the case with lower injection the thermal 
front has advanced 12.4 m. The thermal front 
travels much farther in the case with lower 
injection because the cold water is denser than 
the reservoir fluids and cannot easily move 
upwards. In the case with injection at the top 
of the fracture, the cold water descends 
rapidly, so that a large surface area for heat 
conduction develops (Fig. 14). In the case 
with lower injection, a much smaller surface 
area for conductive heating results. 

DISCUSSION AND SUMMARY 

The pressure transients for nonisothermal 
injection into horizontal fractures plotted on 
a semilog plot reflect the thermal properties 
of the reservoir at early times and the average 
properties at later times. At times after the 
thermal front has moved past the well, the 
average fluid properties should be used to 
calculate the transmissivity and the skin 
factor. The reason that the late-time slope 
lies between the cold and hot slopes is that 
the advance of the thermal front is slowed by 
conductive heat transfer between the reservoir 
and the fracture. For reasonable values of 
thermal conductivity, this is intermediate 
between the hot and cold slopes. Data obtained 
during injection into horizontal fractures with 
cold spots can be analyzed, in most cases, like 
data from porous medium reservoirs, using the 
hot slope for computing kH and skin factor. 

i v 
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This is also the case with falloff data. Our 
simulations for multi-rate injection tests 
result in an intermediate slope, although for 
other conditions the hot slope might be 
present. 

The vertical fracture geometry has very 
different effects on the nonisothermal pressure 
transients. The log-log plots of pressure 
change versus time and the linear plot of 
pressure change versusv both result in 
curves which reflect the temperature of the 
reservoir in all cases. Neither gravity nor 
thermal conduction significantly change this 
result. Therefore, the reservoir properties 
should always be used to calculate reservoir 
parameters in cases with vertical fractures. 
The pressure transients reflect the reservoir 
properties because, for the vertical fracture 
geometry, pressure change is a function of the 
distance from the well rather than a function 
of the log of this distance. Therefore, since 
pressure change is integrated over a large 
distance in the fracture, the hot outer part of 
the fracture has a much greater effect on the 
pressure transients than does the cold region 
close to the well. In the horizontal fracture 
case, where the pressure change is a function 
of the log of the distance, the region near 
the well has much more significant effect 
once the thermal front advances beyond the 
well. 

We find that the elevation of the injection 
point in vertical fractures greatly affects the 
migration of the cold water away from the well. 
If the well intersects the upper portion of the 
fracture, gravity will help spread the cold 
water as it descends, causing a large surface 
area for conductive heating. Thus, if migration 
of the cold water is a critical consideration 
when planning injection well locations in 
vertically fractured reservoirs, our results 
indicate that it may be preferable to inject 
into the upper part of the fractures, rather 
than the lower part. 

NOMENCLATURE 

b 
c 
c 
H 

k 
m 

p 
q 
Q 
r 
rtf 

t 
to 
~ 

.\ 

\1 

aperture, m 
compressibility, Pa-l 
heat capacity, J/kg °C 
reservoir thickness, or vertical fracture 

height, m 
permeability, m2 
absolute value of the slope on a P vs log 

t plot 
pressure, Pa 
mass flow rate, kg/s 
volumetric flow rate, m3;s 
radius to an observation point, m 
radial distance to the thermal front, m 

time, s 
dimensionless time 

difference 
thermal conductivity, J/s·m·°C 
viscosity, Pa s 

5 

P density, kg/m3 
' porosity 

Subscripts 

0 dimensionless 
in injection 
r rock 
res reservoir 
tf thermal front 
w water 
we well 
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Table 1. Parlfleters used in Simulations 

Horizontal Vertical Fracture Vertical Fracture 
Fracture - no Gravity with Gravity 

Kf 2 X 10-ll 2 2 X 10-ll 2 1 X 10-8 2 m m m 

K 0 0 0 r 

b .01 m .01 m .01 m 

~f .999 .999 .999 

q .2 kg/s 2 X 10-5 kg/s 2 kg/s 

r we .1 m .1 m 5 m 

A 2.0 J/m S°C 2.0 J/m r s °C 2.0 J/m s oc 
- 3 

2650 kg/m3 3 e 2650 kg/m 2650 kg/m r 

c 1000 J/kg°C 1000 J/kg°C 1000 J/kg°C r rock 

H 1 m 500 m 

T 250°C 250°C 250°C res 

T. 100°C 100°C 100°C 1n 
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Figure 1. Variations in fluid properties of 
liquid water with temperature 
(from Bodvarsson et al., 1984). 
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Figure 2. Horizontal and vertical fracture 
model geometries. 
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Figure 3. Pressure transient data- from 100°C injection into a 250°C porous 
medium reservoir with a cold spot (after Benson and Bodvarsson,1982). 
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Schematic pressure transients (AP 
vs Vtl for non-isothermal injection 
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gravity) with cold spots. 
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Figure 13. Pressure transients (log-log) for non-isothermal injection 
into a vertical fracture with gravity. 
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Figure 14. Schematic view of thermal front for non-isothermal injection 
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