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Abstract

Success of a reinjection process depends on the
method used for estimating the thermal breakthrough

time. Estimating the thermal breakthrough time may

be based solely on tracer data. Altematively, it may
be estimated solely by using thermal interference tests.
While the tracer method usually yields ambiguous es-
timates, thermal interference tests are infeasible be-
cause durations of these tests are similar to thermal
breakthrough times. Estimation of the thermal break-
through time must be based on both tracer and thermal
data. A new method of forecasting the thermal break-

‘through time during reinjection was developed by us- -

ing results of both interwell tracer tests and thermal

injection-backflow tests. If Lauwener model which.
 represents the heat transport in a system ‘consisting "

of a fracture located in 2 porous matrix is used, the
thermal breakthrough time is determined by two pa-

. rameters, the water ‘transit time ¢, and the parame-

-“tet’ X ‘which ‘is a measure of thermal mtcracuon be-
tween the fracture and the adjacent matrix. While - -~

~the water transit time is obtained from analysxs ofin- .

terwell tracer tests, A\ may be obtained from thermal

k “injection-backflow tests. Analysis of temperature re- .
“turn profiles of thermal injection-backflow tests are

discussed. "Also, for the analysxs of tcmperature re-

turn profiles of thermal mjecuon—backﬂow tests, anew
- solution of Lauwerier model is presented. -

1 Introduction

Thxs work mvolves development of 2 new meth-

 od to forecast the thermal breakthmugh nmc dunng '

: remjecnon in geothermal reservoirs.

Reinjection of the waste water[2 10 ,17] is com-

. mal fields worldwide.

monly practiced in many liquid-dominated geother-
Most of the time the ob-
jective of the remjecuon is to dispose of the waste
water(9,10], since it usually contains silica and toxic
minerals such as arsenic, boron and mercury[3]. Rein-
jection of the waste water is also used to maintain
the reservoir pressure[9,10] and to enhance the en-
ergy recovery[15]. Regardless of the objective, how-
ever, the low temperature of the waste water is a se-
rious constraint upon the reinjection. Many field ex-
periences have shown that the reinjected water may
move through the fractures to the production zones in
a very short time. The rapid migration of the rein-
jected water is undesirable, because: it can produce
thermal drawdown at the production wells. This ther-

~ mal drawdown has two detrimental effects. First, it
= reduces the discharge enthalpy causing the steam dis-

charge rates to decline. Second, it decreases the to-
tal production because of the increasing hydrostatic
ptessnre of the fluid in the well[10]. We can avoid a

- rapid propaganon of the thermal front if we are able
Cto 1dennfy these fast ﬂow channels and their thermal
i chamctensncs prior to the start of reinjection.’

Analysis of the return profiles of tracer tests is the
tool most commonly used to identify these fast flow

*channels and to estimate the fracture aperture, which

is the most important parameter controlling the propa-
gation ‘of the thermal front[15}. However, Pruess and
Bodvarsson[15] argued that while tracer breakthrough

~..time is determined by -the volume of the flow path,

o :«dxcxmal brcakthrough is determined by the available -
surfacc area for heat transfer from the matrix to the
" fracture. As a result, the speed of the thermal front is

partially determined by the speed of the tracer. They

-~ proposed thermal interference tests to make reliable
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estimates ‘of the thcrmal charactensucs of fast fiow
paths. They reported that these tests had been car-




ried out in several small experimental hot dry rock
reservoirs[7,20]. However, a thermal interference test
on a large scale requires a test period of duration sim-
ilar to the thermal breakthrough time. A small scale
test is also unattractive, since it requires drilling a new
observation well into the zone connecting the injec-
tor and the producer, which is a costly operation, It
is also possible that the observation well would not
intersect the fast flow path.

A themal injection-backflow test may be the best
way to estimate the thermal characteristics of a system
and to avoid high cost or long periods of thermal
interference tests.

2 Analysis of Thermal Injection-
Backflow Tests
In a thermal injection-backflow test, the cold

fluid is injected into the system at a well for a period
of time, after which the same well is produced until

the temperature of the produced fluid reaches to the

original reservoir temperature. Flow conditions are
assumed to be steady state and the flow due to injec-
tion to be dominant compared to the natural formation
flow. Temperature return profiles obtained during the
backflow period may be analyzed to determine ther-
mal characteristics of the system. The Lauwericr[14]
model is assumed to represent the heat transport in
the system adequately.

2.1 Injection Period Solutions

Injection period solutions of transport equations
can be found in the paper by Lauwericr{14].

2.2 Backflow Period Solutions

Since the flow directions in injection and back-
flow periods are opposite, the sign of the convective
transport term in the transport equation of the back-
flow period is of opposite sign from the convective
transport term in the equation of the injection period.
The temperature distribution at the end of the injec-
tion period is the initial temperature distribution for
the backflow period. Therefore, the injection period
solution provides the initial condition of the backﬂow
period transport equation.

The solutions of transport equations were obtained

by using a double Laplace transformation method(see
Kocabas[13] for details). Transport equations were
transformed first with respect to the injection period
time variable ¢;, and then with respect to the backflow
period time variable, t. Using the Laplace transfor-
mation, permits avoiding the difficulties caused by the
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effect of the step function, which is in the solutions
for the injection period.

The Laplace space solution for equal injection
and backflow rates were presented: in previous
works[11,12). The dependent variable of the system
is temperature, and the parameter of the model for
flow in a porous stream tube is:

v K“”Ip mcm 1
A= ———— 1)
¢Ibpwcw hrs
Defining a new variable, Ap:

= Mt : (2)

and normalizing the time variables by ¢;:

t

f._; =1 | (3)
t

top = + 4)
7

the Laplace space solution can be expressed as:

=_= _l_ 2)\p 21\0 1 1
C=0C, p q\/_+ (\/— \/_)] (5)

where

1
s+1)+2AD(\/_+ VvP)

In Eq. 5, s comcsponds tot;/t; =1 and p corre-
sponds to ¢p, respectively.

To obtain temperature return profiles, Eq. 5 was
inverted by a double numerical inversion technique
based on the Stehfest algorithm[19]. However, the
effect of numerical dispersion on the Stehfest algo-
rithm was not determined for the case of temperature
return profiles with steep slopes, which are likely to
be observed when the parameter, ) p, in Eq. 5 is small.
To compute solutions for small Ap, either a more ac-
curate numerical inversion algorithm must be used or
the real space solution must be found and evaluated.

Using the Laplace transform inversion method,
functions of functions, discussed by Ditkin and
Prudnikov{4], and the inversion formula given by
Voelker and Doetsch[21), the real space function of
Eq.5 is obtained[13]:

N

(6)
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where

8y = min(1,tp,) (8)
. 02 = min(1—n,tp, +1) ®
-1 ,\’02
Ca= = )
’ x(l-n-=20) ( 1-9-6
Apf ( M3 62 )
;71r(top,+'r-0)’ top + 77— 6
_ Apf ( CAReR )
/7r(1-—1]— 0y 1-9p-6
1 prY )
: —_— 10
;;w(tp,+1]- 8) exp( top+1—0 (10

For several values of Ap, Eq. 7 was evaluated nu-
merically and Eq. § was inverted numerically by using
a double numerical inversion technique based on the

 Stehfest[19] algorithm. Figs. 1 to 3 show. the results
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of numencal mtegtauon of the sohmon as well as the'

numerically inverted Laplace space ‘solution. From

 these figures, hcmperatuxe retum profiles computed by -
: bothmethodsprcservemenergybalancc The energy .

" balance can be checked by drawing a vertical line at
tp, = 1, and determining whether the areas above
the curve _before the line and under the ‘curve after

the lme ‘are equal or not. For small values of Ap,
the ‘curves - for the two. ‘methods dlffer consxdcrably .
For large values of Ap, the curvcs ‘become smooth,
and both methods p:oduce the same result. All of the -

llllllllllllllll![ll

—analytic .
—stehfest = . _
do=022 i
Ao=0.64

Normalized Temperature, T,
° 4
o
I §

it l 1 1 I i1 1 l | .|
0 0s 1 15 2
Normalized Time, tp,

0

Figure 2: Solutions to MD Model for Medium Ap

reach the initial reservoir temperature, an infinitely

~ long backflow period is required.

: ,tempaammmmmpmﬁleshave a common feature, It :
 is that because the matrix provides F txme-dependent’ '

storage, for the temperature of backflowing fluid to
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Fig. 1 shows the temperature retum profiles for
small values of Ap. A small A\, may -occur be-
cause of either A or t; being small. While a small
) means that the rate of heat transfer into the matrix
is small, a small value for ¢; means that the time is
not enough for considerable heat transfer into the ma-
trix. In Fig. 1, the total amount of heat transfer is
small, and the temperature discontinuity at the con-
vective front is reduced slightly. As a result, when

" tp, = 1 a large sudden temperature drop is observed

in the temperature retumn profile.
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’ In Fig 2 valucs of Ap are modexatc “and there
isa modg:ra;e amount of heat transfer, but the rate
of transfer is not enough to smooth the temperature -

.. discontinuity at the convective front. In Fig. 3, Ap
“values are high, which means either a high X or t;

value or both being ‘moderate such that the product A\ p




is high. If \ is high, then the injected fluid is heated
up to the initial temperature before it is transported far
in the fracture. Thus, the temperature discontinuity is
virtually eliminated. If, on the other hand, #; is high,
the continuous sorption of heat from the matrix into
the fracture eliminates the temperature discontinuity
at the convective front.

The value of parameter \p is obtained by match-
ing temperature return profiles of thermal injection-
backflow tests with theoretical temperature retum pro-
files.

2.3 Estimation of the Thermal Break- ‘

through Time

A new method of estimating the thermal break-
through time during reinjection in geothermal reser-
voirs is presented in the following. In heat transport
problems, a dimensionless temperature variable is:

T-T,

TooT, (11)
Based on the Lauwerier model, the thermal break-
through time, if equal the breakthrough time of Tp =
0.75, is[15]):

Tp =

B _#

s te bt

I)wcm ¢[ t_, 0.81342

The contribution of the first group of terms in Eq.12
is small compared to the contribution of the second
group of terms, because the lateral heat conduction
is the main mechanism retarding propagation of the
thermal front. Therefore, only two parameters ¢, and
Ap are needed to estimate the thermal breakthrough
" time. The water transit time #,, is a measure of flow
speed and can be obtained from interwell tracer tests.
The parameter \; is a measure of thermal interac-
tion between the fracture and the matrix, and may be
determined by thermal injection-backflow tests.
In conclusion, the new method requires the follow-
ing steps to estimate the thermal breakthrough time
during reinjection:

1. estimate the water transit time ¢,, from interwell
tracer tests,

2. estimate the parameter Ap from thermal

injection-backfiow tests,

3. substitute values of ¢, and Ap into Eq. 12 to
evaluate the thermal breakthrough time.

This new technique does not have the disadvantages
of previously suggested methods namely, ambiguity
of estimates from non-thermal methods and high cost
and long periods of thermal interference tests.
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Table 1: Fluid and Rock Propertices in the System

¢sb(mm) | 05 1 2 5j10] 50

76.6 | 38.3 76138076

A/ Vi 192

t.(years) | 2531|633 | 159 [ 25 | 6 | 025

Table 2: Estimated Thermal Breakthrough Times

3 Application of the New Method

Three aspects namely, design considerations of
thermal injection-backflow tests, use of these tests for
identifying dominant flow geometry and temperature
dependence of physical and thermal properties must
be considered in the applications of the new method.

In design considerations, injection periods of ther-
mal injection-backfiow tests must be as small as pos-
sible. In addition, temperature measurements must be
as frequent and precise as possible at early times dur-
ing the backflow period. Figs. 1to 3 show thatas Ap
values increase, temperature return profiles converge
to single curve. Since the parameter Ap is directly
proportional to /7;, the injection period must be as
small as possible so that distinct temperature retum
profiles are obtained.

Using the values given in Table 1 for the rock
and fluid properties[16} and for t; = 1 hr and ¢, =
50 hrs, corresponding breakthrough times were cal-
culated and are given in Table 2. Temperature return
profiles for A values corresponding to a range of ef-
fective fracture apertures given in Table 2 are shown
in Figs. 4 to 6.

These figures show that in order to distinguish be-
tween the temperature profiles from flow paths with
aperture sizes less than 2 nn, injection periods must
be in the order of one hour. Conducting such a test,
however, has major technical difficulties and reliabil-
ity problems due to a small radius of investigation. -
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Fortunately, a premature thermal breakthrough is not
a concern for flow paths with aperture sizes 2 mm
or less. These figures also indicate that temperature
return profiles reveal the most information at early
times. Nevertheless, small temperature differences
between temperature return profiles requires a precise
measurement of temperatures.

Figs. 7 to. 9 show temperature return profiles for A
values given in Table. 2 at early backflow times.
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Figure 7: Early Time Temperature Return Profiles for
One-Hour Injection Period
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ln these ﬁgurcs the dxffexence betwecn temperamm d

retum profiles for effective fracture aperture sizes of 5
- .-and 0.5 mm varies from five to ten percent only. For

Fxgure 6: Twenty-Four-Hour Injechon Penod Solu- j

tions to MD Model
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the two paths of aperture sizes of 5 and 0.5 nun, 2
'ptemamre breakﬂuough is hkely only for the former.

These results lead to.an important concluswn on
the nature of fast flow paths: Since, a fracmm with
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Figure 9: Early Time Temperature Retumn Profiles for
Twenty-Four-Hour Injection Period

an aperture size in the order of several milimeters or
larger is unrealistic, a premature thermal breakthrough

_is unlikely duc to a single fracture as long as & ther-

mal equilibrium exists at the fracture matrix interface.
However, a fast flow path consisting of several frac-
tures along a fault zone can have an effective frac-
ture aperture size in the order of several milimeters
or larger, and cause a premature thermal breakthrough
during reinjection. ’

The second aspect is the application of the new
method of estimating the thermal breakthrough time
to other flow geometries. The assumptions of the
method are that flow occurs in a single vertical frac-
ture and lateral heat conduction is the main mecha-
nism retarding the propagation of the thermal front.
In fact, the assumption that the flow path is vertical
can be removed since the solution given by Eq. 7 is
valid for both linear and radial fiow geometries, and
for other general flow paths. The expressions for the
breakthrough time, however, must be modified ac-
cording to the assumed geometry, Eq. 12 can be used
to estimate the breakthrough time for any flow path
with a constant surface to volume ratio independent of
the position. As for radial flow, a similar expression
can be derived by using the solution for unidirectional
flow.

If a radial geometry exists, the effective flow path
aperture could be the effective aperture of a horizon-
tal fracture as well as the effective thickness of the
reservoir. However, horizontal fractures are unlikely

to occur in natural flow systems. If a radial flow exists

and assumption of a uniform temperature distribution
over the rescrvoir thickness holds, corresponding Ap
values would be much smaller than unity due to high
¢b values representing effective reservoir thickness.
As a result, temperature profiles would be similar to
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the ones in Figs. 1 and 2. Consequently, since nature
of temperature retum profiles for radial flow in a ho-
mogeneous reservoir is different than of linear flow

_ in fracture, thermal injection-backflow tests may be

used for identifying the flow geometry of the system.

Finally, the effect of temperature on fluid and rock
properties are of importance. While the effect of tem-
perature on some of the rock and the fluid properties
such as p,c, and p,c, are not important others such
as k,, and k, may be affected by temperature. In Ta-
ble 1 the properties of water were evaluated at 176°C’,
and the reservoir rock was assumed to be granitic. It
is reported{16] that /', of granite may have values
ranging from 1.73 to 3.98. If k, is taken to be 1.73,

.then for ¢ ;b = 1lmm, the comresponding breakthrough

time in Table 2 would have decreased from 633 to 398
years. This demands an accurate determination of the
thermal conductivity of the rock. An in-situ determi-
nation of thermal conductivity and other parameters
as well may be achieved by using thermal injection-
backflow tests.

4 Conclusions .

A new method of forecasting the thermal  break-
through time during reinjection is presented. Based on
the Lauwerier model, the thermal breakthrough time -
depends on water transit time ¢,. and Ap which is a
measure of thermal interaction between the fracture
and the adjacent matrix. Interwell tracer tests permit
estimating the water transit time t,.. The parameter

- Ap, on the other hand, may be obtained from thermal

injection-backflow tests. This new method seems to
avoid the disadvantages of previously suggested meth-
ods based on cither tracer tests or thermal interference
tests.

For the application of the method, thermal
injection-backflow tests with small injection periods
are essential to identify flow paths likely to cause a
premature thermal breakthrough. Since early parts of
temperature return profiles yield the most informa-
tion, frequent and precise temperature measurements
are necessary at early backflow times.

The solution to the Lauwerier model for thermal
injection-backflow tests is valid for both radial and
linear geometries. Since, temperature return profiles
of lincar and radial flow geometries may be signifi-
cantly different, thermal injection backflow tests may
permit identifying flow geometry of the system.
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