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Summary

Downhole temperature measured by distributed-temperature sensors (DTSs) shows distinct response to injection and shut-in during
multistage fracture treatments in horizontal wells. A thermal model predicting temperature distribution along the wellbore is essential
to use the DTS technology to quantitatively diagnose fracture treatments. With inversion, the model can be used to translate downhole-
temperature measurement to downhole flow distribution, and therefore to estimate fracture efficiency.

In this paper, we present a thermal/flow model that predicts temperature distribution in a system that contains reservoir, wellbore,
and fractures during fracture propagation and after well shut-in. We coupled a wellbore-flow model with a simple fracture-propagation
model to predict fracture half-length and fluid distribution. For a single-stage fracture treatment, a transient wellbore thermal model is
coupled with the fracture and formation thermal models, which are derived from the energy-conservation equations. A sequential simu-
lation method is then applied for multistage fracture treatments by considering the treatment schedule. The full model has three modes:
no fracture, fracture propagation, and warm back for shut-in. The full model is used to simulate the stage that is under fracturing. Once
the fracture pumping is finished, warm back of the entrained fracture fluid during shut-in periods is simulated by removing the convec-
tion term and implementing the corresponding boundary conditions. Numerical solutions are necessary for time-dependent fluid loss
and complex nonlinear heat exchange. Mass- and energy-conservation equations are solved by use of the fully implicit finite-difference
approach for the conjoint gridding system. The results of the fracture and formation model are verified by analytical solutions for sim-
plified cases.

This paper provides synthetic case studies in a low-permeability reservoir by use of the integrated model. The influences of fluid dis-
tribution, fluid loss caused by natural and induced fractures, DTS-deployment locations, and reservoir-heat-transfer parameters on tem-
perature behavior are investigated. At the creation and propagation of fractures, injection flow rate (convection) plays an important role
on fracture propagation and leakoff front movements. Heat conduction is the dominant mechanism governing temperature response dur-
ing shut-in. By use of the algorithm for single-stage treatment, a work flow for multistage fracture simulation is created by performing a
single-stage stimulation, shutting in the stage, and moving to the next stage along the wellbore. For a shale reservoir, the time frame to
reach thermal equilibrium is on the order of weeks, and this gives the possibility to identify the flow-rate distribution from temperature
measurements. Sensitivity of fluid distribution, fluid loss, DTS fiber-cable locations for different completion methods, and reservoir
parameters is examined, which helps us to understand temperature behavior for fracture diagnosis by use of DTS data during stimula-
tion operations.

The methodology developed in this work can be a complementary component to a model that predicts temperature behavior during
production to provide better boundary conditions, and it can also be a standalone tool to analyze fracturing-fluid distribution.

Introduction

Multistage hydraulic fracturing has offered one of the best solutions to develop complex unconventional oil and gas reservoirs, which
requires multiple-stage hydraulic fracturing in horizontal wells. Monitoring and diagnosis of fracture treatment is a critical step to the
success of fracture stimulation.

Recently, fiber-optic DTS has been widely used as a tool for fracture monitoring. This technology not only offers continuous real-
time monitoring for the entire wellbore, which enables one to observe dynamic temperature profiles during multistage fracture treat-
ments, but it is also more affordable compared with fracture-mapping techniques by microseismic. It has brought the information from
temperature data to allow the estimation of fracture-creation depth, vertical coverage, number of generated fractures, effects of divert-
ing agents, and undesired flow behind casing (Sierra et al. 2008). Holley et al. (2012) also stated that the DTS offers real-time monitor-
ing for identifying, quantifying, and evaluating near-wellbore fracture geometry, fracturing-fluid distribution, and overall stimulation
effectiveness. In the study, Holley et al. (2012) coupled fracture-treatment responses and openhole-log characteristics with the near-
wellbore DTS data during pumping and warm back to perform an integrated assessment of the completion-stimulation effectiveness
and efficiency. Compared with production-logging tools, DTS is more flexible and can be used for both short-term and long-term sce-
narios (Johnson et al. 2006). Sierra et al. (2008) and Huckabee (2009) used DTS data for field cases to diagnose hydraulic-fracture stim-
ulation and evaluate well performance. Molenaar et al. (2012) presented different horizontal-well cases to illustrate how the
combination of DTS and distributed-acoustic sensing has the potential to enhance the monitoring, assessment, and optimization of
hydraulic-fracture-stimulation treatments with openhole completion and limited-entry-perforation completion. Ugueto et al. (2014)
evaluated the efficiency of the hydraulic-fracture-simulation treatments by use of DTS data, considering both near-wellbore and far-
field diagnostics. Later, Ugueto et al. (2015) reviewed examples from multiple wells where fiber optics were used to gain a better under-
standing of three fracture-simulation topics: diversion, stage isolation, and overflushing.

To interpret temperature measurements, theoretical models are needed. One of the earliest temperature models presented by Ramey
(1962) predicted temperature profiles as a function of time and depth for vertical single-phase-flow wells. Hagoort (2004) improved the
Ramey (1962) model and provided solutions by eliminating the assumption of neglecting heat accumulation in that work. Hasan and
Kabir (1991) contributed to the wellbore thermal model by proposing early-time transient temperature behavior of fluid flow in the
wellbore and adopting appropriate boundary conditions between the formation and the wellbore. They also applied the superposition
principle to account for the gradual changes in heat-transfer rate between the wellbore and the formation with respect to time. Yoshioka
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et al. (2007) proposed methods to interpret measurements for complex wells by use of downhole-pressure and temperature-sensor data.
In Yoshioka et al. (2007), a steady-state wellbore thermal model was developed for a horizontal well coupled with a reservoir thermal
model. Ouyang and Belanger (2006) developed a numerical model to obtain single-phase-flow profile in horizontal wells by use of
downhole measurements. Li and Zhu (2010) established a forward model for wellbore- and reservoir-temperature simulation by use of
downhole pressure and temperature data to solve for flow profile in a horizontal well. The Yoshioka et al. (2007) wellbore model was
applied and combined with a 3D multiphase reservoir thermal model in the Li and Zhu (2010) work. Hoang et al. (2011) proposed a
model for interpreting DTS data during hydraulic fracturing in a vertical well with limited entry and constant fracture geometry. Tabatabaei
and Zhu (2011) presented a thermal model to simulate temperature distribution during injection and shut-in of a horizontal well with multi-
ple fractures that have fixed geometries.

In addition to steady-state wellbore thermal models, Maubeuge et al. (1994a, 1994b) developed a numerical thermal model for the
reservoir to solve for transient temperature profile that considers small thermal effects, such as the Joule-Thomson effect and viscous
dissipation. Duru and Horne (2008) and Sui (2009) proposed transient wellbore thermal models, as well as transient reservoir thermal
models. Bahonar et al. (2010) presented a numerical nonisothermal two-phase-flow wellbore simulator coupled with tubular and cement
material, and surrounding formation. Bahonar et al. (2010) compared this model with other five models for formation-temperature sim-
ulation. With validation against field data, Bahonar et al. (2010) showed the model’s merits in predicting casing temperature.

Fracture temperature is also studied by many researchers. Kamphuis et al. (1993) developed a temperature model in the fracture by
calculating the heat transfer between the fracture and the formation. Meyer (1989) proposed analytical solutions of thermal models in
PKN (Perkins-Kern-Nordgren) and KGD (Khristianovic-Geertsma-de Klerk) fractures coupled with 2D fracturing-fluid flow. Schechter
(1992) showed a less-rigorous approach to readily solve the temperature distribution for various fracture geometries, such as 1D propa-
gation of rectangular and penny-shaped fractures. Schechter (1992) considered constant injection-fluid temperature and reservoir initial
temperature as boundary conditions, as well as constant fracture width. Seth et al. (2010) developed a fracture thermal model for inter-
preting DTS data near perforation locations for a single fracture in vertical wells during fracture propagation and after shut-in of the
well. Recently, Amini et al. (2015) presented a 3D hydraulic-fracture thermal model to determine temperature profiles in and around
the fracture by use of a pseudo-3D fracture-propagation model. On the basis of the simulated results, they concluded that the location of
the optical-fiber cable is very important in DTS temperature measurement. Sierra et al. (2008) also noted an analysis of the effect of
fiber-optic locations on the temperature response by use of DTS data in hydraulic fracturing.

In this study, wellbore, fracture, and reservoir thermal models are fully coupled with a simple fracture-propagation model to study
transient temperature behavior in real time during multistage fracture treatments in horizontal wells. Comparisons with analytical solu-
tions under specific assumptions are also performed by use of the fracture and reservoir thermal model. By use of the coupled thermal
model, we are able to simulate temperature distribution to identify fracture locations, estimate flow-rate distribution, and evaluate effec-
tiveness of zonal isolation.

Integrated Forward Model

The forward model consists of a wellbore model, a fracture model, and a reservoir model, and Fig. 1 shows the schematic of the system
used to develop the model. The wellbore- and fracture-flow models are built by use of the mass-conservation equation. Three thermal
models are formulated by use of the energy conservation of the defined domain, and solved simultaneously with proper boundary condi-
tions at the perforation location and the fracture/formation interface during injection and after shut-in, respectively. The single-phase
wellbore-flow model developed by Yoshioka et al. (2007) and the transient wellbore thermal model presented by Sui (2009) are adopted
and modified for well injection in particular. For multistage fracture treatments, the wellbore model is coupled with the fracture and res-
ervoir model sequentially for each stage because of the stage isolation. The mass- and energy-balance equations are presented.

There are three linear-flow regimes in the modeled domain: the flow along the wellbore, the flow along the fracture during fracture
propagation, and the leakoff to the formation. The fracturing-fluid-flow directions during injection of a single fracture system in 2D
Cartesian coordinates are shown in Fig. 2. The problem is modeled for the entire domain and solved more than one-quarter of the do-
main because of the symmetric nature. During injection, all three flows exist, bringing in heat-convection terms to the thermal equa-
tions. During warm back after shut-in, only heat-conduction terms remain in the thermal equations.

Mass-Conservation Equations. The modified wellbore continuity equation during the injection period is

@ql
@t

¼ 2c
R
qlvI �

@qlv
@y

; ð1Þ

where ql is the injection-fluid density; t is the injection time; and R is the casing radius. vI and v are velocities of the injection-fluid
flows into the fracture from wellbore perforation and the fluid velocity in the wellbore, respectively. c is the pipe open ratio. When gen-
erating wellbore grids, the location where there is an existing fracture is taken as one grid, and for this grid, c¼ 1, whereas for other
grids, c¼ 0.
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Fig. 1—Schematic of the forward model.
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The fracture is assumed to have uniform width and height and is propagating in the x-direction (Fig. 2). In addition, we assume that
the fracture has an infinite conductivity at the beginning of creation when injecting water-based fracturing fluid. We use the average
fluid-loss velocity depending on both time and position, which is defined by Schechter (1992), to calculate leakoff volume per unit
time. The mass balance of fracture propagation is expressed as

2wh
dXf

dt
¼ whvxðx; tÞ � 2h

ð2Xf ðtÞ

0

ClkðtÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t� sðxÞ

p dx; ð2Þ

where w and h are fracture width and height, respectively; Xf is fracture half-length; and vx is the injection-fluid velocity inside fracture.
vx ¼ vI at perforation locations where c¼ 1. ClkðtÞ is the overall leakoff coefficient that considers fluid compressibility, viscosity, and
wall-building effects. sðxÞ is the time that the fracture takes to propagate to distance x, after which leakoff starts.

The distance that fluid loss travels into the reservoir from fracture faces can be calculated by integrating the leakoff velocity with
respect to leakoff time at specific locations:

YlkðxÞ ¼
ðt

sðxÞ

vlkdt ¼
ðt

sðxÞ

Clkffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t� sðxÞ

p dt; ð3Þ

where YlkðxÞ is the distance the fluid-loss front travels to the formation, and vlk is the leakoff velocity.
The flow models are solved numerically to account for time-dependent fluid loss. Initially, a no-flow condition is assumed. At perfo-

ration locations, wellbore- and fracture-flow models are coupled by the calculated velocity. It should be noted that fractures within the
same stage are propagating simultaneously once the injection starts. Fractures in different stages propagate consecutively one stage at a
time, and there may be shut-in time between stages. Once a stage is finished with pumping, the stage is simulated as a warm-back stage.

Energy-Conservation Equations. The energy balance in the wellbore to simulate transient temperature profiles is described as

qlĈpl
@T

@t
¼ 2c

R
qlĈplvIðTl � TÞ þ 2ð1� cÞ

R
UTðTr � TÞ � qlĈplv

@T

@y
� qlvgsinh; ð4Þ

where Ĉpl is the fluid heat capacity per unit volume and UT is the overall heat-transfer coefficient between reservoir and wellbore fluid.
T is the wellbore temperature; Tl and Tr represent the fracture and reservoir temperature and are calculated by the fracture and the reser-
voir thermal model, respectively. The left-hand side of Eq. 4 is heat accumulation over a timestep. The first term on the right-hand side
is the convective-heat transfer between the wellbore and fracture; the second term represents the heat conduction between the reservoir
and wellbore; the third term is heat convection along the well direction; and the last term is the potential term.

The energy-conservation equation in the fracture is expressed as

qlĈpl
@Tl
@t

¼ �qlĈplvx@Tl
@x

� 2qlĈplvlkTl
w

þ 2hlðTr � TlÞ
w

; ð5Þ

where hl is the heat-transfer coefficient across fracture faces (Zhao and Tso 1993). Eq. 5 illustrates that energy accumulation of a differ-
ential volume in the fracture over time t is the summation of the heat convection caused by fracturing-fluid flow, the convective energy
caused by fluid loss, and the heat transfer between the fracturing fluid and surrounding formation.

The transient reservoir thermal model is derived from the general energy-balance equation, and at local position, it is shown as

qĈp
@Tr
@t

� /bTr
@p

@t
¼ �qlĈplvlk

@Tr
@y

þ ðbTr � 1Þvlk
@p

@y
þ @

@x
Ke

@Tr
@x

� �
þ @

@y
Ke

@Tr
@y

� �
; ð6Þ

where qĈp and Ke are the average effective property and average effective reservoir thermal conductivity, respectively, and account for
formation fluid and rock; / is the reservoir porosity; and b is the thermal expansion coefficient and can be neglected for water-based
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Fig. 2—Top view of flow directions during fracture propagation.
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injection fluid. Tr represents the reservoir temperature. The first term on the left-hand side of Eq. 6 is energy accumulation in a differen-
tial volume over time t, and the second term represents the transient reservoir-fluid expansion. The first term on the right-hand side is
heat convection caused by fluid leakoff into the formation; the second term is the leakoff-fluid expansion; and the third and fourth terms
are the heat conductions in the 2D flow system. One should know that the reservoir average effective heat capacity and effective ther-
mal conductivity are not constant for the gridblocks invaded by the fracturing fluid.

Thermal-Model Coupling. To solve for mass- and energy-conservation equations, the fully implicit finite-difference approach is
used. Particularly, to efficiently solve the coupled thermal model, the discretization of the wellbore, reservoir, and fracture model is
considered conjointly. Initially, the system has a temperature equal to the initial reservoir geothermal temperature everywhere, and
proper boundary conditions have to be used for injection and shut-in periods. At the outer boundaries of the calculation domain, where,
x ! 1 or y ! 1, a “no heat transfer” condition is applied at all times. Because of the symmetrical problem, at x ¼ 0 or y ¼ 0, we
also have “no heat transfer” boundary conditions at all times. During the injection process, the fracture inner boundary is defined by the
wellbore model, and during shut-in period, it is automatically changed to a “no heat transfer” boundary. Moreover, at the fracture/reser-
voir and wellbore/reservoir interfaces, we use the following boundary conditions (B.C.s) to couple thermal models:

B:C:s
Ke

@Tr
@y

¼ hlðTr � TlÞ; at y ¼ yres=fr; t

Ke
@Tr
@x

¼ UTðTr � TÞ; at x ¼ xres=wb; t

:

8>><
>>:

ð7Þ

Solution Procedure of the Integrated Forward Model

To solve the forward model to simulate temperature distribution along the wellbore with respect to time, we have to couple these mod-
els and solve them simultaneously with integration of boundary conditions. The solution procedure of the integrated forward model for
single-stage fracturing treatment is presented in Fig. 3. Fig. 3 shows that at each timestep for single-stage fracturing, the forward model
solves the wellbore-flow model first to obtain fracturing-fluid velocity at perforation locations. When there is a fracture, the model con-
tinues to solve the fracture-flow model to obtain the fracture half-length and the injection-fluid velocity inside the fracture, as well as
fluid loss into the reservoir. Then, the wellbore, fracture, and reservoir thermal model are solved simultaneously. After the injection
time has been ceased, the forward model switches to the shut-in period. There is no fluid flow during shut-in, thus, the invaded reservoir
region, the fracture, and the wellbore are warmed up by the geothermal formation. The fluid distribution and temperature profile at the
end of injection are used for beginning the shut-in.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Fig. 3—Solution procedure of single-stage fracturing treatment by use of the integrated forward model.
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For multistage fracturing treatments in a horizontal well, real-time control is considered in the wellbore model. Because of the zonal
isolation between each stage, the wellbore can be divided into multiple segments according to the stage locations. On the basis of the
treatment schedule, the coupled model is called for each segment for either injection or shut-in, respectively. A sequential simulation
method is performed to calculate temperature distribution for each segment from toe to heel in the well. At the fracturing stage, all
downstream stages have a cold source because of injection, and are warming up by the reservoir after shut-in. All the upstream stages
have injection temperature as wellbore temperature. A multistage-fracturing-solution procedure is shown in Fig. 4.

Forward-Model Validation

An analytical solution is available to solve for fracture temperature during injection when assuming there is no fluid loss, and a constant
reservoir temperature boundary is used (Wheeler 1969). Similarly, we can use the Green-function solution to solve for conduction-heat
transfer in the reservoir during shut-in without fluid-loss convection and given the initial temperature distribution from the end
of injection.

We compared the temperature calculated by the developed fracture model with the analytical solution for a hypothetical case. To
have the same fracture geometry, we assigned a constant value for fracture-half-length incremental. The fracture and treatment parame-
ters are listed in Table 1. Table 2 contains the fluid and reservoir properties used in the numerical simulation and analytical calculation.

The temperature comparison of the developed numerical model and analytical model are shown in Figs. 5 and 6 for fracture and res-
ervoir, respectively. The model is validated by well-matched results with the analytical solutions.

Examples

A synthetic case study is presented to illustrate the application of the integrated forward model on transient temperature analysis. The
coupled model is first applied to the single-fracture system to estimate fracture propagation and corresponding temperature behavior.
Then, the single-stage fracture treatment with multiple fractures is investigated. Finally, an example of multistage fracturing treatment
with multiple fractures per stage is presented. In all examples, the injection rate and time are defined in Table 2..

Call forward-model
injection

Input real-time schedule

t = t1 Stage 1 at St1

t = t2 stage 2 at St2

Call forward-model
shut-in

Output data

Y

Y

Y

Y

N

N

N

N

Call forward-model
shut-in

Fracturing

Warm back

No fracture

Call forward-model
injection

Stage 3 to Stage Ns
nonperforated

Stage 2 to Stage Ns
nonperforated

Update wellbore and
reservoir models 

Update wellbore
and reservoir models

t ≤ t1inj?

t < t2?

t < t3?

t ≤ t2inj?

...

Fig. 4—Solution procedure of multistage fracturing treatments by use of the integrated forward model.

Table 1—Fracture and treatment parameters for model comparison with analytical solutions.
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Single-Stage Fracture Propagation and Temperature Distribution. The fully coupled model is applied to a single traverse fracture
in a horizontal well to investigate fracture propagation, fluid loss, and temperature profile in the fracture and reservoir. Typical shale-
gas-reservoir properties are used to create the forward model. The treatment, reservoir, fluid, and well parameters are given in Table 2
for the base case.

Fig. 7 shows the simulated fracture half-length as a function of injection time (Fig. 7a) and the leakoff front at three different injec-
tion times (Fig. 7b). The results show that at the end of the injection, the fracture is extended to approximately 600 ft, and the leakoff
front with the assumed permeability is approximately only 1.7 in. into the formation at the end of the injection along the horizontal
well. As illustrated in Fig. 7b, the near-wellbore region has the most leakoff accumulation, and it contributes to the cooling effect near
the wellbore during the injection period. In reality, the reservoir permeability may change during fracturing, and the fracture may also
connect with natural fractures; both would result in a much-larger leakoff rate. Such scenarios are studied in the sensitivity analysis.

Table 2—Reservoir and fluid properties for model comparison with analytical solutions.
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Fig. 8 displays the temperature contour in 2D (along the wellbore and into the fracture) as a function of injection time. Fig. 8a is at
the middle of injection; Fig. 8b is at the end of injection; and Figs. 8c and 8d are the temperature profiles after shut-in at 1 and 5 hours,
respectively. During injection, temperature cools off at the fracture location, as expected. Even though the distance of temperature alter-
nation from the fracture along the wellbore is very small, this cooling effect by leakoff changes the temperature behavior at warm back
during shut-in time. It is also a clear indication of fracture location. After shut-in, the temperature starts to recover from the cooling of
the fracture fluid, and the cooling signal is diminishing as a function of shut-in time. The rate of temperature recovery is a function of
how much of the cold fluid is injected at the location.

Temperature Response of Single Stage With Multiple Clusters. To investigate the effect of volume of fluid on temperature behav-
ior, we compared the simulated temperature profile if we distribute the total injection volume into two equal fractures instead of one,
and the information for this investigation is listed in Table 3. The simulated temperature result is displayed in Fig. 9. Under the ideal
condition, the temperature responds distinctly for one large fracture or two smaller fractures. The cooling locations are clear indications
of the locations of created fractures. This feature can be used to determine the number of fractures that are created and to allocate treat-
ment volumes by perforation clusters in one stage. The cooling depth into the reservoir both along the fracture and perpendicular to the
fracture is different for the one-fracture case compared with the two-fracture case. The temperature behavior does provide useful infor-
mation after shut-in for the fracture. Large fractures with deeper cooling recover slower than smaller fractures.
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Fig. 8—Temperature map of the single-fracture system during fracturing treatment at various time steps: (a, b) during injection; (c,
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Multistage Multicluster Temperature Profiles. A synthetic case of five stages with five fractures per stage is presented in this exam-
ple. We assume that the temperature is measured outside the casing, simulating a case of plug-and-perforate completion. The stage
length is 200 ft and contains five evenly distributed fractures. In other words, the fracture spacing is 40 ft. For each stage, we inject frac-
turing fluid for 1 hour and shut-in for 5 hours between stages. Additional information regarding the injection-fluid distribution at each
cluster in the example is listed in Table 4. For the five stages, fracture half-length is calculated from the injection rate of each stage,
which is assigned randomly. Fig. 10 illustrates the fracture setting used in this example. Fig. 11 plots the corresponding casing-tempera-
ture profiles over time.

From Fig. 11, we see that the casing-temperature response is complicated and affected by not only the time lag because of zonal iso-
lation, but also the fluid distribution. Therefore, interpretation of field DTS measured data by use of this forward model is a great chal-
lenge, and all parameters, both formation properties and treatment design, need to be taken into consideration during the entire
fracturing treatment. Sensitivity studies of such important parameters are presented in the following section.

Sensitivity Analysis

The effects of injection rate, leakoff coefficient, and reservoir thermal conductivity on temperature behavior are examined. For each
case, a single-stage treatment with five equal fractures is created simultaneously. The fracture spacing is 40 ft and the single-stage

Table 3—Number of clusters and corresponding fracture half-length at the same total injection rate.
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Fig. 9—Temperature map of a single fracture and two identical fractures at the end of injection for the same total injection volume.
(a) Single fracture; (b) two identical fractures.

Table 4—Injection rate and fracture half-length at each cluster for all five stages.
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injection time is 1 hour. To examine the effects of DTS cable locations and zonal isolation, the last example considers a single-fracture
system and five-stage treatment with a single fracture per stage, respectively. General input parameters are the same as listed in Tables
5 and 6, unless redefined specifically.

Sensitivity to Injection Rate. The effect of injection rate on temperature response is studied with three injection rates. As mentioned
previously, there are five fractures created simultaneously in one stage. Table 7 lists the injection-rate values and corresponding frac-
ture half-length for each case. Fig. 12 shows the temperature measured at the casing as a function of time at different injection rates
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Table 5—Treatment and well parameters for synthetic case studies.
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(Figs. 12a, 12b, and 12c), and the comparison for these injection rates after shut-in for 1 day is shown in Fig. 12d. As illustrated in Fig.
12, lower-temperature response is observed at the fractured locations during injection. Once the injection starts, casing is quickly cooled
down by the injection fluid. Similarly, after shut-in of the well, the casing begins to be warmed up by the reservoir. For higher injection
rate, the cooling temperature front travels faster into the reservoir and the warm back is slower. Table 7 lists the simulated casing-tem-
perature results after shut-in for 1 day. There are three cases for the same injection time with different injection rates, and we see quanti-
tatively how much the injection volume affects the temperature outside of casing. With higher injection rate, more cold fluid enters the
fracture during injection, resulting in a much-slower recovery on temperature during warm back after shut-in. The casing temperature
at fracture locations has a 20�F difference when the injection rate increased from 40 bbl/min to 90 bbl/min.

Sensitivity to Fluid Loss. Fluid loss plays an important role in fracturing treatment, which affects the fracture geometry and near-well-
bore fluid distribution. The leakoff amount may vary under different circumstances. When there are natural fractures in the reservoir
and the hydraulic fracture intercepts the natural fractures, fluid loss can increase dramatically, which can be simulated by use of higher
value of leakoff coefficient. To investigate the effect of leakoff amount on fracture propagation and temperature behavior of such sce-
narios, various leakoff coefficients are considered, and the simulated results are compared. The leakoff coefficients used in the study
are 0:0001 ft=

ffiffi
s

p
(base case), and four times higher (0:0004 ft=

ffiffi
s

p
) than the base case. The results are shown in Figs. 13 and 14.

In Fig. 13a, fracture half-length is displayed for different values of leakoff coefficient for a single fracture. By increasing the leakoff
coefficient to four times higher, we see the obvious changes in fracture half-length. Fig. 13b shows the leakoff front into the formation.
As leakoff coefficient increases, the leakoff fluid travels much farther into the formation at near-wellbore region. Fig. 14 shows the tem-
perature-simulation result in the reservoir at 1 hour after shut-in for various leakoff coefficients. We find that with larger leakoff coeffi-
cient, the temperature map shows less sharpness and the heat flux is more dispersed at the near-wellbore region. Warm back is slower
for higher leakoff coefficient.

Sensitivity to Reservoir Thermal Conductivity. For different types of unconventional reservoirs, thermal conductivity may vary in a
limited range. However, temperature profile is very sensitive to the reservoir thermal conductivity because of the dominant role of heat
conduction during shut-in. To investigate the effect of reservoir thermal conductivity on temperature behavior during fracturing treat-
ment, three different thermal-conductivity values are used here. In the base case, Kr is set to 0.000257 Btu/ft-s-�F, and we also exam-
ined the cases for two-times-higher and four-times-higher coefficient. The values used and the simulated casing temperature for these
cases after 1 day of shut-in are listed in Table 8.

Fig. 15 plots the temperature map of the single fracture system after 1 hour of shut-in for different reservoir-rock thermal conductiv-
ities. During the shut-in period, heat conduction is the dominant term. Warm back is much faster when using higher rock thermal con-
ductivity (Fig. 16). Simulated casing-temperature profiles over time for multiple reservoir thermal conductivities are also presented for
five identical fractures at 40 bbl/min per stage. The same observation was obtained as for the single-fracture case. The casing

Table 6—Reservoir, fluid, and well properties for synthetic case studies.

Table 7—Fracture half-length and simulated temperature (after shut-in for 1 day) for five identical

fractures.
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temperature recovers from injection cooling during shut-in, and higher reservoir rock thermal conductivity results in quicker recovery
(Figs. 16a through 16c). The temperature increases approximately 30�F after 1 day of shut-in when the reservoir rock thermal conduc-
tivity is two times higher than the base case (Fig. 16d). We notice that the temperature difference between two-times higher and four-
times higher than the base case is smaller.

(a) Fracture half-length at different leakoff coefficients (b) Leakoff front into the reservoir 
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Sensitivity to DTS-Deployment Locations. Sierra et al. (2008) stated that the location of the DTS sensor cable has a major effect on
temperature response, depending on the thermal conductivity between the fiber cable and the injected-fluid path. For example, DTS
cables can be conveyed with coiled tubing inside the wellbore or cemented behind the casing. The integrated model is able to simulate
the temperature profile at DTS measured locations for different DTS cable-coupling scenarios. To examine the temperature difference
because of sensor locations, we simulated temperature history inside the wellbore and outside the casing for a single-fracture system by
use of the same case defined by Tables 5 and 6. Fig. 17 displays the temperature response at the wellbore, casing, and reservoir (the
middle of the first reservoir gridblock attached to the wellbore and fracture, 15 ft into the reservoir) locations during the fracturing

7,999 7,999.5 8,000

Distance From Heel, y (ft)

8,000.5 8,001

500

400

300

200

100

0

x 
(f

t)

100

150

200

250

300

T (°F)

7,999 7,999.5 8,000

Distance From Heel, y (ft)

8,000.5 8,001

500

400

300

200

100

0

x 
(f

t)

100

150

200

250

300

T (°F)

(a) Cik = 0.0001 ft /√s (b) Four-times Cik

Fig. 14—Temperature maps of the single-fracture system for various leakoff coefficients at 1 hour after shut-in. (a) Clk50:0001 ft /
ffiffiffi
s

p
;

(b) four-timesClk .

Table 8—Rock thermal conductivities and simulated temperature (after 1 day of shut-in).
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treatment. Fig. 17a shows that temperature behaves differently at all three locations during injection, and this results in a different re-
covery after shut-in. We are more interested in the temperature difference between the locations inside the wellbore and outside the cas-
ing (where temperature is measured). Fig. 17b enlarges the temperature scale to focus on the wellbore and casing temperature only.
During injection, the wellbore is filled with injection fluid, and it is reasonable to assume that the wellbore temperature is immediately
reduced to the injection temperature. The casing temperature is influenced by the heat transfer through the casing and it is directly in
contact with the formation rock, and thus the temperature is much higher to start with. At the end of the injection, the temperature is
approximately 10�F different between the wellbore and casing. This difference does not last long after shut-in. Temperature merged to
the same value after approximately 2 hours of shut-in.
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For multistage fracturing treatment, stages are isolated. With plug-and-perf completion, the well is shut-in between stages to set the
plug to separate the previous stage and prepare for injection of the following stage. A hypothetical case is studied with a sequential
treatment schedule, with 1-hr injection for each stage, followed by 5 hours of shut-in. A single fracture per stage is considered to avoid
complication. The stage space is 40 ft. The schematic of this five-stage treatment is shown in Fig. 18. Simulated wellbore- and casing-
temperature profiles over time for five nonidentical stages are presented. The additional input information besides Tables 5 and 6 is
listed in Table 9.

Fig. 19a illustrates that during injection, the well shows the injection-fluid temperature as long as we keep injecting cold fluid to
propagate fractures. The temperature at fractured locations is lowest. With good isolation, the distinct temperature that changed from
one stage to another can be identified. The casing-temperature profiles in this case are shown in Fig. 19b. At the casing location, even
without injection-temperature marks, temperature can clearly show the stage transition. This information is valuable when used to diag-
nose zonal isolation. If there is leakage between the stages, we would not see the clear warm-up behavior at the stage shut-in.

The developed model can be used as a standalone simulation tool to predict temperature behavior during fracture and after shut-in,
or used as an initial condition for temperature monitoring during production. Fig. 20 shows the ability of the model when used to simu-
late a 10-stage fracture job with five clusters in each stage. The temperature simulated is up to 1 week of shut-in. The computation time
of a case like this is a few hours. After 1 week, we still see lower-temperature signals at fractured locations. This illustrates the potential

Stage 5 Stage 4 Stage 3 Stage 2 Stage 1

40 ft Plugs

Fig. 18—Schematic of five-stage treatment with single fracture per stage.

Table 9—Injection rate and fracture half-length at each stage.
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of using DTS-measured temperature data to allocate fractures and interpret fluid distribution. Moreover, the integrated forward model
can provide initial conditions for thermal and flow modeling of fractured-well production instead of assuming that temperature and fluid
are the same as the initial reservoir condition.

Conclusion

In this study, we developed an integrated model to simulate transient temperature behavior in the wellbore, fracture, and reservoir dur-
ing multistage fracture treatments in horizontal wells. Instantaneous multifracture propagation within the same stage and sequential
propagation for multiple stages are considered in the forward model. From synthetic cases and sensitivity studies, we conclude the
following:
1. The model simulated temperature behavior during injection and after shut-in for different well completions and fracture procedures.

By use of the rigorous theory, the model captures the temperature characteristics as a function of injection volume, reservoir thermal
properties, and completion structure.

2. Temperature response is sensitive to injection rate during fracturing. Therefore, measured DTS data can be used to locate fractures
and allocate treatment volumes by perforation clusters.

3. Leakoff is important when simulating temperature behavior. Higher leakoff results in wider cold-fluid invasion into the formation
but shorter fracture half-length, which affects transient temperature behavior at the near-wellbore region.

4. The DTS-deployment location and zonal isolation affect measured temperature behavior. Temperature data acquired from outside of
casing contain lower noise and have no physical interference from wellbore flow, resulting in higher data quality for interpretation.

5. The model can either serve as a standalone tool to diagnose fracture treatment or provide more-accurate initial conditions for thermal
and flow modeling of fractured-well production.

Nomenclature

Clk ¼ overall average leakoff coefficient, LT�1
2, ft=

ffiffi
s

p

Cpcm ¼ cement heat capacity, L2T�2K�1, Btu/(lbm-�F)
Cpcs ¼ casing heat capacity, L2T�2K�1, Btu/(lbm-�F)

Ĉpf ¼ reservoir-fluid heat capacity per unit volume, L2T�2K�1, Btu/(lbm-�F)

Ĉpl ¼ injection-fluid heat capacity per unit volume, L2T�2K�1, Btu/(lbm-�F)
Ĉpr ¼ reservoir-rock heat capacity per unit volume, L2T�2K�1, Btu/(lbm-�F)
g ¼ gravitational constant, LT�2, ft/s2

h ¼ fracture height, L, ft
hl ¼ Newton’s cooling-heat-transfer coefficient, MT�3K�1, Btu/(ft2-s-�F)

Kcs ¼ casing thermal conductivity, MLT�3K�1, Btu/(ft-s-�F)
Kcm ¼ cement thermal conductivity, MLT�3K�1, Btu/(ft-s-�F)
Ke ¼ effective thermal conductivity, MLT�3K�1, Btu/(ft-s-�F)
Kf ¼ reservoir-fluid thermal conductivity, MLT�3K�1, Btu/(ft-s-�F)
Kl ¼ injection-fluid thermal conductivity, MLT�3K�1, Btu/(ft-s-�F)
Kr ¼ reservoir-rock thermal conductivity, MLT�3K�1, Btu/(ft-s-�F)
L ¼ horizontal well length, L, ft
Ns ¼ stage number, dimensionless
p ¼ pressure, ML�1T�2, psi

qinj ¼ injection-flow rate, L3T�1, bbl/min
R ¼ wellbore diameter, L, in.

Rcs ¼ casing inner diameter, L, in.
Ro ¼ hole inner diameter, L, in.

Rocs ¼ casing outer diameter, L, in.
St ¼ stage location, L, ft
t ¼ time, T, minutes
T ¼ wellbore temperature, K, �F
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Fig. 20—Simulated casing temperature of 10-stage nonidentical fractures over 1 week. (a) Top view; (b) side view.
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Ti ¼ reservoir initial temperature, K, �F
Tinj ¼ injection fluid temperature, K, �F
Tl ¼ fracture temperature, K, �F
Tr ¼ reservoir temperature, K, �F
UT ¼ overall heat-transfer coefficient, MT�3K�1, Btu/(ft2-s-�F)
v ¼ injection-fluid velocity in wellbore, LT�1, ft/sec
vI ¼ injection-fluid velocity into the fracture at perforation locations, LT�1, ft/sec
vlk ¼ fluid-loss velocity, LT�1, ft/sec
vx ¼ fluid velocity in x-direction, LT�1, ft/sec
w ¼ average fracture width, L, ft
Xf ¼ fracture half-length, L, ft
Ylk ¼ fluid-loss front, L, ft
b ¼ thermal expansion coefficient, K�1, 1/�F
c ¼ pipe open ratio, dimensionless
h ¼ wellbore-inclination angle, radians

qcm ¼ cement density, ML�3, lbm/ft3

qcs ¼ casing density, ML�3, lbm/ft3

qf ¼ reservoir-fluid density, ML�3, lbm/ft3

ql ¼ injection-fluid density, ML�3, lbm/ft3

qr ¼ reservoir-rock density, ML�3, lbm/ft3

sðxÞ ¼ time for fracture to propagate to x, T, minutes
/ ¼ reservoir porosity, dimensionless

Subscripts

n ¼ timestep index
res=fr ¼ reservoir/fracture interface
res=wb ¼ reservoir/wellbore interface
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