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a b s t r a c t

This study aims to interpret the temperature behavior of a cemented multi-fractured horizontal well
(MFHW) in a low-permeability gas reservoir (LPGR) during production. First, considering heat conduc-
tion, heat convection, thermal expansion, viscous dissipation, and the Joule–Thomson effect, a compre-
hensive numerical temperature prediction model is developed under a single-phase condition. The
developed models are formulated for the reservoir and wellbore domains based on mass, momentum,
and energy conservation. The non-Darcy law is applied to the numerical models, and radial flow in the
hydraulic fractures is accounted for when the reservoir and wellbore models are coupled. These devel-
oped models are solved numerically by the finite difference method. Then, synthetic cases demonstrate
the models’ ability to predict the temperature behavior and clarify the change regularity of the wellbore
temperature profile for an MFHW in an LPGR. The effects of pressure interference among hydraulic frac-
tures on the inflow rate are analyzed. Based on the sensitivity of arriving temperature to the fracture
parameters, an approach to plotting fracture parameter diagnosis charts are introduced. In addition, a
field case is provided to illustrate the application and feasibility of the new models on the basis of the
accurate simulated results of wellbore temperature profiles.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

With the development of temperature testing technology,
downhole temperature measurement has become a widely used
technique to qualitatively or quantitatively interpret reservoir con-
ditions underground. Downhole temperature data are usually mea-
sured by production logging tools (PLTs), permanent downhole
gauges, and fiber-optic cables. In particular, because fiber-optic
cables can monitor the real-time temperature behavior along
entire well sections, they are treated as distributed temperature
sensors (DTSs) [1,2].

By establishing theoretical models, temperature measurement
data can be used for quantitative interpretation of reservoir prop-
erties, determination of water/gas entry, evaluation of completion
effectiveness, interpretation of the inflow profile, etc. [3–5]. Ramey
[6] proposed the earliest wellbore temperature model for a vertical
well, and his model has been extended by other scholars to obtain
reservoir properties near the wellbore [7,8]. Sui and Zhu [9] devel-
oped a new model to determine the conditions for multilayer for-
mation. Unlike the case for vertical wells, in horizontal wells, the
temperature differences along entire horizontal well sections due

to the Joule–Thomson effect are very small (usually less than 1–
2 �C) [10,11]. To identify these tiny temperature changes, micro-
heating effects, such as the effects of fluid expansion, viscous dissi-
pation, heat conduction, and thermal convection, should be
considered when the temperature models are developed [12–14].
Maubeuge et al. [15] proposed an early thermal model for an oil
reservoir considering thermal expansion and viscous dissipation.
Yoshioka et al. [3] developed a temperature model to solve the
wellbore temperature and pressure distribution for a horizontal
well in an oil reservoir, although the wellbore and reservoir were
not coupled. Using the temperature model, they determined the
inflow profile [16] and quantitatively detected water or gas entry
into horizontal wells using downhole temperature measurement
data [10]. A transient reservoir temperature model and a wellbore
model under the steady state were coupled to predict the flow pro-
file from the measured temperature and pressure data [17], and
the models were applied to a field case [18]. Zhu and Achinivu
[19] proposed a method to interpret downhole temperature and
pressure data for horizontal or highly inclined wells and detected
water entry for a inclined well in a gas reservoir [5]. A comprehen-
sive oil–water two-phase model was established to predict the
temperature distribution for a horizontal well by Zhu et al. [20],
and this model was applied to interpret the inflow profiles using
distributed temperature measurement [21]. The above studies
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were all conducted on vertical wells or conventional horizontal
wells.

Because fracturing stimulation is widely used worldwide to
enhance productivity, increasing numbers of researchers are
studying the performance of fractured horizontal wells in oil/gas
reservoirs using detected temperature information. Molenaar
et al. [22] discussed how to use DTS and distributed acoustic sensor
(DAS) maps to enhance the monitoring, assessment, and optimiza-
tion of fracturing treatment. From DAS and DTS images, fracture
initiation, fracture propagation, and fracture progression during
fracturing treatment of multicluster, multistage horizontal tight
gas wells have been demonstrated [23–25]. Ugueto et al. [26]
obtained the perforation cluster efficiency and identified the effec-

tively supported fracture using fiber-optic diagnostics (measured
data from DAS and DTS). To quantitatively explain downhole tem-
perature data for multi-fractured horizontal wells (MFHWs), the
corresponding mathematical models have also been established.
On the basis of Yoshioka’s model [3], Yoshida et al. [27] proposed
a new model to estimate the temperature profile for an MFHW
in a shale gas reservoir, and they applied the model to several syn-
thetic cases. Cui et al. [28] developed a transient temperature
model for single-phase gas wells, and their model was applied to
two field examples. In their field applications, the interpreted tem-
perature profiles based on the estimated inflow rate were matched
with the measured temperature data from PLTs [29]. Yoshida et al.
[2] proposed a numerical model to simulate the downhole

Nomenclature

A surface area of the wellbore segment, m2

Cg gas compressibility, MPa�1

Cp heat capacity of fluid, J/(kg�K)
Cps heat capacity of solid reservoir rock, J/(kg�K)
dF fracture spacing, m
f friction coefficient
fcd fracture conductivity, mD�cm
g gravitational acceleration, m/s2

h internal energy, J
hF fracture height, m
hTt overall heat transfer coefficient, W/(m2�K)
hz reservoir thickness, m
k permeability, mD
kc thermal conductivity of the casing, W/(m�K)
kcem thermal conductivity of the cement, W/(m�K)
kF fracture permeability, mD
KJT Joule–Thomson coefficient, �C/MPa
kT reservoir heat conductivity, W/(m�K)
kt thermal conductivity of the tubing, W/(m�K)
kx reservoir permeability in x direction, mD
ky reservoir permeability in y direction, mD
kz reservoir permeability in z direction, mD
Lx reservoir width, m
Ly reservoir length, m
Lz reservoir height, m
M molecular weight of natural gas, nondimensional
nF number of fractures
p flow pressure in formation, MPa
po reference pressure, MPa
Pwf bottom-hole pressure, MPa
qF flow rate in fracture, m3/d
qwb conduction heat transfer rate per unit volume, W/m3

qwb thermal conduction transfer rate, W
r radius, m
R gas constant, Pa�m3/(mol�K)
reff effective radius, m
Rinw inner radius of the wellbore, m
rw radius of wellbore, m
t production time, days
T reservoir temperature, �C
TF fluid temperature in the fracture, �C
Ti initial reservoir temperature, �C
TI inflow temperature, �C
Tr pseudo-reduced temperature, nondimensional
Twb wellbore temperature, �C
v velocity of fluid, m/s
vI velocity of inflow fluid, m/s
WF fracture width, m
xe half of reservoir width, m
xF fracture half-length, m

ye half of reservoir length, m
Z deviation factor of gas, nondimensional
ze half of reservoir height, m

Greek letters
w pseudo-pressure, MPa2/mP�s
l fluid viscosity, mP�s
b thermal expansion coefficient, 10�4/�C
ø porosity of formation, fraction
lg gas viscosity, mP�s
r non-Darcy factor, nondimensional
rgx non-Darcy factor in x direction, nondimensional
rgy non-Darcy factor in y direction, nondimensional
rgz non-Darcy factor in z direction, nondimensional
wi initial pseudo-pressure, MPa2/mP�s
wi bottom-hole pseudo-pressure, MPa2/mP�s
/F porosity of fracture, fraction
q density of fluid, kg/m3

qCp average heat capacity, J/(kg�K)
qI density of inflow fluid, kg/m3

qr pseudo-reduced density, nondimensional
c pipe-open ratio, fraction
h dip of horizontal well sections, �
Dx mesh size in x direction, m
Dy mesh size in y direction, m
Dz mesh size in z direction, m

Subscripts
cem cement
ci inner casing
co outer casing
eff effective
f fluid
F hydraulic fractures
I inflow
s solid reservoir rock
ti inner tubing
to outer tubing
wb wellbore

Abbreviations
BHP bottom-hole pressure
DAS distributed acoustic sensor
DTS distributed temperature sensor
LPGR low-permeability gas reservoir
MFHW multi-fractured horizontal well
PLT production logging tool
TVD true vertical depth
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