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Hydraulic fracturing enables the commercial development of unconventional resources in shales and tight formations. The
conductivity and complexity of created fractures are critically dependent on the rheology of fracking fluid and the mechanics
properties of rocks. Literatures show that both the rheology of fracturing fluid and fracture propagation dynamics are affected
by the temperature of fracturing fluid. Neglecting the temperature transient behaviour may defeat the purpose of fracturing
optimization during fracture initiation, propagation, and sand packing. The objective of this paper is to investigate the impact of
temperature on fracturing design by studying the transient temperature behaviour across a complex wellbore using numerical
modelling by coupling a finite difference heat transfer model with a dynamic fracture propagation model. The study results
show that with the injection of cold fracturing fluid, hydraulic fracture propagation is decelerated, and production prediction is
thus lessened compared with the case ignoring temperature effect. For multistage fractured wells, fracture geometry enlarges
along the fluid flow direction in a horizontal segment. This potentially lowers the cost of hydraulic fracturing designs.
1. Introduction

The exploration of oil, gas, and geothermal reservoirs has
been getting deeper and deeper in these decades [1, 2]. Most
of these deep reservoirs are identified as unconventional,
including extremely tight sandstone and shale reservoirs
[3], for which fracking techniques become a must to start
and stimulate the production [4]. Once the well is drilled
and hydraulic fracking applied, it is important to evaluate
the effectiveness of hydraulic fracking in an accurate manner
for further predictions. This is done by analysing fracture
geometry and conductivity, which are known to be affected
by a combination of pressure and temperature [5]. However,
it has been commonly found in deep reservoir field practice
that the predicted fractured well production exceeds true his-
tory data, implying that our knowledge of hydraulic fractures
is still lacking in such cases. Studies conducted to investigate
pressure impacts with isothermal assumption on these
hydraulic fractures [6] may be sufficient in conventional res-
ervoirs which are shallowly buried and have relatively smaller
geothermal gradients but do not work out nicely in deep
unconventional and geothermal cases which have much
higher temperatures.

Research on temperature impacts of fracking is rare com-
pared with pressure. Meyer [7] solved the coupled continuity
and energy balance equation for temperature distribution on
a fracture surface. Dysart and Whitsitt [8] proposed an ana-
lytical model for heat transfer between fluid in fractures and
formation. Wheeler [9] related downhole fluid temperature
as a function of time, space position, injection condition,
and reservoir characteristics with a constant leak-off. Whit-
sitt and Dysart [10] studied the heat transfer during hydrau-
lic fracturing with a linearly increasing leak-off factor.
However, these studies are based on steady-state analytical
solutions and do not account for field pumping practice
nor formation heterogeneity. Jiang [11] proposed a model
for transient heat transfer in vertical wells with porous rock
media, but the study does not yield a clear relationship
between fluid temperature and fracture propagation, nor
did any of these studies consider nonisothermal effect on in

https://orcid.org/0000-0002-6093-7896
https://orcid.org/0000-0002-7738-022X
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6653442


Pi
pe

flo
w

Tu
bi

ng

Fo
rm

at
io

n

A
nn

ul
us

Ca
sin

g

Ce
m

en
t

r1

r2

r3

r4

r5

r6

Figure 1: Structure of the vertical segment of a complex wellbore.
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Figure 2: Structure of the horizontal segment of a wellbore.
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situ stress distribution, which also has massive impact on the
fracture geometry.

In this paper, a numerical solution to wellbore fluid heat
transient transfer is proposed based on Jiang’s transient
model and used to predict the temperature behaviour during
the hydraulic fracturing process. The temperature effects on
fluid viscosity and thermal stresses are included into a
dynamic fracture propagation model to investigate coupled
temperature impacts on fracture growth by analysing the
fracture geometry in deep reservoir well fracturing cases.

2. Materials and Methods

2.1. Transient Heat Transfer Model for the Horizontal
Wellbore. Heat transfer during a hydraulic fracturing process
occurs when cold fracturing fluid interacts with a high-
temperature wellbore and formation through convection
and conduction. To include more complexity, in this case,
we define a well drilled in a deep reservoir into two separate
segments: the vertical and horizontal segments. The struc-
tures of segments are shown in Figures 1 and 2, respectively.

For a completed well before fracking, we write the energy
balance equation coupled with Fourier’s law in the form of

ρCp
∂T
∂t

+ vr
∂T
∂r

+ vz
∂T
∂z

� �
= kr

r
∂T
∂r

+ kr
∂2T
∂r2

+ kz
∂2T
∂z2

,

ð1Þ

where ρ is the fluid density, Cp is the fluid heat capacity, vr
and vz are flow velocities at radial and vertical directions,
respectively, k is the material heat transmissibility, and T is
the temperature.

And the continuity equation is

1
r
∂ rvrð Þ
∂r

+ ∂vz
∂z

= 0: ð2Þ

We apply the spatial and time finite difference to these
governing equations, and for different flow regions shown
in Figure 1, the heat transfer form is derived into a tridiago-
nal matrix in the form of

Ai,jT
t+Δt
i−1 + Bi,jT

t+Δt
i + Ci,jT

t+Δt
i+1 =Di,j: ð3Þ

The factors A, B, C, and D for different regions are listed
in Appendix A.

To connect the vertical and horizontal segments in the
case of horizontal wells, a boundary condition between hori-
zontal piece inlet temperature T in and vertical piece bottom-
hole temperature Tbh is applied to the bottom of the vertical
segment and start of the horizontal one, which is shown in

T in = Tbh: ð4Þ

We use a symmetrical initial temperature distribution
around the vertical segment of a wellbore along the radial
direction, while heat flux of the upper and lower sides is eval-
uated separately along the horizontal piece. This is calculated
explicitly, and fluid temperature is updated at the start of
every time step.

2.2. Viscosity Model. During the hydraulic fracturing process,
a desirable viscosity is required for proppant transportation
along a fracture. Fluid viscosity is also reported to have signif-
icant impact on fracture propagation [12]. Since the fractur-
ing fluid viscosity is temperature sensitive, we use a derived
model from Kestin et al. [13] for brine viscosity change with
temperature. This viscosity is calculated explicitly with
respect to fluid temperature and coupled into the fracture
propagation model.

μ p, T ,mð Þ = μ0 T ,mð Þ 1 + β T ,mð Þ · p½ �, ð5Þ

where μ0 is the viscosity at reference pressure, β is the corre-
lation factor related to temperature and salinity, and p, T , and
m are the fluid pressure, temperature, and density,
respectively.

2.3. Thermal Stress Model. Stress state changes when near-
wellbore field temperature distribution varies, which signifi-
cantly affects hydraulic fracture propagation. We use a
revised model from Gogoi [14] for estimating the thermal
stresses around a wellbore in a radial coordinate system and



3Geofluids
proposed the following model for the in situ stress tensor
with respect to transient temperature.

σr,th =
αlE
1 − ν

Tm − T f ,uð Þ ln rD
2 ln RD

−
1
2 1 − 1

rD2

� �
1 + 1

2 ln RD

� �� �
,

σθ,th =
−αlE
1 − ν

Tm − T f ,uð Þ 1 − ln rD
2 ln RD

−
1
2 1 − 1

rD2

� �
1 + 1

2 ln RD

� �� �
,

σz,th =
−αlE
1 − ν

Tm − T f ,uð Þ 1 − ln rD
ln RD

� �
,

ð6Þ
where σr,th, σθ,th, and σz,th are thermal stress components in
cylindrical coordinates. Tm is the wellbore temperature, and
T f ,u is the undisturbed formation temperature. rD is the
dimensionless radial distance measured in the unit of
wellbore radius, and RD is the dimensionless radius of ther-
mal influence. αl is the thermal linear expansion coefficient,
and E is rock Young’s modulus. Gogoi’s model is calculated
explicitly with respect to formation temperature and
coupled with the fracture propagation model using Kirsch’s
solution [15].

2.4. Fracture Propagation Model.We use a fracture geometry
model to couple the temperature-influenced parameter for
analysing the impact on fracture geometry and production
forecast. A few assumptions are made before setting up the
model:
(1) Constant fluid leak-off coefficient

(2) Hydraulic fractures fully penetrate the formation in
the vertical direction

(3) The formation is under a normal stress regime. Frac-
ture propagates in the normal to minimum horizon-
tal stress direction
The models of fracture width and length are shown as
follows:

tD = 64C5
LEH

π3μQ2 tð Þ 1 − ν2ð Þ

� �2/3
t,

LD tDð Þ = 1:56tD4/5,

wD tDð Þ = 1:09tD1/5,

LD = 1
4

G
1 − νð ÞμQ tð Þ

� �1/3
L,

wD = 1
4

G
1 − νð ÞμQ tð Þ

� �1/3
w,

ð7Þ

where tD, LD, and wD are the dimensionless propagation
time, propagation fracture half-length, and fracture width,
respectively. μ is the fluid viscosity, Q is the fluid injection
rate, ν is the Poisson ratio of rock, and G is the bulk modulus.

To account for the change in the stress state, more imple-
mentations are made to further calibrate the fracture length
and width.
The fracture half-length is a function of pore pressure
difference ΔP, shown in

L = 1 − vð ÞHΔP
G

: ð8Þ

The correlation for fracture width is derived and shown
in Appendix B. Fracture porosity ∅F and permeability kF
are measured using

∅F
∅0

= exp βcf
1 + v
1 − v

P − P0ð Þ
� �

, ð9Þ

kF
k0

= ∅F
∅0

� �3
: ð10Þ

A workflow of step-by-step modelling and implementa-
tion of a hydraulic fracture is shown as follows:
(1) Model the temperature behaviour at initial reservoir
condition for vertical and horizontal segments

(2) Calculate fracking fluid viscosity change based on the
temperature distribution at the first pumping time
step

(3) Calculate the pore pressure and normal stress state of
formation based on data from step 2

(4) Calculate the thermal stress distribution and super-
pose with normal stress of formation using revised
Gogoi’s method for this pumping time step

(5) Model the fracture half-length and width propaga-
tion at this pumping time step

(6) Repeat steps 2-5 for every pumping time step until
the end of the pumping schedule
3. Results and Discussion

3.1. Case Study and Sensitivity Analysis. A sample case from
field data is used to validate the model. A vertical well is
drilled at a depth of 7530 meters and open-hole completed
and fractured at a perforation depth of 7430 meters using
brine. The averaged corresponding properties are shown in
Tables 1 and 2 in Appendix C.

The transient temperature profile of formation in the
radial direction at the bottomhole is simulated using the heat
transfer model, and results are shown in Figure 3. We notice
a significant temperature drop around the wellbore during
the 300-minute fracking process. The wellbore is gradually
cooled down when cold fracking fluid is being injected into
it, causing a temperature drop to about 50 degrees Celsius
below geothermal temperature. The surrounding formation
around the wellbore is also cooled down by fracking fluids.
The nearer to the wellbore, the lower the formation temper-
ature becomes.

Brine viscosity is also affected by this process. While the
wellbore and surrounding formation are being cooled, the
heat is transferred into fracking fluids, heating them up. We
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Figure 3: Temperature profile with time at the formation.
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Figure 4: Thermal-induced stress during fracturing.
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calibrated the fracking fluid viscosity using the transient heat
profile and noticed a decrease from 1 to 0.067 cP during the
process while the fracking fluid is being heated.
Thermal-induced stress during pumping is calculated
and superposed into the original stress state profiles, shown
in Figure 4. We notice that the induced stress is highest along
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Figure 5: Comparison of fracture half-length between the isothermal fracture model and the transient heat fracture propagation model.
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the wellbore (which has the lowest temperature) and
decreases along the radial direction. The induced stress inside
the formation also changes with time. During the fracking
process, the induced stress gradually rises up and finally stays
at a steady position at the end of pumping.

Coupling all the temperature impacts described in the
above sections, we modelled the dynamic growth of a
hydraulic fracture with respect to transient heat behaviour.
A comparison between the isothermal fracture half-length
and the transient heat model fracture half-length is shown
in Figure 5. We notice that there has been a significant
decrease in fracture half-length, from 162m to 130m. The
difference, while this may not be this significant in conven-
tional reservoirs with lower reservoir temperature and
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geothermal gradients, cannot be neglected in deep reservoirs
as this difference in fracture half-length greatly affects pro-
duction predictions.

On the other hand, the impact on fracture width is much
smaller. We only noticed a change of about 0.016mm in frac-
ture width, which is negligible compared with the total fracture
width. This may result from the shape of hydraulic fractures,
where the fracture width itself is already small enough.

Simulation has been made by using the different fracture
geometries with and without transient heat transfer. We
compare the gas production with true field data, and the
results are shown in Figure 6.

In this specific case, we can easily infer that the isother-
mal fracture geometry failed to predict the production at a
good accuracy in deep reservoirs. It tends to overestimate
the fracture length and thus overestimate the total produc-
tion. On the other hand, the transient heat model gives a
better estimation of production trends, inferring that the
method we use is validated.

3.2. Horizontal Well Study. Horizontal wells tend to have a
much longer horizontal segment compared with the verti-
cal piece. When we have a long horizontal well, fracking
fluids have longer travel time inside the wellbore and cool
the formation in a slightly different manner. In this case,
the formation temperatures at the inlet of the horizontal
segment and the end of the horizontal wellbore are differ-
ent, causing difference in multistage hydraulic fracturing
cases.

We added a horizontal wellbore of 2000 meters to the
vertical case and apply a 5-stage hydraulic fracturing process.
Stage 1 is at the ending of the horizontal segment while stage
5 is at the inlet position. The simulated temperature profile
for the formation near the wellbore along the horizontal seg-
ment is shown in Figure 7.

We notice that the formation is being cooled down dur-
ing pumping, and the end of the horizontal wellbore tends to
have a much higher temperature than the inlet. Once we
take this into consideration, we can model the multistage
averaged fracture half-length at different locations, shown
in Figure 8.



Table 1: Reservoir properties and fracking schedule for the case
study.

Property names and units Values

Well depth (m) 7530

Liquid rate (m3/s) 0.09

Perforation depth (m) 7430

Formation thickness (m) 50

Casing OD (m) 0.178
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We notice that in this case, the hydraulic fractures at
different stages (and thus different distances) have shown
their relationship with temperature. The 1st-stage fractures
at the ending of the horizontal wellbore have the longest
half-length, and the 5th-stage fractures at the inlet of the
horizontal segment are the shortest. This trend cannot be
found if we use isothermal fracture conditions, for which
this difference around 15m will also have impact on pro-
duction predictions.
Liquid injection temperature (°C) 25

Surface temperature (°C) 25

Geothermal gradient (°C/m) 0.018

Formation porosity 0.076

Poisson ratio 0.28
4. Conclusions

Based on the previous analysis and discussions, the following
conclusions are drawn:
Overburden density (kg/m3) 1.797

Young’s modulus (GPa) 31.9

Geomechanics heterogeneity 2

Leak-off coefficient (m/min0.5) 0.004

Poroelastic coefficient 0.2

Rock permeability (nD) 400

Liquid Knudsen salinity (ppt) 35
(1) Temperature has shown its impact on different
mechanisms during the hydraulic fracking process,
including changing the fracking fluid viscosity and
formation stress distributions. These changes affect
the half-length of hydraulic fractures and therefore
have an impact on production predictions. Current
fracture models with isothermal assumption may be
valid in conventional reservoirs with low reservoir
temperature and small geothermal gradients but
become inaccurate in deep reservoirs as the tempera-
ture impacts become nonnegligible

(2) By coupling the mechanisms into numerical simula-
tions, considering these temperature impacts tends
to reduce simulated fracture half-length compared
with isothermal fracture conditions in deep reser-
voirs and thus reduce production prediction. This
temperature impact is significant and cannot be
ignored. On the other hand, the change of fracture
width is much smaller and still negligible

(3) For multistage hydraulic fractures, the temperature
behaviour along the horizontal wellbore tends to
reduce the hydraulic fracture half-length with respect
to different stage locations. As multistage fracturing
usually starts from the ending of horizontal segments
and moves along to the inlet, hydraulic fracture half-
length also tends to decrease along this process. As
the horizontal wellbore is usually much longer than
the vertical piece, this impact on fracture length can-
not be neglected
Appendix

A. Heat Transfer Model Coefficients

The A, B, C, and D factors used in the transient heat model
for different regions are listed here. The subscript j is used to
infer that these derivations will be used into a numerical sys-
tem and stands for grid numbers.

For an open-hole completed production well which is
meant to be fractured, there are 3 different regions to be ana-
lysed: pipeflow, casing and cementing, and formation:
For the pipeflow region (subscript 1),

A1,j = −v1,j
Δt
2Δzj

 !
−

k1,j
ρ1,jCp1, j

Δt
Δz2j

 !
,

B1,j = 1 +
2h1,j
rin

+
2k1,j
Δz2j

+
3k1,j
r2in

 !
Δt

ρ1,jCp1, j

 !
,

C1,j = v1,j
Δt
2Δzj

 !
−

k1,j
ρ1,jCp1, j

Δt
Δz2j

 !
,

D1,j = Tt
1,j +

2h1,j
rin

+
2k1,j
Δz2j

+
3k1,j
r2in

 !
Δt

ρ1,jCp1, j

 !
Tt
2,j:

ðA:1Þ

For the casing and cementing region (subscript 2),

A2,j = −
k2,j

ρ2,jCp2, j

Δt
Δz2j

 !
,

B2,j = 1 +
2 h1,jrin + h2,jrout
� �

r2out − r2in
� � +

2k2,j
Δz2j

"

+
2k2,j

r2in + 1/2ð Þ rann − routð Þ/2ð Þ2
#

Δt
ρ2,jCp2, j

 !
,

C2,j = −
k2,j

ρ2,jCp2, j

Δt
Δz2j

 !
,



Table 2: Thermal properties for the case study.

Heat conductivity (W/m°C) Specific heat capacity (J/kg°C) Density (kg/m3) Viscosity (Pa·s)
Formation 2.20 920.0 2640 Not applied

Casing & cement 43.33 418.7 8048.0 Not applied

Fluid 0.586 4002.0 1000.0 0.0011
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D2,j = Tt
2,j +

2h1,jrinTt
1,j + 2h3,jroutTt

3,j
r2out − r2in

"

+
2k1,j Tt

1,j + Tt
3,j

� 	
r2in + 1/2 rann − rout/2ð Þ2

−
k1,j Tt

3,j − Tt
1,j

� 	
rann + rout/2ð Þ r2in + rann − rout/2ð Þ� �

3
5 Δt

ρ2,jCp2, j

 !
:

ðA:2Þ

For the formation region (subscript 3),

Ai,j = −
kef f i, j

2 ρi,jCpi, j

� 	
eff

Δt
Δz2j

 !
,

Bi,j = 1 +
kef f i, j

2 ρi,jCpi, j

� 	
eff

Δt
Δz2j

 !
,

Ci,j =
kef f i, j

2 ρi,jCpi, j

� 	
eff

Δt
Δz2j

 !
,

Di,j = Tt
i, j + 2 Δt

Δr2i−1 + Δr2i

� �
Tt
i+1,j − Tt

i,j

� 	� � kef f i, j

ρi,jCpi, j

� 	
eff

0
B@

1
CA,

ðA:3Þ

where v stands for fluid velocity, Δt stands for fluid flow time,
k is the heat transmissibility, h is Newton’s surface heat trans-
fer coefficient, rin, rout, and rann stand for radius of inlet, out-
let, and annulus regions, keff is the effective rock heat
transmissibility in porous media, ρ is the density, and Cp is
the heat capacity.

B. Derivation of Fracture Width Calibration

The derivation of fracture width calibration with respect to
stress-state variation is shown below.

For a propagating fracture, the fracture width can be
described by a separation [16]:

w =we +wp: ðB:1Þ

we is the fracture width controlled by net stress effect and
wp is controlled by net pressure effect.
The net stress effect is approximated as being purely elas-
tic. Detournay et al. [17] presented the following equation to
model this effect:

we =Mc pf − σmin,corrð Þ: ðB:2Þ

Mc is the fracture compliance, defined by

Mc =
π 1 − νð ÞH

4G : ðB:3Þ

pf is the fracture pressure. σmin,corr is the minimum corre-
sponding horizontal stress, which is the superposition of
minimum horizontal stress σh and the thermal-induced
stress σth. In a radial coordinate system,

σθmin,corr = σθ,h + σθ,th: ðB:4Þ

The net pressure poroelastic effect can be described by
Boone and Detournay [18]:

wp = −2ηΔpMc f t∗ð Þ, ðB:5Þ

where η is the poroelastic coefficient with a valid assumed
value of 0.5. Δp is the fracture pressure minus the pore pres-
sure. f ðt∗Þ is an evolutional function which varies between 0
and 1. t∗ is denoted as dimensionless fracture surface expo-
sure time, which is defined as

t∗ = 4ct
H2 , ðB:6Þ

where H is the fracture height. c is a diffusivity coefficient,
defined by

c = k
ϕμCp

: ðB:7Þ

Boone and Detournay [18] also gave out an expression
for f ðt∗Þ as

f t∗ð Þ = 4
π

ð∞
0

erfc y

2
ffiffiffiffi
t∗

p
� �

g yð Þdy,

g yð Þ = 1 −
ffiffiffi
y
2

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 + y2 − y

pq
,

ðB:8Þ

where y is the superposition parameter in space.
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C. Data Used in the Case Study

Table 1 lists the geological and geomechanical properties of
reservoir formation as well as fracking schedule information.
Table 2 lists the thermal properties of formation, completion
materials, and fracking fluids.

Data Availability

The data used to support the findings of this study are
included in the article.
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