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Abstract: The water leak-off during hydraulic fracturing in shale gas reservoirs is a complicated
transport behavior involving thermal (T), hydrodynamic (H), mechanical (M) and chemical (C)
processes. Although many leak-off models have been published, none of the models fully coupled the
transient fluid flow modeling with heat transfer, chemical-potential equilibrium and natural-fracture
dilation phenomena. In this paper, a coupled thermo-hydro-mechanical-chemical (THMC) model
based on non-equilibrium thermodynamics, hydrodynamics, thermo-poroelastic rock mechanics,
and non-isothermal chemical-potential equations is presented to simulate the water leak-off process in
shale gas reservoirs. The THMC model takes into account a triple-porosity medium, which includes
hydraulic fractures, natural fractures and shale matrix. The leak-off simulation with the THMC model
involves all the important processes in this triple-porosity medium, including: (1) water transport
driven by hydraulic, capillary, chemical and thermal osmotic convections; (2) gas transport induced
by both hydraulic pressure driven convection and adsorption; (3) heat transport driven by thermal
convection and conduction; and (4) natural-fracture dilation considered as a thermo-poroelastic rock
deformation. The fluid and heat transport, coupled with rock deformation, are described by a set
of partial differential equations resulting from the conservation of mass, momentum, and energy.
The semi-implicit finite-difference algorithm is proposed to solve these equations. The evolution
of pressure, temperature, saturation and salinity profiles of hydraulic fractures, natural fractures
and matrix is calculated, revealing the multi-field coupled water leak-off process in shale gas
reservoirs. The influences of hydraulic pressure, natural-fracture dilation, chemical osmosis and
thermal osmosis on water leak-off are investigated. Results from this study are expected to provide
a better understanding of the predominant leak-off mechanisms for slickwater fracturing-fluids in
hydraulically fractured shale gas reservoirs.

Keywords: shale gas; water leak-off; thermo-hydro-mechanical-chemical model; multi-field coupling;
numerical simulation

1. Introduction

In recent decades, shale gas development in North America has become very successful,
which is mainly attributed to technology advancement of horizontal drilling and massive hydraulic
fracturing. A large volume of slickwater, as a typical fracturing-fluid, is pumped downhole during
hydraulic fracturing operations, however, the water flowback ratio is usually small during the cleanup
process [1,2]. Many researchers suggest that the low flowback ratio is mainly due to the water leaking
into the matrix [3–7]. Other researchers consider that water trapped in the fracture network is another
main reason for the low flowback ratio [8–10]. In particular, the water leak-off can be attributed to
five mechanisms, i.e., hydraulic pressure, natural-fracture dilation, capillarity, chemical osmosis and
thermal osmosis during the treatment of hydraulic fracturing.
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Hydraulic pressure is considered to be the major mechanism for the water leak-off during
the hydraulic fracturing, which creates a strong pressure difference between the bottom-hole and
the matrix, further causing water leak-off from the hydraulic fracture to the matrix. Some classic
pressure dependent leak-off models have been developed for decades for simulation of the hydraulic
fracturing in conventional reservoirs [11–14]. Then, with the development of unconventional reservoirs,
spontaneous capillary imbibition is widely considered to be an important mechanism for water leak-off
especially in water-wet low permeability reservoir formation. Many researchers have conducted
studies on the capillarity in shales [3,15–17]. Shear reactivation of natural fractures in shale gas
reservoirs is likely to be the main deformation mechanism during hydraulic fracturing operations [18].
Weng et al. [19] believe that natural fracture dilates due to low effective normal stress and the aperture
creates hydraulic conductivity during the pumping of hydraulic fracturing. After reactivation of
the natural fracture, even when pumping ceases and the normal load along the fault is positive,
the hydraulic aperture can be increased because small-scale asperities along the surface will not
perfectly match. Thus, the natural fracture may remain partially open [20].

As a clay-rich sediment, shale contains an amount of formation brine, and the formation brine of
shale has extremely high salinity, reaching up to 280,000 ppm resulting from its tectonic compaction
process and hydrogen generation process [21–24]. However, the salinity of slickwater fracturing-fluids
is low, approximately 1000 ppm [25,26]. Chemical osmosis occurs in the leak-off process of hydraulic
fracturing (because two conditions are satisfied for the occurrence of chemical osmosis, i.e., clay
semipermeable membrane and salinity difference on both sides of the membrane), which results in
the transport of water molecules from the low-salinity side to the high-salinity side until the salt
concentration reaches an equilibrium on both sides of the shale membrane [26–29]. That makes
chemical osmosis a possible leak-off mechanism for the invasion of water-based fracturing-fluids
in fractured shale [30–32]. Besides the salinity difference between the fracturing-fluids and shale
formation brine, a temperature gradient across the shale–fluid interface exists during the hydraulic
fracturing. Therefore, thermal osmosis occurs, causing the preferred transport of water molecules from
the low-temperature side to the high-temperature side until the heat content reaches an equilibrium
on both sides of the shale membrane [33–35].

During the hydraulic fracturing of shale gas reservoirs, coupled thermal (T), hydrodynamic (H),
mechanical (M) and chemical (C) processes occur, causing a complicated water leak-off behavior.
Specifically, once the low-temperature, high-pressure and low-salinity water contacts the shale matrix
through the hydraulic fractures, both mass and energy transfer occur due to the significant temperature,
pressure, saturation and salinity gradients. Although many leak-off models have been published
based on laboratory experiments and numerical simulation [3,5–8,11–14,16,32,36,37], none of the
models coupled the transient fluid flow modeling with natural fracture dilation, heat transfer and
chemical-potential equilibrium phenomena. To investigate all of the above-mentioned mechanisms,
a coupled thermo-hydro-mechanical-chemical (THMC) model, which is based on our previous
multi-mechanistic multi-porosity multi-permeability (MMM) model [37] without considering heat
transfer and rock deformation, is developed to simulate the fluid/heat flow during the leak-off process
of hydraulic fracturing in this study. Results from this study aim to provide a better understanding
of the predominant leak-off mechanisms for slickwater fracturing-fluids in shale gas reservoirs,
and therefore contribute to the post-fracturing prediction and evaluation of shale gas wells.
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2. Chemical-Potential Equilibrium Formulation

2.1. Derivation of Non-Isothermal Chemical Potential Difference for Different Solutions

For a multi-component solution system, the Gibbs free energy is not only a function of temperature
and pressure, but also a function of the amount of substance in each component [38]. The full
differential form of Gibbs free energy is as follows:

dG = −SdT + Vdp + ∑
B

µBdnB (1)

where S, T, V and p refer to the entropy, temperature, volume and pressure of the system, respectively;
and nB and µB refer to the amount and chemical potential of component B, respectively. The partial
derivative of temperature and pressure by chemical potential can be derived from Equation (1):(

∂µB
∂T

)
p
= −SB,m,

(
∂µB
∂p

)
T
= VB,m (2)

where VB,m and SB,m refer to the partial molar volume and partial molar entropy of component B,
respectively. From Equation (2), the differential formula for the chemical potential of component B is
also represented as [39]:

dµB = −SB,mdT + VB,mdp (3)

The chemical potential of component B can be derived from the direct integration of Equation (3):

∫ µ

µΘ
dµB =

∫ T

TΘ
−SB,mdT +

∫ p

pΘ
VB,mdp (4)

where µΘ, TΘ and pΘ denote the standard chemical potential, standard temperature and standard
pressure, respectively.

If SB,m and VB,m do not change with temperature and pressure, then Equation (4) can be
simplified as:

µB = µΘ
B − SB,m

(
T − TΘ

)
+ VB,m

(
p− pΘ

)
(5)

If solution B is an ideal solution, then the chemical potential of solution B can also be expressed as:

µB(T, p, aq) = µB(T, p, l) + RT ln xB (6)

where µB(T, p, aq) represents the chemical potential of component B in the solution; aq represents the
solution system; µB(T, p, l) represents the chemical potential of the pure solution; R represents the
ideal gas constant; and xB represents the molar fraction of the water molecule in solution B.

The chemical potential difference of component B under different pressure, temperature and
concentration conditions is derived by combining Equations (5) and (6):

∆µB = µB(T1, p1, x1, aq)− µB(T2, P2, x2, aq) = [µB(T1, p1, l) + RT1 ln x1]− [µB(T2, p2, l) + RT2 ln x2]

=
[
µΘ

B − SB,m
(
T1 − TΘ)+ VB,m

(
p1 − pΘ)]− [µΘ

B − SB,m
(
T2 − TΘ)+ VB,m

(
p2 − pΘ)]+ RT1 ln x1 − RT2 ln x2

= VB,m(p1 − p2)− SB,m(T1 − T2) + RT1 ln x1 − RT2 ln x2

(7)

where the subscripts 1 and 2 identify two different solutions.

2.2. Non-Isothermal Chemical Potential Difference between the Slickwater and Formation Brine

Once the low-temperature, high-pressure and low-salinity slickwater fracturing-fluid enters the
shale matrix, which contains high-temperature, low-pressure and high-salinity brine, during the
hydraulic fracturing of shale gas reservoirs, the chemical-potential equilibrium phenomena occur.
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Based on Equation (7), the non-isothermal chemical-potential difference of water between the formation
brine and fracturing-fluid can be expressed by

∆µw = µ
f
w − µm

w = Vw,m

(
p f − pm

)
− Sw,m

(
Tf − Tm

)
+
(

RTf ln x f − RTm ln xm

)
(8)

where µ
f
w and µm

w refer to the chemical potential of the fracturing-fluid and the formation brine in the
matrix, respectively; Vw,m and Sw,m refer to the partial molar volume and partial molar entropy of
water, respectively; p f and pm refer to the pore pressures in the fracture and the matrix, respectively;
Tf and Tm refer to the temperature in the fracture and matrix, respectively; and x f and xm refer to the
molar fraction of water molecule in the fracturing-fluid and the formation brine, respectively.

If Equation (8) is rearranged as follows, the left term ∆µ/V has a dimensional pressure.

∆µw

Vw,m
=

µ
f
w − µm

w
Vw,m

=
(

p f − pm

)
− Sw,m

Vw,m

(
Tf − Tm

)
+

R
Vw,m

(
Tf ln x f − Tm ln xm

)
(9)

where the first term on the right side refers to the pressure difference of the two solution systems;
the second term on the right side refers to the temperature-difference-induced chemical-potential
difference; and the third term on the right side refers to the concentration-difference-induced
chemical-potential difference. All these three terms on the right side of Equation (9) have the
dimensional pressure, and they all can be driving forces of water leak-off.

Specifically, the first driving force is the pressure difference, p f − pm, that is, the conventional
viscous force heavily depending on the hydraulic pressure of the fracturing treatment.
R
(

Tf ln x f − Tm ln xm

)
/Vw,m refers to the chemical-osmotic pressure caused by the difference in the

molar fraction of water, that is, the force that drives water to flow from the low-salinity side to the
high-salinity side. Sw,m

(
Tf − Tm

)
/Vw,m refers to the thermo-osmotic pressure caused by the difference

of water temperature, that is, the force that drives water to flow from the low-temperature side to the
high-temperature side.

Considering the non-idealization of shale semipermeable membrane [40–43], the pressure driving
the water from fracture to matrix can be expressed as:

∆µw

Vw,m
=

µ
f
w − µm

w
Vw,m

=
(

p f − pm

)
− λ

Sw,m

Vw,m

(
Tf − Tm

)
+ λ

R
Vw,m

(
Tf ln x f − Tm ln xm

)
(10)

Because only the osmosis process relates to the shale semipermeable membrane, the membrane
efficiency λ is added to the last two terms (thermal and chemical osmosis terms).

3. Mean-Stress Geomechanical Formulation

The mean-stress geomechanical formulation is based on the thermo-poroelasticity theory extended
to the multiporosity medium. In the thermo-poroelasticity theory, the stress/strain behavior for
a non-isothermal material is expressed as [44]:

σ = ξtr(ε)I + 2Gε + (δp + 3βK∆T)I (11)

where G and ξ refer to the shear modulus and Lamé parameter. δ and p refer to the Biot’s
coefficient and pore pressure. K and β refer to the bulk modulus and linear thermal-expansion
coefficient. ε and σ refer to the strain tensor and stress tensor. ∆T refers to the temperature difference
of the thermo-poroelastic medium.
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Winterfeld and Wu [45] presented a generalized thermo-poroelastic formulation for the
multiporosity medium by introducing a weight ωj for each temperature term, as follows

σ = 2Gε + ξtr(ε)I +
[
∑j (δ

j pj + 3βKω j∆T j)
]
I (12)

where the summation is over multiporosity continua. δj, pj and ∆Tj refer to the generalized expression
of Biot’s coefficient, pore pressure and temperature difference for the multiporosity medium. ωj refers
to the porous continuum volume fraction. After hydraulic fracturing, a complex fracture network
is generated by the interaction of hydraulic fractures and natural fractures [46,47]. Therefore, it is
appropriate to divide a fractured shale reservoir into a triple-porosity system, including primary
hydraulic fractures (F), natural fractures (f ) and shale matrix (m).

Two other fundamental relations in the theory of linear elasticity are the relation between the
strain tensor ε and the displacement vector u,

ε =
1
2
(∇u +∇ut) (13)

and the static equilibrium equation,
∇σ + Fb = 0 (14)

where Fb is the body force. Combining Equations (12)–(14) yields a multiporoelastic equation relating
mean stress, pore pressures and temperatures:

∇
{

3(1− υ)

1 + υ
∇σm + Fb −

2(1− 2υ)

1 + υ
· ∇
[
∑j (δ

j pj + 3βKω jT j)
]}

= 0 (15)

where υ refers to the Poisson’s ratio. σm is the mean stress, the average of the normal
stress-tensor components.

Rock porosity is correlated to the stress, a general definition of which was given by Biot and Willis [48]:

φj =
φ

j
o − εv

1− εv
(16)

where φj refers to the porosity of hydraulic fractures, natural fractures and matrix, when the superscript
j refers to F, f and m, respectively.

4. Fluid and Heat Flow Formulation

The following fluid and heat flow equations for water and gas in hydraulically fractured shale
reservoirs are the extension of “MMM model”, which was developed by Wang et al. [37] for the
iso-thermal fracturing-fluid leak-off simulation, but without considering the phenomena of water
thermal osmosis and rock thermal poroelastic deformation. In this study, the THMC leak-off model is
considered as a triple-porosity model including three interconnected domains of hydraulic fractures
(F), natural fractures (f ) and matrix (m). In the following mathematical model, the subscript l refers to
w or g, which represents water or gas. Superscript F, f and m represent the hydraulic fracture, natural
fracture and matrix, respectively.

(1) Fluid Flow in the Hydraulic Fracture

∂(ρlφ
FSF

l )

∂t
= −∇

(
ρlvF

l

)
− qF f

l − qFW
l (17)
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where ρl is the fluid density (g/cm3); φF is the porosity of hydraulic fractures(dimensionless); SF
l is the

fluid saturation in the hydraulic fracture (dimensionless); qFW
l is the flowback rate (g/cm3·s); and νF

l is
the fluid flow velocity in hydraulic fractures (cm/s), which is defined as [49]

−∇pF
l =

ηl

kFkF
rl

vF
l + βρl

(
vF

l

)2
(18)

where kF is the permeability of hydraulic fractures (µm2); kF
rl is the relative permeability in hydraulic

fractures (dimensionless); ηl is the fluid viscosity (mPa·s); pF
l is the fluid pressure in hydraulic fractures

(10−1 MPa); and β is the non-Darcy coefficient (dimensionless).
In Equation (17), qFW

l and qF f
l refer to the fluid fluxes between the hydraulic fracture and the

wellbore and the natural fracture (g/cm3·s), respectively, which are defined below

qFW
l =

α3ρwkFkrl

(
pF

l − pw f

)
ηl Bl

(19)

qF f
l =

α1ρlkFkF
rl

ηl

(
pF

l − p f
l

)
(20)

where p f
l and pw f denote the fluid pressure in natural fractures and flowing pressure at the bottom-hole

(10−1 MPa); α1 and α3 denote the shape factors between the hydraulic fracture and the natural
fracture and the wellbore (cm−2), respectively, which are decided as presented in Wang et al. [37] and
Bian et al. [50]; and Bl denotes the fluid volume factor (dimensionless).

(2) Heat Flow in the Hydraulic Fracture

∂[(1−φF)CrρrTF+φCwρwTF]
∂t = ∇

{[(
1− φF)Crρr + φFCwρw

]
De · ∇TF}

+∇
[
φFCwρwTF kF

ηw

(
∇pF

w
)]
− HF f

w + Ĥw

(21)

where ρr and ρw refer to the rock and fluid density(g/cm3), respectively; Cr and Cw refer to the heat
capacity of rock and fluid (J/(g·K)), respectively; and De refers to the thermal diffusivity coefficient
(cm2/s). The term on the left side refers to the energy storage. The first term on the right side refers
to the heat conduction. The second term on the right side refers to the thermal convection. HF f

w and
Ĥw refer to the convective energy flux terms between the hydraulic fracture and natural fracture and
wellbore (J/(cm3·s)), which are defined below:

HF f = φF · Cw · qF f
w · TF (22)

Ĥw = φF · Cw · q̂w · T̂ (23)

where T̂ and TF refer to the fluid temperature in the wellbore and hydraulic fractures (K), respectively.

(3) Fluid Flow in the Natural Fracture

∂(ρlφ
f S f

l )

∂t
= −∇

(
ρlv

f
l

)
+ qF f

l − q f m
l (24)

where φ f and S f
l are the porosity and fluid saturation in natural fractures (dimensionless), respectively;

and ν
f
l is the fluid flow velocity in natural fractures(cm/s), which is defined as Darcy law:

v f
l = −

k f k f
rl

ηl
∇(p f

l + p f
c,l) (25)
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where k f , k f
rl , p f

l and p f
c,l refer to the permeability, relative permeability, fluid pressure and capillary

pressure in the natural fractures, respectively.
In Equation (21), q f m

l denotes the fluid flux between the natural fracture and matrix (g/cm3·s),
which is defined as

q f m
l =

α2ρlk f k f
rl

ηl

(
µ

f
w − µm

w
Vw,m

)
(26)

where α2 is described by the Kazemi model to represent the shape factor between the natural
fracture and matrix [51]; (µ f

w − µm
w)/Vw,m represents the non-isothermal chemical potential difference

(10−1 MPa), which is only for water phase, described by Equation (10).

(4) Heat Flow in the Natural Fracture

∂[(1−φ f )CrρrT f +φCwρwT f ]
∂t = ∇

{[(
1− φ f

)
Crρr + φ f Cwρw

]
De · ∇T f

}
+∇

[
φ f CwρwT f k f

ηw

(
∇p f

w

)]
+ HF f

w − H f m
w

(27)

where H f m
w denotes the convective energy flux terms between the natural fracture and matrix

(J/(cm3·s)), which is defined below

H f m = φ f · Cw · q f m
w · T f (28)

where T f denotes the fluid temperature in the natural fractures (K).

(5) Fluid Flow in the Matrix

∂(ρlφ
mSm

l + mg)

∂t
= −∇(ρlvm

l ) + q f m
l (29)

where φm and Sm
l refer to the porosity and fluid saturation in the matrix, respectively; and νm

l refers to
the fluid flow velocity (cm/s), which is defined as Darcy law:

vm
l = −

kmkm
rl

ηl
∇(pm

l + pm
c,l + pm

π ) = −
kmkm

rl
ηl
∇(pm

l + pm
c,l + λ

RTm

Vw,m
ln xm − λ

Sw,m

Vw,m
Tm) (30)

where km and km
rl are the permeability and relative permeability in the matrix, respectively; and pm

π is
the osmotic pressure in the matrix (10−1 MPa), which is only for water phase.

The mass of adsorbed gas in formation volume mg in Equation (29) is derived from the Langmuir
isotherm [52]:

mg = ρrρgscSkVL
pm

g

pm
g + pL

(31)

where ρr and ρgsc are the source rock density and gas density at standard condition (g/cm3); Sk is the
volume proportion of source rock; and VL and pL are the Langmuir’s volume (cm3/g) and pressure
(10−1 MPa), respectively.

(6) Heat Flow in the Matrix

∂[(1−φm)CrρrTm+φmCwρwTm ]
∂t = ∇{[(1− φm)Crρr + φmCwρw]De · ∇Tm}

+∇
{

φmCwρwTm km

ηw

[
∇
(

pm + λ RTm

Vw
ln xm − λ Sw

Vw
Tm
)]}

+ H f m
w

(32)

where Tm refers to the fluid temperature in the matrix (K).
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5. Coupling and Solution of Simulator Equations

Based on the above formulations, the following assumptions and considerations are made:
(1) the effect of stress-dependent natural-fracture dilation is considered; (2) the effect of capillarity
is considered; (3) the effect of chemical osmosis is considered;(4) the effect of thermal osmosis is
considered; (5) the effect of gas adsorption is considered; (6) heat conduction and thermal convection
of the fluid through the porous rock are considered; (7) a two-dimensional flow (including conduction
and convection) within the hydraulic fractures, natural fractures and matrix is considered; (8) the effect
of gravity is disregarded; and (9) fluid (including water and gas) is slightly compressible.

We couple fluid and heat flow to non-isothermal chemical-potential equilibrium and
geomechanics by solving Equations (10) and (16) along with the mass and energy conservation
equations (Equations (17), (21), (24), (27), (29) and (32)) from the fluid and heat flow formulation
in hydraulic fractures, natural fractures and matrix. The fluid and heat flow, chemical-potential
equilibrium and geomechanical equations are discretized in space using the finite-difference
method. A semi-implicit algorithm is used to solve the nonlinear equations after discretization.
The Newton–Raphson method is used for iterative solution. In this method, the simulation domain
is subdivided into grid blocks in three systems (F, f and m). The grid schematic diagram of the
concept THMC model is shown in Figure 1. In the THMC model, the hydraulic fractures are idealized
propped planar fractures, which are directly connected to the horizontal wellbore. The natural fractures
and inorganic matrix are designed into an internally connected parallel system. The natural-fracture
density can be numerically represented by the shape factor between the natural fracture and matrix [53].
The correlation between natural-fracture density (nf) and the shape factor (α) proposed by Yan et al. [54]
is applied to our THMC model. The horizontal wellbore and disconnected organic matter are treated
as sink-source terms for the convenience of modeling.Energies 2017, 10, 1960 9 of 17 
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Figure 1. Grid schematic diagram of the thermo-hydro-mechanical-chemical (THMC) model.

A simulator is developed to achieve numerical simulation with the proposed THMC model.
Figure 2 presents the flow chart of our simulator, which is composed of six steps. (1) Discretize the
nonlinear equations; (2) Initialize the temperature, pressure, saturation, salinity and mean stress in
hydraulic fractures, natural fractures and matrix; (3) Compute the phase transmissibility (ρlkjkrl/ηl) at
each time step; (4) Solve the discrete equation system according to initial and boundary conditions to
update variables (Tj, Pl

j, Sl
j, Cj, σm, and ρl); (5) If the equation residuals and primary variables converge,

solve the geomechanical equations and updating the stress-dependent porosity (ϕj). Otherwise, cycle
back to compute the phase transmissibility until it converges at current time step; (6) If the set-up
time has not been reached, proceed to compute the phase transmissibility at next time step with the
updated values (Tj, Pl

j, Sl
j, Cj, σm,ρl, and ϕj). Otherwise, end the program and output the results of

each time step.
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6. Numerical Simulation Cases

6.1. Simulation Model Description

Numerical simulation is performed using the developed numerical simulator to model the
leak-off behavior of water during the hydraulic fracturing. The geometry of the simulated shale gas
reservoir is 1200 m × 600 m × 42 m. A horizontal well with a lateral length of 1180 m is located in
the center of the reservoir. One hundred twenty transverse fractures with the same half-length of
140 m (completed by a thirty-stage hydraulic fracturing treatment) are generated along the horizontal
wellbore. We assume the hydraulic fractures are evenly spaced. The inputs of the reservoir, fracture,
fluid and heat properties [35,36,55–58] are given in Table 1.

The relative permeability of gas–water in F, f and m are set according to a previous simulation
case [37]. The empirical equation proposed by Gdanski et al. [59] is used to calculate the capillary
pressure curves. The slickwater pumping is simulated as a process of water injection. The simulation is
initialized by continuously injecting water for 1.5 h through the horizontal wellbore with a bottom-hole
flowing pressure of 55 MPa and following a well shut-in of 24 h.

Table 1. Model inputs of the reservoir, fracture, fluid and heat properties.

Parameter, Symbol Value Parameter, Symbol Value

Initial mean stress, σmi 52 MPa Initial porosity, ϕi
F, ϕi

f , ϕi
m 0.15, 0.015, 0.05

Initial reservoirpressure, pi 25 MPa Stress-dependent coefficient, ck
F, ck

f, ck
m 0.05, 0.12, 10−5 MPa−1

Reservoir temperature, T 323 K Initial water saturation, Swi
F, Swi

f, Swi
m 0.2, 0.2, 0.2

Poisson’s ratio, ν 0.2 Irreducible water saturation, Sw,irr
F, Sw,irr

f, Sw,irr
m 0.1, 0.2, 0.6

Water density, ρw 1000 kg/m3 Permeability, kF, kf, km 100 md, 10,000 nd, 100 nd
Water viscosity, ηw 0.8 mPa·s Injected water salinity, Cinj 1000 ppm

Water compressibility, cw 4 × 10−4 MPa−1 Biot coefficient, βF, βf, βm 0.76, 0.06, 0.18
Natural fracture density, nf 5 Initial salinity, Ci

F, Ci
f, Ci

m 1000, 10,000, 280,000 ppm
Membrane efficiency, λ 0.06 Volume proportion of source rock, Sk 0.1

Langmuir’s pressure, pL 5.8 MPa Ideal gas constant, R 8.314 J/(mol·K)
Rock density, ρr 2560 kg/m3 Langmuir’s volume, VL 3.32 × 10−3 m3/kg

Gas compressibility, cg 0.03 MPa−1 Gas density at standard condition, ρgsc 0.77 kg/m3

Gas viscosity, ηg 0.058 mPa·s Partial molar volume of water, Vw,m 18.02 × 10−6 m3/mol
Injected water temperature, Tf 288 K Partial molar entropy of water, Sw,m 69.91 J/(mol·K)

Heat capacity of rock, Cr 774 J/(kg·K) Heat capacity of fluid, Cw 4200 J/(kg·K)
Solid bulk modulus Kr 11.44 GPa Thermal diffusivity coefficient, De 1.6 × 10−6 m2/s
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6.2. Basecase Simulation Results

Figure 3 exhibitsthe evolution of pressure, temperature, saturation, and salinity profiles of the
hydraulic fracture from the beginning of slickwater injection to the end of the 24-h well shut-in.
The horizontal coordinate-axis X represents the location along the length of the hydraulic fracture.
The zero point of axis X represents the location of the wellbore, also the center of the hydraulic fracture.
It indicates that the pore pressure in hydraulic fractures increases quickly during the injection process,
as shown in Figure 3a. After 1.5-h injection, the pore pressure at the fracture toe has increased to
above 54.9 MPa from the initial 25 MPa. After the 24-h well shut-in, the pore pressure profile exhibits
a constant level of approximately 27.95 MPa, which indicates that the pressure equilibrium state in the
hydraulic fracture has been achieved. Figure 3b indicates that the temperature in the hydraulic fracture
decreases quickly during the injection process, but increases slowly during the well shut-in process.
As shown in Figure 3c, the saturation profile in the hydraulic fracture also increases quickly. After 1.5-h
injection, the water saturation profile has increased to above 0.92 from the initial value of 0.2. Later,
the water saturation profile decreases slowly. At the end of the 24-h shut-in, the water saturation in
the hydraulic fracture has shifted down to 0.84, suggesting that the water continues leaking into the
natural fractures. Figure 3d indicates that, during the injection process, the salinity profile keeps at
1000 ppm, because there is no salinity difference between the pumped water and the original water in
the hydraulic fractures. At the end of the 24-h well shut-in, the salinity in the hydraulic fracture has
increased to approximately 1065 ppm from the initial 1000 ppm.Energies 2017, 10, 1960 11 of 17 
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Figure 4 displays the dynamic simulation results of base case in the natural fracture. As shown
in Figure 4a, the pore pressure in the natural fracture increases quickly. After 1.5-h water injection,
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the pore pressure at the hydraulic-fracture face is increased to 48.4 MPa. During the well shut-in,
the pore pressure in the natural fracture continuously decreases. At the end of the 24-h shut-in,
the pore pressure at the fracture face decreases to 28.2 MPa but the pressure transient has been
reached to 4.9 m. Figure 4b indicates that the temperature in the near-hydraulic-fracture region
decreases quickly during the injection process, but increases slowly during the well shut-in process.
The thermal front after 24 h shut-in is approaching 2.8 m. Figure 4c,d indicates that, during the injection
process, the saturation profile increases gradually and the salinity profile decreases simultaneously,
suggesting that the water leak-off continues in the natural fracture. At the end of the injection,
a high-water-saturation and a low-salt-concentration region surrounding the hydraulic fracture are
created, respectively. The leak-off front of water is about 1.4 m away from the hydraulic fracture face.
The high-water-saturation region grows narrow after the 24-h shut-in, indicating that the leak-off
continues from the natural fractures into the matrix. Figure 5 exhibits the dynamic profiles of pressure,
temperature, saturation and salinity in the matrix. Similar flow patterns can be found but all the fronts
of pressure, temperature, saturation and salinity are greater than those in the natural fractures due to
the extra driven force of chemical and thermal osmosis.Energies 2017, 10, 1960 12 of 17 
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Figure 5. Results of base case in the matrix: (a) pore-pressure profiles; (b) temperature profiles; (c)
water-saturation profiles; and (d) salt-concentration profiles.

Figure 6 shows the comparison of water fluxes and accumulated fluxes between the three media.
As shown in Figure 6a, the water flux of W-F increases initially and then decreases gradually during
the water injection. The water flux of F-f begins to drop when it increases to some certain extent during
the water injection, and further drops quickly during the subsequent shut-in period. By contrast,
the water flux of f-m increases quickly during the water injection but decreases slowly during the
well shut-in. The accumulated fluxes of W-F, F-f and f-m are presented in Figure 6b. After 1.5 h of
water injection, the total injection volume of W-F is 17,089 m3, of which approximately 9209 m3 leaks
into f and 5900 m3 leaks into m. After the 24-h shut-in, the total leak-off ratio reaches 54.2% and
approximately 46.2% of injected water leaks into the matrix.
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6.3. Sensitivity Simulation and Analysis

To investigate the role of initial reservoir pressure (Pi), temperature (Ti), salinity of formation
brine (Ci

m) and natural-fracture density (nf) on water fluxes during the leak-off process of hydraulic
fracturing, four group sensitivity simulations have been carried out. One above-mentioned
independent variable is changed in each sensitivity simulation while keeping the other variables
consistent with the base case. The variation ranges of the four variables is determined according to
the geological and construction parameters in Marcellus shale gas basin in the United States [25,60].
The results of sensitivity simulation are listed in Table 2.

Table 2. Results of the sensitivity simulation.

Basecase Pi = 30 MPa Pi = 36 MPa Ti = 333 K Ti = 343 K Ci
m = 180,000 Ci

m = 18,000 nf = 1 nf = 30

QWF
w (m3) 17,089 12,317 7627 17,713 18,145 17,086 17,078 16,054 20,122

QF f
w (m3) 9209 6380 3662 9561 9814 9206 9199 8649 10,965

Q f m
w (m3) 5900 4086 2343 6194 6399 5878 5853 5542 6348

Results indicate that the increase of Pi from 25 MPa to 36 MPa causes the accumulated injection
volume from the wellbore to fracture, QWF

w , and the accumulated leak-off volume after the water
injection, Q f m

w , to significantly decrease. That indicates the reservoir with higher Pi needs higher
injection pressure to maintain the injection volume for hydraulic fracturing, although it contributes
to reduce the water leak-off. Ti increasing from 323 K to 343 K makes the accumulated injection and
leak-off volumes evidently increase. That indicates the reservoir with higher Ti can contribute to the
well injection capacity, but unfortunately it can aggravate the water leak-off as well. Ci

m decreasing
from 280,000 to 18,000, has non-negligible influence on the injection volume, although it shows obvious
influence on the leak-off volume to the matrix. Natural-fracture density increasing from 1 to 30,
makes the accumulated injection volume increase by 4068 m3, while the accumulated leak-off volume
increases by only 806 m3. That indicates the value of nf causes less influence on the leak-off volume,
but it has a significant influence on the injection volume. Thereafter, for the shale reservoirs with
high natural-fracture density, there will be a large amount of injected water storing in dilated natural
fractures during the hydraulic fracturing, rather than leaking into the matrix.

7. Limitations of the Work

To investigate the influences of hydraulic pressure, natural-fracture dilation, chemical osmosis
and thermal osmosis on the leak-off behavior of water during the hydraulic fracturing, coupled
thermo-hydro-mechanical-chemical modeling and simulation have been performed. Such work
provides an intuitive information of the influence weight of each driving force under given reservoir
and fluid conditions. However, there are some limitations of the work. The effect of clay swelling is
not considered in this work, although some clays (e.g., smectite) in shale easily swells when in contact
with water, and we believe this phenomenon may affect the water leak-off. Precise modeling of various
physicochemical phenomena during the treatment of hydraulic fracturing with our leak-off model is
considered seriously and will be an important future work.

Besides, it is undeniable that lacking of the model validation with experimental data is another
important limitation in this work. Since there are extensive experimental data recently published in
the literature, core-scale modeling and simulation of water distribution in the process of leak-off with
real experimental data are currently under consideration and will be reported in the future work.

8. Conclusions

In this paper, a coupled THMC leak-off model is presented considering the phenomena of
natural-fracture dilation, chemical osmosis and thermal osmosis during the leak-off process of
hydraulic fracturing. Numerical simulation and sensitivity analysis of water leak-off from a multistage
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fractured horizontal well in a shale gas reservoir are also carried out with THMC model. The main
conclusions are as follows:

(1) During the 1.5 h of fracturing-fluid pumping, water has been leaking from hydraulic fractures
to the natural fractures and the matrix, and, during the well shut-in, the leak-off continues.
The thermal-osmotic and chemical-osmotic pressures, which are positive driven forces besides
the hydraulic pressure difference during the pumping and well shut-in, have aggravated the
water leak-off. A multi-field coupled invasion region surrounding the hydraulic fractures in
natural fractures and the matrix is created, respectively, during the slickwater injection due to the
leak-off mechanism.

(2) After 1.5 h of water injection, the total injection volume from the wellbore to hydraulic fractures
is 17,089 m3, of which approximately 9209 m3 leaks into natural fractures and 5900 m3 leaks into
the matrix. After the 24-h shut-in, the total leak-off ratio reaches 54.2% and approximately 46.2%
of injected water leaks into the matrix.

(3) The four dominating phenomena, i.e., hydraulic pressure, natural-fracture density,
chemical osmosis and thermal osmosis, show various influences on fracturing-fluid
leak-off. Among them, the hydraulic pressure has the greatest effect, followed by the
temperature-difference-induced thermal osmosis and the salt-concentration-difference-induced
chemical osmosis. The natural-fracture density is the weakest factor to the water leak-off under
this simulation condition, however, its dilation during the hydraulic fracturing can lead to an extra
large amount of injected water, which will be stored inside rather than leaked into the matrix.

(4) Results from this study provide a better understanding of the fluid and heat transport mechanism
of water-based fracturing-fluids in shale gas reservoirs. We can infer that a shale gas reservoir
with low pressure, high temperature, high salinity and high natural-fracture density is highly
absorbent, which leads to the high injection capacity and high leak-off volume.
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