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Abstract

Unconventional hydrocarbon reserves contained in oil and gas shale formations are proving them-

selves to be abundant sources of current and future energy supply, unlocked through the technologies

of horizontal drilling and hydraulic fracturing. Despite the various technology improvements that

have buoyed the "shale revolution" in the last decade, there remain very significant opportunities to

further improve hydrocarbon recovery from shales by making hydraulic fracturing more efficient. In

this paper, we look into the possibility of stimulating a rock matrix to a higher degree with hydraulic

fractures by deliberately cooling down the rock. Cooling reduces in-situ thermal stress, which lowers

initiation and propagation pressures of hydraulic fractures. Moreover, when a laterally confined

solid undergoes temperature reduction induced by cooling, a thermal stress gradient is developed

in the solid body. We perform sensitivity analyses to show that in an in-homogenous shale, this

thermal stress gradient can lead to differential contraction of its various mineralogical constituents,

which in turn may create thermal cracks. The opening of such cracks increases shale permeabil-

ity and provides additional pathways for the flow of hydrocarbons, thereby enhancing productivity.

Here, we solve the coupled equations of stress, heat transfer and flow using finite element techniques

for hydraulic stimulation amplified by cooling. It is shown that thermal cracks in tight formations

induced by thermal cooling have the potential to improve the productivity of horizontal wellbores

placed in shale by an estimated 16% for the case of methane gas flow through thermally stimulated

shale of micro-darcy permeability.

Keywords: Thermal Stimulation, Thermal Rock Fracturing, Cohesive zone method (CZM),

Hydraulic Fracturing, Response Surface Methodology, Central Composite Design
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1. Introduction

Shale oil and gas reservoirs are abundant, not only in Northern America but in various places

around the globe, (Selley, 2012; J.R.V. Brooks, 2001; Swann and Munns, 2003; Horsrud et al., 1998).

These reservoirs will play a progressively increasing role in meeting current and future energy needs.

Successful production of oil and gas from shales with nano-Darcy range permeability is only pos-5

sible through large-scale hydraulic fracturing (Peebles, 1980; Donohue et al., 1981; Zielinski and

McIver, 1981; Zou et al., 2010; Chen et al., 2011; Huang et al., 2012) to create extensive surface area

and enhance permeability to facilitate hydrocarbon flow. With current state-of-the-art technology,

only 5-15% of the hydrocarbons in place can be produced during primary recovery (Lake, 1989).

Ways of improving hydraulic fracturing efficiency and hydrocarbon recovery are continuously being10

explored, however, from straightforward manipulation of hydraulic pressure and injection flow rate,

changing well and frac spacings, increasing proppant loading, etc., to more elaborate techniques that

for instance aim to favorably manipulate in-situ stress contrasts, (Patel et al., 2016; Sierra et al.,

2014; Settari and Warren, 1994; Chen et al., 1995; Wojnarowski and Rewis, 2005; Dunn-Norman

et al., 2009). In this paper, it is shown that hydraulic fracturing can be enhanced by cooling down15

the wellbore and the fracture surfaces, i.e. augmenting hydraulic fracturing with thermo-mechanical

(TM) fracturing. Heat diffuses relatively easily in shales. Cooling of shales in the near-wellbore

region and along the fracture surfaces can be readily accomplished, and will generate significant

tensile stresses in the rock matrix. This may trigger local rock failure and the generation of thermal

cracks, since shales are generally weak in tension (Gao et al., 2015). In turn, the thermal cracks20

will create new surface area and enhance permeability for hydrocarbon flow. It is a well known fact

that injection of cold fluid into reservoir rock leads to thermal cracking. This has been observed in

the injection of CO2 for sequestration purposes and in research studies of thermal loading on rock

properties (Kim and Kemeny, 2009; Keaney et al., 2004; Enayatpour et al., 2018). It has also been

observed in drilling that circulating cool drilling fluid across downhole formations leads to a low-25

ering of the near-wellbore tangential stress, with associated induced fracturing and lost circulation

events (Hettema et al., 2004).

From a practical perspective, there are two ways in which the wellbore and hydraulic fracture(s)

could be effectively cooled:30

• Cooling down the wellbore prior to or after perforating and prior to hydraulic fracturing. This

will generate thermal cracks primarily in the near-wellbore region, i.e., the region that has

been effectively cooled and where temperature is effectively lowered compared to native in-

situ values. Such cooling could be achieved by circulating as simple a fluid as chilled water
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downhole, or by using more exotic options such as liquid CO2. Note that the effect of such35

cooling on the well design, particularly the stress state of the casing and the surrounding

cementation, needs to be explicitly addressed.

• Cooling down the fracture itself by injecting a cold fluid as part of the hydraulic fracturing

job. Again, this fluid could simply be chilled water or more exotic cold fracturing fluids (such

as CO2, LPG, etc.). There also may exist an innovative way to amplify the cooling of a40

fracture by using an endothermic reaction taking place in the hydraulic fracturing fluid itself.

An endothermic reaction is a reaction that absorbs heat from the surrounding environment in

order to achieve an increase in entropy (∆S). Such a reaction leads to a lower Gibbs free energy

(∆G), even if the enthalpy of the reaction products (∆H) is higher. Of course, cooling effects

already play a role in making current hydraulic fractures more effective. In current slick water45

fracs, large amounts of relatively cool water are injected into downhole fractures, which will

cool down the wellbore and the fractures themselves, leading to lower in-situ thermal stress and

induced thermal fracturing. Our argument here is to deliberately amplify this cooling effect by

cooling down the wellbore and the fracture(s) more than is currently already (unknowingly)

achieved.50

2. Theory

2.1. General

The following rock mechanical parameters and factors play a major role in thermal fracturing /

cracking induced by cooling:

• The stiffness of the rock as characterized by its Young’s Modulus (E) and Poisson’s Ratio (ν),55

which directly affect the magnitude and facility of thermal fracturing, as discussed below. Some

shales are extremely stiff, others less so. An example of a very stiff shale is the Qiongzhush

Shale in China with a modulus of elasticity of 60 GPa, which is an order of magnitude larger

than that of the Marcellus shale with a modulus of elasticity of only 6 GPa (Lau and Yu,

2013).60

• The coefficient of thermal expansion α, which directly affects the ease and extent of thermal

crack initiation.

• The applied temperature gradient for cooling the rock, having a direct effect on crack initiation

and propagation.

3
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• Lateral confinement of rock. The lateral boundary plays an important role: the more the rock65

is confined, the less compliance it will exhibit to an applied thermal cooling load, leading to

easier crack initiation and propagation.

• The thermal conductivity of the rock, which affects the dynamics of heat diffusion in the rock

and the extent around either the wellbore or the fracture surfaces where efficient cooling takes

place. Moreover, a progression of cracks reduces the thermal conductivity coefficient of the70

bulk rock.

• Rock tensile strength and fracture toughness, which affect the level of resistance of material to

brittle rupture. The lower the fracture toughness, the more brittle the fracture will be, with

less energy required for rupturing the rock.

• The magnitude of the effective in-situ stress, particularly the effective stress, parallel to the75

primary hydraulic fracture. This effective in-situ stress will typically be the maximum effec-

tive horizontal stress, against which thermal cracks will open perpendicular to the primary

hydraulic fracture, as discussed below.

• The presence of natural fractures and the degree to which thermal fractures can aid in linking

up the hydraulic fracture with the network of natural fractures.80

The facility of thermally enhanced fracturing is directly proportional to Young’s Modulus and

coefficient of thermal expansion, and inversely proportional to the tensile strength/fracture tough-

ness of the rock and the maximum effective horizontal stress magnitude. In the work discussed here,

we impose thermal shrinkage on a shale rock formation with certain elastic and thermal properties

which is laterally confined. An equilibrium approach to fracturing is taken, i.e., we are not con-85

cerned with how fast a fracture propagates in time, but rather to what extent a low-permeability

shale rock develops thermal cracks in response to an applied thermal cooling load. We then estimate

the permeability improvement, ultimately yielding an improvement in hydrocarbon recovery which

results from the appearance of these thermal cracks.

90

2.2. Effect of Cooling on Fracture Initiation and Propagation

In hydraulic fracturing, hydraulic pressure is used to overcome the in-situ formation stress (and

formation tensile strength, which usually only plays a minor role) to create massive fracture net-

works to stimulate the production of hydrocarbons in tight rocks such as shales and tight sands.95
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The in-situ stress is a function of formation temperature – the higher the temperature, the higher

the in-situ stress, but the reverse is true also: the lower the temperature, the lower the in-situ stress

and the easier it becomes to fracture. Here, it is proposed to manipulate the formation temperature

during the hydraulic fracturing process actively. More precisely, in-situ formation temperature is

actively lowered prior to and/or during hydraulic fracturing, in turn lowering the in-situ formation100

stress and in turn lowering the threshold for fracture initiation and propagation. Thereby, the same

hydraulic fracture may be pumped at lower hydraulic pressure and pump horsepower. Similarly, for

the same pump hydraulic horsepower larger volumes and rates of fracturing fluid can be pumped,

leading to larger and more extensive fracture networks in a formation that has been actively cooled.

105

The effect of temperature on the wellbore wall is time-dependent, such that the longer the rock

is in contact with the wellbore fluid, the further away from the hole the temperature perturbation

will propagate. In a simplified approach, one can assume that the material is impermeable (a rea-

sonable assumption for ultra-low permeability materials such as shales). In this case, a relatively

simple integral equation can be written for the magnitude of ∆σ∆T
θθ , the variation of the tangential110

stress around the wellbore as a function of radial position r and time t due to temperature effects

(Stephens and Voight (1982)). Although the exact solution for the temperature distribution near

a constant-temperature wellbore is a series expansion, solutions exist which approximate the tem-

perature in the near wellbore region using only the first two terms of the expansion as shown in

Equation (1), (Ritchie and Sakakura, 1956):115

∆σ∆T
θθ =

[
αE∆T

1− ν

] [(
1

2ρ
− 1

2
− lnρ

)
I−1
0 −

(
1

2
+

1

2ρ

)]
(1)

where: ρ = r
a ; I

−1
0 = 1

2πi

∫ 0

−∞
e[4τz/σ2]

z

zlnz

Once steady state has been reached, the change of the tangential stress around the wellbore is120

given by Equation (2), (Charlez, 1991, 1997):

∆σ∆T
θθ =

[
αE∆T

1− ν

]
(2)

Where α is the linear coefficient of thermal expansion, E and ν are the static Young’s Modulus

and the Poisson’s Ratio of the rock respectively, and ∆T is the temperature difference between the125
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borehole fluid and the in-situ formation (note that ∆T is negative if the fluid in the borehole is cooler

than the formation temperature). For a horizontal wellbore drilled in the direction of minimum hor-

izontal stress, the minimum tangential stress around the wellbore is now given by Equation (3):

130

σθθ = SHmax + SV − 2(SHmax + SV )cos(2θ)− 2Ppore − Pwellbore + ∆σ∆T
θθ (3)

Cooling of the wellbore (i.e., negative values of ∆T and ∆σ∆T
θθ ) reduces the value of the tangential

stress σθθ around the wellbore, thus lowering the threshold for placing the wellbore in a state of

effective tension and lowering the threshold for hydraulic fracture initiation. It will also lower the

value of Shmin, the minimum horizontal stress. For a rock that is effectively cooled, this will reduce

the fracture propagation pressure. The fact that cooling leads to reduction of fracture initiation135

and propagation pressure is well-known from deepwater drilling operation, where circulating cold

drilling fluid across downhole formations triggers induced tensile wellbore fracturing and associated

mud losses, see e.g., (Gonzalez et al., 2004; Algu et al., 2007; Hettema et al., 2018).

2.3. Thermal Cracks

The beneficial effect of cooling for hydraulic fracturing may not be limited to fracture initia-140

tion and propagation pressure reduction. Cooling may also induce a large number of small thermal

cracks perpendicular to a hydraulic fracture. Figure 1 shows thermal cracks of depth d perpendicu-

lar to a hydraulic fracture in a horizontal wellbore in a tight formation such as a shale. Hydraulic

fractures tend to grow normal to the minimum horizontal stress, Shmin. When cold fluid is in-

jected into a fracture, heat diffusion will cool the fracture surfaces, cooling down the zone directly145

neighboring the fracture. The confined rock will now shrink parallel to the hydraulic fracture length,

causing thermal cracks to occur with depth d along the x-axis, with spacing distance b, and width tf .

Figure 1 shows that these thermal cracks will have to open against the maximum in-situ horizontal

stress SHmax. These thermal cracks therefore generally do not extend too far from the hydraulic150

fracture face. Hence, we will approximate them as straight fractures. Moreover, we will assume that

their presence does not influence heat transfer in the x-direction.

6
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f

Figure 1: Thermal fractures created perpendicular to a hydraulic fracture.

Thermal fracturing studies on ceramic and glass by H.A. Bahr (1986); Bahr et al. (2010) indicate

that the average spacing of a thermal crack is expected to be roughly proportional to its length, i.e.,

b ∝ d. For illustration purposes, Figure 2.a shows the thermal shock crack pattern on a glass ceramic155

slab. Faces A and C were quenched at ∆T = 300K in water and face B was kept thermally isolated.

The two faces A and B serve as boundary conditions and heat transfer through the interfaces between

face B and the other two faces create thermal cracks. It can be observed that the length of cracks d

and their spacing b are roughly proportional, i.e., the smaller the cracks, the shorter apart they are

and the larger the cracks, the further apart they are (Figure 2.b). We make use of this observation160

to estimate values of b and t for thermal cracks in shale. This proportionality of fracture length and

spacing is called self-similarity. A self-similar object is the object which approximately or exactly

follows part of its pattern. Many experimental results including the research conducted by Bahr

et al. (2010); Bahr and Weiss (1986) as shown in Figure 3 confirm that the length of thermal crack

growth from a half space such as fractures created on the walls of a hydraulic fracture is an example165

of self-similarity (Allain and Limat, 1995; Boeck et al., 1999; Hull and Caddock, 1999; Dufresne et al.,

2003). In other words, the length of thermal cracks due to thermally induced rock contraction is

proportional to the distance between the two consecutive fractures. Tarasovs and Ghassemi (2014a)

studied the propagation and interaction of an initial array of 100-200 small cracks of length d and

spacing b. They applied the thermal load at the faces of the cracks. Using simulation, they showed170

that when some of the initial cracks stop after several crack increments, the resulting crack pattern

does not depend on the initial geometry, and that crack length versus spacing follows a power-law

scaling.

The material properties reported for ceramic tested by Bahr et al. (2010) are: Fracture toughness,

7
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KIC = 1.89 MPa
√
m; coefficient of thermal expansion, α = 1.15× 10−5 K−1; and Young’s modulus,175

E = 60 GPa. The characteristic length scale of such thermal cracks induced by thermal shock is

discussed by Tarasovs and Ghassemi (2014b). Note that these properties compare well with those

of stiff shales; hence, we expect to see a similar pattern of thermal cracks in such shales.

(a)

(b)

Figure 2: Thermal shock crack pattern on a glass ceramic slab (Bahr et al. (2010)). (a) Faces A and C were quenched

at ∆T = 300 K in water while faces B were kept thermally isolated, (b) self-similarity of crack length and spacing.

To get an insight into the efficiency of thermal crack creation during hydraulic fracturing, we nu-

merically solve the 1D heat conduction equation in a semi-infinite solid medium shown in Figure 3.180

The results are then compared to an analytical heat diffusion solution. We assume that the diffusion

of heat from the reservoir rock to the cold fracturing fluid is conducted along the x axis, and that

the fracture side (half-space) is an infinite medium.

8
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Figure 3: Thermal fracture front changes with time along x axis.

The closed-form solution of the problem shown in Figure 3, is given by Incropera and DeWitt

(1990) as:185

T (x, t)− Ts
Ti − Ts

= erf
(

x

2
√
Dt

)
(4)

Where “erf” in Equation (4) is the error function defined as:

erf(u) =
2√
π

∫ u

0

exp(−t2)dt (5)

Table 1 lists the properties used for both analytical and numerical simulations.

9
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Parameter Units

Young’s Modulus, E 50 GPa

Thermal expansion coefficient, α 1× 10−5 K−1

Poisson’s ratio, ν 0.22

Minimum horizontal stress, Shmin 2000 psi

Maximum horizontal stress, SHmax 3000 psi

Reservoir temperature, Ti 125◦C

Fracturing fluid temperature, Ts 30◦C

Thermal conductivity, k 2 W
mK

Mass density of rock, ρ 2300 kg
m3

Specific heat, C 1380 J
kgK

Thermal diffusivity, D a0.63× 10−6 m2/s

Simulation time 1 day

Table 1: Material properties and external paprameters used for the solution of the thermal crack development problem

described in the text.

aThermal diffusivity is calculated as: D = k/(ρC)

The distribution of temperature along the x direction as a function of time is shown in Figure 5. It can be190

seen that the initial temperature in the rock is equal to the reservoir temperature Ti. As the time goes on,

temperature decreases and the rock cools down. The temperature at the hydraulic fracture wall is kept at a

constant value of Ts. In order for the thermal cracks to initiate, the reservoir rock has to undergo a sufficient

amount of contraction. Knowing that the thermal cracks open against the maximum in-situ stress SHmax,

we will first have to determine the critical temperature change ∆Tc for cracks to initiate, as follows.195

The thermal strain is proportional to the coefficient of thermal expansion and the change of temperature,

i.e.,

εthermal = α∆T (6)

The deformation of shale is assumed to be linear elastic and the failure is assumed to be brittle. The

component of the normal stress in a linearly elastic material is calculated as:200

σthermal = Eεthermal = Eα∆T (7)

10
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The thermal stress at any point x in our 1D semi-infinite heat conduction problem is then given by:

σ(x, t) = Eα[Ti − T (x, t)] (8)

Equation (8) is written for a plane stress condition. For a plane strain condition, it should be modified to

become:

σ(x, t) = E(1 + ν)α[Ti − T (x, t)] (9)

When the stress in Equation (9) exceeds the maximum in-situ stress SHmax, thermal cracks will develop.

Therefore, we can write the following condition for the initiation of thermal cracks in a plane strain approx-

imation:205

E(1 + ν)α[Ti − T (x, t)] > SHmax (10)

and the critical temperature used for cooling down and initiation of thermal cracks, which is equal to

Ti − T (x, t), can be calculated as

∆Tc >
SHmax

E(1 + ν)α
(11)

It can be seen from Equation (11) and graphically in Figure 4 that the critical temperature reduction

is proportional to the in-situ stress, i.e., reservoirs at larger true vertical depth will be harder to thermally

fracture. Also, the critical temperature reduction is inversely proportional to the Young’s modulus of rock.210

In other words, the stiffer the rock, the easier it is to fracture it by a thermal shock. We use a range of 5 to

100 GPa for Young’s modulus of shales and calculate the critical temperature reduction for various in-situ

stresses ranging from 50 to 3000 psi. Poisson’s ratio is taken to be 0.25 and the thermal expansion coefficient

is taken 1 × 10−5 1
◦K . We can observe that for less stiff shales with Young’s modulus of about 5 GPa, a

considerable reduction of temperature is required to reverse the effect of compressive stress and fail the rock215

in tension. Stiff shales, on the other hand, require only modest temperature reduction, as expected.

11
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Figure 4: The impact of Young’s modulus and in-Situ stress on critical temperature reduction required to initiate

thermal fractures.

The critical cool down temperature ∆Tc is also shown in Figure 5. For the case described in Table 1, its

critical cooling value is around 35 degrees Celsius. As the cooling front moves out into the rock formation

over time, this critical cool down temperature is reached at locations that are progressively deeper into the

rock formation, extending the thermal crack. Note that these cracks not only create additional permeability,220

but could themselves serve either as fracture initiation points or seeds to better link up the induced hydraulic

fracture with in-situ natural fracture networks.

12
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Figure 5: Distribution of temperature in 1D along the x-direction as a function of temperature.

The length of a thermal crack plays a significant role in calculation of the stress intensity factor KI . To

evaluate the extension of thermal fractures with time, we manipulate Equation (4) to obtain the following

expression for Ti − T (x, t) as:225

Ti − T (x, t) =

[
(Ti − Ts)erfc

(
x

2
√
Dt

)]
(12)

The function “erfc” in Equation (12), is the complementary error function and is defined as:

erfc(u) = 1− erf(u) =
2√
π

∫ ∞
u

exp(−t2)dt (13)

Inserting [Ti − T (x, t)] from Equation (12) into Equation (10) and changing the inequality sign to the equality

sign for the onset of crack initiation, we obtain:

E(1 + ν)α

[
(Ti − Ts)erfc

(
d

2
√
Dt

)]
= SHmax (14)

Note that x, the coordinate of crack tip is replaced with d, the thermal crack length. Solving Equation (14)

for d, we obtain:

d = (2
√
Dt)erfc−1

[
SHmax

E(1 + ν)α(Ti − Ts)

]
(15)

2.4. Effect of Pore Pressure

Finally, we consider the influence of pore pressure. Volumetric rock stimulation can be achieved through

pore pressure increase. Increasing pore pressure is an efficient way to break the rock matrix bonds by reduc-

13
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ing effective stresses and triggering local tensile stress failure. This method works best for highly permeable230

rocks such as sandstones, in which pore pressure can be quickly raised. For impermeable rocks such as

shale, however, pore pressure diffusion is slow; in fact, it is slower than thermal diffusion. Therefore, it is

not easy to break such impermeable rocks by pore pressure increase. Note that the tensile failure achieved

in hydraulic fracturing is achieved by applying pressure as an external tensile load, not an internal pore

pressure load leading to tensile stresses in the rock matrix. The inability to induce tensile stresses in a235

timely manner in tight shale formation by pore pressure increase leads us to explore other possibilities to

induce tensile failure, such as offered by cooling / freezing of the rock. Note that in the following analyses,

we have not yet considered the secondary effects of temperature directly on pore pressure; this will have to

be addressed in future work.

240

3. Modeling Approach

3.1. Validation: Heat Diffusion at Fracture Wall

To investigate the effect of heat diffusion at the fracture wall and validate our simulation results, we

first solve a 1-D heat diffusion problem numerically and compare the result with an analytical solution. Our245

validation model is a 2-D geometry of a 10 m by 3 m rectangle with a small notch created on the lower side

of the rectangular domain to represent the hydraulic fracture wall. The geometry, mesh, and the contour

plot of temperature distribution are shown in Figure 6. For accurate results of heat flux in the vicinity

of the fracture wall, a high density mesh is created along the fracture geometry. The initial temperature

of reservoir rock is set at 125◦C and the imposed temperature boundary at the fracture wall is 30◦C. We250

perform a transient coupled analysis to study the temporal variation of heat diffusion and heat flux in the

domain. Since the deformation along the x-direction does not affect the heat diffusion in that direction, the

boundaries for the force equilibrium equation are fixed. It can be seen in Figure 6 that the rock cools down

gradually as we go farther away from the face of the hydraulic fracture. To study quantitatively how much

rock volume is affected by thermal shock, we need to find the depth at which temperature has decreased by255

the critical value ∆Tc. The calculation of impacted depth is presented in Figure 5, where it is shown that

the coordinate x at the intersection of the temperature profiles and the horizontal dashed line is the locus

of points where the temperature has dropped by Ti −∆Tc.
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x

Fracture wall

Figure 6: The numerical solution of rock fracture cool down and temperature distribution.

To validate the numerical model, we first compare the numerical result with the closed-form analytical

solution we derived in Equation (12). It can be seen in Figure 7 that numerical simulation of this coupled260

heat transfer process in rock is in good agreement with the analytical or closed-form solution.
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Figure 7: The comparison between analytical (Equation (4), Incropera and DeWitt (1990)) and Finite Element

solution of temperature distribution in 1D.

Figure 8a shows the temperature distribution normal to fracture wall for a simulation time of one day.

It can be observed that thermal cooling is effective within 2 feet (0.6 m) away from fracture wall. It should

be noted that the jump of temperature (also knows as temperature overshoot) at initial stages is an artifact

of numerical method and can not be eliminated. Figure 8b shows the heat flux distribution normal to the265
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fracture wall. It can be seen that heat flux initially starts at a high value of 1400 W/m2 and quickly reduces

over time. This high value at the initiation of the rock cooling process highlights the initial thermal shock

impact.

(a)

x

Heat flux reduction
over time

(b)

x

Figure 8: (a) Temperature distribution normal to fracture wall, (b) heat flux distribution normal to fracture wall.

Now that the numerical model is validated and the temperature and heat flux evolutions over time are

studied, we can extend our simulation to the case of a wellbore temperature reduction and study the impact270

of thermal load on tensile and shear stresses in the near–wellbore zone.
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3.2. Wellbore Model Description

Figure 9 shows the 3D finite element model used to study the problem of heat transfer in a horizontal

wellbore. The wellbore radius in this case is 6 inches and the reservoir domain is a rectangular block of rock

200 ft×200 ft×1000 ft. Initial reservoir conditions of 1000 psi pressure and 100◦C temperature are used.275

To eliminate the effect of boundaries, the well is placed at the center of a 200 ft by 200 ft rock volume, as

shown in Figure 9b. The model domain is fixed on the block surfaces normal to the wellbore surface. Using

the boundary condition we have imposed, the wellbore is able to deform radially in response to thermal and

mechanical loads. We perform a multi-step fully coupled TM analysis. In the first step of the simulation, the

initial conditions, including initial formation pressure and temperature, are activated. In the second step, a280

constant temperature of 0◦C is applied to wellbore internal surface, i.e., a differential temperature of 100◦C

is applied between the wellbore and formation. This generates the heat flux from the reservoir toward the

low-temperature wellbore surface. Since the rock is confined externally, it will not be able to deform freely

under this heat transfer process; hence, thermal stress gradients develop in the rock, leading to tensile cracks.

285

Horizontal Wellbore (r=6in)

200 ft

200 ft

...

Wellbore cool-down zone

1000 ft

(a) Geometry, 3D mesh and horizontal wellbore model

200 ft

200 ft

(b) 2D mesh for heat transfer analysis

Figure 9: Finite element model description for heat transfer analysis.

3.3. Quantifying the zone of effective cooling

The problem of heat transfer and tensile stress generation by cooling/ freezing of the rock is a coupled

TM problem. This problem requires solving the following set of coupled equations:

1. Equilibrium of forces:

−∇ · σ = F (16)

where F is the external force and σ is the total stress tensor. For elastic analysis, the effect of

temperature T as the coupling term in TM analysis can be expressed using Equation (17).
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σ = Dε = D(ε− εth) = D(ε− α(T − Tref)) (17)

where D is the elastic rigidity, ε is the mechanical strain, εth is the thermal strain, α is the coefficient

of thermal expansion, and Tref is the reference temperature.290

2. Heat transfer equation: In the absence of convection and source term, the heat transfer equation can

be expressed as:

ρCp
∂T

∂t
= ∇ · (k∇T ) (18)

For the reservoir thermal simulation, the parameters listed in Table 2 are used to quantify the extent of

the cooling zone around the wellbore.

Parameter English units SI units

Reservoir properties

Mass density of rock, ρ 0.08 lbm
in3 2300 kg

m3

Shale mechanical properties

Modulus of elasticity, E 15×106 psi 100 GPa

Poisson’s ratio, ν 0.3 0.3

Thermal expansion, β 9.7×10−6 1
◦K 9.7×10−6 1

◦K

Shale thermal properties

Conductivity, k 0.45 lbf in
s in ◦K 2 W

m◦K

Specific heat, C 5,500 lbf in
lbm ◦K 1380 J

kg◦K

Fluid properties

Hydraulic conductivity, K 39× 10−14 in
s 1× 10−14 m

s

Void ratio, e 1 1

Specific weight, ρg 0.04 lbf
in3 9,806 N

m3

Table 2: Model properties for 3-D coupled TM analysis.

The temperature distribution for three instances of time (at initial stage, 1800 sec and 7200 sec) are
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shown in Figure 10.a. As described earlier, due to the large heat flux at the start of cooling operation, a

major portion of the heat energy is transferred quickly from the hot reservoir rock to the cold wellbore zone.295

This slows down after about 30 minutes to one hour. To withdraw more heat energy from the reservoir, cold

fluid must be injected for longer periods of time. The affected cooling zone for the condition of material

properties used in the case shown is one foot from the wellbore; however, the extent of this zone depends

on the thermal conductivity of the rock. Note that this result was obtained for a lowest possible value for

thermal conductivity as a worst case scenario. For higher thermal conductivities, the cooling zone becomes300

extended for the same cooling conditions. This is studied in further detail in the sensitivity analysis section

of this paper. Figure 10.b shows that significant tensile stresses (radial tensile stress around the wellbore)

develop in response to the induced cooling / freezing effects. Tension in Figure 10.b is reflected by positive

stress values and compression is reflected by negative values. The results demonstrate that even if a large

zone of reservoir remains under compressive in-situ stress, the near-wellbore zone experiences significant305

tensile stresses.

t = 0 s 

(a) (b)

t = 0 s  

t = 1800 s  t = 1800 s  

t = 7200 s  
t = 7200 s  

Figure 10: a) Temperature distribution around the wellbore after t= 0, 1800, and 7200 seconds, b) Stress distribution

around the wellbore after t= 0, 1800, and 7200 seconds.

Due to cooling of the wellbore wall and the existence of rock lateral constraints, the reservoir rock in

the near-wellbore zone contracts and the wellbore continues to “bulge out” toward the reservoir. Figure 11

shows this deformation of the wellbore surface, which results in creation of radial tensile stresses in rock and

the development of thermal cracks.310
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Figure 11: Displacement vectors of wellbore wall in radial direction.

The analysis shown in Figure 11 was continued for longer simulation times to delineate the continued expan-

sion of the efficient cooling zone around the wellbore. The temperature distribution in the radial direction

with respect to the wellbore wall for 3 and 24 hours of analysis are plotted in Figure 12. The cooling zone

extends to approximately 2 feet after 3 hours and then extends to 6 feet after 24 hours. In field practice,

however, such long cooling periods may prove to be impractical and uneconomical, and other methods such315

as chemical manipulation of the fracturing fluid to generate an in-situ endothermic reaction with a cooling

effect may have to be incorporated (van Oort et al., 2018).

20



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Figure 12: Variation of temperature in the radial direction around the wellbore for a longer simulation time of 24

hours.
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3.4. Heterogeneity Impact on Production

Shales are mostly inorganic materials and inherently mechanically anisotropic, resulting in complexities320

that must be accounted for in numerical simulation of the rock fracturing process. Therefore, the thermo-

hydro-mechanical (THM) properties of shale including Young’s modulus of elasticity, compressive and tensile

strength, and permeability are primarily dependent on 1) heterogeneity and mineral composition of the rock,

2) spatial distribution of organic/inorganic constituents (Gao et al., 2015) and 3) spatial distribution of in-situ

fractures in shale. Clay minerals in shale enhance plastic deformations, which in turn reduces the brittleness325

of rock. Silica, on the other hand, increases the brittleness of rock and facilitates fracturing. Jia et al. (2018)

have performed numerical and experimental investigation of permeability in heterogeneous fractured tight

porous media. They performed gas flow through shale core plugs for several types of gas and investigated

the complex relationships between adsorption and permeability over a wide range of pressure. Jia et al.

(2017) also studied core plug heterogeneity effect on the flow behavior by flowing gas through core plugs and330

numerically modeled the effect of horizontal and vertical bedding of decreasing/increasing permeability value

on pressure decline over time. He modeled the extent of heterogeneity using a Dykstra-Parsons coefficient

(Vdp) ranging from 0.4 to 0.9 and concluded that the effective permeability ratio reduces to 11% and 18%

with the Dykstra-Parsons coefficient of 0.69 as determined from transient and steady state method. Authors

have focused on heterogeneity of strength and thermal properties in this paper. Our sensitivity analysis335

results in this paper show that rock fracturing is facilitated due to heterogeneity (Figure 17). In conclusion,

heterogeneity reduces permeability, but facilitates fracturing and promotes connectivity of thermal fractures

to in-situ fractures which enhances flow in porous media (Enayatpour et al., 2018).

3.5. Sensitivity Analysis of Rock Variability Parameters

In spite of all the complexities associated with distribution of material properties, fracture creation in340

shales benefits from stresses induced by disparate material properties such as variation in Young’s modulus

E, coefficient of thermal expansion α, specific heat C and thermal conductivity k between two neighboring

rock layers. Due to compatibility of strains in a continuous medium, the adjacent layers of rock of different

stiffness or thermal expansion coefficient will be subjected to similar strains, but different stresses. This

anisotropy-induced stress plays a significant role in the success of thermal fracturing in tight formations. To345

investigate the macro-scale effect of thermal loading (here, cooling down the rock) on anisotropy-induced

stress development, a finite element-based numerical model was created and deformation, shear stresses and

tensile stress at the rock layers interface were studied.

Figure 13 is the layout of problem geometry and the work-flow of our simulations. Figure 13.a shows two

rock blocks representing the two rock layers of different Young’s modulus E, coefficient of thermal expan-350

sion α, specific heat C and thermal conductivity k. The lateral constraint of rock is modeled using fixed

supports at the two ends of the rock blocks. The process of cooling down the hot reservoir rock from 100◦C

to 0◦C is performed using injection of a cold fracturing fluid. This is simulated by the thermal boundary

conditions imposed laterally to the external surfaces of the two rock layers representing hydraulic or in-situ
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fracture walls (Figure 13.b). As a result of heat loss from rock to cold fracturing fluid, the two rock layers355

contract laterally and undergo a thermal strain of magnitude α∆T . Due to different values for α, the top

layer in Figure 13.c exhibits twice as large a thermal strain as the bottom layer. This is reflected by the

total deformation vector plot in Figure 14.a and leads to 1) thermally induced shear stress at the interface,

Figure 14.c and 2) an interface separation in tangential direction, Figure 14.d.

360

The different induced thermal strains of the two blocks leads to sliding and tensile failures at the rock

interface, which in turn enhances the rock permeability. The shear and tensile stress effects at the interface

between the two layers are shown in Figure 14 (d and e), with shale parameters obtained from literature

(Horsrud et al. (1998); Ibanez and Kronenberg (1993); Ibanez (1993); Al-Bazali et al. (2008)). The Young’s

Modulus E ranges from 5 GPa (Hiroki, 2012) for soft shales (note that Josh et al. (2012) report a lower365

value of 1-3 GPa) up to 100 GPa (Zoback, 2007; Lau and Yu, 2013) for very stiff shales. The parameters

used in our simulation for rock sensitivity analysis are listed in Table 3.
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Parameter Values (SI units)

Upper block, thermal/mechanical rock properties

Mass density of rock, ρ 2300 kg
m3

Thermal conductivity, k 0.5, 1, 2 W
mK

Specific heat, C 1300, 1350, 1400 J
kgK

Modulus of elasticity, E 10, 50, 100 GPa

Poisson’s ratio, ν 0.25, 0.3

Thermal expansion, α <1.2, 1.5, 5, 10>×10−6 1
K

Initial temperature, T1 100 ◦C

Final temperature, T2 <0, 20, 40, 60, 80, 100> ◦C

Lower block, thermal/mechanical rock properties

Mass density of rock, ρ 2300 kg
m3

Thermal conductivity, k 1 W
m◦K

Specific heat, C 1350 J
kg◦K

Modulus of elasticity, E 10 GPa

Poisson’s ratio, ν 0.25

Thermal expansion, α 1.2×10−6 1
K

Initial temperature, T1 100 ◦C

Final temperature, T2 <0, 20, 40, 60, 80, 100> ◦C

Table 3: TM properties of the rock blocks for sensitivity analysis study.

The presence of organic and inorganic constituents in shale causes the material properties to exhibit a

wide range of variation, as mentioned earlier. To account for this, a wider range of specific heat, thermal

conductivity, Young’s modulus of elasticity and thermal expansion coefficient values is used to simulate the370

relevant properties of the upper rock block, as listed in Table 3, while the properties of the lower block are

kept constant. Various combinations of simulation cases are modeled and shear and tensile stress variations

are studied. The result of this sensitivity analysis is shown as a response surface plot, (Figure 13.f). The

mathematical formulation and discussion of response surface analysis are provided in the next section.
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(a) (b) (c)

(e)(d) (f)

Failure Modes
 

Sensitivity
 
Analysis

Figure 13: (a) Numerical model setup of thermally induced stress and deformation for two layers of rock with different

thermal and mechanical material properties, (b) cooling down the rock at the boundaries, (c) heat flux vectors through

rock boundaries, (d) shear stress induced at the interface, (e) tensile stress induced at the interface and (f) response

surface of combinations of input variations.

3.6. Sensitivity Analysis Results Discussion375

Figure 14 shows the coupled TM simulation results of thermally induced stress and deformation for a

model of two-layered rock with different thermal and mechanical material properties. It can be seen in vector

plots of Figure 14a and b that due to temperature reduction, the upper block exhibits larger contraction

with a maximum of 0.34 mm displacement at the corners. This results in shear stress development at the

interface, as shown in Figure 14c, leading to sliding between the two rock layers (Figure 14d).380
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(a)

(b)

(c) (d)

Figure 14: Coupled TM simulation results of thermally induced stress and deformation for a model of two-layered rock

with different thermal and mechanical material properties. (a) 3D deformation vector plot, (b) top-view deformation

vector plot, (c) shear stress at the interface of the two rock layers induced by differential lateral contraction of rock

layers, (d) interface sliding separation due to excessive shear stress.

Before we discuss the simulation cases in a single response surface plot, let us look at the lateral con-

traction and interfacial tensile stress versus temperature gradients varying from 0 ◦C to 100 ◦C, for three

stiffness ratios E2/E1 of 1, 5 and 10 to highlight the power of a TM response surface plot. Figure 15 shows

the lateral displacement or contraction of rock for five temperature reduction values of 20, 40, 60, 80 and 100
◦C respectively when the original reservoir rock temperature is set at 100 ◦C. The maximum contraction or385

possibility of rock shear failure occurs at a temperature gradient of 100 ◦C and a rock stiffness ratio of 10.

This result is in agreement with Equation (11) and confirms that brittle rocks are more prone to thermal
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failure.

Figure 15: Variation of reservoir rock lateral contraction under temperature reduction values of 0 ◦C to 100 ◦C for

various stiffness ratios of 1, 5 and 10.

Figure 16 shows the variation of the interfacial tensile stress of rock due to cooling down the rock

at five temperature reduction values of 20, 40, 60, 80 and 100 ◦C. The fixed boundary condition (i.e.,390

no displacement boundary condition) is used in all cases at the top/bottom of the model.Similar to the

previous plot, the stiffness ratio values are 1, 5 and 10. The plot of Figure 16 demonstrates the ease of

tensile fracturing in shale as a result of cooling down the reservoir rock.
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Zone of rock tensile
failure normal to the 
interface of two layers

Figure 16: Variation of tensile stress normal to shale layers interface under temperature reduction values of 0 ◦C to

100 ◦C for various stiffness ratios of 1, 5 and 10.

The results shown in Figures 15 and 16 appear to be linear with respect to rock stiffness variations. In

general, this is not always the case due to the complex interplay between rock toughness and temperature395

reduction level. In addition, this highlights the necessity of a response surface study whereby a more compli-

cated non-linear multi-dimensional input/output relation is constructed when all inputs vary simultaneously.

Figure 17 shows the variation of tensile force at the interface when all parameters including Young’s

modulus E, coefficient of thermal expansion α, specific heat C and thermal conductivity k, vary at the same400

time. Since it is not possible to show more than two inputs on the RS plot, we have limited are presentation

of results to maximum two inputs of highest correlation factors. These are: 1) the Young’s modulus E

and 2) the temperature gradient ∆T . The two horizontal axes reflect temperature gradient and the upper

block rock stiffness (when the stiffness of the lower block is maintained at 10 GPa). The surface plot shows

the sensitivity of the result (here, tensile force) with respect to changes of all input parameters. It can405

be seen that at all values of rock stiffness ratio, the response of tensile force to temperature reduction is

linear. However, at a given temperature gradient, the response of tensile force to changes of stiffness ratio is

nonlinear as shown in Figure 17. Calculating the maximum tensile stress of rock due to the force of 2.4×105

N (54,000 lbf) from sensitivity analysis, over the 1 ft by 1 ft rock interface area, we obtain a tensile stress of

2.6× 106 Pa (375 psi). The results presented in Figures 16 and 17 show that the tensile stresses developed410

during the cooling process are one to two orders of magnitude larger than the tensile strength of shale (i.e.,
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2.76 × 104 Pa (4 psi) normal to the bedding plane or layers interface Gao et al. (2015)) and reflects the

potential and relative ease of shale thermal fracturing.
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Figure 17: Response surface plot of tensile force normal to shale layers interface when all parameters including Young’s

modulus E, coefficient of thermal expansion α, specific heat C and thermal conductivity k, vary simultaneously.

4. Permeability Estimate

The most important parameter in porous media flow simulation is permeability. Estimates of permeabil-415

ity using analytical methods rely on fracture opening; however, many complexities including: in-situ stress,

crack geometry, rock grain size and lithology, tortuosity, and fracture surface damage affect the field value

of permeability. There have been a number of experimental investigations into the effect of parameters such

as grain size and in-situ stress on permeability. Chen et al. (2000) showed that fracture permeability is

enhanced by shear dilation as a result of shear displacement, even at high normal stress values. Recent obser-420

vation of samples taken from previously stimulated rock volumes of the Eagle Ford shale following hydraulic

stimulation shows the existence of a great number of open but un-propped fractures, (Raterman et al.,

2017). As studied by Chen et al. (2000), proppant-free hydraulic fractures can greatly enhance permeability
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in tight formations. Creation of small gaps in tight formations has a significant impact on the conductivity

of such formations to gas flow in particular. The values of gaps we have previously obtained from CZM425

simulations indicate that thermal fracturing has the potential to meaningfully improve the recovery in tight

formations (Enayatpour et al., 2018). The existence of open un-propped fractures as shown by Raterman

et al. (2017) increases the significance of thermal fractures because they can stay open and contribute to

permeability enhancement even when remaining un-propped.

Accurate rock permeability measurement requires field or laboratory measurements. In the absence of

these, a simple analytical calculation of thermally induced fracturing is used to show the efficiency of thermal

fracturing. Figure 18 shows a configuration of two perpendicular thermal fractures in a block of rock with

dimensions 1ft×1ft×1ft. Based on our simulation data and results, the permeability of reservoir rock is taken

as 1µD and the width of fracture as 0.3 mm. The permeability of a fracture of width w, is w2

12
or 7500 D, in

this case. Total area of fractures for flow in the y direction is 180 mm2. Given the area and permeability of

fractures and reservoir rock in the y direction and using Equation (19), the stimulated permeability in the

y direction is calculated to be 15×106 µD.

Ky =
ΣKiAi

ΣAi
(19)

In the x direction, the calculation of permeability is performed in two steps. First, Equation (19) is used to430

obtain permeability of the three parallel layers in the x direction, and then Equation (20) is used to calculate

the total permeability in the x direction.

Kx =
ΣLi

Σ Li
Ki

(20)

L in this equation is the length of the cube in the x direction. Permeability in x or z directions is then

obtained to be 7.5×106 µD. Obtaining stimulated permeability of the given cube demonstrates the efficiency

of thermal fracturing whereby the reservoir permeability of 1 µD is enhanced by 6 orders of magnitude. For435

our hydrocarbon recovery enhancement simulation we have assumed a more conservative value of up to 4

orders of magnitude larger than that of reservoir rock and used a maximum permeability of 104 µD.
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Kfracture= 7.5x109 μD

KReservoir=1 μD

   

1 ft

1 ft

1 ft

tfracture=0.3 mm

x

z

Figure 18: Analytical model to obtain the effective permeability of a block or reservoir rock and two perpendicular

thermal fractures.

5. Results & Discussion

We studied different components of rock thermal fracturing analytically and numerically. For various

numerical simulations including stress-deformation, heat transfer and hydrocarbon flow in porous media,440

we have utilized three Finite Element commercial packages: ANSYS, ABAQUS and COMSOL. We are now

looking at the effect of induced thermal cracks on the recovery of natural gas from a fractured horizontal

well. Figure 19 shows the geometry of the shale reservoir under study, with the finite element discretization

of the three domains: 1) the wellbore, 2) the hydraulic fracture, and 3) the thermally stimulated zone that

was considered in the gas flow simulation. Unlike the Finite Difference Method (FDM) which discretizes445

the derivatives of the state variable, discretization of the reservoir domain in the Finite Element Method

is conducted by creating meshing and using shape functions to connect the nodal solution to solutions at

any other point within the elements. To obtain accurate results, a high density mesh (36000 nodes, 17500

triangular high-order elements) is used in the fracture zone and the near wellbore region. About 15400 of

the elements are concentrated in the near wellbore zone to accurately calculate pressure gradients in the450

vicinity of the wellbore. To add a flow component to the above set of coupled equations of stress-heat transfer

(Equations 16-18), we first solve the stress-heat transfer problem, obtain the zone of thermal crack extensions

around the wellbore, and with the permeability estimate described earlier solve the pressure diffusivity

equation (21). For the simulations presented here, we have assumed four levels of permeability enhancement

of 10, 100, 1000, 10000 µD for the stimulated zone around the wellbore with the rock permeability of 1455

µD. Due to the very low permeability of tight rock formations, even a narrow thermal fracture will enhance

the permeability by orders of magnitude: assuming a maximum improvement of permeability by four orders

of magnitude from 1 µD to 10000 µD is therefore not unreasonable, as discussed previously. Assuming

permeability enhancement is induced by thermal fracturing, Equation (21) is solved for the flow problem of

a wellbore with radial rock stimulation. The following equation is used by the COMSOL commercial Finite460
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Element software and its derivation is shown in Appendix A. Notice that this equation takes into account

the effect of high order pressure gradients to solve the nonlinear diffusivity equation.

φ ct
µ

k

∂p

∂t
= ∇2p + cfluid(∇p.∇p) (21)

There are a number of phenomena contributing to gas flow in shale matrix micro- to nano-scale pore

network. These are: no-slip and slip flow, Knudsen diffusion, surface diffusion and Langmuir desorption.

Extensive research shows that these phenomena affect apparent permeability and make the shale flow calcu-465

lation a complex multi-scale problem (Shabro et al., 2011; Islam and Patzek, 2014; Javadpour et al., 2007;

Chen et al., 2017; Zhang et al., 2015). Our focus in this research is recovery improvement associated with

permeability enhancement due to macro-scale thermal crack stimulation while micro- and nano-scale gas

flow is not yet taken into account. Incorporating these complex features requires a separate research effort

and is beyond the objective of this paper. To see a workflow of hydraulic fracture impact on well production470

in composite shale formation system, readers are referred to the work by Yuan et al. (2018)

Figure 20 shows the improvement in total production as a result of thermal stimulation around the wellbore.

Evidently, without a hydraulic fracture, there is no significant hydrocarbon production. However, once we

have generated a hydraulic fracture, it can be observed that the creation of thermal cracks in a 4 ft radius

around the wellbore improves hydrocarbon recovery from the hydraulic fracture by a non-trivial 16%. It475

should be noted that hydrocarbon recovery obtained here varies as a function of reservoir and fluid properties.

For our simulation we have used methane gas (critical temperature: −82.3 ◦C, critical pressure: 45.79 atm

and fluid compressibility: 1.5×10−7 1
pa
). The fluid density is obtained as a function of temperature (i.e., real

gas condition) and plugged into COMSOL. Other properties are listed in Table 4.
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Parameter Field units

Reservoir properties

Size 200×200 ft2

Fracture half-length, Xf 50 ft

Fracture width, wf 0.5 in

Boundary pressure, Pe 5000 psi

Well pressure, Pi 2000 psi

Radius of damage zone, rd varies between 1 and 4 ft

Wellbore radius, rw 3 in

Rock properties

Formation permeability, kformation 1 µD

Formation porosity, φ 0.14

Fracture permeability, kfrac 1,000 µD

Stimulated zone permeability, kd 10, 100, 1000, 10000 µD

Fluid properties

Dynamic viscosity, µ 0.02 cp

Compressibility, cf 10−3 psi−1 (1.5× 10−7 1
pa )

Density (Ideal Gas), ρ 10−5× pressure a

Density (Real Gas), ρ 10−5× pressure/Z(p) b

aPressure in Pa and the density in
(

kg
m3

)
bEquation (23)

Table 4: Input parameters of the numerical production model.

.Figure 21 shows the impact of the permeability of the thermally stimulated zone in recovery improve-480

ment.
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Figure 19: Geometry of reservoir and finite elements discretization of the three domains used to simulate the gas flow.

Figure 20: Improvement in total production as a result of thermal stimulation around the wellbore.
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Figure 21: Improvement in total production as a result of thermal stimulation around the wellbore for various levels

of permeability enhancement.

Another example showing the benefit of augmentation of hydraulic fracture stimulation by induced

cooling is shown in Figure 22. We have simulated gas flow in a fractured horizontal well placed in a low

permeability formation. The hydraulic fractures are further stimulated by thermal shocks induced by the485

injection of a cold fracturing fluid. Initially many small thermal cracks are created, however only a few of

them can grow far away from the hydraulic fracture surface. In our simulations, we have assumed that only

one of the thermal cracks extends far enough to tie into natural fractures. In the absence of an analytical

solution for flow through the complicated geometry of fractures, numerical simulation is used to obtain cu-

mulative recovery.490

We assume a single phase gas flow in a 1 µd permeability formation. The boundary and well pressures

are 3500 and 500 psi (2.4 × 107 and 3.4 × 106 Pa), and production is simulated for a time period of 30

years. Figure 22 are the plan views of the pressure distribution after five years for the case of (a) no thermal

cracks, and (b) with thermal cracks created. The pressures are in psi (and shown in Pa for consistency495

where necessary), and the dimensions of reservoir and fractures are shown in meters. The white arrows

depict Darcy’s velocity vectors.

It should be noted that in case (b), only one of the thermal cracks is assumed to have extended to in-

tersect natural fractures. In reality, due to the presence of a network of natural fractures, more than one500

crack has the potential to grow and connect to existing fractures. The growth of multiple thermal cracks

improves the productivity relative to that shown in Figure 22 (c).
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Figure 22: a) Pressure distribution for stimulation with hydraulic fractures (t = 5 years), b) Pressure distribution for

stimulation with hydraulic and thermal fractures (t = 5 years), c) Recovery improvement due to thermal cracks.

We believe that the examples of productivity improvement analysis given above are conservative, for the

following reasons:

• The analysis does not take into account the effect that cooling/ freezing has on lowering fracture505

initiation and propagation pressures, as discussed previously

• The analysis does not take into account the possibility of cooling along the entire length of the fracture

as it is being propagated during a hydraulic fracturing job; only near-wellbore cooling/ freezing effects

are considered. Although it takes some time for effective cooling to take place along the fracture faces
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of a growing fracture, one would expect there to be some beneficial effect of small thermal cracks510

initiating perpendicular to the hydraulic fracture when a cold fluid is used for stimulation

• The analysis does not consider the thermal cracks as initiation points for branching of the hydraulic

fracture and the potential to better link up with natural fracture networks.

All of these items would be expected to further benefit hydrocarbon recovery when properly accounted for.

6. Conclusions515

Production from low permeability formations such as shales relies on the connectivity of flow pathways.

Any process that increases this connectivity therefore also enhances productivity. Thermal cooling / freezing

and associated thermal shock is one such method for increasing connectivity by extending thermal cracks

and possibly connecting these to the in-situ network of natural fractures. Our simulations show that ther-

mal cooling / freezing / shock initiates thermal cracks, which open against the maximum in-situ horizontal520

effective stress. These cracks do not initially extend far from the face of the hydraulic fractures; however,

they can be extended as the fracturing fluid is injected into them. How far the thermal cracks extend is a

function of the strength of rock, the flow properties of reservoir rock and the rate of loading. The following

conclusions are reached:

525

• Cooling of vertical and horizontal wellbores may facilitate subsequent hydraulic fracturing and result

in more extensive rock formation damage achieved at lower fracturing pressures, which in turn may

lead to a higher permeability for the flow of hydrocarbons with associated production gains.

• Cooling, when achieved along the main borehole and the hydraulic fracture itself, lowers in-situ thermal

stress, which lowers the propagation pressure of the main hydraulic fracture(s), and may generate small530

thermal cracks perpendicular to the main fracture(s).

• A systematic sensitivity analysis of rock thermal fracturing process shows that the magnitude of this

beneficial cooling effect on fracturing and hydrocarbon production is proportional to Young’s Modulus,

the coefficient of thermal expansion, and the applied temperature gradient, and inversely proportional

to rock thermal conductivity and tensile strength/ fracture toughness.535

• FEM techniques can be used to model and quantify the cooled zone around a wellbore and a hydraulic

fracture, and also allows for an estimate of permeability enhancement due to thermal cracking to be

made.

• Our simulation results clearly demonstrate that a non-trivial improvement in total hydrocarbon pro-

duction is possible as a result of thermal cracking around the wellbore and around the hydraulic540

fracture itself. Our conservative estimate shows that volumetric rock stimulation around the wellbore

within a 4 feet radius can improve hydrocarbon recovery by an additional 15-20%.
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• Hydrocarbon production from low permeability formations such as shales depends, to a large extent,

on the connectivity of natural fractures with induced hydraulic fractures. Our work shows that thermal

shock during hydraulic fracturing can create a network of small cracks, which is expected to facilitate545

intersection and link up with natural fractures.

• Analytical calculation of permeability of a fractured rock in tight formation demonstrates an enhance-

ment of 6 orders of magnitude of the original permeability of the reservoir rock.
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NOMENCLATURE

E = Young Modulus of reservoir rock

ν = Poisson’s ratio of reservoir rock

∆S = change of Entropy

∆G = Gibbs free energy

∆H = Enthalpy change of reaction

α = Linear coefficient of thermal expansion

σθθ = Tangential stress around the wellbore

∆σ∆T
θθ = Variation of the tangential stress around the wellbore

SHmax = Maximum horizontal stress

Shmin = Minimum horizontal stress

Ppore = Pore fluid pressure

Pwellbore = Wellbore fluid pressure

KIC = Fracture toughness

K = Hydraulic conductivity

k = Reservoir rock thermal conductivity

k = Rock permeability

Ti = Reservoir temperature

Ts = Fracturing fluid temperature

C = Reservoir rock specific heat

D = Reservoir rock thermal diffusivity

d = Length of thermal fracture

εthermal = Thermal strain

∆Tc = Critical cool down temperature

σ = Total stress tensor

ε = Mechanical strain

εth = Thermal strain

Tref = Reference temperature

Xf = Fracture half-length

tf = Thermal fracture width

β = Constant term of RSM regression

E = Data regression residual

Vdp = Dykstra-Parsons coefficient of heterogeneity
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8. Appendix A: The Gas Flow Model Assumptions

The gas flow in porous media can be studied using Darcy’s law incorporated into the conservation of

mass equation. A quick overview of the assumptions and the equations used in the simulation of gas in a675

vertical well which was shown in this paper is given in this Appendix.

We are assuming that the flow is under isothermal condition and the thermal freezing was employed to

freeze the rock and make the mechanical changes in the rock properties. The fluid compressibility is assumed

to remain constant. Since the process is isothermal, the density in the equation of state is a function of

pressure only and can be calculated using Equation (22)

ρ(p) =
Mw

Z(p)RT
p (22)

Z is the gas compressibility factor and is equal to 1.0 for ideal gasses. For real gasses, Z can be obtained from

the generalized compressibility factor diagram (Sandler, 2006). Assuming the gas to be Methane, critical

temperature and pressure are obtained from the Table of liquid-vapor critical temperature and pressure for

selected substances(Cengel and Boles, 2002) as 109.9◦K and 45.79 atm. For the range of temperature and

pressure of the reservoir, the compressibility factor can be obtained from the plot and approximated as:

Z(p) = −3.427× 10−24p3 + 5.38× 10−16p2 − 1.448× 10−8p + 1.0055 (23)

Pressure in Equation (23) is in Pa. Viscosity of the fluid is constant and rock is incompressible; therefore,

the porosity does not change with pressure. Using the material balance equation for a single phase flow in

porous media we get:
∂(ρφ)

∂t
= −∇ · (ρu) (24)

u, in Equation (24) is the Darcy velocity or superficial velocity and equals:

u =
q

A
= − k

µ
∇Φ (25)

Φ is the potential and equals p+ρgh. Ignoring gravity, the potential is equal to the pressure p.

If Darcy’s transport law from Equation (25) is plugged into the material balance Equation (24) and gravity

is neglected, we can arrive at the equation of pressure diffusivity in porous media:

∂(ρφ)

∂t
= ∇ ·

(
ρ

k

µ
∇p

)
(26)

expanding Equation (26) we get:

φ
∂(ρ)

∂t
+ ρ

∂(φ)

∂t
=

k

µ

[
ρ∇2p +∇ρ.∇p

]
(27)

in porous media the total compressibility ct is the sum of the compressibility of the fluid and the formation.

Total compressibility, ct = cfluid + cformation (28)

fluid compressibility may include all the three phases of oil, gas and water, hence;

cfluid = coSo + cgSg + cwSw (29)
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we assume gas flow in an incompressible rock; therefore, the total compressibility in our formulation is:

ct = cgSg (30)

Rock or pore space compressibility is defined as

cformation =
1

(φVb)

d(φVb)

dp
=

1

(Vp)

d(Vp)

dp
(31)

in Equation (31), Vb, is the bulk volume, Vp is the volume of the pore spaces and p is the pore pressure.

fluid compressibility is defined as

cfluid =
1

ρ

dρ
dp

(32)

since the density varies with pressure, let’s re-write the Equation (27) to bring the variation of density with

pressure and the effect of compressibility into the diffusivity equation:

φ
∂ρ

∂p︸︷︷︸
ρcfluid

∂p

∂t
+ ρφ

[
1

(φVb)

d(φVb)

dp

]
︸ ︷︷ ︸

cformation

∂p

∂t
=

k

µ

ρ∇2p + (
dρ
dp︸︷︷︸

ρcfluid

∇p).∇p

 (33)

now, let’s use Equation (33) and replace the terms from Equations (31) and (32) and cancel out the density

from both sides of the equation to bring the fluid and formation compressibilities to the left hand side of

the equation.

φ cfluid
∂p

∂t
+ φ cformation

∂p

∂t
=

k

µ

[
∇2p + cfluid ∇p.∇p

]
(34)

The two terms in the left hand side of the Equation (34) can now be added and the total compressibility

appears in the equation. Furthur simplification of Equation (34) results in:

φ ct
µ

k

∂p

∂t
= ∇2p + cfluid(∇p.∇p) (35)

For analytical solutions of diffusivity equation, the term on the right hand side which includes the product

of two pressure gradient will be neglected; however, this assumption is valid only for the zones far away from

the wellbore where the pressure gradient is small. Neglecting the product results in:

∇2p =
µctφ

k

∂p

∂t
(36)

Equation (35) is the pore pressure diffusivity equation and the reciprocal of the coefficient on the right hand

side is called the diffusivity coefficient, denoted by α and it’s a function of pressure.

α(p) =
k

µctφ
(37)
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Highlights 

• Cooling along the borehole and the hydraulic fracture lowers the propagation pressure of 

the main fracture. 

• Rock cooling efficiency is proportional to Young's modulus, the coefficient of thermal 

expansion and the applied temperature gradient. 

• The small cracks created by the rock thermal shock are expected to facilitate intersection 

with natural fractures and enhance permeability. 

 


