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a b s t r a c t

Numerous intersected rock fractures constitute the fracture network in enhanced geothermal systems.
The complicated convective heat transfer behavior in intersected fractures is critical to the heat recovery
in fractured geothermal reservoirs. A series of three-dimensional intersected fracture models is con-
structed to perform the flow-through heat transfer simulations. The geometry effects of dead-end
fractures (DEFs) on the heat transfer are evaluated in terms of intersected angles, apertures, lengths,
and the connectivity. The results indicate that annular streamlines appear in the rough DEF and cause an
ellipse distribution of the cold front. Compared to plate DEFs, the fluid flow in the rough DEF enhances
the heat transfer. Both the increment of outlet water temperature DTout and the ratio of heat production
Qr present the largest at the intersected angle of 90� while decline with the decrease of the intersected
angle between the main flow fracture (MFF) and the DEFs. The extension of the length of intersected
DEFs is beneficial to heat production while enhancing its aperture is not needed. Solely increasing the
number of intersected DEFs induces a little increase of heat extraction, and more significant heat pro-
duction can be obtained through connecting these DEFs with the MFF forming the flow network.
� 2022 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction indicate that intersected natural fractures or geologically weak
Geothermal resources are treated as a fully renewable and sus-
tainable energy, which provides a robust, long-lasting option that
complements other important contributions from clear coal, nuclear,
solar, wind, hydropower, and biomass (Tester et al., 2006; Cao et al.,
2016; Liu et al., 2019, 2020; Zinsalo et al., 2020). The sufficient
thermal extraction from subsurface geothermal reservoirs relies
upon creating or accessing an open and connected fracture system,
through which the injection water flowing within the reservoir can
be heated by contact with hot rocks and then brings the heat to the
surface by the fluid circulation (Fig. 1a). Understanding the heat
transfer behaviorwithin the subsurface fracture network is therefore
crucial for the geothermal reservoir management in terms of opti-
mizing the heat extraction and improving the heat-recovery factor of
geothermal reservoirs (Xu et al., 2015; Lepillier et al., 2020).

Geothermal systems are usually established in the fractured for-
mation, which is observed through the acoustic image logs to
.
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planes, including partly sealed fractures, microfractures, and major
fractures, provide possible fluid pathways (Vidal et al., 2017). How-
ever, the natural fracture network consists mainly of dead-end
fractures (DEFs) (Fig. 1d), which are not well connected to form
the commercial-size reservoir (Tester et al., 2006). Thus, the frac-
tured formation must be hydraulically stimulated to create new
artificial fractures, which are allowed to connect pre-existing frac-
tures to increase the permeability and heat transport (Fig. 1b). Hy-
draulic fractures encountering a natural fracture can either arrests,
cross, or be deviated by the natural fracture (Lepillier et al., 2020;
Sanchez et al., 2020). When the hydraulic pressure exceeds the rock
tensile strength but is less than the shear strength of the natural
fracture (Zhou et al., 2020), the hydraulic fracture can propagate
across the weak plane. Therefore, the intersection of hydraulically
stimulated and natural (dead-end) fractures affects heat exchange
between the working fluid and the hot rock, which is an important
concern for the heat extraction (Turan et al., 2016; Zhang et al.,
2019a).

Numerous simulation studies have focused on the heat transport
in intersected fractures or discrete fracture networks (Shaik et al.,
2011; Gan and Elsworth, 2016; Sun et al., 2017; Chen et al., 2018,
2019a, 2020a; Song et al., 2018; Zhanget al., 2019b; Gonget al., 2020).
Thecommonmethod is regarding thecrackasaplanarobject splitting
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Fig. 1. (a) Schematic view of the heat transfer in a fractured geothermal reservoir; (b) Schematic diagram of the hydraulically induced artificial tensile fractures and pre-existing
natural fractures in a high-temperature fractured reservoir; (c) An example of a hydraulic fracture cutting a natural rough fracture captured in the core (Vidal et al., 2017); and (d)
Conceptual illustrations of the intersection of hydraulically stimulated fractures propagating across dead-end natural fractures in the enhanced geothermal extraction in terms of
plate fractures and real rough fractures (Sanchez et al., 2020).
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the material into two parts with a displacement discontinuity
(Selvadurai et al., 2015; Lepillier et al., 2020) (Fig. 1d). The change in
fracture aperture caused by thermoelastic and poroelastic de-
formations significantly affects fluid flow and heat transfer in frac-
tures (Salimzadehet al., 2018;Vik et al., 2018;Kadeethumetal., 2019).
Salimzadeh et al. (2018) found that thematrix contraction due to the
cooling of the matrix increases the fracture aperture and facilitates
the creation of favorableflowpathways.Guoet al. (2016) investigated
that the non-uniform temperature decrease in the rock body makes
the flow increasingly concentrated into some preferential paths
through the action of thermal stress. Besides, the fracture network
distribution also affects the heat transfer. Ma et al. (2020) indicated
that the shape of the cold front is closely related to the position of two
intersected fractures, and the more uniform distribution of fractures
in reservoirs will accelerate the heat extraction of the flowing water
from surrounding reservoirs. Zhang et al. (2019c) concluded that the
increase of the fracture density in the random distribution fracture
network enhances the flow around and retards thermal drawdown.
However, Shi et al. (2019a) obtained an opposite result that vast
fracturesprovide toomanypreferentialflowchannels for theworking
fluid and accelerate the thermal breakthrough, and the discrete
fracture network with fewer and longer fractures is beneficial to the
heat extraction under the same fracture density. Qu et al. (2017)
indicated that the increasing complexity of the fracture network is
favorable for heat mining, and the lengths and numbers of branch
fractures affect the heat mining. Shi et al. (2019b) indicated that the
natural andnon-planar fracturesare critical to accuratelyestimate the
enhanced geothermal system performance, and the shorter primary
and longer secondary fractures improve the production temperature.
Fu et al. (2016) highlighted that intensively inter-connected fractures
offer low hydraulic impedance but do not improve the heat produc-
tionperformance.Although theabove researchesdeeplyanalyzed the
effects of geometry characteristics of fracture networks on the heat
transfer process and provided instructions for the optimum selection
of the reservoir stimulation scheme (Ma et al., 2020), most studies
regarded the fracture as a plate (Fig. 2b) (Zhao et al., 2015; Ma et al.,
2020) or a hypothetical rough fracture (Aliyu and Chen, 2017a; Yao
et al., 2018), which contains uniform aperture distribution between
two rough surfaces (Chen and Zhao, 2020). Neglecting the hetero-
geneous apertures in the real rock fracture (Fig. 2c) would omit the
channelingflowandmisestimate the temperature evolutionandheat
transport (Chen and Zhao, 2020). The complex heat transfer within
multiple fracture channels is also not well evaluated.

Both stimulated and natural fractures are intrinsically hetero-
geneous (Pyrak-Nolte and Nolte, 2016; Chen et al., 2019b). The
fracture geometries, including roughness, void space and contact
area, complicate the heat transfer within rock fractures (Huang
et al., 2016). By comparing the heat transfer through the smooth
and rough fractures, the roughness geometries are found to affect
the heat flux distribution at the fractureerock interface for low and
high Péclet numbers (Andrade et al., 2004; Ma et al., 2018). The
increase of the surface roughness can enhance the heat transfer
comparedwith the smooth fracture (Ma et al., 2018; He et al., 2019).
Besides, the hydraulic apertures (Nigon, 2018; Bakker et al., 2019)
are also found to be critical to the heat transfer process. The local
heat transfer coefficient is closely dependent on the fluctuation of
the fracture morphology and apertures (He et al., 2016). These
findings confirm the importance of heterogeneous fracture geom-
etries on heat transfer in single rock fractures. Thus, it can be
further launched that the irregular intersection zones formed by
two three-dimensional (3D) rough fractures, showing great differ-
ences from the plate intersection (Fig. 2b), will complicate the heat
transfer process. Therefore, evaluating the heat transfer behavior of
the cool water flow through the 3D intersected rough fracture with
heterogeneous apertures is urgently needed for the geothermal
extraction modeling, especially when the dead-end natural frac-
tures are considered (Fig. 1d), which are more realistic than the
smooth parallel plates in previous simulations.



Fig. 2. (a) Schematic diagram of the naturally fractured granite (Huang et al., 2016); (b, c) Illustration of plate and real rough three-dimensional (3D) intersected rock fractures,
respectively; and (d) Heterogeneous distribution of apertures in the 3D real rough rock fracture, and the color bar indicates the aperture range.
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The main aim of this study is to advance our understanding of
the heat transfer in 3D intersected rough fractures in terms of (1)
understanding the heat transfer behavior in variable 3D inter-
sected geometric configurations of DEFs and main flow fractures
(MFFs), and (2) providing some insights of determining the main
factors that affect the heat transfer. Based on this purpose, a series
of 3D intersected fracture models with various intersection ge-
ometries was built to perform the flow-through heat transfer
simulations by solving hydrothermal coupling equations, to
examine how the geometries of intersected DEFs, including het-
erogeneous apertures, intersected angles, apertures, lengths, and
the connectivity, affect the heat transfer behavior in 3D inter-
sected geometries for the fractured geothermal extraction. All
modeling cases were conducted under three different injection
velocities.
2. Modeling description

Hydrothermal coupling processes during the geothermal
exploitation can be simplified with several assumptions:

(1) The granite matrix is assumed as impermeable compared to
the fracture that provides the main channel of the heat and
energy recovery.

(2) The local thermal equilibrium (LTE) assumption is adopted to
describe the continuity of the temperature from the fracture
surface to the fluid at local points.

(3) The inertial force arisen from high flow velocity is neglected
compared to the viscous force.
2.1. Governing equations

The computational modeling of the flow in a rough fracture is
achieved by solving Navier-Stokes equations (NSEs) (Xiong et al.,
2018), which are governed by the mass and momentum conser-
vation equations. For an incompressible and isothermal single
Newtonian fluid flow, the NSEs can be written as (Bear, 1972; Zou
et al., 2017):

V,u ¼ 0 (1)
rf
vu
vt

þ rf ðu,VÞu ¼ �VP þ mV2u (2)

where u is the flow velocity vector, P is the fluid pressure, rf is the
fluid density, and m is the dynamic viscosity. In Eq. (2), the
convective acceleration term ðu,VÞu;representing the inertial force
acting on the fluid, gives rise to the nonlinearity of the equation and
makes the exact solution of Eq. (4) difficult to be obtained, espe-
cially for a rough rock fracture (Xiong et al., 2011). In certain cases,
where the inertial force in the fluid is negligibly small compared
with the viscous force and pressure (Koyama et al., 2009), the NSEs
can be reduced to the Stokes’ equationrf ðvu=vtÞ ¼ � VPþ mV2u;
which is suitable for simulating the low Reynolds number (Re) flow
through rough rock fractures and conduits (Selvadurai et al., 2017).
This study focuses on the flow and heat transport at low flow ve-
locities and Stokes’ equation is therefore considered.

The heat transfer in the fracture fluid is predominantly governed
by the convection and conduction, and the energy conservation
equation of the fluid in fractures is expressed as (Wang et al., 2019):

rfCp;f
vT
vt

þ rfCp;fu,VTf þ V,
�
� KfVTf

�
¼ �n,KfVTf (3)

where Cp,f is the specific heat capacity of the fluid at constant
pressures; Tf and Kf are the temperature and heat conduction co-
efficient of the fluid, respectively; t is the time; and n is the normal
vector of the fracture surface.

The heat transfer in the rock is mainly governed by the con-
duction, and the governing equation for the conservation of energy
in the rock is expressed as

v

vt
ðrsCsTÞs ¼ V,ðKsVTsÞ (4)

where rs is the solid density; Cs is the solid specific heat capacity;
and Ts and Ks are the absolute temperature (K) and heat conduction
coefficient of the rock, respectively.

The coupling between the fluid flow and heat transfer is carried
out through the temperature-dependent parameters, including rf,
Cp,f, m and Kf. The coupling between the heat transport and fluid flow
is achieved through the velocity term (the contribution of convective
heat transport) in Eqs. (3) and (4) (Aliyu and Chen, 2017b).



Table 1
Model parameters for numerical and analytical solutions.

Parameter Unit Value

Wall temperature �C 120
Injection water temperature �C 30
Density of water kg/m3 1000
Specific heat capacity of water J/(kg K) 4200
Specific heat capacity of granite J/(kg K) 1000
Heat conductivity of granite W/(m K) 2.4
Injection flow velocity m/s 0.002
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2.2. Model verification

Owing to the lack of experimental results to validate above
mathematical models, the theoretical results through solving the
flow and heat transfer in a conceptual two-dimensional (2D) single
fracture model are used for verification (Fig. 3). The single fracture
model with the length L and height 2R is maintained with a con-
stant wall temperature T0. The water with the temperature Tin and
velocity v is injected into the fracture and flows out from the right
with the temperature Tout. If the thermal diffusion in the fluid is not
considered, the analytical solution of the water temperature Tf is
calculated (Zhao, 2014):

Tf ðxÞ ¼ T0 þ ðTin � T0Þexp
�
� x

Kr

vrwCwbR

�
(5)

where rw and Cw are the density and specific heat capacity of the
water, respectively; Kr is the rock heat conductivity coefficient; and
b is the half aperture of the fracture.

Here, the steady flow and heat transfer in a rectangular region
(L ¼ 1 m, R ¼ 0.25 m, b ¼ 10 mm) are modeled by using the above
mathematical models. The parameters used in numerical and
analytical solutions are listed in Table 1. Fig. 4 compares the nu-
merical and analytical results of the water temperature. The
maximum error between them is only 1.4%, indicating that the
proposed mathematical models are reliable to describe the flow
and heat transfer in rock fractures.
Fig. 4. Comparison of numerical and analytical results of the water temperature.

3. Computational models of 3D intersected rock fractures

3.1. Computational geometries

A cubic computational model with a side length of 2 m is built
(Fig. 5). Two3D intersected fractures, including ahorizontalMFFand
an intersected DEF, are embedded in the model. The surface geom-
etries of these two fractures are upscaled from the scanning data of
the laboratory-scale Brazilian-induced tensile and natural granite
fractures (Chen et al., 2020b), respectively. The initial temperature
(423.15 K) over the whole computational domain is constant based
on the actual temperature of the geothermal reservoirs at depths of
approximately 4000 m. The temperatures at the top, bottom, and
back faces of the computational domain are also 423.15 K. All frac-
ture surfaces and lateral boundaries are specified as impervious, i.e.
vh=vn ¼ ðVhÞ$n; and non-slip boundaries, i.e. u ¼ 0: The water
witha lowtemperatureof 313.15Kandaconstant velocity is injected
at the left end. The rock walls at the inlet and outlet, as well as the
front boundary of the model, are treated as adiabatic.
Fig. 3. Schematic diagram of the heat transfer in a 2D single fracture model (Wang
et al., 2019).
3.2. Model meshing

An example of the meshing of the fractured model is illustrated
in Fig. 6, inwhich themeshes around two intersected rock fractures
are refined to improve the simulation. Preliminary investigations
show that, when the grid number exceeds 14 million, the average
outlet temperature changes little, but the computational time in-
creases significantly. Considering the computational time and ac-
curacy, an average of about 14 million tetrahedral grids are set up
for the simulation. The study aims to reveal the heat transfer
mechanism in intersected fractures and the simulation time is not
necessary as long asmonths or years. Thus, a heat transfer period of
240 h with a time step of 0.3 h is solved using the transient solver.
The hydraulic and thermal properties of the water vary with tem-
peratures (Freels et al., 2010). For the granite, the density is
2643 kg/m3, the specific heat capacity is 1000 J/(kg K), and the heat
conductivity is 2.4 W/(m K).
3.3. Simulation procedures

The intersected geometries, including intersected angles, aper-
tures, lengths, and the connectivity, would be changed due to the
hydraulic fracturing during the geothermal extraction. To investi-
gate the influence of these factors on heat transfer through inter-
sected fractures, three modeling scenarios are proposed:

(1) Modeling scenario I investigates the effect of intersected
angles, including 20�, 55�, 90�, 125�, and 155�, on the heat
transfer behavior in rock fractures. Meanwhile, to highlight
the influence of heterogeneous apertures, a group of 3D
intersected plate fractures (Fig. 7a) were modeled similarly
for comparison. The mechanical apertures of the horizontal
MFF and the intersected DEF in plate models are equal to



Fig. 5. A 3D intersected fracture model and the boundary conditions.

Fig. 6. An example of the meshing of 3D intersected fracture models.
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those of roughmodels. Three injection velocities, 0.0002m/s,
0.002 m/s and 0.2 m/s, are considered.
Fig. 7. Intersected (a) plate and (b) rough fractu
(2) Modeling scenario II investigates the effects of apertures
and lengths of the intersected DEF on the heat transfer
behavior (Fig. 8). Here the aperture refers to the mechan-
ical aperture, which increases from 0.082 mm to
0.432 mm. The length increases from 2 mm to 15 mm. The
boundary conditions are the same as before (Fig. 5). Three
injection velocities, 0.0002 m/s, 0.002 m/s and 0.02 m/s,
are considered.

(3) Modeling scenario III investigates the effect of the connec-
tivity of the intersected DEF on the heat transfer behavior
(Fig. 9). Model M1 with three unconnected intersected DEF
and model M2 with seven connected intersected DEF (Fig. 9)
are built to compare with the intersected single fracture
model M0. The boundary conditions are the same as before
(Fig. 5). Three injection velocities, 0.0002 m/s, 0.002 m/s and
0.02 m/s, are considered. All geometric information of three
modeling scenarios is included in Table 2.
re models with different intersected angles.



Fig. 8. Intersected rough models with varying (a) apertures and (b) lengths of the DEF.

Fig. 9. Computational models of intersected fractures: (a) Single intersected fracture; (b) Three intersected fractures; and (c) Connection of intersected fractures.

Table 2
Geometric information of three modeling scenarios.

Modeling
scenario

Intersected angles of DEF to
the horizontal MFF (�)

Mechanical
aperture of DEF
(mm)

Length of
DEF (mm)

Number
of DEF

I 20 0.082 15 1
55 0.082 15 1
90 0.082 15 1
125 0.082 15 1
155 0.082 15 1

II 90 0.082 15 1
90 0.232 15 1
90 0.382 15 1
90 0.432 15 1
90 0.082 2 1
90 0.082 5 1
90 0.082 10 1
90 0.082 15 1

III 90 0.082 15 1
90 0.082 15 3
90 0.082 15 7
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3.4. Output parameters

Two characteristic parameters, including the average outlet
water temperature Tout and the total heat production Q, are defined
to characterize the heat transfer performance of the water flowing
through intersected fractures.

(1) Average outlet water temperature

The average water outlet temperature Tout at the time t is
calculated by

ToutðtÞ ¼

Z
Afout

Tf ðx; y; z; tÞuðx; y; zÞrf
�
x; y; z; Tf

�
Cp;f

�
x; y; z; Tf

�
dA

Z
Afout

uðx; y; zÞrf
�
x; y; z; Tf

�
Cp;f

�
x; y; z; Tf

�
dA

(6)

where Afout is the total area of the outlet; Tf ðx; y; z; tÞ is the water
temperature at the location ðx; y; zÞ at time t; and rf and Cp,f
represent the temperature-dependent density and specific heat
capacity of the water, respectively.



Fig. 10. Distributions of streamlines (a, b) and flow velocities (c, d) in the intersected plate (left) and rough (right) fracture models with the intersected angle of 90� under injection
velocity of 0.0002 m/s.
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(2) Total heat production

Considering that the heat (Q) absorbed by the water in the
whole fracture pathway equals the heat transfer convection be-
tween the water and the inner fracture surface, we have

QðtÞ ¼ HoutM � HinM (7)

whereM is the mass flow rate (kg/s); and Hin and Hout are the fluid
enthalpy at the fracture inlet and outlet, respectively:

H ¼ Tf ðx; y; z; tÞCp;f
�
x; y; z; Tf

�
(8)

Furthermore, the cumulative heat production denotes the total
heat production during the working periods, which is expressed as
Fig. 11. Distributions of streamlines in intersected rough fracture mode
Qtotal ¼
Zt

0

QðtÞdt (9)
4. Results

4.1. Flow behaviors in 3D intersected fractures

Fig. 10a and b shows the streamlines in the intersected plate and
rough models, respectively, under the intersected angle of 90� and
injection velocity of 0.0002 m/s. The sectional views of the norm of
flow magnitude field, U ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2x þ u2y þ u2z

q
; in the x-, y- and z-di-

rections are plotted in Fig. 10c and d. The streamlines are uniformly
distributed along the flow direction in the horizontal MFF of the
l with different geometries under injection velocity of 0.0002 m/s.



Fig. 12. Temperature distributions changing with the time under the intersected angle of 90� for the (a) plate and (b) rough models.

Fig. 13. Temperature distributions along two fractures over the time for case III under the intersected angle of 90� and injection velocity of 0.002 m/s. The scene lighting function in
COMSOL was used to clearly show the roughness.
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Fig. 14. Temperature distributions in models with various intersected angles under different injection velocities.
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plate fracture (Fig. 10a), while present non-uniformly in rough
fractures (Fig. 10b), in which a few channels (see the clusters of
streamlines) dominate the flow pattern as a result of the hetero-
geneous distribution of voids in rough fractures. For the rough
intersected model, the streamlines flow annularly in and out of the
intersected DEF through some discrete local zones at the inter-
section (black circle in Fig. 10b), resulting in a higher flow velocity
at these zones (white circle in Fig. 10d).

Fig.11 shows the streamlines in intersected rough fractures with
different intersected apertures and lengths under the injection
velocity of 0.0002 m/s. The channeling effects in the MFF are still
the same with the increase of the aperture of the intersected DEF,
while the tortuous streamlines become smoother due to the
decreasing contact areas at the larger aperture of the intersected
Fig. 15. Temperature distributions in models w
DEF. In contrast, the above channeling effects and the tortuosity of
streamlines become unobvious with the decrease of the length of
intersected DEF, indicating the gradually decreasing influence of
the intersected DEF on the fluid flow in rock fractures.

4.2. Temperature distribution in 3D intersected models

Fig. 12 shows the change of rock temperatures with the time in
the plate and roughmodels with the intersected angle of 90� under
three injection velocities. A low-temperature zone is formed
around the inlet as the water was injected. Upon further increase of
the extraction time, the heat stored in the rock is progressively
extracted by the flowing water and causes that the low-
temperature zone gradually enlarges around the MFF. For the
ith various (a) apertures and (b) lengths.



Fig. 16. Temperature distributions after the heat extraction of 10 d for three models
under various injection velocities.
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intersected plate fracture, the shape of the cold front is the same as
that of the heat transfer in the single fracture (He et al., 2019), while
in intersected rough fractures, the cold front is different, especially
under higher injection velocities. Besides, the distributions of water
temperature within the DEF and MFF are shown in the model with
the intersected angle of 90� under injection velocity of 0.002 m/s
Fig. 17. Flow velocity variations along the half-length of the intersected fracture for
plate and rough models under different injection velocities.

Fig. 18. The outlet temperature increments DTout and heat production increment ratio
Q/Q0 versus intersected angles for plate and rough fracture models under different
injection velocities.
(Fig. 13). The channeling flow caused by heterogeneous void dis-
tributions in the MFF results in a non-uniform evolution of the cold
front, and the annular streamlines formed in the intersected DEF
lead to an irregular ellipse distribution of the cold front, which
gradually extends towards two sides of intersected DEF.

Fig. 14 shows the temperature distributions in models with
various intersected angles under the heat extraction of 8 d and
different injection velocities. Under the low injection velocity of
0.0002 m/s, the intersected angles have little influence on the
evolution of the low-temperature zone. As the injection velocity
increases, the low-temperature zone shows the maximum at the
intersected angles of 90�. Fig. 15 shows the temperature distribu-
tions in intersected rough fractures with different apertures and
lengths under the heat extraction of 8 d and different injection
velocities. Under each injection velocity, the low-temperature zone
is basically the samewith the increase of the aperture of intersected
DEF, indicating that the increase of aperture of the intersected DEF
has little effect on the temperature distribution.

With the increase of the length of the intersected DEF from 2mm
to 15 mm, the low-temperature zones expand significantly towards
twowalls of themodel at thehigh injectionvelocityof 0.02m/s,while
they are almost the same at the injection velocities of 0.0002m/s and
0.002 m/s. This indicates that the increase of the length of the inter-
sected DEF has a significant effect on the temperature distribution
under high flow velocity. Fig. 16 shows the temperature distribution
in various intersected models M0, M1 and M2, under the heat
extraction of 10 d and three injection velocities. The low-temperature



Fig. 19. Changes of the outlet temperature increment DTout and heat production increment ratio Q/Q0 with apertures and lengths of intersected DEF under different injection
velocities.
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zones are basically the same in three models under the injection ve-
locity of 0.0002 m/s, while as the injection velocity increases to
0.002 m/s and 0.02 m/s, the low-temperature zones expand signifi-
cantly in models M1 and M2. It shows that the temperature distri-
bution is closely related to both flow velocity and fracture
distribution. More discussion regarding these is given below.
5. Discussion

5.1. Flow velocity roles in dead-end fractures

Flow velocity determines the heat transfer through rock fracture
(Zhao, 2014). To explore the complicated temperature distribution
within intersected rough fractures, the change of velocity variations
v/v0 along the half-length of the intersected DEF in the plate and
rough models under different injection flow rates is plotted in
Fig. 17, and the enlarged view of the zone A is also given. Here, v/v0
is defined as the ratio of flow velocity v to the velocity v0 at the
intersection between DEF andMEF. The horizontal axis refers to the
length along the intersected DEF. It shows that v/v0 increases with
the injection velocities along the length of DEF in both two models,
indicating that the higher the injected rate, the farther the fluid
enters the intersected DEF. For the plate fracture, v/v0 along the
intersected DEF decreases rapidly to zero under each injection ve-
locity, while for the rough fracture, v/v0 decreases rapidly at first
and then slowly to zero. v/v0 along the intersected DEF in the rough
model is larger than that in plate one, indicating that the fluid keeps
almost still in the intersected plate model but maintains slow flow
in the rough one. The change of v/v0 is correlated with the tem-
perature distribution in intersected DEF as shown in Figs. 11 and 12,
indicating that the higher velocities bring a more rapid decrease of
the temperature around the intersected DEF and lead to the in-
crease of the low-temperature zone.
5.2. Sensitivity analysis of intersected fracture geometries

5.2.1. Effects of intersected angles
The intersected angle between two rock fractures affects the

heat transfer (Ma et al., 2020). The increment of outlet water
temperature DTout ¼ Tout � T0 and the ratio of heat production
Qr ¼ Q=Q0 changing with the intersected angles for plate and
rough models under different injection velocities are plotted in
Fig. 18. T0 and Q0 refer to the outlet water temperature and heat
production, respectively, at the intersected angle of 30� under each
injection velocity. Under different intersected angles, DTout and Qr
vary significantly in rough fracture models but not obviously in
plate ones. For rough models, both DTout and Qr present the largest
at the intersected angle of 90�, and they decline with the decrease
of the intersected angle between the MFF and DEF. The higher DTout
and Qr in rough models indicate that the roughness is beneficial to
heat production. The differences of DTout and Qr between two
models demonstrate that the geothermal extraction simulation by
using plate fractures would misestimate the evolution of temper-
ature and heat production, and the effects of intersected angles on
the heat transfer would also be neglected. Regarding the optimi-
zation design of fractured reservoirs during developing geothermal
resources, the hydraulic fractures need to be created to intersect
with natural fractures at large intersected angles for high-efficient
geothermal extraction. The underlying mechanism of these



Fig. 20. (a) The change of velocity variation v/v0 along the half-length of the inter-
sected fracture in models with various apertures, and only 0.0002 m/s (black) and
0.02 m/s (blue) lines are presented in the enlarged figure for clear showing; and (b)
The change of velocity variation v/v0 with fracture aperture at different locations of the
intersected DEF, i.e. the distance from the intersection, under the injection velocity of
0.02 m/s.

Fig. 21. (a) The change of velocity variation v/v0 along the half-length of the inter-
sected fracture in models with various lengths, and only 0.0002 m/s (black) and
0.02 m/s (blue) lines are presented in the enlarged figure for clear showing; and (b)
The change of velocity variation v/v0 with fracture length at different locations of the
intersected DEF under the injection velocity of 0.0002 m/s.
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differences could be ascribed to flow velocity distribution within
the intersected fractures.
5.2.2. Effects of apertures and lengths
The aperture and length of the intersected DEF are mainly tar-

geted to be stimulated by using hydraulic fracturing for geothermal
exploitation. The increment of outlet water temperature DTout ¼
Tout � T0 and the ratio of heat productionQr ¼ Q=Q0 changingwith
apertures and lengths of intersected DEF under different injection
velocities are plotted in Fig. 19. Here, T0 and Q0 refer to the outlet
water temperature and heat production of the intersected model
with the aperture of 0.082 mm under each injection velocity,
respectively. As the fracture aperture increases from 0.082 mm to
0.232 mm, DTout and Qr significantly decrease, and then they vary
slightly as the aperture continuously increases to 0.432 mm
(Fig. 19a), which would be attributed to the lower velocity formed
within the largerapertureof intersectedDEF (Fig. 20b). It canbe seen
that the velocity variation v/v0 decreases nonlinearly along the half-
length of the intersected DEF in models with different apertures
(Fig. 20a), and the larger flow velocity in intersected DEF enhances
heat transfer and results in larger low-temperature zones in Fig. 15.
The flow velocity in intersected DEF decreases with the increase of
aperture. With the increase of the length of intersected DEF from
2mm to 15mm, DTout and Qr increase (Fig. 19b and d), which can be
ascribed to the following two aspects:

(1) The flow velocity in the longer intersected DEF is higher than
that at the same location of the shorter DEF, and such dif-
ference becomes more apparent under higher injection ve-
locity (as clearly shown in the enlarged view of Fig. 21. The
finding conforms to the results in Qu et al. (2017) that the
higher flow velocity in intersected DEF enhances the heat
transfer from the surrounding rock and raises the spreading
scope of the cold front during the circulation of the injection
fluid for the heat exploitation.



Fig. 22. Changes of the outlet temperature increment DTout and heat production increment ratio Q/Q0 in models M0, M1, and M2 under different injection velocities.
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(2) The longer intersected fractures increase the heat transfer
area between the fluid flow and the high-temperature rock.

The above result indicates that the extension of the reactivated
length of intersected fractures through fracturing techniques is
beneficial to the heat production while enhancing the aperture of
intersected fractures is not needed. These are helpful to the artifi-
cial design of geothermal reservoirs.
Fig. 23. Schematic hydraulic fracturing design
5.2.3. Effects of connectivity of intersected fractures
As can be seen in Fig. 16, the connectivity of intersected DEF

significantly affects the heat transfer process in fractured reservoirs.
Fig. 22 shows the changes of the outlet temperature increment DTout
and heat production increment ratio Qr in models M0, M1, and M2
under different injection velocities. Compared to the model M0, the
increase of number of intersected DEFs without connectivity be-
tween them in the model M1 leads to little increase of DTout and Qr,
and control for the geothermal extraction.
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and more noticeable growth arises in the model M2 under each
injection velocity. It indicates that only the increase of number of
intersected DEFs by using hydraulic fracturing induces a little in-
crease of heat extraction from geothermal reservoirs if intersected
fractures have not been interacted with hydraulic fractures forming
the connecting flow path. In contrast, the increase of the connec-
tivity of intersected DEF can significantly prompt heat production.
Besides, more connectivity between intersected fractures can also
avoid forming preferential flow channels for the working fluid and
accelerate the thermal breakthrough.

5.3. Discussion on the intersected fracture design

The DEF at the intersection is usually neglected in the flow or
heat transfer simulations regarding subsurface reservoir exploita-
tion (Luo et al., 2016). However, the above simulation indicates that
the existing DEFs affect the fluid flow and heat transfer in the MFF.
The effective design of intersected fractures is critical to optimal
geothermal extraction. Based on simulation results in this study,
Fig. 23 gives a schematic design that the hydraulically stimulated
fractures connect the pre-existing fractures to form the intersected
fractures for enhancing heat extractions. The maximum and mini-
mum principal stresses are along the horizontal and vertical di-
rections, respectively. Three- or multi-well fracturing is needed to
increase the connectivity of natural fractures, and the hydraulic
fractures should be intersected with natural fractures at large an-
gles. Depending on the change of the production temperature, two-
or multi-well fracturing to reactivate the length of intersected
fractures is needed, and the injection and production wells should
be alternated periodically to avoid forming channeling flows. More
simulations regarding the heat transfer in rough fracture networks
should be conducted in the future.

6. Limitations

The geothermal exploration modeling requires solving the fully
coupled thermo-hydro-mechanical processes in rock fractures
(Aliyu and Chen, 2017a), while this study is limited to the coupled
hydrothermal modeling of intersected fractured rock mass. Ther-
moelastic or poroelastic effects should be considered in future
research. To balance computational accuracy and efficiency, the
model sizes and time scales were 2 m and 10 d, respectively, in this
study, and thus upscaling the finding in this study to the real rock
fractures in larger sizes and scales in subsurface projects would be
an important issue in future studies. In subsurface projects, the
connectivity of injection and production wells to the fracture
network is also important. This issue has been recently identified in
a geothermal field in Iceland where some of the injection wells are
underperforming in the vicinity of well-performing wells (Peters
et al., 2018; Salimzadeh et al., 2019). Thus, the fracture distribu-
tions that affect the change of the connectivity of two wells should
also be discussed in the future.

7. Conclusions

In this study, a series of 3D intersected fracture models is con-
structed to perform the flow-through heat transfer simulation by
solving hydrothermal coupling equations. The flow and heat
transfer behaviors are investigated to evaluate the influences of
intersected geometries of DEF on the heat transfer behavior in
terms of heterogeneous apertures, intersected angles, apertures,
lengths, and the connectivity. The results provide some insights in
determining the main factors affecting the heat transfer charac-
teristics. The following conclusions are drawn:
(1) Intersected DEF significantly affects the flow and heat
transfer in the fractured rockmass. Compared to theMFF, the
flow velocity in intersected DEF is smaller. The streamlines
are uniformly distributed along the flow direction in the
horizontal MFF of the plate fracture, while they present non-
uniformly in rough fractures. The channeling flow caused by
heterogeneous void distributions in the MFF results in a non-
uniform evolution of the cold front, and the annular
streamlines formed in the intersected DEF lead to an irreg-
ular ellipse distribution of the cold front.

(2) The geothermal extraction simulation by using plate frac-
tures would misestimate the evolution of temperature and
heat production. The increment of outlet temperature DTout
and the ratio of hear production Qr vary significantly in rough
fracture models, while this changes are not marked in plate
ones. For rough models, both DTout and Qr present the largest
at the intersected angle of 90�, and they decline with the
decrease of the intersected angle between the MFF and DEF.
The higher DTout and Qr in rough models indicate that the
roughness is beneficial to heat production. The hydraulic
fractures need to be created to intersect with natural frac-
tures at large intersected angles for the optimal design of
fracture networks during the geothermal extraction.

(3) The extension of the reactivated length of intersected frac-
tures is beneficial to the heat productionwhile enhancing the
aperture of the intersected fracture is not needed. Solely
increasing the number of DEF intersected with MFFs induces
a little increase of DTout and Qr, and the significant heat
extraction can be obtained if the intersected fracture has
been interacted with the MFFs forming connecting flow
paths.
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