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Abstract: Fractures play a pivotal role in carbonate thermal storage systems, serving as primary hydraulic
conductivity channels that significantly influence thermal breakthrough times and heat extraction efficiency
in geothermal-to-well systems. Their impact is critical for well placement and system life prediction. This
paper focuses on a geothermal-to-well system within the carbonate reservoir of the Wumishan formation in
the Rongcheng geothermal field, Xiong'an new area. It employs a combination of field tests and numerical
simulations to determine the permeability of the reservoir and the evolution of fractures between wells. It
also examines the influence of fracture width and roughness coefficient on the seepage and temperature
fields under various injection scenarios and predicts thermal breakthrough times for production wells. The
results show: Higher permeability is observed near well D16 compared to well D22 within the studied
geothermal-to-well systems. Wider fractures between wells result in faster temperature decline in produc-
tion wells. Lower injection flow rates lead to slower temperature reduction in injection wells. The use of
roughness coefficients minimizes temperature variations in production wells. This study not only offers
guidance for the development and utilization of the geothermal well system, but also contributes to a deeper
understanding of the groundwater seepage and heat transfer process influenced by fractures.

Keywords: Geothermal recharge; Influencing factor; Thermal breakthrough; Seepage field; Temperature
field
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Zhu et al. 2015). Giving these advantages, the
development of geothermal energy carries signifi-
cant importance.

In China, particularly in regions like Xiong'an,
carbonate rock thermal storage is a prominent

Introduction

Geothermal energy is a clean and sustainable
energy sources known for its minimal greenhouse

gas emissions and the enhancement of energy effi- component of geothermal energy (Wang et al.
ciency. Its applications include heating, bathing, 2019). The geological characteristics of forma-
agriculture, industry and aquaculture crop drying tions like the Wumishan Formation within the
and mineral water production (Moya et al. 2018; Jixian system offer shallow burial, high tempera-

tures, ample water resources, and ease of extrac-
tion and irrigation (Wang et al. 2019). With robust

"Corresponding author: Gao-fan Yue, E-mail address: gaofan3904

@163.com policy support and technical expertise, efficient
DOI: 10.26599/JGSE.2023.9280030 large-scale geothermal harvesting and irrigation
Sun JX, Yue GF, Zhang W. 2023. Simulation of thermal break- have become a reality (Pang et al. 2017; Long et al.

through factors affecting carbonate geothermal-to-well systems.

| othett 2021). To ensure the sustainable development of
Journal of Groundwater Science and Engineering, 11(4): 379-390.

geothermal resources, geothermal-to-well mining
2305-7068/© 2023 Journal of Groundwater Science and Engineering Editorial . 1: _
Office This is an open access article under the CC BY-NC-ND license (http:/ Fechnology has beep Wldely utilized. Understand
creativecommons.org/licenses/by-ne-nd/4.0) ing the factors that influence thermal breakthrough
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in geothermal-to-well systems is crucial for the
sustainable development of geothermal resources.
Previous research in the Xiong'an new area has
covered various phases of geothermal system
development. It has evolved from investigating the
causal mechanism of geothermal fields to examin-
ing extraction and irrigation during the exploita-
tion phase and applying numerical simulation to
predict the potential of well systems (Chen et al.
1990; He and Li, 2005). Cheng et al. (2011) app-
lied numerical simulation methods to model the te-
mperature fields of the extraction and irrigation
geothermal-to-well and determine optimal extrac-
tion and irrigation parameters such as distances
and recharge temperatures. The transition from two-
dimensional to three-dimensional model has
allowed for a more comprehensive analysis of
groundwater flow, temperature and chemical field
evolution within geothermal systems, providing
insights into the impact of mining and irrigation on
the lifespan of production wells (Luo, 2018). In
terms of geothermal fluid flow-heat coupling,
domestic researchers have developed heat transfer
coupling models for fractured rock bodies, in
which the heat conduction equation of the rock
bodies are discretized by using the Galerkin
method with weighted residuals, and the tempera-
ture field distribution of fissured rock bodies can
be determined by three-dimensional numerical
simulations (Zhang and Xu, 2011). Shan et al.
(2019) employed a two-dimensional random frac-
ture model to simulate geothermal-to-wells
systems, integrating temperature and seepage
fields. Their analysis delved into the effects on
system capacity and lifetime. Mirmahdi et al.
(2019) developed a three-dimensional thermal stor-
age model using Tough2 to replicate geothermal
fluid flow and heat transfer in Sabaran geothermal
system, located in Northwest Iran. Furthermore,
Wang et al. (2019) examined coupled fluid flow
and heat transfer processes within geothermal re-
servoirs of geothermal fields. Their findings sup-
port that one-dimensional geothermal well models
can be simplified for resource assessment and opti-
mization of injection and extraction strategies.
Despite these advancements in geothermal well
simulation research, there remains a gap in studies
on well development in the Xiong'an new area,
with relatively simple parameters. The recent
adoption of karst fracture hot storage reinjection
technology (Dong et al. 2021) has introduced a
new dimension to the field. Fractures play a vital
role in facilitating the conduction and convection
of geothermal fluids. Carbonate thermal storage
permeability is influenced by both rock medium
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and fracture characteristics, however, previous
well-to-well studies have often neglected the influ-
ence of fractures, especially inter-well fractures.

In this paper, we investigate the synthesis of
dual pore-fracture medium within carbonate ther-
mal storage. Our study focuses on the geothermal-
to-well system, specially wells D16 and D22,
located in Xiong'an new area. The objective is to
determine the permeability of the reservoir's pore
medium through on-site pumping tests. Subse-
quently, a multi-field coupled model is established
including inter-well fractures. By combining the
data from on-site pumping tests to determine the
permeability of the reservoir's pore medium, we
create a multi-field coupling model that accounts
for the influence of inter-well fractures. Our analy-
sis includes an examination of changes in the seep-
age field and temperature field in the presence of
fractures, enabling us to predict the thermal break-
through of the production wells. This research
seeks to identify the key factors that impact the
thermal breakthrough in geothermal-to-well sys-
tems within carbonate thermal reservoirs.

1 Study area

The study area is situated in the northern region of
the Jizhong depression (III level) within the Bohai
North China Basin (II level), located on the Sino
Korean Paraplatform (I level). On the structural
units, the study area encompasses several geograp-
hical features, including the Gaoyang uplift,
Rongcheng uplift, Niutuozhen uplift, Baxian Sag,
Raoyang Sag, Baoding Sag and Xushui Sag. These
features collectively create a complex landscape
with a pattern of "convex, broken, concave", fea-
turing multi-convex, multi-concave, and concave-
convex interspersed distribution (Chen et al. 1990;
Lu et al. 2019). The North China Plain exhibits a
geothermal crust structure typical of a cold crust
overlying a hot mantle (Lin et al. 2022). The study
area is also surrounded by significant fractures,
including the Rongcheng Fracture, Xushui Frac-
ture, Niu Nan Fracture and others. These fractures,
in conjunction with tectonic deformation, serve as
crucial conduits for thermal storage and transporta-
tion (Dai et al. 2019). In terms of geological strata,
the study area's sequence from youngest to oldest
comprises the Quaternary, Neoproterozoic, Paleo-
proterozoic, Jixian, Changcheng, and Paleoprotero-
zoic basement layers. The primary focus of this
paper is on the Jixian thermal reservoir. The tec-
tonic context of the study area is illustrated in Fig. 1.

The study site is located in the Rongcheng uplift

http://gwse.iheg.org.cn
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Fig. 1 Tectonic background map of Xiong'an new area

and encompasses wells D16 and D22, which are
approximately 200 meters apart. Well D16 func-
tions as a production well, while well D22 serves
as an injection well. Based on drilling information,
the Rongcheng Fracture is located 7.5 kilometers
to the east of drill hole D16, while the Xushui
Fracture is found 3.5 kilometers to the southwest.
The Rongcheng Fault exhibits a NNE strike, east-
ward inclination, and an approximately 45° dips. It
acts as a growth fault controlling the development
of the Neoproterozoic System. The Xushui Fault is
a significant, deep, and long-term active fault with
nearly east-west strike, southward inclination, and
dips of around 45°. The heat transfer channels are
influenced by regional active faults and concealed
deep fractures, and large tectonic fractures impact
tectonic cleavage (Tang, 2020; Hong et al. 2019;
Wei et al. 2022). The site is characterized by the
presence of regional active fractures, necessitating
an investigation into the heat transfer characteris-
tics of these fractures. Well D16's drilling encoun-
tered various strata, including the Quaternary,
Neoproterozoic Minghuazhen Formation, Wumis-

Table 1 Basic information on geothermal wells

han Mountain Formation, Yangzhuang Formation
and Gaoyuzhuang Formation (undisclosed). Am-
ong these, the Wumishan Formation is found at a
burial depth of 1,986.0 m and has a layer thick-
ness of 1,006 m. It primarily consists of white,
grayish-white, dark-gray, grayish-black thick-
bedded dolomite, muddy dolomite, and dolomite
with flint strips. The upper part is characterized by
a high degree of weathering and a prevalence of
fractures. The wellhead water temperature mea-
sures around 69°C, with a water flow rate of gush-
ing water 201.7 m’/h. Well D22 reaches a depth of
3,517.18 m, with the Wumishan Formation at a
depth of 1,961 m. The lithology is mainly gray,
grayish-white, and brownish-red dolomite, with
well-developed fractures. Details regarding the
Gaoyuzhuang Formation are not provided. The
outlet water temperature from well D22 is 68°C.
Notably, these two wells are positioned 200 m
apart, and specific information about them is
provided in Table 1.

The Jixian Formation thermal reservoir is classi-
fied as a deep-circulation tectonic rift type, charac-

11 Desi 11 Th 1 st ishan fi ti 11
We esign we Actual well depth  Thermal reservoir -erma storage Wlfmls an formation we
number depth thickness trail
Dl6 3,000 m 3,003.24 m Wumishan+Gaoyuzhuang 2,023.24 m 215.9 mm
D22 3,500 m 3,517.8 m Wumishan+Gaoyuzhuang 2,537.8 m 311.1 mm

http://gwse.iheg.org.cn
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terized by its richness in thermal storage resources
(Ma et al. 2020). The area contains substantial
recoverable resources of geothermal fluid, esti-
mated at 401.77x10° m*/a (Zhu et al. 2022).

Within the study area, fractures are classified
into three main types: Rock-forming fractures,
tectonic fractures and weathering fractures. Among
these, tectonic fractures are the most widely
distributed. A combination of data and logging
information reveals that fractures within the site
predominantly strike in the east-west and near
north-east directions. At greater depths, the domi-
nant fracture orientations are in the range of 125°—
180° and 234°-300°, with the dip angles varying
between 50° and 90° (Tang, 2020; Ma et al. 2020).

2 Model construction

2.1 Conceptual model

A percolation-heat transfer model is developed
based on the following assumptions:

(1) Simplification of the wellbore into a one-
dimensional line cell.

(2) Simplification of the reservoir as a porous,
continuous medium with non-homogeneous aniso-
tropy.

(3) Exclusion of the effects of thermal radiation.

(4) Omission of considerations regarding the
effect of gravity.

Considering that the model's scope covers the
thermal reservoir of the Wumishan Formation,
with a layer thickness of 1,000 m in this area, an
expansion of the model's height to 1,300 m is
implemented to minimize boundary effects on sim-
ulation results. The model is configured as a rect-
angle shape with dimensions of 800 m in length,
800 m in width, and 1,300 m in height. Wells are
spaced 200 m apart. The model is initially divided
into left and right sections based on logging data
from production and injection wells, which facili-
tate subsequent parameter inversion analysis. For
the left part corresponding to well D16, the model
is further subdivided into two layers with thick-
nesses of 613.5 m and 686.5 m respectively. The
permeability for the right side, represented by well
D22, is interpolated accordingly. It's important to
note that this stratification is introduced solely for
computational and assignment convenience; in
reality, the strata on both sides of the model are
continuous.

Initial values for various parameters are deter-
mined based on well logging data and pumping
test data. The initial pressure values are calculated
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using the surface pressure and the relevant
formula:

P =P, +pg(-z~h) (1

Where: P, represents the atmospheric pressure
and has a value is 1.013x10° Pa, p denotes the
density of water and has a value of 1,000 kg/m’, z
is the grid elevation value, and h represents the
water level and depth, with a value of =980 m.

Since the boundary area is significantly larger
than the flow influence area, the upper, lower and
surrounding boundaries are set as no-flow and
thermally insulated boundaries. The model's visual
representation is shown in Fig. 2.

800600 m
| 400
200
N ’
D22
<] B
16 0
>(% ><
S -0.5 x10°m
L1
-1.0
R 00 500
Vel 400
.00y

Fig. 2 Schematic diagram of the model

2.2 Mathematical model and coupling
relationship

(1) Flow equation

Fluid flow in a thermal reservoir can be descri-
bed by utilizing Darcy's law (Sun et al. 2020), with
the mathematical expression:

0
a(epp) +V-(ou) =0, (2)
u= —ﬁv,, 3)
u

Where: &, represents the porosity of the rock
matrix, dimensionless; p is the density of water,
kg/m’; u is the velocity of fluid percolation within
the matrix, m/s; Q,, represents sources and sinks of
seepage; k stands for permeability of bedrock, m’.

The conservation equation for fluid flow in the
fracture is:

http://gwse.iheg.org.cn
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d-Sa—p+VT- —d IEV =—d %+Q» 4
™o 1 VP)E g Y “)
Where: d; represents the fracture opening, mm;
k; is the fracture permeability, m’; e, signifies the
volumetric strain at the fracture surface. Q; repre-
sents exchange terms between matrix and fracture,
m’/s; 7 denotes derivation along the tangential
direction of the fracture.
(2) Heat transfer equation
Heat transfer in thermal storage follows the law
of conservation of energy, including heat transfer
in the rock matrix and heat transfer processes in
fractures, the heat transfer equation in the rock
matrix is given in Equation 5, the heat transfer
equation in the fracture for the transient case is as
follows (Equation 6).
oT,

Cp,— =AV’T.+W 5
P SVoT, %)

Where: C, is the specific heat capacity of the
matrix rock, J/(m*K); p, represents density of
matrix rock, kg/m’; T, is the substrate rock temper-
ature, K; A, stands for thermal conductivity of
matrix rock, W/(m-K); W signifies heat source
term, W/m”’.

oT;
dfprfE +dpsuCrVTy =
diV-(A4NVT)+h(T,~-Ty) (6)

Where: T, represents fluid temperature in frac-
ture, K; p; is the fluid density, kg/m’; C, signifies
the specific heat capacity of a fluid, J/ (m*K); A,
stands for the thermal conductivity of fluid, W/
(m-K); h denotes the heat transfer coefficient, W/
(m*-K); u, represents the fluid velocity inside the
fracture, m/s.

(3) Coupling relationship

This paper adopts a bidirectional coupling of
flow and heat transfer: (1) The flow rates in the
energy equation are derived from calculations of
the Darcy equation; (2) Fluid properties are aff-
ected by temperature, including dynamic viscosity,
heat capacity, density, and thermal conductivity of
water (Qu et al. 2017; Zhang et al. 2018) (Equa-
tions 7—-10).

The dynamic viscosity of water can be written
as:

u;=13799-0.021 2T +1.360 4x 10T~

4.6454x107T* +8.904 3x 107'°T*—
9.079 1x 107°T° +3.845 7x 107°T*,
T € [273K,413K] (7)

The heat capacity of water can be written as:

C;=12120-804xT+03xT*-54x 10T+
3.6x107T*, T €[273K,553K] (8)

http://gwse.iheg.org.cn

The density of water can be written as:

p; = 838.466 1+1.400 5T —0.003 0T+
3.7182x107°T?, T €[273K,553K] ©9)

The thermal conductivity of water can be writ-
ten as:

A, =-0.869 1 +0.008 9T —1.583 7x 107°T*+
7.9754x107°T?, T €[273K,553K] (10)

2.3 Numerical model

In this study, COMSOL Multiphysics software is
used to solve the coupled equations described
above, utilizing Darcy's law and the porous media
heat transfer interface.

The model was discretized using a free tetrahe-
dral mesh. Grid refinement was applied to ensure
accuracy, particularly in the calibration of well
D16, resulting in a well section dissected into a
fixed cell number of 60. This process generated a
total of 16,482 tetrahedral cells. Similarly, for well
D22, grid refinement was implemented with a
fixed cell number of 60, resulting in a total of
16,590 tetrahedral cells. The study involved tran-
sient analysis.

The matrix heat transfer of the model is calcu-
lated using Equation 5, the heat transfer in the frac-
ture is calculated using Equation 6, and the fluid
flow in the fracture is calculated using Equation 4.

The geological characteristics of the site indi-
cate a rifted structure with predominant sub-east-
west and sub-north-east orientations, trending
southeast. The dips within this area vary from 50°
to 90°. Based on the logging data that provide
information on fracture strike, inclination and dip,
the interwell fracture surface was defined with a
NE-SW strike, an inclination of SE and a dip of
60°. The injection well has a diameter of 24.45 cm,
while the production well has a diameter of 17.78
cm. Refined grid discretization was applied to the
production and injection well, resulted in a total of
17,013 tetrahedral cells, 2,956 triangular cells, 359
edge cells, and 45 vertex cells (Fig. 3).

The output step size is set to 1 year, and the total
computational step size is 50 years. The specific
values of each parameter utilized in the model are
detailed in Table 2.

2.4 Research program

(1) Inversion of thermal storage permeability
The model is constructed with parameters as
described above, with well D16 as the production
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Fig. 3 Mesh sectioning case diagram

well and well D22 as the injection well. The place-
ment of injection wells was considered in line with
the effect of natural flow direction (Sun et al.
2022). In the study area, the natural hydraulic
gradient between production well and injection
well is not significant, thus, upstream and down-

Table 2 Model parameter values

stream impacts are not considered in this case. The
initial permeability was interpolated from logging
data obtained from production well. Additionally,
production well flow parameters were interpolated
using data from pumping tests. The actual pump-
ing flow is depicted in Fig. 4.

The model was run to generate simulation re-
sults, which were subsequently fitted to the actual
pumping test data. The fitting results are presented
in Figs 5 and 6. By manually adjusting the perme-
ability parameter, the fitting results consistently
converged with the pumping test data. As demon-
strated in Fig. 7, a scatter plot of the actual water
level drawdown and the simulated water level
drawdown, the R* value of the linear fit between
the two is 0.9188. This significant correlation indi-
cates a high degree of linear fit, confirming that the
simulation results align closely with the pumping
test results. This high correlation underscores the
reliability of the inversion model.

(2) Impact of fracture and production pro-
grams on geothermal systems

During the actual production process, various
factors influence the temperature and seepage
fields of geothermal systems. These factors include

Parametric
Lamination Therma.l . . Density Constant-p.ressure Fluid .. ... Kinetic viscosity
conductivity Porosity Ke/m’ heat capacity compressibility Pa-s
W/m-K & Jkg K 1/Pa
D16 upper section 5.80 0.00312 2,850 861 0.0001 0.001
D16 lower section 5.13 0.00194 2,840 845 0.0001 0.001
D22 5.80 0.00978 2,850 861 0.0001 0.001
water 0.68 - 1,000 4,200 0.0001 0.001
250
200 pes S —
=
mg 150 |
2
=]
=
2
-2 100 |
=
Ay
50
S e v c v cvw e vweowoeworonoerncerncovewnoweowomn
Time/h

Fig. 4 Pumping flow conditions
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Fig. 7 Linear fit of actual water level drop to simu-
lated water level drop (42 data sets)

fracture characteristics (width, shape, size, and
roughness), injection fluid velocity, injection
temperature, well distance, and production time, as
supported by previous research (Shan et al. 2020;
Xiao et al. 2021; Li et al. 2016; Sanaz et al. 2015).
In this study, we specifically focused on three
sensitive parameters: Fracture width (d;), rough-
ness coefficient ( f;), and injection flow rate.

To assess the impact of each parameter on the
temperature of the production well, and to conduct
a sensitivity analysis of the relevant parameters, we
assigned specific values to each sensitive parame-
ter, as shown in Table 3.

http://gwse.iheg.org.cn

Table 3 Values for parameter sensitivity analysis

Parameters Retrieve value Unit

Fracture width (dy) 3 mm
6 mm
12 mm

Roughness coefficient ( f) 1.6 -

32 -

4.8 -
Injection flow rate 165 m’/h

120 m’/h

100 m'/h

The main purpose of this study is to analyze
variations in the temperature field and seepage
field in production wells, with a specific focus on
understanding the thermal breakthrough phenom-
ena. In this context, thermal breakthrough is
defined as a 2°C drop in production well tempera-
ture (Liu et al. 2019). Furthermore, the study aims
to investigate how the above-mentioned sensitive
parameters, such as fracture characteristics and
production parameters, influence the temperature
variations in production wells.

3 Results

3.1 Permeability distribution

The permeability results obtained from the inver-
sion fitting analysis in the first part of section 2.4
are as follows: On the left side of the model, where
well D16 is located, the permeability ranges from
3.14¢ " m’to 8.07¢ " m’. On the right side of the
model, where D22 is located, the permeability
ranges from 4¢”"" m*to 1.16e™* m’.

Comparing these results with the logging data
from well D16 reveals that the overall average
permeability to the left of well D16 exceeds that of
well D16 itself. The lithology analysis of well D16
indicates the presence of dolomite, tuff and do-
lomitic sandstone, suggesting a high overall do-
lomite content and extensive fracture development
in the D16 area. The interpretation of seismic
profiles in the area (He et al. 2018) further sup-
ports these findings. The Rongcheng uplift exhibits
a significant presence of dolomites, and the area's
intense tectonic activity has resulted in numerous
large faults, providing a conductive environment
for fracture development. Analyzing the rock cores
from well D16 and D22 affirms these observations.
The core of well D16 displays increased fragmen-
tation, high weathering, and well-developed frac-

385



Journal of Groundwater Science and Engineering

11(2023) 379-390

tures, reinforcing the conclusion that the left area is
more permeable than the well section. Conversely,
well D22 exhibits less developed fractures and
slows signs of amphibolite intrusion.

3.2 Impact of fractures on the distribu-
tion of seepage and temperature fields

For the simulation, a fracture width of 3 mm, frac-
ture roughness 1.6, and an injection flow rate of
165 m’/h were considered. The simulation results
indicate that the injection of low-temperature water
into the production well initiates a leftward move-
ment of the cold frontal surface, forming a fan-
shaped pattern from the end of the injection well to
the end of the production well. Analyzing the
changes in temperature and seepage fields over 1
year, 5 years, 20 years, and 50 years (Fig. 8), the
seepage rate between the production well on the
left and the injection well on the right generally
accelerates over time, particularly in the vicinity of
the two wells. Although the narrow fracture
surface might not exhibit an obvious change in the
seepage field, there are clear seepage channels
between the two wells.

Regarding temperature, a gradual decrease is
observed in the production well for about 10 years

la Temperature field darcy speed field
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after the start of production. Subsequently, the
temperature decreases at a faster rate, leading to
thermal breakthrough, defined as a 2°C tempera-
ture drop, occurring in the production well in year
16. Fig. 9 illustrates the temperature changes in the
production well over a 50-year period.

3.3 Sensitivity analysis of parameters

The results, illustrated in Figs 10 to 12, indicate
that fracture width, roughness coefficient, and
injection flow rate exert varying influence on the
temperature of the production well. Notably, the
impact of the roughness coefficient on the temper-
ature of the production well is marginal, making it
largely negligible. Fracture width emerges as the
most influential parameter, showing a substantial
effect on temperature in production well. A wider
fracture corresponds to a more rapid decline in
production well temperature, accelerating the onset
of thermal breakthrough and consequently reduc-
ing the lifespan of the production well. Addition-
ally, a higher injection flow rate correlates with an
increased likelihood of achieving thermal break-
through and amplifying temperature change in the
production well.

In practical applications, optimizing the injec-
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Fig. 8 Variation of seepage and temperature fields after 1 year (a), 5 years (b), 20 years (c), 50 years (d) of

production
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Fig. 9 Plot of temperature changes over 50 years in
production wells

tion flow rate becomes crucial. Furthermore, using
well logging data, combined with strategies such as
fracturing for production enhancement, allows for
targeted selection of areas characterized by larger
fracture widths.

4 Conclusion

The lithology surrounding wells D16 and D22 is

80 r
78

72
70
68
66
64
62

Temperature/°C

predominantly dolomite, exhibiting relatively high
degree of weathering and extensive fracture devel-
opment. The permeability analysis reveals that
well D16's perimeter has a greater permeability
range (3.14¢ ' m’to 8.07¢ " m’) than compared to
well D22's perimeter (4e " m’to 1.16e "> m’). The
average permeability around well D16 surpasses
that of well D22, forming a discernible seepage
channel within the well-to-well system formed by
the two wells.

Formation parameter such as fracture width,
fracture roughness, and fluid injection rate signifi-
cantly influence the temperature and seepage fields
of the geothermal system. Fracture width and
injection rate are sensitive factors affecting ther-
mal breakthrough, while the roughness coefficient
exhibits negligible sensitivity. Wider fractures and
higher injection rate correlate with accelerated
temperature drops in the production well and faster
achievement of thermal breakthrough.

Over time and with the injection of cold water
recharge, fluid seepage in the hot storage fissure
undergoes dynamic changes. The cold front within
the hot storage layer advances ahead of the frac-
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Fig. 10 Effect of different fracture widths on production well temperature
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Fig. 11 Effect of different roughness coefficients on production well temperature

http://gwse.iheg.org.cn

387



Journal of Groundwater Science and Engineering

11(2023) 379-390

80
78 |
76 |
74 |
72 f
70 |
68 |
66 |
64
62 |

Temperature/°C

60-|||||||||||||||||||||||||||||||||||||||||||||||||||

024 6 8101214161820222426283032343638404244464850

165 m*/h

Time/a
120 m*/h

—— 100 m*h

Fig. 12 Effect of different injection flow rates on temperature of production well

ture, shortening the heat exchange duration betw-
een fracture water and the rock matrix.
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