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ABSTRACT 
 The deep borehole heat exchanges (DBHEs) use a 

coaxial tube to obtain deep geothermal energy, avoiding 
the problem of groundwater corrosion and recharge, 
which have great application value. In this paper, a heat 
transfer model of a DBHE with a depth of 2000m and an 
outer diameter of 177.8mm is established by Fluent. The 
effects of various inlet temperature (5~20℃), inlet 
velocity (0.5~1m/s), thermal conductivity of rock 
(2.5~3.5W/(m·℃)) and geothermal gradient 
(0.035~0.045℃/m) on the heat transfer performance in 
a heating season are studied. The results show that the 
heat transfer performance of DBHEs decays with time. 
The rock temperature field is basically invariant outside 
the radius of 15m. Decreasing the inlet temperature, 
increasing the inlet velocity, increasing the thermal 
conductivity of the rock, and increasing the geothermal 
gradient can increase the heat extraction rate of DBHEs. 
Under the condition of constant geometric parameters, 
for every increase of 0.005℃/m in geothermal gradient, 
the heat extraction rate of the DBHE studied increases by 
an average of 22.76kW, and for every increase of 
0.5W/(m·℃) in the thermal conductivity of the rock, it 
increases by an average of 26.44kW. 
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Temperature(℃) 
Time(s) 
Velocity(m/s) 
Source term(℃/s) 
Outer diameter(m) 
Inner diameter(m) 
Cross-section area(m2) 
Density(kg/m3) 
Specific heat capacity(J/(kg∙℃)) 
Heat transfer coefficient(W/m2) 
Heat extraction rate(kW) 
Depth(m) 
Thermal conductivity(W/(m·℃)) 

 

Fluid 
Inner fluid 
Outer fluid 
Inner pipe 
Out pipe 
Rock 
Solid 
Inlet 
Outlet 

 

1. INTRODUCTION 
Nowadays, the development of renewable energy 

instead of fossil energy has become a research hotspot. 
Compared with other renewable energy, geothermal 
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energy has the advantages of high reserves, safety and 
stability. According to the depth, geothermal energy can 
be divided into shallow geothermal energy (0~200m) and 
deep geothermal energy (≥200m). To better exploit deep 
geothermal energy, DBHEs are proposed, which is 
receiving more and more attention. 

The working principle of the DBHE is shown in Fig. 1. 
It has coaxial tube structure, including an inner pipe and 
an outer pipe, and the outer pipe is in contact with the 
rock. The working fluid is injected into the outer pipe. It 
transfers heat with the rock through the outer pipe, and 
the fluid temperature rises. After reaching the bottom of 
the coaxial tube, it flows upward into the inner pipe and 
its temperature deceases because of heat transfer with 
outer fluid. The working fluid flows in a completely 
closed cycle, and underground water is not exploited, 
avoiding problems such as corrosion and scaling of the 
pipeline and recharge. In addition, the geothermal well 
of the DBHE has a simple structure and a small floor area, 
which reduces initial investment and damage to the 
geological structure.  

In recent years, the research on DBHEs has mainly 
focused on the following three aspects: the key factors 
affecting the heat transfer performance of coaxial tube, 
the seasonal heat storage performance of the rock, and 
the sustainability of DBHEs under a long-term operation 
condition. In addition, some papers study the application 
of the DBHE to abandoned oil wells reconstruction or the 
DBHE system coupled with ground source heat pump. 

In this paper, a numerical model of coaxial DBHEs 
considering the geothermal gradient in rock is 
established to simulate heat transfer in a heating season 
through commercial software Fluent. Based on the 
model established, an analysis is performed to 
investigate the effects of key factors including inlet 
velocity, inlet temperature and properties of the rock on 
the heat transfer performance of DBHEs. Heat extraction 
rate and outlet temperature are investigated to evaluate 

the performance. The results of this study can be used 
for engineering design and optimization of DBHEs. 

2. MODEL 

2.1 Physical model 

The geometric model in this study is shown in Fig. 2. 
Computational domains include working fluid, inner 
pipe, outer pipe and rock. The main parameters of the 
DBHE and physical properties of the materials are shown 
in Table 1. 

Table 1 Main parameters of the DBHE 

Parameter Value 

Outer pipe(mm) ∅177.8×9.19 

Inner pipe(mm) ∅110×10 

Lip(m) 1998 

Lop(m) 2000 

Working fluid Water 

λip(W/(m·℃)) 0.1 

λop(W/(m·℃)) 10 

ρip(kg/m3) 950 

ρop(kg/m3) 7850 

ρr(kg/m3) 2650 

cip(J/(kg∙℃)) 2300 

cop(J/(kg∙℃)) 500 

cr(J/(kg∙℃)) 1050 

2.2 Model assumption 

The heat transfer process of the DBHE system is 
composed of the following parts: heat conduction inside 
the rock and outer pipe, convective heat transfer 
between the outer fluid and the outer pipe, convective 
heat transfer between the outer fluid and the inner pipe, 
heat conduction inside the inner pipe and convective 
heat transfer between the inner fluid and the inner pipe. 

To simplify computation, following assumptions are 
taken in the model. 

Rock 
Outer pipe 

Outer fluid 

Inner pipe 
Inner fluid 

(a)Structure in axial direction  (b)Working principle 
Fig. 1 Schematic diagram of the DBHE 

Tif Tof 

h1 h2 h3 

Ts 

λs 

Dip dip dop x 

z 

Fig. 2 Geometric model of the DBHE 
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⚫ The rock is assumed to be an isotropic uniform 
continuous solid medium, and pure heat conduction 
is considered as the only mechanism of heat transfer 
inside the rock. 

⚫ The physical properties of the rock are isotropic, so 
the heat is not transferred in the tangential direction. 
The model can be simplified to a 2D axisymmetric 
model to save computation time. 

⚫ The rock is in full contact with the outer pipe wall, 
and the thermal resistance caused by the gap can be 
ignored. 

⚫ The effect of surface temperature fluctuation on 
rock temperature is ignored and the surface 
temperature is regarded as 15℃, annual average 
temperature of Tianjin. 

⚫ The physical parameters of water, inner pipe, outer 
pipe and rock are constant, which do not change 
with temperature. 

2.3 Mesh description 

The computational domain should be semi-infinite. 
When the boundary of the rock is far enough, its 
temperature distribution hardly changes with time. 
Therefore, the computational domain of the rock is 
selected as a cylindrical space with a radius of 80m and a 
depth of 2200m. 

The equal-scale geometric model of DBHEs is 
established by ICEM, and meshing is performed to 
discretize the governing equations by FVM. Structured 
grids are adopted. The number of total elements of the 
mesh is 16706. 

2.4 Mathematical model 

The governing equations mainly include the energy 
conservation equations of the inner fluid, the outer fluid 
and the solid. 

Heat is transferred from the inner fluid to the inner 
pipe. The energy conservation equation of the inner fluid 
is written as Equation 1. 

 
𝜕𝑇𝑖𝑓

𝜕𝑡
+
𝜕𝑢𝑖𝑓𝑇𝑖𝑓

𝜕𝑧
=
𝜋ℎ1𝑑𝑖𝑝(𝑇𝑤1 − 𝑇𝑖𝑓)

𝜌𝑓𝐴𝑖𝑓𝑐𝑓
 (1) 

where h1 is the heat transfer coefficient between the 
inner fluid and the inner wall of the inner pipe, and Tw1 is 
the temperature of the inner wall of the inner pipe. 

Heat is transferred from the inner pipe and the outer 
pipe to the outer fluid. The energy conservation equation 
of the outer fluid is given as Equation 2. 

 
𝜕𝑇𝑜𝑓

𝜕𝑡
+
𝜕𝑢𝑜𝑓𝑇𝑜𝑓

𝜕𝑧
= 𝑆1 + 𝑆2 (2) 

 𝑆1 =
𝜋ℎ2𝐷𝑖𝑝(𝑇𝑤2 − 𝑇𝑜𝑓)

𝜌𝑓𝐴𝑜𝑓𝑐𝑓
 (3) 

 𝑆2 =
𝜋ℎ3𝑑𝑜𝑝(𝑇𝑤3 − 𝑇𝑜𝑓)

𝜌𝑓𝐴𝑜𝑓𝑐𝑓
 (4) 

where h2 is the heat transfer coefficient between the 
outer fluid and the outer wall of the inner pipe, Tw2 is the 
temperature of the outer wall of the inner pipe, h3 is the 
heat transfer coefficient between the outer fluid and the 
inner wall of the outer pipe, and Tw3 is the temperature 
of the inner wall of the outer pipe. 

The heat transfer inside the solid is pure heat 
conduction, so heat transfer is represented by the two‐
dimension heat conduction equation. The energy 
conservation equation of solids is expressed as Equation 
5 for rock, inner pipe and outer pipe. 

 𝜌𝑠𝑐𝑠
𝜕𝑇𝑠
𝜕𝑡

=
𝜕

𝜕𝑧
(𝜆𝑠

𝜕𝑇𝑠
𝜕𝑡

) +
1

𝑥

𝜕

𝜕𝑥
(𝑥𝜆𝑠

𝜕𝑇𝑠
𝜕𝑥

) (5) 

The above governing equations are implemented by 
setting the Energy Equation and the Viscous Equation in 
Model of Fluent. The flow is turbulent, so Standard k-
epsilon Equation is chosen as Viscous Equation. The 
convective heat transfer coefficient is calculated by the 
coupled boundary conditions in Fluent. The governing 
equations are discretized in the solver by FVM. 

To evaluate the heat transfer performance of the 
DBHE, Heat extraction rate is defined, given as Equation 
6 to show heat transferred between the fluid and the 
rock. 

 𝑄 = 𝜌𝑓𝑐𝑓𝐴𝑖𝑓𝑢𝑖𝑓(𝑇𝑜 − 𝑇𝑖) (6) 

2.5 Boundary and initial conditions 

According to the previous assumptions, the rock 
boundary is a constant temperature boundary condition. 
The heat transfer between the solid and the fluid meets 
the third boundary condition, expressed by Equation 7. 
The third boundary condition is achieved by setting the 
coupled wall boundary condition in Fluent. 

 ℎ(𝑇𝑤 − 𝑇𝑓) = 𝜆𝑠
𝜕𝑇𝑠
𝜕𝑥

 (7) 

The axis x=0 takes an axis boundary condition. This 
study does not consider DBHEs coupled with other 
systems, so the outlet boundary condition is set to 
outflow. The inlet boundary condition is set to velocity 
inlet to regulate the temperature and velocity of the inlet 
fluid. 

The initial temperature of the fluid and inner pipe is 
set to the inlet temperature and the fluid is static. The 
initial temperature field of the rock is given as Equation 
8, with a geothermal gradient, Tg. 

 𝑇𝑟|𝐿=𝑧 = 15 + 𝑇𝑔𝑧 (8) 
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The model is transient. The time step is set as 900s. 
The heating season is 135 days long. The Coupled 
scheme is chosen for calculation. 

3. RESULTS AND DISCUSSION 

3.1 Attenuation of heat transfer performance 

Fig. 3 shows the variation of outlet temperature and 
heat extraction rate with time at different inlet 
temperatures in a heating season with ui=1m/s, 
Tg=0.035℃/m, and λr=3W/(m·℃). 

As can be seen in Fig. 3, both the outlet temperature 
and the heat extraction rate decrease with time. At an 
inlet temperature of 10℃, the outlet temperature of the 
DBHE at the 4th, 8th, 12th, 16th and 20th week is 
14.45℃, 14.14℃, 14.03℃, 13.96℃ and 13.91℃, with a 
reduce percent of 14.5%, 7.2%, 3.5%, 2.3% and 1.7% in 
last 4 weeks. It can be seen that in the first 8 weeks, the 
heat transfer performance of DBHEs decreases rapidly. 
As time goes on, the temperature distribution around 
the geothermal well tend to be stable. 

Since the rock temperature field cannot be restored 
to the initial temperature field, the heat transfer 
performance of DBHEs in next heating season will be 
further attenuated. Therefore, restoring rock thermal 
storage in the non-heating season is critical to 
maintaining the heat transfer performance of DBHEs. 

3.2 Rock temperature distribution 

Fig. 4 shows the rock temperature field at the end of 
a heating season when ui=1m/s, Tg=0.035℃/m, and 
λr=3W/(m·℃), Ti=10℃. It can be seen that the rock 
temperature distribution surrounding the well varies 
significantly. The closer to the geothermal well, the more 
the temperature decreases. Outside the radius of 15 m, 
the rock temperature barely varies in a heating season. 
The rock temperature varies greatly in the radial 
direction, indicating that the rock with simple heat 
conductivity coefficient cannot effectively restore the 
heat around the geothermal well, resulting in 
attenuation of heat transfer performance. The rock 
temperature distribution can also provide reference for 
the design of distribution of multiple DBHEs to avoid the 
heat transfer process interacting with each other. 

3.3 Effect of inlet conditions 

As shown in Fig. 3, the outlet temperature increases 
with the increase of the inlet temperature, but the heat 
extraction rate decreases as the inlet temperature 
increases. According to the principle of heat transfer, the 
higher the inlet temperature, the smaller the 

temperature difference between the water and the rock. 
Although the energy quality is improved, the heat 
transferred decreases. Compared with 1st week, the 
heat extraction rates at 5th week at 5℃, 10℃, 15℃, and 

Fig. 3 Variation of outlet temperature and heat extraction 
rate with time at different inlet temperature 
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Fig. 4 Rock temperature field at the end of a heating season 
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20℃ reduce 39.66kW, 35.39kW, 31.11kW, and 26.84kW. 
The reduce percent is respectively 15.91%, 15.93%, 
15.97%, and 16.02%, indicating that as the inlet 
temperature increases, the attenuation of heat transfer 
performance increase slowly. 

Fig. 5 shows the variation of the outlet temperature 
and the heating extraction rate with time at different inlet 

velocity with Tg=0.035℃/m, and λr=3W/(m·℃), Ti=10℃. 
It can be seen that as the inlet velocity increases, the 
outlet temperature of the DBHE decreases and the heat 
extraction rate increases. When the velocity drops from 
1m/s to 0.5m/s, the average temperature difference 
between the inlet and outlet increases by 75.39%. The 
increase of the inlet and outlet temperature difference is 
less than the decrease of the flow rate.  

3.4 Effect of rock 

Fig. 6 shows variation of heat extraction rate with 
time at different the thermal conductivities of the rock 
when ui=1m/s, Tg=0.035℃/m, and Ti=10℃. Fig. 7 shows 
variation of heat extraction rate with time at different 
geothermal gradient when ui=1m/s, λr=3W/(m·℃), and 
Ti=10℃. It can be seen that as the thermal conductivity 
of the rock and geothermal gradient increase, the heat 
extraction rate rises. For every increase of 0.005℃/m in 
geothermal gradient, the heat extraction rate increases 
by an average of 22.76kW, and for every increase of 
0.5W/(m·℃) in the thermal conductivity of the rock, it 
increases by an average of 26.44kW. 

It can be seen that as the thermal conductivity of the 
rock increases from 2.5W/(m·℃) to 3.5W/(m·℃), the 
growth trend of the heat transfer performance of the 
rock is slowing down. In reality, the thermal conductivity 
of the rock is in a range of 1.5~3.5W/(m·℃), so 
increasing thermal conductivity of rock has little 
significance for improving the heat transfer performance 
of DBHEs. 

3.5 Model validation 

To validate the model, the results of this paper are 
compared with the results of other papers. Kong 
summarized some DBHE application case from literature 
[11]. It can be found that the heat extraction per meter 
of these cases varies from 43.5W to 188.8W. The depth 
of these DBHEs varies from 1200m to 2786m. The 
average heat extraction per meter in this paper varies 
from 68.48W to 113.63W, which is a reasonable range. 

4. CONCLUSIONS 
In this paper, Fluent is used to establish the model of 

DBHEs with working fluid of water. The influence of 

different factors on the heat transfer performance of 
DBHEs is studied by numerical simulation. The following 
conclusions are drawn. 

(1) The heat transfer performance of DBHEs 
attenuates with time obviously. Therefore, it is necessary 
to recover the heat storage of rock in non-heating season 
to make DBHEs continues to run. 

(2) The decrease of inlet temperature and increase 
of inlet velocity will improve heat transfer performance, 
but the two methods will reduce energy quality. The 
actual operation parameters should be in an appropriate 
range. 

(3) Increasing the thermal conductivity of the rock 
and geothermal gradient will improve heat transfer 
performance of DBHEs, while the thermal conductivity of 
the rock has less influence. 
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