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The U-type medium-deep borehole ground heat exchanger BGHE is a new form of
utilization of geothermal energy and there has been relatively little research on it. This paper
introduces the structure and working principle of the BGHE. The energy control equations
based on the characteristics of the heat transfer model are established creatively. The initial
and boundary conditions of the circulating fluid and rock soil are determined. And the
reliability of the simulation is verified through comparing the simulated results with the
engineering data. Based on the above theoretical foundation, the effects of the circulating
fluid flow rate, geothermal gradient and thermal conductivity of different soil layers on the
nominal heat extraction and the outlet temperature of the U-type BGHE are examined. The
temperature changes in the soil surrounding the vertical pipe and the temperature of
circulating fluid at the inlet and outlet of the BGHE are analysed. The corresponding
reasons of these changes are revealed. It is shown from simulation results that the
circulating fluid flow rate has opposite influence on the nominal heat extraction and outlet
temperature. The increasing terrestrial heat flow is conducive to heat transfer, but the
reverse heat transfer occurs during the heat transfer process. The influence of the BGHE
on the surrounding rock soil will hardly affect the continuous use of the buried ground heat
exchanger. The results of the study are beneficial to better understand the heat transfer
characteristics of the U-type medium-deep BGHE and its impact on the surrounding soil. It
will promote the popularization and application of medium-deep geothermal energy.

Keywords: energy, geothermal energy, u-type medium-deep borehole, borehole ground heat exchanger, ground
source heat pump

1 INTRODUCTION

The concept of the ground source heat pump (GSHP) was first proposed by Zoelly of Switzerland
in 1912, and it has become a pertinent research focus (Manzella et al., 2018; Luo et al., 2020;
Zheng et al., 2021). The GSHP, as a new energy extraction technique, by consuming a small part
of electric energy, extracting heat from the ground or discharging heat into the ground to achieve
the purpose of heating or cooling the building (Cai et al., 2022). It has the capability to provide a
renewable source of energy and help reducing greenhouse gas emissions. It is environmentally
friendly, energy saving and high-efficiency (Chu and Dong, 2021; El Haj Assad et al., 2021; Fan
et al., 2022). The energy stored in the depth of 50–200 m is usually called shallow geothermal
energy. At present, the application of shallow geothermal energy has been relatively extensive (Li
et al., 2019). However, in areas with a dominant heat load or only a heat load, It is difficult to
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meet the heating demand by using shallow geothermal energy
(Sarbu and Sebarchievici, 2014; Luo et al., 2022).

Considering the above limitation of the application of SBHE,
medium-deep geothermal energy is developing rapidly and
increasingly popular (Li et al., 2021). The medium-deep
geothermal energy is stored in soil at a depth of 1000–3000m.
It is utilized by arranging medium-deep BGHEs (Deng et al., 2020;
Du and Man, 2020). The BGHEs can be classified as direct heat
exchangers and indirect heat exchangers. The enhanced
geothermal system is a more mature form of direct heat
exchange (Olasolo and Juárez, 2016; Liu et al., 2019a). However,
the long-term use of direct heat exchangers causes changes in
geological structures (Jiao and Yang, 2022), and problems such as
insufficient groundwater recharge and potential pollution risks.
The indirect heat exchange method uses a closed heat exchanger
with water as the circulating medium (Liang, 2018). Compared to
direct heat exchangers, indirect heat exchangers effectively protect
water resource. In the application of indirect medium-deep
BGHEs, some projects use pipe-in-pipe heat exchangers (Liu
et al., 2019b). The outer pipe is usually a steel pipe, which has a
high thermal conductivity and plays a supporting and fixing role.
The inner pipe is a plastic pipe with a low thermal conductivity to
preserve heat. The circulating fluid in the coaxial BGHE flows from
the outer pipe into the inner pipe or inverse. Some researchers have
also carried out simulations on the types of flowing media in the
pipe (He et al., 2021).

To more efficiently apply medium-deep geothermal energy
to meet the heating requirements of large building areas, a new
type of underground heat exchanger is considered, which
reaches depths of 1,000–3,000 m. The two vertical boreholes
are connected horizontally at the bottom, and steel pipes are
arranged in these boreholes to form a U-type medium-deep
BGHE, which consists of descending borehole, horizontal
borehole, ascending borehole, descending pipe, horizontal
pipe, ascending pipe and backfill material between the
boreholes and corresponding pipes. Circulating fluid flows in
the descending pipe, passes through the descending, horizontal
and ascending pipes sequentially, and then flows out of the
ascending pipe. A schematic diagram of the BGHE is shown in
Figure 1.

When it is compared with the coaxial medium-deep BGHE, the
horizontal tube buried at the bottom of the borehole can exchange
more heat. In 2016, Shanxi Coal Field Geology Group Company
completed the first U-type well docking project in China (Zhang
et al., 2020), and adopted a closed unidirectional circulation. Zhou
Cong et al. monitored the outlet temperature of the U-type BGHE
in real time under the conditions of constant water inlet
temperature and water flow rate in the buried pipe. And
pointed out through analysis that the increase of the depth of
the buried pipe has a greater impact on the heat transfer strength
(Zhou et al., 2019). Zhang wenke et al. compared the heat
extraction of U-type and coaxial BGHE, the results show that
the heat extraction capacity of the U-type BGHE is better (Zhang
et al., 2021). The medium-deep U-type BGHE is a new form
application of geothermal energy. At present, there is little research
on it. In this paper, heat transfer models of the medium-deep
U-type BGHE are established creatively, and the corresponding
prerequisites are described. When it is compared with the SBHEs,
the geothermal gradient must be considered due to the large depth.
The influence of the flow rate, the terrestrial heat flow and the
thermal conductivity of the soil on the nominal heat extraction and
outlet temperature of the U-type medium-deep BGHE are
analyzed. Moreover, because of the large borehole depth, the
construction is more difficult, and the drilling cost will be
relatively high. If the heat transfer performance of this
underground heat exchanger and heat transfer influences on the
surrounding soil can be revealed, this will be beneficial to better
understand this BGHE. Therefore, the temperature changes in the
vertical pipe and surrounding soil, and the temperature of the
circulating fluid inlet and outlet are both simulated and analysed,
which may further promote the popularization and application of
medium-deep geothermal energy.

2 PROJECT OVERVIEW

The ground heat exchangers (GHEs) and heat pumps are the
essential parts of the.

Ground source heat pump systems (He and Feng, 2001), and a
schematic diagram of the whole system is shown in Figure 2.

FIGURE 1 | Diagram of the U-type medium-deep BGHE.
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1. Descending tube 2. Rock soil layer 1) 3. Rock soil layer 2) 4.
Rock soil layer 3) 5. Descending borehole 6. Horizontal tube
7. Horizontal borehole 8. Ascending borehole 9. Backfill
material 10. Ascending tube 11. Ground 12. Flowmeter 13.
Thermometer 14. Valve 15. Valve 16. Thermometer 17.
Water pump 18. Thermometer 19. Flowmeter 20. Indoor
end equipment 21. Room 22. Water pump 23. Thermometer
24. Valve 25. Heat pump unit 26. Valve

Borehole Ground Heat Exchanger
The depth of the U-type medium-deep BGHE is 1800m, and the
borehole diameter is 300mm. The length of the horizontal borehole is
350m. Steel pipes are arranged in the boreholes. The outer diameter of
the tubes is 220.5mm, and the inner diameter is 200mm.The thermal
conductivity of the steel tubes is 48W/mK, and the volumetric heat
capacity is 3.4 × 106 J/(m3·K). Cement with an average thermal
conductivity of 2.5W/mK and a volumetric heat capacity of 2.6 ×
106 J/(m3·K) is backfilled between the pipes and boreholes.

The rock soil surrounding the U-type medium-deep BGHE
includes three strata, and the relevant information is listed inTable 1.

During the drilling process, the first step is completing the drilling
of the vertical boreholes. Then, to ensure the smooth docking of the

two boreholes, it is necessary to perform a multi-point measurement
and import it into a unified measurement system with the well
trajectory. During the connection construction process, the magnetic
launch device is inserted into one of the vertical boreholes, the
measurement probe is inserted into the other vertical borehole,
and the real-time received signal is fed back to the control system
to adjust the position of the drill bit to smoothly penetrate the
horizontal borehole section. The heat exchange steel pipes are put
into the borehole in sections, and threaded connections are used to
connect each section of the steel pipe. A vertical pipe composed of
several sections of steel pipes is put in one of the vertical boreholes,
and the other steel pipe is put in the other borehole. Due to the deep
drilling depth, the bottom of the steel pipes will automatically bend
along the direction of the horizontal drilling after being stressed.
Finally, it is positioned and connected at the bottom of the vertical
borehole with the vertical pipeline previously put.

3 HEAT TRANSFER MODELS

3.1 Basic Assumptions
The U-type medium-deep BGHE is composed of descending
pipe, horizontal pipe, and ascending pipe. The circulating fluid

FIGURE 2 | Diagram of the GSHP system employing the U-type medium-deep.

TABLE 1 | Parameters of the soil medium.

Sequence Type
of underground medium

Distance from the surface
(m)

Thermal conductivity (W/m·K) Volumetric specific heat
capacity J/(m3·K)

1 Guantao group 675 2.58 2.35×106

2 Dongying group 1,120 2.53 2.31×106

3 Shahejie group 1,800 2.75 2.33×106
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flows in from the descending pipe, through the horizontal pipe,
and finally flows out of the ascending pipe. Establishing and
solving the heat transfer model needs to consider the physical
conditions of the heat exchanger and surrounding soil. The
borehole is very deep and will pass through multiple soil
strata, so it is necessary to independently count the parameter
information of each stratum soil medium. The temperature at the
bottom of the borehole can reach 60°C or even higher, and the
heat is transferred from the underground to the ground through
heat conduction. The geothermal gradient in the depth direction
cannot be ignored. It is also an important factor in the analysis of
the heat transfer of the soil. Therefore, the entire heat transfer
process is complicated. In order to facilitate exploration and
research, some situations can be simplified through basic
assumptions.

1) Only heat conduction is considered in the rock soil heat
transfer mechanism.

2) The rock soil layer is considered to be a homogeneous
medium or a uniformly layered medium within the scope
under investigation. The physical properties of the medium do
not change with the temperature, and the effect of
groundwater seepage is not considered.

3) The heat transfer processes in the surrounding rock and the
soil around the descending, horizontal and ascending
boreholes do not affect each other within the studied
time range.

4) The convective heat transfer between the air and the ground is
considered, and the convective heat transfer coefficient is
remain unchanged, and the air temperature above the
ground is set as the local annual average temperature.

5) The heat exchanger has no leakage and other mass exchange,
and the flow rate of the circulating fluid in the three pipe
sections is the same.

3.2 Governing Equations
3.2.1 Energy Equations of the Rock Soil
Taking the three heat exchange pipes as the center, and
establishing a cylindrical coordinate system respectively, where
the z-axis is the axial direction and the r-axis is the radial
direction. The energy equation of the rock soil is expressed as
Eq. 1[22]:

1
α

zT(r, z, τ)
zτ

� 1
r

z

zr
(r zT(r, z, τ)

zr
) + z2T(r, z, τ)

zz2
(1)

Considering that the temperature gradient in the radial central
part is high and that in the edge part is low in cylindrical
coordinates, unequal differential step lengths can be adopted
in the radial direction. The above equation is changed as follows:

1
α

zT(ε, z, τ)
zτ

� 1

(r0eε)2
z2T(ε, z, τ)

zε2
+ z2T(ε, z, τ)

zz2
(2)

ε � ln
r

r0
(3)

where α is the thermal diffusion coefficient of the underground
medium, r and z are the radial and vertical coordinates,

respectively, τ is the time, and T (r,z,τ) is the temperature
distribution function, r0 is the radius of the borehole.

3.2.2 Energy Equations of the Circulating Fluid
Take the fluid flow and heat transfer in the U-type pipe as a one-
dimensional problem. m is the mass flow rate of the fluid in the
tube, kg/s, and c is the specific heat capacity, kJ/kgK. The energy
equation of the fluid in the pipes is Equation 4[22] (subscripts 1,
2 and 3 denote the descending, horizontal and ascending pipes,
respectively):

Cn
zTfn(z, τ)

zτ
� Tbn(z, τ) − Tfn(z, τ)

Rn
−mc

zTfn(z, τ)
zz

n � 1, 2, 3

(4)
Where Tbn(z,τ) is the temperature of the borehole walls °C. Tfn
(z,τ) is the temperature of the fluid in the pipes, °C. Cn is the sum
of the heat capacity of the various materials in the BGHE per unit
length of each pipe section. The calculation equation is:

Cn � π

4
[d2

niρwcw + (d2
no − d2

ni)ρncn + (d2
bn − d2

no)ρgcg] n � 1, 2, 3

(5)
where dbn is the drilling diameter of the borehole. dno and dni are
the outer and inner diameters of the pipe, respectively. ρwcw, ρncn
and ρgcg are the volumetric specific heat capacities of water, pipes
and backfill material, respectively. Rn is the thermal resistance per
unit length between the fluid in the pipe and the corresponding
borehole wall. Their expression is as follows:

Rn � 1
2π

( 2
dnihn

+ 1
λpn

ln
dno

dni
+ 1
λgn

ln
dbn

dno
) n � 1, 2, 3 (6)

where λpn is the thermal conductivity of the pipe. λgn is the
thermal conductivity of the backfill material. hn is the convective
heat transfer coefficient between the fluid in the pipe, respectively,
and the inner wall of the pipe. The fluid flow in the pipe belongs to
forced convection heat transfer. The minimum Reynolds number
for fluid flow in the three pipes is 26889. The fluid flow is
turbulent and the equations are as follows:

hn � Nunpλ

dni
n � 1, 2, 3 (7)

Nun � 0.023Re0.8n pr0.4 n � 1, 2, 3 (8)
Ren � unpdn

]
n � 1, 2, 3 (9)

Pr � ]
α′ (10)

λ is the thermal conductivity of the fluid. un is the flow rate of
the fluid in the pipe. ] is the kinematic viscosity of the fluid. α’ is
the thermal diffusion coefficient of the fluid.

3.3 Initial and Boundary Conditions
3.3.1 Initial and Boundary Conditions of the
Underground Medium
The initial temperature of the surrounding soil of the U-type
medium-deep BGHE is uniformly distributed along the radial
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direction, and there is a temperature gradient in the depth
direction and a uniform upward terrestrial heat flow in the
rock soil. Initial conditions (τ = 0):

T(0) � Ta + qg
ha

(11)

qg � λs
dT

dl
(12)

T(z) � T(0) + qg
ha

⎡⎢⎢⎣ ∑m−1

j�1

1
λj
(Hj −Hj−1) + 1

λm
(z −Hm−1)⎤⎥⎥⎦ (13)

In the process of heat transfer analysis of the BGHE, there are
three boundaries. They are the ground surface and the rock soil
which is far enough in the radial and axial direction, respectively.
At the surface of the ground, there will be convection heat transfer
between the rock soil and the nearby air, which can be regarded as
the third type of boundary condition. At the same time, it is
assumed that the temperature of the rock soil which is far enough
in the radial and axial direction is not affected by the borehole
heat exchanger. Therefore, the radially and axially far enough
apart can be regarded as adiabatic boundary conditions.

Boundary conditions(τ ≥ 0) :
λ′ zT

zz
� ha(T − Ta) z � 0, rb ≤ r≤ rbnd (14)

−λzT
zz

∣∣∣∣∣∣∣r�rbnd � 0 (15)

−λzT
zz

∣∣∣∣∣∣∣z�zbnd � 0 (16)

H is the depth of the U-type medium-deep BGHE. T(z) is the
initial temperature at any depth in rock and soil. Ta is the air
temperature above the ground. qg is the terrestrial heat flow. The
terrestrial heat flow refers to the energy transferred from the
center of the earth to the outside, that is, the heat flowing through
a unit area of the earth’s surface per unit time. λs is the thermal
conductivity of the soil. dTdl is the temperature gradients in soils
and l is the distance in depth. ha is the surface heat transfer
coefficient.m is the number of strata, n is the number of nodes, λ’

is the thermal conductivity. rb is the initial radius, and rbnd is the
boundary radius. zbnd is the axial boundary depth.

3.3.2 Initial and Boundary Conditions of the Circulating
Fluid
The initial temperature of the fluid in the descending, horizontal
and ascending pipes of the U-type medium-deep BGHE is the
same, and it equals the initial temperature of the surrounding soil
at the same depth.

Initial conditions (τ = 0):

tf1
′ � t″f3, t″f1 � t′f2 � t″f2 � t′f3 � T(z) (17)

Boundary conditions (τ ≥ 0):

z � 0, t′f1 � t″f3 − Q/Cw (18)
z � H, t″f1 � t′f2 and t″f2 � t″f3 (19)

where t’f1 and t’’f1 are the inlet and outlet temperature,
respectively, of the circulating fluid in the descending pipe, t’f2
and t’’f2 are the inlet and outlet temperature, respectively, of the
circulating fluid in the horizontal pipe, t’f3 and t’’f3 are the inlet
and outlet temperature, respectively, of the circulating fluid in the
ascending pipe, Q is the heat load of the BGHE, and Cw (J/(kgK))
is the mass specific heat capacity of the circulating fluid.

4 RESULTS AND DISCUSSION

The simulation was programmed and analyzed in Fortran
language. The forward difference method is used to establish
the energy node equations for the circulating fluid in the pipes
and the surrounding soil. The number of radial nodes is 40, the
step length magnification is 1.2 times, and the radial boundary is
approximately 338.05 m from the centre. The discrete step in the
depth direction is 10 m, the boundary is 100 m from the bottom
of the borehole, and the time step is 1 h.

The local atmosphere annual average temperature is 13°C and
the surface convective heat transfer coefficient is 15W/(m2·K)
(He and Feng, 2001). The BGHE operates from November 15 to
March 15 of the following year.

4.1 Verification
The actual project runs continuously under multiple working
conditions during operation, and the 240–720 h is the same as the
simulated working conditions in this paper. When the simulation
conditions are the same as the actual working conditions, this
simulation analyzes the outlet temperature of the U-type
medium-deep BGHE after 720 h of operation, and compares
the 240–720 h data with the actual data (The inlet temperature
is fixed at 10.5°C, and the flow rate is 11.11 kg/s). The result is
shown in Figure 3:

The variation trend between the simulation results and the
actual results is basically the same, indicating that the simulation

FIGURE 3 | The comparison of simulation and actual data.
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results have extremely good fitting degree with the engineering
data. The maximum error between simulated and actual data is
5.89%, indicating that the model and the boundary conditions
established in this paper is reliable and the simulation can be used
to analyze the heat transfer performance of the U-type medium-
deep BGHE.

4.2 Research on Nominal Heat Extraction
and the Outlet Temperature
The nominal heat extraction is a virtual quantitative index
determined via simulation. This index is conveniently
conveyed by engineers to non-professionals. It is defined as
the maximum heat extraction provided by the U-type
medium-deep BGHE under certain operating conditions.
These specific working conditions are as follows:

1) Constant heat extraction occurs over 3 months (90 days).
2) The initial temperature distributions of the various rock soil

layers are predetermined. Here, we assume that the rock soil
layers are not disturbed by the U-type medium-deep BGHE
system at the beginning of heat collection.

3) The inlet temperature of the BGHE system is not lower than
5°C during the entire heat extraction period.

4.2.1 Flow Rate
To examine the effect of the flow rate in the pipe on the nominal
heat extraction and outlet temperature, based on a U-type well
project, in this paper, only the circulating fluid flow of the BGHE
is varied. The simulation result at a flow rate ranging from 50 to
120 m3/h is shown in Figure 4.

With increasing flow rate of the circulating fluid, the nominal
heat extraction of the U-type medium-deep BGHE gradually
increases, but the increase remains small. At the same time, with
increasing flow rate of the circulating fluid, the outlet temperature
of the U-type medium-deep BGHE gradually decrease. Thus that

the flow rate of the circulating fluid does not need to be
maximum. When the flow rate of the circulating fluid is too
high, not only does heat extraction not substantially increase but
the outlet temperature also decrease, and the power consumption
of the water pump will also increase, which will undoubtedly
decrease the operating COP of the system. Therefore, the flow
rate of circulating fluid should be reasonably selected during the
operation.

4.2.2 Terrestrial Heat Flow
Figure 5 shows the change in the nominal heat extraction and the
outlet temperature of the U-type medium-deep BGHE when the
terrestrial heat flow varies between 0.03 and 0.08W/m2.

The nominal heat extraction and the outlet temperature of the
U-type medium-deep BGHE increases almost linearly with
increasing terrestrial heat flow. This reveals that the higher the
terrestrial flow is, the more heat is transferred from the interior of
the Earth to the surface per time and area. BGHE operation is
better achieved, and the soil temperature is restored faster.

4.2.3 Different Formation Thermal Conductivities
The stratum thermal conductivity greatly impacts heat extraction
when the soil around the U-type medium-deep BGHE is
composed of multiple strata. In this simulation, there are three
soil layers from top to bottom around the BGHE. Figure 6 shows
the change in the nominal heat extraction and the outlet
temperature when the thermal conductivity of a single layer
changed (1,2,3 is the number of the soil layer).

Only by changing the thermal conductivity of the first soil
layer does the nominal heat extraction and the outlet temperature
of the U-type medium-deep BGHE gradually decrease with
increasing thermal conductivity. When the circulating fluid
enters the BGHE, it flows through the descending and
horizontal pipes, and the temperature is high when it passes
through the shallow soil in the process of flowing out of the
ascending pipe, and reverse heat transfer occurs. The higher the
thermal conductivity is, the more heat is lost by the circulating

FIGURE 4 | Nominal heat extraction and the outlet temperature at
different flow rates.

FIGURE 5 | Nominal heat extraction and the outlet temperature at
different terrestrial heat flow.
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fluid, and the nominal heat extraction and the outlet temperature
of the buried pipe heat exchanger is reduced. When the thermal
conductivity of the second soil layer is varied, the nominal heat
extraction and the outlet temperature of the BGHE still decreases
with increasing thermal conductivity. This occurs because the
reverse heat transfer phenomenon only occurs above a certain
depth of this layer in the medium. Below this depth, an increase in
the thermal conductivity is beneficial to the heat extraction of the
BGHE, while an increase in the thermal conductivity above this
depth adversely affects heat extraction and the outlet
temperature. Under the combined effects of the above two
phenomena, the nominal heat extraction and the outlet
temperature exhibits a decreasing trend with increasing
thermal conductivity, but the magnitude of the nominal heat
extraction and the outlet temperature reduction of the second soil
layer is smaller than that of the first soil layer. In actual
engineering, an insulation layer can be set at a certain depth
from the ground surface at the exit end of the U-type BGHE to
reduce heat loss from reverse heat transfer. When the thermal
conductivity of the third soil layer is altered, the nominal heat
extraction and the outlet temperature of the BGHE increases with
increasing thermal conductivity. With increasing soil depth, the
temperature increases. Therefore, the circulating fluid absorbs
more heat from the soil, and the corresponding nominal heat
extraction and the outlet temperature increases.

4.3 Changes in Temperature of the Vertical
Pipe and Surrounding Soil
4.3.1 Temperature Around and at the Bottom of the
Vertical Pipe
The vertical pipes include descending and ascending pipes. The
circulating fluid enters the U-type BGHE via the descending pipe,
exchanges heat with the surrounding soil, and flows out of the
ascending pipe. After 5 years of continuous operation, the
temperature changes around and at the bottom of the vertical

pipe are shown in Figure 7, where i is the radial distance from the
descending or ascending tube and j is the depth.

The temperature around and at the bottom of the vertical pipe
changes periodically over time. During the heating season, the
temperature around and at the bottom of the vertical pipe greatly
decreases. During the non-heating season, the temperature
around and at the bottom of the vertical pipe again increases.
This indicates that the soil temperature is better restored during
the non-heating period. However, the temperature around and at
the bottom of the descending pipe is always slightly lower than
that around and at the bottom of the ascending tube because the
circulating fluid in the U-type medium-deep BGHE reaches the
bottom of the descending tube and enters the horizontal pipe to
exchange heat with the underground medium. It then reaches the
ascending pipe and flows out of the BGHE. In this process, the
temperature of the circulating fluid rises, and the temperature
difference between the fluid and surrounding soil decreases, and
the amount of heat absorbed from the soil decreases. Therefore,
the temperature at the bottom and the surrounding soil of the
ascending tube is relatively higher.

4.3.2 Soil Temperature Around the Vertical Pipe
This simulation studies the axial temperature distribution of the
soil at different radial distances from the vertical pipe after 5 years
of continuous operation of the U-type medium-deep BGHE. The
distribution is shown in Figure 8.

When the radial distance remains constant, the soil
temperature increases with the axial depth. When the axial
distance remains unchanged, the soil temperature is high
when the BGHE is far away because the soil far from the
BGHE is less affected.

4.3.3 Isotherm Diagram of the Soil Around the Vertical
Pipe
An isotherm diagram of the soil around the vertical pipe after
5 years of continuous BGHE operation is shown in Figure 9.

Figure 9 shows that the soil temperature increases with
increasing soil depth, and the soil closer to the BGHE is more
affected.

4.3.4 The Inlet and Outlet Temperatures Over Time
When the heat extraction is 500 kW,the temperature changes
over time after 10 years of continuous operation of the BGHE are
shown in Figure 10.

Over time, the maximum temperature at the outlet of the
U-type medium-deep BGHE slowly decreases year by year, and
almost do not change after the fifth year. It is still above 40°C in
the 10th year, which reveals that the soil temperature can restore
well during non-heating period. During system operation, the
inlet temperature of the BGHE gradually decreases. If the BGHE
extracts heat from the soil, the temperature of the surrounding
soil will decrease. If the soil temperature remains unchanged, the
temperature difference between the circulating fluid and soil
decreases, and the original heat extraction level cannot be
maintained. The basic stability of the heat extraction process is
still ensured when the inlet temperature gradually decreases.

FIGURE 6 | Nominal heat extraction under different thermal
conductivities of a single soil layer.

Frontiers in Energy Research | www.frontiersin.org March 2022 | Volume 10 | Article 8605487

Guan et al. U-type Medium-Deep Ground Heat Exchanger

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


FIGURE 7 | Changes in temperature around and at the bottom of the vertical pipe.

FIGURE 8 | Axial distribution of the soil temperature around the vertical pipe.
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5 CONCLUSION

As a new form of utilization of geothermal energy, a BGHE can
satisfy the heating demand of hundreds of square meters. However,
little research has been done on this type of borehole heat exchanger.
This paper established the energy control equations based on the
characteristics of its heat transfer model creatively. Based on the
theoretical analysis of the U-type medium-deep BGHE, certain

factors influencing the nominal heat extraction and temperature
changes in both the soil and circulating fluid are examined. We can
draw the following conclusions:

4) The nominal heat extraction increases with increasing
circulating fluid flow, but the outlet temperature of the
U-type medium-deep BGHE gradually decrease. Thus that
the flow rate of the circulating fluid does not need to be
maximum.

5) The nominal heat extraction and the outlet temperature of the
U-type medium-deep BGHE increases almost linearly with
increasing terrestrial heat flow. This means that the BGHEwill
perform better in areas with high terrestrial heat flow.

6) The nominal heat extraction and outlet temperature gradually
decreases with increasing thermal conductivity of the first or
second soil layer, but it may increase with increasing thermal
conductivity of the third soil layer because the reverse heat
transfer phenomenon occurs above a certain depth of the
second layer. In actual engineering, reverse heat transfer can
be reduced by setting thermal insulation layers.

7) The temperature around or at the bottom of the vertical pipe
changes periodically over time. The soil temperature is better
restored during the non-heating period. When the radial
distance remains constant, the soil temperature increases
with increasing axial depth. When the axial distance
remains unchanged, the soil temperature is high far from
the BGHE because the soil is less affected. The maximal
temperature at the BGHE outlet slowly decreases year by
year, and almost do not change after the fifth year. It remains
above 40°C in the 10th year. It is beneficial to the continuous
operation of the BGHE.

FIGURE 9 | Isotherm diagram of the soil around the vertical pipe.

FIGURE 10 | Change in inlet and outlet temperatures over time.
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As a clean and environmental friendly renewable energy, the
application prospect of geothermal energy is very considerable.
The medium-deep BGHE adopts a closed cycle to extract
geothermal energy to heat buildings, which can operate stably
and supply large amount of heat. However, there are also
downsides of large initial investment and long payback period.
At present, the research on this heat exchanger is not mature, and
more effort is needed to promote its popularization and
application.
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NOMENCLATURE

r, z the radial and vertical coordinates (m)

α thermal diffusion coefficient (m2/s)

τ time (s)

T(r,z,τ) the temperature distribution function (°C)

r0 the radius of borehole (m)

m the mass flow rate of the fluid in the tube (kg/s)the number of strata

c the specific heat capacity (kJ/kg·K)
Tbn(z,τ) the temperature of the borehole walls (°C)

Tfn(z,τ) the temperature of the fluid in the pipes (°C)

Cn the sum of the heat capacity of the various materials in the BGHE per unit
length of each pipe section (kJ/s·K)
dbn the drilling diameter of the borehole (m)

dno the outer diameters of the pipe (m)

dni the inner diameters of the pipe (m)

ρwcw the volumetric specific heat capacity of water (J/(m3·K))
ρncn the volumetric specific heat capacities of pipes (J/(m3·K))
ρgcg the volumetric specific heat capacity of backfill material (J/(m3·K))
Rn the thermal resistance per unit length between the fluid in the pipe and the
wall of the borehole (K/W)

λpn the thermal conductivity of the pipes (W/m·K)
λgn the thermal conductivity of the backfill material (W/m·K)
hn the convective heat transfer coefficients between the fluid in the tubes and
the inner wall of the pipe (W/m2·K)
λ the thermal conductivity of the fluid (W/m·K)
un the flow rate of the fluid in the tube (m/s)

ν the kinematic viscosity of the fluid (m2/s)

α’ the thermal diffusion coefficient of the fluid (m2/s)

H the depth of the U-type medium-deep BGHE (m)

T(z) the ground temperature in the depth direction (°C)

Ta the air temperature above the ground (°C)

qg the terrestrial heat flow (W/m2)

λs the thermal conductivity of the soil (W/m·K)
dT
dl the temperature gradients in soils (K/m)

l the distance in depth (m)

ha the surface heat transfer coefficient (W/(m2·k))
m the mass flow rate of the fluid in the tube (kg/s)the number of strata

n the number of nodes

λ’ the thermal conductivity (W/(m·k))
rb the initial radius (m)

rbnd the boundary radius (m)

t’f1, t’f2, t’f3 the inlet temperatures of the circulating fluid in the descending,
horizontal, ascending tube (°C)

t’‘f1, t’‘f2, t’‘f3 the outlet temperatures of the circulating fluid in the
descending, horizontal, ascending tube (°C)

Q the heat load of the BGHE (kW)

Cw the mass specific heat capacity of the circulating fluid (J/(kg·K))
Subscripts：

1 the descending tube (borehole)

2 the horizontal tube (borehole)

3 the ascending tube (borehole)
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