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Abstract: The flow of groundwater and the interaction of buried pipe groups will affect the heat
transfer efficiency and the distribution of the ground temperature field, thus affecting the design and
operation of ground source heat pumps. Three-dimensional numerical simulation is an effective
method to study the buried pipe heat exchanger and ground temperature distribution. According to
the heat transfer control equation of non-isothermal pipe flow and porous media, combined with the
influence of permeable groundwater and tube group, a heat-transfer coupled heat transfer model of
the buried pipe group was established, and the accuracy of the model was verified by the sandbox
test and on-site thermal response test. By processing the layout of the buried pipe in the borehole to
reduce the number of meshes and improve the meshing quality, a three-dimensional numerical model
of the buried pipe cluster at the site scale was established. Additionally, the ground temperature
field under the thermal-osmotic coupling of the buried pipe group during groundwater flow was
simulated and the influence of the head difference and hydraulic conductivity on the temperature
field around the buried pipe group was calculated and analyzed. The results showed that the research
on the influence of the tube group and permeable groundwater on the heat transfer and ground
temperature field of a buried pipe simulated by COMSOL software is an advanced method.

Keywords: GSHP (ground source heat pump); heat transfer; coupled heat conduction and advection;
nest of tubes; three-dimensional numerical simulation

1. Introduction

Ground heat exchanger (GHE), which is also called a geothermal heat exchanger, has emerged as
a promising and globally accepted way of exploiting shallow geothermal energy. Typically, circulating
heat-carrying fluids flow in a U-shaped channel inserted in a vertical borehole and absorb or discharge
heat from or to the ground [1]. The performance of ground source heat pump (GSHP) systems,
constructed with many GHEs, is determined by ground stratigraphy in which thermal conductivity,
groundwater flow, and the initial temperature play an essential role [2,3]. Knowledge of the thermal
processes in the ground is not only critical for the optimal design and operation of systems (GSHP) [4–6],
but is also a prerequisite in evaluating their relevance and the hazards related to the local climatic
conditions and geological context [7].

In order to estimate the heat transfer of borehole heat exchangers (BHEs), based on the pioneering
work of Ingersoll et al. [4], diverse numerical and analytical methods have been proposed [8].
Plenty of research has focused on the system design, penalty temperature prediction [9], parameter
estimation [10,11], quasi-steady heat transfer around a borehole [12], and progress in conventional
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models for borehole GHEs [13]. The buried depth of BHEs is about 60–300 m, where groundwater
exists and its flow benefits the heat transfer and reduces or eliminates the accumulating imbalance
effects of heat transfer [14–19].

The thermal response test (TRT), designed based on the infinite line source model (ILS), is the
most common approach to describe the heat conduction process in homogeneous media with a
constant temperature at infinity [20]. Several studies have been conducted to analyze the importance
of groundwater on heat transfer in TRTs. Diao et al. [21,22] obtained an analytical solution of
two-dimensional temperature response with uniform permeability through a line heat source in the
infinite field by means of the Green function analysis. Molina-Giraldo et al. [23] deduced an analytical
solution through the use of the moving finite line source model (MFLS) with the consideration of the
groundwater flow and axial effects. Wagner et al. [24,25] proposed a parameter estimation method
which was sensitive to conduction and advection to calculate the actual Darcy velocity based on MFLS.
Aranzabal et al. [26] complemented the standard TRT analysis and estimated the thermal conductivity
profile from the borehole temperature profile during the test.

With the wider utilization of GSHPs, the scale of projects is increasing with hundreds, even
thousands, of groups of borehole heat exchangers [27]. The heat transfer in the underground heat
exchanger groups is coupled and interacts with each other in the actual operation process, so some
single hole research conclusions cannot be directly applied [28]. The long-term research models for
buried pipe groups mainly include the two-dimensional heat transfer model and three-dimensional
heat transfer model. Most researchers have often used two-dimensional models to study the long-term
variation of the temperature field in a buried tube region [29–31]. Jia constructed 2D and 3D unsteady
heat transfer models of vertical U-tube GHEs based on practical projects [32]. Yang et al. established a
3D heat transfer model of a ground heat exchanger that couples thermal conduction with groundwater
flow, and pointed out that the heat transfer capacity of staggered arrangement was higher than that of
an aligned arrangement, which is made more obvious by the groundwater flow [33].

In summary, the research on the heat transfer model of buried pipes has always been a difficult
point in the technology of ground source heat pump systems. The influence of groundwater flow
on the heat transfer of buried pipes has been of high concern, and relevant research has made great
progress. However, many of the buried pipe models have been simplified, based on the mobile line
heat source. The true line heat source can give an exact solution, and the splitting of the flow field and
the temperature field cannot obtain a more accurate analytical solution model. It is more practical to
establish a physical model that is exactly the same as the shape of the actual buried pipe [34].

There are few studies on the interaction between long-running buried pipe groups, and the impact
of groundwater flow on buried pipe groups has rarely been considered. Numerical simulation is very
time consuming in solving the formation temperature field of the three-dimensional buried tube group
thermal-permeability coupling in the whole year or the whole life cycle, especially in calculating the
temperature distribution of all-time nodes and spaces of the large buried tube group.

In the research work of this paper, based on the non-isothermal pipe flow module in the
finite-element numerical simulation software COMSOL, the buried pipe was simplified into a
three-dimensional curve, and the fluid heat transfer, velocity, and pressure in the buried pipe
were solved. A new simplified model of the buried pipe was proposed to improve the efficiency and
accuracy of the finite element numerical model calculation. The porous medium heat transfer module
and the groundwater flow module were used to solve the heat-transfer coupling heat transfer process
in the soil. The influence of the buried pipe group and the thermal transfer coupling on the formation
temperature field was studied after one year of operation. The simplified model could accurately solve
the temperature response of the formation in the long-term heat transfer process of the buried tube
group with limited computational resources.

This paper is mainly composed of the following parts: First, the governing equation of the heat
transfer in the formation coupling heat transfer of the buried pipe was given, then the simplified
physical model of the buried pipe heat transfer was established. Second, based on the sandbox test data
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and on-site thermal response test data, the finite element simulation software COMSOL was used to
simulate and verify the full-scale three-dimensional buried tube thermal-permeability coupling model,
which confirmed the accuracy and practicability of the simplified model. Third, a numerical model
of the thermal infiltration coupling of the full-scale buried pipe group was established. When the
different hydraulic conductivities were calculated, the temperature field distribution in the formation
after one year of system operation was obtained. The effects of different hydraulic conductivity on the
formation temperature field were obtained.

2. Establishment of Heat Transfer Models for A Single Well Buried Pipe Coupled with Flow
of Groundwater

The heat exchange process between the buried pipe and the soil can be divided into heat conduction
between the circulating fluid in the U-shaped pipe and the pipe wall, heat conduction between the
buried pipe wall and the backfill material, and heat conduction between the backfill material and the
soil. The non-isothermal pipe flow module based on the finite element numerical simulation software
COMSOL Multiphysics 5.3 simulates the heat transfer process of the circulating fluid in the buried
pipe; the heat transfer coupling heat transfer process in the soil is simulated by the porous medium
heat transfer module and the Darcy permeable module. A schematic diagram of the buried pipe is
shown in Figure 1.
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Figure 1. Schematic diagram of the buried pipe.

2.1. Establishment of Governing Equations for Coupled Model of Buried Pipe with Heat and Groundwater

The control equations of heat transfer between the pipeline and porous formation with Darcy’s
fluid are deduced according to the principle of the conservation of energy.

(1) Energy equation for pipeline flow

It is assumed that the fluid in each section of the pipe is in a fully developed state and is
transient-state heat transfer. The velocity, pressure, and temperature at the same section are the same,
and change only along the axial direction of the pipe. The circulating fluid in the buried pipe is
considered as incompressible flow. The heat balance equation of the fluid in the pipe is as follows:

ρACp
∂T
∂t

+ ρACpuet·∇tT = ∇t·(Aλ∇tT) +
1
2

fD
ρA
2dh
|u|u2 + Qp + Qwall (1)

A =
π
4

d2
i (2)
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Qwall = (hZ)e f f (Text − T) (7)

Z = πdi (8)

where ρ is the fluid density in the pipe, kg/m3; A is the pipe cross-sectional area, m2; Cp is the isobaric
heat capacity of fluid, J/(kg·K); uet is the tangential velocity, m/s; T is the temperature of the fluid, K; λ
is the thermal conductivity of fluid, W/(m·K); fD is the friction coefficient; di is the pipe inner diameter,
m; u is the mean velocity of fluid, m/s; Qp is the heat source/sink item in the pipe, W/m (as the pipe
in this study does not have an extra heat source, Qp is zero); Qwall is the heat exchange on the pipe
wall, W/m; (hZ)e f f is the effective total thermal resistance of the pipe wall, W/(m·K), which includes
the thermal resistance of the pipe and the thermal resistances of the inner and outer pipe wall with
the convection layer [35]; h is the heat transfer coefficient, W/(m2

·K); Z is the wetted perimeter of the
pipe, m; Text is the exterior temperature outside pipe, K; and T is the fluid temperature inside the
pipe, K [36,37].

(2) Energy equation for pipeline flow for porous formation

Heat transfer in porous water-bearing formations can be expressed by the following equation:

Q f + Qgeo =
(
ρCp

)
eq

∂T f

∂t
+ ρCpv·∇T f −∇·

(
λeq∇T f

)
(9)

where Q f is the heat source/sink item in the formation, W/m; Qgeo is the special geothermal heating
function (expressed as domain conditions) in the porous media heat transfer interface, W/m. Since
there was no extra heat source or sink and special geothermal heating in the ground of this study, the
terms of Q f and Qgeo were set as zero;

(
ρCp

)
eq

is the equivalent volumetric specific heat, J/(m3
·K); v is

the groundwater flow velocity, m/s; ∇T f is the incremental temperature of formation, K; and λeq is the
equivalent thermal conductivity, W/(m·K).

The average value of the thermal parameters of the soil is expressed as a weighting factor,
expressed as matrix volume fraction θ. In saturated formation, the pore is occupied by water, while in
unsaturated formation, water and air may exist in the pore. Using the volume averaging method, the
volumetric specific heat of the heat transfer equation in formation is:

(
ρCp

)
eq
=

∑
i

(
θiρiCpi

)
+

1−
∑

i

θi

ρsCps (10)

where θi is the volume ratio of the ith non-solid in the formation; ρi is the density of the ith non-solid
material, kg/m3; Cpi is specific heat capacity of the ith non-solid material, J/(kg·K); ρs is the density of
solid, kg/m3; and Cps is the specific heat capacity of the solid, J/(kg·K).

The equivalent thermal conductivity is described as:

λeq =
∑

i

θiλi +

1−
∑

i

θi

λs (11)
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where λi is the thermal conductivity of the ith non-solid material, W/(m·K) and λs is the thermal
conductivity of solid, W/(m·K).

(3) The permeable equation of fluid flowing in porous formation

According to the universal conservation principle proposed, the mass conservation equation
describing the underground hot water system can be written as follows:

∂
∂t
(ρwϕ) +∇·(ρwv) = ρqqs (12)

where t is the time, s; ρw is the groundwater density, kg/m3; ϕ is the effective porosity, dimensionless; v
is the permeable velocity of groundwater, m/s; ρq is the density of source sink source, kg/m3; and qs is
the source sink term, 1/s.

Darcy’s law expresses different permeable flow as follows:

v = −
kρg
µ
∇H (13)

where k is permeability, m2; g is the gravity acceleration, m/s2; µ is the dynamic viscosity of groundwater,
Pa·s; and H is the hydraulic head, m.

2.2. Initial Condition and Boundary Conditions

2.2.1. Initial Condition

Before the fluid flows into the pipe, the temperature of the pipe and formation is distributed as
the initial formation temperature.

T|t=0 = T f
∣∣∣
t=0 = Tei (14)

where Tei is the initial formation temperature, ◦C.

2.2.2. Boundary Conditions

The temperature of fluid in the pipe at the surface is the inlet temperature:

T|z=0 = Tin (15)

where Tin is inlet temperature of fluid in the pipe, ◦C.
The formation temperature does not change along the horizontal at infinity, i.e.:

dT f

dx

∣∣∣∣∣∣
x→∞

=
dT f

dy

∣∣∣∣∣∣
y→∞

= 0 (16)

The formation at the surface and the bottom is adiabatic, then,

− λeq
dT f

dz

∣∣∣∣∣∣
z=0

= −λeq
dT f

dz

∣∣∣∣∣∣
z=L

= 0 (17)

where, L is the depth of the formation, m.

2.3. Simplification of the Buried Pipe Model

As the length of the buried pipe often exceeds 100 m, and the radial dimension of the buried pipe
is within 36 mm, conducting the length of the buried pipe is much larger than the radial dimension,
which is not conducive to the division of the buried pipe mesh and the network is in poor quality.
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The non-isothermal pipe flow module in COMSOL can simplify the problem of pipe flow with a
finite diameter to the problem of fluid flow velocity, temperature, and pressure in the calculation
curve, which is beneficial to mesh segmentation and greatly improves the efficiency of the pipe fluid
simulation calculation.

The drilling hole was simplified into a very long cuboid with a long length of borehole depth
and a square end with sides equal to the borehole diameter. The buried pipe was simplified as curves
arranged along the four long sides of the cuboid. The buried pipe was modeled and the model was
simplified as shown in Figure 2.
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2.4. Simplified Model Verification

Based on the heat-induced coupled heat transfer control equation in Sections 2.1 and 2.3, a
three-dimensional numerical model of a full-scale buried tube thermal-permeability coupling was
established by using the non-isothermal pipe flow module of COMSOL, the porous medium heat
transfer module, and Darcy permeable module. The non-isothermal pipe flow module simulates the
heat transfer of the circulating fluid in the buried pipe, and the porous medium and the groundwater
permeable module simulate the heat-induced coupled heat transfer in the soil.

In order to verify the accuracy of the model, this paper first used the sandbox test data to verify
the small size model. Then, a full-scale model verification was performed based on the on-site thermal
test. The boundary conditions around the soil were set to adiabatic boundaries, the temperature values
were the same as the initial values of the formation, and the top surface temperature of the model was
set to 25 ◦C. The inlet of the buried pipe was set to a known flow velocity boundary, and the outlet
was set to a constant pressure boundary. The following assumptions were made in the model: (1) The
temperature around the tube is equal; (2) The velocity direction of the fluid in the buried tube is along
the tube axis; and (3) the heat transfer in the tube wall is quasi-static.

2.4.1. Sandbox Test Verification

The sandbox test presented by Beier was used to verify the model above. The size of the sand box
was 18.3 m × 1.8 m × 1.8 m, an aluminum pipe was regarded as the borehole wall where the inner
diameter was 12.6 cm and the thickness was 0.2 cm. The length, inner radius, and outer radius of the
U-tube pipe were 18.3 m, 2.733 cm, and 3.340 cm, respectively. The volumetric flow rate was 0.197 L/s.
The thermal conductivities of the soil and grout were 2.82 W/(m·K) and 0.73 W/(m·K), respectively,
and the sand porosity was 0.89, the specific heat capacity was 1900 J/(kg·K), and the density was 1200
kg/m3 [38]. Based on the simplified buried pipe model in Section 2.2 and the sandbox size and test
conditions, a numerical model was established. The numerical simulation of the sandbox test was



Energies 2019, 12, 3698 7 of 16

carried out by using the non-isothermal pipe flow module, porous medium heat transfer module, and
groundwater permeable module in COMSOL. The results are shown in Figure 3. The solid blue line
is the simulated value of the outlet temperature, and the red hollow dot is the recorded value of the
outlet temperature. It can be seen that the two agreed well, and the measured outlet temperature value
differed from the simulated outlet temperature by a maximum of 0.2 ◦C, confirming the accuracy of
the simplified model.Energies 2019, 12, x FOR PEER REVIEW 7 of 16 
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Figure 3. Sandbox test verification.

2.4.2. On-Site Thermal Response Test Verification

In order to further verify the simplified model to simulate the mesh length quality, calculation
efficiency, and accuracy of the buried pipe with a large aspect ratio, the on-site thermal response
test was simulated and verified. The outdoor test address was located in Baimiao Village, Tongzhou
District, Beijing, with a total of nine drill holes. The initial temperature of the formation was first
measured and then an on-site thermal response test was carried out. Twelve temperature measuring
points were arranged in each of the #1 hole and the #2 hole, and the depth and temperature of the
temperature measuring point in the hole were as shown in Table 1.

Table 1. Initial formation temperature.

Depth (m) −5 −10 −15 −20 −30 −40

#1 temperature (◦C) 17.11 14.25 14.81 14.87 14.50 14.80
#2 temperature (◦C) 17.13 14.63 14.81 14.88 14.44 14.81

Depth (m) −50 −60 −70 −80 −90 −100

#1 temperature (◦C) 14.87 15.01 15.24 15.37 15.24 15.87
#2 temperature (◦C) 14.88 15.06 15.25 15.38 15.19 15.88

Then, the on-site thermal response test was carried out on the #1 hole and the #2 hole, respectively.
The #1 hole was used for the constant temperature condition. The inlet and outlet temperature data of
the buried pipe was used to measure the thermal property parameters of the formation; the #2 hole was
used for the constant power condition and buried. The tube inlet and outlet temperature data were
used to validate the simplified buried tube model. To obtain a more accuracy thermal conductivity, two
situations where the inlet temperature was 30 ◦C and 35 ◦C were adopted during the test. The on-site
thermal response test is shown in Figure 4.
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Based on the on-site thermal response test data, a numerical model of the full-scale
three-dimensional thermal response test was established based on the simplified buried pipe physical
model. The parameters in the model were the same as the on-site thermal response test parameters, as
shown in Table 2.

Table 2. Thermal response test and formation thermal property parameters.

Name Unit Number

The depth of the hole m 102
The depth of ground pipe m 100
The diameter of Drilling mm 150

The outer diameter of buried tube mm 32
The inner diameter of buried tube mm 26

U-tube spacing mm 100
The flow rate of circulating fluid m3/h 1.1
Effective thermal conductivity W/(m·K) 1.86

Formation specific heat capacity kJ/(kg·K) 2.80
U-tube thermal conductivity W/(m·K) 0.44

The roughness of wall surface mm 0.0015
The conductivity of backfill material thermal W/(m·K) 2.3

The capacity of backfill material specific heat capacity kJ/(kg·K) 0.84

The bottom plane of the borehole was divided according to the free-distributed triangle mesh, and
then the borehole mesh was generated by sweeping the bottom surface of the source’s surface along
the drill depth direction. The total number of mesh was 321,157, the minimum unit mass was 0.28, the
average unit mass was 0.83, the minimum unit size was 0.05 m, the maximum unit size was 0.44 m,
and the time step was 5 min. The thermal response test simulation results are shown in Figure 5.
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Figure 5. The results of the on-site thermal response test simulation.

We compared the measured outlet temperature value of the buried pipe with the outlet temperature
calculated by the numerical model, as shown in Figure 6. The solid line in red in the figure is the
simulated outlet temperature, and the purple solid line is the recorded outlet temperature in the thermal
response experiment. The outlet temperature calculated by the numerical model was basically consistent
with the outlet temperature recorded in the field, and the accuracy of the established three-dimensional
numerical model of the buried tube thermal-osmotic coupling was verified. The simplified buried
pipe physical model greatly reduced the total number of meshes on the basis of ensuring the quality
of meshing. In order to establish a thermal-osmotic coupling model of the buried pipe group in
accordance with the actual size under limited computing resources, the foundation was laid.

Energies 2019, 12, x FOR PEER REVIEW 9 of 16 

 

 

Figure 5. The results of the on-site thermal response test simulation. 

We compared the measured outlet temperature value of the buried pipe with the outlet 
temperature calculated by the numerical model, as shown in Figure 6. The solid line in red in the 
figure is the simulated outlet temperature, and the purple solid line is the recorded outlet 
temperature in the thermal response experiment. The outlet temperature calculated by the numerical 
model was basically consistent with the outlet temperature recorded in the field, and the accuracy of 
the established three-dimensional numerical model of the buried tube thermal-osmotic coupling was 
verified. The simplified buried pipe physical model greatly reduced the total number of meshes on 
the basis of ensuring the quality of meshing. In order to establish a thermal-osmotic coupling model 
of the buried pipe group in accordance with the actual size under limited computing resources, the 
foundation was laid. 

 
Figure 6. On-site thermal response test verification. Figure 6. On-site thermal response test verification.



Energies 2019, 12, 3698 10 of 16

3. Three-Dimensional Numerical Simulation of Influence of Thermal Permeable Coupling of
Ground Tube Group on Geothermal Field

Based on the control equation in Section 2.1 of the ground buried tube thermal permeable coupling
model and the simplified model of the buried pipe in Section 2.3, the geothermal field coupled with
the thermal permeable coupling of the buried pipe group was simulated by the misaligned tube
group model.

According to the previous research results, in the case of groundwater permeability, the heat
transfer capacity of the misaligned tube group is higher than that of the smoothing tube group, and the
permeable effect of the groundwater makes it more obvious. In this paper, a thermal-permeability
coupling model of the buried tube group with misaligned arrangement was established. The model
length × width × depth = 21 m × 21 m × 102 m (see Figure 7a). The tube group consisted of nine
buried pipes. The buried pipe was buried at a depth of 100 meters and the buried pipes were arranged
at a distance of 4.5 m (see Figure 7b). The buried pipe passed through three layers, where the first layer
was clay, and the second layer was a water-bearing homogeneous pore sandstone. The water flow
direction flowed from the hole 1 side to the hole 7 side (Figure 7b), and the third layer was clay.
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The initial values of the formation temperature of the buried pipe group thermal permeable
coupling model are shown in Table 1. The drilling dimensions and thermal properties of the formation
are shown in Table 2.

According to Equations (5) and (6), the groundwater permeable velocity can be calculated by the
hydraulic conductivity, k, and the water head, ∇H. The simulation system ran for 360 days, where the
0–120 days circulating fluid flow was 0.16 L/s, the inlet temperature was set to 30 ◦C, and the ground
source heat pump cooling condition was simulated; the 120–240 days circulating fluid flow rate was 0,
simulating the shutdown condition; and for 240–360 days, the circulating fluid flow rate was 0.16 L/s
and the inlet temperature was set to 6 ◦C to simulate the heating conditions. The size and thermal
property parameters of the formation, grout, and U-tube were the same as the thermal response test in
Section 2.4.2.

Discretize the model and the total mesh generation was 850,000. In the borehole domain, it had
a minimum mesh size of 0.02 m and a maximum mesh size of 0.15 m. In the formation domain, the
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mesh sizes were larger than those in the borehole domain, where the minimum mesh size was 0.2 m
and the maximum mesh size was 2.5 m. The time step was one day.

4. Results and Discussion

The head difference ∆H = 0.5 m in the second aquifer, at a different hydraulic conductivity
condition of k = 5× 10−6m

s , k = 5× 10−5m
s , k = 5× 10−4m/s, after which the simulation calculated the

heat removal to the formation for 120 days, stopped for 120 days, and took heat from the formation
for 120 days, where the system continuously ran the temperature field in the 360 day formation.
Additionally, the effect of the hydraulic conductivity on the temperature field around the buried pipe
was studied.

When k = 5× 10−6m/s, the 120 days, 240 days, and 360 days’ formation temperature fields are as
shown as Figure 8a–c.
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When k = 5× 10−5m/s, the 120 days, 240 days and 360 days’ formation temperature fields are
shown in Figure 9a–c.
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When k = 5× 10−4m/s, the 120 days, 240 days and 360 days’ formation temperature fields are as
shown in Figure 10a–c.
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Figure 10. When k = 5 × 10−4m/s, formation temperature field at different times: (a) 120 days;
(b) 240 days; (c) 360 days.

Comparing and analyzing Figures 8–10, we observed the following. (1) When the hydraulic
conductivity was k = 5× 10−6m/s, the temperature field in the permeable stratum was symmetrically
distributed around the borehole. The heat discharged after shutdown was mainly concentrated around
the buried pipe, which is beneficial to the formation heat storage. (2) When k = 5 × 10−5m/s, the
temperature field around the buried pipe in the permeable stratum was offset, and it was distributed
in an elliptical shape around the buried pipe. The influence between the buried pipes was small. The
heat was transferred to the outside of 9 m with the permeable groundwater. (3) When k = 5× 10−4m/s,
the temperature around the buried pipe in the permeable stratum was mainly concentrated in the
downstream of the buried pipe, and the heat was transferred to 21 m after the shutdown.

Under different hydraulic conductivity, the temperature value of the connection between the #2
hole and the #8 hole (see Figure 6b) of the 40-meter permeable stratum in the depth of the borehole
pipe system after 120 days, 240 days, and 360 days operation was studied and Figure 11 was obtained.
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Comparing the analysis of Figure 11a–c, it can be concluded that the misalignment can reduce the
mutual influence between the buried pipes. When the hydraulic conductivity is k = 5× 10−4m/s, the
temperature outside the buried pipe wall is significantly reduced under the influence of permeable
groundwater, and the temperature in the formation returns to the original formation temperature
after shutdown.

When the head difference∇H is 0.5 m and the hydraulic conductivity k is 5× 10−6m/s, 5× 10−5m/s,
and 5× 10−4m/s, respectively, the outlet temperature value of the buried pipe located at the middle of the
buried pipe group and Figure 12 can be obtained. When the hydraulic conductivity was k = 5× 10−4m/s,
regardless of the heat exhaust condition or the heat extraction condition, the outlet temperature of the
buried pipe was more than 1.8 ◦C lower than the hydraulic conductivity k = 5 × 10−5m/s, and the
permeable groundwater significantly provided the heat exchange efficiency of the buried pipe.
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5. Conclusions

In this paper, a new simplified model of buried pipe was proposed. Based on the finite element
numerical simulation software COMSOL and the simplified buried pipe model, the same numerical
model as the sandbox test and the on-site thermal response test was established using the sandbox test
data and the on-site thermal response test data. The results of simulation showed that the simplified
ground tube model simulation results agreed well with the experimental data, and the simplified buried
tube model improved the meshing efficiency and significantly improved the simulation efficiency.
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Based on the simplified buried pipe model, the temperature field in the formation after one year
of thermal-permeability coupled heat transfer operation of the buried pipe group under different
hydraulic conductivity conditions was studied, and the temperature field distribution of the system
under different operating conditions was obtained. By analyzing and comparing the formation
temperature field, the influence of groundwater can be neglected only when the head difference
is less than 0.5 m and the hydraulic conductivity is less than k = 5 × 10−6m/s. When the head
difference is more than 0.5 m and the hydraulic conductivity is more than k = 5 × 10−5m/s, the
influence of permeable groundwater can effectively avoid the heat accumulation in the formation. The
misplaced arrangement of the buried pipes can reduce the mutual influence between the buried pipes.
The distribution of temperature fields in the different strata was different, which is closely related to
the thermal properties of the formation and the flow of groundwater. When the hydraulic conductivity
is more than k = 5× 10−4m/s, the flow of groundwater can significantly improve the heat exchange
efficiency of the buried pipe.
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