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Abstract: An accurate prediction for deep-buried ground heat exchangers (DBGHEs) is the premise
for efficient utilization of geothermal energy. Due to the complexity of the geological composition
spanning thousands of meters, the configuration of boundary conditions plays a critical role in
evaluating DBGHE thermal performance. This paper proposed a three-dimensional model of full-
scale DBGHE involving both conductive and convective heat transfer in aquifuge and aquifer layers.
The constant inlet temperature and constant heating power boundaries in the DBGHE domain, and
the surface-bottom temperature and heat flux boundaries in the rock-soil domain were examined. It
was found that the differences in the performance prediction caused by different DBGHE boundary
conditions were closely related to the system’s operating time. The relative differences in heat
extraction amount and average borehole temperature of 2000 m DBGHE caused by the two inlet
boundaries on the 30th day were, respectively, 19.5% and 18.3%, while these differences on the 120th
day were decreased to 8.4% and 9.9%, respectively. It was found that the constant inlet temperature
boundary was more appropriate than the constant heating power condition for estimating aquifer
effects on the performance of DBGHE. For the rock-soil domain, the results showed that the heat
extraction amount of DBGHE under the heat flux boundary was 12.6%-13.6% higher than that under
the surface-bottom temperature boundary. Particularly, when considering the velocity change of
groundwater in the aquifer, the relative difference in heat extraction amount increments caused by
the two types of rock-soil boundaries can reach 26.6% on the 120th day. It was also found that the
thermal influence radius at the end of a heating season was hardly affected by either the DBGHE
inlet or rock-soil domain boundary conditions.

Keywords: boundary conditions; deep-buried ground heat exchanger; geothermal energy; heat
extraction amount; outlet temperature

1. Introduction

Geothermal energy as a kind of clean and renewable energy has been widely applied
in the space heating and cooling of buildings to achieve carbon neutrality. Recently, deep-
buried ground heat exchangers (DBGHEs) have become an important way to extract
geothermal energy with higher temperatures in medium and deep strata (several thousand

Energies 2023, 16, 4874. https:/ /doi.org/10.3390/en16134874

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en16134874
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-5009-3960
https://orcid.org/0000-0002-4927-0111
https://doi.org/10.3390/en16134874
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16134874?type=check_update&version=1

Energies 2023, 16, 4874

2 of 27

meters) [1]. To exploit geothermal energy efficiently, it is of great importance to investigate
the heat transfer processes through DBGHEs and different geological layers.

The factors affecting DBGHE performance—such as the sizes and thermo-physical
properties of outer and inner pipes, the DBGHE flow rate and inlet temperature, the thermal
physical properties of strata, and the geothermal gradient—have been studied in many
references [2-6]. It is difficult to investigate DBGHEs by means of experiments or commercial
numerical simulation software due to their depth of 2000-3000 m. Thus, most scholars
modeled the heat transfer through the DBGHESs and the rocks and soil by adopting some
methods to simplify heat transfer processes. In [7-12], the convective heat transfer coefficients
calculated by the Nusselt number empirical correlation were usually used to solve the heat
transfer of the working fluid inside DBGHEs. For heat transfer in the rock-soil domain,
numerical methods and analytical methods were both used in these references.

The analytical solutions for the DBGHEs were mostly proposed based on the finite
cylinder source (FCS) and finite line source (FLS) methods. Luo et al. [7,8] proposed
segment FCS (SFCS) and segment FLS (SFLS) methods. Their investigations showed that,
compared to the FCS method, the results obtained by the SFCS method were closer to
the experimental data. Huang et al. [9] also applied the SFCS method to investigate the
effects of fluid inlet directions, DBGHE inlet temperature, rock-soil thermal conductivity,
and geothermal gradients. However, it may not be suitable for the analytical solution to
simulate DBGHEs under more complicated geological conditions due to the assumptions
in this method.

Some scholars have developed various numerical methods to solve heat transfer
processes in the DBGHE and rock-soil domain. Jia et al. [10] simplified heat transfer
between the DBGHE and strata into one-dimensional radial conduction. Morita et al. [11]
proposed a two-dimensional conduction model to solve heat transfer in the strata and
validated it using the field test. Bu et al. [12] also developed a two-dimensional conduction
model of the rock-soil domain. They concluded that the annual mean heat extracted
during the tenth heating season was 7.77% less than that in the first heating season. In
references [13-18], a two-dimensional conduction model of the rock-soil domain was also
established and numerically solved. In the above references, convective heat transfer in
rocks and soil was ignored in the presence of groundwater flow. However, groundwater
flow has a critical impact on the heat transfer process between GHEs and surrounding rocks
and soil, according to some investigative results on the GHEs [19,20]. You et al. [21] found
that the temperature drop of soil located upstream and near the ground heat exchanger
could be alleviated by groundwater flow. Wang et al.’s [22] investigation demonstrated
that, as groundwater flow velocity changes from 9.5 x 107® m-s~! t0 2.5 x 10> m-s~!,
the total heat extraction amount of a GHE group increases by 36.8%. Thus, developing a
full-scale three-dimensional model of DBGHEs is helpful to comprehensively study the
effect of groundwater flow on the thermal performance of DBGHEs.

The boundary conditions are critical in the solution of the DBGHE heat transfer model.
The boundary conditions are set by simplifying the actual conditions. The DBGHE inlet
temperature is one of the important boundaries. When the DBGHEs run at a constant
inlet temperature, their heat extraction amounts can be directly reflected by the outlet
temperature. Thus, constant temperature was set as the inlet boundary condition in the
simulations performed by Holmberg et al. [3], Luo et al. [7,8], Huang et al. [9], Morita
et al. [11], Bu et al. [12], Liu et al. [14], Song et al. [18,23], Brown et al. [24], and Nian
et al. [25]. In practical engineering, DBGHEs can also operate at a constant heating power
according to the heating load of a building. In other words, DBGHEs obtain heat from
rocks and soil based on this requirement. Therefore, some scholars [13,17,26,27] calculated
the inlet temperature using constant heating power as the inlet boundary condition. Zhang
et al. [28] concluded that the shallow GHE operation mode at a constant inlet temperature
is superior to that at a constant heating power.

Scholars also adopted different boundary conditions for rocks and soil. The surface
and bottom of the rock-soil domain were set as constant temperature boundary conditions
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in references [3,12,14,16,26,29-31]. Li et al. [17], Fang et al. [32], and Pan et al. [33] set the
surface and bottom of the rock-soil domain as the convective heat transfer boundary and
heat flux boundary, respectively. Song et al. [18] applied adiabatic boundary conditions to
the surface and bottom of the rock-soil domain. Song et al. set the surface and bottom of
the rocks and soil as the adiabatic boundary and constant temperature boundary in [23]. In
the above reviews, the temperature boundary, convective heat transfer boundary, and heat
flux boundary were commonly used in the rocks and soil.

Various thermal boundary conditions of the DBGHE inlet and rock-soil domains were
adopted in the literature. Constant heating power and constant inlet temperature are two
typical boundaries used in the simulation of the DBGHE. However, the heat flux boundary
and surface-bottom temperature boundary are two widely used boundary conditions of
the rock-soil domain, which are reasonably simplified compared to the actual conditions.
The prediction of DBGHE involves various performance factors such as outlet temperature,
heat extraction amount, thermal influence radius, etc. However, the impacts of boundary
conditions on these factors have not been quantitatively examined.

This paper proposed a three-dimensional model of full-scale DBGHE with surrounding
rock-soil involving both convection and conduction induced by groundwater movement.
The impacts of the above-mentioned boundary conditions on the outlet temperature, heat
extraction amount, borehole temperature, and thermal influence radius were compared
and analyzed. In addition, the influence of boundary conditions on the analysis of the
relationship between groundwater velocity and performance of DBGHE was evaluated. We
hope that this study will provide a reference for choosing appropriate boundary conditions
to obtain more accurate results in the simulation of the DBGHE.

2. Model Development and Solution
2.1. Model Development

A DBGHE full-scale model with a depth of 2000 m was established, as shown in
Figure 1. According to the geological conditions surveyed by Shaanxi, Hebei, and Shandong
et al. [34-30], there are three typical layers of cap rock, namely, insulation, thermal reservoir,
and bed rock from the ground surface. Groundwater is usually present in thermal reservoirs;
hence, the thermal reservoir was considered as an aquifer in this study to investigate
the influence of groundwater. Thus, the geological conditions around the DBGHE were
simplified into one aquifer layer and two aquifuge layers. The rocks and soil in the
upper aquifuge layer, middle aquifer layer, and lower aquifuge layer were approximately
considered as clay, sandstone, and limestone, respectively. The thickness of each stratum
is shown in Figure 1. The parameters of the DBGHE and the thermal physical properties
of materials in the model are presented in Tables 1 and 2, respectively. According to the
discussed groundwater velocities in references [37-39], the groundwater velocities were set
as1x 108 m-s71,1x10°m-s7!,and 5 x 107® m-s~! in the following discussions.

Table 1. Parameters of the DBGHE.

Parameter Value
inner diameter of inner pipe (2ry;) 95.32 mm
outer diameter of inner pipe (2r1,) 110.00 mm
inner diameter of outer pipe (2rp ;) 166.26 mm
outer diameter of outer pipe (2rp ) 178.00 mm
diameter of backfill (2r}) 216.00 mm
diameter of soil (2rs) 100 m

length (H) 2000 m
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Table 2. Thermal physical properties of materials in the model [34,40-42].

Material AWm-1L.K-1 cp J-kg~ LK1 p (kgm—3)
inner pipe 0.025
outer pipe 60
backfill 2.00 1400 2500
clay 1.59 1433 1760
sandstone 2.00 1344 2124
limestone 2.88 793 2800
X
] ,‘ .7 7.7.7.) lae ] b
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~central fluid 2000 m A-A

Figure 1. Schematic of the established full-scale DBGHE model and the horizontal plane of aquifer (A-A).

The heat transfer process through the DBGHE and ground consists of the heat transfer
between the annular fluid and the central fluid, the heat transfer between the backfill
and annular fluid, the thermal conduction in the backfill domain, and the conjugated
conduction and convection in the rock-soil domain. In the cylindrical coordinate system,
the governing equation of the rock-soil domain, considering the convective heat transfer
caused by groundwater flow, is [43]
oT; 10 Ay dTs 9 aTs

d Amr =) + ;@(7@) + &(Amg) 1)

IomepmTs)

10 19 !
n +o g(TPpr/zuurTs) +7 @(chp,w”ﬂs) =

rar Mgy
The groundwater velocity (uy) is assumed to lie along the x direction. Thus,
Uy = uycosf;ug = —uysing in Equation (1) according to Figure 1. In the aquifer and
aquifuge, 1, is a constant value and zero, respectively.
The pure conduction in the backfill layer is governed by [43]

opcppTy) 10, dT,. 10 ,A4,9T,. o, 0T,
ot oy M)t T Meyy) @

The annular fluid governing equation [18] is

O(pwCpwSaTs) N A(owCpwvaSaTa) Te—T, Tp—Ta

ot 3z = "Ra TR, ®)
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where S denotes the cross-sectional area. The subscripts 4 and c are annular fluid and
central fluid, respectively. Here, R, represents the thermal resistance used to calculate the
heat transfer between the annular fluid and central fluid, which is expressed as

1 1 o 1

= In—+ ——— 4
hl,orl,er * )L[AQ n 1’[,1‘ + l’ll,l‘TLiAG ( )

RC(I

In addition, R,;, denotes the thermal resistance used to calculate the heat transfer
between the annular fluid and backfill and is expressed as

1 1 70,0 1 70,0 + 1y

R, = 1
ab ho,,»ro,,»AG + /\oAQ n rO,i + /\bAG n Zro,o (5)
The central fluid governing equation [18] is
d ST, d Scou.T, T, — T,
(chpw c c) n (chpw cUc c) _ 1a c (6)

ot 0z Req

In Equations (4) and (5),  is the convective heat transfer coefficient calculated by the
Gnielinski equation [10]. The subscripts i, 0, I, and O are the inner surface, outer surface,
inner pipe, and outer pipe, respectively.

The boundary conditions of the DBGHE inlet are

Te(z=0,) =T, (1); v (2=0,£) = vy, @)

where Tj, (t) denotes the inlet temperature, which can be a constant value that does not
vary with time or can be calculated by the heating power (Q) as

Q

Tin(t) = Toue(t) — —
pw

(8)

where m denotes the mass flow rate.
Two kinds of thermal boundary conditions are often used in rocks and soil as shown
in Figure 2. The first kind of thermal boundary condition is

Te (z=0)=Tsyr, Tg (z=H) = Tsyr + GG X H, Tg (r =15, 2) = Toyy + GG X z 9)

where Ty, is the rock-soil surface temperature and GG is the geothermal gradient.
The second kind of temperature boundary condition is

oT, oT,
B =h(Te(z=0) — Towr), A2 =qq (10a)

A
0z |,_g 0z |,_p

Tg(?’ =T5z¢€ [O/Hl]) = Tour + %g —+ %Z
Tg(}’ =71s,Z € [Hl,Hz}) = Tg(r =715,z = Hl) + %(z _ Hl) (11)

where Hy and H, denote the depths of the first and second soil layers, respectively, and g,
is the terrestrial heat flow.
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Figure 2. Two kinds of boundary conditions in the soil domain. (a) first kind of thermal boundary
condition (b) second kind of temperature boundary condition.

The initial rock-soil temperatures are the same as the far-field rock-soil temperatures
in Equations (9) and (10). The finite volume method (FVM) was used to spatially discretize
the above governing equations in the cylindrical coordinate system. The numbers of nodes
in the 6, 1, and z directions are ng, n,, and n,, respectively. The time term of the governing
equations was discretized by an implicit scheme. The general discretized equation of the
node (i, j, k) is

aeTiji(t) +awTi1ji(t) +aaTijr1x(t) +apTij 1 x(t) +anTij1(t) +asT g1 (F)

(12)
+a4:Tijk(t—1) — (ap + 2) T jx(t) = 0
where At is the time step. The coefficient 4, is
ap = e+ ay + ag +ap + ay +as (13)

where a,, ay, a,, ay, a,, as are the coefficients of the adjacent nodes.

The block iterative method was used to solve the discretized equations. To ensure the
convergence of the calculation, for one iteration, the equations of the nodes in the annular
fluid and backfill domains (2 < i < 3) were solved first. Then, the temperatures of the
nodes in the rock-soil domain (4 < i < n,) were obtained. Finally, the nodes of the inner
fluid (i = 1) were solved. The detailed procedures are shown in Figure 3.
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Figure 3. Flow chart of the calculation.

2.2. Validation

The DBGHE model with an aquifer layer of u, = 0.364 m-d ! in reference [39] was
simulated using the method in this paper for validation. The depth of the DBGHE was
2600 m. The heating power remained constant at 260 kW. The flow rate was 30 m3-h~1.
Figure 4 compares the inlet and outlet temperatures in the simulation and reference [39]. It
can be seen from the figure that the outlet and inlet temperatures of the proposed model
are in good agreement with those in reference [39], which illustrates the accuracy of the
proposed DBGHE model.
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Figure 4. Comparison of inlet and outlet temperatures in the simulation and reference [39].

2.3. Mesh Independence Test

The simulation accuracy can be affected by the mesh of the numerical calculation
model of DBGHE. The mesh amounts were set as 3.7312 x 10°, 6.66 x 10°, and 1.0656 x 107
to simulate the established DBGHE heat transfer model. Figure 5 shows the outlet tempera-
tures on the 10th day, 20th day, and 30th day. The results show that the outlet temperature
changes insignificantly when the mesh amount increases from 6.66 x 10° to 1.0656 x 107.
Thus, the mesh amount was set as 6.66 x 10° in the following investigations.

22.8

I—'—r=10day —0—r=20day+f=30day|

9 2 [ N9
N N N g
(=] (8] - =)
1 1 1 1

outlet temperature (°C)

S

—_

[ee]
1

8]
—
(o)}

T T T

6 7 8
mesh amount (x10°)

5 11

w2
I~

Figure 5. Ooutlet temperatures on the 10th day, 20th day, and 30th day under mesh amounts of
3.7312 x 10%, 6.66 x 10°, and 1.0656 x 107.

3. Results and Discussion
3.1. Effects of Inlet Temperature Conditions of DBGHE

The inlet temperature is an important parameter that can have an impact on the
heat transfer process between the DBGHE and the rocks and soil. In some simulations of
DBGHEs, the inlet temperature was considered to be a constant value during the operation.
Some scholars considered the heating power to be a constant value that results in the
variation of inlet temperature with operating time. Thus, the DBGHEs at a constant inlet
temperature of 15 °C and a constant heating power of 200 kW were simulated and compared
for 120 days during a heating season in most areas of northern China [44]. The boundary
conditions and groundwater velocities of the cases discussed in this section are listed in
Table 3.



Energies 2023, 16, 4874 9 of 27
Table 3. Setting of cases discussed in Section 3.1.
Case  Inlet Bounda Rock-Soil Groundwater  Volumetric Flow Inner Pipe’s Thermal Section
y Boundary Velocity (m-s—1)  Rate (m3-h—1) Conductivity (W-m~—1.K-1)
1 5x 1076 20 0.025 3.1.1
2 5% 107° 30 0.025 3.1.1-3.14
3 Constant inlet  Surface-bottom 5% 106 40 0.025 3.1.1
4 temperature temperature 5x 10~6 30 0.45 3.1.1
5 1x10°° 30 0.025 3.1.4
6 1x1078 30 0.025 3.14
7 5x 107° 20 0.025 3.1.1
8 5x 107° 30 0.025 3.1.1-3.14
9 Constant Surface-bottom 5x 1076 40 0.025 3.1.1
10 heating power temperature 5 x 10~6 30 0.45 3.1.1
11 1x 107 30 0.025 314
12 1x10°8 30 0.025 3.14

3.1.1. Outlet Temperatures and Heat Extraction Amount

The DBGHE performance is relevant to the flow rate. The outlet temperatures and
heat extraction amount under different volumetric flow rates are compared to choose an
appropriate flow rate for the following investigation. As shown in Figure 6, the outlet
temperature decreases and the heat extraction amount increases more slowly when the flow
rate increases from 20 m®>-h~! to 40 m®-h~! under a constant inlet temperature. In terms
of the constant heating power, it can be seen from Figure 7 that the decrease in the outlet
temperature and the growth of the inlet temperature also slow down with the increase of
the flow rate. The increase of the flow rate would result in the increase of the pressure drop.
Thus, the effects of the boundary conditions were investigated at a moderate flow rate of
30m*>h1

outlef

inlet:

=20, 30, 40 m*-h !

L

20m*h ' —30m* h ' ——40 m*-h !

e 20 b
——30m’h!
40m*h!

700 4

fluid temperature (°C)

6004
500

400 ~

300 ~

heat extraction amount (kW)

2004

100 T T T

n+

T3 LN
time (day) time (day)

(a) (b)

Figure 6. (a) Outlet and inlet temperatures and (b) heat extraction amounts at a constant inlet
temperature with different volumetric flow rates.

The thermal conductivity of the inner pipe can also affect the heat extraction of
DBGHE. Figure 8 shows the outlet and inlet temperatures during a short period of 7 days
with a higher inner pipe thermal conductivity of 0.45 W-m~1-K~! and a lower value of
0.025 W-m~1.K~1. It can be seen from the figure that outlet temperatures reach maximum
values quickly under the two conditions and then decrease with the extension of the
DBGHE operation time. Under both thermal conductivities, the outlet temperatures at a
constant inlet temperature are lower than those at a constant heating power. Moreover, the
outlet temperatures with a thermal conductivity of 0.025 W-m~!-K~! are higher than those
with a thermal conductivity of 0.45 W-m~1-K~!. The above comparison indicates that an
insulation inner pipe helps to reduce thermal short circuiting and increase the DBGHE



Energies 2023, 16, 4874

10 of 27

fluid temperature (°C)

heat extraction amount. Considering that the inner pipe with a lower thermal conductivity
would be widely applied in the near future, the thermal conductivity of 0.025 W-m~1.K~!
is selected for ffurther investigating the inlet boundary conditions.

45
outlet: 20m*h ' —30m*h ' ——40m*-h!

40 4 inlet: - 20m*h ! s 30 m*h ! - 40 m*-h!
$ 354
0 |
g 30 v
5 |
o
s 254
2 ]
=
‘5 204
m 4

154

10 T T T T T T

0 1 2 3 4 5 6 7
time (day)

Figure 7. Outlet and inlet temperatures at a constant heating power with different volumetric flow rates.

40 - 40
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354 ~ 354 mlet:
@)
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- P
30 1 5 304
=
<
—
25 2 el
» E = i
& 1+ T
= T ]
201 5 204
=
15 . S
T T T T T r T T T
3 4 5 6 7 1 2 3 4
time (day) time (day)
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Figure 8. Outlet and inlet temperatures during a short period of 7 days with different inlet temperature
conditions under the inner pipe thermal conductivities of (a) 0.45 W-m~1.K~! and (b) 0.025 W-m~1.K~1.

The outlet temperatures at a constant inlet temperature and a constant heating power
for 120 days during a heating season are further shown in Figure 9. It can be seen from
the figure that, at a constant heating power, the outlet temperatures are 5.6 °C and 1.8 °C
higher than those at a constant inlet temperature on the 10th and 120th day, respectively.
The differences in outlet temperature caused by the two inlet boundaries decrease with
DBGHE operation.

Compared to the constant heating power during the operation, the heat extraction
amount of DBGHE under the constant inlet temperature varies over the operating time
as shown in Figure 10. The heat extraction amounts at the constant inlet temperature
are 64 kW and 39 kW higher than the constant heating power of 200 kW on the 10th day
and 30th day, respectively; that is, the relative differences of the heat extraction amount
between the two cases on the 10th day and 30th day are 32% and 19.5%, respectively. As
the operation of DBGHE continues, the heat extraction amount decreases to 217 kW on the
120th day, which is only 8.4% higher than that at the constant heating power.
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Figure 9. Outlet and inlet temperatures during a period of 120 days with different inlet temperature
conditions.
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Figure 10. Heat extraction amount of the DBGHE during a period of 120 days with different inlet
temperature conditions.

To further analyze the different effects caused by inlet boundary conditions, the heat
exchange amounts per meter of DBGHE for different geological layers are presented in
Figure 11. The heat exchange amount per meter in the upper aquifuge layer decreases
slightly over time under a constant inlet temperature, whereas at a constant heating power,
the heat exchange amount per meter is less than zero, suggesting heat loss from the DBGHE
to the soil. The heat loss of the upper aquifuge layer decreases when the DBGHE operation
resumes. In the middle aquifer layer, the heat exchange amount per meter of DBGHE
increases over time at a constant heating power but does not change at a constant inlet
temperature. The heat exchange amount per meter is 37.8 W-m~! larger than that at a
constant heating power on the 10th day. The difference in the heat exchange amount per
meter caused by the two inlet boundaries decreases to 12.4 W-m~! on the 120th day. In the
lower aquifuge layer, the difference in the heat exchange amount per meter caused by the
two cases decreases from 30.7 W-m~! to 6.6 W-m™~! with the extension of operating time.
The results illustrate that the differences in the heat exchange amounts of DBGHE caused
by two inlet boundary conditions are closely related to the operation time of DBGHE.
The differences in the heat extracted amount resulting from the two inlet boundaries are
relatively larger when the operation time of DBGHE is short. The differences between the
two cases are gradually reduced with the increase in operating time.
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Figure 11. Heat exchange amount per meter of the DBGHE during a period of 120 days with different
inlet temperature conditions in the (a) upper aquifuge layer, (b) middle aquifer layer, and (c) lower
aquifuge layer.

3.1.2. Borehole Temperature

Borehole temperatures can reflect the influences of DBGHE heat extraction on the
surrounding rocks and soil. The borehole temperatures along different depths are shown
in Figure 12. It can be seen from the figure that the differences in the borehole temperature
caused by the two inlet boundaries decrease with the increase of DBGHE depth. Small
jumps in the interface between the aquifer and aquifuge layers are caused by the different
heat transfer model in the two layers. The heat transfer processes in the aquifer layer
involve convection and conduction while only conduction is involved in the heat transfer
process in the aquifuge layer. The differences peak at the surface due to the differences in
the inlet temperatures between the two conditions. The differences in average borehole
temperatures along the depths caused by the constant heating power and the constant inlet
temperature boundaries are about 4.1 °C on the 30th day. As the operation of DBGHE
continues, the differences in the average borehole temperature along the depths resulting
from the two inlet boundaries decrease to about 2.0 °C on the 120th day. In other words,
the average borehole temperatures at the constant inlet temperature on the 30th day and
120th day are 18.3% and 9.9% higher than those at the constant heating power, respectively.
This is because the differences in inlet temperatures between the two cases also decrease as
the operation of DBGHE continues.
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Figure 12. Average borehole temperatures along the depths under different inlet temperature condi-

tions on the (a) 30th day, (b) 60th day, (c) 90th day, and (d) 120th day.
3.1.3. Thermal Influence Radius

With the increase in the distance from DBGHE, the influence of DBGHE heat extrac-
tion on the ground temperature field gradually decreases. The distance where rock-soil
temperature is not influenced by the DBGHE is defined as the thermal influence radius.
The thermal influence radius (Rypermal) can be calculated by

‘T(t)‘r:Rthermal o T(O) S 0

(14)

The white line in Figure 13 is the isothermal of T(f) = T(0) — ¢ (6 = 0.5°C) at a depth
of z =800 m. Note that Rinermal, x+- Rthermal, y» @0d Rihermal, x— represent downstream (x+),
perpendicular (y), and upstream (x—) thermal influence radii, respectively.

Figure 14 shows the downstream (x+), upstream (x—), and perpendicular (y) thermal
influence radii under different inlet boundaries. The largest thermal influence radii in the
downstream direction are 29.1 m and 28.0 m at a constant inlet temperature and a constant
heating power, respectively, which are at the interface between the lower aquifuge and
the middle aquifer. The groundwater flow leads to a larger downstream range influenced
by the heat extraction of DBGHE in the aquifer layer. In the upstream and perpendicular
directions, the largest thermal influence radii are 9.7 m and 9.5 m at a constant inlet
temperature and a constant heating power, respectively, which are at the bottom of the
rock-soil domain. The reason for this is that the thermal influence radii of the aquifer in
these two directions become less affected by the groundwater flow. The DBGHE extracts
more heat from the lower aquifuge layer than from the upper aquifuge layer due to the
larger thermal conductivity and the higher ground temperature in the lower aquifuge layer,
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as discussed in Section 3.1.1. Thus, the thermal influence radius peaks at the bottom of the
lower aquifuge layer. The thermal influence radii at a constant inlet temperature are larger
than those at a constant heating power due to higher heating power.

14 16 18 20 22 24 26

28 30 32 34°C

-5 0 10 15 20 25 30 35
x (m)

Figure 13. Typical example of downstream (x+), perpendicular (y), and upstream (x—) thermal

influence radii under the groundwater velocity of 5 x 107% m-s~1.
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Figure 14. Cont.
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Figure 14. Thermal influence radii in the (a) downstream direction, (b) upstream direction, and

2000

(c) perpendicular direction on the 120th day with different inlet temperature conditions.

3.1.4. Variation with Groundwater Velocities

From the above discussions, the performance of DBGHE varies with inlet boundary
conditions. The effects of inlet boundary conditions on the analysis of the groundwater
flow effects need to be further investigated because the DBGHE performance is affected by
groundwater velocity, according to the introduction.

The outlet temperatures and heat extraction amount at the groundwater velocities of
1x108m=s1,1x10°m-s !, and 5 x 107 m-s~1, after a short operation of 10 days,
are shown in Figure 15. When groundwater velocity increases from 1 x 1078 m-s~!
to1 x 1074 m-s~1, the outlet temperatures and heat extraction amount at the two inlet
conditions slightly change. In contrast, the outlet temperatures obviously vary as the
groundwater velocity changes from 1 x 107®m-s~! to 5 x 107® m-s~1, and are applied to
investigate inlet boundaries within a complete operation cycle.
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Figure 15. (a) Outlet temperatures and (b) heat extraction amounts for different groundwater
velocities on the 10th day.
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Figure 16 presents the outlet temperatures and heat extraction amount at the ground-
water velocities of 1 x 107® m-s™! and 5 x 107® m-s~! within 120 days. The results
illustrate that at a constant inlet temperature, outlet temperatures vary by less than 1 °C as
the groundwater velocity changes from 1 x 107® m-s~! to 5 x 107® m-s~!; however, those
at a constant heating power increase from 1.9 °C to 3.7 °C with time. The constant inlet
temperatures increase from 187.7-216.2 kW to 217.1-239.5 kW while the heat extraction
amount is constant under the constant heating power.
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)
254 [ 7, constant, 5%10° m-s™! 3 230 17, constant, 5x10 °m-s!
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Figure 16. (a) Outlet temperatures and (b) heat extraction amounts for different groundwater velocities.

Figure 17 shows the maximum thermal influence radii in the downstream, upstream,
and perpendicular directions under different groundwater velocities. The results demon-
strate that under a constant inlet temperature and heating power, with the groundwater
velocity increasing from 1 x 107®m-s~! to 5 x 107® m-s~!, the maximum thermal influ-
ence radii in the downstream direction increase by 18.8 m and 18.0 m, respectively. In
the upstream and perpendicular directions, maximum thermal influence radii are slightly
reduced with the increase of the groundwater velocity. This is because the thermal influence
radii peak at the bottom of the rock-soil domain, which belongs to the aquifuge layer. Thus,
thermal influence radii are affected slightly by groundwater flow in the aquifer.
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Figure 17. Maximum thermal influence radii in the downstream direction, upstream direction, and
perpendicular direction under different groundwater velocities on the 120th day.

The differences in the variations of outlet temperature with the increase of groundwater
velociy caused by the two inlet boundary conditions on the 120th day are up to 2.7 °C. The
constant inlet temperature boundary is more appropriate than the constant heating power
when being used to estimate aquifer effects on the DBGHE performance. The thermal
influence radii change similarly under two inlet boundary conditions.
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3.2. Effects of Boundary Conditions of Rock-Soil Domain

The boundary conditions of the rock-soil domain are also a critical component of the
numerical simulations of heat transfer through the DBGHE and ground. As shown in
Equations (9) and (10), two common boundary conditions of the rock-soil domain are dis-
cussed. The first kind of boundary condition is the constant temperature on the surface and
bottom of rocks and soil. The other kind of boundary condition is the convective boundary
and heat flux boundary on the surface and bottom of the rock-soil domain, respectively.
The two kinds of boundary conditions are called the surface-bottom temperature boundary
and the heat flux boundary in the following discussions. The different rock-soil boundary
conditions cause the initial and far-field temperatures at the same depth under the surface—
bottom temperature boundary to be lower than those under the heat flux boundary, as
presented in Figure 2. Table 4 gives the setting of cases discussed in Section 3.2.

Table 4. Setting of cases discussed in Section 3.2.

Case  Inlet Boundary Rock-Soil Groundwater  Volumetric Flow Inner Pipe Thermal Section
Boundary Velocity (m-s—1)  Rate (m3-h—1) Conductivity (W-m—1.K-1)
1 5x 107° 30 0.025 3.2.1-3.2.4
2 Constant inlet  Surface-bottom 5% 1070 30 0.45 3.2.1
3 temperature temperature 1x 1076 30 0.025 324
4 1x10°8 30 0.025 324
5 5x 1070 30 0.025 32.1-324
6 Constant inlet 5x 107 30 0.45 3.2.1
7 temperature Heat flux 1% 1076 30 0.025 324
8 1x10°8 30 0.025 3.24

3.2.1. Outlet Temperatures and Heat Exchange Amount

The outlet temperatures with different inner pipe thermal conductivities under dif-
ferent rock-soil boundaries are also discussed, as shown in Figure 18. It can be seen from
the figure that under the two thermal conductivities, the outlet temperatures obtained by
the heat flux boundary are higher than those obtained by the surface-bottom temperature
boundary. The lower the thermal conductivity, the higher the outlet temperatures, and
the larger the heat extraction amount. An inner pipe with better insulation is the future
development trend. Therefore, the thermal conductivity is set as 0.025 W-m~1.K! for
discussing the effects of rock-soil boundary conditions in the following sections.

40
A,=0.025W-m™ K™
surface-bottom temperature - heat flux

5 A; =045 W-mK™!
& 35 1 R
— surface-bottom temperature - heat flux
&
=
—
e
a 304
=
&
=
5 254
s

20 T T T T

0 1 2 5 6 7

3 4
time (day)
Figure 18. Outlet temperatures during a short period of 7 days with different boundary conditions of the
rock-soil domain under the inner pipe thermal conductivities of 0.45 W-m~1-K~! and 0.025 W-m 1. K~
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The outlet temperatures of DBGHE within 120 days under the surface-bottom temper-
ature boundary and heat flux boundary are given in Figure 19. The results demonstrate
that under the surface-bottom temperature boundary, the outlet temperatures are about
0.9 °C lower than those under the heat flux boundary, mainly because of the differences
in the initial and far-field temperatures caused by these two boundaries. Thus, the heat
extraction amounts of DBGHE under the heat flux boundary are about 29.6-33.2 kW larger
than those under the surface-bottom temperature boundary, as shown in Figure 20. In
other words, the relative differences in the heat extraction amount caused by the two cases
are about 12.6% and 13.6%.
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Figure 19. Outlet temperatures during a period of 120 days with different boundary conditions of
the rock-soil domain.
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Figure 20. Heat extraction amount of the DBGHE during a period of 120 days with different boundary
conditions of the rock-soil domain.

As shown in Figure 21, the variation trends of the heat exchange amount per meter
over time under the two rock-soil boundary conditions are similar. The rock-soil boundary
conditions only affect the values of DBGHE heat exchange amounts per meter in three
rock-soil layers. Moreover, the differences in the heat exchange amount per meter of upper
aquifuge and lower aquifuge layers resulting from the two boundaries decrease from
78 Wm~! and 9.3 W-m~! to 5.5 W-m~! and 6.0 W-m~!, respectively. In contrast, the
differences in the heat exchange amount per meter of the aquifer layer caused by the two
boundary conditions fluctuate at 28.1~28.2 W-m ™! within a heating season.
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Figure 21. Heat exchange amount per meter of the DBGHE during a period of 120 days with different
boundary conditions of the rock-soil domain in the (a) upper aquifuge layer, (b) middle aquifer layer,
and (c) lower aquifuge layer.

3.2.2. Borehole Temperature

Due to the difference in the initial rock-soil temperature between the surface-bottom
temperature boundary and the heat flux boundary, the differences between the transient
temperature and the initial rock-soil temperature are discussed in this section, calculated as

ATy =Ty () — Tg (0) (15)

The transient temperature differences can reflect the influence of the DBGHE heat
extraction. The transient temperature differences of less than zero mean that the DBGHE
extracts heat from the rocks and soil.

The values of AT} along the depths on the 30th day, 60th day, 90th day, and 120th day
are shown in Figure 22. The absolute values of AT}, under the heat flux boundary are larger
than those under the surface-bottom temperature boundary condition within most depths,
which suggests that more heat is extracted from the strata under the heat flux boundary.
At the bottom of the rock-soil domain, under the heat flux boundary, less heat is extracted
than that under the surface-bottom temperature boundary. Moreover, the differences in
AT}, caused by the two rock-soil boundary conditions basically remained unchanged over
time, with a maximum difference of about 5.1 °C.
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Figure 22. Average borehole temperatures along the depths under different rock-soil boundary
conditions on the (a) 30th day, (b) 60th day, (c) 90th day, and (d) 120th day.

3.2.3. Thermal Influence Radius

As given in Figure 23, the thermal influence radii under the surface-bottom tem-
perature boundary and heat flux boundary on the 120th day are further analyzed. In
the downstream direction, the largest thermal influence radii under the surface-bottom
temperature boundary and heat flux boundary are 29.1 m and 29.7 m, respectively, which
are at the interface between the middle aquifer and the lower aquifuge. This is because
groundwater flow contributes to a larger downstream range influenced by the DBGHE heat
extraction in the aquifer layer. In the upstream and perpendicular directions, the thermal
influence radii under the two rock-soil boundary conditions peak at 9.7 m, which is at the
bottom of the rock-soil domain. The results illustrate that the rock-soil boundary conditions
also have little effect on the thermal influence radii at the end of a heating season.
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Figure 23. Thermal influence radii in the (a) downstream direction, (b) upstream direction, and
(c) perpendicular direction on the 120th day with different inlet temperature conditions.

3.2.4. Variation with Groundwater Velocities

The effects of rock-soil boundary conditions on the variations of outlet temperatures,
heat extraction amount, and thermal influence radii with the increase of groundwater velocity
are further analyzed. It can be seen from Figure 24 that under the two rock-soil boundary con-
ditions, the outlet temperatures and heat extraction amount vary slightly as the groundwater
velocity changes from 1 x 1078 m-s~! to 1 x 107® m-s~! but they change relatively signifi-
cantly as the groundwater velocity increases from 1 x 10 m-s™ ' to 5 x 107® m-s~ L. In the
subsequent simulations, the groundwater velocities of 1 x 107 m-s~! and 5 x 107® m-s~!
are selected to further estimate the effects of rock-soil boundaries within a complete opera-
tion cycle.
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Figure 24. (a) Outlet temperatures and (b) heat extraction amount for different groundwater velocities
on the 10th day.

As shown in Figure 25a, with the velocity of groundwater increasing from 1 x 107¢ m-s ™!
to 5 x 107° m-s~!, the outlet temperature increases by less than 1 °C under the surface-
bottom temperature boundary but by 0.8-1.1 °C under the heat flux boundary. The heat
extraction amounts under the two cases increase by 23.3-29.4 kW and 29.5-37.3 kW, respec-
tively. The relative difference in the increase of heat extraction amounts on the 120th day
caused by the rock-soil boundary conditions reaches 26.6%. The results demonstrate that
under the surface-bottom temperature boundary, the variations of heat extraction amount
and outlet temperatures with the increase of groundwater velocity are slightly smaller than
those under the heat flux boundary due to a higher far-field temperature.
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Figure 25. (a) Outlet temperatures and (b) heat extraction amount for different groundwater velocities.

Figure 26 gives the maximum thermal influence radii in the downstream, upstream,
and perpendicular directions under different groundwater velocities on the 120th day. It
can be seen from the figure that under the surface-bottom temperature boundary and
heat flux boundary, the maximum thermal influence radii in the downstream direction
increase by 18.8 m and 19.1 m, respectively, as the groundwater velocity changes from
1x10°ms!to5 x 107® m-s~!. In the upstream and perpendicular directions, the
maximum thermal influence radii are also reduced slightly when the groundwater velocity
increases. The analysis illustrates that the thermal influence radii are slightly affected by
rock-soil boundary conditions.
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Figure 26. Thermal influence radii of the downstream direction, upstream direction, and perpendicu-
lar direction for different groundwater velocities on the 120th day.

4. Conclusions

A three-dimensional full-scale model of DBGHE involving the conductive and convec-
tive heat transfer between the DBGHE and the aquifuge and aquifer layers was established
in this paper. The influences of inlet and rock-soil boundary conditions on the prediction
of DBGHE performance were investigated in detail. The differences in the variations of
outlet temperatures, heat exchange amounts, and thermal influence radii with the increase
of groundwater velocity caused by different inlet and rock-soil boundary conditions were
compared. A numerical study was performed on the DBGHE at a depth of 2000 m with a
typical geological formation considering the aquifer layer in this study. The various bound-
ary conditions in DBGHE and rock-soil domains were discussed to provide a reference for
selecting appropriate boundary conditions in predicting the performance of DBGHE. The
obtained conclusions are as follows:

1. The differences in performance predictions caused by different DBGHE inlet boundary
conditions are closely related to the system’s operation time. The differences in the
DBGHE performance caused by the constant inlet temperature and constant heating
power conditions are relatively larger when the operation time of DBGHE is short.
At the end of a heating season, the differences in outlet temperature, heat extraction
amount, and the average borehole temperature between the two cases decrease to
17 kW and 2.0 °C, respectively. The inlet boundary conditions have little influence on
the thermal influence radii.

2. As the groundwater velocity changes from 1 x 107 ®m:s 1 to 5 x 107® m-s~1, the out-
let temperatures under both the constant inlet temperature and the constant heating
power increase. However, the heat extraction amount changes only at the constant
inlet temperature and does not change at the constant heating power. Thus, the
constant inlet temperature boundary is more appropriate to investigate the effects of
aquifer effects and other factors on the performance of DBGHE than the constant heat-
ing power condition. When the heat extraction amount is determined, the constant
heating power boundary can be used to investigate outlet and inlet temperatures and
the surrounding rock-soil temperature to design the operation of DBGHE.

3. The differences in the performance of DBGHE caused by the surface-bottom tempera-
ture and heat flux rock-soil boundary conditions decrease slightly with the increase
in the operation time of DBGHE. The differences in the heat extraction amounts of
DBGHE, the borehole temperature, and the variations of DBGHE's performance with
groundwater velocity under the two rock-soil boundaries are caused by the rock-soil
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boundary condition results in the different far-field and initial ground temperatures.
Thus, it is necessary to set the far-field and initial ground temperatures closest to the
actual situation by the rock-soil boundary conditions.
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Nomenclature

Latin Symbols

a coefficient

A coefficient matrix

B coefficient matrix

cp specific heat capacity (J-kg~1-°C~1)
f fluid

GG geothermal gradient (°C-m~1)

h convective heat transfer coefficient (W-m~2.°C~1)
H aquifer/aquifuge thickness (m)

] mass flow rate (kg-s~1)

n number of nodes

q heat flux (W-m~2)

ql heat transfer per meter (W-m™1)

Q heating power (W)

r radius, coordinate, thermal influence radius (m)
R thermal resistance (K-W~1)

S cross-sectional area (m2)

t time (s)

T temperature (°C)

u groundwater velocity (m-s~1)

v fluid velocity (m-s~1)

X coordinate (m)

z coordinate (m)

Greek Symbols

1) difference of temperature (°C)

0 coordinate

A thermal conductivity (W-m~1.eCc™1)
1Y density (kg-m~3)

Subscripts

a annular

b backfill

c central

g ground

in inlet

i inner pipe, number

I inner surface
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j number

k number

m media

0 outer pipe

(0] outer surface

out outlet

s soil

sur surface

w water

0 initial

Abbreviation

DBGHE deep-buried ground heat exchanger
FLS finite line source

FCS finite cylinder source

FVM finite volume method

GHE ground heat exchanger

MFLS moving finite line source

MILS moving infinite line source
SFCS segmented finite cylinder source
SFLS segmented finite line source
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