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Abstract: Medium-depth and deep geothermal energy has been widely used because of its abundant
resources and supply stability. Recently, attention has been given to the closed-loop heat extraction
system using a deep borehole heat exchanger (DBHE), which enables geothermal energy to be
harnessed almost everywhere. In this study, a check valve is adopted in a DBHE system in which
the whole section of the well is used for heat extraction in winter during building heating and the
upper part of the well is used for heat injection in summer during building cooling. The influence of
injected water flowrates, water inlet temperatures, depths of the check valve and formation of thermal
conductivities on the performance of this novel DBHE system has been investigated. It is found
that heat injection through the upper part of the well in summer can improve the heat extraction
rates to a certain extent during the heating season. In summer, the inlet temperature of water has
a great influence on the heat injection rates. The increase in the depth of the check valve improves
the heat injection rates of the novel DBHE system. When the depth of the check valve is 900 m, the
heat injection rates in summer can reach 51.03 kW, which is 27.55% of the heat extraction rates in
winter. In this case, the heat injection in summer has the greatest effect on the improvement of heat
extraction in winter, which is 6.05 kW, accounting for 3.38% of the heat extraction in that year. It is
found that the thermal conductivity of the formation has a great influence on the heat extraction rates
in winter and heat injection rates in summer. The proposed novel DBHE system can be used to inject
the heat discharged from the building in summer and extract geothermal energy for building heating
in winter, forming a better heat balance at certain depths and resulting in a sustainable operation
for heating and cooling. Another benefit of using this system is that the heat discharged from air
conditioning into the air can be reduced in summer and “urban thermal pollution” can be alleviated.

Keywords: geothermal energy; deep borehole heat exchanger; heating and cooling; heat injection
and storage

1. Introduction

At present, the international energy situation is becoming increasingly grim, the
energy consumption structure is in urgent need of transformation, and renewable energy
has gradually attracted attention and favor. Geothermal energy has great development
potential and prospects because of its large reserves and good stability. Geothermal energy
has been widely used in heating in China, but due to China’s policy of “only taking heat
but not water”, DBHE systems have been vigorously developed.

DBHEs adapt the structure of a coaxial heat exchanger, and only one well is needed
to obtain geothermal energy. Therefore, geothermal water does not directly contact rocks,
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avoiding the problems of high cost, corrosion and scaling of EGS systems. The EGS has
an engineered geothermal reservoir usually created from hot, dry rock resources. The
permeability of the reservoir, increased by hydraulic fracturing and heat transmission
fluids (such as water or CO,), can be used to circulate in the reservoir to extract heat from
the hot, dry rock resources. The DBHE system was first proposed by Rybach et al. [1] in
1995. In the following twenty years, many scholars have performed a variety of studies
on DBHE systems. Mokhtari et al. [2] studied the influence of the pipe diameter ratio
of the inner and outer pipes on the performance of a DBHE system. The results show
that a pipe diameter ratio of 0.675 has the lowest pressure drop, which means that the
energy consumption of the pump is the smallest. However, a pipe diameter ratio of 0.353
has the greatest thermal efficiency. Iry et al. [3] also performed a similar study on the
influence of the pipe diameter ratio on the performance of a DBHE system and came to
the same conclusion. Oh et al. [4] optimized the depth, roughness of the pipe and shape
of the cross section of the pipe. At the same time, the materials of the pipe and grouting
are also researched. He et al. [5] mixed graphene with mud and cement as the filler of
a DBHE system, which greatly improved the heat collection performance of the system.
Hu et al. [6] researched the influence of the physical properties of water and formation on
the heat extraction capacity of a DBHE system. They also simulated the heat extraction
performance of the DBHE system for abandoned petroleum wells in the Western Canadian
Sedimentary Basin. The results show that abandoned petroleum wells have great heat
extraction potential.

Xi’an Jiaotong University has performed much experimental research on DBHE sys-
tems. Wang et al. [7] established an experimental system and researched the heat extraction
performance of the DBHE system. The results show that the system with an inlet velocity
of water between 0.3 and 0.7 m/s has a better heat extraction performance. Cai et al. [8]
conducted experimental research on a DBHE system with spacings of 15 and 30 m. The
results of Cai et al. show that, at the end of the heating season, the outlet temperature of the
heat-extraction water from the wells with a distance of 30 m is 0.05 °C higher than that from
the wells with a distance of 15 m. Meanwhile, Cai et al. [9] performed a comparative study
of four different daily operation-stop times (8-16, 12-12, 16-8 and 24-0). This can provide
a reference for the heating of different buildings. Huang et al. [10] adopted a distributed
optical fiber temperature sensor (DOFTS) to specifically reflect the temperature change of
formation during the long-term operation of a DBHE system. Dijkshoorn et al. [11] studied
the cooling and heating capacity of a 2500-m deep well in the center of Aachen, Germany.
After 20 years of operation, the system cannot provide the cooling capacity in summer, but
it can still provide water between 25 and 55 °C for heating the building.

At present, research on middle and deep DBHE systems mostly focus on their heat
extraction capacity, but there is very little research on energy storage in rocks. Among them,
Bér et al. [12] established a coupling system of geothermal energy and solar energy to realize
heating and power generation. By heating the water to a temperature greater than 110 °C
using solar energy and waste heat from a cogeneration plant and reinjecting the water
underground through the DBHE, the heat extraction capacity of the system was improved.
Welsch et al. [13] established more than 250 different numerical models and compared
the heat storage performance of these models by injecting water with a temperature over
70 °C. The results show that the more geothermal wells, the higher the energy storage
efficiency. However, these studies have one thing in common, that is, the inlet temperature
of geothermal water is higher than the formation temperature at the bottom of the well
during the period of energy storage in summer. Although this can ensure heat storage, it
cannot achieve refrigeration in summer. This is because the formation temperature around
the bottom of the well is too high. For example, the temperature of a well at a depth of
2000 m is approximately 80 °C, so it is difficult to raise the temperature above 80 °C with a
heat pump. Therefore, it has become a difficult problem to realize heating in winter and
cooling in summer at the same time.
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In this paper, the DBHE system is improved. A check valve is set in the middle of
the inner pipe, which can realize geothermal water flowing back to the surface from the
middle of the heat exchanger in summer and realize heat storage in the shallow formation.
Therefore, the cooling effect in summer can be realized. Through this improvement, the
novel DBHE system can realize heating in winter and cooling in summer, and the energy
storage in summer can also increase the heat extraction rates in the second winter to
maintain the sustainable operation of the system.

2. Model and Methodology
2.1. Model

To research the heat extraction rates and heat injection rates of the novel DBHE system,
a model is established and simulated by Fluent. A schematic diagram of the novel system
is shown in Figure 1. In this figure, a coaxial heat exchanger is placed in the formation, and
a check valve is placed in the middle of the inner pipe. The radius of the formation is 100 m,
and the depth of the formation is 2100 m. The radius of the inner pipe is set to 0.05 m, and
the radius of the outer pipe is set to 0.085 m. The depth of the outer pipe is set to 2000 m,
and the depth of the inner pipe is set to 1998 m. The gap of two meters allows water to
flow through. The depth of the check valve is a variable between 500 and 900 m. In winter,
geothermal water flows into the novel DBHE system from the outer pipe, the check valve
is now closed, and geothermal water can flow to the bottom of the well to absorb heat, as
shown in Figure 1a. Water can exchange heat with the formation in the whole well section.
In summer, geothermal water flows into the novel DBHE system from the inner pipe, the
check valve is now open, and geothermal water flows through the check valve to the outer
pipe, as shown in Figure 1b. At this time, water can only exchange heat with the formation
in the partial well section (depth from the surface to the check valve). Through this design,
heating in winter and cooling in summer can be realized.

Inflow Outflow Inflow Outflow Inflow Outflow

\T‘/

T

(a) (b)

Figure 1. Schematic diagram of the novel DBHE system, (a) winter operation mode, (b) summer
operation mode.

According to the schematic diagram of the novel DBHE system, the physical model
and boundary condition diagram of this system are established, as shown in Figure 2. The
figure is the schematic diagram of the model section, Z is the depth direction. The surface of
formation is set as the constant wall temperature boundary condition, the other formation
boundaries are set as the heat insulation boundary condition. The wall of the well is set
as the coupled boundary condition. The boundary conditions of the check valve and the
opening of the inner and outer pipes vary according to the operation modes of the system
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in winter and summer. The boundary conditions of the novel DBHE system are shown
in Table 1.

Outer pipe Outer pipe
opening opening
Inner pipe
opening
Constant wall
temperature \ v

Constant wall
temperature

"

100 m

Heat insulation
Heat insulation

Heat insulation
200m

Figure 2. The novel DBHE physical model and boundary conditions (not to scale).

Table 1. Boundary conditions of the novel DBHE system.

Check Valve Inner Pipe Opening Outer Pipe Opening
. Boundary condition Close, Outflow Mass flow inlet
Winter coupled
Value — — 5,7and 9 kg/s, 20 °C
Boundary condition . Open, Mass flow inlet Outflow
Summer inter face
Value — 5,7 and 9 kg/s, 40, 45 and 50 °C —

2.2. Methodology

According to the physical model of the novel DBHE system, the grid of the model is
established, as shown in Figure 3. A denser grid is used for the formation around the well;
the minimum grid size is 0.01 m, and the width of each next grid increases by 1.2 times.
For the DBHE system, the grid is uniform, with a size of 0.01 m. In the depth direction, the

grid size is set as 0.5 m considering that the vertical geothermal temperature gradient is
only 30 °C/km.

Figure 3. Grid diagram of the novel DBHE system.

The initial conditions are as follows:
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(1) The initial formation temperature profile is determined by the surface temperature
and geothermal temperature gradient (30 °C/km);

(2) The initial water temperature in the well is set to be the same as the formation
temperature distribution;

(3) The initial pressure of water in the well is set to its hydraulic pressure.

The governing equation of the model is the same as Zhang [14], as shown in
Appendix A.

2.3. Model Grid and Time Independence Verification

According to the model of the novel DBHE system, the grid and time step indepen-
dence are verified by Fluent. The verification of grid independence is divided into two
parts: horizontal direction and depth direction. The formation near the wall of the well is
densified in the horizontal direction. The minimum grid size of the stratum is 0.01, 0.05, 0.1
and 0.5 m, respectively, and the grid size of the next layer increases by 1.2 times. Formation
grid size in the depth direction is evenly divided into 0.1, 0.5, 1 and 2 m. The time steps are
set to 60, 600, 3600 and 86,400 s (one day), respectively. The simulation results are shown in
Table 2. In the simulation, the inlet temperature of the circulating water is 20 °C, the mass
flow is 9 kg /s, the surface temperature is 20 °C and the geothermal gradient is 30 °C/km.
Table 2 shows the results of four months of continuous operation of the system.

Table 2. Verification of model grid and time step independence.

Minimum Grid Size of

Formation in Horizontal 0.01 * 0.05 0.1 0.5
Direction/m
Number of grids 442,368 442,368 442,368 442,368
Outlet temperature/°C 25.13 25.1 25.02 23.85
Form.ahon. grlq size in 01 0.5 * 1 ”
vertical direction/m
Number of grids 2,246,786 442,368 224,700 112,350
Outlet temperature/°C 25.13 25.13 25.13 25.13
Time step/s 60 600 3600 * 86,400 (one day)
Number of grids 442,368 442,368 442,368 442,368
Outlet temperature/°C 25.13 25.13 25.13 25.12

* used grid size and time step.

It can be seen from the table that the minimum grid size of the formation in the
horizontal direction has a great impact on the system outlet temperature. The smaller the
minimum grid size is, the higher the water outlet temperature is. When the minimum grid
size decreases from 0.05 m to 0.01 m, the outlet temperature of the water only increases
by 0.03 °C. Therefore, the minimum grid of formation in the horizontal is set as 0.01 m
in subsequent simulation calculation. By comparing the grid size in the depth direction,
it can be seen that when the grid size changes from 2 m to 0.1 m, the outlet temperature
of water does not change. Therefore, the grid size in the depth direction is set to 0.5 m in
this paper. By comparing the calculation time step of the model, it is found that when the
calculation time step of the model increases from 60 s to 3600 s, the outlet temperature of
the water is the same. When the time step increases to 86,400 s, the outlet temperature of
the circulating water decreases by 0.01 °C. In order to obtain enough data about the change
of water outlet temperature with the system operation time, the time step of the model
calculation is set to 3600 s.

2.4. Model Validation

To verify the accuracy of the model, the results of this model are compared to a
demonstration project located in Xi'an. In the demonstration project, a 2000-m coaxial heat
exchanger is used to observe the heat extraction of the system. According to the detection
of the physical parameters of the formation, the formation is divided into four layers. The
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specific parameters are shown in Table 3. The specific heat capacity decreases and the
thermal conductivity increases with the increase in depth. The inner pipe is 1998 m, and
the outer pipe is 2000 m. There is a two-meter gap at the bottom of the well to allow water
to flow through. The temperature gradient is 30 °C/km. The temperature of the ground is
15.6 °C. During the test, the average inlet temperature is approximately 17.3 °C, and the
average flow is 28 m®/h. The test duration of the demonstration project is one month, and
the outlet temperature of the last four days is within the range from 25.4-26.8 °C, as shown
in Figure 4a.

Table 3. Specific parameters of the demonstration project.

Thermal Specific Heat

Depth (m) Conductivity Capacity 3:/11811?)’
(W/m-K) (J/kg-K)

1 0-500 1.59 1433 1760
. 2 500-720 1.65 1025 1860
Formation 3 720-1450 1.76 878 2070
4 1540-2000 1.88 848 2270
Pipe Inner pipe 1998 0.45 2300 950
Outer pipe 2000 40 498 7850

Experimental outlet temperature

- - - Average outlet temperature
Experimental inlet temperature

----- Average inlet temperature

Tepmerature ('C)
N
N
1
Outlet temperature /°C

) Time Time/Day
(a) (b)

Figure 4. (a) Outlet temperature of demonstration project [14], (b) outlet temperature of simulation.

Under the same boundary conditions and initial conditions as the demonstration
project, Figure 4b shows the outlet temperature of water over one month. It is clear that the
outlet temperature of geothermal water drops sharply in the first few days and then tends
to level off. The average outlet temperature of the last four days is 22.6 °C. The temperature
difference between the demonstration project and simulation results is between 2.8 and
4.2 °C. The main reason is that, in the demonstration project, the specific heat capacity and
thermal conductivity of the formation are anisotropic. However, in the simulation, the
formation parameters are fixed values, which cannot meet the actual situation. In addition,
the inlet temperature and mass flow rate have been changing in the demonstration project,
but these two values are fixed values in the simulation Therefore, the temperature difference
between the demonstration project and simulation results is considered to be within an
acceptable range, and the model is considered to be accurate. Based on this, the heating in
winter, cooling in summer and energy storage capacity are researched below.

3. The Performance of the Novel DBHE System under Different Mass Flows

In this section, the heat extraction capacity in winter and the cooling and energy
storage capacity in summer of the novel DBHE system under different mass flows and
different temperatures of heat injection water are researched.
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3.1. Heat Extraction Capacity of the Novel DBHE System

To compare the improvement effect of heat injection rates in summer on heat extraction
in winter, the heat extraction capacity of the DBHE system for five years under different
mass flows is established.

In this section, the heating season is set to four months, and the system will not
operate for another eight months. The material of the formation is set to CaCOs3, so the
thermal conductivity of the formation is 2.25 W-m~1.K~!. The temperature gradient is set
to 30 °C/km. The inlet temperature of geothermal water is set to 20 °C, and the temperature
of the ground surface is also set to 20 °C. Figure 5 shows the temperature variation of one
heating season under mass flows of 5, 7 and 9 kg/s. In this figure, the outlet temperature
decreases with increasing mass flow. Due to the increase in mass flow, the mass of water
flowing in unit time increases. Although the mass flow of water increases, the convective
heat transfer coefficient between water and formation also increases, the heat exchange
between water and formation is greater than the heat conduction of formation. The distant
energy of the formation cannot be transmitted to the surrounding well in time and this
leads to a small increase in the heat extraction power of water. Under the joint action
of the changes in the mass of water and heat extraction power per unit time, the outlet
temperature of water decreases with the increase in mass flow.

50 T T T T T T T T

as | i

Temperature/°C

) 1 I 1 I 1 1
0 20 30 40 50 60 70 RO 90 100 110 120

t/day
Figure 5. Outlet temperatures of 5, 7 and 9 kg/s.

Table 4 shows the outlet temperature and heat extraction rates under different mass
flows over five years. As can be seen, the heat extraction rate of 9 kg/s is the greatest.
It is clear that the outlet temperature decreases only slightly. Over five years, the outlet
temperature difference between the first and fifth years is 0.64 °C for 5 kg/s. For 7 and
9 kg /s, this value becomes 0.48 and 0.39 °C, respectively. The heat extraction rates of the
fifth year decreases approximately 13.44 kW and 7.3% compared to that of the first year.
For 7 and 9 kg/s, the values change to 14.11 kW, 14.72 kW, 7.4% and 7.6%, respectively. The
greatest heat extraction rates have the greatest percentage of reduction.

Table 4. Outlet temperature and heat extraction capacity over five years.

Mass Years

Flow/kg-s—1 1 2 3 4 5
Outlet 5 28.82 28.52 28.36 28.26 28.18
temperature/°C 7 26.49 26.26 26.14 26.06 26.01
9 25.13 24.94 24.85 24.79 24.74
. 5 185.22 178.92 175.56 173.46 171.78
Heat eXtrEf;O“ 7 190.81 184.04 180.52 178.16 176.69
rates/ 9 193.91 186.73 183.33 181.06 179.17
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Figure 6 shows the temperature change in the formation near the well during the non-
heating season. In this figure, the mass flow is 5 kg/s. In one year, the heating season is set
to four months, and the non-heating season is set to eight months. This figure demonstrates
the monthly temperature change. The 0 month in this figure represents the formation
temperature at the end of the heating season, and the months from 1-8 represent the eight
months of the non-heating season. In Figure 4, the location of the line is 0.1 m from the
outer pipe of the well, and the depth is within the range from 0 to 2000 m. As can be seen,
the formation temperature has a great recovery at the end of the first month; the formation
temperature recovers to approximately 70 °C at the depth of 2000 m. Then, the temperature
recovery effect of each month gradually weakens. At the end of the eighth month, the
formation temperature recovers to approximately 77 °C at the depth of 2000 m.

=]
(=]
T

0 month (At the end of heating season) .
1 month (1 month after heating season)

2 months (2 months after heating season)
3 months (3 months after heating season)
4 months (4 months after heating season)
5 months (5 months after heating season )
6 months (6 months after heating season)
7 months (7 months after heating season)
8 months (8 months after heating season)

-
(=1
T

f2)
<
T

Formation temperature/°C
. o
< <

(o8}
=

(=]
<

1 L | L 1 L 1 L 1 " 1 L 1 " 1 " 1

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Depth/m
Figure 6. Temperature of the formation near the well during the non-heating season.

Table 5 shows the temperature recovery effect of 5, 7 and 9 kg /s month by month. In
this table, temperatures at depths of 1000 and 1998 m are listed. The reason for choosing
1998 m instead of 2000 m is that the length of the inner pipe is 1998 m and the length of the
outer pipe is 2000 m. When the geothermal water flows from the outer pipe into the inner
pipe, it basically flows near a depth of 1998 m. The water at 2000 m basically does not flow.
Therefore, observing the temperature change at a depth of 1998 m can better reflect the
temperature change. From the table, the temperature recovery effect in the first month is the
best, and the temperature recovery effect after the second month is very small. Although
the heat extraction rates of different mass flows has a difference, the temperature of the
formation of different mass flows is basically the same after eight months. The formation
temperature at a depth of 1000 m recovers to 48.15 °C, and for 1998 m, the temperature
recovers to 77.25 °C. The initial temperatures at 1000 and 1998 m are 50 °C and 79.94 °C,
respectively. The recovery of the formation temperature to a higher level can ensure that
there is little effect in heat extraction rates in the second year. In addition, the formation
temperature of 1998 m recovers to approximately 73 °C after two months. This time is
when a cooling load is needed in summer. If heat is recharged into the formation from the
bottom of the well, the temperature of the water in summer needs to be higher than 73 °C.
It is very difficult to raise the temperature above 73 °C with a heat pump system. However,
if geothermal water is allowed to recharge heat at depths of 1000 m or less than 1000 m, it
is much easier to make the water temperature reach 50 °C. If the depth is shallower, the
temperature of geothermal water can be lower. Therefore, the effect of cooling and energy
storage in summer is studied.
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Table 5. Temperature recovery effects of 5, 7 and 9 kg/s.

Temperature/°C
5 kg/s 7 kgls 9 kg/s
Depth 1000 m 1998 m 1000 m 1998 m 1000 m 1998 m
0 28.15 40.45 27.65 38.55 27.35 37.45
1 43.95 70.25 43.85 69.75 43.75 69.45
2 45.75 73.35 45.65 72.95 45.55 72.75
3 46.65 74.85 46.55 74.55 46.45 74.45
Month 4 47.15 75.75 47.05 75.55 47.05 75.45
5 47.55 76.35 47.45 76.15 47.45 76.05
6 47.85 76.85 47.75 76.65 47.75 76.55
7 48.05 77.15 47.95 77.05 47.95 76.95
8 48.15 77.45 48.15 77.25 48.15 77.25

3.2. Heat Injection Capacity of the Novel DBHE System

In this section, the depth of the check valve is set to 500 m. The initial temperature at
500 m is 35 °C, so the inlet temperature of heat injection water is set to 40, 45 and 50 °C in
summer. In addition, the inlet temperature of heat injection water in summer can easily be
reached by the heat pump.

3.2.1. Heat Injection and Energy Storage Capacities of the Novel DBHE System

In this model, the heating season is set to four months, and the cooling season is also
set to four months. Between the heating and cooling seasons, the system stops running for
two months to recover the temperature of the formation.

After four months of heating and two months of non-operation, there was four months
of cooling. The outlet temperature of water under different mass flows and different inlet
temperatures of heat injection water in summer is shown in Figure 7. As can be seen, the
outlet temperature changes greatly in the first days and then remains basically the same.
With the increase in the inlet temperature, the temperature difference between the inlet and
outlet increases. This is because the temperature of the formation is the same for every case,
and the temperature difference between the inlet temperature and formation increases with
increasing inlet temperature. After operation of the system, the formation temperature
around the well rises rapidly. However, the heat transfer from the formation around the
well to the distance is very slow, so the heat transferred from the water cannot diffuse
rapidly; thus, the outlet temperature of the water is kept at a high level.

50

43

ik

&)
o
2
2
g 40 4
=
=
]
3 33f —40°C, 5 kg/s 45°C, 5 kg/s 7
S —50°C, 5kg/s 40°C, 7 kg/s
c ———— 45°C, 7 kg/s 50°C, 7 kg/s

30 |- ——40°C, 9 kg/s 45°C, 9 kg/s -

— 50°C, 9 kg/s
25 1 1 1 1 1
0 20 40 60 80 100 120
t/Day

Figure 7. Outlet temperature of water during the cooling season.
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Figure 8 shows the heat injection rates under different mass flows and different inlet
temperatures of water in summer. In this figure, the inlet temperature of water in summer
has a decisive influence on the heat injection rates, but the mass flow has little effect on it.
There are two reasons: (1). When the mass flow increases, and the convective heat transfer
coefficient increases accordingly, it leads to the increase in heat injection rates of the system;
(2). When the check valve is opened in summer, a small amount of water flows to the
bottom of the well. Due to the high formation temperature at the bottom of the well, this
part of the water will absorb a small amount of heat, thus, reducing the heat injection rates
of the system. The greater the mass flow, the more water flows to the bottom of the well.
Under the joint action of the above two points, the mass flow has no effect on the heat
injection rates in summer.

40 T . .

38+ A ————— — A —— — A b

36 - 1

34+ 1
znf 1
gor 4 = s ° 8
<
=28 1
g
=26 1
9
224 1
=
P
T L -
= ?z = 40°C

® 45°C

! A—50°C ]

14 ]

12 1 | )

5 7 9
Mass flow/kg.s '

Figure 8. Heat injection rate of the novel DBHE system under different inlet temperatures.

Table 6 shows the annual heat injection rates over five years. In this table, the heat
injection rate is the greatest based on 9 kg/s and 50 °C; compared with the first year, the
heat injection rate decreased by 1.77 kW in the fifth year, accounting for 4.57%. The heat
injection rate is the minimum based on 5 kg/s and 40 °C, compared with the first year, the
heat injection rate decreased by 0.76 kW in the fifth year, accounting for 4%. Compared
with the condition that the temperature of heat injection water is 40 °C, when the depth of
the check valve is 500 m, using heat injection water with temperatures of 45 °C and 50 °C
can increase the heat injection rates by approximately 37% and 75%, respectively.

Table 6. Heat injection rates of the novel DBHE system over five years.

Heat Injection Rates/kW

Mass Flow Inlet Temperature of Heat Years
/kg-s~1 Injection Water/°C 1 2 3 4 5
40 21.50 20.95 20.93 20.80 20.75
5 45 29.76 29.00 28.80 28.59 28.48
50 38.02 37.00 36.66 36.39 36.21
40 21.71 21.32 21.03 21.07 20.84
7 45 30.07 29.41 29.01 28.97 28.79
50 38.42 38.81 37.32 37.01 36.78
40 21.67 21.48 21.31 21.20 21.13
9 45 30.10 29.65 29.36 29.16 29.04
50 38.75 37.87 37.44 37.16 36.98

Figure 9 shows the formation temperature near the well at depths from 0 to 600 m

during the non-heating season. All lines in the figure can be divided into four parts.
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Figure 9. Temperature of formation near the well at depths from 0 to 600 m.

Part 1: The line of month 0 indicates the formation temperature at the end of the
heating season;

Part 2: The lines of month 1 and month 2 indicate the non-operation process between
the heating season and cooling season;

Part 3: The lines of months 3-6 indicate the cooling season in summer;

Part 4: The lines of month 7 and month 8 indicate the non-operation process between
the cooling season and the next heating season.

In Figure 9, the mass flow is set to 5 kg/s, and the inlet temperature in summer is set
to 50 °C. The depth of the check valve is 500 m. In Parts 1 and 2, the formation temperature
near the well is the same as that of the system without the cooling season. In Part 3, the
formation temperature has changed dramatically because of the heat injection in summer.
At a depth of 500 m, the formation temperature near the well is approximately 46 °C
at the end of 3 months. After the cooling season, the formation temperature near the
well increases to 47 °C. The formation temperature at depths from 0 to 500 m increases
greatly. In Part 4, due to the high temperature of the formation around the well, the heat
of the formation around the well will be transferred to the distant formation through heat
conduction. Therefore, the formation temperature near the well in Part 4 is lower than that
in the previous four months in Figure 9. However, the formation temperature at the end of
the last month in Figure 9 is higher than that in Figure 6. This will help to improve the heat
extraction rates in the next heating season.

Figure 10 shows the change in formation temperature at a depth of 400 m for one year.
In this figure, the abscissa is the radius from formation to the wall of the well. At a depth of
400 m, the initial temperature of the formation is 32 °C. In Part 1 (at the end of the heating
season), the formation temperature increases with increasing distance from the well. In
Part 2, the formation temperature around the well recovers considerably, but the formation
temperature decreases over 4 m because the distant formation conducts heat to the forma-
tion around the well. In Part 3, the formation temperature becomes very high because the
inlet temperature of the water is 50 °C in the cooling season. The heat is transferred to the
formation through the water. Therefore, in Part 3, the formation temperature increases
every month. In Part 4 (non-operation), because of the high temperature of the formation
around the well, the heat conducts heat from the formation around the well to the distant
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formation. As can be seen, the formation temperature at 8 months is higher than the initial
temperature of formation (32 °C).

Mass flow is 5 kg/s, temperature of water in summer is 50°C
L L B B B B B N B LI B LN B B R

—— 0 month (At the end of heating season)
—— 1 month (1 month after heating season)
2 months (2 months after heating season)
—— 3 months (1 month of cooling season)
———4 months (2 months of cooling season) .
5 months (3 months of cooling season)
———6 months (4 months of cooling season)
—— 7 months (1 month after cooling season)
8 months (2 months after cooling season) E

45

S
[=]
T

(1
wn

Formation temperature/°C
=
1

(o)

w
T

1

20 PR YR I U IS AT NI U U ST T I S

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Radius from formation to wall of well/m

Figure 10. Radial rock temperature variation at a depth of 400 m.

3.2.2. Influence of Heat Storage on the Heat Extraction Capacity in Winter

The cooling season of the novel DBHE system can increase the formation temperature
at the depth from the surface to the check valve. This performance can improve the heat
extraction rates in the next heating season. Table 7 shows the heat extraction rates over
five years under different mass flows and different summer inlet temperatures. The heat
extraction rates of the novel DBHE system under the same mass flow are the same for the
first year. This is because the system is calculated from the heating season. The influence of
the heat injection in summer on the heat extraction in winter begins to appear in the second
year. By comparing Tables 4 and 7, it can be found that cooling in summer can increase
the heat extraction rates in winter. Different inlet temperatures in summer have different
effects on increasing heat extraction rates. For the mass flow of 5 kg/s, the differences
in the heat extraction rates are 1.17, 1.74, 1.97 and 2.26 kW for the second to fifth years
under an inlet temperature of 40 °C. For an inlet temperature of 45 °C and 50 °C, the values
change to between 1.58 and 2.95 kW and 1.98 and 3.64 kW. For the mass flow of 7 kg/s,
the different heat extraction rates are from 1.33-2.25 kW, 1.78-3.00 kW and 2.22-3.60 kW,
respectively, under the inlet temperature of 40 °C, 45 °C and 50 °C. For the mass flow
of 9 kg/s, the different heat extraction rates are from 1.69-2.58 kW, 2.16-3.36 kW and
2.60-4.18 kW, respectively, under the inlet temperature of 40 °C, 45 °C and 50 °C. Under
the same inlet temperature of water, the influence of the mass flow changes on the difference
in the heat extraction rates is negligible, and the influence of the inlet temperature of water
changes on the difference in the heat extraction rates is greater.

Figure 11 shows the temperature change in the formation temperature at 1998 m over
five years. In the figure, the mass flow is 9 kg/s and the inlet temperature of the water
in summer is 50 °C. It can be seen from the figure that the temperature of the formation
gradually decreases with the increase in operation years due to the heat extraction from the
formation. At the end of the first year, the temperature of the formation around the well
is close to 78 °C. At the end of the fifth year, the temperature of the formation around the
well is approximately 75.4 °C. The influence radius of the system on the temperature of
formation also increased from 20 m in the first year to nearly 50 m in the fifth year.
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Table 7. Heat extraction rates over five years with cooling in summer.
Heat Extraction Rates/kW
Mass Flow Inlet Temperature of Heat Years
/kg-s—1 Injection Water/°C 1 2 3 4 5
40 185.22 180.09 177.31 175.43 174.04
5 45 185.22 180.50 177.86 176.07 174.73
50 185.22 180.90 178.41 176.70 175.42
40 190.81 185.38 182.42 180.43 178.95
7 45 190.81 185.82 183.01 181.12 179.70
50 190.81 186.27 183.58 181.50 180.29
40 193.91 188.42 185.34 183.29 181.75
9 45 193.91 188.89 185.97 184.00 182.53
50 193.91 189.34 186.60 184.48 183.35

Mass flow is 9 kg/s, temperautre of water in summer is 50°C
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Figure 11. Formation temperature at the depth of 1998 m over five years.

4. Performance of the Novel DBHE System under Different Check Valve Depths

In this article, a novel DBHE system with check valve depths of 500 m, 700 m and 900 m
is researched. The initial temperature of the formation at a depth of 700 m is 41 °C, and the
initial temperature of the formation at a depth of 900 m is 47 °C. The heat extraction rates
and heat injection rates of the novel DBHE are observed based on a mass flow of 9 kg/s.
The inlet temperature of heat injection water in summer is also set to 40, 45 and 50 °C.

4.1. Heat Injection Capacity of the Novel DBHE System under Different Check Valve Depths

Figure 12 shows the heat injection rates of different depths of the check valve. The
range of heat injection rates is between 21 and 52 kW. As can be seen, the novel DBHE
system in which the check valve has a depth of 900 m and the heat injection water has an
inlet temperature of 50 °C in summer (hereafter referred to as depth and temperature, such
as “900 m and 50 °C”) has the greatest heat injection rates. The minimum heat injection rate
is the case of 500 m and 40 °C. The following two situations also need attention: (1). The heat
injection rates of 700 m and 50 °C are higher than those of 900 m and 45 °C; (2). The heat
injection rates of 900 m and 40 °C are very small. The reason is that the initial temperature
of formation is 47 °C. After the heating season and two months of the nonoperation season,
the formation temperature near the well at a depth of 900 m is 42.95 °C. When the inlet
temperature of water is set to 40 °C in summer, the energy is transferred from the formation
around the well to the water. This process has a negative effect on the heat injection
rates in summer. Energy cannot be transferred to the formation from the water until the
temperature of the water is higher than the temperature of the formation around the well.
Therefore, the heat injection rates of 900 m and 40 °C are smaller than those of most cases.
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Compared with the condition that the temperature of heat injection water is 40 °C, when the
depth of the check valve is 900 m, using heat injection water with temperatures of 45 °C and
50 °C can increase the heat injection rates by approximately 65% and 130%, respectively.
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Figure 12. Heat injection rates of the novel DBHE system at different depths of the check valve.

Figure 13 shows the temperature change in the formation with a check valve depth
of 500 m, 700 m and 900 m. It can be seen from the figure that the heat injection of the
system in summer only affects the temperature of the formation from the surface to the
depth of the check valve. When the depth of the check valve is 500 m, the temperature of
the formation drops sharply at 500 m. The same phenomenon exists when the depth of the
check valve is 700 m and 900 m. At the same time, when the depth of the check valve is
500 m, the temperature of formation within 0-500 m is higher than that of 700 m and 900 m.
This is because, under the same mass flow and water inlet temperature, the temperature of
formation with a depth of 500 m is lower than 700 m and 900 m. In the process of water
flowing upward from 900 m, the temperature of water gradually decreases. Therefore, the
temperature difference between the formation and the water at the depth of 500 m is large,
and the heat exchange rates are also large. As a result, the temperature of formation with a

depth of 500 m is higher than the other two working conditions.

Mass flow is 9 kg/s, temperature of water in summer is 50°C
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Figure 13. Formation temperature around the well under different depths of the check valve.

Depth/m



Processes 2022, 10, 888

15 of 21

4.2. Heat Extraction Capacity of the Novel DBHE System under Different Check Valve Depths

Table 8 shows the heat extraction rates of different depths of the check valve. Since the
novel DBHE system is calculated from the heating season, the heat extraction rate of each
case is equal in the first year. After heat injection in summer, the heat extraction rate of
each case begins to change. The novel DBHE system with 900 m and 50 °C has the greatest
heat extraction rates. The order of heat extraction rates in other cases is the same as that of
the heat injection rates in summer. The reason is that the heat injection rates in summer
play a positive role in the increase in heat extraction rates in winter. The greater the heat
injection rates in summer, the greater the heat extraction rates in winter. By comparing
the DBHE system with and without cooling in summer in the case of 900 m and 50 °C,
it can be calculated that the increases in the heat extraction rate are 3.40, 6.05, 5.29 and
6.05 kW from the second to the fifth year. This is equivalent to increases of 1.82%, 3.30%,
2.92% and 3.38%.

Table 8. Heat extraction rates of different depths of the check valve.

Heat Extraction Rates/kW

Depth of the Inlet Temperature of Heat Years
Check Valve/m Injection Water/°C 1 2 3 4 5
40 19391 18842 18534 18329 181.75
500 45 19391 188.89 18597 184.00 182.53
50 19391 189.34 186.60 184.48 183.35
40 19391 188.62 186.35 183.71 182.20
700 45 19391 189.38 18749 184.84 183.33
50 19391 189.76  189.00 185.98 184.46
40 19391 188.62 18598 183.33 182.20
900 45 19391 189.38 187.87 18522 183.71
50 19391 190.13  189.38 186.35 185.22

By comparing the heat extraction rates and heat injection rates of the novel DBHE
system, the heat injection rate in summer is 27.55% of the heat extraction rate in winter
at the fifth year for the case of 900 m and 50 °C. For the other cases, the percentage is
much smaller.

5. Performance of the Novel DBHE System under Different Thermal Conductivities
of Formation

For the DBHE system, the thermal conductivity of the formation is a very important
factor affecting the heat extraction capacity of the system. In the above research, the thermal
conductivity of the formation is set to 2.25 W/m-K. In this part, thermal conductivities of
1.25 and 3.25 W/m-K are also studied. The inlet temperature of the water is set to 20 °C in
winter and 40, 45, and 50 °C in summer. The mass flow of water is set to 9 kg/s. Based on
different thermal conductivities of formation, the heat injection capacity of the novel DBHE
system in summer is researched.

Figure 14 shows the influence of the thermal conductivity of the formation on the heat
extraction rates of the novel DBHE system. For the thermal conductivity of 1.25 W/m-K, the
heat extraction rates decrease from 118.6 to 108.5 kW within five years. For 2.25 W/ m-K~1
and 3.25 W/m-'K, the values change to between 193.9 and 179.2 and 262.7 and
244.2 kW, respectively.
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Figure 14. Heat extraction of the DBHE system under different thermal conductivities of formation.

5.1. Heat Injection Rates of the Novel DBHE System under Different Thermal Conductivities

Figure 15 shows the heat injection rates of the novel DBHE system under different
thermal conductivities. A greater thermal conductivity has greater heat injection rates
under the same inlet temperature of heat injection water in summer. The trend is the same
as that of the heat extraction rates in winter. In this figure, the maximum heat injection rate
is approximately 70 kW for a thermal conductivity of 3.25 W/m-K and an inlet temperature
of 50 °C. The heat injection rate in summer is 27.72% of the heat extraction rate in winter.
The minimum heat injection rate is approximately 13 kW for a thermal conductivity of
1.25 W/m-K and an inlet temperature of 40 °C. The heat injection rate in summer is only
approximately 10.86% of the heat extraction rate in winter. The heat injection rate of
2.25 W/m-K and 50 °C is slightly higher than that of 3.25 W/m-K and 40 °C. The heat
injection rate is mainly determined by the thermal conductivity of the formation and inlet
temperature of water in summer.
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Figure 15. Heat injection rates of the novel DBHE system under different thermal conductivities.

Figure 16 shows the effect of the thermal conductivity of the formation on the tem-
perature during energy storage in summer. In the figure, the depth of the check valve is
900 m, the depth of the observed formation is 900 m, the mass flow is 9 kg/s and the inlet
temperature of the water in summer is 50 °C. It can be seen from the figure that at the
end of heat injection in the fifth year, the influence radius of the formation temperature
around the well corresponding to the three thermal conductivity coefficients is basically
the same. With the increase in the distance between the formation and the wall of the
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well, the influence of thermal conductivity on the temperature of the formation increases
gradually. In the figure, the smaller the thermal conductivity of the formation, the smaller
the minimum temperature at 900 m. This is because the smaller the thermal conductivity,
the harder it is to transfer the heat of the formation around the well and the heat of the
remote formation to the lowest point. The thermal conductivity of formation also has a
great influence on the influence radius of the system. The influence radius of the system
with thermal conductivity of 1.25 W/m-K is only approximately 30 m, and the influence
radius of the system with thermal conductivity of 3.25 W/m-K is approximately 50 m.

Mass flow is 9 kg/s, temperature of water in summer is 50 °C
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Figure 16. Formation temperature at 500 m under different thermal conductivity of formation.

5.2. Heat Extraction Capacity of the Novel DBHE System under Different Thermal Conductivities
of Formation

When the novel DBHE system realizes both heating in winter and cooling in summer,
the heat extraction rates of the novel DBHE change. Table 9 shows the heat extraction rates
of the novel DBHE system with inlet temperatures of 40, 45 and 50 °C in summer. In the
first year, the system with the same thermal conductivity has the same heat extraction
rates. This is because the model is calculated from the heating in winter, and the impact
of cooling in summer will not appear until the next heating season. At the end of the
heating season of the fifth year, the heat extraction rates increase by 1.94, 3.04 and 3.17 kW
for thermal conductivities of 1.25, 2.25 and 3.25 kW, respectively, based on an inlet water
temperature of 40 °C. When the inlet temperature of water changes to 45 and 50 °C, the
heat extraction rates increase from 1-2 kW, respectively. In terms of the percentage increase
in heat extraction rates, the lower thermal conductivity (1.25 W/m-K) has the greatest value
(3.61%) because it has the minimum heat extraction rates. For thermal conductivities of 2.25
and 3.25 W/m-K, the values change to 3.38% and 2.74%, respectively. The heat injection
rate in summer is 27.72% of the heat extraction rate in winter in the fifth year for the case of
3.25W/m-K and 50 °C.
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Table 9. Heat extraction of the DBHE system under different thermal conductivities of formation.

Heat Extraction Rates/kW

Thermal Conductivity Inlet Temperature of Years
/W-m~-1.K-1 Water in Summer/°C 1 2 3 4 5
40 118.62 114.82 112.79 111.44 110.44
1.25 45 118.62 115.41 113.59 112.35 111.43
50 118.62 116.00 114.38 113.26 112.42
40 193.91 188.62 185.98 183.33 182.20
2.25 45 193.91 189.38 187.87 185.22 183.71
50 193.91 190.13 189.38 186.35 185.22
40 262.66 255.60 251.80 249.26 247.37
3.25 45 262.66 256.64 253.21 250.88 249.14
50 262.66 257.69 254.61 252.50 250.90

6. Conclusions

In this investigation, a check valve is adopted in a DBHE system in which the whole
section of the well is used for heat extraction in winter during building heating and the
upper part of the well is used for heat injection in summer during building cooling. The
influence of injected water flowrates, water inlet temperatures, depths of the check valve
and the formation of thermal conductivities on the performance of this novel DBHE system
has been studied numerically. It has been found that the novel DBHE system can be used
to inject and store heat at depth, maintain the heat balance there and realize sustainable
operation for heating and cooling. Furthermore, using this system can reduce the heat
emission into the air in summer and, hence, alleviate urban thermal pollution. Based on the
analysis of the simulation results, the following conclusions can be drawn from this study:

(1) The novel DBHE system can realize injecting and storing heat in the formation in
summer and improve the heat extraction rates in the next heating season;

(2) The inlet temperature of the injected water in summer has a great influence on the
heat injection rates of the novel DBHE system. The higher the inlet temperature, the
greater the heat injection rates. Compared with the condition that the temperature of
heat injection water is 40 °C, when the depth of the check valve is 500 m, using heat
injection water with temperatures of 45 °C and 50 °C can increase the heat injection
rates by approximately 37% and 75%, respectively; the heat injection rates can increase
to 65% and 130% if the depth of the check valve is 900 m;

(3) The increase in the depth of the check valve improves the heat injection rates of
the novel DBHE system. When the depth of the check valve is 900 m and the inlet
temperature is 50 °C, the heat injection rate can reach 51.03 kW, which is 27.55% of
the heat extraction rate in winter for the fifth year. In this case, the heat injection in
summer has the greatest effect on the improvement of heat extraction in winter, which
is 6.05 kW, accounting for 3.38% of the heat extraction in that year;

(4) The thermal conductivity of the formation has a great influence on the heat extraction
rates in winter and heat injection rates in summer. The higher the thermal conductivity,
the greater the heat extraction and injection rates. When the thermal conductivity is
1.25 W/m K, the heat injection rate in summer is 31.14 kW, which is 10.86% of the
heat extraction rate in winter. When the thermal conductivity is 3.25 W/m K, the heat
injection rate in summer is 69.55 kW, and the percentage changes to 27.72%.
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Appendix A. DBHE Model

The governing equations of DBHE in this study are shown below.
Continuity equation:

2 (0) = —alpo) (A1)

where p is the density of water, kg/m3; v is the velocity of the water, which is the rate
of volume flow across the cross-sectional area of the annular or the inner pipe in this 1D
equation, m/s; m is the mass sink/source term, kg/ m3s.

Momentum equation:

oP fov* | 0 ., ,
% —chos(e)iﬁi(&(m’)"‘g(m’ ) (A2)

where P is the fluid pressure, Pa; g is the gravitational acceleration, m/s?; 8 is the inclination
of the well; f is the fraction factor; d is the wellbore hydraulic diameter, m.
Energy equation:

0 P 0 ) v? q
—(oh——+ =)= —=— h+—)) — 0) — — A
ai P =5+ 7)) = =5, (ool + 7)) = pogeos(6) — 20+ Q (A3)
where /1 is the enthalpy of water, k] /kg; g is the lateral heat flow gradient, W/m; Q is the
heat sink/source term, W/m3. In the formula, z is the coordinate in the vertical direction.
For the inner pipe fluid, the heat flow is calculated by:

q=aq =AUT — T) (A4)

where g; is the heat exchange rate between the inner pipe flow and the annular flow, W;
U is the overall heat transfer coefficient between the inner pipe flow and annular flow,
W/ (mZ-K) ; Aj is the heat exchange area of the inner pipe inside surface, mZ; Ty is water
temperature of the inner pipe flow, K; T3 is the water temperature of the annular flow, K.

s

1 1 nk 1
2&11‘1 + 2)\1 ln r1 + 2&1272

UA; = (A5)

where a; is the convective heat transfer coefficient corresponding to the inner pipe flow,
W/(m?K); r1 is the inner radius of the inner pipe, m; A; is the thermal conductivity of the
inner pipe material, W/ (m-K); a; is the convective heat transfer coefficient corresponding
to the annular flow associated with the outer wall of the inner pipe, W/ (mz-K) ; 17 is the
outer radius of the inner pipe, m.

For the annular pipe fluid, the heat flow is calculated by:

q=q2+m (A6)
g2 = 2mr3a3(T3 — Ta) (A7)

where ¢, is heat exchange rate between the outer pipe and rock, kW; a3 is the convective
heat transfer coefficient corresponding to the annular flow associated with the inner wall of
the outer pipe, W/(m?-K); r3 is inner radius of the annular pipe, m; T3 is the temperature
of the outer pipe wall, K.
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In this model, the energy conservation equation of the geological formation around
the well is as follows:

Mg 1 13 T. 9, T
ot pCam oy ) 5y (i)

(A8)

where T, is the temperature of formation, K; Ag, is thermal conductivity of the formation,
W/(m-K); pfm, is the formation density, kg/ m3; Cqy, is the specific heat of the formation,
]/ (kg-K).

The three convective heat transfer coefficients, a1, 4, and a3, can be determined by
using the following equations and Table Al:

4= N;’A (A9)
Nu = 0.023Re%8 ™ (A10)
Re = p;’ld (A11)
pr= 28 (A12)

where Nu is the Nusselt number; A is the thermal conductivity of the water, W/(m-K) d is
the characteristic length, m; Re is the Reynolds number; Pr is the Prandtl number; p is the
density of the water (kg/m?); v is the volumetric flux of the water, m/s; y is the dynamic
viscosity of the water, Ns/m?; c, is the specific heat capacity, ]/ (kg-K). The characteristic
length d, the value of n (Index in Equation (A10)), and other relevant parameters are defined
in Table Al.

Table Al. Parameters used for determining the convective heat transfer coefficients.

ai

az

asz

K

Cp
n
(Index in Equation (A10))

Thermal conductivity of water
in the inner pipe

Inner diameter of the inner pipe

Volumetric flux of water in the
inner pipe
Dynamic viscosity of water in
the inner pipe
Specific heat capacity of water
in the inner pipe

0.3

Thermal conductivity of water
in the annular
Inner diameter of the outer
pipe minus outer diameter of
the inner pipe
Volumetric flux of water in
the annular
Dynamic viscosity of water in
the annular
Specific heat capacity of water
in the annular

0.4

Thermal conductivity of water
in the annular
Inner diameter of the outer
pipe minus outer diameter of
the inner pipe
Volumetric flux of water in
the annular
Dynamic viscosity of water in
the annular
Specific heat capacity of water
in the annular

0.4

In this study, the governing equations are solved in the following way:

For a given time-step, pressure field, and other initial and boundary conditions, the
discrete momentum equation is solved to obtain a velocity field.

The relationship between the pressure and velocity specified by the discrete momen-
tum equation is brought into the discrete continuity equation to obtain a revised pressure
field, based on which a new velocity field can be obtained.

Check whether the new velocity field satisfies Equations (A1) and (A2). If not, do the
calculation by iteration. Once convergence is achieved, based on the obtained velocity field,
the convective heat transfer coefficients as well as a new temperature field can be obtained
by solving Equations (A3)—(A12). Carry out the calculation by iteration until convergence
is achieved. Eventually, a new temperature field that satisfies all governing equations can
be determined.



Processes 2022, 10, 888 21 of 21

Then, the next time-step calculation is carried out.
It is worth noting that the Equations (A1)—(A3) and the energy balance Equation (A8)
are coupled and solved simultaneously in this numerical study.
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