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ABSTRACT

The heat extraction from the geothermal reservoir using a single U-tube has been widely applied
in the last decades. Based on the geological data of Bazhou geothermal field, a 3D steady state
numerical model, including the U-tube, wellbore and reservoir is established. The performance
of the exchanger is studied through investigation on the influences of depth, porosity,
permeability and heterogeneity of the formation. Simulation values are validated by results
obtained from field tests. Results indicate that the overall velocity in the geothermal reservoir is
relatively low compared with the flow in the wellbore mainly due to the high flow resistance.
Under the conditions of this paper, the depth of the geothermal field, the reservoir porosity and
the heterogeneity of the geothermal formation may hardly affect the performance of the U-tube.
However, if it is possible, it is better to install the single U-tube in the homogeneous area of the
reservoir, which may obtain better heat extraction effect.

1. Introduction

Geothermal energy has been considered as one of the most promising renewable and clean
energy resources for the last several decades (Nasruddin et al., 2016; Lund et al., 2010).
Downhole heat exchanger (DHE) is the most common form used to extract heat from the ground
for space conditioning in residential and commercial buildings (Rees et al., 2015; Lee et al.,
2008). DHE consists of a system of tubes or a U-tube located in a single wellbore, through which
the working fluid is circulated to extract heat (Fig. 1). The vertical DHESs are usually constructed
by inserting one or two high-density polyethylene U-tubes in vertical boreholes to serve as the
ground loops (Zeng et al., 2003). Compared with other exploitation methods, such as Engineered
Geothermal System, the U-tube only extracts heat from the geothermal reservoir instead of water
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(Carotenuto et al., 2001). This feature gives DHE some unique advantages, including low
installation costs and least damage to the environment, etc.
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Figure 1: Schematic diagram of a single U-tube DHE geothermal system

A large number of investigations have been carried out on the heat extraction of DHE. In
summary, those studies can be divided into two parts: the solid rock outside and the region inside
the borehole. For the first part, Carotenuto et al. used a single domain numerical approach to
describe the heat and fluid flow through saturated geothermal reservoir of DHE system
(Carotenuto et al., 2000). Besides, since the borehole depth is much larger than its diameter, this
process is often formulated by 1D line-source (Ingersoll et al., 2009) or cylindrical-source theory
(Carslaw et al., 1959; Kavanaugh et al., 1985; Deerman et al., 1991). Zeng et al. (2002) has
presented a 2D model of the finite line-source to consider the axial heat flow in the ground for
longer durations. For the second part, the main objective is to determine the entering and leaving
temperatures of the circulating fluid in the exchanger. The temperature variation inside the
borehole is usually slow and minor. Thus, the heat transfer in this region being approximated as a
steady-state process has been proved to be suitable and described by a constant borehole thermal
resistance, except for analysis dealing with dynamic responses within a few hours (Yavuzturk et
al., 1999). Eskilson et al. (1987) calculated the ground temperature around a single borehole
using the finite-difference method and proposed a g-function to describe the performance of
borehole and developed g-functions curves based on selected borehole field configurations. Li
and Zheng (2009) developed a 3D unstructured finite-volume model for vertical ground heat
exchanger and used Delaunay triangulation to mesh the computational domain. The surrounding
soil was divided into several layers to evaluate the effect of fluid temperature with depth on the
thermal process. Besides, a transient finite-volume model was developed by Kaltreider et al
(2015) specifically for modeling thermo-active foundation. Rees and He (2013) used a multi-
block mesh to establish a 3D model to investigate the effects of fluid transport and diffusion on
the fluid flow physical phenomenon. Lyu et al. (2017) proposed a steady-state numerical model,
which coupled working fluid in DHE with geothermal fluid inside wellbore, to investigate the
influences of key parameters on heat extraction performance of a U-tube DHE.

In view of the complexity of the heat transfer in DHE, Computational Fluid Dynamics (CFD) has
been widely used in the previous study listed above (Bhutta et al., 2012). Xie et al. (2009)
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evaluated the Nu and friction factor for three types of fin and tube heat exchangers. Study was
conducted to observe the difference between laminar and turbulent heat transfer for larger
diameter of tubes. Starace and Congedo et al. (2005) evaluated horizontal GSHPs based on
experiments and simulations. The main parameters affecting the performance of horizontal
ground heat exchangers were investigated by the CFD code Fluent (Congedo et al., 2012).
Gustafsson et al. (2010) studied the performance of a U-pipe in a groundwater-filled heat
exchanger in Scandinavia using a 3D steady state CFD model. The results show that the induced
natural convection significantly decreases the thermal resistance inside the borehole. Habchi et
al. (2010) observed heat transfer parameters and the turbulent mixing in the multi-functional heat
exchanger under three different configurations. The Laser Doppler analysis and the CFD
approach were used to determine the consequences of the vorticity produced by the trapezoidal
tabs.

However, to the best of our knowledge, there is no comprehensive study on the coupled flow
field of working fluid in a single U-tube DHE, geothermal fluid inside the wellbore and flow in
the reservoir. In this paper, Bazhou geothermal field in China is taken as a case to be studied.
First, a 3D steady-state numerical model is established to combine the entire flow field of both
wellbore and reservoir. Second, the flow field is analyzed comprehensively considering
characteristics of the working fluid emphatically. Simulation values are validated by comparing
with results obtained from field tests. Finally, influences of four important geological
parameters, including depth, porosity, permeability and heterogeneity of the formation, on the
performance of the DHE are investigated. Results in this paper can provide guidance for the field
application of vertical DHE.

2. Model development
2.1 Physical model

The simulation model is based on a small-scale field case. For the heat extraction of a single U-
tube, the entire simulation model consists of three parts: the U-tube, borehole and ambient
geothermal reservoir. Consequently, a 3D model is established as shown in Fig. 2. In this paper,
the geological parameters of Bazhou geothermal field in China are taken as an example for
simulation. The working fluid is water, which is injected from the inlet of the U-tube to exchange
heat with the borehole fluid and backs upward from the outlet. When the borehole fluid
temperature varies because of the heat transfer, changes in the density occur. Dense fluid will
start to sink and less dense fluid to rise, resulting in the natural convection within the entire
downhole wellbore, which leads to a better heat transfer through the borehole fluid (Gustafsson
etal., 2010).

The geothermal energy in Bazhou geothermal field, mostly locates in shallow formations.
Therefore, in this paper, the entire heat transfer process mainly occurs under the hydrostatic
pressure of 2 MPa when it is 200 m under the ground. The U-tube heat exchanger is lowered to
the downhole position above the geothermal reservoir. The hydrostatic height of fluid in the
wellbore maintained by the reservoir pressure is assumed to be larger than 3 m, which can satisfy
the heat extraction simulation in this paper. The borehole fluid is water and the borehole length is
6 m. The borehole diameter is set as 0.35 m. Besides, the geothermal reservoir or ground is a
cylinder with a diameter of 3 m and a height of 2.8 m. According to Allis et al. (1980), the U-
tube inlet and outlet diameter is set as 0.0875 m. The injected circulating water temperature is set
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as 298 K. The borehole fluid temperature is 353 K. The reservoir porosity is 0.35 and the
permeability is uniformly distributed in three spatial directions with a value of 1.0 Dc. Other
related parameters are illustrated in Table 1.
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Figure 2: The physical model of a single U-tube in the geothermal reservoir

Table 1 Mathematical parameters of the model

The entire U- Borehole Borehole Distance between the The U-tube inlet
tube length length diameter U-tube inlet and outlet and outlet diameter
(m) (m) (m) (m) (m)
6.16 6 0.35 0.1 0.0875

The entire numerical solution process is based on the CFD code of Fluent. In order to simulate
the turbulent flow in the U-tube, the time-averaged steady state Navier-Stokes equations as well
as the conservation of energy are solved. The standard k —& model (Takemitsu et al., 1990) is
adopted and the pressure-velocity field is coupled by SIMPLE algorism. The heat transfer
between the U-tube and borehole fluid mainly depends on the natural convection caused by
gravity (Gustafsson et al., 2010). Therefore, gravity is considered in the Z direction.

2.2 Thermo-physical properties of water

In the convection heat transfer process of the U-tube, as described by Lyu et al. (2017), the water
density and the specific heat capacity are the two most important factors to affect the heat
transfer process, while the thermal conductivity and the viscosity are assumed to be constant. In
this paper, the U-tube DHE works under a constant underground pressure. To simulate this
process specifically, changes of water properties with temperature are determined using the least
square and fitting methods (Wagner et al., 2002).

The water density decreases as the increase of temperature in the temperature range of 275 K ~
420 K (Fig. 3) and the relationship is shown in Eq. (1). The specific heat capacity of water
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decreases first, and then goes up with the increment of temperature (Fig. 4). The correlation is
displayed in Eq. (2). Besides, the water viscosity is 0.001003 kg/m/s and thermal conductivity is
0.6 W/m/K.

p =-0.0029T % +1.418T +829.99 (1)
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Figure 3: Water density as a function of Figure 4: Water specific heat capacity as
temperature at 200 m a function of temperature at 200 m

2.3 Heat transfer coefficient

Several factors can have an influence on the heat transfer between the U-tube and geothermal
reservoir, including the cause of the flow, fluid phase, flow state, geometrical factors of the heat
transfer surface and fluid properties. In this paper, the water in the U-tube is pumped to circulate,
which is the forced convection heat transfer. The heat transfer with the downhole geothermal
fluid belongs to the natural convection process. There is no phase change in the entire heat
transfer process. The final values of convection heat transfer coefficient were specifically listed
by Lyu et al. (2017), here we only concisely illustrate the procedures of calculation.

The convection heat transfer coefficient represents the intensity of the heat transfer process. It
can be determined by Eq. (3):

3)

Where Nu is the Nusselt number. 4; is fluid thermal conductivity, W/(m-K) . d, is the
internal diameter of the U-tube.

There are mainly two equations (Dittus-Boelter and Gnielinski) to calculate the Nusselt number
of fluid. In the Dittus-Boelter model (Heiss et al., 1951), the Nusselt number is calculated by Eqg.

(4):
Nu =0.023Re%® Pr{ (4)
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Where n=0.4. Re; is the Reynolds number. Pr; is the Prandtl number. The equation is

validated via experiments when Re, =10° ~1.2x10°, Pr, =0.7~20, 1/d,>60. | is the length

of the U-tube. However, the temperature difference between the fluid and environment is limited
to 20 ~ 30 K. In this paper, the temperature difference is usually about 50 K. Thus, it is not
suitable to use this model to calculate the convection heat transfer coefficient.

In the Gnielinski model [32], the Nusselt number is calculated by Eq. (5):

| _ (1/8)(Re, ~1000)Pr,
C1+12.7/f 18(Pr¥R-1)

(0, (5)

Where f is the Darcy drag coefficient of internal turbulent flow. For the fluid, c, is nearly equal
to 1. In this paper, the length of the U-tube | is much larger than the internal diameter d, .

Therefore, the part in Eq. (5) 1+(%)2’3 ~1.

Then, the Eq. (5) is simplified to Eq. (6) as shown below:

\g_ (f/8)(Re, ~1000)Pr,
14127,/ f 18(Pr?P-1) ©)

The Darcy drag coefficient f can be calculated by Filonenko equation (Filonenko et al., 1990):

f =(1.82IgRe, —1.64) (7)

This model is validated when Re; = 2300 ~10°, Pr, =0.6 ~10°.

Because each temperature corresponds to each convection heat transfer coefficient, the average
temperature of inlet circulating water and borehole water is applied as the reference temperature
to determine the convection heat transfer coefficient.

2.4 Heat extraction rate

Heat extraction rate represents the portion of energy that can be used through a U-tube DHE in
geothermal wells. The Eq. (8) is applied to calculate the heat extracted from the downhole U-
tube.

Q=C,,mT,-C,mT, (8)
Where Q is the heat extraction rate, KW. C, is the specific heat capacity of the inlet fluid,

J/(kg-K). C,, is the specific heat capacity of the outlet fluid, J /(kg-K). m is the mass flow
rate, kg /s.
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2.5 Mesh independency and boundary conditions

To guarantee the simulation results are mesh-independent, meshes with different grid numbers
are computed and illustrated by Fig. 5. The average outlet temperature is used as the indicator of
mesh sufficiency. Fig. 5 shows that after the grid number is larger than 1.5x10° (red point), the
average outlet temperature stays almost constant. In addition, in view of computational precision
and complexity, it is acceptable to choose the red point as the final mesh. Therefore, the
numerical mesh consists of a total of 1735094 cells of hexahedron and wedge-shaped volume
elements in the U-tube, borehole and geothermal reservoir.
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Figure 5: Average outlet temperature at different grid numbers

According to conditions for the heat transfer between the U-tube and the geothermal fluid (Fig.
2), the circulation water inlet is set as the mass-flow-inlet boundary condition. The outer
boundary of porous geothermal reservoir (ground) is set as a constant temperature and the
bottom and top boundaries are treated as adiabatic surfaces (Gustafsson et al., 2010). The
operating pressure varies with the depth of geothermal formation. In addition, the natural
convection heat transfer coefficient between the U-tube and the borehole fluid is updated with
each mass flow rate of the circulating water.

3. Results and discussion
3.1 Underground flow field

This paper mainly focuses on the investigation of underground flow field. Fig. 6 shows the flow
field in the geothermal reservoir from the front perspective. It can be observed that the overall
velocity is very low mainly because of two reasons. The first is that the drive force is just the
heat convection as discussed above. The second reason is that compared with the wellbore, the
flow resistance is very high due to the packed particles in the reservoir. In the selected section,
the maximum velocity is only 2.42X 10" m/s, which lies in the region close to the central
wellbore. Besides, Fig. 6 only shows the flow direction of fluid in the reservoir within a certain
velocity range. It can be inferred that the velocity in the wellbore can several magnitudes higher
than that in the reservoir.

In addition, there are two circulations existing around the wellbore. In this paper, the geothermal
fluid at the left side is anti-clockwise, while the right one is clockwise. This is because the U-
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tube simulated in this model is located above the geothermal reservoir. The temperature of the
wellbore fluid around the U-tube is lowered due to the heat transfer, resulting in the increase of
density. With the effect of gravity, the upper heavier wellbore fluid sinks to the lower part of the
wellbore, which drives the geothermal fluid to begin circulating in the reservoir from the upper
connection between the wellbore the ground. Then the geothermal fluid returns to the wellbore
space to participate in the complicated flow in the wellbore.
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Figure 6: The flow field in the geothermal reservoir

To analyze the characteristics of the flow pattern more specifically, four traverses are chosen
distributed along the borehole uniformly (Fig. 6). Traverse 1 to 3 is above the reservoir, while
Traverse 4 and 5 are distributed within the reservoir. Fig. 7 shows the flow state at Traverse 4
and 5. It can be observed that they are similar to each other. The fluid flows out from the
wellbore at a relatively higher velocity in both radial and gravitational directions. Then the
velocity becomes lower during the flow process until the fluid encounters the outer boundary of
the reservoir. The maximum velocity can be approximately 2 10™** m/s, which is slightly lower
than the vertical plane (Fig. 7).
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Figure 7: Vectors of velocity at Traverse 4 and 5
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To compare the overall flow state in the whole heat extraction system, Fig. 8 shows the average
velocities of various traverses at different injection fluid mass flow rates. The average velocities
in the wellbore go up as the increase of mass flow rate. However, the average velocities in the
geothermal reservoir keep almost the same. Besides, the velocities of Traverse 1 and 2 are
nearly the same. Traverse 3 is slightly higher. The order of magnitude is roughly 10% m/s.
Nevertheless, the order of magnitude of velocities in the reservoir is approximately 10™° m/s.
Besides the reason of high flow resistance as discussed above, another probable reason is that the
calculated average velocity in the wellbore part contains the flow in the U-tube, which is
relatively high. However, one point that needs to be made is that the velocity becomes higher due
to the sharp U-shape turn (Traverse 3). Additionally, the mass flow rate can hardly affect the
flow in the reservoir.
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Figure 8: Average velocities of various traverses at different water mass flow rates

Fig. 9 shows the temperature distributions of fluid flow along the entire U-tube at different mass
flow rates. It is clear that the injected low temperature water is heated up from 293 K to
approximately 310 K during the flow process. As the mass flow rate rises, the average
temperature in the outlet (right) side of the U-tube becomes lower. The relatively low
temperature region (below 300 K, deep blue area) becomes larger.

Temperature: K 0.2 kg/s 0.4 kg/s 0.6kg/s 0.8 kg/s 1.0 kg/s

Figure 9: Temperature contours of the entire U-tube at different water mass flow rates
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3.2 Model validation

To validate the simulation results in this paper, the field test results obtained by Carotenuto et al.
(1999) are adopted. The field tests were performed in the Campi Flegrei geothermal field, in the
Lacco Ameno area of the island of Ischia. The aquifer with geothermal fluid temperature of 73.3°C
was found at a depth of approximately 10 m from ground level. The downhole effective heat
transfer vertical length is 6.16 m. The effective contact vertical thickness between the wellbore
and geothermal reservoir is 3 m. The 500 mm diameter well was lined with steel piping with an
outside diameter of 380 mm. Although there are two phases in the experimental geothermal
convector, it is mainly in the liquid state in the downhole U-tube section, which approximates the
situation in this paper. Since the experiments were carried out at the depth of 10 m under the
ground, thermo-physical properties of water have to be calculated by Eqg. (9) and (10). Fig. 10
and Fig. 11 show the water density and specific heat capacity as a function of temperature at the
depth of 10 m. Through least square method, the relationships between the water density,
specific heat capacity and temperature can be obtained as follows:
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Figure 10: Water density as a function of Figure 11: Water specific heat capacity as a
temperature at 10 m function of temperature at 10 m
p =-0.0035T % +1.8471T +759.67 (9
3 2
C, =-0.0001T" +0.1505T * —52.587T +10234 (10)

Fig. 12 shows the comparison of simulation and field test results at different mass flow rates.
Compared with the actual field test results, the modeled values are all within reasonable ranges.
In some cases, the simulation values are slightly lower than the experimental results. Besides
computational errors, this is also because the entire length of the U-tube in the model is slightly
shorter than that in the field test and the effective formation thickness is small. Therefore, it can
be concluded that the simulation results are greatly reliable.
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Figure 12: Comparison of simulation values and field test results

3.3 Parameter analysis

3.3.1. Depth

In addition to the Bazhou geothermal field analyzed in this paper, there are many other fields
around the globe, which has a large range of effective formation thickness at the depths of 100 m,
200 m, 300 m, etc. Some may have the same geothermal temperature. In this case, the thermo-
physical properties of the water may play an important role in the performance of heat extraction.
As described above, the density and specific heat capacity of water are calculated at the depth of
100 m as shown in Fig. 13 and Fig. 14.
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Figure 13: Water density as a function of Figure 14: Water specific heat capacity as a
temperature at 100 M function of temperature at 100 m

Fig. 21 shows the performance of a single U-tube DHE at different depths. The initial water inlet
temperature is 298 K and the geothermal fluid temperature is 353 K. When the water mass flow
rate is 0.2 kg/s, the circulating water temperature can be heated up by approximately 12 K. The
outlet temperature becomes lower as the flow rate increases. The outlet temperature is less and
less sensitive to the variation of flow rate. The heat extraction rate shows almost linear
relationship with the flow rate. When the depth increases from 100 m to 300 m, the outlet
temperature has an appreciable rise only at low mass flow rates. However, heat extraction rates
at different depths are almost the same. Therefore, under the condition of the same temperature
difference between the circulating water in the U-tube and the borehole fluid, the depth of the
geothermal field has little influence on the outlet temperature and heat extraction rate.
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Figure 15: Performance of the U-tube at different depths
3.3.2. Porosity
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Figure 16: Performance of the U-tube at different reservoir porosities

Different geothermal formations can have various porosities. Besides, for the same geothermal
formation, the porosity can be distributed non-uniformly. In this section, the simulated reservoir
is assumed to be homogeneous and have the same porosity. Fig. 16 shows the performance of the
U-tube with reservoir porosity changing from 0.15 to 0.55. It can be observed that at each mass
flow rate, the final outlet temperatures of different porosities are similar. To be more precise, the
outlet temperature decreases as the increase of porosity. As for the heat extraction rate, there is
almost no difference between different porosities at each mass flow rate. Therefore, it can be
concluded that the reservoir porosity may hardly affect the performance of the U-tube.

3.3.3. Permeability

To simulate the fluid flow in the formation, the porous media model is applied to represent the
flow resistance in the geothermal reservoir. The momentum equation can be simplified into Eq.
(11) by considering the pressure difference resulting from the source term.

Vp = —(ﬁv+C2%pv2)An (11)
o
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Where Vp is the pressure difference, Pa. # is the fluid viscosity, kg/m/s. D, is the average

diameter of particles, m. ¢ is the porosity. 1/« is the coefficient of viscous impedance. C, the
coefficient of internal impedance. # is the density, kg/m®. V is the reservoir flow velocity, m/s.
An is the thickness of the porous media.

Then the relationship between the pressure difference Vp and the reservoir flow velocity V has
to be determined. Eq. (12) is derived by combining the Darcy’s law (Eq. (13)) with the integral
of radial fluid flow.

r
Ap = rfln(r—")vr (12)

Vp= Ay (13)
a

Where k is the reservoir permeability, m?. T, is the radius of the entire reservoir, m. T, is the
wellbore radius, m. V, is the fluid flow velocity at the radial distance of r, m/s.

By comparing Eqg. (12) and Eq. (11), the coefficient of viscous impedance 1/« can be obtained
as displayed in Eq. (14).

1 Y7, r
—=—-r—In(=*=
a kAN (r ) (14)

w

The relationship between the reservoir permeability and viscous impedance is established in Eq.
(14). To represent the overall flow state in the simulated reservoir, the average radius is chosen
for the calculation. Fig. 17 shows that the coefficient of viscous impedance decreases as the
increase of the reservoir permeability.

o o SO L
= in = in = in
T T T T T T

x10" Coefficient of viscous impedance

w
i
T

1 1 1 1 1 1
0.6 0.7 0.8 0.9 1.0 1.1
Reservoir permeability (Dc)

Figure 17: Relationship between the coefficient of viscous impedance and reservoir permeability

In this section, the reservoir formation is assumed to be homogeneous, which means that the
permeability is the same in all directions. The heterogeneity of the formation will be discussed in
the next section. Fig. 18 shows the outlet temperature and heat extraction rate under different
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conditions. It can be observed that the outlet temperature and extraction rate keeps nearly the
same at the mass flow rate of 0.2 kg/s. However, at higher mass rates, such as 0.4 kg/s, 0.6 kg/s
and 0.8 kg/s, the outlet temperature slightly increases. This may because the convective heat
transfer between the fluid in the U-tube and the geothermal fluid becomes more drastic, when the
mass flow rate rises. In formations with high permeability, the circulation in the wellbore and
reservoir may become more rapid, which results in the slightly better performance. Nevertheless,
the overall influence of the reservoir permeability on the U-tube performance is minor. Under the
conditions of this paper, the heat extraction rates are nearly the same in different geothermal
formations.
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Figure 18: Performance of the U-tube at different reservoir permeability

3.3.4. Heterogeneity of the formation

In the real geothermal field, the reservoir is usually heterogeneous. The permeability in each
direction can be different from each other. If the heat extraction method using a single U-tube is
applied as shown in Fig. 19, the low temperature water is pumped from one side and the heated
water backs upward from the opposite side. Considering the case of different permeability in
various directions and the way of low temperature fluid injection, this is similar to the problem
that drilling horizontal wells for hydraulic fracturing in formations with different in-situ stresses.
Therefore, to investigate the effect of heterogeneity and position of the U-tube, the permeability
of the formation is changed in each direction (X, y, z), while the other two directions is kept the
same.

In Fig. 20, the x-direction permeability is changed from 0.8 Dc to 1.1 Dc, while the permeability
in y and z directions keeps at 1.0 Dc. As shown in Fig. 19, the x-direction is perpendicular to the
dash line connecting the inlet and outlet. The simulation results show that the effect of x-
direction permeability on the U-tube performance at different mass flow rates is minor. To be
more precise, as labeled in points of heat extraction rate at 0.2 kg/s and 0.6 kg/s, the value
increases slightly and peaks at the permeability of 1.0 Dc. However, when the x-direction
permeability changes to be 1.0 Dc, the geothermal reservoir actually becomes homogeneous.
This result indicates that the single U-tube may work better in the uniform reservoir.
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To analyze whether the performance of the U-tube is related to the permeability direction, in Fig.
21, the y-direction permeability is changed from 0.8 Dc to 1.1 Dc, while the permeability in x
and z directions is 1.0 Dc. The y-direction is parallel to the straight line connecting the inlet and
outlet. However, similar results are obtained compared with Fig. 20. The outlet temperature and
heat extraction rate also peaks at the permeability of 1.0 Dc. This result indicates that the
installed position of the U-tube can hardly affect the performance.

Similarly, the z-direction permeability is changed from 0.8 Dc to 1.1 Dc. As shown in Fig. 22,
the outlet temperature and heat extraction rate exhibit similar characteristics compared with Fig.
20 and Fig. 21. Therefore, in summary, the heterogeneity of the geothermal formation may have
little influence on the performance of the U-tube.

Geothermal
reservoir

Figure 19: Schematic of a single U-tube in the geothermal reservoir
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Figure 20: Performance of the U-tube at different x-direction permeability
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Figure 21: Performance of the U-tube at different y-direction permeability
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Figure 22: Performance of the U-tube at different z-direction permeability

4. Conclusions

In this paper, the performance of a single U-tube DHE in Bazhou geothermal field is analyzed
comprehensively, from aspects of depth, porosity, permeability and heterogeneity. Simulation
values are validated by results obtained from field tests. Based on the results of this study, the
following conclusions are drawn:

(1) The overall velocity in the geothermal reservoir is very low mainly because of two
reasons. The first is that the drive force is just the heat convection. The second reason is
that compared with the wellbore, the flow resistance is very high. The order of
magnitude of velocities in the reservoir is approximately 10" m/s. Nevertheless, the
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order of magnitude in the wellbore is roughly 10% m/s. In addition, there are two
circulations existing around the wellbore. Besides, the mass flow rate can hardly affect
the flow in the reservoir.

(2) Under the condition of the same temperature difference between the circulating water in
the U-tube and the borehole fluid, the depth of the geothermal field has little influence
on the outlet temperature and heat extraction rate.

(3) The outlet temperature decreases slightly as the increase of porosity. As for the heat
extraction rate, there is almost no difference between different porosities at each mass
flow rate. Therefore, it can be concluded that the reservoir porosity may hardly affect
the performance of the U-tube.

(4) Under the conditions of this paper, the heat extraction rates are nearly the same in
different geothermal formations with isotropic permeability. Heterogeneity of the
formation and the installed position of the U-tube are analyzed. Results indicate that the
single U-tube may work better in the homogeneous reservoir. The installed position of
the U-tube can hardly affect the performance. Besides, the heterogeneity of the
geothermal formation may have little influence on the performance of the U-tube.
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