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ABSTRACT

The Ground Source Heat Pump system with pile heat exchangers bas been used in engineering in recent years. In this paper, a three-dimensional
numerical model of double-U pile heat exchangers is established which was verified through the comparison with ground thermal response test results. The
influencing factors for the heat exchange performance of double-U pile heat exchangers are analyzed including pile depth, inlet temperature, initial gronnd
temperature and ground thermal conductivity. An improved method is proposed on the basis of the cylindrical source model, combining with the numerical
model. The improved method which is simpler than general analytical model can be used to obtain the ground thermal properties and thermal resistance of
energy pile.

INTRODUCTION

Nowadays, ground source heat pump technology is the most effective way in the utilization of shallow
geothermal energy, and it has been widely used in the world. The ground source heat pump system with pile heat
exchangers has become the research hot spot as it has advantages in making full use of land area, reducing the initial
investment and enhancing heat transfer performance of the heat exchangers.

The transient heat transfer period in energy pile is much longer than that in vertical borehole because the
diameter of the pile is much larger and the depth is shorter than those of vertical borehole. Thus the error would be
large if the conventional model is still used which assumes the heat transfer process in the borehole is a steady one
(Hu, et al. 2014). Recently, some methods have been developed to study the thermal performance of pile heat
exchangers. Zarrella and Carli (2013) and Zarrella, et al (2013) introduced the CaRM numerical model for spiral coil
and U type pile heat exchangers and compared the thermal performance between them. Furthermore, Park, et al
(2013) developed a numerical model for pile heat exchangers with ABAQUS software, and validated its reliability with
a thermal response test. Li and Lai (2012) analyzed and compared the spiral-line model and the cylindrical-surface
model, and found that both model can be used to describe the heat transfer of energy piles.

In this paper, a three-dimensional numerical model of pile heat exchangers is established based on COMSOL
Multiphysics. This model can accurately analyze the heat conduction between the pile and the soil, and the coupled
heat transfer of the pipe wall. It is verified in comparison with result of ground thermal response test. The numerical
model of double-U pile heat exchangers is established, and the influencing factors for the heat exchange performance
of double-U pile ground heat exchangers are analyzed based on the model. An improved method is proposed on the
basis of the cylindrical source model, combining with the numerical model. The inversion result was compared with
that of line source model and composite cylindrical source model.
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ANALYTICAL MODEL

As the soil acts as the heat source of the GSHP systems, it is necessaty to obtain its thermophysical parameters
in the design process. The parameters have significant effect on calculation of number and depth of boreholes, and
the initial investment of the systems. Studies show that about 10% error of thermal conductivity will cause
4.5%~5.8% error of pile heat exchanger length (Kavanaugh 1998). At the same time, the error of the thermal
properties can also lead to the unbalance of the designed load and the actual load, which will then affect the
operational performance of the systems. Therefore, the rational heat transfer model needs to be selected to accurately
calculate the thermal physical parameters of the soil.

Infinite line source model and cylindrical source model

The heat transfer model for heat exchanger can be divided into the internal and the external heat transfer model.
As for the common borehole heat exchangers, the geometry size and heat capacity inside the borehole are quite small,
and generally the temperature can achieve a relatively stable stage in several hours. Thus, the heat exchange inside the
borehole can be approximately considered as steady heat transfer process. The arithmetic average of the inlet and
outlet fluid temperature can be regarded as average temperature of circulating fluid in pipe for both temperature
results are close for regular operating conditions.

The internal heat transfer model mainly includes one-dimensional, two-dimensional and quasi three dimensional
models. One-dimensional model ignores the influence of the pipe spacing and some other factors, and the calculating
error may be large. And the calculating process of the quasi three dimensional heat transfer model is more complex
compared with other two models. Thus, the two-dimensional heat transfer model is commonly used in practical
engineering (Loveridge and Powrie 2014).

The two-dimensional model neglects the heat transfer in the axial direction, and analyzes the effect of the
geometric configuration on the cross section. The thermal resistance between the fluid and the borehole wall can be
obtained through the model. The borehole thermal resistance for vertical double U type heat exchangers can be
obtained through equation (1) (Hellstrom 1991).
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As for the external heat transfer process, the infinite line source model and cylindrical source model are

commonly used, and the average fluid temperature can be expressed in equation (2) and equation (3) (Ingersoll and
Plass 1948).
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Composite cylindrical source model

Due to the particularity of pile heat exchangers, such as the large heat capacity of pile foundation, more time will
be required to reach the steady state compared with the common vertical borehole heat exchangers. If the heat



transfer inside the borehole is treated as steady heat exchange process, the error would be large. The large pile

diameter and the small depth limit the utilization of composite line source model. A composite cylindrical source

model was established based on the composite line source model and the cylindrical source model (Hu, et al. 2014).
According to the composite cylindrical source model, the borehole thermal resistance varies with time, and it can

be expressed with G function and Fourier number (Hu, et al. 2014).
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Then the average fluid temperature can be expressed in the equation (5):
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The model can be used in analysis of performance and TRT for energy pile.

EXPERIMENTAL TEST

An experimental test is conducted in Wuhan, China. As the underground water level is relatively low, there will
be no obvious groundwater flow in the process, and then the influence of groundwater seepage can be ignored. The
length of tested pile is 45 m, and its diameter is 600 mm. The double U HDPE pipe is used in the test, and its outer
diameter and inner diameter is 25 mm and 20 mm respectively. The heat exchanger is in the pile (see Fig.1). The
thermal conductivity of pipe wall is 0.51 W/(m*K). The backfill material is cement concrete. The average initial
temperature of the soil is 19.8 “C, the average flow rate of circulating water is 1.3 m3/h. The test is performed for
about 48h with 3.5 kW heating power. The temperatures are measured at 1-min intervals. At first the heat transfer
between the fluid and the soil is not sufficient so the inlet and outlet fluid temperature difference is relatively small.
After an initial transient process the heat transfer is close to stable state then the temperature difference tends to be
neatly constant (see Fig.2).
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Figure 1 Double-U heat exchanger in a pile.

NUMERICAL MODEL

The three dimensional numerical model for pile heat exchangers is established based on COMSOL Multiphysics
which combines the Finite Element Method (FEM) and the Computational Fluid Dynamics (CFD). The heat
conduction between the pile and the soil, and the coupled heat transfer of the pipe wall can be analyzed accurately by
this numerical model (Go, et al. 2014).



The parameter setting

As the model is built based on experimental test, parameter settings should be in accordance with the test
condition. Pile depth is 45 m. Pile diameter, outer and inner diameter of the pipe are 0.6, 0.025 and 0.020 m
respectively. Table 1 shows the thermal physical parameters of the soil, backfill material and the pipe. The calculation
of thermal physical properties of the soil is based on the composite cylindrical source model which has been verified
(Hu, et al. 2014). The backfill material is cement concrete, and the initial soil temperature is 19.8 C.

Table 1. Thermal physical parameters

Thermal Conductivity (W/(m-K) Specific heat capacity Density
) (J/ (kg'K) ) (kg/m3)
Soil 2.17 952.4 2100
Cement concrete 2.5 814.8 2700
HDPE 0.51 / /

The inlet fluid temperature is the same as that in the experimental test, and it is defined as the global variable
(Tin) which is imported into the model. The average fluid flow rate is 1.3m3/h.

The free tetrahedron mesh is adopted in the model. The three different kinds of meshing number atre selected,
and the temperature variation of outlet fluid was compared. According to the error of three meshing density, meshing
density (25681) was adopted for the model.

Validation of the numerical model

The model can be validated through the comparison of the outlet fluid temperature between numerical
simulating results and the measured values. Figure 2 shows the comparison of the outlet fluid temperature for 48
hours. It is obviously shown that the numerical simulating results and the measured values are in good agreement,
especially after the outlet fluid temperature reaches the balance. The deviation at the short term may be mainly
resulted from the power fluctuation. In the test, the heating power fluctuates sometimes due to the power supply
situation on site. The maximum relative error occurs in the initial stage, and it is limited within 3% after 10 hours’
operation. Therefore, it’s proven that the three-dimensional numerical model is reliable.
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Figure 2 Outlet fluid temperature.

AFFECTING FACTORS FOR PERFORMANCE OF PILE HEAT EXCHANGERS



The heat exchange performance of pile heat exchangers is related to the depth of pile and some other factors.
The three dimensional numerical model can be used for analyzing the effect of various factors on heat transfer
performance. It can provide reference for the design and operation of pile heat exchangers.

The software COMSOL is used to establish the double U type heat exchange model, The simulating time is set
as 3000 min. Pile diameter, outer and inner diameter of the pipe are 0.6 m,0.025 m and 0.020 m respectively. The
thermal physical parameters of the surrounding soil, the backfill material and the buried pipe are as shown in Table 2.
The operation mode is cooling.

Table 2. Thermal physical parameters

Thermal conductivity:2.5 W/ (m-K)

Soil Specific heat capacity:1200 J/ (kg K)
Density:2000 kg/m?

Thermal conductivity:2.0 W/ (m*K)

Backfill material Specific heat capacity:850 J/ (kg*K)

Density: 2800 kg/m?

Pipe Thermal conductivity:0.49 W/ (m*K)

Pile depth

According to Figure 3, the heat exchange rate per unit length decreases while the pile depth increases. Although
the longer pile has bigger exchanging area and the total exchange rate as well, the outlet fluid temperature is reduced
which leads to the enhancement of thermal effect between inlet fluid and outlet fluid.

Soil thermal conductivity
As shown in Figure 4, the heat exchange rate per unit length increases as the soil thermal conductivity increases.

And the maximum variation ratio of the heat exchange rate can reach about 10%.

Inlet fluid temperature

As shown in Figure 5, the heat exchange rate per unit length increases as the inlet fluid temperature increases,
and their relationship tends to be linear. When the pile depth takes 35 m, the linear relationship can be expresses as
the following equation: q=3.7Tin-72.7. Thus, if the inlet fluid temperature rises by 1°C, the heat exchange rate per
unit length is supposed to inctrease about 3.7 W/m.

Increment of the inlet fluid temperature will lead to the larger temperature difference between the fluid and the
soil, the heat exchange rate per unit length will also be increased. However, increasing the inlet fluid temperature will
reduce the efficiency of the heat pump.

Initial soil temperature

As shown in Figure 6, the heat exchange rate per unit length decreases linearly as the initial soil temperature
increases. When the initial soil temperature rises by 1 °C, the heat exchange rate per unit length will decrease in the
range from 3.5 W/m to 4.5 W/m.
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IMPROVED METHOD

Here we proposed an improved method to obtain the thermal property of soil and thermal resistance of energy
pile. The numerical model established in this paper can not only simulate the inlet and outlet fluid temperature, but

also the average temperature of the borehole wall at real time, and then the borehole thermal resistance Ry(? ) under
unsteady state can be obtained through the following two equations.

The heat exchange rate per unit length and the borehole thermal resistance can be expressed in the equation (6)
and equation (7), respectively.
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Then the equation (3) is used to obtain the thermal properties of soil. Equation (3), (6) and (7) constitute the
main content of an improved method. The borehole thermal resistance could be obtained by a simple equation (7)
instead of a complicated calculation in general analytical method, and the borehole wall temperature T}, is obtained by
numerical simulation. Then the soil thermal conductivity can be inversed by equation (3).

Generally the temperature sensors are installed at the inlet and outlet of the pipe for experimental test, and it is
definitely not feasible to install the sensors widely to cover the borehole wall in the practical engineering, so the field
test can’t provide accurate average temperature of the borehole wall which exposes its disadvantage compared with



numerical simulation. While solving the thermal properties of soil, the analytical model should be adopted with
complicated calculations obtaining the borehole thermal resistance, like the equation (1) or equation (4).

Compared with other analytical model in previous sections, the improved method based on the cylindrical model
and numerical model can be used to obtain the borehole thermal resistance easily under unsteady state. The method is
also applicable for many other types of heat exchangers, including spiral heat exchangers.

According to the above formulas of different models, the line source model, composite cylindrical source model
and the improved method are established respectively on the MATLAB platform. These three models are analyzed
and compared based on the existing experimental test data. Among all the models, the improved method is only used
to invert the thermal conductivity of soil. The results are shown in Table 3.

According to Table 3, the result of line source model is quite different from that of the composite cylindrical
source model. The main reason is that the former one linearize the heat transfer between the pile and the soil which
may result in a major error, and the internal heat transfer can’t be handled as a steady-state progress. The inversion
result of improved method is close to that of composite cylindrical source model. Thus, the improved method can be
adopted for the designing of GSHP systems with pile heat exchangers, and its accuracy is high with a relative
difference of about 4.6% compared with the result of composite cylindrical source model.

Table 3 Calculated results for different models

Model Line source model = Composite cylindrical model Improved method

Thermal conductivity

1.87 2.17 2.27
W/ (meK)

Current studies on the pile heat exchanger are mainly based on analytical or dimensional simulation method. This
paper developed a method combining a three-dimensional model with analytical model. Thematically speaking, the
borehole thermal resistance could be obtained by a simple equation (7) instead of a complicated calculation in general
analytical method, and the borehole wall temperature T, is obtained by numerical simulation. So the calculation of the
borehole thermal resistance is simpler and the method is suitable for wider application compared with current
analytical model. That is, the method can be used in the calculation of vertical heat exchanger and spiral heat
exchanger.

CONCLUSION

A three-dimensional numerical model of pile ground heat exchangers is established which can accurately analyze
the heat conduction between the pile and the soil, and the coupled heat transfer of the pipe wall. The model is utilized
to study the relationship between heat exchange performance and affecting factors, including pile depth, inlet
temperature, ground initial temperature and ground thermal conductivity.

The improvement of this paper is to present a new method, which combines a three-dimensional numerical
model and combined with the cylindrical source model. The calculation of the borehole thermal resistance using this
method is simpler than analytical model, and the method is suitable for wider application compared with current
analytical model. That is, the method can be used in the calculation of vertical heat exchanger and spiral heat
exchanger.
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NOMENCLATURE
R = Thermal resistance (m'K)/W)
d = Pipe inner diameter (m)
d, = Pipe outer diameter (m)
d, =  Borehole diameter (m)
d = Distance between two legs of the U tube (m)
= Thermal conductivity (W/(m'K))
h = Coefficient of heat exchange between fluid and inside of the tube (W/(m2 -K))
T = Temperature (°C)
g = Heat exchange rate (W/m)
Fo = Foutier number
T = Time (s)
¢ = Heat capacity (J/ (kg K))
m =  Mass flow rate (kg/s)
H = Pile depth (m)
o = Effective radius of the pipe (m)
ro= Radius (m)
Subscripts
b = Borchole
g = Backfill material
0 = Soil
f = Flud
p = Pipe
m = Inlet
ont =  Outlet
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