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Abstract: This study presents a novel heat exchanger configuration, called a deeply penetrating
U-shaped configuration, for energy piles. The outlet water temperature, temperature variation along
the tube, and heat transfer rate are simulated and computed using Comsol Multiphysics software.
The simulations are for the cooling mode. The proposed configuration is compared with traditional
U-shaped and W-shaped configurations to prove its superiority. The thermal performance of the pile
group is compared with that of a single pile to investigate the effects of the pile group on the heat
transfer. A parametric analysis is performed to investigate the effects of several important parameters
(i.e., pile spacing, pile diameter, soil type, and thermal parameters) on the heat transfer performance
of an energy pile group with the proposed deeply penetrating U-shaped configuration. The results
indicate that the corner pile indicates a nonnegligible heat transfer rate 6.8% and 9.9% higher than
the central pile in quincuncial and squared arrangements. Purely from the standpoint of thermal
performance, the pile spacing is recommended to be more than 6.8 times the pile diameter to reduce
the influence of the pile group on the heat transfer capacity.

Keywords: geothermal energy; energy piles; deeply penetrating U-shaped configuration;
heat exchanger; parametric analysis; pile group

1. Introduction

In recent years, the demand for renewable, clean, and efficient energy has been extended for
sustainable development. As a green way of extracting heat from the ground in winter and releasing
heat in summer, energy piles are gaining general attention worldwide. A ground source heat
pump system combined with traditional pile foundations saves drilling costs and can meet both
load-carrying capacity and the energy requirements. Geothermal energy is the main energy source,
which leads to recyclable circuits in the energy piles. Compared with air conditioning systems, energy
pile systems consume less energy [1], which shows attractive prospects and has attracted attention
among researchers.

Studies have been conducted to analyze the costs, heat transfer rate, and coefficient of performance
of ground source heat pump systems [1–9]. Tarnawski et al. found that a ground source heat pump
system is a more beneficial alternative for space heating than an oil furnace or an electric resistance
system [1]. Self et al. compared a ground source heat pump with conventional heating systems in
terms of costs, CO2 emissions and other parameters and found that geothermal heat pumps are more
efficient heating technologies [2]. Hamada et al. conducted a long-term space heating test with an
energy pile system and indicated that the average coefficient of performance was quite high (=3.9) and
that the seasonal primary energy reduction reached 23.2%, compared with a typical air conditioning

Energies 2020, 13, 5822; doi:10.3390/en13215822 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-9510-5336
http://dx.doi.org/10.3390/en13215822
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/13/21/5822?type=check_update&version=2


Energies 2020, 13, 5822 2 of 17

system [3]. Benli et al. developed a ground-source heat pump–phase change material latent heat
storage system, and their results showed that the utilization of this system could be a suitable approach
for greenhouse heating [4].

Energy piles can combine the advantages of a ground source heat pump and a pile foundation and
thus have received extensive attention in recent years [10–19]. Adam introduced several applications
that combined underground structures and ground heat pump systems [10]. Morino et al. conducted
and simulated a heat exchange experiment employing a steel pile and then provided a calculation
method that could predict the quantity of heat exchanged with the soil [12]. Abdelaziz et al.
performed a series of numerical analyses to investigate the heat exchange behavior of energy piles
for a variety of operational conditions [14]. Caulk et al. modeled four geothermal energy piles and
calibrated them using field data, and an optimal cross-sectional heat exchanger geometry could be
determined [16]. You et al. conducted a field energy pile test and simulated it to evaluate the heat
exchange performance of an energy pile in a groundwater-rich area [17]. Batini et al. performed
simulations to investigate the effects of different design parameters (including pipe configurations,
aspect ratios of the foundation, fluid flow rates, and fluid mixture compositions) on the performance of
the energy piles [18]. Jalaluddin conducted an experimental study of a steel energy pile foundation
with U-tube, double-tube, and multiple-tube ground heat exchangers [19]. Overall, the studies above
were focused on traditional configuration types (e.g., U-shaped, W-shaped and multi-U-shaped in
series or parallel).

In addition to the traditional configuration types, other configuration types (e.g., spiral or
helical, truncated cone helix, and elliptical single U-tube) were also proposed to increase the heat
transfer capacity of energy piles [20–26]. For example, Bezyan et al. simulated a spiral-shaped
configuration, then compared it with U-shaped and W-shaped configurations, and found that a
spiral shape configuration with a 0.4 m pitch size indicated the highest heat transfer efficiency [20].
Zhao et al. simulated spiral-tube energy piles with four types of pitches and found that an increase in
the spiral pitch results in a reduction of the mean coefficient of performance from 0.77% to 16.49% [21].
Carotenuto et al. compared the heat transfer efficiency of different configurations, including U-tubes,
double U-tubes, triple U-tubes, and spiral coils [22]. The spiral shape configuration indicated a heat
transfer rate that was only 6.9% lower than a double U-shaped configuration by employing only half
the fluid flow rate. Huang et al. proposed a truncated cone helix energy pile and compared it with a
cylinder helix energy pile and found that the novel energy pile indicated a higher heat transfer rate
compared to the cylinder helix energy pile [24]. Jahanbin proposed a novel elliptical single U-tube that
could enhance the heat transfer and decrease the thermal resistance by more than 17% [26]. Overall,
the literature indicated that novel configurations (mainly spiral or helical configuration) yielded better
performance than U-shaped and W-shaped configurations.

Traditional energy piles have the following problems:

(1) The U-shaped configuration is simple in type. However, limited by the length of the pile, its heat
transfer path is short, so the overall heat transfer efficiency is not high.

(2) Since the distance between the upward and downward heat exchange tubes of a W-shaped
configuration is shorter than that of the U-type, thermal interference will occur and affect the
tubes. Although the overall heat exchange efficiency will increase, the heat transfer rate per unit
length of tube is not high. The multi-U-shaped configuration is similar.

(3) The multi-U-shaped configuration is complicated and difficult to construct, and there are problems
with thermal interference and mutual influence among multiple U-shaped tubes.

(4) Spiral bends are more difficult, and greater thermal interference will also be formed inside the
spiral. In addition, although the thermal interference can be reduced by increasing the spacing,
the heat transfer efficiency per tube length is still not high.
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Based on the above shortcomings in traditional configurations, this study presents a novel heat
exchanger configuration called a deeply penetrating U-shaped configuration. Compared with the
above configurations, the proposed configuration can achieve the following beneficial effects:

(1) Compared with the U-shaped and W-shaped configurations, a deeply penetrating U-shaped
configuration involves deeper soil, and as the temperature difference between deep soil and water
is greater than that between shallow soil and water, the heat exchange is more effective at deeper
soil levels for a deeply penetrating 1-U shaped configuration;

(2) Compared with the U-shaped configuration, the deep penetrating U-shaped configuration doubles
the length of the heat transfer path and heat transfer time and thus results in a greater amount of
heat exchange;

(3) Compared with the W-shaped configuration, the heat transfer length and time are nearly the
same as those for the deeply penetrating U-shaped configuration, but the deeply penetrating
U-shaped configuration has a greater lateral distance between the descending tube and ascending
tube and thus has smaller thermal interference and higher heat transfer performance.

Few studies have focused on advancing the traditional U-shaped configuration [26]. Therefore,
this study introduces a novel heat exchanger configuration, a deeply penetrating U-shaped
configuration, for an energy pile. First, this study adopts a numerical finite element model of a pile
group, which is verified against the experimental results in the literature. Second, the deeply penetrating
U-shaped configuration is compared with traditional U-shaped and W-shaped configurations to prove
its superiority. Third, a deeply penetrating U-shaped pile group is analyzed to research the effects of
pile groups on heat transfer. Three typical pile positions in two arrangements are compared with a
single pile. Last, a parametric analysis, including the pile spacing and pile diameter, is conducted to
investigate the parameters affecting the thermal performance of the energy pile group with a deeply
penetrating U-shaped heat exchanger.

2. Materials and Methods

2.1. Characterization of an Energy Pile Group with a Deeply Penetrating U-Shaped Heat Exchanger

An energy pile with a deeply penetrating U-shaped heat exchanger is a pile foundation in which
the heat exchange tube is embedded and attached to a reinforcement cage, with the tube being arranged
in a U shape and its bottom penetrating through the bottom of the pile and sticking deeply into the
soil below the pile. The absorber heat exchanger tubes are part of a closed circuit (primary circuit).
This new type of energy pile has been patented in China [27], and its schematics are presented in
Figure 1. The installation procedures are as follows (following Xiao et al. [28]): (1) cast the reinforced
concrete pile, (2) drill a hole in the center of the pile and the soil below the pile all the way to the
designated depth, (3) lower the heat exchange tube in the drilled hole, and (4) backfill the hole with
concrete. Objectively speaking, the entire construction process is relatively more complicated than
traditional energy piles. Theoretically, the soil underlying the pile base would have been disturbed
due to the construction procedures, but the impact of heat exchanger installation on bearing capacity
and heat transfer efficiency is limited because (a) the tube only takes up a very small portion of the
cross-section of the pile, and (b) the impact of the drilling process on the pile body and the soil below is
negligible because the drilled hole has a small diameter. Nonetheless, large-scale in situ experiments
need to be conducted to further confirm the bearing capacity.
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and a constant soil temperature at the bottom, as suggested by Carotenuto et al. [22]. The soil types 
were mainly sandy silt, silty clay, and gravel. More detailed information on the soil is provided by 
You et al. [29]. The physical properties of the material are presented in Table 1 unless stated otherwise 
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head section adopted in this paper. The simulations are for the cooling mode. 
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This study adopts the finite element method. A transient model based on a one-dimensional
approach for the heat and mass transfer in the tube and a three-dimensional approach for the heat
transfer in the pile and soil was utilized. Comsol Multiphysics is used to simulate the model. A soil
domain with a depth of 52 m, a width of 30 m, and a length of 30 m was established in the following
simulations. This domain was large enough to ensure a sufficient heat transfer medium throughout
and a constant soil temperature at the bottom, as suggested by Carotenuto et al. [22]. The soil types
were mainly sandy silt, silty clay, and gravel. More detailed information on the soil is provided by
You et al. [29]. The physical properties of the material are presented in Table 1 unless stated otherwise
(data from Carotenuto et al. [22] and Bezyan et al. [20]). Figure 2 shows the tube positions at the pile
head section adopted in this paper. The simulations are for the cooling mode.
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from Applied Thermal Engineering; published by Elsevier (Amsterdam, The Netherlands), Aug. 2015,
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2.2.1. Solution Algorithms and Simulation Method

The heat transfer behavior of the energy piles includes conduction in the concrete and soil
and convection between the water and tube. Water convection in the soil is neglected in this study.
The three-dimensional transient heat transfer in the concrete and soil is conduction and is described as
follows [30]:

ρscs
∂T
∂t
− div(ksgrad T) = 0 (1)

where ρs is the density of the soil or concrete (kg/m3), cs is the specific heat capacity (J/kg·K), T is the
temperature (K), t is the time (s), div is the divergence operator, ks is the thermal conductivity (W/m·K),
and grad is the gradient operator.

Because the radial directional size of the tube is very small compared with its axial directional
size, a one-dimensional dynamic heat and mass transfer model, the “nonisothermal pipe flow” module
in Comsol Multiphysics, is adopted for the simulation. The equations are as follows [31]:

Continuity equation:
∂Aρw

∂t
+
∂Aρwu
∂x

= 0 (2)

Momentum conservation equation:

ρw
∂u
∂t

= −
∂p
∂x
−

1
2

fd
ρw

Dh
|u|u (3)

Energy conservation equation:

ρwAcw
∂T
∂t

+ ρwAcwu
∂T
∂x

=
∂
∂x

(Akw
∂T
∂x

) +
1
2

fd
ρwA
Dh
|u|u2 + Qwall (4)

where A is the cross-sectional area of the tube (m2), ρw is the density of water (kg/m3), u is the flow
velocity of water (m/s), p is the water pressure (Pa), D is the hydraulic diameter of the tube, fd is the
friction factor dependent on the Reynolds number as well as the ratio of the tube thickness to the
hydraulic diameter of the tube, cw is the specific heat capacity of water (J/kg·K), kw is the thermal
conductivity of water (W/m·K), and Qwall is the exchanged heat transfer rate per unit length through
the tube wall (W/m), which is calculated as follows [22]:

Qwall = KT(Text − T) (5)

KT =
2π

1
rihi

+
ln( re

ri
)

kt

(6)

where KT is the thermal transmittance of the tube (W/m·K), Text is the concrete temperature (K), ri and
re are the internal and external radii of the tube (m), respectively, hi is the convective heat transfer
coefficient inside the tube (W/m2

·K), and kt is the thermal conductivity of the tube (W/m·K).
The main purpose of the energy piles is to reduce the water temperature in summer. Thus, the heat

transfer rate Q (W) and heat transfer rate per unit length of tube Q* (W/m), which can be calculated as
follows [32]:

Q = cw∆m∆T = cwρwv(Tin − Tout) (7)

Q∗ =
Q
L

=
cwρwv(Tin − Tout)

L
(8)

where ∆m is the water mass per unit time (kg/s), ∆T is the inlet and outlet water temperature
variation (◦C), Tin is the inlet water temperature (K), Tout is the outlet water temperature (K), v is the
volumetric flow rate of water (m3/s), and L is the tube length (m).
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2.2.2. Boundary and Initial Conditions

The boundary and initial conditions for the numerical simulations are presented in Figure 3.
Physically, the top ground surface is not adiabatic, but it is subject to convective boundary conditions
with air. However, through preliminary simulation analysis, we find that the difference between
the results of using the adiabatic boundary and the convection boundary can be ignored, and the
calculation efficiency from using the adiabatic boundary is much faster, so the adiabatic boundary
is used on the top surface. The reason for this is mainly because temperature boundary conditions
are imposed on the surroundings, which are the most relevant to the results. Therefore, in this study,
the top surface of the ground is specified as adiabatic, which reproduces what happens in the ground.
The bottom is specified to have a constant temperature, which is the yearly average temperature of the
ground. The lateral surface of the ground is specified considering the variation in depth and time [33],
which is assumed to be the following equation:

T(z, t) = Tave + A0 exp(−
z
d
) sin(ωt−

z
d
) (9)

where Tave is the annual average temperature (K); this temperature is the temperature at which the
internal heat of the earth and the sun’s radiant heat reach equilibrium, and it mainly changes with the
latitude of the earth. For the European constant temperature zone, the average temperature is 10–15 ◦C,
while the tropical constant temperature zone located near the equator has an average temperature of
20–25 ◦C. A0 is the maximum annual amplitude of the temperature (K), which refers to the degree at
which the temperature field of the outermost layer of the earth is affected by solar radiation heat. z is the
depth (m), and d is the damping depth of the annual fluctuation of the temperature (m), which refers to
the range in which the temperature field of the surface layer of the earth is affected by solar radiation
heat; t is the time (day), and ω is the annual radial frequency (1/day), which is mainly affected by
seasonal changes; t and ω together refer to the season. Equation (9) defines that temperature changes
with depth and season.
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The initial conditions of the temperature are also specified according to Equation (9) considering
the temperature variation with depth. A constant velocity and temperature of water are imposed on
the inlet section, and no temperature variation or prescribed pressure is specified on the outlet section.
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2.2.3. Modeling and Meshing Configuration

For the following validation, comparison and parametric analysis, there are tables that introduce
detailed information for the modeling and meshing configurations, so it is not reported here for the
sake of brevity. In general, mesh elements are composed of tetrahedral elements and are strengthened
near the tube. The sensitivity analysis of the grid is carried out in the early stage. Then, finer meshing
is adopted to ensure accuracy while ensuring efficiency.

2.3. Model Validation

2.3.1. Validation for a Single Pile

First, the proposed numerical model is used to simulate a single pile with a U-shaped heat
exchanger, which is based on Gao et al.’s experiment [32]. In situ cast concrete bearing energy piles
were installed in Shanghai, China. The depth of frozen earth in Shanghai is approximately 8 cm,
and the soil temperature at a depth of 5 m remains almost constant. The parameters of the energy
pile are presented in Table 2 (data from Gao et al. [32]). In accordance with the in situ experiments,
the simulation is performed with a time period of 3 h [32]. The comparison of the outlet water
temperature between the simulation and experimental data is presented in Table 3, and excellent
agreement is observed.

Table 2. Energy pile parameters for Gao et al.’s experiment. [32]. Reprint with permission
[4942930442751] from Applied Thermal Engineering; published by Elsevier, Dec. 2008.

Parameter Value

Soil Domain (m) 5 × 5 × 35
Pile Length (m) 25.5

Pile Diameter (m) 0.6
Tube Configuration U-shaped

Tube Diameter (mm) 20
Tube Thickness (mm) 4

Tube Depth (m) 25
Water Flow Rate (m3/h) 0.342

Inlet Water Temperature (◦C) 35
Annual Average Temperature (◦C) 18.2

Operating Mode summer
Testing Time (h) 3

Table 3. Comparison of the outlet water temperature after 3 h of cooling between the present study
and Gao et al.’s experiment [32]. Reprint with permission [4942930442751] from Applied Thermal
Engineering; published by Elsevier, Dec. 2008.

Inlet Water
Temperature, Tin (◦C)

Outlet Water
Temperature, Tout (◦C)

Temperature
Variation, ∆T (◦C)

Heat Transfer
Rate, Q (W)

This study 35 31.64 3.37 2365
Gao et al. [32] 35.13 31.56 3.57 2505

2.3.2. Validation for a Pile Group

To validate the numerical model for a pile group, a group of three parallel piles was simulated
against You et al.’s [29] in situ experiments. In situ experiments of cement-fly ash-gravel energy piles
were conducted at a testing field in Shunyi, Beijing. The piles had a diameter of 0.42 m, a length of
18 m, and a spacing of 2 m. Three piles connected in parallel were tested after the pile temperature
had returned to the original soil temperature. More details on the parameters of the energy pile
group are presented in Table 4 (data from You et al. [29]). The material properties are consistent with
those presented in Table 1, according to Carotenuto et al. and You et al.’s work [29]. The geometry
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model is presented in Figure 4a, and the mesh distribution is presented in Figure 4b. The boundary
conditions are the same as in Figure 3. Overall, there is good agreement between the present study
and You et al.’s work. Taking the central pile as an example, according to Table 5, the outlet water
temperature is 32.85 ◦C in this study, and the temperature variation between the inlet and outlet is
2.15 ◦C, while the temperature difference is 1.96 ◦C in You et al.’s work. The slight difference between
the present study and the experimental data can be due to the uncertainty in the values employed for
the thermal properties of the soil, which is composed of several layers.

Table 4. Parameters of the energy pile of You et al.’s experiments [29]. Reprint with permission
[4942921402906] from Energy and Buildings; published by Elsevier, Aug. 2014.

Parameter Value

Pile Length (m) 18
Pile Diameter (m) 0.42
Pile Spacing (m) 2

Tube Configuration W-shaped
Tube Depth (m) 17.5

Tube Diameter (mm) 25
Tube Thickness (mm) 4

Water Flow Velocity (m/s) 0.51
Ambient Temperature (◦C) 16

Operating Mode summer
Inlet Water Temperature (◦C) 35
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Table 5. Comparison of the outlet water temperature after 50 h of cooling between the present study
and You et al.’s experiments [29]. Reprint with permission [4942921402906] from Energy and Buildings;
published by Elsevier, Aug. 2014.

Inlet water
Temperature, Tin (◦C)

Outlet Water
Temperature, Tout (◦C)

Temperature
Variation, ∆T (◦C)

Heat Transfer
Rate, Q (W)

This study
35

32.85 2.15 2260
You et al. [29] 33.04 1.96 2070
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3. Results and Discussion

3.1. Comparison of U-Shaped, W-Shaped, and Deeply Penetrating U-Shaped Configurations

To demonstrate the superior heat transfer efficiency of the proposed deeply penetrating
U-shaped configuration, three heat exchanger configurations (i.e., U-shaped configuration,
W-shaped configuration, and deeply penetrating U-shaped configuration) are compared.
The parameters of the energy pile with these three different configurations are presented in Table 2 (data
from Gao et al. [32]). In addition, the depth of the penetrating tubes for the deep penetrating U-shaped
configuration is 51 m, which is the double pile length. The test time is 50 h. The obtained results are
shown in Figure 5 and Table 6. Figure 5 shows the water temperature variation along the tube for the
three different configurations, and Table 6 presents the outlet water temperature and heat transfer
rate for the three configurations. Table 6 indicates that the total heat transfer rate Q for the deeply
penetrating U-shaped configuration is 122% and 54% higher than that for the U-shaped and W-shaped
configurations, respectively. In terms of the heat transfer rate per unit length of tube Q*, the value
for the deeply penetrating U-shaped configuration is 9% and 50% higher than that for the U-shaped
and W-shaped configurations, respectively. These data indicate that the deeply penetrating U-shaped
configuration provides superior thermal performance to the traditional U-shaped and W-shaped
configurations. The major reasons for its superior performance are as follows. First, compared with
the U-shaped and W-shaped configurations, the deeply penetrating U-shaped configuration involves
deeper soil, and as the temperature difference between the deep soil and water is greater than that
between the shallow soil and water, the heat exchange is more effective in deeper soil for the deeply
penetrating U-shaped configuration. Second, compared with the U-shaped configuration, the deep
penetrating U-shaped configuration doubles the length of the heat transfer path and heat transfer time
and thus has a greater amount of heat exchange. Third, compared with the W-shaped configuration,
the heat transfer length and time are nearly the same as those for the deeply penetrating U-shaped
configuration, but the deeply penetrating U-shaped configuration has a greater lateral distance between
the descending tube and ascending tube and thus has smaller thermal interference and higher heat
transfer performance.

Energies 2020, 13, 5822 9 of 18 

 

3. Results and Discussion 

3.1. Comparison of U-Shaped, W-Shaped, and Deeply Penetrating U-Shaped Configurations 

To demonstrate the superior heat transfer efficiency of the proposed deeply penetrating U-
shaped configuration, three heat exchanger configurations (i.e., U-shaped configuration, W-shaped 
configuration, and deeply penetrating U-shaped configuration) are compared. The parameters of the 
energy pile with these three different configurations are presented in Table 2 (data from Gao et al. 
[32]). In addition, the depth of the penetrating tubes for the deep penetrating U-shaped configuration 
is 51 m, which is the double pile length. The test time is 50 h. The obtained results are shown in Figure 
5 and Table 6. Figure 5 shows the water temperature variation along the tube for the three different 
configurations, and Table 6 presents the outlet water temperature and heat transfer rate for the three 
configurations. Table 6 indicates that the total heat transfer rate Q for the deeply penetrating U-
shaped configuration is 122% and 54% higher than that for the U-shaped and W-shaped 
configurations, respectively. In terms of the heat transfer rate per unit length of tube Q*, the value for 
the deeply penetrating U-shaped configuration is 9% and 50% higher than that for the U-shaped and 
W-shaped configurations, respectively. These data indicate that the deeply penetrating U-shaped 
configuration provides superior thermal performance to the traditional U-shaped and W-shaped 
configurations. The major reasons for its superior performance are as follows. First, compared with 
the U-shaped and W-shaped configurations, the deeply penetrating U-shaped configuration involves 
deeper soil, and as the temperature difference between the deep soil and water is greater than that 
between the shallow soil and water, the heat exchange is more effective in deeper soil for the deeply 
penetrating U-shaped configuration. Second, compared with the U-shaped configuration, the deep 
penetrating U-shaped configuration doubles the length of the heat transfer path and heat transfer 
time and thus has a greater amount of heat exchange. Third, compared with the W-shaped 
configuration, the heat transfer length and time are nearly the same as those for the deeply 
penetrating U-shaped configuration, but the deeply penetrating U-shaped configuration has a greater 
lateral distance between the descending tube and ascending tube and thus has smaller thermal 
interference and higher heat transfer performance. 

-50

-40

-30

-20

-10

0

29 30 31 32 33 34 35 36

U-shaped
W-shaped
 Deeply penetrating
 U-Shaped

D
ep

th
 (m

)

Temperature (oC)  
Figure 5. Temperature variation along the tube after 50 h of cooling: comparison between deeply 
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Table 6. Comparison of thermal performance for three different tube configurations. 

Tube Configuration 
Outlet Water 

Temperature, Tout 
(°C) 

Heat Transfer Rate, 
Q (W) 

Heat Transfer Rate 
per Unit Length of 

Tube, Q* (W/m) 
U-Shaped 32.47 995 19.85 
W-Shaped 31.35 1436 14.44 

Figure 5. Temperature variation along the tube after 50 h of cooling: comparison between deeply
penetrating U-shaped configuration versus U-shaped and W-shaped configurations.
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Table 6. Comparison of thermal performance for three different tube configurations.

Tube Configuration Outlet Water
Temperature, Tout (◦C) Heat Transfer Rate, Q (W) Heat Transfer Rate per Unit

Length of Tube, Q* (W/m)

U-Shaped 32.47 995 19.85
W-Shaped 31.35 1436 14.44

Deeply Penetrating
U-Shaped 29.38 2211 21.64

3.2. Comparison of Energy Pile in Pile Group with Quincuncial Arrangement, Squared Arrangement and
Single Pile

For an energy pile group with a deep penetration U-shaped heat exchanger, it is important
to analyze the effect of pile arrangement on thermal performance. Two common arrangements
(i.e., quincuncial and squared arrangements) are discussed in this paper.

To investigate the effects of different types of pile groups on the heat transfer performance, a pile
group with 8 or 9 piles is taken as a unit for analysis. The pile numbers are designated as shown
in Figure 6. Meanwhile, the configurations of the single pile and the pile group are consistent for
the sake of easy comparison, which are presented in Table 2 (data from Gao et al. [32]). In addition,
the depth of the penetrating tubes for the deep penetrating U-shaped configuration is 51 m, which is
the double pile length. The pile spacing (i.e., distance between adjacent pile centers) is 2.6 m for the pile
group, and the test time is 720 h. The geometry model is presented in Figures 7a and 8a, and the mesh
distribution is presented in Figures 7b and 8b. The simulation results are presented in Figures 9 and 10
and Table 7. Figure 9 presents the outlet water temperature variation with time for different piles in the
pile group in a quincuncial arrangement and compares it with that of a single pile. Figure 10 presents
the corresponding comparison between the pile group in the squared arrangement and the single pile.
Table 7 presents the outlet water temperature, temperature variation and heat transfer rate of Pile #1,
Pile #2, and Pile #3 in the quincuncial arrangement versus Pile #4, Pile #5, and Pile #6 in the squared
arrangement and a single pile after 720 h of operation.
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Figure 9. Outlet water temperature variation of Piles #1, #2, and #3 in the quincuncial arrangement and
the single pile.



Energies 2020, 13, 5822 12 of 17

Energies 2020, 13, 5822 12 of 18 

 

Figure 9. Outlet water temperature variation of Piles #1, #2, and #3 in the quincuncial arrangement 
and the single pile. 

27

28

29

30

31

32

0 100 200 300 400 500 600 700 800

Pile #4

Pile #6

Pile #5

Single pileO
ut

le
t W

at
er

 T
em

pe
ra

tu
re

(o C
)

Time(h)  

Figure 10. Outlet water temperature variation of Piles #4, #5, and #6 in the squared arrangement and 
the single pile. 

Table 7. Comparison of thermal performance between Piles #1, #2, and #3 in the quincuncial 
arrangement versus Piles #4, #5, and #6 in the squared arrangement and single pile. 

Pile 
Arrangement 

Pile 
Number 

Inlet Water 
Temperature, Tin 

(°C) 

Outlet Water 
Temperature, Tout 

(°C) 

Temperature 
Variation, ΔT 

(°C) 

Heat 
Transfer 

Rate, Q (W) 

Quincuncial 
1 

35 

31.21 3.79 2659 
2 31.43 3.57 2505 
3 31.45 3.55 2491 

Squared 
4 31.23 3.77 2646 
5 31.37 3.63 2547 
6 31.57 3.43 2407 

Single pile − 31.03 3.97 2786 

According to Figure 9, in the first 300 h, the outlet water temperatures of Piles #1, #2, and #3 were 
nearly the same and had negligible differences from the single pile. This indicates that 300 h is not 
long enough to cause thermal interference. After 300 h, however, the difference became more evident. 
After 720 h, the outlet water temperatures of Piles #2 and #3 were nearly the same (31.43 °C and 31.45 
°C), while that of Pile #1 was slightly lower (31.21 °C). The heat transfer rate of Pile #1 is 6.2% and 
6.8% higher than that of Piles #2 and #3, respectively, because the thermal interference at the corner 
(Pile #1) was not significant compared with that at the side (Pile #2) or that at the center (Pile #3). 

According to Figure 10, in the first 300 h, Piles #4, #5 and #6 have negligible differences from the 
single pile. This also indicates that 300 h is not long enough to cause thermal interference. After 300 
h, thermal interference becomes evident, which causes a decrease in the heat transfer capacity. After 
720 h, Pile #6 (at the center) had the highest outlet water temperature of 31.57 °C. Pile #5 (at the side) 
had the second highest outlet water temperature (31.37 °C), and Pile #4 (at the corner) had the lowest 
outlet water temperature (31.23 °C). Meanwhile, the outlet water temperature of the single pile is 
31.03 °C, which is lower than that of all the piles in the group. The corner pile indicates a heat transfer 
rate 9.9% higher than the central pile. The reasons are as follows: the thermal interference increases 
with increasing operating time. Pile #6 is at the center and thus subject to the greatest thermal 
interference from surrounding piles. Pile #4 is at the corner and thus subject to the least thermal 
interference. 

Figure 10. Outlet water temperature variation of Piles #4, #5, and #6 in the squared arrangement and
the single pile.

Table 7. Comparison of thermal performance between Piles #1, #2, and #3 in the quincuncial arrangement
versus Piles #4, #5, and #6 in the squared arrangement and single pile.

Pile
Arrangement Pile Number Inlet Water

Temperature, Tin (◦C)
Outlet Water

Temperature, Tout (◦C)
Temperature

Variation, ∆T (◦C)
Heat Transfer
Rate, Q (W)

Quincuncial
1

35

31.21 3.79 2659
2 31.43 3.57 2505
3 31.45 3.55 2491

Squared
4 31.23 3.77 2646
5 31.37 3.63 2547
6 31.57 3.43 2407

Single pile − 31.03 3.97 2786

According to Figure 9, in the first 300 h, the outlet water temperatures of Piles #1, #2, and #3
were nearly the same and had negligible differences from the single pile. This indicates that 300 h
is not long enough to cause thermal interference. After 300 h, however, the difference became more
evident. After 720 h, the outlet water temperatures of Piles #2 and #3 were nearly the same (31.43 ◦C
and 31.45 ◦C), while that of Pile #1 was slightly lower (31.21 ◦C). The heat transfer rate of Pile #1 is 6.2%
and 6.8% higher than that of Piles #2 and #3, respectively, because the thermal interference at the corner
(Pile #1) was not significant compared with that at the side (Pile #2) or that at the center (Pile #3).

According to Figure 10, in the first 300 h, Piles #4, #5 and #6 have negligible differences from the
single pile. This also indicates that 300 h is not long enough to cause thermal interference. After 300 h,
thermal interference becomes evident, which causes a decrease in the heat transfer capacity. After 720 h,
Pile #6 (at the center) had the highest outlet water temperature of 31.57 ◦C. Pile #5 (at the side) had the
second highest outlet water temperature (31.37 ◦C), and Pile #4 (at the corner) had the lowest outlet
water temperature (31.23 ◦C). Meanwhile, the outlet water temperature of the single pile is 31.03 ◦C,
which is lower than that of all the piles in the group. The corner pile indicates a heat transfer rate
9.9% higher than the central pile. The reasons are as follows: the thermal interference increases with
increasing operating time. Pile #6 is at the center and thus subject to the greatest thermal interference
from surrounding piles. Pile #4 is at the corner and thus subject to the least thermal interference.

After 720 h, the outlet water temperatures of different piles in different arrangement forms are
listed in Table 7. As shown in Table 7, the outlet water temperature of Pile #4 was higher than Pile #1,
and Pile #6 was higher than Pile #3, but Pile #5 was lower than Pile #2. The difference between Piles #3
and #6 was the greatest (0.12 ◦C). This indicates that the thermal interference of the corner pile and
central pile in the squared pile arrangement was greater than that in the quincuncial arrangement.
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The thermal interference of the pile at the side in the squared arrangement was not as great as that in
the quincuncial arrangement. In addition, the center is the area was where the difference in outlet
water temperature was the most obvious when comparing different arrangement forms. The central
pile in the quincuncial arrangement indicated a heat transfer rate 3.5% higher than the central pile in
the squared arrangement.

In practical projects, pile groups are usually more than nine piles, especially for large buildings.
The quincuncial or squared arrangement that we simulated is only a small unit. Most piles are at the
center, such as Piles #3 and #6. In other words, a quincuncial arrangement is recommended to increase
the heat exchange capacity when there are a large number of piles. When only a limited number of
piles were used, these two arrangement forms exhibited no large differences.

3.3. Parametric Analysis

After verification and comparison, the energy pile group with a deeply penetrating U-shaped
heat exchanger was adopted to analyze the factors affecting the pile group heat exchange performance.
Several key parameters (i.e., pile spacing and pile diameter) were investigated. Table 8 presents the
variation range of the above parameter values for the parametric analysis.

Table 8. Variation range of the parameter values for the parametric analysis.

Pile Spacing, S (m) Pile Diameter, Dp (mm)

2.1 400
2.6 600
3.1 800
3.6 1000
4.1 −

4.6 −

The operating time is 720 h in the cooling mode (summer), and the baseline conditions of the
simulations for the parametric analysis are consistent with Table 2. The baseline condition is pile
spacing = 2.6 m and pile diameter = 0.6 m.

For each series of simulations, only the variable of interest was changed, with the other variables
kept constant and equal to those for the corresponding baseline conditions, unless otherwise stated.

3.3.1. Pile Spacing

The pile spacing, S, which is the center-to-center distance between adjacent piles, is one of
the most important parameters affecting the thermal performance of an energy pile group with a
deeply penetrating U-shaped heat exchanger. In practical projects, pile spacing falls within a range,
usually four to six times the pile diameter (data from Chinese code for design of building foundation,
GB50007-2011). However, in this study, the range of pile spacing is enlarged (as presented in Table 8) to
obtain more general conclusions. The outlet water temperature after 720 h of operation as a function of
pile spacing for three piles in the group is presented in Figure 11 and Table 9. As indicated, an increase
in the pile spacing leads to a decrease in the outlet water temperature for all three piles, which implies
that more heat is transferred into the soil. When the pile spacing is 2.1 m (i.e., 3.5 times the pile
diameter), the outlet water temperature difference of the three piles is at its maximum of 0.54 ◦C.
The corner pile indicates a heat transfer rate that is 18.3% higher than that of the central pile. As the pile
spacing increases, the outlet water temperature difference of the three piles also decreases. When the
pile spacing is 4.1 m (i.e., 6.8 times the pile diameter), the difference of the three piles approaches 0.
The outlet water temperatures of the three piles are 31.00 ◦C, 31.02 ◦C, and 30.96 ◦C, which are close to
the results of the single pile, 31.03 ◦C, presented in Figure 11 and Table 9. When the pile spacing is
larger than 4.1 m, the outlet water temperatures of the three piles stabilize and match that of a single
pile. Purely from the standpoint of thermal performance, the pile spacing is recommended to be more
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than 6.8 times the pile diameter to reduce the influence of the pile group on the heat transfer capacity.
However, in practice, we need to combine the mechanical analysis and site limitations to determine a
rational pile spacing. For example, a nonenergy pile can be set up at the middle of two adjacent energy
piles to double the pile spacing between energy piles and increase the heat transfer capacity of every
energy pile, and only half of the energy pile is needed.
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Table 9. Simulation results for different pile spacings, S (keeping all other values consistent with the
reference values in Table 8).

Pile Spacing, S (m) Pile Number Inlet Water
Temperature, Tin (◦C)

Outlet Water
Temperature, Tout (◦C)

Temperature
Variation, ∆T (◦C)

Heat Transfer
Rate, Q (W)

2.1
1

35
31.51 3.49 2449

2 31.75 3.25 2281
3 32.05 2.95 2070

2.6
1

35
31.23 3.77 2646

2 31.32 3.63 2547
3 31.57 3.43 2407

3.1
1

35
31.13 3.87 2716

2 31.20 3.80 2667
3 31.27 3.73 2617

3.6
1

35
31.06 3.94 2765

2 31.10 3.90 2737
3 31.13 3.87 2716

4.1
1

35
31.00 4.00 2807

2 31.02 3.98 2793
3 30.96 4.04 2835

4.6
1

35
31.03 3.97 2786

2 31.02 3.98 2793
3 31.01 3.99 2800

5.1
1

35
31.07 3.93 2758

2 31.05 3.95 2772
3 31.04 3.96 2779

3.3.2. Pile Diameter

The pile diameter is another important design parameter influencing the thermal performance
of the energy pile group with a deeply penetrating U-shaped heat exchanger. Four different values,
presented in Table 8, varying from 400 mm to 1000 mm, are analyzed. In practical projects, most piles are
in the central position, so Pile #3 is taken as a typical example unless otherwise stated. The simulation
results are presented in Figure 12 and Table 10. As indicated, the pile diameter has a significant
influence on the heat transfer capacity of Pile #3, and a larger pile diameter yields a lower outlet water
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temperature and greater heat transfer capacity. When the pile diameter increases from 400 mm to
1000 mm, the outlet water temperature decreases from 31.81 ◦C to 31.32 ◦C (i.e., 0.49 ◦C reduction),
and the corresponding heat transfer rate increases from 2238 W to 2582 W (15.4% increase). The reason
for this is that piles with larger cross-sections equivalently replace soil with concrete, which has better
heat-conducting properties.Energies 2020, 13, 5822 16 of 18 
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4. Conclusions

First, this study adopted a numerical model of a pile group, which was verified against the
experimental results in the literature. Second, the deeply penetrating U-shaped configuration was
compared with traditional U-shaped and W-shaped configurations to prove its superiority. Third,
a deeply penetrating U-shaped pile group was analyzed to research the effects of pile groups on heat
transfer. Three typical pile positions in two arrangements were compared with a single pile. Last,
a parametric analysis, including the pile spacing, pile diameter, types, and thermal parameters of the
soil, was conducted to investigate the parameters affecting the thermal performance of the energy pile
group with a deeply penetrating U-shaped heat exchanger.

The main findings of this study are as follows:

(1) Compared with the traditional U-shaped configuration, the proposed deeply penetrating U-shaped
configuration indicated superior thermal performance, with a 122% increase in the total heat
transfer rate, Q, and a 9% increase in the heat transfer rate per unit length of the tube, Q*.
Compared with the traditional W-shaped configuration, the proposed configuration indicated a
54% increase in Q and a 50% increase in Q*.

(2) For the pile group, 300 h is not long enough to cause thermal interference. After 300 h, thermal
interference becomes evident, which causes a decrease in the heat transfer capacity. The corner
pile indicates a nonnegligible heat transfer rate 6.8% and 9.9% higher than the central pile in
quincuncial and squared arrangements, respectively, according to the example in this study.
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(3) An increase in the pile spacing leads to an increase in the heat transfer rate. Purely from the
standpoint of thermal performance, the pile spacing is recommended to be more than 6.8 times
the pile diameter to reduce the influence of the pile group on the heat transfer capacity.

(4) The heat transfer rate increases as the pile diameter increases. An increase of approximately
15.4% can be observed if the pile diameter increases from 400 mm to 1000 mm.

Energy piles are inspiring in terms of saving energy and circulating heat. Deeply penetrating
U-shaped energy pile groups were analyzed for cooling mode to increase their heat transfer capacity
in this study. It would be necessary to carry out a study on deeply penetrating U-shaped energy
pile groups for the case of extreme heating and cooling cycles in the future. More numerical and
experimental studies for heating mode or combining cooling and heating are required to better
understand and make full use of this type of heat exchange system.
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