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Abstract
Energy pile group is an important component of ground source heat pumps with foundation piles as ground
heat exchangers. Among different energy piles, those with spiral pipes have a large heat exchange area
between the pipe and the concrete, achieving good heat exchanging performance and wide applications.
To analyze the influence of geometrical parameters (pile layout, pile spacing and pile depth) and external
parameter (groundwater velocity) on the heat transfer of spiral-coil energy pile groups, a three-dimensional
analytical model of spiral-coil energy pile groups with seepage is used, considering the thermal interaction
among different piles, the geometry of spiral pipe and the velocity of groundwater. The soil temperature
distribution in the energy pile group is studied under conditions with different factors (pile layouts: 3 × 2,
L shape and line shape; pile spacing distances: 3, 5 and 7 m; pile depths: 10, 30 and 50 m; and groundwater
velocities: 0, 1.2 × 10−6 and 2.0 × 10−6 m/s). The 3-year outlet fluid temperature of energy pile group affected
by the above different factors under different inlet fluid temperatures and velocities or soil thermal exchange
ratios is investigated. Results show that for the low fluid velocity inside the piles, the influence of above
factors on the thermal performance of energy piles is more obvious. Large groundwater velocity, line shape
pile layout, large pile spacing distance and short pile depth can alleviate the long-term temperature variation
caused by unbalanced soil heat exchange. This work will facilitate the research, design and application of the
energy pile group in ground source heat pumps.
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1. INTRODUCTION

Ground source heat pump is an efficient and clean air condition-
ing technology, having a rapid increasing potential in application
[1, 2]. Ground heat exchangers [3, 4], such as boreholes and
energy piles, are important components to affect the performance
of soil heat exchange and the whole system [5, 6]. Energy piles
[7, 8], with burying pipes inside the concrete to fully use the
pile structures of buildings, can reduce the drilling cost and the
occupied land compared with boreholes [9]. Among different
buried pipes (U pipe [10, 11], W pipe [12] or spiral pipe [13, 14]),
the energy piles with spiral pipes have the largest heat exchanging
area between the pipe and the concrete, achieving better thermal
performance and wider practical applications [15].

Since the thermal performance of ground heat exchangers
directly affects the system performance of ground source heat
pumps (GSHPs), many researchers conducted studies on the
model development [16, 17] and influential factors analysis
of ground heat exchangers [18]. Zhang et al. [19] developed
the analytical model of a single energy pile considering the
practical geometry of the spiral coil and the groundwater seepage.
Cimmino et al. [20] proposed the model of a boreholes group
considering the thermal interaction among different boreholes in
a group. Choi et al. [21] conducted two-dimensional numerical
simulations of an energy piles group while it ignored the pipe
geometry and the pile depth. Little research is conducted on
three-dimensional thermal analysis of the energy piles group,
considering the thermal interactions among piles, the geometry
of the spiral pipe and the velocity of groundwater.
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Zhao et al. [22] investigated the influence of spiral pitch on the
thermal behaviors of energy piles with spiral tube heat exchanger
and found out the thermal resistances and heat transfer rates
of energy piles with four kinds of spiral pitches. Zhang et al.
[23] and You et al. [24] analyzed the influence of groundwater
seepage on the performance of GSHP with an energy pile. The
groundwater can indeed improve the system performance and its
influential roles are different under the conditions with different
underground mediums, types of refrigerant, the directions of
groundwater velocity and the temperatures of chilled water. Yoon
et al. [25] and Zhao et al. [26] studied the thermal performance
of energy piles with different types of heat exchanging pipes
including U-shaped, W-shaped and spiral-shaped pipes. The spi-
ral pipe is estimated to have the best thermal performance among
these three different types of pipes. Yang et al. [27] tested the
thermal performance of a spiral coil energy pile affected by the
different types of pile mediums with different thermal diffusivities
and the intermittent operation control mode. For the energy pile
group, group parameters such as the pile layout, pile spacing, pile
depth and surrounding groundwater velocity are significant to the
thermal performances of energy piles and the system. However,
the studies on these above factors are not enough.

In this paper, a three-dimensional analytical model of spiral
energy pile group with seepage will be established based on the
superposition principle. The investigated different influential fac-
tors in the energy pile group will include the pile layout, pile
spacing, pile depth and groundwater velocity. The soil tempera-
ture distribution in the energy pile group will be studied under
the conditions with the above different factors. The 3-year outlet
fluid temperature of the energy pile group will be investigated
with the influence of the above different factors under different
inlet fluid temperatures and velocities and under different soil
heat exchange ratios. Towards these ends, the investigated thermal
characteristics of an energy piles group will guide the design and
application of energy piles.

2. ENERGY PILE GROUP MODEL WITH
SEEPAGE
The schematic diagram of the energy piles group is shown in
Figure 1. The spiral pipes are buried in the pile foundations of a
building to compose the energy piles and to exchange heat with
the ground. The thermal interaction among different piles, the
geometry of the spiral pipe and the groundwater seepage affect
the heat transfer of the energy piles group. In this paper, the three-
dimensional energy pile group model with seepage which is based
on the analytical model of single spiral coil energy pile and the
superposition principle is adopted to analyze the heat transfer of
energy piles group by considering the above factors.

2.1. Different heat fluxes of energy piles
The heat flux matrix is shown in Equation (1). Since the heat
fluxes of energy piles interact each other, they should be calculated

Figure 1. Schematic diagram of the energy piles group with seepage.

Figure 2. Sandbox experiment [8].

simultaneously by the matrix. The detailed derivation of the heat
flux matrix is illustrated in our previous study [8]. Not only
does the Equation (1) calculate the heat fluxes of different piles
in a coupled way, but also it combines the inside and outside
heat transfers of the spiral pipe in each energy pile. The heat
transfer inside the pipe is equal to the internal energy difference
between inlet and outlet fluid. The heat transfer across the pipe
wall is based on the equivalent thermal resistance between the
fluid and the outer pipe wall. The heat transfer outside the pipe is
calculated by the seepage model of a single spiral-coil energy pile
(Equation (2)).
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where ql is the heat flux of energy pile, W/m; �τ is the length of
a time step, s; Θ is the dimensionless excess wall temperature of
the spiral pipe; Tin is the inlet fluid temperature of each energy
pile, ◦C; t0 is the initial soil temperature, ◦C; λs is the thermal
conductivity of the soil, W/(m·K); Rp is the equivalent thermal
resistance between the fluid and the outer pipe wall, (◦C·m)/W;
cf is the specific heat of fluid, J/(kg·K); mf is the mass flow rate of
fluid, kg/s; subscript n is the nth energy pile, (n = 1, 2, . . . , N).

In Equation (1), the dimensionless soil temperature of a single
energy pile with seepage (Θ) is calculated by Equation (2) [19].
It is obtained by the integration of g-function with the spiral
line and the duration of heat release. The dimensionless soil
temperature Θ represents the relationship between the practical
soil temperature difference and heat flux.
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2.2. Dimensionless soil temperature distribution and
outlet fluid temperature
According to the superposition principle [28], the dimensionless
soil temperature distribution of an energy piles group (Θsoil) can
be calculated by Equation (3). It is the superposition of dimen-
sionless soil temperature influenced by each energy pile (Θni,soil)
which is calculated by Equation (2).

�soil
(
j�τ

) =
N∑

ni=1

�ni,soil
(
j�τ

)
(3)

After the heat flux of each energy pile is calculated from the heat
flux matrix and the inlet fluid temperature is given, the outlet fluid
temperature of each energy pile can be calculated by Equation (4).

Tout,n
(
j�τ

) = Tin
(
j�τ

) − ql,n
(
j�τ

) × H
cf mf

(4)

where H is the length of energy pile, m; Tout,n is the outlet fluid
temperature of the nth energy pile, ◦C.

2.3. Model validation
The sandbox experiment of a ground heat exchanger group is
set up to validate the model [8]. The sandbox has a size of
1 m × 1 m × 1 m and buried with five heat exchanging pipes.
The water flows in parallel into five pipes from a water bath with
the temperature and velocity controls. Four thermocouples are
buried in the middle depth of the sandbox to measure the soil
temperatures at four typical positions.

460 International Journal of Low-Carbon Technologies 2020, 15, 458–470

D
ow

nloaded from
 https://academ

ic.oup.com
/ijlct/article/15/3/458/5816557 by Pao Yue-Kong Library user on 16 N

ovem
ber 2020



Influences of different factors on the three-dimensional heat transfer of spiral-coil energy pile group with seepage

Figure 3. Soil temperature comparison of experiment and simulation results [8].

Keeping the excess temperature of pipe inlet at 10◦C, the excess
soil temperatures of four points are tested by the sandbox exper-
iment and simulated by the above energy pile group model. The
temperature comparison of experiment and simulation is shown
in Figure 3. It is obvious that the temperature difference between
these two methods is less than 0.25◦C. The proposed three-
dimensional energy pile group model has good accuracy.

3. RESULTS
Using the above model, the influence of the external parameter
(the groundwater velocity) and the geometrical parameters (the
pile layout, pile spacing distance and pile depth) of the energy
pile group are illustrated. As shown in Table 1, the compared
groundwater velocities are 0, 1.2 × 10−6 m/s and 2.0 × 10−6 m/s;
pile layouts are matrix shape (3 × 2), L shape and line shape;
pile spacing distances are 3, 5 and 7 m; pile depths are 10, 30
and 50 m. As a heating or cooling season is usually 4 months,
the dimensionless soil temperature distribution after a 4-month
operation is demonstrated for the cases with different influential
factors. When the inlet fluid temperature and velocity are differ-
ent, the 3-year outlet fluid temperature of energy piles affected
by different factors are analyzed. For the energy pile group with
different heat extractions and heat injections, the influence of
different factors on the 3-year outlet fluid temperature of energy
piles is investigated.

3.1. Dimensionless soil temperature distribution
The dimensionless soil temperature distributions after a 4-month
operation influenced by different factors are investigated and
illustrated in Figures 4–8.

3.1.1. Groundwater velocity
Keeping the pile depth at 50 m, pile spacing distance at 5 m
and pile layout being 3 × 2, the dimensionless soil tempera-
ture distributions under different groundwater velocities (0 m/s,

Table 1. Parameters of different studied cases with influential factors.

Objective factor Other factors

Groundwater velocities:
v = 0, 1.2 × 10−6 m/s, and
2.0 × 10−6 m/s

Pile layout: matrix shape (3 × 2);
Pile spacing distance: 5 m;
Pile depth: 50 m

Pile layouts:
matrix shape (3 × 2), L shape, and line
shape

Groundwater velocity: 0;
Pile spacing distance: 5 m;
Pile depth: 50 m

Pile spacing distances:
3, 5 and 7 m

Groundwater velocity: 0;
Pile layout: matrix shape (3 × 2);
Pile depth: 50 m

Pile depths:
10, 30 and 50 m

Groundwater velocity: 0;
Pile layout: matrix shape (3 × 2);
Pile spacing distance: 5 m

1.2 × 10−6 m/s and 2.0 × 10−6 m/s) are shown in Figure 4. For
the energy pile group without the seepage, the soil around the
central energy pile has the highest temperature. The maximum
dimensionless soil temperature is 0.77, and the minimum value
is 0.07. Since the groundwater brings the released heat of the
upstream energy piles along with the water flow, it reduces the
temperature of the upstream soil. Compared to the upstream
soil, the downstream soil has a higher temperature. When the
groundwater velocity increases from 0 to 1.2 × 10−6 m/s and
2.0 × 10−6 m/s, the highest dimensionless soil temperature is
reduced to 0.61 and 0.45, and the lowest dimensionless soil tem-
perature is reduced to 0 in two cases.

3.1.2. Group layouts
The soil temperature distributions of the energy piles with dif-
ferent pile layouts, including 3 × 2 matrix shape, L shape and line
shape, are shown in Figure 5. Compared to energy piles with 3 × 2
layout in Figure 5a, energy piles with L layout in Figure 5b and
line layout in Figure 5c have much lower soil temperature due to
the good condition of heat dispersion into the soil. The maximum
dimensionless soil temperature is 0.65 in L layout and 0.61 in line
layout. The minimum dimensionless soil temperature is 0.01 in L
layout and 0.06 in line layout.

3.1.3. Pile spacing distances
The soil temperature distributions of the energy piles with differ-
ent pile spacing distances (3, 5 and 7 m) are shown in Figure 6. The
group with a 3-m pile spacing distance in Figure 6a has the highest
soil temperature because less heat can be dispersed to the external
soil due to the compact pile group. The maximum dimensionless
soil temperature is 1.13 and the minimum value is 0.26. Large
pile spacing distance can increase the occupied soil volume and
enlarge the soil boundary, so the soil temperature is low in piles
with 7 m spacing in Figure 6c. The maximum dimensionless soil
temperature is 0.59, and the minimum value is 0.02.

3.1.4. Pile depths
The dimensionless soil temperature distributions at the half depth
of different energy piles are shown in Figure 7. Due to the heat
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Figure 4. Dimensionless soil temperature distribution influenced by different groundwater velocities (pile layout = 3 × 2, pile spacing distance = 5 m, pile
depth = 50 m).

Figure 5. Dimensionless soil temperature distribution influenced by different pile layouts (v = 0, pile spacing distance = 5 m, pile depth = 50 m).

Figure 6. Dimensionless soil temperature distribution influenced by different pile spacing distances (v = 0, pile layout = 3 × 2, pile depth = 50 m).

disperse from the soil surface, the pile group with a 10-m depth
has the lowest soil temperature. The maximum dimensionless soil
temperature is 0.75, and the minimum value is 0.06 of piles with
10 m depth in Figure 7a. With the depth increasing from 10 to

50 m, less percentage of heat is dispersed from the soil surface and
the soil temperature is the highest for the case with a 50-m pile
depth. The maximum dimensionless soil temperature is 0.77, and
the minimum value is 0.07 of piles with 30 m depth in Figure 7b.
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Figure 7. Dimensionless soil temperature distribution influenced by different pile depths (v = 0, pile layout = 3 × 2, pile spacing distance = 5 m).

Figure 8. Average outlet temperature of energy piles influenced by different factors (inlet fluid temperature and velocity of energy piles are 35◦C and 0.8 m/s).

Taking the energy pile group with the 3 × 2 layout, no ground-
water, 5 m pile spacing and 50 m pile depth as the baseline, the
typical dimensionless soil temperatures of the energy pile groups
with different factors are compared and summarized in Table 2.

When the groundwater velocity increases from 0 to 1.2 ×
10−6 m/s and 2.0 × 10−6 m/s, the maximum dimensionless soil
temperature decreases from 0.77 to 0.61 and 0.45. When the pile
layout is changed from 3 × 2 to L shape and line shape, the
maximum dimensionless soil temperature decreases from 0.77
to 0.65 and 0.61. When the 5-m pile spacing distance decreases
to 3 m and increases to 7 m, the maximum dimensionless soil
temperature increases from 0.77 to 1.13 and decreases to 0.59.

As for the pile depth in the range of 10∼50 m, their typical
dimensionless soil temperatures are quite similar due to the small
thermal influence of soil surface.

3.2. Outlet fluid temperatures under different
conditions of inlet fluid
The outlet fluid temperature of energy piles varies for piles
with different groundwater velocities, pile layouts, pile spacing
distances and pile depths. For different inlet fluid temperatures
and velocities, the influential levels of the above factors are
different.
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Table 2. Typical dimensionless soil temperatures of different energy pile groups.

Baseline Groundwater velocity Layout Pile spacing distance Pile depth

Layout: 3 × 2,
v: 0 m/s,
spacing: 5 m,
depth: 50 m

1.2 × 10−6 m/s 2.0 × 10−6 m/s L Line 3 m 7 m 10 m 30 m

Minimum 0.07 0 0 0.01 0.06 0.26 0.02 0.06 0.07
Maximum 0.77 0.61 0.45 0.65 0.61 1.13 0.59 0.75 0.77

Figure 9. Average outlet temperature of energy piles influenced by different factors (inlet fluid temperature and velocity of energy piles are 35◦C and 0.4 m/s).

Figure 8 shows the outlet fluid temperature of energy piles
influenced by different factors when the inlet fluid temperature
and velocity of energy piles are 35◦C and 0.8 m/s. In Figure 8a,
when the groundwater velocity increases from 0 to 1.2 × 10−6 m/s
and 2.0 × 10−6 m/s, the outlet fluid temperature decreases from
33.7 to 30.6◦C and 29.4◦C after a 3-year operation. The high
groundwater velocity is of benefit to the low outlet fluid tem-
perature of piles because the heat released by the piles can be
easily taken away by the groundwater. Even so, the increase in
groundwater velocity contributes less to the decrease in outlet
fluid temperature when the groundwater velocity becomes larger.

Figure 8b reflects that the pile layout has a small influence on
the outlet fluid temperature because the pile number is small.
Despite the relatively compact 3 × 2 layout, each pile is in the
boundary of the pile group and the heat can disperse easily to the

surrounding soil. As for the piles in line layout, the thermal inter-
action between piles is the smallest. The outlet fluid temperature
of piles in 3 × 2 layout, L layout and line layout is respectively
33.0, 32.6 and 32.5◦C after the 1-year operation, and 33.7, 33.4
and 33.3◦C after the 3-year operation.

It is obvious in Figure 8c when the pile spacing distance
increases from 3 to 5 and 7 m, the increasing rate of outlet
fluid temperature becomes lower; the values of outlet fluid
temperatures in these three cases become closer as the time
becomes longer. It means that at the primary stage the influence of
pile spacing is large because the thermal dispersing radius of piles
is less than 7 m pile spacing distance. The outlet fluid temperatures
of the pile with spacing distance at 3, 5 and 7 m are respectively
33.6, 33.0 and 29.4◦C after the 1-year operation, and 33.9, 33.7
and 33.4◦C after the 3-year operation.
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Figure 10. Average outlet temperature of energy piles influenced by different factors (inlet fluid temperature and velocity of energy piles are 30◦C and 0.8 m/s).

Figure 8d shows the influences of pile depth on the outlet fluid
temperature. The increasing depth contributes to the fast increase
in the outlet fluid temperature at the primary stage because the
percentage of heat dispersed from the soil surface is small in the
long piles. As time becomes longer, this contribution becomes
smaller and the temperatures of piles with different depths tend to
closer. The outlet fluid temperatures of piles with 10, 30 and 50 m
are respectively 34.4, 33.8 and 33.0◦C after the 1-year operation,
and 34.5, 34.1 and 33.7◦C after the 3-year operation.

When the fluid velocity of energy piles reduces from 0.8 to
0.4 m/s, the influential factors on the outlet temperature of piles
are shown in Figure 9. Compared to Figure 8, Figure 9 shows that
the decrease in fluid velocity enlarges the influential levels of
different factors because the heat transfer takes a longer time to
reach a relatively steady status.

In Figure 9a, when the groundwater velocity increases from 0
to 1.2 × 10−6 m/s and 2.0 × 10−6 m/s, the outlet fluid temperature
decreases from 32.4 to 27.1 and 25.1◦C after the 3-year operation.
Figure 9b shows that the outlet fluid temperature of the pile in
3 × 2 layout, L layout and line layout is respectively 31.1, 30.4
and 30.2◦C after 1-year operation, and 32.4, 31.9 and 31.7◦C
after the 3-year operation. Figure 9c reflects that the outlet fluid
temperature of the pile with spacing distance at 3, 5 and 7 m is
respectively 32.2, 31.1 and 30.0◦C after the 1-year operation, and
32.9, 32.4 and 31.9◦C after the 3-year operation. In Figure 9d,

Figure 11. Monthly soil heat exchange of energy pile group.

the outlet fluid temperatures of the pile with 10, 30 and 50 m is
respectively 33.8, 32.6 and 31.1◦C after the 1-year operation, and
33.9, 33.3 and 32.4◦C after the 3-year operation.

Even though reducing the fluid temperature or velocity of
energy piles both can reduce the released heat of energy piles
at the primary stage, the influential level of different factors on
the outlet fluid temperature is different under these two different
cases. Figure 10 shows that when the inlet fluid temperature of
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Figure 12. Outlet temperatures of energy piles influenced by different groundwater velocities.

energy piles reduces from 35 to 30◦C, the influential factors on
the outlet temperature of piles are shown in Figure 10. Comparing
Figure 10 to Figure 8, the decrease in the inlet fluid tempera-
ture reduces the influential levels of different factors because the
heat transfer takes a shorter time to reach a relatively steady
status.

In Figure 10a, when the groundwater velocity increases from 0
to 1.2 × 10−6 m/s and 2.0 × 10−6 m/s, the outlet fluid temperature
decreases from 29.0 to 26.7 and 25.8◦C after the 3-year operation.
Figure 10b shows that the outlet fluid temperature of the pile in
3 × 2 layout, L layout, and line layout is respectively 28.5, 28.2
and 28.1◦C after the 1-year operation, and 29.0, 28.8 and 28.7◦C
after the 3-year operation. Figure 10c reflects that the outlet fluid
temperature of the pile with spacing distance at 3, 5 and 7 m is
respectively 28.9, 28.5 and 28.0◦C after the 1-year operation, and
29.2, 29.0 and 28.8◦C after the 3-year operation. In Figure 10d,
the outlet fluid temperature of the pile with 10, 30 and 50 m is
respectively 29.5, 29.5 and 28.5◦C after the 1-year operation, and
29.6, 29.6 and 29.0◦C after the 3-year operation.

The comparison among Figures 8–10 shows that the decrease
in inlet fluid velocity (Figures 8 and 9) makes the different factors
(groundwater velocity, pile layout, pile spacing distance and pile
depth) have more obvious influential levels on thermal perfor-
mance of energy piles than the decrease in inlet fluid temperature
(Figures 8 and 10). When the inlet fluid velocity decreases from
0.8 to 0.4 m/s, the temperature decrease in outlet fluid temper-

ature changes from 12.59 to 22.39% caused by the increase in
groundwater velocity from 0 to 2.0 × 10−6 m/s, changes from
1.04 to 2.03% caused by the change of pile layout from 3 × 2 to
line shape, changes from 1.61 to 3.23% caused by the increase
in pile spacing distance from 3 to 7 m and changes from 2.32
to 4.69% caused by the increase in pile depth from 10 to 50 m.
When the inlet fluid temperature decreases from 35 to 30◦C, the
temperature decrease in outlet fluid temperature changes from
12.59 to 11.14% caused by the increase in groundwater velocity
from 0 to 2.0 × 10−6 m/s, changes from 1.04 to 0.92% caused by
the change of pile layout from 3 × 2 to line shape, changes from
1.61 to 1.43% caused by the increase in pile spacing distance from
3 to 7 m, changes from 2.32 to 2.05% caused by the increase in pile
depth from 10 to 50 m.

3.3. Outlet fluid temperature influenced by different
heat exchange ratios
For energy piles in different GSHP systems, the monthly soil
heat exchange usually varies relying on the different heating and
cooling demands of buildings. Figure 11 shows the monthly heat
extraction and injection rates of the energy pile group during
heating and cooling seasons. For piles with different depths, the
inputted specific heat flux rate (i.e. heat flux rate per depth) of an
energy pile is the same and the total heat flux of each energy pile
is different. This is because in practical application, the energy
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Influences of different factors on the three-dimensional heat transfer of spiral-coil energy pile group with seepage

Figure 13. Outlet temperatures of energy piles influenced by different pile layouts.

pile is usually designed or evaluated by the specific heat flux rate
empirically.

In Figure 11, the ratio of heat extraction to heat injection is
1, which means the annual soil thermal exchange is balanced.
However, in most GSHP systems, heating or cooling is dominated.
Thus, in the simulation, the amount of heat extraction is adjusted
by timing the indexes of 0.5, 1.5 and 2.0 and consequently the ratio
of heat extraction to heat injection can be 0.5, 1.0, 1.5 and 2.0.
Since the total soil heat exchange of the energy pile group is known
in cases of this section, the inlet temperature, outlet temperature
and heat flux of each energy pile can be calculated iteratively. With
different heat exchange ratios of energy piles, the influential levels
of different factors on the outlet fluid temperatures of piles in three
operation years are investigated as shown in Figures 12–15.

The influence of groundwater velocities on outlet fluid tem-
perature in three operation years is shown in Figure 12 with
different heat exchange ratios. When the groundwater velocity
is larger than 1.2 × 10−6 m/s, the annually average outlet fluid
temperature variation caused by the different heat exchange ratios
is not obvious and the temperature variations are nearly the same
in summer because the soil thermal transfer is large and the soil
temperature can be easily recovered to the initial value when the
groundwater velocity is large. No matter what the value of soil
heat extraction is, the soil can recover to a similar temperature
at the beginning of summer. When groundwater velocity is 0, the
maximum outlet fluid temperature is 30.3, 25.7, 24.2 and 22.7◦C,

and the minimum outlet fluid temperature is 9.0, 2.7, −7.2 and
−17.2◦C with the heat exchange ratios of 0.5, 1.0, 1.5 and 2.0.
When groundwater velocity is 1.2 × 10−6 m/s, the maximum
outlet fluid temperature is 26.8, 26.6, 26.4 and 26.2◦C, and the
minimum outlet fluid temperature is 8.0, 1.4, −5.1 and −11.6◦C
with the heat exchange ratios of 0.5, 1.0, 1.5 and 2.0. When
groundwater velocity is 2.0 × 10−6 m/s, the maximum outlet fluid
temperature is 24.6, 24.6, 24.6 and 24.6◦C, and the minimum
outlet fluid temperature is 8.7, 3.4, −1.9 and −7.2◦C with the
heat exchange ratios of 0.5, 1.0, 1.5 and 2.0. Results show that the
small groundwater velocity enlarges the variation of outlet fluid
temperature influenced by different heat exchange ratios.

The influence of the pile layout on outlet fluid temperature in
three operation years is shown in Figure 13 with different heat
exchange ratios. When the pile layout changes from 3 × 2 to line
shape, the influence of different heat exchange ratios on the outlet
fluid temperature variation becomes small. When the pile layout
is 3 × 2, the maximum outlet fluid temperature is 30.3, 25.7, 24.2
and 22.7◦C, and the minimum outlet fluid temperature is 9.0, 2.7,
−7.2 and −17.2◦C with the heat exchange ratios of 0.5, 1.0, 1.5
and 2.0. When pile layout is L shape, the maximum outlet fluid
temperature is 29.5, 26.0, 24.8 and 23.6◦C, and the minimum
outlet fluid temperature is 9.0, 2.3, −6.8 and −16.0◦C with the
heat exchange ratios of 0.5, 1.0, 1.5 and 2.0. When pile layout is
line shape, the maximum outlet fluid temperature is 29.4, 26.0,
24.9 and 23.8◦C, and the minimum outlet fluid temperature is 9.0,
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Figure 14. Outlet temperatures of energy piles influenced by different pile spacings.

2.3, −6.7 and −15.8◦C with the heat exchange ratios of 0.5, 1.0,
1.5 and 2.0.

The influence of the pile spacing distance on outlet fluid tem-
perature in three operation years is shown in Figure 14 with
different heat exchange ratios. The heat exchange ratios of 1.5
and 2.0 cause the decrease in outlet fluid temperature, the heat
exchange ratio of 1.0 keeps the outlet fluid temperature steady and
the heat exchange ratio of 0.5 causes the increase in outlet fluid
temperature. When pile spacing distance is 5 m, the maximum
outlet fluid temperature is 30.3, 25.7, 24.2 and 22.7◦C, and the
minimum outlet fluid temperature is 9.0, 2.7, −7.2 and −17.2◦C
with the heat exchange ratios of 0.5, 1.0, 1.5 and 2.0. When pile
spacing distance is 3 m, the maximum outlet fluid temperature
is 34.8, 28.7, 26.3 and 24.1◦C, and the minimum outlet fluid
temperature is 8.2, 0.5, −13.0 and −26.1◦C with the heat exchange
ratios of 0.5, 1.0, 1.5 and 2.0. When pile spacing distance is 7 m, the
maximum outlet fluid temperature is 29.2, 25.8, 24.8 and 23.8◦C,
and the minimum outlet fluid temperature is 9.0, 2.4, −6.4 and
−15.3◦C with the heat exchange ratios of 0.5, 1.0, 1.5 and 2.0.
Results show that the small pile spacing distance enlarges the
variation of outlet fluid temperature influenced by different heat
exchange ratios.

With different heat exchange ratios, the influence of the pile
depth on outlet fluid temperature in three operation years is
shown in Figure 15. When the pile depth changes from 10 to 50 m,
the influence of different heat exchange ratios on the outlet fluid

temperature variation becomes large. The piles with 10-m depth
have a strong ability of heat recovery because the unbalanced heat
can be supplemented from the ground surface. When pile depth
is 10 m, the maximum outlet fluid temperature is 29.8, 28.0, 27.0
and 26.0◦C, and the minimum outlet fluid temperature is 8.2,
0.5, −8.4 and −17.3◦C with the heat exchange ratios of 0.5, 1.0,
1.5 and 2.0. When pile depth is 30 m, the maximum outlet fluid
temperature is 30.9, 26.5, 25.0 and 23.5◦C, and the minimum
outlet fluid temperature is 8.6, 1.9, −8.3 and −18.5◦C with the
heat exchange ratios of 0.5, 1.0, 1.5 and 2.0. When pile depth is
50 m, the maximum outlet fluid temperature is 30.3, 25.7, 24.2
and 22.7◦C, and the minimum outlet fluid temperature is 9.0, 2.7,
−7.2 and −17.2◦C with the heat exchange ratios of 0.5, 1.0, 1.5
and 2.0.

4. CONCLUSIONS
A three-dimensional analytical model of the spiral coil energy
pile group with seepage is used to analyze the influence of the
geometrical parameters (the pile depth, pile spacing and pile
layout) and external parameter (the groundwater velocity) on
the heat transfer of pile groups. It considers the thermal inter-
action among different energy piles, the geometry of the spiral
pipe and the velocity of groundwater. Major conclusions are as
follows:
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Figure 15. Outlet temperatures of energy piles influenced by different pile depths.

(1) Groundwater flow and other parameters play important
roles in affecting the heat and mass transfer of energy pile groups.
The maximum dimensionless soil temperature decreases from
0.77 to 0.61 and 0.45, from 0.77 to 0.65 and 0.61, from 1.13
to 0.77 and 0.59 and from 0.77 to 0.77 and 0.75, respectively;
when groundwater velocity increases from 0 to 1.2 × 10−6 and
2.0 × 10−6 m/s, the energy pile layout changes from 3 × 2
to L shape and line shape, the pile spacing distance increases
from 3 to 7 m and the pile depth decreases from 50 to 10 m.
The contribution of the groundwater velocity increases to keep-
ing steady soil temperature is the most obvious among different
factors.

(2) When the fluid velocity inside the pipe is low, the influence
of groundwater velocity, pile layout, pile spacing distance and pile
depth on the outlet fluid temperature is more obvious. Taking the
pile layout as an example, when the inside fluid velocity decreases
from 0.8 to 0.4 m/s, the temperature decrease of the outlet fluid
temperature changes from 1.04 to 2.03% caused by the change of
pile layout from 3 × 2 to line shape.

(3) The large groundwater velocity, line shape pile layout, large
pile spacing distance and short pile depth can alleviate the long-
term temperature variation caused by the unbalanced soil heat
exchange. Taking the Qh/Qc = 0.5 as an example, when the pile
layout changes from 3 × 2 to line shape, the maximum outlet
fluid temperature decreases from 30.3 to 29.4 ◦C after a 3-year
operation.

This research work on investigating the influential factors of the
energy pile group will facilitate the research, design and applica-
tion of the energy pile groups in ground source heat pumps.
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