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In order to provide a more comprehensive depiction of the actual heat transfer
process in energy piles, this research paper presents an approximate solution for
a finite line heat source model operating under variable heat flow conditions. This
solution is established by integrating the finite line heat source model and the
superposition principle. Furthermore, the W-tube heat exchanger is divided into
many segments, and a segmented superposition approach is used based on the
thermal response. Consequently, a heat transfer model for a single-pile heat source
is formulated, taking into consideration the heat exchange between the circulating
water and the energy pile. Notably, the soil temperature predicted by this proposed
model closely aligns with the results obtained from the FLUENT numerical model,
thereby substantiating the accuracy of the proposed approach. Simultaneously, the
heat transfer model is employed to analyze variations in temperature and heat flux
density within the heat exchanger and to investigate the influence of parameters
such as mass-flow rate, pile-soil heat transfer coefficient, pile-soil density, and
pile-soil specific heat capacity on the heat transfer characteristics of energy piles.
This model enables the determination of time-varying heat flux and precise outlet
temperature, thereby facilitating a rapid assessment of the heat transfer efficiency
of energy piles.
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Introduction

The ground-source heat pump system has been widely used in building cooling and
heating due to its energy-saving and environmental-protection characteristics, which are im-
portant for green buildings [1-3]. Traditional ground-source heat pump technology has a low
heat exchange efficiency, high cost, and requires a wide area. To overcome these, a novel ver-
tical buried-pipe ground-source heat pump system for an energy pile is required. Energy pile
and building pile foundation synchronous construction share a relatively short construction
duration; do not require an outdoor underground space; have a high heat transfer efficiency,
high stability, and good durability, and offer economic benefits [1].

Establishing a heat transfer model for energy piles has been the focus at home and
abroad, which is relevant for the engineering design and optimization of energy piles [4-6].
Classical analytical models typically rely on Kelvin’s line source theory and cylindrical source
model [7]. Based on the former, Plass et al. [8] established a vertical buried-tube heat exchang-

* Corresponding author, e-mail: xsl_197@163.com



Xi, S., et al.: The W-Tube Energy Pile Heat Transfer Model with Variable ...
1606 THERMAL SCIENCE: Year 2024, Vol. 28, No. 2C, pp. 1605-1619

er model, which is the most widely used and mature heat transfer model. Applying the linear
superposition principle, Green’s function method, and the virtual heat-source method, Zeng et
al. [9] obtained the analytical solution for a finite linear heat source, which can describe the
short-term unsteady heat transfer characteristics of the ground heat exchanger well. Kavanaugh
[10] regarded the vertically buried pipe heat exchanger as a cylindrical heat source, thus estab-
lishing a cylindrical heat-source model. Notably Cui et al. [11] proposed equidistantly dividing
the helical tube into an annular heat source, established a transient annular heat-source model,
and obtained the explicit analytical solution the temperature response by using Green’s function
theory and the pixel method. Based on the theory of an infinite linear heat source, Yang and Shi
[12] and Ang et al. [13] considered the energy loss of circulating water and obtained the vari-
able heat flow linear heat source model of the ground heat exchanger and its analytical solution.
Akrouch et al. [14] established a new model based on the infinitely long hollow cylinder heat
source model. This model assumes that the heat transfer between the entire heat exchanger tube
and the surrounding soil is equal everywhere and reaches equilibrium at a specific time. Thus,
the heat exchange per unit length (heat flux) was calculated. These analysis models are based on
ideal simplifications, which include the medium being uniform. However, they cannot describe
the heat transfer problem of energy piles in complex situations.

To consider the aforementioned problem, Li and Lai [15, 16] regarded the inlet and
outlet branches of U-tubes as two infinite linear heat sources in the composite medium and
established an infinite composite medium linear heat source model. This model is suitable for
predicting the short-term heat transfer problem of underground heat exchangers. Li and Lai [17]
gave several analytical solutions to the heat conduction problems of linear, spiral, and cylin-
drical heat sources in infinite or semi-infinite anisotropic media based on point source theory.
These analytical solutions provide a reference for analyzing the heat conduction of infinite or
semi-infinite anisotropic materials with various heat sources. Luo et al. [18] proposed a new
model for analyzing U-tube ground heat exchangers, which converts the simple and effective
treatment method used for multilayer soil heat transfer into a composite-medium method for
application underground heat exchangers. This model is established by combining the treat-
ment method of non-uniform wall temperature and the analysis model of unsteady ground-heat
transfer underground action. You et al. [19] developed an analytical model for helical coil en-
ergy group piles under seepage conditions by considering different heat flow densities of piles
and the variation of heat flow density with time. Bezyan et al. [20] used FLUENT software to
simulate the heat transfer rate and temperature distribution in the pile foundations of U-type,
W-type, and spiral heat exchangers. Notably, few theoretical models of W-type buried-pipe
energy piles and the heat transfer of energy piles under variable heat flux conditions exist.
Therefore, to better describe the actual heat transfer process of energy piles, it is necessary to
study the heat transfer of W-type buried-pipe energy piles under variable heat flux conditions.

Accordingly, an approximate solution of the finite linear heat source model under
variable heat source conditions is proposed based on the finite linear heat source model and
superposition principle. On this basis, the W-type heat exchanger is divided into multiple seg-
ments. The segmented heat flux-water temperature equations of the energy pile heat exchanger
at different times are derived according to the heat transfer between the circulating water, and
the energy pile and energy loss along the circulating water by leveraging the segmented super-
position concept of the thermal response. Finally, the segmented-superposition heat transfer
model for a variable heat source of a single energy pile is established. This model can obtain
the change in heat flux density with time and accurately determine outlet temperature, which is
convenient for rapidly evaluating the heat transfer efficiency of energy piles.
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Approximate solution of finite linear heat source model of
energy pile under variable heat source condition

During actual operation, the hourly change in building load leads to a dynamic change
in heat exchange between the energy pile and soil. The constant-heat-source model has severe
limitations, making it difficult to determine the specific-heat-source value. Therefore, a more
accurate finite linear-heat-source model is needed for the analysis of long-term operation under
variable heat-source conditions.

Finite linear-heat-source model

To calculate the heat transfer efficiency FFrmrmrrrfrm Ao r e e
of a W-type buried-pipe energy pile, each heat .
exchange tube is usually regarded as a finite lin- \
ear heat source, fig. 1. To obtain the analytical \
solution of the finite linear heat source, Zeng et N
al. [9] made the following assumptions: o .
— The thermophysical parameters of a semi-in-
finite space do not change with temperature.
— A semi-infinite space has a uniform initial
temperature, 7.
— The surface temperature of a semi-infinite
space remains unchanged during heat transfer.
— The linear heat source extends from the sur- *2
face of the semi-infinite space to a certain  Figure 1. Finite linear heat source in a
depth, H, and the heat flux per unit length, semi-infinite space
qs, acts from ¢ = 0 and is a constant.
For a virtual heat source and under the superposition principle, the excess temperature
at any point in the half-space caused by a finite linear heat source:
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where r and z are the radials and vertical co-ordinates of any Point A, respectively, a = A/pc
where a [m?s7'] is the thermal diffusivity of the half-space medium, A [Wm™'K™'] — the thermal
conductivity of the half-space medium, p [kgm=] — the density, and ¢ [Jkg'K™'] — the specific
heat capacity.

Thermal response approximate solution for finite
linear heat source under variable heat source

During actual energy pile operation, the inlet temperature of the heat exchange tube
can usually be regarded as having a constant value 7T},. With the increase or decrease in energy
pile temperature, the temperature difference between the circulating water in the heat exchange
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pipe and the surrounding pile gradually decreases, and the heat exchange efficiency decreases.
Therefore, g, is a time-varying variable g(?).

To consider the change in heat source with time, ¢,(z) can be simplified as a ¢f series
with equal time interval Az, as shown in fig. 2(a), with £ = 1 — N. Therefore, the excess tempera-
ture of any point A(r, z) in the semi-infinite space at time NAz under the action of heat flux ¢,(?)
is presumably caused by a series of equal time intervals gf, as shown in fig. 2(a).

To calculate the excess temperature of any Point A at moment NAz, the heat flux den-
sity ¢ in the period (k — 1)At ~ kAt is considered as an example. According to the superposition
principle, the heat flux density ¢f in this period can be regarded as the superposition of gf that
takes effect at moment kAr and heat flux density of —gf, as shown in fig. 2(b).

a

| —

_qf ,,,,,,,,,,,,,,,,,,,,,,,,,,

(b)

Figure 2. (a) Simplification of change in heat flux density ¢/(f) with time and
(b) superposition diagram of heat flux density ¢} from period (k — 1)At to kAt

According to the superposition principle, the excess temperature of Point A caused by
(k— 1)At ~ kAt acting at time NAz can be expressed as:

9" (r, z, NAT) = qlk [@((N—k+1)AT)—@((N—k)AT)] = qzk [@kaﬂ _@ka] 2)

where O[(N — k)At] is the excess temperature of a finite linear heat source per unit heat flux
that starts to take effect at time KAz (the linear heat source is only distributed in the /,— A, depth
range) at any Point A in the half-space:
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According to the previous analysis, an equal-time-interval heat flux series ¢f acting
from time 7= 0 is superimposed on the excess temperature &(r, z, NAt) generated by Point A at
time NAr to obtain an approximate solution of the excess temperature 8(r, z, NAt) generated by
q/(?) at Point A, which can be expressed:

N
H(r,z,NAr) = 29" (r,z,NAT)
k=1

ﬁ:qlk |:@N—k+1 _ @N—k:| (4)
k=1
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Heat transfer model of W-tube buried-pipe energy pile considering
heat exchange between circulating water and energy pile

Sectional superposition method for heat transfer
of W-type buried energy pile

An energy pile is a new type of ground source heat pump system. Presently, common
buried-pipe energy piles include the single U, double U, W, and spiral types. The W-type bur-
ied-pipe energy pile is shown in fig. 3(a). Notably, it has many engineering applications due to
its simple lay-out.

The buried depth of the pile top and pile bottom of the W-type buried-pipe energy
pile, and the cylindrical co-ordinate system are established with a projection Point O of the pile
center on the ground being assumed as the co-ordinate origin. The positions of the four vertical
heat exchange tubes of the W-type heat exchanger are (7, ¢,) (n =1—4).
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Figure 3. (a) Illustration of a W-tube energy pile and
(b) section partition of a W-tube heat exchanger schematic diagram

When the circulating water flows, its temperature continuously decreases (or increas-
es), and the heat exchange rate of the circulating water and the energy pile body vary at different
positions of the heat exchange tube. The vertical buried-pipe section of a W-type heat exchang-
er can be divided into several sections to consider the difference in heat exchange efficiency
between the circulating water and energy pile, and each vertical pipe is divided into m; sections,
as shown in fig. 3(b). Meanwhile, considering that the length of the adjacent vertical pipe con-
nection section is much smaller than that of the vertical buried-pipe section, the heat exchange
effect between the circulating water and energy pile in the connection section of the pipe-line
can usually be ignored. Accordingly, the heat transfer effect of the W-type heat exchanger can
be regarded as the superposition of the heat transfer effect of each vertical section of the heat
exchange tube, which is defined as the segmented superposition method.

To establish the piecewise superposition heat transfer model of a W-type buried-pipe
energy pile, the following assumptions are made:

— The energy pile and soil around the pile are completely homogeneous mediums, and the
physical parameters of the soil around the pile are used to simplify the calculation.

— Each section of the heat exchange tube can be regarded as a linear heat source of finite
length, and the heat per unit length in this section is uniform.

— Without considering the heat transfer effect of the connecting section between adjacent ver-
tical buried-pipe sections, the circulating water temperature is considered equal at both ends
of the connecting section, as shown in the rectangular frame in fig. 3(b).

According to the segmentation shown in fig. 3(b), for the m-segment of the heat ex-
change tube, 4, is the initial depth of the segment, 4,, is the cut-off depth, and /,, = A,,, — A,
is the vertical segmentation length; the circulating water temperature at the starting point of
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the heat exchange tube is 7'}, ;(7). The circulating water temperature at the cutoff point is 7j;(7),
where T}(7) is the inlet temperature 7%,. The number of heat exchange tube nodes on both sides
of the connecting section is the same, indicating that the circulating water temperature of the
two points is the same, and the circulating water has no heat exchange effect during flow in the
connecting section.

In addition, for the m-segment exchange tube, because the circulating water tem-
perature and pile temperature outside the tube wall change with time, the unit length calo-
rific value ¢, of the heat exchange tube is also a time-varying variable ¢,,(z), which is ap-
proximated using the method detailed in section Thermal response approximate solution
for finite linear heat source under variable heat source. The heat flux density in period
(k — 1)At ~ kAt can be expressed as ¢f,.

According to mentioned section, the excess temperature generated by the m-segment
pile heat exchanger at NAz for any Point A in the half space can be expressed:

N N

k k m,N—k+1 m,N—k

gm(rA’¢AaZA’NAT):ZHm(rA’¢A’ZA’NAT):qum|:@A RENCH ] 5
k=1 k=1

where, 74, ¢4, and z, are the cylindrical co-ordinates of any Point A, 07¥* is the excess tempera-

ture generated by the unit-strength heat source of the m-segment pile foundation heat exchanger

at 7= 0 to any Point A at time (N — k)Az. According to eq. (3), O5*** can be expressed:

S R AR o N N PR R,
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oyt -— | - dh (6)
| Ay St g4 17
Pym = \/(rA cos@ ,—7, COS (pm)2 +(r,sing ,—r, sin ¢m)2 (7)

where 74, is the projection distance between Point A and the m-segment heat exchanger on
the ground, and r,, and ¢, are the radial and axial-angle co-ordinates of the m-segment heat
exchanger.

Because the pile foundation heat exchanger is divided into multiple segments, each
segment will have an excess-temperature effect on any Point A in space. Therefore, the excess
temperature generated by the pile-foundation heat exchanger at Point A can be regarded as the
superposition of the excess temperature 6,, generated by each segment. Considering piecewise
superposition, the excess temperature of any Point A at time NAz can be expressed:

M M N
H(rA,gpA,zA,NAr) = z&m (rA,(pA,zA,NAz') = qu;in [@Z,N—kﬂ _@Z,N—k:l ®)

m=1 m=1 k=1

where M is the total number of heat exchanger segments and M = 4m,.

Equation (8) is the piecewise superposition model for a variable heat source of a
W-type buried-pipe energy pile. If the calorific value ¢}, per unit length of each heat exchange
tube at different times can be solved, and the excess temperature response of any point in the
half-space can be calculated according to the piecewise superposition in eq. (8).
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Single-pile piecewise superposition heat transfer model
considering heat transfer effect of circulating water-energy pile

The underlying principle for establishing the piecewise superposition heat transfer
model for a variable heat source of a single /-type buried-pipe energy pile involves solving the
instantaneous heat generation per unit length of each heat exchange tube. The circulating water
temperature in the heat exchange tube and the temperature outside the tube wall can be calcu-
lated using the thermal resistance method. Accordingly, this section will establish a single-pile
variable-heat-source piecewise-superposition heat transfer model based on the piecewise su-
perposition method of the energy-pile heat transfer considering the heat transfer effect of the
circulating water-energy pile.

Excess temperature of the outer wall of the heat
exchange tube for each heat-exchanger section

To simplify the calculation, it is assumed that the excess temperature of the outer wall
of the heat exchange tube in the i section at time NAz has a mean of 6,,(NAr). The average val-
ue of the excess temperature of the outer wall of the heat exchange tube at different positions
in this section can be taken as ,(NA7), and the average value of the excess temperature from
pa to p; (the first, middle, and last three points of the 7 section) can be approximated:

3
O (NAD) =2 ) 0, (NAD) ©)
=
where 6, (NA7) is the excess temperature at point p; on the outer wall of the heat exchange tube
in the i section at time NAz.

In the segmented superposition method, the average excess temperature NAz of the
outer wall of the heat exchange tube at the i section at time 6,,;,(NA7) can be regarded as a super-
position of the excess outer wall temperature of the 7 section heat exchanger produced by each
segment heat exchanger:

M
O (NAT) =00 (NAT) (10)
m=1
where 6¢(NA7) is the average excess temperature of the outer wall of the heat exchange tube of
the i section heat exchanger caused by the section m heat exchanger at time NAz.
According to egs. (9) and (10), and referring to eq. (8), can be derived:

3 M N
6Y = 6,,(NAT) =%zzzq{§n [@’,’?Nﬁk” —@i','?H] (11)

j=1 m=1 k=1

where @/ is the excess temperature generated by the unit-strength heat source acting on
the outer wall at point p; of the heat exchange tube of the i segment heat exchanger at instant
(N — k)At from the m-segment heat exchanger at instant 7= 0.

Heat exchange between circulating water and
outer wall of heat exchange tube

According to heat conduction theory, the heat transfer between the circulating water
in the heat exchange tube and outer wall of the tube at NAt can be expressed:
7_-1 wN TbN
N _*m m

qlm
RP

(12)
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_ TWN +TWN
Tn:VN — m-—1 m (1 3)
2
T =0) +T, (14)
where TV is the average temperature of the circulating water in the m-section heat exchange
tube at NAz, T4 and T,V are the temperatures of the circulating water at node m — 1 and m at
NAz, TN — the average temperature of the outer wall of the m-segment heat exchange tube at
NAz, T, — the initial temperature, and R, — the heat transfer resistance between the circulating
water and outer wall of the heat exchange tube, which can be expressed:

_ ! In o + ! 15
Ry 2nd, 1 2Rk (15)
e = A Nu (16)

2rP

where 4, and A; [Wm'K'] are the thermal conductivity of the tube wall and circulating water,
respectively, and 7f and »? [m] — the inner and outer wall radii of the heat exchange tube, re-
spectively, and Nu is the should be defined as the Nusselt number and its value given as it is a
constant for laminar flow in circular tubes.

Energy loss in circulating water in the heat exchanger

At instant NAz, the circulating water temperature at the starting node of the m-segment
heat exchanger is 7", and the temperature of the circulating water at the cut-off point is 7,;".
The energy loss in the circulating water in the segment heat exchanger:
N
W, W. mlm
R (17)
Celhy
where ¢; [Jkg'K™'] and m; [kgs™'] are the specific heat capacity and mass-flow rate of the cir-
culating water, respectively, whereas the other parameters are maintained constant.

Segmented heat flux-water temperature equations of single energy pile

The heat flux ¢}, in each segment of the heat exchanger can be calculated through
three processes, namely, heat transfer inside the circulating water in the heat exchanger, heat
transfer between the circulating water and the outer wall of the heat exchange tube, and heat
transfer between the heat exchange tube and energy pile (or surrounding rock and soil).

The piecewise superposition method considers the contribution of each section of the
heat exchanger, the heat transfer between the circulating water in each section, and the heat
exchange tube, and the energy pile is combined to obtain the piecewise heat flux-water tem-
perature equation set of the WW-type buried energy pile at NAz:

AX""=B (N=1,2,3....) (18)

T
X" =lq\ gy - oaqy T DY TV (19)
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where A, A}, and A13 are submatrices of the coefficient matrix, expressed'
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By solving the aforementioned equations, the heat flux ¢, generated by each section
of the W-type buried-pipe energy pile at NAz and the circulating water temperature 7,/~ in the
heat exchange tube can be obtained.

The calculation is sequentially conducted from 1Az until NAz to obtain the heat flux
¢4, (k=1 ~ N) enerated by the heat exchanger in each section during period 1Az ~ NAz. Substi-
tuting the heat flux density ¢4, generated in each segment of the heat exchanger at 1Az — NAt
period into eq. (10) yields the excess temperature of any Point A in the half-space at instance
NArz, which is the segmented superposition heat transfer model for a W-type buried-pipe energy
pile with a variable heat source.

Model validation

To ensure the correctness of the heat transfer model of the W-type buried-pipe energy
pile, the Bezyan numerical model in [22] and the calculation results of the proposed model
are verified using FLUENT software and MATLAB, respectively. Because the pile and soil
parameters in Bezyan ‘s numerical model differ, the soil parameters are taken as the pile—soil
parameters. The soil temperatures perpendicular to the side of the intake pipe at underground
depths of 10 m and 25 m were compared. The model parameters are listed in tab. 1.

Table 1. Parameters of the model

Parameter Parameter

Pile-soil thermal conductivity [Wm'K™'] 1.3 Pile-soil density [kgm™ 1847
Pile-soil heat capacity [Jkg 'K ] 1200 The mass-flow rate of water [kgs™'] 0.095
Inlet temperature [°C] 35 Initial temperature [°C] 18.2
Heat exchanger length [m] 20 Heat exchanger spacing [m] 0.6
Tube inner diameter [mm] 20 Tube outer diameter [mm] 24
Pile top depth [m] 5 Pile bottom depth [m] 25
Tube thermal conductivity [Wm'K™'] 0.42

Figure 4 shows the comparison of the soil temperature of the two models on the side
of the inlet pipe at different depths. For a certain point in the soil, the temperature change trend
obtained using the two methods is the same, and the absolute error does not exceed 0.2 °C.
Therefore, the proposed new model considering the heat exchange effect of circulating wa-
ter-energy pile is reliable.

Results and analysis

Change of water temperature in heat exchanger

In this section, the calculation of circulating fluid temperatures at various locations
within the heat exchanger is undertaken to enhance the representation of heat transfer character-
istics associated with the W-type buried energy pile. The parameters employed for this analysis
remain consistent with those presented in tab. 1. The outcomes are graphically presented in
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Figure 4. The soil temperature of the two models on the side of the inlet pipe at

different depths; (a) z=10 m and (b) z=25m

fig. 5. Notably, the temperature alteration is
more pronounced in proximity to the outlet,
while it is comparatively subdued near the in-
let. Additionally, as time elapses, the extent of
temperature variation progressively diminishes.

Change of heat flow density
in the heat exchanger

In this section, an analysis is conducted
to ascertain the heat transfer characteristics of
the W-type buried energy pile, with a focus on
determining the heat flux density variations at
distinct positions along the heat exchanger. The
parameters utilized for the calculations remain
consistent with those outlined in tab. 1. Figure 6
presents the obtained results. Notably, the graph
illustrates a significant decline in heat flux den-
sity over time. The highest heat flux density is
observed at the inlet, while the first and fourth
sections of the heat exchanger exhibit greater
heat flux density compared to the second and
third sections. Moreover, the heat flux density
at the upper and lower extremities is greater
than the heat flux of the rest of the segment.

Heat exchange analysis
of different mass-flow rate

In this section, mass-flow rates of 0.05
kg/s, 0.1 kg/s, 0.15 kg/s, and 0.2 kg/s are con-
sidered while the other parameters remain un-
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Figure 5. Change of water temperature
in heat exchanger
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Figure 6. Change of heat flow density
in heat exchanger

changed, see tab. 1. The heat exchange per meter and total heat exchange after heat exchange in
the energy piles at the aforementioned mass-flow rates are analyzed, and the results are shown
in fig. 7. The heat transfer per meter increases with the mass-flow rate, and the heat transfer ef-
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ficiency is significantly improved between 0.05 kg/s and 0.15 kg/s. When the mass-flow rate is
greater than 0.15 kg/s, the heat transfer per meter is slightly increased. Therefore, improving the
mass-flow rate of the circulating water can improve the heat transfer efficiency of the energy
pile, and the optimal mass-flow rate range is between 0.05 kg/sand 0.15 kg/s.
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Figure 7. Heat exchange at different mass-flow rates;
(a) heat exchange per meter and (b) total heat exchange
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Heat exchange analysis of different
thermal conductivity

In this section, pile-soil thermal conduc-
tivities of 1 W/mK, 2 W/mK, 3 W/mK, and
4 W/mK are compared, whereas the other pa-
rameters remain unchanged, see tab. 1. This
section analyzes the heat exchange per meter
for energy piles with four pile-soil thermal con-
ductivities, and the results are shown in fig.
8. When the pile-soil thermal conductivity in-
creases from 1-2 W/mK, 3 W/mK, and 4 W/
mkK, the heat transfer efficiency of the energy
pile increases by 61%, 110% and 153%, re-
spectively. Therefore, improving the pile-soil
thermal conductivity is an effective method of
improving the heat transfer efficiency of the en-

ergy pile.

Heat exchange analysis
for different densities

In this section, pile and soil densities of
1600 kg/m?, 1900 kg/m?, 2200 kg/m?, and 2500
kg/m?® were considered, whereas other parame-
ters remained unchanged, tab. 1.. This section
analyzes the heat exchange per meter of the
energy pile under the four density conditions,
and the results are shown in fig. 9. The heat ex-
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change per meter increases with an increase in
density due to the greater density decreasing the
thermal diffusivity, the difficulty of increasing
the concrete temperature, the large difference
between the concrete and pipe water tempera-
ture, and the high rate of heat transfer.

Heat exchange analysis of different
specific heat capacity

In this section, the specific heat capac-
ity of the pile-soil is 737 Jkg/K, 837 Jkg/K,
937 Jkg/K, and 1037 Jkg/K, whereas the other
parameters are maintained constant, see tab. 1.
This section analyzes the heat transfer per meter
of the energy pile under the four specific heat
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Figure 10. Heat exchange per meter for
different pile-soil specific heat capacities

capacities, and the results are shown in fig. 10. The heat transfer per meter increases with the
increase in specific heat capacity. Similar to the density, the large specific heat capacity is due
to the greater density decreasing the thermal diffusivity, the difficulty of increasing the concrete
temperature, the large difference between the concrete and pipe water temperature, and the high

rate of heat transfer.

Conclusions

To better describe the actual heat transfer process of energy pile, this paper establishes
the heat transfer model of W-type buried-pipe energy pile under the condition of variable heat

source.

® In this study, each heat exchange tube in a W-type heat exchanger is regarded as a finite

linear heat source. Under a variable heat flow and applying the Green function theory and
piecewise superposition method based on the heat transfer model of an energy pile, the heat
transfer model of a single W-type energy pile, considering the heat exchange between the
circulating water and energy pile, is obtained. This model can assist in obtaining a time-vary-
ing heat flux and a precise exit temperature, which is useful for quickly assessing the heat
exchange efficiency of the energy pile.

This model is compared with the soil temperature in the literature obtained from a FLUENT
numerical model. Compared with the numerical model, the absolute error between them is
less than 0.2 °C, validating the accuracy of the single-pile variable-heat-source model of the
W-type energy pile established in this study.

In order to better reflect the heat transfer characteristics of the W-type buried energy pile,
this article analyzes the changes in water temperature and heat flux density at different po-
sitions of the heat exchanger. The water temperature inside the W-type heat exchanger also
shows a W-shaped variation. The temperature change is larger on the side closer to the out-
let and smaller on the side closer to the inlet. Moreover, as time increases, the temperature
change gradually decreases. The heat flux density decreases significantly with time. The
highest heat flux density is observed at the inlet, while the first and fourth sections of the
heat exchanger exhibit greater heat flux density compared to the second and third sections.
Moreover, the heat flux density at the upper and lower extremities is greater than the heat
flux of the rest of the segment.
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The heat transfer analysis of the W-type tubular energy pile was conducted using a heat
transfer model to account for variations in the mass-flow rate, pile-soil thermal conductivity,
pile-soil density, and pile-soil specific heat capacity. The heat transfer per meter increases
with an increase in the mass-flow rate, and the optimal mass-flow rate is between 0.05
kg/sand 0.15 kg/s. When the pile-soil thermal conductivity increases from 1-4 W/mK, the
heat transfer efficiency of the energy pile increases by 61%, 110%, and 153%, respectively.
Thus, improving the pile-soil thermal conductivity is an effective method of improving the
heat transfer efficiency of energy piles. Heat transfer per meter increases with the increase
in density and specific heat capacity.
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