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a b s t r a c t

This study presents a novel performance evaluation algorithm for horizontal GCHPs (ground coupled
heat pump systems) that considers rainfall infiltration. The influence of rainfall infiltration on the
thermal characteristics of shallow trenches is examined using infiltration analyses, and then a numerical
analysis study is conducted in order to investigate how rainfall infiltration affects the performance of
HGHEs (horizontal ground heat exchangers). According to the thermal performance test results in un-
saturated ground with a varying thermal conductivity profile, the rainfall infiltration results in a
widening fluid temperature gap between the inlet and outlet, and it increases the thermal efficiency
compared with that without rainfall. Furthermore, in fully saturated ground, groundwater advection has
a positive influence on the performance of the heat exchanger, and the advection effect varies with the
local ground conditions such as hydraulic conductivity and void ratios. In the cooling mode, the free
convection phenomenon occurs in shallow trenches, and this fluid circulation attenuates the ground
temperature increases due to the heat source, which leads to a significantly faster heat steady state.
However, noticeable free convection only occurs if the ground has a high permeability coefficient.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

GCHP (ground coupled heat pump) systems have attracted sig-
nificant attention in recent years due to the trends to increase en-
ergy savings and reduce greenhouse gases that offer important
environmental and economic benefits. These systems utilize the
relatively constant ground temperature as a heat reservoir: a heat
source in winter and a heat sink in summer [1e3]. As a result of the
tremendous amount of complimentary stored energy in the
ground, GCHPs have become one of the most profitable technolo-
gies that guarantees high heat efficiency compared with traditional
heat pump systems. In general, GCHPs can be classified into open
and closed loop systems; the most common type is the closed loop
system that uses vertical borehole GHEs (ground heat exchangers)
because it requires a smaller area and guarantees much higher
energy efficiency [4e6]. However, the high initial installation costs
of the drilling operation that is required for these systems are an
inevitable drawback of vertical borehole GHEs. Thus, HGHEs
: þ82 42 350 7200.
(horizontal ground heat exchangers) offer a viable alternative so-
lution that obtains a good compromise between high efficiency and
low costs [7e9], as long as a large area of land is available. In hor-
izontal GCHPs, high-density synthetic plastic GHEs are horizontally
buried in shallow trenches in order to circulate the fluid that ab-
sorbs heat from the ground or emits heat into the ground. HGHEs
should be installed in the ground where the soil conditions are
favorable for excavation as well as for heat transfer. In agricultural
farms and rural areas, there are sufficient areas for HGHEs; there-
fore, it can be assumed that their implementation would be
preferred in these areas [10].

The primary heat transfer mechanisms of HGHEs involve mul-
tiple processes: heat convection between the circulating fluid and
the pipe, and heat conduction inside the ground. Furthermore, if
the ground is fully saturated, the effects of advection and free
convection might also be considered in the heat transfer mecha-
nism. Thus, there have been extensive investigations on the heat
transfer mechanism that consider various ground conditions. For
example, Mei [11] developed a model that predicts the thermal
behavior of coil-type HGHEs considering the soil freezing effect and
thermal interference, and Therrien et al. [12] developed a unique
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tool, named HydroGeoSphere, that combines fully integrated hy-
drologic/water quality/subsurface flows. Gan et al. [13] conducted
experimental and computational investigations into a GSHP system
that utilizes rainwater as the heat source/sink using a GHE inte-
grated into a water storage tank and the surrounding soil.
Furthermore, Fujii et al. [14] conducted numerical simulations of a
field test in order to evaluate the performance of slinky HGHEs
considering the energy balance at the ground surface. Chong et al.
[15] developed a three-dimensional numerical analysis model and
investigated the thermal performance of slinky HGHEswith various
GHE configurations. Furthermore, Li et al. [16] examined the
groundwater effect on the performance of coil-type HGHEs, which
enabled the establishment of a moving ring source model, and they
analytically solved the temperature response of coil-type HGHEs
using groundwater flows. In numerical analyses, Wu et al. [17]
conducted 3D numerical analyses for slinky HGHEs, and their
performances were compared with that of a straight GHE. More-
over, Congedo et al. [7] conducted simulations on HGHEs using the
CFD (computational fluid dynamics) code Fluent, and they evalu-
ated the system performance through considering different GHE
configurations. Another numerical study [18] investigated the ef-
fect of changing the soil and load parameters, and pipe HSD (hor-
izontal separation distances) on the HGHE performance using
Abaqus/CAE and Matlab codes. More recently, the simulations un-
dertaken by Simms et al. [19] presented the annual performance of
HGHEs in soils with heterogeneous thermal conductivities.

It is clear from the above studies that the thermal characteristics
of the trench have a significant influence on the performance of
HGHEs. However, a significant factor that affects the thermal
characteristics of shallow trenches is rainfall infiltration, which has
rarely been investigated. As seen in Fig. 1, if it rains on the top of a
trench, the wetting depth will be expanded from the subsurface to
the deep soil where the groundwater table exists; furthermore, the
degree of saturation in the trench varies with differences in the
rainfall infiltration. Moreover, it is known that soil saturation is
strongly related to soil thermal conductivity [20e26], which is an
input parameter in the design of HGHEs. Accordingly, the vertical
thermal conductivity variation profile that results from rainfall
infiltration must be considered when evaluating the performance
of horizontal GCHPs. However, although various ground conditions
have been examined in previous studies regarding the heat transfer
mechanism of HGHEs, little attention has been given to the influ-
ence of rainfall infiltration on the thermal characteristics of shallow
Fig. 1. Variation of soil saturation
trenches. Furthermore, the effect of rainfall infiltration on the
performance of HGHEs has not been investigated. Hence, this paper
presents a novel performance evaluation module for horizontal
GCHPs that considers rainfall infiltration.

The algorithm for this module is composed of two submodules:
the first submodule is used for unsaturated ground and the second
submodule is used for fully saturated ground (see Fig. 2). Then, the
output results from each submodule are used as input boundary
conditions for the numerical analysismodel in order to evaluate the
performance of HGHEs. Moreover, if there is a groundwater flow in
the saturated ground, Darcy's law can be applied to the model in
order to consider the groundwater advection effect. Furthermore,
the Boussinesq approximation can successfully be combined with
the Brinkman equation in the model in order to consider the free
convection. Thus, this algorithm has enabled the performance
evaluation of the horizontal GCHPs that considers rainfall infiltra-
tion, and this demonstrates its potential for use in the optimum
operation of GCHPs.
2. Infiltration analysis

2.1. Properties of unsaturated soil

In general, the trench surrounding HGHEs is likely to have an
unsaturated soil condition. Unsaturated soil, which is conceptual-
ized as partially saturated soil, has a variety of different behavioral
characteristics compared with saturated soil [27]. In order to un-
derstand the behavior of unsaturated soil, the SWCC (soil-water
characteristic curve) is an essential soil parameter, and it defines
the relationship between the volumetric water content and soil
suction. As presented in Fig. 3, the SWCC can be classified into three
zones depending on the magnitude of the matric suction: the
capillary fringe zone for suction less than the air entry pressure, the
continuous capillary zone for suction above the air entry pressure
and water content below the residual value, and the residual zone
for water content above the residual value [28,29]. In Fig. 3, the
point jb represents the matric suction at which air first begins to
enter the largest soil pores, and the residual water content (qr) and
saturated water content (qs) are defined as the minimum and
maximum volumetric water content, respectively. Several models
have been proposed for fitting the non-hysteretic SWCC function
using experimental results; some representative models are listed
in Table 1. Among these representative models, the Fredlund and
due to rainfall infiltration.



Fig. 2. Flowchart of performance evaluation module for horizontal GCHPs considering rainfall infiltration.

Fig. 3. A typical soil-water characteristic curve [27].

Table 2
Property database for the SWCCs of weathered granite soil in Korea [36,37].

Area K Gs e qs a n m

Asan 2.50e-07 2.58 0.39 0.28 2.299 1.311 0.2881
Yungi 1.10e-06 2.63 0.48 0.320 17.80 0.513 1.694
Yesan 6.51e-05 2.62 0.38 0.253 3.372 0.89 0.812
Incheon 1.20e-06 2.65 0.79 0.441 72.26 0.9204 2.073

K is the saturated hydraulic conductivity (m/s); Gs is the specific gravity; e is the void
ratio; qs is the saturated water content; and a, n, m are the fitting parameters for
Fredlund and Xing's model.
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Xing model was selected as the most reasonable function that can
reflect the characteristics of weathered granite soil in Korea [35].
The SWCC tests for weathered granite soil in Koreawere conducted
using an SWC-150 Fredlund SWCC device [36e38], and a zone-
based dataset for Fredlund and Xing's fitting parameter was
established as described in Table 2. Based on this table, the SWCCs
Table 1
Soil-water characteristic curve models.

Model Expression

Gardner [30] q ¼ qs=ðajn þ 1Þ
Brooks and Corey [31]

q ¼ qr þ ðqs � qrÞ
�
jb
j

�l
Van Genuchten [32]

q ¼ qr þ ðqs � qrÞ
�

1
1þðajÞn

�m
Williams et al. [33] ln j ¼ aþ b ln q

Fredlund and Xing [34]

q ¼ CðjÞ qs�
ln
�
eþ
�

j

a

�n�	m Cðj

q is the volumetric water content; qs is the saturated water content; qr is the residual wa
corresponding to residual water content; and e is the void ratio of soil.
and their corresponding hydraulic conductivities were fitted as
illustrated in Fig. 4(a) and Fig. 4(b), respectively.

2.2. SEEP/W analyses

The infiltration and redistribution of rainfall in unsaturated soil
depends on the soil moisture conditions, water pressure, and un-
saturated permeability [39]. The governing equation (Eq. (1)) ex-
presses the fundamental concept that the rate of change in the flow
across an elemental volume is equal to the rate of change in the
volumetric water content [40]. In this study, a numerical analysis
for the infiltration of rainfall was conducted using the commercial
finite element code SEEP/W through considering a one-
Parameters

a; n ¼ constant
l ¼ pore size distribution index

a; n; m ¼ constant

a; b ¼ constant

Þ ¼
ln

�
1þ j

jr

�

ln

�
1þ1;000;000

jr

�
a; n; m ¼ constant

ter content; j is the metric suction; jb is the air entry value; jr is the metric suction



Fig. 4. Fitted SWCC for weathered granite soil in Korea: (a) volumetric water content-
matric suction and (b) hydraulic conductivity-matric suction.

Fig. 5. Model domain and boundary conditions.
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dimensional soil column. The progression of the wetting depth in
transient conditions is calculated through iteratively solving Eq. (1)
for pressure heads with given flux boundary and initial pressure
conditions.

v

vx

�
kx
vH
vx

�
þ v

vy

�
ky
vH
vy

�
þ q ¼ mwgw

vH
vt

(1)

where H is the total head (m), kx is the hydraulic conductivity in the
x-direction (m s�1), ky is the hydraulic conductivity in the y-di-
rection (m s�1), q is the applied boundary flux (m3 s�1), t is the time
(s),mw is the slope of the storage curve, and gw is the unit weight of
water (kg m�3).

Fig. 5 illustrates the slope geometry and boundary conditions
used in this study. A 10.5 m deep soil column geometry was con-
structed using a rectangular grid of quadrilateral elements with a
mesh size of 0.15 m. Thus, the geometry consisted of a total of 4141
nodes and 4000 elements. HGHEs are typically installed at shallow
depths (in this case, 1.5 m) from the surface and thus the effect of
multilayers on their thermal performance can be neglected. Hence,
only a homogenous weathered granite soil with a USCS classifica-
tion of SP is considered for the entire depth of the soil column. The
groundwater table is assumed to exist at a depth of 4.5m below the
ground surface, thus apportioning the top material (0e4.5 m) as
unsaturated and the bottom material (4.5e10.5 m) as saturated.
Thus, for the unsaturated soil above the ground water table, the
SWCC and hydraulic conductivity functions (hydraulic conductivity
versus matric suction) for different areas were given as in Fig. 4. For
the soil mass below the ground water table, the saturated values of
the hydraulic conductivity and volumetric water content were
assigned as described in Table 2.

In order to obtain the initial conditions of the homogenous soil
column, a steady state analysis was conducted. The steady state
analysis of the soil columnwas performed for 26 h with a boundary
condition of zero total head (H) at the location of the ground water
table. The steady state analysis executed in SEEP/W provided a
distribution of negative pore-water pressures in the unsaturated
part of the soil above the water table. The range of negative pore-
water pressures from 0 at the location of ground water table
to �40 kPa at the ground surface was used as the initial condition
before the application of the rainfall boundary flux. In the next step,
a transient state analysis was conducted for 25 days. The flux
Fig. 6. Quantitative rainfall estimation methods and rainfall distribution.
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boundary condition was given using the variable rainfall pattern
described in Fig. 6. The rainfall data required for the analysis can be
obtained using radars, satellites, and rain gages. Furthermore, a
pressure head boundary condition of 5.5 m was applied to the
bottom of the soil column.

3. Thermal performance analysis

3.1. Heat transfer equation

In this study, the commercial FE (finite element) code (COMSOL
Multi-Physics [41]) combined with CFD (computational fluid dy-
namics) analyses were used to evaluate the thermal performance of
the HGHEs. The developed FE model solves three-dimensional heat
transfer problems and ultimately calculates the thermal energy of
the HGHEs. The significant heat transfer mechanisms of this model
involve multiple processes including the heat convection between
the circulating fluid and the pipe, and the heat conduction inside
the ground. Furthermore, if the ground is fully saturated, the effect
of the advection and free convection should be considered in the
heat transfer mechanism. Because the soil surrounding HGHEs is
likely to be in an unsaturated condition, the domain is regarded as a
porous medium that can define the three phases of soil (solid,
water, and air). Thus, the governing equation of heat transfer in the
domain, based on Fourier's law, can be expressed as follows:

ðrCÞu
�
vT
vx

þ vT
vy

þ vT
vz

�
� l

 
v2T
vx2

þ v2T
vy2

þ v2T
vz2

!
¼ Q (2)

l ¼
X3
i¼1

ciliði ¼ solid;water; airÞ (3)

where Q indicates the general heat sources (W m�3), T is the
temperature of the porous medium (K) in which the local thermal
equilibrium is assumed [42], and u is the fluid velocity that flows
through the soil voids (m s�1). Furthermore, l is the equivalent
thermal conductivity of the medium (W m�1 K�1), which can be
calculated as the weighted arithmetic mean of the solid, water, and
air phases. ci represents the volumetric fraction of each phase and
can be estimated using Fredlund and Xing's SWCC model (Table 1).
If the residual water content is assumed to be zero, then the degree
of saturation as a function of depth, corresponding to the matric
suction, can be derived as follows:

SðhÞ ¼
�

1
ln
�
eþ ðjðhÞ=aÞn

�m
(4)

Hence, the volume fraction ci is represented according to the
three soil phases, as follows:

csolid ¼ 1� h (5)

cwater ¼ hSðhÞ (6)

cair ¼ hð1� SðhÞÞ (7)

where h denotes the soil porosity. rC is the equivalent volumetric
heat capacity of the porous medium (J K�1 m�3), and it can also be
represented as the sum of the heat capacity of each phase according
to their volume fractions.

rCðhÞ ¼
X3
i¼1

ciðhÞriCiði ¼ soild;water; airÞ (8)
The energy equation for an incompressible fluid flow in a pipe
can be written as in Eq. (9) [43,44]:

rf ApCP
vTf
vt

þ rf ApCPu,VTf ¼ V,


lf APVTf

�
þ 1
2
fD
rAp

2dh
juju2 þ Q

þ Qwall

(9)

where rf is the fluid density (kg m�3), Ap is the pipe cross section
area (m2), Cp represents the specific heat capacity at a constant
pressure (J kg�1 K�1), u is the tangential velocity of the fluid (m s�1),
Tf is the fluid temperature (K), and lf is the fluid thermal conduc-
tivity (W m�1 K�1). Furthermore, ð1=2ÞfDðrAp=2dhÞjuju2 indicates
the friction heat dissipated due to viscosity, in which Churchill's
friction model was used to calculate the coefficient of friction (fD)
[45], and dh is the mean hydraulic diameter (m). Q represents a
general heat source, and Qwall denotes the heat source term that
results from the heat exchange with the surroundings through the
pipe wall. The equation between the pipe flow and heat conduction
of solid mass can be coupled through the following term (Eq. (10)).
This process is schematized in Fig. 7.

Qwall ¼ ðhZÞeff


Text � Tf

�
ðW=mÞ (10)

where Text is the external temperature outside the pipe (K), and
(hZ)eff is the effective hZ, which corresponds to an equivalent
convective heat transfer coefficient, i.e. h (SI unit:Wm�2 K�1)� the
wall perimeter Z (SI unit: m) of the pipe. For a circular tube, the
effective hZ can be denoted as follows:

ðhZÞeff ¼
2p

1
r0hint

þ 1
rNhext

þPN
n¼1

0
B@ln rn

rn�1
ln

1
CA

(11)

where ln is the thermal conductivity (W/m K) of wall n, rn (m) is the
outer radius of wall n, and hint and hext are the film heat transfer
coefficients inside and outside the tube (W m�2 K�1), respectively.

In order to simulate the heat transfer of the HGHEs, a finite
element model (see Fig. 8) was developed with dimensions of
30 � 15 � 5 m (width � height � depth). The pipeline, which ex-
hibits a steep temperature gradient, was modeled using extremely
fine meshes for accurate calculations. However, the surrounding
domain was modeled using normal meshes in order to reduce the
memory size and calculation time. Fig. 9 presents the grid inde-
pendence test results. According to the test results, the outlet
temperature tended to converge toward a constant value when the
number of elements exceeded 70,000. Hence, the domain consisted
of free tetrahedral meshes withmaximum element sizes of 3 m and
minimum sizes of 0.54 m (a total of 70,000 elements). In the
pipeline modeling, a spiral coil-type ground heat exchanger was
used and it was located 1.5 m below the surface. The geometry
details and dimensions of the spiral coil ground heat exchanger are
presented in Table 3. Some studies [7,19] have deduced that the
depth of HGHEs does not have an important function in the system
performance; for example, burying the pipe at least 1.5m below the
surface minimizes the surface effect. Thus, the initial ground tem-
perature in this model maintained constant as 15.0 �C. Further-
more, the temperature boundary condition of the inlet pipelinewas
30 �C; thus, the performance was evaluated in the cooling mode.
The material properties used in the numerical model are presented
in Table 4, with the volumetric flow rate set to 9.7 LPM. Using these
boundary conditions, the thermal performance tests were



Fig. 7. Coupled process between the convective and conductive heat transfers at the heat exchanger wall.

Fig. 8. Finite element model for the heat performance evaluation of HGHEs.

Fig. 9. Results of the grid independent tests.

Table 3
Geometry details and dimensions of the spiral coil ground heat exchanger.

Coil pitch 25 cm
Coil radius 30 cm
Number of coil turns 56
Installed depth from the ground surface 1.5 m

Table 4
Basic thermal properties of the materials used in the numerical analysis model.

Material Thermal conductivity
[W m�1 K�1]

Specific heat capacity
[J kg�1 K�1]

Density
[kg m�3]

Unsaturated soil corresponding
to SWCC

corresponding
to SWCC

corresponding
to SWCC

Fully saturated soil 3.00 1165 2111
aPolybutylene pipe 0.38 525 955
Circulating water 0.57 4200 1000

a Provided by the manufacturer.
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simulated through varying the parameter values, and the heat
energy of each HGHE was evaluated and compared.
3.2. Groundwater advection

Assuming that groundwater flows in fully saturated soil, the
groundwater advection effect should be considered in the numer-
ical model. In general, fluid flows in a porous medium can be rep-
resented using Darcy's law or the Brinkman equation [46,47].
Darcy's law can be used to model a low velocity flow in a medium
where the hydraulic conductivity is very small, for which the
pressure gradient is the major driving force and the flow is pri-
marily influenced by the frictional resistance within the pores.
According to Darcy's law [48e51], the net flux across the face of a
porous surface can be expressed as follows:

V,ðruÞ ¼ 0 (12)
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u ¼ �K
rg

Vp (13)

where u is the Darcy velocity (m s�1), K is the hydraulic conduc-
tivity (m s�1), r denotes the fluid density (kg m�3), g is the local
gravity acceleration (m s�2), and Vp is the difference in the pressure
from the start to the end of the flow line. This study assumes that
the pressure difference (Vp) is caused by the hydraulic gradient, as
depicted in Fig. 8.

The Brinkman equation describes moving fluids in a porous
medium using the kinetic potential from the fluid velocity, pres-
sure, and gravity to drive the flow. This equation extends Darcy's
law to describe the dissipation of kinetic energy via viscous shears,
which is similar to the Navier-Stokes equation.

0 ¼ V,
h
� pþ m

h
ðVuþ ðVuÞT � 2m

3h
ðVuÞ

i
� �mk�1uþ F (14)

rVu ¼ 0 (15)

where p is the pressure (Pa), m is the dynamic viscosity of the fluid
(kg m�1 s�1), h represents the soil porosity, k is the permeability
tensor of the porous medium (m2), u is the fluid velocity (m s�1),
and r denotes the fluid density (kg m�3). Furthermore, the influ-
ence of gravity and other volume forces can be considered using the
force term F (kg m�2 s�2).
3.3. Free convection

In horizontal GCHPs with multiple heat transfer mechanisms,
free convection facilitates a greater heat transfer in the ground and
therefore has an important function in the system performance. In
general, free convection is induced by buoyancy forces, which
result from differences in density. Although there are several ways
inwhich a density gradient might arise in a fluid, themost common
case results from the presence of a temperature gradient [43]. It is
known that the density of fluids depends on temperature and that
they generally decreasewith an increasing temperature (vr=vT <0).
As depicted in Fig.10, in the coolingmode, free convection occurs in
shallow trenches as a result of the unstable fluid circulation that
Fig. 10. Free convection phenomenon inside the tr
results from the temperature variation occurring in the upper part
of the heat source. Furthermore, in the lower part of the heat
source, the heat transfer occurs as a result of conduction. In
contrast, in the heating mode, free convection occurs in deep
trenches as a result of the unstable fluid circulation due to tem-
perature variations occurring in the lower part of the heat sink. In
the upper part of the heat sink, the ground's heat conditions are
stable, and the heat transfer occurs via conduction. Thus, if it is
assumed that only gravity contributes to the buoyancy force, the
volume force can be expressed as follows:

F ¼ vp
vz

¼ �gDr (16)

where g is the local gravity acceleration (m s�2). Furthermore, if the
density variations only result from the temperature variations, the
buoyancy force term can be related to the fluid property known as
the volumetric thermal expansion coefficient:

b ¼ �1
r

�
vr

vT

�
¼ �1

r

Dr

DT
(17)

where b is the volumetric thermal expansion coefficient. Accord-
ingly, the volume force term in Eq. (16) becomes:

F ¼ grbDT (18)

This simplification is known as the Boussinesq approximation
[43,52]; it assumes that variations in density do not affect the flow
field, except that they cause buoyancy forces. By substituting this
volume force term into Eq. (14), the Brinkman equation can now
consider the buoyancy force caused by the temperature difference,
as follows:

0¼V,

�
�pþm

h
ðVuþðVuÞT �2m

3h
ðVuÞ

�
��mk�1uþgrb

�
Tf �T


(19)

where Tf is the temperature corresponding to the heat source or
heat sink (K), and T is the medium temperature around the heat
source (K).
ench between the cooling and heating modes.
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4. Results and discussion

4.1. Thermal performance evaluation in unsaturated ground

Fig. 11 presents the thermal property variations of unsaturated
ground that resulted from rainfall infiltration in the Asan area. As
depicted in Fig. 11(a), the vertical pore-water pressure profile can
be obtained from the infiltration analysis. At the beginning of the
rainfall, the negative pore-water pressure began to increase from
the top layer, and it was almost dissipated after 47 h; at this point,
the ground had positive pore-water pressures at all depths due to
the rainfall. This pore-water pressure profile can be converted into
a volumetric water content profile (Fig. 11(b)) using the SWCC.
Furthermore, if the void ratio of soil is given, the saturation varia-
tion can be represented using Eq. (4), as seen in Fig. 11(c). As
described in Table 5, some empirical models can depict the rela-
tionship between the degree of saturation and soil thermal con-
ductivity. This study used Park et al.’s model, which is appropriate
for weathered granite soil, and the thermal conductivity profile is
presented in Fig. 11(d). Here, the saturated thermal conductivity
value (ls) was measured using TP 08 probe equipment [57], which
uses the non-steady state method [58,59]. The final results
demonstrate that the thermal conductivity varied with depth and
elapsed time during the rainfall; hence, this varying thermal con-
ductivity profile could be used as input data when conducting
thermal performance simulations.

Fig. 12 presents the results of the thermal performance test in an
unsaturated condition based on the varying thermal conductivity
profile. As depicted in the figure, the rainfall infiltration resulted in
awidening fluid temperature gap between the inlet and outlet, and
it increased the thermal efficiency compared with the situation
without rainfall. The higher heat efficiency found in the rainfall
periodmight result from the increase in the thermal conductivity in
the ground (see Fig. 11(d)). Furthermore, the gap between the two
(with rainfall and without rainfall) varied according to the
Fig. 11. Thermal property variations of unsaturated
characteristics of the soil, which implies that the soil porosity and
SWCC affect the performance through heat conduction in unsatu-
rated ground conditions.

4.2. Thermal performance evaluation in fully saturated ground

The duration of the fully saturated condition in a trench due to
rainfall could be an important factor in thermal performance
evaluations. In the numerical analysis for fully saturated ground,
the saturated thermal conductivity was applied to the entire me-
dium because the ground water table moves up to the surface at
this stage. Fig. 13 presents the results of the infiltration analysis
according to the regional groups from Table 2. In the Asan area, for
example, the saturation process began when the rainfall occurred,
and it reached the fully saturated condition after approximately
48 h (ts ¼ 48 h); later, the desaturation process started after the
rainfall stopped (td ¼ 74 h). The ts and td values varied according to
different areas because they were influenced by the regional soil
characteristics. Accordingly, the duration of the fully saturated
condition, which can be represented as tdets, also varied with the
region. The duration is important in the thermal performance
evaluation because convection and conduction might occur
simultaneously in the fully saturated condition, which facilitates
higher heat efficiency. In this analysis, the Asan area exhibited the
longest duration of fully saturated behavior, while the Yungi area
exhibited the shortest duration of fully saturated behavior among
the four regions. This finding implies that the local ground condi-
tions affect the performance of the heat exchanger due to heat
convection, even when the same rainfall occurs.

4.3. Effect of groundwater advection and free convection

There is a positive relationship between the groundwater
advection velocity and the performance of HGHEs. As seen in
Fig. 14(a), as the advection velocity increased, the heat energy also
ground by rainfall infiltration in the Asan area.



Table 5
Thermal conductivity prediction models.

Model Prediction formula Remark

Johansen [53] l ¼ ðlsat � ldryÞ,ð0:7 log Sþ 1:0Þ;
where lsat ¼ l1�n

sp lnw ; ldry ¼ ð0:137rd þ 64:7Þ=ð2700� 0:947rdÞ±20%
rd in kg/m3

Côt�e and Konrad [54] l ¼ ðlsat � ldryÞ,½kS=ð1þ ðk� 1ÞSÞ� þ ldry;

where k ¼ empirical parameter; ldry ¼ c10�hn

c ¼ 0:75 for soil; h ¼ particle shape parameter; n ¼ porosity

Coarse-fine grained soil

Lu et al. [55] l ¼ ðlsat � ldryÞ,ðexpfa½1� Sa�1:33�gÞ;
where a ¼ 0:96 for coarse soil; ldry ¼ �0:56hþ 0:51; h ¼ porosity

Coarse grained soil

Park et al. [56] l ¼ ldry þ ðlsat � ldryÞ,Ke

Ke ¼
�
1� 1

½ð1þ ðaSÞm�1�1=m

���
1� 1

½ð1þ ða,100Þm�1�1=m

�
; 0 � S � 100

where a; m is curve fitting parameter

Weathered granite soil

S is the degree of saturation; lsp is the thermal conductivity of soil particle; and lw is the thermal conductivity of water (¼0.57 W m�1 K�1).

Fig. 12. Thermal performance evaluation considering the rainfall effect in unsaturated conditions.

Fig. 13. Results of the infiltration analysis according to the regional groups.
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increased. This results from the groundwater advection attenuating
the ground temperature increase due to the heat source compared
with the situationwithout groundwater advection. The attenuation
of the ground temperature increase causes greater heat transfer
between the heat source and the ground; consequently, it has a
positive influence on the performance of the heat exchanger.
Meanwhile, the effect of the groundwater advection also varies
with the local ground conditions, such as the hydraulic conductivity
and void ratio. In general, the hydraulic conductivity and void ratio
are not directly related, but they have an indirect relationship
through other variables. According to Amer and Awad [60], the
hydraulic conductivity can be represented as an empirical function
of the following variables:

K ¼ rg
m
C1D

2:32
10 C0:6

u
e3

1þ e
(20)

where Cu is a uniformity coefficient, D10 is the effective size, e is the
void ratio, and C1 is a constant. As a result of the local ground
conditions, grounds with identical void ratios could have different
hydraulic conductivities, and grounds with identical hydraulic
conductivities could have different void ratios. Thus, this study



Fig. 14. Effect of groundwater advection on the performance of HGHEs.
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independently investigated the effects of these two variables on the
heat performance.

In the Incheon area, the effect of the groundwater advectionwas
prominent compared with that of Yungi, as seen in Fig. 14(b). As
described in Table 2, although their hydraulic conductivity values
were similar, the void ratio values differed significantly. These
findings indicate that the higher void ratio appeared to be effective
in heat performance due to the groundwater advection. In contrast,
the Asan and Yesan areas with similar void ratios exhibited
different performances in the heat exchanger due to their varia-
tions in hydraulic conductivities. Although the differences were
Fig. 15. Effect of free convection on the performance of HGHEs.
slight, it is considered that the higher hydraulic conductivity might
have a positive effect on the heat performance due to the
groundwater advection.

The attenuation of the ground temperature increase due to the
heat source could also occur due to free convection. Fig. 15 presents
the cross-sections of the trench according to the existence of free
convection. As mentioned in the previous section, in the cooling
mode, the free convection phenomenon occurred in shallow
trenches because the unstable fluid circulation that results from the
temperature variations occurred in the upper part of the heat
source. This fluid circulation attenuated the ground temperature
increase due to the heat source, and it led to a significantly faster
heat steady state.

However, the free convection phenomenon does not always
occur because the ground is fully saturated. Fig. 16 illustrates the
ground temperature increase in the vicinity of the heat exchanger
considering free convection: the thermal equilibrium due to the
circulation only occurred in the ground where the permeability
value was large. In contrast, if the permeability coefficient of the
ground decreases, the effect of free convection weakens. As seen in
Fig. 17, as the permeability coefficient decreases, the heat perfor-
mance approaches a situationwithout free convection. It is thought
that noticeable free convection might occur when the ground has a
permeability coefficient greater than 1E-10 m2. However, if the
ground has a permeability coefficient of less than 1E-10 m2, the
heat performance appeared to be the same as that without free
convection.

5. Conclusion and summary

The vertical thermal conductivity variation profile that results
from rainfall infiltration must be considered when evaluating the
performance of horizontal GCHPs. This study proposed a novel
performance evaluation algorithm for horizontal GCHPs that con-
siders the rainfall infiltration. The influence of rainfall infiltration
on thermal characteristics of shallow trenches was examined using
an infiltration analysis model implemented in SEEP/W, and then a
numerical analysis was conducted in order to investigate how the
rainfall infiltration affected the performance of the HGHEs. The
SWCC test results for weathered granite soils in Korea were used in
the infiltration analysis, and their output results were used as an
input boundary condition for the numerical analysis model in order
to evaluate the performance of the HGHEs. Furthermore, for a fully
saturated groundwhere a groundwater flow exists, Darcy's lawwas
Fig. 16. Free convection and ground temperature increases around the heat exchanger.



Fig. 17. Relationship between the free convection effect and permeability coefficient.
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applied to the numerical analysis model in order to consider the
groundwater advection effect, and the Brinkman equation and
Boussinesq approximation were integrated in the numerical anal-
ysis model in order to consider the free convection. Thus, the per-
formance evaluation of the horizontal GCHPs considering the
rainfall infiltration has been enabled using this algorithm. Themain
conclusions drawn from these numerical studies are summarized
as follows.

1. Based on the infiltration analysis, the thermal conductivity of
soil varies with depth and elapsed time during rainfall; hence, a
varying thermal conductivity profile can be used as input data
when conducting thermal performance simulations.

2. In the thermal performance test of unsaturated conditions
based on a varying thermal conductivity profile, rainfall resulted
in a widening fluid temperature gap between the inlet and
outlet, and it increased the thermal efficiency compared with
the situation without rainfall. The higher heat efficiency found
in the rainfall period might result from the increase of the
thermal conductivity in the ground. This result implies that the
rainfall infiltration might influence the design length of HGHEs.

3. Groundwater advection attenuates the ground temperature in-
creases due to the heat source, and it creates a larger heat
transfer between the heat source and the ground; consequently,
it has a positive influence on the performance of the heat
exchanger. Furthermore, the effect of groundwater advection
varies with the local ground conditions, such as hydraulic con-
ductivity and void ratio: higher void ratio and hydraulic con-
ductivity make a greater heat advection.

4. In the cooling mode, the free convection phenomenon occurred
in shallow trenches. This fluid circulation attenuated the ground
temperature increases due to the heat source and led to a faster
heat steady state. However, the free convection phenomenon
did not occur only because the ground was fully saturated.
Noticeable free convection tends to occur when the ground has
a high permeability coefficient; if the ground has a low
permeability coefficient, the heat performance appeared to be
the same as that without free convection.
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Nomenclature
Symbol

Ap: pipe cross section area (m2)
Cp: specific heat capacity (J kg�1 K�1)
Cu: uniformity coefficient
D10: effective size
dh: mean hydraulic diameter (m)
e: void ratio
fD: coefficient of friction
G: specific gravity
g: local gravity acceleration (m s�2)
H: total head (m)
hZ: equivalent convective heat transfer coefficient
hint: film heat transfer coefficients inside the tube (W m�2 K�1)
hext: film heat transfer coefficients outside the tube (W m�2 K�1)
K: hydraulic conductivity (m s�1)
kx: hydraulic conductivity in the x-direction (m s�1)
ky: hydraulic conductivity in the y-direction (m s�1)
mw: slope of the storage curve
p: pressure (Pa)
Q: general heat sources (W m�3)
q: applied boundary flux (m3 s�1)
rn: outer radius of wall n (m)
S: degree of saturation
T: temperature (K)
Text: external temperature outside the pipe (K)
Tf: fluid temperature (K)
t: time (s)
u: fluid velocity (m s�1)

Greek letters

b: volumetric thermal expansion coefficient
gw: unit weight of water (kg m�3)
k: permeability tensor of the porous medium (m2)
r: density (kg m�3)
rf: fluid density (kg m�3)
rC: equivalent volumetric heat capacity (J K�1 m�3)
l: equivalent thermal conductivity (W m�1 K�1)
lf: fluid thermal conductivity (W m�1 K�1)
ln: thermal conductivity of wall n (W/m K)
lsp: thermal conductivity of soil particle (W/m K)
lw: thermal conductivity of water (W/m K)
ci: volumetric fraction
h: soil porosity
m: dynamic viscosity of the fluid (kg m�1 s�1)
q: volumetric water content
qs: saturated water content
qr: residual water content
j: metric suction
jb: air entry value
jr: metric suction corresponding to residual water content
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