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This study uses Ansys Fluent to compare the thermal performance of series and parallel earth air heat exchanger
(EAHE) systems for cooling. The model was validated using experimental data from published literature and
matched simulation results. The sensitivity study examined how length, diameter, and ground surface coverings
affected EAHE performance. The relationship between effectiveness and the Number Transfer Unit (NTU) of
EAHE was explored along with the soil thermal regime. The simulation results show that the series EAHE can
achieve a lower temperature drop than parallel. With an input air temperature of 32 °C and EAHE lengths
varying from 10 m to 50 m (in 10 m increments), the 50 m EAHE produced the lowest outlet air temperatures:
27.2 °C for the series configuration and 28.8 °C for the parallel arrangement. Changing the EAHE diameter (4-6
in) results in a +0.2 °C outlet air temperature drop for both setups. EAHE performed best under short grass soil
cover, yielding 1.4 °C and 0.5 °C lower outlet air temperatures, for series and parallel arrangements than the
asphalt cover. The pressure drop increased proportionally with EAHE’s length. Simulation results indicate a +6
times larger pressure loss in the series design compared to the parallel setup. The effectiveness-NTU relationship
shows that parallel EAHEs are 15 % more effective than series ones.

EAHE is a basic heating/cooling technique that uses a relatively
consistent ground temperature rather than the surrounding air to pro-

1. Introduction

Buildings use a significant amount of energy, accounting for around
40 % of global energy consumption. The majority of the energy used in
buildings is for heating, ventilation, and air conditioning (HVAC) [1].
Heat pumps/air conditioning systems that operate on a vapor
compression cycle are now used to offer indoor thermal comfort for
inhabitants. These heating/cooling systems use a lot of energy (pri-
marily for the compressor), which adds to the operating costs. Other
low-energy cooling/heating methods, such as Maisotsenko cycle indi-
rect evaporative cooling [2] and earth air heat exchanger (EAHE)
cooling/heating systems have been introduced [3-7].

* Corresponding author.
** Corresponding author.

vide heating (in winter) and cooling (in summer). EAHE is a reasonably
simple system that circulates ambient air via a buried PVC pipe to ex-
change heat with the surrounding soil to produce indoor heating or
cooling. To offer indoor cooling, ambient air that is warmer than the
ground temperature is pumped through the PVC pipe, releasing heat to
the surrounding earth. The temperature of the circulated air reduces
several degrees Celsius as a result of the heat transfer process [8].

The effectiveness of EAHE systems has been assessed under a variety
of circumstances using parametric analysis [9-12]. The impact of a few
design parameters (pipe diameter, input condition, pipe length, and
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outlet condition) on the overall functionality of the EAHE system has
been examined numerically in a study presented by Hasan et al. [13]. To
assess the effectiveness of the chosen cooling system, the following
metrics are utilised: return period, overall power savings, power con-
servation, and cost reduction. Also, the impact of a few design param-
eters (pipe diameter, input condition, pipe length, and outlet condition)
on the overall functionality of the EAHE system has been examined
numerically [14]. A new modelling tool, an examination of parametric
influence, and an optimising criterion were all created by Li et al. [15].
In this work, a 1D-2D hybrid transient numerical model was constructed
by incorporating into the earth domain a pair of 1D implicit
convection-diffusion models and several 2D explicit diffusion models.
The output temperature, humidity, and yearly cooling/heating capacity
of the EAHE were considered when analysing its thermal performance.

The study of multi-pipe EAHE has been studied by several re-
searchers [16-20]. Qi et al. [20] presented an empirical model of
multi-pipe parallel EAHE that was validated using experimental data.
The airflow uniformity coefficient and integrated evaluation factor were
introduced to assess the uniformity and thermal performance of EAHE.
In addition, a comparison was made regarding the impact of structural
characteristics on the thermal efficiency of EAHE. These parameters
encompassed the distance between pipes, the depth of pipes, and the
angle of the branch pipe at which the airflow enters. The findings
indicated that the heat exchange rate was maximized and the air
dispersion was more evenly distributed when the spacing between pipes
and the depth of pipes were set at 1.2 m and 3 m, respectively.

The taguchi method has been applied in the optimisation of EAHE
[21-23]. Qi et al. [21] optimised the multi-pipe EAHE for usage in
greenhouses and other environments with high relative humidity using
the Taguchi approach. After building a full-scale model of a greenhouse,
they tested it out using real-time monitoring data to confirm its tem-
perature conditions. To assess their combined efficacy, EAHE parame-
ters underwent multivariate analysis. The greenhouse was subsequently
equipped with the most effective mix of designs. According to the re-
sults, the inlet air temperature had the greatest impact on the EAHE
system’s integrated performance, accounting for 45.2 % of the total. The
input air velocity came next at 22 % while the pipe diameter came in at
18.4 %.

The current literature [1-23] has examined the latest developments
in EAHE research. Nevertheless, there has not been a thorough investi-
gation comparing the thermal performance of series and parallel EAHE
systems in the tropical climate of Banda Aceh, Indonesia. This study
aims to investigate the thermal performance comparison between series
and parallel EAHE configurations using computational fluid dynamics
(CFD) simulation in the tropical climate of Banda Aceh, Indonesia. The
study considers the impact of EAHE pipe length, diameter, and ground
surface cover. Furthermore, the study also examines the soil’s thermal
behaviour near the EAHE and the correlation between EAHE effective-
ness and the Number of Transfer Units (NTU).

2. Soil thermal characteristics and simulation method
2.1. Soil temperature and thermo-physical properties

Soil temperature on the earth’s surface is influenced by a number of
factors, such as solar radiation, air temperature, rainfall, soil type, soil
surface, etc. Soil temperature fluctuations decrease rapidly with
increasing depth and become negligible at 3-5 m depth. At this depth,
the soil temperature remains nearly constant all year round. This un-
disturbed soil temperature is lower than the ambient air temperature in
summer and higher during winter [24-26]. This low-enthalpy
geothermal energy can be harnessed for space cooling and heating ap-
plications using EAHE. When installing the EAHE, it is necessary to
determine the subsurface temperature. Kusuda and Achenbach [27]
provide an empirical relationship to calculate the subsoil temperature at
each location, time, and depth as:
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Similarly, Derbel and Kanoun [28] developed a correlation to
calculate the underground temperature as:
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Several studies have shown that daily and annual variations in soil
temperature do not penetrate deeper than 0.5 m and 4.0 m, respectively.
Popiel et al. [29] compared variations in soil temperature with depth on
bare and grass-covered surfaces. It was observed that during summer,
the underground temperature at 1 m depth was 4 °C higher on the bare
surface compared to the grass-covered surface [30]. In addition, Sanusi
et al. [31] found maximum soil temperatures of 28.6 °C, 28.5 °C, and
28.3 °C in the rainy season and 30.1 °C, 30.2 °C, and 30.3 °C in the
summer in depths of 1.5 m, 1.0 m, and 0.5 m, respectively, under the hot
and humid climate of the Malaysian area. It is also reported that the
pipes at a depth of 1 m from the ground surface are the most economical
for EAHE systems. Wu et al. [32] evaluated the thermal performance of
an EAHE system considering pipes at 1.6 m and 3.2 m depth for summer
cooling operations. The examination revealed that the air temperature
was lower at a depth of 3.2 m (ranging from 25.7 °C to 30.7 °C) than at a
depth of 1.6 m (ranging from 27.2 °C to 31.7 °C). Generally, the cool-
ing/heating potential of EAHE systems increases with installation depth.
After reaching a certain depth, EAHE systems do not show a substantial
performance improvement. In addition, the trenching costs increase
with pipe depth. The rate of heat transfer and the distribution pattern of
temperatures in the soil domain adjacent to EAHE are directly impacted
by the thermophysical characteristics of the soil. Lekhal et al. [33]
summarises several thermal properties of soil as shown in Table 1.

2.2. Albedo

Albedo is a quantity that describes the ratio between sunlight
arriving at the surface of the earth and being reflected into space with a
change in wavelength (outgoing longwave radiation). The difference in
wavelength between the incoming and the reflected can be related to
how much solar energy is absorbed by the earth’s surface. A solid surface
gives a greater albedo value than a soft surface. In general, urban areas
have a greater albedo value than agricultural or forestry areas, so “hot
islands” are always a serious case in urban areas. Yilrnaz et al. [34]
studied the temperature differences between concrete surfaces, asphalt,
ground surfaces, and grassy surfaces in Erzurum City in Turkey, and they
reported an average temperature difference of 6.5 °C between asphalt
and soil, 5.3 °C between soil and grass, and 11.8 °C between asphalt and
grass surfaces. The same modelling procedure as above was applied by
Fuji et al. [35] to calculate the heat transfer in soil and pipes. As the
initial condition of the numerical model, the soil temperature measured
at the test site was entered for each layer. All peripheral and lower limits
were defined as constant temperatures concerning the measured values.
In addition, the energy balance was considered at the soil surface using
Equation (3) and the temperature distribution was calculated in the

Table 1
The thermophysical properties of the typical soil [33].

Type of soil Conductivity W/(mK) density Heat Capacity J/(kgK)
kg/m>

Muddy clay 1.5 1530 920

sandy 0.9 1780 1390

Muddy sand 2.6 970 1518
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shallow soil.
Q:Rsal + Rsky - stf - stf - stf (3)

The calculation of the energy balance at the ground surface can be
simplified using soil-air temperature (SAT) as shown in Equation (4).
SAT =0, + ! (@)

- ao((1 — as)J — eJen

The albedo value, ay, for bare soil is equal to 0.3. The longwave
emissivity, denoted as ¢, is 0.9, which is a typical value for soil. The
overall heat transfer coefficient, ay, is the combination of the convective
heat transfer coefficient, a., and the radiative heat transfer coefficient,
a,. The value of q, is given that corresponds to 5.1 W/(m?K). The value
of a. is determined using the Jiirges equation based on the wind speed, v
(m/s), as:

a,=58+39v(v<5m/s) %)

ac=7.1v"% (v>5m/s) (6)

Effective emission, Jey, is calculated using Equation (7) as:

Ja=0 (273.16 +6,)° (0.474 + 0.076f1/2) @

where ¢ and f are the Stefan-Boltzmann constant (= 5.67 x 10’8# /K)

and the water vapor pressure (mmHg) above the soil surface,
respectively.

2.3. The Effectiveness-NTU of EAHE

Bergman et al. [36] reported that effectiveness is the ratio of the
actual heat transfer rate of the heat exchanger to the maximum possible
heat transfer rate. The effectiveness equation is expressed as:

e=—1 (€©))

NTU stands for Number of Transfer Units, which is a dimensionless
parameter used widely in heat exchanger analysis. NTU is defined as the
number of transfer units. Incropera also provides an equation regarding
NTU:

UA

min

NTU =

9

where U is the overall heat transfer coefficient. U is defined as the total
resistance experienced as heat that is transferred between substances,
and A is the surface area (m). The relationship between effectiveness and
NTU can be seen in Equation (10) by Yusof et al. [1]:

=1 ¢ (10)

where ¢ is the effectiveness of the heat exchanger. Equation (10) can be
rearranged and presented as:

e=1 — eUAs / marcp an

2.4. Governing equations for computational fluid dynamics

The fundamental equations for fluid flow and heat transfer are
generally governed by the three conservation laws, namely the equa-
tions of continuity, conservation of momentum, and conservation of
energy, which are shown as follows [37]:

Continuity equation:
ou ov ow

&+5+g:0 (12)

The x-momentum equation:
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From Equations 12-16, u, v, and w are the velocities of the components
in the x, y, and z directions. P and T are the pressure and temperature
respectively, 9 is the kinematic viscosity, and «a is the thermal diffusivity.

2.5. Geometry of EAHE

The EAHE pipes’ geometry was generated using Autodesk Inventor
software and subsequently exported to the design modeler in ANSYS
software. In this study, the geometry of EAHE consists of a sequence in
series and parallel where the working fluid (air) circulates and the soil
serves as a heat sink. The EAHE pipe is made of polyvinyl chloride (PVC)
and its dimensions (in mm units) are presented in Fig. 1. The figure il-
lustrates that the EAHE has a burial depth of 2000 mm and a span be-
tween the pipes of 1000 mm. The computational domain of EAHE is
illustrated in Fig. 2. The Boolean tool was used to combine the pipe and
soil domains to obtain the results of a pipe embedded in the ground, as
shown in Fig. 2.

2.6. Meshing and material properties

The tetrahedron mesh was used to discretise both EAHE and the soil
domain, as illustrated in Fig. 3. Following the completion of meshing,
the next step involves the identification of geometric areas that include
inlet, outlet, air domain, soil, and surface as shown in Fig. 4. Table 2
shows the material properties used in the simulation.

2.7. Initial and boundary conditions

The initial condition of the soil and EAHE was set to 25 °C. In
addition, different boundary conditions were applied to the computa-
tional domain of EAHE. The inlet air temperature and the boundary
condition for the soil domain were set based on the climate and
geological conditions in Banda Aceh, Indonesia. The constant soil tem-
perature (25 °C) was applied on the lateral and bottom sides of the soil
domain. The soil surface was assumed to be bare soil, and its tempera-
ture was determined by using Equation (4), which corresponds to
32.1 °C. The temperature and mass flow rate of the air, namely 32 °C and
0.04 kg/s, respectively, were set for the inlet boundary of EAHE. While
an outflow boundary condition was applied for the outlet of EAHE. The
heat transfer was coupled at the EAHE pipe-soil interface. In addition,
no-slip conditions for velocity were applied at the EAHE pipe surface,
and the standard K-epsilon model was applied in the simulation. The
boundary conditions used for the EAHE simulation are summarised in
Table 3.

To ensure computational feasibility, several key assumptions were
made.
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Fig. 1. Geometry of EAHE: (a) series arrangement; (b) parallel arrangement.

iii.
iv.
. A three-dimensional model of EAHE is assumed to be in steady
vi.
vii.

Fig. 2. Computational domain of EAHE.

. The air’s physical properties, such as density and specific heat

capacity, were considered constant during the simulation because
the system experienced a narrow temperature range.

. The air temperature and velocity at the inlet were assumed to be

constant and uniform.

The surrounding soil was represented as a homogenous, isotropic
material.

The soil maintains constant physical properties and temperature.

state.
The soil is rigid and completely in contact with the EAHE pipe.
No slip boundary condition at the pipe’s wall of EAHE.

3. Mesh sensitivity analysis

The number of mesh elements depends on the element size. As the
size of the element increases, the number of elements decreases, and vice
versa. The size of the elements must be reduced for good-quality
computational fluid dynamic results. At certain element sizes, the
resulting quality will improve due to size reduction. Table 4 shows the
value of the meshing size and the number of grid elements to the esti-
mated outlet air temperature of EAHE. Fig. 5 illustrates the profile of
EAHE’s outlet air temperature under various mesh’s number of ele-
ments. The findings demonstrate that there is no significant difference in
EAHE’s outlet air temperature due to variations in the number of ele-
ments. Thus, it can be concluded that the mesh size has acceptable
quality. At the number of elements of 980385, it was found that the
outlet air temperature of the EAHE is 29.6 °C.

4. Model validation

In this study, model validation is limited to the series EAHE
arrangement. This is regarded as sufficient because both series and
parallel types of EAHE have identical boundary conditions, thermal
characteristics, and assumptions, except for their arrangement. The
simulation results were validated using experimental data conducted by
Manik et al. [38]. Table 5 shows the specifications of the EAHE used for
validation. The material properties for validation of EAHE are illustrated
in Table 6.

Table 7 compares the simulation and Manik et al.‘s work at three
different recording times, namely 12:00 a.m., 1:00 p.m., and 2:00 p.m.
The average error in outlet air temperature was found to be 0.93 %. It is
clear from the table that the comparison of the experimental and
simulated outlet air temperature (T, results shows satisfactory find-
ings. Thus, it can be said that the simulation model used in this study is
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Fig. 3. The mesh of EAHE.

5,250

Fig. 4. EAHE name selection.

Table 2

Material properties of EAHE.
Material ~ Density kg/ Specific Heat J/ Thermal Conductivity W/

m® (kgK) (mK)

Soil 2000 1489 1
PVC 1400 1005 0.19
Air 1.225 1006.43 0.0242

Table 3

The boundary conditions.
Boundary Conditions Setup Value
Inlet Mass flow rate 0.04 kg/s

Temperature 32°C

Outlet Outflow -
EAHE’s inner pipe surface No slip -
Upper surface of soil Temperature 32.1 °C (for bare soil)
Lower surface of soil Temperature 25°C
Lateral surface of soil Temperature 25°C

Table 4

Mesh sensitivity on outlet air temperature of EAHE.
Element size on the Element size on the Number of Tout
ground (m) pipe (m) Elements Q)
0.1 0.001 3103337 29.633
0.15 0.002 1008843 29.655
0.2 0.003 980385 29.655
0.25 0.004 963706 29.658
0.3 0.005 962324 29.652

30.0

29.8

29.6

29.4

TEMPERATURE OUT (°C)

29.2

29.0

2929765

3103337 1008843
NUMBER OF ELEMENTS
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963706 962324

Fig. 5. Effect of the number of elements on the EAHE’s outlet air temperature.

Table 5

EAHE specifications for validation.
Technical parameters Remarks
Pipe diameter 0.1016 m
Pipe length 26.5m
Soil depth 2m
Working fluid Air
Inlet air velocity 3m/s
Initial soil temperature 27 °C
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Table 6
Material properties for validation of EAHE.

Material Density kg/ Specific Heat J/ Thermal Conductivity W/
m? (kgK) (mK)
Clay soil 1300 1004 1.3
PVC 1400 1005 0.19
Air 1.225 1006.43 0.0242
Table 7
Comparison between experimental data and simulation results.
Tin Tsoil Tout Tout Error
Experiment Simulation
30°C 26.9 °C 28.7 °C 29.03°C 1.14 %
31.2°C 26.7 °C 29.3°C 29.65 °C 1.18 %
31.4°C 26.9 °C 29.7 °C 29.84°C 0.47 %
reliable.

5. Results and discussion

This section presents the sensitivity analysis of both EAHE arrange-
ments, considering the effects of EAHE’s pipe length, diameter, and
types of ground surface covers. The association between NTU and the
effectiveness, pressure drop, and soil temperature contours surrounding
EAHE were also investigated.

5.1. The effect of EAHE's length on the outlet air temperature

The length of an EAHE can significantly influence the outlet air
temperature in HVAC systems. Fig. 6 illustrates the comparison of outlet
air temperature produced by series and parallel arrangements of EAHE
under five different lengths of EAHE, namely 10-50 m with an incre-
ment of 10 m. From the figure, it can be seen that the series arrangement
of EAHE yields a relatively lower outlet air temperature compared to
that of the parallel arrangement. This result shows that the series
arrangement generates higher air temperature differences between the
inlet and the outlet. This phenomenon is influenced by the relatively
longer path for air to flow, resulting in a lower air temperature at the
outlet of EAHE. The temperature difference between the incoming air
and the ground can influence the outlet air temperature, which may vary
across the heat exchanger’s length. The ideal length of an EAHE can
differ based on the climate of a location [39-42]. In colder climates, a
longer heat exchanger might be necessary to extract an adequate
amount of heat from the ground, whereas, in warmer climates, a shorter
heat exchanger could be more efficient. As can be observed from Fig. 6,
it is evident that the EAHE with a 10 m total pipe length produces the
least decrease in outlet air temperature. The outlet temperature for the

31

—&— Series Pipe Parallel Pipe
O 30
=
3
o 29
s
=
=
©
3 23
aQ
£
(]
fig
27
26
10 20 30 40 50

Pipe Length (m)

Fig. 6. Effect of EAHE’s length on the outlet air temperature.
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series pipe is 29.6 °C, while for the parallel pipe, it is 30.3 °C. The EAHE,
which has a total length of 50 m, is capable of achieving lower outlet air
temperatures of up to 27.2 °C for the series arrangement and 28.8 °C for
the parallel arrangement. Furthermore, on the 10 m long pipe, the outlet
air temperature is decreased by 2.3 °C from the inlet air temperature for
the series pipe and 1.7 °C for the parallel pipe. Meanwhile, at a pipe
length of 50 m, the outlet air temperature is 4.7 °C lower than the inlet
temperature in the series pipe and 3.2 °C lower in the parallel pipe. The
effectiveness of heat transfer between air and ground greatly depends on
the length of the heat exchanger. The increased length of an earth-air
heat exchanger provides a greater area for exchanging heat with the
surrounding soil, which improves its ability to transfer heat. This
increased surface area enables more efficient cooling or heating of the
incoming air.

5.2. The effect of EAHE diameter on outlet air temperature

Fig. 7 illustrates the relationship between the diameter of EAHE over
the outlet air for both series and parallel arrangements. The size of
EAHE'’s diameter is an essential factor that profoundly impacts the final
air temperature in geothermal heating and cooling systems. As can be
observed from the figure, the decrease in outlet air temperature is
directly proportional to the increase in the diameter of EAHE. The pipe
diameter affects the rate of heat exchange which ultimately determines
the temperature of the air leaving the EAHE. A greater pipe diameter of
EAHE facilitates heat transfer enhancement with the surrounding earth.
This expanded surface area improves the thermal contact, thereby
facilitating the heat exchange between the circulated air and the ground.
Consequently, in cooling applications, the outlet air temperature tends
to be lower as the system can efficiently release thermal energy. On the
contrary, a decrease in diameter could restrict the heat exchange
capability, resulting in less efficient temperature regulation. The
diminished surface area within narrower pipes might impede the sys-
tem’s efficiency in transferring heat, thereby affecting both its overall
performance and the desired temperature of the air being released [43,
44]. It was found that the thermal performance of the parallel EAHE is
inferior compared with the series arrangement. This tendency is shown
through the comparison of the outlet air temperature produced, where
the parallel arrangement produces a temperature corresponding to 1 °C
higher than that produced by the series arrangement. The 4 in diameter
of EAHE produces a temperature difference between the inlet and outlet
of 3.9 °C and 2.9 °C for series and parallel configurations, respectively.
When the EAHE pipe diameter is increased to 6 in, the temperature
difference increases to 4.1 °C and 3.1 °C, respectively. Furthermore, it
was found that increasing the EAHE pipe diameter from 4 in to 6 in only
resulted in a temperature reduction of 0.2 °C for both setups.

29.5 —&— Series Pipe
29.3

Parallel Pipe

29.1
28.9
28.7
28.5
28.3
28.1

L 3
*

Temperature out (°C)

27.9
27.7

27.5
4 5 6

Diameter (in)

Fig. 7. Effect of EAHE pipe diameter on the outlet air temperature.
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5.3. The effect of ground surface covers on the outlet air temperature of
EAHE

The types of ground surface covers may affect the solar energy ab-
sorption into the soil domain. The performance of the EAHE is examined
in this research across various ground surface covers with different al-
bedo values impacting surface temperature (Refer to Table 8). Equation
(4) is used to calculate the temperature for various ground surface
covers.

Based on the simulation results, Fig. 8 depicts the effect of ground
surface covers on the outlet air of EAHE for a cooling application. It can
be observed that the EAHE yields the lowest air temperature when
operating under a short grass soil cover, with a value of 27.8 °C and
29 °C for series and parallel arrangements, respectively. On the contrary,
the EAHE with an asphalt surface cover produces the highest outlet air
temperature among others, namely 28.7 °C for series arrangement and
29.5 °C for parallel arrangement. The presence of asphalt on the ground
surface can hinder the transfer of heat as a result of its poor thermal
conductivity and heat absorption properties. Meanwhile, the perfor-
mance of EAHE with bare soil or concrete cover is in the range between
short grass soil and asphalt cover. The EAHE with bare soil surface at-
tains a relatively lower outlet air temperature namely 28.1 °C and
29.2 °C for series and parallel arrangements, respectively. The findings
show that the soil surface covers affect the performance of EAHE. Soil
surface coverings can change the circumstances of heat transfer between
the ground and the air as it moves through the EAHE system.

The reflective properties of soil surface covers, also known as albedo,
play a crucial role in influencing the efficiency of earth air heat ex-
changers (EAHEs). The short grass soil surface has an albedo value of
0.16 and a thermal diffusivity of 3.29 x 10~/ m?/s, which is the lowest
when compared to other types of surfaces, followed by soil, concrete,
and asphalt. The variation in albedo value impacts the quantity of solar
energy assimilated by the encompassing ground of the EAHE system.
Higher albedo surfaces can reflect a greater amount of sunlight, which in
turn decreases the heat absorbed by the ground. This subsequently re-
sults in the reduction of the temperature of the soil surrounding the
EAHE system. Consequently, the air that passes through the EAHE sys-
tem will encounter cooler temperatures, thereby improving the effi-
ciency of the cooling process. On the contrary, lower albedo surfaces
tend to absorb more solar radiation, leading to higher ground temper-
atures [45]. This can potentially diminish the effectiveness of the EAHE
system, especially in cooling applications. Therefore, the selection of soil
surface covers with higher albedo values can enhance the performance
of EAHE systems by optimising the thermal conditions of the sur-
rounding soil and improving heat exchange processes.

5.4. Pressure drop

The correlation between EAHE’s pipe length and pressure drop is
shown in Fig. 9 for both series and parallel arrangements, considering a
pipe diameter of 4 in. The graphic illustrates that the pressure drop in-
creases in direct proportion to the lengthening of the EAHE pipe.
Generally, the friction loss is increased by pipe length due to a greater
surface area for interaction with fluid. In the series system, the fluid
passes sequentially through each heat exchanger, thus, the pressure drop
in each exchanger accumulates along the flow route. This cumulative
effect causes the heat exchanger to experience a greater pressure loss.

Table 8
Ground surface cover temperature.

Material Albedo Surface Temperature °C
Bare Soil 0.3 32.11
Short Grass Soil 0.16 32.07
Asphalt 0.1 32.05
Concrete 0.25 32.09
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While, in parallel arrangements, the fluid is separated and flows through
several heat exchangers at the same time before being re-united. The
distribution of airflow among the parallel pipes is uneven and influenced
by various geometric factors, most notably the relationship between
parallel pipes and manifold diameters, as well as the length of branch
pipes [46]. The aerodynamic imbalance in the airflow happens within
each parallel EAHE pipe branch due to the manifolds and branch pipes
having the same diameter, and also when a short pipe (with a length less
than a hundred times its diameter) is present. This condition leads to a
notable decrease in thermal efficiency [47]. EAHE with a manifolds’
diameter larger than the branch pipes experience significantly improved
air distribution uniformity due to the presence of much higher pressure
losses in the parallel branch pipes compared to the manifolds [47]. The
parallel EAHE owns a smaller overall pressure loss as compared to series
configurations. This is because the flow path per heat exchanger can be
shorter, resulting in fewer frictional losses. This analysis validates the
reason for the significantly high-pressure drop in the series arrangement.
As can be seen from the figure, the EAHE with a total length of 50 m
generates 177 Pa and 34 Pa of pressure drop for series and parallel ar-
rangements, respectively. Thus, understanding this relationship is crit-
ical in designing piping systems with adequate operating needs while
conserving energy and maintaining proper fluid pressure throughout the
system. The modelling results indicate that the pressure drop in the
series configuration is approximately six times higher than in the par-
allel arrangement. Single-pipe exchangers have the potential to replace
multi-pipe exchangers in thermal efficiency, but they result in increased
pressure losses, leading to higher energy consumption for the fan drive.
A study conducted by Amanowicz and Wojtkowiak [48] reveals that the
replacement of multi-pipe EAHEs is possible with single-pipe structures
of a larger diameter while maintaining comparable energy performance
and electricity consumption.
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5.5. Soil temperature contour adjacent to EAHE

The temperature of the surrounding soil has a significant impact on
the performance of an EAHE. It’s crucial to have a comprehensive grasp
of the soil temperature profile to achieve the best design and operation
of the EAHE system. This system utilises the constant temperature of the
earth to condition incoming air. Generally, the profile of soil tempera-
ture is influenced by two heat sources. In the upper part, the soil tem-
perature gradient is mostly affected by the heat mechanism occurring on
the ground surface. In general, it is common for soil temperatures to
experience fluctuations in response to seasonal shifts when observed
closer to the surface. However, as one delves deeper into the soil, these
fluctuations tend to decrease in intensity and ultimately reach a state of
stability in terms of temperature. The soil temperature surrounding the
EAHE displays a gradient, characterised by elevated temperatures closer
to the surface of the EAHE, and diminishes as the distance to the surface
increases. This phenomenon is due to the heat dissipation of EAHE.

Figs. 10 and 11 illustrate the air and soil temperature profiles, for the
series and parallel arrangements, respectively. Fig. 10 shows that heat
penetration from the pipe surface to the soil is highest upstream of the
EAHE (0-12 m) due to the large temperature difference between the
inlet air and the surrounding soil and decreases as the pipe distance
increases as the air is cooled along the EAHE. For the parallel arrange-
ment (see Fig. 11), it can be observed that the heat penetration into the
soil domain is almost evenly distributed. This tendency is due to the air
from the inlet manifold being split into several pipes (that have the same
length), which then releases approximately the same amount of heat to
the surrounding soil.

5.6. Effectiveness-NTU of EAHE

Fig. 12 illustrates the relationship between effectiveness and NTU of
the EAHE obtained based on three different EAHE pipe diameters,
namely, 4 in, 5 in, and 6 in. It was found that the effectiveness of parallel
and series arrangements of EAHE is proportional to NTU. The same trend
in the effectiveness-NTU result is also presented by Yusof et al. [1]. The
NTU value is affected by EAHE pipe diameter. The larger the EAHE
diameter, the higher the NTU value, as the diameter affects the velocity
of the air inside the EAHE and results in lower outlet air temperature.
The effectiveness value for parallel and series EAHE arrangements in-
creases with increasing NTU value. This relationship is obtained based
on the calculated results of Equation (10). In addition, it is demon-
strated that the parallel EAHE has an average 15 % higher value in
effectiveness than a series arrangement. The heat transfer process tends
to be more efficient in parallel arrangements due to improved utilisation
of surface area and decreased thermal gradients, resulting in higher
efficiency.

Fig. 10. Soil temperature contour adjacent to the series arrangement of EAHE.
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Fig. 11. Soil temperature contour adjacent to the parallel arrangement
of EAHE.
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Fig. 12. The relationship effectiveness-NTU.

6. Conclusion

The thermal performance comparison between series and parallel
configurations of EAHE is illustrated in this research through CFD
simulation. The findings of this study are summarised as follows.

1. In terms of thermal performance, it was demonstrated that the series
arrangement heat exchanger can achieve a lower outlet temperature
compared to the parallel arrangement. Due to its longer airflow path,
this design enables the maximisation of heat transfer efficiency by
gradually pre-cooling the air. In contrast, parallel arrangements
operate independently and do not benefit from this cumulative
cooling effect.

2. Based on variations in pipe length for both series and parallel ar-
rangements of EAHE, the simulation results reveal that the decrease
in EAHE outlet air temperature is directly proportional to increasing
pipe length. This is owing to the fact that a longer EAHE provides a
bigger surface area for heat exchange with the surrounding soil,
hence increasing the heat transfer capabilities.

3. The variations of EAHE’s pipe diameter show that the decrease in
outlet air temperature is directly proportional to the increase in the
diameter of the heat exchanger, although it does not decrease
significantly. Increasing the EAHE diameter not only causes an in-
crease in the heat transfer area but also slows airflow inside EAHE, so
it affects the heat transfer rate of EAHE.

4. The effect of ground surface covers shows that the short grass surface
provides the best EAHE performance, thus it is a very suitable surface
cover for EAHE. The grassy soil has an albedo value of 0.16 and is
able to reduce the exit air temperature to 27.8 °C.

5. Based on the simulation results, it was found that variations in pipe
length affect the EAHE pressure drop. This is because frictional losses
rise with pipe length as the fluid interacts with a larger surface area.
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It was found that when considering pressure drop, parallel pipe ge-
ometries outperform the series pipe geometries.

6. The results of the effectiveness-NTU relationship show that effec-
tiveness is directly proportional to NTU. Research has shown that the
parallel EAHE exhibits, on average, a 15 % greater effectiveness
compared to a series configuration. This is attributed to the improved
utilisation of surface area and minimised thermal gradients, resulting
in enhanced efficiency during the heat transfer process.
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Nomenclature

Tei (zry Soil temperature at depth Z of the soil surface and at time t of year, °C
Trmean Average ground surface temperature (or average annual air temperature), °C
Tamp Ground surface temperature amplitude, °C

VA Depth from ground level, m

a Soil thermal diffusivity, mm?2/day

tyear current time, day

thife Day of the year for lowest ground surface temperature, day
d = \/%—“ Constant phase

Q Heat Flux at ground level, W/m?

R0l Total solar radiation, W/m?

Ryy Wavelength of radiation to earth, W/m?

R Wavelength of solar radiation from the earth’s surface, W/m?
Hgyy Heat Flux sensible, W/m?

Ly Heat Flux latent, W/m?

SAT Soil air temperature, °C

6o Ambient temperature, °C

ao Overall heat transfer coefficient between soil and air, W/(m?K)
as Albedo

J Total solar radiation, W,/m?>

€ wavelength emissivity, 0.9

Jen effective emission, W/m?

Quotal heat received or released, J

Mgir mass flow rate, kg/s

Cp,air specific heat value of air, J/(kgK)

Tair Air temperature, °C

h Convection coefficient, W/(m?K)

A Heat transfer area, m?

Tyall soil temperature, °C

Tair.out pipe outlet air temperature, °C

Tair.in pipe inlet air temperature, °C

s Flux entering the pipe at the surface, W/m

hg, Convection coefficient, W/ (m*K)

D Pipe diameter, m

Ty Pipe surface inlet temperature, K

Top Air inlet temperature, K

Qe Flux entering the soil surface, W/m?

Qoony Convection flux, W/m?

Qor Radiation shortwave flux, W/m?

Qrr Radiation longwave flux, W/m?

Lin Earth-air heat exchanger length, m

Q Total hourly cooling of the system, J/hr
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m
C
c

T

TOLll'

Mass flow rate of air in the pipe, kg/s
discharge coefficient/release

Specific heat of air, J/kgK

Air inlet temperature, K

Air exit temperature, K
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