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INTRODUCTION

Energy usage is increasing rapidly worldwide due to
population growth and improved living conditions, lead-
ing to a rise in greenhouse gas emissions. Around 40%
of the world’s energy consumption is utilized in heating
and cooling spaces [1]. Traditional HVAC systems are
not sustainable and contribute to environmental pollu-
tion. Geothermal energy, found beneath our feet, can be
harnessed for cooling and heating buildings [2], [3]. Soil
temperature below the ground surface is consistent year-
round, but comparatively higher in the cold season and
lower in the hot season relative to ambient temperatures
[4]. Ground heat exchangers (GHE) facilitate heat transfer
with underground soil, by receiving heat during winter and
by releasing the same during summer. These systems can
be placed horizontally or vertically, and the conditioned air
is to be used for cooling or heating the buildings [5], [6].
The longer pipelines and excavation costs increase initial
investment. Also, increase soil wetness or use a backfill-
ing material with higher heat conductivity than native soil
to reduce pipe length. Kong et al. [7] studied the thermal
behavior of the GSHP with various U-tube variant buried
pipes experimentally and numerically, their findings reveal
that smooth U-tubes performed better than petals. Pu et
al. [8] explored a numerical study on vertical U-tube type
heat exchangers for GSHP systems revealing that increas-
ing U-tube diameter and Reynolds number enhances
integrated performance. Jalaluddin et al. [9] compared
the performance of various GHEs on a steel pile founda-
tion, revealing that double-tube GHEs had the maximum
heat transfer rate, while factors like soil type, operation
duration, inlet temperature, and material also influenced
performance. Liu et al. [10] used a transient 3D model
in ANSYS FLUENT to explore the behavior of the EAHE
system integrated with the PCM. Gao et al. [11] studied
to evaluate pile-foundation heat exchanger efficiency for
geothermal energy utilization in Shanghai, analyzing sin-
gle, double, and triple U-shaped and W-shaped high-den-
sity Polyethylene-based ground-coupled heat exchangers
(GCHE). Their study revealed that with a modest medium
flow rate, the W-shaped configuration seems to be the most
effective. Chen et al. [12], [13] examined how PCM grout
affects ground source heat pump (GSHP) efficiency. The
system efficiency improves with PCM grouts with equiva-
lent thermal conductivity, especially in buildings with low
thermal demand. Qi et al. [14] investigated to explore PCM
usage as backfill in ground source heat pumps, empha-
sizing its benefits stemming from their minimal thermal
impact radius and stable temperature. Ahmed et al. [15]
explored the optimal performance of a HEPC system using
the CFD simulation by considering the velocity of air at 1.5
ms through the buried pipe of 60 m length, 0.062 m dia.,
0.003 m thickness, and 8 m depth. Yang et al. [16] found
that borehole ground heat exchangers with PCM backfill
boost heat exchange rate, delay soil temperature variation,

improve energy storage, and reduce soil thermal interfer-
ence radius. Bottarelli et al. [17] conducted a test on shal-
low horizontal GHEs using PCMs to improve heat pump
performance and prevent winter thermal depletion. Yusof
et al [18] examined an EAHE technique using a laboratory
simulator and found that a certain flow rate and ground
temperature reduce temperature and transfer heat best. Li
et al [19] developed a numerical representation of a hori-
zontal spiral-coil GSHP system and examined performance
aspects such as soil thermal conductivity and pipe spacing.
Misra et al. [20] introduced EAHE to evaluate the thermal
performance under unstable situations and found that tran-
sient conditions considerably affected the performance.
Florides et al. [21] examined the efficiency of vertical and
horizontal ground heat exchanger modeling. Their study
revealed that, while working in identical conditions, ver-
tical heat exchangers perform better than horizontal heat
exchangers. Cui et al. [22] in their study, recommended
a vertical over horizontal ground heat exchanger when it
comes to both thermal performance and cost-effectiveness.

Ghosal et al. [23] introduced a MATLAB model to esti-
mate the behavior of EAHE systems and analyze the impact
of factors on greenhouse air temperatures which reveals
that EAHE systems significantly increase winter tempera-
tures by 7-8°C and lower summer temperatures by 5-6°C
compared to a similar greenhouse without it. Morshed
et al. [24] examined two EAHE setups in Basra Province
(Iraq): dry soil and moist soil made artificially and found
that wet systems had a higher average COP (6.41) than dry
systems (5.07). Hsu et al. [25] studied an integrated sys-
tem for earth-air heat exchangers in high-density housing,
using water-filled raft foundations. Tested in Yilan, Taiwan,
it showed similar cooling potential and lower construction
costs than conventional EAHEs. Aditya et al. [26] com-
pared GSHP and hybrid GSHP (HGSHP) systems’ costs to
conventional ones in various climatic conditions, reveal-
ing that the performance is influenced by factors such as
ground conditions, meteorological conditions, drilling
costs, power pricing, and gas pricing. Gao et al. [27] eval-
uated the operational capability of 26 GSHP systems in
Sichuan, Chongqing, and Shaanxi, analyzing heat pump
performance, water transfer factor, and energy efficiency
ratio, and providing recommendations for improvement
in system design, construction, and operation. Zhuo et al.
[28] experimentally explored the effects of SSPCM used as
backfill on borehole GHE systems. Their findings reveal
that there is a considerable reduction in temperature vari-
ation by up to 10°C because of using SSPCM as backfill
material, especially around the heat source. Zhang et al.
[29] examined the thermal behavior of PCM-integrated
LTHS through fin incorporation. They observed that, upon
increasing the PCM’s thermal conductivity by 0.2 Wm™ ‘K,
there is a significant reduction in melting and solidification
time of the PCM by 43% and 35 %. Moreover, it was also
found that HTF velocity has a significant effect on heat
exchanger efficiency compared to the fluids temperature
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and thermal conductivity of PCM. Emmi and Bottarelli
[30] numerically studied the thermal capability of HGHE
directly coupled with PCM. Results found show that cou-
pling PCM directly with HGHEs performs better compared
to using PCM added to the backfill material. Hadjadj et al.
[31] experimentally investigated the effect of air speed on
HWAHE performance. The authors discovered that as air
velocity increased, efficiency trended downward. Han et al.
[32] examined the thermal performance of a solar-coupled
GSHP system in a large building, finding high efficiency
but decreasing efficiency with increasing heat exchanger
spacing. Zhou et al [33] developed a PCM-filled EAHE to
minimize HVAC energy usage, increasing cooling capac-
ity by 20.24% and lowering output temperature by 0.83°C.
In addition, Mondal et al. [34], [35] conducted the par-
allel, counter, and cross-flow water-to-air u-bend heat
exchanger and also a cooling system adopted by the vapor
absorption system, while Mondal and Islam [36] reported
another study for intermittent system adopted by ammo-
nia absorption refrigeration system. To fit the refrigerants
in HVAC&R systems, Mondal et al. and Islam et al. [37]-
[41] measured the transport properties as well as the heat
transfer characteristics of several refrigerants that will take
in the future revolution of industries. Moreover, Das et al.
[42] and Arefin et al. [43] assessed the thermodynamic
analysis of the dual and single cascading vapor compres-
sion cycle, respectively, for the low-temperature appli-
cation. Moreover, Bari et al. [44] presented the analysis
of heat transmission in a refrigerant compartment, while
Shahariar et al. [45] represented the performance of LiCl
desiccant dehumidifier. Rifert et al. [46] studied several
approaches for estimating heat transfer in horizontal and
smooth pipes during condensation when vapor velocity
is present. The authors suggested a semiempirical depen-
dence Nu = 0.0144Fr**Pr"* to calculate condensation heat
transfer when Re > 800 and [ (A parameter responsible for
governing vapor velocity) > 10. Rifert et al. [47] reviewed
over 40 semi-empirical and empirical techniques to predict
heat transfer coefficients in condensation processes within
plain tubes. The authors concluded that during the conden-
sation of various refrigerants, the correlations suggested by
Thome et al. [48], Cavallini et al. [49], Shah [50], and Rifert
etal. [51], [52] can be used to predict the heat transfer coef-
ficients. Camaraza-Medina et al. [53] after comparing 22
different published experimental data of condensable fluid
inside horizontal, vertical tubes, and inclined tubes, sug-
gested a new model for heat transfer calculation during film
condensation within pipes, good enough to be considered
satisfactory for practical design.

From the above discussion, the thermal efficiency and
pipe length of a ground heat exchanger are critical consid-
erations in calculating excavation costs and soil volume
requirements. Adding phase change material (PCM) may
greatly increase thermal performance. PCM-filled GHEs
improve summer cooling capacity by enhancing heat trans-
fer and delaying the transition from heating to cooling

mode, resulting in excellent cooling performance. PCM-air
is more energy-efficient than PCM-water, making it a good
choice for energy storage systems. Hence, by introducing
PCM into the conventional ground heat exchanger system,
a significant improvement may be obtained in thermal
performance. Moreover, by utilizing a U-bent tube design
instead of a traditional straight tube, the overall surface
area of the GHE can either be maintained or even increased
while simultaneously reducing the required length of the
pipe. The reduction in pipe length contributes to a friendly
and space-efficient system without compromising perfor-
mance. Additionally, the pressure drop at the U-bent tube
section is minimized compared to straight tubes, resulting
in improved fluid flow dynamics, lower pumping power
requirements, and further optimization of the system’s
energy efficiency. There are few studies on phase change
material double U-shaped tube heat exchangers, which
reduce pipe depth and improve GHE thermal performance.
This simulation study examines the thermal performance
of a U-tube ground heat exchanger with PCM as the back-
fill material buried under soil by varying air velocity rang-
ing from 0.5 ms™ to 5 ms™. A transient three-dimensional
simulation model has been developed and analyzed numer-
ically via FLUENT 2020 R1 to find the system’s best design
and operation characteristics.

MATERIALS AND METHODS

Assumption
A 3D domain has been introduced in the numerical

model by encompassing a complex dynamic process of
heat transfer that includes convective heat transfer, heat
conduction, and PCM melting as well as solidification for
the inside pipe, soil, and borehole, respectively. The specific
assumptions are considered as follows:

o Thermophysical properties of air are assumed to be
constant and incompressible.

o The soil around the borehole is homogeneous and iso-
tropic with constant thermo-physical properties.

o PCM are assumed to have temperature-independent
thermophysical properties.

o The physical contact of material layers is assured, and
the thermal resistance of the pipe thickness and bore-
hole is neglected.

« Air is assumed to mix uniformly inside the Ground Air
Heat Exchanger (GAHE) pipe ensuring uniform tem-
perature with no stratification.

o The heat transfer is modeled as transient and occurs in
three dimensions through the surrounding soil.

o Apart from air velocity, all other parameters are assumed
to be constant

Material
PCM is filled inside the borehole as backfill material
around the pipe buried in the ground as part of the model.
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Table 1. Thermophysical properties of air, soil, and paraffin wax [10] (The properties are taken at a reference temperature

0f 293.15 K)
Parameters Value

Air Soil Paraffin wax
Density, kg/m? 1.165 1700 800
Latent heat, J/kg - - 250x10°
Melting Temperature, °C - - 25
Specific heat capacity, J/(kg.K) 1006 1300 3220
Thermal conductivity, W/(m.K) 0.0262 1.1 0.35
Viscosity, kg/(m.s) 1.8x10° - 0.094

As a fluid for heat transmission, the surrounding air moves
along the borehole’s axis through the pipe. Paraffin was used
as PCM to fill the gap between the borehole walls and the
pipe. The properties of air, soil, and paraffin wax as PCM
are listed below in Table 1. All the properties are taken at a

reference temperature of 293.15 K.

Inlet Outlet

Soil

U-tube

(a)

Ground

Borehole
(PCM)

Physical Model As Proposed Geometry

Figure 1 represents the schematic diagram of an under-
ground heat transfer model with a vertical double U-tube
ground heat exchanger (GHE) with inlet and outlet, phase
change material (PCM), and ambient soil. The following
displays both the orientation and the physical dimension.

(c)

Figure 1. Schematic diagram of ground heat exchanger: (a) front view, (b) top view, and (c) tube geometry.
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Table 2. The specifications of the proposed geometry

Parameters Value Parameters Value
Domain length, Ly, (m) 10 Tube radius, mm 16
Domain width, W (m) 5 Tube length, L, (m) 40
Domain height, Hp, (m) 45 Tube length, L, (m) 39.65
Borehole height, Hy (m) 42 Tube bend radius, R, (mm) 57
Borehole radius, R (mm) 300 Tube bend radius, R, (mm) 25

Meanwhile, the specifications of the physical model are
listed in Table 2.

Formation of the Problem

To simulate the study using ANSYS FLUENT, some gov-
erning equations were used that characterized the GHE’s
heat transfer and fluid movement. However, the governing
equations [54] used for this study are described as:

The continuity equation is defined as,

0pa a _
ot T o, (Pat) =0 (1)

The momentum equation is defined as,

a a %y
5 (Patt) + 145 (pau) = =2 a5t ()
The energy equation is defined as,
ar\ _ o Nes OT
paCa( +uy _) = 0_x] [(Aq + Ca';) a_x]] (3)
Where, p,, P, 1, and A, denote density, pressure,

dynamic viscosity, and thermal conductivity of air, respec-
tively. Again, x; & x;, and u; & u; represent the length and

velocity components, respectively.

Turbulence model:

The ‘Realizable k-¢ turbulence model’ is widely used to
simulate GSHE systems due to its ability to produce reli-
able outcomes for confined wall internal flows with mod-
est mean pressure gradients [55]. Hence this model is to be
employed at transport equations as follows:

Transport equation for ‘K’;

= (pk)+— (pkuj) =— (u Z—;) ;—:}_]+Gk+ Gy—pe—Yu+Sk (4)
Transport equation for ‘epsilon (g)’;
2 2
2 (pe )+—(p£ ;) = o (uﬁ)—g] +pC, S,

(5)
—pC, (M_) +2C,C5Gy + S,

Where,

C, = max |0.43, ”]

He = pcu?

Where a; and a, represent the Prandtl numbers for k
and &; 4, and y, denote the dynamic viscosity and turbulent
(or eddy) viscosity of air; G, and G, represent the turbu-
lence-generated kinetic energy for the velocity gradients
and buoyancy, respectively. Again, Y,, represents the dil-
atation dissipation rate, while S, & S, denote the user-de-
fined source terms. Also, the constants for the k-¢ realizable
model are listed as, ¢,,=1.44, ¢,=1.90, 0,=1.00, 0,=1.20.

Phase change model:

For modelling the solidification and melting of PCM
grout, the enthalpy porosity approach was used. [56], [57].
The melt interface is not well traced by this method, which
regards the liquid-solid mushy zone as a porous zone with
the same porosity as the liquid fraction. This model uses
the enthalpy balance to determine the liquid fraction at
each iteration. The summation of sensible enthalpy (h) and
the latent heat (AH) gives the total enthalpy [54]:

H=h+AH (6)
h=Ryos + fTTM ¢, dT )
AH = BL (8)

Where T, rand h,,srepresents the reference temperature
and enthalpy respectively, and L denotes the PCM’s latent
heat. If PCM’s melting and solidification temperatures are
considered of Tj;,;; and Ty, respectively, then the liquid
fraction (f3) is defined as:

0, T <Tsotia

T-Tsolid T
= — g < T <Tyoyi
B Tiiquia-Tsolid » Lsolid liquid 9)

1, T > Tyquia

The usual momentum equation should include a sink
term to account for solid phase pressure drop:
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;2
Sy = LBy

B3+9 (10)

mush uj

Where 0 denotes a small number (0.001) to avoid zero
division; A,,,, represents the mushy zone which measures
the damping amplitude, varying from 10* to 10" which is
considered as 10° for this study [58], [59].

Effectiveness:

The ratio of the actual drop in air temperature to the
maximum possible drop in air temperature in in ground
heat exchanger system is termed as effectiveness [18]. The
equation below is applied to determine the effectiveness
[60]:

__ Actual Temperature Drop at Any Point of Time __

Tai=Tao 1 1)

Maximum Possible Temperature Drop - Tai—Tw,initial

where, T,;and T, are the inlet and outlet air temperature,
and T,, ;.. is the initial temperature of the pipe wall.

Boundary conditions and solver setup
For the top surface, the energy balance of the soil sur-
face is as follows [10]:
ar
_AS(E)VZO =CE — LR + SR (12)
Here, CE refers to the heat transfer between the soil sur-
face and surrounding air.

CE = hgyr (Tamp — Tss) (13)

Where, T, and T, represent the temperature of ambi-
ent air and soil surface, respectively; h,, denotes the con-
vective heat transfer coefficient of the soil surface which is
estimated as follows [61]:

5.678[0.775 + 0.35(%)],vwind <488

= : 14
5.678[0.775 + 0.35(’;V”3—‘gj)°-78],vwmd > 4.88 (14)

sur

Where v,,;,; represents the velocity of air at the soil sur-
face; LR denotes the soil surface emitted long-wave radia-
tion which is expressed as:

LR = €AR (15)

Where €(=1) is the ground surface emittance and AR is
a quantity that is dependent on the soil radiative character-
istics, the effective sky temperature, and the relative humid-
ity of the ground and air above the ground surface. Here,
AR= 63 W/m? [62]; may be used as the first approximation.

Again, the SR is the amount of solar radiation that the
soil surface absorbs as:

SR=(1-a)G (16)

Where G and « represent the incident solar global irra-
diance and soil surface albedo. However, the following
equations provide a good description of the radiation and

convection heat transfer processes based on the explanation
above [63]:

ar
_As(a)y=0 = hsur(Tsol—air - Tss) (17)
_ (1-a)G €AR
Tso1-air = Tamp + hsur  hsur (18)
Where T, ,;, defines the solar-air temperature. Beyond

the boundary, the temperature of the soil at the bottom
surface stays constant at the same level as the soil surface’s
mean yearly temperature. Therefore, it is seen as:

T (bottom, t) = 20°C (19)

For faraway surfaces, adiabatic conditions are used. The
surrounding soil and pipe walls were coupled to facilitate
heat transfer. However, a brief description of the boundary
conditions is listed in Table 3.

The coupled technique was used to solve the pres-
sure-velocity coupling in the solver configuration. Second-
order and least square cell-based (LSCB) techniques were
chosen for the solution of pressure and velocity gradients,
respectively. For turbulent kinetic energy and momentum,
the second-order upwind approach was used. When the
residuals were less than those for energy and other vari-
ables, convergence was attained. A brief description of the
solver setup is listed in Table 4.

Mesh Independence and Model Validation

ANSYS software 2020 R1 was used to generate the
required mesh and a 3D non-uniform mesh was applied
to the study. After the creation of geometry, the following
mesh has been generated in ANSYS meshing of tetrahe-
drons type. Figure 2 illustrates the grid layout and provides
an in-depth look at the borehole cross-section. The mesh
independence test determines if the output is mesh-de-
pendent for validation. An independence test is performed
using three different grid sizes to ensure the precision of
the proposed work’s simulated outcomes. The temperatures

Table 3. Brief description of the boundary conditions

Items Description
Top surface Wall (Convection)
Bottom surface Wall (Temperature)

Temperature specified at 288 K

Faraway surface No-slip wall (Heat flux)

Inlet : Inlet Velocity-inlet

: Temperature (T) 309 K

: Velocity (v) 0.5~5m/s
Outlet Pressure-outlet
Other walls No-slip, coupled wall

Initial temperature for all zones (T) 288 K
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Table 4. Brief description of the solver setup

Item Description

Solver type Pressure Based Solver
Condition Transient

Gravity On

Turbulence model
Near wall treatment
Solver method
Initialization

Spatial Discretization

k-¢ (K-Epsilon),

Standard wall functions
Pressure-velocity coupling: Coupled
Standard initialization

Gradient

Pressure

Momentum

Turbulent kinetic energy and dissipation rate

Least square cell based
Second order
Second-order upwind

First order upwind

(b)

Figure 2. Illustration of mesh generation.

of the air at the outflow, which correspond to the various
grid sizes, are depicted in Figure 3(a). This is being done
to confirm the reliability of the results. In the figure, in ele-
ment no. 23620924, the outlet air temperature came to 27.1
°C. This is selected for further calculation. Keeping all the

dimensions the same and the flow inlet and boundary con-
ditions, the model is validated, as shown in Figure 3(b). To
assess the workflow, the model was validated & compared
with Chen et al. [12] with an error of 1.48%. In contrast, the
information about the mesh generation is listed in Table 5.
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Figure 3. Illustration of (a) Mesh independency test, and (b) Model validation.
Table 5. Information about the mesh generation with mesh quality
Parameters Value & description Parameters Value
Type of mesh Tetrahedrons Mesh quality (in avg.)
Mesh method Patch conforming Aspect Ratio 1.78800
Element size 1000 mm Skewness 0.20527
No. of elements 23620924 Orthogonal Quality 0.79354
No. of nodes 4100399 - -

RESULTS AND DISCUSSION

In this study, numerical investigations were carried out
for air velocities between 0.5 ms™ and 5 ms™ over 12 hours.
Temperature, pressure, and velocity contours were used to
improve understanding of fluid dynamics and heat transfer.
Important insights are provided by these contours: Velocity
contours display flow patterns, pressure contours draw
attention to variations, and temperature contours display
thermal gradients. To avoid repetition, only the contours
for 3 ms™ and 5 ms™ are presented. Figures 4, 5, and 6 show
the temperature, pressure, and velocity contours for these
velocities. Figure 4 shows the difference in temperature
between the inlet and outlet at velocity levels 3 ms* and 5
ms™ respectively. Figure 4(a) shows a 9°C difference in tem-
perature at 3 ms™, while Figure 4(b) shows a temperature
difference of 7°C at 5 ms™'. This signifies a decreasing tem-
perature gradient between the inlet and outlet with increas-
ing velocity. Figure 5 shows the pressure contour at velocity
levels 3 ms” and 5 ms™. From Figures 5(a) and 5(b), it is
observed that the pressure drop between the inlet and out-
let at 3 ms™ is around 6.26 MPa whereas at 5 ms™ the pres-
sure drop was found to be 8.91 MPa. Thus, by increasing
the velocity from 3 ms™ to 5 ms™, the pressure fall between
the inlet and outlet increases. Finally, Figure 6 shows the

velocity contour at 3 ms” and 5 ms™. The velocity of air
remains constant throughout the tube.

Figure 7(a) illustrates the change in temperature at the
GHE outlet with time. The simulation was conducted with
different air velocities, from 0.5 ms™ to 5 ms™', over a period
of 12 hours of operation. For all air velocities, initially, the
temperature at the outlet was low, but after some time, it
gradually increased and eventually stabilized. The inlet air
temperature was 309 K for all air velocities. As seen in the
figure, the outlet temperature was recorded to be 299.91 K
300.03 K, 300.12 K, 300.21K, 300.38 K, 300.62 K, K, 300.9
K, 301.24 K, 301.53 K, 301.8 K for 0.5 ms™ to 5 ms™! corre-
spondingly the temperature difference or drop in air tem-
perature, shown in Fig. 7(b), was 9.09 °C, 8.97 °C, 8.88 °C,
8.79 °C, 8.62 °C, 8.38 °C, 8.1 °C, 7.76 °C, 7.47 °C, and 7.2
°C for 0.5 ms™ to 5 ms™ respectively. When air velocity is 5
ms™, the difference in temperature between inlet and out-
put is lower than that of when air velocity is 0.5 ms™. Thus,
upon increasing the air speed, the outlet temperature rises.
Due to relatively lower velocity, the air comes in contact
relatively more time through the tube with the PCM and
therefore, the temperature drop may occur more than the
higher velocity over time. A greater temperature drop is the
result of improved cooling caused by increased air-PCM
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Figure 4. Temperature contour of the tube with PCM at an air velocity of (a) 3 ms™ and (b) 5 ms™.
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Figure 5. Pressure contour of the tube with PCM at an air velocity of (a) 3 ms” and (b) 5 ms™.

interaction. Therefore, the air velocity should be decreased
from the standpoint of exit temperature.

Figure 8 depicts the heat transfer rate over time for dif-
ferent air velocities. Initially, a higher heat transfer rate was
found for all cases; over time it decreases and eventually
becomes almost constant and remains horizontal for all air

velocities. First, there exists a significant difference in tem-
perature between the soil and air before the system begins to
function. When the system begins to work, the soil around
the buried pipes progressively gets heated up, reducing this
difference between the two as heat is being dissipated to the
surrounding soil. Thus, this also reduces the reducing heat
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Figure 6. Velocity contour of the tube with PCM at an air velocity of (a) 3 ms™ and (b) 5 ms™.
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transfer. After 12 hours of operation, the mean heat transfer
rate per meter was 76.27 Wm'', 80.08 Wm, 83.98 Wm,
88.7 Wm, 93.05 Wm, 97.97 Wm™, 102.66 Wm™, 107.35
Wm, 111.61 Wm™! and 116.45 Wm 'for air velocities from
0.5 ms™ to 5 ms™ respectively. It is also noticed from the fig-
ure that despite having a larger temperature drop at a lower
velocity, the heat transfer rate of the system increases as air
velocity increases. The rate of heat transfer per meter at 0.5
ms™ is lower than that of 5 ms™. Compared to 0.5 ms™ the

heat transmission rate per meter for 5 ms is roughly 65.5%
higher. This is because, at higher air velocity, the boundary
layer is comparatively thinner, which results in the convec-
tive heat transfer coefficient increasing, which ultimately
contributes to the increased heat transfer. Secondly, a higher
velocity of air means higher turbulence, which results in
better air mixing, this also accelerates the heat transfer rate.
A higher air velocity is therefore preferred in terms of when
a better heat transfer rate per meter is desired.
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Figure 8. Heat transfer rates per meter over time for different air velocities.

Figure 9 depicts variation in cooling capacity with time
at different air velocities. Initially, a large temperature gra-
dient between hot air and the ground is responsible for the
heat transfer, and as the warm air circulates through the
system, it gradually cools down. During the first half of the
system’s operation, cooling capacity increases because air
gives up its heat to the ground, with higher air velocities
resulting in faster circulation and more heat transfer. The
cooling capacity continues to rise further and reaches its
maximum point around 6 hours in all velocity levels, with
the maximum values being: 1,297.01 W at 5.0 ms™', 1,243.28
W at4.5ms’, 1,180.6 W at 4.0 ms™, 1,120.15 W at 3.5 ms™,
1,064.18 W at 3.0 ms ™, 1,017.16 W at 2.5 ms ™, 999.254 W at
2.0 ms, 976.866 W at 1.5 ms!, 941.045 W at 1.0 ms’}, and
925.373 W at 0.5 ms™. Upon reaching the maximum point
in each case, the temperature differential between air and
ground is at its most efficient for heat transfer as the air
has cooled as much as it can. However, there is a decline in
cooling capacity afterward. This is due to the temperature
differential responsible for heat transfer decreases as air
temperature gradually approaches the ground temperature.

Figure 10 illustrates the effectiveness of the GHE sys-
tem over the period of operation time. The effectiveness
of the GHE system during each hour of a 12-hour oper-
ation has been calculated from Eq. (11). After an hour of
continuous operation, the system’s maximum effectiveness
was found to be between 64% and 61% for all air velocities.

The effectiveness decreases in a similar trend for all veloc-
ities over the period of system functioning. Consequently,
the effectiveness was determined to be 47%, 44%, 46.5%,
46%, 45%, 44%, 42%, 40%, 39%, and 37% for 0.5 ms™ to
5 ms™, respectively, at 12 hours of continuous operation.
According to the results, the ground heat exchanger (GHE)
systemr’s effectiveness steadily declines during operation.
After 12 hours of continuous operation, effectiveness drops
by about 26.56% for 0.5 ms™ and 39.34% for 5 ms™ than that
after 1 hour of operation. Hence, the GAHE system is found
to be more effective at 0.5 ms™ than at 5 ms™. Effectiveness
reduces over time primarily because of the diminishing
temperature gradient between the ground and the incom-
ing air. As the air passes through the GHE, it gradually
warms up, reducing the driving force for heat transfer.
Higher air velocities, although they increase the heat trans-
fer rate, result in a smaller temperature gradient between
air and ground, leading to lower effectiveness. Conversely,
lower velocities maintain a higher temperature difference
for a longer period, which helps sustain the system’s effec-
tiveness over time.

Figure 11 illustrates the air temperature variation along
the length of the pipe in the ground heat exchanger after
12 hours of uninterrupted operation, which is essential for
accurately ascertaining the required pipe length. The length
of the pipe is one of the prime factors that control the cost
associated with the construction of GHE. Consequently,
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while designing the system, it is essential to compute the
necessary length for a specific reduction in air temperature.
The length of the pipe is dictated by the thermophysical
properties of the adjacent soil. At 12 hours of uninter-
rupted operation, a decrease in temperature of 9.09 °C is
observed at the outlet of the ground heat exchanger with
a flow rate of 0.5 ms™. After 40 meters, the graph became
steady, and beyond that distance, the temperature decrease
was minimal.

Figure 12 illustrates the progression of the liquid frac-
tion of the phase change material (PCM) with time of
operation. The liquid percentage of PCM initially increases
over time, then declines after attaining its maximum value.
The solid PCM process begins with the 0% liquid fraction.
Upon receiving heat, the temperature of the PCM starts to
increase, eventually reaching the melting point, and then
the liquid fraction starts to rise. At the melting point, the
temperature remains constant, and solids and liquids coex-
ist. The liquid fraction approaches 100%, indicating the
conclusion of the melting phase. When heat is withdrawn,
the liquid fraction declines, but initially remains at 100%
until solidification. The explanation is that the ambient
air temperature exceeds and falls below the phase change
temperature (PCT) during the charging and discharging
phases, respectively.

In Figures 13 and 14, the heat transfer characteristics
(Nusselt number and heat transfer coefficient) were plot-
ted against Reynolds number, and all the data showed an

increasing trend with the increase in Reynolds number. The
heat transfer characteristics, including the average Nusselt
number and average heat transfer coefficient, increased
with the rise in the Reynolds number, which indicated
more turbulent flow. Turbulence enhanced fluid mixing
and thinner the thermal boundary layer around the pipe,
which causes more effective convective heat transfer. It is
noted that higher air velocity has a higher heat transfer
coefticient.

Figure 15 illustrates the disparity in output tempera-
ture between the GHE utilizing phase change material
and a conventional GHE. The GHE utilizing phase change
material exhibits a lower exit temperature compared to
the alternative. Phase change material absorbs heat from
the surroundings with its large latent heat. So, the heat
exchanger’s performance is improved by using phase change
material. Conventional GHEs are reliable and effective for
heating and cooling, but their performance can be affected
by seasonal variations and thermal depletion. GHEs with
PCMs allow the system to store excess thermal energy
when temperatures are high, for later use, ensuring better
thermal regulation. It offers improved efficiency by stabi-
lizing temperatures within the system. The PCM’s ability to
absorb and release heat helps mitigate temperature fluctua-
tions, leading to better performance in peak load situations.

Figure 16 depicts the comparison between the results of
the study conducted by Mathur et al. [55], Zhou et al. [33],
Yusof et al. [18], Yang et al. [16], Agrawal et al. [60] and
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Figure 13. Nusselt number variation with Reynolds number at different air velocity.
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Figure 16. Comparison of the temperature variation of this work over previous studies on GSHE.

the present study. In these studies, the outlet temperature of
GHE is found to be 28.7 °C, 29.6 °C, 27.1 °C, 27 °C, 28.1 °C,
and 26.9 °C. Thus, compared to previous studies, the low-
est ground temperature of the heat pump was observed in
the present study. Where Figure 17 compares the effective-
ness of the GHE across studies conducted by Zhang et al.
[64], Hu et al. [65], Chen et al. [13], and the present study.
After 10 hours of operation, the effectiveness values were
0.07821, 0.2475, 0.179191, and 0.48158, 0.46789, 0.37895,
respectively, depending on the conditions used. Zhang et
al. used a horizontal tube setup at 2 ms, while the pres-
ent study used a vertical arrangement, showing a much
higher effectiveness of 0.46789—about six times greater
than Zhang et al’s result. Hu et al’s effectiveness, measured
at a lower velocity of 0.419 ms™, was still lower than even
the minimum value of effectiveness from the present study
at 5 ms™. As for Chen et al., who also used paraffin wax
as the PCM, their results were 0.472 times lower than the
lowest effectiveness observed in the present study, even at
a velocity of 0.3 ms™. These differences can be explained
by variations in the dimensional parameters and operating
conditions between the studies.

Meanwhile, Figure 18 shows the heat transfer rate per
meter across studies conducted by Jalaluddin and Miyara

[66], who used water as the working fluid at a flow rate of
4 1/min and silica sand as the backfill material, Kim et al.
[67], using the same working fluid at a speed of 0.3 ms™
with cement-based grouts, Yang et al. [16], also used water
at 0.6 ms!' with oleic acid as the backfill material and the
present study where PCM was used as the backfill material
with air as the working fluid and in this case, at a velocity
of 0.5 ms*. Although the operational parameters such as
velocity, soil temperature, and U-Tube dimensions differ
in each case, due to the variation in these parameters, the
thermal performance of the GHE may vary and differ from
one study to another. The comparison aims to showcase
how the Ground Source Heat Exchanger (GHE) responds
to various backfill materials. After 12 hours of operation,
the PCM-coupled GHE of the present study achieves a heat
transfer rate of 61.12 W/m, which is 2.27 times higher than
the result obtained by Jalaluddin and Miyara [66] and 1.05
times greater than that of Kim et al. [67]. The present study
also shows a heat transfer rate 2.5 times greater than that of
Yang et al. [16] after 10 hours of operation. Thus, the GHE
with PCM as the backfill material and air as the working
fluid demonstrates a better heat transfer rate per meter than
the other three studies.
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CONCLUSION

In this study, the main concentration was on the thermal
performance of an underground u-bend type heat exchanger
with phase change material. A double U-shape tube was
designed and numerically simulated under certain condi-
tions. In this work, paraffin wax was used as PCM in the
backfilling of the borehole around the pipe. Outlet tempera-
ture, rate of heat transfer, cooling capacity, and effectiveness
of the system were measured and plotted in the graph and
compared for air velocity ranging from 0.5 ms™ to 5 ms™. In
summary, the subsequent findings have been discovered.

o A reduced air velocity should result in a lower heat
exchanger exit temperature. The temperature drop at
the exit was 9.09°C and 7.2°C respectively for air veloc-
ity 0.5 ms" and 5 ms™" after 12 hours of continuous
operation. Therefore, the finding recommends a lower
velocity flow for a better temperature drop at the outlet

o At higher speeds, the heat transfer rate increases. The
heat transfer rate per meter is 76.27 Wm™ for 0.5 ms™
and 116.45 Wm'' for 5 ms™ air velocity after 12 hours of
operation. Therefore, to obtain a high heat transfer rate
per meter, high air velocity is preferred. This is true for
the overall cooling capacity as well.

o The system’s effectiveness declines with time. The
parameter decreases by 26.56% and 39.34% for 0.5 ms™'
and 5 ms’!, respectively, after 12 hours of uninterrupted
operation in comparison to the outcomes after 1 hour
of operation. Additionally, the system's effectiveness
during any given operating hour was shown to decline
as air velocity increased.

o After 40 m length of the GHE, the change in tempera-
ture is minimal.

o Thus, high air velocity is preferable for higher heat
transfer rate and cooling capacity, but higher veloc-
ity increases the outlet temperature and results in
reduced temperature drop between inlet and outlet and
decreased effectiveness.

The study reveals that using PCM as the backfill with
good thermal qualities near ground heat exchanger pipes
enhances the overall performance of the system. Additionally,
the ground heat exchanger's length may be significantly
reduced by using U-tubes. Ground heat exchangers are ener-
gy-efficient, adaptable heating and cooling systems used in
both commercial and residential establishments. They work
in every climatic condition and can cut carbon emissions.
Future studies should concentrate on enhancing system per-
formance under a variety of environmental circumstances,
design optimization which also includes finding the optimal
length of the GHE, and thermal performance enhancement
with phase change materials.

NOMENCLATURE

Mushy zone constant
Convective heat flow between the soil surface
and ambient air, (W/m?)

AM ush
CE

515
EAHE  Earth air heat exchanger
GHE Ground heat exchanger
GSHP  Ground source heat pump
G Incident solar global irradiance, (W/m?)
HVAC  Heating, ventilation, and air conditioning
HTF Heat transfer fluid
HEPC  Horizontal earth pipe cooling
HWAHE Helical water air heat exchanger
AH Latent enthalpy, (J/kg)

LR Soil surface emitted long-wave radiation, (W/m?)

SSPCM  Shape stabilized phase change material
T Soil natural temperature field, (°C)
vol-air Solar-air temperature, (°C)
T, Source term energy, W/m?
T Ambient air temperature, (°C)
T,pm  Mean of monthly ambient air temperature, (°C)
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