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Abstract: The geothermal heat exchanger system is one of the most energy-efficient and
environmentally friendly building service systems. In the present study, CuO/water nanofluid
was used as the heat transfer fluid to enhance the energy efficiency of the geothermal heat exchangers.
A three-dimensional numerical model was employed to investigate the effect of nanoparticle diameter
and sphericity on the thermal performance of the geothermal heat exchanger, and it was well validated
against the experimental results of nanofluids in the geothermal heat exchangers. The numerical
results showed that nanoparticles with a diameter of 5 nm and 50 nm were not recommended for
the nanofluids used in the geothermal heat exchangers due to the performance efficiency coefficient
lower than 1, and the optimum diameter was 40 nm, which had the highest performance efficiency
coefficient (1.004875). Moreover, the spherical particle-based nanofluid was characterized by the
8.55% higher energy efficiency, in comparison to rod-shaped particle-based nanofluid. Therefore,
the application of nanofluid in the geothermal heat exchanger can enhance heat transfer, and the
proposed optimum particle diameter and sphericity could contribute to higher energy efficiency.

Keywords: nanofluid; particle diameter; particle sphericity; geothermal heat exchanger

1. Introduction

The global energy crisis and environmental problems motivate the world to find renewable energy
such as geothermal energy. The ground-source heat pump (GSHP) systems that employed shallow
geothermal energy for building heating and cooling have been widely used all over the world [1].
The geothermal heat exchanger (GHE) is the main component in the GSHP system, and it plays a
significant role in the energy efficiency and lower running cost of the GSHP system [2]. Thus, it is of
great significance to improve the thermal performance of GHE.

To enhance the heat transfer rate of heat exchangers, nanofluids with a higher thermal conductivity
than the base fluids can be introduced in heat exchangers as a heat transfer medium [3]. Numerous
studies have investigated the thermal performance of heat exchangers using nanofluids. Kumar et al. [4]
reviewed the studies about applying nanofluids in plate heat exchangers (PHEs). The results suggested
that CuO-based nanofluids can contribute to a 60% enhancement in the heat transfer rate of PHEs.
However, two factors were limiting the wider use of nanofluid for the higher pumping power and
the higher cost. Wilk et al. [5] found that Cu nanofluid can enhance the heat transfer processes of coil
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heat exchangers even at low volume concentration (0.011%) due to the higher thermal conductivity.
Nasir et al. [6] experimentally used the nanofluid in a compact heat exchanger and investigated
its heat transfer rate. The results showed that, after adding the 2 vol% CuO nanoparticles into the
water, the heat transfer rate and convection heat transfer coefficient increased by 17.3% and 40%,
respectively. Said et al. [7] conducted an experimental investigation on the heat transfer enhancement
of a shell-and-tube heat exchanger using CuO/water nanofluid. They found that the overall heat
transfer coefficient and convective heat transfer increased by 7% and 11.39%, respectively. Moreover,
the friction factor increased by 2% for the 0.05 vol% CuO/water nanofluid. Karuppasamy et al. [8]
numerically investigated the heat transfer of CuO nanofluid in a cone-shaped inserted heat exchanger
tube. The results showed that the pressure drop increased along the tube due to the collision between
nanoparticles and the insert wall. Rao et al. [9] experimentally investigated the heat transfer and
friction factor of CuO nanofluid in a double pipe U-bend heat exchanger. They found a maximum
Nusselt number enhancement of 18.6% and a pressure drop increase of 9.2% for the 0.06% particle
loading. According to the above literature, with a good thermal performance in other types of heat
exchangers, the CuO/water nanofluid may also contribute to the heat transfer enhancement of GHE,
while it may cause a larger pressure drop and pumping power consumption.

The GHEs using nanofluids as circuit fluid have been investigated in recent years. Narei et al. [10]
studied the effect of using nanofluid on bore length reduction of a vertical GHE. They found that
nanofluid contributed to a reduction of 1.3% in the required bore length. Diglio et al. [11] conducted
a numerical investigation to find the best nanofluid that achieved the lowest thermal resistance and
minimum pressure drop of the borehole. They found that the thermal resistance of borehole had a
reduction of 3.8%, while the pressure drop had an increase of 6% when Cu-based nanofluid (volumetric
concentration = 0.1%) was applied in GHEs. Dan Sui et al. [12] numerically investigated the energy
extraction capability of the geothermal double pipe heat exchanger using Al,O3 nanofluid as heat
transfer fluid. The nanofluid was found to extract 11.24% more energy than the base fluid. Sergio Bobbo
et al. [13] calculated the Mouromtseff number of Al,Oz/water nanofluid for four concentrations for the
geothermal application. The results showed that the nanofluid of W440 3 wt% can be efficiently used
in the geothermal system. Mahdi Daneshipour et al [14]. compared the CuO/water and Al,Os/water
nanofluid applied for the thermal performance of GHE. They found the CuO/water nanofluid was
characterized by a higher heat transfer rate and higher pressure drop, in comparison to that of
alumina-water nanofluid. Baran et al. [15] numerically investigated the effect of Al,Oz/water nanofluid
on the thermal performance of a multitubular heat exchanger buried in the ground. They found an
increase in the convective heat transfer coefficient of nanofluid compared to water when the volume
concentration was 1%. Kapicioglu et al. [16] used the Al,Os/ethylene glycol-water nanofluid in GHEs.
The results showed that the coefficient of performance (COP) of U-type GHE and spiral GHE had a 2.5%
and 3% increase after the 0.1 vol% nanofluid was used as heat transfer fluid, respectively. Meanwhile,
the higher volume concentration (0.2%) did not cause any performance increase.

The nanoparticle diameter and sphericity play a significant role in the thermal conductivity
and viscosity of nanofluid [17]. Numerous efforts have focused on the effects of particle diameter
and sphericity on the thermal performance of heat exchangers using nanofluid as heat transfer fluid.
Jamshidi et al. [18] numerically investigated the effects of nanoparticle diameter on the energy extraction
capability of finned conical helical GHE. The results showed that the heat transfer coefficient decreased
when the nanoparticle diameter increased. Elias et al. [19] analyzed the effect of different particle
sphericity on the heat transfer characteristics of a shell and tube heat exchanger. They found cylindrical
nanoparticles owned the best performance in terms of thermal conductivity, heat transfer coefficients,
and heat transfer rate. Vanaki et al. [20] numerically investigated the effect of SiO, nanoparticle shape
on the heat transfer of wall channels. The results showed that platelets nanoparticle had the highest
heat transfer rate. Mahian et al. [21] investigated the effect of nanoparticle shape on the performance of
the solar collector. They found that a brick shape achieved the minimum entropy generation in copper
tubes. Arani et al. [22] experimentally investigated the effect of TiO, nanoparticle diameter (10 nm,
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20 nm, 30 nm, and 50 nm) on the pressure drop and thermal performance of nanofluid in a tube heat
exchanger. The results showed that 20 nm nanoparticles had a higher thermal performance factor.
Anoop et al. [23] found 45 nm Al,O3 particles were characterized by a higher heat transfer coefficient
than 150 nm particles in tube flow. Ji et al. [24] studied the effect of different nominal particle diameters
(50 nm, 80 nm, 2.2 pm, and 20 pm) on the heat transfer performance of a heat pipe. They found 80 nm
nanoparticles had the best heat transfer performance. Alsarraf et al. [25] numerically investigated
the effect of nanoparticle shape on the thermal performance of alumina nanofluid in a mini channel
heat exchanger. They found the platelet nanoparticle had the highest heat transfer rate and pumping
power, while the least values of these parameters belonged to the spherical nanoparticle. Al-Rashed
et al. [26] numerically investigated the effect of nanoparticle shape on the thermal performance of
a double-pipe heat exchanger. They also found that the spherical nanoparticle had the minimum
frictional entropy generation rate, thermal entropy generation rate and total entropy generation rate.
Bahiraei et al. [27] investigated the thermal performance of nanofluid in a rectangular channel fitted
with the conical ribs for the different particle shapes. They found that the oblate-spheroid-shaped
nanoparticles owned the highest thermal entropy generation followed by the brick, blade, cylinder,
and platelet-shaped nanoparticles.

Although a few researchers have numerically or analytically studied GHEs using nanofluids,
to the knowledge of authors, there is no researcher using numerical models that are supported by
experimental data of nanofluids in the GHEs. Moreover, there is no effort focusing on the effect of
nanoparticle sphericity on the heat transfer of GHEs using nanofluids. Meanwhile, although Jamshidi
et al. [18] studied the effect of nanoparticle diameter on the thermal performance of helical GHE, more
investigations are necessary for the effect of nanoparticle diameter on the heat transfer of double U-tube
GHE. Therefore, the present study is expected to fill the research gap.

In this study, the CuO/water nanofluid was experimentally used in the GHE, and the numerical
model was validated against the data obtained from the experiment system, which had the same
geometry with it for the first time. Furthermore, the numerical model was used to investigate the effect
of nanoparticle diameter and sphericity on the pressure drop, heat transfer rate and energy efficiency of
GHE. Moreover, almost all results of the previous studies showed that the lower nanoparticle diameter
and sphericity had a better thermal performance of heat exchangers. However, in this study, the
higher heat transfer rate and energy efficiency of GHE were found to belong to the higher particle
diameter and sphericity, which were characterized by the lower viscosity of nanofluid. The results can
contribute to the design of the GHE system using nanofluid as a circuit fluid and the enhancement of
energy efficiency of GHSP systems.

2. Numerical Study

2.1. Characterization of Material

To investigate the thermal performance of nanofluid in GHE, the properties of material should be
measured for both experimental and numerical investigation.

The TEM image of CuO/water nanofluid is shown in Figure 1. The nanofluids and the information
of nanofluids were provided by Jingrui Research Nanomaterials, Inc. (Anhui, China). The concentration
of CuO/water nanofluid was 3 wt%, and the average diameter of nanoparticles was 23.26 nm.
The thermal conductivity and specific heat capacity of nanofluid were measured. A liquid thermal
conductivity measuring instrument (LTCMI, TC3010, Xiaxi, Xian, China) was employed in measuring
the thermal conductivity of nanofluid. The measuring range of the LTCMI was 0.001-5.0 W/(meK) and
the uncertainty was +2%. Moreover, the specific heat meter (HC2000, Xiaxi, Xian, China) was used to
measure the specific heat capacity of nanofluid. The measuring range of specific heat meter was —30 to
100 °C, and the uncertainty was +2%.
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Figure 1. TEM image of CuO nanoparticles.

The thermophysical properties of CuO/water nanofluid are shown in Table 1. Similar results
reported in the literature were observed for our studied nanofluid. Xuan et al. [28] experimentally
investigated the thermal conductivity of 2.5 vol% Cu nanofluid and found an enhancement of nearly
24% for the nanofluid with spherical particles. Said et al. [7] reported that the thermal conductivity of
CuO/water nanofluid with 183.4 nm nanoparticles at 35 °C was nearly 0.65 W/meK for the volume
fraction of 0.05%. Khedkar et al. [29] experimentally investigated the CuO/water nanofluid with
25-nm-diameter nanoparticles and reported the thermal conductivity of nearly 0.62 W/meK for the
volume fraction of 0.01. Eastman et al. [30] experimentally investigated the CuO nanofluid and
reported a conductivity ratio of 1.1 for the volume fraction of 0.01. Meanwhile, Sezer et al. [31] and
Khan et al. [17] reviewed the studies about the thermophysical properties of CuO-based nanofluids.
The maximum discrepancy between the results of these studies and the present study is less than 5%,
which also validated the reasonability of the present results.

Table 1. The thermophysical properties of material.

Physical Parameters CuO Water Sand Copper Tube = CuO/Water Nanofluid
Density, °, (kg/m®) 6500 995 1953.39 8978 0.6343
Specific heat, Cp, (J/kgeK) 540 4180 1348 381 4069.81
Thermal conductivity, k, (W/meK) 33 0.621 1.13 387.6 1026
Dynamic viscosity, i, (kg/mes) \ 0.7659 \ \ \
Grains size x 1073 (m) \ \ 75-250 \ \
Average grains size X 1073 (m) \ \ 83 \ \
Porosity \ \ 46% \ \
Moisture \ \ 10.1% \ \

In addition, the thermophysical properties of the copper tube [32] and sand [33], as well as the
grain size and moisture of sand [33], were obtained from our previous study and shown in Table 1.

2.2. Numerical Model

A three-dimensional model was built to investigate the effect of nanofluid on the thermal
performance of GHEs, including a sandbox, a GHE inserted into the sandbox, and the sand filled in the
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sandbox representing the underground soil (Figure 2). The size of the sandbox was 0.8 m x 0.25 m
% 0.58 m. The GHE was a copper double-U-tube for piping heat transfer fluid. The length and the
inner diameter of the tube were 2 m and 0.01 m, respectively. The thermal resistance of the copper tube
wall was neglected in simulation because of its high thermal conductivity and the wall thickness of
0.001 m. The boreholes were reasonably neglected using drill cuttings as the backfill material when the
diameter of tubes was small [34].

Return

(a)

0.5m
Inlet
0.92m
0.92m \/
\C 0.82m Outlet
0.152'm
(b)

Figure 2. The geometry and the mesh results of numerical models: (a) The geometry of sandbox and
mesh results; (b) The location and structure of heat exchanger.

According to the purpose of this study, the following governing equations were used to simulate
the heat transfer of the nanofluid in the GHE:

To simplify the numerical simulation, the sand was assumed to be homogeneous media with
certain porosities, which was quite common in the previous studies [33]. Meanwhile, the effects of
moisture and porosity were considered though the measured thermophysical properties of sand, such
as thermal conductivity and specific heat, which were inputted into the numerical model. For the
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heat transfer of sand without the moisture and porosity, only the thermal conduction is considered.
Therefore, the heat transfer in the sand can be calculated by [33]:

T k PT,  PTy  PT
gt _ sand ( k + k + k ), (1)
ot psandcp,sand axZ 3y2 822

where t is the time of the heat transfer process. x, y, and z are the x-axis coordinates, y-axis coordinates,
and z-axis coordinates. ks;;4, Cp sand and pgang represent the thermal conductivity, specific heat capacity
and density of the sand.

Continuity equation of nanofluid [35]:

ps

V- (psug) =0, @)

where py is the density of the fluid, and u is the flow rate.
Momentum equation of nanofluid [35]:

V- (ppugug) = =Vp+ V- (pfVuys) + prg, ®3)

where py is the density of the fluid, uy is the flow rate of fluid, p is pressure, and g is the
gravitational acceleration.
Energy equation of nanofluid [35]:

V- (prp,fouf) =V (kaTf)r (4)

where py is the density of the fluid, C, ; is the specific heat of the fluid, u is the flow rate of the fluid, p
is the pressure, T is the temperature of the fluid, and ky is the thermal conductivity.

The effective viscosity of nanofluids for different nanoparticle diameter was obtained by the
following equations [36]:

tnp = Hpp[1+ 2500 + (250.)7 + (2500)° + (250.)*], (5)

where (1,5 is the viscosity of nanofluid, wy is the viscosity of the base fluid, and ¢, is the effective
volume fraction.

In this study, the effective thermal conductivity of nanofluids for different nanoparticle diameters
was calculated using a combined and dynamic model proposed by Murshed et al. [37]. The thermal
conductivity of nanofluid was obtained by the following equations [37]:

R (ppw(k,,—a)kbf)[2)/?—)/+1]+(kp+2wkbf)y?[(ppy3(w—l)+1]
nf bf 73 (kp+2wky ) —pp (kp—whky ) [y3—73+1]

2.6 2, 3A2 | 9A3 kept2kyr | 3pl
+{<Pp7 kbf(3A T Teme, T )|t ©)
1 3kgT(1-1.5y%¢p) G
+{EPCPCP_CPdS|: 271,05;7)/37,2 + 6nyy];pds

where k;;f is the effective thermal conductivity of nanofluid, k is the thermal conductivity of the base
fluid, ¢y is the particle volume fraction, ry is particle radius, @ = kj, /kyy is the empirical parameter,
A = (kep —kpg)/ (kep + 2kpf), kep is the thermal conductivity of the complex particle, ds is the distance

between two particles, py is the average density of the complex particle, ¢, is the average specific
heat of the complex particle, kg is the Boltzmann’s constant, Gr is the total interparticle potential,
is the viscosity, and y1 = 1 +a/2r; is the empirical parameter. The third term of the above equation
includes the effect of Brownian motion, particle surface chemistry, and inter-particle interactions.
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y is the ratio of the nanolayer thickness to the original particle radius, which can be obtained by
the following equation [37]:
y=1+a/r (7)
where a = V270 is the interfacial layer thickness at the surface of spherical microdomains. ¢ is a
parameter characterizing the diffuseness of the interfacial boundary, and o = 40 nm [37].
Moreover, the thermal conductivity of nanofluid for different particle shapes was calculated using

the model proposed by R. L. Hamilton et al. [38]:
For the dynamic viscosity of nanofluid with nanoparticles of different sphericity:

where (¢ is the effective viscosity of nanofluid, K is the 2.5 for sphere and 80 for rod, and ¢ is the
particle volume fraction.
For the thermal conductivity of nanofluid with nanoparticles of different sphericity [38]:

knp + (I’l — 1)kbf — (kbf — knp)(n — 1)(p
knp + (n = Dkpg + @(kpf — knp)

kg = kg , )

where k; ¢ is the thermal conductivity of the nanofluid, k is the thermal conductivity of the base fluid,
ky is the thermal conductivity of the nanoparticle, n = 3/Y is the empirical shape parameter and ¥ is
particle sphericity, and ¥ = 1 for spherical particles [39] and ¥ = 0.5 for rod-shaped particles [40].

2.3. Mesh Topology and Numerical Method

The computational domain wa smeshed with the unstructured grid using software ICEM. Figure 2
shows the mesh results, and meshes were refined near the inlet and outlet regions. Grid-independent
investigation was conducted with different numbers of elements before performing simulations.
As shown in Figure 3, once the grid elements exceeded 1,225,754, the outlet temperature of water
became stable. Considering the computational efficiency and accuracy, mesh with element numbers of
1,225,754 was employed for further study. Prior to conducting simulations, a time-step independent
study was conducted, and a time step of 0.5 s was used for further simulation in this study for higher
computational efficiency and accuracy.

42
. 40
O
o 384
2
®©
o 364
£
o 344
:ﬁ —=— Grid size 1: 318,342 cells
3 377 —e— Grid size 2: 613,478 cells
/ —— Grid size 3: 1,225,754 cells
Grid size 4: 2,569,672 cells
—o— Grid size 5: 4,235,986 cells
28

0 1200 2400 3600 4800 6000 7200

Time (s)
Figure 3. The mesh independence tests for numerical simulation.
2.4. Numerical Method

The commercial CFD code ANSYS Fluent-15 was used to solve the governing equations of the
numerical models. The Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) algorithm
was used to couple pressure and flow rate. The second-order scheme was applied for the pressure
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interpolation. A second-order upwind scheme was adopted for the discretization of the momentum
equation, energy equation, turbulent kinetic energy equation, and dissipation rate equation. The heat
transfer fluid flow is turbulent flow because the Reynolds number varied between 5335 to 9611.
The standard k model was applied to describe the turbulent flow of heat transfer fluid. The turbulent
intensity and hydraulic diameter for the heat transfer fluid inlet were set as 10% and 0.01 m, respectively.
The residual for the convergence target was set as 10 = for energy equation and 10~2 for other equations.

Table 2 shows the operating conditions for different cases. Case 1 was conducted for comparison
of experimental and numerical results. Therefore, the inlet flow rate and temperature obtained from
the experimental data were inputted into Case 1 through the FLUENT user-defined functions (UDFs).
For the Case 2 to 10, the constant inlet temperature (305.15 K) and flow rate (0.707 m/s) of fluid were
chosen according to the weighted average value by time in the experiment. There were 10 cases that
were simulated. In Case 3 to 8, the particle diameter was 5 nm, 10 nm, 20 nm, 30 nm, 40 nm, and 50 nm,
respectively. Murshed’s model is valid for the spherical particles. Therefore, the particle shape in Case
3 to 8 was spherical. In Case 9 and 10, the shape of nanoparticles was sphere and rod, respectively.
The optimum particle diameter found in Section 3.1 was 40 nm. Therefore, the particle diameter in
Case 9 and 10 was 40 nm. A variety of thermophysical properties of nanofluid were calculated for
different cases and introduced into cases. The initial ground temperature was 23.15 °C.

Table 2. Operating conditions for different cases.

Operating Condition Particle Diameter (nm) Particle Shape Fluid
Case 1 23.26 Sphere Nanofuid
Case 2 \ \ Water
Case 3 5 Sphere Nanofuid
Case 4 10 Sphere Nanofuid
Case 5 20 Sphere Nanofuid
Case 6 30 Sphere Nanofuid
Case 7 40 Sphere Nanofuid
Case 8 50 Sphere Nanofuid
Case 9 40 Sphere Nanofuid

Case 10 40 Rod-shaped Nanofuid

Furthermore, the following assumptions were made in the present simulation:

e  Thefluid temperature in the whole heat transfer process varied from 22 to 40 °C. The thermophysical
properties had only little change (less than 5%). Therefore, the thermophysical properties of
materials were set as constant, and the corresponding temperature was the weighted average
value by time.

e The sandbox wall, which was considered as the far-field boundary, was set as adiabatic.

e  The initial temperature (23.15 °C) of the ground was constant and uniform.

e  The thermal resistance of the heat exchanger tube wall was negligible.

e The sand was assumed to be the uniform material with the homogeneous thermal properties.

2.5. Validation of Model

To validate the numerical model, an experimental system was constructed in Chongging, China.
The schematic and photos of the experimental setup are shown in Figures 4 and 5. The experimental
apparatus mainly consisted of two center-symmetric GHEs, two flowmeters, two liquid storage tanks
with electrical heats, two pumps, a sandbox (0.8 m X 0.5 m X 0.58 m), and connecting pipes. The inner
diameter of the tube was 0.01 m, and the thickness of the tube was 0.001 m. The GHEs were buried in
the sand directly. The 50-mm-thick thermal insulation material (polystyrene) was used to wrap the
whole tanks, box, and pipes to reduce the heat loss of nanofluid and water. The nanofluid (in #1 heat
exchanger) and water (in #2 heat exchanger) were pumped into the GHEs before returning to the tanks.
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The flow rate was controlled at 0.707 m/s using adjust valves, and the constant heat load (50 W for the
power of electrical heater) was inputted into the fluid using electrical heat. The time of the experiment
was 2 h.

Computer

Data Logger
Electric Thermal
Heater resistors

Sand

Thermal Electric
: Heater
resistors
) | 4@
Nanofluid | |
Pump | f
) Pump
A% Y
VaIve«FIowMeter ’& » '5. : Water

Flow Meter Valve

(d)

Figure 5. Photos diagram of the experimental system: (a) Thermal resistors; (b) Nanofluid tank and

water tank; (c) Sankbox, computer and data logger and (d) Pump and flow meter.

Four platinum thermal resistors were installed at the inlet and outlet of two GHEs to obtain the
inlet and outlet temperature of fluids. The four same platinum thermal resistors were pre-calibrated,
and the test error of platinum thermal resistors was +0.15 °C. According to the guide provided by
International Organization for Standardization (ISO) [41], when there is no specific knowledge about
the possible values of test results within the interval E- to E+, it is reasonable to assume that it is
equally probable for test results to lie anywhere within it. Therefore, when the bound is donated by +
E, the uncertainty of the test results can be calculated by:

U=— (10)

where U is the uncertainty, and E is the test error. Therefore, the uncertainty of thermal resistors was +
0.087 °C. All thermal resistors were connected to the data logger system. The measuring range, the
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maximum relative error and the relative uncertainty of flow meters was 0.04-0.4 m3/h, 2%, and = 0.2%,
respectively. The maximum relative error of the flowmeter was 0.67%.

The inlet temperature and flow rate data of nanofluid obtained in the experiment were introduced
into the numerical model using the user-defined functions (Case 1). In the first 40 min, the outlet
temperature of nanofluid and the heat transfer process were in an unsteady state. The tube wall and
sand in the experiment had worse contact than that in the simulation due to the porosity of experimental
sand. As a result, there was less heat released into the ground and higher output temperature in
the experiment than that in the simulation. After 40 min, as the nanofluid temperature increased,
nanoparticles had more intensified chaotic motion in the experiment, while the single-phase simulation
neglected the nanoparticle motion and handled the thermal conductivity of nanofluid as a constant
value. The higher nanofluid temperature and more intensified motion mean higher heat transfer
rates of nanofluid [42]. Therefore, there was more heat released into the ground and lower outlet
temperature in the experiment than that in the simulation. The outlet temperature of nanofluid in the
simulation results had a good agreement with that in experiment data, and the maximum deviation
was only around 4.47% (Figure 6).

42
O 404 e mom
Q 38
3
©
O 36
o
£
8 344
© ]
2 32- _
S ! = Experiment (23.26 nm)
s 304 —— Simulation (23.26 nm)
O
28

0 1200 2400 3600 4800 6000 7200
Time (s)
Figure 6. Comparisons of the outlet fluid temperature in experiment and simulation.
3. Results and Discussion

3.1. Effect of Nanoparticle Diameter

This section investigates the effect of nanoparticle diameter on the overall performance of GHEs
in different cases. The heat transfer rate can be calculated by [43]:

Q= mcpf(Tinlet - Toutlet) (11)

Where m is the mass flow rate of the fluid, C is the specific heat of the fluid, Tjy; is the inlet
temperatures of the fluid, and T, is the outlet temperatures of the fluid.
The total pressure drop, which is proportional to the energy consumption of the pump, was
obtained by [43]:
APT = Printet — Proutlets (12)
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where APy is the total pressure drop of the fluid, Pty is inlet total pressure of the fluid, and Py, is
the outlet total pressure of the fluid. In the whole heat transfer process, the variation of total pressure
drop is negligible (lower than 5%). The average total pressure drop by time in the steady state was
selected for further studies.

The performance efficiency coefficient (PEC) was used to evaluate the energy efficiency of
nanofluid, in comparison to water and can be obtained by [43]:

PEC — Qur/ Qur

. el 13
APryp/ APryf (1)

where PEC is the performance efficiency coefficient, Q,f is the heat transfer of nanofluid, Qy is the
heat transfer of water, APy ¢ is the total pressure drop of nanofluid, and APryy is the total pressure
drop of water. The pressure drop and heat transfer rate for pure water can be calculated according to
the numerical result of Case 2.

Figure 7 illustrates the total pressure drop of nanofluid for Case 3 to 8. For the same particle volume
concentration, the smaller particle diameter caused higher viscosity [44] and higher pressure drop. It is
noted that the downward trend of pressure drop became gentle when the particle diameter increased.

2381.0
—=— Pressure drop
[ ]
© 2380.5 -
&
o
o
o) i
5 2380.0 '\
>
% 4
4 [ S
o 2379.5 " "
2379.0

0 5 10 15 20 25 30 35 40 45 50 55 60
Particle diameter (nm)

Figure 7. The average total pressure drop for different particle diameters.

The heat transfer process of fluid in the GHEs includes the heat conduction between different
parts of fluid, the heat conduction between fluid and tube wall, as well as the thermal convection
between different parts of fluids. The thermal conduction of nanofluid strongly depends on the
motion of nanoparticles with a higher thermal conductivity than that of base fluid such as water.
The higher nanoparticle-to-nanoparticle collision frequency may contribute to the higher effective
thermal conductivity of nanofluid [44]. Meanwhile, for the thermal convection, the thicker thermal
boundary layers may affect the thermal convection of fluid. For the nanoparticles of smaller diameter,
the Brownian force and other two-phase interaction have a more obvious effect on the particle motion,
and the chaotic motion of nanoparticles is more intense [45]. As a result, the particle-to-particle collision
frequency becomes higher, and there is a higher effective thermal conductivity of nanofluid [44].
However, the smaller particle diameter also leads to higher viscosity of nanofluid [44], which may
promote the formation of the thermal boundary layers and affect the thermal convection as well as the
convection heat transfer coefficient of nanofluid.

Figure 8 shows the heat transfer rate of nanofluid in Case 3 to 8. For the nanofluid with 5 nm
nanoparticles, the disadvantage caused by the higher viscosity overcame the advantage brought by
the higher thermal conductivity, and the heat transfer rate stabled at 63.53006 W, which was lower
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than that of 10 nm, 20 nm, 30 nm, and 40 nm. When the particle diameter increased from 5 to 40 nm,
the disadvantage caused by higher viscosity dominated the heat transfer capacity of nanofluid, and
the 40 nm owned the highest heat transfer rate (88.19143 W) followed by 30 nm (88.18267 W), 20 nm
(88.17666 W), 10 nm (88.16871 W), and 5 nm (63.53006 W). For the nanofluid with 50 nm nanoparticles,
the disadvantage caused by the lower thermal conductivity dominated the heat transfer capacity of
nanofluid, and the heat transfer rate stabled at 63.52520 W, which was also lower than that of the lower
particle diameter.

300
——d,=5nm
——d,=10 nm
g 250 1 d,=20 nm
:0:,; ——d,=30 nm
g 200 T dp=40 nm
o) L ——d,=50 nm
‘0 1
S 1
= 1504%
3 10nm, 20nm,30nm
o 5nm and 50nm and 40nm
T / /
100+ /
50

0 1200 2400 3600 4800 6000 7200
Time (s)

Figure 8. The heat transfer rate for different particle diameters.

The PEC of nanofluid for different particle diameters is shown in Figure 9. For the nanofluid with
5 nm nanoparticles, even though there was a considerable increase in PEC in the first 300 s due to the
higher thermal conductivity, the PEC slumped and was lower than 1 after 1100 s due to the higher
viscosity. Moreover, for the nanofluid with 50 nm nanoparticles, the PEC slumped and was lower than
1 after 1080 s due to the lower thermal conductivity. That means the nanofluids with 5 nm or 50 nm
nanoparticles had lower energy efficiency than pure water. However, the initial cost of nanofluids was
higher than that of traditional circuit fluid (water). Therefore, these two sizes of nanoparticles were not
a reasonable choice for nanofluids used in GHEs, and the option of nanoparticle diameter plays an
important role in the application of nanofluids in GHEs.

1.010
1.009 4
1.008
1.007 1M
1.006

1.005
1.004
1.003
1.002
1.001
1.000

Performance efficiency coefficient

0 1200 2400 3600 4800 6000 7200
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Figure 9. The performance efficiency coefficient for different particle diameters.



Energies 2020, 13, 1653 13 of 18

In the first 4800 s, when the heat transfer process was in the unsteady state, the main factors that
dominated the heat transfer rate of nanofluid and the energy efficiency of systems were the thermal
conductivity and thermal resistance of borehole. The lower nanoparticle diameter that owned the
higher thermal conductivity had a higher PEC. Therefore, the 10 nm nanoparticle had the highest PEC
followed by 20 nm, 30 nm, and 40 nm.

After 4800 s, when the heat transfer process was in the steady state, more heat had been
accumulated in the ground and the heat balance achieved. The main factor that dominated the
heat transfer rate of nanofluid and the energy efficiency of systems was the viscosity of nanofluid.
The higher nanoparticle diameter that owned the lower viscosity had the higher PEC. Therefore, the
40 nm nanoparticle had the highest average PEC (1.004875) followed by 30 nm (1.004719), 20 nm
(1.004639), 10 nm (1.004389), 5 nm (0.7405), and 50 nm (0.7401). Considering the long-running mode of
GSHP systems, the 40 nm was selected as the optimum nanoparticle diameter.

3.2. Effect of Nanoparticle Phericity

In this section, Case 9 and 10 were operated to investigate the effect of particle sphericity on the
thermal performance of GHEs. The total pressure drop of the fluid can be obtained by Equation (12).
Some previous literature [46] has shown that the spherical particle-based nanofluid has lower viscosity
compared to rod-shaped particle-based nanofluid. Therefore, the spherical particles had a 7.5% lower
average total pressure drop (2533.78 Pa for spherical particles and 2738.31 Pa for rod-shaped particles)
than that of the rod-shaped particles.

The previous literature [46] has shown that nanoparticles with lower sphericity such as rod-shaped
particles (¥ = 0.5) may contribute to the higher effective thermal conductivity of nanofluid, in comparison
to particles with higher sphericity such as spherical particles (Y = 1). That means the rod-shaped particle
based nanofluid may have more efficient thermal conduction than that of spherical particle-based
nanofluid in the tubes. However, the heat transfer process of nanofluid in the tube consists of not only
the thermal conduction but also the thermal convection, which has direct relevance to the thickness of
thermal boundary layers. The particles with the lower sphericity may cause higher viscosity of the
nanofluid [46], in comparison to particles with higher sphericity, which may promote the formation
of thermal boundary layers and affect the thermal convection as well as the convection heat transfer
coefficient of nanofluid.

The results in the present simulation have shown that the average heat transfer rate of nanofluid
with spherical particles was 0.19% (79.109 W for spherical particles and 78.957 W for rod-shaped
particles), higher than that of rod-shaped particles (Figure 10). It can be explained that the disadvantage
brought by the thermal boundary layers overcame the advantage brought by the higher thermal
conductivity, and the rod-shaped particle owned the relatively low heat transfer capability.

The effect of different nanoparticle sphericity on the energy efficiency of nanofluid in the GHEs
was compared using the following energy efficiency ratio [43]:

m Qsphere / de

_—— (14)
1n0.5 AP rod/ AP sphere

where 177 and 19 5 are the heat load-to-pumping power ratio of nanofluid with nanoparticle sphericity
of 1 and 0.5, respectively. Qsppere is the heat transfer of spherical particle-based nanofluid, Qo4 is
the heat transfer of rod-shaped nanoparticle-based nanofluid, APt sypere is the total pressure drop
of spherical nanoparticle-based nanofluid, and APr,,; is the total pressure drop of rod-shaped
nanoparticle-based nanofluid.

The nanoparticles with lower sphericity had higher viscosity, which caused the lower heat transfer
rate and the higher total pressure drop. Therefore, as shown in Figure 11, the particle with the higher
sphericity (Y = 1, spherical particle) had an up to 8.55% higher energy efficiency than that of the
particle with the lower sphericity (¥ = 0.5, rod-shaped particles).
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Figure 10. The heat transfer rate for different particle sphericity.
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Figure 11. The energy efficiency ratio for different particle sphericity.

4. Conclusions

The behaviors of total pressure drop, heat transfer rate, and PEC were numerically investigated
for different nanofluids for six different nanoparticle diameters (5 nm, 10 nm, 20 nm, 30 nm, 40 nm,
and 50 nm) and two different shapes (spherical and rod). The results indicated that the PEC value
increased by 35.71% (from 0.7405 to 1.0049) when the particle diameter increased from 5 to 40 nm and
decreased by 26.28% (from 1.0049 to 0.7401) when the particle diameter increased from 40 to 50 nm.
Considering the higher initial cost of nanofluid than that of traditional circuit fluid and the PEC lower
than 1, the nanoparticles with diameters of 5 nm and 50 nm were not recommended for nanofluid
used in the GHEs due to the lower energy efficiency than that of pure water. Moreover, when the
heat transfer process entered the steady state, the best particle diameter was 40 nm, which owned the
highest PEC (1.0049). Furthermore, the spherical nanoparticle owned an up to 8.55% higher energy
efficiency than that of rod-shaped nanoparticles due to the thinner thermal boundary layer. Therefore,
the nanoparticle with higher sphericity was suggested to be a more suitable option for nanofluid used
in the GHE, in comparison to rod-shaped nanoparticles.

As far as is known, this study is the first study to use the numerical model based on the experiment
system to investigate the effect of nanofluid on the thermal performance of GHE. Furthermore, the
results showed that the viscosity of nanofluid was an important factor that affected the thermal
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performance of GHE. The previous efforts indicated that the lower particle diameter was characterized
by the higher heat transfer rate of GHE. However, the present study found a decrease of 26.02% in the
heat transfer rate of GHE when the particle diameter varied from 40 nm to 5 nm due to the higher
viscosity of nanofluid with smaller size particles. Meanwhile, in the previous literature, the spherical
particle was characterized by the lower heat transfer rate than that of the rod-shaped particle. In this
study, the spherical particle was characterized by the 0.19% higher heat transfer rate of GHEs than that
of rod-shaped particles due to the lower viscosity of nanofluid. That means the selections of optimum
nanoparticle diameter and shape were different in the different heat exchangers, which can contribute
to the application of nanofluid in other types of heat exchangers.

The present study only focused on the sphere and rod-shaped nanoparticles because Hamilton’s
model was only validated by experimental data for these two shapes. Further refined studies on the
thermal performance of nanofluids with other shapes of nanoparticles are warranted.
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Nomenclature

a interfacial layer thickness at the surface of spherical micro-do-mains (m)
Cp specific heat(J/kgeK)

ds distance between two particles (m)

E test error (%)

Gr total interparticle potential (%)

g gravitational acceleration (m/s?)

k thermal conductivity (W/meK)

kg Boltzmann’s constant (J/K)

n the empirical shape parameter

p pressure (Pa)

Q heat transfer rate (W)

r radius (m)

T temperature (K)

t time (s)

U uncertainty (%)

u flow rate (m/s)

x x-axis coordinates (m)

y y-axis coordinates (m)

z z-axis coordinates (m)

Greek Letter

p density(kg/m?)

n heat load-to-pumping power ratio of fluid (%)
U dynamic viscosity, (Nes/m?)

y=1+a/r, the ratio of the nanolayer thickness to the original particle radius (%)
y1=1+2a/r empirical parameter (%)

w empirical parameter

A empirical parameter

Q@ the volume fraction of nanoparticle (%)

b4 sphericity

a parameter characterizing the diffuseness of the interfacial boundary (m)

Q
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Subscripts

cp complex particle

bf base fluid

f fluid

nf nanofluid

p particle

s nanoparticle
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