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Abstract: In this paper, the performance of aluminum-based nanofluids with a possible application
in pressurized water reactors is numerically investigated. A 605 mm long 4-rod array square (2 x 2)
subchannel geometry with a uniform heat flux of 50 kW/m? has been used in CFD simulation. This
analysis has been carried out using the RNG k-epsilon turbulence model with standard wall function
in ANSYS FLUENT 2022R1. The impact of various flow conditions and nanofluid concentrations
has been examined. The effects of variable velocities on nanofluid performance have been studied
using different Reynolds numbers of 20,000, 40,000, 60,000, and 80,000. The analysis was conducted
with Al,O3/water nanofluid concentrations of 1%, 2%, 3%, and 4%. A comparison of the Nusselt
number based on five different correlations was conducted, and deviations from each correlation
were then presented. The homogeneous single-phase mixer approach has been adopted to model
nanofluid characteristics. The result shows a gradual enhancement in the heat transfer coefficient
with increasing volume concentrations and Reynolds numbers. A maximum heat transfer coefficient
has been calculated for nanofluid at maximum volume concentrations (¢ = 4%) and highest velocities
(Re =80,000). Compared to the base fluid, heat transfer was enhanced by a factor of 1.09 using 4%
Al,O3. The Nusselt number was calculated with a minimal error of 3.62% when compared to the
Presser correlation and the maximum deviation has been found from the Dittus—Boelter correlation
(13.77%). Overall, the findings suggest that aluminum-based nanofluids could offer enhanced heat
transfer capabilities in pressurized water reactors.

Keywords: nanofluid; base fluid; ANSYS; numerical analysis; heat transfer; Al,O3; Reynolds number;
Nusselt number; pressurized water reactor; heat transfer coefficient

1. Introduction

The main limitation of conventional fluids is their low thermal conductivity, which
makes them less suitable for many industrial applications. In engineering, efficient cooling
and heating processes are crucial for the safety and performance of thermodynamic systems.
Specifically, the safety of nuclear power plants depends on the ability to effectively cool the
reactor core to prevent overheating and potential accidents. Nuclear reactors are devices
that utilize controlled nuclear fission to produce thermal energy for power generation [1].
Enhancing convective heat transfer (CHT) between the fuel rods and the coolant in nuclear
reactors is, therefore, essential [2,3]. Given the direct link between nuclear plant safety and
global energy security, continuous improvements in nuclear energy safety are paramount.
The International Atomic Energy Agency (IAEA) emphasizes making nuclear energy
rational, sustainable, and safe. As the number of nuclear power plants increases worldwide,
ensuring their safety remains a major concern. The coolant in nuclear reactors is responsible
for extracting heat from the fuel to ensure safe and cost-effective operation [4]. Maintaining
sufficient coolant flow through the fuel channel is crucial to absorb excessive heat from
the fuel rods. Subchannel analysis, such as investigating heat transfer performance in
reactor rod bundle configurations, is popular due to its simplicity and effectiveness [4].
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Figure 1 depicts a square subchannel in a 2 x 2 array of a nuclear reactor fuel assembly, but
investigations can be carried out using other shapes and arrays [1].
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Figure 1. Nuclear reactor fuel rod subchannel [5].

Improving the heat transfer efficiency of a system is both important and challenging.
Several methods have been proposed to enhance heat transfer performance, including
surface treatments, flow perturbations, and the modifications of the flow structure using
grid spacers, mixing vanes, and wire-wrapped rods [6]. However, due to manufacturing
limitations, costs, and regulatory constraints, modifying the geometries of nuclear rod
bundles is not straightforward. Alternatively, conductive heat transfer can be increased
by using fluids with enhanced heat transfer characteristics [7-9]. The use of suspended
nanoparticles (1~100 nm) in base fluid is one of them [10]. The distinguishing characteristics
of nanofluids include a considerable rise in liquid viscosity, thermal conductivity, and heat
transfer coefficient. In solid form, metals have a higher thermal conductivity than fluids
at room temperature [11]. A metal like copper, aluminum, or gold conducts heat more
effectively than a fluid like water, oil, or ethylene glycol and water mixed. Copper and
aluminum, for example, conduct heat 665 and 400 times better than water. Therefore,
fluids containing suspended metal particles should have higher thermal conductivities
than pure fluids because metallic liquids have a much greater thermal conductivity than
non-metallic liquids. The other reasons behind the enhanced thermal conductivity and heat
transfer coefficient of nanofluids are the diffusion of the suspended particles, increased
relative surface area of the fluid [12], intensification of turbulence, Brownian motion [13,14]
thermophoresis, and diffusiophoresis [15]. Since the heat transfer rate of nanofluids is high
and their thermal conductivity is better than that of base fluids, applying nanofluids can
be carried out with smaller-sized equipment [16]. Despite the fact that modified coolants
such as a base fluid with suspended nanoparticles can enhance the thermal-hydraulic
performance of reactor rod bundles, this would necessitate a thorough investigation.

Recent advancements in nanofluid research have demonstrated significant improve-
ments in thermal and physical properties, particularly with the development of hybrid
nanofluids. However, challenges such as maintaining stability, complex preparation meth-
ods, high costs, and potential health and environmental concerns persist [17]. Innovative
approaches, including the use of hybrid and green nanofluids, as well as advanced charac-
terization techniques, are being explored to address these issues [18]. Recent studies have
also focused on the use of nanofluids demonstrating their potential to optimize processes,
improve tool life, and enhance thermal performance in the last 5 years [19,20].

Khalid et al. [21] investigated the use of nanofluids to improve heat transfer in
nuclear reactors with four different nanofluids—Al,O3-H,0O, ZrO,-H,0, Ag-H,0, and
Si-HyO—using CFD in a high-power area of an HPR-1000 reactor. The silver—-water (Ag—
H>0O) nanofluid showed the best performance, with a 67.15% increase in heat transfer
coefficient (HTC) and a 45.23% improvement in the minimum departure from nucleate boil-
ing ratio (MDNBR) compared to pure water. It also reduced the fuel rod wall temperature
by 28.5 K. They also found that higher concentrations of nanofluids resulted in increased
outlet temperatures and required less coolant flow, potentially leading to smaller reactor
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designs. At the highest concentration, the fuel rod cladding stayed cooler, improving
the reactor’s safety margin. Overall, they concluded that silver-water nanofluid offers
significant potential to enhance reactor safety and efficiency.

Uzun [22] studied the use of magnesium oxide (MgO) and zinc oxide nanoparticles to
improve heat transfer in VVER-1000 nuclear reactors by adding them to the reactor coolant
to enhance its thermal properties. With the addition of 0.2% MgO nanoparticles, the coolant
temperature increased to 617.4 K compared to 613.7 K for standard light water. The use
of nanoparticles also improved the enthalpy value, reaching 1303.6 k] /kg at the end of
the channel. Overall, the research demonstrates that adding nanoparticles to the coolant
improves heat transfer efficiency, leading to higher coolant temperatures and better thermal
performance in nuclear reactors.

Ponkty et al. [23] used COMSOL to study reactor passive heat removal system and
found that Passive Residual Heat Removal Heat Exchangers (PRHR HXs) with C-tube
bundles improve emergency cooling, while flower baffles in heat exchangers increase
efficiency and reduce flow friction. Their study focusses on optimizing reactor safety
and reliability.

Khouri et al. [24] explored the advantages and challenges of flow boiling using both pure
liquids and nanofluids in microchannel heat sinks. They tested various nanoparticle concen-
trations and found that even minimal concentrations of Au nanofluids provided superior
cooling performance. The study concluded that nanoparticles could significantly enhance
heat transfer, offering a cost-effective alternative to traditional two-phase flow approaches.

Zhuang et al. [25] experimentally examined flow boiling heat transfer and pressure
drop in microchannels with a pin-fin array, proposing improved correlations for pressure
drop and heat transfer coefficients. Similarly, Ghafouri and Toghraie [26] explored the
thermal conductivity of SiC-ZnO/ ethylene glycol hybrid nanofluid, showing enhancements
with smaller nanoparticle sizes, higher temperatures, and larger volume fractions, and
formulated an optimized multivariate correlation. This research complements these studies
by investigating heat transfer mechanisms in microchannel systems, with a focus on
validating results against the established correlations like those proposed by Zhuang
et al. [25] and Ghafouri and Toghraie [26]. The findings contribute to enhancing predictive
models for nanofluid applications in microchannel heat transfer systems. In another study,
Marseglia et al. [27] evaluated the thermal performance of water-based GO nanofluids in a
heat exchanger, highlighting how increased nanoparticle concentration and temperature
improved thermal conductivity and convective heat transfer. They developed a new
correlation for predicting the Nusselt number in nanofluids, emphasizing the potential of
these fluids to enhance industrial heat exchangers’ performance.

Shojib et al. [28] explore the use of nanofluids as a primary coolant in pressurized
water reactors (PWRs) to improve heat transfer and prevent core meltdown. They found
that a 1-4% increase in nanoparticle concentration can significantly enhance heat transfer,
potentially allowing for substantial power upgrades without altering fuel assembly design.

Khashaei et al. [29] investigated Al;,O3 nanofluids in deep dimpled tubes under lami-
nar flow conditions. Their research demonstrated significant heat transfer improvements
due to vortex generation and enhanced flow mixing. The deep dimpled tubes showed
a 3.42-fold increase in the convective heat transfer coefficient, offering a highly efficient
solution for heat exchanger applications.

Alshukri et al. [30] examined the thermal-hydraulic performance of a baffled channel
with three different nanofluids—water-SiO,, water-Al,O3, and water-CuO—compared
to pure water. The channel features staggered rectangular baffles at varying inclination
angles (0°, £10°) across Reynolds numbers from 5000 to 50,000. Numerical simulations
were conducted using ANSYS Fluent, and the results were validated with experimental
data. The research shows that nanofluids, especially water-CuO, enhance heat transfer,
with a 10.3% increase in the heat transfer coefficient compared to pure water. However,
using nanofluids also led to a higher pressure drop than pure water. Overall, the study
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reveals that nanofluids improve heat transfer performance, particularly water-CuO, but
come with increased pressure drop and friction compared to pure water.

Computational Fluid Dynamics (CFD) is a powerful tool that uses numerical methods
to analyze fluid flow by solving complex equations that govern fluid behavior. It allows
scientists and engineers to simulate real-world fluid dynamics on computers, making it
a cost-effective and efficient alternative to physical experiments, which can be expensive,
time-consuming, or impractical. CFD works based on fundamental principles like mass,
momentum, and energy conservation. It is widely used in industries such as aerospace,
automotive, energy, and environmental engineering. In the energy sector, particularly in
nuclear engineering, CFD plays a key role in analyzing how coolants flow in reactor fuel
rod bundles. This is critical for reactor safety and performance. CFD is an advanced and
rapidly evolving field that employs numerical methods and algorithms to solve complex
problems involving fluid flow.

In the energy sector, and particularly in nuclear engineering, CFD has become an
indispensable tool for analyzing fluid flows under extreme conditions, such as the tur-
bulent flow of coolants in reactor fuel rod bundles. These systems are crucial for reactor
efficiency and safety, but their complexity makes experimental analysis difficult, especially
when dealing with nanofluid turbulent convection [31,32]. CFD offers a detailed, reliable,
and cost-effective way to study these challenging conditions, providing insights that are
otherwise hard to obtain through physical testing.

Among the many CFD software tools, ANSYS Fluent is one of the most recognized due
to its advanced modeling capabilities and widespread acceptance in industries ranging from
energy to aerospace. Fluent excels in simulating fluid flow in highly complex geometries,
handling turbulence, and modeling multiphase systems with remarkable precision [33].
These capabilities make it particularly well suited for simulating fluid dynamics in nuclear
reactor subchannels, where intricate flow patterns, heat transfer mechanisms, and safety-
critical systems come into play. The ability to accurately model these systems using Fluent
is crucial for optimizing reactor performance, ensuring safety, and driving innovation in
nuclear and other high-stakes engineering fields.

This paper builds upon these capabilities by investigating the thermal-hydraulic
performance of an Al,O3/water nanofluid in a nuclear reactor fuel rod bundle subchannel
using ANSYS Fluent. The study employs a 3D double-precision parallel steady-state solver,
and its results contribute significantly to the theory of turbulent convection in nanofluids.
By examining the flow of Al,O3/water nanofluid at various Reynolds numbers (20,000 to
80,000) and volume concentrations (1-4%), this research not only validates the effectiveness
of nanofluids in enhancing heat transfer but also offers critical insights into their practical
applications in reactor safety. The findings demonstrate a notable improvement in the
heat transfer coefficient, reinforcing the potential of nanofluids to optimize nuclear reactor
cooling systems.

2. Materials and Methods
2.1. Nanofluid Hest Transfer Modelling

To apply nanofluid in real life, it is important and essential to model its heat transfer
behavior. There are several heat transfer models for nanofluid available, for instance, the
dispersion model, particle migration model, and single-phase and two-phase models.

In this study, the single-phase model is employed to conserve computational resources,
treating the nanofluid as behaving similarly to a conventional single-phase fluid. Nanoflu-
ids behave like single-phase fluids because the nanoparticles are extremely small and
evenly dispersed, resulting in a homogeneous mixture. Due to their size, nanoparticles
remain suspended via Brownian motion, avoiding significant phase separation. The low
concentration of particles, typically below 5%, ensures that the fluid’s flow characteristics
are dominated by the base fluid. The nanoparticles enhance thermal properties without
significantly affecting flow dynamics. Additionally, the inertia and buoyancy effects of the
nanoparticles are negligible, allowing the nanofluid to be treated as a continuous medium,
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similar to conventional single-phase fluids, despite the presence of solid particles. The
single-phase assumptions for nanofluids have been validated by Xuan and Li [34] and Pak
and Cho [35]. Rostamani et al. [36] also applied the single-phase model in their numerical
analysis of Al;O3 and other nanofluids. The nanofluid is assumed to be incompressible,
with turbulent flow characteristics. Furthermore, it is presumed that the liquid and solid
particles are in thermal equilibrium and exhibit zero relative velocity.

2.2. Nanofluid Thermophysical Properties

Nanofluid properties are crucial to the advancement of this study. The thermophysical
parameters of nanofluids, such as thermal conductivity (k), density (p), specific heat (Cp),
and viscosity (i) for different volume fractions (¢), can be estimated using a number
of models and correlations. Table 1 represents the thermophysical properties of Al;Os3
nanoparticles and water at 293 k temperature [37-39].

Table 1. Properties of the base fluid and Al,O3 nanoparticle.

Material p [kg/m?3] Cp [J/kgKI] p [kg/ms] k [W/mk]
Water, ¢ = 0% 998.2 4182 9.98 x 10* 0.597
Alumina (Al,O3) 3880 773 - 36

For this study, the fluid is considered incompressible, and density is considered
temperature independent.

Table 2 shows the thermophysical properties of different volume concentrations of the
nanofluid at 293 k temperature [40].

Table 2. Thermophysical properties of Al,O3 nanofluid.

Fluid p (kg/m3) Cp (J/kgK) u (kg/ms) k (W/mk)
1% Al,O3 1027.01 4053.21 0.001023 0.62
2% AlyO3 1055.83 3931.45 0.001048 0.643
3% Al O3 1084.65 3816.16 0.001073 0.667
4% Al,O3 1113.47 3706.84 0.001098 0.692

2.3. Geometry

A square-shaped 3D geometry containing 4 rods (2 x 2 array) has been created using
SpaceClaim 2022R1, as shown in Figure 2, to study their thermohydraulic behavior with
the Al,O3/water nanofluid. The fuel rod bundles are parallel to the flow path of the fluid
in a pressurized water reactor, and the unit channel is referred to as the subchannel. Flow
symmetry is used to model the single subchannel, which has been extensively modeled
before by Ahmed et al. [41]; Nazififard et al. [42]; Nazififard et al. [43]; Liu and Ferng, [44];
and Nematollahi and Nazifi [45].

605 mm

|
|

v ‘
e I R 2

Figure 2. Subchannel geometry.
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Table 3 shows the dimensions of the geometry, where the length refers to the distance
between the inlet and the outlet of the subchannel, and the pitch is the distance between the
centers of two adjacent fuel pins. The diameter (D) represents the fuel rod’s width, while
the pitch—diameter ratio (P/D) defines the relationship between the pitch and diameter.
Additionally, the hydraulic diameter (Dh) is an equivalent diameter used in fluid dynamics
for non-circular channels, calculated as Dh = 4 A /P, where A is the cross-sectional flow
area, and P is the wetted perimeter of the cross-section.

Table 3. Dimensions of the geometry.

2 x 2 Square Subchannel Dimensions

Characteristics Ahmed et al. [41]
Length (mm) 605
Pitch (mm) 12.75
D (mm) 9.1
P/D 1.401
Dh (mm) 0.0136

The flow duration can be calculated, shown in Table 4, using the following equation
given by Hafeli [46]:
Zp =44 x Rel/®

Le =71 X Dy

where Zj, is the entry length number, and L. is the length for fully developed flow and
Dy, = hydraulic diameter. The length of the subchannel is sufficiently higher than the
entrance length to allow the turbulent flow to fully develop. The chosen Reynolds numbers
(20,000, 40,000, 60,000, and 80,000) represent the turbulent flow regimes typically observed
in high-performance cooling applications, such as heat exchangers, automotive cooling
systems, and HVAC systems. These Re values allow for the study of nanofluid performance
under realistic industrial conditions where turbulent flows enhance convective heat transfer.
The range of Re also helps assess how varying velocities affect both heat transfer efficiency
and pressure drop, crucial for optimizing energy use and cooling effectiveness. This
selection reflects the balance between maximizing heat dissipation and managing the
associated pumping power requirements.

Table 4. Entrance length for full development of turbulent flow.

Entrance Length for Fully Developed Flow

Re (m)
20,000 0.312798
40,000 0.351104
60,000 0.375651
80,000 0.394101

2.4. Governing Equations of Fluid Flow
2.4.1. Continuity Equation (Conservation of Mass)

The continuity equation ensures that mass is conserved in the flow field. This equation states
that the net flow of fluid into a volume equals the net flow out, ensuring mass conservation.

Ip _
m +V-(pv)=0
p = fluid density;

v = velocity vector;

t = time;

V - (pv) = divergence of mass flux.
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For incompressible flow, the density remains constant, leading to the simplified conti-
nuity equation:
V-(v)=0

2.4.2. Momentum Equation (Navier-Stokes Equation)

The momentum equation, also known as the Navier-Stokes equation, describes how
the velocity field evolves over time due to various forces acting on the fluid. This equation
captures the balance of forces acting on the fluid, including inertial forces, pressure forces,
viscous forces, and external forces.

d
p<az;+v-rv> =-Vp+uV?o+f

# = dynamic viscosity;

Vp = pressure gradient;

V2o = Laplacian of velocity (viscous term);
f = external body force (e.g., gravity).

2.4.3. Energy Equation (Conservation of Energy)

The Energy Equation in CFD, derived from the First Law of Thermodynamics, accounts
for the energy changes in a control volume due to heat, work, and changes in internal,
kinetic, and potential energy.

d

e = internal energy per unit mass;
g = heat flux;
@ = viscous dissipation.

2.5. Mesh Generation and Numerical Modelling

The commercial modeling software Ansys SpaceClaim was used to generate the mesh.
Bianco et al. [37] used Ansys Fluent to numerically model water-Al,O3; nanofluid with
good accuracy. Following this approach, Fluent [47] was used to conduct the numerical
analysis in this study. It is a widely used tool for fluent simulation.

Ahmed et al. [41] explored the thermohydraulic performance of water nanofluids in
hexagonal rod bundle subchannels using a polyhedral mesh, which proved highly accurate
in capturing complex flow characteristics. They compared various mesh types and found
the polyhedral mesh particularly effective due to its ability to conform closely to intricate
geometries, enhancing simulation fidelity and reducing numerical diffusion. Building on
their work, we adopted a similar geometric configuration in our study, also employing
a polyhedral mesh to model the subchannels. This choice, validated by Ahmed et al.’s
findings, ensures that our simulations achieve the same level of precision in representing
the nuanced flow dynamics within these complex structures. The 3D polyhedral mesh,
shown in Figure 3, was generated using fluid meshing with a maximum cell length of
0.00183144 m. At the velocity inlet and pressure outlet, a local mesh size of 0.00059 m has
been used (growth rate 1.2). Surface meshes are generated with a minimum mesh size of
0.00059 m and a maximum mesh size of 0.015125 m. Five boundary layers were applied at
a growth rate of 1.2 to solve the near-wall regions. Further details on mesh quality have
been provided in Appendix A.

The geometry consists of only fluid regions without any voids. To balance simplic-
ity with computational efficiency, a complete volume mesh consisting of 261,199 nodes
was selected for the simulations. This choice effectively reduces computational effort
while maintaining high mesh quality. The mesh achieved an average orthogonal quality
of 0.9647 and an average skewness of 0.0353, both nearing the ideal values of 1 and 0,
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respectively, indicating a well-constructed mesh. Figure 4 presents the outcomes corre-
sponding to various node counts, showing that the selected mesh provides the closest
match to the correlation, ensuring reliable and accurate simulation results without excessive
computational demands.

Figure 3. Mesh on the computational domain.

195
=) —@— Polyhedral mesh
§ 185 —@— Presser correlation
oN
& 175
o
-
o 165
[a]
<< 155
X [ L L L L J
i
‘5 145
=z 0 50000 100000 150000 200000 250000 300000

Node Number

Figure 4. Mesh sensitivity test for different node numbers.

For k-epsilon turbulent models with standard wall treatment, the preferable range of
y+ value is 30-300. The target y+ value for this study is kept at around 30.

o+ = densityxvelocityxfirst layer thickness

viscosity

Inlet velocity (Table 5) has been calculated for different Reynolds numbers ranging
from 20,000 to 80,000 using the following equation:
__ pvDh

n

Re

where p (kg/ m3) is the density of the fluid, v is the inlet velocity, and p (kg/ms) is the
viscosity of the fluid. Dy, is the hydraulic diameter of the computational domain.
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Table 5. Inlet velocity (m/s).

Re = 20,000 Re = 40,000 Re = 60,000 Re = 80,000
Water 1.465 2.931 4.396 5.862
1% Al,Os3 1.46 292 4.38 5.84
2% Al,O3 1.455 291 4.365 5.819
3% Al,O3 1.45 29 4.35 5.8
4% Al,O3 1.445 2.891 4.336 5.781

Turbulent intensity, given in Table 6, for fully developed pipe flow has been estimated
using the following equation [33]:

[=0.16 x Rel/8

Table 6. Turbulence intensity.

Re Turbulence Intensity
20,000 0.046397142
40,000 0.042546367
60,000 0.040443718
80,000 0.039015191

A uniform heat flux (q"") of 50 KW /m? has been specified at the wall (rod surface)
boundary condition [41]. A no-slip condition has been considered for the fuel rod surface.
Zero-gauge pressure has been implemented at the outlet boundary condition. For their
study, a comparative study between the RNG k-epsilon and k-omega SST has been carried
out and the results support the k-epsilon model as shown in Table 7. The study uses the
SIMPLE method to couple pressure and velocity, a widely used approach in fluid flow sim-
ulations to ensure stable results. For turbulence parameters, a first-order upwind method
is chosen to maintain stability, especially in turbulent flows, by preventing fluctuations in
the simulation. For energy and momentum parameters, a second-order upwind method is
applied, which improves accuracy by minimizing numerical diffusion—a common source
of error in lower-order methods. This higher-order approach allows for a more detailed and
accurate representation of the fluid’s behavior, especially in areas where the flow changes
rapidly. Overall, the combination of these methods ensures that the simulations are both
stable and precise.

Table 7. Comparison of turbulence models.

Turbulence Model Nusselt Number
Ahmed et al. [41] Dlttus—Boeljcer 48]
Correlation
Spalart-Allmaras 138
RNG k-¢ 145 144
SST k-w 157
Reynold stress model 144

2.6. Validation of Nusselt Number

The y+ based heat transfer coefficient from FLUENT has been used to calculate the Nus-
selt number. It has been compared with the established correlations such as Maiga et al. [32],
Pak and Cho [35], Notter and Sleicher [49], and Presser [50] to validate the model (Figure 5).
Nusselt number has been calculated using the following equation:

_ Heat transfer coefficient(h)+Hydraulic diameter(Dh)
Nusselt Number (Nu) = Thermal conductivity of the fluid(K)
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Figure 5. Nusselt number validation by comparing with correlations (1% Al,O3).

The established correlations that have been used in this study to verify the results and
validate their authenticity are as follows:

Dittus—Boelter [48] correlation: Nu = 0.023 * Re?8 * Pro4;

Presser [50] correlation: Nu = * (0.023 * Re%8 * Pr0-4)
where { = 0.9217 + 0.147 * P/D — 0.1130e~7®*/D-1);

Notter and Sleicher [49] correlation: Nu = 5 + (0.015 * (Re?8%) * (Pr0-347)
(Re ranging from 10* to 10%; Pr ranging from 0.1 to 10%; ¢ ranging from —10% to 10%);

Pak and Cho [35] correlation: Nu = 0.021 * Re?8 * Pr0
(Re ranging from 10* to 10°; Pr ranging from 6.5 to 12.3; ¢ ranging from 0% to 3%);

Maiga et al. [32] correlation: Nu= 0.085 * Re071 * pr0-35
(Re ranging from 10% to 5 x 10%; Pr ranging from 6.6 to 13.9; ¢ ranging from 0%
to 10%).

Table 8 gives the Prandtl number, calculated using the following equation:

_ Specific Heat Capacity, C x DynamicViscosity,n

P
' Thermal conductivity, k

Table 8. Prandtl numbers for different volume fractions of nanofluids.

Material Prandtl Number, Pr
Water 6.9910

1% Al,O3 6.6878

2% Al,O3 6.4077

3% Al,O3 6.1390

4% Al O, 5.8817
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3. Results

The results have been presented in terms of convective heat transfer coefficient (h) and
Nusselt number (Nu) with respect to variable inlet velocity (Re = 20,000, 40,000, 60,000, and
80,000) and nanofluid concentrations (¢ ranging from 0% to 4%).

3.1. Impacts of Inlet Velocity

It is observed that the highest Reynold number exhibits the highest heat transfer
coefficient (HTC) and Nusselt number across all the volume concentrations (Tables 9 and 10;
Figures 6 and 7). As the Reynolds number increases, flow transitions from laminar to
turbulent. Turbulent flow involves chaotic fluid motion, enhancing fluid mixing. This
brings the bulk fluid closer to heated or cooled surfaces, improving heat transfer through
convection. The thinner thermal boundary layer at the wall results in a higher temperature
gradient, enhancing the heat transfer coefficient (HTC). As the following data show, HTC
goes from 7308.51 to 21,737.37 ~200% (for 0% conc.) as the Re number increases from 20 k
to 80 k.

Table 9. Heat transfer coefficients.

Heat Transfer Coefficients for Different Volume Fractions of Al,O3
Nanofluid (W/m2K)

0% 1% 2% 3% 4%
20,000 7308.51 7396.47 7648.06 7819.84 7995.346
Ree 40,000 11,839.76 12,106.36 12,373.15 12,643.14 12,921.74
60,000 16,865.13 17,046.89 17,626.48 18,010.98 18,405.32
80,000 21,737.37 22,193.83 22,712.93 23,211.88 23,719.74

Table 10. Nusselt numbers.

Nusselt Number for Different Volume Fractions of Al,O3

Nanofluid
0% 1% 2% 3% 4%
20,000 167.04 162.78 162.29 159.97 157.65
Re— 40,000 270.60 266.44 262.56 258.64 254.79
60,000 385.46 375.17 374.04 368.45 362.91
80,000 496.82 488.44 481.98 474.85 467.69

The Nusselt number (Nu) is directly proportional to the heat transfer coefficient (HTC).
As turbulent mixing increases the HTC, it also leads to a higher Nu. Empirical correlations
often express Nu in terms of Reynolds number (Re) and Prandtl number (Pr), as given by
the relationship Nu = C * Re"m * Pr"n. Typically, the exponent ‘m’ is positive, indicating
that as Re increases, Nu also increases.

Different volume concentrations in a fluid impact its viscosity, density, and specific
heat capacity. These properties, in turn, influence the Reynolds number and heat transfer
characteristics. Generally, as the Reynolds number increases, both the heat transfer coef-
ficient (HTC) and Nusselt number tend to increase. This trend holds true across various
volume concentrations, assuming that the fluid properties remain relatively constant. The
dominant mechanism for enhanced convective heat transfer in turbulent flow is responsible
for this behavior.

In summary, higher Reynolds numbers lead to greater HTC and Nusselt numbers due
to improved fluid mixing, reduced boundary layer thickness, and increased temperature
gradients near the surface.
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Figure 7. Nusselt number plot against Reynolds number for ¢ = (0% to 4%).

3.2. Impacts of Nanofluid Concentrations

The increase in the heat transfer coefficient (HTC) with the rising volume concentra-
tion of nanofluids at a fixed Reynolds number is primarily due to the enhanced thermal
properties imparted by the nanoparticles. Nanoparticles increase the effective thermal
conductivity of the fluid, facilitate greater surface area for heat transfer, and contribute to
better mixing through Brownian motion, all of which enhance the convective heat transfer
process. Even though higher concentrations may increase viscosity, the overall effect of
improved thermal conductivity and heat capacity leads to a more efficient heat transfer,
resulting in a higher HTC. This effect is demonstrated by the simulation results presented
in Figure 8 below where the x-axis represents the volume concentration (%) of aluminum

oxide and the y-axis represents the HTC.
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Figure 8. Effects of nanoparticle concentrations on HTC at fixed Re = 80,000.

3.3. Heat Transfer Enhancement Ratio for Nanofluids

The Heat Transfer Enhancement Ratio (HTER) for nanofluids is a measure of the
improvement in heat transfer performance due to the addition of nanoparticles. Increasing
nanoparticle concentration in the base fluid enhances thermal conductivity, facilitating
more efficient heat dispersion and significantly boosting the heat transfer coefficient. This
improvement is quantifiable through HTER, which compares the heat transfer coefficients
of the base fluid and the nanofluid.

However, an increased nanoparticle concentration inversely affects the Nusselt num-
ber, a dimensionless parameter representing the ratio of convective to conductive heat
transfer. As thermal conductivity rises, the temperature gradient necessary for convection
diminishes, reducing the Nusselt number (Tables 11-14). This inverse relationship suggests
that while nanofluids improve the overall heat transfer, the efficiency of convective heat
transfer decreases relative to conductive transfer.

Table 11. HTC and Nu enhancement ratio for Re = 20,000.

Vol % h (Y+ Based) h(nf)/h(bf) Nu Nu(nf)/Nu(bf)
base fluid 7308.52 1.00 167.04 1.00
1 7396.47 1.01 162.78 0.97
2 7648.06 1.05 162.29 0.97
3 7819.85 1.07 159.97 0.96
4 7995.35 1.09 157.65 0.94

Table 12. HTC and Nu enhancement ratio for Re = 40,000.

Vol % h (Y+ Based) h(nf)/h(bf) Nu Nu(nf)/Nu(bf)
base fluid 11,839.76 1.00 270.60 1.00
1 12,106.36 1.02 266.44 0.98
2 12,373.15 1.05 262.56 0.97
3 12,643.14 1.07 258.64 0.96
4 12,921.74 1.09 254.79 0.94
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Table 13. HTC and Nu enhancement ratio for Re = 60,000.
Vol % h (Y+ Based) h(nf)/h(bf) Nu Nu(nf)/Nu(bf)
base fluid 16,865.13 1.00 385.46 1.00
1 17,046.89 1.01 375.17 0.97
2 17,626.48 1.05 374.04 0.97
3 18,010.98 1.07 368.45 0.96
4 18,405.32 1.09 362.91 0.94
Table 14. HTC and Nu enhancement ratio for Re = 80,000.
Vol % h (Y+ Based) h(nf)/h(bf) Nu Nu(nf)/Nu(bf)
0 (bf) 21,737.37 1.00 496.82 1.00
1 22,193.83 1.02 488.44 0.98
2 22,712.93 1.04 481.98 0.97
3 23,211.88 1.07 474.85 0.96
4 23,719.74 1.09 467.69 0.94

This dynamic highlights the complexity of optimizing nanofluids for heat transfer
applications. While higher thermal conductivity is beneficial, the reduced convective
efficiency must be considered. Engineers must balance these factors, ensuring that the
enhancement in heat transfer is achieved without compromising the system’s overall
efficiency, particularly in applications where convective heat transfer is predominant. This
careful consideration is crucial for maximizing the effectiveness of heat transfer systems
using nanofluids.

3.4. Comparison with Established Correlations

The study compared the Nusselt number for various Al,O3; nanofluid volume con-
centrations (0%, 1%, 2%, 3%, and 4%) with the established correlations to validate the
simulation results obtained using FLUENT 2022R1. Figures 9-13 illustrate that the FLU-
ENT results align closely with those predicted by these correlations. For the base fluid (0%
Al,O3), the Nusselt number versus Reynolds number (Nu vs. Re) plot was compared with
the Pak and Cho [35] correlation, showing minimal deviation at a Reynolds number of
40,000. Similarly, the 1% Al,O3 concentration was evaluated against both the Presser and
Pak and Cho correlations, with the least deviation also occurring at 40,000 Re. For the 3%
Al,O3 concentration, the comparison with the Pak and Cho [35] and Notter-Sleicher [49]
correlations indicated minimum deviation at the same Reynolds number. Lastly, the 4%
Al,O3 concentration’s Nu vs. Re plot was compared with the Notter-Sleicher [49] correla-
tion, again showing the smallest deviation at 40,000 Re. Notably, the maximum deviation
for all the volume concentrations was observed at a Reynolds number of 80,000. This higher
deviation at 80,000 Re could be attributed to the increased turbulence and complexity in
fluid dynamics at higher flow rates, which may not be as accurately captured by the corre-
lations or the simulation model. These consistent findings across different concentrations
underscore the reliability of the FLUENT simulations and their close agreement with the
established theoretical models.
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3.5. Flow Characteristics of Different Concentrations of Nanofluid

Very little impact is observed on the velocity profile when nanoparticles are added to
the base fluid. When nanoparticles are added to a base fluid, their impact on the velocity
profile is generally minimal. This is primarily due to the low volume fraction of the
nanoparticles typically used in nanofluids. Despite altering the fluid’s density and viscosity
slightly, the small size and well-dispersed nature of nanoparticles mean that they do not
significantly disturb the flow. As a result, the dominant properties influencing the flow—
such as the base fluid’s viscosity and density—remain largely unchanged. Consequently, the
overall velocity profile experiences minimal alterations. Notably, nanoparticles primarily
enhance the thermal properties rather than affecting the momentum-related properties,
which explains their negligible impact on the velocity profiles as shown in Figure 14.
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Figure 14. Normalized velocity profile for ¢ = 0%, 1%, 2%, 3%, and 4% at Re = 40,000.

4. Conclusions and Discussion

The study on modeling nanofluids using the k-epsilon turbulence model highlights
its effectiveness in enhancing heat transfer performance. A key finding is that nanofluids
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significantly improve the heat transfer coefficient of the base fluid, increasing it by a factor
of up to 1.09 as both the velocity and nanofluid concentrations rise. This improvement
is crucial for applications requiring efficient heat dissipation. However, an intriguing
observation is that increasing nanofluid concentration tends to decrease the Nusselt number
at a fixed Reynolds number, suggesting a complex interaction between concentration and
thermal dynamics. The study also confirms that heat transfer efficiency is positively
correlated with higher nanofluid velocity or Reynolds number, emphasizing the potential
for optimizing flow conditions to maximize heat transfer. Additionally, the accuracy of the
simulation results is validated by their close alignment with the established correlations,
with the Dittus—Boelter correlation showing the highest error margin at 15%, while the
Presser correlation shows the lowest error margin, ranging between 0 and 7%. Specifically,
for a Reynolds number of 80,000, Maiga et al.’s [32] correlation demonstrates a minimal
error of 2.42%, reinforcing the reliability of the simulation approach. The findings also
indicate that nanofluid concentration has a minimal impact on the fluid velocity profile,
suggesting that other factors may play a larger role in determining flow characteristics.

This study provides valuable insights into the field of heat transfer enhancement in
nuclear reactor systems through several significant findings:

- Practical Application of Nanofluids in PWRs: The research offers critical insights
into the use of Al;O3 nanofluids as a coolant in pressurized water reactors (PWRs).
The study demonstrates that nanofluids can enhance heat transfer under varying
flow conditions, suggesting improvements in thermal management that could lead to
safer and more efficient reactor operation by preventing overheating during critical
conditions. This has important implications for reactor safety and the potential to
extend reactor life without altering fuel assembly design.

- Optimization of Nanofluid Concentrations: The study explores the balance between
improving heat transfer and managing the trade-offs, such as increased viscosity and
reduced convective efficiency. By providing detailed data on the effect of nanoparticle
concentration on the heat transfer coefficient and Nusselt number, this research helps
optimize nanofluid concentrations for maximum thermal performance without com-
promising pumping efficiency. This is particularly relevant for industries focused on
energy efficiency and cost savings.

- Contribution to CFD Modeling of Nanofluids: The validation of CFD results through
multiple correlations enhances the scientific understanding of nanofluid behavior
under turbulent flow conditions. The strong agreement between simulation results
and empirical correlations supports the use of CFD to predict nanofluid performance
in complex reactor environments, providing a cost-effective alternative to experimental
methods.

In conclusion, this study advances the understanding of nanofluid applications in high-
performance cooling systems, such as PWRs, and offers actionable insights for improving
reactor safety and thermal efficiency.

5. Future Work

Building on these conclusions, future research should deepen the understanding of
nanofluids in heat transfer applications. One critical area for exploration is the calculation
of pressure drop across nanofluids, which was not addressed in the current study. This
analysis could provide valuable insights into the trade-offs between enhanced heat transfer
and increased pressure requirements.

An important challenge in nanofluid research is the complex interplay between
nanoparticle concentrations, sizes, and base fluid properties. Nanoparticles can alter
the thermal conductivity and viscosity of the base fluid, yet their impact on heat transfer
is not always linear or straightforward. For instance, while a higher concentration of
nanoparticles generally improves thermal conductivity, it may also increase fluid viscosity,
leading to a potential decrease in convective heat transfer if the flow becomes significantly
more resistive. Additionally, the distribution and dispersion of nanoparticles within the



Energies 2024, 17, 5486

19 of 22

fluid can affect heat transfer efficiency; the agglomeration or sedimentation of nanoparticles
may lead to non-uniform properties, impacting performance.

Another challenge lies in accurately modeling the thermal and hydrodynamic behavior
of nanofluids. The k-epsilon turbulence model, while effective, may not fully capture
the complexities introduced by nanoparticles, such as the effects of Brownian motion or
enhanced heat conduction at the nanoparticle—fluid interface. More sophisticated models,
including those that account for the micro-scale interactions between nanoparticles and the
fluid, could provide deeper insights.

Future studies should also explore the impact of different nanoparticle materials and
geometries on heat transfer performance. For example, the thermal properties and stability
of various nanoparticle types—such as metals, oxides, or carbon-based materials—could
reveal new avenues for optimizing nanofluids for specific applications. Furthermore,
investigating the heat transfer performance in non-ideal or extreme conditions, such as
high temperatures or varying pressures, could extend the applicability of nanofluids in
diverse engineering scenarios.

Finally, exploring novel experimental techniques and advanced simulation methods
will be crucial for validating theoretical models and enhancing the practical understanding
of nanofluids. Addressing these challenges will not only improve the efficiency of heat
transfer systems but also expand the potential applications of nanofluids in advanced
thermal management technologies.
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Appendix A

Calculation complete.

Area-Weighted Average
Yplus Based Heat Tran. Coef. [W/ (m*2 K)]

wall 23211.878

Calculation complete.

Area-Weighted Average
Yplus Based Heat Tran. Coef. [W/ (m*2 K)]

wall 18010.975

Calculation complete.

Area-Weighted Average
Yplus Based Heat Tran. Coef. [W/ (m~2 K)]

wall 12643.14
Calculation complete.

Area-Weighted Average
Yplus Based Heat Tran. Coef. [W/ (m~2 K)]

wall 7819.849

Figure A1l. Y+-based HTC from FLUENT for 3% Al,O3 /water nanofluid for Re =20 k, 40 k, 60 k, and 80 k.
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Table A1l. Comparison with correlations for 1%volume concentration.
Present Presser Dittus and Notter- .

Re h (Y+ Based) Study Pak and Cho Correlation Boelter Sleicher Maiga
20,000 7396.5 162.8 149.9 152.0 141.6 144.4 187.1
40,000 12,106.4 266.4 260.9 266.3 246.6 257.2 306.0
60,000 17,046.9 375.2 360.9 368.4 341.1 361.9 408.1
80,000 22,193.8 488.4 454.3 463.0 429.3 461.6 500.6

Table A2. Comparison with correlations for 2%volume concentration.

Re h (Y+ Based) Nu Y+ Based Pak and Cho Notter-Sleicher
20,000 7648.1 162.3 149.9 142.3
40,000 12,373.2 262.6 260.9 253.5
60,000 17,626.5 374.0 360.9 356.7
80,000 22,7129 482.0 454.3 454.8
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Table A3. Comparison with correlations for 3%volume concentration.

Re h (Y+ Based) Nu Y+ Based Presse.r Pak and Cho thter—
Correlation Sleicher
20,000 7819.8 160.0 159.9 143.6 140.3
40,000 12,643.1 258.6 258.6 250.0 2499
60,000 18,011.0 368.4 368.5 345.8 351.5
80,000 23,211.9 474.8 474.9 435.3 448.2

Table A4. Comparison with correlations for 4%volume concentration.

Re h (Y+ Based) Nu Y+ Based Pak and Cho Notter-Sleicher
20,000 7995.3 157.7 140.5 138.3
40,000 12,921.7 254.7 244.7 246.3
60,000 18,405.0 362.9 338.4 346.4
80,000 23,719.0 467.7 426.0 441.7
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