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ABSTRACT

This study focuses on numerically investigating thermal behavior within a differentially heated cavity filled with
nanofluid with and without obstacles. Numerical comparison with previous studies proves the consistency and
efficacy of the lattice Boltzmann method associated with a single relaxation time and its possibility of studying the
nanofluid and heat transfer with high accuracy. Key parameters, including nanoparticle type and concentration,
Rayleigh number, fluid basis, and obstacle position and dimension, were examined to identify optimal conditions
for enhancing heat transfer quality. Principal findings indicated that increasing the Rayleigh number boosts
buoyancy forces and alters vortex structure, improving the heat transfer efficiency across all nanofluid configu-
rations. Moreover, nanoparticles with higher thermal conductivity, particularly Cu nanoparticles, exhibit slight
improvements in heat transfer quality compared to Al,O; nanoparticles, while higher nanoparticle concentrations
generally lead to enhanced heat transfer effectiveness. Water-Cu nanofluids also demonstrate superior heat transfer
performance over ethylene glycol-Cu nanofluids. Furthermore, the presence of obstacles at cavity extremities
hampers overall heat transfer, whereas those positioned centrally augment heat exchange rates. This research offers
valuable insights into optimizing convective heat transfer in nanofluid-filled cavities crucial for various engineering
applications.
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Nomenclature

C, Specific Heat, J/kg K

g y-component of gravitational acceleration, m/s’
H Cavity height, m

h Height of the obstacle, m

L Cavity length, m

/ Obstacle length, m

Nu Local Nusselt number
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Nu Average Nusselt number 3

Ra Rayleigh number, (8, x B x AT x )
(u x a)

t Time, s

T Temperature, K

u x-component of speed, m/s

v y-component of speed, m/s

X,y Cartesian coordinates

P Density, kg/m’

K Thermal conductivity, W/m K

v Kinematic viscosity, m?/s

" Dynamic viscosity, kg/m s

¢ Volume fraction, %

LBM Lattice Boltzmann Method

SRT Single Relaxation Time

c Cold

h Hot

w Wall

1 Introduction

The adoption of nanofluids in industrial and engineering fields has recently attracted much
attention because of their superior thermal properties, such as superior thermal conductivity, higher
thermal capacity, and reduced viscosity compared to base fluids. These particular thermal properties
of nanofluids make them promising candidates for a broad range of cooling and storage applications,
such as thermal management of electronic devices, energy conversion and storage systems, and solar
energy systems [ 1-3]. Recent studies point to the significant potential of nanofluids in improving heat
transfer efficiency and thermal management in a variety of applications. Hybrid nanofluids, which
combine different nanoparticles, have proved particularly effective in solar collectors and thermal
storage systems, offering efficient thermal storage even in diverse thermal environments [4]. Based on
this point, the nanofluids integration into energy storage systems can lead to significant improvements
in thermal efficiency and energy recovery, paving the way for more sustainable and efficient energy
solutions. In addition, nanofluids have proved effective in addressing the challenges of heat dissipation
in electronic cooling systems, positioning them as key contributors to advanced cooling technologies.
All these aspects discussed prove the versatile application of nanofluids in the industrial, energy, and
technological fields [5-9].

Mohebbi et al. [10] investigated the effect of roughness within a cavity on heat transfer quality
using a nanofluid. They found that roughness presence disrupts the flow pattern, but only at high
heat levels. While roughness does not affect heat transfer to any great extent at lower heat levels. In
this context, the best arrangement of roughness elements is to place them only on the hot wall, thus
maintaining good heat transfer, benefiting from the cooling effect of the roughened surface. Adding
nanoparticles to the fluid slightly improves heat transfer at high heat levels. Overall, roughness is
considered a significant tool for managing heat transfer in cavities, but its effectiveness depends on
the heat level and how it is arranged. They also studied numerically the impact of the nanofluid on
the thermal exchange evolution in an I'-shaped cavity containing a heated rectangular block. The
numerical results show that adding nanoparticles to the fluid improves heat transfer based on specific
Targets. It depended on the position of the obstacle, with the left-hand side of the cavity being the
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most effective. Overall, nanofluids and appropriate positioning of the obstacle improve heat transfer
in such geometries. Ma et al. [1 1] studied the utilization of nanofluids in a triangular corrugated-wall
solar collector. They found that the nanoparticle’s addition and wall design impact heat transfer. It is
observed that the nanoparticles’ participation in the fluid can enhance the heat transfer rate but by a
reasonable percentage. In contrast, the increase in the nanoparticle reduces the heat transfer efficiency.

Ghazanfari et al. [12] analyzed the impact of Al,O; nanofluids and twisted tubes on shell-and-
tube heat exchanger performance. The findings demonstrated that the utilization of twisted tubes
enhances heat transfer by 25% and that the incorporation of a 20% AlLO; nanofluid augments
efficiency by up to 78% while reducing pressure drop by 40% in comparison to conventional smooth
tubes. These findings emphasized the potential of twisted tube designs and nanofluids for optimizing
heat exchanger efficiency in applications such as nuclear energy and Heating, Ventilation, and Air
Conditioning (HVAC) systems. They also investigate the potential for enhancing heat transfer in heat
exchangers through the use of twisted tubes in conjunction with nanofluids, including Al,O;, Cu,
CuO, and TiO, [13]. The results of this investigation indicate that smaller pitch lengths and higher
nanoparticle concentrations improve heat transfer performance, with Cu-based nanofluids achieving
high thermal efficiency with an increase in pressure drop. In contrast, AlLO,; shows a balance of
high thermal efficiency with a reduced pressure drop, offering valuable insights for optimizing heat
exchanger designs.

Walelign et al. [14] presented an analytical investigation into the influence of varying parameters
on the transport rates of a nanofluid in proximity to a cylindrical surface. The optimal homotropy
analysis method was employed to examine the effects of magnetic fields, porosity, and thermos-
diffusion on heat, mass, and momentum transfer rates. The findings indicate that magnetic fields and
thermal radiation enhance heat transfer, whereas increased porosity or Dufour effects tend to reduce
it. These insights are valuable for optimizing cooling and heating in industrial processes involving
cylindrical surfaces, such as material processing and energy systems. They also investigated the heat
and mass transfer dynamics in a micropolar nanofluid flow influenced by hydromagnetic effects over
an inclined stretching sheet [15]. Likewise, this research is also based on the homotopy analysis method
to model fluid transport rates under various physical influences, including micro-polarity, magnetic
fields, buoyancy forces, and cross-diffusion effects. It focused on the examination of critical transport
properties, such as linear and angular momentum, as well as heat and mass transfer rates, by calculating
the Nusselt and Sherwood numbers. The results demonstrated significant interactions between the
fluid’s microstructure and external forces, offering valuable insights for optimizing industrial processes
involving nanofluids.

Recently, the numerical method based on the lattice Boltzmann method (LBM) has been applied
to analyze the thermal pattern of nanofluid effects in different geometries [16—18]. These analyses
provided precise results in pursuit of the nanofluid’s flow and its thermal behavior, which proved
its capacity to get the same results as experimental examinations. Rahimi et al. [19] performed a
numerical investigation of thermal transfer by natural convection in a hollow L-shaped cavity filled
with nanofluid, entropy generation analysis using the LBM method. The numerical results show
that the average Nusselt number and total entropy generation increase by increasing the Rayleigh
number while the Bejan number decreases. They concluded from these results that the design of
this system can be significant for thermal management for heat exchangers. Zhou et al. [20] studied
natural convection heat transfer and entropy generation in a cavity filled with liquid nanoscale fluids
(copper, diamond, or carbon nanotubes). They found that increasing the Grashof number and volume
fraction of nanoparticles improved heat transfer and entropy production. It is concluded that carbon
nanotube (CNT) based fluids perform best in terms of heat transfer but also generate the most entropy.
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This suggests that the choice of optimal fluid depends on specific needs. CNT-based fluids maximize
heat transfer while minimizing temperature, while copper-based fluids are more energy-efficient for
general use. Ahrar et al. [21] conducted a numerical study about heat transfer and entropy production
in a nanofluid-filled cavity under the influence of a magnetic field. The results proved that raising
the magnetic field strength reduced thermal exchange and entropy production. However, increasing
fluid flow through a specific magnetic field angle could improve heat transfer without significantly
raising the entropy generation. This suggests that magnetic field angle could be a valuable strategy for
controlling heat transfer in nanofluid systems.

The results of the aforementioned studies and others demonstrated that nanofluids significantly
enhance heat transfer efficiency [22-24]. Moreover, it plays a pivotal role in thermal management,
contributing effectively to both energy storage systems and heat dissipation processes in cooling
technologies [25,26]. Hence, the elevate of these enhancements depends on taking into consideration
many factors such as nanoparticle concentration, base fluid properties, and operating conditions in
different geometries. These aspects led us to a more in-depth study of typical applications, especially
the cavities problem. The choice of studying the natural convection of nanofluids in a square cavity
was adopted to comprehensively evaluate their performance and to observe the hydrodynamic and
thermal behavior of nanofluids. This includes analyzing the impact of the base fluid and nanoparticles
as a function of Rayleigh number and studying the effect of introducing an obstacle on thermal
performance inside the cavity.

The present research focuses on thermal exchange evaluation and nanofluid behavior within a
rectangular cavity with and without obstacles. Various parametric examinations were performed to
analyze the heat transfer rate, such as Rayleigh number, nanoparticle volume fraction, based-fluid
nature, and position and size of the obstacle. These parametric studies highlight the significance
of nanofluid adoption for thermal systems, which provided valuable insights, especially for cooling
systems for electronic devices.

2 Numerical Method

The lattice Boltzmann method is a revolutionary advance in fluid flow simulation and the
modeling of thermal phenomena for different complex geometries. The LBM method, in contrast
to conventional approaches, is based on the simulation of fluid flow at a specific level, which is the
mesoscopic level. This feature guarantees precise results, enabling it to stand out for different situations
like boundaries and interactions between fluid particles are complicated. The LBM method has several
distinctive features, such as a linear particle displacement mode in velocity space and the ability to
reproduce closely the Navier-Stokes equations for incompressible fluids [27]. In this study, The LBM
numerical method will be utilized to investigate the thermal exchange and nanofluid flow within a
differentially heated cavity. The LBM equations have been utilized to describe the fluid flow and heat
transfer phenomena using the D2Q9 and D2Q5 models, respectively. These models were applied to
discretize the domain of fluid flow velocity and thermal transfer [28].

2.1 Lattice Boltzmann Equation for Fluid Flow

The lattice Boltzmann method enables precise numerical simulation of fluid dynamics in contrast
to conventional numerical methodologies. This approach characterizes the fluid as a unit of cohesive
particles, departing from the conventional practice of individually specifying each particle or the
entirety of the fluid assembly [29]. A defining feature of this method is its equation, which articulates
a collective distribution function (denoted as f;) for the fluid particles. Additionally, the lattice
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Boltzmann equation delineates two distinct expressions, namely the propagation and the collision
terms, as elucidated in the subsequent equation [30]:

fi(r+e x At t+ At) = —Tl [fi .0y = f(ro0] + AtF, i=0,8 (1)

where t, represents the relaxation time for the flow fields, and F; is the buoyancy force presented as
follows [30]:

F, = 3w,pgBATe; (2)

The discretization model used in this study is the D2Q9 model, which characterizes the lattice
Boltzmann equation in two-dimensional space with nine discrete velocity directions. This model
improves the accuracy of the numerical simulation, contributing to the method’s effectiveness in
addressing complex fluid flow phenomena [31].

The discrete particle velocities ¢; in the D2Q9 model are defined as follows [30]:

0 i=0
. (cos[(l’—1)%],sin[(z’—l)%]) i=14 )
ﬁ(cos[(i—S)%—I—%],sin[(i—S)%—l—%])c i=5.8

The equilibrium distribution function f in the D2Q9 model can be derived as follows [30]:
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¢ denotes the speed of sound determined by ¢, = 1/+/3, and the quantity w, is the weight
coefficients, which are presented in the D2Q9 model by the following expression [32]:
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After the numerical calculation of the lattice Boltzmann equation, the macroscopic variables,
specifically density p and momentum pu, are calculated through the following expressions [30]:

p=>f (6)

u=" e ™

2.2 Lattice Boltzmann Equation for Thermal Process
The lattice Boltzmann equation utility not only comprises fluid flow behavior but also reliably
simulates the thermal dynamics of fluids. The D2Q5 model, strategically designed for thermal analysis,
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was used to discretize the thermal lattice Boltzmann equation with five distinct thermal directions,
emphasizing the detailed representation of thermal properties within the fluid. This equation can be
defined as follows [30]:

1
gi(r+eix A[:[+A[)=__ (gi(rat)_gjq(rat))aizoaél' (8)
T,

where T, is the relaxation time for the temperature fields.

The equilibrium distribution functions for temperature g;* in the D2Q5 model are derived as
follows [30]:

¢ =T [1 T ec—”] ©)

s

The quantity w; denotes the weight factors for the D2Q5 model, which are given by [30]:

6
{ (10)
6

After the computational process of the thermal lattice Boltzmann equation, the macroscopic
temperature is calculated using the following expression [30]:

T=3 2 (11)

3 Mathematical Formulation for Nanofluid Conception

To simulate the flow of a nanofluid using the lattice Boltzmann method, it is necessary to modify
the thermophysical characteristics. Due to the minute size and low concentration of nanoparticles in
suspension, the mixture of solid and liquid phases is considered to be a homogeneous single-phase
fluid [33]. Water is generally used as the base fluid and different types of nanoparticles are included
in it [34].

To determine the effective thermo-physical properties of a nanofluid, several formulae exist in
the literature, which can differ significantly. The present study focuses on examining the impact of
uncertainties in the thermal conductivity and effective viscosity of the nanofluid. In this regard, the fol-
lowing formulae have been selected to determine the thermo-physical properties of the nanofluid [35].

Density [33-35]:

Py =1 =) pr + dp, (12)
Coefficient of thermal expansion [36]:
By = (1 — @) B + 0B, (13)
Specific heat [36]:
1
Cy=—I(1 =) .G, + ¢p,C,] (1)

Py
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Thermal conductivity [36]:

TV 2K 4+ K, + 20(K, — K,)

(15)

Dynamic viscosity [36]:
Moy = s (1 = )7 (16)

To examine the rate of heat transfer between the nanofluid and the heated walls, the local and
average Nusselt number in the hot wall (Nu and N,, respectively) were calculated using the following
expressions [37]:

K, 8T

N,=H—— 17

— 1 a

M=—/Mm (18)
H J,

4 Statement of Studied Geometry

The cavity under study, filled with nanofluid, has the same length L, and height H, as shown in
Fig. 1. In addition, its walls were defined as domain limits by applying the bounce-back boundary
conditions [38]. This sort of boundary condition is realized by setting the incoming distribution as
equal to the outgoing distribution after interacting with the wall and bouncing back into the flow
region. Mathematically, this condition is represented as follows [39]:

fi(x,y) = fi(x,») (19)

The quantities of f; and f; denote the pre- and post-collision distribution functions, respectively,
and 7 represents the lattice velocity direction.

Concerning the obstacle contained in the cavity, its position and dimensions study is carried out,
where the bounce-back boundary conditions are used to describe this obstacle for four different cases
(see Fig. 1).

For the thermal specifics of the system under study, the upper and lower cavity walls are considered
insulated by applying the Neumann boundary condition for the expression obtained by a heat flux
equal to zero [39]:

g,y =g (20)

The right and left walls are maintained at cold (7., = —0.5) and hot (7, = 0.5) dimensionless
temperatures, respectively (see Fig. 1). The conditions used to describe the wall temperature can be
expressed in a general form [30]:

g,y =T, (0 + o) — g (x,) (21)

Nanofluids used for the present study have been formulated utilizing either water or ethylene
glycol as the fluid basis, incorporating nanoparticles such as copper or alumina (see Table 1). The
thermophysical characteristics of nanoparticles dispersed in the base fluid are critical factors in
enhancing the heat transfer quality.
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Figure 1: Geometries structure under study
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Table 1: Thermophysical properties of different base fluid and nanoparticle materials

Fluid and Density Dynamic Specific heat Thermal Thermal

nanoparticle viscosity conductivity expansion

materials (o] (1] [C)] [K] (8]
(kg.m™) (x10~* kg/ms) (Jkg.K™) (WK™ (x10°.K™)

Water 997.1 8.891 4179 0.613 21

Ethylene 1115 150.5 2420 0.27 50

Glycol (EG)

Alumina 3600 — 765 46 0.63

(AL, O5)

Copper (Cu) 8933 — 385 401 1.67

5 Numerical Results and Discussion

The present study aims to analyze the nanofluid’s flow behavior and heat transfer rate employing
the LBM-SRT method. The primary investigations focus on model validation, mesh independence,
the effects of nanoparticle type, Rayleigh number, and fluid base on heat exchange and heat transfer
rates. The purpose of the study is to better understand the hydrodynamic and thermal effects of
nanofluids and their essential role in improving heat transfer to find ideal solutions for optimizing
cooling performance.

5.1 Validation Model

Numerical validation is an essential aspect of computational research, as it verifies the numer-
ical accuracy of models. This process involves a rigorous examination of model predictions with
experimental or theoretical data, ensuring alignment and reinforcing the model’s credibility. By
demonstrating agreement with established knowledge, validation inspires confidence in the model’s
ability to accurately represent real-world phenomena. This essential step protects against inaccuracies
and strengthens the scientific basis of research.

Table 2 displays the average Nusselt number values obtained using the LBM-SRT method which
is compared with previous research for different Rayleigh numbers. The results suggest that the mean
Nusselt number values obtained in the present study are marginally higher than those reported in the
other studies, especially for lower Rayleigh numbers (see Table 2). Despite these slight differences, one
can observe an excellent agreement between the present study and previous studies [22,36,40]. This
indicates that the results of the present study are reliable and consistent with previous research.

To further validate the results presented in Table 2, we also calculated the root mean square error
(RMSE) and mean absolute error (MAE) to make a quantitative comparison with the results reported
by Khanafer et al. [36]. The analysis yielded a mean absolute error of 0.165 and a mean square error
of 0.232, indicating a high level of consistency between our study and the reference results.

Fig. 2 displays the average Nusselt number calculated using the LBM-SRT method and previous
research for different Grashof numbers and nanoparticle volume fractions. The results reveal excellent
consistency between the current study and those reported by Khanfar et al. [36].
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Table 2: Comparison of the average Nusselt number for different values of Rayleigh number

Ra Average nusselt number
Present study Khanafer et al. [30] Laiet al. [22] Santra et al. [40]
10° 1.131 1.118 1.128 -
10* 2.308 2.245 2.286 2.245
10° 4.671 4.522 4.729 4.521
10¢ 8.391 8.826 9.173 8.813
10
9r 35 =
—&— Gr=10° (Present Study)
8 —©&— Gr=10" (Present Study)
@ Gr=10° (Present Study)
e7r = © = Gr=10° (Khanfar Study)
=z = © = Gr=10" (Khanfar Study)
§ 6 - © - Gr=10° (Khanfar Study)
e ===
y | ——
F g
z
3 -
2T-——- © S
, . . . . .
0 2 4 6 8 10

Volume Fraction (%)

Figure 2: Comparison of the average Nusselt number for different values of Grashof number and
volume fraction [36]

Fig. 3 shows a comparison between the temperature profile obtained with the LBM-SRT method
and that obtained by Khanafer et al. [36]. The temperature profiles show a good consistency,
demonstrating the reliability of our numerical approach. Based on these validation and comparison
studies, it can be concluded that the adopted method is reliable and consistent for studying the problem
of nanofluid flow and heat transfer for different geometries.

5.2 Mesh Independency Study

Mesh study is considered an essential tool for verifying the independence between numerical
results and the mesh used. This analysis also focuses on determining the optimum mesh size for
numerical simulations, balancing computation time and accuracy.

Table 3 illustrates the average Nusselt number for various mesh sizes. It can be seen that the N,
values increase with mesh size up to a specific limit, after which the N, results become relatively
constant, indicating that simulation accuracy improves with larger mesh sizes. In this study, the
100 x 100 mesh was chosen as the optimal mesh size for all simulations because of its low maximum
deviation compared to other mesh sizes. Furthermore, this mesh size offers a good balance between
accuracy and computational cost.
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Figure 3: Temperature profiles at mid-sections of the cavity for Gr = 10°, Pr = 6.2, and ¢ = 5% [30]

Table 3: Average Nusselt number values for different meshes

Meshes size N, Maximum deviation
50 x 50 5.530 —

100 x 100 5.536 0.108%

150 x 150 5.542 0.104%

200 x 200 5.547 0.090%

250 x 250 5.551 0.072%

300 x 300 5.554 0.054%

350 x 350 5.556 0.036%

400 x 400 5.557 0.018%

Regarding numerical stability criteria, we have computed the evolution of the average Nusselt
number as a function of the number of iterations for a Rayleigh number equal to 10° and a nanoparticle
volume fraction equal to 10% (see Fig. 4). During the initial stages of the numerical calculation, the
average Nusselt number undergoes a pronounced fluctuation, reaching a maximum value of around
180 during the transient phase and then establishing stable patterns. As the number of iterations
increases, the fluctuations decrease and the Nusselt number approaches a stable value of around 12.
This stability is observed from the 200,000th iteration onwards, proving that the system has achieved
numerical stability under these conditions. These results validate the numerical setup, including
grid resolution, and the correct implementation of the boundary conditions, guaranteeing accurate
predictions of heat transfer characteristics and nanofluid flow behavior under the given parameters.

5.3 Effect of the Nanoparticle Type and Rayleigh Number on the Thermal Exchange

The effect of nanoparticle kind and Rayleigh number has been examined in this section to track
the evolution of thermal transfer and flow behavior. Fig. 5 illustrates the streamlines and isotherms for
water and water-Cu with different nanoparticle volume fractions (¢ = 5% and ¢ = 10%) at various
Rayleigh numbers (Ra). At low Ra values, the fluid flow is dominated by viscous forces, and a central
vortex dominates the flow. On the other hand, as Ra increases, buoyancy-induced flow becomes more
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important, and the shape of vortices may change due to thermal diffusion. These remarks can also be
deduced for water-Cu with different volume fractions (see Fig. 5).

180
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100 ~
80
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Average Nusselt Number

40 4
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Ll r T T
0 100000 200000 300000 400000 500000

Number of iterations

Figure 4: Average Nusselt number vs. iteration number for Ra = 10° and ¢ = 10%

/// |

Figure 5: (Continued)

Ra=10°




FHMT, 2025, vol.23, no.1 219

KM/P(W

Ra=10"

Streamlines Isotherms

Figure 5: Comparison of streamlines and isotherms for different Rayleigh numbers: water (black-lines),
water-Cu with ¢ = 5% (red-lines), and water-Cu with ¢ = 10% (blue-lines)
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Adding copper nanoparticles to the water increases the strength of the streamlines, resulting in
the deformation of the center vortex and higher velocities at the cavity center when going from low Ra
to high Ra. It can be seen that the isotherms are affected by the thermal diffusion of the nanofluid,
and higher volume fractions may lead to changes in the vertical stratification of isotherms (see Fig. 5).

The analysis of the average Nusselt number was conducted for a variety of nanoparticles to pursue
the heat transfer evolution inside the cavity. Fig. 6 shows the average Nusselt number as a function of
the Rayleigh number for two different nanoparticles, alumina (Al,O;) and copper (Cu), dispersed with
various volume fractions (¢) in pure water. It can be observed that the N, values increase with volume
fraction and Rayleigh number for both nanoparticles used, indicating an improvement in heat transfer.
This improvement in heat transfer is due to the thermal properties of the nanoparticles used, which
are characterized by high thermal conductivity.

(a) (b)

—6—=0% —e—¢=0%
—e—0=1%

Average Nusselt Number
Average Nusselt Number

0 \ ) i :
10° 10 10° 108 10% 10* 10% 108
Rayleigh numbers Rayleigh Numbers

Figure 6: Evolution of average Nusselt number for different Rayleigh numbers and volume fractions
(¢): (a) water-Cu, (b) water-Al,O,

Comparing the introduction of nanoparticles (Cu and Al,O;) into pure water, it is observed that at
low Rayleigh numbers (Ra = 10°), the improvement in heat transfer is approximately 1% higher for the
water-Cu nanofluid than for the water-Al,O; nanofluid. This result is attributed to the predominance
of conductive heat transfer at low Rayleigh numbers, where the superior thermal conductivity
of copper nanoparticles enhances thermal performance. Conversely, at higher Rayleigh numbers
(Ra = 10°), where natural convection becomes the dominant heat transfer mechanism, the perfor-
mance difference between the two nanofluids becomes negligible, with only a 0.24% improvement
for the Cu-water nanofluid. This indicates that when convective heat transfer becomes the dominant
mechanism, the influence of nanoparticle thermal conductivity on overall heat transfer diminishes.

The following study focuses on a comparison of the evolution of the average Nusselt number as
a function of volume fraction for two different nanoparticles (Cu and Al,O;) for the same base fluid
(pure water) and a Rayleigh number equal to 10°. The results observed in Fig. 7 show that the switch
of nanoparticles dispersed in pure water exhibits slightly elevated average Nusselt number values for
different volume fractions, where the use of Cu nanoparticles showed an enhancement in heat transfer
rate compared to Al,O; nanoparticles, with an average difference of around 0.08%—1.22%.
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5.4 Effect of the Fluid Basis and Rayleigh Number on the Heat Transfer Rate

This section examines the evolution of heat transfer quality for different types of fluid (water or
ethylene glycol) when copper nanoparticles are incorporated. Fig. 8 demonstrates the average Nusselt
number evolution under the effect of the volume fraction of copper nanoparticles for water and
ethylene glycol. It can be seen that an increase in the volume fraction of nanoparticles leads to an
augmentation of the average Nusselt number for both water-Cu and EG-Cu for several values of the
Rayleigh number.

—&— Al203 5
—&—Cu )

2T

-

T

-
pury

Average Nusselt Number
2 5

©
tn
T

0 1 2 3 4 5 10
o (%)

Figure 7: Effect of Cu and Al,O; nanoparticles on the evolution of average Nusselt number for different
volume fractions (¢) at Ra = 10°

(a) (b)

——=0%

o (=] ~

Average Nusselt Number
=N

Average Nusselt Number

10% 10* 10° 108 10% 104 108 108
Rayleigh Numbers Rayleigh Numbers

Figure 8: Evolution of average Nusselt number for different Rayleigh numbers and volume fractions
(¢): (a) water-Cu, (b) ethylene glycol-Cu

Assessment of heat transfer quality was also studied to compare the influence of changing the
fluid basis for different nanoparticle volume fraction values at Ra = 10°. Fig. 9 reveals that the average
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Nusselt number values for water-Cu exceed the values obtained for EG-Cu by around 14%—17% for
different volume fractions. These disparities are due to the thermal properties of water vs. ethylene
glycol, specifically the thermal conductivity and specific heat capacity. Consequently, the water-Cu
nanofluid use offers better convective thermal exchange performance than the EG-Cu nanofluid
under similar thermal conditions.

—&— Ethylene Glycol
—&— Water

13

- e
— %]
T T

Average Nuise[l Number

(%)

Figure 9: Fluid type impact on the evolution of average Nusselt number for different volume fractions
(¢) at Ra = 10°

5.5 Impact of an Obstacle Dimension and Position on Nanofluid Behavior and Thermal Exchange
Quality

The study of the obstacle effect inside a differentially heated cavity containing the water-Cu
nanofluid was conducted with a volume fraction equal to 5% and a Rayleigh number equal to 10°.
This study aims to evaluate the effect of obstacle size and positioning on heat transfer enhancement
along the hot cavity wall. Four cases were studied in which the obstacle dimensions vary according to
three positions (see Fig. 1): the first position is located at the cavity base (Y-position 0), the second
position is situated at the cavity center (Y-position 0.5), and the third position is at the cavity ceiling
(Y-position 1).

Fig. 10 shows the obstacle effect on the streamlines of the water-Cu nanofluid. It can be seen
that the presence of the obstacle within the cavity changes the shape and intensity of the streamlines,
especially when the obstacle is oversized (Case 1) or when it is positioned in mid-cavity (Y-position
0.5). It can also be seen that positioning the obstacle at the base of the cavity (Y-position 0) gives
symmetrical streamlines in comparison with positioning the obstacle at the cavity ceiling ( Y -position
1). While the rotating vortex has become composed of two inner vortices due to Y-position 0.5.

Concerning the thermal field, Fig. 11 displays the effect of obstacle size and positioning on the
temperature lines for Ra = 10° and ¢ = 5%. It can be noted that the presence of the obstacle at Y-
position 0 and Y-position 1 influences the thermal behavior of the nanofluid, where the isotherms’
stratification becomes less pronounced. In contrast, the isotherms retain their stratification when the
obstacle is at Y-position 0.5. It can be interpreted that when the obstacle is situated at the base of
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the cavity, it will prevent cold nanofluid flow toward the hot wall of the cavity. Likewise, the obstacle
positioning at the top of the cavity will prevent hot nanofluid flow toward the cold wall of the cavity.

Y-position 0 Y-position 0.5 Y-position 1

Case 1

Case 2

Case 3

Case 4

Figure 10: Streamlines of water-Cu nanofluid for various cases at Ra = 10° and ¢ = 5%

After investigating the effect of the obstacle on the behavior of the nanofluid flow and the
evolution of the thermal pattern, the remainder of this study will focus on evaluating the quality of
heat transfer near the hot cavity wall and highlighting the best scenarios for improving heat transfer
with the presence of the obstacle.
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Figure 11: Isotherms of water-Cu nanofluid for various cases at Ra = 10° and ¢ = 5%

Fig. 12 shows the evolution of the average Nusselt number vs. obstacle position for the four cases
studied earlier. It can be noted that the best scenario in which the Nu registers high values was obtained
for Case 2, followed by Cases 4, 3, and 1. The substantial increase in the average Nusselt number in
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Case 2 can be attributed to the diminutive dimensions of the obstacle, making its influence negligible
compared to the other cases. This matter underlines the minimal impact of the obstacle on heat transfer
in this scenario. Consequently, there is a notable improvement in the heat transfer rate by an average of
5% at Y-positions 0 and 1 for Case 2 compared to other cases. This superior thermal performance in
Case 2 is explained by the reduced dimensions of the obstacle, which does not block the nanofluid flow
toward the hot and cold walls. As a result, heat exchange performance is higher than in the other cases.
In contrast, the larger obstacle in Case 1 impedes the flow, resulting in lower thermal performance.
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Figure 12: Evolution of the average Nusselt number for various cases with three different positions of
the obstacle for Ra = 10° and ¢ = 5%

Regarding the positional impact of the obstacle, it is noteworthy that the Nu exhibits substantial
values at the mid-cavity position (Y-position 0.5). Consequently, regardless of the case, optimal
placement of the obstacle to enhancing heat transfer efficiency occurs at the mid-cavity (see Fig. 12).
This improvement is particularly pronounced in Case 2, where the heat transfer quality reached around
1.5%—9.7%. These results suggest that optimizing the dimensions and positioning of obstacles can lead
to more efficient thermal management in practical applications, such as cooling systems, by balancing
flow disturbance and heat transfer performance.

Performance evaluation of heat transfer where the obstacle is in the mid-cavity has been carried
out in this part to prove the best scenarios offering significant improvement. Fig. 13 presents the Nu
evolution as a function of nanoparticle volume faction at a fixed Rayleigh number (Ra = 10°). At low-
volume fractions (1% and 2%), the thermal performance in all cases is almost identical. This indicates
that the geometry and position of obstacles do not influence thermal exchange quality. At a volume
fraction equal to 3%—5%, the discrepancies between the cases and the configuration without obstacles
become slightly pronounced. For example, at a volume fraction of 3%, the average Nusselt numbers
for all cases exhibit a medium degree of convergence, indicating that the influence of the obstacle
designs and position become slightly observed on heat transfer under these conditions. At higher
volume fractions, especially at 10%, Case 2 has the highest heat transfer efficiency compared with the
other cases and the configuration without obstacles. To illustrate, Case 2 shows a 0.98% improvement
over the configuration without obstacles and marginal deviations from other cases. These deviations
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can be attributed to the geometry and positioning of the obstacle, which affects flow patterns and
thermal gradients inside the cavity. It can be deduced that Case 2 shows a significant improvement in
heat transfer rate over the other cases.
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Figure 13: Impact of the obstacle presence at the mid-cavity on the evolution of the average Nusselt
number for different volume fractions of nanoparticles at Ra = 10°

6 Conclusion

The current research focuses on the numerical study of the thermal assessment of a differentially
heated nanofluid-filled cavity with and without an obstacle. The lattice Boltzmann method associated
with single relaxation time was used to analyze the heat transfer and nanofluid flow in various
scenarios to find the best benchmark that enhances the heat transfer quality. This numerical approach
was compared and validated with previous studies to verify the validity and consistency of the used
approach compared with other methods. The numerical comparisons show a good agreement, making
the LBM-SRT method a good tool for studying the problem of heat transfer and nanofluid flow with
high precision. Several parameters were examined in this research to evaluate the heat transfer inside
the nanofluid-filled cavity, such as the type and volume fraction of nanoparticles, Rayleigh number,
type of fluid basis, and the position and dimension of the obstacle inside the cavity. Key findings and
potential optimization strategies can be summarized as follows:

— The increase in Rayleigh number increases the buoyancy force, where the vortices’ structure
changes due to thermal diffusion. These remarks can also be deduced for all nanofluids studied
with different volume fractions. As a result, this increase in Ra enhances heat transfer efficiency
for all configurations studied.

— The use of nanoparticles with higher thermal conductivity induces a slight augmentation of
the heat transfer quality, where the Cu nanoparticles use showed an enhancement compared
to Al,O; nanoparticles, with an average difference of around 0.08%—1.22%.
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— The Increases in nanoparticle concentration generally led to improved heat transfer for all
nanoparticles used.

— Water-Cu nanofluids present better heat transfer performance than ethylene glycol-Cu
nanofluids under similar conditions with an improvement of around 14%—17%.

— The presence of obstacles at either the bottom or top of the cavity results in a decline in the
overall heat transfer rate for all cases. However, there is a notable improvement in the heat
transfer rate by an average of 5% at Y-positions 0 and 1 for Case 2 compared to other cases.

— The obstacle presence at the mid-cavity improves the heat exchange rate by around 1.5%—9.7%.

These results have important implications for engineering and industrial applications, especially
for the improvement of thermal management systems. The optimized obstacle design and strategic
placement demonstrated in this study can be directly applied to improve the efficiency of cooling
systems, thermal energy storage units, and heat exchangers. Such advances are particularly relevant
to industries requiring precise temperature control, including renewable energy systems, electronics
cooling, ventilation, and air-conditioning technologies, thus contributing to improved performance
and energy sustainability.

This study provides valuable insights into convective heat transfer in nanofluid-filled cavities but
is subject to certain limitations. The analysis is limited to Three nanofluid types (water-Cu, ethylene
glycole-Cu, and water-Al,O;), fixed obstacle geometries, and equilibrium conditions. In future work,
we aim to address these limitations by exploring other nanofluids, including hybrid and biological
options, analyzing the effects of different obstacle shapes and orientations, and incorporating transient
heat transfer behaviors. In addition, we intend to extend the study to more complex systems and
investigate advanced applications, such as heat sinks and immersion cooling technologies, to enhance
the practical applicability of the results.
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