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Abstract 

This study presents a parametric numerical investigation of laminar natural convection and heat transfer in a cavity 
with opposite sinusoidal wavy walls, filled with hybrid Ag-CuO/water nanofluid. The vertical walls of the cavity are 
maintained at distinct hot and cold temperatures, while the upper and lower boundaries are thermally insulated. The 
study examines the effects of key factors, including the sinusoidal wall shape, nanoparticle volume fractions (0% ≤ 𝜙 ≤ 
6%), and Rayleigh numbers (10³ ≤ Ra ≤ 10⁶). A finite volume discretization method, using the SIMPLE algorithm, is 
employed to solve the governing equations, with Ansys Fluent software ensuring quadratic accuracy. Mesh 
independence is confirmed with a 200 × 200 mesh, and code validation is performed through comparison with previous 
studies. Results indicate that increasing the nanoparticle volume fraction enhances heat transfer within the cavity. 
Additionally, the Rayleigh number significantly influences the heat transfer mode, with higher Ra values promoting 
stronger convective activity. Detailed analysis of temperature and velocity profiles, along with Nusselt number 
variations, highlights the impact of nanoparticle concentrations and Rayleigh numbers. The wavy wall geometry 
improves fluid mixing and thermal boundary layer interaction, leading to enhanced heat dissipation. These findings 
underscore the potential of hybrid nanofluids and wavy wall designs to optimize heat transfer in engineering systems. 
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1. Introduction 

Thermal transfer is a discipline aimed at understanding 
the energy transfer between molecules or particles of 
matter at different temperatures. Governed by a 
combination of physical laws and empirical relationships 
derived from experimentation, this process is ubiquitous 
in various industrial (thermal and electric engines, fuel 
and gas power plants, etc.) and domestic (heating 
systems) contexts. The specialized literature in this field 
generally recognizes three distinct modes of heat 
transmission: conduction, convection, and radiation. 

Enhancing heat transfer through convection is the 
primary goal of numerous studies. To achieve this 
objective, many researchers have undertaken a variety of 
numerical and experimental trials, focusing on describing 
the phenomena governing convection, the influence of 
system nature (especially geometry), and the properties of 
involved fluids (physicochemical properties). These 
efforts have mainly addressed the macroscopic, and 
sometimes microscopic, aspects of the process. A wide 
range of methods have been employed recently to increase 
the velocity of heat transfer in order to reach a desirable 
degree of thermal efficiency. Enhancing thermal 
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conductivity is one approach to achieve this. Several 
attempts have been made to enhance the thermal 
characteristics of traditional heat transfer fluids by 
dispersing high thermal conductivity solid particles in the 
coolant. The first to demonstrate that raising the volume 
proportion of solid particles in a mixture of solid and 
liquid could enhance its thermal conductivity was 
Maxwell [1, 2]. Large particles, however, can lead to a 
number of bothersome issues, like large particles 
sedimenting in the base fluid. As a result, a brand-new 
class of fluid called as nanofluid has been created to 
enhance thermal conductivity and suspension stability. 
The benefit of employing nanoparticles scattered 
throughout a base fluid in various thermal regimes to 
increase the rate of heat transfer was demonstrated by 
Choi [3]. According to Eastman et al. [4], the thermal 
conductivity rose by 40% at a volume concentration of 
0.3% of copper nanoparticles dissolved in ethylene 
glycol. A basic fluid with suspended nanoscale particles 
of a single type of material is referred to as a "nanofluid" 
in almost all research published to date in the field of 
nanofluids. They looked explored how the size, shape, 
concentration, and composition of nanoparticles affected 
the thermophysical characteristics of nanofluids and how 
they affected the characteristics of pressure drop and heat 
transmission. But lately, a study on nanofluids was 
conducted experimentally with two different kinds of 
nanoparticles dispersed concurrently in a base fluid 
known as "hybrid nanofluid" [5]. The creation of two 
distinct types of nanoparticles scattered throughout the 
base fluid is the key component of hybrid nanofluids. 
Consequently, when particle materials are chosen 
carefully, they can balance out each other's good qualities 
and cover up a single material's flaws. For instance, 
Al2O3 has less heat conductivity than metal 
nanoparticles, but alumina, a ceramic substance, has some 
advantageous qualities such high stability and chemical 
inertness. High heat conductivity is exhibited by metal 
nanoparticles such as copper, zinc, aluminum, and others. 
However, because of their stability and reactivity, metal 
nanoparticles are not as useful in nanofluidic applications. 
These features of metallic and non-metallic nanoparticles 
suggest that adding metallic nanoparticles, such copper, 
to a nanofluid containing Al2O3 nanoparticles could 
enhance the mixture's thermophysical characteristics. 
Conducting an experimental investigation on the 
production of hybrid nanofluids of Al2O3-Cu and water 
by Suresh et al. [5]. They employed a thermomechanical 

technique (a two-step procedure) to produce the stable 
hybrid nanofluid. The Al2O3-Cu/water hybrid nanofluid 
was created by adding copper nanoparticles to the 
Al2O3/water nanofluid at various volume concentrations, 
including 0.1, 0.33, 0.75, 1, and 2%. Given the 
aforementioned benefits of hybrid nanofluids, it is 
obvious that this cutting-edge fluid will be essential to the 
development of nanofluidics in the future. As a result, 
researchers are increasingly drawn to investigate hybrid 
nanofluids and how they affect pressure and heat 
transmission. qualities of projection. Due to its numerous 
applications in nuclear power, duplex windows, building 
heating and cooling, solar collectors, electronic 
refrigeration, and microelectromechanical systems 
(MEMS), natural convection heat transfer is a significant 
phenomenon in engineering systems [6–8]. 

Therefore, to guarantee the effective operation of 
varied heat transfer equipment, it is required to examine 
the thermal and hydrodynamic behavior of different 
shapes of heat transfer surfaces. Natural laminar 
convection in 2D packages is a well-studied problem in 
several literatures. The majority of this study (see, for 
example, [9–11]) has been on the topic of heat 
transmission via natural convection in corrugated-
surfaced containers. In a square enclosure with V-shaped 
undulating vertical walls, Ali and Hussein [12] 
investigated the impact of ripple frequencies on heat 
transmission and natural convection flow characteristics. 
Numerous studies have been conducted on this topic in 
addition to standard geometric shapes like the square and 
rectangle. Because corrugated wall enclosures are used in 
numerous engineering challenges including technical 
design requirements, they are mentioned in literature [13]. 
Numerous industrial and engineering uses for natural 
convection in a corrugated enclosure exist, including 
double wall thermal insulation, subterranean cable 
networks, and microelectronic device cooling [14]. As a 
result, numerous researchers have published theoretical 
and experimental results on this geometry because of the 
practical significance of flow and heat transfer in wavy 
geometry (e.g., [15–17]). A numerical investigation of 
static magnetic convection in a sinusoidal corrugated 
enclosure with a heat source on the bottom wall was 
conducted by Saha [18]. It shown that the average Nusselt 
number dropped as the heat source's surface area rose, 
suggesting that the heat source's size significantly affects 
the rate of heat transmission. Additionally, in the 
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geometry given by Saha [18], Hussein et al. [19] 
conducted a numerical examination of the impact of tilt 
angles on natural convection. According to their findings, 
the Nusselt number first rises with higher tilt degrees 
before falling for all Hartmann number values. 

In recent years, advanced studies have increasingly 
focused on the dynamics of blood flow in stenosed arteries 
and the impact of nanoparticles on fluid behavior. For 
instance, research has explored the complex interactions 
of electro-magnetohydrodynamics in human blood flow 
using hybrid nanofluids like Cu and CuO, which enhance 
thermal conductivity and influence viscosity to improve 
flow characteristics, Shankar et al. [20]. Additionally, the 
study of heat and mass transfer in Casson nanofluids 
under double diffusive convection has gained attention for 
industrial micro-pumping applications, Bathmanaban et 
al. [21]. Computational models for bio-inspired 
membrane-based pumping systems in medical 
applications have also advanced, illustrating how induced 
magnetic fields affect micro-scale transport phenomena in 
MRI and electromagnetic therapy, Bhandari et al. [22]. 
Finally, flow models of Bingham plastic fluids through 
porous media have contributed to the design of micro-
valveless pumps for diagnostic and therapeutic use, 
Kumar et al. [23]. 

This study addresses significant gaps in the literature 
by examining the combined effects of hybrid nanofluids 
and complex geometries, specifically sinusoidal 
corrugated enclosures, on heat transfer performance. 
Despite numerous studies on nanofluids and geometric 
shapes individually, the interplay between nanoparticle 
concentration, geometric configurations, and their impact 
on natural convection remains underexplored. This 
research will systematically analyze how varying 
nanoparticle concentrations and Rayleigh numbers 
influence heat transfer in such enclosures and provide new 
insights into optimizing thermal performance in complex 
systems. The study focuses on two main aspects: the 
effects of nanoparticle concentration and Rayleigh 
numbers, and the influence of wall geometry. 

 

2. Computational Model 

2.1. Configuration 

Figure 1 depicts the examined geometric 
configuration, emphasizing the principal geometric 

characteristics. The cavity comprises two vertical 
sinusoidal walls and two flat horizontal walls, with 
dimensions L and H, respectively. The left sinusoidal 
wavy sidewall heats the cavity isothermally at 
temperature (Tc), while the right sinusoidal wavy sidewall 
cools it at temperature (Tf). The following equation 
characterizes the sinusoidal wave surfaces:  =

  𝒔𝒊𝒏𝟐(
𝒏𝝅𝒚

𝑯
). We presume thermal insulation for the 

remaining walls (superior and inferior). 

 

Figure 1. The physical scheme of the problem and the 
boundary conditions. 

The flow is assumed to be Newtonian and incompressible 
in a steady laminar regime in a state of thermal 
equilibrium. According to the Boussinesq 
approximations, the density variation is neglected 
everywhere, except in the buoyancy term. The 
thermophysical properties with which we will work are 
shown in Table 1. 

 Table 1. Thermophysical properties of water and 
nanoparticles with T=300 °K. (Sharma et al [24]). 

 

2.2. Governing equations 

In this study, we investigate a steady-state, 
incompressible flow inside a sinusoidal cavity filled with 
a hybrid nanofluid consisting of water and Ag and CuO 
nanoparticles. Furthermore, the Navier-Stokes equations, 
a well-established set of equations in fluid mechanics, 

Physical 
properties 

Unit H2O Ag CuO 

ρ (kg .m-3) 997.1 10500 6320 

Cp (J .kg-1 .K-1) 4179 235 531.8 

K (W.m-1.K-1) 0.613 429 76.5 

μ (Kg .m-1 .K-1) 0.001002 _ _ 
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incorporating the Boussinesq approximation, are 
presented below: 
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The properties of the hybrid nanofluid are calculated 
according to the following formulas: 

The thermal diffusivity of nanofluid is: 

𝛼௡௙ =
௞೙೑

(ఘ஼೛)೙೑
                                                                                      (5) 

 
The density of a hybrid  nanofluid is: (Ghalambaz et al. 
[25]), (Mabood, Yusuf et al [26]) 

𝜌௛௡௙ = ൫1 − 𝜑௛௡௣൯𝜌௙ + 𝜑ଵ𝜌ଵ + 𝜑ଶ𝜌ଶ                          (6) 

The heat capacity of a hybrid  nanofluid is:(Ghalambaz et 
al. [25]), (Mabood, Yusuf et al [26]) 

(𝜌𝐶௣)௛௡ = ൫1 − 𝜑௛௡ ൯൫𝜌𝐶௣൯
௙

+ 𝜑ଵ(𝜌𝐶௣)ଵ + 𝜑ଶ(𝜌𝐶௣)ଶ    (7) 

The coefficient of thermal expansion of hybrid  nanofluid 
can be determined by:(Ghalambaz et al., 2019 [25]) 

(𝜌𝛽)௛௡ = ൫1 − 𝜑௛௡ ൯(𝜌𝛽)௙ + 𝜑ଵ(𝜌𝛽)ଵ + 𝜑ଶ(𝜌𝛽)ଶ           (8) 

According to Maxwell's model, the thermal conductivity 
of hybrid  nanofluid is:(Mabood et al [26]) 
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                                                                      (9) 

The dynamic viscosity of a hybrid  nanofluid as follows: 
(Mabood et al. [26]) 

𝜇௛௡௙ =
ఓ೑

(ଵିఝభ)మ.ఱ(ଵିఝమ)మ.ఱ                                               (10) 

The boundary conditions of natural convection in 
dimensionless form are listed in the following Table 2. 

Table 2. Hydrodynamic and thermal boundary conditions.                                       

Limit 
Hydrodynamic 

Conditions 
Thermal 

Conditions 
Left wall       0<Y< 1 , X= 0 U = V = 0 𝜃 = 1 

Right wall    0 < Y < 1, X = 1 U = V = 0 θ = 0 

Upper wall   0 < X <  1, Y=1 U = V = 0   ௗƟ

ௗ௒
 = 0 

Lower wall   0 ≤  X ≤ 1, Y= 0 U = V = 0 డఏ

డ௬
 = 0 

 

The reduced variables used during the dimensioning of 
equations (1-4) as well as the Prandtl, Grashof and 
Rayleigh numbers are respectively given by the following 
expressions:  
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By carrying the dimensionless quantities defined 
above in the equations of the mathematical model (1), (2), 
(3), and (4), we obtain: 
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The local Nusselt number (Nu) along the lower 
hot wall can be expressed by: 
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௞೙೑

௞೑
 .

డఏ డ௡⁄

்೓ି ೎்
. 𝐻                                                 (17)                                                                                   

The average value of the Nusselt number along this 
wall is calculated by the following integral: 
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3. Numerical Method 

To solve the equations governing this problem, we 
employed the SIMPLE algorithm along with the second-
order scheme of the finite volume method. The 
computations were carried out using the Ansys-Fluent 6.3 
software. 

 

3.1. Mesh independence 

A quadratic cell mesh is utilized for this study. The 
mesh is meticulously designed to refine near the block and 
adjacent walls, gradually coarsening as it extends farther 
away from both. The objective of this approach is to 
decrease the total computational expense while improving 
the accuracy of the simulation outcomes. To examine the 
impact of node count, four distinct meshes with 175x175, 
200x200, 225x225, and 300x300 nodes are chosen, 
enabling the attainment of highly accurate solutions 
without compromising computational time. The average 
Nusselt number obtained using different grids for 
particular cases is presented in Table 3. As can be seen 
from this table, a 200×200 grid is fine enough for the 
numerical calculation performed in the current project. 
 

Table 3. Flow characteristics for different grids. 

 

3.2. Code validation 

To validate the simulation code, we conducted a 
comparative analysis by comparing the current results 
with those reported by Takabi, B et al. [27]. This 
comparison focused on a sinusoidal cavity with a discrete 
heat source on the bottom wall. Takabi and others studied 
laminar natural convection with Al2O3/H2O nanofluid 
and Al2O3-Cu/H2O hybrid nanofluid in a range of 
conditions. The specific case compared involved 
Rayleigh numbers of Ra=103 and Ra=105, with a 
nanoparticle volume fraction φ=1%. Figure 2 illustrates 
the isotherms for both studies, showcasing excellent 
agreement between the present simulation and the 
previous results. The results show that the numerical 
method used here can accurately describe how heat moves 
through sinusoidal cavities, especially when hybrid 

nanofluids are present. 

 

Takabi, B et al [27]. Present work. 

  

Ra=103, 𝝋=1%. Al2O3-Cu/ Water. 

  

Ra=105, 𝝋=1%. Al2O3-Cu/ Water. 

Figure 2. Isotherm comparison. 

 

The second validation case in this study comes from a 
well-known issue with nanofluids naturally convexing in 
a two-dimensional cavity with wavy walls, which was 
looked into by Boulahia, Z. et al. [28]. Analyzed two 
configurations: one with a wavy cavity that maintains the 
vertical walls at different temperatures, and another with 
a wavy cavity that features a centrally placed cooler and 
heated vertical walls. We assumed the nanofluid to be 
Newtonian, incompressible, and laminar, maintaining 
thermal equilibrium conditions throughout the cavity. We 
used the average Nusselt number as a key performance 
metric for this validation. Figures 3 and Figure 4 show a 
direct comparison between the results of the current study 
and the numerical data obtained by Boulahia et al. [28] 
using Fluent 6.3. The excellent agreement observed in 
these figures underscores the accuracy and reliability of 
the present numerical model, further confirming the 

validity of the simulation procedures employed. This 
validation process reveals the robustness of the simulation 
framework in this study, which delivers highly accurate 
predictions of heat transfer characteristics in wavy-wall 
cavities. The agreement with both experimental and 
numerical results from previous studies not only proves 
that the methods used are correct, but it also shows how 
useful it is to use hybrid nanofluids, especially Al2O3-
Cu/H2O, to improve thermal performance in complicated 
shapes. These findings are essential for optimizing 
designs where natural convection plays a critical role, 

Mesh 175x175 200x200 225x225 300x300  

 Nuavg 5.914798 5.906531 5.90402 5.90 368  
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especially in systems involving corrugated walls and 
hybrid nanofluid applications. 
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Figure 3. Evolution of the average Nusselt number along the 

hot wall for different volume fractions. 
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Figure 4. Evolution of the average Nusselt number along 

the hot wall for different volume fractions. 
 

4. Results and Discussion 

In this study, we examine the laminar natural 
convection flow in a cavity with sinusoidal undulated 
walls, focusing on the hydrodynamic behavior and heat 
transfer characteristics when two distinct nanoparticles 
are incorporated into a base fluid. The cavity is heated via 
a heat source positioned on the left wall, and the effects of 
Rayleigh number (ranging from 103 ≤ Ra ≤ 106 and hybrid 
nanofluid concentration (volumetric concentration 
between 0% and 6%) on both heat transfer and 
hydrodynamic performance were thoroughly analyzed. 
This analysis was conducted by evaluating the thermal 
and dynamic fields, as well as the temperature and 
velocity profiles along the longitudinal and transverse 
midsections of the enclosure.  

4.1. Influence of nanoparticle concentration and 
Rayleigh number 

Figure 5 displays temperature contours for Rayleigh 
numbers ranging from 103 to 106. As observed, heat from 
the hot source is transported upward via convection within 
the enclosure. A fairly uniform distribution of heat is 
noted across both sidewalls, with slight tilts in the 
isotherms at Ra=103, signifying the onset of convection. 

For Rayleigh numbers below Ra=104, the intensity of 
convection inside the cavity remains low, with viscous 
forces dominating buoyancy forces. Under these 
conditions, diffusion remains the primary mode of heat 
transfer, as noted by Saha, G. [29] and Hussain, S. et al. 
[30]. The isotherm profiles remain similar to those 
observed in conduction-dominated heat transfer models, 
showing minimal variation until Ra=104. 

At higher Rayleigh numbers, the increasing 
convection intensity results in significant modifications to 
the isotherm model, reflecting a shift towards convection-
dominated heat transfer within the cavity. The shape of 
the isotherms is significantly influenced by the Rayleigh 
number, particularly at Ra=105 and Ra=106, where the 
isotherms become predominantly horizontal in the middle 
of the enclosure. The increased Rayleigh number, in 
combination with larger exchange surfaces, significantly 
affects the heat transfer mode, with convective motion 
beginning at Ra=105 and becoming dominant at Ra=106. 

The results indicate that heat exchange within the 
cavity increases with higher Rayleigh numbers and an 
increase in the number of wall undulations. The thermal 
flow is concentrated near the active isothermal vertical 
walls, as evidenced by the increasingly tight isotherms 
with rising Rayleigh numbers. The central part of the 
cavity remains almost thermally homogeneous, allowing 
us to predict the direction of recirculation vortices, which 
rotate clockwise. Additionally, the isotherms stay 
perpendicular to the adiabatic walls due to the boundary 
conditions, where the temperature gradient is zero at these 
walls. As both the number of wall undulations and the 
Rayleigh number increase, the distortion of isotherms 
becomes more pronounced, particularly with the inclusion 
of nanoparticles. The cavity's undulated configuration 
plays a critical role in influencing both flow structure and 
heat transfer. 



Science, Engineering and Technology  Vol. 4, No. 2, pp. 101-114 

 

 

107 

φ = 0% φ = 2% φ = 4% φ = 6% 

    

aRa= 103 

  

aRa= 104  

    

aRa= 105 

    

aRa= 106 

 

Figure 5. The contours of the isotherms of the hybrid nanofluid  Ag-CuO/Water, for different 
Rayleigh numbers (Ra) and volume fractions. 
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4.1.1. Temperature profiles and heat transfer 
mechanism 

Figures 6(a) and 6(b) present the temperature profiles 
along the vertical and horizontal midlines within the 
enclosure (at y = 0.5H and x = 0.5L, respectively) for 
different Rayleigh numbers using a 4% volume fraction 
of Ag-CuO/water hybrid nanofluid.  
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(a) y = 0.5 H, half height.

 

301 302 303 304 305 306 307 308 309
0,00

0,02

0,04

0,06

0,08

 Ag-CuO/ Water
j = 4 % . 

y(
m

)

T(°K)

 aRa=103

 aRa=104

 aRa=105

 aRa=106

(b) x = 0.5 L, half-length.

 

Figure 6. Temperature profile along the cavity mid planes for 
different Rayleigh numbers. 

 

The profiles demonstrate a shift in heat transfer 
mechanisms, transitioning from conduction to convection 
as the Rayleigh number increases. At Ra=103, the 
temperature profile follows a linear negative slope, 
characteristic of a purely conductive regime where the 
fluid acts like a solid, transmitting heat through 
conduction. As buoyancy forces remain insufficient to 
overcome viscosity, the fluid particles remain mostly 
stationary, with heat transfer occurring solely via 
conduction. However, at higher Rayleigh numbers, the 

temperature profiles reveal nonlinear behavior, indicating 
the increasing influence of convection. The thermal 
buoyancy forces drive this change, intensifying heat 
transfer as Ra increases. Interestingly, the vertical midline 
temperature distribution becomes less sensitive to the 
presence of nanoparticles as convection intensifies. 

 

4.1.2. Dynamic field and streamline contours 

Figure 7 illustrates the streamline contours for 
different Rayleigh numbers and varying volume fractions 
of the Ag-CuO/water hybrid nanofluid. Differences 
between the pure fluid and the hybrid nanofluid are 
attributed to the higher viscosity of the hybrid nanofluid, 
which increases momentum diffusion.  

A rotating cell forms, rotating slowly in a clockwise 
direction due to the buoyancy-driven upward movement 
of fluid particles along the hot left wall and downward 
movement along the cold right wall. For Ra ≥104, 
significant changes in isoconcentration structures are 
observed, with deformation aligning with the streamlines' 
rotation. Convective heat transfer becomes prominent as 
stream function values increase.  

At lower Rayleigh numbers (Ra≤ 104), the flow 
remains single-celled, occupying most of the cavity, and 
as Ra increases, the streamlines deform from circular to 
elliptical shapes. At Ra=105, the streamlines exhibit 
symmetry about the cavity's center, with their intensity 
decreasing towards the center.  

Further analysis reveals that the presence of 
nanoparticles does not significantly affect the velocity 
distribution profiles, though a slight decrease in 
streamline intensity is noted in comparison to pure water. 
This result aligns with findings by Abu-Nada, E. et al. 
[31], which suggest that nanoparticles increase viscous 
drag, slowing fluid motion within the cavity. However, 
the Rayleigh number continues to exert a more substantial 
effect, particularly in the cavity's central region, a result 
consistent with the work of Nasrin, R. et al. [32]. 
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Figure 7. The contours of the current lines in the cavity (Ag-CuO / Water), for different Rayleigh numbers (Ra) and different 
volume fractions. 
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4.1.3. Velocity profiles 

Figures 8(a) and 8(b) illustrate the transverse and 
longitudinal velocity profiles within the cavity, 
respectively. The profiles exhibit symmetry around the 
cavity center, with both horizontal and vertical velocity 
components demonstrating a typical natural convection 
pattern. At Ra=103, both velocity components are nearly 
zero, indicating a purely conductive heat transfer regime. 
As Ra increases, the upward and downward fluid motion 
intensifies near the vertical walls, with velocity profiles 
peaking at Ra=106, particularly near the wall regions. This 
behavior is consistent with the increasing influence of 
convection as Ra rises. 
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Figure 8. Transverse and longitudinal velocity profiles for 
different Rayleigh numbers. 

 

1.1.1. Heat Transfer and Nusselt Number Variation 

Figure 9 displays the variation of the average Nusselt 
number along the heated left wall for both pure water and 

the Ag-CuO/water hybrid nanofluid at various 
nanoparticle concentrations. As expected, the average 
Nusselt number increases with higher Rayleigh numbers, 
but a slight decrease is observed with increasing 
nanoparticle volume fractions. This reduction is likely due 
to the simultaneous increase in fluid viscosity and thermal 
conductivity, which limits convective heat transfer under 
low convection conditions.  
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Figure 9. Variation of the Nusselt number in the function of 
volume fractions for different numbers of Rayleigh Ra. 

 

Additionally, Figure 10 shows the relationship 
between the average Nusselt number and Rayleigh 
number for different volumetric fractions.  
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Figure 10. Variation of the average Nusselt number for the 
different Rayleigh numbers. 
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The results confirm that the average Nusselt number 
increases more substantially at higher Rayleigh numbers, 
driven by the intensification of buoyancy forces and the 
resulting thermal diffusion exchanges between the 
nanoparticles. The enhancement of thermal performance 
using Ag-CuO/water hybrid nanofluid is particularly 
notable compared to both pure water and the individual 
Ag/water and CuO/water nanofluids, underscoring the 
benefits of higher nanoparticle concentrations in 
improving heat transfer. 

 

4.2. The effect of the wavy shape of the wall 

As shown in Figure 5, it is evident that adding 
protrusions to the cavity wall significantly enhances heat 
transfer by altering fluid flow patterns and improving 
convective heat transfer. The increase in surface area and 
changes in flow behavior contribute to more effective heat 
dissipation. Furthermore, the fluid flowing around the 
protrusions experiences variations in velocity and 
direction, promoting enhanced mixing. This increased 
mixing, caused by the presence of the protrusions, 
facilitates better thermal interaction between the fluid and 
the wall surface, thereby improving heat transfer 
efficiency. The presence of protrusions disrupts the 
development of thermal boundary layers near the wall. 

Boundary layers, which are thin layers of fluid 
adjacent to the surface, can hinder heat transfer. 
Disrupting these layers allows cooler fluid to make 
contact with the surface, leading to more efficient heat 
transfer. Additionally, the shape of the protrusions can 
induce the formation of secondary flow patterns within 
the fluid. By adding protrusions to the cavity, the effective 
surface area is increased, boundary layers are disrupted, 
and secondary flows are encouraged, all of which 
collectively enhance convective heat transfer and improve 
heat dissipation from the surface. The flow and 
temperature fields across the free surface pass through the 
vertices, with a minimum between them. The maximum 
limits of the fluid parameters on the free surface increase 
due to the shape functions of the protrusions. Overall, the 
heat transfer in a cavity with sinusoidal walls is greater 
than in a cavity with vertical, uniform walls of the same 
size. 

At the apex, streamlines approach the wall just after 
the peak. The temperature distribution in this region 
exhibits the same characteristics as shown in Figure 7, 
which explains the decrease in the thickness of the thermal 
boundary layer after the apex. In the middle of the cavity, 
the flow remains laminar. Under the influence of the 
corrugation, the thickness of the boundary layer first 
increases and then decreases. It is evident that the shape 
of the flow cells is influenced by the corrugated wall, as 
seen in various graphs. Heat transfer can also be improved 
by adding protrusions on the wall to increase the total 
surface area. Finally, it can be concluded that sinusoidal 
protrusions enhance heat transfer, meaning that the shape 
of the protruding surfaces plays a significant role 
compared to a smooth surface (Figure 7). 

 

4.3. Critical study and comparison of obtained 
results 

4.3.1. Effect of Rayleigh number on temperature 
distribution 

Results Obtained: At low Rayleigh numbers (Ra ≤ 
104), the temperature distribution is typical of a low 
thermal gradient. This indicates that the buoyant 
convection is not sufficient to overcome the viscosity, and 
heat transfer remains by conduction. As the Rayleigh 
number increases to 105 and 106, the intensity of 
convection increases significantly, which enhances the 
efficiency of convective heat transfer. Comparisons with 
other studies: These results are consistent with what Parvin 
et al. [33] and Hasan, M.N et al. [34] reported, who 
showed that convection is the dominant mechanism at 
higher Rayleigh numbers. However, this study featured 
hybrid nanoparticles, which further affected the thermal 
distribution compared to conventional studies that used 
only base fluids. 

 

4.3.2.  Impact of nanoparticles on convective flow 
and aerodynamic properties. 

The findings showed that adding Ag-CuO/water 
nanoparticles changes how the streamlines are distributed 
and how the flow behaves inside the cavity. Multiple 
vortex cells form at high Rayleigh numbers, allowing the 
streams to move more freely than in the baseline case. The 
nanoparticles generate a slight decrease in the intensity of 
the velocity lines. Comparisons with other studies: 
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Kadhim, H. T et al. [35], who reported the effect of 
nanoparticles on aerodynamics, observed similar results. 
However, the present study differs in providing detailed 
analyses of the effects of nanoparticles with different 
compositions. This enhances our understanding of how to 
improve the performance of convection systems using 
hybrid nanofluids 

 

5. Conclusion 

In this parametric numerical study, laminar natural 
convection and heat transfer in a cavity with opposing 
undulated walls saturated with a hybrid Ag-CuO/water 
nanofluid were investigated. The study explored the 
effects of sinusoidally undulated wall geometry, different 
volume fractions of nanoparticles (0% ≤ 𝝋 ≤ 6%), and 
Rayleigh numbers (103 ≤ Ra ≤ 106). Thefinite-volumee 
discretization method was employed to solve the 
governing equations. 

The results revealed that an increase in the volumetric 
fraction of nanoparticles enhanced the heat exchange rate 
in the cavity. The Rayleigh number significantly 
influenced the dominant heat transfer mode, especially 
with increased surface area. Additionally, an increase in 
the number of wall undulations led to a reduction in the 
heat transfer rate. 

Several key observations were made regarding 
temperature profiles, streamlines, and velocity 
components. At lower Ra, the heat transfer was mainly 
conductive, transitioning to convective as Ra increased. 
The addition of nanoparticles affects temperature 
distributions, with notable effects on streamlines and 
velocity profiles.The study also showed that the hybrid 
nanofluid (Ag-CuO/water) outperformed pure water and 
individual nanofluids (Ag/water and CuO/water) due to 
the increasing volume fraction of silver nanoparticles. The 
increased thermal conductivity of the hybrid nanofluid 
contributed to improved heat transfer. 

In conclusion, this research contributes to the 
understanding of thermal and fluidic behavior in 
undulated cavities with hybrid nanofluids. The findings 
have implications for optimizing heat transfer in various 
applications, from industrial processes to domestic 
heating systems, by leveraging the unique properties of 
nanofluids. 

 

Nomenclature 

  A             wavy surface amplitude   

C        Heat capacity (J/m3·K) 

Cp        Specific heat (J/kg. K) 

k        Thermal conductivity (W/m. K)  

T        Temperature (K)  

g        Gravitational acceleration (m/s2) 

H        Cavity length 

k        Thermal conductivity (W/m. K) 

n              Number of undulations 

Nu        Local Nusselt Number 

Nuavg        Average Nusselt number 

Pr            Prandtl number 

Ra        Rayleigh number 

U, V        Nondimensional velocities in the 𝑥- and 𝑦-
direction 

u, v          Velocities in the 𝑥- and 𝑦-direction (m/s) 

X, Y           Nondimensional coordinates 

 

Greek Symbols 

α       thermal diffusivity (m2/s) 

β       Buoyancy coefficient (K-1) 

θ       Non-dimensional temperature 

μ       Dynamic viscosity (Kg/m.s) 

ν       The kinematic viscosity (m2/s) 

ρ       Density (kg/m3) 

φ       Volume fraction of nanoparticles 

 

Subscripts 

 𝑐           Cold  

ℎ           Hot 

hnf          Hybrid nanofluid 
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