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Abstract: Entropy generation and heat transfer in cavities have received significant interest due to
the ever-increasing demand for enhancing thermal performances in many scientific and engineering
fields. In particular, nanofluids are being used increasingly in engineering applications and real-life
problems, as they exhibit significantly better thermal properties than basic heat transfer fluids, for
example, water, oil, or ethylene glycol. This study investigates the entropy generation and heat
transfer of a nanofluid in a confined cavity with a moving top wall and a rectangular fin at the
bottom. Here, a macro-homogeneous model based on a previously developed model is employed
for investigating the mixed convective flow and heat transfer of CuO-water nanofluid. Various
fin geometries, Rayleigh numbers, Reynolds numbers, and nanofluid concentrations have been
employed. Present results indicate that the heat transfer rate can be improved, while entropy
generation can be minimized using nanofluids instead of conventional heat transfer fluids.

Keywords: constructal design; entropy generation; fin; heat transfer; mixed convection; nanofluid

1. Introduction

The mixed convection of heat transfer in cavities has been one of the most important
topics in the engineering sector of thermofluid dynamics [1–6]. Mixed convection exists
when both forced and natural convection have influences, and its analysis is complex due
to the buoyancy and shear forces and their complex interactions [5]. Due to the widely
used applications of heat transfer in energy storage systems, cooling of electronic devices,
nuclear reactors, and heating of rooms or buildings, etc., it is of great importance to ensure
its safety and efficiency [6]. Several methods have recently been applied to increase heat
transfer performance, for example, altering the boundary conditions [6–10], geometry,
and flow domains [11–15], and, most importantly, improving working fluid’s thermal
properties [16–19]. According to previous research, it has been established that the thermal
properties of conventional heat transfer fluids, such as water, oil, or ethylene glycol, can be
enhanced by transforming them into nanofluids.

Nanofluids can be created by adding a considerable number of nanoparticles in a
conventional heat transfer fluid, with at least one of their principal dimensions lower
than 100 nm. Studies have shown that nanofluids have enhanced thermal properties, for
example, thermal diffusivity, conductivity, viscosity, and heat transfer coefficients which
are all responsible for higher efficiency than that of a base fluid [19–21]. Numerous stud-
ies, including, but not limited to, Cong et al. [1], Ting et al. [4], Buongiorno et al. [16],
Lee et al. [19], Tiwari et al. [22], Talebi et al. [23], and Mansour et al. [24] have been con-
ducted and, either by using CuO-water or Al2O3-water nanofluid, have shown that the heat
transfer increases with nanoparticle concentrations. Recently, Atashafrooz [25] investigated
the effects of buoyancy force on mixed convection heat transfer and entropy generation.
It was concluded that an increase in the amounts of flow irreversibility is possible by en-
hancing the buoyancy force and nanoparticles concentration. In his latest work on entropy
generation for forced convection [26], it was once again concluded that the rates of flow
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irreversibility enhance significantly with the nanoparticle concentrations. According to the
study of Khanafer et al. [18], heat transfer in the cavity increases as the concentration of
the nanoparticles increases. Oztop and Abu-Nada [7] also showed a higher heat transfer
rate with higher nanoparticle concentrations. Despite the fact that many studies have been
conducted for establishing the more efficient thermal performance of nanofluids, further
studies are vital to show that higher nanofluid thermal properties are advantageous for
mixed convection heat transfer in cavities [4]. As conductive nanoparticles in conven-
tional heat transfer fluid also increase the fluid’s density, the nanofluid’s overall thermal
performance can be dependent on nanoparticle and base fluid’s properties, a trade-off
between various thermophysical properties of nanofluid can be vital. Moreover, thermal
conductivity itself may not be a limiting criterion for improving thermal performances with
nanofluids, particularly in a situation where both natural convection and mixed convection
are dominant. As indicated in Ref. [27], nanoparticles with high thermal conductivity
are not always a suitable option to enhance the thermal performance of a nanofluid com-
pared with a conventional heat transfer fluid. There can also be controversy on whether a
nanofluid enhances the overall thermal performance for applications, where mixed convec-
tion performs the dominant role. Therefore, it is important to explore the mixed convection
of nanofluids and the thermal and geometric optimization with nanofluids.

When a fluid is driven due to buoyancy force caused by the temperature difference
is considered natural convection. Conversely, in forced convection, the fluid is driven by
an external force, e.g., a moving wall which drives the fluid resulting in a forced flow [8].
Mixed convection is a mixture under both natural and forced convection conditions [4],
and it is the most preferred mode to enhance heat transfer. However, mixed convection
in a cavity can be complex to analyse, and it will be appreciated that a full study of heat
transfer in laminar flow in a cavity, including entrance length effects, different thermal
boundary conditions, variable properties, etc., requires years of research. This mode of
convection is used widely with lots of applications, especially in the industry. Applications,
such as production machinery, internal combustion engines, petroleum refineries, power
generation, technologies requiring lubrication, and food or other products processing, are
driven by advanced nanofluids due to their high thermal capabilities [1].

Another key parameter for validating the quality and performance of a nanofluid
is entropy generation. The second law of thermodynamics is the mechanism to be used
in cavity problems to calculate the entropy generations caused by heat transfer and fluid
friction in the cavity and hence minimize it [6]. It is always of great matter to minimize
the entropy generation because it reduces the thermodynamic efficiency and hence the
performance of the system. Thus, the geometry has to be modified so that the useful work
(energy) is not destroyed by convection [28]. There is a large number of experimental
and numerical articles available in the open literature for the optimization of fins and
cavities using the constructal design method. Most of these studies are for cavities with
conventional heat transfer fluids [29–34]. The constructal design method has not been
rigorously utilized for nanofluids. In addition, the investigation of nanofluid’s mixed
convective flow and heat transfer in cavities with intruded fins and their optimization
using the constructal design method is still elusive [1,35].

In a lid-driven cavity filled with nanofluid, the issue of entropy generation has been a
major concern for many researchers. Numerous studies have been done to investigate the
causes and find solutions. According to Cho [36], as the concentration of Al2O3 nanoparti-
cles increases, the total entropy generation decreases, and the Nusselt number increases.
However, Atashafrooz and his team [25,26] concluded that flow irreversibility increases
with the nanoparticle concentrations. There is also the option of changing the geometry
of the cavity which may affect the entropy generation. The research of Oliveski et al. [37]
highlighted that the entropy generation under steady-state natural convection conditions
increases linearly with the aspect ratio and exponentially with the Rayleigh number. Fur-
thermore, their study indicated that for the same aspect ratio, entropy generation increases
with the Rayleigh number (Ra) because of viscous effects. According to Ilis et al. [6], many
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models and geometries for heat transfer in a cavity have been created to determine the
main cause of entropy generation; however, it seems that is formed mostly due to heat
transfer for Ra < 105, whereas for Ra > 105 fluid friction has the biggest contribution.

Even though there is a great number of investigations already done on entropy gen-
eration and its causes, there are still several thermodynamic uncertainties. Particularly,
the advantages of using nanofluids, any geometry or surface feature, and the impact of
nanofluids, such as CuO-water nanofluid, on entropy generation and heat transfer have
to be researched more to discover new aspects. Therefore, this study examines the effects
of CuO-water nanofluid on entropy generation and heat transfer into the light by chang-
ing nanoparticle concentrations and the geometry of the cavity. A square cavity with an
intruded rectangular fin and a moving wall at a constant velocity filled with CuO-water
nanofluid has been considered in the present investigation. This investigation includes
simulations of different Rayleigh and Reynolds numbers, several nanoparticle concentra-
tions, and different fin aspect ratios. The entropy generations as a result of heat transfer
irreversibility and fluid friction have also been evaluated along with the Bejan and Nusselt
numbers. In continuation of our previous study [1], we examine the entropy generation and
heat transfer of CuO-water nanofluid using the previously developed macro-homogeneous
model and analyse various flow parameters for which the heat transfer of CuO-water
nanofluid can be enhanced while minimizing entropy generation. In addition, the construc-
tal design method has been utilized to obtain fin geometry with higher heat transfer and
lower entropy generation, where the fin’s area and aspect ratio are considered as the degrees
of freedom. The details of the constructal design method are available elsewhere [1,29–31].

2. Mathematical Modelling
2.1. Considered Problem

The considered problem is a CuO-water nanofluid flow in a cavity with a rectangular fin
intruded from the bottom surface, which is adapted from Ref. [1], and the schematic diagram of
the domain is shown in Figure 1. This geometry can potentially be applied to many engineering
applications, where an extended surface or fin is used for enhancing heat transfer. For example,
it can be used for electronic cooling for faster heat removal, increasing heat transfer performance
in solar collectors, and cooling of nuclear rods in a nuclear power plant by improving the
functionality of the existing system. The present geometry includes symmetrical conditions
at the left and right surfaces. The top wall moves along the x-direction, while it maintains
a constant temperature (Tmin). The rest of the surfaces are stationary, thus u* = 0 and v* = 0
(dimensionless velocities in x- and y-direction, respectively). The fin area has been defined with
a constant but higher temperature of Tmax, with an area of Af, length of L1, and height of H1.
The whole geometry has a length of L, a height of H, and an area of A. All surfaces, except the
top one, are defined as adiabatic, and the no-slip condition is applied. The chosen nanofluid is
considered Newtonian and incompressible, and the radiation effect has been neglected.

Energies 2023, 16, x FOR PEER REVIEW 4 of 15 
 

 

 
Figure 1. Computational domain with boundary conditions for the investigation of entropy gener-
ation CuO-water nanofluid. 

2.2. Governing Mathematical Equations 
For the present laminar, two-dimensional, steady-state, mixed convective fluid flow, 

the governing equations are the conservation equations of mass, momentum, and energy 
using the Navier–Stokes equation with the Boussinesq approximation in the y-direction 
for CuO-water nanofluid. These equations can be expressed as [1,4]: 

0u v
x y

∂ ∂+ =
∂ ∂  

(1) 

2 2

2 2
1 nf

nf nf

u u p u uu v
x y x x y

μ
ρ ρ

 ∂ ∂ ∂ ∂ ∂+ = − + + ∂ ∂ ∂ ∂ ∂ 
 (2) 

( )
2 2

2 2
1 μ

β
ρ ρ ∞

 ∂ ∂ ∂ ∂ ∂+ = − + + + − ∂ ∂ ∂ ∂ ∂ 

nf
nf

nf nf

v v p v vu v g T T
x y y x y

 (3) 

2 2

2 2
,

nf

nf p nf

kT T T Tu v
x y C x yρ

 ∂ ∂ ∂ ∂+ = + ∂ ∂ ∂ ∂ 
 (4) 

where u and v are the flow velocities, p is the static pressure, g is the gravitational acceler-
ation, and the Boussinesq approximation is considered in the y-direction. It is worth not-
ing that the heat due to the nanoparticle’s friction with fluid is negligible compared to 
heat conduction from the heated surface [1]. Thus, the viscous dissipation of energy is 
neglected in the energy equation. In addition, the Brownian motion of nanoparticles, and 
the nanoparticle size effects are neglected for simplification by considering low operating 
temperature and low nanoparticle concentration [4]. For this study, it is assumed at about 
10–100 nm diameter, while their shape is considered uniform. However, the size of the 
nanoparticles can influence heat transfer and fluid flow at high particle concentrations. 
Thus, careful attention should be given to studies with higher particle concentrations. The 
effective dynamic viscosity, effective density, effective thermal expansion coefficient, ef-
fective thermal conductivity, and effective heat capacity of the macro-homogeneous mix-
ture of CuO nanoparticles and water are defined by μnf, ρnf, βnf, knf, and Cp,nf, respectively. 
The density, specific heat capacity, and thermal expansion coefficient of the nanofluid 
have been obtained by using the effective medium theory, as it has been widely used for 
multiphase thermodynamic applications [22,23,38]. The mathematical equations for 
nanofluid’s density, dynamic viscosity, conductivity, specific heat capacity, and thermal 

Figure 1. Computational domain with boundary conditions for the investigation of entropy genera-
tion CuO-water nanofluid.



Energies 2023, 16, 912 4 of 15

The area of the cavity is kept constant while the area of the fin is 5% of the cavity.
Uniform size and shape are assumed for the nanoparticles, while their chemical reaction
with the water has been neglected. The fin’s aspect ratio, AR (= H1/L1), for the problem is
changed from 0.1 to 10. The dimensionless velocity components (u* and v*) and temperature
(T*) indicated in Figure 1 are defined according to Ref. [1].

2.2. Governing Mathematical Equations

For the present laminar, two-dimensional, steady-state, mixed convective fluid flow,
the governing equations are the conservation equations of mass, momentum, and energy
using the Navier–Stokes equation with the Boussinesq approximation in the y-direction for
CuO-water nanofluid. These equations can be expressed as [1,4]:
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= 0 (1)
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where u and v are the flow velocities, p is the static pressure, g is the gravitational accel-
eration, and the Boussinesq approximation is considered in the y-direction. It is worth
noting that the heat due to the nanoparticle’s friction with fluid is negligible compared
to heat conduction from the heated surface [1]. Thus, the viscous dissipation of energy is
neglected in the energy equation. In addition, the Brownian motion of nanoparticles, and
the nanoparticle size effects are neglected for simplification by considering low operating
temperature and low nanoparticle concentration [4]. For this study, it is assumed at about
10–100 nm diameter, while their shape is considered uniform. However, the size of the
nanoparticles can influence heat transfer and fluid flow at high particle concentrations.
Thus, careful attention should be given to studies with higher particle concentrations. The
effective dynamic viscosity, effective density, effective thermal expansion coefficient, effec-
tive thermal conductivity, and effective heat capacity of the macro-homogeneous mixture
of CuO nanoparticles and water are defined by µnf, ρnf, βnf, knf, and Cp,nf, respectively. The
density, specific heat capacity, and thermal expansion coefficient of the nanofluid have
been obtained by using the effective medium theory, as it has been widely used for multi-
phase thermodynamic applications [22,23,38]. The mathematical equations for nanofluid’s
density, dynamic viscosity, conductivity, specific heat capacity, and thermal expansion coef-
ficient are available in our earlier works [1,4], while CuO nanoparticle and water properties
are available in Ref. [39]. During the flow process, inertial and buoyancy forces take place
between the particles of the fluid. These forces can be described by dimensionless numbers,
such as Reynolds number (Re), Rayleigh number (Ra), and Grashof number (Gr), which
are defined as:

Re =
ρn f u0H

µn f
; Ra =

gβn f ∆TH3

νn f αn f
; Gr =

gβn f ∆TH3

νn f
(5)

where αnf and νnf are the nanofluid’s thermal diffusivity and kinematic viscosity, respec-
tively. For the different inertial forces, the study has considered Reynolds numbers varied
between 10 and 2000, while for the different buoyancy forces, the study has considered
Rayleigh numbers varied between 103 and 107. The ratio of the buoyancy to the viscous
force acting on the fluid is shown by the Grashof number, while the Richardson number
can detect the transition point between the natural and forced convection. It has been
also found that natural convection dominates when Ri > 10, whereas forced convection



Energies 2023, 16, 912 5 of 15

dominates when Ri < 0.1. For 0.1 < Ri < 10, it has been found that both natural and forced
convection have an equivalent effect on the flow [40].

To define the heat transfer performance, the use of local and average Nusselt numbers
is required. Nusselt number is an important parameter that contributes to a more efficient
rate of heat transfer. It represents the enhancement of heat transfer through a fluid layer
due to convection across the same fluid layer. The expressions for the local Nusselt number
(Nul) and the average Nusselt number (Nuavg) are given below:

Nul =
hn f L
kn f

and Nuavg =
1
A

∫
NuldA (6)

The dimensionless entropy generation caused by heat transfer irreversibility (Shti) and
fluid friction (Sff) for the present two-dimensional heat and fluid flow in the convection
process can be written as [15,28,41]:

Shti =

[(
∂T∗

∂X

)2
+

(
∂T∗

∂Y

)2
]

(7)

S f f = ϕ

[
2

{(
∂u∗

∂X

)2
+

(
∂v∗

∂Y

)2
}
+

(
∂u∗

∂Y
+

∂v∗

∂X

)2
]

(8)

The dimensionless local entropy generation (Sl) is, therefore, the addition of Shti and Sff:

Sl = Shti + S f f (9)

where ϕ is the irreversibility distribution ratio and for this study, it has been taken as 10−4.
A similar value is considered by Nayak et al. [10], but ϕ is adjustable depending on the
properties of the nanofluid and the boundary conditions of the problem. It can be calculated
based on the following equation:

ϕ =
S f f

Shti
=

µn f T0

kn f

( u0

L∆T

)2
(10)

where u0 is the velocity of the top moving wall with direction from left to right and
magnitude based on the concentration of CuO nanoparticles. The total entropy generation
St is obtained by integrating the dimensionless local entropy generation Sl over the whole
domain. An alternative irreversibility distribution parameter is the Bejan number (Be),
which detects whether the heat transfer irreversibility dominates over the fluid friction
irreversibility or the opposite. It is also known as the irreversibility distribution, and it is
the ratio of entropy generation due to heat transfer to the total entropy generation:

Be =
Shti
Sl

(11)

The average Bejan number (Beavg) is obtained by integrating the local Bejan number
over the whole domain:

Beavg =
1
V

∫
BedV (12)

It is worth noting that for any location in the cavity if Be >> 0.5, the irreversibility
due to heat transfer dominates, while if Be << 0.5, the irreversibility due to fluid friction
dominates. When Be = 0.5, the irreversibilities due to fluid friction and heat transfer
are equal.

3. Numerical Modelling

The set of governing equations is numerically solved by using the finite volume-based
software, ANSYS-Fluent considering the associated boundary conditions. A second-order
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upwind scheme is used for the spatial discretization of the aforementioned equations. The
velocity-pressure coupling is done by the SIMPLE algorithm and the pressure-based solver
is used to compute the solution. The solution of the governing equation is considered
converged when the residuals are lower than 10−6 for the mass and momentum equations
and lower than 10−8 for the energy equation. Once the converged solution is obtained, the
average Nusselt number (Nuavg) is calculated through the integration of the local Nusselt
number (Nul) over the fin surface using Equation (6). The way Nuavg is defined gives
an area-weighted average value which divides the product of selected field variable and
cell area by the surface area to give a dimensionless value. The values of Be number and
entropy generations caused by heat transfer irreversibility and fluid friction and the total
entropy generation have been computed.

3.1. Model Validation

To validate our numerical model and results, various cases are considered. In the first
case, a simplified geometry approach is considered based on Nalassamy and Prasad [42] to
compare local velocity and temperature. The geometry is like the present case except for the
intruded fin and the cavity is filled with pure fluid. It allowed us to reproduce the results of
both Nalassamy and Prasad [42], similar to our past work [1]. The full details of this validation
case are available in Ref. [1]. We have also compared the Nusselt number calculation with
the data of Dixit and Babu [43]. The simulation for this case is performed for the natural
convection of air of Pr = 0.70 in a square cavity, exactly as in the model of Dixit and Babu [43].
The cavity is made so that the horizontal walls are adiabatic, and the vertical walls are heated
with the left wall kept at a higher temperature. The fluid flow is laminar, and the simulation
is performed using the Boussinesq approximation, as explained in Section 2.2. Figure 2 shows
the average Nusselt number as a function of the Rayleigh number gathered from Dixit and
Babu [43] and reproduced in this work. The comparison shown in Figure 2 highlights that an
excellent agreement is achieved with the literature data.
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To validate our entropy generation results, another simplified geometry is considered
based on Ilis et al. [6], as there are no entropy generation results available in the open
literature for the considered problem. The simulation is conducted in a simple natural
convection flow in a square cavity filled with air, exactly like the model of Ilis et al. [6].
According to the literature, the cavity considered with insulated (adiabatic) horizontal
walls and the vertical walls are maintained at a different temperature, the left wall is kept
at Th and the right wall at Tc satisfying that Th > Tc. A qualitative comparison of the
obtained results with the literature results is shown in Figure 3. It can be identified that the
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present results about the entropy generations caused by heat transfer irreversibility and
fluid friction are in excellent agreement with the results of Ilis et al. [6].
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and caused by fluid friction (c,d). Parts (a,c) show the obtained data, while parts (b,d) show the literature
data [6]. Parts (b,d) are reprinted with permission from Ref. [6]. 2008, Elsevier Ltd.

3.2. Mesh Independence Test

It is essential to ensure that the obtained results of numerical analyses are precise, and
the choice of the mesh size is prudent and based on test results. This mesh independence
test aims to investigate the most appropriate mesh grid size that gives the highest Nusselt
number in a relatively short time. It is worth noting the larger the Nusselt number is only
the more effective convection. In Figure 4, it is clear that for high mesh sizes, the percentage
error (%) remained within 1% or less, which is considered adequately accurate for this
study. No numerical issues are noticed during the test procedure considering only that
the higher the mesh the longer it took the simulation to run. In addition, all the cases are
converged based on the convergence criteria.
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The summarized results of the mesh independence test for all seven different cases
are shown in Figure 4. Here, the mesh independence test is done for the base case scenario
of this study, which consists of Ra = 105, Re = 103, and φ = 1% of CuO-water nanofluid in
a square cavity, and its geometry of it has an aspect ratio of 0.5. The mesh sizes that are
evaluated have a grid size of 40 × 40, 60 × 60, 80 × 80, 100 × 100, 120 × 120, 140 × 140,
and 180 × 180, respectively. From Figure 4, it can be observed that higher than 100 × 100
mesh size, the differences in local Nusselt numbers are very small. At first sight, it seems
that any mesh of the higher ones would be efficient; however, the 140 × 140 mesh size
provides the highest Nusselt number.

The 180 × 180 gives a bit lower Nusselt number value than the previous one, probably
due to an error of the system, as it is expected to be a bit higher than 140 × 140, while it
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takes a longer time for the simulation to run. Therefore, the ideal choice stands between
mesh grid sizes of 120 × 120 and 140 × 140; where 140 × 140 is chosen as it produces the
most accurate results, and the percentage of error is less than 0.2%. Although the chosen
mesh size requires a higher computational time, the results must be accurate. In addition,
Figure 4 shows the percentage (%) in the error of the Nusselt number for all the cases,
which is quite low for mesh sizes higher than 100 × 100.

4. Numerical Results and Discussion

This section provides numerical results obtained for the mixed convection flow and
heat transfer of CuO-water nanofluid in a lid-driven square cavity with an intruded rectan-
gular fin. The numerical results bring into light the optimum fin geometry for maximizing
heat transfer and minimizing total entropy generation by varying the strengths of the
buoyancy force (103 ≤ Ra ≤ 107) and the inertial force (10 ≤ Re ≤ 2000) for several values
of fin’s aspect ratio (AR) keeping cavity size and fin area fraction fixed. The AR of the fin
is varied from 0.1 to 10 and the simulations are done for various concentrations of CuO
nanoparticles (1% to 5%). A base case parameters scenario has been considered and it
consists of Re = 103, Ra = 105, 1% CuO nanoparticles, and a fin area fraction of 0.05, and the
SIMPLE algorithm is chosen under pressure-based conditions.

4.1. Effects of Fin Aspect Ratio

The local Nusselt numbers (Nul) for various fin aspect ratios (AR = H1/L1) and Re
values are presented to demonstrate the effect of the fin aspect ratio on local heat transfer
(as shown in Figure 5). Here, Figure 5a shows Nul for Re = 1000 and Figure 5b shows Nul
for AR = 0.1 along the scaled fin curve length for the base case parameters. It is noticed in
Figure 5a that the left side of the fin surface provides higher Nul and the right side provides
lower Nul due to the directions of forced and natural convection. Both forced convection
and free convection are acting in the same direction on the fin’s left side and in the opposite
direction on the fin’s right side. The spikes in each line are at the two top corners of the
fin, except for AR = 0.1, where the highest peak indicates the fin’s top surface, and the two
smaller peaks at the two ends of the curve are for the fin’s top two edges. The maximum
value of the local Nusselt number (Nul,max) increases with the fin’s AR as it changes from
0.1 to 0.5. However, Nul,max is lower for AR = 10 and higher for AR = 0.5. Additionally,
Nul at the fin’s right side is lower for AR = 10 compared with the other ARs. Here, the
directions of the forced and free convections are opposite on the right side and the cavity is
almost divided into two smaller cavities by the fin, where the applied inertial force is acting
on the right half of the cavity. Thus, the downward motion of the nanofluid is stronger on
the fin’s right side for AR = 10, which prevents warmer fluid to rise. Additionally, at the
lowest AR, only a small portion of nanofluid over the fin’s top surface is disturbed by the
inertial force; conversely, at the highest AR, the fin penetrates the cavity and separates the
convection in two parts making it less efficient and reducing the heat transfer.
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The effects of Reynolds numbers on Nul are depicted for the fin aspect ratio of 0.1 in
Figure 5b. At low Reynolds numbers (Re ≤ 100), the inertial force has limited influence on
the fluid’s movement inside the cavity. Thus, the heat transfer is predominantly diffusive.
It is noticed that the local heat transfer is higher from the fin’s left surface compared to the
top and right surfaces. The local heat transfer is significantly lower at the right surface due
to the downward fluid motion as the lid moves in the positive x-direction and the nanofluid
circulates clockwise. With the Reynolds numbers, the heat transfer regime starts to shift
from the free convection toward the mixed convection regime [1]. Thus, the diffusion on the
left-side surface is suppressed by the nanofluid advection, which indicates a higher local
heat transfer from the top surface of the fin. A further increase in Reynolds number pushes
the mixed convection to the forced convection regime, which allows a higher amount of
heat to conduct through the fin and then be transported to the nanofluid from the fin’s top
surface. This also highlights better displacement of warmer fluid by the colder fluid from
the fin surface due to fluid circulation generated by the inertia forces. For the cases of low
Reynolds numbers (Re > 500), a similar pattern is observed. However, a higher Reynolds
number provides a higher peak of Nul. Clearly, the higher Reynolds number increases the
advection inside the cavity and provides a better heat transfer from the fin surface to the
surrounding nanofluid.

4.2. Effects of Inertial and Buoyancy Forces

The effects of inertial and buoyancy forces are analysed by varying the Reynolds
numbers between 10 and 2000, and the Rayleigh numbers between 103 and 107. Figure 6
shows the scaled Nusselt number (Nuavg/Numax) as a function of the fin’s aspect ratio for
Re = 10 and 1000, and the average Nusselt number as a function of the Richardson number
for various Reynolds numbers as indicated in the figure legend. It has been noticed that
heat transfer from the fin surface increases with the fin aspect ratio, then decreases after
reaching the maximum Nusselt number. However, the rate of decreasing Nusselt number
is larger for Re = 2000. As the fin’s aspect ratio increases, the flow inside the cavity hinders
by the fin and divided into two flow regions on either side of the fin, while at low AR, the
flow encounters limited or no obstruction. As the inertial force has limited influence at low
Reynolds numbers, the scaled Nusselt number remains higher at higher AR for Re = 10,
as shown in Figure 6a. Although the Reynolds number increases Nuavg, we noticed that
the effects of the Rayleigh number on Nuavg are negligible for the entire range of Reynolds
number (10 to 2000) when Ra ≤ 105. Even at a high Rayleigh number (Ra = 106), the
change in Nuavg is small at a high Reynolds number (Re > 1000). This can be explained by
looking at Figure 6b which shows Nuavg for a function of the Richardson number (Ri) for
various values of Reynolds numbers. Figure 6b also highlights the transition of the forced
convection to the mixed convection. Changing the Ra number does not change the heat
transfer regime as the Richardson number is always less than 0.1 for all Reynolds numbers
when Ra ≤ 105. In this case, the dominant heat transfer phenomenon for thermal energy
transport is the forced convection remains. Hence, increasing the Reynolds number does
not perform any role in the thermal energy transport from the fin to the nanofluid. For
higher Rayleigh numbers, the Richardson number changes from 0.034 to 15.5 when the
Reynolds number changes from 2000 to 100, and Nuavg increases significantly compared
with the other cases, which indicates a higher thermal energy transport from the fin surface.
For Re = 100 and Ra = 106, both the forced and free convections perform a combined role in
the heat transfer from the fin side surfaces.
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4.3. Effects of CuO-Nanoparticle Concentration

To understand the effects of the CuO-nanoparticle concentration in water, Nuavg has
been plotted as a function of Reynolds and Rayleigh numbers for four values of particle
concentrations. The results are shown in Figure 7, where we observed minor changes
in Nuavg with particle concentrations. However, a slight decrease in Nuavg with particle
concentration at high Re is noticeable. It is worth mentioning that a 4% CuO-nanoparticle
concentration in water effectively increases by about 11% in thermal conductivity than
that of water. Hence, we can expect around 11% higher heat conduction from the fin
surface to the nanofluid. The higher thermal conductivity of nanofluid reduces Nuavg
for a high Reynolds number, as observed in Figure 7a. A similar trend is noticed for
various Rayleigh numbers with nanoparticle concentrations, as depicted in Figure 7b.
However, the decrease in Nuavg is significant at a low Ra number, particularly in the forced
convection regime. These trends further confirm that the relative strength of convective
to conduction heat transfer decreases with nanoparticle concentration. Moreover, Nuavg
values shown in Figure 7 do not confirm how the convective heat transfer changes with
particle concentration in CuO-water nanofluid.
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The convective heat transfer coefficient (hnf) has been further analyzed for four values
of nanoparticle concentrations. The results are shown in Figure 8. These results confirm that
the convective heat transfer coefficient enhances, as the concentration of CuO-nanoparticle
increases. To be specific, at a higher Reynolds number about 4.5% higher hnf can be achieved
with a 4% CuO-nanoparticle concentration, while the thermal conductivity of nanofluid
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increases by about 11% for the 4% particle concentration. However, the percentage of
change in the low Re number is higher, which is about 8% at Re = 100. This indicates
that nanofluids bring a higher benefit in the mixed convective scenario than in the forced
convection case. This is better visualized in Figure 8b, as we see that the changes in hnf are
higher at higher Ra numbers. These results provide further insight into how CuO-water
nanofluid can be utilized for enhancing heat transfer for engineering applications where
mixed convection performs a critical role.
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4.4. Entropy Generation

This study has also been conducted for the investigation of entropy generations caused
by heat transfer irreversibility and fluid friction. Figures 9 and 10 depict the effects of
the fin aspect ratio on entropy generation for CuO-water nanofluid. Figure 9 shows the
effects of the fin’s AR and nanoparticle concentration on entropy generations caused by
heat transfer irreversibility and fluid friction. The results shown here are for the base case
parameters unless stated in the figure.
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Figure 9. Effects of fin aspect ratio and nanoparticle concentration (φ) on entropy generation for
CuO-water nanofluid: (a) entropy generation caused by heat transfer irreversibility and (b) entropy
generation caused by fluid friction. The variations are illustrated for φ = 1%, 3%, and 5%, respectively,
and fin area fraction of 0.05, as Re and Ra numbers are kept at 103 and 105, respectively.

Based on Figure 9a, entropy generation caused by heat transfer irreversibility is high at
low aspect ratios, then decreases as the aspect ratio increases until about AR = 4 when after
that point it starts to dominate again. The lowest entropy generation caused by heat transfer
irreversibility value exists for AR ∼= 4. The contribution of the different concentrations of
CuO also has a significant impact. The line of 1% CuO concentration has shown the higher
values of entropy generation, while as the concentration increases, the entropy generation
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caused by heat transfer irreversibility decreases. The present simulations are performed
for several Rayleigh numbers, however, the results showed that there is not any difference
to be noted, apart from a not easily detected point at which the natural convection of the
flow becomes forced. That transition point is spotted in all three cases at the aspect ratio
of about 0.5 and for Ra ∼= 5 × 106, although the results for this task are not so satisfying
to plot. On the other hand, Figure 9b depicts the effects of the different fin aspect ratios
on entropy generation caused by fluid friction. Figure 9b depicts that entropy generation
caused by fluid friction is low for the lower aspect ratios, as the entropy generation caused
by heat transfer irreversibility is dominant for these aspect ratios. However, it is clear that
after AR ∼= 1, the entropy is generated more owing to fluid friction. After that point and up
until the highest AR, the trend is kept high without showing signs of getting lower. The
effects of the various concentrations are also noticeable. As someone would expect after
seeing Figure 9, the fluid friction decreases when the concentration increases. The scientific
explanation of this is that all the thermal properties, for example, thermal conductivity,
thermal expansion coefficient, and viscosity of the fluid are enhanced; hence, this makes it
less frictional between the particles. When comparing these two graphs, one can observe
that when AR is around 2, the entropy generations caused by heat transfer irreversibility
and fluid friction are balanced, whereas in other cases, only one of them can be considered
dominant depending on the geometry of the fin.
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It is worthwhile to have a look at Figure 10, which includes total entropy generation
and Bejan number plots concerning the fin’s aspect ratios. The total entropy is generated
mainly caused by heat transfer irreversibility, as it is several orders higher than the other.
Moreover, the trend shows that it is kept higher at the lowest and the highest aspect ratios,
while it decreases as the AR approaches the value of 4. Furthermore, the Bejan number is
investigated in detail in Figure 10b. The results are obtained after the integration of local
Bejan numbers based on the same parametric values of Ra and Re as previously stated. As
the aspect ratio of the fin increases, the Bejan number (Be) increases as well. The rise of Be
number is starting linearly. The Be number is the ratio of entropy generation caused by
heat transfer irreversibility to the total entropy generation, which means that the higher the
fraction is, the less influence the fluid friction forces have. Figure 10b also indicates that
since Be >> 0.5 for all the fin aspect ratios and concentrations, the irreversibility caused
by heat transfer is dominant in the nanofluid flow. In addition, the higher concentration
of CuO results in higher Be number values. Finally, Figure 11 consists of three contours
of Be numbers, which depicts an excellent justification supporting the previous graphs,
and Figure 10 regarding the trend of Be numbers. Here, the produced contours for aspect
ratios of 0.5, 4, and 10 allow us to notice that as the aspect ratio increases, the Be number
tends to become 1. This verifies once again what is already stated, with the increase
in AR, the entropy generation caused by fluid friction decreases significantly and the
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entropy generation caused by heat transfer irreversibility becomes increasingly intense
and influential.
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5. Conclusions

A parametric numerical investigation has been performed to study the mixed con-
vection of CuO-water nanofluid in a square lid-driven cavity with a moving top wall and
an intruded rectangular fin to provide insight into enhanced thermal properties and heat
transfer through geometry optimization. The present study highlights the impact of fin
geometry in convective heat transfer from the fin surface to the surrounding nanofluid.
The flow resistance caused by the higher fin aspect ratio is significant. The increase in the
fin surface area with fin aspect ratio may not provide a higher heat transfer from the fin
surface to the surrounding nanofluid, which indicates the importance of the constructal
design method for the optimization of mixed convective flow problems. The present results
show that Rayleigh numbers have limited effects, while aspect ratios close to a value of
0.5 to 2 seem to behave more efficiently with the nanofluid. For the mixed convection
dominant flow, the buoyancy force influences the heat transfer greatly at higher Rayleigh
numbers. On top of that, the dominance of each entropy generation mode depends on
the fin geometry and for higher aspect ratios the entropy generation is mostly caused due
to inertial forces between the particles. Undoubtedly, it is of great importance to know
the cause of entropy generation, a form of energy that is no longer useful, and, therefore,
will be able to minimize it to allow the system to be much more efficient, and less energy
consuming. Present results further indicate that the concentration of CuO-nanoparticles can
enhance both conduction and convection heat transfer to that of the base fluid and lower
entropy generation, which will be useful for electronic devices, energy conversion/storage,
and related applications, particularly in improving heat removal for electronic devices, in
increasing heat transfer performance in solar collectors for hot water supply and enhancing
energy efficiency and the cooling of nuclear rods in a nuclear power plant by improving
the functionality of the existing system.
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