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Abstract: The proper process of applying heat to many technological devices is a significant challenge.
There are many nanofluids of different sizes used inside the system. The current study combines
this potential to improve convection effects, considering numerical simulations of natural convection
using Cu/water nanofluids in a square enclosure with bottom blocks embedded in baffles. The
enclosure consists of two vertical walls with isothermal boundary conditions; the left wall is the
sinusoidal heat source, whereas the right wall is cooled. The investigations dealt with the influences
of nanoparticle concentration, Rayleigh number, baffle length, and thermal conductivity ratioon
isotherms, stream functions, and average Nusselt number. The results present that, when the Rayleigh
number rises, the fluid flow velocity increases, and the heat transfer improves. Furthermore, the
baffle length case (Lb = 0.3) provides higher heat transfer characteristics than other baffle height cases.

Keywords: baffle; nanofluid; natural convection; Rayleigh number; sinusoidal temperature distribution

1. Introduction

In many studies of heat transfer by natural convection, the low thermal conductivity
of fluids such as air, oil, and water within the enclosure limits the thermal performance
of the system and the heat transfer rate to the working fluid used in the system. It has
very low thermal properties. A strong motivation to use fluids with a better thermal
conductivity than conventional fluids has been developed to address this problem. Choi [1]
demonstrated the use of unconventional ideas, such as nanoparticles floating in standard
liquids, by adding small solid particles to the base liquid to create liquids with improved
heat transfer properties, especially in thermal conductivity.

Natural convection can be used for nuclear reactor cooling and thermal conditioning.
It can be used to cool nuclear reactors, regulate the temperature of electronic equipment,
and cool buildings and solar panels, in addition to various agricultural applications [2–5].
Natural convection has been extensively studied in air-filled enclosures with differently
heated vertical walls, with different boundary conditions for the heat source walls and
different boundary conditions of other walls. Researchers have studied a large number of
square, rectangular, and inclined casings using nanofluids as working fluids, suitable for
various wall conditions and no-thickness walls [6–9]. In addition, a large number of studies
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have been considered in recent years, such as [10–19], showing that introducing obstacles
and wall-mounted baffles, filling the cavity with air, and varying the boundary conditions of
the walls change the heat transfer. Mahmoudi et al. [20] considered the natural convection
in square boxes with Cu/water nanofluids using statistical tests. The left wall exposed to
a heat source baffle with continuous heat flow was mounted horizontally. According to
the findings, the Nusselt number increased with φ. However, the results showed that it
decreased with increasing baffle length (Lb).

Furthermore, the temperature of the heating side declined with increasing Rayleigh
number. Habibzadeh et al. [21] reported the natural convection of square boxes with Al2O3/
water nanofluids. Insulating partitions were involved in the floor insulating boundaries of
the cavity. In fact, the effects of many variables have been investigated, revealing that baffle
height increases as the heat transfer rate decreases. Alternatively, Sayehvand et al. [22]
examined natural convection in a square shell filled with Al2O3/water nanofluids using
a numerical model. Two insulating baffles were mounted symmetrically on the horizon-
tal walls of the housing. They concluded that increasing baffle length (Lb) decreased
the Nusselt number while causing the circulation core to move toward the vertical wall.
Naoufalet al. [23] conducted further research to explore the effects of adding baffles to a
nanofluid-filled square shell. At a vertical angle, the heating baffle is attached to the cavity’s
bottom wall. The baffle length (Lb) effects and its position (Db) were recognized. Accord-
ing to the findings, when the Rayleigh number increased, the average Nusselt number
increased for every value of the volume fraction (φ). Furthermore, it was detected that the
average Nusselt number reached its highest value as the baffle was put at the midpoint of
the cavity.

Selimefendigil and Oztop [24] calculated the effect of different types of nanofluids
(Al2O3/water and CuO/water) on natural convection for inclined square cavities. Baffles
evenly divide the surface of the box with high material conductivity. The average Nusselt
number increased with the Grashof number increases and decreased inversely with the
position (Db). Due to its importance to many technical systems, the topic of natural con-
vection in close fields with many types of boundary conditions and fixed wall thicknesses
has recently received substantial attention from numerous scientists. Mobedi [25] statisti-
cally studied conjugated natural convection in inclined, square, gas-filled enclosures. The
cavity contained two vertical conducting walls of finite thickness and uniform heat input,
while the remaining walls remained thermally insulated. According to the findings, the
horizontal walls had no direct effect on reducing the temperature difference between the
enclosed walls. It decreased inside the cavity, especially when both thermal conductivity
and Rayleigh number (Ra) were high. Zhou et al. [26] declared a statistical investigation of
natural convective heat transport inside a rectangular cavity filled with a porous medium
with exothermic properties. The enclosure consisted of two adiabatic horizontal walls; the
left side was exposed to a heat source, while the right wall wascooled separately using a
sinusoidal temperature distribution. The researchers concluded that the sinusoidal thermal
condition and the phase deviation of the temperature profile had a positive influence on
the natural convective heat transfer of the porous material in the enclosure. They also
found that the increase in interphase heat transfer coefficient resulted in a faster drop in
heat transfer.

Alsabery et al. [27] numerically studied natural convection inside a square enclose
charged with Ag, Cu, Al2O3, or TiO2/water nanofluids exposed to sinusoidal temperature
variation on the two horizontal walls and thermal insulation of the left and right vertical
walls. They found that the heat transfer rate enhanced dramatically as the solid wall
thickness increased. Al-Farhany and Abdulkadhim [28] investigated the conjugated natural
convective heat transfer in a square porous cavity with partial heat on vertical and adiabatic
horizontal walls. The authors concluded that increasing the Raleigh number and the
thermal conductivity of the walls could control and facilitate heat transfer.

In another study (Zahanand Alim [29]), the conjugate heat transfer impact of a
Cu/water nanofluid-filled thermally conductive vertical cavity was investigated numeri-
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cally. The thick vertical wall on the left side of the box received stable heat flow, and the
movable partition was connected with the bottom wall. The researchers found that the
position of the baffles helped increase the rate of heat transfer. Nia et al. [30] numerically
explored the amount of heat transfer of Cu/water nanofluids inside an L-shaped enclosure
with baffles. The baffle location depended on the distance determined from the hot wall
(AB). This study attempted to examine four alternative baffle configurations on the basis of
baffle length (S) and distance from the left hot wall. Long baffles (L = 0.30 m) were proven
effective in increasing the total Nusselt number. Furthermore, the blade with the S = 0.4 m
position was more effective in increasing the amount of the Nusselt number compared to
the S = 0.6 m case.

Keramat et al. [31] presented a numerical investigation of heat transport by natural
convection in an H-shaped enclosure charged with Al2O3/water nanofluid. The top fin
was attached to the hot sidewall, while the two sidewalls were maintained by cryostat, and
the remaining walls were insulated. The influence of several variables such as Rayleigh
number, baffle location within the cavity, and baffle boundary conditions on heat transfer in
nanofluids was investigated. The conclusions presented that the position of the baffle had
an effective influence on the amount of heat transfer, which was reduced when the baffle
was placed on the top fin and increased when the baffle was placed on the bottom fin.

In tilted porous cavities with magnetic fields, Al-Farhany et al. [32,33] explored the fin
positions and their effects on the natural convection of conjugated nanofluids. The data
showed that increasing the Darcy number directly with the modified Rayleigh number and
fin dimension increased the average Nusselt number. They also reviewed current research
for natural convection in cavities of different shapes with internal hosts, such as the MHD
effect and double diffusion [34–41].

According to the existing literature, no studies have focused on the effect of convec-
tively connected baffles with finite size and sinusoidal temperature variation on the natural
convection of many types of nanofluids. This problem can arise in a wide range of indus-
trial applications, such as in collectors and electronic cooling devices that use nanofluids as
working fluids.

The current paper presents a numerical study of the natural convective heat transfer
and liquid flow of Cu/water nanofluids in a unit aspect ratio shell. High-conductivity
single baffles were installed on the insulated horizontal walls of the cabinet of different
lengths (Lb). The hot wall on the left side of the enclosure had a sinusoidal temperature
variation. In contrast, the cold wall on the opposite side had a constant wall temperature,
and the remaining walls were adiabatic. This investigation deals with the influences of
nanoparticle concentration, baffle length (Lb), and Rayleigh number (Ra) on the rate of
natural convection of nanofluids in a square cavity.

2. Numerical Technique

A physical 2D enclosure with a square cross-section is shown in Figure 1. The left
vertical wall has a sinusoidal temperature change when (y) = Tc−∆T× sin

(
2πy
H

)
, whereas

the opposite wall maintains a constant cold temperature (Tc), and the other containment
walls are adiabatic. The enclosed space is filled with a uniformly distributed Cu/water
nanofluid. The baffle length (Lb) and width (Wb) of the highly conductive material baffle
are dimensions fixed to the bottom wall. The temperature deviation is the controlling force
for the flow of liquid in the enclosure. The Boussinesq approximation is used to define
density changes.

The following dimensionless parameters can be used to write the governing equations
for fluid mechanics and heat transport [42]:

X = x
L ; Y = y

H ; U = uL
α f

; V = vL
α f

; P = pL2

ρ f α f
2 ; θ = T−Tc

∆T ;

αn f =
kn f

ρn f cpn f
; Pr =

v f
α f

; Ra =
gβ f (∆T)L3

α f v f
.

(1)
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The cornerstones of the Boussinesq approximation and the dimensionless equations of
fluid mechanics, such as the continuity, momentum, and energy equations for heat transfer
through laminar natural convection under steady-state conditions are as shown below [43].

For fluid:
∂U
∂X

+
∂V
∂Y

= 0. (2)

U
∂U
∂X

+ V
∂U
∂Y

= − ∂P
∂X

+
µn f

ρn f α f

(
∂2U
∂X2 +

∂2U
∂Y2

)
. (3)

U
∂V
∂X

+ V
∂V
∂Y

= − ∂P
∂Y

+
µn f

ρn f α f

(
∂2V
∂X2 +

∂2V
∂Y2

)
+

(ρβ)n f

ρn f β f
RaPrθ. (4)

U
∂θ

∂X
+ V

∂θ

∂Y
=

αn f

α f

(
∂2θ

∂X2 +
∂2θ

∂Y2

)
. (5)

For solid:
∂2θw

∂X2 +
∂2θw

∂Y2 = 0. (6)

The boundary conditions are applied in a dimensionless manner as described below.
All walls were assumed to be nonslip; therefore, the velocities used were U = V = 0.

On the right sidewall, θ = 0. On the left sidewall, with sinusoidal temperature variations,
θ = − sin(2πY). Both bottom and top walls were adiabatic

(
∂θ
∂Y = 0

)
. On baffle surfaces,

∂θ
∂X |baffle = kr

∂θ
∂X |nf .

The thermophysical properties of the nanofluids were described in [44,45].

ρnf = (1− φ)ρf + φρp. (7)

αnf =
knf

(ρCp)nf

. (8)

(ρCp)nf
= (1− φ)(ρCp)f

+ φ(ρCp)p
. (9)

The nanofluid effective dynamic viscosity, as defined by Brinkman, is expressed as
follows [46]:

µnf =
µf

(1− φ)2.5 . (10)
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This formula may be used to calculate the nanofluid expansion coefficient.

(ρβ )nf = (1− φ) · (ρβ)f + φ · (ρβ)p. (11)

The thermal conductivity of a nanofluid with spherical nanoparticles was calculated
by Maxwell [47].

knf = kf

(
kp + 2kf

)
− 2φ

(
kf − kp

)(
kf + 2kp

)
+ φ

(
kf − kp

) , (12)

where subscripts f and prefer to pure liquids and nanoparticles, respectively. Table 1
displays the thermophysical properties of the solid and water nanoparticles examined in
this investigation [48].

Table 1. Thermophysical properties of fluid and nanoparticles at T = 25 ◦C [48].

Properties Pure Water Cu

Cp (J/kg·K) 4179 385

ρ (kg/m3) 997.1 8933

k (W/m·K) 0.613 401

B (1/K) 21 × 10−5 1.67 × 10−5

The local Nusselt number (Nul) at the hot boundary condition is defined by

Nul = −
knf
kf
· ∂θ

∂X

∣∣∣∣
x=0

. (13)

Integration of the local Nusselt number alongside the left sidewall can be used to
predict the average Nusselt number (Nuav).

Nuav =
1
H

H∫
0

Nul . dY. (14)

3. Solution Method

The finite element method (FEM) was used in the current study. It works by converting
the formulation of the problem, such as the differential equations, into discrete problems
(number of algebraic systems). In this study, the undetermined equations were approxi-
mated over the boundary. To obtain a convergent solution while minimizing truncation
errors, the FEM employs methods distinct from calculus.

Figure 2 displays that the 2D computational area for the baffle housing was divided
into a multi element triangular mesh in a Cartesian system. Grid-independent studies
were performed for different numbers of elements at Ra = 106, Lb = 0.5, φ = 0.06. The
accuracy of the results can be obtained by the precision of the average Nusselt number,
which depends on the number of the mesh generation on the heated left sidewall of the
shell using a nonuniform mesh. Figure 3 shows that several elements (approximately
11,500) gave accurate results without increasing the number of components.

Finally, the proposed code was verified using the numerical results of Oztop et al. [49],
which used the Rayleigh number (Ra = 105) with a nanofluid concentration of about 0.05%.
Oztop et al. updated these results in flow functions and isotherms. It was found to be quite
accurate, as shown in Figure 4. The conjugated natural convection within the (Cu/water)
nanofluid-filled shell and the limited thickness of the walls were also used to ensure the
validity of the results. Figure 5 compares the current investigation’s findings to those
of Alsabery et al. [27]. These results agree well with their previous work considering a
Rayleigh number of 106, nanofluid concentration of 0.1%, and effective wall thickness S
of 0.3.
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4. Results and Discussion

This computational investigation aimed to evaluate the natural convective heat transfer
in a Cu nanoparticle/water-filled enclosure under sinusoidal (non-isothermal) boundary
conditions, with vertical baffles attached to the lower horizontal wall. The enclosure had an
adiabatic horizontal wall with a sinusoidal temperature variation on the left side wall and
a constant cold temperature on the vertical right sidewall. The current study examined the
effects of Rayleigh number (Ra), blade length (Lb), blade thermal conductivity ratio (Kr),
and solid volume fraction of nanoparticles (φ) on stream functions and isotherm patterns.
Note that the Rayleigh number (Ra= 103, 104, 105, and 106), the solid volume percentage of
nanoparticles (φ = 0, 0.02, 0.04, and 0.06), the ratio of thermal conductivity (Kb = 0.1, 1, and
10), and the baffle length (Lb = 0.3, 0.5, and 0.7) were varied for the current work, while the
baffle thickness remained unchanged (Wb = 0.04).

4.1. Rayleigh Number Effects

Figure 6 illustrates the effects of Rayleigh number (Ra) and solid volume percentage
of Cu/water nanofluid (0.06%) on stream functions and isotherms in the range 103 to
106, using Kb = 1 and Lb = 0.3 contours in a square cavity. Stream functions for pure and
nanofluids are shown in the left two columns, while isotherms for pure and nanofluids
are shown in the right two columns. Since the left wall of the enclosure exhibited non-
isothermal temperature changes, it was heated by the upper half and cooled by the lower
half in this part of the study.



Molecules 2022, 27, 4445 8 of 17Molecules 2022, 27, x FOR PEER REVIEW 8 of 17 
 

 

 Ψ θ 
Ra ϕ = 0 ϕ = 0.06 ϕ = 0 ϕ = 0.06 

103 

    

104 

    

105 

    

106 

    
Figure 6. Effects of Rayleigh number on stream functions (left two columns) and isotherms (right 
two columns) at different nanoparticle solid volume fractions with Kr = 1 and Lb = 0.3. 

Inside the case, three circular cores were created clockwise or counterclockwise. At 
low values (Ra = 103), symmetrical flow and temperature distributions were found for all 
volume fraction values. The deviation of the isotherm was increasingly parallel to the 
right vertical wall, which is typical for conduction heat transfer. Despite Ra = 
106increasing, the deviation became more parallel to the right vertical wall, the shell iso-
therm became a smooth curve parallel to the bottom wall, and the convective heat 
transfer became more controlling. When the Rayleigh number (Ra) increased, the 
strength of the buoyancy, as well as the strength of natural convection, increased. It can 
also be noted that the flow function value (flow strength) obtained increased the flow 
motion as the fluid was subjected to more heat. Both pure fluids and nanofluids reached 
maximum flow function values. At ϕ = 0, the stream function increased from 0.1 to 10, 
whereas, at ϕ = 0.6, the stream function increased from 0.16 to 11. Furthermore, the core 
strength of the stream function in the presence of nanofluids was greater than that in the 
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two columns) at different nanoparticle solid volume fractions with Kr = 1 and Lb = 0.3.

Inside the case, three circular cores were created clockwise or counterclockwise. At
low values (Ra = 103), symmetrical flow and temperature distributions were found for all
volume fraction values. The deviation of the isotherm was increasingly parallel to the right
vertical wall, which is typical for conduction heat transfer. Despite Ra = 106 increasing,
the deviation became more parallel to the right vertical wall, the shell isotherm became a
smooth curve parallel to the bottom wall, and the convective heat transfer became more
controlling. When the Rayleigh number (Ra) increased, the strength of the buoyancy, as well
as the strength of natural convection, increased. It can also be noted that the flow function
value (flow strength) obtained increased the flow motion as the fluid was subjected to more
heat. Both pure fluids and nanofluids reached maximum flow function values. At φ = 0, the
stream function increased from 0.1 to 10, whereas, at φ = 0.6, the stream function increased
from 0.16 to 11. Furthermore, the core strength of the stream function in the presence of
nanofluids was greater than that in the presence of regular fluid (water). However, the
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presence of baffles bonded to the insulating wall under the casing restricted flow motion
near the thermal wall, weakened the recirculation core, and affected the buoyancy.

Figure 7 displays the Nuav on the hot wall and the Rayleigh number for different
concentrations of nanofluids. It can be noted that thermal conductivity increased directly
with the volume fraction of the nanofluid. Furthermore, the average Nusselt number for
different Rayleigh numbers was better than that for the pure base fluid. Moreover, the
average Nusselt number was enhanced as the Rayleigh number increased due to larger flow
function values and stronger buoyancy. Since the conduction was the essential mechanism
of heat transfer, in this case, the effect of nanoparticles was visible at lower Rayleigh
numbers. As the solid concentrations of nanofluids increased, the average Nusselt number
and the heat transfer rate through the internal fluid increased. In addition, the convection
effect of the Cu/water nanofluid was larger than that of water.
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The baffle length and solid volume of the nanofluids at φ = 0.04, Kr = 10, and Ra = 105

in the presence of vertical baffles for quadratic stream functions and isotherms are shown
in Figure 8. The flow and thermal performance of the enclosure for three baffle lengths
(0.3, 0.5, and 0.7) are shown. Stream functions for pure and nanofluids are shown in the
left two columns, while isotherm profiles for pure and nanofluids are shown in the right
two columns.

The two columns on the left illustrate the formation of asymmetric circulating cores
flowing in three different directions within the casing. The primary was at the top, while
the clockwise direction dominated. The length of the baffle had an important influence on
the flow and shape of the flow cell. When a thin vertical baffle was placed in the middle of
the insulating bottom wall, fluid flow was redirected and attenuated in the areas on either
side of the baffle, affecting heat transfer at the wall. When the baffle length was Lb = 0.3,
the flow function value at φ = 0.04 was ψ = 4.5, and the baffle had little effect on the flow.
However, when the length of the baffle was Lb = 0.5, the value of the flow function was
ψ = 4.4, and the baffle had little effect on the flow.

Furthermore, the value of the flow function decreased with increasing baffle length
(Lb = 0.7). Because the blocking effect of a baffle is proportional to its height, a longer
baffle yielded a greater blocking effect, and the value of the current function decreased to
ψ = 4.4 when φ = 0.04. This increased the temperature in the area, resulting in a reduction
in convective heat transfer.
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The two columns on the right show isotherms to study the effect of baffles on the tem-
perature distribution. The results revealed that, as the baffle length increased (Lb = 0.3–0.7),
the flow restriction and resistance increased, resulting in a decrease in fluid flow and
buoyancy on the upper left side of the casing. Thus, the temperature of the area increased,
and the rate of heat transfer through the internal fluid decreased. The presence of baffles
resulted in an asymmetric temperature distribution within the enclosure. In this case,
the isotherms were practically uniform and parallel to the horizontal wall. It can be ob-
served that the form of the isotherm close to the baffle also became further curved. As
evidence, convection became the dominant mode of heat transport within the cage. In
fact, the presence of nanoparticles affected the strength of liquid flow within the outer
shell; as the concentration of the nanofluid increased, the thermal conductivity increased,
the flow strength and buoyancy increased, and the rate of the heat transfer to the inner
fluid increased.

Figure 9 displays the influence of partition length (Lb) on the average hot wall Nusselt
number for various solid volume fractions. In general, the baffle length significantly affected
the average Nusselt number. As the baffle length increased, the average Nusselt number
decreased due to increased baffle blockage, resulting in a decrease in flow velocity and,
therefore, a reduction in the heat transfer rate. Hence, it is clear that the average Nusselt
number had a minimum at Lb = 0.7. It can also be shown that the average Nusselt number
increased directly with the fluid flow velocity and heat transfer rates as the concentration
of the nanofluids increased. Furthermore, the ideal heat transfer rate was similar to that of
the nanofluid (φ = 0.06).
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4.2. Baffle Thermal Conductivity RatioEffects

Figure 10 expresses the effect of varying the thermal conductivity of the stationary baf-
fles on liquid flow and the thermal performance within the enclosure at various Cu/water
nanofluid concentrations, with a sinusoidal (non-isothermal) temperature distribution at
φ = 0.04, for Ra = 104 and Lb = 0.5. Stream functions are shown in the left two columns,
while the right two columns show the isothermal counters. Notably, an increase in the
value of Kr indicated an increment in the thermal conductivity of the baffle material. When
Kr = 0.1, low thermal conductivity led to high wall thermal resistance, resulting in a low
heating intensity of the separator material and reduced heat transfer via conduction. This
can be identified by the reduction in the isotherm gradient within the baffle thickness and
the convection within the outer shell. The flow function value was 1.1 times that of the
upper main recirculation core in the case of nanofluids.

Increasing the thermal conductivity ratio Kr from (0.1 to 10) resulted in a lower thermal
wall resistance of the baffle while allowing the solid baffle to reflect more heat inside the
cavity. In the case of nanofluids, the flow function value of the upper main recirculation core
increased from ψ = 1.1 to 1.2 due to the increased heat flow through the baffle-fixed region,
thereby increasing the elastic front. Furthermore, the distribution of isotherm counters near
the solid–liquid interface and the slope of the temperature gradient changed significantly
with thermal conductivity when the isotherm density was considered.

Figure 11 displays the effect of different thermal conductivity ratios of the fixed baffles
on the average Nusselt number for volume fractions with Ra = 104 and Lb = 0.5. As shown
above, increasing the solid volume fraction improved the heat transfer and convective
motion. Additionally, as the thermal conductivity ratio (Kr) increased, the heat flux rate in
the fluid domain also increased. Furthermore, it should be considered that the convective
effect of the nanofluid was stronger than that of the base fluid at different baffle thermal
conductivities and solid volume fractions.

4.3. Local Nusselt Number

Figure 12a–c explain the fraction of local divergence of the Nusselt number (Nul) at
the interface location with the Y-axis indicating the Rayleigh number range, baffle length
(Lb), and volume (φ). Low heat transfer rates occurred because the internal fluid lowered
the temperature of the entire enclosure space at a low Rayleigh number (Ra = 103). A high
Rayleigh number resulted in a significant increase in local convective heat transfer.
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The local Nusselt number line above the coordinate (Y) had a sinusoidal shape, espe-
cially for large Rayleigh numbers (Ra = 104 to 106). As the Rayleigh number increased, this
caused an increase in the local Nusselt number. This increase became significant around
the vertical wall spacing (0.3 and 0.7) due to the sinusoidal variation of the boundary condi-
tions. For pure water and nanofluids, the local heat transfer rate also increased significantly
with decreasing baffle length. Additionally, as the volume percentage of nanoparticles
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increased, the heat transfer through the internal fluid within the cross-sectional area of
the shell also increased. This was due to the increase in device thermal conductivity and
targeted improvements in convective heat transfer. The localized Nusselt number increased
along the left vertical interface wall, resulting from the presence of nanoparticles with the
correct volume fraction. Cu/water nanofluids had higher local Nusselt numbers than water.
In addition, an increase in thermal conductivity ratio further increased the heat flux in the
solid–liquid section near the baffle. This increased the heat transfer, which significantly
influenced the local Nusselt number.

In summary, at Lb = 0.3, Ra = 106, and φ = 0.06, the maximum value appeared, while
the minimum appeared at Lb = 0.7, Ra = 103, and φ = 0. Therefore, it can be concluded
that, when the baffle length (Lb) was approximately 0.3, the heat transfer rate increased,
whereas, in the range of 0.3–0.7, the heat transfer rate decreased.

5. Conclusions

This paper presented a numerical study of natural convection in a square enclo-
sure filled with nanofluid subjected to sinusoidal temperature on the vertical walls with
a vertical baffle fixed to the bottom wall. The study examined the effects of Rayleigh
number (103 ≤ Ra ≤ 106), nanoparticle concentration (0.01 ≤ φ ≤ 0.06), baffle length
(0.3 ≤ Lb ≤ 0.7), and thermal conductivity ratio (Kb = 0.1, 1, and 10) on the rate of natural
convection of nanofluids in a square cavity. The following conclusions could be drawn:

1. When the baffle height increased, the natural flow direction was limited by the exis-
tence of the baffle. The isotherm distribution was better due to the larger convective
heat transfer flux at lower altitudes.

2. When the baffle length was short (Lb = 0.3), the heat transfer rate increased, whereas,
in the range of 0.5–0.7, the heat transfer rate decreased.

3. By increasing the thermal conductivity ratio, the Nusselt number increased due to the
high heat transfer through the baffle, which could be transferred to the cavity without
the baffle effect.

4. The Nusselt number increased with the Rayleigh number and nanofluid concentration
due to the increase in buoyancy force and thermal conductivity. The circulating cores
corresponding to nanofluids were also stronger than those of pure water at high
Rayleigh numbers.
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Nomenclature

AR Aspect ratio
Cp Specific heat, J·kg−1·K−1

d Wall thickness, m
g Gravitational acceleration, m·s−2

k Thermal conductivity, W·m−1·K−1

Kr Thermal conductivity ratio (Kr = kb/kf)
L Length of the enclosure, m
lb Baffle length, m
Lb Nondimensional Baffle length (Lb = lb/H)
Nul Local Nusselt number
Nuav Average Nusselt number
P Nondimensional pressure
p Pressure, kg/(m·s2)
Pr Prandtl number
Ra Modified Rayleigh number
Gr Grashof number
T Dimensional temperature, ◦C
U Nondimensional velocity component X-direction,
V Nondimensional velocity component Y-direction,
wb Baffle width, m
Wb Nondimensional baffle width, (Wb = wb/L)
X Nondimensional X-coordinate
Y Nondimensional Y-coordinate
Greek symbols
ν Kinematic viscosity, m2/s
ψ Stream function
φ Solid volume fraction
θ Dimensionless temperature
Φ Baffle inclination angle, ◦

ρ Density, kg/m3

µ Dynamic viscosity, kg·m−1·s−1

α Thermal diffusivity, m2·s−1

β Thermal expansion coefficient, K−1

Subscripts
b Baffle
c Cold
f Fluid (pure water)
h Hot
nf Nanofluid
p Nanoparticle
S Solid
W Wall

References
1. Choi, S.U.S.; Eastman, J.A. Enhancing Thermal Conductivity of Fluids with Nanoparticles; Argonne National Lab. (ANL): Argonne, IL,

USA, 1995.
2. Abdulsahib, A.D.; Al-Farhany, K. Review of the effects of stationary/rotating cylinder in a cavity on the convection heat transfer

in porous media with/without nanofluid. Math. Model. Eng. Probl. 2021, 8, 356–364. [CrossRef]
3. Al-Chlaihawi, K.K.; Alaydamee, H.H.; Faisal, A.E.; Al-Farhany, K.; Alomari, M.A. Newtonian and non-Newtonian nanofluids

with entropy generation in conjugate natural convection of hybrid nanofluid-porous enclosures: Areview. HeatTransf. 2021,
51, 1725–1745. [CrossRef]

4. Qi, C.; Cui, X.; Liu, Y.; Yang, Z.; Huang, C. Natural convection heat transfer of liquid metal gallium nanofluids in a rectangular
enclosure. Heat Transfer—Asian Res. 2017, 46, 1–17. [CrossRef]

5. Nciri, R.; AliRothan, Y.; Nasri, F.; Ali, C. Fe3O4-water nanofluid free convection within an inclined 2D rectangular enclosure
heated by solar energy using finned absorber plate. Appl. Sci. 2021, 11, 486. [CrossRef]

http://doi.org/10.18280/mmep.080304
http://doi.org/10.1002/htj.22372
http://doi.org/10.1002/htj.21190
http://doi.org/10.3390/app11020486


Molecules 2022, 27, 4445 16 of 17

6. Basak, T.; Chamkha, A.J. Heatline analysis on natural convection for nanofluids confined within square cavities with various
thermal boundary conditions. Int. J. HeatMassTransf. 2012, 55, 5526–5543. [CrossRef]

7. Cianfrini, M.; Corcione, M.; Quintino, A. Natural convection in square enclosures differentially heated at sides using alumina-
water nanofluids with temperature-dependent physical properties. Therm. Sci. 2015, 19, 591–608. [CrossRef]

8. Alomari, M.A.; Al-Farhany, K.; Hashem, A.L.; Al-Dawody, M.F.; Redouane, F.; Olayemi, O.A. Numerical study of mhd natural
convection in trapezoidal enclosure filled with (50%mgo-50%ag/water) hybrid nanofluid: Heated sinusoidal from below. Int. J.
Heat Technol. 2021, 39, 1271–1279. [CrossRef]

9. Fichera, A.; Marcoux, M.; Pagano, A.; Volpe, R. An analytical model for natural convection in a rectangular enclosure with
differentially heated vertical walls. Energies 2020, 13, 3220. [CrossRef]

10. Shi, X.; Khodadadi, J.M. Laminar Natural Convection Heat Transfer in a Differentially Heated Square Cavity Due to a Thin Fin on
the Hot Wall. J. Heat Transf. 2003, 125, 624–634. [CrossRef]

11. Humaira Tasnim, S.; Collins, M.R. Numerical analysis of heat transfer in a square cavity with a baffle on the hot wall. Int. Comm.
Heat Mass Transf. 2004, 31, 639–650. [CrossRef]

12. Bilgen, E. Natural convection in cavities with a thin fin on the hot wall. Int. J. Heat Mass Transf. 2005, 48, 3493–3505. [CrossRef]
13. Oztop, H.; Bilgen, E. Natural convection in differentially heated and partially divided square cavities with internal heat generation.

Int. J. Heat Fluid Flow 2006, 27, 466–475. [CrossRef]
14. Ambarita, H.; Kishinami, K.; Daimaruya, M.; Saitoh, T.; Takahashi, H.; Suzuki, J. Laminar natural convection heat transfer in an

air filled square cavity with two insulated baffles attached to its horizontal walls. Thermal Sci. Eng. 2006, 14, 35–46.
15. Ben-Nakhi, A.; Chamkha, A.J. Effect of length and inclination of a thin fin on natural convection in a square enclosure. Numer.

Heat Transf. Part A Appl. 2006, 50, 381–399. [CrossRef]
16. Ghassemi, M.; Pirmohammadi, M.; Sheikhzadeh, G.H. A Numerical Study of Natural Convection in a Tilted Cavity with

Two Baffles Attached to its Isothermal Walls. WSEAS Trans. Fluid Mech. 2007, 2, 61–68.
17. Nardini, G.; Paroncini, M.; Vitali, R. Natural convection in a square cavity with two baffles on the vertical walls: Experimental

and numerical investigation. Int. J. Mech. 2015, 9, 120–127.
18. Elatar, A.; Teamah, M.A.; Hassab, M.A. Numerical study of laminar natural convection inside square enclosure with single

horizontal fin. Int. J. Therm. Sci. 2016, 99, 41–51. [CrossRef]
19. Torabi, M.; Keyhani, A.; Peterson, G.P. A comprehensive investigation of natural convection inside a partially differentially heated

cavity with a thin fin using two-set lattice Boltzmann distribution functions. Int. J. Heat Mass Transf. 2017, 115, 264–277. [CrossRef]
20. Mahmoudi, A.H.; Shahi, M.; Raouf, A.H.; Ghasemian, A. Numerical study of natural convection cooling of horizontal heat source

mounted in a square cavity filled with nanofluid. Int. Comm. Heat Mass Transf. 2010, 37, 1135–1141. [CrossRef]
21. Habibzadeh, A.; Sayehvand, H.; Mekanik, A. Numerical study of natural convection in a partitioned square cavity filled with

nanofluid. Int. J. Chem. Eng. Applicat. 2011, 2, 261. [CrossRef]
22. Sayehvand, H.; Habibzadeh, A.; Mekanik, A. CFD analysis of natural convection heat transfer in a square cavity with partitions

utilizing Al2O3 nanofluid. Int. J. Nano Dim. 2012, 2, 191–200.
23. Naoufal, Y.; Zaydan, M.; Rachid, S. Numerical study of natural convection in a square cavity with partitions utilizing Cu-Water

nanofluid. Int. J. Innov. Res. Sci. Eng. Tech. 2015, 4, 10354–10367.
24. Selimefendigil, F.; Öztop, H.F. Conjugate natural convection in a cavity with a conductive partition and filled with different

nanofluids on different sides of the partition. J. Mol. Liq. 2016, 216, 67–77. [CrossRef]
25. Mobedi, M. Conjugate natural convection in a square cavity with finite thickness horizontal walls. Int. Comm. Heat Mass Transf.

2008, 35, 503–513. [CrossRef]
26. Wu, F.; Zhou, W.; Ma, X. Natural convection in a porous rectangular enclosure with sinusoidal temperature distributions on both

side walls using a thermal non-equilibrium model. Int. J. Heat Mass Transf. 2015, 85, 756–771. [CrossRef]
27. Alsabery, A.I.; Chamkha, A.J.; Saleh, H.; Hashim, I. Heatline visualization of conjugate natural convection in a square cavity

filled with nanofluid with sinusoidal temperature variations on both horizontal walls. Int. J. Heat Mass Transf. 2016, 100, 835–850.
[CrossRef]

28. Al-Farhany, K.; Abdulkadhim, A. Numerical investigation of conjugate natural convection heat transfer in a square porous cavity
heated partially from left sidewall. Int. J. Heat Tech. 2018, 36, 237–244. [CrossRef]

29. Zahan, I.; Alim, M. Effect of conjugate heat transfer on flow of nanofluid in a rectangular enclosure. Int. J. Heat Tech. 2018,
36, 397–405. [CrossRef]

30. Nia, S.N.; Rabiei, F.; Rashidi, M.M.; Kwang, T.M. Lattice Boltzmann simulation of natural convection heat transfer of a nanofluid
in a L-shape enclosure with a baffle. Results Phys. 2020, 19, 103413.

31. Keramat, F.; Dehghan, P.; Mofarahi, M.; Lee, C.-H. Numerical analysis of natural convection of alumina–water nanofluid in
H-shaped enclosure with a V-shaped baffle. J. Taiwan Inst. Chem. Eng. 2020, 111, 63–72. [CrossRef]

32. Al-Farhany, K.; Al-dawody, M.F.; Hamzah, D.A.; Al-Kouz, W.; Said, Z. Numerical investigation of natural convection on Al2O3–
water porous enclosure partially heated with two fins attached to its hot wall: Under the MHD effects. Appl. Nanosci. 2021, 1–18.
[CrossRef]

33. Al-Farhany, K.; Al-Chlaihawi, K.K.; Al-dawody, M.F.; Biswas, N.; Chamkha, A.J. Effects of fins on magnetohydrodynamic
conjugate natural convection in a nanofluid-saturated porous inclined enclosure. Int. Comm. Heat Mass Transf. 2021, 126, 105413.
[CrossRef]

http://doi.org/10.1016/j.ijheatmasstransfer.2012.05.025
http://doi.org/10.2298/TSCI120328111C
http://doi.org/10.18280/ijht.390425
http://doi.org/10.3390/en13123220
http://doi.org/10.1115/1.1571847
http://doi.org/10.1016/S0735-1933(04)00051-X
http://doi.org/10.1016/j.ijheatmasstransfer.2005.03.016
http://doi.org/10.1016/j.ijheatfluidflow.2005.11.003
http://doi.org/10.1080/10407780600619907
http://doi.org/10.1016/j.ijthermalsci.2015.08.003
http://doi.org/10.1016/j.ijheatmasstransfer.2017.07.042
http://doi.org/10.1016/j.icheatmasstransfer.2010.06.005
http://doi.org/10.7763/IJCEA.2011.V2.114
http://doi.org/10.1016/j.molliq.2015.12.102
http://doi.org/10.1016/j.icheatmasstransfer.2007.09.004
http://doi.org/10.1016/j.ijheatmasstransfer.2015.02.039
http://doi.org/10.1016/j.ijheatmasstransfer.2016.05.031
http://doi.org/10.18280/ijht.360132
http://doi.org/10.18280/ijht.360203
http://doi.org/10.1016/j.jtice.2020.04.006
http://doi.org/10.1007/s13204-021-01855-y
http://doi.org/10.1016/j.icheatmasstransfer.2021.105413


Molecules 2022, 27, 4445 17 of 17

34. Abdulsahib, A.D.; Al-Farhany, K. Numerical Investigation of the nanofluid mixed convection on two layers enclosure with
rotating cylinder: High Darcy number effects. In IOP Conference Series: Materials Science and Engineering; IOP Publishing: Bristol,
UK, 2020; Volume 928, p. 022001.

35. Olayemi, O.A.; Khaled, A.F.; Temitope, O.J.; Victor, O.O.; Odetunde, C.B.; Adegun, I.K. Parametric study of natural convection
heat transfer from an inclined rectangular cylinder embedded in a square enclosure. Aust. J. Mech. Eng. 2021, 1–14. [CrossRef]

36. Al-Farhany, K.; Alomari, M.A.; Saleem, K.B.; Al-Kouz, W.; Biswas, N. Numerical investigation of double-diffusive natural
convection in a staggered cavity with two triangular obstacles. Eur. Phys. J. Plus. 2021, 136, 814. [CrossRef]

37. Redouane, F.; Jamshed, W.; Devi, S.S.U.; Amine, B.M.; Safdar, R.; Al-Farhany, K.; Eid, M.R.; Nisar, K.S.; Abdel-Aty, A.H.; Yahia,
I.S. Influence of entropy on Brinkman–Forchheimer model of MHD hybrid nanofluid flowing in enclosure containing rotating
cylinder and undulating porous stratum. Sci. Rep. 2021, 11, 24316. [CrossRef]

38. Al-Kouz, W.; Medebber, M.A.; Elkotb, M.A.; Abderrahmane, A.; Aimad, K.; Al-Farhany, K.; Jamshed, W.; Moria, H.; Aldawi, F.;
Saleel, C.A.; et al. Galerkin finite element analysis of Darcy–Brinkman–Forchheimer natural convective flow in conical annular
enclosure with discrete heat sources. Energy Rep. 2021, 7, 6172–6181. [CrossRef]

39. Ganesh, G.R.; Sridhar, W.; Al-Farhany, K.; Ahmed, S.E. Electrically MHD Casson nanofluid flow and entropy exploration under
the influence of the viscous dissipation, radiation, and higher-order chemical reaction. Phys. Scr. 2022, 97, 065208. [CrossRef]

40. Nasri, F.; Ali Rothan, Y.; Nciri, R.; Ali, C. MHD Natural Convection of a Fe3O4–Water Nanofluid within an Inside Round Diagonal
Corner Square Cavity with Existence of Magnetic Source. Appl. Sci. 2020, 10, 3236. [CrossRef]

41. Khetib, Y.; Alahmadi, A.A.; Alzaed, A.; Tahmasebi, A.; Sharifpur, M.; Cheraghian, G. Natural convection and entropy generation
of MgO/water nanofluids in the enclosure under a magnetic field and radiation effects. Processes 2021, 9, 1277. [CrossRef]

42. Aminossadati, S.; Ghasemi, B. Natural convection cooling of a localised heat source at the bottom of a nanofluid-filled enclosure.
Eur. J. Mech.-B/Fluids 2009, 28, 630–640. [CrossRef]

43. Mahmoodi, M.; Sebdani, S.M. Natural convection in a square cavity containing a nanofluid and an adiabatic square block at the
center. Superlattices Microstruct. 2012, 52, 261–275. [CrossRef]

44. Alsabery, A.I.; Ismael, M.A.; Chamkha, A.J.; Hashim, I. Mixed convection of Al 2 O 3-water nanofluid in a double lid-driven
square cavity with a solid inner insert using Buongiorno’s two-phase model. Int. J. Heat Mass Transf. 2018, 119, 939–961. [CrossRef]

45. Abdulsahib, A.D.; Hashim, A.S.; Al-Farhany, K.; Abdulkadhim, A.; Mebarek-Oudina, F. Natural convection investigation under
influence of internal bodies within a nanofluid-filled square cavity. Eur. Phys. J. Spec. Top. 2022, 1–17. [CrossRef]

46. Brinkman, H. The viscosity of concentrated suspensions and solutions. J. Chem. Phys. 1952, 20, 571. [CrossRef]
47. Maxwell, J.C.; Thompson, J.J. A Treatise on Electricity and Magnetism; Clarendon: Oxford, UK, 1904; Volume 2.
48. Sheikhzadeh, G.A.; Arefmanesh, A.; Kheirkhah, M.H.; Abdollahi, R. Natural convection of Cu–water nanofluid in a cavity with

partially active side walls. Eur. J. Mech.-B/Fluids 2011, 30, 166–176. [CrossRef]
49. Oztop, H.F.; Abu-Nada, E.; Varol, Y.; Al-Salem, K. Computational analysis of non-isothermal temperature distribution on natural

convection in nanofluid filled enclosures. Superlattices Microstruct. 2011, 49, 453–467. [CrossRef]

http://doi.org/10.1080/14484846.2021.1913853
http://doi.org/10.1140/epjp/s13360-021-01812-2
http://doi.org/10.1038/s41598-021-03477-4
http://doi.org/10.1016/j.egyr.2021.09.071
http://doi.org/10.1088/1402-4896/ac6e51
http://doi.org/10.3390/app10093236
http://doi.org/10.3390/pr9081277
http://doi.org/10.1016/j.euromechflu.2009.05.006
http://doi.org/10.1016/j.spmi.2012.05.007
http://doi.org/10.1016/j.ijheatmasstransfer.2017.11.136
http://doi.org/10.1140/epjs/s11734-022-00584-9
http://doi.org/10.1063/1.1700493
http://doi.org/10.1016/j.euromechflu.2010.10.003
http://doi.org/10.1016/j.spmi.2011.01.002

	Introduction 
	Numerical Technique 
	Solution Method 
	Results and Discussion 
	Rayleigh Number Effects 
	Baffle Thermal Conductivity RatioEffects 
	Local Nusselt Number 

	Conclusions 
	References

