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The present paper discusses the effects of geometric parameters on mixed convective heat transfer and
fluid flow in a lid-driven square enclosure fitted with an internal elliptical cylinder. The side walls of the
enclosure were kept at a cold constant temperature and the lower horizontal wall, and the top moving
wall were isolated thermally while the elliptical cylinder wall was sinusoidal heated. The dimensionless
equations were solved with the aid of COMSOL Multiphysics software which relies on the finite element
method. Simulations were performed for different Grashof numbers 103 � Gr � 105

� �
, aspect ratios

1:0 � AR � 3:0ð Þ, and inclination angle of the elliptical cylinder 0
� � / � 90

�� �
. Results are presented

in the form of velocity streamlines, isothermal contours, and average Nusselt number. Findings from this
study show that the highest heat transfer enhancement occurred when Gr ¼ 105. Also, for all the inclina-
tion angles and Grashof numbers considered, the more the surface of the ellipse exposed to flow, the
greater the heat transfer enhancement. Finally, beyond AR ¼ 1:5, inclination angle of the ellipse inhibits
heat transfer enhancement.
Copyright � 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the International Confer-
ence on Engineering for a Sustainable World.
1. Introduction

The problem of mixed convective heat transfer finds application
in several engineering fields such as cooling of microchannels,
nuclear reactors, spacing heating, and the food industry [1–6].
Because of the significance of mixed convective heat transfer in
engineering, a lot of researchers have investigated mixed convec-
tion in various configurations, some of which include Gangawane
et al. [7] who analyzed mixed convection in a square enclosure
with an inner triangular cylinder that was strategically positioned.
Findings revealed that the optimum heat transfer augmentation
was realized when the inner block was at the mid-position. Xiong
et al. [8] numerically considered mixed convection (MHD) in a tri-
angular cavity equipped with obstacles. Their investigation
showed that a positive correlation exists between the mean Nus-
selt number and the Richardson number. Al-Rahed et al. [9] consid-
ered mixed convective flow in a cavity containing nanofluid, it was
submitted that the thermal profile improved with increasing tem-
perature change between the heated inner elliptical block and the
bottom surface of the outer cavity (see Table 1).

Park et al. [10] explored the thermal characteristics around an
inner elliptical cylinder. It was argued that Reynolds number and
aspect ratio increments resulted in improvement in the value of
the mean Nusselt number. In an experiment conducted by Mek-
roussi et al. [11] on mixed-convective fluid flow in an enclosure
subjected to an undulating base surface for inclination angles rang-
ing from 0� to 180� with a Prandtl number of 0.71, it was reported
that inclination angle enhancement impacted positively on the
average Nusselt number. Lee et al. [12] studied the impact of flat
plate rotation on the thermal and flow profiles in a square
enclosure for various Rayleigh numbers; findings from their
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Nomenclature

a Semi-major axis
AR Aspect ratio [m]
b Semi-minor axis [m]
g Acceleration due to gravity [m=s2]
Gr Grashof number
Nu
�

Average Nusselt number
P dimensional pressure [Nm�2]
P dimensionless pressure
Pr Prandtl number
Re Reynolds number
T Dimensional temperature [K]
Tc Dimensional cold wall temperature [K]

Th Dimensional hot wall temperature [K]
X;Y dimensionless Cartesian coordinates
u; v Dimensional velocity components [ms�1]
U; V dimensionless velocity components
x;y dimensional Cartesian coordinates [m]

Greek Symbols
a thermal diffusivity [m2 s�1]
v kinematic Viscosity [m2 s�1]
q density [kg m �3]
u dimensionless temperature

Fig. 1a. Physical geometry.

O. Adebayo Olayemi, J. Temitope Olabemiwo, J. Osekhoghene Dirisu et al. Materials Today: Proceedings 65 (2022) 2128–2137
investigation showed that below a Rayleigh number of 1:3� 105,
the rotor enhanced heat transfer but reduced heat transfer above
the Rayleigh number of 1:3� 105. Mamun et al [13] considered a
tilted trapezoidal enclosure whose base was subjected to a con-
stant heat flux. It was realized that the average Nusselt number
was maximum at 45�inclination angle for all the Richardson num-
bers investigated.

Yang et al. [14] discovered that the rotation of a cylinder located
in a square enclosure reduced the average Nusselt number of the
configuration. Selimefendigil et al. [15] reported the mixed convec-
tive flow in a square enclosure containing nanofluid and inner
cylinders undergoing rotary motion; it was concluded that locating
the cylinder close to the top of the enclosure improved the thermal
transportation. Karimi et al. [16] numerically analyzed the thermal
and flow profiles around two cylinders housed by a square cavity
and submitted that Richardson number and cylinder diameter
increments improved heat transfer. Olayemi et al. [17] examined
the impacts of two water-based nanofluids (Fe3O4 & Mn-
ZnFe2O4) on heat transfer enhancement due to a stretchable rotat-
ing disk, the study demonstrated that Fe3O4 nanofluid showed a
superior thermal conductivity compared Mn-ZnFe2O4. In a mixed
convective MHD flow, Olayemi et al. [18] reported the influence
of adiabatic elliptic cylinder aspect ratio, heat generation parame-
ter, and other salient parameters on the thermal and velocity fields
in the domain investigated. In another study of the natural convec-
tion of H2O-Fe3O4 nanofluid flow around a cylindrical barrier,
Olayemi et al. [19] reported the impacts of nanofluid volume frac-
tion and the cylinder aspect ratio on heat transfer augmentation.
Their results underpinned the ability of nanoparticles in heat
transfer enhancement.

Based on the literature survey conducted, not much work has
been reported in square enclosures with an elliptical cylinder posi-
tioned at various inclination angles in the cavity. The current inves-
tigation used COMSOL Multiphysics software, which relies on the
finite element method, to analyze the effects of the ellipsis axes
ratio (AR) ellipse inclination angle (/), and Grashof number (Gr)
on the heat and fluid transport dynamics around an elliptical cylin-
der placed in a square enclosure with a top moving wall. Other
Table 1
Comparison of mean Nusselt number of the hot horizontal top boundary of the enclosure

Re Scheme Grid

400 Iwatsu et al [21] 128 � 128
Sharif [22] 100 � 100
T.S. Cheng [23] 128 � 128
Present 128 � 128
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approaches that could be used to analyse fluid flow and heat trans-
fer problems are the finite difference and the finite volume meth-
ods. Results from the current investigation find application in heat
exchanger design, nuclear reactor technology, and cooling of elec-
tronic components, among others.
2. Methodology

2.1. Physical model

Fig. 1(a) represents the domain under investigation. The ellipti-
cal cylinder (with aspect ratio,AR ¼ a

b) inside the square enclosure is
exposed to a sinusoidal hot temperature Th þ sin px

L

� �� �
. The vertical

cold walls of the enclosure are exposed to a constant temperature
of Tc , while the moving top wall and the bottom horizontal wall are
thermally insulated. Also, Fig. 1(b) depicts the mesh of the domain
used for the simulation.
in the current study with historical data [21–23].

Gr
102 104 105

3.84 3.62 1.22
4.05 3.82 1.17
4.14 3.90 1.21
3.99 3.76 1.15



Fig. 1b. Mesh distribution.
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2.2. Governing equations

The physics of the configuration being considered is described
by the steady-state dimensionless Eqs. (1)–(4) stated below. The
density variation in the buoyancy term in the flow equation is cap-
tured by using the Boussinesq model, and the fluid velocity in the
cavity is very much less than the speed of sound. The fluid flow is
assumed to be laminar and Newtonian and the fluids in contact
with solid boundaries have zero velocity.

The dimensionless continuity, momentum X&Yð Þ and energy
equations are given by Eqs. (1)–(4) [20]:
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2.3. Normalization parameters

The dimensionless variables are expressed by Eq. (5):

X ¼ x
L
; Y ¼ y

L
; U ¼ u

U0
; V ¼ v

U0
; H ¼ T � Tc

Th � Tc
; P ¼ p

qU2
0

; Pr ¼ t
a

ð5Þ
The average heat transfer on the solid boundaries of the model

is given by Eq. (6).

Nu
�

¼ 1
L

Z L

0

@H
@X

dY ð6Þ
3. Procedure for computation

The mesh in Fig. 1(b) which was used for the analysis of the
domain under investigation was produced with the free triangular
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mesh in conjunction with the extremely fine mesh options in
COMSOL Multiphysics software (version 5.5). The dimensionless
transport equations together with the associated boundary condi-
tions were then solved with the software. To ensure enhanced
thermal and flow field resolutions, the extremely fine mesh-size
option in COMSOL Multiphysics was employed as the choice for
the grid-size.
4. Results

4.1. Results validation

The validation of the code used for the current investigation has
been effected by comparing the mean Nusselt number obtained in
the present analysis with historical data of [21–23] and the com-
parison shows good agreement.

Fig. 2 presents the plots of the isothermal contours and velocity
streamlines for various Gr while maintaining / = 0� and AR = 2.5.
With increasing Gr, the effect of heating becomes noticeable with
the formation of plumes towards the upper wall of the enclosure.
The streamline plots show the formation of four vortices around
the ellipse and, the flow is almost symmetric about the mid-
vertical position with vigorous flow activity around the upper wall
area of the enclosure which is an indication of improved heating.

Fig. 3 displays the isothermal contours and velocity streamlines
for different Gr values when / = 45� and AR = 2.5. The isothermal
contours are like those in Fig. 2. For Gr = 103, the isothermal con-
tours close to the vertical walls were observed to be almost parallel
to the vertical walls which is an indication of a conduction domi-
nant heat transfer regime. As Gr improves, the isothermal contours
close to the side walls of the enclosure begin to deviate from their
previous orientation which is an indication that convection had
become more pronounced. At Gr = 105, the isothermal contour
around the vertical walls of the enclosure becomes colder which
signifies a higher delta T (DTÞ value and therefore, more heat trans-
fer rate ensured. Furthermore, the velocity streamlines indicate
that the fluid velocities are more vigorous around the top left
and bottom right corners of the enclosure and the velocities at
these locations increase with increasing Gr. Similarly, the velocities
of the contours around the bottom corners of the enclosure also
increase gradually in strength with Gr increment.

Fig. 4 depicts the isothermal contours and the velocity stream-
lines for Grashof number values of 103, 104 and 105 for / = 90� and
AR = 2.5. The response of the isothermal contours to Grashof num-
ber increment is similar to those of Figs. 2 and 3. However, with
Grashof number improvement, the flow in the square cavity
becomes predominantly limited to the left side of the ellipse. For
Gr = 103, the flow in the cavity is nearly symmetric around the
elliptical cylinder; when Gr = 104, two inner vortices were formed
which combined to form a single vortex when Gr = 105.

Fig. 5 displays the isothermal contours and velocity streamlines
for different aspect ratios when Gr = 105, and / = 0�. Growth in the
aspect ratio of the elliptical cylinder increases the heating of the
fluid in the cavity, this is evident in the behaviour of the isothermal
contours and therefore, convection becomes more pronounced,
and hence more heat is transferred. For the velocity streamline
plots, at AR = 1, the streamlines are less dense at the bottom with
two secondary vortices. At AR = 1.5, the density of the contours
increases, and each secondary vortex splits to form two vortices.
Beyond AR of 1.0, four circulations were formed which became
more distinct as AR increases.

Fig. 6 presents the isothermal contours and velocity streamlines
for various inclination angles of the elliptical cylinder when
AR = 2.5 and Gr = 105. As the orientation angle increases, the distri-
bution of the isothermal contours is seen to depend largely on the



Fig. 3. The effect of Grashof number (Gr) on isothermal contours and streamlines when Re = 1, / = 45� and AR = 2.5.

Fig. 2. The effect of Grashof number (Gr) on isothermal contours and streamlines when Re = 1, / = 0� and AR = 2.5.
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location of the ellipse. For the velocity streamlines, the top region
of the enclosure is denser than beneath the elliptical enclosure. For
an elliptical cylinder orientation of 15�, the streamlines became
less dense especially to the right of the elliptical cylinder.
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At 30� orientation, more pressure was being experienced
around the lower right side of the enclosure resulting in the
enlargement of the streamlines in the direction of the lower right
part of the enclosure.



Fig. 4. The effect of Grashof number (Gr) on isothermal contours and streamlines when Re = 1, / = 90� and AR = 2.5.

Fig. 5. The effects of Aspect Ratio (AR) on isothermal contours (upper) and velocity streamlines (lower) at Gr = 105, and / = 0�.
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Fig. 5. Plots for the isothermal contours and velocity streamline
for various aspect ratios at Gr = 105, and / = 0�.

Furthermore, on the left side, the streamlines became denser
at the top and reduced at the bottom. At 45�, the vortex on the
lower left bottom side disappeared as that on the top right was
at the verge of vanishing. The streamlines were observed to be
denser at 60� and the two vortices on both sides of the ellipse
at 30� orientation had combined to form a single vortex each.
From AR = 2.5 and inclination angle beyond 60�, the velocity
streamlines became limited to one of the sides of the elliptical
cylinder. At 75�, the streamlines on the left side of the cavity
disappeared while those on the right became denser. At 90�
elliptical orientation, the streamlines disappeared on the right
2132
portion of the enclosure and reappeared on the left side. This
occurrence could be because the vortex strength was not able
to overcome the force of gravity as elliptical cylinder tends
towards 90� orientation and hence a shift in the position of
the vortices.

Fig. 7 displays the velocity magnitude of the fluid flow distribu-
tion at the mid-way between the upper horizontal wall of the
square enclosure and the top wall of the elliptical cylinder when
AR = 3.0, Gr = 105, and / = 0�. The plot reveals that at 5% and 95%
of the enclosure wall length, the fluid attained its maximum veloc-
ity magnitude of 70. This region of maximum velocity of flow is
attested to by Fig. 5 when AR = 3.0, and Fig. 6. Fig. 8 is the temper-
ature profile plot at the mid-way between the upper horizontal



Fig. 6. The effects of Inclination angle (/) on isothermlines (a) and stream function (b) at Gr = 105, and AR = 2.5.
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wall of the square enclosure and the top wall of the elliptical cylin-
der when AR = 3.0, Gr = 105, and / = 0�. The plot shows that the
maximum temperature in the enclosure is 1.73 units and it
occurred at 50% of the enclosure wall length.

Figs. 9, 10, and 11 present the implication of aspect ratio on the
average Nusselt number at the elliptical cylinder walls for different
Gr values when / = 0�, 45� and 90�. Apparently, Gr rise results in
average Nusselt number improvement, this is due to the increase
in the surface area over which heat transfer occurred. This pattern
2133
of heat transfer is sustained for the various inclination angles
investigated. Figs. 12 and 13 present the plots of average Nusselt
number against orientation angle at the elliptical cylinder wall
for various aspect ratios when Gr = 103 and 104 respectively. The
plots in Figs. 12 and 13 show that the average Nusselt number
for AR = 1 and 1.5 are almost insensitive to the orientation of the
elliptical cylinder; also, for aspect ratio in the range of
1:5 � AR � 3, the average Nusselt number of the elliptical cylinder
decreases significantly with increasing inclination angle.



Fig. 8. Temperature profile at mid-plane between the upper wall of the enclosure and the top wall of the elliptical cylinder when AR = 3.0, Gr = 105, and / = 0�.

Fig. 7. Velocity magnitude at mid-plane between the upper wall of the enclosure and the top wall of the elliptical cylinder when AR = 3.0, Gr = 105, and / = 0�.
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Fig. 9. Average Nusselt number versus Grashof number at the elliptical cylinder wall for several aspect ratios when in / = 0�.

Fig. 10. Average Nusselt number versus Grashof number at the elliptical cylinder wall for several aspect ratios when in / = 45�.

Fig. 11. Average Nusselt number versus Grashof number at the elliptical cylinder wall for several aspect ratios when in / = 90�.
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Fig. 12. Average Nusselt number of the elliptical cylinder against angle of orientation when Gr = 1E3.

Fig. 13. Average Nusselt number of the elliptical cylinder against angle of orientation when Gr = 1E4.
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5. Conclusion

The summary of the research findings is as follows:
For the range of Grashof number (103 � Gr � 105) and inclina-

tion angle (0�� / � 90
� Þ considered, aspect ratio (AR) and Grashof

number (Gr) increments resulted in heat transfer augmentation at
the elliptical cylinder wall. The highest heat transfer enhancement
occurred when the cylinder is in a horizontal position (i:e;/ ¼ 0Þ,
AR ¼ 3. 0, and Gr = 105. For aspect ratio greater than 1.5, elliptical
cylinder inclination discourages heat transfer enhancement.
Finally, in the plane above the cylinder wall, where the heat trans-
ferred is maximum, the highest value of the velocity magnitude is
70 while the maximum dimensionless temperature at this plane is
1.72.
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