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ABSTRACT: The application of fluid and heat transfer in electronic and nuclear technology is gaining popularity,
particularly in equipment's life span and risk management. However, further study is required for applications
involving rectangular cylinders placed inside a square cavity. This study investigates the effects of height ratio (HR),
and width ratio (WR) for Prandtl number Pr = 0.71 on natural convective heat transfer and the flow field around the
annulus of a square domain fitted internally with a heated rectangular cylinder. The square enclosure and the inner
rectangular cylinder walls were respectively maintained at cold and hot isothermal conditions. COMSOL Multiphysics
(Version 5.6) software was adopted to implement the governing equations and boundary conditions. The results are
presented in the form of streamlines, isothermal contours, and Nusselt number (Nu). The study reveals that the
combined average Nu of the rectangular cylinder walls improves with HR, WR, and Rayleigh number (Ra). The
maximum Nu occurred at HR = 0.7, and WR = 0.7; however, height variation at peak average Nu was 37.7% greater
than width variation at peak average Nu. This study finds applications in the cooling of electronic chips and aerospace
engines.
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AR Aspect ratio NOMENCLATURE T, Dimensional cold wall temperature [K]
g Acceleration due to gravity [m/sz] Ty Dimensional hot wall temperature [K]
H  Cylinder height [m] u,v Dimensional velocity components [ms™]
HR Height ratio of block U,V Dimensionless velocity components
k  Thermal conductivity [W /mK] WR Width ratio of block
L  Dimensionless height/width of the enclosure x,y  Dimensional Cartesian coordinates [m]
Nu, Local Nusselt number X,Y  Dimensionless Cartesian coordinates
Nu Average Nusselt number
p  Dimensional pressure [Nm] Greek Symbols
Dimensionless pressure a Thermal diffusivity [m?s]
Pr  Prandtl number v Kinematic Viscosity [m?s?]
q  Heat flux [wW/m?] p  Density [kgm?]
Ra Rayleigh number ® Dimensionless temperature
T  Dimensional temperature [K]
I INTRODUCTION fields has necessitated the investigations of thermal and fluid

flow behaviours in cavities of diverse shapes using both
There have been wide applications of natural convection in  Néwtonian and non-Newtonian fluids (Aithal, 2016; Pandey et

numerous fields such as cooling of electronic systems and @l 2019; Olayemi et al. 2022a). ~ The first accurate
nuclear devices, thermal insulation, solar devices, etc. The computational solution of equations that describe 2-D natural

growing relevance of natural convection in the Engineering convection in a square enclosure subjected to va_rious thermal
boundary conditions was done by De Vahl Davis (1983). In
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recent times, because many similar works had been done prior
to 2019, many researchers have also carried out multiple
studies with similar cavities using different solution methods
(Obalalu, 2021; Olayemi et al., 2021a; Olayemi et al., 2021b).

Natural convection heat transfer in a cavity having different
shapes of heat sources like a triangle (Altace and Mahdi, 2017),
circular (Aithal, 2016; Pandey et al., 2019), and elliptical
(Sheikholeslami et al., 2017) cylinders were carried out in 2-D
to examine the influence of Rayleigh number and cavity ratio
on thermal and flow distributions. Adegun et al. (2020), and
Olayemi et al. (2022b) investigated the impact of cylinder
orientation and size on the impact of heat transfer
augmentation. Both studies reported heat transfer enhancement
with increasing size of the cylinder and that the cylinder
transferred maximum heat when in a horizontal position.

Buoyancy flow in a tilted cavity filled with air was
investigated using the Lattice Boltzmann method for the
simulation (Zhang and Che, 2014; Hssikou, 2019; Rehhali et
al., 2019). It was concluded that the Lattice Boltzmann method
yielded better solutions to several practical problems than most
numerical methods. Some researchers also worked on inclined
cavities filled with non-Newtonian nanofluids having porous
medium (Raizah et al., 2018) and micropolar-nanofluid under
magnetic field influence (Karagiannakis et al., 2020).

Saeid (2017) conducted a numerical analysis of natural
convection in a domain equipped with discrete heating at the
base of the enclosure. It was noted that increasing the height
of the heating element was capable of augmenting heat
transfer.  Pratap Singh et al. (2020) investigated two-
dimensional buoyancy flow in an asymmetric-arc-shaped
cavity with a heated base and an insulated top wall. Ahmed et
al. (2018) reported their findings on the convective flow in arc
and circular cavities occupied by Cu-water nanofluid. The
circular cavity exhibits better heat transfer results than arc
cavities. Hsu et al. (2016) and llyas et al. (2017)
experimentally worked on convective flow in an enclosure,
while the convection process in a square containing freezing
water was considered numerically by Ezan and Kalfa (2016).
The findings revealed that wall thickness growth discourages
local heat transfer within the cavity. Hussain and Ahmed
(2018) used Buongiorno's nanofluid in a porous cavity to
analyze the influence of Rayleigh number (104 - 107), Darcy
number (10-2 -10-6), Lewis number (0.1-1), buoyancy ratio
number (0.1 — 1) and Brownian motion parameter (0.1 -1) on
heat transfer and fluid flow.

Ma et al. (2019) examined the numerically buoyancy-
driven flow of a U-shaped cavity filled with nanofluid. The
effects of Hartman number, cavity aspect ratio, nanoparticles'
presence on heat enhancement, and fluid flow characteristics
were investigated. They used the Lattice Boltzmann method
(LBM) to analyze. Reports showed that an increase in
Rayleigh number significantly impacts the argumentation of
heat transfer at larger values of cavity ratio.

The present study analyzes the effect of Rayleigh number
(10”2 < Ra < 1076), width ratio (WR) and height ratio (HR) on
fluid flow and heat transfer augmentation around a rectangular
cylinder fitted in a square enclosure. The uniqueness of the
present study is that there is a paucity of information in the
literature on fluid flow and heat transfer around a heated

rectangular cylinder placed inside a square cavity; therefore,
the present work attempts to close this gap. The current study
finds practical applications in electronic cooling chips, nuclear
technology, the food processing industry, and finally, the
results could also guide experimentalists.

Il. METHODOLOGY

A. Description of the Physical Model

Figure 1 depicts the model, the coordinate system applied
in the current analysis, and the mesh generated. The model
comprises a square enclosure with dimension L x L, and a
rectangular cylinder fitted concentrically into the enclosure. H

is cylinder’s height, and W , its width. The configuration has

a width ratio, WR =¥ and a height ratio of HR = % The

annulus of the configuration is filled with air. The fluid flow
and heat transfer in the domain are assumed to be 2-
dimensional, and laminar has a natural convective flow
mechanism. The cold solid boundaries of the enclosure are
subjected to a dimensionless temperature, ¢. = 0 while the
cylinder is fixed to a higher temperature (¢, = 1). Fluid
properties are invariant except for density, whose variation is
captured by the Boussinesq approximation (Olayemi et al.,
2021c). The walls of the enclosure have zero fixed velocity.
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Figure 1: Schematic of (a) the problem domain and (b) mesh.

B. Governing Equations

The dimensional fluid motion equations for steady-state case,
which are respectively continuity equation, x, and y-
momentum equations, and energy equation, are expressed as
(Kaminski and Prakash, 1986):
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The energy equation is expressed as:

aT N aT 0%T s 0%T
u voo=alog 3y7

dx dy )

The normalized equations governing the physics of flow are
the continuity, momentum (X and Y directions), and energy
equations, which are given respectively by Eqgns. 5-8 as
adopted by Olayemi et al., (2022c) and Olayemi et al., (2022d):
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The transformation parameters used in converting the
dimensional equations to their equivalent dimensionless forms
are defined in Eqgn. (9):
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C. Boundary Conditions Imposed

On all the walls, U =V = 0, and all the solid boundaries
of the square domain are fixed at a cold non-varying
dimensionless temperature of ¢, = 0, while the walls of the
rectangular cylinder are set to an isothermal temperature of

(ph = 1
D. Solution Techniques

The solution to the present study was approached with the
aid of the finite element method. The Boolean operation
created the annulus between the square enclosure and the
enclosed cylinder. The working fluid (i.e., air) was then
applied to the model. The prevailing boundary conditions were
imposed on the enclosure and the cylinder walls. The domain
of interest was discretized by using the extremely fine grid size
option to ensure enhanced field resolution, and after that, the
mesh of the domain was generated using the free triangular
mesh option. The normalized equations (5 - 8) governing the
flow physics and the boundary conditions applied along with
the associated boundary conditions were implemented using
COMSOL Multiphysics 5.6 software.

The mesh independence test was performed by using
various default COMSOL Multiphysics mesh sizes
corresponding to G1-G6. The relative errors of the meshes
were computed, and the mesh size G5 yielded the least relative
percentage error; therefore, the mesh size G5 was adopted for
the entire simulation.  Parametric sweep was used to
investigate the impacts of height ratio (0.1 < HR < 0.7) and
width ratio (0.1 < WR < 0.7) for Prandtl number of 0.71 on
convective heat transfer and fluid flow in the domain
investigated.

E. Determination of Nusselt Number

Nusselt number is a parameter that is used in quantifying
heat transfer rate. It is expressed as the ratio of the heat
convected to heat conducted via a given fluid thickness. Local
Nusselt number ( [Nu) L) and mean Nusselt number ((Nu))
on the solid boundaries are given by Egns 10 and 11,
respectively (Olayemi et al., 2022¢c &2022d):

Nu; = r— (10)
— 1t 99
u= ZJ(; _B_XdY (11)

I1l. RESULTS AND DISCUSSION

A. Validation of Results

The mesh independence study was conducted by
computing the average Nusselt number on the enclosure walls,
and the results are displayed in Table 1.

Table 1 shows that the average Nusselt number of the
enclosure walls is independent of the mesh size for the mesh
G5. Furthermore, the validation of the code used for the
current investigation was done by comparing the data obtained
from the geometry investigated in the absence of the inner
rectangular cylinder with those in Table 2 as obtained by De
Vahl Davis (1983) and Zhang and Che (2014) under the same
heating conditions, and the comparison confirms an excellent
agreement.

Table 1: Grid independence test of the (Nu) on the
enclosure walls for Ra=10° and AR=0.7

S e N

mesh elements number Error
Gl 4692 5.8713 -

G2 5596 5.8705 0.013
G3 5638 5.8696 0.015
G4 6956 5.8690 0.010
G5 10536 5.8694 0.007
G6 25762 5.8765 0.121
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Table 2: Comparison of optimum Nu, velocity components, and their corresponding coordinates.

Ra Numax yN'll Vmax xmax Umax yleX
10®  Present work 1.5062 0.9117  3.6998 0.1820 3.6461 0.8056
De Vahl Davis (1983) Nil Nil 3.6970 0.1780  3.6490 0.8130
Zhang and Che (2014) 1.5017 0.9141  3.7024 0.1797  3.6492 0.8125
10*  Present work 3.5302 0.8600  19.6420 0.1238 16.1992 0.8218
De Vahl Davis (1983) 3.5309 0.8531  19.6295 0.1193 16.1802 0.8265
Zhang and Che (2014) 3.5351 0.8564  19.6064 0.1198 16.1708 0.8229
10°  Present work 7.7100 0.9200  68.6983 0.0648 355077 0.8542
De Vahl Davis (1983) 7.7201 0.9180  68.6396 0.0657  34.7399  0.8558
Zhang and Che (2014) 7.7472 0.9219  68.5190 0.0664 34.7110 0.8555
10°  Present work 17.4700 0.9600 218.5459 0.0400 64.9056 0.8542
De Vahl Davis (1983) 175360 0.9608 220.4610 0.0390 64.8367 0.8505
Zhang and Che (2014) 17.6140 0.9648  219.3340 0.0391 64.8687 0.8516

B. Effects of Width Ratio and Height Ratio on Velocity and

Isothermal Contours

The plots in Figures 2(a) and (b) depict the velocity
streamlines while Figures 2(c) and (d) represent the isothermal
lines for different height ratios (0.1 < HR < 0.7) and width
ratios (0.1 < WR < 0.7) when Ra = 10°. When WR =
HR = 0.1, the streamlines patterns both have two secondary
isolated vortices close to the base of the cavity moving in
opposite directions due to the presence of the inner block. As
HR rises in value, there appear secondary circulations on top
of the inner cylinder (see Figure 2(a)), which move upward as
HR value increases.

Also, as HR increases in value, the surface area available
for heat transfer increases. Ultimately, this leads to improved
heat transfer augmentation, which is evident in forming the
plumes above the inner rectangular cylinder. The trend of heat
transfer augmentation for WR variation is similar to that of HR
variation. Furthermore, for WR > 0.1 and HR > 0.1, the
isolated vortices close to the cavity base when WR = HR =
0.1 disappear, and the disappearance of these secondary
vortices could be due to higher buoyancy force at the top region
of the inner cylinder relative to its bottom region. Around the
base of the rectangular cylinder in Figure 2(d), the plots show
a progressive growth in the heat transfer rate compared to that
around the cylinder base in Figure 2(c); this is evidently due to
the larger surface area available for heat transfer at the base of
the inner rectangular cylinder in Figure 2(d). The trends
reported above for the isotherms and streamlines for width
ratio variation are consistent with the streamlines and
isotherms reported by Olayemi et al. (2021), while the impact
of HR variation for HR =0.5 and 0.7 is similar to the
observations made by Ragui et al. (2013) where two secondary
circulations were located close to the top horizontal wall of the
enclosure.

C. Effects of WR and HR on Local Nusselt Number

In Figures 3(a) and (b), the plots show the local Nusselt
number variation along the left wall of the square domain for
various HR and WR at Ra = 10°. Compared with HR = 0.1,
the WR = 0.1 exhibits a higher heat transfer enhancement.
However, for 0.1 < HR < 0.7, the heat transfer rate along the
left wall of the square domain is higher than that presented in
the range 0.1 < WR < 0.7. The peak value of local Nusselt
number in Figure 3(a) is 9.4, which occurred when HR = 0.7,

whereas the maximum value of the local Nusselt number in the
plots of Figure 3(b) is 6.7, and it occurred when WR = 0.5. It
is pertinent to point out that the occurrence of the optimum
Nusselt number around

the vicinity of the top wall of the enclosure is due to the
formation of vortices around the enclosure top wall; this same
effect is also revealed in the formation of plumes around the
top of the enclosure wall (See Figure 2).

WR 0.1 0.3
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number improve from the base of the wall and then peak at the

W@\‘ 4(a) and (b) for both HR and WR at Ra = 10°. For WR < 0.7,
) k“\\-% mlj, the plots in Figure 4 show that the values of local Nusselt

mid-length of the wall and reduce along the wall length. In
Figure 4(a), for the height of 0.1 < HR < 0.3, the heat transfer

Local Nusselt number

patterns are similar to that of Figure 4(b). However, for HR >
0.3, the local Nusselt number distribution assumes a sinusoidal
pattern.
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Figure 3: Local Nusselt number of the square cavity left wall at Ra = 10°, for various a) HR and b) WR.
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Figure 4: Local Nusselt number of the square cavity top wall at Ra = 10° for various a) HR and b) WR.
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Furthermore, the highest local Nusselt number (20) in Figure
4(b) occurred when WR = 0.7 at 50% of the wall length from
its base; but in Figure 4a, the peak value of local Nusselt
number (21) occurred when HR = 0.7, at 30% and 70% of
the wall lengths from its base.

Figures 5(a) and (b) depict the local Nusselt number
versus arc length (square cavity bottom wall) for various height
ratios HR and width ratios WR at Ra = 10°.

293

The rate of heat transfer for WR = 0.1 is 12.9% more than
the rate of heat transfer for HR = 0.1. The rate of heat
transferred for HR in the range 0.1 < HR < 0.7 is greater
than that transferred for width ratio in the 0.1 < WR < 0.7.
The highest value of the local Nusselt number (2.5) occurred
when HR = 0.7, at the mid-point of the wall length and is
81.6% greater than the peak value of the local Nusselt number
(0.46) on the same wall when WR = 0.7.
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Figure 5: Local Nusselt number of the square cavity bottom wall at Ra = 10, for various a) HR and b) WR.
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D. Effects of Width Ratio, Height Ratio and Rayleigh Number
(Ra) on Average Nusselt Number

Figure 6 is the average Nusselt number for each of the
walls of the cylinder for various HR and WR at Ra = 10°.
Figure 6(a) revealed that the heat transfer patterns on the left
and right walls are the same and the average Nusselt number
values are favoured by increasing HR. In Figure 6(b), the left
and right walls transfer heat simultaneously, but the Nusselt
number declines with increasing WR. Similarly, in Figure
6(a), the average Nusselt number of the bottom wall decreases
with increasing HR, while in Figure 6(b), the WR increment
augments heat transfer. Furthermore, for the top wall, in the
range of HR (0.3 < HR < 0.5), there occurred heat transfer
rate enhancement with increasing HR as revealed by Figure
6(a), this pattern is featured in the entire length of

the wall for all the width ratios (0.1 < WR <0.7)
considered. Outside the range of height ratios of 0.3 < HR <
0.5, wall-length increment resulted in a decline in heat
transport.

The plots in Figure 7 depicts the response of the average
Nusselt number of the rectangular cylinder to the variation of
the Rayleigh number for various height and width ratios. The
plots indicate that the average Nusselt number of the cylinder
gets enhanced as the Rayleigh number rises. Additionally, HR
and WR increments resulted in heat transfer augmentation,
with the highest heat transfer rate occurring for each of the
plots at Ra = 10° when WR = HR = 0.7. The peak value of
the average Nusselt number on the cylinder wall occurred
when HR = 0.7, and was found to be 37.7% higher than the
average Nusselt number when WR = 0.7.
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Figure 6: A plot of the average Nusselt number against (a) HR and (b) WR for all the rectangular walls at Ra = 10°.
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Figure 7: The plot of the average Nusselt number against Rayleigh number for (a) height ratio and (b) width ratio of the rectangular

cylinder.

IV. CONCLUSION
A comprehensive numerical study of the effects of
geometric ratios and Rayleigh number on fluid flow and heat
transfer in a heated cylinder was studied, and the following
conclusions can be drawn:

i. Inthe range of 0.1 < HR < 0.7, the left wall of the square
enclosure augmented heat better than in the range 0.1 <
WR < 0.7. But WR = 0.1 presented a better heat transfer
augmentation than when HR = 0.1;

ii. The peak value of heat transfer on the top wall of the
enclosure for HR = 0.7 is 10% greater than the peak value
of heat transfer on the same wall when WR = 0.7;

iii. The highest values of the local Nusselt number of the
square enclosure bottom wall are 2.5 and 0.46 when
HR = 0.7, and WR = 0.7, respectively.

For the top wall of the cylinder, at a HR of 0.3 < HR <
0.5and WR of 0.1 < WR < 0.7, the average Nusselt number
increases with Rayleigh number, height and width ratios except
for HR ranges of 0.1 < HR < 0.3, and 0.5 < HR < 0.7.
Additionally, the peak value of the average Nusselt number on
the cylinder wall occurred when HR = 0.7 and WR = 0.7.
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