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Abstract

Analyzing fluid dynamics and heat transfer holds
significant importance in the design and enhancement
of engineering systems. The current investigation
utilizes the finite element method to explore natural
convection and heat transfer intricacies within a novel
cavity containing an inner circular cylinder under
steady and laminar flow conditions. The principal aim
of this study is to assess the impact of Rayleigh number
(Ra), Bejan number (Be), and the presence of adiabatic,
hot, and cold cylinders on heat transfer, entropy
generation, and fluid flow. The range of Ra considered
in this investigation spans from 10° to 10°, while the
Prandtl number for the air is fixed at 0.71. The findings
illustrate that the presence of a cylinder leads to higher
Be as Ra increase, compared to scenarios where no
cylinder is present. This observation suggests that
buoyancy forces dominate in the absence of a cylinder,
resulting in significantly enhanced convective heat
transfer efficiency. However, the presence of a heated
cylinder within the tooth-shaped cavity exerts a
substantial influence on the overall thermal perform-
ance of the system. Notably, the average Nusselt
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Number (Nu) experiences a remarkable increase of
41.97% under the influence of a heated cylinder, when
compared to situations where a cold cylinder is
present. This elevated average Nu signifies improved
heat transfer characteristics, ultimately resulting in an
overall improvement in the thermal system's efficiency.

KEYWORDS

cylinder, entropy generation, heat transfer, natural convection,
tooth-shape cavity

1 | INTRODUCTION

In a plethora of engineering applications, many researchers delve into the examination of flow
and heat transfer (HT) in a cavity. This phenomenon holds notable significance not only in
nuclear reactors but also in various fields, including solar collectors, equipment cooling,
thermal insulation, architectural design, aerosol systems, electrical systems, and numerous
other technological processes." The investigation of HT through natural convection (NC)
remains an intriguing topic due to its correlation with diverse natural phenomena and
industrial procedures. Ongoing inquiries persistently analyze the interaction between heat
and fluid flow within cavities, with careful consideration of factors such as Rayleigh (Ra) and
Prandtl (Pr) numbers, cavity geometry, and boundary conditions, given that these aspects can
substantially influence the dynamics of HT.

The observation of buoyancy-driven flow is crucial in studying NC behaviors. Oliveski et al.”
executed a numerical analysis to examine the characteristics of NC within a rectangular cavity to
further explore this phenomenon. Yilbas et al.® witnessed a similar phenomenon within a square
cavity. Through an extensive investigation, Chandra Roy et al.* discovered that factors including the
angle of the magnetic field, heating, permeable walls, and nanoparticle concentration played pivotal
roles in shaping both flow and temperature profiles, ultimately causing notable transformation. By
conducting a numerical analysis, Momoniat et al.” found that the introduction of extended surfaces
had a considerable effect on the distribution of temperature gradients, velocity streamlines, and flux
within the square cavity. Furthermore, Akhter et al.’® performed a computational investigation
focusing on HT through NC in a partially heated cavity. The results demonstrated that buoyancy-
driven flow exerted a substantial impact on the fluid flow and distribution of temperature within the
cavity, along with the local entropy generation (E,.,,). Kuyper et al.” examined the impacts of both
laminar and turbulent flows on NC, concluding that the Nusselt number (Nu) demonstrates a
significant correlation with Ra. Similarly, Kumar et al.® performed numerical simulation with a
primary focus on NC within a square cavity. The findings revealed a direct correlation: as Ra went up,
the results indicated a proportional growth in both the buoyancy-driven flow and the average HT.
Mobedi’ performed a numerical investigation focusing on NC within a square cavity. The study
disclosed that as Ra rises and the conductivity ratio improves, there is an increased intensity in HT
between the walls. The irregular shape of the cavity is another crucial factor that significantly
influences the flow patterns and HT properties. Gaining a comprehensive understanding of the
impacts of buoyancy-driven flow within irregular cavities holds paramount importance for various
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applications, including HT in passive solar systems and building facades.'” Chaabane et al."'
conducted a numerical investigation to explore how buoyancy-driven flow is impacted by the
irregular shape of a cavity. Thus, Hatami'? conducted a thorough investigation into the NC HT of
nanofluids within a rectangular cavity featuring two heated fins. The findings revealed that
augmenting the fin height led to an expanded heated surface area, thereby increasing HT to the
nanofluids and subsequently resulting in higher average temperatures. Similarly, Yousaf and
Usman'® performed a numerical investigation of NC HT within a square cavity featuring sinusoidal
roughness elements. The study revealed a notable 28% decrease on average HT when the sinusoidal
roughness elements were positioned simultaneously on both the hot and cold walls. Sheremet et al.**
examined a numerical analysis of Eg, during NC in a wavy cavity. The study revealed that an
elevated Ra not only increased HT but also intensified the central convective flow and induced
alterations in the recirculation patterns within the cavity. Saha et al."> performed a numerical study
on NC flow of nanofluids within a wavy cavity. In this study, a heated single fin was vertically
mounted at the center of the lower wall, adjacent to a top wavy wall. The study demonstrated that the
presence of a wavy wall significantly enhances overall HT, leading to improved thermal performance.
Siavashi et al.'® researched delves into NC within a cavity equipped with porous fins. The numerical
findings suggest that incorporating porous fins with a high Darcy number (Da) enhances HT,
whereas fins with a low Da may impede convection, resulting in a reduction of Nu.

Conversely, nonuniform heating (NH) offers several advantages compared to uniform heating
(UH). It serves as a sophisticated and effective strategy for optimizing temperature distribution and
heat management within the system. Basak et al."” investigated the impact of NH and UH applied
to the bottom walls on HT rate and presents correlations between average Nu and Ra for
convection-dominated regimes. Thus, Sen et al.'® observed a noteworthy improvement in HT
through the implementation of NH, outperforming the effectiveness seen with UH. Biswas et al."
investigated the merits of NH over UH in a porous cavity. The study revealed that NH substantially
enhances convective HT rates, leading to significantly higher overall HT compared to UH.
Additionally, Mullick et al.*® conducted a numerical investigation of NC inside a square cavity. The
observation revealed that NH results in a more efficient and uniform distribution of heat within the
cavity. Similarly, Natarajan et al.*' explored the impact of UH and NH on the bottom wall on NC
flows within a trapezoidal cavity. The results suggest that NH of the bottom wall results in an
increased HT rate at the center compared to UH. Moreover, the use of NH prevents the formation
of passive heat sources and irregular temperature patterns, guaranteeing a consistent distribution of
temperature.”” However, the introduction of cylinders into a cavity, along with NH, disrupts flow
patterns and alters isotherms, leading to variations in HT characteristics.® This presents potential
benefits for optimizing HT processes in a range of diverse applications. In a study by Senel,* the
interplay between the positioning, orientation of cylinders, initial temperature distribution, and the
rotational direction holds a considerable influence on the dynamic flow patterns and temperature
distribution within the cavity. A different investigation conducted by Joe et al.>* revealed that the
thermal performance of a trapezoidal cavity was improved by implementing NH at a variable
frequency. This had an influence on thermofluidic patterns and the corresponding heat
transmission. Bilal et al.* investigated the thermophysical characteristics of a viscous substance
in a triangular container containing a heated square cylinder, examining the impact of UH and NH
on the lower walls, and found that NH of the base wall was more efficient, resulting in increased
Nu and kinetic energy as Ra increased.

Furthermore, NC flow is notably influenced by the presence of a cylinder within a cavity.*’
Moderres et al.?® examined the impact of a cylinder within a cavity on NC flow, revealing that
the presence of the cylinder can alter the flow pattern and enhance heat and mass transfer.
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Similarly, Saleh et al.** examined NC within a porous cavity featuring a temperature gradient
between an outer cavity and an inner cylinder. The study revealed that the circulation intensity
of the flow is affected by the cylinder's radius, and an increased nanoparticles concentration
leads to improved HT. On a related note, Tayebi et al.*° conducted numerical simulations
investigating Eg,, and NC in a square cavity filled with a hybrid nanofluid and featuring a
conducting hollow cylinder. The outcomes underscore the pivotal role of the inserted
conducting hollow cylinder in influencing flow characteristics, HT rates, and irreversibility's
within the cavity. Similarly, Roslan et al.*" numerically investigated to explore the intricacies of
unsteady NC within a cavity featuring a sinusoidally heated cylindrical source. The insightful
analysis uncovered that the oscillation in the cylinder's temperature exerts a profound
influence on both the flow and temperature fields. Tayebi et al.** investigated convective heat
transfer in a square container with a combination of nanofluid and a curved conductive
cylinder, and discovered that the circulation of convective flow increases with higher Rayleigh
number and lower Hartmann number. Alsabery et al.*® investigated Eg.n and mixed convection
(MC) in a wavy-walled chamber with a rotating cylinder. The study demonstrated that
adjusting the rotational speed of the circular cylinder allows control over fluid flow. To further
enhance the heat characteristics and flow behavior, Alsabery et al.>* investigated another study
of the impact of a two-phase nanofluid model on NC in a square cavity with a conducting solid
block and a corner heater. The study revealed that Nu increases with higher nanoparticle
concentrations and Ra, indicating an enhancement in HT. Conducting a numerical
investigation, Alhashash et al.*> explored NC of nanofluids between a sinusoidal cylinder
and a rectangular cavity. The outcomes revealed that introducing 1% alumina particles can
boost the HT rate. Dogonchi et al.*® performed an NC and Egen of a nano-liquid in a crown-
wavy cavity. It was found that Da had a positive effect on flow and temperature fields and
increasing Da from 0.001 to 0.1 enhanced avg Nu by 41%. In a recent study conducted by Saboj
et al.,”’ Eg.n was investigated within an octagonal cavity containing a cold cylinder. The
findings revealed a notable increase in both HT and E,,,, particularly evident in the Al,0;-H,0
nanofluid when compared to conventional fluids like air and water. Saleh et al.*® studied on
unsteady MC within a square cavity with fins. The results indicated that the movement
direction of the attached fins has an impact on both the convective flow pattern and its
intensity. Saha et al.*® systematically reviewed HT analyses within cavities, aiming to
comprehensively grasp flow and HT phenomena amidst diverse obstacles. The study
underscored significant HT enhancement within cavities featuring elements such as fins and
rotating cylinders. Some related research can be found in Tkram and colleagues.**™*

The aspiration of fluid in a cavity has significant effects on convection HT. It has been
observed by Biswas et al.*® that the implementation of aspiration can intensify HT in low-power
MHD thermal applications. In a double lid-driven porous cavity, the aspiration of surrounding
fluid results in heightened HT compared to a nonaspirated cavity, with enhancements of up to
180% depending on the specific parameters.*” Conducting both experimental and numerical
studies, Vishnu et al.*® investigated the impact of HT on an open cavity exposed to supersonic
crossflow. The observations revealed that the introduction of aspiration induces alterations in
flow dynamics, including the expansion of the recirculation region and oscillation of the shear
layer. The effectiveness of aspiration has been investigated in different arrangements, such as
differential heating, corner heating, and split heating, and has demonstrated enhanced HT in
all instances.*

Based on this brief discussion, it can be concluded that analyzing HT and E,,, within an
irregular geometry with an internal cylinder has been an intriguing phenomenon. What sets
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our study apart is its primary focus on analyzing HT, E,,,, and Be within cavities that feature
distinct cylinder boundary conditions with innovative geometric arrangements. While prior
research has explored heat transfer phenomena in various cavity shapes, such as square and
wavy topologies, there has been limited exploration of HT, Eg.,, and Be within intricate
geometries involving diverse cylinder boundary conditions. However, the tooth-shaped cavity
introduces innovative HT traits, presenting promising prospects for application in thermal
management systems. Here is one of the specific practical implications of Tooth shaped cavity.
The tooth-shaped cavities are designed to fit together efficiently, maximizing the utilization of
available space within the cold storage system. This design incorporates features aimed at
minimizing heat transfer between items stored in different cavities, thereby ensuring a
consistent temperature throughout the system and enhancing overall efficiency. To further
optimize temperature control, the design promotes enhanced air circulation within the storage
system, facilitating uniform cooling across all parts of the tooth-shaped cavities. This innovative
approach not only maximizes space utilization but also contributes to maintaining a
consistently low temperature for stored items.

2 | PHYSICAL MODEL

The physical model is developed to represent a tooth-shaped cavity with curved walls which is
shown in Figure 1. Inside the cavity, a cylinder is introduced under various boundary
conditions. The solid cylinder is located at the geometry's origin, as shown by the coordinate
systems of x, u and y, v. As it is marked in Figure 1, L represents the longitudinal dimension,
cylinder's radial measurement r=.26 L and the right and left curved halves of the walls are
cooled to temperature T,.. The lower curved boundary is considered the hot wall T}, while the
upper wavy wall and the rest of the walls are kept adiabatic with no-slip conditions. The
gravitational acceleration acts in a downward direction.

A4

A

L

A Adiabatic .

yv

x,u

Te T
1.5L gl

0.70L

0.52L

\diabatic
0.39L

-

-
Adiabatic

FIGURE 1 A visual representation of tooth-shaped cavity.
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3 | MATHEMATICAL MODEL

The key equations that govern the considered problem incorporate the principles of
conservation of mass, momentum, and energy in the fluid domain within the tooth-shaped
cavity and heat conduction equations for the hot and cold walls. Our models assume
Newtonian behavior and incompressible flow, showcasing steady and laminar flow through its
mathematical representation. The effect of radiative heat transfer, viscous dissipation, and
magnetic force are neglected in this study. The two-dimensional Navier-Stokes equations,
which govern the fluid flow and the energy that governs the HT, are presented in a dimensional
format, as below>>%;

ou ov

- + 5 =0, (1a)

du du op u  du
v | = e p| o+ |, 1b
P[”ax vay) ox 'M(axZ 8y2] (16)

a 2 2
0 a"+v6_" P a—‘;+a—‘; + pgB(T — To), (10)
ox dy

oT aT]: (a2T aZT]' 1d)

a|— + —
ox?  9y?

The governing Equations (1a)-(1d) are reduced to dimensionless form using the following
dimensionless variables, together with the accompanying boundary conditions as follows:

u v , (I7-T)

X= ﬁ, = ,0 = .
L aL aL (T, - 1)

Y= )]

x
L b
The dimensionless stream function and vorticity are provided in the following manner,”’

U:a—lp,V:—% and a—V—a—U:Q 3)
oY ox oxX dY

The continuity equation inherently fulfills the mentioned stream function equation.

Simultaneously, the vorticity equation is derived through the vorticity stream function method,

which allows for the removal of the pressure term in the momentum equation. Hence, the
governing equation in dimensionless form is presented below:

%
A AL Y 4a
8x2 = ay? (4a)
0 a0 Fa 80 36
U—+V—=Prl— + — | + RaPr—, 4b
ax T3 r(axz GYZJ “Tax (“b)
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36 90\ (0% &%
oA [ A | 4
( ax ay) (axz 5Y2\J (4c)

where U, V, 6, X, andY represents dimensionless variables.
The dimensionless quantities present in the governing equations include Ra and Pr

defined as®®:

e — T)I?
_ 88(Tc = T pr= M

Ra . 5
Ba pa )
Boundary conditions:

Forallwalls: U = V=0, =0

Case-1 (No Cylinder)
For left and right curved walls (point indicated): © = —0.5
For bottom curved wall (pointindicated): 6 =05
For top wavy wall: g—i =

Case-2 (adiabatic cylinder)
For left and right curved walls (point indicated): 8 = —0.5
For bottom curved wall (point indicated): 0=0.5
For top wavy wall: S—i =
For cylinder surfaces: % = ©)

Case-3 (cold cylinder)
For left and right curved walls (point indicated): © = —0.5

For bottom curved wall(point indicated): 6 =05
For top wavy wall: g—i =0
For cylinder surfaces: 0 =-05

Case-4 (hot cylinder)
For left and right curved walls (point indicated): © = —0.5

For bottom curved wall (point indicated): 9 =0.5
For top wavy wall: % =
For cylinder surfaces: 0 =05

Entropy generation:

An examination of Egen is undertaken to evaluate the thermal efficiency of the system.
Consequently, this study is utilized as a reference for assessing the thermal performance of the
cavity. Thermal and viscous influences were accountable for E,,, according to our
investigation. The dimensionless form of the local Ej,, local Be (Be)), and total entropy (E;o¢q1)
is represented as follows®?:

0 (96) U \? WYY (U VY
Eoa=||—=| +|=| |+ ¢|2|=]| +2|—=| +|— + —| | (7)
X Y X Y Y2  ax2
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Here, ¢ denotes the irreversibility factor, which is equal to 10™*.
Local Bejan number (Be)’>:

(%) + (5*2)2 (8a)

Bel =
Etotal

The average entropy generation (Egyg)’":

_ ffEtotaldX dY

Eyo = 8b
# Jfdx dy (8)
The average Bejan number (Bey,)®”:
f f Be;dXdY
Beavg = AAW (SC)
IJ,

The average Nusselt number (Nig,,) as™*>:

Nitag = |- [ &2 [ x| (8d)
Y |45 9Y [pc

4 | METHODOLOGY AND VALIDATION

The nondimensional governing Equations (4a)—-(4c), with the boundary conditions (6), were
numerically solved using COMSOL and finite element method. The fluid flow model prioritizes
stability with the application of P2-P1 discretization and Galerkin least square approach.
Likewise, linear discretization techniques are utilized for HT within the fluid model. The
computational domain has been divided into triangular mesh elements (as shown in Figure 2)
to discretize the various flow variables within the domain. Different grid sizes were utilized to
compute Nug, at Pr=0.71 and Ra = 10° to confirm the mesh independence of the numerical
solution. Across all analogous computational scenarios outlined in this research, the uniform
grid GS-7 is introduced, and the outcomes are detailed in Table 1.

To ensure the credibility of our computational approach and validate the obtained results,
we conducted a meticulous discrepancy between the streamline and isothermal profiles for
incompressible flow conditions at Ra values of 10° and 10° within the octagonal cavity, as
shown in Figure 3. The outcomes qualitatively agree with the prior findings by Saboj et al.*’
and Saha et al.> To further substantiate the accuracy of our numerical simulations, we cross-
referenced the entropy generation results with those presented in Ilis et al.,>* which focused on
square geometries.

Figure 4 provides a visual representation of the remarkable coherence between our current
results, and the earlier research of Ilis et al.,>® underscoring the dependability of our findings.
Moreover, Figure 5 offers a comprehensive comparison of our simulation results with the
previously reported outcomes. This alignment between our findings and the observations
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FIGURE 2 Triangular grid distribution containing 4860 elements.

TABLE 1 Variation of Nu,,, with different grid-sizes.

Grid size Size of the elements Nugyg
GS-1 4860 11.477
GS-2 11,866 11.596
GS-3 17,044 11.580
GS-4 25,262 11.614
GS-5 30,866 11.625
GS-6 38,460 11.633
GS-7 43,626 11.642
GS-8 49,812 11.644
outlined by Ilis et al.>® enhances the overall trustworthiness and credibility of the conclusions

drawn from our study.

5 | RESULTS AND DISCUSSION
5.1 | Streamline and isotherm profile variation (Case 1 and Case 2)

Figure 6 illustrates the streamlines and isotherms of the tooth-shaped cavity module under
varying Ra conditions, both with and without an inside cylinder. At Ra = 103, streamline
profiles demonstrate two similar behaviors inside the cavity, regardless of the presence of an
inside cylinder. Convection effects on the left and right cold walls impact the isotherm
distribution differently when there is no cylinder module. When an inside cylinder is
introduced, unique convection effects emerge due to interactions between the adiabatic
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Present Study [37, 55]
Isotherms Streamline Isotherms Streamline

Ra=10°

d37,55

FIGURE 3 Comparison between the present isotherm and streamline profiles with results reporte at

Ra =10° and Ra = 10° with Pr=0.71 for air.
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2000 —&— Present Results ¢=10

FIGURE 5 Comparison of previously published®® numerical solutions with current results.

cylinder and the left, and right cold walls, leading to distinct alterations in the distribution of
isotherms. The temperature distribution within the chamber is irregular and displays notable
fluctuations at various positions in both scenarios. Moreover, the temperature difference
between adjacent points within each region is minimal. Hence, a small temperature variation
between nearby positions in different regions becomes noticeable. The isothermal profiles close
to the two-sided cold boundary exhibit tightly distributed contours, whereas those at the top of
the wavy adiabatic wall have flatter contours without cylinders. A similar trend can be seen
when examining the inner cylinder module but with a distinction in the area near the adiabatic
cylinder wall, where the contour is flatter. In the absence of cylindrical geometries, streamlines
frequently demonstrate more uniform and consistent flow patterns compared to those observed
within a cylindrical cavity. Additionally, as Ra increases, the buoyancy forces driving
convection circulation become more potent, resulting in a significant distortion of the
isothermal profile within the enclosed space.

Specifically, at Ra = 10, there is a substantial increase in flow intensity and this effect is
subsequently magnified at Ra values of 10°> and 10°, respectively. At Ra = 10°, streamlines begin
to spread along the adiabatic upper wall, and this spreading increases further when Ra = 10°.
However, when placed inside a cylinder, the opposite effect occurs. As Ra increases, the
streamlines spread toward the hot wall at the bottom. Increasing Ra results in stronger
convection circulation leading to the isotherms becoming significantly more closely spaced
near the two hot boundaries, the upper cold boundary and the cylinder, respectively. This is
evident in the cases of Ra=10> and Ra =10° At higher Ra values, the isotherms become
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Without Inside Cylinder Inside Cylinder
Isotherms Streamline Isotherms Streamline

Ra=10°

FIGURE 6 Spatial distribution of streamline and isothermal profiles at Ra = 10°, Ra = 10*, Ra = 10°, and
Ra =105, with a fixed ¢ = 107*, for with cylinder and without inside cylinder geometry.
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denser and more closely spaced compared to lower values. With increasing Ra, convection
circulation strengthens, resulting in closer spacing between isotherms near the heat walls of the
bottom fin, the cold walls on the right and left, and in the case of cylinders, there are fewer
contours, similar to Ra = 10° and Ra = 10°.

5.2 | Variability in Eg, (Case 1)

Figure 7 illustrates the contributions of Ej,, resulting from temperature difference and viscous
dissipation, along with local E,,, and Be,, for Ra values ranging from 10° to 10° within without
cylinder tooth-shaped cavity. At these elevated Ra values, convective effects play a dominant
role in shaping fluid flow and determining Eg.,. As a result, noticeable disparities in Eg,
become apparent between the scenarios of a domain without a cylinder and a domain with a
cylinder, underscoring the significant impact of convection on the distribution of energy and
entropy. In the case of a domain without a cylinder (Figure 7), it is evident that an increase in
the value of Ra leads to a significant increase in the contours near the cold walls on the left and
right, as well as the lower wall. However, when Eg,, due to HT dominates, there are no vortices

Without Cylinder

Ra=10°

FIGURE 7 Spatial distribution of various Ej,, factors, including Sju4, Sia, Etota1, and Be; for Ra = 10° and
Ra=10° at p=10"" in the absence of cylinder geometry.
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observed near the lower wall. As a consequence, HT occurs more uniformly in the vicinity of
the bottom curved wall, contributing to reduced temperature fluctuations within the flow and
resulting in a smoother, vortex-free motion near the lower boundary. Alternatively, when the
value of Ra is increased, a greater number of vortices emerge near the bottom wall, particularly
when viscous dissipation exerts significant influence across the entire geometry. This
phenomenon subsequently leads to an intensified HT rate near the lower boundary. Similar
phenomena occur in the case of Eg,,, where viscous dissipation is more dominant than HT.
This leads to elevated local Eg,, contours near the walls. This phenomenon arises due to the
enhanced viscous dissipation resulting from the smoother flow near the walls, which plays a
significant role in contributing to Eg,. Similarly, the contours of Be; exhibit higher values near
the wall boundaries where the elevated Be; suggests more efficient HT in those regions.

5.2.1 | Variability in Eg., (Case 2)

Figure 8 illustrates the generation of E,, resulting from a temperature gradient and fluid
friction, along with the representation of local E., and Be,; values for air within the range of
Ra =10° and Ra = 10°, specifically focusing on the adiabatic inside cylinder. When dealing with

Adiabatic Cylinder

Ra=10°

FIGURE 8 Spatial distribution of various Ey,, factors, including Sj.q, Sy, Eiora1 and Be, for Ra = 10° and Ra = 10°
at 9 =10"" in case of an adiabatic cylinder geometry.
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a cylinder placed inside a tooth-shaped cavity, a significant Ra value leads to convective effects
becoming predominant in influencing the fluid flow and the extent of Eg,,. It can be observed
in Figure 8 that increasing the value of Ra significantly enhances the contours near both the left
and right cold walls, as well as the lower wall. When E,,, due to HT is dominant, it can be seen
that increasing the value of Ra results in nonuniform contours. This leads to a high variation of
temperature throughout the geometry. Conversely, when the value of Ra increases, an
increased number of vortices becomes apparent near the bottom wall and the cylinder wall.
This phenomenon becomes particularly pronounced when viscous dissipation exerts significant
dominance across the entire geometry, consequently leading to an enhanced HT rate near both
the lower wall and the cylinder wall. Similarly, the average E,., decreases in comparison to the
domain without a cylinder, primarily due to the heightened HT occurring at the lower wall, the
cold side wall, and also as a result of the influence of the cylinder wall.

However, in the case of Be, HT decreases as the value of Ra increases, resulting in
nonuniform contours towards the cylinder wall. Thus, the contour towards the cylinder wall is
diminishing due to the dominance of HT, leading to an increase in the average value of Be. This
results in an inefficient geometric model when compared to the boundary conditions without a
cylinder.

Therefore, Table 2 demonstrates that for both cases—without a cylinder and with an
adiabatic cylinder module—Nu,,, increases while the Ra value increases, and there is a
corresponding decrease in the Be. This correlation is expected, as higher Ra values signify
more significant temperature disparities between the wall and fluid, leading to heightened
HT rates. Additionally, it reveals that the average E,., increases as the Ra value escalates
from 103 to 10°, consistent with the earlier discussion. Moreover, Table 2 indicates that the
utilization of a cylinder's presence inside the tooth cavity results in a lower average Eg,,
under the same heating conditions. It also demonstrates that the average E,,, is inversely
related to Ra values: at lower Ra values, it is lower, whereas at higher Ra values, it becomes
higher. When considering the Be values, it becomes evident that for both conditions at
Ra=10° Be exceeds 0.5. This observation suggests that Eg, resulting from the
temperature gradient holds greater influence than Eg., due to fluid friction. Conversely,
at Ra values ranging from 10* to 10°, Be values drop below 0.5, signifying that Eg,, due to
fluid friction becomes more prominent compared to Eg., resulting from the temperature
gradient. When considering the scenario without an inside cylinder, as Ra values progress
from 10> to 10°, the Nu,,e value experiences a rise from 2.47 to 11.12, accompanied by an
increase in the E,,, value from 2.47 to 598.64. Concurrently, the Be value decreases from
0.99 to 0.025.

TABLE 2 Variation of Nug.,, Eqy, and Be of without cylinder and with adiabatic cylinder.

Without cylinder With adiabatic cylinder

Ra Nug,,e Eque Be Ra Nug,,e Eque Be
10° 2.47 2.49 0.99 10° 2.44 2.47 0.99
10* 2.52 2.68 0.81 10* 2.49 2.62 0.90
10° 5.40 33.11 0.16 10° 5.05 24.47 0.22
10° 11.64 675.78 0.025 10° 11.12 598.64 0.028
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Likewise, when an inside adiabatic cylinder is introduced, the Nu,,, value shows an
increase from 2.44 to 11.64, accompanied by a notable increase in the value of E,,, from 2.49 to
675.78. Simultaneously, the Be value experiences a decrease from 0.99 to 0.028 as Ra values
increase from 10° to 10°. When comparing the results between the scenarios of “without
cylinder” and “with adiabatic cylinder,” it becomes apparent that Nu,,, is generally greater in
the “without cylinder” scenario than in the “with adiabatic cylinder” scenario. This observation
implies that HT is more effective in the case of the “without cylinder” scenario.

5.3 | Streamline and isotherm profile variation (Case 3 and Case 4)

Figure 9 illustrates the streamlines and isotherms of the tooth-shaped cavity module under
different Ra, considering both cold cylinder and heated cylinder boundary conditions. For Ra
values of 10° and 10%, the streamline and isotherm profiles show similar contours under heated
cylinder boundary conditions. These similarities arise from the distinct convection effects
experienced by the bottom and cold walls of the cavity, as well as the heated cylinder. The
temperature distribution within the cavity exhibits nonuniformity, indicating significant
variations across different regions. Similarly, under cold boundary conditions, streamline and
isotherm profiles display comparable contours. However, when the cylinder is cold, the highest
temperature regions are concentrated in the lower half of the tooth-shaped cavity. In the case of
a heated cylinder, it is noteworthy that the isotherms near the left and right cold walls and the
heated cylinder have closely spaced contours, while those near the top wavy wall exhibit more
evenly distributed contours. This arrangement results in stable convection and smoother, more
regular flow patterns in the streamlines.

In contrast, when considering a cold cylinder, the temperature distribution becomes
more linear, exhibiting reduced variation across distinct regions, and the maximum
temperature is confined to the lower part of the cavity. Hence, the isothermal contours are
closer together in the lower portion of the heated wall, and near the cold wall, they possess
flatter contours. Recirculation also occurs in the lower portion of the tooth-shaped cavity,
resulting in smoother flow patterns. As shown in Figure 9, an increase in Ra significantly
impacts both isotherms and streamlines under both boundary conditions. When Ra
increases, the buoyant force driving convection circulation becomes stronger, resulting in a
clear distortion of the isotherm profiles within the cavity. Specifically, at Ra = 10°, there is
an expansion in the stream force, which is additionally enhanced at Ra =10°.
Furthermore, at Ra =10, streamlines are spreading downward in heated boundary
conditions, which is more conspicuous at Ra = 10°. However, it is worth emphasizing that
despite these changes, the streamlines frequently exhibit smoother and more predictable
patterns compared to those observed in the case of the cold cylinder. As Ra rises, the
convective circulation intensifies, and the isotherms are forced to cluster closer to the
heated cylinder wall, the two cold walls, and the lower hot wall.

On the other hand, in the case of a cold boundary condition, at Ra = 10°, the streamlines
also spread downwards, and the isotherms become tighter at the lower heated wall. At
Ra =105, the streamlines spread even more towards the lower wall, and a bubble forms on the
side of the cold wall, leading to irregularities in the streamlines. Moreover, At Ra = 10°, the
isothermal contours become tight at the two cold side walls, the heated lower wall, and the cold
cylinder wall due to the convection effect. However, the effect of convection HT is less
pronounced compared to the heated cylinder boundary conditions.
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Hot Cylinder Boundary Cold Cylinder Boundary
Isotherms Streamline Isotherms Streamline

FIGURE 9 Spatial distribution of streamline and isothermal profiles at Ra = 10°, Ra = 10*, Ra = 10°, and
Ra =10°, with a fixed ¢ =10™* for cold and hot cylinder boundary conditions.
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5.4 | Variability in entropy generation (Case 3)

For Ra values 10° and 10°, the local Ege, and local Be, are represented in Figure 10, together with the
Eg., induced by a temperature gradient and viscous dissipation. At this high Ra, convective processes
begin to play a more significant role in regulating fluid movement and Ej,,, resulting in considerable
differences in Eg,, across domains with hot and cold cylinder boundary conditions. In the case of
heated cylinder boundary conditions, it can be observed that increasing the value of Ra significantly
increases the contour close to the left curve and right curve boundaries as well as the lower wall,
whereas decreasing the contour near the heated cylinder when HT is dominant. However, in other
cases, contours increase near the cold walls and heated walls when the value of Ra increases. There
are no vortices near the lower and cylinder walls when Eg,,, due to HT is dominant. Consequently,
this leads to a more uniform heat transfer rate along the bottom and cylinder sides, resulting in
reduced temperature fluctuations within the flow. This, in turn, contributes to a smoother flow
pattern without any vortices forming at the bottom wall. On the other hand, by increasing the value
of Ra, more vortices appear near the bottom and cylinder walls when viscous dissipation is
significantly dominant in the entire geometry, which results in a greater HT rate near the lower wall.
Similar things happen in the case of Eg, due to the fact that viscous dissipation is more dominant
compared to HT. This results in higher local Eg,,, contours close to the walls. This arises from the fact

Hot Cylinder Boundary

FIGURE 10 Spatial distribution of various Eg,, factors, including Sy.q, Sya, Eora» and Be; for Ra = 10° and Ra =10°
at ¢ =10"* under hot cylinder boundary conditions.
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that the smoother flow near the walls generates increased fluid friction, which serves as a significant
source of E,,,,. Moreover, the cold walls, lower heated walls, and heated cylinder walls feature higher
values in the local Be contours. This suggests that the regions with elevated Be values near the walls
experience more efficient HT. Additionally, the presence of the heated cylinder changes the flow
direction patterns, creating zones of recirculation. This enhances fluid mixing and boosts HT through
convective processes.

5.5 | Variability in entropy generation (Case 4)

In the scenario where a cold cylinder boundary condition is present, at elevated Ra values,
convective effects become more prominent, influencing the fluid movements and contributing
to the level of entropy generation primarily in the lower portion of the tooth-shaped geometry.

As illustrated in Figure 11, raising the Ra value leads to a substantial enhancement of the contour
along the left and right cold walls, as well as the lower wall. When E,,,, due to HT being dominant, it
can be observed that with an increasing value of Ra, contours are nonuniform, leading to a high
variation of temperature in the lower section. Conversely, elevating the Ra value leads to the
emergence of additional vortices near the bottom wall and the cylinder wall, particularly when

Cold Cylinder Boundary
Stnd Sita Erotal

FIGURE 11 Spatial distribution of various E,,, factors, including Sj,4, Syas Eioa» and Be; for Ra = 10° and
Ra=10° at ¢ =10""* under cold cylinder geometry.
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viscous dissipation exerts significant influence within the lower portion of the geometry. This
phenomenon subsequently contributes to an increase in HT rate along both the bottom wall and the
cylinder wall. Likewise, in comparison to the heated cylinder boundary conditions, the average Eg,,,
decreases as a result of greater HT along the lower wall and the influence of a cold cylinder wall.
However, in the case of Be, as HT decreases, Ra increases, resulting in nonuniform contours near the
cylinder wall. Consequently, the contour towards the cylinder wall diminishes due to the prevalence
of HT effects. Meanwhile, the average value of Be rises, leading to an inefficient geometric model
when compared to conditions involving a heated cylinder boundary.

TABLE 3 Variation of Nug,,, Eqe and Be of hot cylinder and cold cylinder boundaries.

Hot Cylinder Boundary Cold Cylinder Boundary
Ra Nug,e Eqe Be Ra Nu,,, Eog Be
10° 5.61 5.80 1.01 10° 2.55 2.58 0.99
10* 5.69 6.20 0.896 10* 2.585 2.69 0.90
10° 8.13 33.08 0.27 10° 5.24 21.99 0.285
10° 15.388 641.48 0.041 10° 10.85 450.29 0.032
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FIGURE 12 Ra versus Nug,, variation with varying cylinder boundary conditions.
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Table 3 illustrates that under both cold cylinder and hot cylinder boundary conditions, there is an
observed increase in Nu,,, and a decrease in Be as Ra values increase. This outcome is as anticipated,
given that higher Ra values signify larger temperature differentials between the wall and the fluid.
Consequently, this leads to increase HT rates. The results also reveal that with an increase in the Ra
value from 10° to 10°, the average E,,, rises consistently for both conditions, as previously mentioned.
Additionally, it becomes evident that employing a cylinder within the tooth-shaped cavity results in a
lower average Eg., under the same heating conditions. Notably, the data demonstrates a trend of
lower average Ej., at lower Ra values, and conversely, a higher average Eg, at higher Ra values.
Turning to the Be values, it is noticeable that for both conditions at Ra = 103, the Be value exceeds 0.5.
This observation suggests that E,,,, attributed to the temperature gradient, holds greater influence
compared to Eg,, resulting from fluid friction. On the contrary, with Ra values ranging from 10* to
10°, Be values decrease below 0.5, indicating that E,,,, attributed to viscous resistance, becomes more
significant compared to Eg,, resulting from the temperature gradient. In the scenario of a cold
cylinder boundary condition, the Nu,,, value exhibits an increase from 2.55 to 10.85, accompanied by
a rise in the value of E,, from 2.58 to 450.29, while the value of Be decreases from 0.99 to 0.032.
These shifts correspond to the escalation of Ra values from 10 to 10°. Similarly, under the conditions
of a hot cylinder, the Nu, value undergoes an increment from 5.61 to 15.39, with the E,,, value
ascending from 5.80 to 641.48, and the Be value decreasing from 1.01 to 0.041, again as Ra values
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FIGURE 13 Ra versus Average E,,, variation with varying cylinder boundary conditions.
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ascend from 10° to 10°. Upon comparing the outcomes for the cold cylinder and the hot cylinder in
Table 3, it becomes evident that Nu,,, generally exhibits higher values for the hot cylinder
configuration. This observation implies that HT is more efficient in the case of a hot cylinder setup.

Figure 12 presents a comparison between Ra and Nu,,, for all four boundary conditions.
Notably, the graph highlights that the hot cylinder's performance stands out at the top, whereas
the cold cylinder boundary condition yields comparatively poorer results across all four-
cylinder boundary conditions. Additionally, a clear trend emerges: with an increase in Ra, there
is a corresponding increase in Nug,,. Upon careful analysis of the data in Figure 12, it becomes
evident that Nu,,, consistently exhibits higher values for the hot cylinder condition compared
to the other boundary conditions for the cylinders. This disparity suggests that HT is notably
more effective in the case of the hot cylinder boundary condition.

The concept of average E,, serves as a crucial analytical tool in the study of tooth-shaped cavity
flow modeling. In this context, Figure 13 provides an illustrative comparison between Ra and the
average E,,, across four distinct cylinder boundary conditions. This visualization sheds light on the
intricate relationship between these parameters in the context of the system under investigation. A
noteworthy observation from the graph is that the scenario without a cylinder yields the highest
average Eg,, when contrasted with the other cylinder boundary conditions. Interestingly, the cold
cylinder boundary condition is associated with the least Eg,,, indicating a more efficient outcome.
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FIGURE 14 Ra versus average Be variation with varying cylinder boundary conditions.
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Moreover, the hot cylinder and adiabatic cylinder conditions also exhibit relatively lower Eg,,
compared to the scenario without a cylinder. As Ra increases, there is a corresponding rise on average
Egen. This suggests that higher Ra values are associated with decreased overall system efficiency.
Notably, the cold cylinder boundary condition proves to be particularly effective in this context, as its
ability to generate less entropy significantly enhances the system's effectiveness. Furthermore, the hot
and adiabatic cylinder conditions also exhibit improved efficiency when compared to scenarios with
no cylinder boundary conditions.

However, in the context of cavity flow analysis, an increase in Be indicates that HT rate becomes
more prominent than the rate of energy destruction. Figure 14 illustrates the relationship between Ra
and the average Be. It is evident from the graph that raising Ra corresponds to a reduction in the
average Be. Furthermore, the graph reveals a distinct trend among different cylinder boundary
conditions. Specifically, it highlights that Be association with the hot cylinder boundary condition is
notably higher than that of other boundary conditions. This observation suggests that in scenarios
involving a hot cylinder boundary, HT takes center stage. This emphasis on HT leads to significant
improvements in HT efficiency, resulting in a notably more energy-efficient system.

Moreover, in cavity flow analysis, the ecological coefficient performance (ECOP) aspect
remains a significant factor. When observing Figure 15, it becomes apparent that changes in
ECOP values are influenced by different Ra and various cylinder boundary conditions. The
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FIGURE 15 Comparison of Ra versus ECOP for various cylinder boundary conditions.

85UB01 ] SUOLUWLIOD) dAIER.D B|ed! ke U Aq pauseno e a1 WO (88N J0 S9N 0} Aeiq I UIIUO AB]IM UO (SUONIPUOD-PU.-SULIBI WD A3 1M ARe.q1fou 1 |UO//Sd1Y) SUORIPUOD PUe SULB L 8L} 89S *[S202/T0/T] Uo ARIqIT8UIIUO AB1IM ‘110UN0D YoIESaY [BIIPBIN PUY UIIESH [BUOIEN AQ 66622 IU/Z00T OT/10p/w0d" Aa|mARe.qfou|uo//sdny wo papeojumoq '€ ‘7202 ‘ZvSy889z



SATA . 1469
ET AL EAT TRANSFER SV.V4| LEYJ—

findings reveal an interesting trend: as Ra increases, the ECOP value actually decreases.
Notably, the analysis indicates that the highest ECOP values are attained with the hot cylinder
boundary conditions, whereas the no-cylinder boundary cases exhibit lower values compared to
other boundary conditions. A higher ECOP value suggests improved system efficiency, which
consequently leads to a reduced environmental impact. This observation highlights the
effectiveness of the hot cylinder boundary configuration in the context of tooth-shaped cavity
flow, showcasing its potential to offer superior environmental performance.

6 | CONCLUSIONS

A computational simulation of two-dimensional laminar NC fluid flow and HT within a tooth-
shaped cavity has been conducted, employing various boundary conditions for a circular
cylinder. The effects of varying Ra on HT and flow inside the cavity are investigated through
visualizations and Nu,,, calculations. Notably, the availability of the cylinder inside the cavity
markedly affects the HT characteristics and E,,, of the system. The work’s primary conclusions
are as follows:

« Buoyancy forces exert a significant influence on both flow patterns and HT characteristics
within the cavity, a phenomenon observed consistently across all investigated Ra values.

« The implementation of an adiabatic cylinder leads to a slight decrease in the rate of HT when
compared to the arrangement where the cylinder is not present.

« Hot cylinder boundary conditions facilitate the process of fluid mixing and result in the
enhancement of HT, thereby increasing the efficiency of the system. On the other hand,
when the boundary conditions are set to cold cylinder conditions, it negatively impacts the
heat transfer process, leading to poor HT performance and decreased efficiency.

« The mean E,,, rises with increasing Ra values, especially at higher Ra values, whereas the
average Be decreases and attains its minimum at higher Ra values.

In general, the presence of a heated cylinder inside a tooth-shaped cavity significantly
affects HT characteristics of the system, increasing HT and consequently, this leads to an
improvement in the overall thermal efficiency of the system. Moreover, Nu,, increases
significantly due to its characteristic length scale and higher HT throughout the domain.
Furthermore, the forthcoming inquiry will encompass an investigation into the variation in the
size and shape of the circular cylinder. The effects of a rotating cylinder were not addressed in
the study, presenting a potential avenue for future research. The introduction of nanofluids and
hybrid nanofluids was not undertaken in this study, offering another promising area for
exploration in future research. Numerical uncertainty analysis, a critical addition to future
research endeavors, was not covered in the current study.

NOMENCLATURE
Be Bejan number
Be, local Bejan number

Eayg average entropy generation
Egen  entropy generation

Ea  total entropy generation

k thermal conductivity (W/m.K)
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L length (m)

Nu Nusselt number

Nu,,, average Nusselt number

Pr Prandtl number

Ra Rayleigh number

S dimensionless entropy generation

Sihd entropy generation due to temperature gradient
Sifa entropy generation due to viscous dissipation

T temperature (K)

T, bulk temperature (T}, + T./2) (K)

u, v velocity components in x and y directions (m/s)
U,V  dimensionless velocity components

X,y dimensional Cartesian coordinates (m)

X,Y dimensionless Cartesian coordinates

Y nondimensional stream function

Q nondimensional vorticity

GREEK SYMBOLS

thermal diffusivity (m?/s)

thermal expansion coefficient (k=)
irreversibility factor

kinematic viscosity (m?/s)
dimensionless temperature
viscosity (Ns/m~2)

density (kg/m?)

gravitational acceleration (ms=2)

MmO T DB ™

SUBSCRIPTS
avg average
cold

base Fluid
hot

local

total

- ~ 3w 0o
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