American Journal of Applied Mathematics Sci PG
2025, \Vol. 13, No. 6, pp. 365-392 @ cience

https://doi.org/10.11648/j.ajam.20251306.11 Science Publishing Group

Research Article

Analysis of Turbulent Natural Convection of Heat Transfer
with Localized Heating and Cooling on Opposite Surfaces
of a Vertical Cylinder with Varying Aspect Ratio

Omariba Geofrey Ong'era™” @, Johana Kibet Sigey' ©, Jeconia Okelo Abonyo' @,
Stephen Mbugua Karanja®

!Department of Pure and Applied Mathematics, Jomo Kenyatta University of Agriculture and Technology (JKUAT), Juja,
Kenya

’Department of Pure and Applied Mathematics, Meru University of Science and Technology, Meru city, Kenya

Abstract

This study involves analysis of turbulent natural convection of heat transfer with localized heating and cooling on opposite
surfaces of a vertical cylinder. Numerical simulation of turbulent natural convection has been studied in the past using the k-
epsilon (k-¢), k-omega (k-w) and k-»-SST turbulence models. Further research showed that the k- SST model performed
better than the k-¢ and k-o models. The study of natural convections in an enclosure has several applications from natural
space, warming of household rooms to sections of engineering and atomic installations. This study involves numerical
simulation of natural convection flow in a cylindrical enclosure full of air using the k-»-SST model with an objective of
establishing the best position of the heater and the cooler for better distribution of heat in the enclosure. The transfer of heat
due to natural convection inside a cylindrical closed cavity was modeled to include the effect of Rayleigh number. The non-
linear terms in averaged momentum and energy equation respectively were modeled using k-o-SST model to close the
governing equations. The sidewalls were adiabatic, while the bottom and top surfaces are maintained at 320 K and 298 K,
respectively, to induce natural convection. The governing equations, Reynolds-average Navier-Stokes (RANS), energy and
turbulence transport, were discretized using the central finite difference method under the Boussinesq approximation. A low
Reynolds number k-« SST turbulence model was employed to accurately resolve turbulent effects. The study explored a range
of aspect ratios (AR = 1, 2, 4, 8) while holding the Rayleigh number constant within the turbulent regime R, =10% and
assuming Prandtl number of 0.71. Simulations were conducted in ANSYS Fluent to obtain vector plot of velocity magnitude,
contours of temperature distribution, streamline distributions, effective thermal conductivity, and intensity of turbulence.
Results revealed that increasing AR leads to reduced turbulence, weaker convective strength, more stratified temperature
fields, and diminished heat transfer efficiency. The findings highlight the critical role of the geometry of the enclosure in
shaping the flow structure and thermal behavior in turbulent natural convection.
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1. Introduction

Natural convection is one of the primary mechanisms of
heat transfer in fluids, driven by buoyancy forces that arise
due to temperature gradients. It plays a critical role in several
engineering and industrial systems such as energy storage
units, nuclear reactors, electronic cooling, solar collectors,
and building ventilation. In these applications, understanding
the heat transfer characteristics under different boundary
conditions is essential for improving efficiency and perfor-
mance

When natural convection occurs in turbulent regimes, the
flow becomes highly complex, characterized by unsteady
fluctuations, enhanced mixing, and significant influence of
geometry and boundary conditions. Numerical simulations
have become an indispensable tool in analyzing turbulent
convection, with turbulence models such as k-epsilon, k-
omega, and k-omega SST commonly applied. Among these,
the k-omega SST model has been shown to provide im-
proved accuracy in resolving near-wall effects and capturing
turbulence behavior in natural convection problems. Awuor,
K. 0. [10]

A cylindrical enclosure is a practical and frequently en-
countered geometry in engineering systems, such as chemi-
cal reactors, vertical storage tanks, and containment vessels.
The study of natural convection in such enclosures is particu-
larly important when heating and cooling are applied in lo-
calized regions, rather than across entire surfaces. Localized
heating and cooling create strong thermal gradients that in-
duce buoyancy-driven flows, leading to distinct flow patterns,
plume formation, and stratified temperature distributions.
This makes the analysis more representatives of real-world
conditions, where heating and cooling sources are rarely uni-
formly distributed.

Specifically, when a vertical cylinder is subjected to local-
ized heating at the bottom surface and localized cooling at
the top surface, a unique convective circulation develops.
Warm fluid rises along the heated section, while cooler fluid
descends near the cooled section, creating recirculation zones
and turbulence within the enclosure. The intensity and struc-
ture of this flow are influenced by key non-dimensional pa-
rameters such as the Rayleigh number (Ra), Prandtl number
(Pr), and the aspect ratio (AR) of the cylinder. At high Ray-
leigh numbers, the flow transitions to turbulence, enhancing
mixing but also leading to thermal stratification depending
on geometry and boundary conditions.

In this context, the present study aims to analyze turbulent
natural convection of heat transfer in a vertical cylindrical
enclosure with localized heating and cooling on opposite
surfaces. By employing the k-omega SST turbulence model
within ANSYS Fluent, the study investigates how variations
in aspect ratio affect temperature distribution, velocity pro-
file, turbulent intensity, streamline distribution, and effective
thermal conductivity in a cylindrical enclosure. In addition,
the study examines the influence of these parameters on
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overall fluid flow behavior.

2. Literature Review

The following are reviews of some of the work that has al-
ready been researched by other authors in enclosures.

Mahmood, M. A, et al.[1]. Investigated numerical analy-
sis of natural convection heat transfer occurring between two
isothermal concentric vertical cylinders filled with porous
media. Utilizing finite volume methods, the research exam-
ined how Rayleigh number and the ratio of inner to outer
cylinder radii influenced temperature distributions and
stream functions, demonstrating that an increase in heat flux
resulted in enhanced heat transfer and elevated average
Nusselt numbers.

SaragB et al. [2] looked into heat transfer through free
convection and buoyancy-assisted flow around a heated hor-
izontal plate placed inside a vertical channel, changing over
time. This research focused on how buoyancy-assisted flow
behaves over this hot plate under different scenarios. This
involved one alone and another involving slanted plates and
different placements of these plates. Temperature differences
caused airflow due to buoyancy, which varied depending on
plate angles and positions, leading them to explore how these
elements influenced time-dependent heat transfer coefficients

Shah, M., et al. [3] Investigated the structure of enhance-
ment of heat transfer in a cylindrical vertical cavity with
phase-change materials (PCM) combined with nanofluids.
The study concluded that incorporation of nanoparticles and
PCM resulted in an increase of 22% in the efficiency of heat
storage compared to pure PCM.

Azzouz, R., and Ben Hamida, M. B. [4] Examined the er-
ratic process of heat transfer within a circular tube featuring
four heated cylinders that were subjected to polarized fields.
The analysis revealed that the influence of the distances
among the cylinders, Rayleigh numbers (Ra), and Hartmann
numbers varied, indicating that reduced Ra values had mini-
mal impact on heat transfer, whereas elevated Ra values
demonstrated substantial effects on Nusselt humbers owing
to intricate interactions between the magnetic field and ther-
mal characteristics.

Ibrahim, M. N. J., et al [5] Investigated natural convection
in a cavity filled with hot inner bodies that are circular and
elliptical, which were inclined Nano fluids. It examined the
effects of Rayleigh number (the probability of a stream) be-
ing active at high concentrations, and its inclination angle on
the solid volume fraction (fraction of radiation), with low
concentration in the Low- or High-Phase | (in Reynolds's
equation), but strongly suggested that it was not important
for the cavity to be inclined at -30 “relative to the surface.

Gautam et al. [6] studied enhancement of natural convec-
tion heat transfer with an internal source of heat in a cylin-
drical enclosure. The goal of this research was to improve
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natural convection heat transfer in a cylindrical enclosure
with an integrated heat source. In the laminar regime, fluids
with two differing Prandtl values (air and liquid sodium) are
investigated. The governing equations are solved using the
Fluent 4.3.16 CFD solver, which discretizes the governing
equations using the control volume approach. In five alterna-
tive chimney layouts, the detailed heat transfer and flow
properties are explored. The results were noted as; the use of
a chimney speeds up the transport of heat from the source. In
the case of air, any plate with at least one aperture can be
chosen to maximize heat removal from the plate. The funnel
chimney configuration, on the other hand, produces the best
results in terms of heat transfer rate for liquid sodium.

Talukdar and Tsubokura.[7] Investigated natural convec-
tion from a horizontal cylinder at eccentric positions with
varying aspect ratios in a cooled square enclosure. For
R/ L values ranging from 0.1 to 0.225, the cylinder's posi-
tion was altered from concentric to eccentric along the hori-
zontal and vertical medians as well as the diagonal of the
enclosure. The simulations were conducted under non-
Boussinesq conditions, with the cylinder surface modeled
using the Immersed Boundary Method. The results showed
that at lower R/L values, the intensity of the chimney effect--
-strongly dependent on the Rayleigh number---was the dom-
inant factor determining the optimal cylinder position along
the horizontal median. For R/L values greater than 0.175,
enhanced heat conduction with the vertical wall led to in-
creased heat transfer when the cylinder was positioned clos-
est to the vertical wall.

Laidoudi and Ameur [8] Investigated natural convection in
a circular enclosure containing three equal-sized cylinders in
tandem arrangement. The outer cylinder has a cold surface,
while the internals of the enclosure have hot surfaces. The
Boussinesq approximation is used to treat the relationship
between fluid density and temperature. The obtained results
revealed an advancement of the v-velocity component in the
annular space as well as an increase in thermal efficiency as
the Rayleigh number increased.

Space V. C. C. P. A. [9] Explored natural convection inside
a conical cylinder that was vertical and partly annular spaced
through numerical computation methods. They examined
how isotherms and flow lines change under different bounda-
ry conditions and Rayleigh numbers, focusing on how
changing the height of the inner vertical cylinder affects flow
and temperature distribution.

Awuor K. O. [10] Researched on three turbulence models
regarding turbulent fluid flow in an enclosed space involved
the k — epsilon, k — omega, and k — omega — SST models
assessing non-linear parts in averaged momentum & energy
equations. Throughout their tests, they found that the k — o —
SST model did better in the results produced than its coun-
terparts—k — ¢ and k — o models. Simulations of heat-
ing/cooling showed three distinct areas: one cool area above,
one warm below plus another hot region next to wall heaters
or windows.
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Karanja et al [12] Investigated turbulent natural convection in
an enclosure with varied aspect ratios. To solve the turbulent
quantities formed by this process, the SST k-w turbulence mod-
el was utilized in combination with the Boussinesq approxima-
tion. To verify that the conservation principles are observed at
the discrete level and over the entire solution domain, the non-
dimensionalized equations are discretized by using a robust
finite volume technique. The results showed that the velocity
and temperature fields in the enclosure are non-uniformly
spread and that the aspect ratio of the enclosure has a significant
impact on their size and distribution

3. Statement of the Problem

The rapid growth of global industries has intensified the
need for efficient and reliable engineering designs. Among
these, cylindrical enclosures play a vital role in various ther-
mal and fluid-based applications, making their performance a
critical area of study. The demand for improved, stable, and
energy-efficient enclosures has therefore become a major
engineering concern. In practice, however, many existing
cylindrical enclosures experience significant challenges due
to low thermal performance. This inefficiency not only leads
to reduced productivity but also results in considerable eco-
nomic losses through high operational costs and poor heat
transfer effectiveness. Consequently, there is a pressing need
to explore better solutions for enhancing thermal perfor-
mance in such systems. Previous research has largely con-
centrated on horizontal cylinders, leaving limited focus on
vertical cylindrical enclosures, despite their wide applica-
tions in engineering systems such as reactors, storage tanks,
and process vessels. This knowledge gap creates uncertainty
in understanding how vertical geometries influence fluid
flow and heat transfer, especially under turbulent natural
convection with localized heating and cooling. To bridge this
gap, the present study seeks to develop a mathematical and
numerical model capable of analyzing temperature distribu-
tion, velocity profile, turbulent intensity, streamline patterns,
and effective thermal conductivity within a vertical cylindri-
cal enclosure. Such an investigation is expected to provide
new insights into improving thermal management and design
optimization of cylindrical systems.

4. Specific Objectives of the Study

The specific objectives of the study are to:

1) Model governing equations in turbulent natural convec-
tion in a cylindrical enclosure.

2) Determine the temperature distribution and velocity
profile in the cylindrical enclosure.

3) Determine the effect of Rayleigh number on fluid flow.

4) Determine effective thermal conductivity, turbulence
intensity and streamline distribution
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5. Justification of the Study

This study serves as a tool to aid in making informed deci-
sions on proper positioning of cylinder to improve tempera-
ture distribution and velocity profile. This can be achieved
by: Accurately positioning the heater at the base for heat
supply, cooling at the top of the cylinder, accurate prediction
of the temperature distribution and velocity profile and min-
imization of operational costs. The implementation of a
proper design for the cylinders will be safeguarding both the
environment and assets of the companies producing cylin-
ders.

6. Significance of the Study

Turbulent flows are prevalent in both engineering applica-
tions and natural phenomena. Turbulent natural convection,
in particular, plays a critical role in various heat transfer pro-
cesses. It is a fundamental mechanism in systems such as
refrigerating coils, hot radiators, and the cooling of electronic
devices. Moreover, it significantly impacts heating and cool-
ing in buildings and is integral to safety applications where
precise thermal management is crucial.

In industrial settings, the demand for increased productivi-
ty and competitiveness necessitates the development of in-
novative engineering solutions. These solutions are deeply
rooted in the accurate mathematical modeling of fluid dy-
namics. A thorough understanding of fluid behavior allows
industries to predict fluid flow patterns with high precision,
leading to optimized system designs and improved opera-
tional efficiency.

Temperature distribution and fluid velocity within a given
space are often critical parameters. These factors influence
not only the efficiency of thermal systems but also the com-
fort and safety of environments where humans reside or
work. In agriculture, understanding convection patterns can
enhance crop management and storage conditions. Similarly,
in the food industry, maintaining optimal temperatures is
vital for preserving the quality of stored products. Sensitive
equipment, especially in technological and scientific fields,
requires precise thermal regulation to ensure proper func-
tionality and longevity.

This study is dignified to make a meaningful contribution
to the field by advancing the understanding of turbulent natu-
ral convection. By accurately predicting velocity and tem-
perature distributions within a rectangular enclosure, the
research aims to provide insights that can be applied to im-

prove thermal management systems across various industries.

The outcomes of this study have the potential to enhance
human comfort, agricultural productivity, food preservation,
and the reliability of sensitive equipment, thereby benefiting
a broad spectrum of applications and stakeholders.
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7. Mathematical Formulations

Let's discuss the equations that help us understand a 2-D
cylindrical space. These include continuity, momentum in the
theta & z directions, energy equations and k-omega SST
equations.
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Transport Equation for Turbulent Kinetic Energy (k) is given
as equation (5) below
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Non-dimensionalization simplifies complex systems by
removing units of measurement and expressing variables
using dimensionless numbers. This reduces the number of
parameters in equations, making it easier to understand the
system’s behavior.

To do this non-dimensionalization, we use specific scaled
variables
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Pr means the Turbulent Prandtl Number, while Ra stands
for the Rayleigh Number.

7.1. Equations in Vorticity Stream Function
Form

In this section, the dimensionless governing equations are
expressed in terms of the vorticity and stream function. This
formulation eliminates the pressure term from the momen-
tum equations, simplifying the analysis. Consequently, it
enables the determination of velocity and temperature fields
using the vorticity-stream function approach.
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Figure 1. Geometry of the problem.

This is a schematic figure of the problem under study and
its coordinates. The bottom side is hot (320k), and the top
wall is maintained at (298k). The vertical walls are adiabatic.
Since equations 11 and 13 are similar, they can be expressed
as a single equation. Mobedi, M. [11].
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7.2. Finite Difference Solution Technique

This method enables you to define the values of the de-
pendent variables in an identified differential equation at any
discrete location in the computational domain. The finite
difference approach uses the Taylor series expansion to ex-
press a variable's derivatives as the differences between val-
ues at distinct points in space or time.

Figure 2 shows the change of u with respect to 4, that is
u (8). After discretization, the curve () can be represented
by a set of discrete points u 's . These distinct points can be
connected to one another via a Taylor series expansion. Con-
sider two points (+ 1) and (i — 1).. a very small distance A8
from central point denoted by (i ).

”i+1

u

u; 4

gjl_h 0, 9i+f1

1

Figure 2. Location of points as per Taylor s series.

The velocity U; in the Taylor series expression about (i ) is:
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If the number of terms is infinite but small, the derivative
equation is mathematically precise. Expression of the second

369


http://www.sciencepg.com/journal/ajam

American Journal of Applied Mathematics

http://www.sciencepg.com/journal/ajam

order accuracy and the truncation error is as below:

i

By subtracting equation 16 from equation 15, first and
second derivatives at the central position i, these derivatives

o0
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Equation (17) and (18) are referred to as the central differ-
ence equation for the first and second derivatives respective-
ly. Further derivatives can also be formed by considering
equation 15 and equation 16 separately. Looking at equation
16 the first order derivative can be formed as

[%l: {%1 (10)

2
This is known as the Forward difference. Similarly, from
equation 15 and 16 another second order derivative can be
formed as shown below
{ l

Uisr — U
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This is known as the backward difference.

A Finite Difference Method is distinguished by its approx-

[ o7 _ o
% and spatial —f—f partial derivatives in
00° oL

(20)

imation

the governing equation, which relate the values of the un-
known function as a set of surrounding grid points at distinct
time levels. This approximation substitutes the Partial Dif-
ferential Equation (PDE) with a Finite Difference Equation
(FDE). The process of replacing the PDE with an algebraic
FDE is known as Finite Difference discretization or approx-

imation. Finite Difference discretization consists of two steps:

discretization of the solution domain and discretization of the
governing equations.
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7.2.1. Discretizing the Solution Domain

Turbulent natural convection in an enclosure is distin-
guished by a thin boundary layer along the walls, while the
core is thermally stratified. The flow gradient in the bounda-
ry layer is very considerable, necessitating the use of a large
number of grid points or computational nodes to calculate
the values of dependent variables. The primitive variable is
employed in this study; hence a staggered finite difference
grid scheme is unnecessary. The solution's domain, or enclo-
sure, is partitioned into a network of uniform rectangular
grids with very fine spacing.

Figure 3. A two dimensional computational grid.

Figure 3 shows a two dimensional computational grid
which is organized into small sections, each having a node at
the middle. In a two-dimensional computational domain,
each node (i,) has four surrounding nodes, as seen in the
diagram below.

)
N

Figure 4. A node of (i, j) with the neighboring nodes.

7.2.2. Discretizing the Governing Equations

In order to create a system of linear algebraic equations
that relate the value of the unknown function @ at the nodes,
the governing equations must be substituted by a finite dif-
ference equation, which is the n applied successively at the
internal nodes of the grid. Producing the values of the func-
tion @ at the nodes (i ) is the aim of PDE using the FDE.
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Figure 5. A three- point difference approximation.
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Finding the difference by Subtracting equation (22) from
equation (21) yields

e
& — ¢y =2hg +?¢ (23)
Making ¢ the subject and rearranging
b=t _
20 - 24
T (24)
Adding equation 21 to equation 22 gives
& +dy = 244 +h?p +oh? (25)
Making (n+1)" the subject and rearranging
+¢y—2 "
B Zh (26)

Where h is the spacing of the grid

%

By approximating the time derivative p using a first or-

der backward difference approach about a grid point (i ,) at
the time instant ™ using Taylor's series expansion in ¢ , we
get
1
op _H5 4

ot At

@7)

Using Taylor's series expansions for approximating spatial
derivatives with second-order centered difference, equation
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(28) and equation (29) are obtained as:

2 n+l ) n+l N+l
ng'zmj f';z Ao (29)
and
2 N+l 5 n+l n+1
22;5 _Ahin Zf'élz Hhi o (29)

The described approach is first-order accurate in time and
second-order accurate in space. It approximates the spatial
derivatives at a node, based on the dependent variable at the
node and the neighboring cells, making this method change
an n-equation differential equation into an n-equation alge-
braic one. The solution of this equation gives the value of the
variable at the node. In the case of time-dependent problems,
the domain has to be additionally discretized in time using a
specified time step.

7.3. Finite Difference Solution Method for
Parabolic Differential Equations

Equation 14 is reduced to;

9 _ S2p+ 650+ f (30)
T
Where
o’ 04
S2p=C—2-U— 31
o9 00> 00 1)
0% o¢
S2¢=C—2 W = 32
2# oz? oz (32)

Diffusion and convection are important concepts. The
term &3¢ is the diffusion and convection transport in @ the
direction while 52¢ referring to diffusion and convection
transport in the Z direction.
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There are several finite difference methods when it comes
to solving parabolic partial differential equations. Usually,
these methods can be organized into three main groups: the
implicit, the explicit method, and Alternating Direction Im-
plicit (ADI). For our study, we decided to go with the explic-
it method.

So, what makes the explicit method interesting, it moves
through the dependent variable from one point to the next—
node by node! However, this technique needs really small
grid sizes or time intervals to stay stable. Because of that, it
ends up needing a lot of computer storage and takes quite a
bit of time to compute.

Applying the explicit method on equation 30 for any node
(i ,) with a simple forward difference for the time term gives.

¢n1—l_ n
" =S50+ o4 + T 33)

7.4. Thermal Conditions at Boundary Points

1) The study comprises heating one wall at the base and
cooling the upper section of the opposing one. Two
thermal conditions were utilized.

2) For vertical walls, isothermal is expressed by the equa-
tion = Constant. Applicable to both the hot and cold
walls is the Dirichlet boundary condition where ©;,,, = 1
and @y, q = 0.

3) Adiabatic: The remaining walls temperatures stayed
consistent.

7.5. Velocity Conditions at the Boundary

Slippage has no frontier condition. Because the cohesive
force is smaller than the adhesive force, the air particles near

the surface won't follow the stream. At the solid boundary,
then, viscous fluid will have velocity nil in relation to the
wall. As a result, the outside molecules of the fluid stick to
the surface it passes. On the surface therefore, u = v =w =
0. Free slide's boundary condition is implemented. Every
limit in this cylindrical container is thought to be impermea-
ble. This means that mass cannot pass through an impermea-
ble solid surface since the speed connected to the surface or
boundary is zero.

8. Results and Discussion

Results are presented for the increase in aspect ratio (AR =
1, 2, 4, and 8) on natural convection in a vertical cylindrical
enclosure for a constant Rayleigh number (Ra) in order to
isolate the influence of geometry. With increasing aspect
ratio (smaller diameter with fixed height), over which the
domain is narrower and higher.

8.1. Result Showing Vector Plots of Velocity
Magnitude

The results in this article were obtained by solving the
governing equations numerically by using the finite differ-
ence method. Together with the boundary conditions im-
posed, these equations lead to numerical solutions for the
model variables.

From the results, the flow field is divided into three dis-
tinct thermal regions: a hot region close to the heat source, a
warm intermediate region, and a cold region near the cooling
surface. These regions arise due to the natural convection
currents driven by temperature gradients within the enclosure.
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Figure 6. Vector plots of velocity magnitude for Aspect Ratio 1.
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From Figure 6 the provided vector field plot illustrates the
natural convection phenomenon the cavity, driven by tem-
perature differences and buoyancy forces. The central region
of the cavity shows a concentration of upward velocity vec-
tors, indicating that hot fluid rises vertically through the core
due to its lower density. This rising motion is strongest near
the bottom where the fluid is heated, as shown by the red
region in the color map representing high velocity magni-
tudes. As the hot fluid ascends, the velocity gradually de-
creases, evident from the shortening of the arrows near the
top surface, where the fluid begins to lose momentum.
Meanwhile, cooler fluid near the side walls, being denser,
descends along the vertical boundaries. These descending
flows are characterized by longer arrows, showing accelera-
tion as the fluid moves toward the heated bottom surface.
This cycle forms a convection loop, where fluid circulates
due to temperature-induced density variations. The entire
motion is driven by a body force—gravity—acting on the
buoyant fluid. The presence of a strong temperature gradient
at the heated surface enhances the buoyancy effect, leading
to more vigorous convection in the system.

This visualization clearly supports the observation that hot
fluid rises, cold fluid sinks, and velocity patterns are strongly
influenced by thermal gradients and gravitational forces.

The vector field and velocity magnitude plot represent a
classic case of natural convection within an enclosed square
cavity, driven by buoyancy forces arising from temperature-
induced density gradients. When the bottom surface of the
cavity is heated and the top or side surfaces are cooler, a
temperature gradient is established within the fluid domain.
As a result, the fluid near the heated surface gains thermal
energy, becomes less dense, and rises vertically due to buoy-
ant acceleration. This phenomenon is governed by the Bous-
sinesq approximation, where density variations are consid-

ered only in the buoyancy term of the momentum equations.
In Figure 6 (AR = 1), the highest observed velocity is 0.306
m/s.

The central region of the cavity exhibits upward flow with
the highest velocity magnitude, as shown by the densely
packed and elongated vectors in the red-colored region of the
plot. This confirms that hot fluid rises predominantly along
the cavity’s vertical centerline. As this fluid ascends, its ve-
locity decreases due to increasing viscous resistance and
thermal diffusion, which is evident from the reduction in
vector length and color gradient toward the top.

Simultaneously, the cooler fluid near the vertical sidewalls,
being denser, sinks downward under the influence of gravity.
This descending motion completes the convective circulation
loop. The increased vector length near the sidewalls at the
bottom indicates acceleration of the cold fluid as it ap-
proaches the hot surface, where it gets reheated and re-enters
the upward convective core.

This convection pattern reflects a balance between buoy-
ancy, viscous forces, and thermal diffusion. The strength of
the flow is directly related to the magnitude of the tempera-
ture gradient—the stronger the gradient, the greater the
buoyancy force, and hence, the more intense the convective
motion. This flow regime is commonly described by the
Rayleigh number (Ra), a dimensionless parameter that quan-
tifies the relative influence of buoyancy to viscous forces in
thermal convection systems.

In summary, the result scientifically demonstrates that nat-
ural convection in a cavity is driven by buoyancy forces re-
sulting from temperature differences. Hot fluid rises at the
center, cold fluid descends along the walls, and the velocity
distribution confirms the development of a convective cell
regulated by thermal gradients and gravity.

FERITEHEFI DD
fmlml= e L L o )
P PaMafa i g — — — —

B P G 0 =L B CRIES S £ B 1)
=
S

B o B A DRl cthas

-1

7 L

=) L ) Gl =) MO = S A L= b
e e e 5 e £ e 3
SO S SO SIS SRR R R FoRe &

Fascs e et e B L Ly s s = MR S e

TOEPIPEIGRPIRERLPED
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Figure 7. Vector plots of velocity magnitude for Aspect Ratio 2.
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The vector plot for Aspect Ratio 2, as shown in Figure 7,
illustrates a well-defined natural convection pattern within a
vertically elongated cavity. The plot reveals the formation of
a single, vertically stretched convection cell characterized by
strong upward flow of hot fluid along the central axis and
downward flow of cooler fluid along the sidewalls. The
highest velocity magnitudes are observed near the bottom-
center region, where buoyancy forces are strongest due to the
steep temperature gradient between the heated bottom sur-
face and the surrounding cooler fluid. As the hot fluid rises,
the velocity gradually decreases, as indicated by the shorten-
ing arrow lengths and the shift in color from red to green and
blue, which reflects a reduction in momentum due to viscous
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and thermal diffusion effects. The descending cold fluid near
the sidewalls accelerates under gravity, completing the con-
vective loop. In particular, the maximum velocity slightly
decreases to approximately 0.171 m/s, indicating a reduction
in convective intensity compared to AR =1. The flow exhib-
its a vertically elongated single-cell circulation, with hot flu-
id rising along the center and cooler fluid descending near
the vertical sidewalls. The highest velocity occurs near the
bottom center, where thermal gradients are strongest, and
gradually decreases with height due to viscous and thermal
diffusion effects. The symmetry and structure of the velocity
field indicate a stable, steady-state flow regime.

Velocity Vectors Colored By Relative Y Velocity (m/s)

Oct 01, 2025
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Figure 8. Vector plots of velocity magnitude for Aspect Ratio 4.

The vector plot of velocity magnitude for Aspect Ratio 4,
as shown in Figure 8, illustrates a well-developed circulation
pattern within the vertical cylindrical enclosure. The highest
velocity is 0.108 m/s. The flow vectors indicate that the heat-
ed and cooled walls generate strong convective currents,
resulting in a pronounced upward motion of fluid along the
heated side and a corresponding downward motion along the
cooled side. The highest velocity magnitudes, depicted in red
and orange shades, are concentrated near the central core and
along the boundaries where thermal gradients are strongest,
while the blue regions near the corners and lower portions of
the enclosure exhibit weaker flow activity. This distribution
signifies an enhanced convective motion and efficient heat
transfer due to the increased height-to-diameter ratio, which
allows the flow to develop more fully along the vertical di-
rection.

Scientifically, the vector plot for Aspect Ratio 4 demon-
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strates that the flow within the vertical cylindrical enclosure
is dominated by buoyancy-driven natural convection, where
temperature-induced density gradients generate fluid motion.
The heated wall causes the adjacent fluid to expand, decrease
in density, and rise due to buoyant forces, while the fluid
near the cooled wall becomes denser and descends, forming
a stable counter-rotating circulation cell. The higher aspect
ratio enhances the vertical temperature gradient and extends
the path of thermal plumes, leading to a stronger and more
elongated flow structure. The velocity magnitude distribution,
with peak values near the core and boundary layers, indicates
intensified thermal convection and efficient mixing, which
promotes uniform heat distribution along the enclosure
height. This behavior aligns with classical natural convection
theory, where increasing the aspect ratio strengthens the con-
vective motion and enhances overall heat transfer perfor-
mance.
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Figure 9. Vector plots of velocity magnitude for Aspect Ratio 8.

Figure 9 presents the vector plots of velocity magnitude
for Aspect Ratio 8, showing a relatively elongated and slen-
der flow structure compared to lower aspect ratios. The ve-
locity is 0.06m/s. The flow vectors indicate that the fluid
motion is weaker and more uniformly distributed along the
vertical axis, with reduced circulation intensity. The velocity
magnitude, as reflected by the color scale, shows lower peak
values concentrated near the heated and cooled surfaces,
while most of the domain exhibits mild velocity gradients.
The flow appears predominantly laminar, with limited mix-
ing in the central region, suggesting that the extended ge-

ometry constrains the lateral development of convection cells.

From a scientific standpoint, the reduced velocity magni-
tude and elongated pattern at Aspect Ratio 8 indicate that
buoyancy-driven convection weakens as the height of the
enclosure increases relative to its diameter. The vertical
elongation causes thermal plumes to lose momentum before
completing full circulation loops, resulting in diminished
recirculation zones and weaker heat transfer. The flow be-
comes thermally stratified, with a dominant vertical compo-
nent and reduced transverse mixing. This behavior aligns
with natural convection theory, where excessively high as-
pect ratios lead to suppressed convective intensity due to
limited horizontal temperature gradients and increased vis-
cous damping, thereby reducing the overall efficiency of heat
transport within the enclosure.

A detailed comparison of the velocity magnitudes in Fig-
ures 6 through 9 reveals a consistent decline in maximum
velocity with increasing aspect ratio. In Figure 6 (AR = 1),
the highest observed velocity is 0.306 m/s. As the aspect
ratio increases to 2 (Figure 7), the maximum velocity slightly
decreases to 0.171 m/s. A more noticeable reduction is ob-
served in Figure 7 (AR = 4), where the velocity drops to
0.108 m/s. Finally, Figure 9 (AR = 8) shows the lowest ve-
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locity of 0.06 m/s.

As the aspect ratio increases while maintaining a constant
Rayleigh number, the natural convection circulation becomes
increasingly weak. The taller and narrower domain stretches
the flow vertically and restricts horizontal motion. This re-
sults in longer flow paths and increased viscous losses,
which reduce the overall convective efficiency.

Furthermore, the narrow geometry limits the space availa-
ble for the development of large recirculation cells, which
are essential for effective heat transport. The confinement
leads to greater thermal stratification, which suppresses ver-
tical motion even more. These combined factors lead to a
consistent and significant reduction in the maximum velocity
as the aspect ratio increases from 1 to 8.

8.2. Contours of Temperature Distribution (k)

Contour plot is a graphical tool used to represent scalar
fields by connecting points of equal magnitude with continu-
ous lines or curves. In the context of thermal analysis, iso-
therms are contour lines that represent regions of constant
temperature. These plots are particularly useful in heat trans-
fer studies because they make it possible to visualize how
temperature varies spatially within a domain, providing in-
sight into heat flow direction, intensity of gradients, and the
relative importance of conduction and convection.

Figures 10 to 13 are used to present the temperature distri-
bution in the central r- z plane of a vertical cylindrical enclo-
sure for aspect ratios (AR) of 1, 2, 4, and 8, while keeping
the cylinder height fixed at H = 2. The maximum tempera-
tures recorded at the center of the enclosure for these cases
are 318~K, 315~K, 305~K, and 300~K, respectively. The
progression of these contours highlights how the thermal
field evolves with geometry, shifting from strong radial cir-
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culation in squat enclosures toward predominantly vertical

stratification in tall, slender ones.

18a+02
16a+02
3 10e+02

3
3

3 Doasll?
3048+0§

Contours of Static Temperature (k)

Oct 01, 2025
FLUENT 6.3 (2d, pbns, sstkw)

Figure 10. Contours of temperature distribution in a vertical cylinder with aspect ratio AR = 1.

In Figure 10 the temperature contour plot shows the distri-
bution of static temperature within the enclosure, revealing a
well-defined thermal stratification pattern. The highest tem-
peratures, represented by red and orange zones, are concen-
trated near the bottom heated surface, while the coolest re-
gions, shown in blue and green, are located near the top
boundary. The contour lines are densely packed near the
lower wall, indicating steep temperature gradients and strong

heat transfer due to buoyant motion. As the flow rises, the
contours spread out, signifying a gradual reduction in tem-
perature difference and weaker convection near the upper
region. The smooth and symmetric shape of the contours
suggests stable natural convection with a single dominant
circulation cell facilitating upward heat transport from the
heated base toward the cooler top surface.
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Figure 11. Contours of temperature distribution in a vertical cylinder with aspect ratio AR = 2.

The temperature contour plot indicates intense mixing and
enhanced heat transfer within the enclosure, with the highest
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temperature reaching approximately 318 K near the heated
bottom wall. The tightly packed isotherms in this region sig-
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nify strong thermal gradients and vigorous turbulent eddies
that promote rapid energy exchange between fluid layers.
Unlike laminar convection, where heat transfer occurs pri-
marily through molecular diffusion, turbulence introduces
fluctuating velocity components that enhance the effective
thermal conductivity of the fluid. As a result, the temperature
distribution becomes more uniform throughout the enclosure,
as evidenced by the smoother temperature transitions toward
the upper region. The contour pattern suggests that buoyan-
cy-driven turbulence dominates near the heated surface, gen-
erating large-scale eddies that transport heat upward effi-
ciently, while smaller dissipative eddies near the top region
help stabilize the flow and maintain thermal equilibrium.
This behavior is characteristic of turbulent natural convec-
tion, where chaotic motion significantly increases convective
heat transfer efficiency compared to laminar flow conditions.

In Figure 11, The temperature contour plot for Aspect Ra-
tio (AR) = 2 shows that the maximum temperature reaches
approximately 315 K near the heated wall. The isotherms are
tightly packed adjacent to this surface, indicating strong
thermal gradients and vigorous buoyancy-driven convection.
As the heated fluid rises vertically, the temperature decreases
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progressively toward the cooler wall, producing a smooth
and continuous gradient across the enclosure. The central
zone displays moderately spaced contours, reflecting effec-
tive thermal mixing and stable circulation. Overall, the tem-
perature distribution in Figure 11 illustrates efficient natural
convection, where heat is transferred upward and across the
enclosure due to buoyancy effects, resulting in a well-
developed and balanced thermal field for AR = 2.

This rising warm fluid is replaced by descending cooler
fluid along the opposite wall, forming a continuous convec-
tive circulation. The densely packed isotherms near the heat-
ed surface signify a strong temperature gradient and high
local heat flux, while the wider spacing toward the enclo-
sure’s core indicates efficient mixing and diffusion of heat by
turbulent eddies. The relatively uniform temperature field in
the central region demonstrates enhanced thermal transport
caused by turbulent fluctuations, which increase the effective
thermal diffusivity of the fluid. Thus, at AR = 2, the flow
exhibits a stable yet vigorous convective regime, maximizing
heat transfer through the combined effects of buoyancy and
turbulent mixing.

Contours of Static Temperature (k)

Oct 01, 2025
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Figure 12. Contours of temperature distribution in a vertical cylinder with aspect ratio AR = 4.

Figure 12 for Aspect Ratio (AR) = 4, the temperature con-
tour plot shows that the highest temperature is approximately
305 K near the heated wall. The isotherms are densely
packed at the lower region close to the heat source, indicat-
ing strong temperature gradients and active heat transfer. As
the fluid rises vertically along the heated surface, the con-
tours gradually spread out, reflecting a steady decrease in
temperature toward the upper region and the cooled wall.
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The central zone displays moderately spaced contours, sug-
gesting effective thermal mixing due to buoyancy-driven
motion. Overall, the temperature distribution is smooth and
vertically elongated, showing that heat is efficiently trans-
ferred upward through natural convection within the enclo-
sure.

The flow behavior is dominated by buoyancy-driven tur-
bulent natural convection, where the heated fluid rises along
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the hot surface while cooler fluid descends along the oppo-
site wall, forming a vertically elongated circulation cell. The
tightly packed isotherms near the heated wall signify steep
thermal gradients and strong local heat transfer, while the
more widely spaced contours toward the center and upper

region indicate efficient thermal mixing caused by turbulence.

The increased height of the enclosure enhances the vertical
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movement of thermal plumes, allowing more developed con-
vective structures to form. Turbulent eddies play a significant
role in redistributing heat, leading to a smoother temperature
field and improved heat transport efficiency. Overall, at AR =
4, the flow demonstrates intensified buoyancy effects and
enhanced convective heat transfer compared to lower aspect
ratios.

‘ Contours of Static Temperature (k)
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Figure 13. Contours of temperature distribution in a vertical cylinder with aspect ratio AR =8.

For Aspect Ratio (AR) = 8, the temperature contour plot
shows that the highest temperature is approximately 300~K
near the heated wall at the lower region of the enclosure. The
isotherms are relatively sparse and vertically stretched, indi-
cating weaker temperature gradients and reduced convective
intensity compared to lower aspect ratios. The fluid motion
appears more stratified, with minimal mixing in the central
zone and a gradual temperature decrease toward the cooled
wall. The upper region of the enclosure exhibits nearly paral-
lel isotherms, signifying a stable thermal layer and dimin-
ished turbulence. Overall, the temperature distribution
demonstrates that as the aspect ratio increases, convection
weakens, leading to reduced heat transfer efficiency and a
more uniform but less dynamic thermal field.

When the height (H) is kept constant, the temperature con-
tour plot demonstrates the effects of increasing enclosure
slenderness by reducing the diameter while maintaining the
same vertical dimension. The maximum temperature of ap-
proximately 300~K near the heated wall indicates weaker
thermal gradients and reduced convective strength. Since
height is constant, the increase in aspect ratio primarily alters
the lateral heat transfer path, resulting in a narrower flow
domain where buoyancy-driven circulation becomes less
effective. The elongated and widely spaced isotherms show
that the flow is more thermally stratified, with limited hori-
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zontal mixing and reduced turbulent intensity. The hot fluid
rises slowly along the heated wall and cools gradually as it
moves upward, reflecting a diminished convective heat trans-
fer rate. Overall, at AR = 8, the constant height condition
results in weaker buoyant motion and lower heat transport
efficiency due to restricted lateral flow and enhanced thermal
stability.

In summary, within a vertical cylindrical enclosure, in-
creasing the aspect ratio (by reducing the diameter while
keeping height constant) enhances vertical stratification and
weakens radial convective mixing. This leads to progressive-
ly lower maximum temperatures, reducing from approxi-
mately 318~K at AR =1 to 300~K at AR = 8.

8.3. Contours of Effective Thermal
Conductivity

The Contours of Effective Thermal Conductivity illustrate
the spatial variation of heat transfer intensity within the ver-
tical cylindrical enclosure. They depict regions where con-
vective and conductive heat transfer mechanisms dominate
under the influence of buoyancy-driven flow. The distribu-
tion provides insight into how natural convection enhances
the overall thermal performance of the system.
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Figure 14. Contours Effective thermal conductivity for Aspect Ratio 1.

The contour plot of effective thermal conductivity for an
aspect ratio (AR) of 1 shows a symmetric distribution of heat
transfer characteristics within the square cavity. The effective
thermal conductivity reaches its maximum value of approx-
imately 14.3 W/mK in the central upper region, where
strong buoyancy-driven convection enhances heat transport.
This zone is represented by densely packed red contours,
indicating steep thermal gradients and high thermal activity.
On the other hand, the minimum values of about 0.1 W/m K
occur near the bottom corners and along the vertical side-

walls, where circulation is weak and diffusion dominates the
heat transfer. The symmetric contour patterns further reveal
the influence of convection cells, with hot fluid rising
through the central region and cooler fluid descending along
the sides, forming a recirculating motion. Overall, for AR =1,
the plot demonstrates that convection plays a dominant role
in enhancing effective thermal conductivity at the core, while
boundary regions are characterized by weaker diffusion-
controlled heat transfer.
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Figure 15. Contours Effective thermal conductivity for Aspect Ratio 1.

For an aspect ratio of 1 with the bottom wall heated at
320~K and the top wall cooled at 298~K, the 22~K tempera-

ture difference generates buoyancy-driven natural convection
that strongly influences the distribution of effective thermal
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conductivity within the cavity. The heated fluid at the bottom
becomes lighter and rises through the central region, forming
an upward thermal plume, while the cooled fluid at the top
becomes denser and sinks along the sidewalls, resulting in
two symmetric counter-rotating convection cells. This circu-
lation enhances heat transport in the central plume region,
where the effective thermal conductivity reaches its maxi-
mum 14.3~W/m K due to vigorous mixing and steep temper-
ature gradients. In contrast, the corners and sidewall regions
show minimum values 0.1~W/m K, where fluid motion is
weak and heat transfer is dominated by conduction. The
symmetric contour pattern reflects the uniform boundary
conditions, and overall, the plot demonstrates how the ap-
plied thermal gradient (320~K bottom, 298~K top) drives
natural convection that significantly augments effective
thermal conductivity at the core while leaving boundary re-
gions diffusion-dominated.

For the aspect ratio of 2 in Figure 15 the contour plot of
effective thermal conductivity shows an elongated vertical
distribution of heat transfer, reflecting the influence of the
taller cavity geometry. The maximum effective thermal con-
ductivity, about 7.81 W/m K, occurs in the central upper re-
gion, where the buoyancy-driven plume rises strongly from
the heated bottom wall and encounters the cooled top wall,
creating steep temperature gradients and enhancing thermal
transport. Compared to the square cavity (AR = 1), the elon-
gated domain constrains horizontal mixing and favors
stronger vertical convection, leading to narrower and more
vertically stretched contours. The sidewalls and bottom cor-
ners exhibit lower values of effective thermal conductivity
(=0.14 W/m K), indicating zones dominated by conduction
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due to weak circulation. The symmetry of the contours about
the vertical mid-plane confirms balanced boundary condi-
tions, while the distinct upward plume and return downward
flow along the walls highlight the dominant role of convec-
tion in vertically oriented cavities. Overall, the AR = 2 cavity
demonstrates enhanced vertical convective transport and
reduced lateral spreading of effective thermal conductivity
compared to the square geometry.

From a scientific perspective, the effective thermal con-
ductivity distribution for an aspect ratio of 2 can be ex-
plained by the coupled effects of buoyancy forces, geometry,
and boundary conditions. The imposed temperature differ-
ence (320 K at the bottom and 298 K at the top) generates
buoyant motion, with hot fluid rising from the heated base
and cold fluid descending along the vertical walls. In a taller
cavity, the vertical length scale increases, this enhances the
Rayleigh number and strengthens vertical convection while
limiting lateral mixing. This leads to an elongated thermal
plume at the center, where the highest effective conductivity
(=7.81 W/m K) occurs due to vigorous convective transport
and sharp temperature gradients near the cooled top surface.
By contrast, the sidewalls and bottom corners experience
weaker circulation, producing conduction-dominated regions
with low effective conductivity (0.14 W/mK). The sym-
metry observed across the vertical mid-plane arises from the
uniform thermal boundary conditions, resulting in two coun-
ter-rotating convection cells. Compared with AR = 1, the AR
= 2 cavity demonstrates that increasing diameter intensifies
vertical convective pathways but reduces lateral spreading,
highlighting the strong dependence of natural convection
heat transfer on aspect ratio.

Contours of Effective Tharmal Gonductivity (w/m-k)
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Figure 16. Contours Effective thermal conductivity for Aspect Ratio 2.

In Figure 16 the contour plot of effective thermal conduc-
tivity illustrates the heat transfer distribution within the verti-
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cal cylindrical enclosure. The results show a non-uniform
pattern, with higher values concentrated along the central
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region, reaching approximately 0.461 W/m K, indicating
zones of strong convective activity. This enhancement arises
from buoyancy-driven motion, which increases the effective
heat transport within the fluid core. Near the sidewalls, lower
conductivity values signify conduction-dominated regions
characterized by steep temperature gradients and weak fluid
motion. The nearly symmetrical contour distribution reflects
balanced heating and cooling on opposite surfaces. Overall,
convection enhances thermal conductivity in the core, while
conduction prevails near the boundaries, forming a stable
natural convection flow structure.

The contour plot of effective thermal conductivity pro-
vides a scientific representation of heat transfer behavior
within the vertical cylindrical enclosure. The maximum val-
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Contours of Effective Thermal Gonductivity (w/m-k)

ue of approximately 0.461 W/m K occurs along the central
region, where buoyancy-induced convection significantly
enhances energy transport. This increase in effective thermal
conductivity reflects the strong coupling between thermal
and momentum fields under natural convection. Near the
sidewalls, lower conductivity values indicate conduction-
dominated regions with steep temperature gradients and min-
imal fluid motion. The symmetrical distribution of contours
along the vertical axis suggests balanced boundary condi-
tions and stable convective circulation. Overall, the results
confirm that convection enhances the effective thermal per-
formance of the system by increasing the apparent thermal
conductivity of the fluid.

Sep 27, 2025
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Figure 17. Contours Effective thermal conductivity for Aspect Ratio 8.

Figure 17 illustrates the contours of effective thermal con-
ductivity for an aspect ratio of 8, showing a vertically strati-
fied distribution within the cylindrical enclosure. The highest
values of effective thermal conductivity, reaching approxi-
mately 0.186 W/m K, are concentrated along the central re-
gion, indicating zones of strong convective enhancement due
to buoyancy-driven fluid motion. In contrast, the regions
near the sidewalls exhibit lower conductivity values, suggest-
ing conduction-dominated areas characterized by steep tem-
perature gradients and limited fluid motion. The contour
lines display a nearly symmetrical distribution about the ver-
tical axis, reflecting balanced heating and cooling conditions
on opposite surfaces. Overall, the results show that convec-
tion enhances heat transfer within the core of the cylinder,
while conduction remains dominant near the boundaries,
producing a stable and well-defined natural convection flow
pattern.
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The maximum effective thermal conductivity of 0.186
W/m K, occurs along the central region, signifying enhanced
convective transport resulting from buoyancy-induced fluid
motion. This indicates a strong coupling between thermal
and velocity fields, where rising warm fluid and descending
cool fluid intensify mixing and heat exchange. The lower
conductivity values near the sidewalls correspond to conduc-
tion-dominated zones characterized by steep temperature
gradients and suppressed fluid movement. The nearly sym-
metrical contour pattern along the vertical axis suggests that
the heating and cooling boundaries generate a steady convec-
tive circulation. Overall, the results confirm that natural con-
vection significantly increases the apparent thermal conduc-
tivity of the fluid core, thereby improving the overall heat
transfer efficiency of the system.

The results show a clear inverse relationship between as-
pect ratio and effective thermal conductivity, indicating a
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decline in heat transfer efficiency as the enclosure becomes
taller and narrower. At an aspect ratio of 1, the highest effec-
tive thermal conductivity of 14.29 W/m K is observed, re-
flecting vigorous convective heat transfer driven by strong
turbulence and fluid mixing. However, as the aspect ratio
increases to 2, the conductivity drops sharply to 11.9 W/m K,
and further decreases to 0.461 W/m K at aspect ratio 4, signi-
fying a marked reduction in convective strength and a transi-
tion toward more stable, laminar-like flow.

The lowest value of 0.186 W/m K occurs at aspect ratio 8,
where heat transfer is minimally enhanced compared to pure
conduction due to suppressed turbulence and the formation
of thermally stratified layers. This trend highlights that high-
er aspect ratios limit lateral convection and reduce turbulent

mixing, thus diminishing the effectiveness of convective
transport despite the presence of buoyancy forces.

8.4. Contours of Streamline Distribution

A streamline is an imaginary line in a fluid flow field
whose tangent at any point is parallel to the local velocity
vector. Figures 18 to 21 present streamline contours A
streamline is an imaginary line in a fluid flow such that the
tangent at any point aligns with the direction of the fluid ve-
locity at that location. The streamline analysis reveals a sig-
nificant decline in flow circulation strength with increasing
aspect ratio.
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Figure 18. Contours of Streamlines for Aspect Ratio 1.

Figure 18 shows the streamlines for an aspect ratio of 1, il-
lustrating a symmetric natural convection flow pattern within
the enclosure. The streamlines form two distinct counter-
rotating vortices, with hot fluid rising along the central re-
gion and cooler fluid descending near the sidewalls, estab-
lishing a stable circulation loop. The maximum stream func-
tion value of approximately 3.34 > 10~ 3kg/s is observed
near the core of the vortices, indicating regions of strong
fluid motion and enhanced convective activity. Near the bot-
tom and top corners, the streamlines are closely packed, sug-
gesting weaker circulation and reduced flow velocity. The
overall symmetry of the flow about the vertical centerline
confirms that the applied boundary conditions produce a
balanced and steady buoyancy-driven convection structure
characteristic of laminar natural convection at this aspect
ratio.

The streamline distribution in Figure 18 can be scientifi-
cally explained by the buoyancy-driven flow established due
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to the temperature difference between the heated bottom wall
(320~K) and the cooled top wall (298~K). The heating at the
bottom reduces the fluid density, causing it to rise through
the central region, while the cooling at the top increases the
density, resulting in the downward movement of fluid along
the sidewalls. This opposing motion generates two symmet-
ric counter-rotating vortices that maintain a steady convec-
tive circulation within the enclosure. The maximum stream
function value of approximately {3.34 x 10~ *kg/s} indi-
cates regions of strong momentum transfer, where thermal
and velocity gradients are most intense. The symmetry of the
flow structure arises from the uniform thermal boundary
conditions and the square geometry of the cavity. Overall,
the observed pattern represents a stable laminar convection
regime, where the interaction between buoyancy forces and
viscous effects governs the flow behavior and heat transfer
distribution.
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Figure 19. Contours of Streamlines suspect ratio 2.

In Figure 19 The streamlines for aspect ratio 2 exhibit the
formation of two distinct counter-rotating vortices that are
symmetrically distributed along the vertical axis of the en-
closure. The flow rises along the heated bottom wall, reaches
the top region where it cools and descends along the colder
upper surface, completing a closed circulation loop. The re-
circulation cells are relatively confined near the bottom due
to the moderate aspect ratio, indicating limited vertical mo-
tion and stronger horizontal flow components near the heated
surface. The symmetry and structure of the streamlines sug-
gest a steady and stable convection pattern dominated by
buoyancy forces, with minimal distortion or turbulence ef-
fects.

The Scientific explanation to the streamline distribution
for aspect ratio 2, as shown in Figure 19, reveals two well-
defined and symmetric counter-rotating vortices formed due
to buoyancy-driven flow within the cylindrical enclosure.
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The maximum stream function value is approximately
(2.29x10*kg/s) indicating the strength of circulation

within the enclosure. The fluid near the heated bottom wall
(at 320~K) experiences a decrease in density, causing it to
rise due to buoyant forces. Upon reaching the upper region,
the fluid cools down (at 298~K), becomes denser, and de-
scends along the cooler side, completing a convective loop.
The moderate aspect ratio (AR = 2) allows sufficient vertical
space for the development of two distinct recirculation zones,
each occupying half of the enclosure. The smooth and nearly
symmetric streamline contours imply that the flow remains
stable and predominantly laminar, with buoyancy effects
dominating over inertial forces. The magnitude of the maxi-
mum stream function value also indicates an enhancement in
fluid circulation intensity compared to AR = 1, reflecting
improved convective heat transfer within the enclosure.
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Figure 20. Contours of Streamlines for aspect ratio 4.
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The streamlines for aspect ratio 4, as shown in Figure 20,
display two elongated counter-rotating vortices that are verti-
cally stretched and occupy most of the enclosure’s height.
The flow pattern shows reduced horizontal circulation and
increased confinement near the bottom region, indicating
weaker convective motion compared to lower aspect ratios.
The upward and downward fluid movements are more re-
stricted, and the streamlines appear closely packed along the
vertical direction, suggesting a dominance of vertical stratifi-
cation. Overall, the flow remains symmetric and stable, with
reduced intensity of circulation due to the increased enclo-
sure height.

The streamline distribution for aspect ratio 4, as presented
in Figure 20, indicates the formation of two elongated coun-
ter-rotating vortices that extend vertically throughout the
enclosure. The maximum stream function value is approxi-
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mately (8.14x10~3kg/s) which is significantly lower than

that observed for aspect ratio 2, demonstrating a considerable
reduction in circulation strength. This reduction occurs be-
cause the increased height of the enclosure suppresses hori-
zontal fluid motion and enhances thermal stratification, lead-
ing to weaker buoyancy-induced recirculation. The fluid near
the heated bottom wall (at 320~K) rises due to reduced den-
sity, but as it travels upward, the thermal driving force dimin-
ishes, and the flow loses momentum before reaching the top
cooled region (at 298~K). Consequently, the flow becomes
more confined and vertically oriented, showing a transition
toward weaker convection. The nearly symmetric streamline
structure confirms that the flow remains steady and dominat-
ed by buoyancy forces, but the overall intensity of natural
convection decreases with increasing aspect ratio.
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Figure 21. Contours of Streamlines for aspect ratio 8.

The streamlines for aspect ratio 8, as shown in Figure 21,
reveal the presence of two highly elongated and slender
counter-rotating vortices that are confined near the lower
region of the enclosure. The flow circulation appears signifi-
cantly weakened, with very low stream function values indi-
cating reduced convection intensity. The increased height of
the enclosure restricts the vertical development of recirculat-
ing cells, leading to pronounced thermal stratification and
minimal fluid mixing. The streamlines are densely packed
along the vertical direction, reflecting a predominantly con-
duction-controlled regime with limited buoyancy-driven
flow motion. Overall, the flow remains symmetric but exhib-
its very weak circulation due to the suppression of convec-
tive effects at high aspect ratios.

The streamline distribution for aspect ratio 8, as illustrated
in Figure 21, demonstrates two extremely elongated and
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slender counter-rotating vortices that are confined near the
bottom region of the cylindrical enclosure. The maximum

stream function value is (3.59x10>kg/s), which is substan-

tially lower than the values observed for lower aspect ratios.
This significant decrease indicates a drastic reduction in the
intensity of natural convection as the enclosure height in-
creases. The increase in aspect ratio enhances thermal strati-
fication, reducing the temperature gradients responsible for
buoyancy-induced motion. Consequently, the fluid near the
heated bottom wall (at 320~K) rises only slightly before los-
ing momentum, while the descending cooler fluid (at 298~K)
exhibits weak downward motion. The overall flow pattern is
characterized by diminished recirculation strength and domi-
nance of conductive heat transfer. The narrow and vertically
stretched streamlines confirm that buoyancy effects are in-
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sufficient to sustain strong convective loops at higher aspect
ratios, leading to a stable but weak flow regime dominated
by stratified layers.

The highest streamline magnitude is observed at aspect ra-
tio 1, with a value of 0.34 kg/s, indicating strong convective
flow. As the aspect ratio increases, the magnitude progres-
sively decreases—0.229 kg/s at aspect ratio 2, 0.00814 kg/s
at aspect ratio 4, and reaching a minimum of 0.00359 kg/s at
aspect ratio 8. In Figure 18, the flow exhibits large vortices
formed around two central cores, with streamlines following
circular paths that become increasingly distorted away from
the center. By Figure 21, the vortex cores reduce in size, re-

flecting diminished circulation strength.

8.5. Contours of Turbulence Intensity

Turbulence intensity, also known as the intensity of turbu-
lence, is defined as the root-mean-square of the turbulent
velocity fluctuations normalized by the mean velocity. It
provides a quantitative measure of the level of chaotic mo-
tion in a flow field. The results show a progressive decrease
in turbulence intensity with increasing aspect ratio, while the
Rayleigh number remains constant.
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Figure 22. Contours of Turbulence intensity for Aspect Ratio 1.

In Figure 22 the contours of turbulence intensity for As-
pect Ratio 1 show that the highest turbulence levels are con-
centrated in the central vertical region of the enclosure, par-
ticularly near the bottom center where the flow impinges and
recirculates upward. The distribution of turbulence is sym-
metric about the vertical centerline, indicating a balanced
flow pattern within the domain. Lower turbulence intensity is

observed near the enclosure walls and corners, while turbu-
lence gradually decreases as the flow moves upward, result-
ing in more stable regions toward the top. Overall, the con-
tour distribution suggests the presence of strong recirculation
cells and localized mixing in the middle zone of the enclo-
sure.
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Figure 23. Contours of Turbulence intensity for Aspect Ratio 2.
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At aspect ratio 1, the highest turbulence intensity is rec-
orded at 30.1%, indicating the presence of strong turbulence
and vigorous convective motion within the enclosure. This
behavior can be attributed to the wider geometry, which al-
lows greater lateral flow and promotes the formation of
large-scale recirculation cells. These recirculation enhance
velocity fluctuations and strengthen turbulent mixing, there-
by increasing the overall turbulence intensity in the system.
The elevated turbulence intensity contributes significantly to
heat transfer by improving fluid mixing, thinning the thermal
boundary layer, and facilitating the transport of thermal en-
ergy between the hot and cold regions of the enclosure. Con-
sequently, the geometry at aspect ratio 1 not only promotes
stronger flow circulation but also enhances the convective
heat transfer performance.

The contours of turbulence intensity for Aspect Ratio 2
show that the highest turbulence levels are concentrated near
the bottom central region of the enclosure. Compared to As-
pect Ratio 1, the turbulence distribution appears more verti-
cally stretched, following the elongated geometry of the do-
main. The high turbulence zones are confined close to the
heated bottom surface, while the intensity decreases signifi-
cantly toward the upper region, resulting in more stable flow
near the top. The contours exhibit symmetry about the verti-
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cal centerline, and the overall pattern suggests elongated
recirculation zones with weaker mixing in the upper regions
of the enclosure.

As the aspect ratio increases to 2, the turbulence intensity
drops significantly to 23%, indicating a notable reduction in
turbulent activity compared to Aspect Ratio 1. Although the
flow remains convective in nature, the elongated geometry
alters the circulation pattern by restricting lateral fluid mo-
tion and confining recirculation cells closer to the heated
bottom region. This reduction in lateral spreading weakens
velocity fluctuations and suppresses large-scale turbulent
structures that were more dominant at the lower aspect ratio.
As a result, the flow exhibits weaker turbulent mixing and
reduced momentum exchange between fluid layers.

The diminished turbulence intensity has direct implica-
tions for heat transfer performance within the enclosure.
With weaker mixing, the thermal boundary layer remains
comparatively thicker, reducing the rate of thermal energy
transport from the hot surface toward the colder regions.
Consequently, the overall efficiency of convective heat trans-
fer declines, particularly in the upper part of the enclosure
where turbulence intensity is lowest. The flow thus becomes
more stratified, with stronger thermal gradients and less uni-
form temperature distribution compared to Aspect Ratio 1.
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Figure 24. Contours of Turbulence intensity for Aspect Ratio 4.

In figure 24 the contours of turbulence intensity for Aspect
Ratio 4 indicate that turbulence levels are much lower com-
pared to Aspect Ratios 1 and 2, with the highest values con-
centrated in small localized zones near the heated bottom
surface. The distribution is highly elongated in the vertical
direction, consistent with the tall and narrow geometry of the
enclosure. Two symmetrical regions of higher turbulence are
observed just above the heated base, while the upper portion
of the enclosure exhibits very weak turbulence intensity. As
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the flow rises, turbulence rapidly diminishes, leading to sta-
ble and stratified flow conditions in the upper regions. The
overall pattern suggests suppressed lateral motion, weaker
recirculation cells, and minimal turbulent activity at higher
elevations of the enclosure.

At aspect ratio 4, the turbulence intensity further decreases
to 1.53%, indicating a drastic reduction in turbulent activity
compared to lower aspect ratios. This low turbulence level
suggests a transition toward a more organized and laminar-
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like convective regime, with minimal chaotic motion and
limited vortex formation. The tall and narrow geometry se-
verely restricts lateral flow development, thereby suppress-
ing the formation of large-scale recirculation cells that were
prominent at aspect ratio 1. Instead, the turbulence is con-
fined to small localized regions near the heated bottom sur-
face, while the upper sections of the enclosure remain largely
stable and stratified.

The weakening of turbulence implies that velocity fluctua-
tions and mixing are significantly reduced, which directly
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affects the efficiency of convective heat transfer. With less
turbulent mixing, the thermal boundary layer near the heated
wall remains relatively thick, slowing down the transport of
thermal energy toward the colder regions of the enclosure.
This results in a less uniform temperature distribution, with
stronger vertical stratification and higher thermal gradients in
the fluid domain. Consequently, the heat transfer perfor-
mance at aspect ratio 4 is considerably lower, as the system
shifts away from turbulence-driven convection toward a
more diffusion-dominated regime.
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Figure 25. Contours of Turbulence intensity for Aspect Ratio 8.

At aspect ratio 8, the turbulence intensity decreases even
further to an almost negligible value of 1.15%, clearly signi-
fying the dominance of a highly organized and stratified flow
regime. In this tall and extremely narrow geometry, lateral
fluid motion is almost completely suppressed, preventing the
development of recirculation cells or vortical structures that
are essential for turbulent mixing. The flow within the enclo-
sure becomes predominantly unidirectional and laminar-like,
with convection driven mainly by buoyancy forces in a verti-
cal manner rather than through turbulent fluctuations.

This suppression of turbulence has profound implications
for heat transfer. With velocity fluctuations nearly absent, the
capacity of the flow to disrupt and thin the thermal boundary
layer is drastically reduced. As a result, heat transfer be-
comes largely diffusion-controlled, with buoyancy-induced
motion playing only a minor role in transporting thermal
energy between the hot and cold surfaces. The temperature
distribution within the enclosure thus becomes highly strati-
fied, with steep vertical gradients and limited mixing be-
tween layers. Consequently, the convective heat transfer effi-
ciency at aspect ratio 8 is the weakest among the geometries
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considered, reflecting the transition from vigorous turbu-
lence-driven convection at low aspect ratios to a stable, dif-
fusion-dominated regime at very high aspect ratios.

A comparison of the turbulence intensity across the four
aspect ratios reveals a clear trend of diminishing turbulent
activity and weakening convective heat transfer as the aspect
ratio increases. At aspect ratio 1, the turbulence intensity
reaches 30.1%, characterized by strong turbulence, vigorous
recirculation, and enhanced mixing, which significantly
promotes convective heat transfer. Increasing the aspect ratio
to 2 reduces the turbulence intensity to 23%, as the elongated
geometry limits lateral motion and weakens large-scale vor-
tices, resulting in reduced mixing and a corresponding de-
cline in heat transfer performance. At aspect ratio 4, the tur-
bulence intensity drops sharply to 1.53%, indicating a transi-
tion toward a more organized and less chaotic flow regime
with minimal vortex formation; as a result, convection weak-
ens and stratification becomes more pronounced. Finally, at
aspect ratio 8, turbulence intensity is almost negligible at
1.15%, reflecting a nearly laminar and diffusion-dominated
regime where lateral circulation is suppressed, mixing is ab-


http://www.sciencepg.com/journal/ajam

American Journal of Applied Mathematics

http://www.sciencepg.com/journal/ajam

sent, and convective heat transfer efficiency is at its lowest.

Overall, the progression demonstrates that wider geome-
tries (low aspect ratios) enhance turbulence and heat transfer,
while taller and narrower geometries (high aspect ratios)
suppress turbulence, leading to stable, stratified flows with
poor thermal transport.

9. Validation of Results

The present results are consistent with and extend previous
findings on turbulent natural convection in cylindrical enclo-
sures. Azzouz and Ben Hamida [4] observed that increasing
the aspect ratio leads to vertically stratified temperature
fields and reduced convective mixing, in agreement with the
current results showing weaker recirculation and higher peak
temperatures at larger AR values. Similarly, Mahmood et al.
[1] reported that the heat transfer rate decreases with aspect
ratio due to diminished turbulence intensity, a trend also con-
firmed in this study.

In terms of flow structure, Zhou et al. [14] demonstrated
that large-scale vortices dominate at lower aspect ratios, en-
hancing mixing and increasing effective thermal conductivity,
consistent with the current streamline distributions. Daiz et al.
[13] also showed that, for constant Rayleigh numbers, aspect
ratio strongly influences the location and intensity of circula-
tion cells, supporting the observed flow transitions from mul-
ti-cellular to vertically elongated patterns.

Furthermore, Shah et al. [3] found that higher Rayleigh
and Prandtl numbers promote vigorous buoyancy-driven
turbulence, enhancing convective heat transport—results that
align with this study’s observation that optimal heat transfer
occurs at low aspect ratios combined with high Ra and Pr.
The decline in turbulence intensity with increasing aspect
ratio observed here mirrors the behavior reported by Awuor k.
O [10] in her numerical study of turbulent natural convection
in enclosures.

Overall, the present model accurately captures the depend-
ence of velocity magnitude, temperature field, and turbu-
lence intensity on geometric and flow parameters, validating
its consistency with established theoretical and experimental
trends. The agreement with previous works confirms that the
developed mathematical framework is robust and capable of
reliably predicting turbulent convection behavior in vertical
cylindrical geometries.

10. Conclusion

A mathematical model has been developed to predict tur-
bulent natural convection heat transfer in a vertical cylindri-
cal enclosure subjected to localized heating and cooling on
opposite surfaces. The model incorporates the fundamental
principles of fluid dynamics and heat transfer to simulate the
complex interaction between temperature gradients, buoyan-
cy forces, and turbulent motion. It involves the numerical
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solution of coupled mass, momentum, and energy equations,
which govern the flow and thermal fields within the system.
The formulation accounts for turbulent regimes, ensuring
accurate representation of convective and conductive heat
transfer mechanisms. Advanced turbulence modeling tech-
niques are utilized to capture fluctuations in velocity and
temperature that influence overall flow stability and energy
transport. The model further considers the effects of aspect
ratio, Rayleigh number (Ra), and Prandtl number (Pr) on
flow behavior and thermal performance, providing a detailed
understanding of how geometric and flow parameters affect
the convection process. Overall, this mathematical model
serves as a reliable computational framework for analyzing
and optimizing thermal systems involving turbulent natural
convection in vertical cylindrical enclosures.

The profiles of the flow variables are determined through
computer simulations, and the study investigates the impact
of various flow parameters, including the Rayleigh number
(Ra) and Prandtl number (Pr). In addition, the research ana-
lyzes the variations in effective thermal conductivity, turbu-
lence intensity, and streamlines distribution under different
aspect ratios (AR) and flow conditions. From the simulation
results, the following conclusions are drawn:

1) Aspect ratio influence: Aspect ratio has a dominant in-
fluence on temperature distribution. At lower aspect ra-
tios, strong radial convective mixing produces wavy
isotherms and prevents localized hot spots, maintaining
lower maximum temperatures. However, as the aspect
ratio increases, radial mixing weakens, vertical stratifi-
cation becomes more pronounced and heat accumulates
near the heated surface, resulting in higher peak tem-
peratures.

2) Constant Rayleigh number: The Rayleigh number (Ra)
was maintained constant throughout the simulations to
isolate the effects of aspect ratio and boundary condi-
tions. By fixing Ra, the buoyancy-driven force re-
mained unchanged, ensuring that any observed varia-
tions in flow behavior and heat transfer were solely at-
tributed to differences in aspect ratio and geometric
configuration. This allowed for a clearer assessment of
how localized heating and cooling influence the veloci-
ty field, temperature distribution, and turbulence inten-
sity within the cylindrical enclosure.

3) Velocity magnitude: Velocity magnitude decreases with
increasing aspect ratio. At small AR values, the wider
geometry promotes stronger lateral recirculation and
higher velocities. As the AR increases, the enclosure
becomes taller and narrower, suppressing horizontal
motion and leading to reduced flow intensity.

4) Flow structure transitions: Flow structure transitions
with aspect ratio and Rayleigh number. Streamline
analysis shows that low AR the configurations generate
large, dominant vortices that enhance mixing. In con-
trast, at higher AR conditions produce elongated, verti-
cally aligned vortices, indicating weakened recircula-
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tion and a shift toward laminar-like stratified flow.

5) Effective thermal conductivity: Effective thermal con-
ductivity peaks at low aspect ratios and high Rayleigh
numbers. Enhanced convective activity under these
conditions promotes better energy transport. Conversely,
at higher AR the conduction dominates due to reduced
fluid motion and weaker mixing.

6) Turbulence intensity: Turbulence intensity is highest at
low AR. Strong buoyant forces at these conditions in-
crease convective instabilities and turbulent energy. As
AR increases, turbulence intensity declines, leading to
more stable and organized flow fields.

7) Overall heat transfer efficiency: Overall heat transfer
efficiency depends on AR, Ra, and Pr. Optimal heat
transfer occurs at low aspect ratios combined with high
Rayleigh and Prandtl numbers, where turbulence and
convective motion are dominant and energy transport is
most effective.

8) Engineering significance: The findings provide essen-
tial insights for the design and optimization of vertical
cylindrical systems such as heat exchangers, reactors,
and thermal storage units. Proper selection of aspect ra-
tio and flow parameters can enhance turbulence, im-
prove temperature uniformity, and increase overall
thermal efficiency.

In summary, the study establishes that aspect ratio, Ray-
leigh number, and Prandtl number collectively determine the
flow dynamics and heat transfer performance in turbulent
natural convection. Lower aspect ratios and higher buoyancy
conditions yield stronger turbulence, higher effective con-
ductivity, and enhanced convective heat transfer, providing a
foundation for optimizing thermo fluid systems involving
cylindrical enclosures.

11. Recommendations

The following are recommendations to the user and future
research

11.1. Recommendations to the User

Based on the findings of this study, the following practical
recommendations are suggested for engineers and practition-

ers:

1) In designing electronic enclosures, select a lower aspect
ratio to enhance convective cooling and avoid thermal
hotspots.

2) For thermal energy storage systems, higher aspect rati-
os may be deliberately utilized to promote thermal
stratification and increase energy efficiency.

3) In solar collectors and compact heat exchangers, opti-
mize the aspect ratio to strike a balance between con-
duction and convection for minimal energy losses.

4) In chemical and biochemical reactors, adjust aspect ra-
tios to regulate turbulence intensity, mixing, and tem-
perature uniformity, thereby improving reaction effi-
ciency.

5) In sustainable building ventilation, carefully tailor cavi-
ty geometries to promote natural convection, reduce
cooling loads, and enhance indoor comfort.

11.2. Recommendations for Future Research

To extend the current work, the following avenues of re-

search are recommended:

1) Investigate the effect of altering enclosure dimensions
while maintaining a constant Rayleigh number, to bet-
ter understand scaling effects on isotherm and stream-
line distributions.

2) Explore how variations in fluid properties (e.g., viscosi-
ty, Prandtl number, use of nano fluids influence convec-
tion characteristics and thermal transport.

3) Compare the performance of the enclosure under dif-
ferent turbulence models (e.g., (k-epsilon\), Large Eddy
Simulation (LES), or Direct Numerical Simulation
(DNY)) to assess the robustness and accuracy of predic-
tions.

4) Extend the analysis to transient cases to study the onset
of instabilities, flow reversals, and the transition to
chaotic convection.

5) Investigate the influence of boundary conditions such
as partially heated walls, non-uniform heating, or sur-
face roughness to simulate more realistic engineering
scenarios.

Definition of Symbols and Terms

Table 1. General Variables

Symbol Definition Units
ag Time-averaged velocity component in the tangential () direction m/s
a ; Time-averaged velocity component in the axial (z) direction m/s

t Time
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Symbol

N

4 @ =™ = ©

TOO

p
denamic

Cp

Symbol

15
ulJ

PO

F1
F2
CD_{ko}

Definition

Angular coordinate

Axial coordinate

Fluid density

Dynamic viscosity

Thermal expansion coefficient
Acceleration due to gravity

Local temperature

Reference or ambient temperature
Static pressure

Dynamic (mean) pressure component
Specific heat at constant pressure
Thermal conductivity of the fluid

Dissipation function (rate of viscous dissipation)

Dimensionless Viscous dissipation term

Source term in tangential momentum equation

Source term in axial momentum equation

Dimensionless time

Dimensionless horizontal coordinate
Dimensionless vertical coordinate
Dimensionless temperature
Dimensionless stream function

Dimensionless vorticity

Units

radians
m
kg/m3
kg/(ms)
1/K
m/s=

K
K

Pa
Pa

(kg K)

W/(m K)
W/m3

N/m3

N/m3

Table 2. Turbulence Model Terms (k- SST Model)

Definition

Density of the fluid

Turbulent kinetic energy

Specific dissipation rate

Dynamic viscosity (

Turbulent viscosity

Mean velocity component

Production of turbulent kinetic energy
Model constant

First blending function

Second blending function

Auxiliary cross-diffusion term
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Description

kg/m=3
m#&=2
1/s
kg/(ms
kg/(m s)

m/s
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Symbol Definition
ok Turbulent Prandtl number
Oprand o2 Model constants
Abbreviations
RANS Reynolds-averaged Navier-Stokes
Ra Rayleigh Number
K Kelvin

ANSYS Fluent

PDE
FDE

Computational Fluid Dynamics (CFD)
Software Tool

Partial Differential Equation

Finite Difference Equation

Acknowledgments

We appreciate Jomo Kenyatta University of Agriculture and
Technology (JKUAT) for providing invaluable resources, tech-
nical support, and an enriching academic environment. Their
contributions were instrumental in the success of this study.

Conflicts of Interest

The authors declare no conflicts of interest.

References

[1]

(2]

(3]

[4]

Mahmood, M. A., Mustafa, M. A., Al-Azzawi, M. M., & Ab-
dullah, A. R. (2024). Numerical investigation of natural con-
vection heat transfer between two isothermal concentric verti-
cal cylinders embedded with porous media. Journal of Fluid
Mechanics and Thermal Sciences, 12(1), 45-63.

Sarag B., Aksu, E., Demirtas, C., & Ayhan, T. (2024). Free
convection heat transfer and buoyancy-assisted flow over a
heated plate inserted horizontally in a vertical channel with
time-varying conditions. Journal of Thermal Analysis and
Calorimetry, 149(5), 2255-2271.

Shah, M., Ali, M., & Khan, S. (2024). Heat transfer enhance-
ment in a vertical cylindrical cavity using phase-change mate-
rials and nanofluids. International Journal of Thermal Scienc-
es, 200(3), 108425.

Azzouz, R., & Ben Hamida, M. B. (2023). Unsteady natural
convection heat transfer in a circular enclosure containing
four heated cylinders under the influence of a magnetic field.
Journal of Thermal Science and Engineering, 11(8), 2444.

391

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

Description

Ibrahim, M. N. J., Hammoodi, K. A., Abdulsahib, A. D., &
Flayyih, M. A. (2022). Natural convection in an inclined
nanofluid-filled cavity with hot inner bodies. International
Journal of Heat and Technology, 40(3), 306-317.

Gautam, S., Khan, M. J., Khan, A., Sharma, V., Farid, F., &
Sharma, A. K. (2022). Enhancement of natural convection
heat transfer in cylindrical enclosure with internal heat source.
In Recent Advances in Manufacturing, Automation, Design
and Energy Technologies: Proceedings from ICoFT 2020 (pp.
983-992). Springer Singapore.

Talukdar, D., & Tsubokura, M. (2021). Numerical study of
natural-convection from horizontal cylinder at eccentric posi-
tions with change in aspect ratio of a cooled square enclosure.
Heat and Mass Transfer, 57(1), 1-23.

Laidoudi, H., & Ameur, H. (2021). Investigation of the natural
convection within an old circular enclosure containing three
equal-sized cylinders of hot surface. Defect and Diffusion Fo-
rum, 409, 49-57.

Space, V. C. C. P. A. (2014). Numerical simulation of natural
convection in a vertical conical cylinder partially annular
space. American Journal of Energy Research, 2(2), 24-29.

Awuor, K. O. (2013). Turbulent natural convection in an en-
closure: Numerical study of different models [PhD thesis,
Kenyatta University].

Mobedi, M. (1994). A three-dimensional numerical study on
natural convection heat transfer from rectangular fins on a
horizontal surface Doctoral dissertation, Middle East Tech-
nical University.

Karanja, S., Sigey, J., Gatheri, F., & Kirima, E. (2017). Turbu-
lent natural convection in an enclosure at varying aspect ratio.
International Journal of Sciences: Basic and Applied Re-
search (IJSBAR), 7(6), 79-109.

Daiz, Y., Alim, M. A, & Karim, M. M. (2019). Numerical
investigation of natural convection in a vertical cylindrical
annulus with different aspect ratios. International Communi-
cations in Heat and Mass Transfer, 108, 104316.

Zhou, X., Wang, Q., & Zhang, J. (2020). Numerical study of
turbulent natural convection in vertical cylindrical cavities
with localized heating. International Journal of Thermal Sci-
ences, 151, 106288.


http://www.sciencepg.com/journal/ajam

American Journal of Applied Mathematics http://www.sciencepg.com/journal/ajam

Biography

Omariba Geofrey Ong’era holds a Bachelor of Bachelor of Education in Mathematics and Chemistry from Ken-
yatta University and Master of Science in Applied Mathematics from Jomo Kenyatta University of Agriculture and
Technology in Kenya. Currently is PhD candidate at Jomo Kenyatta University of Agriculture and Technology,
Kenya. He works at Kisii University as a lecturer. He is particularly interested in fluid mechanics and its applica-
tions in modelling physical phenomena in mathematics, science, and engineering. He has published 5 papers on
fluid mechanics and applications in respected international journals.

Johana Kibet Sigey holds a Bachelor of Science degree in mathematics and computer science first class honors,
Master of Science degree in Applied Mathematics from Kenyatta University and a PhD in applied mathematics
from Jomo Kenyatta University of Agriculture and Technology, Kenya. He is a senior Professor of Applied Mathe-
matics at JKUAT. He has published 60 papers on fluid mechanics and applications in respected international jour-
nals.

Jeconia Okelo Abonyo holds Bachelor of Education, Science; specialized in Mathematics with option in Physics
First-Class Honours as well as a Master of Science Degree in Mathematics, both from Kenyatta University. He
holds a PhD in Applied Mathematics from Jomo Kenyatta University of Agriculture and Technology. Currently he is
a professor at Jomo Kenyatta University of Agriculture and Technology. He has published 50 papers on fluid me-
chanics and applications in respected international journals.

Stephen Mbugua Karanja holds a Bachelor of education Science degree in mathematics double mathematics from
Kenyatta University, Master of Science degree in Applied Mathematics from Kenyatta University and a PhD in
applied mathematics from Jomo Kenyatta University of Agriculture and Technology, Kenya. He is currently the
Registrar (Academic & student affairs) in Mere University College of Science and Technology. He has published 15
papers on fluid mechanics and applications

392


http://www.sciencepg.com/journal/ajam

