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Heat transfer by convection is widely used in many engineering applications such as in
heat exchangers, combustion devices or gas processing. In Buildings, the use of rough
surfaces allows enhancing heat transfer rates. Practically, in this study, a rough surface is
obtained by using protuberances on the vertical left wall. In this perspective, the originality
of this research is to study the influence of the protuberance geometric shapes on the heat
transfer using 2D numerical simulations as a tool investigation. The homotopic
transformation is used to reach a flat plate. The system of equations with the boundary
conditions is solved using the finite volume method. A simple algorithm is chosen for the
integration of algebraic equations. The governing equations are figured out using ANSYS
FLUENT commercial software with SIMPLE algorithm in order to solve pressure-velocity
coupling. The numerical simulations have been performed for different shapes of the
protuberances (battlement, triangular and sinusoidal). The boundary conditions are based
on a uniform heat flux applied to the vertical wall. On the other hand, the horizontal walls
are subject to the adiabatic condition. It can be noticed that the effect of the wavy geometry
induces a noticeable improvement of the heat transfer rate compared to an enclosure
without protuberances. It can also conclude that the wavy configuration exhibits a Nusselt
average slightly higher than that of the square cavity, particularly the triangular

configuration, by approximately 20%.

1. INTRODUCTION

Natural convection in enclosures is critical in industrial
applications such as electronic chip cooling, bioclimatic in
buildings, thermal performance of solar collectors,
geophysical flows. The protuberance is a key solution to
improve the heat transfer. Numerous experimental and
numerical studies highlighted the cavity's natural convection.

De Vahl Davis [1] initially presented the second-order
centered finite differences approach for a laminar flow
benchmarks with Rayleigh’s numbers up to 106. Ostrach [2]
provided a review of the evolution of heat transport mode.
They concluded that the conduction process of heat transfer
takes over when the number of Rayleigh is too low. Noorshahi
et al. [3] studied an enclosure with adiabatic sidewalls, an
isothermal flat cooled top surface, a bottom surface with
corrugations maintains a consistent heat rate. He demonstrated
that as wave amplitude increases, the pseudo-conduction zone
also grows. Natural convection in two-dimensional square
enclosure with a periodic array of heated roughness
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components at the bottom was numerically investigated.
Bhavnani and Burgles [4] used interferometric analysis to
examine the influence of transverse roughness components on
laminar heat transfer by natural convection. Roughness at
various spacing heights was investigated. They showed that
the heat transferred does not depend only on the surface
exchange but it is also strongly connected to the shape and the
distance between protuberances.

Shakerin et al. [5] conducted a study on square-sectioned
ribs installed on the heated wall. It used finite difference
approach to solve the non-dimensional unstable Boussinesq
equations. Using a dye and a Mach Zander interferometer, an
experimental investigation was carried out. Despite the fact
that the increase in surface area is around 32%, the average
Nusselt number increased by about 12 percent with one rib.
These findings imply that the plate's thermal performance is
significantly influenced by the roughness spacing.

Das and Mahmud [6] statistically investigated buoyancy-
induced flow and heat transmission in a wavy enclosure with
both two straight and two wavy walls. They discovered that
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the wavelength to amplitude ratio has an impact on the flow
field and the rate of local heat transfer.

In a two-dimensional cavity with one corrugated wall and
three flat walls with a sinusoidal temperature profile, Dalal and
Das [7] explored natural convection. The temperature is
maintained constant along three walls, including the
corrugated one. The experiments were conducted for various
Rayleigh numbers, amplitudes and inclination degrees. They
employed three configurations with one, two and three
undulations. The developed results reveal that in the cavity,

the inclination angle has an influence on heat transmission rate.

The corrugated wall's average Nusselt number is noticeably
large for low Rayleigh numbers as amplitude increases. On the
other hand, adding more corrugations is not advantageous.

Saidi et al. [8] gathered a variety of information regarding
numerical and experimental studies. They discovered that the
vortex's presence lowered the overall heat exchange between
the cavity's wave-like wall and the working fluid. A wide area
of uniform temperature is created at the cavity’s bottom by the
vortex acting as a thermal screen.

The impact of hot inclined wavy wall is numerically
analyzed and reported by Adjlout et al. [9]. For one and three
undulations, tests were carried out with various inclinations,
Rayleigh’s number and amplitudes. It has been observed that
the local heat transfer has a wavelike pattern, when the mean
Nusselt number is compared to that of the square cavity.

On the other hand, Yao [10] theoretically examined the
natural convection. It has been found that the heat transfer rate
between a flat plate and wavy surface was consistently lower,
along a vertical wavy surface.

The impact of the thermal radiation and the inclination
angle of the wavy plate on thermal-fluid fields was statistically
investigated by Mayouf [11]. They discovered that the
surface's waves disrupt the flow. While the heat transfer rate
is larger in the crests, the velocity values are decreased by the
higher amplitude wave length ratio. In a 2D numerical
simulation by Agrouaz et al. [12], they took the cavity's
inclination with a wavy bottom wall and the Rayleigh number
into consideration. The heat transfer rate has been increased
with the variation of the inclination angle of the cavity for a
constant value of Rayleigh number.

In order to manage the interaction between surface radiation
and natural convection in the encountered irregular geometries
in electronic component cooling, El Moutaouakil et al. [13]
developed a CFD model employing discrete ordinate
approaches with the blocked zone idea. They demonstrated
that the mean radius and amplitude of the corrugated wall have
more influence on the rate of overall heat transfer than the
number of corrugations. They demonstrated that the mean
radius and amplitude of the corrugated wall have a greater
impact on the rate of overall heat transfer than the number of
corrugations.

In rectangular cavity with vertical surfaces that have mixed
boundary conditions, Said and Trupp [14] investigated the
laminar free convection in two dimensions using Gauss-Seidel
ADI and the SOR method to solve the energy equations.

For cavity aspect ratio of 0.5 to 15, over the modified
Rayleigh number is ranging from 690 to 1.3x105, steady-state
air solutions (Pr=0.7) have been found. It has been noticed that
the average number of Nusselt reached a peak at an aspect ratio
of roughly 1.5 for a particular heat flux. Inversion behaviour
was also visible at the transition between the laminar boundary
layer and asymptotic states in this region. The experimental
data corroborate the acquired results.
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The heat transfer coefficient in BIPV air channel is
investigated statistically by Nghana et al. [15]. Furthermore,
using experimental data, the developed CFD model has been
reasonably validated. The study looked at variables such
channel inclination angle (0), dimensionless rib pitch (p/e),
dimensionless rib pitch (e/D), and rib form. The heat flow
varies from 100W/m? to 1000W/m? in each condition. A
vertical gutter with a triangular rib that has dimensions of
p/e=8.84 and e/D=0.16 maximizes the coefficient of heat
transfer through natural convection on the heated wall. The
enhanced cross ribs' heat transfer contributes in reduction of
heat gain up to 35.5 percent in summer.

Nayak et al. [16] investigated the impact of various
corrugated baffle patterns on double diffusion natural
convection in a C-shaped cavity filled with hybrid nanofluid.
The finite element method is used to solve the governing
equations. It noticed according to the results of their
experiments an increase of the Rayleigh number, buoyancy
ratio, amplitude of wavy baffle, streamlines and Lewis number
of 141.65 percent, 245.64 percent, 25.4 percent, 23.91 percent
and 69.77 percent respectively. The velocities, heat and mass
transfer rates and streamlines increase for any wavy baftles
amplitude. Ra amplification efficiently reduces local Nusselt.
At low Ra, the Bejan numbers increase and the average
entropy decrease, whereas at high Ra, the reverse phenomenon
is observed.

In a corrugated square enclosure with a circular obstruction,
Ganesh et al. [17]. investigated in the thermal and hydraulic
properties of a multi-walled carbon nanofluid (MWCNT)
based on Casson (sodium alginate). A corrugated adiabatic top
wall and two cooled vertical walls were made up the square
enclosure. The bottom wall's top portion had a flat, adiabatic
structure, and the middle section had a heated corrugated
structure. Three different models of obstacles cold, hot and
adiabatic is analysed numerically to solve the issue by using
the finite element method. Analysis is done on the effects of
the Rayleigh number (10°<Ra<10°), Casson parameter
(0.001<p<0.1), radiation parameter (1<Rd<4) and volume
percentage of the nanoparticles (0.01<p<0.1). It noticed that
the increasing of the Rayleigh number, volume percent
MWCNT, Casson parameter and the radiation parameter for
all types of obstacles causes the increase of the Nusselt number
along the heated corrugated wall. They established that the
average Nusselt number decreases in the presence of cold (or
hot) impediments

The heat transfer and buoyancy-driven convection in a
hollow with a corrugated wall filled with nanofluid were
numerically examined by Ali et al. [18]. A heat-generating
cylindrical blocking is placed in the middle of the cavity. It is
partially cooled from corrugated walls and heated from its
bottom wall while the other walls are adiabatic. The cavity is
impregnated with a transverse magnetic field. They developed
a thermal conductivity model of a hybrid nanofluid including
the Brownian motions of different nanoparticles. The finite
element approach is used to solve the non-dimensional
governing equations. The results showed that fluid circulation
should be intensified to enhance the Rayleigh number and the
heater's length. The heat transfer rate is rapidly increased for
increasing Rayleigh number and volume fraction of hybrid
nanoparticles, but an opposite trend is observed for higher
Hartmann number. The existence of the roughness of the
hollow walls and a heat-generating cylinder affect flow
circulation and temperature diffusion. In addition, a corrugated
cavity with a heat-generating obstruction has a stronger force



of fluid motion than a smooth cavity without a blockage. A
shorter length and heating radius of the heat-generating
cylinder ensure maximum heat transfer. The roughness of the
cavity also affects how quickly heat is transferred there.

Kadari et al. [19] looked into laminar natural convection in
a square hollow with a horizontal fin attached to hot wall and
a cold wavy wall. The influence of fin length, number of
undulations, thermal conductivity ratio and fin position were
also studied. They found that the temperature distribution is
significantly affected by the size of the heat source, and that
when the local heat source is enlarged, both the average and
local Nusselt numbers increase.

Djaomazava et al. [20] studied numerically the natural
convection in a vertical channel, where one of its walls has
sinusoidal protuberances. They used the explicit finite
difference method to discretize the equations governing the
transfers within the channel. The effect of the heat flux density
and the corrugation shape ratio delivered to the base of these
undulations is investigated. They concluded that the
adjustment of the protuberance's amplitude causes an increase
in the heat exchange surfaces inside this channel and, as a
result, an intensification of convection.

Rahmani et al. [21] conducted a numerical and experimental
study. A numerical simulation was devoted to examine the
turbulent natural convection in a vertical enclosure with
sinusoidal protuberances on one of its vertical walls. The
results show that the local Nusselt numbers vary with
amplitudes, which explains how pure conduction locally
affects the modified wall.

Mahdi et al. [22] examined natural convection inside a
corrugated enclosure. ANSYS 16.0 was used to solve
governing equations assuming two-dimensional solution for
steady laminar flow. Three different examples of (Ra) for a
heat transfer problem within a sinusoidal cavity with one hot
baffle in rectangular geometry are examined.

In their proposal to include correction terms to the evolution
equations, Yang et al. [23] used two modified lattice
Boltzmann Bhatnagar-Gross-Krook (LBGK) models for the
incompressible Navier-Stokes equations and convection-
diffusion equations. The LBGK model's stability can be
increased by using this change, which allows the value of the
dimensionless relaxation time to be maintained within a
reasonable range. Even though, some gradient operators are
part of the correction terms, it is still possible to compute them
quickly using computational techniques like the current
LBGK models, which still have inherent parallelism. The
lattice Boltzmann method's distinguishing feature. According
to numerical investigations of stationary Poiseuille flow and
unsteady Womersley flow, the modified LBGK model has a

second-order spatial convergence rate, and the compressibility.

Additionally, they performed some simulations of natural
convection in a square cavity to evaluate the stability of the
present models, and they found that the outcomes are
consistent with the literature even when Rayleigh is extremely
high (Ra=10"2).

Jain and Bhargava [24] discussed the effect of the
undulating surface in a square cavity in natural convection and
the influence of the Rayleigh number, the length and height of
the heat source as well as the undulation and amplitude on the
rate of the transfer. They estimated the results in the form of
isotherms and streamlines.

Rao and Barman [25] investigated natural convection in an
undulated cavity representing the cooling of a heat source. The
right side wall, which is corrugated, is maintained at a fixed
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ambient temperature, while a partial heat source with constant
heat flux is placed on the right wall and the other walls are kept
adiabatic. They found that convection inside the corrugated
cavity filled with fluid-structured porous media depends on ¢
only at high Ra. Strong convection inside the cavity is also
observed when the surface roughness increases.

Saleh et al. [26] studied, a novel approach to enhancing the
cooling efficiency of CPUs is presented, addressing the
challenge of high temperatures generated during intense
computational processes. A new heat sink design
incorporating convex-parabolic fins was developed to mitigate
overheating issues, which can hinder task performance. The
heat sink was coupled with a hybrid nanofluid for effective
heat dissipation, and computational simulations were
conducted using the finite volume method to analyze the
cooling performance at varying Reynolds and fin numbers.
Results revealed a significant improvement of 74% in cooling
efficiency with the utilization of a greater number of fins.
Additionally, the maximum temperature of the heat sink
decreased proportionally with an increase in convex-parabolic
fins, ensuring an optimal surface temperature for uninterrupted
CPU operation. These findings offer valuable insights for the
initial design and optimization of heat sinks, particularly for
enhancing the cooling efficiency of high-performance
processors like the Core i7.

The aim of this study is to carry out, numerically in a two-
dimension approach, the effect of rough surfaces
(protuberances) on the vertical walls on heat transfer in an
enclosure. The vertical walls of the enclosure are subject to a
uniform heat flux. However, the horizontal walls are supposed
to be adiabatic. The rough surfaces are based on three different
geometrical profiles: sinusoidal, triangular, and battlements.
The homotopic transformation is used to reach a flat plate. The
system of equations with the boundary conditions is solved
using the finite volume method. A simple algorithm is chosen
for the integration of algebraic equations. The originality of
this work is examined by means of numerical simulations of
the thermal-fluid fields, the effect of protuberance geometries
and imposed fluxes positions in order to find the best
configuration of the enclosure. The results are examined
qualitatively by visualization and quantitatively through
profiles of dynamic and thermal fields.

2. MATHEMATICAL FORMULATION

In this section, we describe the mathematical formulation of
natural convection. First, we develop the governing equations
along with their corresponding boundary conditions. Then, we
present the equations and boundary conditions in their
dimensionless forms. Finally, we determine the heat transfer
rate in terms of the Nusselt number.

vy, v

Figure 1. Physical model and boundary conditions



A two-dimensional corrugated cavity with the dimensions
(H) and (L) is the configuration considered in this
investigation (Figure 1). The fluid is supposed to be
Newtonian with a constant viscosity (p) and thermal
conductivity (k). The state equation p = p,[1 — B(T —T,)]
is used to model how density (p) varies with temperature (T),
where (f) is the thermal expansion coefficient.

The equations of continuity, Navier-Stokes and energy are
used in this study with the Boussinesq approximation are given
below:

VV' =0 (1)
oV’ S
—+ 'VV')=
P TP VIV )
“VP'+u V' + p[l-p(T'-T)IG
' Vi ' k 2717
—+V'VT'= VT (3)
ot .Co

All of the enclosure's boundaries are subjected to the no-slip
condition. The corrugated left surface is exposed to a constant
heat flux q" and the temperature of the flat right surface is
considered to be constant at T,. On the other two horizontal
sides of the cavity, adiabatic condition is applied. Hence, we
now have:

u'=Vv'=0;-kdT'/d=q" at x'=x(Y) 4)
u'=v'=0;T'=T' at x'=L 5)
u=v=0;dT’/dy’=0 at y=0,H' (6)

The governing equations are nondimensionalised using L’
for the length, L?/v for the time, v/L for the velocity,
p,(v/L)? for the pressure, AT = q'L'/k for the temperature.
Using these scales, the dimensionless form of the governing
equations can be written as follows:

VV=0 (7
N W = —VP+V2\7+@T] (8)
ot Pr
or 1,
—+VV)T= —VT
at (\AY) o ©)

where, J is the vertical coordinate, Pr =v/a is the Prandtl
number and Ra = gfq'L*/va is the Rayleigh number.

The nondimensional boundary conditions at the cavity's
walls are:

u=v=0;dT/dx=-1 at x=x,(y) (10)
u=v=0;T=0 at x=1 (11)
u=v=0;dT/dy=0 at y=0,A (12)
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Figure 2. Dimensions and shapes of different protuberance
used in this study

In the above equations, x,(y) is the corrugation's
dimensionless height (Figure 2). Different shapes of
protuberances were considered in this study, namely
sinusoidal, triangular and battlement. For a smooth surface
x,=0, a sinusoidal corrugation discrete values x,(y) are
obtained using a sinusoidal equation:

X, (y) =b[1-cos(27zn y/ A)] (13)

where, A4 is the cavity's aspect ratio, b is the amplitude of
corrugation and »n is the number of corrugations in the
enclosure.

To determine the heat transfer rates in terms of local number
of Nusselt, the following expression can be used as follows:

hL' 1
NU=—=— —
k  TOyY)-T@Ly)

(14)

The mean number of Nusselt can be evaluated in terms of
average temperature T, of the heated corrugated surface by the
following relation:

(15)

3. NUMERICAL SIMULATION

The governing equations are figured out using ANSYS
FLUENT commercial software with SIMPLE algorithm in
order to solve pressure-velocity coupling. Structured meshing
grid is chosen with a refinement in the region of the
protuberances. The relaxation factors for velocity and
temperature are respectively 0.1 and 0.8 [9, 11]. It is required
that the absolute residual values of y-velocity, x-velocity,
energy and continuity to be lower than 1078,

3.1 Validation and verification of the developed model

Table 1. Comparison of Nusselt number with previous works
for A=1 and Pr=0.7

Ra 108 10* 105 106 107
Present results 1.118 2.244 4518 8.827 16.539
de Vahl Davis [1] 1.118 2.243 4519 8.8 -
Yangetal. [23] 1.115 2.247 4.544 8.813 16.260

The results obtained by de Vahl Davis [1] and Yang et al.
[23] are used to validate the results of this work. Clearly, the
current results and that reported in the literature are in good
agreement. Table 1 shows that 1.7% is the relative differences



in terms of average number of Nusselt. Figure 3 shows the
results of developed model compared to the numerical results
of Said and Trupp [14] and the experimental results of Rubel
and Landis [27]. This work's results are in good accord with
the findings provided by the aforementioned authors.

5

————— Experimental results, Landis
4 and Yanowitz 1966,

—— - —— Numerical results, Said and
| Trump 1980,

= Present numerical results.

Nu,, |

10 10° Py

Figure 3. Comparison of average Nusselt number obtained in
the present investigation with those published previously

3.2 Mesh dependency analysis

The cavity considered is meshed with a structured, refined
and uniform mesh space which allows capturing all the
gradients that occur in contact with the walls of the cavity.
Throughout the numerical study, it is important to test the
independence of the results obtained from the mesh selections
before interpreting them. Five different types of mesh were
considered but finally the chosen mesh is shown in Figure 2.

Table 2 shows results obtained using various sizes of the
mesh for Ra=10° A=1, Pr=0.7 and for five sinusoidal
corrugations with b=0.07. It is obvious that better outcomes
are obtained with finer mesh sizes. Considering results in
Table 2, 4370 elements have been used for the analysis of this
study.

Table 2. Average Nusselt number as a function of grid size
for Ra=10°, b=0.07, n=5, A=1 and Pr=0.7

Number of
Elements 1360 2220 4370 10440 21580
Num 1118 2244 4518 8.827 16.539

4. RESULTS AND DISCUSSIONS

Five parameters are governed the present problem, namely
q, Pr, b, A and n. In the current research, the cavity’s aspect
ratio is maintained at 4=1 and q varied from 5 to 100w/m? and
the Prandtl’s number has been set equal to Pr=0.7.

The aim of this investigation is to examine the geometric
shape's effect of the protuberances arranged on vertical left
wall of the enclosure as well as the effect of flux variation on
heat transfer. Temperature and velocity contours are used to
display the results in Figures 4, 5, 6 and 7 respectively.

In order to show the influence of the shape protuberance on
the various parameters such as Nusselt number, the
temperature and the speed, for each shape, the flux varies from
5 to 100w/m?. In the following section, we will present only a
sample of the results in the case of the flux g=100w/m?2.

The static temperature (Figure 4) fields show stratification
for all heat density values. The triangle shape indicates a more
homogeneity than the other protuberances.
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different forms (b) sinusoidal, (¢) battlement and (d)
triangular
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For the dynamical field, it was observed that the stream
function values are proportional to the increase in the heat
density. Furthermore, the dynamical activity is more
pronounced for the triangular protuberances. It is also
observed that the circulations are concentrated in the higher
zone of the enclosure (Figure 5 and Figure 6).
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Figure 7. Velocity magnitude without protuberances (m),
and with different forms; sinusoidal (n), battlement (o) and
triangular (p)
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In the Figure 7, it is evident that positioning protuberances
on a cavity wall can markedly enhance heat transfer by
modifying fluid flow patterns and improving convective heat
transfer. The increased surface area and alterations in flow
behavior contribute to more efficient heat dissipation.
Additionally, fluid flowing around and over the protuberances
undergoes changes in velocity and direction, fostering
enhanced mixing. This increased mixing, induced by the
presence of protuberances, facilitates improved thermal
interaction between the fluid and the surface, consequently
enhancing heat transfer. The presence of protuberances
disrupts the development of boundary layers near the wall.
Boundary layers, which are thin fluid layers near the surface,
can impede heat transfer. Disrupting these boundary layers
enables fresh, cooler fluid to come into contact with the
surface, promoting more effective heat transfer. Moreover, the
geometry of protuberances can induce the formation of
secondary flow patterns in the fluid. Placing protuberances in
a cavity increases the effective surface area, disrupts boundary
layers, and encourages secondary flows. Collectively, these
effects enhance convective heat transfer, contributing to more
efficient heat dissipation from the surface.

Different flow types and bifurcations between these flows
were made possible by variations in the flux density. Flow and
temperature fields at the free surface go through peaks, with
minimums between them. The maxima of the fluid parameters
at the free surface are increasing functions of the shape of the
protuberances. In general, the transfers developed in a
sinusoidal bottom enclosure, triangular and battlement are
larger than those obtained in a cavity with horizontal and
uniform bottom having the same dimension.

At the ridge, the streamlines move close to the wall just past
the ridge. The temperature distribution at this last region
exhibits the same characteristics as depicted in Figure 4. This
observation demonstrates the drop in thermal boundary layer
thickness right after the crest. In the cavity's middle section,
the flow stays stratified. Under the effect of undulation, the
boundary layer's thickness increases and then decreases. It is
noted that the geometrical shape of the cell is influenced by
the corrugated wall, as it is clear on various diagrams.

Heat transfer can also be improved by placing
protuberances on a wall simply because the total surface area
is increased. Finally, it can be concluded that the triangular
protuberance remains in the first position, in terms of heat
transfer enhancement, followed by the sinusoidal
protuberances and finally the battlement protuberances
(Figures 8, 9 and 10).

Furthermore, it is observed that high Grashof number (high
flux) values have a considerable influence on heat transfer. In
other terms, the shape of protuberances surfaces plays an
important role compared to the smooth surface (Figure 11).

18 Battlement wall
Nusselt number
100 W/m?
50 W/m?
20 W/m?
10 W/m?
5W/m?

Nusselt number
5

f
o 0.2 0.4 0.6 0.8 1
Lenght (m)

Figure 8. Nusselt number for battlements wall shape



Sinusoidal wall
Nusselt number
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20 W/m?
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Figure 9. Nusselt number for sinusoidal wall shapes
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Figure 10. Nusselt number for triangular wall shapes
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Figure 11. Nusselt number for different wall shapes
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Figure 12. Static temperature for different wall shapes

The steady-state temperature profiles depicted in Figure 12
for various wall shapes, such as battlements or triangular walls,
can be influenced by several factors, including material
properties, environmental conditions, and the presence of
insulation. The thermal conductivity of the material
comprising the walls will affect how heat is transferred
through them. Materials with higher thermal conductivity
facilitate easier heat transfer.
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The presence or absence of insulation in the walls can
significantly affect the steady-state temperature. Insulation
reduces heat transfer and helps maintain a more stable
temperature within the structure. Additionally, external factors
such as ambient temperature, solar radiation, and wind can
play a role in shaping temperature distributions both within
and around the structure. The shape of the walls, like
battlements or triangular walls, can affect how heat is
distributed. Sharp corners and irregular shapes may create
areas of higher heat transfer. In Figure 12, it can be seen that
the temperature profile is more irregular in the battements wall
with a variation about 30°C. However, the simple square is
more stable and the temperature remain constant.

5. CONCLUSIONS

In this comprehensive study of the effect of topography on
natural convection heat transfer, numerical simulations were
used to account for a variety of geometrical features such as
sinusoidal, battlement, and triangular protuberances. The
study finds a strong link between the shapes of protuberances,
heat flux rates, and the flow topology. Among the examined
forms, triangular protuberances outperform sinusoidal and
battlement shapes in terms of thermal-fluid performance,
indicating an increase in natural convection within the
enclosure.

The provided studies demonstrate that the presence of
protuberances significantly improves heat transfer, with
triangular shapes proving to be especially -efficient.
Surprisingly, the thermal conductivity of these protuberances
has little effect on improving heat transport, implying that
other aspects are more important. To support the current
findings, future research should expand the examination to
three-dimensional enclosures, as experimental evidence in the
literature is scarce. The results underlines the importance of
conducting a more comprehensive analysis that considers the
relationship between stream function and heat density in
cavities with  protuberances. Temperature, thermal
conductivity, and fluid flow patterns are recognized as
important factors in understanding this relationship, as key
components in defining heat transfer processes, particularly in
areas of flow separation and recirculation. The presence of
protuberances is shown to change flow patterns and influence
thermal boundary layer properties. This disruption alters
temperature gradients, notably at the leading edge where the
thermal boundary layer is thin and downstream where it
thickens, which frequently coincides with flow separation and
recirculation zones. Understanding these differences in
thermal boundary layer thickness is regarded as critical for
maximizing heat transmission in systems with cavities and
protuberances.

The disruption of boundary layers near the wall enables
more effective heat transmission, which is aided by the
induction of secondary flow patterns in the fluid due to the
geometry of the protuberances.

Thus, this multifaceted investigation of protuberances in
cavities provides important insights for enhancing heat
transmission mechanisms. The work not only advances our
understanding of how varied protuberance shapes affect heat
transfer, but it also highlights the complex relationships
between flow patterns, thermal boundary layers, and
convective heat transfer. These findings have practical
significance for bioclimatic thermal management, serving as a



platform for future research and implementation in a variety of
technical and environmental scenarios.
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