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ABSTRACT

This work investigates the effect of two wall roughness types, triangular and circular, on convection and
radiation heat transfer in a small space. The ANSYS Fluent is used to do thermal and dynamic
modeling; the left wall is warmer than the right one. The upper and lower walls are adiabatic.
The Nusselt numbers are compared in all cases and for two Rayleigh values, which change based on the
cavity’s characteristic length. The results show temperature contours and Nusselt curves. It was
observed that the roughness had a strong effect on the air’s thermal behavior inside the cavity, where the
Nusselt decreased in both roughness cases, especially at small heights. However, the largest decrease is
in the triangular case and for angles less than 908. For 728, Nusselt is 13.32 and 6% less than smooth and
circular cases respectively.
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1. INTRODUCTION

Natural convection in square cavities has been extensively studied because of its numerous
uses, but the relationship between surface radiation and natural convection is rarely dis-
cussed. Moreover, cavities with smoother walls were the subject of earlier experimental [1]
and numerical [2, 3] investigations. The convection of air in a square enclosure with partly
thermally active side walls was studied using 2D simulations. Some studies [4, 5] considered a
cavity with basic geometry and showed the structure of the flow field and energy within this
cavity. The radiological models included in the Fluent 6.3 program were examined and study
the impact it in Computational Fluid Dynamics (CFD) simulations of convection heat
transfer in a side heated square cavity in to identify the model produces results that are most
similar to experimental data [6]. Upon seeing that the velocity patterns on the y-axis of the
radiation-free and radiation-exposed instances varied significantly, it was concluded
that the radiation-free case’s physical model was rather non-physical. Additionally, the
researcher discovered that the S2S model has the best convergence with the experimental data
when compared to the models in Fluent 6.3. The studies [7, 8] investigated the interplay of
surface radiation with turbulent convection in a chamber with smooth walls. In the Rayleigh
number range taken into consideration, it was demonstrated that radiation alters the overall
heat transfer by 20% for emissivity ε 5 0.2 and by 60% for ε 5 1. Rough surfaces have been
frequently used as an effective means of enhancing heat transfer efficiency in turbulent
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thermal convection. However, roughness is not always
associated with improved heat transfer and can, on occasion,
result in a decrease in the system’s total heat transfer. The
simulations are performed in two and three dimensions for
Rayleigh numbers (Ra 5 107–1011). The Nusselt number
decreased at a fixed Raleigh number regarding little rough-
ness height h, whereas the heat transfer rate increased for
large h [9].

A study [10] examined the effects of a wall with a sinu-
soidal wave pattern on convection in 2D within a cavity that
held nanofluid. The governing equations for the Finite Vol-
ume Method (FVM) discretized velocity field and heat
transfer are solved with Semi-Infinite Method for Pursuer
Linked Equation (SIMPLE). The data show that Volume
Fraction (VF), which doubles the Nusselt number as VF
grows from 0 to 0.04, has the most effect on heat transfer.
Heat transfer by convection in a porous square cavity with a
wavy wall and a partially heated bottom surface was examined
using the energy-flux-vector method. Modified Darcy, Ray-
leigh, Prandtl, and partially heated bottom surface lengths
have an effect on the mean Nusselt number and energy-flux-
vector distribution. Recirculation zones and a high mean
Nusselt number are caused by energy flow vectors when the
modified Darcy and Rayleigh numbers are high [11, 12].

As a result, these studies illustrate the lack of data and
the extreme dispersion of the configurations and method-
ology used to simulate convection and radiation heat
transfer inside square cavities especially if one of the cavity’s
walls is rough. In the previous work [13], the impact of
different angles of surface triangle roughness on the inter-
action between radiation and convection in a cavity is
studied. So, to study the impact of surface roughness on the
rate of heat transfer in the cavities, this work aims to enrich
the database with natural convection and surface radiation
coupling inside square cavities containing rough surfaces
arranged a triangular and circular shapes.

Now the effect of the shape of the rough surface, whether
triangular or circular, is studied on heat transfer by con-
vection and radiation inside square cavities at different
Rayleigh numbers and emissivity values using the ANSYS
Fluent 19.2 program. First, the triangular surface with
different angles and the circular surface with constant radii
of surface are compared. Second, the triangular surface with
a constant angle of triangle and a different height h and the
circular surface with different radii of surface are compared
to study the effect of the height of the rough element on heat
transfer. Then, the results are compared with those of sur-
faces without roughness to see which surface most effectively
reduces the amount of heat flowing through it.

2. PROBLEM DESCRIPTION

2.1. The geometry

The three-dimensional (3D) cavity is shown in Fig. 1; while
the cavity’s height H and length W are changed, the aspect
ratio AR 5 H/W stays unchanged. The depth is L, and H1,
H2 are the changing dimensions depending on the vertex

angle change θ. As the direction of heat transfer is perpen-
dicular to the surface, the problem is regarded as two-
dimensional (2D), so the z5 0.5 plane is taken as it is shown
in Fig. 2, with changes in the third dimension considered
minimal [8]. The 3D effects are disregarded in favor of 2D
simulations to reduce the time cost of this study, as evi-
denced by earlier research [14–18]. Table 1 and Fig. 2 show
the boundary conditions of the cavities.

The following are the approximations and hypotheses of
the study:

1. Heat transfer by radiation and convection are examined
in the cavities;

2. Air fills the cavity, and the Boussinesq buoyancy hy-
pothesis is adopted;

3. The four inner walls of the cavity are considered to be
diffuse, gray, opaque, and to have identical emissivity ε
with values listed in Table 1;

4. It is a steady-state study, meaning that vu=vt ¼ 0 and
vv=vt ¼ 0;

5. The physical properties of the air-fluid at the average
temperature, which are shown in Table 2, are considered
to remain constant, while density varies according to the
Boussinesq model;

Fig. 1. Diagram in 3D of the geometry for walls with a) triangular
roughness and b) circular roughness

Fig. 2. a) The z 5 0.5 plane with boundary conditions, b) shows an
example of the triangular and circular walls, and it shows the

surface remains constant when the angle is changed
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6. In order to facilitate comparison with the reference study
results [7], non-dimensional results are provided. Two
cavity W lengths were selected, indicating two distinct
Rayleigh numbers. As it is shown in Table 3, the defi-
nition of the aspect ratio, or dimensionless square body’s
adiabatic size, is AR 5 H/W;

7. It is a steady-state study, meaning that vu=vt ¼ 0 and
vv=vt ¼ 0.

2.2. Solution methods

According to the definition of computational fluid dynamics,
this field of study deals with the numerical mathematical
techniques used to solve flow and heat transfer equations.
As computer technology advanced, it became possible to
solve a system of millions of equations with millions of
unknowns at a reasonable calculation cost, and this science’s
general principle is summarized according to Fig. 3 [19].

In this branch of science, the studied space, which in-
cludes the area occupied by the fluid, is divided into a finite
number of small cells in accordance with the so-called mesh.
The equations governing the flow are written for each cell
(the physical model), and the differential equations become
converted into a set of linear algebraic equations in accor-
dance with the so-called discretization before being solved
for all cells [19].

The results of the solution are displayed subsequently,
either in the form of colored images describing the flow
structure or in the form of graphic curves that are analyzed
to describe and provide an approximation of what is
occurring in the domain. Finally, the model and the solution
are validated by comparing these results to experimental
data or to the results of earlier studies using a few logical
approximations that are related to the numerical solution,
for example observing the general convergence criterion and
determining the value of a point or surface [20].

2.3. The governing equations

Continuity equation:

vu
vx

þ vv
vy

þ vw
vz

¼ 0; (1)

where u is the x-component, v is the y-component, and w is
the z-component of the velocity (m s�1), respectively.

The momentum equation on the x-axis:

ρ

�
u
vu
vx

þ v
vv
vy

�
¼ −

vp
vx

þ μ

�
v2u
vx2

þ v2v
vy2

�
; (2)

on the y-axis:

ρ

�
u
vu
vx

þ v
vv
vy

�
¼ −

vp
vx

þ ρgβðT � T∞Þ þ μ

�
v2u
vx2

þ v2v
vy2

�
;

(3)

where ρgβðT −T∞Þ is the buoyancy Boussinesq approxi-
mation, g is the gravitational acceleration of the Earth and
equal 9.81 (m s�2) [21].

The energy equation�
u
vT
vx

þ v
vT
vy

�
¼ k

ρc

�
v2T
vx2

þ v2T
vy2

�
: (4)

The governing equations for natural convection are non-
dimensional, and to reduce the total number of variables,
they are combined to produce non-dimensional numbers.

Table 2. Physical properties of air at average temperature
Tm 5 293.5 K, based on [8]

Name Symbol Value Unit

Thermal conductivity
coefficient

k 0.0249 W/
(m∙K)

Density ρ 1.232 kg=m3

Specific heat c 1,008 J/(kg K)
Kinematic viscosity υ 1.43∙10�5 m2=s
Dynamic viscosity μ 1.761∙10�

5
kg/(ms)

Thermal expansion coefficient β 0.0034 K−1

Thermal diffusivity α 2∙10�5 m2=s
Prandtl number Pr 0.71 –
Temperature difference ΔT 10 K
Average temperature Tm 293.5 K

Table 3. Rayleigh numbers depending on characteristic length W

Ra W (m) H (m) AR 5 H/W

104 0.021 0.021 1
106 0.097 0.097 1

Fig. 3. Scheme of the modeling

Table 1. The boundary conditions of examined cavities

Wall location Type condition

Wall Properties

The surfaces Emissivity ε

Right Cold Tc 5 288.5 K No slip, u 5 0, v 5 0 0 0.4 0.8 1
Left Hot Th 5 298.5 K No slip, u 5 0, v 5 0
Lower Adiabatic vT=vy ¼ 0 No slip, u 5 0, v 5 0
Upper Adiabatic vT=vy ¼ 0 No slip, u 5 0, v 5 0
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The following equations are used to calculate the results
in ANSYS Fluent software:

Nutot ¼ Nuconv þ Nurad ¼ 1
A

Z
Nulocal$dA; (5)

Nuconv ¼ qconv$H$L
kðTh � TcÞ ; (6)

Nurad ¼ qrad$H$L
kðTh � TcÞ ; (7)

qtot ¼ qconv þ qrad ¼ 1
A

Z
qlocal$dA; (8)

where L 5 1 m, as previously stated.

2.4. The dimensionless numbers

The physics formula for the Rayleigh number is the ratio of
buoyancy and viscosity forces multiplied by the ratio of
momentum and heat diffusivities as following:

Ra ¼ gβΔTW3

vα
; (9)

where W is the distance between the cold and hot surfaces,
i.e., the characteristic length (m). Below the critical threshold
of Rayleigh number, most heat transfer is accounted for via
conduction. Convection accounts for the majority of heat
transfer above this threshold value.

To determine the heat transfer rate across the cavity’s
walls, a surface Nusselt number along the cold the cavity’s
wall was used.

It is the conductive to convective heat transfer ratio
across the boundary. Due to the problem’s non-dimensional
description, the local Nusselt number along the cavity’s right
wall can be defined as

Nu ¼ hAðT1 � T2Þ
kAðT1 � T2Þ=W ¼ Qconv

Qcond
¼ hW

k
; (10)

where the surface area for heat transfer is A (m2), and h is
the flow’s convective coefficient (W/(m2K)). Consequently,
the strength of convective heat transfer in relation to con-
duction heat transfer through the liquid is indicated by the
Nusselt number. So, when the Nusselt number rises,
convective heat transfer becomes dominant [22].

The ratio of momentum diffusivity v to thermal diffu-
sivity α is the definition of the Prandtl number in terms of
physics. It provides the measurement of the efficiency of
diffusion transport over the thermal and velocity boundary
layers as follows:

Pr ¼ v
α
: (11)

3. THE MESH CONSTRUCTION

According to [23], the fluid’s region is divided into a limited
number of smaller portions, each known as a cell. After

that, the fundamental flow equations for every cell can be
expressed and converted into algebraic form, which can be
solved numerically.

As it can be seen in Fig. 4, the investigated domain in the
current study was meshed using the ANSYS Meshing
Application code. Hexahedral cells were used to create the
mesh at the smooth wall, and tetrahedral cells at the rough
wall. The refinement feature is used to smooth the mesh
near surfaces and correct the gradients associated with the
boundary layer for rough walls [24].

More cells lead to a more accurate solution, but this costs
a lot of computing power. As the number of cells surpasses a
certain threshold, the results stay nearly constant, meaning
that so-called mesh independence has been attained [25].
Thus, nine meshes with progressively more elements for the
smooth wall are employed to determine whether the results
are independent of the mesh density [26]. As it is shown in
Table 4, the Nusselt number is computed based on the
element numbers on the smooth and rough walls. The
Nusselt number does not change when the number of ele-
ments is greater than 72,370 and 76,100 for smooth and
rough walls cases respectively, as it can be seen in Fig. 5.
Thus, 72,370 and 76,100 are the total number of elements
selected for both.

A collection of differential equations is converted into a
set of linear (algebraic) equations as part of the solution
process then solved using a method similar to the numerical
solution [27]. The SIMPLE method is used to achieve the
correlation and coupling between pressure and velocity in

Fig. 4. Shows the mesh used

Table 4. Nusselt numbers based on the number of elements

Smooth Rough

Elements Nu Elements Nu

20 2.368 42 2.031
560 2.359 1,008 2.034
6,200 2.344 8,560 2.0486
12,680 2.310 15,800 2.075
26,700 2.300 31,876 2.078
48,160 2.299 55,420 2.080
72,370 2.298 76,100 2.082
98,000 2.298 102,060 2.082
123,400 2.298 130,240 2.082
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the continuity and momentum equations. The momentum
and energy equations are solved using second-order inter-
polation. The body force weighted that is suggested in the
ANSYS User Guide is applied to the pressure.

4. RESULTS AND ANALYSIS

4.1. Comparing the Nutotal in case of no radiation
ε 5 0

For both Rayleigh numbers 104 and 106 and in the case of
ε 5 0, the total Nusselt number of circular roughness is
smaller than triangular roughness with angles larger than
100, but for angles smaller than 1008, the Nusselt number is
large as it is shown in Fig. 6.

4.2. Comparing the Nutotal in case of radiation with
ε 5 0.4

The total Nusselt number in the case of the triangular
roughness surface at angles greater than 928 and for ε 5 0.4
is larger than the circular roughness surface case for Ray-
leigh number values 104 and 106. However, the total Nusselt
number becomes smaller at angles less than 928 for trian-
gular roughness as it is shown in Fig. 7.

4.3. Comparing the Nutotal in case of radiation with
ε 5 0.8

For stronger radiation ε 5 0.8 and for Rayleigh number
values 104 and 106, the total Nusselt number in triangular

Fig. 5. Total Nusselt number for smooth (left axis) and rough
(right axis) walls as a function of number of elements

Fig. 6. Comparing the Nut according to the roughness type at
ε 5 0, where the left axis refers to Nut at Rayleigh number
Ra 5 104, and the right one refers to Nut at Ra 5 106

Fig. 7. Comparing the Nut according to the roughness type at
ε 5 0.4, where the left axis refers to Nut at Rayleigh number

Ra 5 104, and the right one refers to Nut at Ra 5 106

Fig. 8. Comparing the Nut according to the roughness type at
ε 5 0.8, where the left axis refers to Nut at Rayleigh number

Ra 5 104, and the right one refers to Nut at Ra 5 106

150 Pollack Periodica 19 (2024) 2, 146–153

Brought to you by Library and Information Centre of the Hungarian Academy of Sciences MTA | Unauthenticated | Downloaded 08/08/24 12:18 PM UTC



roughness case at angles greater than 908 is larger than the
circular roughness surface case, but at angles less than 908,
the total Nusselt number becomes smaller in the case of
triangular roughness as it is shown in Fig. 8.

The simulations were repeated at ε 5 1, it was found the
total Nusselt number in the case of the circular roughness is
smaller than the triangular one at angles greater than 888.

From the temperature distribution contours, because the
viscous effects become more significant as Ra decreases, in
the case of both types of roughness, the fluid will become

trapped and accumulate inside the hollow regions between
the rough elements as it is shown in Fig. 9. As a result, a
larger thermal boundary layer is formed, which impedes the
system’s overall heat flux by reducing convective heat
transfer.

4.5. Comparing the Nutotal in case of changing the
height of roughening elements

Figure 10 shows how the height of circular and triangular
roughness elements changes with a constant area.

Fig. 9. Temperature distribution contours in the case of circular
and triangular rough walls with an angle of 728 for different

emissivity

Fig. 10. Shows changing the height of triangular and circular
roughening elements with constant area

Fig. 11. Shows the Nut as a function of the roughness element
numbers at ε 5 0, where the left axis refers to Nut at Rayleigh
number Ra 5 104, and the right one refers to Nut at Ra 5 106

Fig. 12. Shows the Nut as a function of the roughness element
numbers at ε 5 0.8, where the left axis refers to Nut at Rayleigh
number Ra 5 104, and the right one refers to Nut at Ra 5 106

Fig. 13. Temperature distribution contours in the case of changing
the roughening height element h for different emissivity and for

both Rayleigh numbers 104 and 106
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In the case of no radiation with ε 5 0 and radiation with
ε 5 0.8, and for both Rayleigh numbers 104 and 106, the total
Nusselt decreases when the number of circular or triangular
roughing elements increases and, equivalently, when the
height of the roughness element decreases. The total Nusselt
number is smaller in the case of triangular roughness
compared to circular, as it is shown in Figs 11 and 12.
Increasing emissivity and Rayleigh number both lead to an
increase in the total Nusselt value.

The temperature contours for different Rayleigh
numbers are shown in Fig. 13.

5. CONCLUSION

This study focused on examining the impact of surface ra-
diation, how the wall’s roughness type affects heat transfer
and the thermal and hydrodynamic behavior of a fluid inside
the cavity.

Two cavities are investigated for this purpose, implying
two distinct Rayleigh numbers. In the case of smooth and
rough walls, mesh independence was carried out. As a result,
it was found that when the angle of the triangular roughing
decreases, the heat transfer rate decreases since there is less
buoyancy force at Ra 5 104, which could cause the fluid to
become trapped in the spaces between the roughness pieces
due to the low velocity. A decrease in fluid volume, the
formation of vortices near roughness components, and a
reduction in the effective distance between two walls could
be the main factors influencing fluid flow and overall heat
transmission in the cavity.

For the triangular and circular roughness, the total
Nusselt decreases when the number of circular or triangular
roughing elements increases or, equivalently, when the
height of the roughness element decreases. The total Nusselt
number is smaller in the case of triangular roughness
compared to circular, whereas the rough surface in a circular
form is reduced by 8.86% for the Nusselt value from the
smooth surface.

Increasing emissivity and Rayleigh number both lead to
an increase in the total Nusselt value. The heat transfer rate
is low if the surface is roughened in a triangular shape with
cross-section angles less than 858 at small heights of the
roughness elements.
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