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ABSTRACT

This work presents a study by numerical simulation of mixed convection in a rectangular 
cavity with a sinusoidal temperature imposed on the right vertical wall while the other wall 
on the left is kept at a cold temperature. The upper and lower walls are thermally insulated, 
the inlet and outlet ports are respectively located on the hot wall to the bottom and on the top 
to the left. The enclosure represents a practical system such as an air-cooled electronic device, 
the heat source represents a radiator or an electronic component located in three different 
positions towards the left side at the bottom, the center and towards the right side at the top 
in such an enclosure. All calculations are made for a range of Richardson number from 0 to 
10 and Reynolds numbers from 50 to 200. The influence of Richardson number, the position 
of the heat source and the influence of amplitude and phase deviation of the temperature 
imposed on the Nusselt number on the hot surface is studied. The results are presented in the 
form of streamlines and isotherms graphs as well as the variation in maximum temperature 
and mean Nusselt number under different conditions. The numerical resolution of the 
governing equations is obtained using the software of Multiphysics Comsol based on the 
finite element method.
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INTRODUCTION

Recently, the numerical analysis of mixed convection 
flow structure and thermal phenomena inside ventilated 
cavities has become the most extensive research subject for 
its functional importance and application as: production 

oil, air heating-cooling mechanism, nuclear reactors, heat 
exchangers and others.

In general, several scientific researchers have stud-
ied flow dynamics and heat transfer in both two and 
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three-dimensional [1]–[4] configurations in various geo-
metric shapes [5]–[14].Due to its high performance and 
limited energy demand, a study of laminar mixed convec-
tion cooling of a rectangular cavity with a constant source of 
heat flow was the subject of [15]to identify optimum loca-
tion of inlet and outlet for better cooling efficiency. For var-
ious ventilation arrangements, free and forced convection 
was investigated in a rectangular enclosure with a source 
heated from below. S. Mekroussi and al. [16] studied by 
numerical simulation the mixed air convection (Pr=0.71) in 
a cavity with corrugated walls. The influence of several con-
trol parameters on the flow such as the Richardson number, 
amplitude ratio and phase difference have been considered. 
Taylor and al. [17] carried out an experimental study of 
mixed convection in a ventilated cavity subjected to a heat 
flux on the vertical wall. [18] For the fields of flow and tem-
perature distributions, numerical results are recorded in a 
heated solid enclosed in a square cavity with several geo-
metric configurations. [19] studied two-dimensional mixed 
convection inside a ventilated cavity with central solid cir-
cular heated horizontal conductor for different cylinder size 
(0-0.6) and also Richardson number 0 <Ri < 500 using the 
finite element method.

As a result, the phenomenon inside the cavity with or 
without a cylinder depends on both the transfer diameter 
of the cylinder and the number Ri.

[20] and [21] analyzed two-dimensional mixed convec-
tion in enclosures with adiabatic walls with two cylinders 
heated inside for a different diameter and a constant dis-
tance between the two cylinders. [22] Using a finite ele-
ment method, a computer survey was carried out on mixed 
convection in a square cavity, in a ventilated square enclo-
sure with an inlet located on the left edge of the insulated 
vertical wall, where the exhaust port is attached to the top 
of the heated vertical surface, this study examined and 
explained the complicated relationship between buoyancy 
and the flow of force. [23]Study of heat transfer and mixed 
convection flow patterns driven by the cover in a trapezoi-
dal cavity with sinusoidal temperature at the bottom wall. 
[24]The mixed convection driven by the cover with a sinu-
soidal temperature in the two side walls in a square cavity
was studied. [25]studied the two-dimensional ventilated
rectangular cavity for various inlets and outlets using the
finite element method. [26]three-dimensional mixed con-
vection in a Ventilated cavity for different locations of the
inlet and outlet ports at various Reynolds and Richardson
numbers.

The present work was carried out to study the heat trans-
fer and the fluid patterns inside a rectangular enclosure in 
terms of the mean Nusselt number at the heated sinusoidal 
wall and the conductive square solid block inside the rect-
angular cavity for various parameters in order to achieve 
optimal mixed convection conditions. Finally, an empiri-
cal correlation equation is developed to calculate the mean 
Nusselt number.

DESCRIPTION OF THE PROBLEM

The studied physical system illustrated in Figure 1, con-
sists of a rectangular cavity of width H and length L con-
tains a square heat source of dimension d on each side. The 
two openings of dimension w, one of which is located in the 
right wall which serves for the outlet of hot air and the other 
for the inlet of cold air located in the upper wall.

The cavity is stressed by a hot temperature of the sinu-
soidal shape in the right vertical wall and the other left 
wall is kept at a cold temperature, so that both sides of the 
upper and lower part of the cavity are thermally insulated 
(adiabatic).

The simplifying assumptions are as follows:
• Th e flow is assumed to be two-dimensional and

laminar
• The fluid is Newtonian
• The properties of fluid are constant
• The viscous dissipation and compressibility effects are 

considered negligible
• The heat exchange by radiation and the variations in

density of the fluid are neglected except in the term
of buoyancy.

In the fluid zone :
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In the solid zone :
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The dimensionless numbers that appear in the previous 
equations are:
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Boundary condition
The boundary conditions of this analysis are:
• Lower horizontal wall :

U = 0; V = 0 and
Y

 = 0
∂
∂

θ

• Left vertical wall :

θ = 0, U = V = 0

At upper horizontal wall:

U = 0; V = 0  and  
Y

 = 0
∂
∂

θ

• At the entrance:

U = 0, V = 1  and   = 0− θ  

At right vertical wall:

U = V = 0, = .sin Y+ , ( )hθ ε π φ

• At the outlet:

convective boundary condition, CBC , P=0( )

With w = 0.1H L=
3
2

H  and d=
H
3

The average Nusselt number in vertical right wall and in 
the solid block of cavity is evaluated by:

• In the right vertical wall :

Nu = 
1

L
Nu(Y)dY

h 0

Lh

∫ (6)

• In the interface solid-fluid:

Figure 1. The physical model.
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According to Saha et al. [15] and in order to obtain a better 
value of the average Nusselt number, it is calculated from the 
average temperature and nom from the input temperature.

The average Nusselt number at the surface of the square 
solid is:

Nu  = 
1

L
Nu(X)d +

1
L

Nu(Y)d

=
1

L
h.X

dX

S
x 0

L

y 0

L

x 0

L

x y

x

η η

λ

∫ ∫

∫ ++
1

L
h.Y

dY
y 0

Ly

λ∫
 (7)

In this case

h = 
q

avθ θ− (8)

The average temperature is defined as:

θ θav =
1
V

dV∫ (9)

Where V is the volume of the cavity.

NUMERICAL METHOD

The finite element method is used to resolve the gov-
erning equations. A direct linear system solver is adopted 
with a stationary nonlinear solver described by [27] and 
[28]. Th e relative tolerance for error is assumed to be 10-6 
used with denser grids clustered in regions close to the heat 
source and enclosure walls.

Our work has been validated with the work of Rahman 
et al [19]. We compared the isotherms and the average 
Nusselt number when the solid square was located at ly = 
lx = 0.5 with data from our results at Re = 100, Ri = 1.0, λ = 
5.0 and lx = ly = 0.2. We found that the isotherms and the 
average Nusselt number agree well with those of Rahman et 
al, as shown in Figure 2 and Figure 3.

In this study, several grids sizes have been tested (8111, 
8943, 9824, 10700, 11884 and 12236 elements) have been 
tested. The values of average Nusselt number are included 

Figure 2. Isotherms for Ri = 5, Lx = 0.5, Ly = 0.25, λ = 0.5 and Re = 100.

Figure 3. Average Nusselt Number for Lx = 0.5, Ly = 0.25, 
λ = 5, Re=100 between M. M. Rahman [19] and our work.
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in Table 1. The grid size 11884 elements is adopted since 
it provides more satisfaction results and less calculating 
time.

RESULTS AND DISCUSSION
Streamlines and isotherms

The current lines for a Richardson number from 0 to 
10 and different Reynolds number from 50 to 200 with an 
amplitude of and a phase deviation of the configuration 
“A” are shown in Figure 4, In the case of forced convection 
Ri = 0, two small rotating vortices are formed near the left 
cold wall and the bottom wall of the cavity, respectively. As 
the Reynolds number increases, this vortex area becomes 
larger. As Ri increases, the rotating vortex becomes larger 
and the flow rate is strong near the horizontal cold wall 
and the appearance of a recirculation zone towards the side 
of the right hot wall. Increasing the Richardson number 

Table 1. Grid sensitivity Check at Re=100, Ri=1.0, λ = 5, d=L/3, Lx=1.5/2 and Ly=0.5

Elements 8111 8943 9824 10700 11884 12236
Nu 47.5915 47.6468 47.6780 47.7272 47.7278 47.7280

Figure 4. The streamlines for a number of Ri from 0 to 10 and Re from 50 to 200 with an amplitude ε = 1, and a phase-
deviation φ = 0 for the “A” configuration.

increases the buoyancy effect and improves energy trans-
port which leads to an increase in flow force.

Figure 5 represents the isotherms for a Richardson 
number from 0 to 10 and different Reynolds number from 
50 to 200 with an amplitude of and a phase deviation of the 
configuration “A”, when the convection is forced (Ri = 0) the 
isotherms are more concentrated vertically around the heat 
source. Since the greatest amount of heat flow is removed 
from the source and dissipated through the outlet opening, 
hence the air flow from the inlet to the outlet to influence 
the heat transport and isotherms with high values   tend to 
concentrate near the heat source so that the conduction 
mode of heat transfer dominates that of convection which 
is confirmed by layered isotherms.

The mixed convection regime becomes more notice-
able with the increase in Ri because the energy transport 
increases due to the flow of conductive heat emitted by 
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the source. Since the isotherms change as Ri and Re vary, 
these are the concentration parameters in the analysis for 
all cases. Isotherms are more concentrated horizontally 
around the heat source and at the top of the cavity. When Re 
increases the isotherms are clustered near the heat source, 
because the induced fluid flows faster over the heat source, 
the heat conducted in the induced flow cannot propagate to 
the upper layers of the fluid.

The current lines of configuration “B” for a Richardson 
number from 0 to 10 and different Reynolds number from 
50 to 200 with an amplitude of and a phase deviation are 
shown in Figure 6. hot source is in the center of the cavity 
the flow is symmetrical for Ri> 0 and becomes larger with 
the increase in the number of Re. In the case of forced con-
vection Ri = 0 the appearance of two recirculation zones 
one is around the hot source and the second occurs from 
the inlet opening to the outlet port since the flow is faster 
than the flow dissipated by the hot source.

Figure 7 shows the isotherms for a Richardson number 
from 0 to 10 and different Reynolds number from 50 to 200 
with an amplitude of and a phase deviation of the configura-
tion “B”, in the case of forced convection the isotherms are 

more concentrated. vertically near the hot source and as the 
number of Re increases, the isotherms near the cold wall and 
the fluid inlet become weaker than that of the source and 
the hot wall. On the other hand, the more Ri increases the 
isotherms are horizontal and always concentrated around 
the source since the heat flux is dominant than the flow flux.

The current lines of the configuration “C” for a 
Richardson number from 0 to 10 and different Reynolds 
number from 50 to 200 with an amplitude of and a 
phase deviation are illustrated in Figure 8 For Ri = 0 the 
appearance of two recirculation zone one of the air enter-
ing through the opening which circulates around the hot 
source to the outlet opening and the other vortex is located 
in the corner between the left hot wall and the part upper 
cavity. When the mixed convection Ri> 0 starts, two coun-
ter-rotating vortices, one of small size located above the hot 
source and near the cold air inlet opening and the other 
large size vortex occupies the rest of the cavity and as Re 
increases the flow is important.

The isotherms of the configuration “C” for a Richardson 
number from 0 to 10 and different Reynolds number from 
50 to 200 with an amplitude of and a phase deviation are 

Figure 5. Isotherms for a number of Ri from 0 to 10 and Re from 50 to 200 with an amplitude of ε = 1 and a phase-
deviation of ϕ = 0 for the configuration “A”.



J Ther Eng, Vol. 8, No. 4, pp. 538–550, July 2022544

Figure 6. The streamlines for Ri from 0 to 10 and Re from 50 to 200 with an amplitude of ε = 1 and a phase-deviation of ϕ 
= 0 for the configuration “B”.

Figure 7. Isotherms for Ri from 0 to 10 and Re from 50 to 200 with an amplitude of ε = 1 and a phase-deviation of ϕ = 0 
configuration “B”.
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Figure 8. The current lines for Ri from 0 to 10 and Re from 50 to 200 with an amplitude of ε = 1 and a phase deviation of 
ϕ = 0 for the configuration “C”.

Figure 9. Isotherms for Ri from 0 to 10 and Re from 50 to 200 with an amplitude of ε = 1 and a phase deviation of ϕ = 0 
for the configuration “C”.
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the hot wall of the cavity of the three configurations studied 
above is represented in the Figure 10. We notice, through 
the profile of the configuration “C” where the position of 
the source located at the bottom and to the left of the cav-
ity. The average Nusselt number increases from Ri = 0 to 
Ri = 2.5 and vice versa for the case of the “A” configuration 
where the position is at the top right of the cavity. Then 
it remains almost constant beyond this value for the set 
of Re values of the two cases. On the other hand, in the 
case of the configuration “B” where the position is in the 
center, the average Nusselt number is almost constant as 
a function of Ri for different numbers of Re. Nevertheless, 
by comparing quantitatively the value of the transfer rate 
is larger in configuration “A” this is due to the increase in 

presented in Figure 9 in the case of forced convection the 
isotherms are concentrated vertically near the hot source 
and as the number of Re increases, a stratification of the 
isotherms at the top of the cavity for low values of Re the 
transfer by conduction is dominant than the convection. 
On the other hand, the more Ri increases, the isotherms 
are narrowed and they are concentrated around the source 
since the transfer by convection is dominant than the 
conduction and the more Re increases which induces a 
rapid flow speed of the fluid.

Heat transfer rate
A variation of the mean Nusselt number as a function of 

the Richardson number for different Reynolds numbers on 

Figure 10. The average Nusselt number as a function of the Richardson number for different Reynolds numbers with 
amplitude of and phase-deviation of the three configurations.
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number whatever Re for the configuration “A “. But we see 
in the configuration “C” the Nu increases in the phase of 
forced convection Ri = 0 to 2.5 then it decreases by increas-
ing the Re. On the other hand, the configuration “B” the 
heat transfer rate registers a stability except for the phase 
of the low numbers of Ri where it experiences a decrease, 
then it increases with the large values of Re. The significant 
increase in average Nusselt number for low Ri values cor-
responds to a dominant forced convection in configuration 
« C ».

convective effects and consequently to the intensification 
of heat exchanges between the heat source and the flowing 
fluid. Note that the positioning of the heat source at the 
top near the right vertical wall of the cavity gives a better 
heat transfer rate, especially for high values of the Reynolds 
number.

The Figure 11 shows the variation of the average Nusselt 
number as a function of the Richardson number of the three 
configurations for each Reynolds number, we notice that 
the Nusselt number decreases by increasing the Richardson 

Figure 11. The variation of the mean Nusselt number as a function of the Richardson number of the three configurations 
for each Reynolds number.
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Effect of the amplitude and phase-deviation:
Figure 12 illustrates the Nusselt number profile as a 

function of the Richardson number for different values   
of the amplitude of the sinusoidal temperature imposed 
on the right vertical wall of the three configurations stud-
ied. The Nu decreases in the case of the source is posi-
tioned at the top of the right side (configuration “A”) then 
it becomes constant where the position of the source is 
in the center (configuration “B”) and the Nu increases 
in the case of the source is located at the bottom left side 
(“C” configuration). However, the average heat transfer 

rate increases with decreasing excitation temperature 
amplitude in the three cases of configurations studied. So 
conversely that we vary the frequency of the imposed tem-
perature, we recorded that the average heat transfer rate of 
the air increases with the increase in the frequency of the 
temperature. This implies that heat transfer by convection 
is more dominant than transfer by conduction regardless 
of the magnitude or frequency of the imposed tempera-
ture. But quantitatively, increasing the amplitude and fre-
quency respectfully decreases and increases the transfer 
rate.

Figure 12. The Nusselt number profile as a function of the Richardson number for different values of the sinusoidal 
temperature amplitude ε = 1 for the three configurations.
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CONCLUSION

A digital scan of a rectangular cavity has an inlet and 
an outlet of air containing a heated solid body studied at 
three different positions. The right vertical wall is heated 
by a temperature of the sinusoidal shape and the other wall 
subjected to a cold temperature. The top and bottom of the 
cavity remain without heat exchange with the external envi-
ronment. The study leads to the following conclusions:

- As Ri increases, convection strengthens with primary
vortices, in half of the cavity and conduction becomes
prominent in the vicinity of the solid body and the
wall in the “A” configuration. while the “B” configura-
tion, exhibits strong convective movement adjoining
the two zones located in the vicinity of the hot source
which in turn stretches the primary vortices outward
through the orifice in the right-side wall. In the “C”
configuration, the appearance of two counter-rotating
recirculation zones with strong convection in the cell
located between the solid body and the right-side wall.

- Heat transfer by convection is dominant over conduc-
tion, increasing the Richardson number with increas-
ing Reynolds number.

- The transfer rate increases with the decrease in the
amplitude of the excitatory temperature. On the other 
hand, it decreases with the increase in the frequency
of the sinusoidal temperature.

The mean temperature of the fluid and the Nusselt num-
ber on the right wall and the square solid depend strongly on:

- Entry and exit positions;
- Dimension and position of the solid block.

NOMENCLATURE

H Cavity height, m
L Cavity Length, m
d Solid block side length
Pr Prandtl number
Re Reynolds number
Ri Richardson number
Gr Grashof number
g Gravitational acceleration, m.s-2
Nu Average Nusselt number along the heat wall
w Height of the opening (m)
u,v Dimensional velocity components (ms-1)

U,V Dimensionless velocity components along X and Y, 
respectively

x,y Cartesian coordinates, m
X,Y Dimensionless coordinate
p Pressure, kPa
P Dimensionless pressure
T Dimensional temperature (K)
q Heat source at solid boundaries

h Convective heat transfer coefficient
Greek symbols
α Thermal diffusivity, m2. s-1
β Thermal expansion coefficient, K-1
Ѳ Dimensionless temperature
µ Dynamic viscosity, kg. m-1.s-1
ρ Density, kg.m-2
ϕ Phase deviation
ε Amplitude ratio
λ Thermal conductivity
ν Kinematic viscosity, m2.s
Subscripts
avg Average
f Fluid 
s Solid
i Inlet state
h Hot
c Cold
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