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Abstract: - This research presents the results of a numerical study on mixed convection in a ventilated cavity
with a central cold block of varying shapes. The direction of the forced flow of Ag/water nanofluid is
perpendicular to the transverse axis (y) of the central cold block. Mixed convection is induced by cooling at the
entrance of the ventilated cavity and uniformly heating its bottom wall. The governing equations for the flow of
an incompressible Newtonian nanofluid are assumed to be two-dimensional, steady, and laminar. The finite
volume method is employed for numerical simulations. A series of calculations are conducted to investigate the
effects of key influencing factors: Reynolds number (Re = 100), Richardson number (Ri = 1), and nanoparticle
volume fractions (0 < @ < 8%) on the enhancement of heat transfer. The impact of four different geometric
shapes of the cold obstacle (circular, square, triangular, and elliptical) on fluid flow and heat transfer rate is also
explored. The results indicate that an increase in nanoparticle volume fraction enhances the heat exchange rate
in the cavity only when the geometric shape of the cold obstacle is circular. This is followed by square and
triangular shapes, which approximately yield concordant results, and then the elliptical shape.
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1 Introduction shapes, triangular shapes, trapezoidal shapes, and
In recent years, various methods have been non-conventional shapes. Most studies reported a
employed to enhance mixed convection heat transfer ygmﬁcanjc improvement 1n heat trapsfer with an
in enclosures, sparking significant interest in increase 1n ngnopartwle concentra-tlon, Reynqlds
numerous industrial applications such as process number, and RlChardSQH number, with the requl{‘ed
cooling, electronic components, radiators, heat pumpmg - power - Increasing when addmg
exchangers, and more. One such method involves nanoparticles to base fluids. Another numerical
the use of nanofluids, which consist of colloidal study was conducted by [2], presenting an
suspensions of nanoscale solid particles (metallic or mvestigation 9f mixed _convection inside a
non-metallic) in a base fluid (such as water, oil, or trapezoidal cavity filled with Cu-water nanofluid
cthylene glycol) to achieve improved thermal under the influence of a constant magnetic field.
conductivity. Mixed convection is induced by the action of the

Several studies in this field have utilized inclined hot right-side wall in the direction of aiding
different numerical methods. [1], aimed to review or opposing flow. The left inclined side wall is fixed
all published studies on mixed convection of and maintained isothermal at a low temperature. The
nanofluids in enclosures. Papers were classified into upper and' lower horizontal W?HS are .ﬁ).ced and
four main categories: square (and rectangular) thermally insulated. The magnetic field is imposed
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horizontally. Results showed that the suppressing
effect of the magnetic field is more pronounced for
the aiding case than for the opposing case.
Meanwhile, the enhancement of the Nusselt number
due to the presence of Cu nanoparticles is more
significant for the opposing flow case. Heat transfer
by mixed convection in an asymmetrically heated
vertical channel filled with a mixture of water and
two types of nanoparticles (Cu, AlOs) was
numerically investigated by [3]. Results indicated
that the nanoparticle volume fraction with forced
convection (induced by a heated channel wall) has a
significant effect on nanofluid velocities and the
average Nusselt number. Cu-water nanofluid
exhibited better thermal performance than Al;Os-
water nanofluid. Numerous studies have been
conducted on mixed convection in a square cavity
using nanofluids under various thermal and
kinematic boundary conditions. As an example, [4],
investigated stable conjugate mixed convection in a
double-lid square cavity containing an internal solid
body. The annulus is filled with AlOs-water
nanofluid based on the Buongiorno two-phase
model. The upper horizontal wall is maintained at a
constant low temperature and moves to the right,
while the lower horizontal wall is maintained at a
constant high temperature and moves to the left. The
governing equations are numerically solved using
the finite element method. Key parameters used in
this study include internal solid body location,
nanoparticle volume fraction (0 < ¢ < 0.04),
Reynolds number (/ < Re < 500), Richardson
number (0.0 < Ri < 100), solid body size (0.1 <D <
0.7), and solid body thermal conductivity (kw =
0.01, 0.045, 0.1, 0.76, and 1.95 W/m<C). Results
showed a notable increase in heat transfer with the
use of nanofluid in such a cavity. However, at low
Reynolds numbers, adding nanoparticles had a
negative effect on the Nusselt number when the
Richardson number was very high. It was also
observed that a large solid body could increase heat
transfer in cases of high Reynolds and Richardson
numbers. Additionally, several works have focused
on the convective phenomenon of nanofluid in a
ventilated square cavity. [5], numerically examined
laminar steady mixed convection in a ventilated
square cavity. The cavity is filled with different
nanofluids and contains two ports for inflow and
outflow. The right vertical wall is maintained at a
hot temperature, while the other walls are
considered adiabatic. Numerical simulations are
performed for pure water fluid and mixtures of this
basic fluid with nanoparticles (Ag and Cu) for
Richardson numbers ranging from 0.04 to 4 and
nanoparticle volume fractions between 0% and
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10%. This study is dedicated to a dynamic
investigation with a fixed Grashof number of 10%,
varying Reynolds numbers. The numerical results
obtained indicate an increase in heat transfer with an
increase in the volume fraction, and the
enhancement of the entropy generation and heat
transfer product increases significantly with an
increase in Reynolds number. The most effective
nanoparticles for increasing the heat exchange rate
are Ag, characterized by a high local Nusselt
number, indicating excellent heat transfer compared
to metallic Cu nanoparticles. In a similar context,
[6], conducted a numerical simulation of convection
in square-ventilated cavities containing insulated
parallel baffles. The left and right walls of the cavity
are maintained at a high temperature, while the
upper and lower walls of the cavity, as well as the
parallel baffles, are adiabatic. Opening slots are
positioned in the upper and lower corners of the hot
vertical walls. It was observed that the behavior of
ventilated cavities depends not only on the size and
position of the baffles but also strongly on the
ventilation cavity configuration. Additionally, flow
fields are limited by the larger baffle size, Sb =
0.75. However, few studies have addressed the case
of a partially open cavity with an internal heat
source, such as those by [7] , [8], which are related
to the study of the effect of the Richardson number,
the location of the exit orifice, and the nanoparticle
volume fraction. The obtained results indicate that
increasing the nanoparticle volume fraction and
reducing the Richardson number improve the heat
transfer rate. A study of forced, mixed, and natural
convection of nanofluid inside a ventilated cavity
with a central cold block of two different geometric
shapes (square and triangular) was conducted by [9].
They numerically studied the effect of the
Richardson number, different geometric shapes of
the obstacle, and nanoparticle types. The results
reveal that, in some cases, reducing the Richardson
number and the size of solid particles improves heat
transfer. It was also noted that there is an optimal
concentration of nanoparticles at which the
maximum average Nusselt numbers occur. This
study is divided into two main aspects:

1. The effect of nanoparticle concentration.

2. The effect of the geometric shape of a

central cold block.

Our results are presented in the form of
isotherms and streamlines. They are displayed in
temperature, velocity, local Nusselt number, and
average Nusselt number profiles for different
volume fractions.
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2 Computational Model ¥
=t —J; 4
2.1 Configuration il
The studied configuration is depicted in Figure 1. It /
consists of a ventilated square-shaped cavity
containing a cold block occupying the center of the
cavity at a temperature (T¢). The block has different H
geometric shapes (circular, elliptical, square, and Te
triangular) with the same peripheral surface area, e i ::
diameter, and size, each equal to D= 0.2H. The l 45/0% =2
cavity is uniformly heated; to a constant temperature h I R
(Th) from the bottom wall, while the other walls are X X
all thermally insulated (adiabatic walls). Our
physical system is subjected to an external flow of .
nanofluid (Ag/water), introduced into the cavity Ual [ |
with a velocity Ue and a temperature Te (Te = (Tn + . :1;23 I h v =05H
Tc)/2), through an orifice placed at the upper level of
the left wall, with dimensions (h=0.1H), and an
outlet orifice of the same dimensions located at the l  —05H
bottom of the opposite wall. T, >
¥y. v : . —»
l § p e 26/3% =0
h I —"fwax =0
xu >

X
Fig. 1: The physical scheme of the problem and the
boundary conditions

N

- The flow is assumed Newtonian, incompressible

in a steady laminar regime in a state of thermal

equilibrium.  According to the Boussinesq

approximations, the density variation is neglected

X everywhere, except in the buoyancy term. The
thermophysical properties with which we will work
are shown in Table 1

36/3x =0

—®au/3x =0

>

Table 1. Thermophysical properties of water and
nanoparticles with 7=300 °K

plEgfm?) | CpUfKg.K) | K/Kg.E} | B(K )

% \ 997.1 4179 0.613
2 y =05H T H,0 21100
9, ¢ z =
l R 36/ax =0 Ag 10500 235 429
Y Il h I—’av/ax=o 189:x10 °
x,u b5

X

2.2 Governing Equations

According to the assumptions mentioned above, the
equations governing the flow are the equation of
continuity, momentum and energy, which can be
written in the following dimensional form:
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. av
7ty 0 .
Gu  du_ 1 . dp 8% | u
u——+v_—= - (=5, T oy {.ax=+a}_=}] (2)
v, 8w _ 1 @ v v
u dx T ay - pnf[ E‘_}'+#”f Al + 3}'3) *
(0B)nrg(T—T.)]
3)
ar ar a*r air
VI (3+T) )

The properties of the nanofluid are calculated
according to the following formulas, [10]:

The thermal diffusivity of nanofluid is:

Fnf = 'ipt;;rnf 2
The density of a nanofluid is:

Pur =1 —@lps + op; (6)
The heat capacity of a nanofluid is:

(PCo)ns = (1 —@)(pC,). +0(pC,); (7)

The coefficient of thermal expansion of nanofluids
can be determined by:

Jﬁr:lzf = “- _fp}ﬁf'i' i 3
According to Maxwell's model, the thermal
conductivity of a nanofluid is:
'I':n_f k3+2kf—2qp{kf—k3:l
o= ©)

'I':_f k3+2kf+qr.?{k_f—k3]

The dynamic viscosity of a nanofluid is given by
Brinkman (1952):
.Iu:'zfzﬂf{:l_fp}_:ﬁ (10)

The boundary conditions of mixed convection are
listed in the following Table 2:
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Table 2. Hydrodynamic and thermal boundary

conditions
Limit Hydrodyp AMIC )\ Thermal conditions
conditions
Bottom wall
u=0,v=10 r=T;
Upper wall
0 0 ar
w=0,1= 3 =
Straight wall
u=0,v=10 E _
dx
Left wall
aT
u=0,r=1>0 —=
dx
Hall
T. +T.
u=0U,,v=>0 ']‘:""-i_r
2
Exit
dt 0 aT
fx v fx
block
u=0,v=10 r=T,

The reduced variables used during dimensioning
of equations (1-4) as well as the Reynolds, Grashof,
Prandtl and Richardson numbers are respectively
given by the following expressions:

x=2,v=%, u=—=,v=2, P, 6=
H H Uyp Up Ao
T-T,
Th—Te
(11)
T — E
Re="E G FOTHE
v L)
Y R
|:t’fJ Re®
(12)
By carrying the dimensionless quantities

defined above in the equations of the mathematical
model (1), (2), (3) and (4), we obtain:

8u | 8V _

P E_ﬂ (13)
UL p8u_ 2k iﬂﬂ[ﬂ" 3_1’1
UE'E-I_VE'Y_ 8X  Repnf uf ax=+ar= (14)
Wy _ 28k iiﬂ[ﬂ ff;‘f]
Uax+var'_ 8Y  Re pnf pnf ax=+a1’= +
(B
RiPEinf o
onfPf

(15)
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U +V——

_1 2nf {_ E
ar

Re.Br’ af 5:"—}I (16)
The dimensionless boundary conditions relating

to our physical domain are shown in the following
Table 3:

Table 3. Dimensionless hydrodynamic and thermal
boundary conditions

Limit Hydrodypamw Thermal conditions
conditions
Bottom wall
U=0,V=0 a=1
Upper wall
ol
U=0,¥=0 |—=0
ar
Straight wall
v=o0,v=0 |98 0
aX
Left wall
fals
U=0.¥=0 |—=0
aX
Hall
U=1,¥v =0 B=1/2
Exit
all i fals g
ax T 8%
block
U=0,V=0 a=10

The local Nusselt number (Nu) along the lower
hot wall can be expressed by:

knf @8/9n

Nu=-— . .
kf Th—T¢

(18)

The average value of the Nusselt number along
this wall is calculated by the following integral:

HEk
Wi =gl (5 o)
kp L@¥ly=p

(19)

3 Numerical Method

To solve the equations governing this problem,
we employed the SIMPLE algorithm along with
the second-order scheme of the finite volume
method. The computations were carried out
using the Ansys-Fluent 6.3 software.

3.1 Mesh Independence

A quadratic cell mesh is utilized for this study.
The mesh is meticulously designed to refine
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near the block and adjacent walls, gradually
coarsening as it extends farther away from both.

This strategy aims to reduce the overall
computational cost while enhancing the
precision of the simulation results. As

established in the Table 4, four different meshes
are selected—100 x 160, 110 x 180, 120 x 200,
and 130 x 200 nodes—to analyze the effect of
the number of nodes, enabling the attainment of
highly accurate solutions without compromising
computational time.

Table 4. Flow characteristics for different grids
((Cu/water), 9=0.05, Re=100, Ri=0.1)

Mesh

100 = 160 110 = 180 120 = 200 130 = 220

Nugy, 21.600 21.676 21.717 21.701

3.2 Code Validation

To validate the code governing this simulation,
a comparison was made between the average
Nusselt values obtained in this work and those
calculated by [11]. This corresponds to cases of
a rectangular cavity with a central square-
shaped obstacle, maintained at a hot
temperature (Th = 310 °K). The cavity was
filled with a water-based nanofluid containing
Cu nanoparticles. The left and right vertical
walls of the cavity were cooled to constant
temperatures (Tc = 290 °K), while the upper
and lower walls were considered adiabatic.

The comparison is conducted for a specific
case with a Rayleigh number (Ra) of (10* and
10° and a nanoparticle volume fraction (¢) of
5%. Some values of this comparison are
gathered in Figure 2. The results are highly
compatible as they converge well, and the
margin of error is extremely minor. This
validation enhances confidence in the accuracy
of our numerical simulations and strengthens
the credibility of the results obtained in this
study.
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Fig. 2: Evolution of the average Nusselt number
along the hot wall. Comparison of the present
numerical study with the data processed by [11]

4 Results and Discussion

In this section, the numerical results are
presented in terms of stream function and
isotherm contours, average Nusselt number,
temperature profiles, and velocity profiles for a
range of volume fraction values (¢ =0, 2, 4, 6,
8%), Reynolds number Re = 100, and
Richardson number Ri = 1. The streamlines and
isotherms for some cases studied in this work
(o= 4%, Re=100, Ri= 1.) are presented in
Figure 3. In general, it can be observed that the
nanofluid flow maintains the same structure for
all geometric shapes of the central obstacle,
where the flow is directed from the inlet port
upward and downward of the obstacle, then
moves toward the outlet port. The incoming
flow strikes the left side of the central obstacle
and distributes it to almost the same geometric
shape, producing recirculation zones that rotate
clockwise. The recirculation zones form near
the inlet port, and these vortices increase in size
when the obstacle is circular (Case B) compared
to other obstacles (Square (Case A), Triangle
(Case C), Ellipse (Case D)).

This can be explained by the higher
resistance of the square and triangular blocks to
fluid circulation within the ventilated cavity,
indicating that the circular geometric shape has
a remarkable effect on enhancing mixed
convection by improving heat transfer. For the
isotherms, the color representation varies from
blue to red. The blue color represents low-
temperature zones, while red corresponds to
high temperatures. The temperature field is
presented at the bottom of Figure 3, which
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shows that high temperatures are localized in
narrow spaces near the hot wall, corresponding
to the thickness of the thermal boundary layer
(Red part in the mentioned figure). This
indicates good heat exchange through
convection (mixed convection). There is also an
increase in the cold zone, and the isotherms are
less tightly packed on the hot wall in case B
(circle obstacle), compared to the other cases
(A, C, D), due to the effect of the geometric
shape exchange of the cold obstacle

It is also noted that the cold obstacle at the
center of the cavity acts as a cold source and
leads to the concentration of high-temperature
regions near its walls. As long as the flow is
directed from the inlet port upwards to the
outlet port downwards, and during this path, it
strikes the left side of the central obstacle, the
isotherms move downward. Comparing the
streamlines in the figure, it can be seen that the
obstacle causes the appearance of vortices. This
dynamic  phenomenon results in the
manifestation of wavelike isotherms inside the
cavity. The magnitude of the heat transfer rate,
deduced from the isotherms, is influenced by
both the geometry of the cold obstacle and the
inlet velocity of the nanofluid. Furthermore, the
position of these heat transfer fluctuations
depends on the inlet port's position (top,
bottom, or in the middle). Moreover, the
ventilation of the nanofluid inside the cavity
leads to the extension of the isotherms toward
the outlet port. This observation aligns with the
results obtained from the analysis of the Nusselt
number.

Figure 4 shows the effect of increasing the
volume fraction of nanoparticles in the nanofluid
(@) on the average Nusselt number for four
geometric shapes of the obstacle. It is evident that
increasing the nanoparticle concentration enhances
the heat transfer rate, leading to a rising trend in the
average Nusselt number. This is attributed to the
improvement in the effective thermal conductivity
of the nanofluid with the addition of nanoparticles.
The agitation of particles near the obstacle promotes
heat transfer between the cold obstacle and the
nanofluid. Furthermore, it can be observed that the
values of the average Nusselt number for the
circular-shaped obstacle are higher than those for
other shapes. This is indeed due to the effect of the
resistance of mnanofluid circulation within the
ventilated cavity, resulting from the geometric shape
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exchange of the central cold obstacle. The lowest
Nusselt value is, as expected, recorded when the
obstacle has an elliptical geometric shape.

—=— Square | Ag/Water,  Ri=1, Re=100
—e— Circular || | i

—A— Triangular|
—— Elliptical

12 H ;

nl i i i i

@ (%)
Fig. 4: Variation of the average Nusselt number
for different volume fractions (¢ %) and
different geometric shapes of the cold obstacle
for (Ag/Water)

The streamlines

The isotherms

Meryem Brahimi, Razik Benderradji, Hamza Gouidmi

impact of nanoparticle volume fractions on heat
transfer enhancement was examined.

Four different geometric shapes for the cold
obstacle (circle, square, triangle, and ellipse) were
considered. The results showed that:

1. Increasing nanoparticle volume fractions
had a positive impact on heat transfer,
leading to an increase in the average Nusselt
number. Circular obstacles consistently
exhibited higher Nusselt numbers compared
to other shapes, highlighting the influence
of geometric shapes on nanofluid
circulation and heat transfer.

2. The central cold obstacle acted as a cold
source, concentrating high-temperature
regions near its walls. The dynamic flow
around the obstacle caused the appearance
of vortices, resulting in wavelike isotherms
inside the cavity.

3. Isotherms, representing temperature
variations, showed that circular obstacles
facilitated better heat exchange, with less
tightly packed isotherms on the hot wall
compared to other shapes. The circular

Cas (c)

Fig. 3: Streamlines and isotherms for different geometric shapes of the cold obstacle (Ag/Water), for ¢=4%,
Re=100, Ri=1

5 Conclusion

The heat transfer rate and flow structures of an
Ag/H20 nanofluid cooling a ventilated square
cavity containing a central cold block of various
shapes were numerically investigated, and the

E-ISSN: 2224-3461

shape contributed to enhanced mixed
convection and strengthened heat transfer.

The study provides insights into the role of

geometric shape and nanoparticle concentration in

improving heat transfer by mixed convection.

Practical applications could benefit from optimizing
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the design of cold obstacles and controlling
nanoparticle concentrations to achieve enhanced
heat exchange rates, offering valuable information
for applications in various industrial contexts, such
as cooling electronic components and industrial
processes.
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