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Recently, nanofluids have been used as an alternative in several industries
to improve the heat transfer process. This paper focuses on the numerical
modeling of the performance of the natural convection process through
TiO,/AL,Oz-water nanofluids in a square cavity containing a heated block.
The lattice Boltzmann method is used in this study to present the nanofluid
heat transfer enhancement. Results are presented in terms of streamlines,
isothermal contours, and Nusselt number profiles. The findings demon—
strate that by raising the Rayleigh number and solid nanoparticle
concentration, the average Nusselt number increases, and they reveal that
the heated block enormously affects the flow structure and heat transfer. It
is also demonstrated that the type of nanoparticles significantly impacts
the natural convection heat transfer.
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1. INTRODUCTION

In the last century, the enhancement of heat transfer has
become the most requested and interesting topic for
engineers and scientists in many areas. Rapid techno—
logical advancement proves that using nanofluids is one
of the methods to enhance heat transfer due to their
specific characteristics and properties compared to pure
fluids [1-3]. Abed et al. [4] investigated heat transfer
within a trapezoidal enclosure containing Ag-water
nanofluid by using the finite element technique. They
concluded that the positive effect of nanoparticles is due
to the nanofluid's physical properties, like thermal
conductivity, viscosity, and heat capacity. Madhu et al.
[5] experimentally investigated the effect of nanopar—
ticle volume fraction with CuO, Al,Os;, and TiO; on
conventional solar. They concluded that heat transfer
using Al,O; nanoparticles is improved compared with
the use of TiO; and CuO ones. Also, they demonstrated
that the daily energy efficiency increases with an
increase in the concentration of nanoparticles in nano—
fluid due to its thermal conductivity, viscosity, and,
consequently, the heat transfer coefficient. Toghraie et
al. investigated numerically the dynamic viscosity of
Ag/EG nanofluid for different temperatures and volume
fraction values of nanoparticles. They found that the
performance of mini-channel heat sinks could be
improved by using nanofluids to maintain the proper
temperature range for electronic components. Nano—
fluids for heat transfer enhancement are widely used in
many applications, like chemical processes, heating,
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cooling, and transport. For this reason, various studies
have shown that heat transfer can be significantly imp—
roved depending on the type and variety of nano-
particles. Chen et al. [6] experimentally investigated, by
using the Al,O; and Graphene nanoparticles, the mixed
convective heat transfer in the rectangular channel filled
with nanofluid submitted to an electrical field force.
They revealed that the heat transfer is enhanced with
increasing solid nanoparticle concentration. Ma et al. [7,
8] simulated, by employing the TiO, and Al,O; nano—
particles, the nanofluid natural and forced convection
using lattice Boltzmann method. They found that the
heat transfer can be improved by rising nanoparticle
concentration. Also, they found that Al,O; has more
heat transfer enhancement effect than TiO, for the range
0 < ¢ < 5%. However, some studies have shown the
opposite influence of solid nanoparticle fraction on heat
transfer. Li and Peterson [9] experimentally studied the
natural convection of Al,O;/Distilled-water nanofluid.
The findings demonstrate that the rising of solid nano—
particle concentration decreases the nanofluid natural
convective heat transfer. Similarly, Hu et al. [10] expe—
rimentally and numerically investigated the natural con—
vection in an enclosure filled with Al,Os;-Water nano—
fluid, where they demonstrated that, for different
nanoparticle volume fractions ¢ = 0.25, 0.5 and 0.77%,
the heat transfer becomes progressively worse as the
solid nanoparticles concentration ¢ increases. Neves et
al. [11] numerically investigated the performance of two
nanofluids (Al,05/TiO,-water) in forced convection heat
transfer in a flat tube of an automobile radiator. They
found that using nanofluids in the radiator of auto—
mobiles can be advantageous to improve radiator
performance because the nanofluids can enhance the
processes related to heat transfer and, as a result, the
engine performance.
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Natural convection has gained considerable atten—
tion, especially in the industry. Dong et al. [12] simulated
a natural convection around the dome in the passive
containment air-cooling system. Wongchadakul et al.
[13] illustrated the natural convection effects in porous
tissue in radiofrequency cardiac ablation (RFCA). They
comprehensively explained the important natural convec—
tion influence on temperatures and blood flow during an
RFCA treatment. Also, Liu et al. [14] discussed numeri—
cally the forced, natural, and mixed convective heat
transfer characteristics of super—critical n-decane in a
tube in laminar flow. They found that heat transfer is
continuously improved for natural convection with the
rise of heat flux. The natural convection phe-nomena
have been examined in the nuclear field, where they are
studied by Li et al. [15] in hydrothermal reac—tors. To
save energy transfer, they investigate the natu—ral con—
vection of water around the pseudocritical point in a side-
wall heated cylinder, which corresponds to a simplified
model of an enclosed hydrothermal reactor. Habtay et al.
[16] predicted the outlet temperature of the indirect solar
dryer chimney. They found that replacing the normal
chimney with a heated chimney can signi—ficantly reduce
heat loss and increase the chimney’s efficiency.

The main models for simulating and modeling the
nanofluid flows are the single-phase and two-phase
models [17, 18]. In the first one, the pure fluid and solid
nanoparticles are assumed to be homogeneous fluids
[19]. Saha and Paul [20]investigated the characteristics
of nanofluid flow and heat transfer in a pipe by using a
single-phase approach. Also, Dero et al. [21]studied the
stability analysis of nanofluids with viscous dissipation
impact over expanding and narrowing surfaces using a
single-phase model. In the two-phase model, nanofluids
consist of base fluid and nanoparticles as separate parts,
forming a non-homogenous mixture [22]. Akbari et al.
[23] presented nanofluid laminar flow and heat transfer
by using a two-phase model in the curved micro-mixers.
Almitani et al. [24]studied the geometric shape effect of
the symmetrical twisted turbulator on the parabolic solar
collector behavior using a hybrid nanofluid by adopting
a two-phase approach.

As we mentioned, nanofluids have several uses in
engineering and industry applications. For complex
geometries, real flows are governed by a set of non—
linear equations [25, 26]. Therefore, numerical appro—
aches have been used to find suitable and acceptable
solutions, like macroscopic methods (finite volume
(FVM), finite difference(FDM), and finite element
(FEM) methods) and mesoscopic method (Lattice Bolt—
zmann (LBM)). Recently, the LBM has become a
powerful and useful technique because of its straight—
forward mathematical algorithm to solve flow problems
in complex geometries numerically. Ebrahimi [27]
conducted a numerical nanofluid mixed convection in a
trapezoidal-shaped sinusoidal cavity by adopting LBM.
Hssikou et al. [28]and Elguennouni et al.[29] studied
using the LBM for heat transfer of a gas in a square
enclosure. Also, Baliti et al.[30] simulated by the Multi—
relaxation time lattice Boltzmann method, natural
convection in a triangular enclosure. Asha et al. [31]
conducted a magnetic field impact on heat transfer in a
C-shaped enclosure using MRT-LBM. Moreover, the
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LBM could simulate the 3D problems. Li et al. [32] and
Chen et al. [33] investigated a 3D simulation of conden—
sation enhancement using LBM.

The objective of this work, with a single-phase mo—del,
is to investigate the natural convective heat transfer of a
TiO,/Al,O03-water Newtonian nanofluid inside a square
cavity containing a heated obstacle with different forms.
Natural convection in square cavities is of interest in a
variety of applications to control fluid flow stability and
heat transfer performance as chemical, electronics, and
microfluidics processes. The current work focuses on the
study of the flow, isotherms patterns, and Nusselt number
variation to evaluate the nanoparticle’s concentration and
heated obstacle effect. In addition, in the last part, we
compared the effect of solid nanoparticle types (A,O; and
Ti0O,) on improving heat transfer.

2. PROBLEM STATEMENT

The problem being investigated, in two-dimensional, is
convective heat transfer in a square enclosure with cold
walls (temperature 7¢). We placed an inner heated
square block in the enclosure center with a hot
temperature 7y (Figure 1). The annulus, which is the
space between the square cavity and block, is one of the
interesting parameters in this study. The nanofluid is
assumed to be incompressible, and the solid nano—
particles and the pure fluid are in thermal equilibrium.
Nanofluid natural convection around a hot obstacle
in a square cavity is simulated by adopting the Lattice
Boltzmann Method (LBM). We defined two aspect
ratios, ARc and AR,. AR is linked to the annulus,
identified as the ratio of the inner square width w to the

outer square’s width (AR = %). Meanwhile, we defi—

ned AR, :% as the ratio of the width w of the heated

block to its height h.

=<

Te u=v=0

u=v=0
u=v=0

Te
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Ty r

— > —

Tc u=v=0 X

Figure 1. Enclosure geometry.
3. NANOFLUID AND NUMERICAL PROCEDURE

3.1 Nanofluid

From the microscopic viewpoint, the nanofluid per—forms
more distinctly than the pure fluid due to the nanoparticle’s
presence, so energy transport becomes more effective.
Table 1 presents the pure fluid (water) and (Al,O; and
TiO,) nanoparticles' thermo-physical properties.
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Fy = (pB),y 8y (T-T,). (1a)

Po =(1=0)ps + 00, (1b)

(pc, )M =(1-9)(pe, )f +o(pc, )n,,’ (1)
(pB),, =(1-0)(pB), +0(pB) (1d)

np

where ¢ stands for the nanoparticles volume proportion,
p is the density; c, represents the specific heat capacity
at constant pressure, f is the thermal expansion coef—

. . Ty +T;
ficient, T,, is the mean temperature T}, = “HC , for

which subscripts nf, f, and np refer to nanofluid, pure
fluid, and nanoparticles, respectively.

Table 1. Thermophysical characteristics of pure fluid and
suspended solid nanoparticles.

Physical
characteristics Water Al,O; TiO,
p (kg/m®) 997.1 3970 4250
C,(J/kg K) 4179 765 686.2
K (W/mK) 0.613 40 8.9538
Bx10” (K 21 0.85 0.9
« (kg/ms) 1.003x107 - -

The nanofluid effective dynamic viscosity u,, and
the effective thermal conductivity &, models used in this
research are provided by Brinkman [34] (2a) and
Maxwell [35] (2b) models, respectively:

1

Knp +2Kf —2;0(Kf —Knp)
Knp +2Kf —go(/(f —K’np)

(2b)

Ko =Ky

3.2 Numerical procedure

The present LBM model employs two distribution func—
tions to calculate the flow density (f) and the
temperature (g) fields in order to investigate the fluid
and heat transport. The governing equations of these
functions are given, respectively, by:

fi(x+eant+an)-f(x,0) = —L(f,. (x,0) -1 (x,t))+AtF‘., (3a)

T/‘

1
g, (xreanien)-g,(x0) = ——(g,(x.0) -5 (x.0)), (3b)
T

g
where 7(z,) is the relaxation time for the flow (tempe—
rature) field, Af represents the lattice time step (At = 1),
and ¢; is the discrete particle velocity vector in the i-
direction.

(0,0),i=0

S R B I

\/Ec(cos[(i —1)%},5111 |:(i—1)§:|j,i =5-8
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The term fieq(gfq) is the flow’s (temperature) local

equilibrium distribution function in second (first) order,
given as:

2 2
fl-eq (x,t) = a)ip[l+ 3(Ci.u) +—9(Ci'u) —314—2] , (5a)

c 2c4 2c

2
4

g (x,t) = a)l-T(H-M), (5b)

where the quantities p, u, and 7 indicate macroscopic
density, velocity, and temperature, respectively. w; are
the weight factors for both flow density and
temperature, as follows:

4/9,i=0
@, =4 1/9,i=1-4 . (6)
1/36,i=5-8

Figure 2 illustrates the D,Qoy model for both flow and
temperature.

¢ = (-1.1) € =(0.1) e5=(1.1)
[:s } (2) {5)

fo . z/fi

—Ja

Figure 2. The discrete velocities set of the D,Qy, model.

The relaxation times 7rand 7, are linked to the kinematic
viscosity v and thermal diffusivity a, respectively, by:

L 2
=|lt,—— At , 7a
v [2'/ 2}% (7a)

1] 2
= - At 7b
a [rg 2}’5 (7b)

where ¢ is the sound speed.

By setting Mach number (Ma), Rayleigh number
(Ra), and Prandtl numbefr (Pr), the kinematic viscosity
v is obtained by:

v=c,.Ma.NNPr/Ra, ()

where N denotes the lattice number in the y-direction.
Prandtl (Pr) and Rayleigh (Ra) numbers are given by:

Pr=—, (%9a)

3 p—
Ra = w ) (9b)

av

We defined the characteristic flow velocity v as:
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1
Vcale :Ex/Ra.u.a . (10)

The external force term F; of this problem of natural
convection, which is applied in the collision step, as
shown in (3a), is provided by:

F="Fe, (11
S

where F), = p-g-f-AT is the buoyancy force term, g, is
the vertical component of the gravitational vector, and

ATis defined as AT=T-T,, with T, = M
8
p= 1 (12a)
i=0
8
pu=7 fie;, (12b)
i=0
8
T=Yg;. (12¢)
i=0

The Nusselt number is used to quantify heat transfer
improvement, and a rise in the Nusselt number signifies
enhanced heat transfer.

Along the hot right wall, the local Nusselt number
Nu and its average value Nu,, are calculated
respectively, as follows:

K
Y (a—T] , (13a)
Ky TH T\ 0x )
L
Nty =IjNu.dy , (13b)
0

where T is the normalized temperature.

3.3 Boundary conditions

Boundary conditions play a crucial role in micro-
geometries simulation.

For the flow field, the standard bounce-back boun—
dary condition [36,37] was implemented in obstacle
boundaries and walls of the cavity. For example, at the
right wall of the cavity and solid obstacle wall, the
unknowns’ distributions are, respectively:

h=1
=1 (14a)
fs = Js
£ =4
fr=1- (14b)
fo = 1%

For the temperature field, the boundary conditions
used in this study are conducted by Mohamad [38]. On
the hot bottom wall of the obstacle, the unknowns’
distributionsare g4, g7, and gs, which are evaluated as:

9y =Ty (0 +@,) - g,
g7 =Ty (0, +o5) - g - (15a)

gy = Ty (@ + @5) - g,
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On the cold bottom wall of the cavity, the unknowns’
distributions are g, g5, and g, which are calculated as:

9y =Ty (a’z +a)4)_94
95 =1, (o, +@,) g, . (15b)

95 =Ty (‘”6 +w8)_gx
4. RESULTS AND DISCUSSION

4.1 Grid stability

In this part, we calculate the Nu,,, for various grid sizes,
from 6060 to 150x150. T7able 2 below shows that
Nuy,, stabilizes from 140x140. Also, it is observed from
Figure 3 that the v-velocity profiles maximize from the
grid size 140%140. Therefore, the current numerical
simulations choose the grid size of 140x140.

Table 2. Grid independence test for TiO,, ¢ = 4%, and AR¢ =
0.25.

Grid size Nugyg
60%60 0.8925
80%80 0.9688
100x100 0.9691
120x120 1.0150
140x140 1.0116
150x150 1.0101
0.08
I 80x80 |
0.06 [ 100x100|
it |---120x120
0.044 /b 140x140)
’ f oo 150%150
0.02 - ! i
. / b
© ; i A\
o 000+ f ¥4 1 \E |
RIS Y A f
R N \
\ I \ f
04y /0 S .
\ / | - \_/
—-0.06 4 \.-/ \\/
—0.08 T T Ly. = T
0.0 02 04 06 08 1.0

XL

Figure 3. v-velocity component along the horizontal ARC =
0.25 centerlinefor different uniform grids, ¢ = 4%, ARC =
0.2 and Ra = 10°.

To check the validity of the obtained results, we
compared them with those of Arefmanesh et al.[39], in
terms of streamlining and isotherm profiles (figures 4
and 5) for TiO,-water nanofluid. As seen in these
comparisons, our findings are in agreement with those
of Arefmanesh et al. [39].

We note that negative flow function values in all
streamline profiles describe counterclockwise circula—
tion inside the cavity.

In order to validate our simulation, we also compare
our results (streamlines and isotherms profiles) with the
experimental and numerical results of natural convec—
tion in a cavity occupied with air (Pr=0.71) [40].

. 2
The heat source (temperature Ty) length is d = EL ,

and its center is located at the position x; = 0.3H on the
bottom side of the enclosure.
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W] = 0.0051401

(a) ¢ = 4%, present results. (b) ¢ = 4%, Arefmanesh et al.[39].

0.05]

() ¢ = 4%, present results. (d) p = 4%, Arefmanesh et al.[39].
Figure 4. Streamlines (a and b) and isotherms (c and d) for Ra = 1 .
[Wmax]l = 0.1328418

(e) ¢ = 4%, present results. () ¢ = 4%, Arefmanesh et al.[39].

(g) ¢ = 4%, present results. (h) ¢ = 4%, Arefmanesh et al.[39].

Figure 5. Streamlines (e and f) and isotherms (g and h) for Ra = 10°.
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(a)Experimental data ofCorvaro et Paroncini [40].

(b)Experimental data ofCorvaro et Paroncini[40].

S

(¢)Numerical data ofCorvaro et Paroncini [40].

(e)Present results.

Both vertical walls are maintained at a cold tempe—
rature (T¢), while the top wall is adiabatic. This exami—
nation shows that the experimental and numerical data
of Corvaro and Paroncini[40] and our numerical
findings are in agreement (figure 5).

4.2 Effect of nanoparticle concentration

In this part, we discussed the effect of Al,O; nano-—
particles concentration 0 < ¢ < 16% on the streamlines

and isotherm profiles for Rayleigh number value
105 and ARC = 0.25 (figure 7).

Figure 7(a-c) illustrates the streamline profiles,
which demonstrate that the eddies of the two circula—

FME Transactions

= Lw 1

(d)Numerical data ofCorvaro et Paroncini [40].

(f) Present results.
Figure 6. Streamlines (a, ¢, and e) and isotherms (b, d, and f) for Ra = 1.26x10° in the case of air.

tions are close to each other within the top portion of the
annulus due to high Ra. Also, with an increase in
nanoparticle concentration ¢, the shape of two vortices
increases and occupies more space. Note that the two
vortices are counter-rotating, which means that they
have opposite directions of rotation. For the isotherm
profiles, with augmentation of nanoparticles concent—
ration ¢, as a result of the rise of effective thermal
conductivity a,; the hot isolines expand and run away
from the top of the inner square, while the cold ones
move upward to the top surface of the outer square. For
the bottom side, the nanofluids shrink to the inner body
and come far and away from the bottom surface under
the impact of the buoyancy force(Figure 7(d-f)).
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Womax| = 0.1328418 Winax| = 0.1358132 Wonax| = 0.1377424

(d) o =0 and 4% (e) ¢ =0 and 8% ) 9 =0and 16%
Figure 7. Streamlines (a-c) and isotherms (d-f) for Ra = 10° with (-)¢ = 0% and (---) @ = 4% ¢ = 8% and ¢ = 16% for AR = 0.25.
4.3 Effect of Rayleigh number investigated (figure 8). Figure 8(a-c) demonstrates that

with the increasing of Ra, the absolute value of the

The effect of Rayleigh number (Ra) for a particular maximum flow function |y, increases (from |yp.y| =
nanoparticle concentration ¢ and aspect ratio of annulus 0.0050667 for Ra = 10°.
AR = 0.25in terms of streamlines and isotherms is

[Winax| = 0.0050662 [Wimax| = 0.0344505 [Wmax| = 0.1358132

P
(a) Ra = 10° (b) Ra = 10" (¢) Ra = 10°

0.05 0.05

N

\\_///

\_\_____,_/

(a) Ra = 10° (b) Ra = 10" (¢) Ra = 10°

Figure 8. Streamlines (a-c) and isotherms (d-f) for ¢=8%, AR¢ = 0.25, and different Ra values.
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TO |Wimax] = 0.1358132 for Ra = 10°), which means that
the stream function expands and takes more space, so
the convection begins, and then the heat transfer en—
hances in the nanofluid. Also, the two counter-rotating
eddies come close to each other on the top portion of the
enclosure for Ra = 10° more than for Ra = 10°.

As shown in Figure 8(d-f), by raising the Rayleigh
number Ra, as a result of buoyancy forces, the isolines
alter their process, go up and down, and gather at the
top surface.

4.4 Effect of heated block size

To evaluate the effect of heated block size, three values
of AR¢c = 0.25, 0.5, and 0.75, for a particular nano—
particle’s concentration ¢ = 8% and Rayleigh number
Ra = 10°, are considered. The findings show that the
aspect ratio of the heater affects the flow structure and
heat transfer distribution.

Winax] = 0.1358132

Winax| = 0.0543945

Moreover, they show that as the inner square size
increases, the streamlines and isotherms get denser and
closer to each other inside the annulus, figure 9.

Figure 9(a-c) illustrates that with the increasing
aspect ratio AR from 0.25 to 0.75, the circulation of
stream—lines expands vertically, and new vortices are
created. Also, with the rising of AR, the absolute value
of the maximum flow function decreases; from |y./|=
0.1358132 for ARc = 0.75 to 0.0074749 for ARc =0.75,
therefore, the convection process becomes worse due to
the narrowing of the annulus.

For isotherm profiles, as shown in figure 9(d-f),
with the increase of the aspect ratio ARc, the tempe—
rature gradients get close to cavity walls and accu—
mulate. Also, as the nanofluid is cooled by the boun—
daries of the outer square and heated by the block walls,
the increasing aspect ratio AR made the hot isotherms
occupy more space, which means the conduction
process enhances the heat transfer.

Wnax| = 0.0275745

-0.0@

(¢) AR¢ = 0.75
0T

& =)

(a) ARC=0.25

(b) ARc=0.5

(¢) ARc=0.75

Figure 9. Streamlines (a-c) and isotherms (d-f) for Ra = 10°, ¢=8%, and different AR values.

4.5 Overall heat transfer change

Figure 10(a-c) shows the dependence of the average
Nusselt number (Nug,), calculated along the right
surface of the inner square, on the nanoparticle’s
concentration for several Rayleigh numbers values Ra
and different aspect ratio values AR, For all
nanoparticle fractions ¢ values, the Nu,,, increases as
Ra and ARc increase, i.e., heat transfer is enhanced as
the Rayleigh number, nanoparticles concentration ¢, and
the aspect ratio AR rise. The findings demonstrate that
the Nu,,, is more sensitive to the highest Rayleigh
number for AR¢ = 0.25. The values of Nu,, for Ra =

FME Transactions

10* move away from those of Ra = 10 to those of Ra =
10° as ARc increases. Moreover, for all Rayleigh
numbers and values, the the Nu,, rises with the rising
of solid nanoparticles concentration ¢.

Figure 11 illustrates the average Nusselt number
Nuy,,, values for various aspect ratio ones AR¢ (0.25,
0.5, and 0.75) and a particular volume fraction of
nanoparticles ¢ = 8%. The Nu,,, for all values of AR,
increases faster for lower Ra values. At the same time, it
increases slowly for higher Ra due to the decrease of
dynamic viscosity f,

VOL. 52, No 1, 2024 = 164
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Figure 10. Average Nusselt number variation on the right surface of the inner square, (a) AR¢c = 0.25, (b) AR¢ = 0.5, and (c)

ARC = 0.75.
3.75

3.00

0.75

0.00

Ra

Figure 11. Average Nusselt number variation on the right
wall of the inner square for ¢ = 8%

4.6 Temperature and v-velocity profiles

Figure 12(a) shows that in the cold parts, on the right
and left sides of the obstacle, the nanoparticle concen—
tration ¢ has a slight effect (the zoomed part at the
bottom). While, at the hot block, with increasing the
nanoparticles concentration ¢, the normalized tempe—
rature distribution increases and gets better due to the
nanofluid's increasing density and thermal conductivity
and the hot block effect.

FME Transactions

T T T T
1x10° 2x10* 4x10* 6x10* 8x10* 1x10°

Far from the obstacle, Figure 12(b), the temperature
profile is almost linear for Rayleigh numbers Ra = 10°
and Ra = 10" due to the conduction dominance.
Meanwhile, for Ra = 10°, the temperature profile is
more affected by the increase of Ra due to viscosity
decreasing, so the convection process increases, as
figure 8 demonstrates.

Figure 12 (c) shows that by increasing the aspect
ratio of annulus AR, the profile of temperature changes
from a curved to a linear shape, which means that the
conduction process increases and the convection dec—
reases, as shown in figure 9.

Figure 13 (a) exhibits the vertical velocity compo—

nent plots along the horizontal line %: 0.5, for Ra =

10°, ARc = 0.25, and different nanoparticle concentra—
tions ¢. The results demonstrate that with increasing the
nanoparticles concentration ¢, the maxi—-mum magnitude
of v-velocity of the nanofluid decreases dramatically due
to the increasing nanofluid thermal conductivity.

Figure 13 (b) demonstrates that with a rise of
Rayleigh number, for ¢ = 8% and ARc = 0.25, the
amplitude of v-velocity increases due to a decrease of
viscosity #, which means the enhancement of heat
transfer as demonstrated in Figure 8. An insight in
figure 13 (c) shows that with a rise of aspect ratio ARc
=0.25, for 9 = 8% and Ra = 10°, the fluid velocity rises
due to a decrease in nanofluid diffusivity.
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Figure 12. Temperature profiles along the horizontal line I =0.5. for (a) Ra = 10° and AR = 0.25, (b) @ = 8% and AR = 0.25,

and (c) Ra=10° and ¢ = 8%.
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Figure 13. v-velocity profiles along the horizontal linez =0.5. for (a) Ra = 10° and AR¢ = 0.25, (b) ¢ = 8% and AR = 0.25,
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and (c¢) Ra = 10° and o =8%.
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4.7 Effect of heated block form

To investigate the effect of heat block form, we changed

the dimension of the inner heated block AR = % from

the square form to rectangular one for two values:
Rayleigh number Ra (10° and 10°)) and nanoparticle
concentrations (¢ = 0% and 8%). Their outcomes are
shown inFigure 14s 14 and 15. For AR, = 2, figure 14
(a) shows the appearance of four eddies instead of two.
Moreover, it demonstrates that as the concentration of
nanoparticles rises, the vortices become deeper within
the cavity as well as the intensity of streamlines
decreases (|Wmax] = 0.09890929) for Ra = 10° and ¢ =
8%, compared to the inner square obstacle (Wl =
0.1358132 (figure 8 (c)), so the natural convection does
not enhance. While there is no sensible change in the

isotherms due to the low Rayleigh number value Ra =
10° (figure 14 (b)). For Ra = 10° (figure 14(c)), the
convection process increases with the increase in nano—
particle concentration. The isolines become expanded
beside and around the heated obstacle (figure 14(d)).

Figure 15 (a) shows that the streamlines expand
vertically, and the maximum values of flow function
decrease slightly ([Wma = 0.0053271) for Ra = 10° and
@ = 0% compared to the inner square obstacle (|l =
0.0050662), figure 8(a), so the natural convection
decreases. In addition, for all forms of the heated block,
as Rayleigh number Ra and nanoparticle concentrations
@ increase, |,y increases, and the hot isolines expand,
therefore enhancing heat transfer.

Figures 14 and 15 demonstrate that the form of the
heated block plays a significant role in controlling
natural convection.

0.05

(©) [Wimax| = 0.0980929

@

Figure 14. Streamlines (On the left) and isotherms(on theright), (a-b) Ra = 10° and (c-d) Ra =10, for (-)¢ = 0% and (---) AR, = 2,

¢ = 8%).

The influence of the heated block form on the average
Nusselt number Nu,,, will be discussed in this part for
Ra =10 and three values of AR, =0.5, 1, and 2. Figure
16(a-b) demonstrates that the Nu,,,, calculated along the
right hot wall of the block and on the outer square right
wall, for different values of nanoparticles concentration
¢(0-8%), is higher for the lowest aspect ratio AR,.
These findings reveal that the heat transfer from a
heated wall to a fluid enhances ARy, = 0.5 more than
ARO =1and AR() =2.

Figure 16(c-d) illustrates the average Nusselt
number Nu,,, along the block's top layer and outer

FME Transactions

square. For the block square, the Nu,,, is better for the
higher aspect ratio (AR, = 2) (Figure 16(c)). Mean—
while, for the outer square, the Nu,,, is higher for the
lowest aspect ratio, ARy = 0.5 (Figure 16(d)).

From the result, the higher Nusselt number of the
block square depends on the interested surface. For the
outer square, the highest Nusselt number is for the
lowest aspect ratio (ARy = 0.5) as a result of the
effective thermal con—ductivity enhancement, and the
hot isolines expand to the surface of the outer square, so
the transfer increases and enhances.
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Figure 15. Streamlines(On the left) and isotherms(on the right),(a-b) Ra = 10° and (c-d) Ra =10°, for (-)¢ = 0% and (---)¢ = 8%
ARO = 0.5.
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Figure 16. The average Nusselt numbers variation on the right wall (a and b) and on the upper wall (c and d) of heater block (a
and c) and outer square (b and d), for Ra = 10°.
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4.8 Nanoparticles type

To study the impact of solid nanoparticle type on the heat
transfer of nanofluid, the two different nano—particles,
ALO; and TiO,, are taken into consideration for Ra = 10°,
AR, and different volume fractions of nanoparticles (0 <

1,30

—=—TiO,
1251 |—=—aAL0,

1,20 P

1,151

[=1]
>
=ﬂ

3 1101

1,05

1,00

0,95-

0 4 8 12 16
@(%)
(a)

@ < 16%) as shown in Figure 17. It demonstrates that the
ALO; nanofluid has a higher Nu,, value than TiO,
nanofluid. This proves that the nano—fluidAl,O; used in
this work is more efficient than TiO, in energy transfer
thanks to its great thermal con—ductivity.

2,3

—s— TiO, M
224 [+ ALO,

0 4 8 12 16
@ (%)

(b)

Figure 17. Average Nusselt number variation of two nanoparticle types on the right wall of the heater block (a) and outer
square (b) for Ra=10° and AR, = 0.25.

5. CONCLUSION

The present work discussed, by applying the single

relaxation time lattice Boltzmann method, the influ—

ences of nanoparticle concentration ¢ and the Rayleigh
numbers Ra on heat transfer enhancement through

Al Os-water nanofluid. This mixture is modeled as a

unique phase within a square cavity, including a heated

block with different forms(three aspect ratios). The
principal findings of this work are as follows:

e  The natural convection reduces with the decrease of
nanoparticle concentrations ¢, while it is enhanced
as the Rayleigh number Ra increases.

e  As nanoparticle concentrations ¢ rise and Rayleigh
number Ra increases, the thermal conductivity
increases, which increases the Nusselt number;
therefore, the heat transfer of nanofluid improves.

e By raising the aspect ratio of the annulus ARc, the
Nusselt number calculated along the right surface
of the inner square increases. Therefore, the heat
transfer is enhanced. The Nu,,, is strongly affected
for ARc=0.75.

e The heat transfer is enhanced in the case of the
lowest aspect ratio of the obstacle (AR, = 0.5) in
the outer square boundaries. While in the heated
inner block, the heat transfer improvement depends
on the interested surface.

e A rise in nanoparticle concentration parameter ¢
decreases the fluid velocity, but the temperature
profiles increase. Also, with a rise of Rayleigh
number Ra, the fluid velocity and convection
process improve.

e The type of nanoparticles has an important effect
on the natural convection heat transfer of nano—
fluids (TiO,/Al,Os-water): for Al,Os, the natural

FME Transactions

convection flow of nanofluid decreases, and the
heat transfer increases, but for TiO,, both natural
convection and heat transfer of nanofluid are
enhanced.
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NOMENCLATURE

ARc Annulus aspect ratio
AR, Obstacle aspect ratio
Specific heat capacity at constant pressure
€ (Jkg' K™
Discrete vector of velocity in the i-

€ direction (m.s™)
Cs Speed of sound (h.s™)
f The distribution function of density
1 Equilibrium state of f
The distribution function of temperature
“ The equilibrium state of g
Ma Mach number
K Thermal conductivity (W.m".K™")
Nu Local Nusselt number
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Pr Prandtl number

Ra Rayleigh number

p Pressure (N.m™?)

L Outer square length (m)
H Obstacle height (m)

w Obstacle width (m)

T Normalized temperature
u(u,v)  Vector of velocity (m.s™)

Vecale Characteristic flow velocity (m.s’l)
X,y Cartesian coordinates
Greek symbols
Density (kg.m™)

p
a Fluid thermal diffusivity (m’.s™)

v Kinematic viscosity (m”.s™

B Thermal expansion coefficient (K™)
u Dynamic viscosity (Pa. s)

Weight factors for flow and temperature

(D2Qv)
o Nanoparticle volume fraction (%)
W Stream (flow) function
7 Relaxation time for flow(s)
Ty Relaxation time for temperature(s)

At Time step (s)

Superscripts

f Fluid

Np Solid nanoparticle
Nf Nanofluid

avg Average

H Hot

C Cold

HYMEPHUYKO HCTIMTUBAIGE IPEHOCA
TOILIOTE MPUPOJHOM KOHBEKIIJOM
KOPUITREILEM HAHO®JIYHJIA TiO,/ALO;-
BOJIA

J. Oyaaxy, J. Exrenynu, M. Xcuky, I1. Baauru,
M. Aunayn

Hemnasro cy HaHO(MIyHan KopunIheHN Kao aaTepHaTHBa
Yy HEKOJIMKO MHIYCTPHja 3a MOOO0JBIIakE Mporeca mpe—
Hoca tomioTte. OBaj paj ce (okycupa Ha HYMEPHUUYKO
Mozelupame nepopMaHCH Ipoleca MPUPOAHE KOH—
Bekuje kpo3 Hanoduyunae TuO2/An203-Boga y kBaj—
paTHOj WIYIUBMHU KOja CaapXu 3arpejaHu Onok. Pe—
merka bonT3MaHHOBa MeTona je KopHITheHa Y OBOj
CTY/IWjH 3a NpeJCcTaBbame No0oJblIaka IPeHoca To—
jgote HaHoduyuma. Pesynratm cy NpelcTaBbEHH Y
CMHCIy CTPYjHHUX IMHHja, H30TCPMHHX KOHTypa H
mpo¢mma HycenroBor 6poja. Hamasm mokasyjy ma ce
noBehameM PesiejeBor Opoja U KOHUEHTpALH]E YBPCTHX
HaHouecTulla noBehaBa mpoceuan HycentoB Opoj u
OTKpHBajy Ja 3arpejaHd OJIOK €HOPMHO yTHYe Ha CT—
PYKTYpy IIpoTOKa M mpeHoc Toruiore. Takohe je mo—
Ka3aHO Ja BpCTa HAaHOYECTHLA 3HA4ajHO yTHYE Ha
NPUPOTHHA KOHBEKIM]CKHU MPEHOC TOILIOTE.
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