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In this work, the effect of the presence of a heat source and its location on natural convection in a
C-shaped enclosure saturated by a nanofluid is investigated numerically using the lattice Boltzmann
method. Fifteen cases consisting of different heat source locations attached to an isolated wall of
the enclosure have been considered to achieve the best configuration at different Rayleigh numbers
(103-106) and various solid volume fractions of the nanofluid (0-0.05). Results are shown in terms of
the streamlines, isothermal lines, velocity profiles, and the local and average Nusselt numbers. The
numerical solution is benchmarked against published results from previous studies for validation, and
a good agreement is demonstrated. According to the results, at Ra = 103, the maximum Nusselt number
is achieved when the heat source is located within the upper horizontal cavity. Moreover, at higher
Rayleigh numbers (Ra = 106) and locations of the heat source within the vertical cavity yield the best
Nusselt numbers. Compared to the base fluid and at low Rayleigh numbers, the increase in the Nusselt
number of the nanofluid is not found to be dependent on the location of the heat source. However,
for high Rayleigh numbers, the maximum increase is obtained when the heat source is located in the
upper part of the vertical. Published by AIP Publishing. https://doi.org/10.1063/1.4993866

NOMENCLATURE

a width of the heat source
b height of the heat source
c constant value
c′ lattice speed
cs speed of sound (m/s)
cp specific heat capacity at constant pressure (J/kg K)
d diameter (m)
e streaming speed for single-particle
f density distribution function
f eq equilibrium density distribution function
F external force
g energy distribution function
g gravitational acceleration (m s�2)
geq equilibrium energy distribution function
H enclosure height (m)
h heat transfer coefficient (W/m2 K)
k Thermal conductivity (W/m K)
kB Boltzmann constant (J/K)
L lateral side of cavity (m)
M number of lattices in the y-direction
Ma Mach number
Nu Nusselt number
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p pressure (pa)
P non-dimensional pressure
Pr Prandtl number (ν/α)
q heat flux (W m�2)
Ra Rayleigh number
t time (s)
T dimensional temperature (K)
u, v velocity components (m s�1)
U, V non-dimensional velocity components
u velocity vector (m s�1)
up Brownian velocity (m s�1)
x, y dimensional Cartesian coordinates (m)
X, Y dimensionless Cartesian coordinates
W enclosure width (m)

Greek symbols
γ aspect ratio of heat source
α thermal diffusivity (m2 s�1)
φ solid volume fraction of the nanoparticles
β thermal expansion coefficient (K�1)
Mt lattice time
θ dimensionless temperature (K)
µ dynamic viscosity (kg m�1 s�1)
ν kinematic viscosity (m2 s�1)
τg dimensionless single relaxation time for the heat transfer

computation
τν dimensionless single relaxation time for the flow
δx lattice spacing
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δy lattice spacing
δt time step
ε′ relative error
ρ density of fluid (kg m�3)
ωi weight function in direction i

Subscripts
c cold
f base fluid
h hot
i move direction of single-particle
l liquid phase
nf nanofluid
n index in Nu definition
p nanoparticle
so heat source
si heat sink
t total
w wall

Superscripts
eq equilibrium

I. INTRODUCTION

Natural convection in enclosures has been applied in var-
ious industries as chemical and food industries, geophysics,
materials processing, solar energy systems, energy storage
and conservation, and nuclear reactor systems as well as in
the more conventional systems of energy sectors.1 Industries
of today demand a new generation of fluids capable of high
thermal efficiency (or effectiveness) without losing the low
thermal conductivity of conventional models. Despite prob-
lems related to common suspensions,2,3 using solid nanopar-
ticles suspended in common fluid is a rational approach to
enhance the thermal functionality of these fluids which was
first presented by Chol4 in 1995. This in turn generated many
numerical studies which have measured the cooling perfor-
mance of diverse flow regimes consisting of forced, natural,
and mixed convection.5–17 Regarding industrial applications,
a noticeable level of research has been devoted to the ther-
mal efficiency of nanofluids. Natural convection inside of an
L-shaped enclosure saturated by a nanofluid was surveyed by
Mohebbi and Rashidi.18 The results proved that heat transfer
indexes and flow field were highly affected by the heat source
position. When the heat source is positioned in the lower left
wall inside the cavity, the major heat transfer rate is obtained.
Khanafer et al.19 investigated the natural convection inside a
two-dimensional cavity saturated by nanofluids. They com-
pared different models together with regard to the physical
properties of nanofluid.

Ghalambaz et al.11 numerically investigated the natural
convection heat transfer of Cu-water nanofluids in a porous
parallelogrammic enclosure. They reported that adding the
nanoparticles to a base fluid deteriorates the heat transfer rate.
The effects of a semi cylinder placed at the bottom of the
enclosure on thermal indexes are numerically examined by
Kaviany.20 The outcomes indicated that the attendance of the

protuberance results in a reduction in heat transfer rates in the
lower part of the enclosure.

Abu-Nada et al.21 studied numerically the heat transfer
enhancement in turbulent natural convection using nanofluids
in a differentially heated square enclosure. They found that the
presence of nanoparticles is found to enhance the heat transfer
in the enclosure. A numerical simulation on a square cavity
with a pair of hot horizontal cylinders positioned at different
locations was fulfilled by Park et al.22 The dependency of the
local Nusselt numbers on the gap distance between the walls
of the cavity and the two hot cylinders was obtained.

A numerical investigation of mixed convection in a lid-
driven cavity with a sinusoidally curved bottom wall has
been performed using carbon nanotube (CNT)-water nanofluid
studied by Islam Khan et al.23 They found that the better heat
transfer is achieved at higher amplitude of the curved surface at
higher solid volume fractions. Using Al2O3–Cu water hybrid
nanofluid, Mehryan et al.13 studied the thermal characteristic
of free convective heat transfer in a porous cavity. Their results
showed a much higher reduction in the heat transfer rate for
hybrid nanofluid compared to the single one. Chamkha et al.24

studied the effects of the presence of a heat sink, heat source,
locations, and the entropy generation on MHD mixed convec-
tion flow and heat transfer in a porous enclosure filled with
a nanofluid in the presence of partial slip effect. They found
that the addition of nanoparticles decreases the convective heat
transfer inside the porous cavity at all ranges of the heat sink.

Recently, a numerical study of fluid flow and thermal prob-
lems has been performed using the Lattice Boltzmann Model
(LBM) which is based on kinetic theory.25–29 In fact, the LBM
has a major potential to solve single and multiphase fluid flow
problems including steady and unsteady regimes and natural
and force convection heat transfer. In order to simulate a two-
dimensional convective flow in a square differentially heated
cavity, the Lattice Boltzmann Equation (LBE) was utilized by
Mezrhab et al.29 They validated the model using the numerical
data of corresponding convective square cavity flow. Mehrizi
et al.28 found that with augmenting the volume fraction of
nanoparticles, the heat convection rate was increased using
the LBM analysis. Also, Sebdani et al.30 numerically inves-
tigated the mixed convection of Al2O3/water nanofluid with
temperature-dependent thermal conductivity.

In addition, a detailed review of the literature revealed
that the arrangement of heat source-sink has a remarkable role
on thermal efficiency of enclosure. For instance, a laminar
mixed convection inside of an enclosure using nanofluid was
numerically studied by Izadi et al.31 Their study confirmed
the significance of source and sinks locations inside enclo-
sures. The lowest heat transfer rate is achieved at a special
source-sink arrangement where more than two vortices are
created in the cavity. Mahmoudi et al.32 studied the conju-
gated heat transfer in a thick walled enclosure saturated by
copper/water nanofluid. Results indicated that the location of
the divider has substantial efficacies on the improvement of
heat transfer rates. Natural convection of a nanofluid in a two-
dimensional square enclosure containing various pairs of heat
sink and source was numerically studied by Garoosi et al.33

Their results confirmed that the arrangement of the heat source
has a substantial influence on the total Nusselt number. Also,
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the author reported that at Ra ≥ 105, when the thermal source
was implanted at the lower half of the enclosure compared to
the upper one, Nu has an enhancement of approximately 60%.
In summary, the results of the literature review show that the
location of the heat source could be a critical factor on thermal
performance of the enclosure, which is essential to be exam-
ined further. Therefore, this paper performs a comprehensive
investigation into the thermal performance of the C-shaped
cavity when the position of the heat source is changed, under a
wide range of Rayleigh numbers and a wide range of the solid
volume fractions of nanoparticles, which has received almost
no attention.

II. MATHEMATICAL MODEL
A. Statement of the problem

Figure 1 exactly represents the schematic details of the C-
shaped enclosure. Also, Fig. 2 shows different locations of the
heat source that is attached on the inner wall of the considered
C-shaped cavity. The cooling fluid is the nanofluid, and the
results are represented for different Rayleigh numbers from
Ra = 103 to Ra = 106 and various solid volume fractions of the
nanoparticles from φ = 0 to φ = 0.05.

The cavity has an equal height and width (H = W ). The
aspect ratio of the notch (FG/FE) is kept unity, FG/W = 0.6
and L/H = 0.2. The dimensions of heat source are equal to
a/H = 0.1, and γ = a/b = 0.5. The rib wall of enclosure
and the heat source are kept at constant temperatures of T c

and Th, respectively (see Fig. 1), while the rest of the walls
are at an adiabatic conditions. The cavity is saturated with
water/Al2O3 nanofluid, assuming that the solid nanoparticle
and base fluid are in thermal equilibrium, and there is no
slip velocity between them. The nanofluid is assumed to be
an incompressible Newtonian fluid, and a two-dimensional
laminar flow without radiation effects. The viscous dissipa-
tion effects in the energy equation are negligible. Therefore,
nanofluid is considered as a homogeneous fluid in which the
velocity and temperature of two phases are in hydrodynamic
and thermal equilibrium, respectively. For the buoyancy term,

FIG. 1. Schematic of a C-shaped enclosure with different locations of heat
source.

FIG. 2. Geometry of problem by the boundary condition.

density changes are estimated with the Boussinesq model to
solve governing equations. Table I represents the thermosphys-
ical property of two phases.34 The governing dimensional
equations with respect to the above-mentioned conditions may
be represented as follows:

∂u
∂x

+
∂v
∂y
= 0, (1)

u
∂u
∂x

+ v
∂u
∂y
=

1
ρnf

[
−
∂p
∂x

+ µnf

(
∂2u

∂x2
+
∂2u

∂y2

)]
, (2)

u
∂v
∂x

+ v
∂v
∂y
=

1
ρnf

[
−
∂p
∂y

+ µnf

(
∂2v

∂x2
+
∂2v

∂y2

)
+ (ρβ)nf g (T − Tc)

]
, (3)

u
∂T
∂x

+ v
∂T
∂y
= αnf

[
∂2T
∂x

+
∂2T

∂y2

]
. (4)

TABLE I. Thermo-physical properties of the base fluid and nanoparticles.34

Property Fluid phase (water) Al2O3 (nanoparticles)

Cp (J/kg K) 4179 765
ρ (kg/m3) 997.1 3970
K (W/m K) 0.613 40
β × 105 (K 1) 21 0.85
µ × 104 (kg/ms) 8.55 . . .
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The following non-dimensional parameters related to
the equations are used in order to present a comprehensive
study,

X =
x
W

, Y =
y
W

, U =
uW
αf

, V =
vW
αf

, P =
pW2

ρnf αf
2

,

θ =
T − Tc

Th − Tc
, Ra =

gβf H3 (Th − Tc)

αf νf
, Pr =

νf

αf
.

(5)
A combination of the non-dimensional parameters and

governing equations (1)–(4) results in the following corre-
sponding dimensionless elliptical equations:

∂U
∂X

+
∂V
∂Y
= 0, (6)

U
∂U
∂X

+ V
∂U
∂Y
= −

∂P
∂X

+
µnf

ρnf αf

[
∂2U

∂X2
+
∂2U

∂Y2

]
, (7)

U
∂V
∂X

+ V
∂V
∂Y
= −

∂P
∂Y

+
µnf

ρnf αf

[
∂2V

∂X2
+
∂2V

∂Y2

]

+
(ρβ)nf

ρnf βf
Ra Pr θ, (8)

U
∂θ

∂X
+ V

∂θ

∂Y
=
αnf

αf

[
∂2θ

∂X2
+
∂2θ

∂Y2

]
. (9)

The non-dimensional boundary conditions for the prob-
lem under consideration can be written as




on walls:



AB, BC, CD, GH, HA : U = V = 0, ∂θ/∂n = 0,

DE, EF, FG : U = V = 0, θ = 0,

on walls of obstacle: U = V = 0, θ = 1.
(10)

B. Nanofluid thermophysical properties

The density, heat capacity,19 dynamic viscosity,35 ther-
mal conductivity,36 thermal diffusivity, and Prandtl number of
the nanofluid are represented by regarding to the following
correlation, respectively:

ρnf = (1 − φ) ρf + φρp, (11)

(ρcp)nf = (1 − φ)(ρcp)f + φ(ρcp)p, (12)

µnf

µf
= (1 + 2.5φ + 6.5φ2), (13)

knf − kf

kf
=

kp

kf
(1 + c

updp

αf
)
df

dp

φ

1 − φ
, (14)

αnf =
knf

(ρcp)nf

, (15)

Prnf =
(µcp)nf

knf
, (16)

where φ is the volume fraction of the nanoparticles and f, nf,
and p are subscripts that point to base fluid, nanofluid, and
nanoparticle, respectively. c is a constant value and is equal
to 25 000 for a wide domain of experimental data.36 The
Brownian velocity of nanoparticles (up) can be specified as

up =
2kBT

πµf d2
p

. (17)

C. Nusselt number calculation

The most significant of dimensionless indices to evalu-
ate the convection heat transfer of a fluid flow is the Nusselt
number, which is defined as the importance of convection to
conduction.37 The following relation represents estimation of
such an index:

Nui =
hW
kf

, (18)

where h and kf indicate the heat transfer coefficient and the
thermal conductivity of the base fluid, respectively, and are
represented as the following relation:

h =
qw

Th − Tc
, (19)

knf = −
qw

∂T/∂x
for vertical walls, (20a)

knf = −
qw

∂T/∂y
for horizontal walls. (20b)

Using the relations [Eq. (5), Eqs. (19) and (20)], the local
Nusselt number for the source wall can be derived as

Nun = −

(
knf

kf

) (
∂θ

∂X

)
for vertical walls, (21a)

Nun = −

(
knf

kf

) (
∂θ

∂Y

)
for horizontal walls. (21b)

The index of n is “so” or “si” which points to the heat source
or heat sink (cold wall of the rib), respectively. Finally, by
integrating the local Nusselt number along with the heat source
or heat sink, the average Nusselt number could be achieved.

III. LATTICE BOLTZMANN METHOD
A. LBM for fluid flow

In order to solve the fluid flow problems, the LBM has
been made a suitable method by evolving variables on lat-
tices.18,25,26 The LBM is a relatively new numerical method
that was originally developed by Frisch et al.,38,39 and then
modified and extended by other researchers such as McNamara
and Zanetti,40 Higuera,41 and Chen et al.42 The LBM with stan-
dard bi-dimensionality, nine velocities (D2Q9 LBM model) is
used to simulate fluid flow in the cavity with and without rough
elements. The domain of fluid flow was meshed using a uni-
form grid size of δx = δy. The discrete particle velocity vectors
ei is defined as43

ei =




(0, 0) (i = 0),

(cos[(i − 1)π/2], sin[(i − 1)π/2]).c′ (i = 1, . . . , 4),
√

2(cos[(i − 5)π/2 + π/4], sin[(i − 5)π/2 + π/4]).c′ (i = 5, . . . , 8),

(22)
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TABLE II. Effect of the mesh size on the average Nusselt number, φ = 0.05, AR = 0.2, γ = 0.5. The boldface
indicates the selected mesh sizes in the present study by mirror error.

Ra Number of nodes Average Nusselt number Percentage of error |
Nunew−Nuold |

Nunew
× 100

1 000 60× 60 1.235 278
80× 80 1.222 456 1.048 87

100 × 100 1.211 757 0.882 93
120× 120 1.211 304 0.051 74

1 000 000 60× 60 6.786 176
80× 80 6.613 980 2.603 61

100 × 100 6.513 024 1.550 06
120× 120 6.503 475 0.146 83

where the lattice speed c′ is posited to unity in the simulation.
The LBE (known as the lattice Boltzmann-Bhatnagar-Gross-
Krook (LBGK) equation) with single relaxation time and the
external force component in i-direction F i can be represented
as43,44

fi (x + eiδt, t + δt) − fi(x, t)

= −
1
τν

[fi(x, t) − f eq
i (x, t)] + ∆tFi.ei, (i = 0, 1, . . . , 8),

(23)

in which f is called density distribution functions and ∆t
denotes lattice time and is set to unity. The relaxation time
for the flow field, τν can be defined as

τν = 0.5 + ν
δt

cs
2

, (24)

where ν is the kinematic viscosity and cs =
c′√
3

is the speed
of sound. For the D2Q9 model, the equilibrium distribution
function, fi

eq, is represented by45

f eq
i = ωi ρ[1 + 3

ei.u

c′2
+

9
2

(ei.u)2

c′4
−

3
2

u2

c′2
] (i = 0, 1, . . . , 8),

(25)

where the weight function ωi has the values of ω0 = 4/9, ωi

= 1/9 for i = 1–4 and ωi = 1/36 for i = 5–8. In the LBM, the
fluid and flow macroscopic values such as ρ, ρu, are computed
using the distribution function fi and given as follows:

ρ =

8∑
i=0

fi, (26)

ρu =
8∑
0

fiei. (27)

B. LBM for heat transfer

The thermal part of the LBM mathematical formulation
was described in the study of He et al.46 For incompress-
ible flow, the LBE of the temperature field can be determined
by47

gi(x + eiδt, t + δt) − gi(x, t) = −
1
τg

[gi(x, t) − geq
i (x, t)], (28)

where g is employed to model the energy distribution function
in the LBE. Compression work which carried out pressure
and viscous dissipation is overlooked by the equation. The
relaxation time of the temperature field τg can be given by the
following relation:

τg = 3
k

(ρcp)f c′2δt
+ 0.5. (29)

In Eq. (28), the equilibrium energy distribution function, gi
eq,

can be given as the following:48

geq
i = ωiT [1 + 3

ei.u

c′2
], (30)

where the value of T can be appraised from49

T =
8∑

i=0

gi (i = 0, 1, . . . , 8). (31)

In order to merge buoyancy force in the model, the force
term in Eq. (23) needs to be computed in the vertical direction
(y) as

Fi = 3ωi ρgβ(T − Tm), (32)

where ρ, g, β, and T stand for the local density, gravitational
acceleration vector, thermal expansion coefficient, and local
temperature, respectively. Tm = (Th + T c)/2 is the average
temperature.

FIG. 3. Comparison of the present average Nusselt number against the study
of Mansour et al.52
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C. Numerical strategy

To ensure that the code works in an incompress-
ible regime, the Mach number should be less than 0.3.
Therefore, the Mach number is allocated at Ma = 0.1 in
the investigation. By fixing the Rayleigh number, Prandtl
number, Mach number, and numbers of lattices in the
y-direction, the viscosity is calculated from its fixed
definition,

ν =

√
Ma2M2Prc2

s

Ra
, (33)

where M is the number of lattices in the y-direction.
After defining the whole parameters in Eq. (33), the val-
ues of relaxation times for flow and temperature can be
calculated.

D. Boundary conditions

Streaming and collision are the two main stages which
usually occur in the LBM.26 The distribution functions out of
the domain are recognized from the streaming process. The
unknown distribution functions are those toward the domain.
Concerning the no-slip boundary condition, the well-known
link bounce-back boundary condition50,51 was imposed on
the walls and heat source which means that the boundary
populations are equal to out-going populations after the col-
lision. The constant temperature in the thermal boundary
condition is adopted for a part of the right wall (G-F-E-D
walls corresponded to Fig. 2) in the enclosure and bound-
aries of the rectangular heat source. The GF-FE-ED walls
and boundaries of heat source are set to be zero (T c = 0)
and unity (Th = 1), respectively. An adiabatic boundary
condition was imposed on all other remaining walls in the

FIG. 4. Streamlines of different cases
according to Fig. 1. For Ra = 103 and
φ = 0.05.
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enclosure (AB, BC, CD and GH, and HA). To implement the
adiabatic boundary condition, it was assumed that the gradient
of the thermal distribution function perpendicular to the wall
was set to zero which is somewhat resembling a bounce-back
boundary condition.26

E. Code validation and grid independence

Considering the lattice Boltzmann approach, a numer-
ical code was developed to solve above-mentioned gov-
erning equations and related boundary conditions. During
each simulation, the memory space usage was 101 MB
and the central processing unit (CPU) usage was 13%
of Intel(R) core(TM) i7 CPU Q720@1.60 GHz. The fol-
lowing convergence criterion was applied to stop com-

puting:

ε′ =
∑

x

|u(x, t) − u(x, t − 1)|
|u(x, t)|

< 1.5 × 10−6. (34)

It must be mentioned that each simulation converged approx-
imately after 10 000 s. Table II presents an comprehensive
mesh testing procedure on the average Nusselt number for
φ = 0.05, AR = 0.2, γ = 0.5. As observed in the table, there is
a discrepancy of less than 1% between the grid combination
of 100 × 100 and 120 × 120. Thus, the case of 100 × 100 is
appropriate for the study. In order to check the validity and
accuracy of the method, the average Nusselt number of the
present work is compared with the study of Mansour et al.52

(see Fig. 3) and a high rate of consistency between the results
is obtained. Thus, the numerical code is trustworthy and can be

FIG. 5. Isotherms of different cases
according to Fig. 1. For Ra = 103 and
φ = 0.05.
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applied to predict natural convection of nanofluid flow inside
the enclosure.

IV. RESULT AND DISCUSSION

Natural convection heat transfer within a C-shaped cav-
ity was numerically investigated by changing the location of
the heat source on the inner wall of the cavity. As shown
in Fig. 1, fifteen different locations were considered: 5 on
the lower horizontal wall, 5 on the upper horizontal wall,
and another 5 on the vertical wall. The results were then
studied for the Rayleigh numbers ranging from Ra = 103

to Ra = 106 and solid volume fractions in the range of
φ = 0− 0.05.

Figures 4 and 5 demonstrate the streamlines and isotherms
for the aforementioned 15 cases at Ra = 103 and φ = 0.05.
As shown in Fig. 4, the power of the main vortex stretched

along the vertical section increases by moving the heat
source toward the left side of the cavity (cases 1–5). In
fact, because of dominating the buoyancy forces to viscous
forces acting on the nanofluid particles, the main vortices
extend through the vertical section of the enclosure when
the heat source is located at the bottom of this section. But,
as the heat source moves upward via the vertical section of
the enclosure (cases 6–10), the power of primary vortices
remain without changes. A reverse trend which is shown
in cases 1-5 can be found by moving the heat source far
away from left to right in the upper horizontal wing (cases
11-15).

A general look in the fifteen cases in Fig. 5 shows
the formation of smooth isothermal lines at Ra = 103

due to dominating conduction over natural convection heat
transfer. For case 1, the isothermal lines are fully com-
pact between the heat source and the cold rib, and this

FIG. 6. Streamlines of different cases
according to Fig. 1. For Ra = 106 and
φ = 0.05.
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approves the general mentioned trend. Regarding cases 2
and 3, the heat is transferred through the conduction
mechanism from the side walls of the heat source in the
presence of these compact isothermal lines. However, these
conditions are eliminated in case 5 and 4. Also, thermal
stratification is developed along the vertical section due to
the formation of more powerful vortices in this region. In
case 6, the power of vortices increases, and the larger side
of the heat source is subject to upward streamlines which
can increase the Nusselt number of the heat source (Fig. 4).
In cases 7–9, less space between the heat source and the
vertical cold wall squeezes the isothermal lines and causes
horizontally conduction heat transfer from the heat source
to the vertical wall of the rib in comparison with case 6. In
case 10, compact isothermal lines shrink over the two sides of
the heat source instead of three sides. Therefore, cooling of the

heat source is confined in comparison with the previous three
cases. As the heat source moves to the left side of the upper
wing, squeezed isotherms appear in the region between the
heat source and the cold wall of the rib. Thus, direct conduc-
tion heat transfer occurs from the heat source to the upper cold
wall.

The streamlines and isotherms for 15 arrangements of the
heat source on the inner wall at Ra = 106 and φ = 0.05 are
shown in Figs. 6 and 7. According to Fig. 6, the primary and
secondary vortices are several times stronger in case 1 com-
pared to Fig. 4 at Ra = 103. In cases 2–4 and on the right
side of the heat source, another secondary vortex is also added
which can increase the natural convection heat transfer associ-
ated with the lower wing of the enclosure. Ultimately, there is
only one primary vortex beside of case 5, and the thermal
contact between the secondary vortices and the horizontal

FIG. 7. Isotherms of different cases
according to Fig. 1. For Ra = 106 and
φ = 0.05.
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wall of the lower wing is lost, which despite increasing the
power of the primary vortex can cause a decrease in the cooling
rate of the heat source. In fact, the hot nanofluid accumu-
lates at the top of the vertical section of the cavity due to
the buoyancy forces. For cases 6–10, the power of the primary
vortex is significantly decreased by moving the heat source
upward inside the vertical section of the enclosure due to a
reduction in the temperature difference between the nanofluid
and the heat source, which is the driving force for natural
convection of the nanofluid. Finally, moving the heat source
at the upper wing toward the right-side reduces the strength
of the vortices and also split the main vortex up to small
vortices.

The isothermal lines (Fig. 7) are generally distorted
due to overcoming natural convection to conduction heat
transfer by augmenting Ra. For case 1, the isothermal lines
are horizontally developed between the heat source and the
cold wall of lower wing and hence, heat is effectively trans-
ferred to the rib through the upper surface of the heat source.
However, the left and right surfaces likewise contribute to
heat transfer for cases 2–4. Also, in cases 4 and 5, the
isothermal lines are developed as a result of strengthening the
primary vortex. As shown, a hotter fluid is collected within
the upper part of the vertical cavity as well as the upper wing
of the cavity in case 6 compared to case 5, which indicates
a higher local buoyancy force for the former case. Such con-
ditions can enhance the natural convection heat transfer and
improve the cooling rate of the heat source. In cases 7–9, the
hot fluid fully occupies the upper horizontal wing of the cavity
and, additionally, the heat source is located in front of the cold
vertical wall which increases the rate of heat transfer. It can
be found from Fig. 7 that the temperature difference between
the nanofluid and the heat source declines, and as a result,
the local buoyancy forces decrease as the position of the heat
source changes from case 7 to 9. In case 10, the isothermal
lines are compressed by significantly decreasing the power of
the primary vortex as depicted in Fig. 6 due to the reduction
in the local buoyancy forces arisen from a lower tempera-
ture difference. In brief, in cases 6–10, the isothermal lines
approach to one another around the heat source, ultimately
reaching a maximum compactness close to the heat source
in case 10 and consequently causing accumulation of the hot
flow around the heat source. These conditions can lead to a
decrease in the Nusselt number of the heat source. There is
no extension or contraction in overall of the isothermal lines
when the heat source moves from the position of case 11 to
case 13. But the temperature gradient at the region between
the heat source and the cold rib is increased due to narrower
space in the region. Therefore, more conduction heat transfer
could be imposed in this way. Also, because of the buoyancy
forces acting on the nanofluid particles, warmer and cooler
nanofluids gather at the top and the bottom of the cavity,
respectively.

Figure 8 presents the variation of the velocity profile at
Y = 0.5 and φ = 0.05 at different Ra for three different cases 3,
8, and 13. It is clear that the amplitude of the velocity profiles
increases by increasing the Rayleigh number. Therefore, the
augmentation of the Rayleigh number improves the convection
process. Moreover, it is obvious that for case 8, the value of

FIG. 8. The profiles of the velocity (a) case 3, (b) case 8, and (c) case 13 at
Y = 0.5 and φ = 0.05 for different Rayleigh numbers.

the velocity approaches zero at Ra = 103. It is observed that
for Ra = 103, there is no effective cooling on the heat source
at the vertical section of the cavity and also case 13, where the
heat source is located in the upper wing of the cavity, has the
best cooling conditions.
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FIG. 9. Variation of Nuso [(a) and (d)],
Nusi [(b) and (e)], and Nutot [(c) and (f)]
against distinct cases at different solid
volume fractions of nanoparticles at Ra
= 103 and Ra = 106.

Figure 9 demonstrates the diagram of the average Nus-
selt number related to the heat source Nuso [see Figs. 9(a)
and 9(d)], cold rib (heat sink) Nusi [see Figs. 9(b) and 9(e)],
and total of the heat sink and source Nut [see Figs. 9(c)
and 9(f)] with respect to different cases and for different solid
volume fractions of the nanoparticles at Ra = 103 and Ra = 106.
According to this figure, the Nuso approaches to its maximum
value when the heat source is located within the upper hori-
zontal wing of the cavity, i.e., case 14. It means that in order
to cool the heat source, conduction heat transfer overcomes
the role of the primary vortex and natural convection. Mean-
while, minimum Nuso is obtained by locating the heat source
within the lower part of the vertical cavity, i.e., case 5. Hence,
assuming a dominant conductive heat transfer, it can be con-
cluded that cases 14 and 5 demonstrate the best and poorest
heat transfers, respectively. Also, the minimum and maximum
of Nusi could be observed when the heat source is located
at the vertical section and the horizontal wing of the cavity,
respectively. This again indicates that the primary vortex is
not a main factor of the cooling process. A similar conclusion
could be obtained for Nut as shown in Fig. 9(c). In brief, for

cooling purposes, use of cavities according to cases 13–15 is
acceptable.

As the Rayleigh number increases (Ra = 106) and natural
convection overtakes conductive heat transfer, the maximum
rate of Nuso is obtained when the heat source is located within
the vertical section of the cavity as in cases 7–9. Under such
conditions, the minimum heat transfer rate occurs in cases
1, 5, and 11, where the heat source is located on the hori-
zontal wing of the cavity. A similar trend could be obtained
for Nut as shown in Fig. 9(f). Also, the minimum and max-
imum of Nusi could be observed when the heat source is
placed at the horizontal lower (cases 2) and upper (cases 11)
wings of the cavity, respectively. This arises from the fact that
when the heat source is placed at the horizontal lower wing
(case 2), which captures the hot nanofluid, the cool rib facil-
itates absorption of heat [Fig. 9(e)]. It could be concluded
that for high values of Ra, the natural convection and the
primary vortex have the major propellant to cool the heat
sources.

Figure 10 demonstrates the percentage of increase in Nuso

with respect to the pure fluid ( (Nuφ,0−Nuφ=0)
Nuφ=0

×100) for Ra = 103
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FIG. 10. Increment percentage of the average Nusselt number Nuso with
respect to the pure fluid against distinct cases for different solid volume
fraction of nanoparticle (a) Ra = 103 and (b) Ra = 106.

and Ra = 106. As shown, at Ra = 103, the effect of adding more
nanoparticles on the increase in Nuso indicates no significant
dependency on the location of the heat source. On the other
hand, a different condition is observed for Ra = 106, where the
effect of adding more nanoparticles is greater when the heat
source is located above the vertical cavity as in case 9.

V. CONCLUSION

The effect of a heat source location within a C-shaped
cavity on the natural convection heat transfer is investigated.
The lattice Boltzmann method is used to solve the char-
acteristic flow equation. The most significant results are as
follows:

• The power the vortex degrades due to lower motivation
of the local buoyancy forces exerted on the particles

of the nanofluid as the heat source is located at the
narrower section of the enclosure. At a given Ra = 106,
cases 6–10 compared to the previous ones, the power of
the primary vortex is significantly decreased by moving
the heat source upward inside the vertical section of the
enclosure.

• The optimal value of the Nusselt number is achieved at
Ra = 103 for case 14, where the heat source is located
within the upper horizontal cavity.

• At higher Rayleigh numbers, e.g., Ra = 106, the location
of the heat source within the vertical cavity, i.e., cases
7–9, leads to the most optimal value of the Nusselt
number.

• In reference to heat transfer in nanofluids at Ra = 103,
the percentage of increase in the Nusselt number of
natural convection has no significant dependencies on
the location of the heat source.

• At high Rayleigh numbers, e.g., Ra = 106, addition of
nanoparticles to the base fluid in case 9, where the heat
source is located in the upper part of the vertical cavity,
had the most influence on the natural convection of the
nanofluid compared to other cases.
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