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Abstract
Purpose – The purpose of this paper is to consider natural convection of a nanoﬂuid inside of a C-shaped
cavity using Lattice Boltzmann method (LBM).
Design/methodology/approach – Effects of some geometry and ﬂow parameters consisting of the
aspect ratio of the cavity, aspect ratio of the heat source; Rayleigh number (Ra = 103  106) have been
investigated. The validity of the method is checked by comparing the present results with ones from the
previously published work.
Findings – The results demonstrate that for Ra = 103, the aspect ratio of the heat source has more inﬂuence
on the average Nusselt number in contrast to the case of Ra = 106. Contrary to the fact that the average
Nusselt number increases non-linearly more than twice because of the increase of the aspect ratio of the
enclosure at Ra = 103, the average Nusselt number has a linear relation with the aspect ratio for of Ra = 106.
Therefore, upon increasing the Rayleigh number, the efﬁciency of the aspect ratio of the cavity on the thermal
convection, gradually diminishes.
Originality/value – The authors believe that all the results, both numerical and asymptotic, are original
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Nomenclature
AR
Cs
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dp
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Ra
t
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t
f
h
i
T
u, v
u
up
x, y
X, Y
Dt
w

= aspect ratio of enclosure;
= speed of sound (m/s);
= speciﬁc heat capacity at constant pressure (J/kg K);
= nanoparticle diameter (m);
= streaming speed for single particle;
= density distribution function;
= equilibrium density distribution function;
= external force;
= energy distribution function;
= gravitational acceleration (m s2);
= equilibrium energy distribution function;
= enclosure height (m);
= heat transfer coefﬁcient (W/m2k);
= thermal conductivity (W/(m K);
= Boltzmann constant (J/K);
= Nusselt number;
= Mach number;
= Prandtl number;
= heat ﬂux (W m2);
= Rayleigh number;
= time (s);
= dimensionless single relaxation time for the heat transfer computation;
= dimensionless single relaxation time for the ﬂow;
= base ﬂuid;
= hot;
= move direction of single-particle computation;
= dimensional temperature (K);
= velocity components (m s1);
= velocity vector (m s1);
= Brownian velocity (m s1);
= Cartesian coordinates (m);
= dimensionless Cartesian coordinates;
= lattice time; and
= weight function.

Greek symbols
g
a
m
f
b
u
m
dx
dy
dt
«0
r

= aspect ratio of heat source;
= thermal diffusivity (m2 s1);
= dynamic viscosity (kg/m s);
= volume fraction of the particles;
= thermal expansion coefﬁcient (K1);
= dimensionless temperature (K);
= dynamic viscosity (kg m1s1);
= lattice spacing (m);
= lattice spacing (m;)
= time step (s);
= relative error; and
= density of ﬂuid (kg m3).
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Subscripts
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c
l
nf
p
w

= cold;
= liquid phase;
= nanoﬂuid;
= nanoparticle; and
= wall.

1. Introduction
Using new and dummy cooling ﬂuids called nanoﬂuid with preferable thermal properties
could respond to increasing demand of further heat transfer dissipation. On the other hand,
natural convection heat transfer in a cavity ﬁlled by a ﬂuid considerably depends on the
physical conﬁguration of the cavity. Although many studies have been performed to
consider hydrodynamics and thermal behavior of nanoﬂuids, it is essential to improve the
past research on this topic (Izadi et al., 2009; Freidoonimehr et al., 2015; Garoosi et al., 2015b;
Rashidi et al., 2014a; Rashidi et al., 2014b; Izadi et al., 2013b; Izadi et al., 2013a; Izadi et al.,
2014; Izadi et al., 2015; Mohebbi and Rashidi, 2017; Mohebbi et al., 2018b; Mehryan et al.,
2018a; Izadi et al., 2018b; Mohebbi et al., 2017; Hoghoughi et al., 2018; Izadi et al., 2018a;
Reddy and Chamkha, 2018; Bondareva et al., 2018; Ros
ca and Pop, 2017; Mehryan et al.,
2018b). In a recent paper, Mohebbi and Rashidi (2017) examined the natural convection of a
nanoﬂuid inside of an L-shaped enclosure. The results show that heat transfer indices and
ﬂow ﬁeld were highly affected by the position of the heat source. For all aspect ratios, when
a heat source is positioned lower in the cavity and beside the left wall inside the cavity, a
major heat transfer rate is obtained. Natural convection of a nanoﬂuid in a two-dimensional
square enclosure containing various pairs of heat sinks and sources was numerically
studied by Garoosi et al. (2015b). The results conﬁrm that arrangement of the heat source
has a substantial inﬂuence on the total Nusselt number. Also, the authors reported that at
Ra  105, when the thermal source was implanted at the down half of the enclosure
compared to the upper one, the Nusselt number had an enhancement of about 60 per cent. To
examine the effect of sources-sinks arrangements, Izadi et al. (2014) numerically studied a
laminar mixed nanoﬂuid ﬂow consisting of Al2O3 nanoparticles inside a cavity. They
reported the best arrangement which had the highest Nusselt number between 15 different
conﬁgurations. The results portended that the cavities which had separated sources
terminated better cooling for cases with one overall vortex. The effect of inclination angle on
the mixed convection of a nanoﬂuid ﬂow throughout an annulus was numerically surveyed
by Izadi et al. (2015). The results indicated a maximum value in the heat transfer coefﬁcient
occurred for an annulus with a horizontal direction. Natural and mixed convection heat
transfer of a nanoﬂuid in a two-dimensional square enclosure was numerically investigated
by Garoosi et al. (2015a). They showed that at an optimized volume fraction of nanoparticles,
the maximum heat transfer rate occurred. Also, it was reported that for a high thermal
conductivity, the thermophoretic effects related to nanoparticles could be negligible.
Freidoonimehr et al. (2015) studied the transient MHD natural convection of a nanoﬂuid over
a vertical surface. The results indicated that nanoﬂuids containing Al2O3 and Cu
nanoparticles showed the minimum and maximum value of the skin friction coefﬁcient,
respectively. Also, Cu and TiO2 nanoparticles dispersed in a base ﬂuid had the largest and
lowest heat transfer indices. Natural convection in a two-dimensional enclosure using
nanoﬂuids was investigated by Khanafer et al. (2003). They compared different models
together with regard to the physical properties of nanoﬂuid.
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The effects of a semi-cylinder placed at the bottom of the enclosure on the thermal indices
were numerically examined by Kaviany (1984). The outcomes approved that the attendance of
the protuberance results in detracting the heat transfer rates in the down part of the enclosure.
References on nanoﬂuids can be found in the books by Das et al. (2007), Nield and Bejan
(2013), and Shenoy et al. (2016) and in the review papers by Buongiorno et al. (2009), Kakaç
and Pramuanjaroenkij (2009), Wong and Leon (2010), Manca et al. (2010), Mahian et al.
(2013), Sheikholeslami and Ganji (2016), Myers et al. (2017), etc. These reviews discuss in
detail the preparation of nanoﬂuids, theoretical and experimental investigations of thermal
conductivity and viscosity of nanoﬂuids and the work done on convective transport in
nanoﬂuids. It is to be noted that this mode of heat transfer ﬁnds signiﬁcant importance in
areas such electronic cooling, vehicle cooling transformer, coolant cooling of electronic
equipment’s, geophysical ﬂows, aqueous solution-based crystal growth processes (Rao and
Srivastava, 2018), etc.
Recently, simulation of ﬂuid ﬂow and convective heat transfer problems have been
solved using the Lattice Boltzmann Models (LBM), which is based on the kinetic theory
(Nazari et al., 2013; Nazari et al., 2014; Mohebbi and Heidari, 2016; Mehrizi et al., 2012;
Mezrhab et al., 2010; Mohebbi and Rashidi, 2017; Mohebbi et al., 2018a; Ma et al., 2018). In
fact, LBM has a major potential to simulate single and multiphase ﬂuids including steady
and unsteady regimes, natural and forced convection heat transfer. A detailed comparison
between LBM and the ﬁnite element method (FEM) is presented by Mohebbi et al. (2016).
They found that, the grid generation in LBM is much easier than FEM. So that LBM is
consuming less memory by using the less computational time in comparison with FEM. On
the other hand, the LBM will turn out to be a faster and easier method.
To simulate a two-dimensional convective ﬂow in a square differentially heated cavity, a
Lattice Boltzmann equation was utilized by Mezrhab et al. (2010). They validated the model
by the numerical data of the corresponding convective square cavity ﬂow. Mehrizi et al.
(2012) found that with augmenting the volume fraction of nanoparticles, the heat convection
rate was increased using the LBM analysis. Also, Sebdani et al. (2012) numerically
investigated the mixed convection of Al2O3/water nanoﬂuid with temperature-dependent
thermal conductivity. Review of the literature shows that the observations are contradicting
for natural convection inside of a C-shaped cavity saturated by a nanoﬂuid. Currently, no
argumentative and comprehensive extraction can be concluded without fully discovering
the role of different conﬁguration and ﬂow factors. The inﬂuence of some geometric
variables such as the aspect ratios of cavity and heat source has been examined using LBM.
Also, the effect of nanoparticles concentration is studied at different Rayleigh numbers. In
brief, heat transfer plays a critical role in suitable performance of various parts of industries.
As derived from previous studies, a nanoﬂuid could reform cooling operation of thermal
systems. Therefore, the purpose of the present paper is to consider natural convection of a
nanoﬂuid inside of a C-shaped cavity for various ﬂow and geometric variables. It should be,
however, mentioned at this end that Mahmoodi and Hashemi (2012) have numerical study of
natural convection of a nanoﬂuid in C-shaped enclosures. Bakier (2014) has been also
considered the ﬂow of a viscous ﬂuid in open C-shaped cavities, while Makulati et al. (2016)
numerically treated the natural convection of a water-alumina nanoﬂuid in inclined
C-shaped enclosures under the effect of magnetic ﬁeld.
2. Mathematical model
2.1 Statement of the problem
Figure 1 shows the geometry of the C-shaped cavity. The nanoﬂuid is the cooling ﬂuid of the
C-shaped cavity with AR = 0.2, 0.4 and 0.6. The results are also represented for the heat source
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aspect ratio of g = 0.25, 0.5 and 0.75, Rayleigh numbers from Ra = 103 to Ra = 106 and volume
fraction of the nanoparticles from f = 0 to f = 0.05. As displayed in Figure 1, the right wall of
the cavity and the heat source are kept at the constant temperatures of Tc and TH, respectively,
while other walls of the cavity are kept adiabatic. The cavity is saturated with a water/Al2O3
nanoﬂuid and it is assumed that the solid nanoparticles and the base ﬂuid are in thermal
equilibrium and there is no slip velocity between them. The nanoﬂuid is assumed to be
incompressible and Newtonian and the ﬂow is two-dimensional, laminar and without radiation
effects. The viscous dissipation effects in the energy equation are assumed negligible. So the
simulation is performed for a homogeneous ﬂuid in which velocity and temperature differences
between the two phases are ignored. Density changes are estimated with the Boussinesq model.
Table I shows the characteristics of different phases (Oztop and Abu-Nada, 2008). The
governing dimensional equations with respect to the above-mentioned conditions may be
represented as follows (Tiwari and Das, 2007):
@u @v
þ
¼0
(1)
@x @y
"
!#
@u
@u
1
@p
@2u @2u
¼
 þ m nf
þ
u þv
(2)
@x
@y r nf
@x
@x2 @y2
"
!#
@v
@v
1
@p
@2v @2v
 þ m nf
þ
u þv ¼
þ ð r b Þnf gðT  Tc Þ
@x
@y r nf
@y
@x2 @y2

(3)

Figure 1.
Schematic picture of a
c-shaped enclosure
with related
boundary condition

Property
Cp (J/kg K)
r (kg/m3)
Table I.
K (W/m K)
Thermo-physical
b  105 (K_1)
properties of the base m  104 (kg/ms)

ﬂuid and
nanoparticles

Source: Oztop and Abu-Nada (2008)

Fluid phase (Water)

Al2O3 (nanoparticles)

4,179
997.1
0.613
21
8.55

765
3970
40
0.85
–

"
#
@T
@T
@2T @2T
þv
¼ anf
þ 2
u
@x
@y
@x
@y

(4)

The following non-dimensional variables related to these equations are used:
X¼

x
y
vW
ED
pW 2
T  Tc
;Y ¼ ; V ¼
;P¼
; AR ¼
;u ¼
;
W
W
anf
W
r nf anf 2
Th  Tc
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Ra ¼

g b nf H 3 ðTh  Tc Þ
 nf
h
; Pr ¼
;g¼
anf  nf
anf
d

(5)

Combination of the non-dimensional variables and governing Equations (1)-(4), results in the
following corresponding dimensionless elliptical equations:
@U @V
þ
¼0
@X @Y

(6)



m nf @ 2 U @ 2 U
@U
@U
@P
þV
¼
þ
þ
U
@X
@Y
@X r nf af @X 2 @Y 2

(7)



ð r b Þnf
m nf @ 2 V @ 2 V
@V
@V
@P
þ
U
þV
¼
þ
þ
Ra Pr u
2
2
r nf b f
@X
@Y
@Y r nf af @X
@Y


anf @ 2 u @ 2 u
@u
@u
U
þV
¼
þ
@X
@Y
af @X 2 @Y 2

(8)

(9)

The non-dimensional boundary conditions for the problem under consideration can be
written as:
8

<
AB; BC; CD; GH; HA : U ¼ V ¼ 0; @ u =@n ¼ 0
on walls :
(10)
DE; EF; FG : U ¼ V ¼ 0; u ¼ 0
:
on walls of obstacle : U ¼ V ¼ 0; u ¼ 1

3. Nanoﬂuid thermophysical properties
In the present study, the relations are only dependent on the volume fraction of
nanoparticles which are proven and mentioned in references (Einstein, 1956; Brinkman,
1952). The following equations give the physical properties of the nanoﬂuid:
The density of the nanoﬂuid is given by:

r nf ¼ ð1  f Þ r f þ f r p

(11)

where f is the volume fraction of the nanoparticles and f, nf and p are subscripts that
correspond to base ﬂuid, nanoﬂuid and nanoparticles, respectively. The heat capacity and
volume expansion coefﬁcient of the nanoﬂuid are given by the following correlations:
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ð r cp Þnf ¼ ð 1  f Þð r cp Þf þ f ð r cp Þp

(12)

ð r b Þnf ¼ ð1  w Þð r b Þf þ w ð r b Þs

(13)
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The dynamic viscosity of the nanoﬂuid considering the Brownian motion of nanoparticles is
derived by Einstein (1956):

m nf
¼ ð1 þ 2:5f þ 6f þ 6:5f 2 Þ
mf

(14)

The approximated thermal conductivity provided by the Patel (2006) model, which is given
by:
!
knf  kf kp
up dp df fp
¼
1þc
(15)
kf
kf
a f dp 1  f p
where c is a constant value and equals to 25,000 for a wide domain of experimental data The.
Brownian velocity of correlation for nanoparticles (up) can be determined from:
up ¼

2kB u
p m l dp2

(16)

in which kB is the Boltzmann constant and u is the temperature in Kelvin. The thermal
diffusivity, anf, of the nanoﬂuid is deﬁned as (Oztop and Abu-Nada, 2008):

anf ¼

knf
r
ð cp Þnf

(17)

Finally, the below equation can be applied to estimate the nanoﬂuid Prandtl number:
Prnf ¼

ð m cp Þnf
knf

(18)

4. Lattice Boltzmann method
4.1 LBM for ﬂuid ﬂow
To solve ﬂuid ﬂow problems, the LBM has been used as a suitable method by evolving
variables on lattices (Nazari et al., 2014; Nazari et al., 2013; Mohebbi and Rashidi, 2017). The
LBM is a relatively new numerical method. This method was originally developed by Frisch
et al. (1986); Frisch (1991), and then modiﬁed and extended by other researchers such as
McNamara and Zanetti (1988), Higuera (1989) and Chen et al. (1992). The LBM with standard
bi-dimensional, nine velocities (D2Q9 LBM model) is used to simulate ﬂuid ﬂow in the cavity
with and without rough elements. The domain of ﬂuid ﬂow is meshed using uniform grid
size of d x = d y. The discrete particle velocity vectors ei is deﬁned as (Bhatnagar et al.,
1954):
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8
ði ¼ 0Þ
>
<ð0; 0Þ



ði51; :::; 4Þ
ei 5 cos ði  1Þp =2 ; sin ði  1Þp =2 : c



>
: ð
Þ
ð
Þ
cos i  5 p =2 þ p =4 ; sin i  5 p =2 þ p =4 : c ði55; :::; 8Þ

(19)

where the lattice speed c is posited to unity in the simulation. The LBE (known as LBGK
equation) with single relaxation time and the external force component in i-direction Fi can
be represented as Bhatnagar et al. (1954) and Mohamad and Kuzmin (2010):

1 
fi ðx þ ei d t; t þ d tÞ  fi ðx; tÞ ¼ 
fi ðx; tÞ  fieq ðx; tÞ þ DtFi : ei ði ¼ 0; 1; :::; 8Þ
t
(20)
in which f is called the density distribution function and Dt denotes the lattice time and is set
to unity. The relaxation time for the ﬂow ﬁeld, t v can be deﬁned as:
dt
t  ¼ 0:5 þ  2
(21)
cs
where  is the kinematic viscosity and cs ¼ pcﬃﬃ3 is the speed of sound. For D2Q9 model, the
equilibrium distribution function, fieq, is represented by Qian et al. (1992):


ei : u 9 ðei : uÞ2 3 u2
ði ¼ 0; 1; :::; 8Þ
(22)
fieq ¼ wi r 1 þ 3 2 þ

c
2 c4
2 c2
where the weight function wi has the values of w0 = 4/9, wi = 1/9 for i = 1 to 4 and wi = 1/36
for i = 5 to 8. In the LBM, the ﬂuid and ﬂow macroscopic values such as r , r u, are
computed using the distribution function fi, and are given as follow:
8
X
r¼
fi
(23)
i¼0

ru ¼

8
X

fi ei

(24)

i¼0

4.2 LBM for heat transfer
The thermal part of LBM mathematical formulation of the problem was described by He
et al. (1998). For incompressible ﬂow, the LBE of the temperature ﬁeld can be determined by
Yan and Zu (2008):

1 
gi ðx þ ei d t; t þ d tÞ  gi x; tðx; tÞ ¼ 
gi ðx; tÞ  gieq ðx; tÞ
(25)
tg
where g is used to model the energy distribution function in the LBE. Compression work by
which carried out pressure and viscous dissipation is overlooked by the equation. The
relaxation time of the temperature ﬁeld t g can be given by the following relation:
k
þ 0:5
(26)
tg ¼ 3
ð r cp Þ f c2 d t
.
In Equation (15), the equilibrium energy distribution function, gieq can be given as the
following Mohamad (2007):
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ei : u
gieq ¼ wi T 1 þ 3 2
c
where the value of T can be appraised from Wang et al. (2007):
8
X
T¼
gi ði ¼ 0; 1; :::; 8Þ

(27)

(28)

i¼0
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To merge the buoyancy force in the model, the force term in Equation (20) needs to be
computed in the vertical direction (y) as below:
Fi ¼ 3wi r gy b ðT  Tm Þ

(29)

where r , gy, b and T stand for the local density, gravitational acceleration vector, thermal
expansion coefﬁcient and the local temperature, respectively. Tm = (Th þ Tc)/2 is the
average temperature.
4.3 Numerical method
To ensure that the code works in an incompressible regime, the Mach number should be
less than 0.3. Therefore, the Mach number is allocated at Ma = 0.1 in the investigation
(Krüger et al., 2017). 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:
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ma2 M 2 Prc2s
(30)
¼
Ra
where M is the number3 of lattices in the y-direction. The Rayleigh and Prandtl numbers are
b g H Prnf ðTh  Tc Þ
speciﬁed as Ra ¼ y
and Pr ¼ a , respectively. The values of the relation times
2
for ﬂow and temperature can be calculated after deﬁning the whole parameters in
Equation (30).
5. Boundary conditions
Streaming and collision is two main stages usually happens in LBM (Nazari et al.,
2014). 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 condition (Zou and He, 1997; Inamuro et al., 1995) was imposed on the walls
and the heat source which means that the boundary populations are equal to outgoing populations after the collision. The constant temperature in the thermal
boundary condition is adopted for a part of the right wall (G-F-E-D walls
corresponding to Figure 1) in the enclosure and boundaries of the rectangular heat
source. GF-FE-ED walls and boundaries of the heat source is set to be zero (T c = 0)
and unity (T h = 1). An adiabatic boundary condition is imposed on all other remaining
walls in the enclosure (AB, BC, CD and GH and HA). To implement a adiabatic
boundary condition, it is assumed that the gradient of the thermal distribution
function perpendicular to the wall is set to zero, that is, somewhat resembling to a
bounce-back boundary condition (Nazari et al., 2014).
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5.1 Nusselt number
The most signiﬁcant physical quantity to evaluate the convection heat transfer of a ﬂuid
ﬂow is the Nusselt number, which is deﬁned by the ratio of convection to conduction
(Kefayati, 2014). The following relation represents estimation of such physical quantity:
hH
Nul ¼
(31)
kf
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where the heat transfer coefﬁcient (h) and the thermal conductivity of the nanoﬂuid are
represented from the following relation:
qw
h¼
(32)
Th  Tc
knf ¼ 

qw
@T=@n

(33)

where n is the direction normal to the solid surface. Using the above relations
[Equations (32) and (33)], the local Nusselt number for the source wall can be derived as:
knf
@u
(34)
Nui ¼ 
kf
@N
Index of i is v or h which corresponds to the vertical or the horizontal wall, respectively. N is
the non-dimension variable n (N ¼ Hn ). Finally, by integrating the local Nusselt number along
the heat source, the average Nusselt number is obtained.
5.2 Code validation and grid independence
Considering the Lattice Boltzmann approach, a numerical code is developed to solve the
above-mentioned governing equations and related boundary conditions. The following
convergence criterion is applied to stop computing:
X juðx; tÞ  uðx; t  1Þj
< 1:5  106
«0 ¼
(35)
juðx; tÞj
x
Table II presents a comprehensive meshing test procedure on the average Nusselt number
for f = 0.05, AR = 0.2 and g = 0.5. As it is observed, there is a less than 1 per cent difference
in the results between the grid combination of 100  100 and 120  120. Therefore, the case
of 100  100 is appropriate for the present study. To check the validity and accuracy of the

Ra

No. of nodes

Average Nusselt no.

1,000

60  60
80  80
100  100
120  120
60  60
80  80
100  100
120  120

1.235278
1.222456
1.211757
1.211304
6.786176
6.613980
6.513024
6.503475

1,000,000

Notes: f = 0.05; AR = 0.2; g = 0.5

(%) of error

jNunew  Nuold j
 100
Nunew
1.04887
0.88293
0.05174
2.60361
1.55006
0.14683

Table II.
Effect of the mesh
size on average
Nusselt number
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method, the average Nusselt number is compared with that reported in the work of Mansour
et al. (2014), and excellent agreement is obtained between the results. Thus, the numerical
code is trustworthy and can be applied with great conﬁdence to predict natural convection
ﬂow of nanoﬂuid inside a C-shaped enclosure. Figure 2 shows the comparison of the present
results with those reported by Mansour et al. (2014) are also in excellent agreement. Also,
Figure 3 shows the convergence criterion and solution’s stability for the simulation based on
the calculation of the averaged Nusselt number.
6. Results and discussion
The efﬁciency of diverse geometric and ﬂow parameters such as the aspect ratios of the
cavity and the heat source, Rayleigh number and the volume fraction of nanoparticles on
natural convection in a C-shaped cavity is examined. While the nanoﬂuid is the cooling ﬂuid,
we assume that the nanoparticles volume fraction ranges from 0 to 0.05, the Rayleigh
number varies from 103to 106and the aspect ratios of the cavity and the heat source are
AR = 0.2, 0.4, 0.6 and g = 0.25, 0.5, 0.75, respectively.

Figure 2.
Comparison of the
average Nusselt
number of present
research work with
Mansour

Figure 3.
Variation of average
Nusselt number
versus number of
iterations for
AR = 0.2, Ra = 106,
f = 0.05 and g = 0.5
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Figure 4 illustrates the streamlines and isotherms inside the enclosure at Ra = 103, f = 0.05
for different aspect ratio of the cavity. As can be seen, the stronger vortices become visible in
the center of the cavity. In all of the aspect ratios, the vortices are symmetric with respect to
the horizontal axis so that the strongest vortices are located in the front of the heat source.
By increasing the aspect ratio of the cavity, the streamlines become closer to the heat
source and their density increases in this region. Under such circumstances, despite
reducing the intensity of the central vortices, those adjacent to the heat source can transfer a
greater value of thermal energy from the heat source. On the other side, upon increasing the
aspect ratio, the contact surface of vortices with the wall on the right side (heat sink) is

Figure 4.
Streamlines and
isotherms inside the
enclosure at Ra = 103
and f = 0.05 for
different aspect ratio
of the cavity
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Figure 5.
Velocity vectors for
AR = 0.2, Ra = 106,
f = 0.05 and g = 0.5

increased which could enhance heat dissipation to the heat sink. At a higher value of the
aspect ratio, the isotherms become denser in different regions including that around the heat
source leading to an increment in the temperature gradient and, thus, the rate of heat
transfer from the source to the cooling wall (heat sink). At the same time, the cavity volume
decreases at higher aspect ratios which can have a negative impact on the heat transfer. As a
result, various factors have different and somewhat conﬂicting effects on the rate of heat
transfer by changing the aspect ratio. It is essential to identify the dominant factors on the
rate changes of heat transfer.
The velocity vectors for AR = 0.2, Ra = 106, f = 0.05 and g = 0.5 illustrated in Figure 5.
The formation of the boundary layer in the solution domain is obvious in this ﬁgure.
Figure 6 displays the streamlines and the isotherms for various aspect ratios of the heat
source at Ra = 106 and f = 0.05. The central vortices move upwards and the streamlines
lose their symmetry at high Rayleigh numbers. In all of disparate aspect ratios, stronger
vortices at the center have the same intensity. The pattern and congestion of the streamlines
adjacent to the heat source is almost identical at all three aspect ratios. As clearly
demonstrated in the ﬁgures, the isotherms turn horizontal from vertical indicating the
dominance of natural heat convection in the nanoﬂuid. In this condition, unlike that of
Ra = 103, the heat transfer occurs not in the horizontal direction but in the vertical direction
and perpendicular to the isotherms. It seems that the conduction heat transfer which is
normal to the isotherms cannot help cooling the heat source.
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Figure 6.
Streamlines and
isotherms inside the
enclosure at
Ra = 106, f = 0.05
for different aspect
ratio of cavity

Figure 7 displays the inﬂuence of the aspect ratio of the heat source g on the streamlines and
the isotherms for Ra = 103 and w = 0.05. As seen, the violence of the central vortices reduces
with augmenting the value of g . On the other hand, the streamlines adjacent to the heat
source are distorted and become denser which can result in an enhanced natural heat
transfer rate. Sub-vortices with a lower strength in the upper and lower parts of the
enclosure are observed in the counter-clockwise direction. No signiﬁcant change in the
isotherms is observed upon increasing the value of g .
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Figure 7.
Streamlines and
isotherms at
Ra ¼ 103 and
f ¼ 0:05 for
different aspect ratios
of heat source

Figure 8 presents the streamlines and the isotherms for various aspect ratios of the heat
source for Ra = 106 and w = 0.05. In general, the strength of the central vortices increases at
higher Rayleigh numbers. With augmenting the aspect ratio of the heat source, the value of
the central vortices is not changed but the size becomes smaller. Because of a higher
buoyant force at Ra = 106, the sub-vortices in the upper gear disappear and are only seen in
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Figure 8.
Streamlines and
isotherms at
Ra ¼ 106 , f ¼ 0:05
for different aspect
ratios of heat source

the lower gear. In contrast, the main vortices spread out to that area. As seen in the
isotherms, the buoyancy force increases with increasing values of g , and thus, the nanoﬂuid
temperature increases in the upper part of the cavity. However, no signiﬁcant change is
observed in the temperature of the bottom of the cavity. This could strengthen natural heat
transfer throughout the cavity. Figure 9 shows the streamlines and the isotherms for the
base ﬂuid and the nanoﬂuid for Ra = 103, AR = 0.6 and g = 0.75. The intensity of the central
vortex in the nanoﬂuid shows a slight more increase than the base ﬂuid. As is clear, the
vortices rotate clockwise and cause transfer of energy from the heat source to the cold wall
by natural convection.
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Figure 9.
Streamlines and
isotherms of
nanoﬂuid for two
volume fraction of
nanoparticles at
Ra ¼ 103 , AR = 0.6
and g = 0.75

The corresponding contours are demonstrated in Figure 10 for Ra = 106. As can be seen, the
central vortex in the nanoﬂuid is stronger than that in the base ﬂuid. The higher density of
the streamlines adjacent to the heat source in the nanoﬂuid contrasted with the base ﬂuid
may enhance the natural convection heat transfer rate close to the heat source. Comparison
of Figures 9 and 10 for Ra = 106 shows that the main vortices spread across the upper gear
as a result of the buoyant force and are in contact with the upper cold wall. This can result in
increased natural heat transfer. There is no meaningful discrepancy between the isotherms
of the nanoﬂuid and the base ﬂuid.
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Figure 10.
Streamlines and
isotherms of
nanoﬂuid for two
volume fraction of
nanoparticles at
Ra ¼ 106 , AR = 0.6
and g = 0.75

Figure 11 presents the changes in the Nusselt number with increasing values of the aspect ratio
of cavity for Ra = 103 and 106. As seen, depending on the value of g , the average Nusselt
number nonlinearly increases more than twice as a function of aspect ratio for Ra = 103
indicating a signiﬁcant increase. As pictured in Figure 4, the density of the streamlines
increases with increasing the value of AR. In addition, the isotherms become vertical leading to
a signiﬁcant enhancement in the average Nusselt number. In contrast, as displayed in Figure 6,
with the loss of the streamlines symmetry and the upward movement of the central vortices
because of the buoyancy forces, the inﬂuence of AR increase is reduced leading to insigniﬁcant
linear changes. As it is shown in Figure 12, the average Nusselt number enhances with
growing values of the nanoparticles volume fraction. The ﬁgure also displays an increment in
the average Nusselt number with increasing values of g . The inﬂuence of g on the average
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Figure 11.
The effect of aspect
ratio of cavity on
average Nu number
at various aspect
ratio of heat source

Nusselt number reduces with growing values of the Rayleigh number. With growing buoyancy
forces in this condition, the impact of the heat source aspect ratio decreases.
Figure 13 shows the horizontal velocity u in the central part of the cavity for two values
of g and different Rayleigh numbers. As can be seen, the horizontal velocity increases
because of increased buoyancy forces caused by the increase in the Rayleigh number. As
seen in Figure 4, the eddies are symmetric for Ra =1000. So there is no horizontal velocity on
the center cavity and there is only a vertical velocity component. The central symmetry is
lost by increasing the Rayleigh number and the buoyancy force so that the return velocity
increases on the central axis.
The vertical velocity v in the central part of the cavity are pictured in Figure 14 for
different values of AR. As can be seen, the velocity in the cavity is measured into two
opposite parts. The velocity direction adjacent to the heat source and the cold wall is upward
and downward, respectively. The maximum velocity for all cases is almost identical.
Although according to Figure 15, the horizontal velocity augments with increasing values of
g , this has no efﬁcacy on the maximum vertical velocity. Because of an enhancement in the
average Nusselt number with increasing values of g , it seems reduction of the space
between the heat source and the cold wall enhances the impact of natural heat convection. In
fact, the space reduction has been efﬁcient in enhancing the cooling performance.
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Figure 12.
Variation of average
Nu with volume
fraction of
nanoparticle at
various aspect ratio
of heat source

7. Conclusion
Natural convection inside a C-shaped cavity saturated by a nanoﬂuid has been investigated.
By raising the aspect ratio of the cavity, the streamlines become closer to the heat source so
that they could transfer a greater amount of thermal energy from the heat source. As a
result, various factors have different and somewhat conﬂicting effects on the rate of heat
transfer by changing the aspect ratio. The stronger central vortex and higher density of
streamlines near the heat source in the nanoﬂuid may enhance the natural convection heat
transfer rate near the heat source compared with the base ﬂuid. For Ra = 106 compared to
Ra = 103, the main vortices spread across the upper gear and contact with the upper cold
wall resulting in enhanced natural convection heat transfer. The average Nusselt number
increases nonlinearly and linearly with increasing values of the aspect ratio AR for Ra = 103
and Ra = 106, respectively. Thus, the effect of AR on the average Nusselt number for Ra =
103 is more considerable contrasted to its corresponding values for Ra = 106. The results
clearly conﬁrm that the inﬂuence of g on the average Nusselt number reduces at higher
values of the Rayleigh number.
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Figure 13.
Horizontal velocity
proﬁles u along the
middle-section of the
cavity for different
Rayleigh number

Figure 14.
Vertical velocity
proﬁles v along the
middle-section of the
cavity for different AR
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Figure 15.
(a) Horizontal and (b)
vertical velocity
proﬁles along the
middle-section of the
cavity for different g
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