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Abstract: A numerical study is conducted to evaluate the steady natural convective heat transfer
problem and entropy generation of both single wall (SWCNT) and multi wall (MWCNT) nanoparticles
with water as a base liquid over two spaced spheres. The isothermally heated spheres are located
between two plates of short length. The cooled plates are maintained at different inclination angles.
A numerical approach based on the finite volume method and multigrid acceleration was used to
solve the governing equations. The effects of nanoparticle type, volume fraction, the inclination
angle of the plates and the Rayleigh numbers are well-considered. Results reveal that there is a
remarkable enhancement of the average Nusselt number over the plates for MWCNT nanoparticles
with 63.15% from the inclination angle 0◦ to 30◦. Furthermore, optimal heat transfer rates over the
plates for MWCNT nanoparticles equates to 1.9, which is obtained for the inclination 30◦ and a
Rayleigh number of 106. However, for SWCNT nanoparticles, the same equates 0.9, which is obtained
for the inclination 90◦ and a Rayleigh number of 106. The comprehensive analysis is presented under
some well-defined assumptions which show the reliability of the present investigation.

Keywords: numerical analysis; heat transfer; MWCNT; SWCNT; entropy production; inner spheres;
inclination angle; ecological coefficient of performance

1. Introduction

Given the importance of heat transfer enhancement in numerous facets of engineering
and the development of effective equipment, countless investigations have been performed
to improve the natural convective phenomena and heat transfer in nature and engineer-
ing [1,2]. Hence, to meet the growing demand for modern technologies, the efficiency of
such thermal equipment needs to be improved [3,4]. Earlier in 1995, a new challenging
category of heat transfer fluids, called Nanofluids, was discovered by the mathematician
and researcher Choi [5]. They are liquid suspensions that contain nanometer-sized parti-
cles (metal or metallic oxide), amalgamated into conventional liquids (water, oil, ethylene
glycol, etc.) with thermal conductivities higher than those of the base liquids, and with
sizes significantly smaller than 100 nm.

Improvement of nanofluids’ utilization in the heat transfer area has made conceivable
the new developments in microelectronics, transport, metrology, and so forth [6,7]. In
their research study, Kumar et al. [8] studied the flow of Maxwell nanofluid incorporating

Energies 2022, 15, 2618. https://doi.org/10.3390/en15072618 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15072618
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-9626-2950
https://orcid.org/0000-0003-3631-4071
https://orcid.org/0000-0003-3790-6802
https://orcid.org/0000-0001-9076-9945
https://doi.org/10.3390/en15072618
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15072618?type=check_update&version=1


Energies 2022, 15, 2618 2 of 31

MWCNT/SWCNT in a stretching sheet by considering the thermal radiation and magnetic
dipole effects.

Hybrid nanofluids SWCNT-TiO2 and MWCNT-CoFe2O4 over a rotating disk under
the MHD radiative flow conditions were numerically investigated by Hassan et al. [9].
M. Sheikholeslami et al. [10] applied the Lattice Boltzmann method to numerically simulate
the magnetohydrodynamics nanofluid in a cubical cavity heated from below. Authors have
considered the Koo–Kleinstreuer–Li correlation. The same CFD discretization method has
been used by the same author, M. Sheikholeslami et al. [11], in another research work to
investigate the water based nanofluid (Al2O3-H2O) of 3D porous cavity by incorporating
an isothermal heated spherical body in the existence of Lorentz forces. Benos et al. [12]
studied numerically the MHD natural convection in a shallow enclosure repleted with
CNT-nanoparticles; the cavity is internally heated by volumetrically heated sources. CNTs
in their two types—SWCNTs-H2O and SWCNTs-H2O—are also utilized in the research
of Naveed et al. [13] to analyze the heat transfer of semi-infinite, curved, and stretchable
regions with a thermal jump and a velocity slip. A marginally related publication by
Asjad et al. [14] investigated the MHD viscous fluid flow of carboxyl methyl cellulose
(CMC) as a base fluid with carbon nanotube nanoparticles along an inclined plate. The
effects of heat source, porosity, chemical reaction, and MHD are considered in this study.
A vertical channel filled with TiO2, Al2O3, CNT and Cu nanoparticles with dimpled
fins at Rayleigh numbers (Ra) between (3.25 × 107) and (1 × 108) has been studied by
Gholami et al. [15] by using the finite volume method. MHD free convection flow of
nanofluid of Sodium Alginate (SA) on a solid sphere with prescribed wall temperature is
studied by Alawali et al. [16] by using the Keller-box method to solve the PDE.

Amin Shahsavar et al. [17] investigated the Free convection heat transfer and entropy
generation characteristics of water-Fe3O4/CNT hybrid nanofluid in a concentric annulus.
Their results showed that the entropy generation is increasing (both frictional and thermal
entropy generation rates) by increasing Fe3O4 and CNT concentrations at various Rayleigh
numbers. In another scientific contribution, the same authors [18] Investigated the influence
of nano additive shape on the natural convection and entropy generation inside a rectangle-
shaped finned concentric annulus filled with boehmite alumina nanofluid using a two-
phase mixture model. One of the interesting results that authors have found is that the
frictional entropy generation rate was enhanced using a higher Rayleigh number and a
volume fraction.

A brief overview of the various references makes it clear that the type and properties of
the nanoparticles used in the synthesis of nanofluids have a direct influence on the flow and
thermal properties [19,20]. Furthermore, the choice of physical domain geometry [21,22]
and boundary conditions influence both flow and thermal fields likewise [23,24].

Gravity is the principal factor causing natural convection, and it could be more affected
in tilted cavities or channels. Therefore, the effect of inclination angle in convective heat
transfer cavities was the center of interest by many researchers [25–27]. Souayeh et al. [28]
investigated numerically the 3D convective heat transfer of a cubical enclosure induced
by a centrally located isothermal cylinder at different inclination angles varying from
0◦ to 90◦ by using two ranges of Rayleigh numbers to avoid the unsteadiness. Lately,
the influence of enclosure geometry on heat transfer and fluid flow has been made by
Yildiz et al. [29]. Therefore, the impact of a dome shaped enclosure has been investigated
by considering three types of geometry with different dome heights and inclination angles
(0◦ ≤ θ ≤ 90◦). Likewise, Emami et al. [30] used the two-phase mixture model to analyze
numerically the natural convection of a water-based nanofluid (water/Cu) in an inclined
porous enclosure filled with porous media. The use of nanofluid, heater configuration,
porous media, and the co-effect of the cavity’s inclination angle on the enhancement of
heat transfer has been investigated in detail. Entropy generation and heat transfer of a
square cavity filed with nanofluid of water/Al2O3 is analyzed by considering different
values of inclination angles (θ = 0◦, 30◦, 60◦ and 90◦) and the presence of a magnetic
field by Mojtaba et al. [31] in their research paper. An experimental contribution by
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Samadzadeh et al. [32] was conducted on natural convection and heat transfer of different
nanofluids by considering two enclosures with different dimensions and inclination slopes.
Some other important scientific contributions including inclination effects in cavities filled
with nanofluids can be found in [33,34].

Frequently in thermal systems, the energy efficiency is a crucial factor. For this reason,
researchers are trying to find out how to reduce irreversibility. Research papers mentioning
some effective methods to reduce the irreversibility can be found [35–37]. The flow of
nanofluids as well as carrier liquids over a spherical body is a motive of interest [38,39].
The analysis of such flows and flows over a spherical geometry cannot be ignored due to
multifarious uses in engineering, daily life, and industrial fields such as the fiber, paper,
and electronics industries. While considering the applications of the flow over a spherical
shaped geometry, academics have attempted to discover the flow with different flow
conditions. Chen and Lee [40] investigated the effects of inserted sphere on heat transfer
and thermal field of face-centered cubic structure pebble bed. Three horizontal spheres
in an equilateral triangular cluster filled with air has been studied by Liu et al. [41] to
numerically evaluate the convective heat transfer in this geometry.

By comparing the average Nusselt number of the current geometry with that of a single
sphere, it has been found that heat transfer enhances from 64.69% (for the arrangement)
to 92.45% (for the single sphere). Bouaziz et al. [42] carried out a numerical study to
investigate the mass and heat transfer around a porous sphere saturated with one and two
pure liquid components evaporated in a natural convection flow. A marginally related
interesting contribution was also done by Souayeh et al. [43] by considering the natural
convection phenomena and entropy production of spheres arranged horizontally in a
channel with different types of nanoparticles.

To uncover the previously mentioned impacts under the portrayed conditions, the
figured outcomes for two inner spaced spheres over two plates filled with MWCNT and
SWCNT water-based nanoparticles were analyzed in detail, the plates are tilted under
different angle inclinations. Thus, different pertinent parameters are considered such as
Ra (103 ≤ Ra ≤ 106), inclination angles (0◦ ≤ α ≤ 90◦) and nanofluid volume fractions
(2% ≤ ϕ ≤ 8%) in order to examine convection behavior from different perspectives. Fur-
thermore, the coefficient of thermal performance, the entropy production of the system
and the effects of nanofluid type are numerically examined. Therefore, since this type of
physical problem under the same parameters has not yet been addressed in the literature
survey, the authors believe that the current investigation could be a perfect guidance for the
related practical engineering applications; some of them are mentioned in the beginning of
introduction section.

2. Methodology
2.1. Physical Problem

Figure 1 shows the actual physical problem and its limit condition. Two internal
spaced spheres were considered at a consistent and uniform hot temperature Th. D = 0.05 is
the diameter of the spheres which were drenched between two short length plates. Upward
and downward plate walls temperature were kept at a cold temperature (Tc). L = 1 is the
distance between the upward and downward plate walls. The internal spheres centers
coordinates are (xc1, zc1) and (xc2, zc2) with 0.3 L distance separately, while L is the
length of the plates. MWCNT and SWCNT particles with different volume fractions were
revolving close to the spheres. The thermophysical features of the used nanoparticles and
pure water are presented in Table 1. The plates were maintained under different tilt angles
α from 0◦ to 90◦ with an increment of 15◦.
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Figure 1. Schematic description of the physical model.

Table 1. Thermophysical properties of pure water and nanoparticles [44].

Property H2O MWCNT SWCNT

ρ (Kg m−3) 997.1 1600 2600
Cp (J Kg−1 K−1) 4179 796 425
k(w m−1 K−1) 0.613 3000 6600
β × 105 21 2.8 2.6

2.2. Mathematical Formulation

The current physical problem equations are as follows:

∂u∗

∂x∗
+

∂ν∗

∂y∗
+

∂w∗

∂z∗
= 0 (1)

ρn f (
∂u∗

∂t∗
+ u∗

∂u∗

∂x∗
+ ν∗

∂u∗

∂y∗
+ w∗

∂u∗

∂z∗
) = −∂p∗

∂x∗
+ µn f (

∂2u∗

∂x∗2 +
∂2u∗

∂y∗2 +
∂2u∗

∂z∗2 ) (2)

ρn f (
∂ν∗
∂t∗ + u∗ ∂ν∗

∂x∗ + ν∗ ∂ν∗
∂y∗ + w∗ ∂ν∗

∂z∗ ) = −
∂p∗
∂y∗ + µn f (

∂2ν∗

∂x∗2 +
∂2ν∗

∂y∗2 +
∂2ν∗

∂z∗2 )

+ρn f βn f g cos α(T − Tc)
(3)

ρn f (
∂w∗
∂t∗ + u∗ ∂w∗

∂x∗ + ν∗ ∂w∗
∂y∗ + w∗ ∂w∗

∂z∗ ) = −
∂p∗
∂z∗ + µn f (

∂2w∗
∂x∗2 + ∂2w∗

∂y∗2 + ∂2w∗
∂z∗2 )

+ρn f βn f g sin α(T − TC)
(4)

ρn f cp,n f (
∂T
∂t∗

+ u∗
∂T
∂x∗

+ ν∗
∂T
∂y∗

+ w∗
∂T
∂z∗

) = kn f (
∂2T
∂x∗2 +

∂2T
∂y∗2 +

∂2T
∂z∗2 ). (5)

To present the governing equations in their dimensionless form, the following dimen-
sionless parameters given below are presented:

τ = t∗
t0

, t0 = L2

α f
P = P∗

P0
, P0 =

ρn f α2
f

L2 u0 =
α f
L u = u∗

u0
ν = ν∗

u0

w = w∗
u0

θ = T−Tc
Th−Tc

x = x∗
L y = y∗

L z = z∗
L .

Continuity equation:
∂u
∂x

+
∂ν

∂y
+

∂w
∂z

= 0. (6)
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Momentum equations:

∂u
∂τ

+
∂(uu)

∂x
+

∂(νu)
∂y

+
∂(wu)

∂z
= −∂p

∂x
+

µn f

α f ρn f

(
∂2u
∂x2 +

∂2u
∂y2 +

∂2u
∂z2

)
(7)

∂ν
∂τ + ∂(uν)

∂x + ∂(uν)
∂y + ∂(wν)

∂z = − ∂p
∂y +

µn f
α f ρn f

(
∂2ν
∂x2 +

∂2ν
∂y2 +

∂2ν
∂z2

)
+

(ρβ)n f
ρn f β f

RaPrθ cos α
(8)

∂w
∂τ + ∂(uw)

∂x + ∂(νw)
∂y + ∂(ww)

∂z = − ∂p
∂z +

µn f
α f ρn f

(
∂2w
∂x2 + ∂2w

∂y2 + ∂2w
∂z2

)
+

(ρβ)n f
ρn f β f

RaPrθ sin α
(9)

Energy Equation:

∂θ

∂τ
+

∂(uθ)

∂x
+

∂(νθ)

∂y
+

∂(wθ)

∂z
=

αn f

α f

(
∂2θ

∂x2 +
∂2θ

∂y2 +
∂2θ

∂z2

)
. (10)

Beforehand, the ecological coefficient of thermal performance (ECOP) has been charac-
terized as a model for the assessment of the presentation of expanded surfaces. Here, ECOP
is utilized for the assurance of thermal performance pertaining to the current physical
model. ECOP depends on the 2nd law of thermodynamics, and it is given by the fraction
between heat transfer rates and entropy production. ECOP can be characterized as follows:

ECOP =
NuPlates

Stot
. (11)

The boundary conditions used in this study are listed below:
• u = w = v = 0 on all walls
• Θ = 0 at [(z = 0, 0 ≤ x y ≤ 1) and (z = 1, 0 ≤ x, y ≤ 1)]
• Θ = 1 on the surface of inner spheres

The expressions of Rayleigh (Ra) and Prandtl number (Pr) are as follows:

Ra =
gβ f (Th − Tc)L3

α f ν f
and Pr =

ν f

α f
.

The highly nonlinear and coupled Navier–Stokes with the relevant boundary condi-
tions have been solved numerically based on the finite volume method [45] using a 3D
staggered grid. The temporal discretization of the time derivative is performed by a Euler
backward second-order implicit scheme. The diffusion terms were advanced implicitly in
time, while the nonlinear terms were explicitly advanced. The strong velocity-pressure
coupling present in the continuity and the momentum equations is resolved by implement-
ing the projection method [46]. The QUICK scheme of Hayase et al. [47] is implemented
to minimize the numerical diffusion for the advective terms according to the momentum
equations. The solution of the Poisson equation involves simultaneous iteration on pres-
sure and velocity components to obtain a divergence free velocity field as described by
Chorin [48]. For this purpose, accelerated full multigrid methods [49,50] were used to
reduce considerably the allowed iterations number. The remaining discretized equations
were computed using the red and black point successive over-relaxation method [51]
with the choice of optimum relaxation factors. To get the consistent state conditions, the
accompanying measure should be fulfilled:

∑
i,j,k

∣∣∣χn
i,j,k − χn−1

i,j,k

∣∣∣ ≤ 10−6.
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n is the number of iterations.
A home-made numerical code written in FORTRAN language was utilized for all

calculations in the present paper. It is dependent on the finite volume method, projection
technique, and multigrid acceleration [52–58].

The local and average Nusselt numbers noted as Nu and Nu are defined as follows:

Nu =
∂θ

∂n

∣∣∣∣
wall

, Nu =
1
A

A∫
0

NudS. (12)

n and A are the normal direction and solid spherical body surface area.

2.3. Thermophysical Features of MWCNT and SWCNT Nanoparticles

ρn f and Cp are representing the effective density and the specific heat capacity respec-
tively, are of the main thermophysical nanofluid features. For suitable calculations of these
parameters, the following relations are used:

Nanofluid density [59]
ρn f = φρp + (1− φ)ρ f ; (13)

Specific heat capacity [60](
ρcp
)

n f = (1− φ)
(
ρcp
)

f + φ
(
ρcp
)

p. (14)

The effective thermal conductivity of the nanofluid is approximated by the Maxwell–
Garnetts [61] model:

kn f =
(kp + 2k f )− 2φ(k f − kp)

(kp + 2k f ) + φ(k f − kp)
k f . (15)

The use of this equation is restricted to spherical nanoparticles where it does not
account for other shapes of nanoparticles. This model is found to be appropriate for
studying heat transfer enhancement using nanofluids. The viscosity of the nanofluid can
be approximated as viscosity of a base fluid containing dilute suspension of fine spherical
particles and is given by Brinkman [62]:

Dynamic viscosity [62]

µn f =
µ f

(1− φ)2.5 . (16)

Thermal expansion coefficient [63]

βn f =

 βp(
1 +

(1−φ)ρ f
φρp

) +
1

1 + φρp
(1−φ)ρ f

β f (17)

and

αn f =
kn f

(ρcp)n f
, (18)

knowing that f and p subscripts are referring to the pure fluid and dispersed nanoparticles.
The physical properties of MWCNT and SWCNT nanoparticles and the pure water used
for this work are listed in Table 1.

2.4. Entropy Production Equations

The entropy generation theory was extensively reported by the researchers [64,65].
The general equation of the entropy generation considered in this problem is given by
Equation (19).

S∗gen = − 1
T02 .

→
q .
→
∇T +

µ

T0
.Φ∗ (19)
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→
q = −k.gra

→
d T. (20)

The dissipation equation is:

Φ∗ = 2

[
(

∂u∗

∂x∗
)

2
+ (

∂ν∗

∂y∗
)

2
+ (

∂w∗

∂z∗
)

2
]
+ (

∂ν∗

∂x∗
+

∂u∗

∂y∗
)

2
+ (

∂w∗

∂y∗
+

∂ν∗

∂z∗
)

2
+ (

∂u∗

∂z∗
+

∂w∗

∂x∗
)

2
. (21)

The entropy generation is:

Sgen
∗ = k

T2
0

[
( ∂T

∂x∗ )
2
+ ( ∂T

∂y∗ )
2
+ ( ∂T

∂z∗ )
2]

+2 µ0
T0

{[
( ∂u∗

∂x∗ )
2
+ ( ∂ν∗

∂y∗ )
2
+ ( ∂w∗

∂z∗ )
2]

+ ( ∂ν∗
∂x∗ +

∂u∗
∂y∗ )

2
+ ( ∂w∗

∂y∗ +
∂ν∗
∂z∗ )

2
+ ( ∂u∗

∂z∗ +
∂w∗
∂x∗ )

2} . (22)

After non-dimensionalization, the generated entropy number is given by:

Ns = S∗gen
1
k

(
LT0

∆T

)2
, (23)

where

Ns =
[
( ∂θ

∂x )
2
+ ( ∂θ

∂y )
2
+ ( ∂θ

∂z )
2]

+ϕ.
{

2
[
( ∂u

∂x )
2
+ ( ∂ν

∂y )
2
+ ( ∂w

∂z )
2]

+ ( ∂ν
∂x + ∂u

∂y )
2
+ ( ∂w

∂y + ∂ν
∂z )

2
+ ( ∂u

∂z + ∂w
∂x )

2} . (24)

The total generated entropy is written below and its dimensionless unit

Sloc
tot =

1∫
0

1∫
0

1∫
0

Nsdν =

1∫
0

1∫
0

1∫
0

(Ns−TG + Ns−νG)dν = Sloc
TG + Sloc

νG. (25)

Bejan number, Be, defined as the dimensionless entropy generation due to heat transfer
divided by the total entropy generation, is expressed as:

Be =
STG

STG + SνG
, (26)

where
ST

loc = Sloc
TG + Sloc

νG (27)

Sloc
TG =

[(
∂θ

∂x

)2
+

(
∂θ

∂y

)2
+

(
∂θ

∂z

)2
]

(28)

Sloc
νG = ϕ

[
2
(

∂θ

∂x

)2
+ 2
(

∂θ

∂y

)2
+ 2
(

∂θ

∂z

)2
+ 2
(

∂ν

∂x
+

∂u
∂y

)2
+

(
∂w
∂y

+
∂ν

∂z

)2
+

(
∂u
∂z

+
∂w
∂x

)2
]

. (29)

With irreversibility coefficient given by:

ϕ =
µT0

k

( u0

∆T

)2
. (30)

By Integrating the summation of STG, loc the local entropy generation or irreversibility
due to fluid friction and SVG,loc the local entropy generation or irreversibility due to heat
transfer over the domain Ω, we obtain:

Stot =
∫
Ω

SlocdΩ =
∫
Ω

Sloc
TGdΩ +

∫
Ω

Sloc
νGdΩ = STG + SνG. (31)
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3. Grid Testing and Comparison with Previous Numerical Results
3.1. Grid Testing

The sensitivity of the grid was tested for a channel incorporating two horizontal
spaced isothermal spheres with base fluid, water (Pr = 6.2), revolving between the plates
of the plates. The results are computed for a Rayleigh number equating to 105. Different
non-uniform grids, 64 × 64 × 64, 80 × 80 × 80, and 96 × 96 × 96, were tested. The results
of these calculations are tabulated in Table 2 through the average Nusselt number of the
spheres and the plates and the kinetic energy rates. It has been revealed that a grid size of
80 × 80 × 80 (Figure 2) is entirely sufficient to ensure good results.

Table 2. Grid sensitivity analysis.

Grid Size Nusp Nuplates Ecmax

48 × 48 × 48 2.3202 0.3895 0.0742
64 × 64 × 64 2.3072 0.3811 0.0724

Relative Deviation (0.560%) (2.156%) (2.425%)
80 × 80 × 80 2.3060 0.386 0.071

Relative Deviation (0.0520%) (1.269%) (1.933%)
96 × 96 × 96 0.3051 0.3641 0.07

Relative Deviation (0.867%) (5.673%) (1.408%)
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3.2. Comparison with Previous Numerical Results

The present numerical solutions were computed and compared with the previous
numerical results showed by Yoon et al. [66] and Gulberg and Feldman [67]. The present
code results were implemented for the 3D natural convection problem of an isothermal
centrally located solid sphere in a cooled outer cuboidal cavity. The values of average
Nusselt number for the current calculations along with those found by references [66,67]
are shown in Table 3. The values of mean Nusselt number were computed for Ra ranging
from 103–106. As shown in Table 3, the current results of heat transfer values are in well
agreement with the previous numerical studies which proves the robustness of the chosen
physical configuration.
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Table 3. Average heat transfer rates for a cuboidal cavity induced by an isothermal centrally located
sphere: Comparison of our numerical results with those found by references [66,67].

Ra Current Results
(Grid Size 803) Yoon et al. [66] Gulberg and

Feldman [67]

103 6.429 7.575 --------
104 7.368 7.859 8.314
105 12.093 12.658 13.415
106 19.759 20.701 22.344

4. Results and Discussion
Effects of Active Parameters

In the current study, the entropy production and natural convective heat transfer of
nanofluids filled two spaced spheres in an inclined arrangement filled with nanofluids
of (MWCNT-water and SWCNT-water) are numerically studied using the finite volume
method. The different thermo-physical features of the pure water and the chosen nanopar-
ticles are shown in Table 1. The choice of study parameters is performed with carefulness
to represent the heat transfer and fluid flow features through graphs and tables. Computa-
tions are made for multiple volume fractions (0% ≤ φ ≤ 8%) of nanoparticles, for different
ranges of Ra (103 ≤ Ra ≤ 106) and different inclination angles (0◦ ≤ α ≤ 90◦). The Prandtl
number of the pure water is kept constant at 6.2. Figure 3 presents the effects of inclination
angle and Rayleigh numbers of MWCNT nanofluid on flow patterns, temperature fields
and local entropy maps around the two circular spheres for Ra = 103 and 105. From this
figure, we observe that for a fixed value of Ra (Ra = 103), streamlines are almost the same
while changing the inclination angle from 0◦ to 60◦ except a slight change is observed at
the angle α = 90◦. This means that the inclinations angle has no effect on the streamlines
for a Ra = 103. By increasing the value of Ra to 105, the inclination angles have no effect
for the angles 0◦ and 30◦. Changes start showing up from α = 45◦ to 90◦; new streamlines
appeared at the top right corner of the plates, then they are more developed along the
whole top surface of the spheres by increasing α. At α = 90◦, the developed streamlines
form a new cell on the top surface of the inner spheres in a way that we can see two
subdivided cells from either side of the spheres. Hence, this can be explained by the fact
that in the case of buoyancy-driven flow, the convective fluid motion is monitored by the
variation of fluid density. As a matter of fact, at the low value of Ra (i.e., Ra = 103), the
convection current is weak, therefore, the heat transfer in the physical domain is governed
mainly by the conduction mode. As the buoyancy force increases (i.e., Ra equates 105), the
role of convection in heat transfer become more significant. A similar phenomenon has
been observed in the current study while enriching the Ra. The same figure depicts the
temperature and entropy maps around the solid spheres, it is to be noted that temperature
and entropy contours are almost the same for Ra = 103 while changing the inclination angle
from 0◦ to 90◦. At Ra = 105, obvious changes in temperature and entropy patterns are seen
for all the inclination angles.

A general overview of the fluid motion in Figure 4 represents the flow, temperature,
and entropy fields for SWCNT nanofluid for different inclination angles of the plates. By
considering the angle α = 0◦ as an exemplary inclination angle, it can be presumed from the
contours that streamlines are almost the same for a constant Ra (Ra = 103) and a variable
inclination. However, for Ra = 105 and α = 30◦, some new contours are showing up at the
top left corner of the plates; these contours are expanding on the horizontal surface until
they form another group of streamlines on the top region of the spheres.

The temperature and local entropy contours of the spheres in the inclined plates filled
with SWCNT nanoparticles for the higher value of Ra (Ra = 105) were examined in the
present study, and the results are shown in the same figure (Figure 4). Since the strength of
convective motion is increased when increasing the range of Rayleigh number, it is observed
that the isotherm shapes and temperature are significantly different in comparison to those
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of an Ra equating to 103. However, it is also seen that, remarkably, the contours at α = 90◦

show a more even circulation. At α = 0◦, it can be noted that the clockwise circulation is not
as regular as at the lower value of Rayleigh number. Alternatively, the fluid circulation is
broader and is not well rounded, due to the high strength of flow. For α = 30◦, an additional
smaller circulation is almost recognized at the left upper portion of the plates.

Figure 5 presents the variations of local Nusselt number top (left) and local Nusselt
number bottom (right) of MWCNT nanoparticles against Y for different ranges of Ra, vol-
ume fraction set to ϕ = 0.04 and inclination angle α = 45◦. We observe that the distributions
of the local Nusselt number on the top wall (left) and bottom wall (right) of the plates dis-
play an axisymmetric distribution with respect to Y. For the local Nusselt number at the top
plate, in the case of Rayleigh number = 106, the maximum of local Nusselt number appears
at Y = 0.85 with a rate of 3.2. It is also noted that with increasing the Rayleigh number,
the local Nusselt number value increases as shown in Figure 5 (left). When Ra = 105, the
maximum of Nusselt number at the top plate is located at x = 0.8. Then for Ra = 103 and
104, the higher rates of local Nusselt numbers are distributed in the wider region and the
curves are almost flat so that we cannot define an exact value of the maximum Nusselt
number. Furthermore, it is remarked that buoyancy forces increase, and they overcome
the viscous forces of MWCNT nanoparticles as heat transfer by convection is dominated,
which explains the relatively smaller difference between the Nusselt numbers for the cases
of Ra = 103 and Ra = 104 compared to the difference between Ra = 105 and Ra = 106.

Figure 6 exhibits the variations of local Nusselt number top (left) and bottom (right) of
SWCNT nanoparticles against Y for different ranges of Ra, ϕ = 0.04 and inclination angle
α = 45◦. As noted in Figure 6, by only changing the nanoparticles type, it is noted that
the maximum value of local Nusselt number at the top plate is obtained at Y = 0.85 and
Ra = 106 with a rate that equates to 1.5 which is less than half of that compared to MWCNT
nanoparticles. However, other constatations are the same, as we note that the increase in
the value of local Nusselt number is due to increasing the range of Rayleigh number as
revealed in Figure 6 (left). Moreover, an axisymmetric distribution of the local Nusselt
number at the bottom and top plates is seen against Y for Figure 6.

Figure 7 demonstrates the effects of varying inclination angle and Ra on the average
Nusselt number along with the plates by incorporating both spheres for MWCNT nanopar-
ticles (left) and SWCNT (right) with a volume fraction ϕ = 4%. There is a remarkable
improvement in the average Nusselt number of MWCNT particles from the inclination 0◦

to 30◦ for Rayleigh numbers equating to 106 with 63.15%. In addition, it is clearly observed
that there is a marginal difference in heat transfer rates between 0◦ and 90◦ inclinations.
However, the value of heat transfer surges remarkably by surging the value of Ra and an
optimal rate of heat transfer over the plates equating to 1.9 for MWCNT nanoparticles is
obtained at (Ra = 106 and α = 30◦). Figure 7 (right side) represents the same variations
with the same parameters but by considering SWCNT nanoparticles, the average Nusselt
number over the cooled plates has a linear profile for the three considered inclination angles.
Curves are almost mingled for α= (0◦, 30◦, and 90◦) which means inclination angle does
not affect the average heat transfer for SWCNT nanoparticle type. The same as in Figure 7
(right side), it is inferred that the average Nusselt number is increasing remarkably by
increasing Ra and the optimal heat transfer rate over the plates equating to 0.9 is obtained
for (Ra = 106 and α = 90◦) for SWCNT nanoparticles.

One more dimensionless parameter is introduced in this study; the Bejan number Be,
which represents the fraction of thermal irreversibility to the total irreversibility due to fluid
friction and heat transfer effects as explained in Equation (26). Figure 8 (left side) displays
the Bejan number profiles of MWCNT nanoparticles (ϕ = 0.04) vs. Rayleigh numbers for
three inclination angles α = 0◦, 30◦ and 90◦. It is obviously seen that the Be number is
decreasing monotonously with Ra increment from 103 to 106. The inclination angle 90◦

corresponds to the highest Bejan number followed by the Bejan number of the angle 0◦ then
by the Bejan number corresponding to the angle 30◦ (the lowest Bejan number). Figure 8
(right side) represents the variations of the Bejan number under the same parameters;
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however, the nanoparticle type is changed (SWCNT nanoparticles). We note that the
value of <Be> increases remarkably by increasing the inclination angle for the Ra ranging
from 103 to 106. When the Ra is in the range of 103 ≤ Ra ≤ 106, the Be proportionally
decreases with Ra, which means that irreversibility due to fluid friction (SVG) is dominant.
Eventually, the Bejan number corresponding to MWCNT nanoparticles is less than that of
SWCNT nanoparticles.

The dimensionless total entropy generation Stot is the sum of the irreversibility due to
a finite temperature gradient and is termed (STG) and the irreversibility due to the effects
of fluid friction is termed (SVG), which is found by integrating the local entropy generation
rates (STG;loc and SVG;loc) over the domain Ω, as defined in Equation (31). Figure 9 displays
the total entropy generation or total irreversibility vs. Ra for inclination angles 0◦, 30◦ and
90◦ for MWCNT and SWCNT nanoparticles (ϕ = 0.04). Therein, the total entropy generation
for MWCNT nanoparticles (Figure 9 (right side)) augments with the Rayleigh number for
the inclinations 0◦ and 90◦. However, it decreases significantly for the inclination of 30◦.
Furthermore, it is inferred that Stot (α = 90◦) > Stot (α = 0◦) > Stot (α = 30◦). For the SWCNT
nanoparticles (Figure 9 (left side)), the total entropy generation profiles are quite different
from those of MWCNT nanoparticles. Stot decreases monotonously between Ra = 103 and
104 for the inclinations of 0◦ and 30◦, then it increases from Ra = 104 to Ra = 106. However,
for the inclination angle α = 90◦, the total entropy generation profile follows a piecewise
variation, decreasing from Ra = 103 to 104, increasing from Ra = 104 to 105 then decreasing
again from 105 to 106. Lastly, we note that Stot (α = 90◦) > Stot (α = 30◦) > Stot (α = 0◦) for
SWCNT nanoparticles, which means there is a role change between the inclinations of 0◦

and 30◦ in comparison with MWCNT nanoparticles.
To explain the effect of the introduction of MWCNT nanoparticles to the base fluid

with a volume fraction (ϕ = 0.04) on w-velocity patterns, the projection of the w-velocity
vectors is plotted in Figures 10 and 11 subsequently at the inclination angles α= (0◦, 30◦,
45◦, and 90◦) for Ra = 103 and 105. For Ra = 103 and the inclination angle 0◦, four clockwise
and counterclockwise primary vortices symmetrical to each other are seen to form with a
free shear layer in between. For the inclination angle of 30◦, the two clockwise vortices of
the top right and bottom left corners of the plates are merging to form only one expanded
cell along the diagonal. However, the two remaining counterclockwise vortices are seen to
be larger in size and stretched. The inclination angle α = 45◦ has no effect on w-velocity
contours compared to α = 30◦. At α = 90◦, perfect symmetry is seen against the mid-
plane and the core of the vortices is enlarged obviously. It should be noted also that the
magnitude of the maximum and minimum w-velocity is increasing with the inclination
angle increment; wmax = 0.008 for α = 0◦, wmax = 0.021 for α = 90◦ and |wmin| = 0.008 for
α = 0◦, |wmin| = 0.011 for α = 90◦.

Figure 11 presents the same velocity contours with the same considered angles of
tilt for a higher Rayleigh number set to 105; it can be noticed that the w-velocity contours
become increasingly pronounced with Ra increment and this is due to the rapid movement
of the fluid particles in the vicinity of the sphere walls. The results also show that the minus
(–) sign of the minimum w-velocity component reflects the flow direction is performed from
top to bottom, and the movement of the fluid particles is mostly faster in the vicinity of the
sphere walls and not at the side walls of the plates. Overall, the minimum and maximum
w-velocity components for Ra = 105 are much higher than those for Ra = 103 due to the
convective regime domination at a high value of Ra. (i.e., wmax = 0.008 for α = 0◦ at Ra = 103

and wmax = 0.066 for α = 0◦ at Ra = 105).
As it is seen in Figure 12, the average Nusselt number along the plates is plotted

against the volume fraction for four ranges of Ra and two types of nanoparticles: MWCNT
(solid lines) and SWCNT (dashed lines) for both extreme inclinations α = 0◦ and 90◦. It is
inferred that the average Nusselt number along with the plates increases as the Ra increases
from 103–106 and it increases as the volume fraction of (SWCNT and MWCNT) nanopar-
ticles increases for only Ra = 103 and 104. Furthermore, the curves of the corresponding
inclinations 0◦ and 90◦ are almost confused for Ra = 103 and 104 which means that the
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inclination angle does not have an effect on the average heat transfer for small Rayleigh
numbers. The inclination angle effect is remarkable for higher Rayleigh numbers 105 and
106, where Nuplates(α = 90◦) � Nuplates(α = 0◦) for SWCNT and MWCNT. Concerning
the variation of the average Nusselt number with nanoparticles volume fraction for Ra (105

and 106), it is noted that the variation is piecewise (Nuplates increases for 2%≤ ϕ≤ 4% then
decreases for 4% ≤ ϕ ≤ 6% and increases again for 6% ≤ ϕ ≤ 8%) and this is for MWCNT
nanoparticles. However, the opposite behavior is seen for SWCNT nanoparticles (Nuplates
increases for 2% ≤ ϕ ≤ 6% and decreases for 6% ≤ ϕ ≤ 8%). It is worth noting that the
introduction of nanoparticles leads to this disturbance of variations due to an increase in
thermal conductivity and effective dynamic viscosity.

Figure 13 represents the average Nusselt number of the spheres against the volume
fraction for four ranges of Ra and two types of nanoparticles: MWCNT (solid lines) and
SWCNT (dashed lines) for both extreme inclinations α = 0◦ and 90◦. For Ra = 103, the curves
of the average Nusselt number of the spheres are totally confused for both inclinations
which means that augmenting the volume fraction of MWCNT and SWCNT nanoparticles
has no effect on average heat transfer at low Rayleigh numbers (Ra = 103). By increasing
the Rayleigh number from 104 to 106, the variation of heat transfer curves is obviously seen.
Quantitatively speaking, the average heat transfer over the spheres for the inclination 90◦

and 0◦ of MWCNT is greater than that corresponding to SWCNT for a volume fraction less
than 5%. However, the average heat transfer of SWCNT becomes greater than MWCNT for
the inclinations 90◦ and 0◦ for a volume fraction greater than 5%. The same constatations
are revealed in Figure 12. Moreover, the average Nusselt numbers of the spheres are greater
than the average Nusselt number of the plates for all ranges of Ra.

Figure 14 presents the profiles of total irreversibility (left side) and the ecological
coefficient of thermal performance (right side) against the volume fraction of SWCNT
represented by solid lines and MWCNT represented by dashed lines for various Rayleigh
numbers and two extreme inclinations, α = 0◦ and α = 90◦. It is noted for all Rayleigh
numbers that total entropy production augments monotonously with the volume fraction
of MWCNT and SWCNT nanoparticles. As shown in Figure 14, the total irreversibility
is enhanced with Rayleigh numbers. It is inferred that the overall rate of heat transfer or
the irreversibility due to finite temperature gradient increases with ϕ and Ra, which can
be explained by the energy loss due to the irreversibility of the fluid friction effects. It is
also shown that total irreversibility curves for α = 0◦ and 90◦ are almost confused for all
Rayleigh numbers which means that the inclination angle does not affect the total entropy
generation. Additionally, Figure 14 shows that the ECOP coefficient is decreasing while
the nanoparticles volume fraction is increasing for the complete range of Ra. On the other
hand, for both types of nanoparticles, ECOP decreases from 0.82 for Ra = 103 to 0.24 for
Ra = 106 (70.73% diminution). In addition, ECOP decreases when the nanoparticles volume
fraction increases at Ra = 103 (for only ϕ varying from 4% to 8%), 104, 105, and 106.

The trajectory of fluid particles for MWCNT nanoparticles at different ranges of Ra
(from 103 to 106) at the inclination angle α = 0◦ is demonstrated in Figure 15. From this
figure, it is inferred that at the lowest value of Rayleigh numbers =103, the overall structure
of the fluid flow is normal. Then, by increasing the range of Rayleigh number (104–106)
the fluid particles close to the sphere’s region are moving towards the upper region of the
plates. Besides, they bend towards the side walls of the plates. It is also worth noting that
the velocity of the fluid particles for the inclination angle α = 0◦ is increasing until they
attain their maximum at Ra = 105 and 106 (|w| = 0.05), which is five times greater than the
fluid particles’ speed at Ra = 103 (|w| = 0.01).

For the inclination angle α = 90◦ and the same nanoparticles type (MWCNT), the
behavior of the fluid particles’ trajectory is presented in Figure 16. The behavior of fluid
particles this time is quite different as it is divided into two rolls located at the top right
corner and bottom left corner of the cavity. Furthermore, the fluid particle rolls are becoming
more compact for Ra numbers starting from 104 to 106 due to their strong circulation for
high Rayleigh numbers. Quantitatively speaking, for the same α = 90◦, the velocity of
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the fluid particles at Ra = 106 is ten times higher than those for Ra = 103; (|w| = 0.02 f or
Ra = 103 and |w| = 0.21 f or Ra = 106). On the other hand, the velocity of the fluid particles
for the same Ra = 106 and the inclination angle α = 90◦ are four times higher than those for
the inclination angle α = 0◦; (|w| = 0.02 f or α = 90◦ and |w| = 0.05 f or α = 0◦).

Tables 4–7 summarize the heat transfer rates of MWCNT and SWCNT nanoparticles
for the parallel plates and inner spheres subsequently. For the same type of nanoparticles
(either MWCNT or SWCNT), it is noted that Nusphere(MWCNT) � NuPlates(MWCNT)
and Nusphere(SWCNT) � NuPlates(SWCNT). It is also inferred that average heat transfer
rates are increasing linearly with the nanoparticles volume fraction and the Rayleigh
number; however, it is almost constant by increasing the inclination angle of the plates.
A comprehensive comparison between MWCNT and SWCNT nanoparticles shows that
nanoparticle type has no effect on average Nusselt number values. Furthermore, average
Nusselt number values are almost the same for the spheres and the plates.
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Table 4. The average values of heat transfer along the plates for MWCNT nanoparticles at various
values of Rayleigh numbers, solid volume fractions and inclination angles.

Nuplates

Ra 103 104 105 106

ϕ = 2%

0◦ 0.24450 0.27706 0.38566 0.70967

30◦ 0.24448 0.27643 0.42194 0.74088

45◦ 0.24446 0.27737 0.42794 0.74826

60◦ 0.24449 0.28000 0.44597 0.76289

90◦ 0.24448 0.28381 0.46125 0.77923

ϕ = 4%

0◦ 0.26102 0.29282 0.45068 0.76194

30◦ 0.26100 0.37914 0.83492 1.91171

45◦ 0.26098 0.37999 0.83624 1.86822

60◦ 0.26097 0.38302 0.84721 1.88346

90◦ 0.24458 0.29731 0.48638 0.82539

ϕ = 6%

0◦ 0.27441 0.30244 0.45243 0.74742

30◦ 0.27438 0.30150 0.44881 0.77642

45◦ 0.27436 0.30156 0.45106 0.78784

60◦ 0.27435 0.30276 0.46801 0.804131

90◦ 0.27434 0.30499 0.48664 0.81751

ϕ = 8%

0◦ 0.28849 0.31581 0.46610 0.76365

30◦ 0.28846 0.31655 0.83914 0.81034

45◦ 0.28844 0.31627 0.83943 0.82333

60◦ 0.28843 0.31684 0.48523 0.83943

90◦ 0.28841 0.31655 0.49773 0.83914

Table 5. The average heat transfer values of the spheres for MWCNT nanoparticles at different
Rayleigh numbers, solid volume fractions and inclination angles.

Nusphere

Ra 103 104 105 106

ϕ = 2%

0◦ 1.45926 1.65362 2.51827 4.23556

30◦ 1.45914 1.64987 2.61822 4.42180

45◦ 1.45906 1.65544 2.67212 4.46586

60◦ 1.45909 1.67118 2.68985 4.55316

90◦ 1.45901 1.69390 2.75288 4.65070
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Table 5. Cont.

Nusphere

Ra 103 104 105 106

ϕ = 4%

0◦ 1.55789 1.74768 2.68985 4.74750

30◦ 1.55774 2.26284 2.98310 4.80970

45◦ 1.55765 2.26793 2.99095 4.90013

60◦ 1.55757 2.28600 3.05644 4.92110

90◦ 1.55753 2.29448 3.20291 4.94619

ϕ = 6%

0◦ 1.63777 2.30506 3.40030 5.06087

30◦ 1.63762 2.49946 3.47864 5.23394

45◦ 1.63751 2.59982 3.52208 5.40209

60◦ 1.63741 2.60698 3.55327 5.45930

90◦ 1.63735 2.82032 3.60445 5.47919

ϕ = 8%

0◦ 1.72181 2.88486 3.78184 5.55774

30◦ 1.72166 2.90930 3.88828 5.83641

45◦ 1.72155 2.92760 3.9002 5.91389

60◦ 1.72145 2.94105 3.92601 5.94002

90◦ 1.72137 2.98930 3.97064 5.96828

Table 6. The average heat transfer values along the plates for SWCNT nanoparticles at different
Rayleigh numbers, solid volume fractions and inclination angles.

Nuplates

Ra 103 104 105 106

ϕ = 2%

0◦ 0.24451 0.27773 0.42447 0.71178

30◦ 0.24448 0.27691 0.42299 0.74202

45◦ 0.24446 0.27761 0.42821 0.74945

60◦ 0.24445 0.28006 0.44585 0.76334

90◦ 0.24444 0.28378 0.46143 0.77863

ϕ = 4%

0◦ 0.26102 0.29109 0.44169 0.73613

30◦ 0.26098 0.28994 0.43880 0.76453

45◦ 0.26096 0.28999 0.44143 0.77408

60◦ 0.26094 0.29152 0.45818 0.78782

90◦ 0.26092 0.29434 0.47572 0.80004
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Table 6. Cont.

Nuplates

Ra 103 104 105 106

ϕ = 6%

0◦ 0.27439 0.30654 0.47679 0.77833

30◦ 0.27436 0.30511 0.46149 0.80342

45◦ 0.27433 0.30461 0.46172 0.81472

60◦ 0.27430 0.30529 0.47679 0.82740

90◦ 0.27428 0.30717 0.49610 0.83902

ϕ = 8%

0◦ 0.28847 0.31803 0.47132 0.77144

30◦ 0.28843 0.31639 0.46600 0.79502

45◦ 0.28840 0.31547 0.46406 0.80775

60◦ 0.28837 0.31545 0.47702 0.82229

90◦ 0.28835 0.31646 0.49810 0.84323

Table 7. The average heat transfer values of the spheres for SWCNT nanoparticles at different
Rayleigh numbers, solid volume fractions and inclination angles.

Nusphere

Ra 103 104 105 106

ϕ = 2%

0◦ 1.45932 1.65762 2.53337 4.24813

30◦ 1.45917 1.65268 2.52457 4.42863

45◦ 1.45906 1.65687 2.55571 4.47298

60◦ 1.45898 1.67152 2.66098 4.55587

90◦ 1.45894 1.69370 2.75397 4.64716

ϕ = 4%

0◦ 1.55785 1.73736 2.63620 4.39350

30◦ 1.55766 1.73045 2.61894 4.56298

45◦ 1.55752 1.73078 2.63459 4.61998

60◦ 1.55739 1.73989 2.73459 4.70197

90◦ 1.55730 1.75675 2.83925 4.77491

ϕ = 6%

0◦ 1.63770 1.82953 2.84567 4.64534

30◦ 1.63749 1.82100 2.75434 4.79511

45◦ 1.63732 1.81802 2.75570 4.86255

60◦ 1.63716 1.82209 2.84567 4.93822

90◦ 1.63704 1.83331 2.96091 5.00756
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Table 7. Cont.

Nusphere

Ra 103 104 105 106

ϕ = 8%

0◦ 1.72170 1.89815 2.81298 4.60420

30◦ 1.72148 1.88837 2.78129 4.74492

45◦ 1.72130 1.88282 2.76966 4.82093

60◦ 1.72113 1.88270 2.84703 4.90770

90◦ 1.72099 1.88876 2.97282 5.03268

5. Concluding Remarks

Water-based carbon nanotubes flow field and heat transfer characteristics over two
inclined plates induced by two spaced spheres with the entropy generation are analyzed
numerically in this paper. The finite volume method is utilized to solve the resulting
equations. The effects of Rayleigh number, inclination angle of the plates, nanoparticles
type and the volume fraction of nanoparticles on the fluid flow and heat transfer are
presented through graphs and tables. The thermal performance of the current physical
domain is evaluated through the ecological coefficient of performance (ECOP). Results have
clearly indicated that local Nusselt number over the top plate increases with increasing Ra
for MWCNT nanoparticles at the angle of tilt α = 45◦, with an optimal rate equating to 3.2
at Y = 0.85 for Ra = 106. However, the same increases with increasing Rayleigh number
for SWCNT nanoparticles at the angle of tilt α = 45◦, with an optimal rate equating to
1.5 at Y = 0.85 for Ra = 106, which is less than half compared to MWCNT. Furthermore,
it is inferred that the average Nusselt number of MWCNT nanoparticles over the plates
increases gradually with an Ra of 63.15% from the inclination 0◦ to 30◦. Thereby, the
optimal average heat transfer over the plates for MWCNT nanoparticles equates to 1.9
which is obtained for α = 30◦ and Ra = 106, whilst, for SWCNT nanoparticles it equates to
0.9 which is obtained for α = 90◦ and Ra = 106. Concerning the Bejan numbers for MWCNT
nanoparticles, Be(α = 90◦) > Be(α = 0◦) > Be(α = 30◦). However, for SWCNT nanoparticles,
Be(α = 90◦) > Be(α = 30◦) > Be(α = 0◦). For both MWCNT and SWCNT nanoparticles, the
ECOP decreases from 0.82 for Ra = 103 to 0.24 for Ra = 106 (70.73% diminution).

We are going to extend this work soon to the unsteady state case of MHD natural
convective heat transfer using the same physical geometry. A study is already underway
and will allow us to explore configurations with high Rayleigh numbers.
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Nomenclature

<Be> Bejan number
C specific heat capacity (Jkg−1 K−1)
p width of the channel wall (m)
D gravitational acceleration (ms−2)
g thermal conductivity (Wm−1 K−1)
k length of the Plates and distance between upper and lower wall of the plates (m)
Nu Average Nusselt number
n normal direction
Pr Prandtl number
P0 Pressure scale
→
q Heat flux vector (W/m2)
Ra Rayleigh number
Tc cold wall temperature (K)
Th hot wall temperature (K)
T Temperature (K)
t dimensionless time
u, v, w dimensionless velocity components
x, y, z dimensionless Cartesian coordinates
Ra Rayleigh number
Greek symbols
φ solid volume fraction
α thermal diffusivity (m2/s)
θ dimensionless temperature, θ = (T−Tc)/(Th−Tc)
v kinematics viscosity (m2/s)
µ dynamic viscosity (kg/(m.s))
ρ fluid density (kg/m3)
β coefficient of thermal expansion (K−1)
ϕ Irreversibility coefficient
Ω Global domain
subscripts
∗ Dimensional variable
max maximum
c cold
h hot
Avg average
TG thermal gradient
VG velocity gradient
Loc local
Tot total
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