
MHDmixed convection of
nanofluid in a cubic cavity with a
conductive partition for various

nanoparticle shapes
Fatih Selimefendigil

Department of Mechanical Engineering, Celal Bayar University, Manisa, Turkey

Hakan F. Öztop
Department of Mechanical Engineering, Firat University, Elazig, Turkey, and

Ali J. Chamkha
Department of Mechanical Engineering, Prince Mohammad Bin Fahd University,

Al-Khobar, Saudi Arabia

Abstract
Purpose – This paper aims to numerically examine the mixed convection of SiO2-water nanofluid flow in a
three-dimensional (3D) cubic cavity with a conductive partition considering various shapes of the particles
(spherical, cylindrical, blade, brick). The purpose is to analyze the effects of various pertinent parameters such
as Richardson number (between 0.1 and 10), Hartmann number (between 0 and 10), solid nanoparticle volume
fraction (between 0 and 0.04), particle shape (spherical, cylindrical, blade, brick) and different heights and
lengths of the conductive partition on the fluid flow and heat transfer characteristics.
Design/methodology/approach – The numerical simulation was performed by using Galerkin-
weighted residual finite element method for various values of Richardson number, Hartmann number, solid
nanoparticle volume fraction, particle shape (spherical, cylindrical, blade, brick) and different heights and
lengths of the conductive partition. Twomodels for the average Nusselt number were proposed for nanofluids
with spherical and cylindrical particle by using multi-layer feed-forward neural networks.
Findings – It was observed that the average Nusselt number reduces for higher values of Richardson
number and Hartmann number, while enhances for higher values of nanoparticle volume fraction. Among
various types of particle shapes, blade ones perform the worst and cylindrical ones perform the best in terms
of heat transfer enhancement, but this is not significant which is less than 3 per cent. The average Nusselt
number deteriorates by about 6.53per cent for nanofluid at the highest volume fraction of spherical particle
shapes, but it is 11.75per cent for the base fluid when Hartmann number is increased from 0 to 10. Conductive
partition geometrical parameters (length and height) do not contribute to much to heat transfer process for the
3D cavity, except for the case when height of the partition reaches 0.8 times the height of the cubic cavity, the
average Nusselt number value reduces by about 25per cent both for base fluid and for nanofluid when
compared to case with cavity height which is 0.2 times the height of the cubic cavity.
Originality/value – Based on the literature survey, a 3D configuration for MHD mixed convection of
nanofluid flow in a cavity with a conductive partition considering the effects of various particle shapes has never
been studied in the literature. This study is a first attempt to use a conductive partition with nanofluid of various
particle shapes to affect the fluid flow and heat transfer characteristics in a 3D cubic cavity under the influence of
magnetic field. Partial or all findings of this study could be used for the design and optimization of realistic 3D
thermal configurations that are encountered in practice and some of the applications were already mentioned
above. In this study, thermal performance of the system was obtained in terms of average heat transfer
coefficient along the hot surface, and it is modeled withmulti-layer feed-forward neural networks.
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Nomenclature
b = bias term;
Gr = Grashof number;
h = local heat transfer coefficient;
Ha = Hartmann number;
k = thermal conductivity;
L = cavity length;
n = unit normal vector;
Nu = Nusselt number;
p = pressure;
Pr = Prandtl number;
R = residual;
Re = Reynolds number;
Ri = Richardson number;
T = temperature;
u, v, w = x-y-z velocity components;
Wi,j = network weights;
wr = weight function;
x = input; and
yj = output of network.

Greek characters
a = thermal diffusivity;
b = expansion coefficient;
f = solid volume fraction;
� = kinematic viscosity;
u = non-dimensional temperature; and
r = density of the fluid.

Subscripts
c = cold;
h = hot;
m = average;
NN = neural network;
nf = nanofluid;
p = solid particle; and
st = static.

1. Introduction
Shear driven flow coupled with conjugate and natural convection type heat transfer is
encountered in various thermal engineering problems such as in solar power, electronic
cooling, drying andmany others. There are many studies related to mixed type heat transfer
where natural convection and forced convection due to a moving boundary were considered.
These problems are generally used for simplifications of real type thermal engineering
problems by considering various types of boundary conditions, but the configurations are
mostly restricted to 2D geometries. Partitions in cavities are commonly encountered as a
passive method for mixed convective heat transfer control. Different conductive or adiabatic
partitions in various geometrical shapes were used to affect the flow field and heat transfer
characteristics (Lakhal et al., 1997; Bilgen, 2001; Ismael, 2018; Khalifa and Khudheyer, 2001;
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Selimefendigil and Oztop, 2012; Mahmoud and Ben-Nakhi, 2007; Rezaei et al., 2012; Altac
and Kurtul, 2007; Ben-Nakhi and Chamkha, 2006).

Effects of magnetic field are encountered in some engineering applications such as in
coolers of nuclear reactors purification of molten metals and many others (Yu et al., 2013;
Tzirtzilakis and Xenos, 2013; Tzirtzilakis, 2005). In thermal engineering applications where
convective heat transfer is considered, an external magnetic field may be used to control the
heat transfer characteristics (Hossain and Alim, 2014; Oztop et al., 2011; Sheikholeslami and
Ganji, 2014). In the application where flow separation is encountered magnetic field effects
may also enhance the heat transfer rate which is due to the suppression of the re-circulation
regions of the separated flow Selimefendigil and Oztop (2015b). But in most cases where a
cavity flow is considered, magnetic field effects were found to dampen the fluid motion and
reduce the convective heat transfer rate. Effects of magnetic field can be furthered
manipulated by including the nano-sized metallic or non-metallic particles to the base fluid
(Ghasemi et al., 2011; Sheikholeslami et al., 2012; Selimefendigil and Oztop, 2014a;
Mahmoudi et al., 2014; Hajialigol et al., 2015; Sheikholeslami et al., 2013; Sheikholeslami and
Rokni, 2018a, 2018b). When nanoparticles are added to the base fluid, the electrical
conductivity of the base fluid changes (Selimefendigil and Oztop, 2018b). The nanofluid
technology refers to the use of nano-sized particles in the base fluid such as in refrigerants of
the coolers, engine oil or water in heat exchangers or solar collectors and in many other
technological applications. Tremendous amount of research was conducted for the
application of nanotechnology in different thermal engineering problems (Tiwari and Das,
2007; Yang and Lai, 2010; Sheikholeslami et al., 2018a; Abu-Nada and Chamkha, 2010;
Sheikholeslami and Sadoughi, 2018; Abu-Nada, 2008; Saleh et al., 2011; Selimefendigil and
Oztop, 2015a, 2014b; Sheikholeslami, 2017; Sheikholeslami and Shehzad, 2018;
Sheikholeslami and Rokni, 2018c; Alsabery et al., 2018).

The aim in those studies was to reduce the size of the heat exchangers, increase the
coefficient of performance for the refrigerators and reduce the energy consumption of power
generation systems. Metallic or non-metallic nano-sized particles are added to the base fluid
which has less thermal conductivity as compared to nanoparticles. Even a small amount of
nanoparticle inclusion to the base fluid results in higher values of heat transfer enhancement
for those systems encountered in thermal engineering applications. Among various factors,
type, size and shape of the particles are important for the thermal conductivity enhancement
of the base fluid. Paolucci and Chenoweth (1988) numerically investigated the MHD
nanofluid mixed convection in an electromagnetic pump for a 3D configuration by using the
lattice Boltzmann method. They observed that in the case when natural convection effects
are not significant, it is not advantageous to increase the nanoparticle volume fraction in the
base fluid. MHD nanofluid flow in a porous mediumwas studied in Drummond and Korpela
(1987) by using homotopy analysis method (HAM). They observed that the velocity field
reduces for higher solid particle volume fraction. Sheikholeslami et al. (2018b) performed
numerical simulation of MHD nanofluid flow for a porous cavity with an hot inner elliptic
obstacle by using the lattice Boltzmann method. They showed that the Lorentz forces have
opposite effect as compared to effects of Reynolds number. The shape effects of
nanoparticles were recently considered in different studies (Selimefendigil et al., 2016;
Selimefendigil and Oztop, 2015c; Vanaki et al., 2014). Convective heat transfer in a wavy
channel with SiO2-ethylene glychol nanofluid for various particle shapes was investigated in
Vanaki et al. (2014), and it was found that the configurations with platelets nanoparticles
have the best heat transfer performance. In the study by Murshed et al. (2005), it was shown
that particle size and shape have significant effects on the thermal conductivity
enhancement of TiO2-water nanofluid. In a recent study, Sheikholeslami and
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Sadoughi (2017) performed lattice Boltzmann method for the analysis of the MHD nanofluid
in a porous cavity. In this study, they considered the shape of particles, and they observed
that the maximum heat transfer was obtained for the platelet and followed by cylinder, brick
and spherical shapes of nanoparticles. Kandasamy et al. (2017) studied various nanoparticle
shapes on the MHD nanofluid fluid flow over a porous surface with thermal radiation
effects.

Based on the above literature survey, a three-dimensional (3D) configuration for MHD
mixed convection of nanofluid flow in a cavity with a conductive partition considering the
effects of various particle shapes has never been studied in the literature. This study is a
first attempt to use a conductive partition with nanofluid of various particle shapes to affect
the fluid flow and heat transfer characteristics in a 3D cubic cavity under the influence of
magnetic field. Partial or all findings of this study could be used for the design and
optimization of realistic 3D thermal configurations that are encountered in practice and
some of the applications were already mentioned above. In this study, thermal performance
of the system was obtained in terms of average heat transfer coefficient along the hot
surface, and it is modeled with multi-layer feed-forward neural networks.

2. Mathematical formulation of the physical problem
Figure 1 shows schematic description of the 3D cavity with an inner conductive partition.
The cavity is a cubic enclosure with size of L and a conductive partition with length Lp and
height Hp was placed at xp location from the left vertical surface. The left and right vertical
surfaces are kept at constant hot temperatures of Th and Tc (Th > Tc). Other surfaces of the

Figure 1.
Schematic view of the
physical model with
boundary conditions
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cavity are considered to be adiabatic. Top surface is moving with a constant speed of u0 in
the positive x direction. Thermal conductivity of the partition is kp. The fluid is
incompressible and Newtonian. The flow is 3D, laminar and steady. A uniform transverse
magnetic field parallel to the z-axis is imposed. Joule heating, induced magnetic and electric
field, viscous dissipation and radiation effects are assumed to be negligible. SiO2-water
nanofluid was used and the thermophysical properties are given in Table I.

2.1 Governing equations and boundary conditions
Conservation of mass, momentum and energy equations for 3D, incompressible, laminar
and steady flow can be stated as:

@u
@x

þ @v
@y

þ @w
@z

¼ 0; (1)

u
@u
@x

þ v
@u
@y

þ w
@u
@z

¼ � 1
rnf

@p
@x

þ �nf
@2u
@x2

þ @2u
@y2

þ @2u
@z2

 !
� snf B2

0u
rnf

; (2)

u
@v
@x

þ v
@v
@y

þ w
@v
@z

¼ � 1
rnf

@p
@y

þ �nf
@2v
@x2

þ @2v
@y2

þ @2v
@z2

 !
þ gb nf T � Tcð Þ � snf B2

0v
rnf

;

(3)

u
@w
@x

þ v
@w
@y

þ w
@w
@z

¼ � 1
rnf

@p
@z

þ �nf
@2w
@x2

þ @2w
@y2

þ @2w
@z2

 !
; (4)

u
@T
@x

þ v
@T
@y

þ w
@T
@z

¼ anf
@2T
@x2

þ @2T
@y2

þþ @2T
@z2

 !
; (5)

where r , � and a denote the density, kinematic viscosity and thermal diffusivity,
respectively. The last two terms of equations (2) and (3) are the Lorentz forces. For the solid
medium, conduction heat transfer equations in 3D are written as:

@2T
@x2

þ @2T
@y2

þ @2T
@z2

¼ 0 (6)

Table I.
Thermophysical
properties of base
fluid and SiO2

nanoparticle Vajjha
and Das (2009)

Property Water SiO2

r (kg/m3) 998.2 2200
cp J=kgKð Þ 4182 703
k W=mKð Þ 0.61 1.2
m N s=m2
� �

0.001003 –
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Following non-dimensional parameters can be used to convert the governing equations in
non-dimensional form:

X ¼ x
L
; Y ¼ y

L
; Z ¼ z

L
; U ¼ u

u0
; V ¼ v

U0
;

W ¼ w
u0

; P ¼ p
0:5r f u02

; u ¼ T � Tc
Th � Tc

; Pr ¼ �f
af

;

Ra ¼ gb f Th � Tcð ÞH3

�faf
; Ha ¼ LB0

ffiffiffiffiffiffi
s f

m f

r
; Re ¼ u0L

�f
; Ri ¼ Gr

Re2

(7)

Boundary conditions in dimensional form can be expressed as:
� For the left surface, u = v = w = 0, T = Th.
� For the right surface, u = v = w = 0, T=Tc.
� For the top surface of the cavity, u ¼ U0; v ¼ w ¼ 0; @T

@n ¼ 0.
� For the other surfaces of the cavity, u ¼ v ¼ w ¼ 0; @T

@n ¼ 0.
� Along the interface between the partition surface and inner cavity.
� u ¼ v ¼ w ¼ 0; � knf @T

@n ¼ �kp @T
@n :

2.2 Nanofluid effective thermophysical property relations
Density, specific heat and thermal expansion coefficient of the nanofluid can be obtained in
terms of solid particle volume fraction, base fluid and solid particle properties as:

rnf ¼ 1� fð Þr f þ f r p (8)

rcpð Þnf ¼ 1� fð Þ rcpð Þf þ f rcpð Þp (9)

rbð Þnf ¼ 1� fð Þ rbð Þf þ f rbð Þp (10)

where f, nf and p represents the base fluid, nanofluid and solid particle, respectively.
In the definition of the thermal conductivity of the nanofluid, the Brownian motion was

included which takes into account the effects of particle size, particle volume fraction and
temperature. It is defined by using the following relation (Koo and Kleinstreuer, 2005):

knf ¼ kst þ kBrownian ¼ kf
kp þ 2kf
� �� 2f kf � kp

� �
kp þ 2kf
� �þ f kf � kp

� �
" #

þ

þ5� 104 � 1:9526� 100fð Þ�1:4594f r f cp;f

ffiffiffiffiffiffiffiffiffiffi
k bT
r pdp

s
f 0 T; fð Þ

(11)

In the above expression kst is thermal conductivity which is defined in Maxwell (1873), and
the function f 0 for SiO2-water nanofluid is given in Vanaki et al. (2014).
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The viscosity of the nanofluid was given as Vanaki et al. (2014):

mnf ¼ m f
1

1� 34:87 dp
df

� ��0:3
f 1:03

� � (12)

with the average particle size of the fluid given as:

df ¼ 6M
Npr f

 !1=3

(13)

Electrical conductivity relation of the nanofluid was defined by using Maxwell’s model
(Maxwell, 1873) as:

snf ¼ s f 1þ 3 f � 1ð Þf
f þ 2ð Þ � f � 1ð Þf

� �
(14)

where f ¼ s p

s f
is the conductivity ratio of the two phases.

In this study, cylindrical, brick and blade shape particles were also considered along with
the spherical ones. Following formulations can be used for the definition of the effective
thermal conductivity and viscosity of the nanofluid using non-spherical nanoparticle shape
are defined using the following formulas (Vanaki et al., 2014):

knf ¼ kf 1þ Ckfð Þ; mnf ¼ m f 1þ A1f þ A2f
2

� �
(15)

where the constant coefficients for different nanoparticle shapes are defined as in Table II
(Vanaki et al., 2014).

2.3 Solution method
The governing equations along with the boundary conditions were solved by using the
finite element method. Galerkin-weighted residual method was used to establish the weak
form of the governing equations. Lagrange finite elements of different orders were used to
approximate the flow variables within the non-overlapping regions of the computational
domain. Residual R results when the approximate field variables were used in the governing
equations. The weighted average of this residual will be zero over the computational
domain: ð

X
wrRdv ¼ 0 (16)

where wr denotes the weight function. In the Galerkin method, the weight function is chosen
from the same set of functions as of the trial functions. Nonlinear residual equations at the

Table II.
Constant coefficients
defined in
equation (13) Vanaki
et al. (2014)

Nanoparticle shape Ck A1 A2

Cylindrical 3.95 13.5 904.4
Bricks 3.37 1.9 471.4
Blades 2.74 14.6 123.3
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nodes of internal element domain are obtained. The convergence of the solution is obtained
when the relative error for each of the variables satisfies convergence criteria which is less
than 10�5. Grid independence tests were performed by using various numbers of tetrahedral
elements. Grid refinement was used in the locations near the walls of the cavity and surface
of the conductive partition to resolve high gradients of flow variables in those locations.
Table III shows the average Nusselt number along the hot surface for various number of
grid sizes and for different solid particle volume fractions (Ri = 10, Ha = 10, cylindrical
shape particles). Grid G4 with 78237 tetrahedral elements was chosen for the subsequent
computations.

Local and average Nusselt number along the hot surface can be calculated as
(Selimefendigil and Oztop, 2018c):

Nuy;z ¼ � knf
kf

@u

@n

� �
wall

; Num ¼ 1
L2

ðL
0

ðL
0
Nuy;zdydz: (17)

The validation of the study is made against the results of Rudraiah et al. (1995) where
natural convection in a cavity under the effect of magnetic field was investigated. Streamline
and isotherm comparisons are shown in Figure 2 for various values of Grahof numbers for
fixed values of Hartmann number of 10 and Prandtl number of 0.733. Comparison of the
average Nusselt number values is shown in Table IV for the two values of Grashof number
and different values of Hartmann number. In this table, the results of Sheikholeslami and
Shamlooei (2017) were also added where the numerical simulation results were obtained by
using the lattice Boltzmannmethod.

3. Results and discussion
In this study, mixed convection of nanofluid flow in a 3D cubic cavity with a conductive
partition was analyzed under the effect of magnetic field for various particle shapes.
The top surface of the cubic enclosure is moving in the positive x direction. Numerical
simulations were performed for various values of Richardson number (between 0.1 and
10), Hartmann number (between 0 and 10), solid nanoparticle volume fraction (between
0 and 0.04), particle shape (spherical, cylindrical, blade, brick) and for different heights
and lengths of the conductive partition. Hydro-thermal characteristics are illustrated
with streamlines, isotherms and Nusselt number distribution plots with respect to
changes in those pertinent parameters. Finally, average Nusselt number correlation
was obtained by using multi-layer feed-forward neural networks for nanofluids with
spherical and cylindrical particle shape.

Table III.
Grid independence
study for various

grid sizes: average
Nusselt number

along the hot surface
of the 3D cavity (Ri =

10, Ha = 10,
cylindrical particles)

Grid name Element no. Num (f = 0) Num (f = 0.02) Num (f = 0.04)

G1 12253 6.321 7.460 8.705
G2 25392 4.337 5.149 6.071
G3 43124 3.791 4.641 5.244
G4 78237 3.661 4.368 5.184
G5 142970 3.641 4.322 5.109
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3.1 Role of Richardson number
Figure 3 demonstrates the influence Richardson number on the distribution of
streamlines and isotherms within the 3D cavity for fixed values of (Ha = 5, f = 0.04,
Lp = 0.1 L, Hp = 0.5 L) with spherical shape particles. Richardson number denotes the
ratio of natural convection to the forced convection due to the moving surface. In the
present study, the value of the Rayleigh number was fixed to 105, and the value of
the Richardson number was varied by changing the velocity of the upper surface. For
a lower value of the Richardson number, forced convection effects due to the moving
surface is effective. As the value of the Ri increases, more penetration of the fluid
toward the bottom wall is observed, but the effect is not significant. The variation of
the streamlines in the mid-plane (xy plane) of the 3D cavity is shown in Figure 3(g)-(i)

Figure 2.
Comparison of
streamlines and
isotherms in a cavity
under the effect of
magnetic field for
Hartmann number of
10 and for two
Grashof number
values
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for various values of the Ri number. A single circulation region is established and its
center is in the vicinity of the upper moving wall. This center location changes with
different values of Ri number. For higher values of Richardson number, temperature
gradient becomes less clustered especially in the upper part of the surface which
indicates ineffective local regions for heat transfer. The isotherm patterns cross the
conductive as a conjugate type heat transfer process is analyzed. The conductivity
ratio of the solid domain to the fluid domain was assumed to be 1. Local change of
Nusselt number along the hot surface for various values of Richardson numbers is
demonstrated in Figure 4. In the hot surface plane, y- and z-axis variation of local Nu
were shown. Enhancement of the local Nusselt number for lower values of Richardson
number is shown along the y- and z-axis. Average Nusselt number reduces for higher
values of Ri number and increases for higher value of nanoparticle volume fraction
which is due to the higher thermal conductivity enhancement [Figure 5(a)]. The
discrepancy between the average Nusselt number reduces for the base fluid and for
the nanofluid with the higher particle volume fraction. This can be contributed to the
higher heat transfer rates for lower values of Ri number where adding nanoparticles
is effective. Nanoparticle shape effect on the variation of the average Nusselt number
along the hot surface for various Richardson number are shown in Figure 5(b), and
discrepancy from the nanofluid containing spherical-shaped particles is
demonstrated in Figure 5(c). Among different particle shapes, cylindrical-shaped ones
perform the best in terms of average heat transfer enhancement. The average Nusselt
number of nanofluid with cylindrical and brick nano-particles give 4 and 2 per cent
higher values as compared to spherical ones. Among various particle shapes,
nanofluid with blade ones shows the worst performance as compared to spherical
shape, but deterioration rate is slightly below 1 per cent at Ri = 1 and below 3 per cent
at Ri = 10.

3.2 Role of Hartmann number
Magnetic field is uniform and transverse parallel to the z-axis. Various effects such as Joule
heating, induced magnetic and electric field were assumed to be negligible. Distribution of
streamlines and isotherms are visualized in 3D cavity and in a 2D mid-plane of the cavity
(xy plane) in Figure 6 (Ri = 1, f = 0.04, spherical shape particles, Lp = 0.1L, Hp = 0.5L).
Magnetic field strength is denoted by the value of Hartmann number. In various
applications, magnetic field was imposed to stabilize the fluid motion which is a result of
dampening of the fluid motion. In cavity flow, its effect is generally to reduce the convective

Table IV.
Code validation

Study 1: comparison
of average Nusselt

number for MHD free
convection

Ha Present study Sheikholeslami and Shamlooei (2017) Rudraiah et al. (1995)

Gr = 2� 104

0 2.474 2.566 2.518
10 2.172 2.266 2.223
50 1.068 1.099 1.085
100 1.009 1.022 1.011

Gr = 2� 105

0 4.972 5.093 4.919
10 4.773 4.904 4.805
50 2.540 2.679 2.844
100 1.389 1.460 1.431
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heat transfer, as it has been presented in various studies (Hossain and Alim, 2014;
Oztop et al., 2011; Sheikholeslami and Ganji, 2014). In separated flows encountered in
practice in various thermal engineering applications, magnetic field was found to enhance
the convective heat transfer characteristics which is a result of reducing the reattachment
length (Selimefendigil and Oztop, 2015b). Average heat transfer enhancement with magnetic
field depends on various factors such as geometry, flow configuration, fluid properties and
many others. In this study, as the fluid flow is recirculated within a cavity, it is expected that
a reduction in the convective heat transfer will be obtained, but it will be important to

Figure 3.
Influence of
Richardson number
on the distribution of
flow and thermal
patterns in 3D cavity
and in the mid-plane
of the cavity (Ha = 5,
f = 0.04, Lp= 0.1 L,
Hp= 0.5 L, spherical
shape)
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determine how much the rate of reduction in the convection would be in a 3D configuration
with nanofluids.

The fluid motion dampens within the cavity when the magnetic field strength
enhances. The core of the primary vortex does not change for different Hartmann
numbers. In the upper portion of the hot wall, isotherms become less clustered for higher
values of Hartmann number and at the highest value of Ha, isotherms become parallel to
the vertical walls which indicates the dominance of conduction heat transfer mechanics.
Variation of the local and average heat transfer rates is illustrated in Figure 7 for various
values of Hartmann number. Local Nusselt number variation is given for the z-axis
direction. Local Nusselt number reduces with Hartmann number and the discrepancy
between the Nusselt number for various values of Hartmann number is higher in the mid
of the hot vertical surface and toward the edges of the hot surface its value reduces. The
average Nusselt number reduces for higher values of Hartmann number and the rate of
deterioration is 6.53 per cent for nanofluid with particle volume fraction of f = 4 and
11.75 per cent for base fluid with f = 0 per cent. A higher value of solid particle volume
fraction results in higher values of thermal conductivity, but electrical conductivity
values become higher as well. In this configuration, the reduction of the convection is

Figure 4.
Variation of local
Nusselt number

along the mid axis of
hot surface along y

and z directions
(Ha = 5, f = 0.04,

Lp= 0.1 L,Hp= 0.5L,
spherical shape)
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Figure 5.
Average Nusselt
number along the hot
surface versus
Richardson number
for two different
nanoparticle volume
fraction (a), for
various particle
shapes; (b) and
discrepancy from
spherical shape for
different particle
shapes (c) (Ha = 5,
Lp = 0.1L,Hp= 0.5L)
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higher for the case with nanofluid which shows that the dampening effect due to
magnetic field is higher. Particle shape effect and discrepancy between the average
Nusselt number when the nanofluid with the spherical-shaped particles was taken as
reference case for the same values of Hartmann number is shown in Figure 7(c). A very
similar shape of the curve is obtained as compared to the case in Figure 5(c) when various
values of Richardson numbers are considered for the cylindrical and brick type particles.
In the absence of magnetic field for Ha = 0, there is very slight difference between the
average Nusselt numbers for the nanofluid with blade type particles and spherical shape
particles and they become less than 3 per cent at Ha = 10.

Figure 6.
Role of Hartmann

number on the
distribution of flow

and thermal patterns
in 3D cavity and in
the mid-plane of the
cavity (Ri = 1, f =

0.04, Lp= 0.1L,Hp=
0.5L, spherical shape)
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3.3 Effects of conductive partition
A rectangular prism-shaped conductive partition with thermal conductivity of kp was used.
Partitions in cavities are frequently used for convection control. Size, location and thermal
conductivity are important parameters. In this study, various length and height of the
partition were investigated, while the thermal conductivity of the solid domain was taken as

Figure 7.
Variation of local
Nusselt number
along the mid axis of
hot surface along z
direction (a), average
Nusselt number
along the hot surface
versus Hartmann
number for two
different nanoparticle
volume fraction (b)
and discrepancy from
spherical shape for
different particle
shapes (c) (Ri = 1, Lp
= 0.1L,Hp = 0.5L)
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kp = kf. A conjugate type heat transfer model was used which takes into account the
energy participation of the solid domain (partition domain) to the fluid domain. Effects
of length and height of the conductive partition on the distribution of streamlines and
isotherms are shown in Figure 8 (Ri = 1, Ha = 5, f = 0.04, spherical shape particles) for
the 2D mid-plane of the 3D cavity (xy plane). Effects of length of the partition on the
distributions of the streamlines and isotherms are negligible. The streamlines are
slightly affected in the location toward the cold vertical wall, as the partition becomes
closer to the cold wall for a higher value of length, as the location xp was fixed to 0.5 L.
The effect of the height of the partition on the distribution of the fluid flow and thermal
patterns is more pronounced as compared to length effect. A higher value of partition
height results in more blockage of the rising fluid flow path from the left vertical
surface and for the highest value of partition height, the recirculation zone adjacent to
the upper wall divides into two vortices. The thermal patterns near the obstacle are
influenced by the variation of height of the obstacle which in turn affects the variation
of steep temperature-gradient regions along the hot and cold walls of the cavity. Figure
9 shows the variation of the average Nusselt number along the hot surface for various
values of the length and height of the conductive partition. The length has negligible
effect on the variation of average Nusselt number both for pure fluid and for nanofluid.
The partition height results in slight change of Nusselt number until Hp = 0.6 L, and
then a sudden decrease is seen for Hp = 0.8 L. The average heat transfer deteriorates by
about 25 per cent for partition height of Hp = 0.8 L both for base fluid and for
nanofluid.

3.4 Modeling the average heat transfer coefficient
The average Nusselt number is computed by using the expression given in
equation (17). In this study, parametric effects such as Richardson number, Hartmann
number and solid particle volume fraction of nanofluid on the average heat transfer
are investigated for various particle shapes. In the modeling approach of the average
heat transfer coefficient, artificial neural networks were used to establish the
mathematical models which are functions of input parameters (Richardson number,
Hartmann number and solid particle volume fraction). Artificial modeling and many
other soft computing techniques have been successfully implemented for forecasting
thermal behavior of various thermal engineering problems. In the application,
different soft computing methods and their variants are used, and in general, they
share some common procedures. Some relevant studies for the application of these
methods for the heat transfer engineering-related problems can be found in Ansari
et al. (2018); Varol et al. (2007); Selimefendigil and Oztop (2018a, 2014c); Xie et al.
(2007), Selimefendigil and Oztop (2013); Demir et al. (2009); Yuen (2009);
Selimefendigil and Oztop (2012); Kadiyala and Chattopadhyay (2011); Kalogirou
(1999); Varol et al. (2007) and Selimefendigil et al. (2011). In this study, we use multi-
layer feed-forward neural networks with back-propagation learning algorithm. These
network structures are frequently used and each neuron in the layers (output and
hidden layer) are connected to different layer neurons with weights. The output of the
network can be expressed as:

yj ¼ F
Xn
i¼1

Wi;jxij þ bj

 !
(18)
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Figure 8.
Streamline and
isotherm distribution
for various length
and height of the
conductive partition
in the mid-plane (xy)
of the 3D cavity (Ri =
1, Ha = 5, f = 0.04,
spherical shape)
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where W denotes the weight of the network (the sub-indices i and j represent the ith
neuron in the preceding layer and jth neuron in the current layer), y, b and x represent
the output, bias and input, respectively (from the ith neuron to the jth neuron) (Ansari
et al., 2018).

In the modeling with the neural networks, number of inputs-outputs, number of
neurons, activation function, network structure and learning algorithms are chosen.
These factors have effect on the performance and accuracy of the estimation with
neural networks. In this model Levenberg–Marquardt back-propagation algorithm was
used as the learning algorithm. One hidden layer with ten neurons and tangent-sigmoid
activation function was used. Inputs to the neural network structure are various values
of Richardson number (between 0.1 and 10), Hartmann number (between 0 and 10) and
solid particle volume fraction of the nanofluid (between 0 and 4 per cent). In total, 150
data from the numerical simulation results are used, and the average Nusselt number
along the hot surface is chosen as the output of the network. One model for the case
with nanofluid having spherical particle shapes and another model for the nanofluid
containing cylindrical shape particles were constructed. Matlab software with
NFTOOL was used for the construction of the network structure, and random data
division property of this tool was used and the number of samples used for training,
validation and testing are chosen as 90, 30 and 30, respectively.

Figure 9.
Influence of partition
length and height on
the variation of the

average Nusselt
number along the hot

surface for two
different values of

solid particle volume
fraction (Ri = 1, Ha =

5, spherical shape)
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Different error measures can be used for the performance evaluation of the
trained network. Mean square error (MSE) and coefficient of determination or
correlation coefficient (R2) performance criterion can be given as (Ansari et al.,
2018):

MSE ¼ 1
N

XN
k¼1

yNNk � yk
� �2

(19)

R2 ¼ 1�

XN
k¼1

yNNk � yk
� �2

XN
k¼1

yk � yð Þ2
(20)

where yNN, y, N and y denote the predicted value from network, CFD value, pattern
number and the mean value of CFD values, respectively. If the MSE approaches to zero,
a higher accuracy of the developed model can be expected. Correlation coefficient
denotes how much two groups of data are correlated with each other.

In the modeling, 10 number of neurons were used in the hidden layer. The number
of neurons was changed and R2 value and MSE value were checked. It was observed
that 15 neurons give slightly better performance and with 20 neurons, performance
degeneration of the network was observed. There are very slight effects of activation
function on the performance of the network structure and tangent-sigmoid activation
function was used for the modeling. Table V shows the number of samples, MSE and
R values for training, validation and testing data for both neural network models.
MSE coefficients are very closer to the zero for training and testing, while the
correlation coefficient approaches to one. The performance plots of the neural
network structure are shown in Figure 10. The performance curve denotes the MSE
versus number of epoch plot where its value reduces as the number of epochs
increases. The regression R values are shown in Figure 11 for training, testing and
validation data. Table VI shows the neural network structure weights for
configurations with spherical and cylindrical particles. They can be used in the
expression given in equation (6) to predict the average Nusselt number along the hot
surface. Table VII shows the comparisons of the average Nusselt number obtained
from the numerical simulation and calculated by using the weights and expressions in
equation (18) for various values of Richardson number, Hartmann number and solid
particle volume fraction combinations. As it can be seen from the table, the proposed
neural networks with the weights given in Table VII can be used to accurately predict
the average Nusselt number along the hot surface of the 3D cavity for any

Table V.
Sample numbers (for
training, testing
validation), root
mean square (RMSE)
and correlation
coefficient (R-square)
values for ANN
models (nanofluid
with spherical and
cylindrical shape
particles)

Data set Samples MSE (spherical) R (spherical) MSE (cylindrical) R (cylindrical)

Training 90 1.268� 10�3 0.99999 8.760� 10�4 0.99999
Validation 30 4.379� 10�3 0.99999 9.806� 10�3 0.99997
Testing 30 1.869� 10�3 0.99999 8.213� 10�3 0.99997
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combinations of Ri, Ha and f parameters within the range. Even though with this
type of black-box modeling approach, parametric multi-input-single output
correlation was established for details of the flow and thermal field within the 3D
cavity, models based on proper orthogonal decomposition which takes into account

Figure 10.
Performance plots of

ANNmodels for
nanofluid with

spherical (a) and
cylindrical and (b)

shape particles
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Figure 11.
Regression plots for
testing, training and
validation data sets
for (a) ANNModel 1
and (b) ANNModel 2
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the variation of local variables within the computational domain is necessary
(Selimefendigil and Oztop, 2015a, 2018a).

4. Conclusions
Numerical simulation of MHD mixed convection of nanofluid flow in a 3D cubic
enclosure with a conductive partition was performed for various particle shapes
(spherical, cylindrical, blade, brick). The average Nusselt number deteriorates for
higher values of Ri number and enhances for higher value of nanoparticle volume
fraction. Among various particle shapes, nanofluid with blade ones perform the
worst, and cylindrical ones perform the best in terms of heat transfer enhancement.
The fluid motion dampens and convection rate reduces when the magnetic field
strength enhances. For the highest value of Hartmann number, the amount of
deterioration of the average heat transfer is about 6.53 per cent for nanofluid at the
highest volume fraction of spherical particle shapes, but it is 11.75 per cent for the
base fluid. When various particle shapes are compared, only less than 3 per cent
changes in the average Nusselt number are observed. Conductive partition length
does not contribute too much to heat transfer process, but when the height of the
partition reaches 0.8 times, the height of the cubic enclosure, its value deteriorates by
about 25 per cent both for base fluid and for nanofluid. Multi-layer feed-forward
neural networks are used to obtain models for the average Nusselt number which is
dependent upon the constant coefficients of the network model, Richardson number,
Hartmann number and solid nanoparticle volume fraction for nanofluids with
spherical and cylindrical particle shape.

Table VI.
Weights and biases
of ANN models for

nanofluid with
spherical and

cylindrical shape
particles (HL: Hidden

layer, OL: output
layer)

Neuron HL HL HL HL OL OL
W1,j (Ri) W2,j (Ha) W3,j (f ) bj Wi b1

ANN – Spherical
1 �4.3797 0.41393 �1.7062 5.1074 �0.006167 3.3965
2 0.58875 �0.29397 �0.15349 0.34277 �0.10929
3 0.025076 0.18586 �0.088661 �1.7856 �0.99627
4 0.85164 �0.59154 2.5889 �0.52315 0.00071634
5 1.4651 1.1881 1.4137 �0.78635 0.0023266
6 �0.81751 �0.53527 0.27968 �0.52874 0.0915
7 2.6204 0.0056244 �0.12489 2.7958 �0.53251
8 1.1255 2.4394 �0.83153 1.841 0.011363
9 �0.1108 2.7744 �0.17908 0.36393 �0.0083084
10 13.403 �0.001563 �0.087289 14.442 -4.6006

ANN – Cylindrical
1 3.9217 0.087252 0.062372 0.20829 0.077151 5.1436
2 �1.5177 �2.1574 �1.3305 4.4224 �0.006286
3 12.559 �0.004038 �0.092479 13.416 -3.5243
4 �2.2725 0.88305 0.78548 2.8488 0.023285
5 0.22108 1.9264 �1.7689 �1.364 �0.0059999
6 �3.6093 3.7966 1.6006 �0.52109 0.0037353
7 0.051475 0.67211 �0.33728 0.09329 �0.063016
8 �0.8425 0.013765 0.077684 �1.8452 2.9945
9 4.0425 �0.7336 0.39272 6.3454 0.33404
10 �1.3866 �1.7458 �1.2086 �0.32257 0.0041656
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