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Abstract
Purpose – This study aims to numerically examine mixed convection of CuO-water nanofluid in a three-
dimensional (3D) vented cavity with inlet and outlet ports under the influence of an inner rotating circular
cylinder, homogeneous magnetic field and surface corrugation effects. In practical applications, it is possible
to encounter some of the considered configurations in a vented cavity such as magnetic field, rotating cylinder
and it is also possible to specially add some of the active and passive control means to control the convection
inside the cavity such as adding nanoparticles, corrugating the surfaces. The complicated physics with
nanofluid under the effects of magnetic field and inclusion of complex 3D geometry make it possible to use the
results of this numerical investigation for the design, control and optimization of many thermal engineering
systems as mentioned above.

Design/methodology/approach – The bottom surface is corrugated with a rectangular wave shape,
and the rotating cylinder surface and cavity bottom surface were kept at constant hot temperatures while the
cold fluid enters the inlet port with uniform velocity. The complicated interaction between the forced
convection and buoyancy-driven convection coupled with corrugated and rotating surfaces in 3D
configuration with magnetic field, which covers a wide range of thermal engineering applications, are
numerically simulated with finite element method. Effects of various pertinent parameters such as
Richardson number (between 0.01 and 100), Hartmann number (between 0 and 1,000), angular rotational
speed of the cylinder (between �30 and 30), solid nanoparticle volume fraction (between 0 and 0.04),
corrugation height (between 0 and 0.18H) and number (between 1 and 20) on the convective heat transfer
performance are numerically analyzed.

Findings – It was observed that the magnetic field suppresses the recirculation zone obtained in the lower
part of the inlet port and enhances the average heat transfer rate, which is 10.77 per cent for water and 6.86 per
cent for nanofluid at the highest strength. Due to the thermal and electrical conductivity enhancement of
nanofluid, there is 5 per cent discrepancy in the Nusselt number augmentation with the nanoadditive
inclusion in the absence and presence of magnetic field. The average heat transfer rate of the corrugated
surface enhances by about 9.5 per cent for counter-clockwise rotation at angular rotational speed of 30 rad/s
as compared to motionless cylinder case. Convective heat transfer characteristics are influenced by
introducing the corrugation waves. As compared to number of waves, the height of the corrugation has a
slight effect on the heat transfer variation. When the number of rectangular waves increases from N = 1
to N = 20, approximately 59 per cent of the average heat transfer reduction is achieved.

Originality/value – In this study, mixed convection of CuO-water nanofluid in a 3D vented cavity with
inlet and outlet ports is numerically examined under the influence of an inner rotating circular cylinder,
homogeneous magnetic field and surface corrugation effects. To the best of authors knowledge such a study

MHD mixed
convection

1637

Received 10 October 2018
Revised 30 October 2018

Accepted 3 November 2018

International Journal of Numerical
Methods for Heat & Fluid Flow

Vol. 30 No. 4, 2020
pp. 1637-1660

© EmeraldPublishingLimited
0961-5539

DOI 10.1108/HFF-10-2018-0566

The current issue and full text archive of this journal is available on Emerald Insight at:
https://www.emerald.com/insight/0961-5539.htm

http://dx.doi.org/10.1108/HFF-10-2018-0566


has never been performed. In practical applications, it is possible to encounter some of the considered
configurations in a vented cavity such as magnetic field, rotating cylinder and it is also possible to specially
add some of the active and passive control means to control the convection inside the cavity such as adding
nanoparticles, corrugating the surfaces. The complicated physics with nanofluid under the effects of magnetic
field and inclusion of complex 3D geometry make it possible to use the results of this numerical investigation
for the design, control and optimization of many thermal engineering systems asmentioned above.

Keywords Finite element method, Nanofluid

Paper type Research paper

Nomenclature
b = corrugation height, [m];
df = particle size, [m];
Gr = Grashof number;
h = heat transfer coefficient, [W/m2 K];
k = thermal conductivity, [W/m K];
H = cavity size, [m];
Ha = Hartmann number;
n = unit normal vector;
N = number of waves;
Nu = Nusselt number;
p = pressure, [Pa];
Pr = Prandtl number;
Ri = Richardson number;
T = temperature, [K];
U, v, w = x-y-z velocity components, [m/s]; and
X, y, z = Cartesian coordinates, [m].

Greek Characters
a = thermal diffusivity, [m2/s];
b = expansion coefficient, [1/K];
k b = Boltzmann constant;
� = kinematic viscosity, [m2/s];
u = non-dimensional temperature;
r = density of the fluid, [kg/m3];
s = electrical conductivity, [S/m]; and
f = solid volume fraction.

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

1. Introduction
Convection in cavities with multiple ports (inlet-outlet) is important in various engineering
applications such as in air conditioning systems, electronic cooling, food processing and
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many others. A vast amount of research papers can be found in literature for the
investigation of convection in cavities with multiple ports. Many of these studies are two-
dimensional; however, analysis in the three-dimensional (3D) geometry offers a more
realistic approach. In the numerical study by Saeidi and Khodadadi (2007), laminar
unsteady flow in a cavity with ventilation ports was examined. They observed that the
oscillation amplitude son various walls are deteriorated for higher values of non-
dimensional frequency. In another study, pulsating flow effects were analyzed for the mixed
convection in a cavity having inlet-outlet ports in Sourtiji et al. (2011). Best value of Strouhal
number was found to be between 0.5 and 1 for maximum heat transfer and minimum
pressure drop. Sourtiji et al. (2014) performed numerical study of mixed convection in a
square cavity with ventilation ports and location of the outlet port for the best thermal
performance was searched. They observed that minimum heat transfer is obtained when the
outlet port is placed at the middle of the walls. In a recent study by Ismael and Jasim (2018),
fluid-structure interaction in a cavity with multiple ports was examined in the presence of an
elastic fin. It was observed that it is beneficial to use an elastic fin to promote the fluid
circulation and thus enhancing the heat transfer rate. Koufi et al. (2017) conducted a
numerical investigation on mixed convection in a ventilated cavity in turbulent regime. It
was observed that the location of the inlet and outlet ports greatly effects the ventilation
effectiveness.

Convection in cavities can be altered by using stationary or moving/rotating obstacles
and by introducing geometry modifications such as surface corrugations or by using
deformable surfaces. Flow over rotating cylinders may be encountered in rotating heat
exchangers, rotating shafts, drilling of oil wells and many others. In cavity flow
applications, a rotating cylinder can be utilized, and size, location and angular rotational
speed of the circular cylinder can be used to control the convective heat transfer
characteristics (Roslan et al., 2012a; Selimefendigil and Oztop, 2014a; Selimefendigil and
Oztop, 2015; Selimefendigil et al., 2016; Yan and Zu, 2008). Selimefendigil and Oztop (2014b)
numerically examined the ferrofluid convection with a rotating cylinder within a vented
cavity. Magnetic dipole source parameters and cylinder rotation were found to affect the
fluid flow and heat transfer characteristics. In the study by Roslan et al. (2012a), mixed
convection due to a rotating cylinder in a square cavity was numerically examined with
finite element method. The convective heat transfer characteristics are found to be
influenced by the size, angular rotational speed and its direction. Selimefendigil et al. (2017)
analyzed the mixed convection in a partitioned cavity with nanofluid and a superposed
porous medium under the effect of a rotating cylinder, and flow patterns and isotherms
within the cavity were found to be significantly affected with the cylinder rotation.
Selimefendigil and ztop (2014) performed numerical computations for analyzing the mixed
convection effects of nanofluid in a square cavity with inlet and outlet ports and having an
inner rotating adiabatic circular cylinder. Cylinder rotation and nanoparticle addition were
found to affect the convective heat transfer performance, while generalized neural network
was used to obtain thermal predictions.

Effects of magnetic field may be encountered in different technological applications such
as in nuclear reactor coolers, MEMs, molten metals, some chemical processes and many
others. An external magnetic field can be used to control the convection inside the cavities
(Abbassi and Nassrallah, 2007; Hossain and Alim, 2014; Ishak et al., 2009; Khan et al., 2007;
Pekmen and Sezgin, 2014; Rahman et al., 2013, Makinde and Aziz, 2010; Oztop et al., 2011;
Rashad et al., 2018; Selimefendigil and Chamkha, 2016). The electrical conductivity of the
base fluid can be altered by adding nano-sized additives. Nanotechnology has already been
implemented in various thermal engineering applications in the form of nanofluids, and
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tremendous numerical, experimental and theoretical studies about the applications have
been released, which is due to the importance in energy saving and avoiding detrimental
environmental effects. The nanofluid applications exist in thermal energy storage, energy
management, heat exchangers, refrigeration, solar power and many others. Convection in
cavities can be controlled with the use of metallic or non-metallic additives to the base heat
transfer fluid (Abu-Nada, 2008; Armaghani et al., 2016; Cho, 2014; Cimpean and Pop, 2012;
Ismael et al., 2016; Manca et al., 2011; Abu-Nada and Chamkha, 2010; Oztop and Abu-Nada,
2008; Saleh et al., 2011; Selimefendigil and Oztop, 2013; Selimefendigil and Oztop, 2014d;
Sheikholeslami and Sadoughi, 2018; Sheikholeslami and Shehzad, 2018; Tiwari and Das,
2007). Higher heat and mass transfer coefficients are achieved with a small amount of
nanoparticle addition to the base fluid with little pressure drop. There are many factors that
affect the performance of nanofluids, such as base fluid type, nanoparticle type and shape,
particle size and many others. In the numerical study of Mehrizi et al. (2012), mixed
convection of nanofluid flow in a vented cavity is examined for various solid particle volume
fractions and for different locations of the outlet port. Numerical simulations were
performed by using the lattice Boltzmann method, and inclusion of the nanoparticles was
found to enhance the heat transfer rate for various locations of the exit port. Shahi et al.
(2010) numerically examined the mixed convection of copper-water nanofluid in a square
cavity with inlet and outlet ports by using a finite volume solver. The numerical study was
performed for various values of Reynolds number, Richardson number and solid particle
volume fraction. Patel and Brinkmann models were used for the effective thermal
conductivity and viscosity of the nanofluid. Enhancement in the average heat transfer and
reduction in the average bulk temperature were observed with the addition of the
nanoparticles. Using nanoparticles in the base fluid in the presence of magnetic field offers a
good possibility to control the convection for various thermal engineering problems (Basak
et al., 2009; Hajialigol et al., 2015; Hatami et al., 2014; Mahmoudi et al., 2014; Selimefendigil
and Oztop, 2014c; Selimefendigil and Oztop, 2018a; Sheikholeslami et al., 2014;
Sheikholeslami et al., 2013).

In the current study, 3D numerical simulations for mixed convection of nanofluid will be
performed for a cubic enclosure with inlet and outlet ports under the effects of surface
corrugation, homogeneous magnetic field and an inner rotating circular cylinder. In
practical applications, it is possible to encounter some of the considered configurations in a
vented cavity such as magnetic field, rotating cylinder and it is also possible to specially add
some of the active and passive control means to control the convection inside the cavity such
as adding nanoparticles, corrugating the surfaces. The complicated physics with nanofluid
under the effects of magnetic field and inclusion of complex 3D geometry make it possible to
use the results of this numerical investigation for the design, control and optimization of
many thermal engineering systems as mentioned above.

2. Physical problem and mathematical formulation
A schematic view of the 3D cavity with inlet-outlet ports and an inner rotating cylinder is
shown in Figure 1. The bottom surface of the cavity is corrugated with a rectangular shaped
wave. Figure 1(b) presents the dimensions various parts along with the boundary
conditions. A cubic cavity (size H) with inlet and outlet ports of sizes h1 and h2 is considered.
The length and height of rectangular waves are a and b while N is defined as the protruding
rectangular waves in the normal direction of the bottom wall [a = H/(2N þ 1)]. A circular
cylinder of size R is located at the center (xc,yc,zc) and it is rotating with angular rotational
speed of v . The inner circular cylinder and corrugated bottom surface of the cubic enclosure
are assumed to be at constant hot temperature of Th, while fluid enters the inlet port with
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temperature Tc and the upper surface of the cubic cavity is also at constant temperature of
Tc. CuO-water nanofluid was used, and Newtonian fluid behavior was assumed even at the
highest solid particle volume fraction. 3D flow in steady and laminar regime is considered. A
homogeneous transverse magnetic field parallel to the z-axis is imposed. Joule heating,
induced magnetic and electric field are neglected. Effects of radiation and viscous
dissipation are also assumed to be negligible.

2.1 Governing equations
Mass, momentum and energy conservation 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)

Figure 1.
Schematic description

of the 3D physical
model (a) and 2D

viewwith boundary
conditions (b)
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 !
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u
@T
@x

þ v
@T
@y

þ w
@T
@z

¼ anf
@2T
@x2

þ @2T
@y2

þ @2T
@z2

 !
; (5)

where r , � and a represent the density, kinematic viscosity and thermal diffusivity,
respectively. The last two terms of equations (2) and (3) are the Lorentz forces due to
magnetic field.

To convert the governing equations in non-dimensional form, following non-dimensional
parameters can be used:

X ¼ x
H
; Y ¼ y

H
; U ¼ u

u0
; V ¼ v

u0
; W ¼ w

u0
; P ¼ p

r f u20
; u ¼ T � Tc

Th � Tc
;

Pr ¼ �f
af

; Gr ¼ gb f Th � Tcð ÞH3

�2f
; Ha ¼ HB0

ffiffiffiffiffiffi
s f

m f

r
; Re ¼ u0H

�f
; Ri ¼ Gr

Re2

(6)

Dimensional form of the boundary conditions can be stated as following:
� At the inlet port, u ¼ u0; v ¼ w ¼ 0; T ¼ Tc.
� At the outlet port, @u@x ¼ @v

@x ¼ @w
@x ¼ @T

@x ¼ 0.
� For the bottom corrugated surface of the cavity, u ¼ v ¼ w ¼ 0; T ¼ Th.
� For the inner cylinder surface, u ¼ �v y� ycð Þ; v ¼ v x� xcð Þ; w ¼ 0; T ¼ Th.

2.2 Nanofluid properties
Density, specific heat and thermal expansion coefficient of the nanofluid are defined as:

rnf ¼ 1� fð Þr f þ f r p (7)

rcpð Þnf ¼ 1� fð Þ rcpð Þf þ f rcpð Þp (8)

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

where the subscripts f, nf and p denote the base fluid, nanofluid and solid particle,
respectively.

For the definition of the effective thermal conductivity, Brownian motion was considered.
Particle size and temperature effects are considered and are given by the following relation
(Koo and Kleinstreuer, 2005):
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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

(10)

where kst is given in Maxwell (1904), and the function f 0 for CuO-water nanofluid is defined
in Koo and Kleinstreuer (2005).

Nanofluid effective viscosity was defined in Koo and Kleinstreuer (2005):

mnf ¼ m f
1

1� 34:87 dp
df

� ��0:3
f 1:03

� � (11)

With the average particle size of the fluid as:

df ¼ 6M
Npr f

 !1=3

(12)

For the description of the effective electrical conductivity model of nanofluid, Maxwell’s
model (Maxwell, 1904) was used. The electrical conductivity of nanofluid is given as:

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

� �
(13)

where f ¼ s p

s f
is the conductivity ratio of the two phases. This model was developed for

calculating the electrical conductivity for random suspension of spherical particles
(Maxwell, 1904). In the study of Selimefendigil and Oztop (2018b), effects of different
electrical conductivity of Al2O3-water nanofluid in a mixed convection study of lid-driven
cavity was examined.

Thermophysical properties of water and CuO nanoparticle are given in Table I.

3. Solution methodology
3.1 Solver
Galerkin weighted residual method was used for the solution of the governing equations
where weak form of the governing equations is established. Lagrange finite elements of

Table I.
Thermophysical

properties of base
fluid and

nanoparticle

Property Water CuO

r (kg/m3) 997.1 6500
cp (j/kg K) 4179 540
k (W/Mk) 0.61 18
m (Ns/m2) 0.001003 –
s (Xm)�1 0.05 2.7� 10�8
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different orders were used to approximate the flow variables within the non-overlapping
regions of the computational domain. When the approximated field variables are inserted
into governing equations, residual R will result and will be forced to be zero in a weighted
average sense as: ð

X
WrRdv ¼ 0 (14)

whereWr is the weight function, and in the Galerkin method, it is chosen from the same set
of functions as of the trial functions. Nonlinear residual equations at the nodes of internal
element domain are obtained which is solved by Newton Raphson method. 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.

Local and average Nusselt number for the hot surfaces can be calculated as:

Nuy;z ¼ � knf
kf

@u

@n

� �
wall

; Num ¼
ð1
0

ð1
0
Nuy;zdydz: (15)

where u and n denote the non-dimensional temperature and normal vector respectively.

3.2 Mesh independence
Grid independence tests were performed to obtain optimal grid distributions with minimum
computation time and adequate accuracy. Tetrahedral elements were used and grid
refinement was performed near the walls of cavity and rotating cylinder where high
gradients of flow variables are expected. Table II shows the average Nusselt number
variations for the cylinder surface and corrugated bottom wall for various grid sizes
considering different Hartmann number and solid particle volume fraction combinations
(Ri = 1, b = 0.1H, N = 5). Grid with 109,330 number of elements (G4) was used for the
subsequent computations.

3.3 Validation of the solver
Various existing numerical results are used to validate the current code. In the first
validation study, results of Rudraiah et al. (1995) were used where magnetic field effects

Table II.
Grid independence
test for various
Hartmann number
and solid particle
volume fraction
combinations

Ha f G1 (10,628) G2 (31,876) G3 (59,762) G4 (109,330) G5 (193,350)

Corrugated Bottom Surface
0 0 15.388 10.931 10.332 9.270 9.215
0 0.04 22.679 16.136 15.245 13.386 13.224
100 0 28.048 18.489 15.079 10.269 10.102
100 0.04 39.828 26.377 21.347 14.305 14.111

Cylinder Surface
0 0 137.307 30.020 26.101 21.597 21.090
0 0.04 52.908 42.483 36.994 30.388 29.937
100 0 42.840 33.283 29.763 25.141 24.889
100 0.04 60.662 46.737 41.540 34.011 33.766

Note: Average nusselt number for the hot cylinder surface and for the corrugated bottom surface (Ri = 1,
b = 0.1H, N = 5)

HFF
30,4

1644



were investigated in the free convection. Table III shows the comparison of average Nusselt
number for various values of Grashof number and Hartmann number combinations. In this
table, results of Sheikholeslami and Shamlooei (2017) were also included where lattice
Boltzmann method was used. In the second validation study, numerical results of Roslan
et al. (2012b) were compared where effects of a rotating cylinder in a 2D differentially heated
enclosure was analyzed. The average Nusselt number of the hot wall for two different
cylinder sizes are shown in Table IV.

4. Results and discussion
In the present study, MHD mixed convection of CuO-water nanofluid in a 3D cavity with
corrugated bottom surface and an inner rotating circular cylinder was numerically
examined. The addition of inner circular cylinder in a 3D configuration contributes to the
convective heat transfer characteristics and can be specially designed for heat transfer
control or it can be encountered in practice. The use of surface corrugation of the bottom
surface is a passive way of convective heat transfer control. The complex interaction
between the forced convection and buoyancy driven convection coupled with corrugated
and rotating surfaces in 3D configuration with magnetic field covers a wide range of thermal
engineering applications. Therefore, numerical simulation results obtained from this
thermal problem investigation can be used for practical design and optimization of studies
relevant to a wide range of thermal engineering applications. The numerical study was
performed for various values of Richardson number (between 0.01 and 100), Hartmann
number (between 0 and 1,000), angular rotational speed of the cylinder (between �30 and
30), solid nanoparticle volume fraction (between 0 and 0.04), corrugation height (between 0
and 0.18H) and number (between 1 and 20). Influence of these pertinent parameters on the
convective heat transfer characteristics are illustrated with streamlines, isotherms and
Nusselt number distribution plots.

Table III.
Code validation

study: 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

Table IV.
Comparison of the

average nusselt
number for a

diffferentially heated
cavity with an inner

rotating cylinder

Ra = 105 Roslan et al. (2012b) Present

(R = 0.1, X = 500) 4.75 4.74
(R = 0.2, X = 100) 4.78 4.81
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4.1 Effects of Richardson number
Figure 2 shows the effects of Richardson number on the streamline and isotherm
distributions within the 3D cavity (Ha = 30, v = 10, N = 5, b = 0.1H, f = 2 per cent).
Grashof number was fixed to 105, and the Prandtl number of the base fluid was taken as
6.9. Richardson number which denotes the ratio of the natural convection to the forced
convection denotes the influence of incoming fluid velocity for fixed Grashof number.
For lower value of Ri where incoming fluid velocity is high, re-circulation flow regions
are established in the vicinity of the left vertical surface and top right vertical surface.
As the value of Ri is increased, incoming fluid velocity becomes lower and more
complex flow patterns are formed in the cavity and maximum value of the stream
function reduces. At the highest value of Ri, weak re-circulation zones are observed in
the upper part of the rotating cylinder and value of stream function is higher around the
rotating cylinder. As the natural convection plays a role in the present problem, the hot
circular cylinder acts as a barrier for the fluid motion from the bottom corrugated hot
surface to the cold surfaces and for higher incoming fluid velocity more flow penetrated
into the rectangular pockets of corrugated surface. For lower values of Ri number,
isotherms become less clustered along the hot cylinder surface and corrugated bottom
surface. The reduction of the significance of convection inside the cavity with higher Ri
number is evident from isotherm plots. The average Nusselt number [defined in
equation (5)] versus Richardson number for the hot cylinder surface and corrugated
bottom surface is demonstrated in Figure 3 for water and nanofluid (with f = 4 per
cent). The trends in the curve for both hot surfaces are similar as the average Nu
decreases sharply from Ri = 0.01 to Ri = 0.1 and then the profile becomes flat. The
addition of the nanoparticles to the base fluid results in heat transfer enhancement due

Figure 2.
Influence of
Richardson number
on the distribution of
streamlines and
isotherms within the
3D cavity (Ha = 30,
v = 10, N = 5,
b = 0.1H, f = 2%)
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to the thermal conductivity increment and better thermal transport. Table V presents
the variation of the average Nusselt number for the corrugated surface and hot cylinder
surface with 5 different solid particle volume fractions. For Ri value of 0.01, the
discrepancy between the average Nusselt numbers is 44 per cent and 50.7 per cent for
the corrugated bottom surface and hot cylinder surface whereas they become 49 per
cent and 35.7 per cent when the value of Ri is increased to 100. Rotation of the hot
circular cylinder contributes to the convective heat transfer and approximately 15 per
cent reduction in the average Nusselt number for the hot cylinder surface occurs in the
nanofluid case as compared to water when the incoming fluid velocity decreases (Ri
changes from 0.01 to 100).

Figure 3.
Average Nusselt

number for the hot
cylinder surface (a)

and corrugated
bottom surface (b)
versus Richardson

number for water and
nanofluid (Ha = 30,

v = 10, N = 5,
b = 0.1H)
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4.2 Influence of magnetic field strength
Figure 4 demonstrates the effects of various Hartmann number on the distribution of
flow and thermal patterns within 3D cavity and in the mid xy plane (Ri = 1, v = 10, N =
5, b = 0.1H, f = 2 per cent). Magnetic field strength is varied by changing the values of
Hartmann number. In the absence of magnetic field, weak recirculation zones are
established below the inlet port and in the pockets of the rectangular wave. When the
magnetic field is imposed, the formation of the vortices below the inlet port suppresses.
In the interior of the cavity, there is very slight changes occurring with the magnetic
field as it is apparent in the 2D plane view for the mid xy-plane. The average Nusselt
number versus Hartmann number for water and nanofluid at the highest particle
volume fraction is shown in Figure 5. The average Nusselt number first decreases and
then increases with the imposed magnetic field both for water and nanofluid (for
corrugated surface and for hot cylinder surface). Table VI presents the variation of
average Nusselt number for hot bottom surface and cylinder surface with various
combinations of Hartmann number and solid particle volume fractions. In the previous
studies of cavity flow application in two-dimensional configuration, magnetic field was
found to act in a way to reduce the convection due to the dampening of the fluid motion.
In separated flow applications, magnetic field has the potential to reduce the size of the
established re-circulation zones and thus enhance the convective heat transfer rate. In
the present configuration for the cavity with inlet and outlet ports, the average Nusselt
number of corrugated surface (NCS) enhances by about 10.77 per cent when magnetic
field is imposed with the highest strength at Ha = 100 as compared to case without
magnetic field for water. As the nanoadditives are added to the base fluid, electrical

Table V.
Average nusselt
numbers of the hot
surfaces for various
combinations of
Richardson number
and solid particle
volume fraction
(Ha = 30, v = 10,
N = 5, b = 0.1H)

Ri f Num (corrugated surface) Num (cylinder surface)

0.01 0 57.821 107.778
0.01 0.01 63.835 120.315
0.01 0.02 70.159 133.651
0.01 0.03 76.598 147.669
0.01 0.04 83.274 162.414
0.1 0 19.492 40.475
0.1 0.01 21.465 44.365
0.1 0.02 23.535 48.474
0.1 0.03 25.682 52.767
0.1 0.04 27.904 57.246
1 0 8.024 21.331
1 0.01 8.754 23.199
1 0.02 9.524 25.169
1 0.03 10.328 27.223
1 0.04 11.168 29.365
10 0 4.540 11.836
10 0.01 4.961 12.865
10 0.02 5.424 13.955
10 0.03 5.934 15.097
10 0.04 6.495 16.291
100 0 3.723 7.234
100 0.01 4.303 7.817
100 0.02 4.829 8.437
100 0.03 5.210 9.108
100 0.04 5.550 9.819
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conductivity of the base fluid along with the thermal conductivity enhances.
Nanoadditive inclusion results in heat transfer enhancement in the absence and
presence of magnetic field. In the absence of magnetic field, the enhancement amount is
44.40 per cent whereas its value is 39.10 per cent in the presence of magnetic field at
Ha = 100 for nanofluid with the highest particle volume fraction as compared to water.

Figure 4.
Effects of Hartmann

number on the
distribution of

streamlines and
isotherms within the
3D cavity (a-f) and
mid xy plane (g-l)

(Ri = 1,v = 10, N = 5,
b = 0.1H, f = 2%)
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The discrepancy between the average NCS enhancement in the absence and presence of
magnetic field is around 5 per cent. When Hartmann number is increased from Ha = 0 to
Ha = 100 with nanofluid (f = 4 per cent), only 6.86 per cent heat transfer enhancement
is achieved while this value is 10.77 per cent for water. Due to the electrical conductivity
enhancement of the nanofluid with higher solid particle volume fraction, heat transfer
augmentation is less as compared to water. The trend in the variation of the average
Nusselt number for the hot inner cylinder surface is similar to the corrugated bottom
surface, and the difference between the average heat transfer enhancements in the
absence and presence of magnetic field with nanoadditive addition is approximately 5
per cent.

Figure 5.
Hartmann number
effects on the
variation of average
Nusselt number for
the hot cylinder
surface (a) and
corruagted wall (b)
(Ri = 1,v = 10, N = 5,
b = 0.1H)
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4.3 Rotation of the inner hot cylindrical surface
The rotation of the inner circular cylinder affects the variation of flow and thermal
patterns in the 3D cavity as shown in Figure 6 (Ri = 1, Ha = 30, N = 5, b = 0.1H, f = 4
per cent). The presence of the circular cylinder blocks the fluid motion from the inlet port
towards the outlet port. The rotation of the cylinder results in either aiding or opposing
effect for the convection as it has been shown in two-dimensional cavity configurations
with active rotating cylinder. There are some slight variations in the flow field with
clockwise (negative value of v ) or counter-clockwise (positive value of v ) rotation of the
circular cylinder in 3D cavity. Higher fluid velocities are established near the cylinder
surfaces with rotation and very slight effects in the flow patterns are seen except for the
region near the cylinder surface (confer xy-mid plane view in Figure 6). There are
variations in the thermal patterns especially near the cylinder surface where locally
inefficient regions for heat transfer are observed with cylinder rotation. The average
Nusselt number versus cylinder rotation shows an increasing trend with cylinder
rotation both for positive and negative values of v for the hot cylinder surface. The fluid
motion near the cylinder surface accelerates with rotation and heat transfer rate
enhances. However, for the corrugated bottom surface, a negative value of v (clockwise
rotation) results in a slight reduction in the average Nusselt number, which is 3 per cent
for water and nanofluid. A counter-clockwise rotation of the cylinder brings the average
heat transfer enhancements about 9.5 per cent for water and nanofluid as compared to
motionless cylinder configuration (v = 0, Figure 7). For counter-clockwise rotation of the
cylinder, more penetration of the fluid flow toward the rectangular cavities is observed
and convective heat transfer is effective as compared to motionless cylinder case.

Table VI.
Average nusselt

numbers of the hot
surfaces for various

combinations of
Hartmann number
and solid particle

volume fraction (Ri =
1, v = 10, N = 5, b =

0.1H)

Ha f Num (corrugated surface) Num (cylinder surface)

0 0 9.270 21.596
0 0.01 10.237 23.659
0 0.02 11.25 25.820
0 0.03 12.303 28.063
0 0.04 13.386 30.388
25 0 7.879 21.080
25 0.01 8.606 22.966
25 0.02 9.376 24.957
25 0.03 10.187 27.0378
25 0.04 11.039 29.207
50 0 8.714 22.642
50 0.01 9.505 24.542
50 0.02 10.337 26.538
50 0.03 11.203 28.612
50 0.04 12.103 30.768
75 0 9.524 24.029
75 0.01 10.395 26.019
75 0.02 11.310 28.106
75 0.03 12.260 30.274
75 0.04 13.246 32.523
100 0 10.268 25.141
100 0.01 11.214 27.220
100 0.02 12.206 29.400
100 0.03 13.236 31.663
100 0.04 14.304 34.011
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4.4 Bottom surface corrugation effects
A rectangular type wave form of the corrugation of the bottom hot surface was considered.
The height (b) and the number of rectangular waves (N, protruding in the normal direction
from the bottom surface) were taken as corrugation parameters. Figures 8 and 9 show the

Figure 6.
Influence of angular
rotational speed of
the inner cylinder on
the distribution
streamlines and
isotherms within the
3D cavity (a-f) and
mid xy plane (g-l)
(Ri = 1, Ha = 30,
N = 5, b = 0.1H, f =
4%)

HFF
30,4

1652



variation of streamlines and isotherms in the mid xy plane for various values of corrugation
height and frequency. As the height of the corrugation is increased, the penetration of the
fluid toward the bottom of the cavity pockets becomes hard and small re-circulation zones
are established within those pockets for b = 0.1H. The flow pattern distribution in the
vicinity for the rotating cylinder (rotates in counter-clockwise direction) is also affected by
the corrugation height. The isotherm distribution shows less clustered behavior near the
cavity pockets indicating inefficient heat transfer process in those regions with increasing
height.

Vortices are established in the rectangular pockets and as the number of pockets is
increased less flow penetrates into the pockets and very weak flow circulation is observed in
those regions. Around the rotating circular cylinder very small changes in the flow pattern

Figure 7.
Average Nusselt

number for the hot
cylinder surface (a)

and corrugated
bottomwall (b)
versus angular

rotational speed of
the cylinder for water
and nanofluid (Ri = 1,

Ha = 30, N = 5, b =
0.1H)
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variation is observed. Temperature gradients becomes less in the bottom part of the hot
surface for the rectangular pocket as their numbers is increased from N = 1 to N = 20. Only
slight variation in the isotherms are seen in the vicinity of the circular cylinder when the
number of rectangular wave forms is increased.

Figure 9.
Effects of number of
protruding
rectangular waves on
the variation of
streamline and
isotherm in the xy-
mid plane of 3D
cavity (Ri = 1, Ha =
30,v = 10, b = 0.1H,
f = 2%)

Figure 8.
Streamline and
isotherm distribution
in the xy-mid plane of
3D cavity for various
corrugation heights
(Ri = 1, Ha = 30,v =
10, N = 5, f = 2%)
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Figures 10 and 11 demonstrate the variation of average Nusselt number for the hot
cylinder surface and corrugated bottom surface with surface corrugation parameters.
The number of waves has very slight effect (only 1 per cent enhancement) on the
variation of average Nusselt number for the hot wall both for water and nanofluid
[Figure 10(b)]. However, for the corrugated surface, a significant reduction in the
average heat transfer rate is obtained with the number of rectangular waves.
Approximately, 59 per cent of reduction in the average Nusselt number is achieved
when N is increased from N = 1 to N = 20 both for water and nanofluid [Figure 11(b)].
As the bottom wall is made corrugated, the average heat transfer for the hot surfaces

Figure 10.
Effects of corrugation

height andwave
number on the

variation of average
Nusselt number of

the rotating cylinder
surface for water and

nanofluid (Ri = 1,
Ha = 30,v = 10)
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reduces [N = 5, Figures 10(a) and 11(a)]. For the hot bottom wall, 37 per cent reduction is
obtained when height is changed from b = 0 to b = 0.05H. Further increment of the
height from b = 0.05H to b = 0.18H brings about 7 per cent of heat transfer
enhancement.

The corrugation frequency (number of waves) is effective to reduce the heat transfer rate
for the hot bottom wall, while it has a negligible influence for the average heat transfer rate
for the hot cylinder surface.

Figure 11.
Effects of corrugation
height andwave
number on the
variation of average
Nusselt number of the
hot bottom surface
for water and
nanofluid (Ri = 1,
Ha = 30,v = 10)
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5. Conclusions
In the present study, MHD mixed convection of CuO-water nanofluid in 3D cavity with a
corrugated bottom surface and an inner rotating circular cylinder was numerically
examined using a finite element method. Following important conclusions can be drawn
from the numerical simulation results:

� Homogeneous magnetic field suppresses the recirculation obtained in the lower part
of the inlet port and acts in a way to enhance the average heat transfer rate. At the
highest value of Hartmann number of 100, about 10.77 per cent of enhancement in
the average Nusselt number is achieved for water while this value is 6.86 per cent
for nanofluid with the highest solid particle volume fraction.

� There is 5 per cent discrepancy for the heat transfer enhancement with the
nanoadditive inclusion in the absence and presence of magnetic field.

� Heat transfer rate for the bottom surface reduces for clockwise rotation of the
circular cylinder (about 3 per cent) but enhances for counter-clockwise rotation (9.5
per cent). For hot cylinder surface, both rotational direction results in heat transfer
augmentation, which is due to the fluid motion acceleration in the vicinity of the
cylinder.

� Recirculation zones are established in the pockets of the rectangular waves when
they are introduced, but their influence on the convective heat transfer becomes
weaker when their numbers and heights are increased.

� When number of rectangular waves N is increased from N = 1 to N = 20, 59 per cent
of average Nusselt number reduction is obtained for hot bottom wall, but there is
negligible influence on the average Nusselt number for the hot cylinder both for
fluid and nanofluid.

� As compared to number of waves, the height of the corrugation has slight effect on
the variation of heat transfer. When the height of the corrugation is increased from
b = 0.05H to b = 0.18H, 7 per cent of heat transfer enhancement is achieved.

� The fluid and nanofluid behavior is similar for the convective heat transfer
characteristics with respect to changes in the corrugation parameters and angular
rotational speed of the inner cylinder.

The present study can be extended to include the effects of different wave forms of the
corrugation, different thermal boundary conditions, cylinder size, different nanofluids with
various particle types and different nanofluids thermophysical correlations.
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