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Abstract
Purpose – The purpose of this study is to numerically examine the mixed convection of CuO-water nanofluid due
to a rotating inner hot circular cylinder in a 3D cubic enclosure with phase change material (PCM) attached to its
vertical surface. Heat transfer andfluidflow characteristicswere examined for various values of pertinent parameters.
Design/methodology/approach – Finite element method was used in the numerical simulation.
Influence of various pertinent parameters such as Rayleigh number (between 10$^5$ and 10$^6$), Hartmann
number (between 0 and 100), angular rotational speed of the cylinder (between�50 and 50), solid nanoparticle
volume fraction (between 0 and 0.04) and PCM parameters (height-between 0.2H and 0.8H, thermal
conductivity ratio- between 0.1 and 10) on the convective heat transfer characteristics are numerically studied.
Findings – It was observed that local heat transfer variations along the hot surface differ significantly for
the cases with and without magnetic field where three distinct hot spots of peak Nusselt number are
established when magnetic field is imposed. The average Nusselt number enhancement with the nanofluid at
the highest particle volume fraction is 52.85 per cent at Hartmann number of 100, whereas its value is 39.76
per cent for the case in the absence of magnetic field. When the inner cylinder rotates, flow and thermal fields
are affected within the cavity. The local heat transfer variations spread over the hot surface with cylinder
rotation and 16.43 per cent of reduction in the average heat transfer is obtained with counter-clockwise
rotation at 100 rad/sec. An enhancement in the PCM height and a reduction in the thermal conductivity of the
PCM result in average heat transfer deterioration for the 3D cavity. The amount of the reduction is 43 per cent
when the PCM height is increased from 0.2H to 0.8H, whereas 19.10 per cent enhancement in the heat transfer
is achieved when thermal conductivity ratio (PCM) to the base fluid is increased from 0.1 to 10.
Originality/value – Such configurations can be designed for convection control, and in our case, various
methods are available. Some of the investigated methods can be used in applications where magnetic field
already exists. Convection control study in 3D cavity gives more realistic results as compared to 2D
configurations, and results of the current investigation may be used for the design, optimization and flow
control of many thermal applications involving magnetic field effects.
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k = thermal conductivity;
H = cavity size;
Ha = Hartmann number;
n = unit normal vector;
Nu = Nusselt number;
p = pressure;
Pr = Prandtl number;
Ra = Rayleigh number;
T = temperature;
u, v, w x-y-z = velocity components; and
x, y, z = Cartesian coordinates.

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

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

1. Introduction
Mixed convection in cavities are encountered in many thermal engineering problems such as in
solar power, electronic cooling, drying andmay others. In the literature, many configurations of
mixed convection in cavities were studied in 2D, but 3D investigations of convective heat
transfer characteristic will be more realist from the application point of view and recently more
studies related to convection in 3D cavities appeared (Hayat et al., 2017; Selimefendigil and
Oztop, 2018). There are many active, passive and hybrid techniques available to control the
convective heat transfer characteristics in cavities. In one of these methods, rotating cylinders
can be used to affect fluid flow and heat transfer in cavities (Paramane and Sharma, 2009;
Roslan et al., 2012; Selimefendigil and Oztop, 2014a; Selimefendigil and Oztop, 2015;
Selimefendigil et al., 2016a; Yan and Zu, 2008). The rotation of the surface could affect the fluid
motion near the surface and could contribute to the heat transfer. There are applications where
flow around rotating cylinder is of importance such as nuclear reactor fuel rods and rotating
tube-heat exchangers. There are tremendous amount of studies related to convective heat
transfer characteristics with the presence of rotating cylinders. In cavity flow applications, size,
rotation velocity and conductivity of the cylinder are important for their contribution to the
heat transfer as it has been shown by Costa and Raimundo (Costa and Raimundo, 2010). In the
study by Hussain and Hussein (Hussain and Hussein, 2011), the location of the rotating
cylinder was found to significantly affect the heat transfer enhancement.

Nanofluids which are composed of nano-sized particles and base fluid such as water,
engine oil and refrigerant are widely used in many thermal engineering applications such as
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power generation, heat exchangers, air conditioning systems, thermal management and
thermal storage. Higher thermal conductivity of nanoparticles results in higher performance
enhancements even with small amount of nano-particle addition to heat transfer fluid. There
are various factors that affect the thermal conductivity enhancement of nanofluids such as
fluid type, size, type and shape of the nano particles (Abu-Nada, 2008; Abu-Nada and
Chamkha, 2010; Cho, 2014; Chon et al., 2005; Koo and Kleinstreuer, 2005; Nielda and
Kuznetsov, 2014; Oztop and Abu-Nada, 2008; Selimefendigil and Oztop, 2013; Selimefendigil
and Oztop, 2014c; Sheremet et al., 2016; Tiwari and Das, 2007; Wen and Ding, 2004).
Combining magnetic field with nanofluids is a good opportunity to control the convective
heat transfer in cavities (Hossain and Alim, 2014; Mahmoudi et al., 2014; Mansour et al.,
2016; Rashad et al., 2017; Selimefendigil and Oztop, 2014b; Selimefendigil and Oztop, 2016;
Selimefendigil et al., 2016b; Sheikholeslami et al., 2014; Sheikholeslami and Oztop, 2017;
Sivasankaran et al., 2016; Sheikholeslami and Ganji, 2014). When nanofluids are used with
magnetic field effects, both the thermal conductivity and the electrical conductivity of
nanofluid enhance. When magnetic field is imposed in configurations with separated flows,
re-circulation zones are diminishing in size and a positive contribution of the magnetic field
is expected. As it has been shown in many studies, magnetic field dampens the fluid motion
and reduces the convective heat transfer in cavities. The use of nanofluids withe magnetic
field effects further complicate the analysis in separated flows or cavity flows. Therefore,
numerical simulations or experimental analysis are necessary.

In this study, we also consider the use of phase change material (PCM) which is attached
to the vertical surface of the 3D cavity. PCMs give effective solutions for thermal storage
and thermal management applications. PCMs can be considered as latent heat storage
systems because of their energy store and releasing properties. Thermal management and
thermal energy storage are highly related to the technologies such as in solar power,
electronic cooling and solidification. Significant amount of numerical and experimental
studies related to the use of PCM in thermal engineering applications can be found in
various references (Ghalambaz et al., 2017; Brano et al., 2014; Ganguly et al., 2009;
Gharebaghi and Sezai, 2007; Ho et al., 2012; Ismail and de Jesus, 1999; Konakanchi et al.,
2011; Minea and Luciu, 2012; Pahamli et al., 2016; Shoghl et al., 2016; Smith et al., 2014;
Srivatsa et al., 2014; Yilbas et al., 2015). Jin et al. (2016) analyzed the thermal performance of
a PCM integrated into a building wall and the optimal location of the PCM was determined.
Jmal and Baccar (2015) developed a numerical model for PCM application in thermal storage
coaxial tubes for an air conditioning system. Pahamli et al. (2016) performed a numerical
study for the melting behavior of PCM in a heat exchanger system.

In the current study, mixed convection of CuO-water nanofluid because of a rotating
inner hot circular cylinder in a 3D cubic enclosure with PCM attached to its vertical surface
was numerically examined. Effects of inner cylinder rotation, nanofluid, magnetic field and
PCM parameters on the convective heat transfer characteristics were numerically analyzed
for various values of pertinent parameters. As mentioned above, such configurations can be
designed for convection control, and in our case, various methods are available. Some of the
investigated methods can be used in applications where magnetic field already exists.
Convection control study in 3D cavity gives more realistic results as compared to 2D
configurations and results of the current investigation may be used for the design,
optimization and flow control of many thermal applications involvingmagnetic field effects.

2. Mathematical formulation
A schematic sketch of the 3D view of the computational domain and 2D view of xy-mid
plane of the problem along with the boundary conditions are demonstrated in Figure 1. A
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cubic enclosure of size H with an inner rotating circular adiabatic cylinder with center
location at mid of the cavity (x0, y0) = (0.5H,0.5H) and radius of R is considered. A PCM of
length LPMC, height HPMC and thermal conductivity of kPMC is attached to the right vertical
surface of the cavity. The left vertical surface is at constant hot temperature of Th while the
right vertical wall of the PCM and cavity and top wall of the PCM aremaintained at constant
cold temperature ofTc. A uniform transverse magnetic field parallel to the z-axis is imposed.
Mixed convection because of the inner rotating cylinder and phase change heat transfer
within the PCM are considered. Various effects such as Joule heating, induced magnetic and
electric field, viscous dissipation and radiation are assumed to be negligible. Water-CuO
nanofluid was used in the cubic enclosure and incompressible, Newtonian fluid model
assumptions were used even at the highest solid nanoparticle volume fraction.
Thermophysical properties of water and CuO are given in Table I. A 3D unsteady flow
configuration was considered. Table II shows the thermophysical properties of PCM.

2.1 Governing equations and boundary conditions
Conservation questions of mass, momentum and energy for a 3D, incompressible, laminar
and unsteady flow case are written in the following:

@u
@x

þ @v
@y

þ @w
@z

¼ 0; (1)

Figure 1.
Schematic view of the
3D geometry and 2D
view of xy-midplane
with boundary
conditions

(a)

(b)

Notes: (a) 3D; (b) 2D
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@u
@t

þ u
@u
@x

þ v
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@y

þ w
@u
@z

¼ � 1
rnf

@p
@x

þ �nf
@2u
@x2

þ @2u
@y2

þ @2u
@z2

 !
� s nf B2

0u
rnf

; (2)

@v
@t

þ 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)

@w
@t

þ 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)

@T
@t

þ u
@T
@x

þ v
@T
@y

þ w
@T
@z

¼ anf
@2T
@x2

þ @2T
@y2

þ @2T
@z2

 !
; (5)

The last two terms of equations (2) and (3) are because of the Lorentz forces.
PCM was added to the right vertical surface of the 3D cavity. The phase change heat

transfer was considered in this domain. Energy equation for the PCM is expressed as:

rCp
@T
@t

þ rCp u
!� rT ¼ r � krTð Þ (6)

A temperature dependent function for the PCM can be defined which has the following form
(Kant et al., 2016; Sellami et al., 2017):

Table II.
PCM thermophysical

properties

Property Value

Density-r kg=m3
� �

(solid) 880
Density-r kg=m3

� �
(fluid) 760

Specific heat-cp j=kgKð Þ 2,100
Thermal conductivity-k W=mKð Þ 0.61
Melting temperature-Tm Kð Þ 290
Heat of fusion (kJ/kg) 222

Table I.
Base fluid and
nanoparticle

thermophysical
properties of

Property Water CuO

r kg=m3
� �

997.1 6500

cp j=kgKð Þ 4,179 540

k W=mKð Þ 0.61 18

m Ns=m2
� �

0.001003 –

s Xmð Þ�1 0.05 2:7� 10�8
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F ¼
0 T < Tm � DT

T � Tm þ DTð Þ=2DT Tm � DT#T#Tm þ DT

1 T > Tm þ DT

8>><
>>: (7)

In the above equation, Tm and DT denote the melting temperature and transition
temperature, respectively. In the solid and liquid phase of PCM, values of F are 0 and 1 and it
linearly varies from 0 to 1 within the transitional zone. Density and thermal conductivity of
the PCM are defined as (Kant et al., 2016; Sellami et al., 2017):

r Tð ÞFDM ¼ r s þ r l � r sð ÞF (8)

k Tð ÞFDM ¼ ks þ kl � ksð ÞF (9)

The specific heat of the PCM is defined as:

Cp Tð ÞFDM ¼ Cps þ Cpl � Cpsð ÞF þ lD (10)

where l is the PCM heat of fusion and D is the delta dirac function which has the following
form (Kant et al., 2016):

D ¼ e
� T�Tmð Þ2

DT2 =
ffiffiffiffiffiffiffiffiffiffiffiffiffi
pDT2

p
(11)

which takes 0 except for the transition region. For the momentum equation within the PCM

along with the buoyancy force F
!

b and additional force F
!

a is appeared and they are defined
as (Kant et al., 2016; Sellami et al., 2017):

F
!

b ¼ �r l 1� b T � Tmð Þð Þ g!; F
!

a ¼ �A Tð Þ u! (12)

with A(T) from the Carman–Koseny relation in a porous medium and is defined as (Kant
et al., 2016; Sellami et al., 2017):

A Tð Þ ¼ C 1� F Tð Þð Þ2

F Tð Þ3 þ q
(13)

In the above expression, C and q are constants which are taken as 105 and 10– 3.
Dimensional form of the boundary conditions can be stated as in the following:
� For the left vertical surface (cavity), u = v = w = 0, T = Th;
� For the right vertical surface (PCM and cavity), u = v = w = 0, T = Tc;
� For the top surface (PCM), u = v = w = 0, T = Tc;
� For the other walls, u = v = w = 0, @T@n ¼ 0; and
� For the interface of the domains (continuity condition): Ti = Tj,

kAð Þi @T
@n

� �
i
¼ kAð Þj @T

@n

� �
j

� For the inner cylinder, u ¼ �v y� y0ð Þ; v ¼ v x� x0ð Þ;w ¼ 0; @T
@n ¼ 0
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2.2 Effective thermophysical properties of nanofluid
Density (S = 1), specific heat (S = cp) and thermal expansion coefficient (S = b ) of the
nanofluid are obtained by using the following relations:

rSð Þnf ¼ 1� fð Þ rSð Þf þ f rSð Þp (14)

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

Brownian motion effect was included in the definition of the thermal conductivity of
nanofluid which accounts for the particle size, particle volume fraction and temperature and
it is defined with the following relation (Koo and Kleinstreuer, 2005):

knf ¼ kf
kp þ 2kf
� �� 2f kf � kp

� �
kp þ 2kf
� �þ f kf � kp

� �
" #

þ 5� 104 � 1:9526

� 100fð Þ�1:4594f r f cp;f

ffiffiffiffiffiffiffiffiffiffi
k bT
r pdp

s
f 0 T; fð Þ (15)

Table V.
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
differentially heated
cavity with an inner

rotating cylinder

Ra = 105 ref. [30] Present

(R = 0.1, X = 500) 4.75 4.74
(R = 0.2, X = 100) 4.78 4.81

Table III.
Grid independence

test

Ha f Nu (G1 = 4213) Nu (G2 = 8907) Nu (G3 = 35932) Nu (G4 = 66381) Nu (G5 = 175280)

0 0 3.215 3.586 3.691 3.696 3.698
0 0.04 4.324 4.985 5.162 5.167 5.170
100 0 0.652 0.729 0.953 0.969 0.971
100 0.04 0.977 1.093 1.446 1.480 1.485

Notes: Ra = 106; v = –50; LFDM = 0.3H; HFDM = 0.5H
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Figure 2.
Effects of Rayleigh
number on the
distribution of
streamlines for
different time
instances within the
3D cavity (a-f) and for
the xy-mid-plane (g-l)
(Ha = 20, f = 0.04,
v = –30, LFDM=
0.3H, HFDM= 0.5H)
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where the first term is the thermal conductivity defined in (Maxwell, 1904), and the function
f 0 for CuO-water nanofluid was given in (Koo and Kleinstreuer, 2005).

Effective viscosity of the nanofluid is defined as (Koo and Kleinstreuer, 2005):

mnf ¼ m f
1

1� 34:87 dp
df

� ��0:3
f 1:03

� � : (16)

The electrical conductivity of nanofluid is given as:

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

� �
(17)

where f ¼ s p

s f
is the conductivity ratio of the two phases.

2.3 Solver
Galerkin weighted residual finite element method was used to solve the governing
equations with appropriate boundary and initial conditions. In this method, the weak
form of governing equations was obtained and flow variables within the non-
overlapping regions of the computational domain were approximated with Lagrange
finite elements of different orders. Weighted average of residual (R) will be zero over the
computational domain as:

Figure 3.
Isotherm

distributions within
the 3D cavity for two

different Rayleigh
numbers at various

time instances
(Ha = 20, f = 0.04,
v =�30, LFDM=

0.3H, HFDM= 0.5H)
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ð
X
WRdv ¼ 0 (18)

where W is the weight function and in the Galerkin method and it is chosen from the same
set of functions as of the trial functions. Nonlinear residual equations are obtained at the
nodes of internal element domain. In the current study Comsol software [ ] was used for the
solution of the governing equations.

Figure 4.
Effects of Rayleigh
number on the
variation of local
Nusselt number
distributions for the
hot surface for
different time
instances (a-f,
f = 0.04), average
Nusselt number
versus Rayleigh
number for different
solid particle volume
fractions (g) (Ha = 20,
v= –30, LFDM= 0.3H,
HFDM= 0.5H)
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Local and average Nusselt numbers for the hot vertical surface are calculated as:

Nuy;z ¼ � knf
kf

@u

@n

� �
wall

; Num ¼ 1
H2

ðH
0

ðH
0
Nuy;zdydz: (19)

In the above expressions, time dependence of the local and average Nusselt number are
taken into account. A fourth-order Runge–Kutta time-marching with variable time step was
utilized.

Figure 5.
Role of Hartmann

number on the
distribution of

streamlines within
the 3D cavity and for
the xy-mid-plane for

different time
instances (Ra = 105,
f = 0.02,v = –50,

LFDM= 0.3H, HFDM=
0.5H)

Phase change
material

3569



To ensure grid independence of the solution, numerical experiments with various grids
contain different number of elements were performed. Tetrahedral and prism type elements
were used. The average Nusselt number of the hot surface for two values of Hartmann
number and solid particle volume fractions are demonstrated in Table III (Ra = 106,
v =�50, LPCM= 0.3H, HPCM= 0.5H ). G4 with 66,381 elements was used for the subsequent
computations.

Figure 6.
Effects of Hartmann
number on the
isotherm distribution
within the 3D cavity
and for the xy-mid-
plane for different
time instances
(Ra = 105, f = 0.02,
v=�50, LFDM=
0.3H, HFDM= 0.5H)
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Code validation was performed by using different existing results available in the literature.
First comparison is made with the results of Roslan et al. (2012) where effects of a rotating
cylinder in a 2D differentially heated cavity was investigated. The average Nusselt number
for the hot wall for two different cylinder sizes are demonstrated in Table IV. Another
comparison is made with the results of Rudraiah et al. (1995) where natural convection with
magnetic field was studied. The average Nusselt numbers obtained with the current solver
and calculated in Rudraiah et al. (1995) are shown in Table V for two values of Grashof

Figure 7.
Influence of

Hartmann number on
the variation of local

Nusselt number
distributions for the

hot surface for
different time
instances (a-f,

f = 0.04), average
Nusselt number

versus Hartmann
number for different
solid particle volume

fractions (g)
(Ra = 105, f = 0.02,

v=�50, LFDM=
0.3H, HFDM= 0.5H)
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number and for different values of Hartmann numbers. In Table V, comparison results of
Sheikholeslami and Shamlooei (2017) were also added where lattice Boltzmann method was
used. Sufficient confidence for the accuracy of the present solver was provided with the
validation studies.

3. Results and discussion
Mixed convection of CuO-water nanofluid in a 3D square cavity because of an inner rotating
cylinder with PCM attached to its vertical surface under the influence of magnetic field was
numerically analyzed. Influence of different pertinent parameters such as Rayleigh number
(between 105 and 106), Hartmann number (between 0 and 100), angular rotational speed of
the inner cylinder (between �100 and 100), solid nanoparticle volume fraction (between 0
and 0.04), height (between 0.2H and 0.8H) and thermal conductivity ratio of the fluid to the
PCM (between 0.1 and 10) on the convective flow characteristics within the 3D cavity were
numerically analyzed.

Figure 8.
Effects of angular
rotational speed of
the cylinder on the
distribution of
streamlines within
the 3D cavity for
different time
instances (Ra = 105,
Ha = 15, f = 0.02,
LFDM= 0.3H,
HFDM= 0.5H)
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3.1 Role of Rayleigh number on the fluid flow and heat transfer
Figures 2 and 3 show the influence of Rayleigh number on streamline distributions for
different time instances within the 3D cavity for fixed values of (Ha = 20, f = 0.04,v = –30,
LFDM = 0.3H, HFDM = 0.5H). For a higher value of Rayleigh number, streamlines become
distorted because of the increased effect of natural convection. In Figure 2, streamlines for
the midplane (xy) are also demonstrated. A corner vortex is established for time instance at
50 sec and disappears as the time evolves. Distortions of the streamlines with higher Ra
value in the 2D plane are also clearly shown. Isotherms become parallel to the horizontal
surfaces with higher value of Rayleigh number since the natural convection is increased.
There are also some variations in the isotherms in the vicinity of the PCM for different time
instances and for different values of Rayleigh numbers. Local Nusselt number variation
along the hot surface is shown in Figure 4 (a)-(f) for two values of Rayleigh number and for
various time instances. Local peak value in the Nusselt number augments with higher value
of Rayleigh number. The locations where higher values of heat transfer are obtained spread

Figure 9.
Influence of angular
rotational speed of

the inner cylinder on
the distribution of
streamlines for the

xy-midplane for
different time

instances (Ra = 105,
Ha = 15, f = 0.02,

LFDM= 0.3H,
HFDM= 0.5H)
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over when Rayleigh number is increased. The average Nusselt number for the hot surface
versus Rayleigh number is shown in Figure 4 (g) for various values of solid nanoparticle
volume fractions. At Rayleigh number of 105, 43.95 per cent of average Nusselt number
enhancement is obtained for nanofluid at the highest particle volume fraction as compared
to water. At Ra = 106, this value is only 2 per cent less.

3.2 Effects of Hartmann number on convective heat transfer
Streamlines and isotherms within the 3D cavity and for the xy-midplane are demonstrated
in Figures 5 and 6 for two values of Hartmann number and various time instances (Ra = 105,
f = 0.02, v = �50, LFDM = 0.3H, HFDM = 0.5H). The inner cylinder rotates in clockwise
direction in this case. Magnetic field dampens the fluid motion because of the Lorentz forces
acting in the momentum equations. Higher fluid velocities are established near the rotating
cylinder because of the cylinder motion and in the interior of the cavity, flow re-circulation
effect is diminished. Isotherms become parallel to the vertical surfaces when magnetic field
is imposed because of the reduced effect of natural convection with magnetic field. Along the

Figure 10.
Effects of angular
rotational speed of
the cylinder on the
distribution of
isotherms within the
3D cavity for
different time
instances (Ra = 105,
Ha = 15, f = 0.02,
LFDM= 0.3H,
HFDM= 0.5H)
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hot surface, isotherms become more cluster indicating the heat transfer augmentation in
those locations in the absence of magnetic field at Ha = 0. Local distribution of Nusselt
number along the hot surface is shown in Figure 7(a)-(f) for various time instances in the
absence and presence of magnetic field. In the absence of magnetic field, three distinct hot
locations of peak Nusselt number are observed. When the magnetic field is imposed, the
local Nusselt number values reduce because of the convection deterioration with magnetic
field. The location of the hot spot is restricted to a narrow region closer to the lower wall
in the vertical hot surface and parallel alignment of the Nusselt number counters are seen in
the presence of magnetic field at Ha = 100. The average Nusselt number versus Hartmann
number for various solid nanoparticle volume fraction is shown in Figure 7(g). The addition
of the nanoparticle to the base fluid enhances the thermal conductivity which results in heat
transfer augmentation. At the same time, electrical conductivity of water enhances which
affects the dampening of the fluid motion and thus convective heat transfer when magnetic
field is imposed. When the magnetic field strength is increased from Ha = 0 to Ha = 100,
73.77 per cent and 71.33 per cent per cent reduction of the average Nusselt numbers are
obtained for water and nanofluid with the highest particle volume fraction. In the absence of
magnetic field, adding solid nanoparticle with the highest particle volume fraction results in

Figure 11.
Isotherm

distributions for
different angular

rotational speeds of
the inner cylinder at
the xy-midplane for

different time
instances (Ra = 105,
Ha = 15, f = 0.02,

LFDM= 0.3H,
HFDM= 0.5H)

Phase change
material

3575



heat transfer enhancement of 39.76 per cent but in the presence of magnetic field at Ha =
100, this value is increased to 52.85 per cent. This shows that adding nanoparticle to the
base fluid is more advantageous for the 3D cavity when the heat transfer is low.

3.3 Effects of angular rotational speed of the inner cylinder on the convective heat transfer
Mixed convection in the 3D cavity because of an inner adiabatic rotating circular cylinder is
considered. A negative value of v denotes a clockwise rotation of the inner cylinder. When the
cylinder is stationary (v = 0), flow recirculation is established within the 3D cavity and two
vortices are observed in the vicinity of the stationary cylinder as it is shown in Figure 8(d)-(f)

Figure 12.
Influence of angular
rotational speeds of
the inner cylinder on
the variation of local
Nusselt number
distributions for the
hot surface for
different time
instances (Ra = 105,
Ha = 15, f = 0.02,
LFDM= 0.3H,
HFDM= 0.5H)
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and Figure 9(d)-(f). When the cylinder rotates in clockwise direction, higher velocities are
established near the cylinder surface and recirculation regions around the cylinder vanish. For
counter-clockwise rotation of the cylinder, small recirculation zone is established near the upper
surface and vortices near the cylinder appeared for v = 0 disappear as well. Isotherm counters
showmore alignment in the horizontal direction along the upper surface for stationary cylinder
case. More distortions of isotherms within the cavity are obtained when cylinder rotates
especially near the cylinder and PCM (Figure 10). The location on the left vertical wall of the
midplane where steep temperature gradient are observed differ with cylinder rotation as
compared to configuration with v = 0 (Figure 11). Local Nusselt number distributions along
the hot surface (Figure 12) shows that the peak values are spread over the surface with cylinder
rotation. There are some slight differences in the local Nusselt number distributions for
clockwise and counter-clockwise rotational direction of the cylinders, but there is negligible
difference between the peak values of local Nusselt number. For the stationary cylinder
configuration, the maximum values are restricted to a narrow region near the lower part of the
hot surface, but peak values in the Nusselt number is higher as compared cylinder with
rotation. The average Nusselt number for the hot surface reduces with cylinder rotation, but
counter clockwise rotation of the cylinder brings more deterioration of average heat transfer
(Figure 13). As it has been shown previously, cylinder rotation could have a detrimental effect
on the average heat transfer in a 2D differential heated cavity which depends on the size of the
cylinder. However, a counter-clockwise rotation of the cylinder has more opposing effect to the
natural convection within the cavity. The average Nusselt number reduction is about 10.32
per cent for clockwise rotation of the cylinder at v = –100 whereas it is 16.43 per cent for
counter-clockwise rotation of the cylinder atv = 100.

3.4 Effects of phase change material parameters on the convective heat transfer
A PCM was attached to the vertical surface of the 3D cavity. PCM has been applied in
various applications such as solar power, heat exchangers, refrigeration andmany others. In
this numerical investigation, influence of PCM parameters (height, thermal conductivity) on
the convective heat transfer characteristics within the 3D cavity is numerically examined.
Figure 14 shows the effects of PCM height on the variation of local Nusselt number
distributions along the hot surface for different time instances (Ra = 105, Ha = 20, f = 0.04,
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v = –30, LFDM = 0.3H). The local Nusselt number maximum values are spread over the
lower part of the hot surface for various heights and there are slight changes for the
variations in the local heat transfer with different height of the PCM. The maximum values
of local Nusselt number reduce as the height increases which is because of the enhancement

Figure 14.
Influence of PCM
height on the
variation of local
Nusselt number
distributions for the
hot surface for
different time
instances (a-c, f =
0.04), average Nusselt
number versus PCM
height for different
solid particle volume
fractions (d) (Ra =
105, Ha = 20,v = –30,
LFDM= 0.3H)
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of thermal resistance because of phase change heat transfer with the PCM. The average
Nusselt number versus height of the PCM for nanofluids with different solid particle volume
fraction is demonstrated in Figure 14 (d). Reduction in the average heat transfer is 43 per
cent both for water and for nanoflid with f = 0.04. Adding CuO-nanoparticle to water with
solid volume fraction of 4 per cent results in average heat transfer enhancement of 43.93 per
cent for PCM height of 0.2H whereas its value is only 3 per cent less for PCM height of 0.8H.

Figure 15.
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The results show that adding nanoparticle to the base fluid gives slight advantageous for a
lower value of height of PCMwhere heat transfer rate is higher.

Another important parameter in the application with PCM is the thermal conductivity
enhancement. Recently, nano-sized particles are also added to the PCM to enhance their
thermal conductivity. There are some slight variations for the distributions of the local
Nusselt number along the hot surface when different thermal conductivity of the PCM is
considered (Figure 15 (a-f)). The maximum values of the local heat transfer increases with
higher value of PCM thermal conductivity. Both for water rand nanofluids with various
particle volume fractions, the average Nusselt number enhances by about 19.10 per cent
when thermal conductivity ratio of the PCM to the base fluid changes from 0.1 to 10. When
the nanofluid is added to the water, 19.28 per cent enhancements in the average heat transfer
is achieved for configurations with lowest and highest thermal conductivity when different
nanofluids with various solid particle volume fraction is considered.

4. Conclusions
Mixed convection because of an inner rotating cylinder and PCM added to the vertical
surface of a CuO-water nanofluid filled cubic enclosure was numerically analyzed under the
effects of imposed uniform magnetic field. Heat transfer and fluid flow characteristics are
affected when the Rayleigh number, Hartmann number, angular rotational speed of the
inner, nano solid particle volume fraction and PCM parameters (height and thermal
conductivity). When the magnetic field is imposed at Hartmann number of 100, heat transfer
enhancement with the nanofluid at the highest particle volume fraction is 52.85 per cent
whereas for the case in the absence of magnetic field its value is 39.76 per cent. Local Nusselt
number distributions along the hot surface differ significantly for the cases with and
without magnetic field where three distinct hot spots of peak Nusselt number was observed
when magnetic field is imposed. When the inner cylinder is stationary, two recirculation
zones are established in the vicinity of the cylinder and disappear with rotation of the
cylinder either in clockwise direction or counter-clockwise directional rotation. Local heat
transfer distributions along the hot surface spread over the surface with rotation and 16.43
per cent and 10.32 per cent reduction in the average Nusselt number are obtained for
counter-clockwise and clockwise rotation of the cylinder at v = 100. As the value of PCM
height increases, a reduction in the local and average heat transfer is achieved both for water
and nanofluid when height is increased from 0.2H to 0.8H. The amount of reduction is 43 per
cent both for water and for nanofluid with f = 0.04. However, thermal conductivity of the
PCM results in heat transfer enhancement and when thermal conductivity ratio of the PCM
to the base fluid is increased from 0.1 to 10, amount of enhancement is 19.10 per cent.
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