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Abstract

In this study, natural convection of CuO-water nanofluid in a square cavity with a conductive partition and a phase change
material (PCM) attached to its vertical wall is numerically analyzed under the effect of an uniform inclined magnetic field
by using finite element method. Effects of various pertinent parameters such as Rayleigh number (between 10° and 10°),
Hartmann number (between 0 and 100), magnetic inclination angle (between 0° and 90°), PCM height (between 0.2H and
0.8H), PCM length (between 0.1H and 0.8H), thermal conductivity ratio (between 0.1 and 100) and solid nanoparticle
volume fraction (between 0 and 0.04) on the fluid flow and thermal characteristics were numerically analyzed. It was
observed that when magnetic field is imposed, more reduction in average Nusselt number for water is obtained as compared
to nanofluid which is 31.81% for the nanofluid at the highest particle volume fraction. The average heat transfer augments
with magnetic inclination angle, but it is less than 5%. When the height of the PCM is increased which is from 0.2H to
0.8H, local and average Nusselt number reduced which is 42.14% . However, the length of the PCM is not significant on
the heat transfer enhancement. When the conductivity ratio of the PCM to the base fluid within the cavity is increased from
0.1 to 10, 29.5% of the average Nusselt number enhancement is achieved.
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K, Boltzmann constant

v Kinematic viscosity

0  Non-dimensional temperature
A Latent heat of fusion

p  Density of the fluid

o  Electrical conductivity

¢  Solid volume fraction
Subscripts

¢ Cold

h  Hot

m  Average
nf Nanofluid
p  Solid particle

Introduction

Convective heat transfer characteristics in cavities are
important in many engineering applications such as in solar
power, electronic cooling and many others. In many cases,
the configurations are simplified to two-dimensional square
cavity. Many active and passive techniques were offered to
control the heat transfer and fluid flow characteristics
within cavities. In one of these methods, nanofluids are
used instead of convectional heat transfer fluids such as
water, refrigerant and ethylene glycol. The use of
nanofluids is encountered in many thermal engineering
applications such as heat exchangers, air conditioning
systems, solar power, thermal management and thermal
storage. More compact heat exchangers can be designed,
and refrigeration systems with less environmental side
effects can be obtained. A small amount of nanoparticle
addition to the base fluid may result in very higher heat
transfer coefficient enhancements with little cost for pres-
sure drop [25, 36, 46, 49-51]. There are various factors that
affect the thermal conductivity enhancement of the nano-
fluid such as type, size and shape of the particle [11, 37].
Tremendous amount of numerical and experimental
research for the application of the nanofluids in thermal
engineering problems for 2D cavities can be found in the
literature [2—4, 6, 10, 22, 26-29, 34, 40, 42, 55, 56, 66, 70].

Magnetic field effects are encountered in a variety of
engineering applications such as coolers of nuclear reac-
tors, microelectronic devices and purification of molten
metals. In cavity flow applications, it was shown that the
magnetic field can be used to control the convective heat
transfer characteristics [1, 7, 18, 32, 39, 43, 48, 52, 60-62].
An externally imposed magnetic field affects the fluid
motion and thus heat transfer characteristics. In cavity
flow, magnetic field effect was found to dampen the fluid
motion and to reduce the convective heat transfer rate.

@ Springer

However, in configurations with separated flows, magnetic
field can augment the heat transfer rate due to the sup-
pression of the recirculation regions. Use of magnetic field
with nanofluids is a good possibility to control the con-
vective heat transfer in cavities [5, 15, 16, 30, 31, 44, 45,
47, 54, 57, 58, 60, 63]. When nanofluids are used with
magnetic field effects, not only the thermal conductivity
enhances but the electrical conductivity as well.

Thermal management and thermal energy storage are
important issues in solar power, electronic cooling, solid-
ification and many others applications. Energy costs and
environmental effects become important factors that should
be considered before design of thermal engineering sys-
tems. Therefore, thermal energy storage and their related
technologies capture great attention by the researchers,
recently. Phase change materials (PCMs) provide effective
solutions for thermal storage and thermal management
purposes. Phase change materials can be considered as
latent heat storage systems due to their energy storing and
releasing properties. Chemical stability, higher thermal
conductivity, proper melting temperature for the desired
application, higher specific heat, higher latent heat of
fusion, low corrosiveness and low cost can be mentioned as
some of the desirable properties of PCMs. A vast amount
of literature for use of PCM in thermal engineering appli-
cations can be found in references [8, 9, 12-14, 17, 19-21,
24, 35, 38, 64, 65, 67, 69]. A numerical study for the
melting behavior of PCM in a heat exchanger system was
performed by [38]. Increasing the eccentricity was found to
enhance the heat transfer process for the last stages of
melting. Optimal thickness and melting temperature of the
PCM for a PV/PCM module were experimentally deter-
mined by [35]. A numerical model for PCM application in
thermal storage coaxial tubes with fins for an air condi-
tioning system was developed by [21]. The thermal per-
formance of a PCM integrated into a building wall was
performed by [20]. The optimal location of the PCM was
found when the melting temperature and thickness of the
PCM were changed.

The aim of the present study is to investigate the role of
magnetic field with nanofluids on natural convection in a
square cavity which has a phase change material (PCM)
and a conductive partition attached to its vertical wall.
PCM parameters, nanofluids and magnetic field effects on
the fluid flow, and heat transfer characteristics in a square
cavity are numerically examined. The results of the current
investigation could be used for the design, optimization and
flow control for natural convection in 2D cavities which
involves magnetic field.
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Mathematical formulation of the physical
problem

Figure 1 shows a schematic view of computational domain
of a square cavity with a conductive partition and phase
change material (PCM). The length of the cavity, con-
ductive partition and PCM are H, L., and Lgpy, while the
height of PCM is Hgpym. The left vertical wall is kept at
constant hot temperature of 7}, while the right vertical wall
of the PCM and conductive partition and top wall of the
PCM are maintained at constant cold temperature of T,. A
uniform magnetic field of strength By which makes an
inclination angle of y with the horizontal axis is imposed.
Natural convection, conduction and phase change heat
transfer are considered in the square cavity, conductive
partition and phase change material. Water—CuO nanofluid
was used in the square cavity, and incompressible, New-
tonian fluid model was employed even at the highest solid
nanoparticle volume fraction. Two-dimensional, laminar
and unsteady flow configuration was assumed. Various
effects such as Joule heating, induced magnetic and electric
field, viscous dissipation and radiation were considered to
be negligible. Heat generation due to the magnetic field in
the solid wall was also neglected. Thermophysical prop-
erties of water and CuO are demonstrated in Table 1 [60].

Governing equations and boundary conditions
Mass, momentum and energy equations for a two-dimen-

sional, incompressible, laminar and unsteady flow config-
uration can be expressed as follows [43]:

y
T=T,
Conductive
g partition
T=T,
H =T,
Hepm
A
B, H Ly

Fig. 1 Schematic description of the physical model

Table 1 Thermophysical
nanoparticle [60]

properties of base fluid and
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Phase change material (PCM) was added to the right ver-
tical part of the cavity. The phase change heat transfer was
considered in this domain. Energy equation for the PCM is
expressed as [23, 53]:

or
pCp, +PCou - VT =V - (kVT) (6)

For the PCM medium, a temperature-dependent function
can be defined which has the following form [23, 53]:

0 T<Tn— AT
F={ (T—Tyn+AT)/2ATT,, —AT<T<Ty+ AT
1 T > Ty + AT

(7)

In the above equation, 7y, and AT 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 O to 1 within the transitional zone.

@ Springer
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Density and thermal conductivity of the PCM are defined
as [23, 53]:

P(T)rpm = ps + (1 — ps)F (8)
k(T)ppm = ks + (ki — ko) F )
The specific heat of the PCM is defined as:

Co(Tppm = Gy, + (G, = G )F + AD (10)

where A is the PCM heat of fusion and D is the delta Dirac
function which has the following form [23]:

D=e¢ " /VTAT? (11)

which takes 0 except for the transition region.
The momentum equation within the PCM along with the

buoyancy force F, and additional force F, appeared, and
they are defined as [23, 53]:

Fo=—p(1 = B(T - Tw))g, (12)

with A(T) from the Carman—Kozeny relation in a porous
medium and is defined as [23, 53]:

F,=—A(T)i

2
A(T) = 7C<1 f(T)) (13)
F(T) +q
In the above expression, C and g are constants which are
taken as 10% and 1073.
Boundary conditions that are in dimensional form can be
stated as follows:

e For the left vertical wall (cavity), u =v =0, T = Tj,.

e For the right vertical walls (PCM and conductive
partition), u = v =0,T7 = T.

e For the top wall PCM ), u=v=0, T =T..

e For the other walls, u = v =0, g—fl =0.

e Along the interface of the domains (continuity condi-

tion): T; = Tj, (kA);(§L),= (kA), ((’g—,f)j

Table 2 Grid independence study (y = 45°, ¢ = 0.04, Lgpm = 0.3H,
Hrpm = 0.5H)

Grid name Number of elements Nu,, (Ha =0) Nuy, (Ha = 100)

Gl 382 2.446 1.794
G2 1116 2.360 1.720
G3 6902 2.319 1.704
G4 18,090 2.315 1.701
G5 65,230 2314 1.701

Table 3 Code validation study: comparison of average Nusselt
number for MHD free convection

Ha Present study Ref. [59] Ref. [41]
Gr =2 x10*

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 x10°

0 4.972 5.093 4919
10 4.773 4.904 4.805
50 2.540 2.679 2.844
100 1.389 1.460 1.431

Following parameters can be used to obtain the non-di-
mensional form of the governing equations:

H H k
x=2, vy=2 v=" v=21 k=23,
H H o o k¢
T—T. pH? tog
= 5 f):—7 0:—7
T — T, pfOC? H?
Tn — T
Ste:cl(h f),
A
[o Ty — T.)H?
Ha = BoH £7 Gr:M’
oV v
Pr:X, Ra = GrPr
o
(14)

In the above expressions, Ste denotes the Stefan number
which is the ratio of the sensible heat to the latent heat of
the PCM. Fo is the Fourier number which denotes the non-
dimensional time. Ha is the Hartmann number which
shows the significance of the imposed magnetic field
strength. Kr is the conductivity ratio of the solid to the
fluid. A uniform magnetic field was imposed only in the
nanofluid domain. A solid partition was added between the
PCM domain and nanofluid domain.

Table 4 Code validation: comparison of averaged Nusselt numbers
along the hot wall for various Grashof numbers

Grashof number Present solver Ref. [68] Difference/%
10 0.093 0.095 — 2.105
10° 0.155 0.165 — 6.451
100 0.261 0.255 2.255

@ Springer
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Correlations for the effective thermophysical
properties of nanofluid

Density, specific heat and thermal expansion coefficient of
the nanofluid are defined by using the following relations:

(0S)nr = (1= @) (pS); + D (pS), (15)

where the subscripts f, nf and p denote the base fluid,
nanofluid and solid particle, respectively. S takes values of
1, ¢, and B for density, specific heat and thermal expansion
coefficient, respectively.

In the definition of thermal conductivity of nanofluid,
Brownian motion effect was included. The effective ther-
mal conductivity of the nanofluid takes into account the
particle size, particle volume fraction and temperature, and
it is defined by using the following relation [25]:

(kp + 2ks) — 2¢p (ke — kp):|
(kp + 2k¢) + ¢ (ke — kp)

knt = k¢

T
+5 % 10* x 1.9526 x (1004)"“**@pic, . /%f’(T, )
pP¥P

where the first term for the right-hand side equation is the
thermal conductivity defined in [33], and the function f’ for
CuO-water nanofluid is defined in [25].

Nanofluid viscosity model is defined as [25]

1
Hnr = Hg 03 :
(1 —34.87 (j—;’) ¢1<°3>

For electrical conductivity of the nanofluid, Maxwell’s
model [33] was utilized which was developed for calcu-
lating the electrical conductivity for random suspension of
spherical particles [33]. The electrical conductivity of
nanofluid is given as:

oot = gf(l o +3<)f_—(;>f 1)¢>

where f = Z—’: is the conductivity ratio of the two phases.

(17)

(18)

Numerical solution method

Governing equations with appropriate boundary and initial
conditions were solved with finite element method. Initial

(16)
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Fig. 2 Influence of Rayleigh number on the distribution of streamlines for different time instances (Ha = 30, y = 45°, ¢ = 0.02, Lgpy = 0.3H,

Hgpm = 0.5H)
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Fig. 3 Effects of Rayleigh number on the isotherm distributions for different time instances (Ha = 30, y =45°, ¢ = 0.02, Lgpy = 0.3H,

Hrpm = 0.5H)

velocities are assumed to be zero, while initial temperature
was T = T, for the whole computational domain. Galerkin
weighted residual formulation was utilized to obtain the
weak form of governing equations. Lagrange finite ele-
ments of different orders were used to approximate the
flow variables within the non-overlapping regions of the
computational domain. Residual R is obtained when the
approximated field variables are inserted into the governing
equations. In this method, weighted average of residual
will forced to be zero over the computational domain as:

/ WRdv =0
Q

where W is the weight function, and in the Galerkin
method, it is chosen from the same set of functions as of
the trial functions. At the nodes of internal element domain,
nonlinear residual equations are achieved.

Mesh independent of the solution was assured by using
various number of elements (mixed type—triangular and
quadrilateral). Grid independence tests were preformed by
various grids and two values of Hartmann numbers.

(19)
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Table 2 shows the average Nusselt number values for the
hot wall (’)1 = 450, (l) = 004, LFDM = OSH, HFDM = OSH)
for different number of elements. G4 with 18,090 elements
was chosen for the subsequent computations.

Local and average Nusselt number for the hot vertical
wall are calculated as:

kg (00 I
Nu, = — ALY , Nuy = —/ Nuydy.
kf on wall H 0

In the above expressions, the time dependence of the local
and average Nusselt number is considered. For the time-
dependent part, fourth-order Runge—Kutta time-marching
with variable time step was used.

Different existing numerical results are used to validate
the present solver. In the numerical study by [41], free
convection effects under the influence of magnetic field
were investigated. Table 3 shows the average Nusselt
numbers obtained with present solver and calculated
in [41] for two values of Grashof number for different
values of Hartmann number. A comparison with the
numerical results of [59] was also added where results

(20)
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Fig. 4 Variation of local (a) and 12I
average (b) Nusselt number for
various Rayleigh numbers 1ol

(Ha = 30, y = 45°, ¢ = 0.02,
LFDM = 03H, HFDM = OSH,
t = 500)

Nu

Ra=10%25x10% 5x10° 7.5 x 10°, 10°

05 0.6 0.9 1

0.2 0.3 0.4
Y
(@) ¢ =0.02

were obtained with lattice Boltzmann method. Another
comparison study is made with the numerical results
of [68] for a partitioned cavity filled with air and water.
Table 4 presents the comparison of the average Nusselt
numbers for various Grashof numbers. The results shown
in Tables 3 and 4 provide sufficient confidence for the
accuracy of the current solver.

Results and discussion

In this study, MHD natural convection of CuO-water
nanofluid in a cavity with a conductive partition and phase
change material (PCM) attached to its vertical wall was
numerically investigated. Effects of various parameters

10

Ra x10°

(b) All ¢ values

such as Hartmann number (between 0 and 100), magnetic
inclination angle (between 0° and 90°), solid nanoparticle
volume fraction (between O and 0.04), height (between
0.2H and 0.8H) and length (between 0.2H and 0.6H) of the
phase change material and thermal conductivity ratio of the
fluid to the PCM (between 0.1 and 100) on the fluid flow
and heat transfer characteristics were numerically ana-
lyzed. Results are illustrated with streamlines, isotherms
and Nusselt number distribution plots for various values of
parameter combinations.

Effects of Rayleigh number

Figures 2 and 3 show the variation of streamlines and
isotherms within the square cavity for various time

@ Springer
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Fig. 5 Influence of Hartmann number on the distribution of streamlines for different time instances (y =45°, ¢ = 0.02, Lgpy = 0.3H,
Hgpm = 0.5H)
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Fig. 6 Effects of Hartmann number on the isotherm distributions for different time instances (y = 45°, ¢ = 0.02, Lgpy = 0.3H, Hgpm = 0.5H)
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Fig. 7 Variation of local (a) and 6
average (b) Nusselt number for

various Hartmann numbers

(y = 45°, ¢ = 0.02, 5
LFDM = 03H, HFDM = OSH)

4 i
>
S -
3 3
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1 -
-
0 | | | | | | | | | =y
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Table 5 Polynomial constant coefficients (within their 95% confi-
dence interval)

Coefficients Value

p00 2.083 (2.072, 2.094)

p10 — 0.219 (— 0.2288, — 0.2092)
pO1 0.06433 (0.05745, 0.07121)

p20 — 0.03456 (— 0.04354, — 0.02559)
pll 0.01146 (0.004438, 0.01848)

instances (Ha = 30, y=45°, ¢ =0.02, Lgpm = 0.3H,
Hypym = 0.5H). At Rayleigh number of 10°, two recircu-
lation zones and a small corner vortex are established
within the cavity for + = 50 s. As the time evolves, the
whole cavity is occupied with a single vortex. As the value

30 40 50 60 70 80 90 100
Ha

(b) All ¢ values

of Rayleigh number increases, natural convection effects
become important, but one vortex is established within the
cavity for all time instances. The main vortex alignment is
toward the diagonal direction for lower Rayleigh number
value. Isotherms within the cavity become parallel to the
horizontal walls with higher Ra values due to the increased
effect of natural convection. Temperature gradients
become steeper in the lower part of the hot wall when value
of Rayleigh number augments. Since we consider a con-
ductive partition and phase change material for the right
vertical wall of the cavity, thermal gradients within the
cavity are affected in the vicinity of those location for
different Rayleigh numbers.

Variations of local and average Nusselt number for the
hot wall are shown in Fig. 4 for various values of Rayleigh
numbers. Local heat transfer is higher for the lower part of

@ Springer
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Fig. 8 Surface fit of average
Nusselt number for the hot wall
and residuals with polynomial
fit ("/ = 450, LFDM = 031‘1,
Hrpm = 0.5H)

the cavity and enhances with higher values of Rayleigh
number. Water and nanofluid at various solid particle
volume fractions show heat transfer augmentation with
Rayleigh number. At Ra = 10°, 7% higher average heat
transfer is obtained with nanofluid at the highest solid
particle volume fraction. This value is 5% higher for lower
value of Rayleigh number at Ra = 10° but the average
Nusselt number value is lower.

Magnetic field parameter effects

Figures 5 and 6 demonstrate the effects of Hartmann
number on the distribution of streamlines and isotherms
within the square cavity for different time instances for
fixed values of (y=45°, ¢ =0.02, Lgppy = 0.3H,
Hypym = 0.5H). In the absence of magnetic field, a recir-
culation vortex is established in the cavity and its center is

@ Springer
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100

00 Ha

[T —e Fit — residuals

closer to the left vertical wall. As the time evolves, this
vortex breaks up into two recirculation regions and the
extent of the vortex in the right half of the cavity increases.
When the magnetic field is imposed, the single vortex
elongates in the diagonal direction and the value of max-
imum stream function decreases. At the highest value of
Hartmann number, more orientation of the streamline in
the diagonal direction is observed which is due to the fluid
motion dampening with magnetic field. For all time
instances, one single recirculation zone is established
within the cavity when magnetic field is imposed.
Isotherm distributions show typical patterns within the
cavity for a differential heated cavity, but due to conduc-
tion heat transfer in the partition and phase change heat
transfer in the PCM, thermal patterns show a layered dis-
tribution in the vicinity of partitions and PCM. As the time
evolves, isotherms within the PCM show a progress with a
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Fig. 9 Influence of magnetic inclination angle on the distribution of streamlines for different time instances (Ha = 30, ¢ = 0.02, Lgpy = 0.3H,
Hppm = 0.5H)
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Fig. 10 Effects of magnetic inclination angle on the isotherm distributions for different time instances (Ha = 30, ¢ = 0.02, Lgpy = 0.3H,
Hppm = 0.5H)
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Fig. 11 Variation of local (a) 6
and average (b) Nusselt number
for various magnetic inclination
angles (Ha = 30, ¢ = 0.02,
LFDM = 03H, HFDM = OSH)
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Table 6 Thermophysical properties of PCM

Property Value
Density, p/kgm™ (solid) 880
Density, p/kgm™3 (fluid) 760
Specific heat, ¢, /J kg 'K™! 2100
Thermal conductivity, k/W mK~! 0.2
Melting temperature, T, /K 290
Heat of fusion/ kJ kg™ 222

front due to the energy transfer in melting within the PCM.
When magnetic field is imposed and its strength is
increased with higher values of Hartmann number, the
parallel alignment of the isotherms to the horizontal walls

@ Springer

70 80 90

(b) All ¢ values

within the cavity becomes distorted and they tend to
become parallel to the vertical walls which indicates the
reduction in natural convection heat transfer mechanism. In
the PCM, isotherm distributions become different for dif-
ferent time instances with the applied magnetic field.
Local Nusselt number distribution along the hot vertical
wall of the cavity is shown in Fig. 7a for various values of
Hartmann numbers. Along the vertical wall, local heat
transfer is higher in the lower part and decreases toward the
upper part of the hot wall. The local Nusselt number is
reduced in the location for 0.25H <y <0.9H when Hart-
mann number augments. In the lower part of the hot wall,
magnetic field acts in a way to increase the local heat
transfer. The average Nusselt number reduces with Hart-
mann number due to the dampening of the fluid motion
within the cavity for higher values of magnetic field
strength. In Fig. 7b, effects of various nanoparticle volume
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Fig. 12 Effects of PCM height on the distribution of isotherms for various time instances (Ha = 30, y = 45°, ¢ = 0.02, Lgpy = 0.3H)

fractions are also shown. A higher value of solid particle
volume fraction results in heat transfer enhancement due to
the thermal conductivity enhancement but the electrical
conductivity changes as well which was given by the
Maxwell correlation in Eq. (5). When Hartmann number is
increased from 0 to 100, reduction in the average Nusselt
numbers is 31.81% and 26.19% for the water and for the
nanofluid with the highest particle solid volume fraction.
Imposing a magnetic field results in more reduction in
average heat transfer for water as compared to nanofluid.
The electrical conductivity enhances, and more suppression
of the convection is achieved but heat transfer enhance-
ment due to the thermal conductivity enhancement is
higher which results in more augmentation of average
Nusselt number. A polynomial fit for the average Nusselt
number of the hot wall which depends on the Hartmann
number and solid particle volume fraction is obtained for

magnetic inclination angle of y =45°. The polynomial

relation has the following form:
Nuy, = p00 + p10 * Ha, + p01 *¢n+p20*Haﬁ (21)
+pll x Ha, * ¢,

where Ha, and ¢, are the normalized Hartmann number

(Ha, = %%1367) and solid particle volume fraction
(¢, = %). Coefficients of the polynomial fit with their

95% confidence bounds are demonstrated in Table 5. The
root mean square (RMSE) and R* values of the polynomial
fit are 0.01615 and 0.9967, respectively. Figure 8 shows
the surface map and residuals of average Nusselt number
versus Ha and ¢. Interaction of the magnetic field with the
nanoparticle solid volume fraction is given with pll
coefficient.

Influence of magnetic inclination angle on the variation
of streamlines and isotherms within the cavity is shown in
Figs. 9 and 10 for different time instances (Ha = 30,
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Fig. 13 Local (a) and average 7

Nusselt number (b) variations

for the hot wall various PCM 6 i
heights (Ha = 30, y = 45°,
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¢ = 0.02, Lgppy = 0.3H, Hgpy = 0.5H). For 45° inclina-
tion, more elongation of the single recirculation zone is
seen when time evolves and at the highest value of incli-
nation, two recirculation cells are established within the
square cavity which is due to the Lorentz forces for this
flow configuration. Isotherm distributions show some slight
changes for the cavity, conductive partition and PCM for
various magnetic inclination angles for the same time
instance. Local Nusselt number enhances in the lower part
of the hot wall for higher y values (Fig. 11a). The average
Nusselt number increases with vy for fluid and nanofluid at
various solid particle volume fractions (Fig. 11b). For
water and nanofluid at the highest particle volume fraction,
only 4% and 3.36% of average heat transfer enhancements

@ Springer

are achieved when magnetic inclination angles increase
from 0° to 90°.

Phase change material parameter effects

In this study, a phase change material (PCM) and a con-
ductive partition are attached to the right vertical wall of
the square enclosure. Thermophysical properties of PCM
are shown in Table 6. Effects of height, length and thermal
conductivity of the PCM on the convective heat transfer
characteristics for the square cavity are analyzed. Figure 12
shows the isotherm distributions for three different height
parameters of the PCM for several time instances
(Ha =30, y=45°, ¢=0.02, Lgpm = 0.3H). In the
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Fig. 14 Local (a) and average 6
Nusselt number (b) variations
for the hot wall for various PCM
lengths (Ha = 30, y = 45°,

¢ =0.02, Heppy = 0.5H)
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vicinity of the conductive partition and PCM, isotherms are
highly affected by the variation of the height of PCM.
Melting of the PCM gives different melting front charac-
teristics within the PCM, and they show different behaviors
for different heights considering various time instances. In
the interior of the cavity, some slight variations are
obtained especially near the bottom wall, and this will
effect the temperature gradient for the lower part of the
heater. Local Nusselt number reduces with higher values of
height of the PCM. Reduction in the average Nusselt
number is 42.14% when the height of the PCM is increased
from 0.2H to 0.8H (Fig. 13). The length of the PCM is not
significant on the local and average Nusselt number dis-
tributions for the hot wall as shown in Fig. 14. Only 3.3%

reduction in the average heat transfer is achieved when the
length is increased from 0.1H to 0.4H.

Thermal conductivity of the PCM is low in common
applications; therefore, there are some attempts to increase
its conductivity. In this numerical study, a parameter called
the conductivity ratio (Kr) which denotes the ratio of the
thermal conductivity of PCM to the water was defined.
Figure 15 shows the variations of local and average Nusselt
number distributions for the hot wall with various Kr val-
ues. Local and average heat transfer augments with higher
Kr values, and there is very little increase in the average Nu
when Kr is increased from 10 to 100. Average heat transfer
enhancement is 29.5% for water when Kr changes from 0.1
to 10. This value is only 2% higher when nanofluid with the
highest particle volume fraction is used. The saturation
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Fig. 15 Influence of thermal 7
conductivity ratio of the fluid to
the PCM on the variation of 6 i
local (a) and average (b) Kr=0.1,1,10,100
Nusselt number variations for 5k i
the hot wall (Ha = 30, y = 45°,
¢ = 0.02, Lppy = 0.3H, ab |
Hepm = 0.5H)
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type curve for the average Nusselt number versus con-
ductivity ratio shows similar trends for all nanofluids
containing various particle volume fractions.

Conclusions

Numerical simulation of natural convection of MHD flow
in a 2D cavity filled with CuO-water nanofluid with a
phase change material attached to its vertical wall is per-
formed. It was observed that magnetic field parameters
(strength and inclination angle) with nanofluid properties
(thermal and electrical conductivity enhancement) have
significant effects on the fluid flow and heat transfer
characteristics. Among various properties of the side wall-
attached PCM properties, height and thermal conductivity
have influence on heat transfer enhancement whereas the
length has little influence. The average Nusselt number is
found to rise with magnetic field inclination angle, but the
values are less than 5%. The average Nusselt number
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Kr
(b) All ¢ values

reduces with magnetic field strength, and more reduction is
obtained for water as compared to nanofluid which is
31.81% at the highest value of Hartmann number. Lower
value of the height of PCM and higher value of thermal
conductivity ratio (PCM to base fluid) result in local and
average heat transfer enhancement. The average Nusselt
number augments 29.5% when the conductivity ratio is
increased from 0.1 to 10.
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