Journal of the Taiwan Institute of Chemical Engineers 72 (2017) 104-115

Journal of the Taiwan Institute of Chemical Engineers

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/jtice

Phase-change heat transfer in a cavity heated from below: The effect
of utilizing single or hybrid nanoparticles as additives

® CrossMark

M. Ghalambaz®*, A. Doostani?, E. Izadpanahi®, A.J. Chamkha®d

aDepartment of Mechanical Engineering, Dezful Branch, Islamic Azad University, Dezful, Iran

b Department of Mechanical and Materials Engineering, Florida International University, Miami FL 33174, United States

€ Mechanical Engineering Department, Prince Mohammad Bin Fahd University, Al-Khobar 31952, Saudi Arabia

d Prince Sultan Endowment for Energy and Environment, Prince Mohammad Bin Fahd University, Al-Khobar 31952, Saudi Arabia

ARTICLE INFO

Article history:

Received 8 August 2016

Revised 31 December 2016
Accepted 18 January 2017
Available online 7 February 2017

Keywords:

Hybrid nanofluid
Nano-composite

Phase change heat transfer
Finite element method

ABSTRACT

The present study deals with the effects of hybrid nanoparticles on the melting process of a nano-
enhanced phase-change material (NEPCM) inside an enclosure. The bottom side of the cavity is isothermal
at a hot temperature while the top wall is isothermal at a cold temperature and the left and right walls
are insulated. The governing partial differential equations are first non-dimensional form and then solved
using the Galerkin finite element method. Some of the dimensionless parameters are kept constant such
as the Prandtl number, the Rayleigh number, the Stefan number and the ratio between the thermal dif-
fusivity of the solid and liquid phases while the volume fraction of nanoparticles, the conductivity and
viscosity parameters, and the Fourier number are altered. It is found out that increasing the values of the
nanoparticles volume fraction, viscosity and conductivity parameters leads to significant variations in the
solid-liquid interface for large values of Fourier number. Moreover, increasing the conductivity parame-
ter and decreasing the viscosity parameter at the same time can cause an augmentation in the liquid

fraction.

© 2017 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

Latent heat thermal energy storage is an effective and reliable
way of storing energy compared to the other ways of energy stor-
age including thermochemical reactions. Thus, phase-change pro-
cesses such as melting can play a vital role in today’s need for en-
ergy storage. A small volume of Phase Change Materials (PCM) can
store a significant amount of energy during a solid to liquid phase-
change process. Nowadays, PCM are extensively utilized in a vari-
ety of application such as solar heating systems [2,38], cooling the
electronic devices [15,26], finned heat pipe-assisted thermal energy
storage systems [44,45] and waste heat recovery [31,32,35]. Unfor-
tunately, PCM employed in energy storage units have low thermal
conductivity which reduce the heat absorption rate. Several meth-
ods are proposed to increase the thermal performance of the stor-
age units, among them, using nanoparticles can enhance the ther-
mal conductivity of a PCM even for a small volume fraction of
nanoparticles.

* Corresponding author.
E-mail addresses: m.ghalambaz@iaud.ac.ir, m.ghalambaz@gmail.com (M. Gha-
lambaz), doostaniali@gmail.com (A. Doostani), eizad001@fiu.edu (E. Izadpanahi),
achamkha@pmu.edu.sa (AJ. Chamkha).
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A comprehensive study has been done regarding the effects of
nanoparticles on the enhancement of the thermophysical and heat
transfer potential of the conventional fluids. Rashidi et al. [36] have
studied the thermal behavior of Al,03-water and y Al,05-C,HgO,
nanofluids in boundary layer over a vertical stretching sheet. They
reported that both of the dynamic viscosity and thermal conductiv-
ity of the investigated nanofluids can significantly affect the ther-
mal behavior of nanofluids. Ismael et al. [19] and Chamkha et
al. [7] addressed the natural convective heat transfer of copper-
water nanofluids in cavities. They concluded that the presence of
nanoparticles could enhance the heat transfer; however, the heat
transfer enhancement of nanofluids is under the significant influ-
ence of the flow conditions. Makulati et al. [29] have addressed
the natural convective heat transfer of Al,03-water nanofluids in
a C shape cavity. They studied the effect of nanoparticles volume
fraction on the natural convective heat transfer and found that in
some cases the presence of nanoparticles could decrease the heat
transfer in the cavity. Sheremet et al. [40] have studied the effect
of nanoparticles on the convective heat transfer of nanofluids in
a porous medium. They found that the presence of nanoparticles
in the porous media may suppress some of the natural convec-
tive heat transfer mechanisms. In another study Sheremet et al.
[39] have analyzed the natural convective heat transfer of nanoflu-
ids in a cavity containing a hot solid block. The results show
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http://dx.doi.org/10.1016/j.jtice.2017.01.010
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jtice
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtice.2017.01.010&domain=pdf
mailto:m.ghalambaz@iaud.ac.ir
mailto:m.ghalambaz@gmail.com
mailto:doostaniali@gmail.com
mailto:eizad001@fiu.edu
mailto:achamkha@pmu.edu.sa
http://dx.doi.org/10.1016/j.jtice.2017.01.010

M. Ghalambaz et al./Journal of the Taiwan Institute of Chemical Engineers 72 (2017) 104-115 105

Nomenclature

Amush mushy-zone constant (Carman-Koseny equation
constant)

G specific heat in constant pressure (J/kgK)

Fo non-dimensional time

g gravity (m/s?)

H length and height (m)

k thermal conductivity (W/mK)

L latent heat of fusion (J/kg)

Nc conductivity parameter

Nv viscosity parameter

P pressure (Pa)

Pr Prandtl number

Ra Rayleigh number

S enclosure inclination angle

S(T) Carman-Kozeny equation (source term)

Ste Stefan number

t time (s)

T temperature (K)

Ty melting temperature (K)

u velocity in the x-direction (m/s)

u velocity vector (m/s)

v velocity in the y-direction (m/s)

Xy Cartesian coordinates

Greek symbols
(Me liquid fraction

o thermal diffiusivity (m?/s)

1) Volume fraction of nanoparticles

il dynamic viscosity (kg/ms)

P density (kg/m?3)

e Carman-Kozeny equation constant
v kinematic viscosity (m?2/s)

TA mushy-zone temperature range (K)
& basis functions

v the ratio of thermal diffiusivity

B thermal expansion coefficient (1/K)
6 on-dimensional temperature
Subscripts

bf base fluid

c cold

F fusion

h hot

hnf hybrid nanofluid
i interface position

k node number
1 liquid phase
nf nanofluid

p particles

S solid phase

the enhancement of heat transfer in the presence of nanopar-
ticles. Additionally, phase change phenomena in nanofluids have
been addressed by different researchers. Malvandi et al. [30] stud-
ied the film-wise condensation of nanofluids over a vertical plate.
In order to modify the cooling rate, the thermophysical proper-
ties of nanofluids are subjected to change, and also the flow and
heat and mass transfer are controlled throughout the domain. It
is found that increasing nanoparticles volume fraction and nor-
mal temperature difference enhance the heat transfer rate, and
it is also reported that the alumina nanoparticles offer better
cooling performance compared to titania. In another attempt, the
anisotropic behavior of magnetic nanofluids in film-wise conden-

sation is investigated by Heysiattalab et al. [18] over a vertical
plate. In this study, the modified Buongiorno model is used to
observe the effects of nanoparticles slip velocity relative to the
base fluid. It is reported that the heat transfer rate enhances when
the magnetic field is aligned in the direction of the temperature
gradient.

An augmentation in the thermal conductivity of a composite
PCM has been reported by Zeng et al. [49] by using Ag nanopar-
ticles. Liu et al. [27] reported a significant enhancement in the
thermal conductivity of a PCM by suspending a small amount
of TiO, nanoparticles in saturated BaCl,. The effects of different
nanoparticles such as Cu, Al, and C/Cu on the heat transfer rate of
paraffin as a nano-enhanced phase-change material (NEPCM) have
been investigated by Wu et al. [47]. They found that the heating
and cooling times decreased by 30.3% and 28.2%, respectively, us-
ing a 1% Cu nanoparticles. Harikrishnan and Kalaiselvam [17] stud-
ied the solidification and melting time for the different volume
fractions of CuO in an oleic phase-change material. They reported
up to 27.67% and 28.57% reduction in solidification and melting
times, respectively. These investigations have been done using sin-
gle metallic or non-metallic nanoparticles. The non-metallic parti-
cles such as Al,03 have an excellent stability and chemical inert-
ness, although, they have lower thermal conductivities compared
to the metallic nanoparticles.

Incorporation of a small amount of metal particles with non-
metallic particles can outstandingly enhance the thermal proper-
ties. A copper-alumina composite briquette has been prepared by
Jena et al. [20] from a homogeneous mixture of finely divided
CuO and Al,03 using the hydrogen reduction technique. The re-
sults reported by Suresh et al. [42] indicate that the augmenta-
tion in the viscosity is considerably higher than the increase in
the thermal conductivity. A maximum enhancement of 13.56% in
the Nusselt number has been reported by Suresh et al. [43] for
Al,03-Cu hybrid nanofluid. Esfe et al. [12] investigated the ef-
fect of nanoparticles volume fraction on the thermal conductiv-
ity and the dynamic viscosity. They utilized Ag-MgO/water hy-
brid nanofluid with nanoparticles volume fraction range between
0% and 2%, and then examined the accuracy of different exist-
ing theoretical and empirical correlations in predicting the value
of the thermal conductivity and dynamic viscosity by compar-
ing the predicted values with experimental data. Moghadassi et
al. [33] numerically studied the effects of water-based Al,03; and
Al,03—-Cu hybrid nanofluid with a 0.1% volume concentration on
laminar forced convective heat transfer. Their results revealed a
much higher convective heat transfer coefficient for the hybrid
nanofluid.

In view of the importance of phase-change materials and the
beneficial characteristics of hybrid nanoparticles, the aim of the
present research is to analyze the effect of a hybrid nanofluid on
natural convection inside an enclosure which is filled with nano-
enhanced phase-change material. The present study aims to an-
swer the following questions regarding to phase change heat trans-
fer of single/hybrid nanofluids:

I Does the presence of nanoparticles enhance the melting rate?
Il From the literature review, it is clear that the presence of
nanoparticles enhances the thermal conductivity and the dy-
namic viscosity of the NEPCM. The increase of the thermal con-
ductivity tends to increase the heat transfer and the melting
rate. In contrast, the increase of the dynamic viscosity tends to
suppress the natural convective heat transfer. How does these
two properties simultaneously affect the melting process of a
NEPCM?

What is the effect of the increase of the volume fraction of solid
nanoparticles on the melting rate?

Il

=
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Fig. 1. A schematic for the physical model and geometry details.

2. Geometric and mathematical models
2.1. Physics of the problem

Consider a square cavity of size H (height and length H) which
is filled with nano-enhanced phase-change material including hy-
brid nanoparticles. The bottom side of the enclosure is isothermal
at a hot temperature T, and the top wall is isothermal at a cold
temperature T. while the left and right walls are insulated. The
coordinate system and the physical model of the cavity are shown
in Fig. 1.

2.2. Governing equations
According to the physical model of the cavity, the governing

partial differential equations can be written as follows [6,45]:
Continuity

V.u=0 (1)
Momentum
o 1 Mhnf
—+ - Vyu=—-——VP+ V. Vu
o+ UV = — o VP DY - (1(p) Vu)
Bins 1
+—8g(T-Tf) + —S(T)u 2
,Ohnfg( f) Phnf ) )
Energy
aT L  9¢p(T)

— +u-VT = O{han(C(((p)VT) —

3t 3

(@) at

It is worth noticing that in the writing of the above equations, the
terms of viscosity related to VuT have been neglected due to the
fact that the variable dynamic viscosity is only utilized to assist the
nanofluid velocity to smoothly reach the zero velocity in the solid
part. The above equations in expanded form are as follows:

Continuity
du Jv
x + 3y =0 (4)

Momentum in x-direction

ou - ou . du
Pnf\ 3¢ THox TV%y

P
S <§x (uhnf(w)gz) + (%(uhnf(w)g;)) ST
5)

Momentum in y-direction
v v o
Prni\ e T ax T Vay

= 8y ox Mnnf (@ Ix ay Mnnf (@ ay

+0msgB(T = Tf) + S(THv (6)
Energy
oT UBT vaT
3 Tt Ty
1 0 oT 0 oT

= —m + <8x<khnf0l(€0)ax> + 8y<kh"fa((p)8y>>
L  9¢p(T)

7

(Ce)py Ot @

Here o = & pyp @ + s, s (1-9) and @ is the melt fraction and can
be evaluated using the temperature as follows:

0 T<T
(p(T): % Tf<T<Tf+% (8)
1 T>T +AT

where AT is the mushy-zone temperature range, and also the vis-
cosity is controlled in the mushy region utilizing the following
relation:

(@) = (1 +Apusn (1 — ) (9)

Controlling the viscosity according to Eq. (9) in the mushy re-
gion causes the velocity and the pressure fields to be uniform
in the domain of the solution. In addition, it helps the velocity
field to remain zero in the vicinity of the solid parts of the do-
main. The thermal diffusivity in the liquid, solid and mushy re-
gions is a linear function of the volume fraction of the liquid as:
(@)=, ppp+0Ls, g (1-9).

In the momentum equation, the source term S(T) is assumed as
a continuous equation for phase transient exploiting the Carman-
Kozeny equation as [3]:

(1-¢(T))*
S(T)=-A -~ 10
(T) mush (ﬂ(T)3 e (10)

The buoyant force which causes the liquid phase to rise and
natural convection happens, is modeled through the Boussinesq
approximation as follows:

F = pnsBE(T — Ty) (11)

Based on the problem description, the boundary conditions are
given by:



M. Ghalambaz et al./Journal of the Taiwan Institute of Chemical Engineers 72 (2017) 104-115 107

Heatedwall y=0: u=0, v=0, T=T, (12a)
Cooledwall y=H: u=0, v=0, T=T (12b)
aT
Leftwall x=0: u=0, v=0, Pl 0 (12¢)
. oT
Rightwall x=H: u=0, v=0, P 0 (12d)

where H is the width and height of the square enclosure.
The following dimensionless variables are introduced to change
Egs. (4)-(7) into the non-dimensional form.

X y uH vH T - Tf
X==Y==U=— V=—- (13&
H H o bf O{l bf Th _Tf )
ta s(T)H?
Fo— lz)f’ ©) = (T) 7 r:,uhnf(go)’
H PLhnfbf Hbf
2
o — ahnf((p) PH (13b)
Opf T b g

Accordingly, the dimensionless parameters are obtained as follows:

ra = (T = 1)1 )LB, ste = G =1r) Pr= L (14)
Q| pfUpf L Qpf

where Ra, Ste, and Pr are the Rayleigh number, the Stefan num-

ber, and the Prandtl number, respectively. Substituting Eqs. (13)

and (14) into Egs. (4)-(7), the non-dimensional form of the gov-

erning Eqgs. (15)-(18) is obtained as follows:

Continuity:
au oav
X + v = 0 (15)

Momentum in X-direction:
au U ou

3F0 " Vax tVay

_ Py JdP Pbf Mhng d au 3 ou
= + Pr| =% = o
phnf 8X Phnf Mbf 0X Hrax 0X BY Hr aY

+P sy (16)
LPhnf

Momentum in Y-direction:

o, OV 0V

dFo aX aY
_ Py P Ppf Mg, (0 ( OV 9 [ 3V
- phnf 8Y + Phnf Mbf Pr(ax Hr 0X + oY r aY
+ P sy +PrRaeM (17)
Phnf phnf,Bbf
Energy:
a0 a0 a0
aFo Vax TVay
_ Cpnf a o a0 + 0 o 20
- (be W rﬁ W TW
C
Colpr 1 39(0) (18)

(Cp),mf Ste dFo

The thermal diffusivity ratio in energy equation can be eval-

uated as 2@ _ it i hich it can be rewritten
Apf ®Lbf

Apnf(@) QY pnf g

as = Qar, 1 - ¢@)ars where ar; = " and ars = -

& pf par + (1 -g)ars 1= "oy, o pf

Here, ar; denotes the thermal diffusivity ratio of hybrld nanoﬂmd

and the base fluid for the liquid phase, and ar indicates the ther-
mal diffusivity ratio of the hybrid nanofluid in the solid phase and
the thermal diffusivity of the base fluid in the liquid phase. In
the solid phase, the nanoparticles are trapped in the solid struc-
ture and they cannot freely move. In addition, as the volume frac-
tion of the nanoparticles is very low, the changes in the thermo-
physical properties of the solid phase could be negligible. Hence,
either it can be assumed that the thermal diffusivity of the solid
hybrid nanofluid («s, pyy) is equal to the thermal diffusivity of the
solid base fluid (s, pp), which as a result yields as pr [ @ pr ~1 or
the thermal diffusivity of the solid hybrid nanofluid (& pyp) can
be evaluated using the Maxwell model (Nc~4.0) for nanofluids. It
is worth considering that the change in the thermal diffusivity of
the liquid hybrid nanofluid (e pse) due to the presence of hybrid
nanoparticles is quite significant, and it must be considered.

Egs. (15)-(18) are subjected to the following boundary condi-
tions. By using the variables (13), the non-dimensional boundary
conditions become:

Heatedwall Y=0: U=0, V=0, 6, =1 (19a)
Coolingwall Y =AR: U=0, V=0, 6.=0 (19b)
20
Leftwall X=0: U=0, V=0, P 0 (19¢)
. 200
Rightwall X=1: U=0, V=0, o 0 (19d)

where U, V, C, P and T are the X-velocity, Y-velocity, volume
fraction of nanoparticles, pressure and the temperature of the
nanofluid, respectively. The subscripts hnf, bf and p denote the
nanofluid, the base fluid and the nanoparticles, respectively. The
melt volume fraction as a function of 6 is written as:

0 6 <0

M =3L 0<6<A0 (20)
1 6> A0

Where A = T . The initial temperature in the non-dimensional

form is evaluated as 6 =0 in the cavity. Following the study of
Zaraki et al. [48], the dynamic viscosity ratio and the thermal con-
ductivity ratio can be evaluated using:

Kini _ (1 4 Nvx ¢) (21)
f
khnf
= (1+Ncx ¢) (22)
kbf
and

Ohnf _ king (PCp)pf
s Kpp (PCp)png

(23)

where Nv and Nc are respectively the number of the dynamic vis-
cosity and the number of the thermal conductivity as discussed by
Zaraki et al. [48]. Nv and Nc generally could be functions of the
size of nanoparticles, shape of nanoparticles, type of nanoparticles,
type of the base fluid, and the method of preparation. However,
as discussed in Zaraki et al. [48], each synthesized nanofluid could
have a unique value of Nv and Nc Zaraki et al. [48] which could be
evaluated using a linear curve fit of the experimental data. Table 1
shows some evaluated values of Nc and Nv evaluated using curve
fitting of the available experimental data available in the literature.
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Table 1
The evaluated of Nc and Nv for different samples of single and hybrid nanofluids.
Case Refs. Bas fluid Temperature (T) Type Size (nm) Shape Relative fraction Nc Nv
1 [12] Water - Ag 25 Irregular 0.5 20.3 6.26
MgO 40 Irregular 0.5
2 [42] Water 32 Al,03 17 Spherical 0.9 (g) 9.2 33.29
Cu 17 Spherical 0.1 (g)
3+ [41] Water 20 MWCNT 10-30 L=0.5-500 um Cubic 0.74 (g) 82.59 122.34
Fe304 13 Cubic 0.26 (g)
Water 40 MWCNT 0D =10-3 L=0.5-500 um Cubic 0.74 (g) 106.05 132.71
Fe304 13 Cubic 0.26 (g)
4+ [46] EG 30 Zn0 35-45 Spherical 0.5 6.68 -
TiO, 30 Spherical 0.5
EG 40 Zn0 35-45 Spherical 0.5 8.82 -
TiO, 30 Spherical 0.5
5 [28] Water 60 Cu 55 Spherical 0.5(g) 4.03 -
TiO, 55 Spherical 5(g)
6* [11] SAE40 25 MWCNTs OD=5-15ID=3-5 - 0.2 - 38.62
Sio, 20-30 - 0.8
SAE40 30 MWCNTs ID=3-5 OD =5-15 - 0.2 - 5419
Sio, 20-30 - 0.8
7" [16] EG 30 F-MWCNTs ID=3-5 0D =5-15 - 0.5 10.45 -
Fe304 20-30 Spherical 0.5
EG 40 F-MWCNTs ID=3-5 0D =5-15 - 0.5 13.6 -
Fe304 20-30 Spherical 0.5
EG 50 F-MWCNTs ID=3-5 0D =5-15 - 0.5 18.11 -
Fe304 20-30 Spherical 0.5
8 [34] Eicosane 15 CuO 5-15 Spherical - 131 -
Eicosane 25 CuO 5-15 Spherical - 1.20 -
Eicosane 35 CuO 5-15 Spherical - 4 -
9+ [34] Eicosane 15 CuO 5-15 Spherical - 1.76 -
Eicosane 25 CuO 5-15 Spherical - 2 -
Eicosane 35 CuO 5-15 Spherical - 3.58 -
10+ [34] Eicosane 15 CuO 5-15 Spherical - 123 -
Eicosane 25 CuO 5-15 Spherical - 157 -
Eicosane 35 CuO 5-15 Spherical - 214 -
1 [10] Water 25 TiO, 21 Spherical - 3.87 7.65
12 [21] Water 25 Zn0 150 Rectangular - 3.86 13.20
13 [13] Water 25 MgO 40 Spherical - 7.70 12.05
14 [8] Water 25 Al;03 44 Spherical - 14.1 15.62
15 [1] Kerosene 25 Al,03 21 Spherical - 20.1 20.23

* Hybrid nanofluids;

** For the cases 8-10, each of the models are subject to different solidification procedures, e.g. ambient solidification, ice bath solidification and oven solidification

method, respectively; ***OD: Out Diameter, L: Length, ID=Inner Diameter.
3. Method of solution and validation

First, the system of non-linear dimensionless partial differen-
tial Egs. (15)-(18) and its boundary conditions (19) are trans-
formed into a weak form, and then have been solved exploiting the
Galerkin finite element method Zienkiewicz et al. [50]. The conti-
nuity equation (Eq. (15)) is used as a constraint to satisfy the mass
conservation by control of the pressure distribution utilizing the
mass conservation. Although, the following constraint equation for
the continuity equation is utilized as a penalty parameter (x) in
the momentum equations as described by [37]. Therefore, the pres-
sure can be written as

p_, (U v
=X\ax Tar

Here x is the penalty number, which has a large value. Using Eq.
(24), the momentum Egs. (16) and (17) become as follows:
au au au

ey 3 (U v
- Phnf aX <X<8X + aY
Pof Mg, (0 ( OUY 9 (93U
+ Phnf Mbf Pr(E)X (Mr X + aY Hr aY

+ P sy
Phnf

(24)

v av 1%
afo " Uax TV ay

__Pop 9 ( (0U 0V
= " pmy oY \ X\ ax T oy

Pog Pt p (O () OV D () OV
+phnf Mbf Pr(@X (“'ax oy \ Moy

+ PO STy 4 Prrag L Pins
Phnf PinfBos

(26)

In Egs. (25) and (26), the continuity Eq. (15) is satisfied for very
large values of the penalty parameter (x =107) [37]. Now, the ve-
locities (U and V) as well as the temperature, 6, are expanded call-
ing a basis set {£}}_, in the domain interval of 0.5 <X < 0.5 and
0<Y<1as,

N N N
U UEXY), VY kEXKY), 0~ BEXY) (27)
k=1

k=1 = k=1

It is worth mentioning that the basis function ¢ for all of the
three variables are the same, thus, the total number of nodes
is N=3. By calling the introduced basis functions in Eq. (27),
the nonlinear residual equations (RN;) of the governing equations,
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Egs. (15)-(18

Zuk/ 08 o pofidXxdy

Enl[ ) ()]

L Py (Z . aa[(x)ask my}

,Ohnf

+ka [ 5 [( )35"dXdYD
| Por Hing {Z /aa< aékdxdy>

Pnnf Pof =

+Zuk[ as( ?fyldedY):|

Pof al l
Lo gt UEE | dxdy
+phnf ();/ﬂ(;( kél)‘f)

) can be rewritten as follows:

(28)

agk apLidXdY

N
Ri2 = ka
k=1

ol i
(el ee]

' ka |5 [(x) 95 dXdYD

L Por P p, [ka/ ag,( r%i‘dXdY)

Phnf Pbf =

+ ka/ a;( raai"dxwﬂ
3 o a'i:k
R} = ’zjek/ aFOS,dXdY
k=1
N
+ Zek/Q |:(Z kak) 8&{ (Z kak) agk]édedY
k=1

L Qr &i| 98k
ahnf (Z Ok / [ rax dxdy

(29)

BSI aék
+Zekf [ aYdXdyD
(Cp)bf 1 agk
(Cp>hnf e ka S,dXdY (30)

3.1. Grid check

The grid independency of the solution is examined by utiliz-
ing several grid sizes for the case of Pr=0.0216, Ra=2.1 x 10°,

109
Table 2
The required time for grid size independency.
Cases Grid size Run time
Case 1 100 x 100 14 h, 21 min
Case 2 125 x 125 1day, 6h, 12 min
Case 3 150 x 150 2 day, 1h, 20 min
Case 4 175 x 175 2 days, 18 h, 27 mins
Case 5 200 x 200 3 days, 10 h, 48 min
1
0.8} 2 ]
," ’ (/ =
o o7 o
Al 4
2 0.6} %
§ g
= ¢/
=} g 7
= ¢
Z 04} /- ————— 200%200
hs 2
7 175%175
02 "’ — 150%150
4
V£ 0 [ 125x125
e 100%100
% T 2 34 5 6

Fig. 2. The liquid fraction for various grid sizes.

Ste =0.039, Apysh =1.6 x 10% and ¢ =0 Table 2 presents the re-
quired time for simulation of approximately 90% of melting for
various grid sizes. In order to study the phase-change process, a
supercomputer with 40 GB of memory and 20 CPU cores each of
2.2 GHz is used. As seen, by the increase grid nodes, the required
calculation time increases dramatically. Here, the variation of the
liquid fraction versus different grid sizes is depicted in Fig. 2. The
melting front (the interface of solid and liquid) is considered as
@ =0.5 in the present study. The results of this figure indicate that
the grid size of 150 x 150 can provide accurate results for most of
engineering applications and graphical illustration of the results in
almost a reasonable time. Thus, in the present study the grid size
150 x 150 is used to carry out the results.

3.2. Validation of the results

Several studies have been done to measure the accuracy of the
present research. Firstly, the results of the present study are com-
pared with both experimental Gau and Viskanta [14] and the nu-
merical results available in the literature for the case of a rectan-
gular cavity with an aspect ratio (height/width) of 0.714.

Gau and Viskanta [14] have examined the melting interface uti-
lizing the pour-out method and the probing method. In their study,
the left wall is hot while the top and bottom walls are insulated.
Additionally, the evaluated melting interface for this problem is
numerically reported by Kashani et al. [22], Khodadadi and Hos-
seinizadeh [23], Brent et al. [5] and Tiari et al. [44]. The summary
of the available numerical results is plotted in Fig. 3. Clearly, the
results of the present study are in acceptable agreement with the
available results in the literature. In the case of Fo=3.48, there is
a difference between the present results and the experimental re-
sults, however, they show an acceptable agreement with the nu-
merical results. In previous studies, the authors have concluded
that the difference between the numerical and experimental re-
sults could be due to the method of evaluating the melting inter-
face in the experiments of Gau and Viskanta [14], since they mea-
sured the melting interface mechanically exploiting a manual me-
chanical probe. In the case with high values of Fo, the solid-liquid
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Fig. 3. A comparison of the experimental measurement of Gau and Viskanta
[14] and numerical results available in literature with the results of the present
study: isothermal hot wall at the left and isothermal cooled wall at the right while
the bottom and top walls are insulated, Ra =6 x10° Pr=0.0216.
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Fig. 4. A comparison of the benchmark study of Bertrand et al. [4] with the results
of the present study (t = Fo x Ste) when (a): (a): T=6 x 1073 (b): T =1 x 10-2.

interface of melting could be unstable, as a result, distinguishing
the exact shape of the interface is hard.

Secondly, a comparison is drawn between the results of the
present finite element code and the benchmark study of Bertrand
et al. [4] when Ra=1 x 107, Pr=50and «s/a; =1, for which differ-
ent authors have obtained the results of the melting interface for
a square cavity. The results are depicted in Fig. 4. It can be seen
that there is a good agreement between the results of the present
study and the results available in the literature.

Finally, the results are compared with the experimental results
reported by Kumar et al. [25] for melting of lead. Kumar et al.
[25] have studied the melting of lead contained in a stainless steel
cuboid, in which there was a heater located at one of the verti-
cal side walls of the cavity, providing a constant heat flux, since

Table 3
Input provided for one case in simulation of Kumar et al. [25].
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Fig. 5. The result of benchmark experimental of Kumar et al. [25] and the results
of present study when Fo=0.37, Fo=1.1 and Fo=2.2.

the other walls were insulated. The photography of the solid-liquid
interface movement was carried out during melting of lead using
neutron radiography. Table 3 presents the non-dimensional param-
eters of the experimental setup of Kumar et al. [25]. In the experi-
ment of Kumar et al. [25], before melting started, the temperature
was linearly distributed because the heater increased the temper-
ature on both sides. However, after the melting started, the tem-
perature at the right-hand side wall (the heater side) was higher
than the left-hand side wall. Since the experiment by Kumar et
al. [25] have been accomplished for the case of constant heat
flux, the Rayleigh number, Stefan number and the Prandtl num-
ber should be calculated on the basis of the constant heat flux as
Ste* =Cpq"” ongL?x/(KL) and the Rayleigh number based on constant
heat flux can be written as Ra* = gBq " ongl?y/(kav) and Ste*=Gp
q" conal*x/(KL).

Fig. 5 depicts the comparison between the present results and
the photography carried out by Kumar et al. [25] using neutron
radiography. The solid-liquid interface has a curved shape in the
present results and the results by Kumar et al. [25]. Additionally,
both results show that the maximum and minimum depths occur
at the top and bottom of the enclosure, respectively. Moreover, as
Fo increases from 0.37 to 1.74, the depth of the solid-liquid inter-
face increases which is accurately predicted by the present numer-
ical results.

Finally, the results of the present study are compared with the
results reported by Corcione [9] in Fig. 6 for the case of heating
from bottom and cooling from top when Pr=0.71 and Ra = 10°. In
Fig. 6, the streamlines and isotherms patterns of the present study
are compared with the results of Corcione [9]. As it can be seen,
the results are in a complete agreement with each other.

4. Results and discussion

An enclosure with the size of Ly=4.5cm, Ly=45cm filled
with Octadecane is chosen for the model of the present study.
The temperature at the bottom wall is T,=40 C and the tem-
perature at the cold wall is T,=30 C. The thermophysical prop-
erties of Octadecane are presented in Table 4. Accordingly, the

Heater input (right side) Prandtl number Stefan number

Rayleigh number Temp at left side (K) Temp at right side (K)

16.3 kW/m2 0.0236 0.4

1.4 x 107 555 599
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Fig. 6. The streamlines and isotherms patterns for Ra =106, Pr=0.71, A comparison of the study of Corcione [9] and the results of present study.

Table 4

Thermophysical properties of Octadecane.
Property Symbol Value Unit
Density (Solid/Liquid) P 800 (kg/m?3)
Thermal expansion coefficient B 2x10°3 (1/K)
Fusion temperature Ty 303.16 (K)
Thermal conductivity (Solid/Liquid) k 0.2 (W/mK)
Latent heat of fusion L 1.25 x 1072 (J/kg)
Specific heat capacity (Solid/Liquid) C 1250 (J/kg K)
Dynamic viscosity u 8x 1073 (kg/ms)

corresponding non-dimensional parameters are: Pr=>50, Ste=0.1,
Ra=1x 107 and as/a;=1. These non-dimensional parameters are
considered as the default non-dimensional parameters in the
present study. The calculations are carried out for this set of
non-dimensional parameters otherwise the value of the non-
dimensional parameter will be stated.

Following the experimental study of Esfe et al. [12] and the-
oretical study of Zaraki et al. [48], the magnitudes of ppr/Opyy,
(PCo)bfl(PCpnngy Copl Chng and: ppypBryl(0 B)nny for most of nanoflu-
ids is about unity. Indeed, by using nanoparticles in the base fluid
only the thermal conductivity and dynamic viscosity of the result-
ing nanofluid would change dramatically. Therefore, by considering
(0Cp)psl(PCpnns~1 and using Eq. (22), the thermal diffusivity ratio
Qpnflapy can be simplified as

g Knng (0Cp)py
apr kpr (PCP)pns

Thus, in the present study, op/Onnss (0Cplosl(PCpnnfs Chf/Chns and
PhnfBusl(0 By are considered as unity. The dynamic viscosity ra-
tio and the thermal conductivity ratio are evaluated using Egs.
(21) and (22); the thermal diffusivity ratio ooy is also evalu-
ated using Eq. (31).

Figs. 7-10 present the streamlines and isotherms for different
values of the conductivity parameter, the viscosity parameter, the
volume fraction of nanoparticles, and the Fourier number. As it is
obvious, increasing the values of ¢, Nc and Nv causes the depth of
the solid-liquid interface to increase. Likewise, augmentation in the
value of Fo leads to increasing the depth of the solid-liquid inter-
face. Additionally, comparing the effects of the conductivity param-
eter, viscosity parameter and the volume fraction of nanoparticles
for different values of Fourier number shows that for larger Fourier
number, increasing ¢, Nc and Nv has a much larger impact on the
solid-liquid interface.

The effects of the nanoparticles volume fraction and the Fourier
number on the melting front is depicted in Fig. 8, while the val-
ues of Nc and Nv are kept equal to 4 and 16, respectively. Obvi-
ously, increasing the volume fraction of nanoparticles from 0 to 2

=(1+Ncx@p)x(1)=1+Ncx¢ (31)

significantly decreases the melting interface for large values of the
Fourier number. In contrast, it is seen that increasing the nanopar-
ticles volume fraction from 2 to 5 leads to a considerable augmen-
tation in the melting interface depth. Comparing Fig. 8 with Figs. 9
and 10, illustrate the fact that the trend of changing the depth in
the solid-liquid interface with the volume fraction of nanoparticles
is not similar for different values of the conductivity and the vis-
cosity parameters. For instance, in Fig. 10, in which the values of
Nc and Nv are equal to 4 and 16, respectively, increasing the val-
ues of the nanoparticles volume fraction leads to the continuous
development of the melting front for large values of the Fourier
number.

Figs. 11-13 illustrate the effects of the conductivity and the vis-
cosity parameters on the liquid fraction versus the Fourier num-
ber for different values of the nanoparticles volume fraction. Fig.
11 clearly shows that the liquid fraction significantly decreases as
the conductivity parameter increases from 4 to 16, while the vis-
cosity parameter is kept constant and equal to 16. Similarly, in-
creasing the viscosity parameter from 4 to 16 causes a substan-
tial decline in the values of the liquid fraction, as the conductivity
parameter is equal to 16. The same trend can be observed in Fig.
13 in which the nanoparticles volume fraction is equal to 5%. How-
ever, in the case when ¢ is equal to 2% (Fig. 12), as the conductiv-
ity parameter increases from 4 to 16, the liquid fraction augments
significantly. It is worth mentioning that in all the three cases it is
predicted that when the conductivity parameter increases from 4
to 16 and at the same time the viscosity parameter decreases from
16 to 4, the liquid fraction increases, which means that the rate of
the melting increases.

5. Conclusion

In the present study, the effects of the presence of nano addi-
tives on the natural convective melting process of nano-enhanced
Octadecane inside a cavity are investigated. The governing set of
equations was solved numerically using the Galerkin finite element
method. The temperature at the bottom wall T, is chosen to be
higher than the fusion temperature. The Prandtl number, Rayleigh
number, Stefan number and the ratio between the thermal diffu-
sivity of the solid and liquid phases are kept constant equal to 50,
0.1, 1 x 107 and 1, respectively. The effects of several parameters
such as the volume fraction of nanoparticles, the conductivity and
viscosity parameters, and the Fourier number on the melting pro-
cess caused by natural convection are reported. The results can be
summarized as follows:

> The effects of the viscosity parameter, the conductivity parame-
ter, and the volume fraction of nanoparticles for different values
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1

(c-2): $=5%, Nc=16, Nv=4

Fig. 7. Continued

of the Fourier number indicate that for larger Fourier numbers, of the Fourier number can be observed, while the values of Nc

augmentation in ¢, Nc and Nv causes larger variations in the and Nv are equal to 4 and 16, respectively.

solid-liquid interface. > Increasing the conductivity parameter from 4 to 16 and simul-
> As the values of the nanoparticles volume fraction rise, contin- taneously decreasing the viscosity parameter from 16 to 4 lead

uous increases in the depth of the melting front for large values to increasing the rate of the melting of the solid phase.
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Fig. 8. The melting front for Nc=4, Nv=16.
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Fig. 9. The melting front for Nc =16, Nv = 16.
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Fig. 10. The melting front for Nc =16, Nv=4.
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It is worth mentioning that the low thermal conductivity of a
phase change material is the barrier for the efficiency of a thermal
system in many applications. In a Latent Heat Storage (LHS) sys-
tem, a PCM is commonly utilized in sealed packages. Each pack of
PCM is subject to the heat transfer with the working flow. For ex-
ample, in a solar energy system, the day light energy can be stored
in the PCM and then utilized during the night hours. In addition,
the release rate of the stored energy could be significantly higher
than its storage rate due to different demands. However, the PCM
packs can only absorb or release a limited amount of thermal en-
ergy at a time. The heat transfer potential of a PCM pack is limited
by the effective surface area of the package and the heat conduc-
tivity or natural convection mechanism inside the package. Thus,
any practical method for the increase of the thermal conductiv-
ity and heat transfer in a PCM package could be of great inter-
est. As a result, a NEPCM with enhanced thermophysical properties
can be a potential candidate to be utilized as an alternative phase
change media to the regular phase change material. In this regard,
in an invention, Khodadadi et al. [24] demonstrated that dispersed
nanoparticles in the phase change material exhibit enhanced ther-
mal conductivity in comparison to the base phase change mate-
rial. In accordance with the results of the present study, the use of
nanoparticles with a high thermal conductivity parameter (Nc) and
a low dynamic viscosity parameter (Nv), finally improves the heat
transfer rate of the thermal storage. However, there are other tech-
nological aspects such as the cost of nanoparticles and the overall
amount of the heat storage and the entropy generation yet needed
to be discussed in future studies.
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