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ARTICLE INFO ABSTRACT

This work aims to study the non-Newtonian behavior of a magneto- and ferro-hydrodynamic phase change
material (PCM) inside a differentially heated enclosure. The enclosure is occupied with a Power-law non-
Newtonian PCM, and a non-uniform magnetic field is imposed on the adjacent hot wall. The left and right of the
enclosure are subjected to the high and cold temperatures, and the top and bottom of the enclosure are insulated.
A deformed mesh technique along with the Stephan condition is applied to track the interface of the solid and
molten regions. The impacts of the alterable parameters including the Rayleigh number (10* < Ra < 10°), the
Power-law index (0.7 < n < 1), the Hartman number (0 < Ha < 250) and the magnetic parameter
(0 < Mng < 7000) on the melting front, normalized melt volume fraction (NMVF), and the Nusselt number are
studied. The simulation shows that a decrease in the Power-law index can significantly increase the melting rate.
In addition to this, results show that augmentation of the Hartman number and magnetic parameter weakens and
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enhances the NMVF, respectively.

1. Introduction

The ability to efficiently store energy is the key factor in developing
a sustainable renewable energy production cycle. Thus, utilizing
Thermal Energy Storage (TES) in recent years has become an appealing
topic within the research communities. In fact, due to augmentation of
fuel price, increasing emission of greenhouse gases and the corre-
sponding environmental concerns, scientists' endeavors have shifted
and accelerated toward improving the efficiency of harvesting energy
from sustainable energy sources such as solar radiation, ocean waves,
wind, and biogas [1,2]. Intermittent and discontinues nature of these
resources necessitate the employment of energy storage systems as they
can store energy and use it when needed [3].

In spite of the fact that diverse forms of thermal energy storage are
available, latent heat thermal energy storage systems (LHTESS) are
most desirable due to their compactness, high energy storage density
and its ability to store heat at approximately constant temperature
correspondent to the phase-transition temperature of phase change
material (PCM). As such, melting and solidification of PCMs have gain

augmenting consideration latterly [2,4,5]. For example, MHD phase
change heat transfer of a PCM in the presence of a uniform magnetic
field as a strong measure to control the melting process in a cavity has
been studied theoretically by several authors [6-9]. Ghalambaz et al.
[10] explored the effect of a variable magnetic field on the melting
phase change heat transfer of an electrical conductive substance in a
cavity.

To the best knowledge of the authors, there are just a few studies on
the simultaneous effect of the FHD and MHD principles of nano-en-
hanced phase change materials (NEPCMs). Rostami Dibavar et al. [11]
numerically surveyed phase change behaviors of aqueous NEPCMs
comprising ferro-oxide nanoparticles, exposed to a non-uniform mag-
netic field and depicted that for non-electrical conductive magnetic
nanofluids, the melting and solidification rate augments with the in-
crement of the magnetic number. However, for electrically conductive
magnetic nanofluids, increasing the Hartman number reduces the rate
of the phase change process.

A comprehensive review regarding classification and application of
the aforementioned materials can be found in the literature [12,13].
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The main drawback of many PCMs is their poor thermal conductivity
that reduces the melting-solidification (charging-discharging) rate and
can be tackled by adding nanoparticles [14,15]. Khodadadi and Hos-
einizadeh [16] studied the intensification of phase change heat transfer
of PCMs through adding nanoparticles. They boosted the heat con-
duction of the PCM by introducing nanoparticle as additives to syn-
thesize a nanoparticle-enhanced phase change material (NEPCM).
Chambkha et al. [17] investigated the impact of using nano additives on
the phase change behavior of NEPCMs in a square cavity with a hot
cylinder located in its middle. Their outcomes depicted that nano-
particles volume fraction can significantly affect the interface of solid-
liquid and the liquid fraction. Ghalambaz et al. [18] analyzed the effect
of hybrid nanoparticles on the natural convection melting process in-
side a square cavity heated from the bottom and concluded that in-
creasing the conductivity parameter and decreasing the viscosity
parameter at the same time can lead to increase the liquid fraction.
Sheikholeslami [19] studied solidification process of a NEPCM under
the effect of a magnetic field in a porous enclosure using CuO nano-
particles and showed that by increasing the Hartmann number, total
energy increases and solidification process takes lower time. In another
study, Sheikholeslami [14] analyzed the solidification process of
NEPCM (H,0 and CuO nanoparticles) in the presence of radiative heat
transfer and a circular enclosure with metallic fins. He showed that
solidification rate is amplified by increasing the length of the fins and
the radiation parameter.

Dispersion of nanoparticles in the base PCM; however, affects the
rheological properties of the created NEPCM as well. Hezaveh et al.
[20] analyzed the rheological behavior of Fe,O3 magnetic nanoparticles
ferrofluids in paraffin base and their magneto-viscous effects. They
found that for low nanoparticles concentrations, ferrofluids behave like
a Newtonian fluid, while they exhibit non-Newtonian behavior by
augmentation of nanoparticles concentration. Motahar et al. [21] in-
vestigated the thermal conductivity and viscosity of n-octadecane/TiO,
dispersions experimentally. Their outcomes showed that for low con-
centration of nanoparticles, the NEPCM behaved as a Newtonian fluid.
While for the higher mass fraction of TiO, nanoparticles (> 2%wt), the
observed shear-thinning behavior can be acceptably modelled using
Bingham Plastic model. In a similar work, Motahar et al. [22] produced
a novel composite phase change material for thermal energy storage
composed of dispersed mesoporous silica (MPSiO,) nanoparticles in n-
octadecane. They found that the viscosity of the composite presents a
non-Newtonian shear thinning behavior for mass fractions of
MPSiO, > 3% and can be modelled by the Power Law model. In ad-
dition to this, the Power-law index of discussed NEPCM decreases with
the increment of the temperature and can be properly correlated be-
tween 1.0 and 0.822. Prabakaran et al. [23] experimentally studied the
melting progress of fatty acid-based PCM (OMO08) enhanced with the
graphene nanoplatelets (GnP) in a spherical capsule and showed that by
adding graphene nanoplatelets the nanocomposites shows a non-New-
tonian shear thinning rheological behavior, which can be adequately
modelled by Power Law model. Furthermore, the Power law index of
aforementioned suspension decreases by increment of the concentra-
tion of the graphene nanoplatelets and can reach to 0.62 for 0.5% vo-
lume fraction of the GnP.

Although discussed experimental works show that the presence of
the nanoparticles can induce non-Newtonian behaviors in the molten
phase change materials, the literature review indicates that only
Newtonian NEPCMs have studied so far. In the present paper, for the
first time, the non-Newtonian rheological behavior of NEPCM is sur-
veyed utilizing the Power Law model. Furthermore, both FHD and MHD
effects are taken into consideration since the studied NEPCM (Ice/water
and 8 vol% Fe30,) is an electrically conductive ferrofluid.
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Fig. 1. Schematic representation of the problem physics.

2. Modeling
2.1. Physic of the problem

A 2D square enclosure with the dimension of L, as depicted in Fig. 1,
is studied. The left of the enclosure is held at a high temperature of T}
while its right is cold with a low temperature of T.. The remaining two
bounds are perfectly insulated using an insulating substance. The co-
ordinate origin is located at the lower left corner of the cavity and a
magnetic source is placed at (xo, ¥o) out of the enclosure. The magnetic
field strength radially varies as a function of distance from the source.
Firstly, the phase change substance, which includes the ferromagnetic
nanoparticles, is solid with the same uniform temperature. Further-
more, the homogeneous mixture model is used for the fluid-solid mix-
ture. The molten substance behaves as a Power-law non-Newtonian
suspension. Though the density of PCM varies during the melting pro-
cess, it is assumed that the density variations during natural convection
are not dramatic except for the buoyancy forces. Hence, the Boussinesq
approximation can be utilized to estimate the buoyancy force. The
thermophysical properties of the phase change substance at the solid
and fluid phases, as well as the ferromagnetic nanoparticles, are pro-
vided in Table 1.

According to the previous investigations of Sheikholeslami and
Vajravelu [24] and Sheikholeslami et al. [25], the intensity of the

Table 1

Thermophysical properties of ice, water, and nanoparticles.
Property [Unit] Symbol Ice Water Particles
Density (solid/liquid) [kg/m?] p 916.2 999.8 5200
Thermal expansion coefficient [1/K] S - 21 x 107° 1.3 x 107°
Thermal conductivity [W/mK] k 2.2 0.6 6
Latent heat of fusion [kJ/kg] Ly 334 334 -
Specific heat [J/kgK] G, 2050 4217 670
Dynamic viscosity [kg/m's] u - 1.79 x 107% —
Volume fraction of nanoparticles ¢ - - 0.08
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magnetic field along the x and y axes, denoted respectively by H," and
H,*, and the strength of the magnetic field, H", read as follows:

* __ Y (y_YO)
Hy=_— 2 2
27 (x = x0)* + O — %) (1-a)
«_ _ Y (x = xo)
Hy=——~ 2 2
21 (x = x0)* + O — %) 1-b)
— . . 2 2
H =H;1+H; , H* = \/H)’f +H;f (1-0)

2.2. Governing equations

Considering the above-explained assumptions, the governing equa-
tions describing the thermal and hydrodynamic behavior of the molten
substance flow can be expressed as:

Continuity equation:

% T
Poy VU =0 @)

U (u,v) in the above-written equation represents the velocity vector and
p is the density. Subscripts nf denote the liquid state of the mixture, and
V* is the gradient vector in the x-y dimensional space.

Momentum equation:

N
Prf [a_u + (W'V*)ﬁ)] =Vi[-pl+7]+ F
ot 3
Which
= u, (D2 = myyr-iprya | {7 = MEEIDT DT )
a ZD’ = (Vﬁ) + (VE))") (4)

in which g, is the apparent viscosity, m the consistency index, n Power-
law index of the non-Newtonian fluid, I the unit matrix. The superscript
of tr denotes the transpose of the matrix. The non-Newtonian fluids are
respectively called pseudoplastic and dilatant forn < 1andn > 1.
Evidently, the fluid is Newtonian for n = 1. These classifications are
based on the variations of an apparent viscosity as shear stress in-
creases. For the pseudoplastic fluids, the apparent viscosity declines as
the shear rate increases; however, the apparent viscosity of the dilatant
fluids augments with an increment of shear rate. Also, the volume force,
?*, reads as

—x =k —F —k

F =F; +Fp+ Fg 5)
—> . —% - — -,

where F |, the Lorentz force, is calculated as F; = J X B, where J is

—
the voltage field and B (u,Hy,u,Hy) is the vector of magnetic induc-
tion. Furthermore, the vectors of the magnetic induction, velocity, and
voltage are correlated by the following equation:

7 =0,@xB (6)

The second component of the vlolume force, ?K, the Kelvin force, is
generated due to the gradient of the magnetic field:

—¥ —> « —>*

Fy=py(M-V)H (7-a)
Fve aags ; T i

M = —-K'H*(T — Tey)i = K'H*(T — Tew)j (7-b)

And the last one, the buoyancy force is exerted to the flow field and
written as:

—> N
Fp=p,8 5nf (Ty — Ty 8)

in Eq. (3), tis time, p is pressure, f3 is thermal expansion coefficient, and
? is gravity vector.
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Energy balance equation for the fluid subregion:

aTnf — s « " aﬁ-» I ?7
(pCp),,f 7 + u VTnf =V (kanTnf) - /,LOTWM -V*H +

Onf
©)

where 1, is the magnetic permeability in vacuum (uo = 4w X 10”7 Tm/
A). Energy equation for the solid subregion:

a;’;m = V*(kps V' Ts) (10)
T in the above-mentioned equation is the temperature, and C,, is the
heat capacity at constant pressure. The ns subscript describes the
properties of the combination of the solid PCM and the nanoparticles.

Applying the energy balance on the forwarding interface boundary
results in the following relations:

(PCpns

OTnf aT;
_ b ke
Pu Linf (11
aTV‘f 0Tns
gy Ry
P Lin,ns (12)

where, herein, u and v are the components of the velocity of the in-
terface boundary of the Ty, temperature. The governing equations are
solved under the following boundary and initial conditions:

Vx,y,t|t>0,x=0,0<y<L=>T=T,u=v=0 (13-a)
Vx,y,t|t>0,x=L,0<y<L=>T=T,u=v=0 (13-b)
oT
Vx,y,t|t>0,y=0,0<x<L=>—=0,u=v=0
ay (13-¢)
oT
Vx,y,t|t>0,y=L,0<x<L=>—=0,u=v=0
3y (13-d)

Vx,,t|t=0,0<x<L,0<y<L=>T=(T+T)/2,u=v=0
(13-e)
The thermo-physical properties of the fluid and solid homogenous

mixture are as follows:
The density of the fluid and solid phases:

Pop = (1 = @)y + ¢y, (14-a)

Pus = (L = P)p; + 8Py (14-b)
The heat capacity of the fluid and solid phases:

ECpny = P(ECpInp + (1 = $)(PCp)y (15-a)

0Cpdns = $0Cplp + (1 = $)(0Cp)s (15-b)
The thermal conductivity of the fluid and solid phase:

Kny _ (knp + 2kp) — 2¢(kp — knp)

kg (knp + 2kp) + ¢ (ky — kyp) (16-a)

kns = Pknp + (1 — Pk (16-b)
The consistency index of the nanofluid is:
__ "

A ers (17)
The thermal expansion coefficient of the fluid phase:

OBy = (1 = $)(©EB)y + ¢ (0F)np (18)

The electrical conductivity of the fluid phase



M. Ghalambaz, et al.

3(Unp - Uf)¢
(Unp + ZUf) (Unp - Uf)¢ 19)

Unf = Uf (1
The latent heat of phase change:

(OLp)yy = (1 — ¢)(oLy )y (20)

2.3. Non-dimensionalizing the equations

The utilized dimensionless variables transferring the equations and
boundary conditions to dimensional coordinates are as below:

T - T, 12
x=2 y=2 vt y_ 2L o _~n p_LP
L L ar ar T — Th pa;
* o H; o4
L A - Ay
Hg Hg Hg L 2n
where Hy" = y/2nL. Substituting the above relations for the dimen-

sional variables in Egs. (2), (3), (9) and (11) results in the equations
below:

V.U =0 (22)
oU P
- —
Yy (O = Lv.|-Pr+ Pre™! VU + (VO)r
dFo Py mf
(23)
where
- . — =2
G = max(JID: D], Gin) 12D = (VT + (VO)) (24-2)
N
Fe = —| 22 premzu + | 02 | praam v
Of Puf Of Puf

P
— % Ay prom®

Prf ox (24-0)

nf P Onf P
F=—| 25\ priaz v + | 2L | priaEy By U
Of Puf Of Paf

— 5 My r rorr P P prg

Puf oY f; i (24-d)
ﬁ + (U Venf) (b P)f V. ( "fVG ) +0
dFo ©Conr |\ ks 25)
where

_ 0Cp)r ons - (PCp)r ( oH , 0H )
(Pcp)nf ng cHa? (UHy — VHy)? + ©0) anfEcH(al + 6pf) UBX +V %
(26)

(PCpdns 36ns _ v-(ﬁvens)
(pCp)y OFo ky 27

where appeared dimensionless numbers Prandtl number Pr, Stephan
number Ste, Hartman number Ha, Rayleigh number Ra, magnetic
number Mny and Eckert number Ec are as follows:
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Table 2
Different grid sizes for melting volume fraction.
Cases Grid Size Run Time
Case I 1852 Triangles 22 min
Case II 3378 Triangles 37 min
Case III 5104 Triangles 51 min
Case IV 10,873 Triangles 1 h 22 min
1
| o
| ar .@; - -
0.8} ot .-
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| " .
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| / . e
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Fig. 2. Melt volume fraction for different grid size.
35
. Matin and Khan
3k
,'—\ —m e Present Work
i 'Q_
25F N
= | .
Z | N,
| \
2F '\'
, Ne.
~.
- ~
| . L ...... ‘ llllll !—
1.5F
1 i 1 ] ] ]
0.6 0.8 1 1.2 1.4
n

Fig. 3. Average Nusselt number against Power-law index n of the current study
(dash-dot) and Matin and Khan [29].
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Fig. 4. Comparison between the melting front obtained by the current work and
reported in [30].

n—1 af? Cp (T, — T,
e 3 [ A M 2= 1) o pomn [ qe %
prap \ L oy L Ly s mg (Th = Tp)
2
(Th — Tp )L H1 HY K'(Ty, — Tr)L %

Ra = pfgﬁf h nfu ,Mnf = oo (T fu) Ec = hich 3

myaf my o prpf(T}, - Tfu)L
(28)

The velocity components of the forwarding interface boundary in
the dimensionless space can be defined as follows:

Ky 36,
U=t |5 k00 |,

aA-¢)| k ox Kk ox (29-a)
yo L |Fw Py ks O |

A=¢)| k oy ~ Kk oy (29-b)

The boundary and initial conditions at the dimensionless co-
ordinates are:
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VX,Y,Fo|Fo>0,X=0,0Y<1=>6=1,U=V=0 (30-a)
VX,Y,Fo|Fo>0,X=0,05Y<1=>6=0,U=V=0 (30-b)
06
VX,Y,FOlFoZO,Y:O,OSXSl:a—Y=O,U=V=O
(30-¢)
06
VX,Y,FolFon,Y=1,05X51:»a—Y=0,U=V=o
(30-d)
VX,Y,Fo|Fo=0,0<Y<1,0<X<1=20=6,=05U=V=0
(30-e)

Here, the parameters of interest are the volume fraction of melt and
the Nusselt at the hot wall. The volume fraction of melt is normalized to
the volume of the total space in the cavity. Hence, the normalized melt
volume fraction is introduced as:

L dxdy
Sy Sy dxdy @1

The subscript of m denotes the location of the melt-solid interface.
Energy balancing of the control surface on the left wall results in the
following expression:

NMVF =

aT
(T~ T) =~k 1 )
ox /o (32)
The transmission of the above relation into a non-dimensional form
defines another parameter of interest, namely Nusselt number Nu:

_ hL _ knf 66)
X=0

_k_f -

Ni uj
ky 0X

(33)

The average Nusselt number Nug,, can be evaluated by integrating
the local Nusselt number Ny, along the hot surface:

1
Nutgg = [ Nudy 34)

3. Numerical method, grid examination and verification

The Galerkin finite element method is employed to solve the partial
differential Egs. (22), (23), (25), and (27) with the boundary constraints
Egs. (29) and (30). In the mentioned approach method, the PDEs are

(b)

Fig. 5. Comparison between contours of temperature and streamlines of s (a): Sheikholeslami and Vajravelu [24] and (b): the current work.
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Fig. 7. Influence of the Power Law index on the isotherms (dash lines) and streamlines (solid lines) at different Fourier numbers: (a): Fo = 1, (b): Fo = 5 and (c):

Fo = 10 (Ha = 0, Ra = 10° and Mn; = 200).

first transferred to a new form, namely weak form. The details of the
utilized numerical method can be found in [26]. The constraint for the
continuity equation is introduced as a penalty parameter (y) in the
momentum equations as described by Reddy [27]. A Backward Differ-
entiation Formula (BDF) is adopted to control the time steps and the
accuracy of the solution with a free time-steps scheme [28].

To check the validity of the results of the present study, different
grids are selected for grid independency check. The calculations were
repeated for four types of triangular grids with sizes 1852, 3378, 5104
and 10,873 to calculate melting volume fraction for Pr = 12.6,
Ra = 10°, Ste = 0.0126, Ha = 10, Mn; = 200, ¢ = 0.08 andn = 0.9.
Table 2 indicates melting volume fraction for different grid sizes.
Melting volume Fraction of the melt for various grid resolutions is also
illustrated in Fig. 2. As seen, the case III depicts admissible accuracy

and thus the results of the present study are carried out using the grid
size 5104 triangles.

The correctness and accuracy of the numerical outcomes can be
verified and validated through the other numerical and experimental
results, respectively, reported in [24,29,30]. To verify the natural
convection of a non-Newtonian Power-law fluid in an enclosure, the
study of Matin and Khan [29] is re-stimulated through the utilized code
in the present study. Matin and Khan [29] studied the free heat transfer
of a non-Newtonian Power-law fluid in annuli of the horizontal cylin-
ders with the hot and cold temperatures at the inner and outer cylin-
ders. For a case of non-Newtonian fluid with Pr = 10 and Ra = 105, a
comparison between the average Nusselt numbers of the present study
and those of [29] is displayed in Fig. 3 for different values of the Power-
law index. As shown, the results are in excellent agreement.
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n=1.0

Fig. 8. Influence of the Power Law index on the isotherms (dash lines) and streamlines (solid lines) at different Fourier numbers (Ha = 50, Ra = 106, and

Mn; = 200).

n=1.0

(a)

(b)

Fig. 9. Influence of the Power Law index on the isotherms (dash lines) and streamlines (solid lines) at different Fourier numbers: (a): Fo = 1, (b): Fo = 5 and (c):

Fo = 10 (Ha = 150, Ra = 10° and Mn; = 200).

For validation and verification of the melting process, comparisons
between the melting fronts obtained in the present study and those
presented in [30] are conducted, as depicted in Fig. 4. The problem
physics studied in [30] included a square cavity with the horizontal

insulated walls, while a constant temperature difference was considered
for the sidewalls of the cavity. The pure gallium was selected as the
Newtonian phase change substance. The dimensionless parameters
based on the thermo-physical properties of the PCM, the thermal
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Fig. 10. The melting interface for various n-index, Hartman, and Fourier numbers (Ra = 10° and Mn; = 200).

boundary conditions, and the geometrical characteristics were such that
Pr = 0.0216, Ra = 6 X 10°, and Ste = 0.039. As shown in Fig. 4, the
results of the current work are in good agreement with Gau and Vis-
kanta [30].

At the last verification, the natural convection heat transfer of a
magnetic nanofluid inside an enclosure is compared against the study
conducted by Sheikholeslami and Vajravelu [24]. The bottom of the
enclosure was partially subjected to constant heat flux, while the top
wall maintained at the cold temperature. The other walls of the en-
closure were perfectly insulated. A non-uniform magnetic field is im-
posed on the enclosure. The constant parameters for this evaluation are
Pr = 6.8, Ha = 10, ¢ = 0.04, Ra = 10° and Mn; = 0. The comparison
is plotted in Fig. 5, which shows that there is a desirable agreement
between the results.

4. Results and discussion

This portion deals with the results obtained by modeling of the

natural convection of a non-Newtonian PCM under the influence of a
non-uniform magnetic field. According to the data inserted in Table 1,
Pr = 12.6, Ste = 0.0126, and ¢ = 0.08 are selected as the fixed
parameters. The heat generation term, i.e. Q, is negligible since the
order of Eckert number is O=0(10"17). Moreover, the effect of other
parameters including Rayleigh number Ra = 10°-10° Hartman
number Ha = 0-250, Magnetic number Mn; = 0-7000, and Power-law
index n = 0.7-1.0 is investigated. The technique of re-meshing during
the melting process is employed to satisfy the precision of the results.
Fig. 6 shows the deformable grid pattern for three non-dimensional-
time during the melting process. As shown, the grid pattern moves and
changes by various Fourier number.

Figs. 7-9 illustrate the influence of the Power-law index and the
Hartman number on the patterns of isotherms and streamlines, at dif-
ferent Fourier numbers. As seen, the melting process proceeds by in-
creasing the Fourier number, and the melted liquid region develops.
The isotherms at primary stages of the process are approximately ver-
tical, indicating that the melting of the NEPCM is mainly controlled by
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NMVF

NMVF

the conduction mode, while the convection mechanism becomes
dominant as the liquid fraction in the cavity increases. It is evident that
the transition to the non-Newtonian fluid intensifies the melting rate.
This is due to the reduction in the apparent viscosity of shear-thinning
fluids compared to Newtonian fluids, which leads to the increase in
convection strength and consequently the melting rate. As can be seen
from Figs. 7-9, both melting time and the molten fraction depend
strongly on the strength of the exerted magnetic field. Boosting Lorentz
force imposes extra resistance on the motion of the fluids and thus re-
duces the rate of the convection heat transfer. As a result, the melting
rate is highly affected as the Hartman number increases.

To investigate the influence of the Power Law index and the
Hartman number more precisely, the melting front at different values of
Ha and n indexes are depicted in Fig. 10 for various non-dimensional
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Fig. 12. The normalized melt volume fraction variation with the Hartman number: (a): n = 0.7 and (b): n = 1.0 (Ra = 10° and M,y = 200).

time. It is evident that the influence of the n index is more enormous in
the absence of the Lorentz force (Fig. 10a and b). Increasing the
Hartman number, as discussed before, slows the melting process. In
addition to this, the melting front remains almost vertical in the case of
high Hartman numbers (Ha = 150) even in the last stages of the
melting (Fo = 10, 20), indicating the existence of an equilibrium be-
tween the conduction and convection heat transfer mechanisms.

The influence of the Power Law index on the NMVF for two values
of Hartman number (Ha = 0 and 150) is depicted in Fig. 11. It is ob-
vious that a larger melted fraction can be achieved as the rheological
behavior of the material transitions from the Newtonian to the shear-
thinning fluid. In fact, due to the apparent viscosity reduction, the
friction decreases, and the fluid flows more easily and boosts the
melting rate.
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Fig. 13. Isotherms (dash lines) and streamlines (solid lines) for various values of the Power-law index and magnetic number: (a): Mnf = 0, (b): Mnf = 1000, (c):

Mnf = 5000 and (d): Mnf = 7000 (Ra = 10 Ha = 10 and Fo = 10).
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Fig. 14. The dependence of the normalized melt volume fraction on the Mng (a): n = 0.7 and (b): n = 1.0 (Ha = 10 and Ra = 104.

The time growth of the normalized melted volume fraction and its
dependency on the Ha is shown in Fig. 12. Regardless of the strength of
the exerted Lorentz force, the initial stage of the graphs coincides with
each other, specifying the dominance of the conduction heat transfer.
The conduction stage of the melting; however, decreases with the
Power-law index reduction (0 < Fo < 0.4 for n 0.7 and
0 < Fo = 1.0 for Newtonian fluid) as it consequently boosts the con-
vection strength. It is evident from Fig. 12a that the Hartman number
affect the melting rate to a greater extent when the fluid is non-New-
tonian. It can be described by the fact that the velocity gradients of the
shear-thinning fluid are higher than the Newtonian one. Moreover, as
the Lorentz force depends on both magnetic field and the magnitude of
the velocity field (See Eq. (24)), its influence on the melting rate is more
intensive.

The effect of the magnetic number on the isotherms and streamlines

10

for different rheological behaviors of the fluid (n = 1.0 and n = 0.7)
are depicted in Fig. 13. The results are shown for the case Ra = 10° as
the effect of the Kelvin force is more pronounced at low values of the
Rayleigh number. The Kelvin force shows to affect the flow pattern
strongly as a single vortex is formed when the FHD principle is not
taken into account (Mny 0). Increasing magnetic parameter
(Mn; = 1000) leads to the creation of two separate vortices rotating in
opposite directions. A symmetric flow field can be found for the higher
values of the Kelvin force, which shows a force balance between the
gravity and Kelvin forces. In addition to this, and as discussed before,
the melted fraction for the shear-thinning fluid (n = 0.7) is higher due
to the declined apparent viscosity. It should be noted that in contrast
with the Lorentz force, the Kelvin force is independent of the velocity
field and thus its impact on the flow field is subjected to the rheological
behavior of the fluid.
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Fig. 15. The effect of the Rayleigh number on the normalized melt volume fraction: (a): n

The dependence of the normalized melted volume fraction of the
studied fluid on the magnetic parameter for two rheological behaviors
(n = 0.7 and 1.0) is shown in Fig. 14. It is evident that increasing the
Kelvin force results in a significant reduction in the required time for
the melting process of the NEPCM. Moreover, the melting rate for the
case n = 0.7 is higher because of the superposition of the Kelvin force
and the increment of the convection strength.

The influence of the Rayleigh number on the NMVF for two cases of
the fluids, namely the Newtonian and shear-thinning fluid (n 7) is
illustrated in Fig. 15. Rayleigh number represent the buoyancy force
and thus the melting time process decreases significantly by the in-
crease of Rayleigh number. The Rayleigh number also shows to reduce
the conduction melting stage as the graphs coincide sections (either
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= 0.7 and (b): n = 1.0 Mn; = 200 and Ha = 10).

Fig. 15a and b) decrease when the Ra increases. Again, the increment of
the melting rate is more remarkable for the case of n = 0.7 due to the
lower viscosity and thus the friction of the fluid.

The alteration of the average Nusselt number with the (a) magnetic
parameter and (b) Hartman number is depicted in Fig. 16. Increasing
the Mny slightly boosts the flow strength and thus increases the rate of
transferred heat from the hot wall to some extent (Fig. 16a). In addition
to this, due to the increment of the fluid flow caused by the shear-
thinning behavior of the NEPCM, the Nusselt number increases as the
Power Law index decreases. In other words, the rate of transferred heat
can be intensified up to 50% when the Power Law index is 0.7. Fig. 16b
shows that the Nu,,, declines as the values of the Ha increases. As
discussed before, this relates to the reduction of the convection strength

25

0 | | !

150

Fig. 16. Variation of the Nusselt number with: (a): Mn; (Ha = 0) and (b): Ha (Mn¢ = 200), (Fo = 5 and Ra = 109).
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of the fluid. Moreover, the dependence of the Nusselt number to the
Power-law index decrease as the Hartman number increases, which is
explained by the dominance of the Lorentz force in the flow field.

5. Conclusion

The rheological behavior of a nano-enhanced phase change material
(Ice/water and 8 vol% Fe30,) is studied numerically. The Finite ele-
ment Galerkin method is employed to solve the non-dimensional gov-
erning equations. As well as this, the deformed mesh technique is used
to capture the advancement of the melting front. Both Kelvin and
Lorentz forces are taken into account as source terms in the momentum
and energy equations since the NEPCM is considered to behave as an
electro-conductive ferrofluid. The Power law model is utilized for the
shear-thinning behavior of the fluid. The summary of the outcomes are
as follows:

1. The Power-law index reduces the melting process time strongly in
the absence of the magnetic field. This is due to the fact that the
apparent viscosity declines as the n index decreases and thus reduces
the friction of the fluid.

2. By applying the magnetic field, the influence of the n index on the
melting time declines as the flow field entirely affects by the Lorentz
force.

3. The raise of the Hartman number slows down the melting process by
imposing extra resistance to the fluid motion.

4. The magnetic parameter reduces the required time for the melting
process as it boosts the convection strength of the flow field.

5. The average Nusselt number is intensified with the increment of the
n index and magnetic parameter and declines as the Hartman
number increases. The heat transfer can be improved by up to 50%
when the Power Law index is 0.7.
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