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Abstract Non-Newtonian behavior of a Phase Change Material (PCM) inside a porous coaxial

pipe is studied by utilizing the deformed mesh technique. The inner and outer pipes are subjected

to the high and low temperatures of Th and Tc, while the bottom and upper surfaces are thermally

insulated. The Finite Element Method (FEM), implemented in the Arbitrary Eulerian-Lagrangian

(ALE) moving grid technique, is applied to solve the weakened forms of the governing equations.

Stefan’s condition is employed to track the solid-liquid interface of the PCM during the melting

process. Grid independency test is conducted, and the verifications of the results are evaluated

through comparisons with several test cases published in the literature. The simulations show that

an increment of Stefan’s number can significantly improve the melting rate. As the Stefan number

reaches from 0.014 to 0.01, the full melting non-dimensional time declines from 1.313 to 0.937. Also,

an extreme increase in the melting rate can be found while decreasing the power-law index. When

the power-law index decrease from 1 to 0.6, the full melting time subsequently is reduced to 54%.
� 2019 Production and hosting by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria

University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

The excessive needs in energy in recent years have increased
the efforts aiming to a better investment of renewable energy

resources and more efficient energy storage techniques. In this
context, Thermal Energy Storage (TES) has drawn much
attention in the past few decades. More particularly, latent

heat storage using Phase Change Materials (PCM), an essen-
tial technique of TES, has been an active research area in
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Nomenclature

Cp heat capacity at constant pressure

I unit matrix
g! gravity acceleration
Lfs latent heat
m consistency of dynamic viscosity

n power-law index of the non-Newtonian fluid
p dimensional pressure
P non-dimensional pressure

s solid PCM
t dimensional time
T temperature

tr transpose of the matrix

Greek symbols
q density

b thermal expansion coefficient

l dynamic viscosity
/ volume fraction
/wt mass fraction

Subscripts

c cold
f fluid
fu fusion temperature

h hot
nf nano-PCM at fluid phase
np nanoparticles
ns nano-PCM at the solid phase

wt weight quantity
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recent years [1,2]. This is due to the fact that PCM can store a
large amount of energy for a small volume change and a small

temperature difference. Thermal storage and release occur dur-
ing the phase change of PCM, either by melting or by solidifi-
cation. However, the main drawback of PCM is their low

thermal conductivity, which slows down the heat transfer
and reduces system efficiency. Thus, several heat-transfer
enhancement techniques have been tested, such as PCM encap-

sulation [3–6], the use of nano additives [7–10], non-metallic
foams [11], finned tubes [12], metallic matrix structures [13],
and metallic fins [14–16]. A summary of the various enhance-
ment techniques can be found in the comprehensive reviews

of [2,17].
The metal foams have also been used as a thermal conduc-

tivity enhancement for PCM, as these foams present a low den-

sity for a large surface area. Siahpush et al. [18] found, both
experimentally and analytically, that using copper foam
increased up to seven times the thermal conductivity of PCM

during melting and solidification. Zhao et al. [19] performed
an experimental study and concluded that the material of the
foam, as well as its structure, play an essential role in the ther-
mal conductivity enhancement. Xiao et al. [20,21] used vacuum

impregnation to prepare composite structures of paraffin as
PCM and Nickel and Copper as the metal foam. They found
that the effective thermal conductivity of the composite struc-

ture is substantially higher than that of pure paraffin. Lafdi
et al. [22] in their experiments focused on aluminum foam on
the impact of porosity and pore size on heat transfer. Their

results showed that increasing the foam porosity changed the
heat transfer from being conduction dominated to convection
dominated and consequently shortened the time needed to

reach the steady-state temperature.
The effect of metallic foam on heat transfer enhancement

has been also investigated numerically. For instance, Chen
et al. [23] performed a numerical study using the Lattice Boltz-

mann method to compare a PCM-metal composite structure to
pure PCM. They observed that the composite structure pre-
sented a higher melting rate, and the presence of the metal

inhibited the effect of natural convection. Similarly, Tian
and Zhao [24] found in their numerical investigation that the
heat transfer of a PCM-metal structure can be seven times

higher than a pure PCM system. Jourabian et al. [25,26] aimed
to study numerically the effect of porosity on the phase change
of ice and other PCM in annular cavities. Their results, follow-

ing the experimental studies mentioned previously [22], indi-
cated that lowering the porosity lead to higher effective
conductivity and decreased the effect of convection. In a recent

numerical study, Dinesh and Bhattacharya [27] concluded that
the geometrical parameters of the metallic foam, such as
porosity, pore size, and pore overlap should be selected based

on the required energy absorption duration, as a shorter dura-
tion can be achieved by decreasing the overall porosity and the
pore overlap.

When dealing with the natural convection flow of PCM in a

cavity, the flow rheological behavior should be taken into con-
sideration. It has been shown that some PCM exhibit non-
Newtonian behavior [28]. Natural convection has been widely

investigated for Newtonian fluids in enclosures [29], in cavities
with single or multiple layers of porous media [30,31], cavities
with wavy walls [32], cavities filled with porous fins [33] and

in tilted cavities [34]. Moreover, several works gave attention
to the natural convection of nanofluids in porous cavities
[35,36]. The problem of free convection of non-Newtonian flu-
ids has also been addressed. Different channel cavities have

been considered, such as square [37] and L-shaped [38] cavities,
the space between two plates [39,40] or between eccentric annu-
lus [41], as well as in trapezoidal cavities filled with a porous

medium [42]. Other works investigated the natural convection
of non-Newtonian nanofluids in porous enclosures [43,44].

Nonetheless, studies dealing with the natural convection of

PCM with non-Newtonian behavior in porous cavities is a new
subject. The present paper attempts to fill this gap by consid-
ering the melting of a non-Newtonian phase change materials,

modeled as a power-law fluid, embedded in an aluminum foam
contained between two co-axial pipes with different tempera-
tures for the first time.
2. Modeling

2.1. Physics of the problem

Two coaxial pipes having the height of L, as depicted in
Fig. 1, are studied. The inner pipe of radius ri is held at a



Table 1 Thermo-physical properties of the solid matrix.

Property[Unit] Symbol Value

Density [kg/m3] qp 2700

Porosity e 0.9

Thermal conductivity [W/m K] kp 200

Specific heat [J/kg K] Cp,p 897

Table 2 Thermophysical properties of the paraffin wax.

Property[Unit] Symbol Value

Thermal expansion coefficient [1/K] b 6 � 10�4

Density (solid/liquid) [kg/m3] qs/ql 880/760

Melting temperature [K] Tfu 318–324

Thermal conductivity [W/m K] k 0.2

Latent heat of fusion [kJ/kg] Lfs 168

Specific heat [J/kg K] Cp 2000

Dynamic viscosity [kg/m s] l 6 � 10�3

Numerical study of melting-process of a non-Newtonian fluid inside a metal foam 193
high-temperature Th, while the outer pipe of radius ro is cold
with a low-temperature Tc. The remaining two bounds are per-
fectly insulated using an insulating substance. Aluminum

foam, between inner and outer pipes, is modeled as a homoge-
nous porous medium (Table 1). Viscous dissipation effect on
the temperature field and, consequently, on the velocity

through buoyancy, is ignorable. Depicted in Fig. 1, the prob-
lem is axisymmetric with respect to h direction. The problem,
therefore, can be studied as a 2D one in (r, z) coordinates.

Firstly, the substance filling the pores is solid with the same
uniform temperature throughout the porous medium. The
molten substance behaves as a power-law non-Newtonian fluid
(Table 2). It is assumed that the density variations during heat-

ing and melting processes are not dramatic. Hence, the Boussi-
nesq approximation can be utilized to estimate the buoyancy
force.

2.2. Governing equations

Considering the assumptions, explained in the physical model,

the governing equations describing the thermal and hydrody-
namic behavior of the molten substance flow can be expressed
as [4]:

qfr� � u!¼ 0 ð1Þ

u
!

in the above-written equation is the velocity vector
including ur and uz components along with the r and z direc-

tions, respectively. qf is the fluid density. Besides, r� is the gra-
dient vector in the r-z dimensional space [43,45].

qf

e
@ u!
@t

þ qf

e2
� ð u!� r�Þ u!¼ r� � �pIþ l

e
r� u!þ ðr� u!Þtr

� �h i

� l
j
u!þ qf g

!bDT ð2Þ

in which t is the time, e is the porosity, p is the pressure, l is the
dynamic viscosity, b is the thermal expansion coefficient, j is

the permeability and g
!
is the gravity vector, and I is the unit

matrix. The superscript tr denotes the transpose of the matrix.

The power-law model describes the molten substance flow. The
Fig. 1 Schematic representation of the
variations of dynamic viscosity according to the shear rate is
expressed below [43]:

lð _cÞ ¼ mla 9
la ¼ ð _cÞn�1

_c ¼ max
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D0½ � : D0½ �

p
; _cmin

� �

2D0 ¼ r u!þ ðr u!Þtr
� �

8>>><
>>>:

ð3Þ

in which m and n are respectively the consistency of dynamic

viscosity and power-law index of the non-Newtonian fluid.
The non-Newtonian fluids are respectively called pseudoplastic
and dilatant for n < 1 and n > 1. Evidently, the fluid is New-
tonian for n ¼ 1. These classifications are based on the varia-

tions of an apparent viscosity as shear stress increases. For
the pseudoplastic fluids, the apparent viscosity declines with
an increase of shear rate; however, the apparent viscosity of

the dilatant fluids augments with an increment of shear rate.
problem physics (a) 3D and (b) 2D.



Table 3 The grid size and required time for grid-check.

Case number Liquid mesh

size

Solid mesh

size

number of grid points at the melting interface Fo = 0.1 Fo = 1.5

Max Min Max Min MVF *Error (%) MVF Error(%)

1 0.015 0.01 0.07 3e�4 100 0.48647 0.214 0.92935 0.365

2 0.0125 0.01 0.05 3e�4 140 0.48535 0.016 0.93045 0.248

3 0.011 0.007 0.06 3e�4 130 0.48543 – 0.93276 –

*Error ¼ MVFcase3 �MVF
MVFcase3

��� ���� 100.
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Energy balance equation for the sub-domain of the molten
substance is expressed as follows [46]:

ðqCpÞeff;f
@T

@t
þ ðqCpÞf u!� r�T ¼ r� � ðkeff;fr�TÞ ð4Þ

In which

ðqCpÞeff;f ¼ eðqCpÞf þ 1� eð ÞðqCpÞp ð5aÞ

keff;f ¼ ekf þ 1� eð Þkp ð5bÞ
Eventually, the energy equation for the solid portion of the

PCM is written as follows [46]:

ðqCpÞeff;s
@T

@t
¼ r � ðkeff;srTÞ ð6Þ

where

ðqCpÞeff;s ¼ eðqCpÞs þ 1� eð ÞðqCpÞp ð7aÞ

keff;s ¼ eks þ 1� eð Þkp ð7bÞ
In the equations mentioned above, T is the temperature,

and Cp is the heat capacity at constant pressure. The s and f
subscripts denote the fluid and solid PCMs. The volumetric
Fig. 2 The dependency of the melting-interface on the grid size

when Fo = 0.1, Ste = 0.012, Ra = 5 � 106 and n = 0.6 where x-

direction shows the radius of pipe and Z-direction shows pipe’s

length.
changes of the substance during the melting is considered to
be ignorable. Hence, the density of solid and liquid phase

change substance is the same, (i.e. qf ¼ qs):
The energy balance on the forwarding interface boundary

results in the following relations [6,47]:

ur ¼
keff;f

@T
@r
jf � keff;s

@T
@r
js

eqfLfs

ð8aÞ

uz ¼
keff;f

@T
@z
jf � keff;s

@T
@z
js

eqfLfs

ð8bÞ

where, herein, ur and uz are the components of the motion
velocity of the interface boundary at the Tfu temperature. The

governing equations are solved under the following boundary
and initial conditions:

T ¼ Th; u
! ¼ 0 8 r; z; t 9 r ¼ ri; 0 6 z 6 L; t P 0

ð9aÞ

T ¼ Tc; u
! ¼ 0 8 r; z; t 9 r ¼ ro; 0 6 z 6 L; t P 0

ð9bÞ
Fig. 3 The influence of various mesh cases on the melt volume

fraction (NVF) when Ste = 0.012, Ra = 5 � 106 and n = 0.6 as a

function of the non-dimensional time (Fo).
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@T

@z
¼ 0; u

! ¼ 0 8 r; z; t 9 z ¼ 0; ri 6 r 6 ro; t P 0

ð9cÞ

@T

@z
¼ 0; u

! ¼ 0 8 r; z; t 9 z ¼ L; ri 6 r 6 ro; t P 0

ð9dÞ

T ¼ T0; u
! ¼ 0 8 r; z; t 9 ri 6 r 6 ro; 0 6 z 6 L; t ¼ 0

ð9eÞ
where T0=Tc.

The dimensionless variables transferring the equations and
boundary conditions to dimensionless coordinates are as

below:
Fig. 4 The grid deformation during a stage of solution between tw

Fo = 0.049 and (d) Fo = 0.053.
R ¼ r

L
;Z ¼ z

L
; U
!¼ u!L

af
; h ¼ T� Tfu

Th � Tfu

;Fo ¼ taf
L2

;

P ¼ pL2

qa2f
; af ¼ kf

ðqCpÞf
ð10Þ

Substituting the above relations for the dimensional vari-
ables in Eqs. (1), (2), (4), and (6) results in the equations below:

r � U!¼ 0 ð11Þ

1

e
@U
!

@Fo
þ 1

e2
ðU!� rÞU!¼ r � �PIþ Pr _Gn�1

e
ðrU

!þ ðrU
!Þtr

� �

� Pr

Da
_Gn�1U

!þ PrRah e!z

ð12Þ
o steps of re-meshing when (a) Fo = 0.045, (b) Fo = 0.047, (c)
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ðqCpÞeff;f
ðqCpÞf

@h
@Fo

þ U
!� rh

� �
¼ r � ðkeff;f

kf
rhÞ

� 	
ð13Þ

ðqCpÞeff;s
ðqCpÞf

@h
@Fo

¼ r � ðkeff;s
kf

rhÞ
� 	

ð14Þ

The dimensionless numbers that appeared in the above
equations, i.e., the Prandtl number (Pr), Rayleigh number

(Ra), Darcy number (Da), and Stefan number (Ste), are as
follows:

Pr ¼ m

qfaf

af
L2

� 	n�1

¼ m

qf

an�2
f

L2n�2
;Ra ¼ qfgbf Th � Tfu


 �
L2nþ1

manf
;

Da ¼ j

L2
;Ste ¼ CpðTh � TfuÞ

Lfs

ð15Þ
The velocity components of the phase change interface

boundary in the dimensionless space can be defined as follows:

UR ¼ keff;f
@h
@R

jl � keff;s
@h
@R

js
� 


Ste

ekf
ð16aÞ

UZ ¼ keff;f
@h
@Z

jl � keff;s
@h
@Z

js
� 


Ste

ekf
ð16bÞ

On the interface boundary, the dimensionless temperature
is zero. Also, the boundary and initial conditions at the dimen-
sionless coordinates are:

h ¼ 1; U
! ¼ 0 8 R; Z; Fo 9 R ¼ Ri; 0 6 Z 6 1; Fo P 0

ð17aÞ

h ¼ 0;U
!
¼ 0 8R;Z;Fo 9 R ¼ Ro; 0 � Z � 1;Fo � 0 ð17bÞ

@h
@Z

¼ 0;U
!
¼ 0 8R;Z;Fo 9Z ¼ 0; Ri 6 R 6 Ro; Fo P 0

ð17cÞ

@h
@Z

¼ 0; U
!¼ 0 8R;Z;Fo 9Z ¼ 1; Ri 6 R

6 Ro; Fo P 0 ð17dÞ
Fig. 5 Magnified view of grid deformation during a stage of solution

Fig. 4.
h0 ¼ T0 � Tfu

Th � Tfu

¼ 0; U
!
¼ 0 8 R;Z;Fo 9 Ri � R � Ro;

0 � Z � 1; Fo ¼ 0 ð17eÞ
The normalized volume fraction of molten substance is cal-

culated using the relation below:

NVF ¼
R 1

0

R Rm

Ri
2pRe Rð ÞdRdZR 1

0

R Ro

Ri
2pRe Rð ÞdRdZ

ð18Þ

Energy balancing of a control surface on the inner pipe sur-
face results in the following expression:

h Th � Tcð Þ ¼ �keff
@T

@r

	
r¼ri

ð19Þ

The transmission of the above-relation to the non-
dimensional coordinates defines another parameter of interest,
namely Nusselt number (Nuz):

NuZ ¼ hL

kf
¼ eþ 1� eð Þ kp

kf

� �
@h
@R

����
R¼Ri

ð20Þ

Integrating the local Nusselt number Nuz along the inner
pipe surface, the mean Nusselt number (Num) is evaluated as:

Num ¼
Z 1

o

Nuzdz ð21Þ
3. Numerical method and grid examination

3.1. Grid check

The partial differential Eqs. (11)–(14) with the boundary con-
straints Eqs. (16) and (17) are solved using the Galerkin finite

element approach. In this method, the PDEs are first trans-
ferred to a new form, namely weak form. The details of the uti-
lized numerical method can be found in [48]. The constraint for

the continuity equation is introduced as a penalty parameter
(c) in the momentum equations as described by Reddy [49].
In order to complete the numerical calculation, the grid inde-

pendency of the resolution is studied. Hence, the computations
are recalculated for several grid-sizes in the case of Pr = 60,
Ste = 0.012, Ra = 5 � 106, n = 0.6, and e = 0.9. Table 3
between two steps of re-meshing which the originals are shown in



Fig. 6 Two sets of grid deformation just before and after re-meshing when (a) Fo = 0.051, (b) Fo = 0.055, (c) Fo = 0.05504 and (d)

Fo = 0.059.
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demonstrates the utilized grids-sizes. The liquid fraction and
melting interface for different grid size is depicted in Figs. 2

and 3. The results show that the grid size of case 3 can provide
acceptable accuracy. Therefore, the grid size of case 3 is
selected to carry out the results of the present study.
The technique of re-meshing during the melting process is
utilized to satisfy the precision of the results. Figs. 4 and 5 shows

the deformable grid pattern between two steps of re-meshing
during a step of the solution. As shown in Figs. 4 and 5, the grid
pattern moves and changes by various Fourier number. Fig. 6



Fig. 7 View of the utilized grid in different stages of the solution when (a) Fo = 0, (b) Fo = 0.05, (c) Fo = 1 and (d) Fo = 2.
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depicts the grid patterns just after and before a re-meshing step.
The dominant heat transfer mechanism in the porousmedium is

diffusion, and because of the low thermal resistance in the por-
ous medium, there are no significant temperature gradients in
the porous medium. Based on Fig. 6, it is clear that the temper-

ature gradient in the solid region is almost zero, as the tempera-
ture of the phase change interface and that of the cold wall are
identical. Hence, the grids in the melted liquid part have a smal-

ler size than the solid region. So, to reach accurate results, the
grid pattern changes alternately. Fig. 7 illustrated the process
of full melting during the non-dimensional time Fo. It is shown

that the grid pattern moves and changes clearly.



Fig. 8 Average Nusselt number against Rayleigh number of the

current study (points) and Kumar and Kamal (dash-dot) [45].

Fig. 9 Average Nusselt number against power-law index n of the

current study (dash-dot) and Matin and Khan (points) [50].

Fig. 10 Comparison between the melting front obtained by the

current work and the one reported in [51].
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3.2. Comparison with previous works

The correctness and accuracy of the numerical outcomes can
be verified and validated through other numerical and experi-
mental results, respectively, reported in [45,50–53]. As a valida-

tion of the natural convection inside a vertical coaxial pipe,
Kumar and Kalam’s investigation [45] has been studied. In
the work of Kumar and Kalam [45], the inner pipe maintained
at a higher temperature compared to the outer one, and the

bottom and upper walls were perfectly insulated. The space
between the outer and inner pipes was occupied with air as a
Newtonian fluid. Fig. 8 shows a comparison of the outcomes

of the present study with the outcomes of Kumar and Kalam’s
study [45]. The constant parameters for this evaluation are
Pr = 0.71, L/(ro � ri) = 1, and ro/ri = 2. The comparison
shows that there is a desirable agreement between the results.

To validate the natural convection of a non-Newtonian
power-law fluid in an enclosure, the study of Matin and Khan
[50] is re-stimulated through the utilized code in the present
study. Matin and Khan [50] studied the free heat transfer of

a non-Newtonian power-law fluid in annuli of the horizontal
cylinders with the hot and cold temperatures at the inner
and outer cylinders. For a case of non-Newtonian fluid with

Pr = 10 and Ra = 103, a comparison between the average
Nusselt numbers of the present study and those of [50] is dis-
played in Fig. 9 for different values of the power-law index.

As shown, the results are in excellent agreement.
For validation of the melting process, comparisons between

the melting fronts obtained in the present study and those pre-
sented in [51] are conducted, as depicted in Fig. 10. The studied

problem physics in [51] included a square cavity with the hor-
izontal insulated walls. However, the left and right of the cav-
ity are subjected to higher and lower temperatures. The pure

gallium was selected as the Newtonian phase change sub-
stance. The dimensionless parameters based on the thermo-
physical properties of the PCM, the thermal boundary condi-

tions, and the geometrical characteristics were such that
Pr = 0.0216, Ra = 6 � 105, and Ste = 0.039. As shown in
Fig. 10, the results of the current work are in good agreement

with Gau and Viskanta [51] and the theoretical works of Brent
et al. [54] and Kashani et al. [55].

As the last validation, the heat transfer rates through a por-
ous medium obtained in the current work are compared to the

works [52,53]. The fluid flowing inside the porous medium was
water with Pr = 6.2. Evidently, the outcomes are consistent
with the findings reported in [52,53]. As the comparisons con-

ducted in Figs. 8–10 and Table 4 demonstrate that the numer-
ical modeling has correctly been performed, and the utilized
code is reliable.



Table 4 The average Nusselt number in a triangular cavity

filled with a porous medium.

Ra � Da Sun and Pop al [52] Sheremet et al.

[53]

Present

work

500 9.66 9.65 9.64

1000 13.9 14.05 13.96
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4. Results and discussion

This section deals with the results obtained for the natural con-
vection of a non-Newtonian PCM inside a porous medium.
The default parameters here are set as Pr = 60, Da = 10�4,

e = 0.9 and Ra = 5 � 106, while the other parameters can
be varied such as n = 0.6–1.0 and Ste = 0.010–0.014.
Fig. 11 A view of the mesh evolutions during the melting phase cha

n = 0.8 and (d) n = 1.
Fig. 11 shows the deformed mesh pattern during the melting
phase change for Ra = 5 � 106, Ste = 0.12, Fo = 0.05, and
for different values of the non-Newtonian index n. As men-

tioned, the simulation code employs a re-meshing technique
to monitor and control the accuracy of the outcomes during
the mesh evolutions. As shown in Fig. 11, the utilized grid in

this region has a larger size in comparison with the liquid side.
For example, as shown in Table 3, just in case 3, the maximum
size of the grid in the solid region is five times larger than the

grid size in the liquid region. Also, the temperature of the cold
wall and the melting interface is the same in the solid region, so
no temperature gradient is expected in the solid region.

Fig. 12 displays the evaluations of the deformed patterns

during the melting phase change for Ra = 5 � 106, n = 0.6,
Fo = 0.05, and for various values of Stefan number (Ste). It
is shown that for the same value of Fo, raising Ste increases
nge when Ste = 0.12, Fo = 0.05 and (a) n = 0.6, (b) n = 0.7, (c)



Fig. 12 A view of the mesh evolutions during the melting phase change when n = 0.6, Fo = 0.05, Ra = 5 � 106 and (a) Ste = 0.01, (b)

Ste = 0.012 and (c) Ste = 0.014.
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the depth of the melting interface and the melted liquid region.
In Figs. 11 and 12, the black mesh on the left side is the liquid

region, and the blue mesh on the right side is the solid region.
Fig. 13 Display of streamlines and isotherms for Ra= 5 � 106, Fo=

Fig. 14 Display of streamlines and isotherms for Ra= 5 � 106, Fo=
Figs. 13–15 show streamlines, isotherm patterns, and the
melting interface of the melted liquid for different values of

Ste and n when Ra = 5 � 106. It is clear that varying Ste
0.05 and Ste = 0.010 when (a) n= 0.6, (b) n= 0.8 and (c) n= 1.

0.05 and Ste = 0.012 when (a) n= 0.6, (b) n= 0.8 and (c) n= 1.



Fig. 15 Display of streamlines and isotherms for Ra= 5 � 106, Fo= 0.05 and Ste = 0.014 when (a) n= 0.6, (b) n= 0.8 and (c) n= 1.

Fig. 16 The melting front interface for three different Stefan numbers and (a) Fo = 0.05, n = 0.6 and 0.8, and Ra = 5 � 106, (b)

Fo = 0.05, n = 0.6 and 0.8 and, Ra = 107, (c) n = 0.6 and Fo = 0.05, 0.5 and 1.5, and Ra = 5 � 106.
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and n considerably changes the streamlines and temperature

contour in the pipe. When n decreases, the melted liquid space
and the melting-front further advance toward the solid region.
The streamline patterns are entirely affected by the variation of

n. As shown in the figures, growing Ste increases the depth of
the melting region and the melting ratio.



Fig. 17 The contours of streamlines and isotherms for Ra = 107, Fo = 0.05 and Ste = 0.010 when (a) n = 0.6, (b) n = 0.8 and (c)

n = 1.

Fig. 18 The contours of streamlines and isotherms for Ra = 107, Fo = 0.05 and Ste = 0.012 when (a) n = 0.6, (b) n = 0.8 and (c)

n = 1.

Fig. 19 The contours of streamlines and isotherms for Ra = 107, Fo = 0.05 and Ste = 0.014 when (a) n = 0.6, (b) n = 0.8 and (c)

n = 1.
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In the case of n = 1, i.e., for a Newtonian fluid, the stream-
lines are circular while the isotherms are almost straight, and a
symmetrical pattern can be observed. By decreasing n, the fluid

exhibits a non-Newtonian behavior, and the streamlines lose
their circularity and deflect toward the cold wall. In the case
n = 0.6, there is no symmetry in the streamlines. In fact, the
dynamic viscosity is a function of the shear rate and, therefore,

an asymmetry in the streamlines arises. Following the remark-



Fig. 20 Time history of the melting volume fraction and the time of a complete melting; (a) Time history of the melting volume fraction

for different values of Ste when n = 0.6, (b) the required time of a complete melt for various values of Stefan Number when n = 0.6, (c)

Time history of the melting volume fraction as a function of n when Ste = 0.012, (d) the required time of a complete melt for various

values of n when Ste = 0.012.

204 S.A.M. Mehryan et al.
able change in the streamlines, the temperature distribution is
also affected. As shown in Figs. 13–15(a), in the case of

n = 0.6, the isotherm lines deflect toward the cold wall. How-
ever, for the other two values of n, the isotherms remain
almost straight.

The effect of Ste and Fo on the melting process is investi-
gated by following the variation of the melting interface
depicted in Fig. 16. When Fo = 0.05, the variation of Ste

has a noticeable effect on the melted liquid space, for the dif-
ferent values of n. Increasing Ste lowers the depth of melted
liquid. Moreover, using higher values of n and Ra affects the
depth of the melting interface and increases the melted liquid

region. In fact, by increasing Ra, the velocity rises, and the
dynamic viscosity of fluid decreases, thus enhancing the con-
vective heat transfer. In order to investigate the effect of n

on the melted liquid region and the melting interface, Fig. 16
(a) and (b) illustrate the melted front surface for three different
values of n. As mentioned previously, increasing n affects the

melted region and reduces the depth of the melting interface.
Figs. 17–19 show the effect of Ra on the melted liquid space
and the advancement of the melting front interface. Raising Ra

increases the advancement of the melting front and the melted
liquid space. This is since the thermal resistance weakens by
the increase of Ra, as a high value of Ra means that the buoy-

ancy force is dominant compared to the vicious one and, there-
fore, the convective heat transfer is the dominant mechanism
in the melting process. It can be also seen that n has a signifi-

cant impact on the depth of the melting interface. By decreas-
ing the value of n from n = 1, representing the Newtonian
fluid, to n = 0.6, a non-newtonian one, the depth of melting
interface is dramatically increased, especially for Ste = 0.014.

Fig. 20(a) and (c) show the effect of n and Ste on the varia-
tion of the liquid fraction as a function of Fo when Ra = 5 �
106. It can be seen that increasing Ste raises the liquid fraction.

Complete melting is reached earlier when Ste is increased.
However, for low values of Fo, the variation of Ste does not
have a noticeable effect on the liquid fraction. On the other

hand, the variation of n affects the liquid fraction dramatically.



Fig. 21 The contours of isotherms for Ra = 5 � 106, Fo = 0.07 and different value of Stefan number when (a) n = 0.6, (b) n = 0.8 and

(c) n = 1.
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As shown in Fig. 20(b) and (d), raising n from 0.6 to 0.8
significantly reduces the required time for reaching a complete

melting. It is shown that the required time for full melting is at
its highest when n= 0.6 and Ste= 0.010 for Fo= 1.313, while
it is minimum when n = 1 and Ste = 0.012 for Fo = 0.498.

Fig. 21 depicts the isotherm patterns for different values of

Ste and n. As previously mentioned, it is clear that n has a sig-
nificant effect on the liquid fraction and the advancement of
the melted interface. This means that increasing n reduces

the depth of the melted surface. In addition, in the case of a
Newtonian fluid (n = 1), the isotherms are almost straight
lines, indicating a conduction dominated heat transfer during

the process. By decreasing n from 1 to 0.6, the share of conduc-
tion in heat transfer is reduced while the convective transfer is
enhanced.

Fig. 22 illustrates the variation of the local Nusselt number

(NuZ) at the hot wall (R = Ri) for n = 0.6, Ra = 5 � 106 and
for different values of Ste. It is shown that using a higher value
of Ste decreases the local Nusselt number slightly. For low val-

ues of Fo (Fo < 0.025), the Nusselt number dramatically
decreases as a function of Fo. When Fo increases, for all the
values of Ste, NuZ remains almost steady and unchanged, with
a slight increase for lower values of Ste. Indeed, a higher value

of Ste reduces the latent heat of the PCM. As a result, the con-
tribution of the PCM phase change to the overall heat transfer
decreases, and NuZ is reduced.

5. Conclusion

The present paper provides a numerical investigation of the

melting of a non-Newtonian Phase Change Material (PCM)
in the porous space between two coaxial pipes. The inner
and outer pipes are kept at the high and low temperatures of

Th and Tc, respectively. The other surfaces of the coaxial pipe



Fig. 22 The Nusselt number (NuZ) at the inner radius (R = Ri)

when n= 0.6, Ra= 5 � 106 and different value of Stefan number.
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are insulated. The gravity acceleration is imposed along the
central line of the pipe. The weakened forms of the governing
equations are solved using the finite element method imple-
mented in Arbitrary Eulerian-Lagrangian (ALE) moving grid

technique. Tracking the interface of the solid–liquid of the
non-Newtonian PCM is conducted through the Stefan condi-
tion. The grid check is performed to ensure the independence

of the numerical results from the grid size. The numerical out-
comes are verified by comparison of the obtained results to
those presented in several published works. The main out-

comes of the simulations indicate that the Stefan number
and the power-law index can drastically affect the melting pro-
gress and the required time of a full-melting. The full-melting

time can be declined until 54% as the power-law index
decreases from 1 to 0.6.
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