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Abstract

In this study, the heat transfer, fluid flow and heat capacity ratio are analyzed in an annulus enclosure filled with porous and
saturated by a suspension of nanoencapsulated phase change materials (NEPCMs). It consists of phase change material core
and a polymer or non-polymer shell. The presence of nanoparticles in the base fluid and the phase change capability of the
nanoparticle’s core improve the thermal properties of the base fluid and thermal control process. The inner cylinder wall is
reserved at hot temperatures where the encapsulated particles absorb the heat, while the outer cylinder wall is reserved at
cold temperatures where the encapsulated particles release the heat. A local thermal non-equilibrium model is adopted for
the porous medium. The parameters studied are Rayleigh number (10* < Ra < 10°), Stefan number (0.2 < Ste < o), melt-
ing point temperature of the core (0.05 <6;<1), the concentration of the NEPCM particles (0% < ¢ <5%), radius ratio
(1.67 <Rr<2.5), eccentricity (—0.67 <Ec <0.67), Darcy number (107*<Da<107h, porosity (0.3 <e<0.9) and interface
heat transfer coefficient (1 <H <1000). The results show that the dimensionless temperature of fusion (&) plays the main
role in the improvement in NEPCM on the heat transfer process.

Keywords Nanoencapsulated phase change materials (NEPCMs) - NEPCM suspension - Local thermal non-equilibrium
(LTNE) - Heat transfer enhancement
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Introduction

In engineering applications, natural convection is gener-
ally visualized in the development of cooling structures for
electronics cooling, building conditioning, heat exchanger,
molten material, solar collectors, nuclear reactors and
devices for energy storage. The natural convection flows do
not require a fan or moving components to circulate the flow.
Hence, the maintenance cost, noise and failure of this type
of heat transfer systems are low. The natural convection heat
transfer is of interest in many engineering applications with
the requirement of low-noise operation or involved safety
issues. The disadvantage of natural convection heat transfer
is the low cooling power compared to mixed or forced con-
vection flow. Hence, any approach which could passively
improve the natural convection heat is of great interest. Fluid
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consolidation by nanoparticles is one of the techniques to
enhance the heat transfer rate with the increase in the ther-
mal conductivity [1-3].

At the turn of the century, nanofluid has found a broad
area of applications in natural convection phenomenon.
Many researchers have been interested in studying the natu-
ral convection in different geometries and different types
of nanofluids; for example, Khanafer and Vafai [4] studied
natural convection inside square geometry enclosure using
Cu-water nanofluid. The authors found a new correlation
related between average Nusselt number with Grashof
number and percentage volume fraction. The results show
that increasing volume fraction percentage of nanoparticles
improves heat transfer significantly. Jou and Tzeng [5] exam-
ined the natural convection in a rectangular enclosure shape
filled with Cu—water nanofluid for various Rayleigh numbers
and aspect ratios. An empirical correlation between the aver-
age Nusselt number and percentage of volume fraction was
found. Sheikholeslami et al. [6] analyzed natural convection
in the space between the inner hot sinusoidal cylinder and
outer cold circular cylinder geometries under the effect of
horizontal magnetic force suspended by Cu—water nanofluid.
It is found that heat transfer rate increases with an increasing
percentage of volume fraction of nanofluid, Rayleigh num-
ber and the number of corrugations, but decreases with the
appearance and increasing Hartmann number. Ali [7] studied
natural convection inside parallelogram enclosure geometry
with Ag—water nanofluid. The researcher has found that the
rate of heat transfer increases by increasing or decreasing the
inclination angle from zero. Wang et al. [8] examined natural
convection in a square cavity partially heated by the left wall
and cooled by the right sidewall. Al,O; nanoparticles with
water as a base fluid filled the cavity. It is noticed that the
effect of nanoparticles on the improvement in heat trans-
fer increases with increasing Rayleigh number and volume
fraction percentage, while heat transfer and average Nusselt
number increase with decreasing length of the heater. At the
end of this paragraph, it is worth noting that all the studies
deal with nanofluid only.

Bhattacharya et al. [9] performed an analytical and exper-
imental study on the thermophysical properties of metal
foams with high porosity. Their research was classified into
two parts of examining the thermal conductivity of the metal
foam and then the permeability and inertial coefficients.

Moreover, outstanding review paper in applications of
phase change material in energy storage is represented in
[10, 11]. Wu et al. [12] investigated natural convection with
heat generation inside a square porous cavity with constant
non-equal and sinusoidal temperature of vertical walls,
respectively. Leong and Lai [13] studied natural convec-
tion in porous annulus space with numerical transient and
analytical Fourier transform solutions. The annulus space
was filled with a sleeve layer of a porous medium. Using a
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layer of the porous medium filled with liquids can improve
the heat transfer. Using layers of porous medium or clear
flow later was merged with nanofluid and studied by many
researchers. In this regard, various aspects of the natural
convection heat transfer are investigated for multilayer medi-
ums [14], unsteady-state heat transfer in porous—nanofluid
square enclosure [15], unsteady-state square enclosure occu-
pied by porous—nanofluid and centered conductive square
object [16], conjugate heat transfer [17], conjugate heat
transfer with internal heat generation [18] and inclined cav-
ity partially filled with a porous medium [19]. Chamkha
et al. [20] and Ismael and Chamkha [21] addressed the natu-
ral convection of nanofluids in cavities filled with nanofluid
or nanofluid and porous medium.

The local thermal non-equilibrium (LTNE) effects are
significant when there is a notable temperature difference
between the porous matrix and the host fluid. In such cases,
the temperature of the host fluid and porous matrix can be
represented using two different temperature fields. The
LTNE has been investigated for nanofluid by some of the
recent researchers [12, 15, 17, 18].

Now, phase change materials (PCMs) have been used in
many industrial applications such as cooling and heating
processes, power generation, production of food and phar-
maceutical [22]. Fang et al. [23] used a nanoencapsulated
phase change materials (NEPCMs) using core and shell
techniques, urea and formaldehyde as a shell and n-tetrade-
cane as the core. Qiu et al. [24] synthesized nanoencapsu-
lated NEPCMs with the core containing n-octadecane, and
a shell is made of a polymer methyl, methacrylate (MMA).
Useful literature surveys were performed by Jamekhorshid
et al. [25] and Su et al. [26] on the enhanced heat transfer
in PCMs. Liu [27] studied the formation, description and
applications of NEPCMs. Wickramaratne et al. [28] pro-
duced PCMs capsulated by low-cost ceramic materials hav-
ing a melting temperature higher than 650 °C. Barlak et al.
[29] conducted experimental studies of thermal conductiv-
ity and viscosity of nanofluids and nanoencapsulated phase
change material. The results show that thermal conductivity
and viscosity have opposite behaviors as the temperature
increase. Zhu et al. [30] investigated an organic—inorganic
hybrid NEPCMs with polymer—SiO, hybrid as a shell. This
hybrid shell improves thermal properties such as conductiv-
ity, reliability and leakage proof.

The literature review shows that there are only a few
studies on NEPCMs involving free convection heat transfer.
Ghalambaz et al. [31] studied the nature of the square enclo-
sure filled with a suspension of NEPCM particles and a host
fluid. In another study, Ghalambaz et al. [32] addressed the
mixed convection boundary layer heat transfer over a verti-
cal flat plate. The results show that the fusion temperature is
the main effecting factor on the enhanced heat transfer rate.
Hajjar et al. [33] explored the unsteady natural convection

behavior of NEPCMs in a cavity with a time-dependent wall
temperature. The outcomes show that the fusion temperature
of nanoparticle’s notability affects the heat transfer in the
enclosure. Dispersing 5% NEPCMs promotes the average
Nusselt number from 9.19 (pure fluid) to 15.15 (NEPCM
hybrid nanofluid), which is about 65% enhancement com-
pared to the pure base fluid. In a very recent study, Ghalam-
baz et al. [34] investigated the unsteady natural convection
of NEPCM suspensions in a porous enclosure, using a sim-
ple local thermal equilibrium (LTE) model of porous media.
They assumed that the temperature of the porous matrix and
the NEPCM suspension are identical. The results show that
there is an optimal range of fusion temperature for heat
transfer enhancement. The fusion temperature close to the
average temperature of hot and cold isothermal walls is of
practical heat transfer enhancement. Moreover, the thermal
performance of NEPCM suspensions is substantial in porous
media with high porosities.

Oztop and Abu-Nada [35] studied natural convection
numerically in rectangular enclosure partially heated from
the left wall. The authors used three types of nanoparticles
(Cu, AL,O5 and TiO,) with water as a working fluid. It is
obtained that using nanofluid affects the fluid structure,
temperature distribution and enhancement heat transfer
rate. Varol et al. [36] carried out numerical study for entropy
generation of conjugate free convection inside a trapezoi-
dal cavity of right inclination wall superposed by a porous
medium. The results show that the thermal conductivity
ratio and layer thickness of the solid are the main important
parameters, influencing the fluid pattern and the rate of heat
transfer. Astanina et al. [37] analyzed the entropy generation
due to unsteady natural convection inside an open trapezoi-
dal enclosure filled with porous layer and ferro-nanofluid
layer under the effect of inclination magnetic strength. It
is found that the amplitude of average Nusselt number and
average entropy generation increased with increasing Hart-
mann number.

Arshad et al. [38] carried out experimental study attention
on cooling electronic equipment’s utilizing heat sink system
of pin—fin configuration superposed by PCM of different
volume fractions. Qureshiet al. [11] made a review study on
the enhancement thermal conductivity of PCM. The study
was interested in the four ways that improved PCM ther-
mal conductivity, using metallic nanoparticles having high
thermal conductivity, using foam, using graphite and using
encapsulation technique which has high thermal conductiv-
ity enhancement. Ali et al. [39] conducted an experimen-
tal study of pin—fin heat sink system having three types of
pin—fin cross-sectional area (circular, rectangular and trian-
gular) occupied 9% of volumetric space and immersed in
PCM occupied 99% of volumetric space; six types of phase
change material were examined to study its performance. Ali
et al. [40] made a comparison of two shapes of pin—fin heat
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sink systems: circular and square cross-sectional shape sur-
rounded by PCMs (paraffin and n-eicosane). Rehman et al.
[41] reported an experimental work of heat sink filled by
copper foam and another type of heat sink filled by copper
foam—PCM to notice the action of operative time of the sys-
tem with detail to the sensors of temperature for cooling and
heating process. Shah et al. [42] conducted a concisely study
of the performance using hybrid nanofluid in solar energy. It
is found that using hybrid nanofluid improved friction factor
and pumping power. Abbas et al. [43] exhibit a significant
revision of the action of nanoparticle execution improve-
ment in PV-T regulation. The work grants a recent study
of using nanoparticles to increase efficiency for PV and
PV-T systems. Hassan et al. [44] performed experimental
work on using nanofluid in PV-T and phase change material.
Also, the researcher compared the results with PV system.
The results show that utilizing nanofluid with phase change
material gives improved performance than utilizing water
phase change material system and phase change material
alone.

The literature review shows that the NEPCM suspensions
are a new type of energy storage media with a high capabil-
ity of thermal energy storage and flexibility of heat transfer.
However, there are only a few studies regarding the thermal
modeling and heat transfer analysis of NEPCM suspensions.
The metal foams are a promising medium for the application
of NEPCM suspension during the charging and discharging
process because of the high surface area of pores and notable
interaction between the pores and NEPCM suspension.

Due to the high thermal conductivity of metal foams,
the temperature of the porous medium and the work-
ing fluid could be much different. Thus, the local thermal

Fig. 1 Schematic configuration
of the geometry as well as the
different modes of the NEPCM
particles
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non-equilibrium models are required to model the heat trans-
fer in metal foams. As mentioned, Ghalambaz et al. [34]
investigated the thermal behavior of NEPCM suspensions,
employing a local thermal equilibrium model of a porous
medium. Hence, following [34], the present work is the first
attempt to study the thermal behavior of NEPCM suspen-
sions using a local thermal non-equilibrium model (LTNE)
by taking into account the temperature difference between
the porous matrix and NEPCM suspension.

Problem physics

The considered geometry is a porous annulus of horizontal
cylinders with the inner and outer radii of r; and r,, respec-
tively. The ratio of the outer radius to the inner radius is Rr.
As indicated in Fig. 1, the inner cylinder, located at (0, e),
is heated at the temperature of 7, above the temperature of
T, of the outer cylinder. The pores of the porous annulus are
occupied with a mixture of NEPCM particles and a host fluid.
The shell and core of the NEPCM particles are, respectively,
polyurethane (PU) and nonadecane, and water is considered
the host fluid. Also, the solid matrix of the porous medium
is made of glass balls. Figure 1 also demonstrates the differ-
ent modes of the NEPCM particles while moving toward the
cold and hot cylinders. The temperatures of the suspension and
the solid matrix are locally different. In other words, a micro-
scopic heat transfer establishes the energy balancing between
the components of the porous medium. The thermophysical
properties of the solid matrix, as well as the properties of the
mixture components, are tabulated in Table 1. The melting

AY
| Different modes of NEPCM particles between
the hot surface to the cold surface

A : Heat absorption
B : Heat storage

______ - C : Heat Release
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point temperature and latent heat of the nonadecane are about
32°Cand 211 kIkg™' [29].

The range of temperature variation for the nanofluids,
which consist of a host liquid and nanoparticles, is quite low.
In the case of nanoencapsulated phase change materials, the
phase change occurs at a limited temperature band. Hence,
the temperature variations in the cavity are limited, and the
Boussinesq model is utilized in the present study.

Modeling approach

Applying the Boussinesq approximation to an incompress-
ible, steady and Newtonian fluid flow, the equations describ-
ing the thermal and hydrodynamic characteristics of the
water—-NEPCM particle mixture flowing in a porous medium
are

ou, ov _
ox dy 1)

4 Ho
€ i)x2

’%(axz )
(Tt

+ 8Py INES %v 3

0T ¢ 0T ¢ _ 02Tmc 62Tnf
(pCp)rlf uax +v0_y = ek, 6x2 ay2 +h(T Tnf)

“

’T, 0°T,
_(1—5)k<a2 + ay2>—h(Ts—Tnf) (5)

According to the schematic view of the problem physics,
shown in Fig. 1, the boundary conditions are:

Bulk properties of the water-NEPCM particle
mixture

The following weighted function is utilized for achieving the
density of mixture [45]:

Pt = (1 = P)pys + ¢Pp @)

The subscripts p and bf, respectively, represent the
NEPCM particles and the base fluid. The total density of
the nanoparticles is computed as [45]:

(1 + l)pcopsh
Pp= " ®)

Psh +ip co
Here, p, shows the density of the shell of nanoparticles,
while p_, indicates the density of the core of the nanoparti-
cles. The mass ratio (core/shell) is denoted by 1, and 1~ 0.447
[29]. The specific heat capacity of the mixture is obtained
using the following weighted function [46, 47]:

I- ¢)(pcp>bf + ¢(/’Cp)
Pnf

peet ©)

p.nf —

When the core of NEPCM particles does not undergo the
melting, Cp’p,eff can be measured by the below relation [45]:

(Cp, co + le, sh)pcopsh
Cop = (0 + 190) 7 (10)
S co)Fp

It is worth mentioning that the specific heat capacity
of the core of encapsulated nanoparticles is the mean of
the heat capacities of the solid and fluid phases. Since the
core of NEPCM particles can be melted, the latent heat of
solid-liquid phase change needs to be considered in com-
putations of the nanoparticle’s specific heat capacity. The
sinusoidal profile has the advantages of good convergence
and is adopted in the present study as [45, 48]:

Vx,y|x2+(y—e)2 =ri2 >u=v=0,T=T, (62) Cp,p,eff:Cp,p_'_{%' (;l;r _Cp,p> - sin (E%MTTMJZ>}V
(11a)
‘v’x,y|xz+y2:r§:}~u=v:0,T:TC (6b)
Table 1 . Thermophysical Materials KW m=! K- pl kg m™3 C/k) kg™ K~! B/K-! plkg m~! 57!
properties of the components of P
the mixture [29, 59] Host fluid 0.613 997.1 4179 21.0x107° 8.9%107*
Glass balls 1.05 2700 840 0.90x1073 -
PU - 786 1317.7 - -
Nonadecane - 721 2037 - -
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0T <T;—Ty/2
y=9 1T —Ty/2<T<Ti+Ty/2
0T>Ti+Ty/2

(11b)

The temperature interval, i.e., Ty, is the temperature
bond of the phase change. The apparent and latent heat of
the nanoparticles was taken into account using the above
profiles. It is clear that the latent heat of phase change is a
function of Ty, [45, 48], and the middle of the phase change
profile is the fusion temperature 7

The coefficient of volume expansion of the
water—-NEPCM particle mixture is [47]:

Bog = (1 = d)Bos + &P, (12)

In addition, the following linear functions can be used to
obtain the dynamic viscosity and thermal conductivity of
water—-NEPCM particle mixture [46, 47]:

Mg = Hpe(1 + Nvg) (13a)

kot = k(1 + Negp) (13b)

Nv and Nc of the above relations represent the numbers
of dynamic viscosity and thermal conductivity, respectively.
These linear relations were confirmed by benchmark stud-
ies of Buongiorno et al. [49] and Venerus et al. [50] as a
comprehensive experiment at various laboratories around
the world. Later Zaraki et al. [51] computed and reported
the values of Nc and Nv for different types of nanofluids.
The values of Nv and Nc were also discussed in [52, 53] for
nanoenhanced PCMs and hybrid nanofluids.

Non-dimensionalizing the equations and boundary
conditions

The non-dimensionalization technique facilitates the study
of the problem at hand and reduces the number of free
parameters. In the non-dimensionalization technique, an
appropriate combination of the fluid properties and flow
characteristics needs to be found. The following dimension-
less parameters are employed to non-dimensionalizing the
equations and boundary conditions:

2 T
x=% y=2 Rr=04 Rr=0 E=¢ v='L
L L L L L o
L2 T—T, T,-T.
v=lL p_2P S Gy= e g =
Qpf Por%¢ AT AT
(14)

where AT =T, — T, and L =r, —r;. Invoking the non-
dimensional parameters, the governing non-dimensional
equations and the corresponding boundary conditions are
derived as follows:
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where, respectively, Rayleigh number Ra, Prandtl number
Pr and Darcy number Da are:

s)

8PP ATL? Mot K
Ra=———, Pr= ,Da=— 18
¢ A P ' Pt ‘T (1%
Also,
<@> —q —¢>+¢<ﬁ>, (ﬁ> —a —¢>+¢<5>
Pot Pot Byt Bos
(19)

Here, it is assumed that the thermal expansion of the
NEPCM nanoparticles is similar to the base fluid as f,=f,
and hence, f,/f,=1. The non-dimensional heat equation in
the NEPCM suspension inside the porous pores is obtained
as:

C Uaem. + vae“f = ¢k, Al + O +H(0. -0
"Fox T v ) Tl o T o2 (6, = )
(20)
where
k (pCy) s ¢
krnf:<lf>’cr= - :(1_¢)+¢/1+ f
kg (pCp)bf 5 Ste
21

A, 6 and Ste of the above relations, respectively, are:

1= (Cp,co + le.sh)pcopsh _ Ty, Ste = (pCp)bf(pSh + lpco)AT
(pcp)bf(psh + lpco) AT (hsfpcopsh)(l +1)
(22)
The non-dimensional fusion function, i.e., f, is:
f:%sin(%(9—9f+5/2)>0' (230)
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0 0<6,-5/2
c=q1 6—-2<0<0,+5/2
0 0>6,+6/2

(23b)

Here, 6;, the non-dimensional fusion temperature, is:

T —T

C

0; = 24
P= 57 24)

The energy balance equation for the solid matrix in the
dimensionless coordinates can be written as follows:

0=(1-9)K, 70, + 70, H (6, — 0y) 25
- £ 1,8 0X2 de s nf ( )
where
k hL?
K ,=—H=—
P ke kg (26)

Eventually, the boundary conditions are transformed into a
non-dimensional form as:

VX,Y|X2+(Y—EC)2=R12 SU=V=0,0=1 (27a)

VXY X4V =R 2 U=V=00=0 (27b)

The local Nusselt numbers on the hot, inner cylinder are
determined as follows:

00,
Nunf.l = kr,nf on
G

(28a)
a0,
Nugy =Ko\ = . (28b)
The average Nusselt numbers are defined as:
2z
Nty = 5- / Nityydeo (292)
0
2z
Nug = 1 /Nub dw (29b)
2
0
The total heat transfer rate, Q,, can be introduced as:
O, = eNuy + (1 — €)Nu, (30)

The non-dimensional streamline is introduced in the fol-
lowing way to visualize the fluid motion:

i 4

Oy 0¥ (Vo)
0X?

Y2 oX oY @D

where the solid walls are considered as Dirichlet condition
with¥ = 0.

Numerical approach and mesh test

The Galerkin finite element method is used to solve the
dimensionless governing equations (continuity, momentum
and energy) with the mentioned boundary conditions. The
computational fluid—porous domain is discretized using
non-uniform structural mesh, as explained in Fig. 2. The
dimensionless governing equations for the velocity and tem-
perature fields are completely coupled utilizing the damped
Newton scheme. Next, then solution for the equivalent linear
algebraic equations is obtained by the parallel sparse direct
solver.

Finite elemegt method uses the interpolate (or shape)
functions {ym}mzl to expand the governing variables as
follows:

N N N
Ur Y UptuX0), Va Y VX Y), PR Y Prym(X.Y),

m=1

m=1 m=1
N N N
Ot % D O (), 0% D 0, v V), ¥ % ) Woyn(X,Y)
m=1 m=1 m=1

(32)
The residual equations for the above variables at each
element can be achieved by invoking the Galerkin approach:
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Fig. 2 Uniform structural mesh
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Gaussian quadrature with second-order accuracy is

applied to integrate the above integral residuals. Newton

method using the parallel sparse direct solver (PARDISO)

is also utilized to solve the residual equations, iteratively

[54-56]. The error convergence for each of the dependent
variables is not more than 107>

The mesh test for the present work to check the mesh
stability is shown in Table 2. The results of the mesh

Table 2 Mesh independence test for Q, and |¥|ax on the hot inner
cylinder at Ra=10%, Da=1073, $=0.03, §;=0.5, H=1000, Ste=0.2,
=09, Ec=—0.67 and Rr=2.5

Case Number of elements O, A ¥ max A,
number/i

1 90x90 10.527 - 29.699 0

2 100 x 100 10.532 0.0475 29.703 0.0130
3 120x 120 10.530 0.0190 29.732 0.0976
4 140 x 140 10.487 0.4084 29.391 1.1460
5 160 % 160 10.529 0.4005 29.749 1.2168
A1 = ||¥/|max,i+1 - Illllmaxﬁil/lgllmaxﬁi

Az = |Qt,i+1 - Qt,iI/Qt,i
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Table 3 Comparison between the results of the present study and the
study carried out by Matin and Pop [57]

Volume fraction Present work Matin and Difference/%
Pop [57]

0.010 5.60 5.66 1.07

0.015 5.78 5.81 0.51

0.020 5.86 5.89 0.51

0.025 6.04 5.97 1.15

0.030 6.07 6.02 0.82

Table4 Average Nusselt number computed in the current research
and that of Nithiarasu et al. [58]

Da Ra € Present study [58]
1076 107 0.4 1.078 1.078
107 107 0.9 9.322 9.202
1072 10* 04 1.360 1.408
1072 10° 0.9 3.92 3.91

independency test are the total hat transfer rate on the hot
inner cylinder and absolute maximum stream function
for the case of Ra=10°, Da=1073, Pr=6.2, Ec=0.67,
Ste=0.2, €=0.65, 1=0.322, Nv=12.5, Nc=23.8,
0=0.05, $=0.05, H=1000, 6;=0.5 and Rr=1.67. The
information about this parameter will be introduced in the
next section. The number of elements started with 90 X 90
and finished by 160 x 160. The mesh 140 X 140 has been
chosen for analysis of the results. Although the errors of
the grid size of 140 x 140 are not the lowest, the phase
change zone, represented in Results and discussion sec-
tion, is better modeled with this grid.

The outcomes of the present research are compared with
two works published to verify the accuracy and the correct-
ness of the current code. Here, the average Nusselt numbers
of the current study and those reported by Habibi and Pop
[57] are compared. Habibi and Pop [57] conducted the study
of natural convection flow inside an annulus occupied by
Cu—water nanofluid. The average Nusselt numbers for the
different values of volume fraction of the nanoparticles of
the current calculations and those presented by Habibi and
Pop [57] are tabulated in Table 3. Clearly, an entirely satis-
factory agreement between the outcomes of Habibi and Pop
[57] and ours is found. In the second stage, the results of
the current work are compared with the outcomes of Nithi-
arasu et al. [58] in terms of heat transfer rate. In the work
of Nithiarasu et al. [58], the study of a porous square cavity
was conducted for a cavity with insulated walls at top and
bottom and isothermal sidewalls. The left and right vertical
sidewalls for the cavity were at high and low isothermal

temperatures. The results of the comparison for average Nus-
selt number are summarized in Table 4 when Pr=1. As
given in Table 4, excellent matching is observed.

Results and discussion

The current study deals with the hydrodynamic and ther-
mal characteristics of the water—-NEPCM particle mixture
inside a porous annulus of horizontal cylinders. The local
thermal non-equilibrium condition between the phases of
the porous medium is considered to be established. The
impacts of different involved parameters on the flow and
thermal fields of the mixture are investigated. These alter-
able parameters are Rayleigh number (10* < Ra < 10%), Ste-
fan number (0.2 < Ste < 00), melting point temperature of the
core (0.05 £6;<0.95), the concentration of the NEPCM par-
ticles (0.0 < ¢ <5%), radius ratio (1.67 <Rr<2.5), eccentric-
ity (—0.67 <Ec <0.67), Darcy number (107*<Da<107h,
porosity (0.3 <e<0.9) and interface heat transfer coefficient
(1 <H<1000). The constant parameters are Nv=12.5,
Nc=23.8, Pr=6.2,6=0.05and 1=0.32.

Since the geometry is symmetrical about Y-axis, only half
of the right geometry is considered to show the results. Fig-
ure 3 represents the isotherms of the fluid and solid phases
of the porous medium, streamlines and the heat capacity
ratio at fixed parameters such as Da=0.1, ¢ =0.05, 6;=0.1,
Ste=0.2, €=0.8, Ec=0.67, Rr=2.5, 6=0.05, 1=0.322,
Nv=12.5, Nc=23.8, Pr=6.2 with different Rayleigh num-
bers (Ra) and the interface heat transfer coefficient (H). As
shown in Fig. 3, the isotherms are distributed as a crescent
shape around the hot inner cylinder for two phases, solid
and fluid, where it clustered above the hot inner cylinder and
dispersed under it due to the eccentricity of the hot cylinder.
Figure 3a shows that there is a noticeable difference in iso-
thermal lines between solid and fluid phases, depicting the
non-equilibrium thermal condition between the two phases.
This discrepancy is attributed to the low value of H.

As shown in Fig. 3, the streamlines move in a clockwise
direction. The suspension is heated besides the hot inner
cylinder and moves up toward the cold outer one to be
cooled; therefore, a single vortex can be seen with maximum
strength |¥],,,. = 50.83. The phase change ribbon divides
the whole domain into three sub-domains; melting zone,
phase change zone and solidification zone. In the melting
zone, the space between the hot cylinder and the ribbon,
and the core of the NEPCM particles are fully melted. In
contrast, in the area limited by the ribbon and the outer cyl-
inder, i.e., solidification zone, the core of the NEPCM par-
ticles is in the solidification mode. Thus, it is evident that
the NEPCM particles experience the phase change while
passing through the ribbon. It can be observed that the phase
change ribbon matches with isothermal line equal to the
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Fig.3 Effects of Rayleigh
number (Ra) and interface heat
transfer coefficient (H) on the
isotherms of the solid phase
(6,), isotherms of fluid phase
(0., streamlines (‘¥) and heat
capacity ratio contour (Cr); a
Ra=10%, H=1,b Ra=10,
H=1000 and ¢ Ra= 10°,
H=1000 at Da=0.1, ¢=0.05,
6;=0.1, Ste=0.2, £=0.8,
Ec=0.67 and Rr=2.5

dimensionless temperature of fusion. It is worth noting that
heat capacity ratio changes inside the phase change ribbon.
At the same time, it is constant outside this ribbon with a
value of 0.96 as indicated.

A comparison between the first and second rows of Fig. 3,
presented for different values of the H parameter, illustrates
that the increase in the interface heat transfer coefficient
significantly influences the temperature field of the solid
matrix. At the same time, there is not a noticeable change in
the isotherms of the fluid phase. In fact, when this parameter
grows, the more heat is transferred from the solid phase to
the fluid one. As a result, the solid and fluid phases, respec-
tively, are heated and cooled. Then, the heat transferred to
the fluid phase is conducted to the cold side by the advection

@ Springer

mechanisms. Hence, the temperature field of the fluid does
not face a significant change with the parameter of H. More-
over, as the H parameter changes to 1000, the strength of
streamlines increased, due to the increase in the suspension
mobility resulting from a rise in the fluid temperature. Fur-
thermore, the incremental change in the Hs lightly narrows
the phase change zone.

Finally, it can be observed that an increment in Rayleigh
number (a comparison between the second and third rows
of Fig. 3) intensifies the distortion of the isotherms of the
fluid and solid phases, predicting the augmentation of the
heat transfer rates. A detailed look in the temperature fields
demonstrates that the temperatures diminish while increas-
ing the Ra. The Rayleigh number deputizes the buoyancy
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Fig.4 Effect of the eccentric-
ity of the hot cylinder of the
isotherms of the solid phase
(6,), isotherms of fluid phase
(6,p), streamlines (¥) and
heat capacity ratio contour
(Cr);aEc=0.58,b Ec=0.0
and ¢ Ec=—0.58 at Ra=10°,
Da=0.01, $=0.03, 6;,=0.1,
H=10, Ste=0.2, £=0.9 and
Rr=25

force. Hence, it is evident that the flow strengthens with the
Ra, as shown in Fig. 3c. The phase change ribbon became
thinner and shifted upward at the higher value of Ra. High-
temperature gradients produce a thin phase change ribbon
of NEPCMs and vice versa.

Figure 4 shows the effect of eccentricity (Ec) on the iso-
therms for solid phase, isotherms for fluid phase, stream-
lines and heat capacity ratio (Cr). It can be seen that the
position of the hot inner cylinder significantly affects the
distribution of isothermal lines, streamlines and the phase
change field of the NEPCM particles. When the hot cylinder
shifts downward, the temperature gradients between the hot
cylinder and the porous matrix are higher, leading to the
augmentation of the heat transfer rates and the flow strength.

Also, as the column of Cr shows, the phase change zone
moves downward along with the hot cylinder and becomes
thinner. Considering the flow paths and the position of the
phase change zones, it can be concluded that the minimum
number of the NEPCM particles undergoes the phase change
when Ec=—0.58.

Figure 5 shows the effect of changing the Darcy number
on the governing fields of the suspension flow. Decreas-
ing Darcy number suppressed the strength of the suspen-
sion movement; therefore, the maximum stream function
decreases from || ., = 113.12t0|¥|,,.x = 29.36 with vary-
ing the Darcy number from 0.1 to 107>, As a matter of fact,
decreasing the Da declines the permeability, resulting in the
augmentation of the hydrodynamic losses. Corresponding to

max
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Fig.5 Effect of Darcy number
(Da) on the isotherms of the
solid phase (6,), isotherms of
fluid phase (6,;), streamlines (‘¥)
and heat capacity ratio contour
(Cr);aDa=0.1,b Da=0.01
and ¢ Da=0.001 at Ra= 10°,
$=0.03, 6,=0.5, H=10,
Ste=0.21, =09, Ec=-0.67
and Rr=2.5

the flow fields, the reduction in the Darcy number causes the
distortion of the isotherms of the fluid and solid phases to
diminish, which means the decrease in the heat transfer rates.
Also, it is clearly evident that the triple zones of the melting,
solidification and phase change are significantly affected by
the Darcy number. When the Da is high (Da=0.1 and 0.01),
the isothermal area around the isotherms corresponding to
the fusion temperature is large, leading to the formation of
a thick phase change zone. It should be noted that the thick-
ness and extension of the phase change zone, i.e., ribbon, do
not indicate the number of particles affected by the melting
or solidification. In fact, the number of NEPCM particles
experiencing the melting/solidification depends on the posi-
tion of the ribbon and the flow paths through it. Accord-
ingly, it can be said that the Darcy number does not have a
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significant effect on the number of particles experiencing
phase change.

Figure 6 illustrates the variation of the total heat transfer
with 6; for selected values of Stefan number in the range of
0.2<85¢<100. The Q, grows as the 6 increases until 6;x0.5,
and then, it decreases with increasing 6;. At 6;=0.5, the
heat absorption by the core of NEPCM near the hot inner
cylinder wall and heat release near the cold outer cylinder
wall reaches a maximum rate; therefore, the maximum total
heat transfer can be achieved. The results show that the total
heat transfer increases with the decrease in the Stefan num-
ber. A maximum value of total heat transfer was obtained
for the lowest value of the Stefan number (Ste =0.2). This
is due to the reverse relation between latent heat and Stefan
number, as shown in Eq. (22). So, when the Stefan number
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Fig.6 Variation of total heat transfer (Q,) with 6; for different values
of Ste at Ra=10° Da=0.001, ¢=0.05, H=1, £=0.9, Ec=0.3 and
Rr=25
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Fig.7 Variation of total heat transfer (Q,) with 6; for different values
of volume fraction (¢) Ra= 10°, Da=0.0001, H=1, Ste=0.2, £=0.9,
Ec=0.67 and Rr=2.5

adopts a low value, the latent heat in the core of NEPCMs is
at the highest value, which improves the energy storage and
the heat transfer rate to the highest level. When Ste — o0, it
means the zero latent heat of NEPCMs. (No phase change
occurs.) At a high value of the Stefan number (Ste =100),
the total heat transfer is constant and equal to 0,=9.191 for
all 6.

Figure 7 depicts the variation of total heat transfer with
0; for different values of the nanoparticle volume fraction on
NEPCM. The maximum Q, occurs at §;=0.4 and minimum
0, at ;=0.95. Also, the enhancement heat transfer rate is
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Fig.8 Variation of total heat transfer (Q,) with 6; different radius
ratio (Rr) at Ra=10°, Da=0.01, $=0.05, H=1, Ste=0.2, £=0.9 and
Ec=-0.67
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Fig.9 Variation of total heat transfer (Q,) with 6; at different values
of interface heat transfer coefficient (H) at Ra=10° Da=0.0001,
$=0.05, Ste=0.2, £=0.9, Ec=-0.67 and Rr=2.5

obtained for the highest value of volume fraction ¢p=0.05 at
0;=0.4 compared to the pure host fluid. In fact, dispersing
the NEPCM particles in the base fluid enhances the thermal
conductivity and the effective heat capacity, leading to the
augmentation of the heat transfer conduction and advection
mechanisms, respectively.

Figure 8 shows that the increase in the radius ratio
decreases Q,. Besides, as the 6; increases, the total heat
transfer increases lightly and reaches its maximum values.
Then further increases in 6; decrease Q,, gently. Figure 9
illustrates the influence of the thermal interaction between
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Fig. 10 Variation of total heat transfer (Q,) with 6; for different val-
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£=0.8, Ec=0.3 and Rr=2.5

™

10 | === ——

cooo
LaLL

€
———8
€

107 10° 102 10™

Fig. 11 Variation of the total heat transfer (Q,) with Darcy number
(Da) for different values of porosity (¢) at Ra=10°, $=0.01, 6;=0.1,
H=1, Ste=0.2, Ec=0.3 and Rr=2.5

the suspension inside the pores and the porous matrix. The
results for the total magnitude of heat transfer are plotted as
a function of fusion temperature. The case of the high value
of H represents the strong interaction between the suspen-
sion and porous pores, which leads to a thermal equilibrium
model. As seen, when the fusion temperature is low, the
difference between LTNE and LTE models is more evident
compared to the case of high fusion temperature.

Figure 10 depicts the influence of the increase in the Ray-
leigh number on the total heat transfer for different values

@ Springer

of 6;. An increase in the Ra augments the buoyancy force,
leading to the increment of the Q,, as depicted in Fig. 10.
The variation of the total heat transfer rate with 0 is higher
at the Rayleigh number of 10° compared to the other values
of the Rayleigh number. This is due to that the heat capac-
ity, including the latent heat in the advection term of the
energy equation, is more effective at the higher value of Ra.
A comparison among Figs. 6—10 shows that the maximum
heat transfer rate does not occur in a specified fusion tem-
perature, and this depends on the other parameters such as
the Ra, Da and Ec. In fact, the position of the phase change
zone and the flow paths passing through it, which depends
on the parameters such as the Ra, Da and Ec, determine
the fusion temperature corresponding to the maximum heat
transfer rate.

Finally, Fig. 11 represents the relation between the total heat
transfer and the Darcy number for the various values of poros-
ity. Generally, the total heat transfer increases with increasing
Darcy number and porosity. Also, the higher the amount of
porosity, the higher the dependency of the Q, to the Da.

Conclusions

The influence of the nano-encapsulated phase change
materials (NEPCM) on the natural convection in a porous
annulus has been explored, and the primary outcomes can
be summarized as below:

e Using NEPCMs in porous media has improved the heat
transfer rate since improving the thermal properties of
the base fluid, such as thermal conductivity and heat
capacity.

e The critical factor in the enhancement of heat transfer
is the dimensionless temperature of fusion (6;). As (6;)
equal to the temperature of cold or hot walls, the heat
transfer rate is minimal. Deviation of the fusion tempera-
ture (6;) from wall temperatures augments the heat trans-
fer rate. The optimum value of the fusion temperature
(6¢) for the highest heat transfer depends on the other
parameters such as Ra, Ec and Da.

e Increasing Darcy number (Da) and porosity (&) lead to
a convection heat transfer dominant regime and improve
the total heat transfer rate.

e The eccentricity of the hot inner circular cylinder pro-
vides a significant influence on the strength of flow cir-
culation and heat transfer. The outcome displays that the
highest average Nusselt number is observed when the
inner cylinder is positioned at the bottom portion of the
domain.

e Radius ratio (Rr) parameter is essential for the control of
the heat transfer rate in annulus porous NEPCMs.
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