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Abstract

A detailed knowledge of the melting and solidification of a suspension of Nano-Encapsulated
Phase Change Materials (NEPCM) is essential to analyze the thermal behavior of the PCM
materials. This study investigates the convective heat analysis of NEPCM suspensions during the
solidification and melting process in a porous domain. The inner cylinder of the eccentric annulus
is used as a thermally active wall for charging and discharging the suspension while an adiabatic
condition is used at the outer wall of the cylinder. The thermal behavior of the suspension
comprising nano-encapsulated PCM is analyzed throughout the melting and solidification process.
The PCM core fusion temperature and eccentricity of the annulus affect the thermal performance.
The overall heat transmission decreases when the PCM core fusion heat approaches to the
suspension temperature. An increase in thermal convection between the nanofluid and porous
matrix reduces the Nusselt number in the liquid but increases the heat transmission in the porous

foam. An increase in Stefan number enhances the heat transfer in the enclosure.

Keywords: Nano-capsulated PCM; Natural convection; Nano-encapsulated phase change

particles suspensions.



1. Introduction

The energy consumption is increasing with the industrialization and Energy Information
Administration (ETA) predicts a 50% rise in the overall energy uses by 2050 [1]. petroleum and
other liquids (200 quadrillions Btu), coal (about 210 quadrillions Btu), natural gas (about 140
quadrillion Btu) is significantly higher than renewable energy (about 100 quadrillions Btu) [1].
The increasing use of natural energy resources is the leading mechanism of climate change and
global warming, and it is expected a rise of global warming ranges from 1.1°C to 6.4°C by 21%
century [2]. The limited resources of natural energy and its negative impacts on the environment
influence the researcher to think about a more sustainable energy system, which is renewable solar
energy. EIA predicts a 3.1% increase of the renewable energy consumption per year from 2018 to
2050, while 2.1% increase from other sources (0.6% petroleum, 0.4% coal and 1.1% natural gas)
[1,2]. However, renewable solar energy is not always available, and the key challenge is to develop

an effective and efficient thermal management system.

Scientists over the last few decades applied different approches to store the thermal energy in
various systems [3-5]. The latent energy storage technique is found more efficient and effective
for solid-liquid transition due to its phase-change ability, small volume, and compactness [6]. The
thermos-physical properties of the Phase Change Material (PCM) make heat storing system more
efficient than other storage systems. However, the solidification and melting method of the latent
heat process is reported low due to the lower thermal conductivity of the PCM materials [7]. A
wide range of studies have used different techniques to enhance the heat transfer process of PCM
[8-10]. Nano-encapsulation technique is reported efficient for the thermal management during the

melting and solidification of the PCM materials [11].



Dispersing PCM nanoparticles, NEPCM, in a liquid is a novel approach to rise the heat
capacity of a working fluid [12]. A few numbers of studies analyzed the melting and solidification
process for PCM dispersed in a liquid and reported the thermal behavior of the working liquids
[13-15]. However, many recent publications addressed the heat transfer of nanofluids [16-18] in
enclosures. The similarity between NEPCM-suspensions and nanofluids is both are liquids
containing stabilized nanoparticles. In nanofluids, the nanoparticles are always in the solid phase
and do not undergo a phase transition, while the NEPCM particles in a NEPCM suspension can
undergo a phase transition and absorb latent heat. A buoyancy-driven numerical approach
investigated the thermal performance of a NEPCM suspension and investigated the contours of
phase change in an enclosure [15]. Sheikholeslami et al. [19] investigated the convective heat
transfer of magnetic nanofluids in a porous domain. Their results showed that the heat conduction
model and shape of nanoparticles are the key controlling parameters. An analytical study employed
a cylindrical enclosure and analyzed the melting and solidification process during volumetric heat
generation [20]. The study analyzed the melting time variation for different radiuses of the
cylindrical enclosure during heat generation and reported that the thermal storage ability is higher
for positive and negative heat generation. An experimental study synthesized the nano-
encapsulated PCM (palmitic acid and Si0O») via the sol-gel approach and analyzed the solidification

and melting process [21].

The heat transfer of the water-nano-encapsulated PCM was examined in a square
computational domain. The left wall of the domain was exposed to a transient oscillating
temperature. The study reported that a greater heat of the PCM core enhances the thermal
performance of the system. A Lattice Boltzmann based study analyzed the convective melting

process of nano-encapsulated PCM in a semicircular domain and reports that a higher volume of



the nanoparticle increases the thermal ability of the PCM [22]. Double diffusive heat transfer of
NEPCM suspensions was examined in an astroid-shaped cavity [14]. The results showed that the

Stefan number could effectively influence the heat transfer in the enclosure.

The cylinder enclosures are of great importance in industrial and domestic applications such
as solar collectors, chemical reactors, and thermal energy storage units. The cylindrical enclosures

were investigated for typical liquids and nanofluids in some recent studies [16, 23, 24].

The cylindrical annulus enclosures provide an excellent geometry for thermal energy storage
since the working fluid can flow in the inner annuli and charge or discharge the enclosure.
Moreover, the presence of a metal foam provides an extended surface that could enhance the
charging/discharging of NEPCM particles through the interaction between the suspension and the
porous matrix. Thus, the current geometry filled by a metal foam is an excellent choice for thermal
energy storage applications. Since, an important aspect of using NEPCM suspensions is the un-
steady heat transfer and energy storage effect of the phase change particles, the present study aims
to investigate the un-steady phase change energy storage and heat transportation of NEPCM-
suspension in an annulus field packed with a porous medium for the first time. Due to the high
thermal conductivity of metal foams, the local thermal non-equilibrium effects, using the two-heat

equation model, were taken into account.

2. Problem physics

2.1 Physical model

A 2-D porous annulus is saturated with a water-NEPCM suspension. The problem physics is

demonstrated in Fig. 1. As indicated in Figs. 1 (a) and (b), heated (7}) or cooled (7¢) condition is



used at the location (0, e) for the inner cylinder. However, the outer wall is subject to zero heat
flux. The suspension temperature initially can adopt 7¢ or 7 upon the inner surface temperature.
Hence, it is clear that the particle's core undergoes phase change. The radius ratio of the system is

r, /1, . The core and shell of the particles are respectively nonadecane and polyurethane (PU).

Aluminum foam is used for the solid matrix of the porous system. The local thermal non-
equilibrium (LTNE) condition is assumed to be established. The solid matrix and suspension
comprising components properties are provided in Table 1. The latent heat of the NEPCMs core
is 211 kJ/kg and the phase change temperature is 32 °C [25]. Due to the symmetry of the model a
half of the enclosure was selected as the computational domain, which is depicted in Fig. 1(c).
Excluding the density in the momentum source, the characteristics of the liquid are considered to
be constant. The impact of the buoyancy phenomenon is applied through the Boussinesq

approximation.

2.2. The model formulation

The equations demonstrating thermal and hydrodynamic behavior of the laminar suspension

have been listed below:
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It is worth noting that the heat capacity term in Eq. (3a) contains a temperature dependent term
representing the phase change of nanoparticles which is introduced in the next section. Moreover,

nf and s of the above equations refer to the nanofluid and the solid matrix, respectively.

The boundary conditions are:

)cz+(y—e)2 =1, t>20 > u=v=0,
Atactive wall: V' x, y, t |(Heat charge of NEPCM particles:T,, =T, =T, (4-a)
Heat discharge of NEPCM particles: T, =1, =1,

o7,
x2+y2=r02,t20:>u=v:0,—"f:a—jz‘z() (4-b)

At adiabatic wall:  V x, y, ¢
on on

oT,, oT, _
Oox ox

Symmetry line: V oy, t|x=0,u=0, 0 (4-¢)

Also, the initial condition is as follows:

r,z <x2+(y—e)2<r02,t=0 =u=v=0,
Initial condition V x, y, ¢ {Heat charge of NEPCM particles:T,, =T =1, (4-d)

Heat discharge of NEPCM particles:nf K

2.3. Suspension properties

The suspension's density is evaluated as a weighted function of the base fluid and NEPCM

particles [26]:



p,=(1-9)p, +¢p, (5)

The f and p subscripts indicate the base fluid and the particles, respectively. The particle's

density is assessed as [27]:

1+
pp :( )pcpsh (6)
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Here is the density and subscripts of s# and ¢ are the shell and particles' core, respectively.
The symbol 1~0.447 [25] shows the 1 is the core to the shell weight ratio. The specific heat capacity

of the suspension can be calculated as [28, 29]:
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In the absence of the phase change, C represent the particles sensible heat capacity, and

pef .p

c,, [27]:
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The latent heat of change phase could be taken into account as a part of the particles' sensible

heat capacity [26, 30]:
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The volumetric thermal-expansion coefficient for the suspension is evaluated as [29]:



B, =8B, +(1-9) B, (11)

2.4 Normalized governing equations

To normalize the equations and the corresponding boundary conditions, the transforming

variations are utilized:
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The parameters in the transformed equations (17) and (18), Rayleigh number Ra, Prandtl

number Pr, and Darcy number Da, respectively, are:
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It is assumed that the particles and host share a same thermal expansion coefficient, and

accordingly, B. ~1.
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The term H(O-0,¢) indicates the heat transfer between the solid porous medium and the

NEPCM suspension inside the pores. Following Barlak et al. [25], k. =1.24 and ux,=1.5 can be

estimated. Here, Cr denotes the ratio of the heat capacity of the suspension to the sensible heat

capacity of the liquid. The following non-dimensional parameters

5=h, A= (Cp,c +lcp,sh)pcpsh ’ Ste = (pCp)bf AT(,OSh +lpc)

AT (pC,), (P +ip) by PPy

(23)

indicate the non-dimensional melting interval (), sensible heat capacity ratio (1), and Stefan
number Ste. The Stefan number compares the temperature-difference times heat capacity (apparent
heat) to the latent heat of fusion. Thus, a large value of Stefan's number indicates the latent heat of
fusion is not significant compared to the sensible heat. In the present study, the Stefan number is
smaller than unity, indicating the importance of the latent heat of particles. The dimensionless

phase change function, f, is defined as:

10
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Here, 6y is the non-dimensional fusion temperature:
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The energy balance equation for the solid matrix in the dimensionless form is achieved as:

2 2
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According to the data presented in Table 1, K, =334.42. Eventually, the transformed conditions

were achieved:

X*+(Y —E,) =R}, t>20=U =V =0,
Atactivewall: VX, Y ,7 | (Heat charge of NEPCM particles 0, =60 =1 (24-a)
Heat discharge of NEPCM particles : 0,, =6, =0

06, 00
At adiabatic wall: VX, Y,z [X*+Y * =R}, 120 =U =V =0, 7”/{—: . s =) (24-b)
n n
| 20, 00
Symmetry line: VY,7|X=0,720=>U=0, —=—2==0 (24-c)
oX oX
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R <X*+(Y-E) <R, 1=0=U=V=0,
Initial condition V X, ¥,z | [Heat charge of NEPCM particles: 60, =6, =0 (24-d)
Heat discharge of NEPCM particles: 6, =6, =1

Considering the initial condition presented in Eq. (24-d), the nanoparticles are super cold in the
case of heat charging and superheat in the case of discharging conditions. The initial concentration
of nanoparticles is also controlled by the parameter ¢ specified in the caption of figures in the

results section.

The Nusselt numbers on the inner circular wall are evaluated as:

00, .
Nu,, =k, (—L) (25-a)
' ” on 2 2_p2
X24(Y —E,. ) =R;
00,
Nu, =K, (—j (25-b)
on )2y g y-r?
The Nusselt numbers averaged over the walls are determined as:
1 T
Nu,, = —INunf,,da) (26-a)
4 0
1 T
Nu, == Nu, do (26-b)
T 0
The overall heat transfer, O, , is also evaluated as:
O, =Nu,, x&+Nu x(1-¢) (27)

The time-averaged heat transfer rates can be defined as follows:

12



Nu,, L [ Nu,dr (28-a)
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1 Tma\‘
0,.,=— | 0dr (28-c)
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The streamlines were also introduced in the usual way.

3. Numerical approach, mesh check, and verifications
3.1. Numerical method

The governing equations and the boundary conditions were implemented in COMSOL (Ver.
5.4) software and integrated by means of the Finite Element Method (FEM). User-defined
functions implemented the phase change equations. The quadratic Lagrange shape functions were
used for the heat and momentum equations. The heat equations and momentum equations were
treated as fully coupled. Then, the Newton method, with a damping factor of 0.9, was employed
to numerically solve the corresponding algebraic equations with a relative error of 0.005. This
relative error provides only a 0.5% error in computations, which is acceptable for most engineering
applications and graphical representations of the results. The following specifications were
employed in the model and solver to obtain an accurate converged solution. Cr term and f were
introduced by user-defined functions as variable terms. The stream function for computation of
streamlines was defined using nojac function to isolate its impact on the governing equations

during a multi-physics coupled process. Dirichlet boundary condition of zero streamline value at
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the boundary conditions was employed in the streamline function. The backward differentiation
formula was used for automatic time step control. The Jacobian update was set to once per time
step; the maximum number of iterations for each time step was 25 with a tolerance factor of 0.5

and memory allocation factor of 1.2.
3.2. Mesh test

Here a non-uniform quad mesh was utilized to discretize the domain of the solution. The
accuracy of the obtained solution was tested by repeating the computations for several mesh sizes.
The meshes were dense next to the walls and stretched toward the core region of the cavity with
an element ratio of 10. The constructed mesh with a size of 100x100 is exhibited in Fig. 2. The
critical case of the highest Rayleigh number and Darcy number was selected as the mesh study.
Table 2 shows the specifications of selected meshes and the corresponding computational times.
The computations were performed for the following set of non-dimensional parameters Ste = 0.2,
Da=10"% R,=2.5,1=032, E.=-0.75, H=100,c=0.95, 05 = 0.5, $ = 0.04, Pr=6.2, k, =1.24
, :=1.5, and Ra = 10”. The computed results for average Nusselt numbers of the suspension phase
and porous matrix are plotted in Fig. 3. As seen, the results for various mesh sizes are almost
identical. The key parameter of the present model is the phase change of nanoparticles in the
enclosure. Hence, the impact of mesh size on the phase change region was investigated in Fig. 4
for two non-dimensional time steps of 7=0.007 and =0.03. As seen in Figs. 4(a)-(c), the phase
change region of 1=0.007 cannot be captured with the coarse meshes of I-1II, and there are some
discontinuities. These observed discontinuities are due to the poor resolution of coarse meshes,
which cannot properly explore the narrow phase change regions. Fig. 4(d) depicts no discontinuity
in phase change regions, and hence, its corresponding mesh, i.e., Case IV, due to better mesh

quality than other cases, could be adequate for computations. Thus, by considering the outcomes

14



of Table 2, Figs. 3 and 4, the mesh of Case IV was selected for computations with acceptable

accuracy and reasonable computational costs.
3.3. Verifications

By making comparisons to theoretically and experimentally studies in the field, the validity
of the simulations was verified. The localized heating transfer was compared to a research by
Baaytas and Pop [31] for a pure fluid with no nanoparticles. The localized heating transfer was
compared to a research by Baytas and Pop [31] for same instance as shown in Fig. 5, and there
was a great deal of consistency. The study of Baytas and Pop was a non-dimensional study for a
range of potential temperatures and working fluids. Thus, the computations were executed for the
same conditions as [31]. As depicted in Table 3, the heat transfer of nanofluids was also compared
with the study of Kahveci [32] for the natural convection of water containing nanoparticles in a
clear square cavity with no phase change. The Nusselt number was computed for the case of Ra =
1E6, Pr =0.62E1, Nv = 2.88, and Nc = 3.3. These values of Nc and Nv are corresponding to
Brinkman and Maxwell models of dynamic viscosity and thermal conductivity of the study of
Kahveci [32] for selected nanoparticles. The average Nusselt number for 5% of alumina
nanoparticles was obtained as 9.78, while in the present study, it was computed as 9.77. The
transient heat transfer rate was compared with the study of Kalabin et al. [33], and found in very
good agreement (Fig. 6). Kalabin et al. [33] numerically studied the transient natural convection
flow in an inclined square domain with time-sinusoidal temperature. Finally, the natural
convection heat transfer in an annulus enclosure was compared with the experimental study of
Kuehn and Goldestein [34] for a clear fluid. As can be seen from Fig. 7, the computed temperature

patterns are very close to the measured ones.
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4. Results and discussion

The goal of the current study is to analyze the fundamental thermo hydrodynamic behavior
of the NEPCM-suspension in an eccentric annulus. Taking into account the reported findings of
Barlak et al. [25], the suspension to base fluid's thermal conductivity ratio could be estimated as

1.24 when ¢ =0.04. Also, the dynamic viscosity's ratio is 1.5 for the same concentration.

Moreover, the sensible heat capacity ratio was chosen as A=0.32 [25], the radii ratio, R, = 2.5,
Rayleigh number, Ra = 107, Darcy number Da = 10™* are considered to be fixed. The simulations
were commenced for the alterable parameters of the Stefan number 0.2 < Ste < 1, non-dimensional
fusion temperature 0.05 < 65 < 0.95, interfacial heat transfer coefficient, 1 < H < 100000,
eccentricity -0.75 < E. < 0.75, the volume concentration of NEPCM particles ¢ = 0.0 and 4%, and

porosity, e =0.95 and 0.97.5.
4.1. Melting heat transfer

First, the thermal and flow behaviors are studied when the inner cylinder is heated and the
NEPCM core is undergoing a melting process. The outlines of the heat capacity ratio Cr and the
streamlines in the cavity are depicted in Fig. 8 at different instants. As the Cr contours shows, the
domain is divided into two regions. One is in the colored ribbon, and the other is out of that. Out
of the ribbon, Cr is the sensible heat capacity of the nanofluid to that of the base fluid, and in the
colored ribbon, Cr is the effective heat capacity, including the latent and sensible heat, to the
sensible heat capacity of the base fluid. 0.97 refers to the value of Cr out of the colored ribbon in
which the core of the nano-encapsulated phase change material is fully melted or completely in

the solid phase.

The fluid surrounding the inner hot cylinder absorbs the heat and moves up due to the

buoyancy effect while the cold fluid travels to bottom, and a circulating convective flow occurs.
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This results in a recirculation zone covering the whole cavity with a concentration of the

streamlines near the inner cylinder.

It can be seen that, initially, the flow intensifies due to the pressure difference between the
hot and cold zones of the fluid, then the intensity of the flow diminishes when most of the fluid is
heated, and the temperature is becoming uniform. Additionally, it should be noted that the red
zones in the Cr contours correspond to the zone in which the NEPCM core undergoes melting. It
is shown that as time goes by, the melting zone moves from the inner cylinder towards the outer
one before finally vanishing. In fact, the PCM core melts when the surrounding temperature is
close to the fusion temperature . In this figure, 65 = 0.5. As the fluid is progressively heating in
the cavity, its temperature is increasing from 0 to 1, and the zone corresponding to 6y, is shifting
according to the temperature of the fluid. Finally, when the temperature of the fluid in the whole

cavity increases higher than 6y, all the NEPCM core is melted, and the phase change ceases.

In addition to the Cr contours, Fig. 8 shows the streamlines in the cavity. It can be seen that a
recirculation cell covers the whole cavity, indicating that a convective flow is taking place. In fact,
the fluid in the vicinity of the hot cylinder is heated and undergoes a decrease in density, resulting
in circulation in the upper direction. The cold fluid above then circulates downwards, gets heated,
and goes upwards again. This circulation cycle leads to the recirculation cell observed in the
enclosure. It is also noted that the intensity of the flow initially increases when the discrepancy
between the hot and cold fluids is at its highest. This intensity then decreases after the fluid mixing

and goes towards thermal equilibrium.

Fig. 9 shows the isothermal contours of the NEPCM suspension 7;rand of the solid matrix 7
at different instants. It is clear that the temperature increases progressively in the fluid and in the

solid matrix, as indicated by the stratified isotherms, which are originally compacted close to the
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inner cylinder as the heat source, then shifting away. The isotherms of 7,rand 7§ corresponding to
low temperatures disappear with time as most of the fluid is heated. Nonetheless, it can be seen
that at the same position in the cavity, 7,ris lower than 7, indicating that the heat is being
transmitted faster in the metal foam than in the suspension, and thermal non-equilibrium is
achieved. Indeed, when the NEPCM core melts, it absorbs heat without raising its temperature,
which contributes to the thermal non-equilibrium among the solid matrix and fluid phase, mainly

in the phase change region.

The temporal variation of the Nusselt numbers Nu,rand Nusy is plotted in Fig. 10 for different
values of the fusion temperature of the NEPCM core 6. It is clear that both Nu,rand Nuy are
initially at their maximum where the heat transfer is very active, then decrease substantially with
time as the fluid in the cavity is heated, and the temperature difference in the cavity is diminishing.
The effect of 65 on the two Nusselt numbers seems inconsiderable, as Nu; slightly rises with the
increase of 0y, while Nu,ris minimum when 6y, is close to 1 and 0, i.e., the maximum and minimum
temperatures at the inner and outer cylinders respectively, and shows a small increase when 6y is
between 0.35 and 0.65. This is due to the fact that when the temperature is close to the hot cylinder
temperature, the phase change will be limited to the region surrounding the inner cylinder, and its
involvement in the total heat transfer will be limited. Moreover, when 6y, is very low, the time of
phase change will be limited as melting stops once the fluid's temperature in the whole enclosure

exceeds .

The temporal effect of the eccentricity £ on the variation of Nu,rand Nuy is depicted in Fig.
11. Nuyris minimum for E. = 0.75 while it is slightly higher for E.~0 (concentric cylinders) and
for E. =-0.75. In fact, when E.<0, the inner hot cylinder is located at the bottom, which intensifies

the free convection where the hot fluid rises upwards, and the cold one falls downwards. On the
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other hand, Nu; is initially at its highest for E. = 0, but later, it reaches a maximum value for E. =

0.75 when convective heat transfer diminishes.

The temporal variation of Nu,rand Nuyis shown in Fig. 12 for selected values of the interfacial
heat transfer coefficient H. In both cases, the effect of H is almost the same when its value is
increased above 20000. Nonetheless, the effect of H on the two Nusselt numbers is different. While
reducing H increases substantially the value of Nu,r over the melting period, Nus; does not show
the same trend of variation. This is related to the temperature distribution in the cavity, as seen in
the isothermal contours. As the temperature of the solid matrix is higher than that of the fluid,
increasing H raises the part of heat transmitted from the solid phase towards the fluid. The part of
the heat transmitted at the inner wall to the fluid from the overall heat transfer is thus reduced and
Nunrdecreased. Nus is very low for H = 1, but a significant rise is observed when H is increased
above 100. Nu, is maximum for the highest values of H when in the initial period (z < 0.04), and

for H = 100 when 7> 0.04.

Fig. 13 illustrates the influence of Stefan number Ste on the variation of Nu,rand Nuy as
functions of time. It is clear that both of Nu,rand Nu;are slightly higher when Ste is decreased. A
lower value of Sfe corresponds to a rise in the NEPCM's latent heat, consequently, a larger
involvement of the nanoparticles in the total heat transfer, which translates into an increase in the

Nusselt numbers.

The impact of Rayleigh number on Nu,rand Nu; as functions of time is visualized in Fig. 14.
The rise of the Ra surges the Nu,. Indeed, when Ra is increased, the buoyancy forces overcome
the viscous ones and enhances the convection effects. A similar behavior can be seen for Nu.
Nonetheless, this behavior depends on time. For Ra = 107, Nu, is maximum when 7 < 0.06, but it

becomes minimum when 7 > 0.06, where the free convection is inhibited.
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Table 4 summarizes the effects of various considered parameters on the average Nusselt
numbers Nu,rand Nus and on the total heat transfer O;.. It can be seen that for a porosity ¢ = 0.95,
Nunga 1s higher when a higher concentration of the NEPCM particles ¢ is used, but the opposite
occurs for e = 0.975. On the other hand, Nu;qrises substantially when the porosity is increased but
decreases with the rise of ¢ when the two cylinders are not concentric. Finally, it can be seen that

the total heat transfer Q. is reduced when ¢ is raised, and when ¢ is decreased.

4.2. Solidification heat transfer

In this section, the flow and heat transfer inside the annulus are considered when the inner

cylinder is cooled down and the NEPCM is solidifying.

Fig. 15 illustrates the Cr contours and the streamlines in the cavity at different instants. A
recirculation covers the cavity owing to the temperature gradient in the suspension near the inner
cold cylinder and the heated suspension away from the wall. The size of the recirculation zone and
the intensity of this convective flow decrease with time as the fluid in the enclosure cools, and the
temperature difference is reduced. Due to the reduction in the fluid temperature, which first occurs
near the inner cylinder and then transmits into the whole cavity, the zone at which the PCM core
solidifies shifts away from the inner cylinder toward the cavity center. As for the Cr contours, it is
shown that the zone at which the NEPCM core undergoes solidification shifts upwards with time.
As the fluid cools down, its temperature starts to decrease starting from the region in the vicinity

of the inner cylinder, which explains the upward shift in solidification of the PCM.

The isothermal contours of 7,y and of 7 at different instants are depicted in Fig. 16. It can be

seen that the contours were initially compacted near the inner cylinder, then became stratified,
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indicating that the temperature decrease in the fluid is gradual. In addition, the temperature of the
solid matrix is lower than that of the fluid. The PCM core solidifies at a constant temperature, so
heat is being released without temperature variation, while the heat is being transmitted in the solid
matrix without similar retardation. The solid matrix cools thus faster than the fluid, and a thermal
non-equilibrium occurs. This thermal non-equilibrium is explained by the fact that when the core
of the NEPCM undergoes solidification, it absorbs heat while remaining at a constant temperature.
This effect is not present in the solid matrix, which absorbs heat in the form of sensible heat, which

results in a faster drop in temperature compared to the NEPCM.

The variation of Nu,rand Nuy as functions of time is visualized in Fig. 17 for various 6. It
can be seen that Nu,ris slightly higher for 65 = 0.35 than for 65 = 0.65 compared to the other
values, while it is minimum for 65;=0.95. On the other hand, Nu, grows with the rise of 65 and
reaches its maximum for 65;=0.95, i.e., when 6y is almost equal to the maximum temperature.
Nevertheless, the effect of 0 on the two Nusselt numbers remains limited. This is because the
NEPCM core undergoes solidification in all cases. However, it is more limited when the fusion
temperature is very high or very low, as the time of the phase change process is relatively low

compared to other cases.

Fig. 18 depicts the variation of Nu,rand Nusas functions of time for selected values of E.. It
is shown that Nu,ris minimum for £.=-0.75, as the inner cold cylinder is located at the bottom. In
fact, the convective effects are increased when the cylinder is at the top. As the hot fluid goes up
and the cold one goes down, raising the location of the cylinder enhances this effect by adding
further cooling to the fluid in the upper region. Nonetheless, the effect of E. on Nu,ris not very

significant. A similar trend can be seen for Nuy for v < 0.05, where Nu; is at its lowest value for
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E~=-0.75, but the opposite occurs when Nu; becomes maximum for that value of E. once the

intensity of convection starts decreasing.

The temporal impact of H on the variation of Nu,rand Nusis illustrated in Fig. 19. Raising H
increases Nus but reduces Nu,s. This is due to the fact that the solid matrix is colder than the fluid
phase and so the fluid loses more heat towards the solid matrix when H is increased. The overall
contribution of the heat transmitted from the fluid towards the inner cold cylinder is then reduced,
and Nu,r decreases. In addition, a considerable change in the two Nusselt numbers is observed
when H is decreased to 1, while almost no effect can be seen when H is increased from 5000 to

10000.

The variation of Nu,rand Nu, as functions of time is plotted in Fig. 20 for selected values of
Ste. Both Nu,rand Nu, decrease as Ste grows. As mentioned earlier, a reduction on the latent heat
of the particle cores reduces the aid of NEPCMs to the overall transferred heat, and, as a
consequence, the Nusselt numbers are reduced. Therefore, when the value of Ste is reduced, the
NEPCM's latent heat is increased, which results in a higher contribution of the NEPCM to the

overall heat transfer, leading to a rise in the values of Nusselt number.

Fig. 21 illustrates the influence of Ra on Nu,rand Nusas functions of time. Increasing Ra raises the
value of Nuy;, and this rise is significant for Ra = 10" when the convective effects are very
important. On the contrary, Nus decreases with Ra and is minimum for Ra = 107. In all cases, the
slope of variation of Nusselt number is initially very high, then decreases with time. Indeed, the
heat transfer is most active in the first stage, where the temperature difference in the cavity is at its
highest, and the convective effects are maximized. As soon as the convective flow takes place, the
temperature difference inside the enclosure is reduced, which diminishes the convective effects

and consequently the heat transfer. This results in the change of the slope of Nu as observed.
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The effects of various parameters on Nuura, Nusa and Q;, are summarized in Table 5.
Increasing ¢ from 0 to 0.04 raises Nunra and Nus, for all the values of the other parameters.
Similarly, both Nu,z, and Nug, rise as porosity growth, which is due to the decline of the dynamic
resistance of the solid matrix and intensification of the free convection. However, it is clear that
Nug is several orders of magnitude greater than Nu,;, which leads to a decrease in Q;, when ¢ is
raised, for the contribution of the heat transfer in the solid matrix will be lower according to
equation (30). In addition, Q;. increases for a higher value of ¢. Of course, for a higher value of ¢,

more NEPCM particles are included and contribute to the heat transfer enhancement.
S. Conclusion

The thermal performance and energy storage of NEPCM hybrid nanofluids were modeled and
explored in a porous annulus enclosure. The two-energy equation model, one equation for the heat
transfer in the suspension and one equation for the heat transfer in the porous matrix, was used to
model the thermal behavior of the hybrid nanofluid and the porous medium. The phase change
NEPCM-particles suspended in the host fluid was modeled as a temperature-dependent variable
heat capacity. The impact of using NEPCM particles on the stored/released energy and the heat

transfer was discussed in detail. The following conclusions can be drawn from the present study:

e The fusion temperature 6, of the NEPCM core moves the region of phase change inside
the cavity, as melting and solidification occur when the surrounding temperature is close
to 6. Heat transfer in the suspension is thus affected by 6y,. The heat transfer is lower when
6y 1s very close to the temperature of the inner cylinder or to the initial temperature of the
suspension.

e Changing the location of the inner cylinder by varying the eccentricity E. affects the

mechanism of the free convection in the cavity. In the case of melting (hot inner cylinder),
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heat transfer is diminished when E. > 0, i.e., when the inner cylinder is displaced toward
the top. On the other hand, heat transfer is improved when E. > 0 in the case of
solidification.

e Reducing the interfacial heat transfer coefficient H enhances heat transfer in the fluid
suspension and inhibits it in the solid matrix. This is due to the local thermal non-
equilibrium and the temperature difference between the two phases leading to interfacial
heat transfer between the two phases. In addition, increasing H above a certain limit (5000
in the current study) seems to have no additional effect on thermal behavior.

e Using a lower value of Stefan number, Ste, indicates a larger latent heat of the NEPCM
core, and as a result, it leads to a higher participation of the NEPCMs in the overall heat

transfer, which is finally translated by heat transfer enhancement.
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List of tables

Table 1 Thermophysical specification of the utilized material [25]

Material p (kg/m. s) B (K" C,(JKgK) k(WmK) p (Kg/m')
Host fluid 8.9x10* 21x107 4179 0.613 997.1
PU -— 17.28x10° 1317.7 -— 786
Nonadecane — — 2037 — 721
Solid matrix — — 897 205 2700
Table 2 Grid check detail
Cases Case I Case 11 Case III Case IV" Case V Case VI
Size of cases 100x100 150%x150 200x200 250%250 300x300 400x400
Run time 20min 1s 43min 19s 81min 14s 178min 3s 540min 50s 874min 23s

* is the selected mesh size for computation of the results section.

Table 3 The average Nusselt number obtained in the present study and those reported by Kahveci [32]

¢ 0 0.05
Kahveci [32] 9.23 9.783
Current investigation 9.20 9.76

25

0.1
10.297
10.3



Table 4 Impact of the dimensionless variables on Nu,rand Nu, for melting state when Da = 107,

Rr=2.5,1=0.32, H= 5000, 05= 0.5, Pr= 6.2, Ste = 0.5, and Ra = 10’

¢
Variables
0.00 0.04
& E. Nunf,a Nus,q Qt,a Nunf,a Nus,q Qt,a
0.95 -0.75 1.3638 126.53 7.6220 1.8979 74.743 1.9341

0.00 1.3794 142.04 8.4123 1.6355 147.79 2.9430
0.75 1.3512  120.94 7.3308 1.6143 69.760 1.6695
0.975 -0.75 2.7904 266.21 8.4009 1.3937 225.55 4.2798
0.00 3.0303 27236 9.0136 2.1753 291.46 5.4074
0.75 2.6229 200.82 7.5778 1.2464 190.08 3.2443

Table 5 Influence of the particles concentration, porosity, and the cylinder location on Nu,rand
Nus for solidification state when R,= 2.5, 1 = 0.32, H = 5000, 65, = 0.5, Pr= 6.2, Da = 10*, Ste =

0.5,and Ra = 107

¢
Variables
0.00 0.04
e E. Nunf,a Nus,q Qt,a Nunf,a Nus,q Qt,a
0.95 -0.75 1.2934 155.82 9.0197 1.5364 168.00 9.8594

0.00 1.3217 161.28 9.3198 2.7127 172.25 10.239
0.75 1.2658 157.96 9.1293 1.5230 17236 10.065
0.975 -0.75 1.6146 261.53 8.1126 1.8631 281.52 8.8544
0.00 1.7592  302.82 9.2856 2.1072 32596 10.204
0.75 1.7975 277.06 8.6791 1.9979 315.25 9.8293
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Fig. 1 Physical model and geometry details for NEPCM particles at (a): heat discharge, (b): heat

charge states, and (c¢): computational domain
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Fig. 2 Schematic of the constructed mesh size of 100%100.
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Fig. 3. The variation of (a) Nu,rand (b) Nu, for various cases of grid size when Pr=6.2,
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(a) (b) (c) (d) (e) ®

Fig. 4. Heat capacity ratio for various values of (a) Case I, (b) Case II, (c) Case III, (d) Case IV,

(e) Case V and (f) Case VI in specific non-dimensional times 7 = 0.007 and 7 = 0.03 when Pr =

6.2, Da=10*R,=2.5,1=0.32, E.=-0.75, H=100, ¢ = 0.95, 0= 0.5, ¢ = 0.04, Ste = 0.2, and
Ra =10’
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Fig. 5. The results of the present work and represented in [31]
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Fig. 6. Transient Nusselt numbers of the study conducted by Kalabin et al. [35] and present

work

Fig. 7 The temperature distribution in an annulus cavity computed in the present study (left)
and the experimental measurement of [34] (right) when Ec = 0, ¢=0, Ra = 2.33ES5, Pr=0.706.
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Fig. 8. The snapshots of heat capacity ratio contour and streamlines for melting state on (a) 7 =
0.005, (b) z=0.01, (c) r=0.03 and (d) = 0.06 when Da = 10*, R, =2.5, 1= 0.32,, Ste = 0.2, E.
=-0.75, H= 100, ¢ = 0.95, 5, = 0.5, ¢ = 0.04, Pr = 6.2and Ra = 10’
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Fig. 9. The Temperature contour of 7,rand 7§ during times for melting state on (a) = 0.005, (b)
7=10.01, (¢) 7= 0.03 and (d) 7= 0.06 when Da = 10*, R, =2.5,1=0.32, E.=-0.75, H= 100, ¢ =
0.95, 03 =0.5, ¢ = 0.04, Ste = 0.2, Pr=6.2, and Ra = 10’
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Fig. 10. The temporal various dimensionless fusion temperature for melting state on (a) Nu,s (b)
Nus when Da = 10*, R, =2.5,).=0.32, E.=-0.75, H= 100, ¢ = 0.95, ¢ = 0.04, Ste = 0.5, Pr =
6.2, and Ra = 10’
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Fig. 11. The effect of various values of eccentricity for melting state on (a) Nu,s (b) Nus during
non-dimensional time when Da = 10, R, =2.5, 1= 0.32, H=100, ¢ = 0.95, 83, = 0.5, ¢ = 0.04,
Ste = 0.5, Pr=6.2, and Ra = 10’
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Fig. 12. The effect of various values of interfacial heat transfer coefficient for melting state on
(@) Nuns (b) Nuy during non-dimensional time when Da = 10%, R, =2.5,A=0.32, E.=-0.75, ¢ =
0.95, 65, = 0.5, ¢ = 0.04, Ste = 0.5, Pr=6.2, and Ra = 10’
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Fig. 13. The effect of various values of Stefan number for melting state on (a) Nuyy(b) Nus
during non-dimensional time when Da = 10*, R, =2.5, A =0.32, E. =-0.75, H= 100, ¢ = 0.95,
0u=0.5,4=0.04, Pr=6.2, and Ra = 10’
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Fig. 14. The effect of selected values of Rayleigh number for melting state on (a) Nuys(b) Nus
during non-dimensional time when Da = 10*, R, =2.5, 1= 0.32, E. =-0.75, H=100, ¢ = 0.95,
67 =0.5, ¢ =0.04, Ste = 0.5, and Pr=06.2.
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Fig. 15. The snapshots of heat capacity ratio contour and streamlines for solidification state on
(a) 7= 10.005, (b) 7= 0.01, (c) t=0.03 and (d) = 0.06 when Da = 10*, R, =2.5,A=0.32, E. = -
0.75, H=100, ¢ = 0.95, 05, = 0.5, ¢ = 0.04, Ste = 0.2, Pr=6.2, and Ra = 10’
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Fig. 16. The Temperature contour of 7,y and 7, during times for solidification state on (a) 7=
0.005, (b) z=10.01, (c) r=0.03 and (d) 7= 0.06 when Da = 10*, R, =2.5, 1= 0.32, E.=-0.75, H
=100, &= 0.95, 05 = 0.5, ¢ = 0.04, Ste = 0.2, Pr=6.2, and Ra = 10’
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Fig. 17. The temporal various dimensionless fusion temperature for solidification state on (a)
Nutyy (b) Nug when Da = 10*, R, = 2.5, =0.32, E. = -0.75, H= 100, ¢ = 0.95, ¢ = 0.04, Ste = 0.5,
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Fig. 18. The effect of various values of eccentricity for solidification state on (a) Nu,s (b) Nus
during non-dimensional time when Da = 10, Ste = 0.5, R, = 2.5, A =0.32, H= 100, ¢ = 0.95, 6y,
=0.5,¢=0.04, Pr==6.2, and Ra = 10’
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Fig. 19. The effect of various values of interfacial heat transfer coefficient for solidification state
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Fig. 21. The effect of various values of Rayleigh number for solidification state on (a) Nu,s(b)
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