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ARTICLE INFO ABSTRACT

Keywords: Nano-encapsulated phase change materials (NEPCMs) are known to enhance the thermal characteristics of fluids;
NEPCMs therefore, there is a rising interest in employing these materials in future thermal control systems. This paper in-
Nanoencapsulation vestigates hydrodynamic and thermal characteristics of nanofluids, NEPCMs mixed in the host liquid, in glass balls as

Porous medium
Stefan number
Fusion temperature

a porous structure. The geometry is a two-dimensional porous square cavity in which the left boundary is hot, the
right boundary is cold, and the horizontal ones are considered to be insulated. The NEPCMs are composed of
polyurethane (PU) as shell and nonadecane as a core. The impact of different non-dimensional parameters, such as
Darcy number, 107° < Da <107}, porosity, 0.4 < ¢ < 0.9, Stefan number, 0.2 < Ste < 100, fusion temperature,
0 = 6 < 1, and volume fraction of the NEPCMs, 0 < ¢ < 0.05, is studied on the flow and heat transfer char-
acteristics. It is shown that the volume fraction of NEPCMs is directly proportional to the strengthening of the heat
transfer rate in such a way that applying 5% volume fraction of NEPCMs could enhance the heat transfer up to 20.1%
and 14.1% at 6f = 0.5 in comparison to the cases of pure fluid and NEPCM mixture with no core-phase change,
respectively. The effect of non-dimensional fusion temperature on the rate of heat transfer is also found to be no-
ticeable. The maximum average Nusselt number emerges at 6; = 0.5, which is the optimum fusion temperature.

1. Introduction

Buoyancy-induced heat transfer in a cavity is a fundamental and
important problem attracting great attention of many researchers in
academia and industry due to its central applications, including nuclear
reactors, solar thermal collector platforms, and geothermal systems
[1-4]. The physics of porous structures are also interesting in some ap-
plications, such as solar power collectors and the underground pollutants
diffusion. In essence, the mechanical systems due to deficiencies in the
external power supply are almost ill-fated, and the lack of an appropriate
and well-established natural convection platform as a reliable alternative
to these systems has been highlighted. These convective systems also
noticeably decrease the induced noise of fans in mechanical systems.
Therefore, owing to the aforementioned virtues, many researchers are
fascinated by natural convection [5,6] or mixed convection [7] in porous
media. Various aspects of heat transfer have also been investigated in
porous media, including thermal stratification [8], mass transport [9],
heat generation [10], and magnetic field effects [11].

Moreover, experiments on the thermophysical characteristics of
nanofluids reveal that due to the presence of tiny nano-particles in the
base fluid, the thermophysical properties, comprise heat capacity,
density, and dynamic viscosity of the suspension are influenced [12].
NEPCMs are a special kind of materials composed of two-part nano-
particle, a shell which covers a core. The nucleus component proves a
Phase Change Material (PCM) that could be liquid or solid depending
on the amount of temperature, which either releases or absorbs a huge
proportion of energy because of the latent heat of fusion [13,14]. Re-
searchers have synthesized multifarious types of nano/micro-en-
capsulated PCM suspensions such as formaldehyde polymer as a shell
encapsulating n-tetradecane [15], melamine formaldehyde shell and
5 wt% styrene-maleic anhydride-monomethyl (SMA) as an emulsifier
with tetradecane core [16], n-Eicosane coated with PMMA as a shell
[171, n-Octadecane coated with Polystyrene [18,19], and n-Octadecane
core covered with methyl methacrylate (MMA)-based polymer [20] to
name but a few. Thorough studies on micro/nano capsulation of PCMs
have been performed recently [13,21].
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Several platforms can be found in industry, including detectors,
microchips, and laser optical alignment systems in which non-uniform
temperature gradients or temperature rises can easily affect their per-
formance. These devices desire an accurate approach to control the
temperature. Hence, NEPCMs are promising alternatives to classical
approaches for regulating the temperature of working fluids and con-
sequently enhance the performance cooling systems. Engineers have
employed PCMs and nano-enhanced PCMs for several industrial and
technological applications, especially for thermal energy storage [22],
such as buildings thermal management [23,24], thermal storage of
solar energy [25], and short term storage using the domestic heat pump
and air-conditioning platforms [26]. PCMs are known as materials with
high capability of storing/releasing a large energy value during phase
change; however, when it comes to heat transfer, these materials show
very weak performance. Therefore, improvement of the PCM heat
transfer properties has been the target of many researchers employing,
for example, porous structure or metallic fins [27-29]. In this regard,
nanoparticles have been used by several researchers to increase heat
transfer and phase change phenomenon in PCMs [23,30,31]. The na-
noparticles in some other cases have been added to PCMs, known as
Nano-Enhanced Phase Change Materials, as additives to intensify heat
transfer properties [30,32,33]; on the contrary, the term NEPCM re-
presents a phase change core which coated with a nano-capsule shell
suspended in a working fluid.

The researches regarding NEPCMs heat transfer are almost re-
stricted to forced convection phenomenon in ducts, tubes, and micro/
mini-channels to name but a few. For example, Seyf et al. [34] nu-
merically investigated the forced convection phenomenon in a mixture
of octadecane NEPCMs (100 nm) and base water over an isothermal
cylinder. Considering flow to be steady and laminar regime, they per-
formed a parametric investigation for various volume fractions of na-
noparticles. In another study, they, presenting a three-dimensional
model, theoretically investigated heat and fluid flow parameters af-
fecting micro-tube heat sink using NEPCMs as coolant. They found that
nanoparticles positively affect the heat transfer and consequently
cooling capability of the studied liquid is enhanced, but they experi-
enced a huge pressure drop across the tube due to the presence of the
particles [35].

Ho et al. [36] studied the pressure drop as well as cooling perfor-
mance of a minichannel heat sink saturated with encapsulated phase
change microparticles. They observed that in a couple of particular
examples, cooling performance could be enhanced up to 52%, but in a
few other examples, they reported that heat transfer is declined. There
are also some experimental investigations comparing the heat transfer
amendment employing regular Al203 nanoparticles or a mixture of
PCMs into minichannel heat sink [37] and circular tubes [38]. There is
no consensus in heat transfer behavior due to the fact that different
parameters, including a heating position in the system and the rate of
flow, can affect the heat transfer performance, and as a result, no
general conclusion can be drawn. However, Ghalambaz et al. [39] re-
cently performed a study of natural heat convection of NEPCMs in an
enclosure. They reported that one of the effective factors, which in-
fluences heat transfer augmentation is the fusion temperature of the
NEPCMs . Hajjar et al. [40] also explored the unsteady heat transfer of
NEPCMs in a cavity enclosure. They found that using 2.5% of NEPCMs
particles can improve heat transfer by 21%. Considering heat transfer of
NEPCMs in a porous space, there Ghalambaz et al. [41] investigated the
mixed convection heat transfer of phase change nanoparticles placed
over a vertical flat plate. They used a boundary layer approach and
found that the decline of fusion temperature of nanoparticles improves
the heat transfer.

The motivation behind this study is to investigate natural convec-
tion flow and heat transfer in a square enclosure containing porous
structure saturated with a nanofluid, as a low-concentration suspension
of a host fluid and NEPCMs. It is worth mentioning that, to the best of
the author's knowledge, the natural convection of NEPCMs in a porous
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Fig. 1. Schematic configuration of the problem physics.

enclosure has not been addressed yet. The central results of this re-
search could be of interest in future platforms regarding thermal control
systems including encapsualted nanoparticles as the phase change
materials.

2. Physics and modeling
2.1. Physical model

The geometry considered is a 2D porous medium enclosed (shown
in Fig. 1), with glass spheres as the solid matrix. The void space be-
tween the glass spheres is occupied with a dilute suspension in which
water is the host liquid and the particles of NEPCMs are nano-additives.
The shell of the nano-additives is polyurethane (PU) and its core is
nonadecane. The left of the chamber is heated at a temperature of T,
above the right side with T, temperature, while the other walls of the
enclosure are thermally impervious. The Biot number of NEPCM par-
ticles is very low as the characteristic size of the particles is very small,
and hence, they are modeled as lamped particles, and also the density
change of nanoparticles on phase change is neglected.

There exists no heat transfer between the solid matrix and fluid
phase in the porous structure. Table 1 lists the thermo-
physicalcharacteristics of the host liquid, nano-additives, and the solid
matrix. The melting point temperature of the core is 32 °C, and its latent
heat is 211 kJ/kg [42].

2.2. The mathematical model

The equations of conservation of mass, momentum and energy for a
mixture including NEPCM particles under the foregoing assumptions
are as follows:

Continuty equation:

Table 1
Thermophysical properties of the host fluid, NEPCM particles and solid matrix
[42,43].

Material u (kg/m.s) C, J/kgK) pkg/m®) BE™H k W/
m.K)

Water 8.9 x 107* 4179 997.1 21 x 107° 0.613

Polyurethane - 1317.7 786 17.28 x 107°

Nonadecane  — 2037 721

Glass balls - 840 2700 0.9 x 107° 1.05
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a_v + a_u =0
dy  ox (@)

Momentum equation:

2 2
Pof 0w ) _ _0p  Hp(Fu  Ou) My,
g2\ dy Ax ox  e\gy?  ox? K (2-2)
Py OV dv op Mo My
Zhr—+u—|=—-7=+2 =+ |+ T-T)— 2
g2 (v dy ”ax) dy e \dy* ox? 8oy ) K’
(2-b)
Energy equation:
oT oT 3T  &°T
C| v + u | = k| o +
(o p)b(v dy Yo ) m’b( ay?  ax? ) 3)
where
km,b =k + S(kb —ky) )

b is the characteristics of the suspension, m denotes the character-
istics of the porous medium, and s denotes the characteristics of the
solid matrix. Regarding the schematic view of the geometry, the
mathematical form of the boundary conditions are:

T(OJ))= Tl"l’ ”(O’J’)=V(0,Y)=O (S'a)
TH,y)=T, u(H,y)=v(H,y)=0 (5-b)
dT (x,0) _ _

—ay =0, u(x,0)=v(x, 0 =0 -0
oT (x, H)

5 =0, ux, Hy=v(x,H)=0 5-d)

2.3. The suspension thermo-physical properties

The effective density of the suspension is calculated based onthe
densities of water and NEPCM particles and the concentration of par-
ticles can be written as the following [44]:

oy =1 =)oy + ¢0, 6)

The subscript p denotes the characteristics of the nano-additives and
subscript f denotes the characteristics of the host liquid. The density of
the particles of NEPCMs is evaluated as the following [44,45]:

_ A+ 09000

° Psn + Peo (7)

psh is the denisty of the shell of the nano-additives and p, is the
density of the core of the nano-additives. i, the core to the shell weight
ratio, is about : ~ 0.447 [42]. The mixture heat capacity is a function of
the heat capatities of the host liquid and the nano-additives, con-
centration of the nano-additives, and density of the mixture [45,46]:

Cp,b = pfpb_lcp,f a- ¢) + pppb_lcp,p,eff¢ ®)

Cpp.ef is the effective heat capacity of the nano-additives which is
equal to its sensible heat capacity, i.e. C, p, in the cases that the core of
the NEPCMs particles does not experience the phase change. By taking
into consideration the core phase change of the particles, the heat ca-
pacity of the NEPCMs can be modeled using one of the following

functions [35,44]:

Cp,p,eﬁ' = Tl\jli(T - 7Z))hsf + Cp,p (9-a)
T _ . _

Coaer = { 3-0hs i = Coprsin(Tii(r = T } + G o)

Cp,p,ejf = Z(TA}%hfs - TI\?I}Cp,p)(T - 72)) + Cp,p (9-C)

In which Ty, the temperature melting range, is:
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Ty = Ty — Tur/2

Tyr =T — T
Mr 1 0 T, = Ty + Tyn/2 10)

The core of the particles melts when the temperature is between T,
and T;. Hence, based on the sinusoidal profile of the heat capacity, we
then have:

T _ . —
Coar = Cpp + {3 01y T = oy hsin (Tt (7 - )}

0 T<T
x{1 T <T<T
0 T>F an

The coefficient of thermal volume-expansion of the mixture is [46]:
By=Q1Q - B + ¢B, 12)

In the literature [47,48], the effect of various parameters of nano-
fluids, such as shape, type, and size of nanoparticles, type of the base
fluid and the working temperature on the dynamic viscosity and
thermal conductivity of nanofluids was summarized in two parameters
of dynamic viscosity number and thermal conductivity number. These
two numbers can be estimated using experimental data. The following
relations can be employed to obtain the dynamic viscosity and thermal
conductivity of the suspension:

)

=1+ Nvg
Hy (13-a)
K _ 1+ Ncg
k¢ (13-b)

Nc and Nv, respectively, are the numbers of dynamic viscosity and
thermal conductivity. The utilized relations for obtaining the effective
thermal conductivity and viscosity are admissible when ¢ < 5%.

2.4. Normalizing the governing equations

To normalize the Egs. (1)-(4) as well as the imposed boundary
conditions, i.e. Eq. (5), the following variations are utilized:

x=X yo 2 po ML M pH o, TR
H H ay ar ,ofocjg AT 14)
Where AT = T, — T.. Hence, we then have:
ay oX 15)
2 2
2 2o (VB—U + Ua—U) =P [P (ﬁ—lf + B—Uz)
o5 oYy ox 0x u \ Y ox
_ﬂ@}
Da\ #s 16)
—2f Py v v\ _ opP i )2V | v
€ (E)(Vﬁ + Ua) e + Pre (E)(ﬂyz + E)
+ Ra~Pr(&)(@)6 - ﬂ(@)v
Br J\er Da uy an

The parameters in Egs. (16)-(17), the Rayleigh (Ra), the Prandtl
(Pr), and the Darcy (Da) numbers, are:

8ps B ATH? My
QIL,Pr:—j’Da:%
arpy Py H (18)

We assume that NEPCM particles and the base fluid volumetrically
expand in the same way; therefore, the thermal expansion ratio could
be approximated as 3,/ ~ 1. Furthermore, since the value of density
ratio for ¢ = 5% is 0.987, this ratio is considered to be 1 for the
bouancy term.
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Table 2
Grid independence examination for the Nu and the |¥|max.
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Grid size Nu 4 = Nuixj —Nmsoxisol o || max 4 = Mo~ soxasol o
Nujx; Pixj

100 x 100 8.8278 0.007 13.535 0.015

150 x 150 8.8284 - 13.537 -

200 x 200 8.8287 0.003 13.538 0.007

250 x 250 8.8288 0.005 13.539 0.015

300 x 300 8.8291 0.008 13.539 0.015

2 2 oy Y v U
v 02 ()22, 22 L ()
Yy = ax ko \ay? T ax? 1oy X oY X Y 27)
where On the walls, ¥ = 0.
Cr= ggpib =Q-¢) +d+ 52 f ( ) 3. Numerical approach and grid test
p/f € 20-a

k K The normalized governing equations under the imposed boundary
Imb _ a- g)k—s + (1 + Ncg) 20-b) conditions were discretized by the use of a weighted finite element

f f -

Cr denotes the normalized heat capacity of the mixture,which is a
function of the heat capacity of the base liquid. As previously raised, Cr
of suspension containing the NEPCMs particles involves the latent heat
of NEPCM's core when melting the cores. The first two terms on the
right side of Eq. (20-a) point out the sensible heat of the suspension and
the other one shows the latent heat effects on the heat capacity of the
suspension. The normalized melting interval (8), the heat capacity ratio
(A) and the Stefan number (Ste) are, respectively:

_ AT (p, + 10,)(pCp )5
hsfpcps (21)

5= TMr 1= (Cp,c,l + le,s)pcpS Ste

AT T TGy + 8

Also, the normalized fusion function, i.e f, is:

0 6<9f—5/2
T . (7 é
f:531n36—6f+5 x4l 6 —08/2<6<6 +4/2

0 6> Qf +6/2 (22)
where 6y, the dimensionless fusion temperature, is.
g = 1L
T ar (23)

The boundary conditions in the dimensionless space are:

U@©,Y)=V(©0,Y)=0,0(00,Y) =1 (24-a)

U(L,Y)=V(1,Y)=0,6(1Y)=0 (24-b)
B _00(X,0)

U(X,0) = V(X,0) =0, oy 0 (24-0)
B 00X, 1)

UX,1)=V(X,1)=0, —y 0 (24-d)

2.5. Heat transfer rate and stream function

The local heat transfer rate through the hot surface is obtained by
the use of the relation given below:

Nuy =—| (1 - z)l;—; +e(1+ Nc¢)](@)
Y=0

)¢ (25)
Integrating the Eq. (25) gives the total heat transfer rate:
1
Nu= [ Nuydy
0 (26)

Also, to visualize the suspension flow, we drew the streamlines by
solving the following Poisson equation:

approach. The steep temperature and velocity gradients were solved by
the use of a non-uniform structure grid. To fully couple the controling
discretized equations, the damped newton method was utilized .
Finally, Parallel Sparse Direct Solver is employed to achieve the solu-
tion for the corresponding linear algebraic equations. The stopping
criterion of 10 was applied for all dependent variables. Ref. [49] de-
scribes the employed numerical approach, in detail.

The utilized mesh in the study domain is a quadratic non-uniform
structured grid. Equal mesh points (m) are considered for the horizontal
and vertical walls. Therefore, the computational domain has a grid size
of m X m. As tabulated in Table 2, several grids of different sizes are
analyzed to find the proper grid size. The results of grid independence
examination for the average Nusselt number and the maximum velocity
inside the porous medium are showed for the studied grids when
Ra = 10% Da = 1073 Pr = 6.2, Ste = 0.2, 6; = 0.2, ¢ = 0.05,
e = 0.65, Nc = 23.8, Nv = 12.5,; A = 0.333, and § = 0.05. The grids
generated near the boundaries of the mediumare denser by utilizing a
stretching ratio of 10, for the gradients of temperature and velocity are
significantly high in these regions. Therefore, considering the compu-
tational cost and the accuracy, the non-uniform grid size of 150 x 150
inside the domain has been selected for the ensuing analysis

To verify the numerical approach utilized in this work, the current
numerical predictions can be compared with the results previously re-
ported in [50-53]. Tables 3 and 4, and Fig. 2 present theses compar-
isons. As clearly seen, the developed code is correct and accurate.

4. Results and discussion

In this portion, the effects of different involved parameters on the
heat transfer rate and governing fields are numerically explored. The Nc¢
and Nv parameterscan be considered to be 23.8 and 12.5, respectively.
As previously mentioned, PU-nonadecane NEPCMs are employed as
nanoparticles. It is worth noting that if the suspension is dilute (i.e.,
0 < ¢ = 5%), the values above presented are usable. Besides, the
sensible heat capacity ratio (A) reported by Barlak et al. [42] is 0.333.
Moreover, the values of the Rayleigh number (Ra) and the Prandtl
number (Pr) are considered to be constant so that Ra = 10° and
Pr = 6.2. We assume thatthe non-dimensional parameters have default

Table 3
Comparison of the results (Nu) of the developed code and the results reported
by Kahveci et al. [50] for Ra = 10°.

Work $=0 ¢ = 0.05 6 =01
Kahveci et al. [50] 9.23 9.783 10.297
Present study 9.20 9.76 10.3




A. Tahmasebi, et al.

Table 4
The Nu in a porous medium filled with a suspension of water and nano-ad-
ditives of Cu when DaxRa = 10°

¢ Present work Sheremet et al. [52] Sun and Pop [51]
0.1 9.42 9.41 9.42
0.2 12.85 12.84 12.85
|
L 8 S
3 84} > - 0=0.8
ry ~O—
I \ OO
0.8 _? © O\Q
I Y
Y A\ 6=0.6 \
[ & Ry gomr@rm @070 g
06F o 9
LY o <
- [ X ??
E R '?q.
04 <o 0=04 1
I SO
I 5\0._0_00.0-00—0—0—0—-00"& "o ‘?oi
L < g
, . b &
——————— uran et al. 4 .
02 | o &9
3 o Present work % & q
[ 2%
0 P I N o P IR o
0 0.2 0.4 0.6 0.8 1
X

Fig. 2. The temperature fields of the developed code in this work and and ac-
quired by Turan et al. [53] for Ra = 10°, ¢ = 0.0, and Pr = 1000.

values of Ra = 10% Da = 1073 Pr = 6.2, Ste = 0.2, 6; = 0.2,
¢ = 0.05, ¢ = 0.65, Nc = 23.8, Nv = 12.5,; A = 0.333, and § = 0.05.
The results extraction is executed based on the aforementioned values.
In the cases of studying the variations of the non-dimensional para-
meters, the changes in the default values will be expressed.

The numerical investigation is performed for the five types of in-
fluential non-dimensional parameters consisting of the Darcy number
(107° < Da < 107Y), the porosity (0.4 < ¢ < 0.9), the volume fraction
of the NEPCM particles (0 < ¢ < 0.05), the non-dimensional fusion
temperature (0 < 6; < 1), and the Stefan number (0.2 < Ste < 100).

Fig. 3 shows the isotherms, streamlines and Cr contours for the
different values of the non-dimensional fusion temperature and the
volume fraction of the NEPCM particles. By paying attention to the all
streamlines patterns, irrespective of the examined different values of
non-dimensional parameters, it is seen that the buoyancy effect and
enforced temperature gradient between two differential heating side-
walls induce the convective flow regime inside the porous cavity. In-
deed, the nanofluid flow up along the hot wall and makes the single-cell
clockwise rotating by flowing down along the cold wall. As mentioned
earlier, the Cr parameter represents the ratio of the heat capacity of the
suspension to that of the host fluid. Thus, the Cr contours depict the
distribution of heat capacity in the porous region due to the phase
change of the nonadecane core inside the nano-encapsulated particles.
The red ribbon shape on the Cr contours appears around a constant
temperature line (isotherm) where their fusion temperature of the
phase change of the core can be observed. It is evident that the heat
capacity ratio parameter is variable inside the fusion temperature,
while it is constant outside the fusion region.

Comparison of Fig. 3a and b demonstrate that increasing the volume
fraction of the NEPCM particles from ¢ = 0.02 to ¢ = 0.05 for constant
6y alters the isotherms and the nanofluid flow patterns slightly because
of increasing the amount of some fluid properties including the
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viscosity and the thermal conductivity. Moreover, the red ribbon shape
of the Cr contour becomes more extensive at the bottom of the en-
closure, which enhances the phase change process of the core of the
NEPCMs.

Comparison of Fig. 3b and c reveals the impact of normalized fusion
temperature on the isotherms, streamlines, and Cr fields. An increase in
the fusion temperature as 6 = 0.2 to 6y = 0.5 changes the isotherms
pattern to the horizontal form at the center of the porous cavity. Ac-
cording to the Cr contour of Fig. 3, as previously mentioned, the red
region of Cr contour in which the core-phase change of NEPCMs occurs
appears around the temperature distribution line equal with the non-
dimensional fusion temperature. The high-temperature gradients in the
vicinity of the cold and hot walls cause the phase change area to be
thin, while it becomes wider within the center of the porous cavity due
to the lower temperature gradients.

Moreover, it can be deduced from the isotherm of Fig. 3b and c that
the extension of the isotherm line at the bottom of the cavity toward the
hot wall becomes more widespread when the isotherm is identical with
6;. Thereby, it seems reasonable to conclude that the phase change area
is stretched toward the lower insulated wall near the hot wall by in-
creasing the non-dimensional fusion temperature of NEPCM particles.
Furthermore, it can be seen that the variation in the non-dimensional
fusion temperature leads to change in the streamlines pattern and
slightly diminish the flow strength inside the porous cavity.

Fig. 4 is prepared to demonstrate the influence of the Darcy number
and the porosity on the isotherms, streamlines, and heat capacity ratio
(Cr) contours inside the porous cavity. It should be noted that each of
the Fig. 4a and b can be individually compared with Fig. 3b (default
case of the present study) to investigate the impact of Da and ¢ on the
heat transfer and fluid flow characteristics. Comparison of Fig. 3b and a
shows that increasing the Darcy number boosts the strength of the
nanofluid circulation and forms a rotating double-cell structure in the
porous cavity. Indeed, the permeability of the porous medium is the key
parameter in the definition of Darcy number, which they have a direct
relationship with each other. Therefore, when the Darcy number in-
creases, the nanofluid flow gets intensified in the porous region. The
isotherms tend to be almost parallel distribution to the horizontal in-
sulated walls at the high value of the Darcy number (see Fig. 4a), which
reveals the strong convection through the porous region.

Furthermore, the red area of Cr contour in which the core-phase
change process occurs grows broader. This betokens that the heat
transfer improves owing to boost the total heat capacity storage of the
NEPCM particles. Comparison of Figs. 3b and 4b shows that the
streamlines are reinforced as the porosity increases due to the rising of
the void space in the porous medium, while it has no significant effects
on the isotherms pattern and the phase change phenomena.

The variations of the average Nusselt number versus the non-di-
mensional fusion temperature for the different values of Stefan number
are plotted in Fig. 5. The obtained results reveal that as the Stefan
number decreases, the average Nusselt number increases. It is clear
from Eq. (21) that the Stefan number has an inverse relation with the
latent heat of the NEPCM core. Hence, the low value of Ste represents
the high latent heat of the NEPCM core. As a consequence, the heat
transfer rate boost by increasing the latent heat of the NEPCM core due
to increment of the heat storage capacity of the NEPCM particles.

It is worth noticing that the presence of NEPCM particles affects the
thermal conductivity, dynamic viscosity, density ratio, and other ther-
mophysical properties of the working fluid. Hence, to observe how heat
transfer rate is affected by the core-phase change of nanoparticles, the
average Nusselt number is calculated to a case with no phase change.
When the latent heat of the NEPCM core approaches zero (the case with
no phase change), the Stefan number approaches infinity. Therefore,
the average Nusselt number is evaluated for Ste = 100, which is a
practical value for Nug,_.... As seen in Fig. 5, in the case of no phase
change (i.e., Ste = 100), the average Nusselt number is constant as
7.97, whereas the value of average Nusselt number in the case of fluid
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(c)

Fig. 3. The isotherms (left side), streamlines (middle) and heat capacity ratio (Cr) contours (right side) for; a) 6; = 0.2, ¢ = 0.02, b) 6 = 0.2, ¢ = 0.05, c) 6; = 0.5,
¢ = 0.05.
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without NEPCM particles (pure fluid) is 7.57. Accordingly, it can be
inferred that the presence of nanoparticles solely improves the heat
transfer of the natural convection regime inside the porous enclosure.

Further, the depicted results for the average Nusselt number in
Fig. 5 show a symmetrical pattern about 6y = 0.5 for all values of Stefan
number. This symmetry is because of the symmetrical studied domain
and boundary conditions. The average Nusselt number at 6; = 0.5 is
maximum. As 6y becomes less or more from 0.5, the average Nusselt
number equally decreases. As mentioned earlier (see Fig. 3c), when
6; = 0.5, the phase change process of the NEPCM core arises in the
center of the cavity as well as near the hot and cold sidewalls where the
temperature gradients are large. Hence, the maximum average Nusselt
number emerges at the optimum fusion temperature, i.e., 6 = 0.5. As
illustrated in Fig. 5, the variations of Nusselt number versus the fusion
temperature is a straight line when Ste = 100. Indeed, when Ste ap-
proaches infinity, the phase change occurs immediately, and thus, no
heat can be stored in the capsules. Furthermore, the heat capacity ratio,
i.e. Cr, is no more temperature-dependent, and the fusion temperature
has no influence on the rate of heat transfer.

For the sake of investigating the effect of volume fraction of NEPCM
particles on the heat transfer rate, the variations of average Nusselt
number with the fusion temperature for the various magnitudes of
NEPCM particles' volume fraction are provided in Fig. 6. Based on the
obtained results, an increase in the volume fraction of NEPCMs boosts

(b)

Fig. 4. The isotherms (left side), streamlines (middle) and heat capacity ratio (Cr) contours (right side) for; a) Da = 1072, ¢ = 0.65, and b) Da = 1073, ¢ = 0.9.

the values of the average Nusselt number. By applying 1%, 3%, and 5%
of volume fraction of NEPCM particles within the porous cavity at the
optimum value of 6; = 0.5, the heat transfer rate in the form of average
Nusselt number respectively augments up to 4.7%, 12.9%, and 20.1%
compared to the case with no nanoparticles (¢ = 0). When the volume
fraction of NEPCM particles is maximum (¢ = 5%) and the di-
mensionless fusion temperature is optimum (6 = 0.5), for Ra = 10°,
Ste = 0.2, ¢ = 0.65, and Da = 10~ 3, the average Nusselt number is
9.09. In this case, the augmentation of the heat transfer rate in com-
parison with the pure fluid (Nu = 7.57) and NEPCM mixture with no
core-phase change (Nu = 7.97) is up to 20.1% and 14.1%, respectively.

Fig. 7 illustrates the simultaneous effects of the Darcy number (Da)
and the porosity (¢) on the average Nusselt number inside the porous
cavity. As expected from the extracted results, the average Nusselt
number has an upward trend by increasing the Darcy number at any
evaluated value of the porosity. The average Nusselt number rises
smoothly in the range 10°° < Da < 10~ %, afterward, the upward
trend is followed with a steep slope until about Da = 10~ 3. Finally, the
variations of the average Nusselt number are continued with a gentle
slope. As mentioned earlier, the high Darcy number represents the high
permeability of the porous medium. Obviously, in such a circumstance,
the fluid flow gets intensified through the porous cavity. Consequently,
the average Nusselt number increases due to the domination of the
convection heat transfer regime inside the porous region. Furthermore,
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the average Nusselt number increases with the increment of the por-
osity, as seen in Fig. 7. This is due to the fact that increase in the
porosity leads to increase in the void space, which is saturated by the
nanofluid. Hence, the rise of the void space enhances the impact of the
presence of NEPCM particles on the effective thermal conductivity. As a
result, the heat transfer rate, which is calculated in the form of the
average Nusselt number, increases.

5. Conclusion

The numerical investigation of steady natural convection flow and
heat transfer in a square porous cavity saturated with a nanofluid was
carried out in this paper. The nanofluid was considered as a dilute
mixture of NEPCM nanoparticles and the host fluid. To ensure the
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Fig. 7. The variation of average Nusselt number with Darcy number (Da) for
the different values of porosity (¢).

correctness of the results, the mesh independency was analyzed. We
represented the effect of several dimensionless parameters consisting of
Darcy number, porosity, Stefan number, fusion temperature, and vo-
lume fraction of the NEPCMs on the flow and heat transfer character-
istics.

Based on the obtaining results, it can be deduced that using the
NEPCM particles enhances the heat transfer due to the augmentation of
effective thermal conductivity and heat capacity of the studied nano-
fluid. Further, the more increase in the volume fraction of NEPCMs
leads to more enhancement in the heat transfer rate. The heat transfer
rate is seen to be significantly affected by the dimensionless melting
temperature. The highest value of Nu is derived at 6y equal to 0.5 which
is far enough from the temperature of vertical walls. In this case, the
fusion of the PCM cores occurs mostly at the center of the porous cavity.
It is also found that the average Nusselt number increases by decreasing
the Stefan number. Indeed, the lower Stefan number indicates the
higher latent heat of the PCM nucleus. Hence, the increment in the heat
capacity of NEPCMs due to higher latent heat leads to enhancement in
the heat transfer rate. Eventually, the results showed that Nu is an in-
creasing function of the Da and e.

In the present study, we consider that the heat transfer effects of
NEPCMs are of interest. However, the energy storage of NEPCMs is
another important point of view, with various applications in solar and
chemical processes, which can be subject to future studies.
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