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ABSTRACT
A local thermal non-equilibrium analysis is undertaken to simulate
unsteady free convective heat transfer inside a square enclosure
filled with a random porous medium. There is a time-varying tem-
perature profile at the hot wall. The fluid is a suspension comprising
nano-encapsulated phase change materials (NEPCM) particles dis-
persed inwaterwhile aluminum foam, copper foam, or glass balls are
considered for the solidmatrix. It is found thatwhen thehotwall tem-
perature reaches its minimum value during one oscillation period,
most of the cavity is occupied by theNEPCMparticles in the solidious
phase. For themetallic foams, the heat transfer of themedium is sub-
stantially higher than the NEPCM particles. Meanwhile, the Nusselt
number of the glass balls is much lower than the suspension. A rise
in the dimensionless frequency or amplitude of the temperature pro-
file as well as approaching the dimensionless fusion temperature to
0.5 elevates Nusselt number of the suspension. However, no general
conclusion can be drawn for their consequences on the heat transfer
in the solidmatrix. Among the current alterable parameters, only the
contributions of the non-dimensional interface heat transfer coeffi-
cient and the non-dimensional amplitude of the temperature profile
are found significant.
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1. Introduction

The significantly growing demands for energy in the last few decades have increased the
efforts to seek alternative energy resources and to improve energy storage systems. Ther-
mal energy storage using Phase Change Materials (PCM) is a latent heat based storage
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method that has been shown to be effective in a number of engineering applications,
including the cooling of electronic devices [1], the thermal comfort in buildings [2], and
domestic air-conditioning systems [3] among others.

The significance of the PCM lies in their ability to absorb and release energy if they melt
or solidify at temperatures similar to their fusion temperaturewhen they come into contact
with a hotter environment. Consequently, the PCMprovides a substantial advantagedue to
their remarkable latent heat for a relatively little difference in temperatures. Nonetheless,
the low thermal conductivity of the PCM presents a significant drawback as it limits their
efficiency in terms of heat transfer. In this context, a variety of techniques have been used
to increase the thermal conductivity of the PCMs [4]. Among these techniques, a widely-
usedmethodconsists of dispersingnanoparticles in thePCM, leading to the so-calledNano-
Enhanced PCM [5].

In systemswhere the discrepancy in the thermal expansion coefficient between the var-
ious materials may lead to a substantial temperature gradient, such as computer chips
or laser alignment devices, the encapsulation of the PCM can be effectively used to
improve the temperature control. Encapsulating consists of using shell–core structured
capsules where the core is made of PCM. Based on the capsule size, a distinction is
oftenmade between nano-encapsulated andmicro-encapsulated PCM [6]. The term nano-
encapsulatedPCM (equally abbreviated asNEPCM) is normally usedwhen the characteristic
size of the capsule is below 100 nm. NEPCM suspensions are considered a class of nanoflu-
ids. Another technique is basedonmetallic foams,which, due to their lowdensity to surface
area ratio, have been widely used as an enhancement of the PCM thermal conductivity.
Such porous metallic media in the system present different aspects that can greatly affect
the hydrodynamic and thermal behaviors.

In this context, it has been the topic of current research to examine free convective
flowswithin enclosedporousmedia systems. Various types of enclosures havebeen consid-
ered, such as cavities partially filled with porous media [7,8], filled with several layers [9,10],
porous fins [11], inclined cavities [12], wavy cavities [13,14], and enclosures undergoing
non-uniform heating [15].

Another way of improving the thermal conductivity of suspensions is to use nanopar-
ticles as nano additives, as investigated in [16–18]. Thus, the heat transfer of nanoflu-
ids in enclosures filled with a porous media has been considered to cover different
aspects, including the effects of internal heat generation [19,20], local thermal non-
equilibrium (LTNE) [21], the nanoparticles shape [22], the enclosure inclination and the
presence of partial porous layers [23,24]. The thermal convection of PCM in enclosures
with the porous medium has also been investigated. Most of the previous works on this
topic dealt with the presence of metallic foams as thermal conductivity enhancement
[25–27].

As a new approach, the PCMs can be encapsulated in nanoshells to form Nano-
Encapsulated Phase Change Material (NEPCM) particles. Then, NEPCM particles are sus-
pended in a liquid to synthesize a NEPCM-suspension. Thus, the heat transfer of NEPCMs
and their thermal energy storage are new topics that demand further investigation.

The convective flow of NEPCM suspensions has been studied extensively, with a partic-
ular emphasis being placed on forced convection of the NEPCM suspensions. The research
group of Ho et al. conducted a series of studies on the heat transfer of encapsulated PCMs
and suspensions in packed enclosures [28,29], forced convection in circular tubes [30] and
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mini/micro channels [31,32] to compare the thermal and flow parameters of pure water to
those of alumina nanoparticle suspensions and PCM capsules, which they found to be sig-
nificantly different. They discovered that a range of factors, including the location of the
heat source and the rate of the flow, influenced the rate of heat transfer.

Seyf et al. [33] carried out a computational investigation into the enhancement of heat
transfer by NEPCM in microtubes. They came to the conclusion that, while using NEPCM
with a high fraction resulted in a significant improvement in fluid cooling power, the pres-
sure drop in the microtube was enhanced. In another study, Seyf et al. [34] addressed the
heat transfer and flowpast anunconfined cylinder anddiscovered that employing aNEPCM
slurry significantly boosted heat transfer when compared to using a base fluid and that this
effect increased with increasing NEPCM volume %. For example, in their study, Eisapour
et al. [35] used a suspension of nano-PCMs to improve the thermal performance of a pho-
tovoltaic/thermal system. They discovered that employing the nano-PCM slurry improved
both the energy and exergy efficiency of the system.

There has been insufficient attention paid to the natural convection caused by the sus-
pension of NEPCM. Using numerical simulations, Ghalambaz and colleagues [36] examined
the free convection ofNEPCM inside a square enclosurewith isothermal sidewalls and insu-
lated horizontal walls. They came to the conclusion that the temperature of the PCM core
fusion has a significant impact on the involvement of the NEPCM in the total heat transfer
in the enclosure. For the hot wall temperature, Hajjar et al. [37] extended this analysis to
include time-periodic conditions for the hot wall temperature and discovered that the PCM
core fusion temperature, as well as the NEPCM fraction, are critical parameters affecting
heat transmission in the enclosure. Alsedais and Aly [38] investigated the mixed convec-
tion heat transfer of NEPCM suspensions in an asteroid-shaped cavity in the presence of an
oscillating baffle. The baffle undergoes a sin shape oscillation. The outcomes show Stefan
and fusion parameters are two important contributing factors in enhancing phase change
heat transfer.

Free convection of NEPCM in the presence of a porous media, on the other hand, has
gotten less attention than it deserves. Recently, Zehba and Aly [39] examined the nat-
ural convection of NEPCM suspensions in a rotating cylinder cavity. They concluded a
fusion-temperature controls the intensity and location of a phase change zone. Moreover,
Ghalambaz et al. [40] examined the steady-state natural convection heat transfer of NEPCM
in an enclosure subject to temperature differences at sidewalls. The enclosure was loaded
with aporousmedia as the temperature of the sidewallswas constant. TheNEPCMparticles
movedwith the natural convection flow and contributed to the heat transfer in the form of
sensible heat and latent heat. Their findings indicated that the presence of 5%NEPCMparti-
cles augmented the heat transfer rate by 47%when the porousmedia thermal conductivity
was poor. Despite the fact that the NEPCM particles contributed to the heat transfer mech-
anism in [40], the nature of the flow and heat transfer were both steady state in nature. The
influence of latent heat from NEPCMs on transient heat transfer applications, on the other
hand, is not well understood.

Thus, following the steady-state investigations of [36,40], The present research intends
to examine the transient heat transfer characteristics of a NEPCM in an enclosure loaded
with a porous media under LTNE conditions for the first time. Different porous media are
considered to encounter effects of the thermos-physical properties of the medium on the
heat transfer performance of the NEPCM and the solid matrix inside the cavity.
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Figure 1. Schematic view of the geometry and model.

2. Problem formulation

Thegeometricalmodel of the considered cavity is illustrated in Figure 1. The cavity is square
having the characteristic length of L, and filled with a porous medium. Initially, a steady-
state is established, and then, a higher time-varying temperature, with an average Th, is
applied to the left wall. The right side of the cavity acts as a cold surface and has a lower
temperature Tc. The other walls are adiabatic. A NEPCM suspension with water as the base
fluid has been considered a working fluid. Temperature differences exist between the sus-
pension and the solid matrix on a localized scale, as seen in Figure 1. The microscopic heat
transfer between the components of the porous media is responsible for establishing the
energy balance between them. No temperature nor hydrodynamic slips exist between the
host fluid and the dispersed NEPCM particles. The NEPCM particles are made up of a phase
changematerial encased in a shell. The nonadecane core and polyurethane (PU) shell were
used in the construction of the core and shell, respectively.
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Table 1. Thermophysical parameters of solid matrices and the suspension’s elements.

Materials k (W/m.K) ρ (Kg/m3) Cp (j/Kg.K) β (K−1) μ (kg/m. s)

Host fluid 0.613 997.1 4179 21.0× 10−5 8.9× 10−4

Glass balls 1.05 2700 840 0.90× 10−5 –
Aluminum foam 205 2700 897 2.22× 10−5 –
Copper foam 400 8933 385 1.67× 10−5 –
PU 786 1317.7 –
Nonadecane 721 2037 –

There are three different types of materials used to construct the porous medium: glass
spheres, copper foam, and aluminum foam. The physical properties of the variousmaterials
are listed in Table 1.

It is assumed that the suspension is incompressible and the fluid is Newtonian. The
unsteady flow and heat transfer behavior of the suspension was taken into account. More-
over, the temperature difference between the foam matrix and the suspension was taken
into account using the local thermal non-equilibrium model. The thermal and hydrody-
namic behavior of a suspension containing NEPCM particles in a porous media can be
represented by the following equations:
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The employed boundary conditions at the enclosure walls are:

∀x,y,t|x = 0, 0 ≤ y ≤ L, t > 0 ⇒ u = v = 0, Tnf = Ts = Th + a sin(ωt) (6a)

∀x,y,t| x = L, 0 ≤ y ≤ L, t > 0 ⇒ u = v = 0, Tnf = Ts = Tc (6b)

∀x,y,t
∣∣∣∣∣
y = 0, 0 ≤ x ≤ L, t > 0 ⇒ u = v = 0, ∂Tnf

∂y = ∂Ts
∂y = 0

y = L, 0 ≤ x ≤ L, t > 0 ⇒ u = v = 0, ∂Tnf
∂y = ∂Ts

∂y = 0
(6c)

∀x,y,t|0 ≤ x ≤ L, 0 ≤ y ≤ L, t = 0 ⇒ u = ust ,v = vst , Tnf = Tnf ,st ,Ts = Ts,st (6d)

where a andω are the amplitude andwave number for the heated boundary condition. The
subscript of st indicates the steady state conditionwhen there is no temperature occiliation,
i.e. a = 0.
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2.1. Suspension bulk properties

The density of suspension is computed following the mass conservation law as [40,41]:

ρnf = (1 − φ)ρbf + φρp (7)

where φ is the concentration of nanoparticles, and ρ is the density. The subscripts nf, bf,
and p indicate the NEPCM suspension, host fluid, and nanoparticles, respectively.

NEPCM particles density reads [40,41]:

ρp = (1 + ι)ρcoρsh

ρsh + ιρco
(8)

The specific heat capacity of the suspension can be calculated as [42,43]:

Cp, nf =
(1 − φ)(ρCp)bf + φ(ρCp)p,eff

ρnf
(9)

where the effective specific heat, i.e. Cp ,p,eff of the nano-encapsulated particles with no
phase change is equal to the sensible heat capacity, i.e. Cp ,p [40,41]:

(ρCp)p = (Cp, co + ιCp, sh)ρcoρsh
(ρsh + ιρco)

(10)

When the coreof thenanoparticles experiences aphase transition, the latentheatof change
phase is absorbed by the specific heat capacity of the nanoparticles, resulting in an increase
in specific heat capacity.

Cp, p,eff = Cp,p +
{

π

2
·
(
hsf
TMr

− Cp,p

)
· sin

(
π
Tnf − T0
TMr

)} ⎧⎨
⎩
0 Tnf < T0
1 T0 < Tnf < T1
0 Tnf > T1

(11)

T0 and T1 are respectively the down and top margins of the melting bond TMr :

{
T0 = Tfu − TMr/2
T1 = Tfu + TMr/2

(12)

For the mixture, the thermal volume expansion coefficient is expressed as [33,40]:

βnf = (1 − φ)βbf + φβp (13)

The linear relationships are adopted to calculate the thermal conductivity and dynamic
viscosity of the NEPCMmixture [40,44]:

knf
kbf

= 1 + Ncφ (14a)

μnf

μbf
= 1 + Nvφ (14b)

Nc and Nv are the numbers of thermal conductivity and dynamic viscosity. The relations of
Equation (14) could be valid for diluted nanofluids, i.e. φ ≤ 0.5%.
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2.2. Non-dimensional form of governing equations

The following parameters are invoked to dimensionalize Equations (1)–(5) and the corre-
sponding boundary conditions Equation (6):

X = x

L
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L
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αbf
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2
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,
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L2
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a
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(15)

Hence, we then have:
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Da
μrV (18)

The dimensionless numbers in Equations (17) and (18) denote the Rayleigh number (Ra),
the Prandtl number (Pr), and the Darcy number (Da), respectively, which are introduced as:

Ra = gρbfβbfΔTL3

αbfμbf
, Pr = μbf

ρbfαbf
,Da = K

L2
(19)

Also,

μr = 1 + Nvφ, ρr =
(

ρb

ρf

)
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(
ρnf

ρbf

)
, βr =

(
βnf

βbf

)
= (1 − φ) + φ

(
βnf
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)

(20)
By assuming equivalent thermal expansionbehavior for both of particles and the base fluid,
the expansion ratio could be adopted as βr = 1.
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(
ε
∂θnf

∂τ
+ U

∂θnf

∂X
+ V

∂θnf
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)
= εkr,nf

(
∂2θnf
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)
+ H(θs − θnf ) (21)

where
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(
knf
kbf

)
, Cr = (ρCp)nf

(ρCp)bf
= (1 − φ) + φλ + φ

δ Ste
f (22)

Here, Cr is the ratio of the suspension heat capacity to the sensible heat capacity of the base
fluid. The Stefan number (Ste), the non-dimensional melting interval (δ), and the sensible
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heat capacity ratio (λ) read:

λ = (Cp, c + ιCp, sh)ρcρsh
(ρCp)bf (ρsh + ιρc)

, δ = TMr

ΔT
, Ste = (ρCp)bfΔT(ρsh + ιρc)

(hsfρcρsh)
(23)

Furthermore, the non-dimensional fusion function (f ) is represented as a function of non-
dimensional temperature, as follows:

f = π

2
sin

(π

δ
(θ − θf + δ/2)

)
×

⎧⎨
⎩
0 θ < θf − δ/2
1 θf − δ/2 < θ < θf + δ/2
0 θ > θf + δ/2

(24)

Where, θ f , denotes the dimensionless fusion temperature, which reads:

θf = Tfu − Tc
Th − Tc

(25)

The conservation of energy in the solid porous matrix is achieved in the following non-
dimensional form:

(1 − ε)
(ρCp)s
(ρCp)bf

∂θs

∂τ
= (1 − ε)Kr,s

(
∂2θs

∂X2
+ ∂2θs

∂Y2

)
− H(θs − θnf ) (26)

where

Kr,s = ks
kbf

,H = hL2

kbf
(27)

Ultimately, the corresponding dimensionless forms of the boundary conditions is reached
as:

At the left wall : U = V = 0, θnf = θs = 1 + Asin(Ωτ) (28a)

At the rightwall : U = V = 0, θnf = θs = 0 (28b)

At top andbottomwalls :
∂θnf

∂Y
= ∂θs

∂Y
= 0 (28c)

Initial conditionsU = Ust ,V = Vst , θnf = θnf ,st ,θs = θs,st (28d)

where subscript st shows the steady state solution when A = 0, and � denotes the non-
dimensionalized frequency, Ω = ωL2/αf .

2.3. Rated of heat transfer

The average Nusselt numbers for the liquid and porous matrix are introduced for the hot
wall as:

Nunf ,τ = kr,nf

∫ 1

0

(
∂θnf

∂X

)
dY (29a)

Nus,τ = Kr,s

∫ 1

0

(
∂θs

∂X

)
dY (29b)
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The time-averaged Nusselt numbers are identified over a period of wall temperature
oscillation τp (τp = 2π/Ω) as:

Nunf ,a = 1
τp

∫ (n+1)τp

nτp

∫ 1

0
Nunf ,τdY dτ (30a)

Nus,a = 1
τp

∫ (n+1)τp

nτp

∫ 1

0
Nus,τdYdτ (30b)

Finally, the streamlines, which may be used to depict the suspension flow, are calculated
by solving the following Poisson equation:

∂2Ψ

∂X2
+ ∂2Ψ

∂Y2
= −

(
∂V

∂X
− ∂U

∂Y

)
(31)

where the Dirichlet boundary condition with zero value was considered as the boundary
conditions.

3. Numerical analysis and grid evaluation

3.1. Numerical method

The governing equations in the previous section are non-linear, and they weremodified to
a weaker form to be solved. Galerkin finite element method (FEM) was utilized to integrate
weaker form equations within the domain study. This method is detailed and explained in
Ref. [45].

3.2. Grid study and independency

Achieving accurate and correct answers in each numerical study mainly depend on the
quality provided grid within the domain study. So, six different grid sizes were pro-
vided inside the cavity as listed in Table 2. The average Nusselt number of the sus-
pension and glass balls was examined for all grids when Ste = 0.5, θ f = 0.5, Ra = 107,
Nc = 23.8, λ = 0.32, H = 10, φ = 0.03, � = π/6, A = 0.5, Da = 10−4, ε = 0.8, Nv = 12.5,
and Pr = 6.2. It was noticed that the average Nusselt number values are equal for fifth
(250× 250) and sixth (300× 300) grid sizes. So, the fifth one was chosen for the whole
numerical simulations in order to decrease the cost and duration of simulations.

Moreover, it should be noted that the average Nusselt number for the solid phase (Nus,a)
is not much sensitive to the mesh size but the average Nusselt number for the NEPCM
suspension (Nunf ,a) is slightly changed by the change of mesh size. The partial differential
equation for solid phase is generally governed by the conduction heat transfer without ant
advection term. It is only linked to the NEPCM suspensions through source terms. Hence, it
is easy to solve and converge. However, the heat transfer equation for the suspension con-
tains advective terms directly connected to the NEPCM suspension and the phase change
of nanoparticles. Thus, the change of grid size influences the heat transfer in the suspension
phase (Nunf ,a) more than that of the solid phase (Nus,a) (Table 2) .
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Table 2. Grid size influence on the average Nusselt number of the suspension and glass balls
when Ste = 0.5, θ f = 0.5, Ra = 107, Nc = 23.8, λ = 0.32, H = 10, φ = 0.03, � = π /6, A = 0.5,
Da = 10−4, ε = 0.8, Nv = 12.5, and Pr = 6.2.

Grid size

Nusselt number 50× 50 100× 100 150× 150 200× 200 250× 250 300× 300

Nus,a 0.677 0.676 0.676 0.676 0.676 0.676
Nunf ,a 10.461 10.432 10.428 10.425 10.424 10.424

Figure 2. The average Nusselt number over time resulted from the study done by Kalabin et al. [46] and
that of our study for Ra = 2× 105, Pr = 1, φ = 0.0, ε = 1.

3.3. Validation

The results of the current investigation were compared with other similar works to validate
the method used. In the first case, the correctness of this study was examined by being
compared to the research of Kalabin et al. [46]. They numerically studied the free convec-
tion inside an air-filled cavity. The cavity horizontal walls were insulated, and one of the
vertical walls had a constant temperature while the other wall had various temperatures.
Figure 2 depicts the average Nusselt number of two studies at various time-steps when
Ra = 2× 105, Pr = 1, φ = 0.0, ε = 1.

An agreement is seen between the outcomes of the two studies. As the second step,
a comparison was performed between this study and the research of Calcagni et al. [47].
They did a numerical and experimental investigation on natural convectionwithin a square
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Figure 3. comparison between the temperature contour of the experimental work of (a) Calcagni et al.
[47] and (b) the current numerical study at Pr = 0.71, φ = 0.0, ε = 1 and Ra = 1.425× 105.

enclosure inwhich thebottomwallwas exposed to anoutsideheater. Thewalls of the cavity
acted as cooling parts and the top wall was insulated.

Figure 3 demonstrates the temperature contours in the enclosure of the current study
and experimental results of Ref. [47] when Pr = 0.71, φ = 0.0, ε = 1 and Ra = 1.425× 105.
As seen, results of two studies indicates desirable agreement. Finally, the outcomes of this
research were compared to the results of the work of Baytas and Pop [48]. They exam-
ined the natural convection in a porous square cavity where the non-equilibriummodel of
thermal energy transport was assumed. Two vertical walls of their research were isotherms
(Th and Tc), and horizontal walls were considered adiabatic. A fine agreement is observed
between the results of two studies according to Figure 4, which illustrates the average
Nusselt number of solid and fluid phases versus non-dimensional interface heat transfer
coefficient.

4. Outcomes and discussions

The numerical results of the modeled problem are represented in this portion. Indeed,
the effects of the alterable factors on flow and temperature fields, the heat capacity ratio
contours, and the heat transfer characteristics of the suspension and the solid matrix are
studied. The ranges of the alterable parameters are: Stefan number 0.2 ≤ Ste ≤ ∞, the
dimensionless fusion temperature 0.05 ≤ θ f ≤ 1, the interface heat transfer coefficient
1 ≤ H ≤ 1000, the non-dimensional frequency of the temperature profile 0.01π ≤ � ≤ π ,
the non-dimensional amplitude of the temperature profile 0.0 ≤ A ≤ 1, and the NEPCM
volumetric fraction 0.0 ≤ φ ≤ 5%. It’s important to note that the other non-dimensional
parameters are fixed so thatRa = 107,Da = 10−4, ε = 0.8,Nc = 23.8,Nv = 12.5,λ = 0.32,
and Pr = 6.2. Default Case for the aluminum and copper foams as well as the glass balls is
Ste = 0.5, θ f = 0.5, Ra = 107, H = 10, φ = 0.03, � = π/6, A = 0.5.

Results in terms of contours of streamlines, isotherms, and the heat capacity ratio for sev-
eral snapshots during an oscillation period are illustrated in Figure 5 that correspond to the
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Figure 4. The average Nusselt numbers of the two phases as obtained by Baytas and Pop [48] and in
our study.

aluminum foam in the default case. Notice that in all of the time instants, a clockwise vortex
is formed inside the cavity having an ascending flow near the hot (left) wall and a descend-
ing flow near the cold (right) wall. This vortex is responsible for the advection of heat and
the circulation of the NEPCMparticles alongwith the host fluid inside the cavity. Inspection
of the temperature contours indicates a high degree of LTNE between the NEPCM suspen-
sion and the solid matrix since the patterns of the contour lines of the components are
completely different at the all-time instants. Notice that, in spite of the vortex formed in
the NEPCM suspension, the isotherms of the solid matrix are almost vertical. It is evident
that the highest values of the flow strength and the temperatures belong to τ = T/4 while
the lowest values appear at τ = 3 T/4. This is not surprising since the hot wall attains its
maximum temperature at τ = T/4 while its minimum temperature is reached at τ = 3 T/4.

The NEPCM particles experience hot and cold regions during their circulation inside the
cavity. When a NEPCM particle enters a region having a temperature greater than its fusion
temperature, it melts. The molten particle, however, undergoes a phase change to a solid
state after entering a region colder than its fusion temperature. For the current case with
φ = 0.03, the heat capacity ratio takes the value of 0.98 in the regions where the NEPCM
suspension acquires a temperature higher or lower than the melting point of the NEPCM
particles. Hence, the deviation of Crfrom 0.98 reflects the phase change of the NEPCM par-
ticles. Thereby, each red ribbon in Figure 5 shows the phase change zone at a snapshot
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Figure 5. Streamlines and isothermal contours of the fluid and solid phases of the porous media and
heat capacity ratio at four snapshots during an oscillation period for the aluminum foam.

during an oscillation period, separating the molten NEPCM particles from the solidified
ones. Scrutiny of the figure shows that at τ = 3 T/4, which corresponds to the hot wall low-
est temperature, the phase change ribbon is pushed towards the hot (left) wall, and most
of the cavity is occupied by the NEPCM particles in the solid phase.

Figure 6 depicts the instantaneous Nusselt number variations for the NEPCM particles
and the solidmatrix for thematrix beingmade up of aluminum foam, copper foam, or glass
balls. The figure demonstrates that for themetallic foams, theheat transfer of themedium is
substantially higher than the NEPCM particles. However, the opposite trend is observed for
the glass balls, which is expected. It is also shown that the Nusselt number of copper foam
is about two times higher than the aluminum foam. Notice that change of the solid matrix
material may not change the Nusselt number of the NEPCM suspension substantially.

The dependency of the average Nusselt number of the components to the non-
dimensional fusion temperature and the non-dimensional amplitude of the temperature
profile is portrayed in Figures 7–9, which correspond to the aluminum foam, the copper



14 M. GHALAMBAZ ET AL.

Figure 6. Instantaneous Nusselt number variations for the NEPCM suspension and the solid matrix for
different porous matrix materials.

foam, and theglass balls, respectively. The figures show that for all of the current solidmatri-
ces, the Nusselt number of the NEPCM suspension achieves its maximum value at θ f = 0.5.
However, notice that no general conclusion can be drawn about the effect of the fusion
temperature on theNusselt number of the solidmatrix. It is evident that a rise in the dimen-
sionless amplitude of the temperature profile elevates the Nusselt number of the NEPCM
suspension. Regarding the Nusselt number of the solid matrix, the trend is more complex.
For most of the cases using the metallic foams, it can be noticed that the Nusselt num-
ber of the solid matrix is a decreasing function of the non-dimensional amplitude of the
temperature profile; however, a nearly direct relation exists between them, for the glass
balls. Figure 7 shows an increasing trend ofNus,aby an increase of fusion temperaturewhen
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Figure 7. Relationship of the averageNusselt number of the componentswith the dimensionless fusion
temperature and the dimensionless amplitude of the temperature profile for the aluminum foam.

Figure 8. Relationship of the averageNusselt number of the componentswith the dimensionless fusion
temperature and the dimensionless amplitude of the temperature profile for the copper foam.

A = 0.75. However, for the other two cases, no monotonic trend could be found. Indeed,
an increase in temperature amplitude elevates the local temperature next to the wall and
shifts the location of phase change toward the heated wall. Thus, as seen, the heat trans-
fer improves. However, for small temperature amplitudes, the phase change occurs in the
central area of the enclosure, and depending on its distance to the heated or cold wall, the
Nusselt number could be changed.

Figures 10–12 indicate the dependency of the heat transfer of the components to the
dimensionless fusion temperature and the non-dimensional frequency of the temperature
profile for the aluminum foam, the copper foam, and the glass balls, respectively. Again,
notice that the Nusselt number of the NEPCM suspension achieves its maximum value at
θ f = 0.5. However, the trend of the Nusselt number is more complex for the solidmatrices.
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Figure 9. Relationship of the time-averaged Nusselt number of the components to the non-
dimensional fusion temperature and the non-dimensional amplitude of the temperature profile for the
glass balls.

Figure 10. Average Nusselt number variations for the components as a function of the fusion tempera-
ture for different frequencies of the temperature profile for the aluminum foam.

A comparison of these figures with Figures 7–9 shows that the amplitude of the tempera-
ture profile is more influential on the heat transfer performance than its frequency. Notice
that an increment in the dimensionless frequency of the temperature profile improves the
Nusselt number of the NEPCM suspension. However, this effect is negligible when copper
foam is used. However, notice that no general conclusion can be drawn about the impact
of the dimensionless frequency of the temperature profile on the Nusselt number of the
solid matrix.

Finally, a parameterized analysis is carried out to investigate the effects of various non-
dimensional factors on the time-averaged Nusselt number of the components. Results
for the aluminum foam, the copper foam, and the glass balls are outlined in Tables 3–5,
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Figure 11. Dependency of the average Nusselt number of the components on the non- dimensional
fusion temperature and the non-dimensional frequency of the temperature profile for the copper foam.

Figure 12. Dependency of the time-averaged Nusselt number of the components to the dimensionless
fusion temperature and the dimensionless frequency of the temperature profile for the glass balls.

respectively. It is evident that adding 3% of the NEPCM particles to the host fluid, the Nus-
selt number of the fluid reduces by about 4% in the aluminum foam while elevating by
about 17% and 36% in the copper foam and the glass balls, respectively. However, this par-
ticle addition may not bring more than 1% variations in the Nusselt number of the metallic
foams; but it is accompanied by 8% reduction in the Nusselt number of the glass balls.

Inspection of the results shows that raising the Stefan number from 0.5 to 5× 105 and
elevating the dimensionless fusion temperature from 0.5 to 0.9 decrease the Nusselt num-
ber of the NEPCM particles by about 3% and 1%, respectively. However, their effects on the
Nusselt number of the solid matrices may not exceed 0.1%. It is found that an increment of
the non-dimensional interface heat transfer coefficient from 10 to 1000 is accompanied by
a diminishment of theNusselt number of theNEPCMparticles and elevation of heat transfer
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Table 3. Effects of different factors on the time-averaged Nusselt number for the aluminum foam.

Case Ste θ f H φ � A Nunf ,a Nus ,a

0 0.5 0.5 10 0.00 π /6 0.5 8.650 67.360
1 0.5 0.5 10 0.03 π /6 0.5 10.155 67.293
2 5× 105 0.5 10 0.03 π /6 0.5 9.836 67.333
3 0.5 0.9 10 0.03 π /6 0.5 10.032 67.342
4 0.5 0.5 1000 0.03 π /6 0.5 2.861 76.100
5 0.5 0.5 10 0.05 π /6 0.5 10.638 67.208
6 0.5 0.5 10 0.03 2π /3 0.5 10.158 67.283
7 0.5 0.5 10 0.03 π /6 1.0 11.506 67.129

Table 4. Effects of different factors on the time-averaged Nusselt number for the copper foam.

Case Ste θ f H φ � A Nunf ,a Nus ,a

0 0.5 0.5 10 0.00 π /6 0.5 8.652 130.883
1 0.5 0.5 10 0.03 π /6 0.5 10.156 130.817
2 5× 105 0.5 10 0.03 π /6 0.5 9.834 130.914
3 0.5 0.9 10 0.03 π /6 0.5 10.030 130.922
4 0.5 0.5 1000 0.03 π /6 0.5 25.72 138.958
5 0.5 0.5 10 0.05 π /6 0.5 10.630 130.649
6 0.5 0.5 10 0.03 2π /3 0.5 10.156 130.806
7 0.5 0.5 10 0.03 π /6 1.0 11.506 130.507

Table 5. Effects of different factors on the time-averaged Nusselt number for the glass balls.

Case Ste θ f H φ � A Nunf ,a Nus ,a

0 0.5 0.5 10 0.00 π /6 0.5 8.934 0.738
1 0.5 0.5 10 0.03 π /6 0.5 10.425 0.676
2 5× 105 0.5 10 0.03 π /6 0.5 10.088 0.671
3 0.5 0.9 10 0.03 π /6 0.5 10.350 0.676
4 0.5 0.5 1000 0.03 π /6 0.5 9.705 2.078
5 0.5 0.5 10 0.05 π /6 0.5 10.887 0.642
6 0.5 0.5 10 0.03 2π /3 0.5 10.435 0.677
7 0.5 0.5 10 0.03 π /6 1.0 11.775 0.692

in the solidmatrices. The percentages of the diminishments are 72%, 75%, 7%, and the per-
centages of the elevations are 13%, 6%, 207% for the solidmatrixmade up of the aluminum
foam, the copper foam, and the glass balls, respectively.

Scrutiny of the results demonstrates that with a rise in NEPCM volumetric fraction from
3%to5%, theNusselt numberof the suspensionboostsby about 4%. For themetallic foams,
however, this effect is not influential on the heat transfer in the solid matrix; but it elevates
the Nusselt number of the glass balls by about 5%. Among the current alterable parame-
ters, the lowest contribution belongs to the non-dimensional frequency of the temperature
profile, which may not change the results by more than 0.2%. It is evident that duplicating
the amplitude of the temperature profile boosts the Nusselt number of the NEPCM par-
ticles by about 13%. For the metallic foams, this may not change the heat transfer of the
solid matrix by more than 0.3%. However, it elevates the Nusselt number of glass balls by
about 2%.
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5. Conclusion

Unsteady free convection of a NEPCM-water suspension in a square porous cavity was sim-
ulated and discussed in this study. In order to do this, a two-temperature LTNE model was
used, with the temperature differential between the NEPCM particles and the solid matrix
taken into account. The non-dimensional governing differential equations were solved
through the finite element method. Computations were undertaken for aluminum foam,
copper foam, and glass balls as the solid matrix, and the corresponding results were com-
pared under different conditions. The key findings of this investigation are summarized
below:

(1) When the hot wall temperature reaches its minimum value during an oscillation
period, most of the cavity is occupied by the NEPCM particles in the solid phase.

(2) For themetallic foams, the Nusselt number of the solidmatrix is substantially higher
than the NEPCM particles.

(3) The heat transfer of the glass balls is much lower than the NEPCM particles.
(4) The Nusselt number of copper foam is about two times higher than the aluminum

foam.
(5) Although no general conclusion can be drawn for the effect of the fusion tem-

perature on the solid matrix Nusselt number, the heat transfer rate of the NEPCM
suspension achieves its maximum value at θ f = 0.5.

(6) A rise in the frequency or amplitude of the temperature profile elevates the Nusselt
number of the NEPCM suspension.

(7) For the metallic foams, the Nusselt number of the solid matrix is a decreasing func-
tion of the non-dimensional amplitude of the temperature profile. However, a direct
relation exists between them for the glass balls.

(8) Among the current alterable parameters such as the Stefan number, fusion temper-
ature, interfacial heat transfer coefficient, NEPCM volumetric fraction, solid matrix
type, and frequency and magnitude of the temperature profile, only the non-
dimensional interfacial heat transfer coefficient and the amplitude of the temper-
ature profile make significant contributions to the temperature profile.

The current research focused on the heat transfer aspect of NEPCM suspensions by
considering the thermal interactionbetween theporousmediumand the suspension.How-
ever, NEPCM suspensions in porous media could be utilized for thermal energy storage as
well. Therefore, investigating these suspensions’ thermal energy storage behavior could be
the subject of future studies.
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