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A precise understanding of the thermal behaviour and entropy generation of a suspension comprising
nano-encapsulated phase change materials (NEPCM) is important for the thermal energy storage and heat
transfer enhancement in various engineering applications. Studies to date, have improved the knowledge
of the heat transfer of NCPCM. However, a suspension comprising NEPCM in the porous medium could
enhance the overall heat transfer performance. Therefore, this study aims to investigate the thermal, hy-
drodynamic and entropy generation behaviour of the NEPCM-suspensions in a porous medium. Conju-
gate natural convection heat transfer and entropy generation in a square cavity composed of a porous
matrix (glass balls), occupied by a suspension comprising nano-encapsulated phase change materials,
and two solid blocks is numerically investigated. Galerkin Finite Element Method is employed to solve
the nonlinear coupled equations for the porous flow and heat transfer. The phase transition and the re-
leased/absorbed latent heat of the nano-capsules are attributed in a temperature-dependent heat capacity
field. The thermal conductivity ratio (1 < R, < 100), the Darcy number (10> < Da < 10 '), the Stefan
number (0.2 < Ste < 1), the porosity of porous medium (0.2 < ¢ < 0.9), the dimensionless fusion tem-
perature (0.05 < Tj < 0.95), the solid walls thickness (d; = 0.1 and 0.3), and the volume fraction of
the nano-capsules (0.0 < ¢ < 5%) are considered for the numerical calculations. The numerical results
illustrate that the rates of heat transfer and the average Bejan number are maximum and the generated
entropy is minimum when the fusion temperature of the nano-capsules is Ty = 0.5. Besides, adding the
nano-sized particles of encapsulated phase change materials to the host fluid increases the heat trans-
fer rate up to 45% (for the studied set of parameters) and also augments the average Bejan number.
The total entropy generation elevates with the increment of the volume fraction of the nanoparticles, for
low values of the Darcy number; however, a downward trend can be found for higher values of the Da.
The combination of NEPCM-suspensions (with latent heat thermal energy storage) and a porous medium
(with the extended surface area) provides an extensive capability for thermal enhancement and energy
storage applications. In this regard, the findings of the current work demonstrate that the selection of the
fusion temperature and Darcy number are two essential key parameters, which could change the trend
of the results.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

Thermal energy storage and heat transfer enhancement at-
tracted the interest of the researchers in different engineering ap-
plications due to the increasing demand for energy in real life.
In reality, thermal energy loss in various engineering systems is
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significant as most of the systems are not completely thermody-
namically efficient. Various techniques like solar energy storage
[1], cryogenic energy storage [2], and heat pump storage [3] are
used to store the energy from different sources. In recent years,
researchers have employed phase change materials (PCM) with the
existing system to store and transfer the thermal energy as PCM
can store a significant amount of energy. It is evident that PCM can
store about 5 to 14 time’s higher energy than conventional storage
materials [4]. Despite the high-storage capacity, PCM can transfer
a low amount of heat to the surroundings, while engineering ap-
plications need higher heat transfer [5].

The available literature uses various porous media [6,7], shape-
specific finned surface [8], and encapsulation techniques [9] to en-
hance the heat transfer efficiency of the stored energy in PCM.
Composites of metallic foam/PCM (CPCMs) are shown to have sig-
nificant advantages in terms of overall thermal conductivity [10,11],
melting front velocity [12], or stored energy [13]. For instance, Xiao
et al. [10] analyzed paraffin/nickel foam and paraffin/copper foam
composite phase change materials in a Latent Heat Thermal Stor-
age System and revealed that the thermal conductivity of the com-
posite could be elevated up to fifteen times higher than the case of
pure PCM. Mancin et al. [14] surveyed the phase change process of
three different paraffin-waxes in copper foam. They demonstrated
the high capability of the metallic foams for increasing heat trans-
fer in passive systems.

The porous and shape-specific finned surfaces influence the
flow field and extend the heat transfer surface area, which leads to
the overall heat transfer enhancement. On the contrary, encapsula-
tion is the technique, which coats a PCM material and prevents is
from any reaction with the fluid or solid phase of the system dur-
ing thermal heat absorption. Encapsulation influences the overall
heat transfer by increasing the heat transfer surface area and ther-
mal stability of the PCM. The available literature classified the PCM
encapsulation in three different categories macro (>1mm), micro
(1-1000pm) and nano (1-1000nm) [4]. A wide range of studies has
analyzed the macro [9, 15, 16] and micro-encapsulation [17, 18] of
PCM materials for thermal heat storage and heat transfer purpose.
Most of those studies have reported that micro-encapsulated PCM
provides higher heat transfer than the microencapsulated PCM.

In the micro-encapsulated system, melting and solidification
of the PCM happen quicker than the macro-encapsulated sys-
tem, which eventually increases the overall heat transfer in micro-
encapsulated PCM [19]. However, nano-encapsulated PCM could
boost the overall heat transfer due to its large surface area, tiny
size, thermal and mechanical stability [20]. Studies over the past
few decades tried to improve the heat transfer efficiency and ana-
lyzed the suspension of the nanoparticles without considering the
phase change of the material.

Several numerical and experimental studies calculated the heat
transfer of nano-capsulated PCMs in various systems. A numeri-
cal study analyzed the heat transfer in a micro-tube heat sink by
considering the phase change of the nano-encapsulated PCMs and
reported a significant increase in the thermal performance of the
heat sink [21]. A finite volume based study illustrated the ther-
mal performance of the nano-encapsulated PCM in an unconfined
cylinder [22]. The study concluded that dispersing a higher vol-
ume concentration of the particles enhanced the thermal perfor-
mance. An experimental study examined the thermal performance
of a mini channel heat sink [23] and found that the flow rate and
particle volume fraction influence the overall heat transfer.

Almost all of the heat transfer studies regarding the nano-
encapsulated PCM focused on forced convection heat transfer. Re-
cently, Ghalambaz et al. [24] performed a comprehensive analysis
of the free convection thermal enhancement of nano-encapsulated
PCMs in a square cavity. The study used insulated top and bot-
tom walls, while the left wall of the model was considered hot.

Nomenclature

Latin symbols

Be Bejan number

G Specific heat of the suspension in constant pressure
Cr Suspension heat capacity ratio

D Width of the solid rectangular blocks

Da Darcy number

F Dimensionless phase transient function

G Acceleration of gravity

hys Latent heat of the cores

K Thermal conductivity coefficient

L Height of the enclosure, the characteristic length
Nc Conductivity number of nanoliquid

Nu Nusselt number

Nv Dynamic viscosity number of nanoliquid

p Dimensional form of the pressure field

P Non-dimensional form of the pressure field

Q Energy transfer from the hot element

Pr Prandtl number

Ra Rayleigh number

Ry, Thermal conductivity ratio

Sgen Total entropy generation

Sth Heat transfer component of the entropy generation
Sviscous ~ Fluid friction component of the entropy generation
Ste Stefan number

T Temperature

T Fusion temperature of the core of the nano-capsules
Tur Melting temperature range

u x-component of the velocity

v y- component of the velocity

X x-Cartesian coordinate

y y-Cartesian coordinate

Greek symbols

g Porosity of the solid matrix

H Dynamic viscosity

o Coefficient of thermal diffusivity

B Coefficient of thermal expansion

1) Melting temperature window in the non-
dimensional form

& Heat capacity of the nano-capsules to water

P Density

® Nano-capsules’ volume fraction in water

® Irreversibility parameter

v Stream-function

n Mass ratio of the core to the shell

Superscript

* Dimensional parameters

Subscript

avg Averaged value

b Bulk properties

co Properties of the core of the nano-capsules

eff Effective value

f Water

h Hot surface

t Total

p Nanoparticles containing phase change material

s Porous medium

sh Properties of the shell of the nano-capsules

w Wall

The study assumed that the ratio of the PCM and base fluids were
uniform and stable, and concluded that the overall thermal perfor-
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mance depends on the fusion temperature of the particle. Follow-
ing Ghalambaz et a. [24], Hajjar et al. [5] investigated the unsteady
heat transfer of NEPCMs in a cavity and found a better heat trans-
fer in the presence of NEPCM particles. The results demonstrated
that a 2.5% raise of NEPCM volume fraction could enhance the heat
transfer by 21%.

The literature review shows that there are only a few studies,
which investigated the free convection heat transfer of NEPCM in
a porous medium. Ghalambaz et al. [25] modelled the mixed con-
vection boundary-layer heat transfer of NEPCM-suspensions over
a flat plate. The outcomes showed the benefit of using NEPCMs
on the improvement of the heat transfer, and the fusion temper-
ature of the particles is an essential parameter for heat transfer
enhancement. In another study, Ghalambaz et al. [6] addressed the
free convection heat transfer of NEPCM-suspensions in a porous
cavity and reported that the porosity of the medium is an essen-
tial parameter for heat transfer enhancement of NEPCMs. A porous
medium with high porosity is beneficial for using NEPCMs, mainly
when the volume fraction of the particles is greater than 3%.

The entropy generation of nanofluids has been investigated in
many recent publications. In this regard, Siavashi et al. [26] ex-
amined the natural convection entropy generation of nanofluids
in a porous fin inside a cavity and found that the thermal irre-
versibilities were the dominant source of entropy generation in a
cavity, and the presence of the porous fins reduced the entropy
generation. Shahsavar et al. [27] investigated the free convection
heat transfer of hybrid nanofluids (water-Fe304/CNT) in an annu-
lus enclosure and reported that using the hybrid nanoparticles in-
tensified both of thermal and friction entropy generations in the
enclosure. Different features of entropy generation of nanoliquids
have been addressed in recent years, for instance, mass transfer of
nanoparticles [28,29], conjugate heat transfer [30-32], and various
geometries [31-33].

The literature review shows that there are very few studies
regarding the free convection heat transfer of nano-encapsulated
PCMs in a porous cavity [6]. The entropy generation of NEPCMs is
a new topic, which has not been addressed yet. The present study
aims to address the entropy generation of NEPCMs in a porous
medium for the first time.

2. Problem physics

Natural convection heat transfer in a porous medium occupied
by a suspension of water and nano-encapsulated phase change par-
ticles is analyzed in the current work. The considered geometry
is depicted in Fig. 1. This figure shows a 2D enclosure with the
size of L* and two solid vertical walls with the imposed bound-
ary conditions. The two solid rectangular blocks are located at the
left and right sides of the enclosure, and the entire cavity walls
are well insulated except the lower part of the left solid wall (hot
surface) and the upper surface of the right one (cold surface). Con-
sider a packaging system consist of an array of enclosures depicted
in Fig. 1. The hot wall and cold walls are the placement location of
charging and discharging pipes in the package. The insulated walls
represent the symmetric line between packages. In such a design,
the cold and hot pipes for charging and discharging can be main-
tained with a sufficient distance and simultaneous charging and
discharging is also possible.

In the present model, the Forchheimer term was neglected
since the flow in the cavity is induced by the natural convection,
and the Darcy-Rayleigh number of the study is typically below
1000. Hence, the velocities in the porous medium are compara-
tively low. As a result, the inertia effects, which lead to the Forch-
heimer term, are minimal.

The velocities in the solid domain are forced to zero in the
modelling of phase change heat transfer where the PCM phase

T "oy =0 T =T"

c
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Porous medium saturated
with NEPCMs particles
o b
R
2N~ =
*Q— = S
A | Absomption Store  Release
e d;
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\ X *
]
T" =T, T "oy =0

Fig. 1. Schematic configuration of the physical model.

change. The typical method is the enthalpy-porosity approach. In
particular, body forces are introduced in momentum equation to
constrain the velocity to zero when PCM becomes solid [34]. An-
other approach is the viscosity-step function approach, with which
viscosity is forced to a very high value to force the velocities to
zero [35,36]. In the present study, the nanoparticles are suspended
in the liquid, and the core of nanoparticles could be in solid or lig-
uid states. Regardless of the core status of the nanoparticles, they
can circulate with the liquid. Hence, their phase change does not
directly influence the velocity profiles. As a result, no velocity con-
trol approaches such as enthalpy-porosity or viscosity-step func-
tion is required in the present model.

For PCM coupled with porous materials, it is common in lit-
erature [34-36] to use a local thermal non-equilibrium approach,
with which separate equations are solved for fluid (nanoliquid in
this case) and solid (porous material in this case) phases. However,
when the thermal conductivity of the porous material is poor, the
temperature of the porous matrix can approach the temperature
of the liquid inside pores, and local thermal equilibrium approach
is reasonable. Here it is assumed that the glass ball porous matrix
and the nano liquid are in local thermal equilibrium.

Table 1 lists the thermophysical properties of the NEPCMs par-
ticles and water. Details about the latent heat and melting point of
the core of the particles can be found in [37].

2.1. The formulation

By adopting the Boussinesq’s approximation to determine the
density variations in an incompressible, laminar and Newtonian
nanoliquid inside a porous domain, the governing equations are:

Conservation of mass:
au*  Iv*
ox* + ay*

-0 (1)

Conservation of momentum:

Py Louw ut  dpr  ppofur  ur\ o
&2 (u ax Y dy )~ ox+ el T ay+? e

(2-a)
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Table 1
Thermophysical properties of the involved materials in the problem [37,38]
Material k (Wm~'K') p(kgm3) G (Jkg7'KY) B (K n (kgm-Ts71)
Water 0.613 997.1 4179 21 x 1073 8.9 x 10*
Polyurethane - 786 1317.7 17.28 x 105 -
Nonadecane - 721 2037 - -
Glass balls 1.05 2700 840 0.9 x 10~ -
C; pless 1s the effective heat capacity of the NEPCMs particles
o 9+ v+ apr w9 9w and can be obtained using the following relation when there is no
b * * _ b i .
Sz(u I +v 8y*) =9 + - <8x*2 + 8y*2> the phase change for the core:
C% o+ nC* ),0* o
" MZ x ( p.co p,sh)”colsh
g OB (T = T7) = v (2-b)  Gp=-"—p 9)
(0% +108) Py

Conservation of energy for the porous matrix and the suspen-
sion in the pores:

aT* aT* 02T+  32T*
kK * *7 — l *
('0 Cp)b(u ox* +v 3},*) <eff(ax*z + 8y*2) (3)
in which:
kepp = (1= &)ki +ekj (4)
Conservation of energy for solid walls:
L 9°T  9°T*

Following the physical description of the model in Fig. 1, the
boundary conditions at the boundaries of the cavity can be intro-
duced in the following mathematical form:

Vx*’y*|x*:O,OSy*SL* éaT*/ax*:O (6-a)
VXt yrx =L 0 <y* <L* = 0T*/9x* =0 (6-b)
* *y*=0,0§x*§d;:>T*=Th* -
XLy y*=0,d; <x* <L*= 9T*/dy* =0 (6-c)

v LY =L0<x <L*—d: = 0T*/dy* =0
VY D d <x < T =T (6-d)
X=d:0<y'<Ll*su=1v=0
V*’ i * *h’ *| g * * ' 6-
XY ke 0T+ /0y | = K2y 0T*/0y", (6-e)
. L=l —di0<y <l*su=1"=0,
VY ke, T8y |, = ki, DT 10y, (6-0)

2.2. The suspension thermo-physical properties

The following weighted function of the NEPCMs particles and
water gives the density of the nanoliquid [39]:

Py =1 =@)pf+9p, (7)

Densities of water and NEPCMs particles are specified using the
p and f subscripts. The density of the NEPCMs particles is defined
based on the densities of its components [39,40]:

«_ A+ mPeps,
PP et
where 7, i.e. the mass ratio of the core to the shell, is approx-

imately 0.447 [37]. Also, the heat capacity of the nanoliquid is
[40,41]:

oo (A =)0iC, ¢+ 203Gl ©)
p.b — ’Ol))k

(8)

By taking into consideration the phase change of the core of
the particles, the heat capacity of the NEPCMs is achieved using a
sinusoidal profile as follows [21,39]:

h* T* — T*
s _ E Sf_ s Qi 0
qu—%”{z<m %OsmG mAﬂ
0 T*<Tg
xq1 Ty <T*<T} (10)
0 T*>Tf

Since Cj, is very small compared to h;‘f/TAj,r, the term of
7€} p/2 can be easily ignored. Ty, the melting temperature win-
dow, is:

Ty = Tf*u — T /2

I = Tfu + Ty /2

Ti=T; —T§

in which Tfu is the fusion (melting) temperature of the cores of
nano-sized particles. The effective coefficient of the thermal vol-
ume expansion for the suspension is written as [41]:

By =1 -)Bf+9¢B; (12)

The dynamic viscosity and thermal conductivity of the suspen-
sion are evaluated by utilizing the linear relations presented below
[42,43]:

My

— =1+ Nv 13-a
i % (13-a)
K
— =1+ Ncp (13-b)
k’}

2.3. Stream function and Entropy generation

Streamlines are conveniently employed to depict the fluid
flow. For the two-dimensional flow of the suspension comprising
NEPCMs, stream function can be obtained as
_owr ov*

V= (14)

=gy Coox

The above equations can be merged into a single equation as
follows:

o 0w (o ow 5)
0x*2 8}’*2 - ox* 8y*

and ¥* =0 can be considered on all solid boundaries. The pro-
duced entropy can be dimensionally calculated as follows [44,45]:

Sin = [ (86)"+ ()], + [ (30)"+ (5]

e [p v () 28+ (4 )

ay* dy

541 (16)
il
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In which the first term indicates the entropy generation due to
the heat transfer in the solid walls, the second term characterizes
the generated entropy caused by the heat transfer in the fluid and
the porous medium, and the last one represents the fluid flow ir-
reversibilities. Moreover, T is the average temperature of the cold
and hot walls.

3. Non-dimensional governing equations and entropy
generation

3.1. Non-dimensional form of governing equations
The dimensionless form of the model equations, Eqs. (1)-(4),

and the imposed boundary conditions, Eq. (6), could be obtained
by employing the following definitions:

x={%,y={%, dh=,7, dC:%,u=%,l/=%, AT Th* I
-2 T*-T; STy
p= ,I:[(Lx;z’q}:;% T="5pS= kfoAT
(17)
Therefore, we then have:
Ju Jv
412 _0 18
ox + ay (18)
-2( P _ " d2u 9%u
£ ( b)( M +vis)=—38 +Pre- ( ?)(8,(2 +%%) (19)
—£L(1+ Nvg)yu
2 ap -1 v | 2%
e~ ( )( o4y ) —4E +Pre (M—i)(ﬁ-l—d—yz) 20)

~ (14 Nugh)v +Ra.- Pr(%) (%)T

f

aT aT 0°T 02T
Cr(uax + vay) = kr<3x2 + ByZ> (21)

where the Rayleigh (Ra), the Prandtl (Pr) and the Darcy (Da) num-
bers, are:

*g*AT*LaS p*
Ra:ﬂfﬁ,Pr:—i, Da —L’% (22)
Vi%y o5
and the heat capacity ratio is:
(0"Gy), ¢
Cr (p*c*) =1 - +or+ s f (23)
’eff ks
ky = =(1-¢) +¢&(1+ Ncg) (24)
f

where Cr indicates the ratio of heat capacity of the nanoliquid to
the base fluid’s sensible heat capacity. Also, the ratio of the heat
capacity of the NEPCMs particles to the base fluid (£), the melt-
ing temperature window in the non-dimensional form (§), and the
Stefan number (Ste) are:

o= GatnGa)rions o Ty o AT (2 +106)(0°G),
(p°Gy) (3 +10%) AT (hipptopsy) (1 +1)
(25)
the non-dimensional fusion function (f) was selected as [24]:
T [ s 0 T<Tp—34/2
fzjsm 5 T—Tfu—i-i x4l T —8/2<T <Tp+6/2
0 T>Tp+6/2

(26)

where Tj,, the dimensionless fusion temperature, is.

T: —Tr
T = e (27)
The energy equation for the solid block is:
9°T  0°T
=R v + = 2
0 k<ax2 + ayz) ( 8)

Where Ry =k, /k* Eventually, the normalized boundary con-
straints are:

VX, y|x=0,0<y<1 = 09T/0x=0 (20-2)

Vx,y|x=1,0<y<1 = 9dT/0x=0 (29-b)
y=0,0<x=<d,=>T=

VX’yY=0,dh <x<1=09T/3y=0 (29-¢)
y=1,0<x<1-d,=0T/dy=0 )

Vx’yy=171—dh§xsl:>T=0 (29-c)
x=d,0<y<l=u=v=0,

VX, y AT/dyl,, = [(1 — &) (ki/ky) + & (ki ks, ) | 9T /Yl (29-d)
X=1-dp,0<y<1=u=v=0,

Vx,y [(1 - e)(ki/ks,) + e (k;/ks,) ] 9T /0yl = T/dyl,, (29-d)

3.2. The rate of heat transfer, entropy generation, and the Bejan
number

The total entropy generation can be expressed in the dimen-
sionless form as
(30)

wherein the Sy, and Sy are the entropy generation resulted
from the heat transfer irreversibility and the frictional force irre-
versibility, respectively and can be are defined as:

b

2 2 2 2
ol - {2 )]
’ (31)
1 au\> (v
Da(u2+u2)+2<8x) +2<8y>

Sgen = STh + SViscous

Sviscous =0, (1 + NU(/’)|:

2

ou Jv
T+ 2
+( o ay) } (32)

b
Where © is the irreversibility parameter:
* T * 2
milo (95

N ks L*AT* (33)

The local and average Bejan numbers are defined as the local
and average ratio of heat transfer irreversibility to the total entropy
generation over the domain as:

Sth SrpdA
Be = Beqyg = JaStndA
Sgen Ja SgendA
It is worth mentioning that Be > 0.5 specifies the dominance

of heat transfer irreversibility, and Be < 0.5 indicates that the ir-
reversibility of fluid friction has prevailed. Concerning the rate of

(34)
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Fig. 2. View of the utilized grid (Case 3).

heat transfer, the parameter of interest is the energy transfer from
the hot element as:

T*
q(x*) = —Aky ?)*) (35)
Yy y*=0&0<x*<d;
where using the non-dimensional parameters it can be written as:
aT
Q) =R 8) (36)
y y=0&0<x=<dy

The total heat transfer at the wall can be obtained by integra-
tion over the length of the wall as:

1 o
Q=7 | Qdx (37)
h JO

4. Numerical approach, grid check, and code verification for a
further analysis

The equations of the simulated problem are solved by apply-
ing the Galerkin Finite Element Method (FEM). The computational
domain is discretized by employing a non-uniform structured grid
shown in Fig. 2. Besides, to fully couple the discretized equations,
the damped Newton method is implemented. The Parallel Sparse
Direct Solver is used to find the solution of the obtained linear
algebraic equations. Finally, the stopping criteria for the residuals
for all dependent variables are considered to be 10—>. More detail
about the numerical approach can be found in [46]. Comprehen-
sive grid check has been performed for the employed non-uniform
structured grid. The total rate of heat transfer and the maximum
value of the streamline are evaluated for five different cases with
various grid densities. The studied parameters and the details of
the utilized grid are presented in Table 2. As seen, for all of the
studied cases, the total rate of heat transfer and the maximum
value of the streamlines are approximately constant and not sen-
sible to the utilized grid. Hence, the profile of the fluid tempera-
ture for a vertical path at the middle of the cavity, i.e.,, (x = 0.5),
is plotted in Fig. 3 for various grid sizes. Based on the results, the
grid with 5180 elements (case 3) is adopted for the simulations.

The current numerical work is verified against three previously
published studies. Firstly, the outcomes of this work are verified
with the work of Kahveci [47]. Kahveci [47] studied the buoyancy-
driven flow inside a clear square cavity with two isothermal cold

Table 2
Dependency of the total heat transfer and the flow strength to the grid size (Ra
=10°, R, =100, Da =107}, ¢ = 0.05, Ste = Ty, = ¢ = 0.5, dy = 0.1).

Case No.  No. of Domain Q Err (%) | Winax | Err (%)
(Boundary)
Elements
1 2300 (292) 38.5941 - 10.5829 -
2 3600 (360) 38.5927 0.0036  10.5878  0.0463
3 5180 (428) 38.5951 0.0025  10.5904  0.0708
4 7200 (500) 38.5968  0.0069  10.5921  0.0869
5 9360 (568) 38.5981  0.0103  10.5931  0.0963

Fig. 3. Temperature the nanoliquid at the middle of the enclosure (x = 0.5) along
y for various mesh sizes.

Table 3
The comparison of the average Nusselt numbers for the
current work and Kahveci [47] when Ra = 10°.

P 0.0 0.05 0.1 0.15

Present study  4.722  4.970 5.191 5.385
Kahveci [47] 4720 4970 5.190 5.380

Table 4
The average Nusselt of this work and work of Nithiarasu
et al. [48].

E Ra Da Present study  Reference [48]

04 107 104 7.77 7.81
09 107 104 9322 9.202
04 10° 102 2.994 2.983
09 10° 102 3.92 3.91

and hot sidewalls and two adiabatic ones, filled by a nanoliquid. An
excellent matching between the heat transfer rates of the present
work and those of Kahveci can be found as tabulated in Table 3.
Table 4 displays the heat transfer rates of the numerical simula-
tion of this work and that of Nithiarasu et al. [48] for a pure fluid
flowing in a porous medium enclosed. The geometry and imposed
boundary conditions of Nithiarasu et al. [48] are exactly the same
as those taken by [47]. The comparisons between our results and
results of Nithiarasu et al. [48] are conducted for different values
of Ra, Da, and ¢, showing admissible agreement. Heat transfer and
fluid friction components of the entropy generation of the present
study have been compared with those reported by Llis et al. [49].



S. Hashem Zadeh, S.A.M. Mehryan and M.S. Islam et al./International Journal of Heat and Mass Transfer 155 (2020) 119796

E
)
<l

¢

o

s

KQ

10

0

/]

Fig. 5. Comparison between the velocity magnitude obtained by Corvaro and Paroncini [50] (left) and the present study (right) for Pr = 0.71, Ra = 3.16 x 10°, d = 0.4.

As displayed in Fig. 4, this evolution specifies the accuracy and cor-
rectness of the flow and thermal fields and therefore, the compo-
nents of entropy generation.

Finally, the outcomes of the developed code are compared
against the results of the experimental study of Corvaro and
Paroncini [50] on natural convection heat transfer in an air-filled
square cavity with a rectangular aluminum heater, in which a 2D-
PIV system was used for fluid flow visualization. In [50], the tested
enclosure has a dimension of 0.05 m, and with the cold walls of
291.16 K. It is worth noting that the hot wall temperature was
changed in order to obtain different values of the Rayleigh num-
ber. The width and the height of the hot strip are | = 0.01m and
h = 0.025m, respectively and the experiments were conducted for

three positions of the aluminum strip, i.e.,, d = 0.01, 0.015 and
0.02.

5. Results and discussion

In this section, the numerical results describing the hydro-
dynamic and thermal patterns of the nanoliquid containing the
NEPCMs particles are presented, and the effect of the following pa-
rameters are studied on the fluid flow, entropy generation and heat
transfer: Thermal conductivity ratio (1 < R, < 100), Darcy num-
ber (107> < Da < 10~1), porosity (0.2 < & < 0.9), Stefan number
(0.2 < Ste < 1), fusion temperature (0.05 < Ty, < 0.95), solid walls
thickness (ds = 0.1 and 0.3), and the nanoparticle’s volume fraction
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(0.0 < ¢ < 5%). The constant parameters are Ra = 10°, Pr = 6.2,
Nc = 23.8, Nv = 12.5, ks[ky = 1.713 (glass ball to water ratio), and
& =0.322.

Influence of the thermal conductivity ratio and the volume frac-
tion of the nano-encapsulated phase change materials on the pat-
terns of streamlines, isotherms of the fluid, local Bejan number
and the suspension’s heat capacity ratio are outlined in Fig. 6. The
stored heat in the capsules during the phase change is reflected
in the suspension’s heat capacity, and thus, the green ribbon rep-
resents the area, in which the phase change occurs in the cap-
sules. The heat capacity ratio is identical to 0.966 (Eq. 24) when
there no phase change occurs. Moreover, Cr will surge to its high-
est value, where the fluid temperature is precisely equal to the

fusion temperature of the nano-capsules (4.012 for Ste = 0.5 and
¢ = 0.05).

Moreover, the green ribbons coincide with the corresponding
isothermal lines. Increasing the volume fraction of the NEPCMs
raises the viscosity of the suspension and thus slightly reduces the
flow strength inside the cavity. In addition, by adding the nano-
capsules to the base fluid, the latent heat of the NEPCMs is em-
ployed. As the temperature of the suspension remains constant
during the phase change (i.e., on the green ribbon), the exerted
buoyancy force is reduced, resulting in a slight decline of the fluid
strength. Owing to the fluid flow reduction, the isotherms move
away from the sidewalls indicating a decline in the nanoliquid
temperature gradient.
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It is worth mentioning that the thermal conductivity of the sus-
pension, according to Eq. (25), elevates with the increment of the
volume fraction of the NEPCMs, and therefore, the total rate of heat
transfer intensifies. The contour of the local Bejan number for the
case of pure fluid shows that the share of heat transfer in the to-
tal irreversibility is mainly in the corners and centre of the cav-
ity, where the velocity gradients are almost negligible. It should be
noted that the Be number is identical to unity throughout the solid
walls. Adding nano-capsules of the PCM to the host fluid increases
the Bejan number in the vicinity of the walls (compare the levels
of Be = 0.5) as the presence of the NEPCMs boosts the rate of heat
transfer. In addition to this, the local Bejan numbers are distorted
in the green ribbon, where the capsules undergo a phase transi-

tion. Decreasing the solid blocks thermal conductivity reduces the
fluid flow and heat transfer in the cavity as it decreases the diffu-
sion of heat through the solid walls. Consequently, a much thicker
ribbon is formed.

Fig. 7 depicts the effect of the porosity of the porous medium
and the Darcy number on the streamlines, isothermal lines, local
Bejan number, and the heat capacity ratio. The Darcy number in-
dicates the non-dimensional permeability of the medium. For low
values of the Darcy number, the fluid strength is low, and the
isotherms are almost vertical, specifying that the heat is mainly
transferred by conduction mechanism. As a result, the contour of
the local Bejan number is approximately symmetric and varies be-
tween 0.8 and 1.0, indicating that the heat transfer irreversibili-
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ties are dominant throughout the cavity. Increasing permeability
of the solid matrix boosts the fluid flow and thus amplifies the ir-
reversibilities caused by the fluid friction. Increasing porosity, from
one hand, reduces the resistance against the fluid flow in the cav-
ity and thus intensifies the convection share of heat transfer. On
the other side, by increasing the porosity of the porous medium,
according to Eq. (4), the effective thermal conductivity of the sus-
pension and the porous medium declines, and thus, the conduction
share of heat transfer decreases. For the set of studied parameters,
the overall rate of heat transfer increases since the rate of increase
in the convection mode is more than the reduction rate of conduc-
tion heat transfer.

Regarding the local values of the Bejan number, it should be
noted that increasing porosity reduces the resistance against the

fluid flow in the cavity and thus intensifies the fluid strength. Con-
sequently, the irreversibilities induced by the friction of the fluid
(Sviscous) increases. Moreover, according to the increment of the
rate of transferred heat, the heat transfer share of irreversibili-
ties (Sy;) will also increase. The average Bejan number is the ra-
tio of the heat transfer irreversibility to the total entropy genera-
tion (Eq. 34) and varies between 0 and 1. The overall values of the
Bejan isoline decrease as with increasing the porosity of the solid
matrix, indicating that the rate of increase in the entropy gener-
ation caused by heat transfer (Sy,) is much lower than the incre-
ment rate of fluid friction entropy generation (Sy;scous)-

The impact of the dimensionless fusion temperature on the
streamlines, isothermal lines, Bejan numbers and the suspension’s
heat capacity ratio is presented in Fig. 8. As discussed before, the
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Table 5

Influence of the thickness and thermal conductivity of the solid blocks as well as the dimen-
sionless fusion temperature on the flow and thermal fields and components of the generated

entropy (Da = 1072, ¢ = 0.05, ¢ = 0.5).

ds Rk T | x| Q JSCrdA Sgen Stn Sviscous Beqyg
1 0.1 3.2341 4.3838 09664  2.0159  0.4775 1.5384  0.2369
0.5 24617 4.6381 1.5816 14915  0.5053 0.9863  0.3388
01 09 3.2341 4.3838 09664  2.0159 0.4775 1.5384  0.2369
100 0.1 8.2178 35527  0.9986 15.153  3.5530 11.599  0.2345
0.5 7.2715  37.477 1.0947 13.475 3.7480 9.7271 0.2781
09 82178 35528  0.9986 15.153  3.5530 11.599  0.2345
1 0.1 0.5076  2.0590 0.9672 0.8078 0.6436 0.1642  0.7967
0.5 0.5566  2.0697 1.2359  0.8412  0.6471 0.1942  0.7692
03 0.9 0.5076 2.0590 0.9672 0.8078 0.6436 0.1642  0.7967
100 0.1 3.6233 15.998 1.0845 11.623  4.7997 6.8230 0.4129
0.5 3.5571 16.550 1.0701 11.498  4.9653 6.5326  0.4318
09  3.6233 15.998 1.0845 11.623 47997 6.8230 0.4129

presence of the nano-encapsulated PCMs in the host fluid declines
the fluid flow circulation, and this reduction is more pronounced
when Ty, = 0.5. This can be explained by the fact that the av-
erage value of the heat capacity ratio for Ty, = 0.5, according to
Table 5, is maximum. This means that the phase transition takes
place in more nano-sized capsules and therefore the temperature
of the suspension is constant in a larger area, which results in a
lower buoyancy force than the other cases of T, = 0.2 and 0.8.
The patterns of the Bejan number exhibit a slight increase when
Ty, = 0.5, indicating the augmentation of irreversibilities caused by
the heat transfer. Furthermore, the isolines of the Bejan number
are somewhat distorted within the green ribbon, where the phase
change occurs, specifying a sudden change in local irreversibilities.

The dependency of the total heat transfer to the dimensionless
fusion temperature, solid walls’ thickness, Stefan number and ther-
mal conductivity of the solid walls is depicted in Fig. 9. It is ev-
ident that the graph of heat transfer for each case is symmetric
with respect to non-dimensional fusion temperature and reaches
its maximum when Ty, is the average of the hot and cold walls. In

fact, when the fusion temperature approaches its middle value (i.e.,
0.5), a higher number of the nano-capsules experience the phase
transition and consequently, excessive latent heat is absorbed and
released in the cavity, resulting in a higher rate of heat trans-
fer from the hot wall to its cold counterpart. The Stefan number
specifies the reciprocal of the capsulated PCMs’ non-sensible heat.
Therefore, a higher rate of heat transfer is achievable for lower val-
ues of the Ste, and the influence of the NEPCMs on heat transfer
diminishes when it approaches infinity.

Moreover, the total heat transfer for the cases of R, = 1 and 100
are plotted on separate axes to compare the sensitivity of the Q; on
the fusion temperature. As seen, for the case of R, = 1, even slight
changes of the T;, amplifies the rate of transferred heat; however,
for high values of the solid walls’ thermal conductivity, the Q; is
almost constant within the ranges of 0.05 < Ty, < 0.25 and 0.75
< Ty, < 0.95 (for both cases of ds = 0.1 and 0.3). Furthermore, in-
creasing the solid walls’ thickness reduces the rate of heat transfer
for both cases of R, = 1 and 100. This is plausible as the aspect
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Fig. 10. Dependency of the average Bejan number (left) and total entropy generation (right) to the dimensionless fusion temperature, solid block walls to fluid thermal
conductivity ratio (R;) and the solid walls thickness (Da = 102, ¢ = 0.05, ¢ = 0.5) (a) d; = 0.1 (b) ds = 0.3.

ratio of the cavity for the fluid flow increases, which subsequently
reduces the convection share of heat transfer.

The influence of the previously discussed parameters on the av-
erage Bejan number and the total entropy generation is outlined
in Fig. 10. It is noticeable that the extremum values of the average
Bejan number and the total entropy generation occur when the fu-
sion temperature equals the average of hot and cold walls temper-
ature (T, = 0.5). This can be reasoned by considering that when
the NEPCMs is added to the base fluid (water), the transferred heat
intensifies and the flow strength declines and thus affect the Begyg
and Sgep. In fact, for ds = 0.1, the intensification of heat transfer

irreversibilities is lower than the reduced rate of irreversibilities
caused by fluid friction and thus, while the overall produced en-
tropy decreases the average Bejan number augments.

In addition, increasing the Stefan number lessens the genera-
tion of entropy as it decreases the proportion of heat transfer irre-
versibilities in the enclosure and consequently causes a reduction
in the average Bejan number. In contrast with the case of ds; = 0.1,
the fluid behavior changes by increasing the thickness of the solid
blocks, as shown in Fig. 10b (R, = 1) and the generated entropy
increases and the Bejan number decreases when the fusion tem-
perature approaches 0.5. To analyze this behavior more precisely,
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Fig. 11. Variation of the total heat transfer with the Darcy number, solid walls’
thickness and volume fraction of the nano-capsules (Da = 1072, R, =100,
& = Ste = 0.5, Ty, = 0.1).

the impact of the ds and R; on the different parameters are pre-
sented in Table 5. When ds = 0.3, the flow strength decreases and
in contrast with the other cases, the fluid flow increases slightly
for Tp, = 0.5, which can be explained by the fact that the solid
blocks mainly control the heat transfer and the fluid flow. As a re-
sult, the produced entropy increased and on the other hand, the
average Bejan number decreased when Ty, approached 0.5.

Fig. 11 shows the influence of the Darcy number, solid walls’
thickness, and the volume fraction of the NEPCMs on the total rate
of heat transfer. As discussed before, adding nano-sized capsules
to the base fluid boosts the suspension’s thermal conductivity and
thus intensifies the rate of heat transfer. In addition to this, by in-
creasing the Darcy number, the fluid flow increases, which leads
to an augmentation of convection share of the transferred heat. On
the other hand, increasing the solid walls boosts the conduction
proportion of heat transfer and thus raise the Q;.

The impact of previously discussed parameters on the total rate
of produced irreversibilities and the average Bejan number is out-
lined in Fig. 12. The Bejan number increases continuously with the
volume fraction of NEPCMs and the thickness of the solid walls,
as they lead to the amplification of the total heat transfer, and de-
creases with the augmentation of the permeability of the porous
matrix as it raises the fluid flow (the denominator of the Eq. 33).
On the other hand, the generated entropy shows different trends
with increasing the Darcy number. For low values of the Darcy
number, the total entropy generation increases with rising the vol-
ume fraction of the NEPCMs; however, a downward trend can be
found for higher values of the Da. This can be explained by the fact
that the addition of NEPCMs particles to the base fluid (water), on
the one hand, increases the total heat transfer; and, on the other
hand, increases the viscosity of the suspension and thus reduces
the fluid flow. For low values of the Da, the rate of increase in
the heat transfer irreversibilities is higher than the reduction rate
of friction irreversibilities, and thus, the entropy generation ampli-
fies when ¢ increases. On the contrary, the reduction of friction-
induced irreversibilities overtakes the heat transfer irreversibilities
for high values of the Darcy number.

6. Conclusion

The present study comprehensively analyzed the entropy gen-
eration and convective heat transfer of a suspension compris-
ing NCPCM materials in a porous square cavity. Steady-state 2-
dimensional conjugate free convection of an aqueous suspension
containing NEPCMs was analyzed inside a porous square cavity
with two solid blocks. The cores of the discussed nano-sized cap-
sules were filled with the Nonadecane, and their shell was made
from polyurethane (PU). The released latent heat of the nonade-
canes during the phase change process of the capsules was re-
flected in the nanoliquid local heat capacity. Thus, the heat ca-
pacity field varies with the temperature of the nanoliquid. The
non-linear coupled governing equations, including the continu-
ity, x- and y-momentum equations for the suspension and the
energy equations for the fluid and solid walls were first non-
dimensionalized and then solved using the Galerkin finite element
method. Influence of various non-dimensional parameters such as
the Darcy number, porosity of the solid matrix, volume fraction of
the NEPCMs, thermal conductivity and thickness of the solid walls,
dimensionless fusion temperature and the Stefan number were ad-
dressed on the fluid flow, rate of heat transfer and the suspension’s
entropy generation. The key findings could be summarized as fol-
lows:

Increasing the volume fraction of the NEPCMs raises the vis-
cosity of the suspension and thus slightly reduces the flow
strength inside the cavity;

The fluid flow and heat transfer in the cavity amplify with the

increment of the thermal conductivity ratio as it boosts the dif-

fusion of heat through the solid walls;

e For low values of the solid matrix permeability, the contour of
local Bejan number is approximately symmetric and varies be-
tween 0.8 and 1.0, indicating that the heat transfer irreversibil-
ities is dominant throughout the cavity;

o The highest heat transfer rate can be accomplished when the
fusion temperature of the nano-capsules is Ty, = 0.5. Moreover,
for ds = 0.1, the heat transfer can be increased up to 10% when
Ty, ~ 0.5. In addition, the total heat transfer rate decreases with
the increment of the Stefan number as well as the augmenta-
tion of the solid walls’ thickness;

« For low values of the solid walls’ thickness, the extremum val-

ues of the total rate of entropy generation and average Be-

jan number occur when the dimensionless fusion tempera-
ture equals the average of hot and cold walls temperature

(T, = 0.5);

Increasing the Stefan number lessens the generation of entropy

as it decreases the proportion of heat transfer irreversibilities in

the enclosure and consequently causes a reduction in the aver-
age Bejan number;

Addition of 5% volume fraction of nano-capsules (when

Ty = 0.1) to water can boost the rate of heat transfer up to

12.3% for ds = 0.1 and 8.3% for d; = 0.3;

For high values of the solid wall’s thickness, a reverse trend

can be observed when its thermal conductivity is low (R, = 1),

and the generated entropy increases and the Bejan number de-

creases when the fusion temperature approaches 0.5;

Increment of the Darcy number enhancesss the fluid strength

and leads to an augmentation of convection share of the trans-

ferred heat;

o The average Bejan number elevates by the increment of the

NEPCMs’ volume fraction since is intensifies the rate of heat

transfer. Moreover, Begys decreases with augmentation of the

permeability of the porous matrix as it increases the fluid
strength;
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Seen-

o For low values of the Darcy number, the total entropy genera-
tion increases with rising the volume fraction of the NEPCMs;
however, a downward trend can be found for higher values of
the Da.

e The average Bejan number increases up to 87% and the total
entropy generation decreases to about 61% when 5% of nano-
capsules is added to water (T = 0.1 and ds = 0.1).

The results of the current work revealed that the Darcy number
and the fusion temperature of NEPCM particles were key parame-
ters in controlling the heat transfer and entropy generation for the
steady-state thermal enhancement applications. Another aspect of
using NEPCMs is the latent heat thermal energy storage. Hence, the
investigation of the impact of these key parameters on the tran-
sient thermal behaviour of NEPCMs during a charging/discharging
thermal cycle could be investigated in future studies.
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