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In the current study, free convection of a hybrid nanofluid in asymmetrical U-shaped enclosure is studied
numerically. The bottom plate is heated and the top U-shaped walls is cooled, while the other walls are
insulated. The cold basin moves along the horizontal centerline that measure the asymmetrically shape. The
hybrid nanofluid is formed of a phase-change material (PCM) suspended in the water. The PCM utilize
polyurethane as the protective case and nonadecane inside. The core absorb or release thermal energy
in the shape of latent heat. The nanoparticle concentration, asymmetrical parameter, aspect ratio, fusion

temperature and Rayleigh number have been investigated in detail. The results shows that the global heat
transfer performance can be enhanced more than 9% by adding 1% nano-capsules volume fraction. Symmetry
U-shaped does not give the maximum heat transfer performance and changing the basin location has small
effect the heat transfer enhancement at moderate aspect ratio and fusion temperature.

1. Introduction

Nanoscience and nanotechnology deal with ultra tiny things which
enable us to visual and design the bonds among atoms inside materi-
als. Choi [1] introduced the human-made nanoparticles inside the base
fluid to increase heat transfer of the thermal system. Latest technolog-
ical method is Nano-Encapsulated Phase Change Materials or called
as NEPCMs. This innovative technique separate outer shell material
and inner core material. The inner material is PCM with a specific
fusion temperature. It enables to absorbs or releases a large energy from
the latent heat [2]. Fang et al. [3] introduced the NEPCMs composed
in situ polymerization techniques. They utilized the n-tetradecane as
the core and carbamide and formaldehyde for the protective case.
Sodium dodecyl sulfate was utilized as the stabilizer and resorcin was
utilized as the subtract modifier. Jamekhorshid et al. [4] summarized
the techniques used for microencapsulated phase change materials
(MEPCMs). Shchukina et al. [5] reviewed the several techniques used
for the encapsulation PCMs for new product of energy storage sys-
tems. Nazir et al. [6] discussed the ideas in improving the heat storage
that utilize the PCMs through encapsulation.

Natural convection in enclosure occurs when the heat generated by
the heating wall or object inside that bring to the fluid movement.
This convection type is designed to exchange the heat and handle the
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thermal management. Abundant works were conducted in studying
the fluid movement and heat transfer in arbitrary enclosures with
several thermal boundary conditions type and operating fluids. Morsi
and Das [7], discussed effect of waviness in the complex enclosures.
Different operating fluids, nanofluids, was found by Khanafer et al. [8]
to considerably enhance the heat transfer rate. Later, Jou and Tzeng
[9] utilized the different nanofluids type and they obtained the heat
transfer enhancement.

Non-rectangular enclosure in the form of T-shape was studied by El-
Alami et al. [10]. Amraqui et al. [11] found that increasing of heating
intensity and the considering the radiation exchange produce signif-
icantly increase in the heat transfer. Kasaeipoor et al. [12] studied
magnetohydrodynamic combined convection of a nanofluid in a vented
T-shaped enclosure. Armaghani et al. [13] found that Nusselt number
globally increases with the larger baffle size and larger Hartmann
number reduced the entropy production. Non-rectangular enclosure in
the form of C-shape was studied by Chamkha et al. [14]. They studied
the entropy generation in a C-shaped enclosure having nanofluid under
effect of uniform magnetic field. Mliki et al. [15] reported the heat
transfer increases if the Brownian motion effect takes into consid-
eration. Mohebbi et al. [16] found the highest Nusselt number was
obtained if the heat source was put in the upper horizontal of the
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Fig. 1. (a) Schematic representation of an asymmetric U-shaped enclosure filled with a hybrid nanofluid, (b) Grid distribution.

C-shaped enclosure. Aghakhani et al. [17] considered non-Newtonian
fluid in a C-shaped enclosure and concluded the Nusselt number de-
creases with increasing cavity aspect ratio. Abedini et al. [18] found
that the heat transfer enhancement was more noticeable by increasing
the aspect ratio. Non-rectangular enclosure in the form of H-shaped was
studied by Rahimi et al. [19]. They illustrated the local maps of fluid
friction and heat transfer in H-shaped irreversibility. Purusothaman
and Malekshah [20] studied natural convection in a tilted V-shaped
electronic device filled with Cu-water nanofluid.

Non-rectangular enclosure in the form of L-shaped was studied
by Kalteh and Hasani [21]. They concluded that improvement of the
thermal performance is greater for lower aspect ratios. Elshehabey et al.
[22] found the existing of the magnetic field produces a considerably
reduction in the fluid flow and heat transfer performed. Mohebbi and
Rashidi [23] investigated L-shaped enclosure having a hot obstacle and
found reducing thermal performance by increasing the aspect ratio and
the reducing is more pronounced in the low Rayleigh number. Rahimi
et al. [24] considered the hollow L-shaped cavity is considered and
filled with hybrid nanofluid. The viscosity together with the conduc-
tivity were calculated experimentally. Gawas and Patil [25] observed
free convection in the L-shaped enclosure heated from below at low
Rayleigh numbers. Different configuration was investigated by Cho
et al. [26] considering nanoliquid in a U-shaped enclosure. Ma et al.
[27] studied nanofluid in a U-shaped enclosure having a heating body.
Heat transfer enhancement is found by Snoussi et al. [28] to enhance
by adding nanoparticles volume fractions, heating intensity and cooled
wall length extensions. Ma et al. [29] considered the bottom wall
heating and adopt the Koo-Kleinstreuer-Li formulation to predict the
thermophysical properties of the nanoliquid.

Single or hybrid nanofluids on melting process in vertically heating
of the square enclosure filled with nano-enhanced PCM was initially
started by Sebti et al. [30]. Then, Ho and Gao [31] experimentally
studied this configuration. Tasnim et al. [32] investigated the convec-
tion influence on the melting process of the new type of PCM inside
the porous enclosure. The exergy efficiency was reached up 22% when
the heat storage enclosure filled with the PCM [33]. Dhaidan [34]
considered several types of the enclosures such as rectangular and
found that the nanostructures assist the heat transfer. Ghalambaz et al.
[35] demonstrated that the hybrid nanoparticles enhance fusion perfor-
mance of nano-enhanced PCM in a square enclosure. Ghalambaz et al.
[36] studied the PCM in an enclosure heated vertically from the bottom.
They found modification of the conductivity and viscosity parameters
bring alteration in the liquid fraction. Motahar et al. [37] showed

that the conduction mode occurs at the beginning melting and at
later replaced by natural convection. Al-Jethelah et al. [38] compared
melting processes between pure PCM and mixture PCM. Selimefendigil
et al. [39] studied conjugate convection characteristic of nanofluid in
a square enclosure where a PCM installed on the side wall subject to
an inclined magnetic field. Bondareva et al. [40] reported that nano
PCM melts earlier for the orientation angle greater than 90 degree at
high heating intensity. Iachachene et al. [41] concluded that maximum
melting rate was obtained by adjusting the trapezoidal enclosure orien-
tation. Selimefendigil and Oztop [42] studied a square cavity filled with
PCM and a rotating cylinder put in the center. Ghalambaz et al. [43]
and Hajjar et al. [44] studied the heat transfer improvement of NEPCMs
in a differentially heated enclosure. Thermal energy storage utilizing
PCM nano encapsulation technology takes advantages of harvesting
energy compared to nano-enhanced PCM technology. Zadeh et al. [45]
found that the high entropy generation in a square enclosure at high
the nano-capsules concentration. Thermal performance was reported
by Mehryan et al. [46] to increase by taking large difference of the
core fusion temperature and the walls temperature. Ghalambaz and
Zhang [47] demonstrated that the PCM heatsink increases the thermal
performance especially at small Biot number.

Most of the previous studies regarding the investigation of the
NEPCM hybrid nanofluids are subject to rectangular enclosure, but
in practical situations still be subject to free convection strategy on
removing the heat and managing the thermal systems. The present
work is the first investigation on the application of NEPCM with
main purpose to enhance the heat transfer in an U-shaped enclosure.
This work aims to answer the questions: how does the fluid react
to the pulse heat load by melting or solidification and what is the
optimal configuration for the best heat transfer. The main parameters
in this simulation are Rayleigh number, solid volume fraction, fusion
temperature, aspect ratio and asymmetric parameter. Symmetrical U-
shaped is simple enclosure styles and easily fabricated. Symmetry issue
is an important property of the commercial heat exchangers for thermal
energy storage. It may be displayed in more pleasant or artful appear-
ance of the heat exchanger shape. However, if the enclosure needs to
accommodate a certain component that protrudes from opposite sides
then the symmetrical style is not going to work.

2. Mathematical formulation

A schematic model of an asymmetric U-shaped cavity filled with a
hybrid nanofluid in Fig. 1(a). The enclosure with size #. Bottom wall



H. Saleh et al.

Table 1
The thermophysical properties of the applied materials [48].

Materials p (kg/m®) u (N s/m?) k (Wm™ K1) C, U/kg K) p(1/K)
Water 997.1 0.00089 0.613 4.1790 0.00021
Polyurethane 786 - - 1.3177 0.0001728
Nonadecane 721 - - 2.0370 -

has temperature, 7,,. The top U-shaped walls have constant tempera-
ture, T, and the other surfaces are adiabatic. Symbol §* in the figure is
a distance from vertical centerline of the enclosure to the center of U-
shaped basin. The 5* moves along the horizontal centerline from —0.35¢
to 0.35¢. The bottom surface and the top U-shaped surfaces subject to
the gravitational acceleration at different temperature level bring to
natural convection problem.

The NEPCMs are made of a phase-change materials. This advanced
material contains an outer shell and a core inside. The outer shell is
polyurethane and the core is nona-decane. The thermophysical proper-
ties of the applied materials is tabulated in Table 1. The inner subjects
to a phase change to fluid in the fusion temperature interval with
T, < T; < T,. The phase change temperature and the latent heat of
the inner core are 305 (K) and 211 (kJ/kg), respectively. Specifically,
the PCM core of the hybrid nanoparticles can absorb/release a notable
amount of energy in the form of latent heat. Moreover, the latent heat
of the nanoparticle cores can contribute in energy transport inside the
host fluid. The suspension of NEPCMs and a host fluid is assumed to
be uniform and stable. Based on these considerations, the continuity,
momentum and energy equations can be stated as follows [43,44]:

z %=O &)
pb(ug_zﬂg_;):_%””(ngZ“ngTZ) )
Pp (ug—z+ug—5> =—Z_I;+”b <32712)+gi;>+gpbﬂb(T_Tc) 3)
e <”%+”%> :k’](%J'ZZTZ) @

Here (u,v) are velocities vector, T is temperature and p is pressure
where subscript of b refers the bulk properties of the hybrid nanofluid,
g is the acceleration due to gravity, u,, p,, k, and g, are viscosity, the
density, conductivity, thermal expansion coefficient of the base liquid
at room temperature, respectively.

The density of the mixture is written as a weighted relation of the
water and NEPCM dispersed particles:

py=0=¢)p; +dp, ®

The p and f symbols are NEPCM particles and the water, respectively.
The density of NEPCM material is defined as follows:

(4D peopsh

Psh + Peo
where p;, is density of the shell while p,, is density of the core. : is
the core-shell mass ratio and is about : ~ 0.447 [48]. Furthermore, the
density of the core is the mean of the fluid and solid phases of the phase
change material. The specific heat capacitance of the suspension can be
evaluated as:

_(L=$)pCp) s + ¢(pC,),

c @)
pb PR

(6)

13

The specific heat capacitance subject to no phase change, C,, is
evaluated by the following function:
_ (Cp,co + le,xh)pcopxh
PP (Psn + 1Pc0)Pp

It notes that the heat capacity of the core is the mean of the heat ca-
pacities of the fluid and solid phases. This due to the nanoparticles core

(€))

Journal of Energy Storage 38 (2021) 102538

subject to solid and fluid phase then the latent heat was engaged in the
heat capacity of the NEPCM. This heat can be formulated by performing
rectangular, triangular or trigonometric functions as follows [49]:

C o—c 4l ©)
p.p — T pco T
Mr
T,
h T-T,, + M=
T sf . Su 2
Cop = Coeo 5 <TMr - Cp,co) - sin ”T 10)
h C T
fs p.co M
Cp,p=cp,co+2<T2 T ><T_Tfu+ 2r> 1)
Mr Mr

Symbol T}, denotes the temperature range. In fact, this range prevents
the discontinuity in energy equilibrium. The total heat capacity of
the NEPCM core including the sensible together with latent heats are
evaluated based on T),,:

T,
h T —Ty, + -
T sf . Su 2
Cp,p = Cp,co + 5 . (m - Cp,co) - SIn ”T Y (12)
r r
where
T r
0 T<TfT"_ ’;4 .
y=11 Ty, — 5 <T <Tp, + -3¢ 13)

Tyr
0 T>Tfu+T

The thermal expansion coefficient of the mixture is written as

By=(1—¢) B, +p, as

The functions showed below are performed to evaluate the thermal
conductivity of mixture having of nano-encapsulated PCM:

ky

— =1+ Nc¢ (15)
ky

The dynamic conductivity of suspension:

B 14 Nog (16)
Ky

Nc and Nv of the above equations refers to the coefficients of conduc-
tivity and viscosity, respectively. These non-dimensional parameters,
Nc and Nv, are generally functions of the size, shape and constructing
materials of the nanoparticles, the type of the base fluid, the working
temperature and other affective parameters. The parameters Nc¢ and
Nv can be extracted using linear curve fitting on the available experi-
mental data. In this work, we have used experimental data of Barlak
et al. [48]. It notes that these functions are valid only for diluted
nanofluids when ¢ < 0.05.
We introduce the following non-dimensional quantity:

X y=2 529 4r=Ly_-%
X = f,Y—f,S— f’AR_ f’U_a/-
2 T-T,
V=%,P=4,9= ¢ 17)
af pjaf Th - Tc
The non dimensional form of the governing equations become:
ou  Jv
Z L %2 o 18
0X * oY (18)
Py ( ou aU) aP My \ (0*U | °U
2l vE=E+vE ) =—Z+pPr (2] (= +2= 19
<p/> ox Ty ox T\ ) \axz Tare a9
Py ( 4 0V) P M\ (0*V  *V
2V vEvE) = 4 pr (2 ) (S + 55
(pf> ox oy o T\ ) \ax2 T
+ Rapr o (20)
(pP) s
20 00 ky (9’0 9’0
C <U— V—) =—||—=+—= 21
"Woax Ty ) Tk <ax2+aY2 @D
The non dimensional form of boundary conditions become:
U=V =0, 20 =0 on segments BC, CD, GH and HA, (22)

on
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U=V =0, ©=1 on segment AB, (23)
U=V =0, ®=0 on segments DE, EF and FG, 24)

The § is a non dimensional distance from vertical centerline, Cr is
the ratio of heat capacity of the mixture to the sensible heat capacity
of the water and AR is the aspect ratio. The Rayleigh number, Ra and
Prandtl number, Pr are non dimensional quantities defined as:

gl’fﬂfATf3 Hr
qg= ————, Pr=

GrHy Pray

(25)

Also,

<ﬁ>=(1—¢>+¢<p—”>,<&>=(1—¢)+¢<&> 26)
Py py By By

It is considered that the thermal expansion of the NEPCMs are equal to
the water and therefore, §,/f, ~ 1. The Cr is defined as:

(rC,) ¢

Cr=——L=(-$)+i+——f @7)

(pcp)f 6Ste

the sensible heat capacity ratio A, the melting interval ¢ and Stephan
number Ste can be stated as follows:

(Cp,co + lcp sh) PcoPsh

A= - (28)
(pCp)f (psh + ’l’co)
pC,) AT (psp + 19,
St = ( P)f ( h ) (30)

af (hsfpcopsh>
In addition, f, the fusion relation, is stated as:

T . T 13
f=%sin(Z(6-0.,+5))e @D
where
0 6<0y -3
o=q1 0y, -5<0<6,+3 (32)
i3
0 ©0>6,+3

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

Tf u Tc
O, = 7 (33)
The local Nusselt number calculated at the hot wall is

00

Nu=—(1+Nc¢)ﬁ (34
The averaged Nusselt number at the hot wall is calculated as
. 0.5
Nu= NudY (35)

-05

3. Solution method

The non-dimensional governing equations was solved by the
Galerkin weighted residual FEM, Comsol solver. By default Comsol is
set up to do physics and most engineers use dimensional form in their
computation. Comsol also support several PDE Interfaces of adding
elliptic, hyperbolic, or parabolic PDE equations with constant or non-
constant coefficients. This Mathematics interfaces were applied here
and discussion about how to apply the interface on solving the non
dimensional form was given by Li et al. [50].

Computational domain was divided into sub-domains where the ap-
proximation of each of the velocity, pressure and temperature variables
were given by Zienkiewicz et al. [51]. Computational domain is set by
triangular shapes. For each of the velocity, temperature and pressure
in the computational domain, different orders are applied. For the non
dimensional form of the continuity, momentum and heat transfer equa-
tions, calculating of residuals is done by changing the approximations

Journal of Energy Storage 38 (2021) 102538

m =

Yo = 7.401 b g

max —

Fig. 2. Comparison of calculated streamlines and isotherms of the current work
(bottom) with that of literature (top) at Ra = 10°, AR =0.8, § = 0.5, ¢ = 0.05, 6, =00
and the nanofluid is CuO-water.

Table 2
Grid sensitivity checks for the mean Nusselt number and the maximum value of stream
function at Ra=5x10°, 6§ = —0.1, ¢ = 0.05, Ste = 0.2, 6, =03 and AR =0.35.

Predefined Domain Boundary Nu 1P ax CPU
mesh size elements elements time (s)
Normal 2110 156 11.175 39.934 19

Fine 3312 194 11.023 39.842 18
Finer 8481 395 11.082 39.650 37
Extra fine 21594 756 11.110 39.653 74
Extremely fine 29096 756 11.090 39.637 100

Table 3
Comparison of average Nusselt number with Armaghani et al. [13] which is a natural
convection of nanofluid inside of T-shaped enclosure at Ra = 10°, ¢ = 0.1.

References AR=03 AR =05 AR=0.7 AR =09
Mansour et al. [53] 5.898 5.660 5.430 5.345
Armaghani et al. [13] 5.993 5.773 5.546 5.441
Present study 5.996 5.781 5.553 5.449

into the governing equations. A damped Newton method is applied to
approximate the nonlinear terms in the governing equations.

Different mesh sizes are compared to adopt a mesh with good accu-
racy and low computational cost. Meshing of the domain is conducted
into a regular mesh as shown in Fig. 1(b). The mesh was stretched
with the default stretching ratio near the walls to adequately capture
the thermal layer, and the mesh is progressively coarsened towards the
middle of the enclosure. To achieve mesh independence in COMSOL
several tests were conducted on the predefined mesh sizes: normal,
fine, finer, extra fine and extremely fine. For this, the average Nusselt
number and the stream function values at Ra = 5 x 105, § = —0.1,
¢ = 005 6, = 03, Ste = 02 and AR = 0.35 was considered. The
results depicted in Table 2 suggest that an extremely fine mesh was
selected. As a validation, our result for the streamline and isotherms
agree well with those found by Ghasemi [52] at Ra = 10%, AR = 0.8,
6=0.5, ¢ =0.05, 0, = 0.0 and the nanofluid is CuO-water as displayed
in Fig. 2.

Additional validation in Table 3 is performed by a comparison with
the published work of [53] and [13] which is a natural convection of
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Fig. 3. Influence of the Rayleigh number on streamlines (left), isotherms (middle) and heat capacity ratio distribution (right) at 6 = 0.4, ¢ = 0.05, 6, = 0.3, Ste = 0.2 and AR = 0.35.

Table 4

Comparison of average Nusselt number with Ghalambaz et al. [43] which is a natural
convection of NEPCMs in a differentially heated square enclosure at Ra = 10°, ¢ = 0.05,
4=04, Nc=Nv=3.0.

References 0,=0.1 0,=02 0,=03 0,=03
Ste =0.313 Ste =0.313 Ste =0.313 Ste =02

Ghalambaz et al. [43] 4.9550 5.1022 5.1932 5.3541

Present study 4.9551 5.1022 5.1932 5.3542

nanofluid inside of T-shaped enclosure at Ra = 10°, ¢ = 0.1. Com-
parison of present result for average Nusselt number was conducted
for different aspect ratio. Another comparison with the published work
of Ghalambaz et al. [43] which is a natural convection of NEPCMs in
a differentially heated square enclosure at Ra = 103, ¢ = 0.05, 1 = 0.4,
Nc¢ = Nv=23.0is conducted in Table 4. Comparison of present result for
average Nusselt number was conducted for different fusion temperature
and Stefan number. In each case, Nusselt number are equivalent with
reported in the literatures. These comprehensive validations confirm
the reliability of the current calculation.

4. Results and discussion

This section intends to explain the outcome of the numerical simu-
lation for the present model, which has been given in (18)-(33). The
physical interactions between the fluid and the NEPCM were conveyed
through the logical manipulation of the governing parameters’ values
such as S (portion of the heated segment), Ra (the Rayleigh num-
ber), 0, (fusion temperatures), ¢ (nanoparticles concentration), and
Ste (Stefan number) from the aspect of streamlines, isotherms, heat
capacity ratio, instantaneous Nusselt number, Nu and the mean Nusselt
number, Nu. Due to the core weight of the NEPCM is less than water,
and shell weight is more than the base fluid, the density ratio is taken
as 0.742. The value of the material, a dilute suspension of NEPCMs
with N¢ = 23.8, Nv = 12.5 [48]. The NEPCM were made using an
interfacial polymerization technique and the melting temperature range
was fixed at 0.05 with the sensible capacity ratio 0.32. The thermal
expansion coefficient of the particles are small enough compare to
water, in addition the volume fraction of the particles are low.

Fig. 3 shows the development of the streamlines, isotherms and heat
capacity ratio distribution by increasing the Rayleigh number at § = 0.4,
¢ = 005 6, = 03, Ste = 0.2 and AR = 0.35. When the Rayleigh
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Fig. 4. Influence of the asymmetric parameter on streamlines (left), isotherms (middle) and heat capacity ratio distribution (right) at Ra = 5 x 10°, ¢ = 0.05, 6 ; =03, Ste =02

and AR =0.35.

number is low, the heat transfer is dominated by the conduction. Hence,
as seen, in Fig. 3(a), the isotherms lay over each other horizontally
with minimum deflections. This figure shows almost a conduction heat
transfer distribution of temperature from cold to hot. For all cases,
the fusion temperature is fixed at the non-dimensional temperature of
6,=03.In the isotherms of Fig. 3(a), the non-dimensional temperature
of , = 0.3 is next to the cold wall and almost lays horizontally.
Since the fusion of the nanoparticles takes place at this temperature,
a phase change of nanoparticles about this location is expected. The
plot of the heat capacity ratio exhibits the phase change region, which
is in agreement with the shape and location of the isotherm level of
6, = 0.3. By the increase of the Rayleigh number, the flow of convection
heat transfer gets stronger in the cavity. As seen in the streamlines
of Fig. 3(b) for the case of Ra = 5 x 10*, the hot liquid from the
bottom moves upward next to the right wall until it reaches the top
wall and then moves along the top cold wall. At the top, the liquid
losses its heat to the cold wall and then moves down next to the
left wall. Due to the liquid movement (mass transfer), the isotherms
have deflected along with the fluid flow, and the isotherm level of
6, = 0.3 has shifted toward the bottom. The heat capacity ratio also
depicts the phase change region in the same location and shape as
the mentioned isotherm level. The thickness of the phase change area

is under the significant influence of temperature gradients. By the
increase of Rayleigh number, the temperature gradients at the core
region of the cavity increase, and hence, the general thickness of the
phase change area reduces. The temperature gradients can be estimated
from a distance between the isotherms. The case of Ra = 5x 10° shows
the same trend of behavior as the previous case because both cases
represent a convective dominant heat transfer regime. It is interesting
that at the bottom of the cavity, the thickness of the phase change
area has increased in the convective heat transfer dominant regime.
This effect corresponds to the phase change of nanoparticles where
there is a smooth flow circulation at that region, and the latent heat
of the particles absorbs a notable amount of energy and locally reduces
the temperature gradients. The local reduction of temperature gradient
leads to the growth of the phase change area.

Fig. 4 shows the evolution of the streamlines, isotherms and heat
capacity ratio distribution by adjusting the 6 at Ra = 5x 103, ¢ = 0.05,
0, =03, Ste =02 and AR = 0.35. At § = —0.25,-0.15, single vortex
occupies the enclosure. When the center moves to the right approaching
the centerline, the single vortex break up into double vortices. Here, the
distance between the cold surfaces and the left wall increase that give
enough space for the second fluid circulation. As the distance decreases,
the shape of the vortex core is elongated horizontally. The location and
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aspect ratio of the top cold wall controls the direction and dynamic
of the natural convection flow. Since the side walls are insulated, the
convection heat transfer is controlled by the hot and cold walls at the
bottom and top of the cavity. The liquid in the vicinity of the hot wall
is warm and light, and hence, it tends to move upward. In contrast,
the liquid next to the cold wall is cool and heavy, and hence, it tends
to move downward. When the cold wall is exactly at the top center of
the cavity (without the asymmetry parameter), both warm and cold
liquids compete to move in the opposite direction. In such a case,
the Rayleigh-Benard convection cells are expected. The asymmetry
parameter deteriorates the balance and helps the convection flow to
divide itself into a cold and hot stream. When the gap between the
insulated sidewall and the insulated inner wall at the top-right of the
cavity reduces, the target liquid gets cold and starts moving downward.
The hot liquid also finds its way toward the wide top area at the top-
right of the cavity. Hence, as seen, the direction of the convection
flow was controlled by the asymmetry parameter. The aspect ratio
controllers the size of the top gaps and the distance between the cold
and hot walls, and consequently, it controls the dynamic of the natural
convection flows. The isotherms will follow the dynamic of the flow
circulation. As seen, the change of the isotherms is in agreement with
the streamlines. Finally, the phase change area, which is depicted by

the heat capacity ratio, takes place around the isotherm level of 6,
which is equal to the fusion temperature of the nanoparticles.

Fig. 5 shows the evolution of the streamlines, isotherms and heat
capacity ratio distribution by increasing the aspect ratio at Ra = 5x10°,
¢ =005, 0, =03, Ste = 02 and 6 = -0.1. Two vortices generated
by gravitational acceleration occupy enclosure and the shape of the
vortex cores is a vertical ellipse at AR 0.15. Thermal plume is
appeared near the warm wall. At AR = 0.35, the two vortices merge
into one and the shape of the core is elongated horizontally. The
isotherms become less distorted and the thermal plume is disappeared.
In addition, making the aspect ratio greater, the temperature of the
fluid adjacent to cold segments decreases because of the narrow space
for the fluid circulation. Later at AR = 0.55, the two vortices reappear
with the strength of fluid circulation is retarded. The isotherms next to
the bottom wall become more distorted. As consequence, the bound-
ary layer thickness on the isothermal wall are decreased. This imply
increasing the temperature gradient on these surfaces with increasing
the aspect ratio. Adjusting the aspect ratio would transform the shape
of the heat capacity ratio where the blue line of phase change gets
thicker when the enclosure becomes narrower. Flat blue line appears
near lower zone of the enclosure and the line thickness looks similar
everywhere.
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Fig. 6. Influences of the fusion temperature on streamlines (left), isotherms (middle) and heat capacity ratio distribution (right) at Ra = 5 x 10°, ¢ = 0.05, § = —0.1, Ste = 0.2 and
AR = 0.35. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6 exhibits the evolution of the streamlines, isotherms and heat
capacity ratio distribution by increasing the fusion temperatures at
Ra = 5x10°, ¢ 0.05, 6 = —0.1, Ste 0.2 and AR 0.35.
Varying the fusion temperatures inconsiderably affects the streamlines
and isotherms. The distribution of temperature at the boundary was
not change by varying the 6,. At 6, 0.1, 0.3, the eye of vortex
shows an ellipse shape and later at §, = 0.5, the ellipse was shortened.
The heat capacity ratio exhibits a ribbon-form area near the fixed
temperature line of fusion. The blue area displayed in the Cr contours
refers to the area of phase change. The ribbon-form of the phase change
area is extremely thin adjacent to the right of top U-shaped. This
observation justifies the large temperature gradients was revealed at
these regions. The blue area gets larger when the fusion temperatures
gets higher. When the fusion temperature approximates the hot or cold
surfaces temperature, the heat transfer improvement because of the
phase change is low. The melting zone moves to right when the fusion
temperatures increases. This mechanism indicates that large amount of
the NEPCM release their latent heat and solidify.

Fig. 7 illustrates the influence of asymmetric parameter on the local
Nusselt number at Ra = 5 x 10°, ¢ = 0.05, § = —0.1, Ste = 0.2 and
AR = 0.35. This figure constitutes the temperature gradient along the
heated bottom wall. Obviously, the temperature gradient goes to 1 at

right positions of the hot surface. This result conforms the temperature
distribution shown in the contour figure. The maximum temperature
gradient were obtained near x = 0.2. The role of the nano-capsule
to the heat transfer variation is quite small near this point for the
considered § because of the surrounding temperature approximates
the fusion temperature that indicate the phase change of the core
is negligible. The maximum temperature gradient were obtained at
x =0.15, 0.17, 0.19, for 6 = —0.25, 56 = —0.15 and 6 = —0.05, respectively.
At this location, the surrounding temperature is great distance from the
fusion temperature.

Fig. 8 exhibits the influence of the fusion temperature on the Nusselt
number contra the center of U-shaped basin location at Ra = 5 x 107,
¢ = 0.05, Ste = 0.2 and AR = 0.35. The mean Nusselt number is
unchanged by adjusting fusion temperature about § = —0.06,0.06. The
mean Nusselt number was obtained to be maximum at §, = 0.5 and
6 0.0. Considering the symmetric cavity (6 = 0.0), Fig. 8 shows
that increasing the non-dimensional fusion temperature from 0.3 to
0.5 promotes the average Nusselt number from 11.1 to 13.2. Hence,
choosing phase change materials with proper fusion temperature can
improve the heat transfer rate by about 19%. For the same case,
reducing the fusion temperature from 0.3 to 0.1 would also promote
the heat transfer rate by about 12.5%. This is appropriate by taking into
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Fig. 8. Influence of the fusion temperature on the mean Nusselt number versus the
center of U-shaped basin location at Ra = 5x 10°, ¢ = 0.05, Ste = 0.2 and AR = 0.35.

account the mechanisms of absorbing, storing and releasing heat for the
cases of 6, = 0.5 at a symmetric U-shaped. Here, the most part of the
NEPCMs are in the liquid phase and also the flow rate of suspension
passing the phase transition region is insignificant. Here the fusion
temperature plays an important role in modifying the heat transfer.
Varying the fusion temperature give equal average Nusselt number
values at stronger asymmetry case for 6, = 0.1, 0.5. The geometry
parameter have small effect to the Nusselt number for 6, = 0.3.

Fig. 9 shows the effect of the Stefan number on the mean Nusselt
number versus the center of U-shaped basin location at Ra = 5x10°, ¢ =
0.05, 6, = 0.3 and AR = 0.35. Obviously, the average Nusselt number
increase by decreasing the Stefan number. Definitely, if the latent heat
of the inner core increase then the Stefan number reduces. Therefore,
the smaller the Stefan number, the higher the latent heat. The decrease
of Stefan number from 0.4 to 0.2 increased the maximum value of the
average Nusselt number from 10.6 to 11.1. Hence, by the reduction
of Stefan number to half, the heat transfer was enhanced about 4.7%
compared to the case of Ste = 0.4. Basin location has a deteriorating
effect on heat transfer rate of the system as asymmetry U-shaped leads
to larger flow amplification. We observe that symmetry U-shape does
not give the highest Nusselt number. The maximum Nusselt number
was obtained at § = —0.1,0.1.
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Fig. 10. Impact of the Rayleigh number and NEPCM concentration on the average
Nusselt number versus the top U-shaped location at ¢ = 0.04, 0.05, Ste =0.2, 6, = 0.3
and AR =0.35.

Fig. 10 exhibits the effect of the Rayleigh number and NEPCM
concentration on the average Nusselt number versus the basin location
at Ra = 5x10%, 5x10°, ¢ = 0.04, 0.05, Ste = 0.2, 0, = 0.3 and AR = 0.35.
The basin location have small effect to the Nusselt number. Carefully
observation indicates that the symmetry U-shaped does not give the
highest Nusselt number. The important finding here is an enhancement
in the influence of NEPCM concentration on thermal performance by
increasing the Rayleigh number. This due to improvement buoyancy
and increasing of thermal conductivity ones at high heating intensity.
Heat convection dominates at high heating intensity where the NEPCM
particles moves with great velocity so that the enhancement in heat
transfer enhancement is more pronounced at higher Ra. Here increment
1% nano-capsules volume fraction improves 9% of the heat transfer
rate.

Fig. 11 illustrates the effect of aspect ratio on the mean Nusselt
number versus the basin location at Ra = 5 x 10°, Ste = 0.2, 0, =03
and ¢ = 0.05. The average Nusselt number enhances by enhancing
the aspect ratio. This due to when the aspect ratio of the enclosure
increases, the U-shaped enclosure becomes narrower and the fluid
motion retarded and lead to increasing of heat transfer rate on the
bottom wall. Moving of the cold segments to the left or to the right
at the same distance gives equal effect on the overall heat transfer.
It displays symmetrical curve about § = 0.0. Basin location is the
important aspect for case AR = 0.15,0.55. At this configuration, the
stored heat in the capsule significantly modify the lower fluid flow that
finally effect the liquid temperature. When the aspect ratio, AR = 0.35,
the flow is slightly amplified by adjusting the basin location. This
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Fig. 11. Influence of the aspect ratio on the mean Nusselt number versus the basin
location at Ra=5x10°, Ste =0.2, 0, = 0.3 and ¢ = 0.05.

moderate aspect ratio has dominant flow in the middle region which is
less effect to Nusselt number measurement along the bottom wall.

5. Conclusions

The present study scrutinized the impact of NEPCM, asymmetry
parameter, magnitude of the temperature difference and the nanopar-
ticles concentration. The equations governing continuity, momentum
and energy inside the annulus are stated in the non dimensional form.
The latent heat released and absorbed throughout the phase change
by the NEPCM is given in the formulation. The partial differential
equations of the governing equations are solved numerically by means
of the Galerkin finite element method via COMSOL. Local and mean
Nusselt numbers is presented graphically. Streamlines, isotherms and
heat capacity ratio within the asymmetrical U-shaped are exhibited
in contour plot. The fluids are agitated by the melting, asymmetry
parameter, heating intensity and the volume fraction parameters. The
main conclusions from the investigation are given below:

1. The aspect ratio, fusion temperature, Rayleigh number and lo-
cation of basin are an essential parameter in the cell number,
pattern and its strength.

2. The structure of the isotherm is not affected by the different
fusion temperature value but the area of phase change shifts
upwards when the fusion temperatures gets higher.

3. Departing of the fusion temperature from the bottom tempera-
tures enhances the successful of the nano-capsule with regard to
heat transfer improvement. The maximum heat transfer rate is
observed using a fusion temperature about 0.5, low Stefan num-
ber, strong Rayleigh number and high NECPM concentration.

4. The global heat transfer performance can be enhanced more than
9% by adding 1% nano-capsules volume fraction. Symmetry U-
shaped does not give the maximum heat transfer performance
and changing the basin location has small effect the heat transfer
enhancement at moderate aspect ratio and fusion temperature.

Examining configuration of the geometry aspect in this work is
hoped to be a valuable guide for the experimentalists to study the
effectiveness of the NEPCMs capability in storing/releasing an extraor-
dinarily large energy on phase change and it have great potential in the
thermal performance and energy harvesting applications.
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