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ARTICLE INFO ABSTRACT
Keywords: Nano-encapsulated PCM consists of a solid shell and a phase change material (PCM) in the core that improves the
Nano-encapsulated PCM thermal properties of base fluids. The heat capacity of the nanofluid increases due to the latent heat of the

Mixed convection
Rotating cylinder

Square cavity

Melting zone

The ratio of heat capacity

NEPCM core and the heat transfer rate increases dramatically. Also, a phase change occurs in a certain range of
temperature. In the present study, the core and shell of NEPCM are n-nonadecane and polyurethane, respectively.
Mixed convection of water-NEPCM is simulated inside a square chamber with cold walls and a hot rotating
cylinder in the center. Coupled PDE equations are solved by the SIMPLE algorithm and developing C++ code.
The parameters of Grashof number, Reynolds number, intensity of stored energy in the core of NEPCM (), and
fusion temperature (fy) have been studied on the flow pattern, temperature contour, heat capacity ratio (Cr)
contour, and Nusselt number. Based on this study it can be concluded that in general the optimal state of ¢ is in
moderate values or especially numbers close to 0.5 and at this range of 6, y reduction can enhance Nusselt
number more. Also, at high Gr number by increasing Re number, heat transfer rate reduces. The results also show
that adding NEPCM can increase the Nusselt number by more than 13%.

temperatures. There are three types of PCMs: organic, inorganic, and
eutectics [2]. Paraffin is an example of PCMs organic classification that
has been widely used due to its benefits such as chemical stability [3].
Disadvantages of paraffin include low thermal conductivity. Using the
materials in the two-phase state is not facile in some conditions, like
using PCM at force convection heat transfer in a solid-liquid phase.
Encapsulating PCM inside a sell suggests overcoming this issue and the
problem of low thermal conductivity of paraffin [4,5]. These capsules
are made in macro, micro, and nanoscales. Nano-encapsulated PCMs
(NEPCMs) are nanoscale capsules that contain PCM. NEPCMs are sus-
pended into the base fluid, such as water. By heating the nanofluid,
NEPCMs can store high thermal energy at a specific temperature.
NEPCMs have a high potential for use in energy storage systems [6].
NEPCMs have performed better due to their high surface area and me-
chanical and thermal stability [7]. Seyf et al. [8] simulated the forced
convection flow of octadecane NEPCM suspended into polyalphaolefin
as a base fluid inside a microtube. They observed that increasing the

1. Introduction

The phase changes of the materials take place at almost constant
temperatures. Therefore, significant heat can be given to materials in the
two-phase state without changing their temperature. This energy is
stored in them as latent energy and have a high ability to be used in
cooling electrical components. Also, the phase change process is often
used in heat exchangers. A similar process is performed in evaporators
for use in cooling systems.

On the other hand, by increasing renewable energy systems appli-
cations, the necessity to develop tools for storing electrical energy
(batteries) and thermal energy (storage tank) has become more promi-
nent. In recent decades, the use of phase change materials (PCMs) in the
application of thermal energy storage has been considered by re-
searchers in diverse fields [1]. Different materials change phase at
different temperatures, so the PCMs are used in a wide range of
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Nomenclatures

C- the ratio of heat capacity of mixture to water
(o specific heat capacity (J/kgK)

f fusion function

g gravitational acceleration (m/s?)
Gr Grashof number

hg latent heat of core (Jkg)

k thermal conductivity (W/mK)

L length of the cavity (m)

l weight ratio of core to shell
Nugye average Nusselt number

p pressure (Pa)

Pr Prandtl number

r radius of the cylinder

Ri Richardson number

Re Reynolds number

T temperature (K)

Tmr melting temperature range (K)
Ty fusion temperature (K)

\% velocity vector (m/s)

Greek symbols

a thermal diffusivity (m?/s)

p thermal expansion coefficient (1/K)

3 thickness of melting zone

7 non-dimensional temperature

A the ratio of heat capacity of NEPCM to water
H length of the cavity

u dynamics viscosity (kg/ms)

) kinematic viscosity (m?s)

s volume ratio of core to shell

p density (kg/m®)

® angular velocity of inner cylinder (rad/s)
x the intensity of stored energy in the core
Subscript

bf base fluid

c core of the NEPCM

f fusion

n nanoparticle

m mixture of water-NEPCM

l liquid phase

s sell of the NEPCM

melting range of NEPCMs increases Nusselt number and reduces thermal
resistance. Sabbah et al. [9] investigated force convection heat transfer
of MEPCMs into the microchannel to cool electronic components. Their
results showed that the use of PCM compared to pure water requires less
pumping power to achieve uniform and low temperatures. Seyf et al.
[10] also investigated the forced convection heat transfer of
water-NEPCM over a square cylinder at a constant temperature. They
reported that increasing the NEPCM volume fraction improves heat

transfer and increases wall shear stress. The focus of the above papers
was more on forced convection flow. But in view of natural convection
heat transfer, Zadeh et al. [11] numerically studied the conjugate nat-
ural convection and entropy generation in a square cavity. They showed
that adding NEPCMs to the base fluid increased the heat transfer rate by
45%, although it increased the Bejan number. Kant et al. [12] investi-
gated the natural convection heat transfer of a thermal storage tank. The
authors evaluated the effect of adding nanoparticles to PCM. They added

&3

Fig. 1. Schematic of a square chamber and a rotating cylinder in the center and NEPCM particles for present simulation.
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different percentages of graphene nanoparticles to three types of PCMs,
Capric Acid, CaCe-6H20, and n-octadecane. Their results showed that
adding graphene to PCMs improves heat transfer. The natural convec-
tion of NEPCMs and nanofluids within square [13,14] and cylindrical
[15] and semi-annulus [16] cavities has been investigated by several
studies. Our focus in this paper is on mixed convection heat transfer. We
intend to examine the effect of the two effects of natural and forced
convection. Ghalambaz et al. [17] investigated the mixed convection
flow of NEPCM on a vertical plate. Their results showed that by reducing
the melting temperature of NEPCMs, heat transfer is improved. Raizah
et al. [18] simulated numerically the mixed convection heat transfer
within a cylindrical geometry with rectangular chambers on either side.
They used the ISPH method for the simulation, and one of their results
was that as the radius of the rotating cylinder increased, the intensity of
the melting zone decreased. Ahmed and Raizah [19] simulated fluid
flow and heat transfer due to radiation and convection through a pris-
matic enclosure. In their study, the core material of NEPCM was non-
adecane, and the shell material was polyurethane. The results of the
simulation show that the use of NEPCM significantly improves heat
transfer. Understanding and studying the evaluation of NEPCMs is
restricted compared to the study of the effects of nanoparticles or the
configuration of shapes [20-24]. Also, some researchers tried to obtain
the properties of different systems that are equipped to nanostructures
[25-31]. Few studies have evaluated mixed convection heat transfer in
the presence of NEPCMs. In this paper, we try to understand the heat
transfer performance of NEPCMs by evaluating and analyzing 135 cases
in different Reynolds number, Grashof number, and various properties
of NEPCMs. Also, we attempt to establish a significant relationship be-
tween heat transfer rate, isothermal lines, streamlines, and heat capacity
ratio contours.

2. Problem presentation

The geometry consists of a square chamber with the length H = 4r
and a clockwise rotating cylinder with radius r in the center of the
chamber (see Fig. 1). Mixed convection of water-NEPCM occurs between
the square chamber and the rotating cylinder. The walls of the square
chamber are at a constant temperature of T, and the wall of the rotating
cylinder is at a constant temperature of T,. NEPCM melt with receiving
heat from the hot wall and freeze with losing heat in the cold wall.

2.1. Assumptions and equations

Natural and forced convection flow occurs due to the buoyancy force
and the rotation of the cylinder, respectively. The combination causes
mixed convection. Water and NEPCM flow are two-dimensional,
incompressible, and steady-state. The Boussinesq approximation is
also considered for linear density changes. The equations of continuity,
momentum, and energy in x-y coordinates are as follows [32]:

ou 0v
6x+dy:0' M
%+ % —,%4, @+627u 2)
P\ " o v@y = Tox e\ ge 2 )"
@4_ Q 7_E+ é+é +( )’) (T_T) 3)
pm uax vay - ay I’tm X2 yz p/ m c)8-
0 (pC) )+ (o), T) ) =k o, or “
“ox TP Yoy PSP T\ o2 T ay? )’

In the above equations, u and v are the velocity components in the x
and y-directions. Also, P, T, and g are pressure, temperature, and gravity
acceleration in the y-direction, respectively. Last term in Eq. (3) is
buoyant Boussinesq source term. In the energy conservation equation
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(Eq. (4)), the NEPCMs impacts of advection term. The performance of
the NEPCM nanoparticles as well as how they affect the performance of
the problem will be described later. To close the above coupled equa-
tions, boundary conditions are required. Moreover, the temperature of
the square chamber walls is T, and the temperature of the rotating
cylinder is T,. The boundary conditions of velocity are zero for the cold
walls, and tangential velocity at the hot cylindrical wall is rw. By
defining the following dimensionless parameters, we can make dimen-
sionless the governing equations [33,32].

_ (Y (e vy gL P
(X, ¥)= <r’ r)’(U’ V)= (rw7 rw)7 HﬁTH_TC’ pipbf”zw2
oU v
Kty =0 ()
p ou _oU o 1 (u,)[PU FU
W4 vl)=—L 4+ — B | (245 ). 6
Qb,)< X Vo) T X T Rey \ iy, ) \ox2 T2 ©)

P (0V OV _ dp 1 (p,\ [PV VN Gry ((ph),
(ﬂbf) (UaX—H/aY a ‘)Y+Rebf Hp 0X2+0Y2 +Rebf2 i o

@)
Ui(CrH)JrVi(CrH) _ ! L] @+ﬁ (8)
X aY a RebfPrbf kbf 0X2 0Y? ’
The dimensionless numbers are expressed as follows [32]:
: k 2 AT
Vo = /ﬂ, Ay = i , Pr= Vi,Rebf = w—r, and Gry = g—ﬁbf 3 r X
Pur (pey) bf Ay Vof Vir

which vy, ays, Pr, Rey, and Gry are kinematic viscosity, thermal
diffusion, Prandtl, Reynolds, and Grashof numbers [34]. Also, the
dimensionless number appearing in the energy equation is the ratio of
the heat capacity of the mixture to the base fluid (Cr) [32].
Cr=0n |yt ap 1 2y ©
(/’CP)b/' X

In Eq. (9), subscriptions m and f are the nanofluid mixture and base
fluid, respectively. Specific heat capacity and density of water (pCp),,
are constant. However, for a specific materials of base fluid and NEPCM,
the specific heat capacity values of the mixture are a function of the
volume fraction of the NEPCMs, the amount of latent heat of the NEPCM
core, and temperature (f). ¢ shows the variability relative to the volume
fraction, and y shows the variability associated with the latent heat of
the NEPCM core and A1 is calculated by the following equation [33]:

(C/;'A 1 + le:)pcpx

S R At 10
(ps +1p.)(PChr)y (10

A is the ratio of heat capacity of NEPCM in liquid phase to base fluid.
Where c, I, and s are subscripts for core, liquid, and sell respectively.
The [ coefficient is core-shell weight ratio and equal to 0.447. Also, at
Eq. (9) y is the ratio of an increase in base fluid temperature to energy
stored as latent heat in the core [32]:

_ Crw PPt lp)

= 11
hs /TMr (p:po) ( )

hy is latent heat of core and Ty is melting temperature range of core.
Also, the term f in Eq. (9) is the non-dimensional fusion function ob-
tained by the following equation [33]:
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Fig. 2. Schematic of Cr and related parameters in Eqs. (9)-(13).
o 2. i i
0if 0<0— ’ 2.2. Thermophysical properties
m . (T & . ) F) Nano-encapsulated PCM consist of a polyurethane shell and an n-
f=5sin (5 (0 —O+ E)) LG5 <0<0+3 a2 nonadecane core. The n-nonadecane is a desirable organic phase change
3 5 material for thermal energy storage, melting and solidifying occur at
0if 0 <0+ 2 temperature range of 31°C and melting latent heat of 156.07 kJ/kg and
solidifying latent of 164.99 kJ/kg. Therefore, can be utilized in buildings
5— Tur and 6 = T —Tc 13) for thermal energy storage, and the operating temperature range and the
AT’ AT

The parameters 6;, and & represent the fusion dimensionless tem-
perature, and internal fusion, respectively. In the other word § is the
thickness of the melting zone. By a closer look at Eq. (9) and according to
Eq. (12), if the nanofluid temperature is higher than the NEPCM core
melting temperature (T > Ty + %) or lower than the core solidification

temperature (T < Ty — Tg’) the last term of Eq. (9) will be zero, and the
values of Cr reduces. Melting temperature values and melting range also
affect Cr. By changing the values of Cr heat transfer can be improved.
The most important strength of using NEPCMs compared to conven-
tional nanoparticles is the significant increase in specific heat capacity.
The coefficient of the function f in Eq. (9) is the amplitude of changing
specific heat capacity in the two-phase state. Where, by comparing with
Eq. (11), the latent heat of the NEPCM core (hy) effects on Cr. Fig. 2
graphically represents the effect of the aforementioned parameters on
Cr.

Fig. 2 shows that in the part where there is no phase change, the Cr
values are less than one because NEPCM has a lower specific heat ca-
pacity than water, thus reducing the specific heat capacity of the
nanofluid. However, in the part of phase change (highlighted by light
blue), the specific heat capacity of the nanofluid increases dramatically.
The values of Cr presented for y = 0.01.

The heat transfer rate can be calculated by the Nusselt number,
which is as follows [35-42]:

1
Nuyye =73 Nugye = — [ Nugye dn. 14
u " i TL'D/ Uioe(n)dn 14

where Nuy,, is local Nusselt number and D is diameter of inner cylinder,
and Nuy,, is average Nusselt number.

amount of energy that can be stored make this PCM possible for use in
buildings [43]. The polyurethane shell has high elastic properties,
strength, smooth surface [44] and low crystallinity [45], so it has been
considered by researchers. Also, this shell does not have environmental
and health problems related to formaldehyde release. Also, based on
previous experimental studies [46], the thermophysical properties of
water and the mentioned NEPCM have been extracted. Also, studies on
the preparation of these nanoparticles for similar applications were
presented [47]. Thermophysical properties of NEPCM can be introduced
by considering both thermophysical properties of core and shell as fol-
lows [32]:

P _ L+ Dpeps (14a)

" optip,

where n indicates nanoparticle subscription. The specific heat capacity
of the core can be expressed as a Sinusoidal function, whose argument is
a function of temperature, fusion temperature (Ty), and phase change
temperature range (Ty;) as mentioned before. Also, whose amplitude is
a function of latent heat of core (hy), Ty, and the specific heat capacity of
the core in liquid state (C, N ;). Moreover, specific heat capacity of the
NEPCM core (Cp, ¢) in the phase change temperature range is [33]:

T hgf . T — (T[ — TM,Q)
Coe=Cypey+ {5 (TM" -G, (-,1) (SlnﬂT

T r
0if T<T;—=%

(15)

Mr

Ty, T,
x 1yn—§<T<n+2

Ty,

2

0if T<Ty+

The specific heat capacity and thermal expansion coefficient of
NEPCM can be introduced as follows [32]:
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Table 1
Thermophysical properties of materials used at 303 K [32,49].
Property kg J w
Material ’ (W) G (@) e k(m_K) o
(1 6 E)
102(2) 1028
water 995.6 4180 21 0.615 797
n — nonadecane 786 1317 50 0.19 -
polyurethane™* 721 2037 17.3 0.025 -
T Base fluid.
" Core.
" Sell.
C, « +1C)p.p,
CP, w= ( P )p P, (16)
(o +1p.)p,
. — B Ip
_ £ Y I 17
Pu=b.+ ( 5 . a7

The thermophysical properties of the water-NEPCM mixture can be
classified as Table 1 by considering the thermophysical properties of
water, NEPCM nanoparticles, and NEPCM volume fraction. Thermo-
physical equations of the mixture including density, specific heat ca-
pacity, and thermal expansion coefficient are listed below [32,48].

Pw = (L= @)y +op, 1s)
1-— C + C n
Con _ =0 Crps +op.Cr, 19
P
1- + nFn
g, = ( (P)pbfﬂbf op.P (20)

pm

In all of the equations, the m, n, ¢, and s index represent the mixture,
NEPCM, core, and shell, respectively. The present simulation has been
studied at a constant volume fraction of 0.035. Therefore, according to
reference [46], the dynamic viscosity and thermal conductivity of the
mixture at 303K are equal to 0.7 W/mK and 122 x 107°kg/m.s,
respectively. The thermophysical properties of the materials are also
listed in Table 1.

2.3. The numerical setting, grid independency, and validation

Equations and boundary conditions are solved by developing the
C++ code of OpenFOAM software. The FVM method is used with the
SIMPLE algorithm to solve the velocity and pressure fields for mixed
convection of water-NEPCM. The relaxation factors for velocity, pres-
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sure and temperature are 0.2, 0.4, and 0.7, respectively, and the residual
of fields is less than 107°. Also, the grid independency is studied for
critical conditions Gry = 104,Rebf =50, y = 0.01, 6f = 0.5. Fig. 3
represents the average Nusselt number of grid independency. Observa-
tions show that the 28,000 mesh is suitable for simulation. For the
present simulation, boundary layer mesh is applied near all walls and
triangular mesh is used for between the walls.

Table 2 presents the validation of free convection of water — Al;O3
nanofluid at different Ra numbers for Pr = 4.62, and ¢,,, = 0.03. The
results of Nuy,, are compared with numerical and experimental results.

Nu(Present study)—Nu(Previous Study)
Nu(Present study)

Relative error (¢) is calculated as (e = X

100). The results are in good agreement. Also, NEPCM part of the

present work is validated with numerical results of Ghalambaz et al.
[33] for natural convection of water-NEPCM inside a cavity. Fig. 4
shows Cr and temperature counters in the conditions Ra = 10°, § =
0.05, Ste = 0.313, Pr = 6.2, 6 = 0.3 and ¢; = 0.5. The contours of
both works are close and validation is good for the current simulation of
NEPCM.

The last two validations were for free convection. To validate the
mixed-convection, streamlines, isothermal lines, and local and average
Nusselt numbers are given in Fig. 5. The results are convincing.

3. Results and discussion

The results presented for different Grashof (102 < Gr < 10*) and
Reynolds numbers (0.5 < Re < 50) at fixed § = 0.2, ¢ = 0.035, Pr =
5.42 and different y (0.01, 0.02 and 0.4) and 6 (0.1-0.9). Streamlines,
isothermal lines, Cr contours and Nusselt numbers are shown for eval-
uation. Fig. 6 illustrates the streamlines. For low Gr numbers, the forced
convection flow is predominant in comparison to natural convection,
and as Re increases, the forced convection effect intensifies. According

Table 2
Comparison of Nuay. for free convection of water — Al;O3 nanofluid.
Ra = 10° Ra =1.35 x Ra =1.68 x
10° 10°
Present Study* 9.3665 10.0636 10.7606
Shiekhzade et al [51]. 9.1495 (¢ =2.3% 9.5617 10.5079
) (e = 5.2%) (e = 2.3%)
Ho et al [52].%* 8.9683 9.3445 9.8282
(¢ = 4.2%) (e =7.1%) (e = 8.7%)

* Numerical.
" Experimental.

Nuyye

Number of mesh(x 10%)

1.2
0.8
0.4
0

3 6 13 28 50

Fig. 3. Schematic of the used mesh and the grid independency plot for the average Nusselt number.
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to the ratio of r%, it is determined that in the lower Gr, the maximum
ratio is equal to one. In other words, it shows that the velocity of natural
convection is almost negligible.

At higher Gr numbers (Gr = 1000) and low Re number the maximum
ratio of T is 1.2, which indicates that the presence of natural convection
is remarkable, although forced convection is more prevalent. By looking
closely at the streamlines, two vortices are observed, which are formed
due to natural convection. In the left part of the cavity, the velocity is
higher. Because the inner cylinder rotation (clockwise) and natural
convection flow at the right side of the cavity have the same direction.
By increasing Re, the maximum value of the % ratio equals one and
forced convection prevails. In Gr =10* and low Re numbers, the
maximum % ratio is 5 and the natural convection is much bolder. Also,
flow patterns are in the form of natural convection flow [50]. In this Gr
number, by increasing the angular velocity of the inner cylinder and
increasing the Re number, the maximum I ratio decreases to unit value

(at Re=50). Decreasing the L ratio at Gr = 10* indicates the negative

Journal of Energy Storage 47 (2022) 103606

b)

Fig. 4. Heat capacity ratio (Cr) contours for Ra = 10°, Ste = 0.313, Pr = 6.2, 0 = 0.3, and 6 = 0.5 (a) Ghalambaz et al. [33] and (b). Present work.

effect of the cylinder rotation on the convection.

Fig. 7 illustrates the constant non-dimensional temperature lines
(solid black lines) and the Cr contours. Due to NEPCMs melt or freeze at
particular temperatures, the red area in Cr contours indicates that the
material inside the nano-capsules is in the two-phase state, and their
specific heat capacity increases. The values of ¢y indicate the position of
the melting on non-dimensional temperature lines (see Fig. 2). By
changing the values of 6, the region in which the melting occurs will be
different. Therefore, according to Fig. 7, it is observed that for 6; = 0.3
melting occurs at the constant non-dimensional temperature line of 0.3
and this is also true for other 6;s. The effect of the location of the melting
zone on the heat transfer rate will be further described.

Fig. 6 shows that at the high Gr number, increasing Re intensifies the
resistance to natural convection flow and reduces the flow velocity. The
diagram of dimensionless temperature lines with Cr contours is pre-
sented in Fig. 8. By increasing velocity of flow, the streamlines have
changed from distortion to the shape of concentric circles and reduces
the concentration of isothermal lines in near the cylinder wall. Also, the
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Fig. 5. Streamlines, Nug,, and isothermal lines of mixed-convection for Ri = 10, Ra = 10°, H/r = 2.5, and Pr = 0.71 for (a). Liao and Lin [50], (b). Present work,
and (c). Comparison of local Nusselt number on the hot circular wall between the studies.

isothermal lines are separated in most areas. By changing the isothermal
lines, the melting zone has also shifted.

Fig. 9 depicts the effect of Re numbers. In this case, the isothermal
lines and the Cr contours are centered and relatively symmetrical. When
the forced convection flow is predominant, £ = 1, as Reynolds in-
creases, isothermal lines accumulate near the walls and the heat transfer
rate improves. Changes in isothermal lines also cause shifts in the
melting zone of nano-capsules. Thus, when melting occurs in the middle
of the distance between the cold and hot walls, the melting thickness is
higher for Re=50. But at Re=0.5 and the closer of walls, the melting
thickness of nano-capsules is higher than Re=>50.

Fig. 10 is presented to investigate the values of y on isothermal lines
and Cr contours. By decreasing the values of y, the maximum values of
Cr increase. It is also observed that Cr change causes shifts in the pattern
of isothermal lines. It should be noted that ¢, same as y, also causes
changes in isothermal lines. And the effect of these two parameters is
that in the melting zone, isothermal lines are spaced apart and com-
pressed near the wall. At 6; = 0.5, decreasing x increases the melting
thickness and increases Cr values.

The Nu number diagram for 135 samples is shown in Fig. 11. By
decreasing y, the Nu in all samples enhances or at least remains constant.
According to Fig. 10, decreasing y causes the maximum of Cr to increase



A.N. Sadr et al. Journal of Energy Storage 47 (2022) 103606

Fig. 7. Non-dimensional isothermal lines (solid lines) and Cr contour for Re=50, Gr=100, and y = 0.02 at (a).¢f = 0.3, (b).¢y = 0.5, and (c).¢y = 0.7.
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a) b) c)

Fig. 8. Non-dimensional isothermal lines (solid lines) and Cr contour for Gr = 10*, §; = 0.5, and y = 0.02 at (a).Re = 0.5, (b).Re =5, and (c).Re = 50.

b)

Fig. 9. Comparison of non-dimensional isothermal lines (solid lines) and Cr contour at different Re numbers for Gr = 102, and y = 0.02 at (a).¢f = 0.9, (b).6f = 0.5,
and(c).0f = 0.1.

Cr

" H
'
1 "

b) c)

Fig. 10. Comparison of non-dimensional isothermal lines (solid lines) and Cr contour at different y numbers for Gr = 102, and Re = 50 at (a). ¢y = 0.9, (b). ¢y = 0.5,
and (c). 6y = 0.1.
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Fig. 11. Average Nusselt number (vertical axis) versus 6; (horizontal axis) for different Re numbers at (a). Gr = 102, (' b). Gr = 10%, and (c).Gr = 10*.

and the thickness of the melting layer of NEPCMs to grow. Based on
Fig. 11 increasing the melting thickness and maximum value of Cr
improve heat transfer rate. In other words, because at a low y, the
maximum value of Cr is higher, it also increases the Prandtl number of
the nanofluid, which improves heat transfer and enhances the Nu
number.

Also, the density of isothermal lines in the melting zone is affected by
%> and as x decreases, these lines in the melting zone diverge and
accumulate near the walls. where effects similar to Reynolds increase
(Fig. 9). In other words, decreasing y causes the temperature gradient
near the walls to increase and more heat to be transferred. As a result,
decreasing y values affects two factors. The first factor raises the
maximum Cr and the second factor that increases the melting thickness.
In different samples, y has different effects on Nu number, depending on
how each of the two factors is affected. In some cases, two Nu increment
factors were affected, such as Nu numbers for 6; = 0.5 in all Re and Gr
numbers. It was observed that decreasing y causes a raise in Cr and
melting thickness, which enhances Nu. In a series of cases and where 6¢
is high or low (not in moderate range), for example, 6; = 0.1, 0.9 in all
Re and Gr numbers y does not have a significant effect on Nu. In other
words, since the reduction of y causes the isothermal lines to be closer to
the walls. As a result, at high or low 6, by decreasing y a lower
increasing in melting thickness and Cr has been observed. These two
neutralizing factors cause y do not have much effect on Nu at low or high
0.

In the case where conduction is predominant and the isothermal
lines are equidistant from each other, increasing ¢ has a relatively linear
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effect with a negative slope on Nu numbers. The reason is that with
increasing 6y, melting occurs near the inner cylinder, and because the
melting is almost circular, this reduces the radius of the melted circle,
thus reducing the melting percentage of nano-capsules and causes a
decrease in Nu. By increasing Gr and Re numbers, the convection heat
transfer mechanism dominates the conduction and the effect of 6f
changes. In most cases, the highest Nu number observes at ¢; = 0.5 (In
some cases, such as Re = 5, Gr 103, y = 0.02, it occurs at 0 =0.7).
The diagram of Nu versus 6y is almost parabolic. The effect of 6 is more
noticeable at low y numbers. As Gr and Re numbers increase, Nu

numbers enhance. However, in Gr = 10* it decreases Nu with increasing
Re. This is due to the reduction in velocity and resistance of natural
convection flow to forced convection by increasing Re number (See
Figs. 6 and 9). It is noteworthy at the end of the work that the results of
this work can be generalized to adsorption studies, artificial recharge
structures and etc. [53-55].

4. Conclusion

In this study, we investigated the effects of adding NEPCMs on
mixed-convection heat transfer. The geometry consisted of a square
chamber with an outer wall of constant and low temperature. Also, a hot
internal cylinder was rotating. We evaluate the performance of NEPCMs
by considering the different scenarios of the effects of natural and forced
convection flow. In this study, based on the evaluations performed in
135 samples, the following results were adopted. Increasing y has a
negative effect on Nusselt number. The effects of y are clearly affected by
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the values of 6;. In moderate 6; and close to 0.5, y reduction greatly
improves Nusselt number. However, at high or low 6ys, the effects of y
fade. The relation 6y to Nusselt numbers is almost similar to a negative
concavity parabolic diagram. The optimal state of ¢y is in medium values
or particularly numbers close to 0.5. In low Gr and Re number when
conduction is effective and if y is high, the optimal state of 6y occurs in
values close to 0.1. Increasing Re and Gr numbers improved heat transfer
rate. However, in high Gr number, increasing the rotation velocity of the
inner cylinder, consequently increasing Re number, reduced Nusselt.
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