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Abstract: A Nano-Encapsulated Phase-Change Material (NEPCM) suspension is made of nanopar-
ticles containing a Phase Change Material in their core and dispersed in a fluid. These particles
can contribute to thermal energy storage and heat transfer by their latent heat of phase change as
moving with the host fluid. Thus, such novel nanoliquids are promising for applications in waste
heat recovery and thermal energy storage systems. In the present research, the mixed convection
of NEPCM suspensions was addressed in a wavy wall cavity containing a rotating solid cylinder.
As the nanoparticles move with the liquid, they undergo a phase change and transfer the latent
heat. The phase change of nanoparticles was considered as temperature-dependent heat capacity.
The governing equations of mass, momentum, and energy conservation were presented as partial
differential equations. Then, the governing equations were converted to a non-dimensional form to
generalize the solution, and solved by the finite element method. The influence of control parameters
such as volume concentration of nanoparticles, fusion temperature of nanoparticles, Stefan number,
wall undulations number, and as well as the cylinder size, angular rotation, and thermal conductiv-
ities was addressed on the heat transfer in the enclosure. The wall undulation number induces a
remarkable change in the Nusselt number. There are optimum fusion temperatures for nanoparticles,
which could maximize the heat transfer rate. The increase of the latent heat of nanoparticles (a decline
of Stefan number) boosts the heat transfer advantage of employing the phase change particles.

Keywords: Nano-Encapsulated Phase-Change Material (NEPCM) suspension; wavy wall enclosure;
conjugate heat transfer; rotating cylinder; heat transfer enhancement
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1. Introduction

Enhancing convective heat transfer has become a key element in various industrial
applications. Employing suspended nanoparticles is a widely used technique to increase
thermal conductivity and convective heat transfer coefficient in comparison to pure liquids
or liquids with large particles [1,2]. Wen et al. [3] investigated the free convective heat
transfer of aqueous-based titanium-dioxide nanofluids with different concentrations exper-
imentally. Sheikholeslami et al. [4] analyzed the free convection of magnetizable hybrid
nanofluid free convection in a circular enclosure with two circular heaters. These studies
showed that the inclusion of nanoparticles with in the host fluid enhances the heat transfer.
The convective heat transfer of nanofluids has been explored in some of recent publications
such as [5,6].

Moreover, convection in conductive porous media is an effective technique to im-
prove heat transfer [7–9]. Sun et al. [10] studied steady-state free convective behavior of
nanofluids inside a right-angle triangular cavity full of porous medium. The maximum
value of the average Nusselt number was achieved by reducing the cavity aspect ratio
and allocating the heater at a lower position while keeping both the Rayleigh number
and the heater size at their largest values. Chamkha et al. [11] studied the conjugate free
convection-conduction heat transfer in a square domain consisted of nanofluids filled
porous cavity. The cavity was heated by a solid triangular wall under steady-state condi-
tions. These studies indicated that the increment of nanoparticles volumetric fraction at a
low Rayleigh number (Ra = 10) significantly enhanced the heat.

Several other studies dealt with forced convection. Sheikholeslami [12] investigated
forced convection heat transfer in a lid-driven porous cavity. Copper oxide nanoparticles
were suspended in water to synthesize a nanofluid. He reported that using Platelet shaped
nanoparticles increased the Nusselt number and heat transfer was improved by an incline of
Darcy and Reynolds numbers and a decline of Hartmann number. Xuan and Li [13] studied
forced convective heat transfer and flow features of the nanofluid in a tube. Wen and
Ding [14] studied the laminar convective heat transfer of nanofluids, composed of γ-Al2O3
nanoparticles and de-ionized water, flowing throughout a copper tube. Hwang et al. [15]
performed experimental measurements to study convective heat transfer of water-based
Al2O3 nanofluids flowing throughout an evenly heated circular tube in the fully developed
laminar flow regime. In general, nanofluids have been confirmed to magnify convective
heat transfer in various flow configurations [16].

Recently, the technology of Phase Change Materials PCMs has been utilized in devices
made of materials presenting a high risk of temperature gradients and having different
thermal expansion coefficients. PCMs are capable of absorbing and releasing heat energy
as they experience phase change process from solid to liquid, and vice versa [17]. PCMs
are used in several fields such as energy conservation [18], exchangers [19] and electronic
devices [20]. Several researchers used the PCM in different engineering systems for sustain-
able development. Isa et al. [21] numerically and experimentally investigated PCM usage
and copper foam in passive cooling for enhancing thermal heat storage in buildings. As the
study was performed in Malaysia, the authors selected terrace houses as a case-study. They
found that the house’s cooling loads were dramatically reduced when the existing materials
were integrated with PCM and copper foam. Baek et al. [22] used a PCM layer in a radiant
floor heating system and attempted to determine the optimum temperatures of hot water
to reduce heat consumption. The model studied floor consisted of a 10 mm PCM layer,
Autoclaved lightweight concrete, concrete slabs, insulating material, and mortar. The hot
water’s optimum temperature was found to be in the range of 40–41 ◦C. González-Peña
et al. [23] attempted to control the PV panel temperature by introducing a PCM tank on the
panel’s backside. The author analyzed the performance of the new proposed system by
using experimental techniques and numerical methods. The proposed system achieved
50% of the global daily average efficiency. It is worth mentioning that this proposed design
was patented.
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However, the common problem of the PCMs is their low thermal conductivity. Metal
foams [24] are a promising material for enhancing heat transfer. Calmidi et al. [25] re-
searched the forced convection in high porosity metal foams by means of numerical
simulations and experimental techniques. Zhao et al. [26] investigated free convection in
open-celled metal foams. These studies were limited to single-phase heat transfer prob-
lems. Zhao et al. [27] inspected the solid/liquid phase change (melting and solidification)
processes in metal foams. The PCM used was the Paraffin wax RT58. The influence of
metal foam on solid/liquid phase change heat transfer was of great importance, in compar-
ison with the pure PCM sample results, particularly at the solid zone of PCMs. Siahpush
et al. [28] undertook analytical and experimental investigations to evaluate the impact of
using copper porous foam on the heat transfer performance in a cylindrical solid/liquid
phase change thermal energy storage system. The foam increased the effective thermal
conductivity from 0.423 W/m K to 3.06 W/mK.

The use of Nano Encapsulated Phase Change Materials (NEPCM) suspensions, as
a new type of nanofluids, is promising to enhance heat transfer in natural and forced
convection flows. NEPCM particles, composed of a core of PCMs and a protective shell
material, are made of polymers such as polymer-SiO2 [29,30] and TiO2 [31,32]. In the
recent few years, research was mainly targeted to the hybrid shell, which combines the
merits of both organic and inorganic materials, to enhance remarkably heat transfer [33].
The NEPCMs are synthesized by several techniques such as layer-by-layer (LbL) assem-
bly [34,35], spray drying [36], and interfacial polymerization [37,38]. Rodriguez-Cumplido
et al. [39] showed that the modification of the shell composition could magnify the thermal
conductivity of PCMs. The NEPCM suspensions is proven to be very effective in heat
transfer improvement.

Huu-Quan et al. [40] explored the advantage of using NEPCMs in finned enclosures.
The outcomes show that the rise of particle volume fraction could lead to heat transfer
enhancement in finned enclosures.

On the other hand, mixed convection with a rotating cylinder has multiple appli-
cations, for example, multi shield structures used in nuclear reactors, high-performance
building insulation, in electronic device cooling, furnaces, solar power collectors, glass
production, food processing, and drying technologies [41]. The rotation of the cylinder
induces mixed convection, which is the result of buoyancy forces due to the temperature
gradient combined with forced convection due to the shear forces imposed by the rotating
cylinder. The complexity of the analysis of mixed convection is because of the complicated
interaction between the free convection with the shear driven flow. Due to the importance
of such mixed convection flows, they have been reported in some recent publications.
The mixed convection flow and heat transfer of CNT [42] and CuO [43] nanofluids in a
cavity with an inner rotating circular cylinder are examples of such phenomena. It was
noticed that the average heat transfer is directly proportional to Richardson’s number,
cylinder angular rotational speed, and volume fraction of nanoparticles.

The wavy wall enclosures have found crucial applications in heat exchangers and
solar collectors. The wavy surface provides an extended heat transfer area and hydraulic
interaction. Hence, the convection heat transfer in wavy wall enclosures has grabbed the
attention of some recent researches. For example, the wavy wall enclosures containing inner
cylinder [44], wavy wall cavities full of a porous medium, and Al2O3-water nanofluid [45],
cavities with a lid-driven [46] and a porous wavy enclosure full of a nanofluid [47] have
been investigated recently.

The previous studies review indicates that the phase change heat transfer of NEPCM-
suspensions in a wavy wall cavity is not considered yet. The current research focuses on
studying the phase change behavior and heat transfer enhancement of nano-encapsulated
suspensions in a wavy wall cavity for the first time.
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2. Problem Physics and Modeling
2.1. Problem Physics

Mixed convection of a nanoliquid with the particles of the nano-encapsulated phase
change material (NPCM) in a 2D enclosure with the wavy hot wall is considered. The con-
figuration of the studied enclosure with a rotating circular cylinder is presented in Figure 1.
As shown in Figure 1a,b, the circular cylinders with the radius of R* can rotate clockwise
and anticlockwise with the rotational speeds of ω* and −ω* The height of the enclosure is
H*, and its width is a function of y*. It is worth noting that the geometry of a wavy wall
cavity with a rotating cylinder was also studied in [48,49] for liquids and nanoliquids with
no phase change.

Figure 1. Schematic configuration.

The straight cold wall is kept at a constant temperature T∗c , whereas the temperature of
the wavy hot wall is T∗h . The upper and lower horizontal walls are considered adiabatic. The
clockwise/ant-clockwise rotation of the cylinder and no-slip boundary condition induces
a forced flow. Besides that, the buoyancy-driven flow is provoked by the simultaneous
impacts of the gravitational field and temperature difference between the cold and hot
walls. The pressure changes do not affect nanoliquid density. However, the temperature
gradients change the density. The distribution of the particles is homogeneous in the
host fluid, and the dynamic and thermal equilibriums are established between the nano-
additives and the base fluid. Thermo-physical properties of the making components of the
nano-additives and the base fluid are tabulated in Table 1.

Table 1. Thermophysical properties of the shell and core of the NEPCMs and the base fluid [27,28].

Material β (K−1) C (kJ/kg K) k (W/m K) ρ (kg/m3)

Polyurethane: shell 17.28 × 10−5 1.3177 786
Nonadecane: core 2.037 721
Water: base fluid 21 × 10−5 4.179 0.613 997.1

2.2. Conservation Equations and Boundary Conditions

Conservation of mass:
∇∗.→u

∗
= 0, (1)

Conservation of momentum:

ρ∗nl
→
u
∗
.∇∗→u

∗
= −∇∗p∗ + µ∗nl∇

∗2→
u
∗
+ g∗ρ∗nl β

∗
nl(T

∗
nl − T∗c )

→
j (2)
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Conservation of energy:

ρ∗nlC
∗
p,nl
→
u
∗
.∇∗T∗nl = k∗nl∇

∗2
T∗nl , (3)

The components of the velocity field of the rotating cylinder are:{
u∗cy = ∓ω∗(x∗ − x∗0)
v∗cy = ±ω∗(y∗ − y∗0)

, (4)

The absolute value of velocity at any point of the rotating block is:∣∣∣→u ∗cy

∣∣∣ = (u∗
2

cy + v∗
2

cy

)0.5
= r∗|ω∗|, (5)

in which, r∗ is the radial distance from the center of the rotating cylinder. At the surface of
the cylinder, i.e., at r∗ = R∗,

∣∣∣→u ∗cy

∣∣∣
r∗=R∗

= R∗|ω∗|. The energy conservation equation for
the rotating cylinder as a moving mass block is as follows:

ρ∗cyC∗p,cy
→
u
∗
cy.∇∗T∗cy = k∗cy∇∗

2
T∗cy, (6)

Following the model description, the boundary conditions are expressed as follows:

→
u
∗
= 0, T∗nl = T∗c ∀ x∗, y∗|x∗ = 0 & 0 ≤ y∗ ≤ H∗, (7)

→
u
∗
= 0, T∗nl = T∗h ∀ x∗, y∗|x∗ = H∗ − A∗(1− cos(2N∗πy∗)) , (8)

→
u
∗
= 0,

∂T∗nl
∂y∗

= 0 ∀ x∗, y∗|y∗ = 0 , H∗, & 0 ≤ x∗ ≤ H∗, (9)

At the rotating cylinder surface (r∗ = R∗), the following conditions are established:{
u∗ = u∗cy = −ω∗(x∗ − x∗0)
v∗ = v∗cy = ω∗(y∗ − y∗0)

, k∗nl
∂T∗nl
∂n∗

= k∗cy
∂T∗cy

∂n∗
∀ x∗, y∗

∣∣∣(x∗ − x∗0)
2 + (y∗ − y∗0)

2 = R∗
2

,

(10)

2.3. Bulk Properties of the Nanoliquid

The nanoliquid density:

ρ∗nl =
(

1−ωv f

)
ρ∗bl + ωv f ρ∗na, (11)

ρ∗na = (1 + ζ)(ρ∗s + ιρ∗c )
−1ρ∗c ρ∗s , (12)

ζ of the above relation, the core-shell weight ratio ~0.447.
The specific heat capacity of the nanoliquid:

C∗p,nl =
(1− φ)ρ∗b C∗p,bl + φρ∗naC∗p,na,e f f

ρ∗nl
, (13)

When the core of NEPCMs does not experience the phase change process, C∗p,na,e f f is
equal to the sensible heat capacity of the NEPCM particle, i.e., C∗p,na, which is given by [23]:

C∗p,na =

(
C∗p,c + ζC∗p,s

)
ρ∗c ρ∗s

(ρ∗s + ζρ∗c )ρ∗na
, (14)
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When the NEPCMs undergo the phase change, the effective heat capacity of the
NEPCM particles is:

C∗p,na,e f f = C∗p,na +

{
π

2
·
(

L∗s f

T∗Mr
− C∗p,na

)
· sin

(
π

T∗ − T∗m + T∗Mr/2
T∗Mr

)}
I, (15)

I =


0 T∗ < T∗m − δT∗/2
1 T∗m − δT∗/2 < T∗ < T∗m + δT∗/2
0 T∗ > T∗m + δT∗/2

, (16)

The thermal-volume expansion coefficient of the nanoliquid:

β∗nl =
(

1−ωv f

)
β∗bl + ωv f β∗na, (17)

The thermal conductivity and dynamic viscosity of the nanoliquid as functions of the
volumetric fraction of the NEPCM particles are given in Table 2.

Table 2. The thermal conductivity and dynamic viscosity ratios of the nanoliquid to the base liquid.

Volume Fraction of the Nano-Additives (%) 0.0 1.68 3.36(
k∗nl/k∗b

)
1 1.1 1.2(

µ∗nl/µ∗b
)

1 1.22 1.42

2.4. Normalized Conservation Equations

The normalizing parameters of the conservation equations and the boundary condi-
tions are:

→
u =

→
u
∗

H∗(
k∗bl /ρ∗blC

∗
p,bl

) , p = p∗H∗
2

ρ∗bl

(
k∗bl /ρ∗blC

∗
p,bl

)2 , T = T∗−T∗c
T∗h−T∗c

, ∇ = ∇∗
L∗

ω = ω∗H∗
2(

k∗bl/ρ∗blC
∗
p,bl

) , (x, y, r, R, A) =
(x∗ ,y∗ ,r∗ ,R∗ ,A∗)

H∗

, (18)

By using the above normalization parameters, the normalized form of the equa-
tions are:

∇.
→
u = 0 (19)

ρr
→
u .∇→u = −∇p + Prµr∇2→u + RaPrρrβrT

→
j (20)

The dimensionless ratios, denoted by the subscript r, are:

ρr =
ρ∗nl
ρ∗bl

, µr =
µ∗nl
µ∗bl

, βr =
β∗nl
β∗bl

(21)

Moreover, the normalized parameters of Prandtl and Rayleigh, read, respectively:

Pr =
µ∗bl

ρ∗blα
∗
bl

, Ra =
g∗ρ∗bl β

∗
bl
(
T∗h − T∗c

)
H∗

3

α∗blµ
∗
bl

(22)

Cr
(→

u .∇T
)
= kr∇2T (23)

in which

Cr =
ρ∗nlC

∗
p,nl

ρ∗blC
∗
p,bl

= 1−ωv f

(
1− ε− δT−1Ste−1 f

)
(24)

ε =

(
C∗p,c + ζC∗p,s

)
ρ∗c ρ∗s

ρ∗blC
∗
p,bl(ρ

∗
s + ζρ∗c )

, δT =
δT∗(

T∗h − T∗c
) , Ste =

ρ∗blC
∗
p,bl
(
T∗h − T∗c

)
(ρ∗s + ζρ∗c )

L∗s f ρ∗c ρ∗s
(25)
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Moreover, the function f is defined as the following:

f =
π

2
sin
( π

δT
(T − Tm + δT/2)

)
σ (26)

σ =


0 T < Tm − δT/2
1 Tm − δT/2 < T < Tm + δT/2
0 T > Tm + δT/2

(27)

The normalized components of the velocity field of the rotating cylinder are:{
ucy = −ω(x− x0)
vcy = ω(y− y0)

(28)

The energy conservation equation for the rotating cylinder as a moving mass block is
as follows:

RC
→
u cy.∇Tcy = Rk∇Tcy (29)

where

RC =
ρ∗cyC∗p,cy

ρ∗blC
∗
p,bl

, Rk =
k∗cy

k∗bl
(30)

The normalized boundary conditions read:

→
u = 0, T = 0 ∀ x, y|x = 0 & 0 ≤ y ≤ 1 (31)

→
u = 0, T = 1 ∀ x, y|x = 1− A(1− cos(2Nπy)) & 0 ≤ y ≤ 1 (32)

→
u = 0,

∂T
∂y

= 0 ∀ x, y|y = 0 , 1, & 0 ≤ x ≤ 1 (33)

At the rotating cylinder surface, the normalized boundary conditions read:{
u = ucy = ∓ω(x− x0)
v = vcy = ±ω(y− y0)

,
∂Tnl
∂n

=
Rk
kr

∂Tcy

∂n
∀ x, y

∣∣∣(x− x0)
2 + (y− y0)

2 = R2 (34)

The relative importance of the heat transfer regimes, i.e., natural and forced ones, is
evaluated by using a normalized parameter named Richardson number, Ri:

Ri =
Ra

PrRe2 =
RaPr

4ω2R4 , Re =
2ρ∗bl R

∗2
ω∗

µ∗bl
(35)

2.5. Heat Transfer Rate

Although correlations can be used to compute the heat transfer rate, as presented
in [50], the local Nusselt number at the hot wall is obtained by the analytical relationship
below. Regarding the energy conservation, the local heat transfer at the wavy-hot wall
is q = k∗nl

(
∂T∗nl/∂n∗

)∣∣
hot wall = h∗

(
T∗h − T∗c

)
. Applying the non-dimensional variables,

we have H∗h∗/k∗bl =
(
k∗nl/k∗bl

)
(∂T/∂n)|hot wall , expressing the local Nusselt number.

Nul =
k∗nl
k∗bl

(
∂T
∂n

)∣∣∣∣
hot wall

(36)

The mean Nusselt number is obtained by integrating Equation (26):

Num =

1∫
0

Nul dy

1∫
0

√
1 +

(
dx
dy

)2
dy

(37)
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3. Solution Method
3.1. Numerical Method

The finite element method was employed to solve the governing equations and
boundary conditions (Equations (19)–(34)). Following the finite element method, the
governing equations, along with the boundary conditions, were written in the weak form
and then integrated over a discretized mesh domain. The Lagrange shape function was
used for the spatial integrations. The set of algebraic equations was iteratively solved
by using the Newton method. The details of the utilized method are the same as those
discussed in [51], and it has not been repeated here for the sake of brevity.

3.2. Mesh Study

The impact of the mesh resolution on the accuracy of the solution was surveyed
through a systematic mesh study. The solution was repeated by using several mesh sizes,
and the average Nusselt number and maximum value of the streamline function were
monitored. The domain elements and the corresponding values of Num and Ψmax are
summarized in Table 3. A view of the pattern of the utilized mesh is depicted in Figure 2.

Table 3. The effect of grid size on the average Nusselt number on the hot wall and absolute maximum
stream function for the case of Ra = 106, R = 0.2, N = 2, Rk = Rc = 1, ω = 1000, Tm = 0.5, Ste = 0.2 and
φ = 3.36%.

Domain
Elements

Case I
(14,010)

Case II
(23,388)

Case III
(30,816)

Case IV
(56,394)

Case V
(68,781)

Case VI
(80,496)

Num 7.5744 7.5345 7.5341 7.5328 7.5355 7.5360
Ψmax 28.240 28.232 28.216 28.158 28.146 26.160

Figure 2. A view of the pattern of utilized mesh.

The most sensitive variable to the mesh size was the phase change region. Hence,
the impact of various mesh cases on the phase change region was addressed in Figure 3.
Figure 3 illustrates the Cr contours as an indication of phase change. As seen in Figure 3a–c
the phase change interfaces are quite rough, and hence, the mesh could not capture the
phase change region adequately. Moreover, the phase change region at the top and bottom
of the enclosure is quite narrow and the meshes of Cases I, II, and III do not have enough
resolution to properly compute the phase change in these locations. However, as seen in
Figure 3d–f the corresponding meshes could capture the phase change regions smoothly.
Thus, each of the meshes of Cases IV, V, and VI can be used for capturing the phase
change region.
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Figure 3. The effect of grid size on the Cr contours when, R = 0.2, N = 2, Rk = Rc = 1, ω = 1000,
Tm = 0.5, Ste = 0.2 and φ = 3.36%; for grid sizes: (a) Case I, (b) Case II, (c) Case III, (d) Case IV, (e) Case
V, (f) Case VI.

The results of Table 3 also indicate that the mesh size of case V could provide the results
with one significant digit, which is adequate for graphical representation of the results and
most of the engineering applications. Hence, as a trade between the computational cost
and accuracy, case V was used for the computations.

3.3. Validations

The utilized numerical code was validated against the literature-works. The outcomes
of the current method were compared with the case of nanofluid in a wavy wall cavity [49]
and found in an agreement. Moreover, the results were also compared with the literature
studies of Kahveci [52], and the experimental works of Corvaro and Paroncini [53], and the
outcomes were almost identical. The maximum deviation between the results obtained in
the current model and the results of Kahveci [52] is 0.092% for Ra = 105 and φ = 0.15.

4. Simulation Results

In this work, the dimensionless parameters are the Rayleigh number, Ra, the Prandtl
number, Pr, the dimensionless rotational velocity, ω, which can be positive or negative,
depending on the direction of clockwise and anticlockwise rotation, the heat capacity ratio,
Rc, the thermal conductivity ratio Rk, the problem geometrical aspect ratio, R, the NEPCM
volume fraction, φ, the fusion temperature, Tm, and the Stefan number, Ste.

The Prandtl number and Rayleigh number are fixed at 6.2 and 106, respectively. In ad-
dition, the numerical simulations are conducted for the following parameters: geometrical
aspect ratio 0.1 ≤ R ≤ 0.2, dimensionless rotational velocity −1000 ≤ ω ≤ 1000, heat
capacity ratios 1 ≤ Rc ≤ 100, thermal conductivity ratios 1 ≤ Rk ≤ 100, the NEPCM
volume fraction φ = 0, 1.68, 3.36%, dimensionless fusion temperature 0.05 ≤ Tm ≤ 0.95,
Stefan number 0.2 ≤ Ste ≤ ∞. The amplitude of the hot wall wave is also fixed at A = 0.1.
The number of oscillations is in the range of 0≤ N ≤ 4. According to these ranges of dimen-
sionless parameters, the values obtained by the Richardson number are Ri = ∞ for ω = 0,
3875 ≤ Ri ≤ 62,000 for |ω|= 500, and 968.75 ≤ Ri ≤ 15,500 when |ω|= 1000.

Figures 4–8 illustrate, respectively, the effects of the rotational velocity of the inner
cylinder ω, the fusion temperature of the NEPCM core Tm, the NEPCM volume fraction
φ, the heat capacity ratio Rc and the thermal conductivity ratio Rk between the cylinder
and the base liquid, and the cylinder radius R on the streamlines, the isotherms and the
heat capacity ratio Cr contours in the cavity. In general, the flow is characterized by a
counterclockwise vortex surrounding the inner cylinder. This is due to the convective
effects resulting from the density difference between the hot fluid near the wavy wall
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and the cold one near the left wall. In fact, the heated fluid near the left wall moves
upwards due to the buoyancy effects, and gets replaced by the cold fluid incoming from
the region near the cold, which results in the counterclockwise circulation observed in the
figure. In the vicinity of the wavy walls, the streamlines mimic the wall undulation and
concentrate near the wall troughs due to the dominance of the conductive effects in that
zone. The isothermal contours are vertical near the left wall, then move horizontally in the
channel center as heat and finally reach the wavy wall and follow its undulated shape, as
the hot fluid is ascending near the bottom of the right wall and descending near the left
one while heat is being transferred from the hot fluid zone to the cold one. The isothermal
contours are concentrated near the two walls. As for the Cr contours, the red zones indicate
the region in which the core of the NEPCM particles. This is an indicator of the contribution
of the NEPCM particles to the overall heat transfer by the latent heat of the core melting, as
this contribution depends directly on the number of particles crossing the phase change
zone. It can be seen that the phase change mainly occurs around the inner cylinder, i.e.,
in the same zone where the isotherm corresponding to T = 0.5 is present. This is due to the
fact that the PCM being considered has a fusion temperature Tm = 0.5, which means that
the PCM undergoes a phase change when its temperature is in the vicinity of 0.5. The red
color in the Cr contours corresponds thus to the zone of the isotherm T = 0.5.

Figure 4. The streamlines (left), isotherms (center) and Cr contours (right) when R = 0.2, φ = 3.36%,
Tm = 0.5, Rc = 1, Rk = 1 and Ste = 0.2; for (a) ω = 1000, (b) ω = 500, (c) ω = 0 (d) ω =−500 (e) ω = −1000.
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Figure 5. The streamlines (left), isotherm contours (center) and Cr contours (right) when R = 0.2,
φ = 3.36%, ω = 1000, Rc = 1, Rk = 1 and Ste = 0.2; for (a) Tm = 0.1, (b) Tm = 0.5, (c) Tm = 0.9.

Figure 6. The streamlines (left), isotherm contours (center) and Cr contours (right) when R = 0.2,
Tm = 0.5, ω = 1000, Rc = 1, Rk = 1 and Ste = 0.2; for (a) φ = 0, (b) φ = 0.0168, (c) φ = 0.0336.
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Figure 7. The streamlines (left), isotherm contours (center) and Cr contours (right) when R = 0.1,
Tm = 0.5, φ = 3.36%, ω = 1000 and Ste = 0.2; for (a) Rc = 1, Rk = 1, (b) Rc = 1, Rk = 10, (c) Rc = 10, Rk = 1,
(d) Rc = 10, Rk = 10.

Figure 8. The streamlines (left), isotherms (center) and Cr contours (right) when Tm = 0.5, ω = 1000,
φ = 3.36%, N = 2, Rc = 1, Rk = 1 and Ste = 0.2; for (a) R = 0.1, (b) R = 0.15, (c) R = 0.2.
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Figure 4 shows that changing the angular velocity ω of the cylinder affects the flow
patterns. When the cylinder is rotating, the fluid in its vicinity moves following the rotation
direction. It is evident that the flow intensity is increased when the cylinder is moving in
the counterclockwise (CCW) rotation (ω > 0), as the forced and free convection are acting
in the same direction. When the motion of the cylinder is in the clockwise (CW) direction,
additional vortices are created in the space between the cylinder and the cavity walls due
to the disturbance of the flow resulting from the opposition between the natural convection
and the cylinder rotation directions. In other words, when the cylinder is rotating CW,
the natural and forces convections act as opposed to each other, which results in a disturbed
and slowed down flow circulation. On the other hand, when the cylinder rotates CCW, the
forced convection adds to the effect of the natural one, and the flow circulation is enhanced.
This is in accordance with previous research [43]. The isothermal contours follow the
variation in the streamlines and are mainly affected when the cylinder is acting in the CW
direction (ω > 0), especially in the area between the cylinder and the wavy wall. In fact,
the shape of the isotherms does not vary significantly when the cylinder is rotating CCW,
as the fluid keeps moving in the direction of free convection. In that case, the zone of phase
change increases in size mainly around the cylinder, as indicated by the Cr contours.

The fusion temperature Tm has a slight effect on the flow patterns in the cavity but
greatly affects the Cr contours, as indicated in Figure 5. Indeed, phase change in the
NEPCM core occurs when the surrounding temperature is close to Tm. As a result, the red
zone in the Cr coincides with the region around the isotherm corresponding to Tm. For this
reason, the phase change is limited to the zone neighboring the left cold wall when Tm = 0.1,
while it is limited to the vicinity of the hot wavy wall when Tm = 0.9. The phase change
zone is at its largest for Tm = 0.5, as it occupies the region surrounding the inner cylinder
and reaches the two side walls of the cavity.

A similar aspect can be seen for the effect of the volume fraction φ of the NEPCM
particles in Figure 6. When φ = 0, the fluid is pure, and there are no NEPCM particles
in the fluid to undergo a phase change. As φ is raised, the number of NEPCM particles
experiencing melting increases, and correspondingly, the phase change zone increases in
size. Moreover, a slight increase in the flow circulation is observed when φ is increased,
indicating a contribution from the phase change heat transfer occurring at the NEPCM
core to the overall convective effects.

Looking at Figure 7 suggests that the two parameters Rc and Rk have very limited
effects on the flow patterns and the temperature distribution in the cavity. This can be
attributed to the fact that changing the heat capacity or the thermal conductivity of the
inner cylinder induce only local effects limited to the region near the cylinder, which are
very limited compared to the flow intensity in the whole cavity and to the convective heat
transfer occurring between the hot wall near the wavy wall and the cold fluid near the
left wall.

Increasing the size of the cylinder reduces the space in which the fluid is flowing,
as illustrated in Figure 8. The streamlines are more concentrated for a larger cylinder
size. However, no significant change appears in the flow patterns and the temperature
distribution near the cavity walls. The effects of the size of the inner cylinder, thus,
are localized in its vicinity as indicated by the change in the streamlines around the
cylinder. Nonetheless, the reduction in the space surrounding the cylinder when R is
increased still slightly hinders the convective effects. For the value Tm = 0.5 used in this
figure, the change in the Cr contours is also near the cylinder. In fact, in the three considered
cases, the red zone is always surrounding the cylinder, even when its radius is changed.

Figure 9a depicts the variation of the mean Nusselt number Num as a function of Tm
for various values of Stefan number Ste. First, it can be seen that, for all the values of Ste,
Num is minimum when the value of Tm is close to 0 or 1, i.e., when the fusion temperature
of the NEPCM core is close to the temperature of the hot wall or to that of the cold wall.
This is related to the dependence of the phase change zone on the value of Tm and on the
corresponding isotherm, as discussed earlier. When Tm = 0 and Tm = 1, the phase change
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zone is limited to the region close to the cold wall or the hot wall only. As the contribution
of the NEPCM to the heat transfer depends on the number of particles passing through
the phase change zone, such contribution decreases when this zone is limited, and Num
is reduced. The heat transfer is optimal when Tm is in the range [0.25, 0.75]. In addition,
it is shown that higher values of Num are obtained when Ste is decreased. Indeed, Ste is
inversely proportional to the latent heat of the NEPCM core. A high value of Ste diminishes
the contribution of NEPCM to the heat transfer by undergoing a phase change, which
translates into the reduction of Num. Overall, the results of Figure 9 indicate that the role
played by the NEPCM particles in heat transfer enhancement is non-negligible.

Figure 9. Dependency of the Num on the fusion temperature when ω = 1000, Rc = 1, and Rk = 1 for:
(a) different values of Ste and φ = 3.36%, R = 0.1, N = 2; (b) different values of volume fraction and
Ste = 0.2, R = 0.2, N = 2; (c) different values of R and φ = 3.36%, Ste = 0.2, N = 2; (d) different values of
N and φ = 3.36%, R = 0.1, Ste = 0.2.

The variation of Num as a function of Tm for different values of φ is plotted in Figure 9b.
It is clear that using a higher value of φ increases Num for all the values of Tm. In fact, dis-
persing more NEPCM particles raises their thermal involvement by means of phase change
heat, which enhances heat transfer. Nonetheless, this enhancement is less pronounced
when Tm is close to 0 or 1, when the contribution of the NECPM particle to heat transfer is
diminished, as seen in Figure 9a.

Figure 9c shows the impact of R on the variation of Num as a function of Tm. It is clear
that raising R reduces Num and that heat transfer is maximized for R = 0.1. Indeed, using a
larger cylinder limits the zone in which the fluid can flow and inhibits convective effects.
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The effect of the number of oscillations of the wavy wall N on the variation of Num
as a function of Tm is illustrated in Figure 9d. It is clear that Num increases when N is
reduced and is maximum in the case of a flat wall (N = 0). In fact, when the wall is
undulated, the streamlines mimic the wall shape and present higher concentration near the
wall troughs, while flow separation appears near the crest and in the right upper corner.
This led to the emergence of a thermal boundary layer in those regions as seen in Figure 4.
Consequently, the convective effects are diminished. This observation is in agreement
with previous findings [44]. In the case of a flat wall, this phenomenon is absent, and the
heat transfer is maximized, while using an undulated wall and increasing the number of
oscillations further diminishes heat transfer.

The variation of Num as a function of Tm is depicted in Figure 10 for different values
of ω and for two values of R. First, it can be seen that Num is slightly higher when ω = 0,
i.e., when the inner cylinder is not rotating. This result is related to the flow patterns
observed in Figure 4, where the thermal contact between the fluid and the side walls is
higher for a still cylinder and to the appearance of additional vortices to the right and the
left of the cylinder in that case. Moreover, it is shown that the heat transfer is inhibited for
Tm = 0 and Tm = 1 compared to the other cases, due to the reduction of the phase change
zone corresponding to these zones, as discussed earlier.

Figure 10. Dependency of the Num on the rotational velocity for different values of Tm,
when φ = 3.36%, Ste = 0.2, N = 2, Rc = 1, Rk = 1; for: (a) R = 0.1′ (b) R = 0.2.

The variation of Num as a function of Ste is plotted for various values of Rk and Rc
in Figure 11a,b, respectively. It is shown that both Rk and Rc have limited effects on the
heat transfer rate, as increasing those parameters slightly raises the value of Num due
to the relative increase of the thermal conductivity and the heat capacity of the cylinder.
Moreover, Num decreases with Ste for all the values of Rk and Rc due to the reduction of
latent heat contribution.
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Figure 11. Dependency of the Num on Stefan number when ω = 1000, φ = 3.36%, Tm = 0.5, N = 2 and
R = 0.2: (a) different values of Rk and Rc = 1; (b) different values of Rc and Rk = 1.

5. Conclusions

The conjugate phase change heat transfer of NEPCM-suspensions was examined in a
wavy wall cavity theoretically. The phase change nanoparticles circulate in the enclosure,
and they transport a notable amount of heat by their latent heat of fusion. The heat transfer
advantage of using NEPCM particles was discussed in detail. A cavity with a wavy heated
wall and containing a rotating cylinder was simulated. The nanofluid inside the cavity is
based on NEPCM particles. The effects of various parameters such as the NEPCM volume
fraction, the PCM fusion temperature, the radius of the cylinder, its heat capacity and its
thermal conductivity, the cylinder velocity, and the number of undulations of the wavy wall
were considered. The results were presented and discussed in the form of phase change
maps, isotherms, streamlines, and Nusselt number curves. A summary of the results can
be presented as follows:

• Dispersing NEPCM particles in the base fluid enhances heat transfer. This enhance-
ment increases with the volume fraction of the nanoparticles. A 10% increase in heat
transfer can be observed when a 3.36% volume particle is used compared to the base
fluid. The latent heat involved when the PCM undergoes phase change contributes to
the overall heat transfer.

• The fusion temperature Tm of the NEPCM core affects the contribution of the nanopar-
ticles to the overall heat transfer. When Tm is close to the temperature of the hot wall
or the cold wall, the zone in which the core, undergoes the phase-change, is reduced.
The number of NEPCM particles experiencing melting decreases and heat transfer is
diminished.

• Using a larger cylinder inhibits heat transfer by reducing the space in which the fluid
can flow and, consequently, the convective effects. Heat transfer is also slightly higher
when the cylinder rotational velocity is close to zero. On the other hand, the thermal
conductivity and the heat capacity of the cylinder presented by the parameters Rk and
Rc seem to have little impact on heat transfer.

• Heat transfer is improved when the number of undulations N of the wavy wall is
reduced and reaches its maximum when the hot wall is flat. This is due to the presence
of a thermal boundary layer as well as the available space between the cylinder and
the surrounding fluid when N is increased, hindering heat transfer.
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Abbreviations

Latin letters
A the hot wall wave amplitude
C the specific heat (kJ/kg.K)
Cr the ratio of the heat capacity of the nanoliquid to the base liquid
f the normalized fusion function
g the gravity constant (m/s2)
H the enclosure height (m)
k thermal conductivity coefficient (W/m.K)
N the number of oscillations
Nu Nusselt number
p the suspension pressure field (Pa)
P non-dimensional suspension pressure field
Pr Prandtl number
R the cylinder radius
Ra Rayleigh number
Rc the heat capacity ratio of the cylinder to the base liquid
Rk the thermal conductivity ratio of the cylinder to the base liquid
Ri Richardson number
Ste Stefan number
T the temperature (◦C)
Tm the dimensionless fusion temperature
TMr the melting temperature range (◦C)
u x axis velocity component (m/s)
U X axis non-dimensional velocity component
v y axis velocity component (m/s)
V Y axis non-dimensional velocity component
x x-Cartesian coordinate (m)
X dimensionless X-Cartesian coordinate
y y-Cartesian coordinate (m)
Y dimensionless Y-Cartesian coordinate
Greek symbols
α the thermal diffusivity (m2/s)
β the volumetric thermal expansion coefficient(1/K)
δT the non-dimensional phase change band
ε the non-dimensional ratio of the heat capacity
µ the dynamic viscosity (kg s/m)
ζ the core-shell weight ratio of the particles
ρ density (kg/m3)
φ the NEPCM volume fraction
Ψ the stream function
ω cylinder rotational speed
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Subscript
bl the base liquid
c the cold wall
c the PCM core
cy the cylinder
h the hot wall
l local
m mean
na the NEPCM nanoparticles
nl the nanoliquid
r the dimensionless ratios
s the shell of NEPCM particle
* normalized form of the parameters
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