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A B S T R A C T   

The current research may well be carried out to dissect the efficacy of exothermic reaction on the thermal 
behavior of suspension of Nano-Encapsulated Phase Change Materials (NEPCMs) particles in a complex adiabatic 
enclosure which entails two differently heated circular cylinders. These cylinders have the potential to move 
horizontally and to rotate clockwise. The equations governed for thermal-natural convective flow considering 
exothermic reaction may be solved utilizing FEM. Results described the impact of Stefan and Rayleigh numbers 
(Ste, Ra), aspect ratio (AR), and non-dimensional fusion temperature (θf) on the thermo-hydrodynamic features 
of the suspension. The overall heat transmission was found to be reinforced by escalating Ra up to 144.74 % and 
be lessened by growing AR up to 49 %. Also, there is an optimum value of the latent heat of the PCM cores for a 
maximum heat transfer rate at a specific value of fusion temperature. Further, results reveal that making the 
fusion temperature near to the cylinders’ temperatures diminishes the heat transfer.   

1. Introduction 

Phase change materials (PMCs) permit thermal energy to be stored 
and released during their change of phase, making them commonly used 
within thermal energy systems as a control agent for heat storage and 
heat transmission processes [1–4]. Regarding nanofluids technology, 
researchers have used two separate techniques to improve heat transfer 
using PCMs–based nanofluids [5–8]. The first is by adding solid nano-
particles materials to PCMs to enhance their thermal performance, and 
this method is named “Nano-Enhanced Phase Change Material” [9–12]. 
In the second technique, PCMs Materials (the active substances) are 
encapsulated in polymer shells or porous matrix and dispersed in con-
ventional based-fluids. This method is called “Nano-Encapsulated Phase 
Change Materials” (NEPCMs). In this configuration, the PCMs in the core 

layer, at a specified fusion temperature, can absorb/discharge heat 
during liquid/solid phase change, while the shell material remains solid 
[13–16]. 

In view of this new topic, in some recent studies, researchers have 
attempted to use NEPCMs in thermal-convection problems. An exami-
nation of the flow and thermal transport features for thermal-free con-
vection of NEPCMs-based nanofluid confined within a square domain 
was addressed by Ghalambaz et al. [17]. The general trend of the ob-
tained results assumes an augmentation in heat transfer using NEPCMs 
particles. Hajjar et al. [18] performed a numerical work for unsteady- 
thermal-natural convection (NC) of water-NEPCM suspension-filled 
square domain. They found that the existence of NEPCMs reinforces the 
heat transmission. In fact, a 2.5 % growth in the NEPCM particles’ 
concentration boosted the heat transfer rate by 21 %. Ghalambaz et al. 
[19] perused the feasibility of the use of NEPCM suspension on the 
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unsteady convective flow inside a porous enclosure. The researchers in 
this study showed that the optimum improvement of heat transfer is 
when fusion temperature is far from the hot or cold wall temperatures. 
Ali et al. [20] perused a numerical study utilizing a suspension of 
NEPCMs in the porous annulus. The non-equilibrium approach is used in 
this analysis. They reported that the alteration of the melting tempera-
ture mainly affects the heat transfer within the annulus. The entropy and 
thermal-NC of NEPCMs-based nanostream within a porous enclosure 
have been studied by Zadeh et al. [21]. The authors indicated that the 
total irreversibilities were increased in the presence of NEPCM materials 
at low values of Darcy number. Ho et al. [22] examined the effects of 
applying Al2O3 nanoparticles as well as NEPCM particles on forced 
convection heat transfer effectiveness within a mini channel heat sink. 

As a main outcome of this research, the study suggested that the use of 
Al2O3 nanoparticles is more advantageous than the use of NEPCM par-
ticles. In a porous cavity with three different configurations, Hashemi- 
Tilehnoee et al. [23] used ANSYS fluent CFD software to evaluate 
magnetic-NC and entropy production of Al2O3-H2O and NEPCM-water 
nanoliquid. Results illustrate that due to its heat transfer efficiency 
and low irreversibilities, the enclosure filled with NEPCM-water nano-
fluid is suitable at the low Rayleigh range. Tahmasebi et al. [24] 
examined thermal-free convection flow behavior and heat transport 
characteristics of NECPMs-water-based nanoliquid in a porous domain. 
They obtained improvement in the heat transfer when the volume 
fraction of NEPCMs particles is increased. Ghalambaz et al. [25] perused 
a study on thermal-mixed convection over a vertical porous surface. The 
domain is filled with a suspension of NECPMs nanostream. Tiwari and 
Das’ nanoliquid theory is used. The findings suggest a better heat 
transfer across the plate due to the inclusion of NEPCM particles. A 
decrease in NEPCM cores’ melting temperature improves the heat 
transfer performance. An analysis according to the second law of ther-
modynamics of thermal-natural convection of a suspension containing 
NECPMs in a semi-annular domain was considered by Ghalambaz et al. 
[26]. In a very recent investigation, Ghalambaz et al. [27] utilized FEM- 

Nomenclature 

T temperature 
Ra Rayleigh number 
Cp specific heat 
S entropy generation 
ρ density 
u,v velocity constituents 
k thermal conductivity 
X,Y dimensionless coordinates 
E activation energy 
Ste Stefan number 
Pr Prandtl number 
g gravitational acceleration 
Nu Nusselt number 

R universal gas constant 
n concentration of the reactant 
m0 pre-exponential factor 
Fk Frank-Kamenetskii number 
Cr heat capacity ratio 
μ viscosity 
θf dimensionless fusion temperature 
β thermal expansion 
AR aspect ratio 
ave average 
Π rotating angle 
f fluid 
nf nanofluid 
loc local  

Fig. 1. The perused geometry.  

Table 1 
The host liquid and NEPCMs’ thermo-physical features [27].   

Material ρ k Cp 

Host liquid H2O  997.1  0.613  4179 
Shell PMMA  –  0.167  1466 
Core Nonadecane  786  –  1317.7  

Fig. 2. The findings of this work versus experimental [41] and numerical 
[42] results. 
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based code to analyze the thermal-free convection of NEPCMs suspen-
sion filled-porous cavity. The impact of PCM cores’ melting temperature 
on the heat transfer features inside the cavity is explored. It was found 
through this investigation that the use of NEPCM molecules could 
intensify the heat transmission by up to 28 %. 

Natural convection considering chemical reactions has many indus-
trial usages for instance in storage systems and packed-bed heat ex-
changers [28]. Roy [28] studied NC inside a domain with reactive heat 
sources placed on the undermost surface. The findings displayed that Nu 
number enhances by growing the Frank–Kamenetskii and Rayleigh 
numbers. HT features of NC inside an annulus with the impact of 
exothermic reaction were explored by Roy et al. [29]. They reported that 
Frank–Kamenetskii number, the aspect ratio, and Rayleigh number may 
have considerable impact on Nu number. Roy [30] examined NC inside a 
domain affected by exothermic reaction and oscillating temperature. In 
this paper, Roy reported that for higher figures of Rayleigh number, the 
explosion may take place for larger amounts of Frank-Kamenetskii 
number. NC within a ring limited by two wavy cyliders and consid-
ering the exothermic reaction’s impact was analyzed by Roy [31]. It was 
deduced that amplification of Frank-Kamenetskii number may lead the 
utmost temperature and streamlines to grow. There may well be other 
published papers on the NC that can be found in Refs. [32–34]. 

From the literature review above, it is obvious that the topic is recent 
and interesting in thermal convection problems. Hence, the study of 
thermal convection of NEPCMs based nanofluid in complex geometries 
can be considered an fascinating subject of study owing to its multiple 
applications in thermal engineering, e.g. thermal storage and solar 
exploitation systems. The key objective of this investigation is to 

examine thermal-natural convective flow behavior and thermal transfer 
characteristic of suspension of NEPCMs particles in a complex adiabatic 
enclosure which entails two differently heated circular cylinders 
considering the impact of exothermic reaction. The equations may be 
simulated utilizing FEM. The simulated outcomes are presented in terms 
of patterns of temperature isolines, capacity ration isolines, stream 
function isolines, horizontal and vertical velocities isolines as well as of 
profiles of average Nusselt numbers varying examined parameters. 

2. Governing equations 

Free convection of NEPCMs in a domain that entails two circular 
cylinders which have the potential to move horizontally and to rotate 
clockwise with the angle of Π (Fig. 1). In this study the exothermic re-
action may be also considered as [28,35]: 

I→F +Heat, rate = m0ne− E/RT (1)  

where E, m0, R, and n display activation energy, pre-exponential factor, 
universal gas constant, and concentration of the reactant, respectively. 
Accordingly, the governing equations of such a system considering 
Boussinesq hypothesis may be expressed as [17]: 

∂u
∂x

+
∂v
∂y

= 0 (2)  

ρb

(

v
∂u
∂y

+ u
∂u
∂x

)

= μb

(
∂2u
∂y2 +

∂2u
∂x2

)

−
∂p
∂x

(3) 
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Fig. 3. θ and Cr distribution for diverse Ra and θf (Ste = 0.2 and AR = 1).  
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Fig. 4. U, V, and Ψ distribution for diverse Ra and θf (Ste = 0.2 and AR = 1).  
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Fig. 5. θ and Cr distribution for diverse Ra and AR (Ste = 0.2 and θf = 0.5).  
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Fig. 6. U, V, and Ψ distribution for diverse Ra and AR (Ste = 0.2 and θf = 0.5).  
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ρb

(

v
∂v
∂y

+ u
∂v
∂x

)

= μb

(
∂2v
∂y2 +

∂2v
∂x2

)

+ ρbgβb(T − Tc) −
∂p
∂y

(4)  

(
ρCp

)

b

(

u
∂T
∂x

+ v
∂T
∂y

)

= kb

(
∂2T
∂x2 +

∂2T
∂y2

)

+ qm0ne− E/RT (5)  

here q indicates exothermicity factor and βb, (ρCp)b, ρb, kb, and μb could 
be characterized as [17]: 

ρb = − (ϕ − 1)ρf + ρpϕ,
(
ρCp

)

b = − (ϕ − 1)
(
ρCp

)

f +
(
ρCp

)

pϕ
βb = − (ϕ − 1)βf + βpϕ, μb = μf (1 + Nvϕ), kb = kf (1 + Ncϕ)

(6) 

The thermo-physical attributes of host liquid and NEPCMs may well 

be displayed in Table 1. In order to derive the dimensionless type of 
governing equations, the following variables should be defined: 

P =
pL2

ρf α2
f
, (Y,X) =

(y, x)
L

, (V,U) =
(v, u)L

αf
, θ =

T − Tc

ΔT
(7) 

By doing so, the eqs. (2)–(5) would change to its dimensionless type 
[17]: 
[

(1 − ϕ)+ϕ
ρp

ρf

](

U
∂U
∂X

+V
∂U
∂Y

)

= −
∂P
∂X

+(Nvϕ+ 1)Pr
(

∂2U
∂X2 +

∂2U
∂Y2

)

(8)  

[

(1 − ϕ)+ϕ
ρp

ρf

](

U
∂V
∂X

+V
∂V
∂Y

)

= −
∂P
∂Y

+(1+Nvϕ)Pr
(

∂2V
∂X2 +

∂2V
∂Y2

)

+

[

(1 − ϕ)+ϕ
ρp

ρf

][

(1 − ϕ)+ϕ
βp

βf

]

PrRaθ
(9)  

Cr

(

V
∂θ
∂Y

+U
∂θ
∂X

)

= (Ncϕ+ 1)
(

∂2θ
∂X2 +

∂2θ
∂Y2

)

+FKeθ (10)  

with these boundary conditions: 

θ = 1
θ = 0

∂θ/∂n = 0
ψ = 0

on the left cylinder
on the right cylinder
on the outer cylinder

on all walls

(11)  

where Pr, Fk, Ra, and Cr demonstrate Prandtl, Frank-Kamenetskii, and 
Rayleigh numbers, and heat capacity ratio, respectively. Cr could be 
elucidated as [17]: 

Ra = 104 Ra = 105
FK

=
0

Crmin=0.97 Crmin=0.97

FK
=

0.
5

Crmin=0.97 Crmin=0.97

FK
=

1

Crmin=0.97 Crmin=0.97

Fig. 7. θ and Cr distribution for diverse FK and Ra (Ste = 0.2, AR = 1, and θf = 0.5).  
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Fig. 8. U, V, and Ψ distribution for diverse FK and Ra (Ste = 0.2, AR = 1, and 
θf = 0.5). 
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Cr =

(
ρCp

)

b(
ρCp

)

f

= (1 − ϕ)+ϕλ+
ϕ

δSte
f (12)  

f = (π/2)sin
(π

δ

(
− θf +

δ
2
+ θ

))
×

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0 θ < θf −
δ
2

1 θf −
δ
2
< θ < θf +

δ
2

0 θ > θf +
δ
2  

here, Ste is the Stefan number and θf signifies dimensionless fusion 
temperature. 

The Nusselt number along the cylinder may be characterized as: 

Nuloc. = −
kb

kf

∂θ
∂n
,Nuave. =

1
2π

∫ 2π

0
Nuloc.dζ (13)  

3. Numerical solution and validation 

Eqs. (8)–(10) with boundary conditions (Eq. (11)) is solved via the 
finite element method (FEM) [36–40]. This approach may well split the 
whole studied zone into a raft of triangle-shaped and structureless ele-
ments and then in order to construct every node’s residual equations 
within these elements, Galerkin method may well be utilized. Subse-
quently, these residual equations can be solved using Newton-Raphson 
approach and this process may carry on until the convergence crite-
rion (=10− 5) is satisfied. The present code is validated with other pub-
lished papers [41,42] that analyzed NC inside a quadrangle domain 
occupied with air. The comparison may well be portrayed in Fig. 2 
which shows a superb agreement between them. 

4. Results 

In this part the simulated outcomes in terms of patterns of temper-
ature isolines, capacity ration isolines, stream function isolines, hori-
zontal and vertical velocities isolines for different Stefan number (Ste) 

Fig. 9. Nuave. for diverse Ra, Ste and θf.  
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(0.2 ≤ Ste. ≤ 0.5), Rayleigh number (Ra) (103 ≤ Ra ≤ 105), Frank- 
Kamenetskii number (FK) (0 ≤ FK ≤ 1), rotating angle (Π) (0◦ ≤ Π ≤
270◦), non-dimensional fusion temperature (θf) (0.1 ≤ θf ≤ 0.9), and 
aspect ratio (AR) (0.75 ≤ AR ≤ 1.25) are presented. In addition, profiles 
of average Nusselt number varying Ra, θf, Ste, and AR are also presented. 

Fig. 3 portrays the distribution of temperature and heat capacity 
ration for diverse figures of Ra and θf when Ste = 0.2 and AR = 1. For the 
same value of θf, the temperature distributions inside the enclosure are 
observed to be strongly influenced by the rise in the thermal buoyancy 
parameter (Ra) reflecting the transition from the conductive heat 
transfer mechanism at the low Ra to the convective heat transfer 
mechanism at the high Ra. Besides, the temperature isolines are not 
much altered by the alteration of fusion temperature θf for a given 
Rayleigh number. The heat capacity ratio distribution in Fig. 3 repre-
sents a variable width band-shape along with the temperature isoline 
which corresponds to the fusion temperature. The capacity ratio 
parameter far away from the melting temperature is equal to 0.97. It is 
worth noting that the phase change region is very thin near zones of 
large thermal gradients while it is broad in zones with weak thermal 
gradients. Moreover, using melting temperature close to the tempera-
ture of the hot or the cold cylinder restricts the phase change region in 
the enclosure to only appear on the cylinders’ surfaces. 

In Fig. 4, regardless of values of Ra and θf, we notice one clockwise 
rotating vortex with double-core appears for the streamlines where the 
fluid rises up near the boundaries of the hot cylinder under the buoyant 
forces due to its less density, while it descends downward near the side 
of the cold cylinder under the gravity effect due to its large density. The 
distributions of horizontal and vertical velocities are found to be sym-
metric concerning the center of the enclosure. Also, the utmost values of 
vertical velocities are viewed on the sides of the two active cylinders, 
while the maximum values of horizontal velocities are found at the 
higher and lower sections of the enclosure. Moreover, the flow fields 

show that the strength of the natural convective motion inside the 
enclosure is intensified with the escalation of the Rayleigh number for 
any given fusion temperature. The natural convective motion within the 
enclosure is also altered via the variation of fusion temperature. 

Fig. 5 explores the effect of the aspect ratio, AR = 0.75, 1, 1.25 and 
Rayleigh number, Ra = 103, 104, 105 on the contours of isotherms and 
heat capacity ration when Ste = 0.2 and θf = 0.5. It is seen that 
increasing AR leads to an increment in the thermal boundary layers’ 
thickness (decrease in thermal gradients) between the active cylinders, 
and as a result, to an increment in the thickness of the phase change 
region. The opposite has happened at the edges of the outer surface of 
the enclosure where the thermal gradients are found to be augment with 
AR. This behavior is more noticeable at high Ra. The impact of the aspect 
ratio, AR on the contours of dimensionless velocity components and 
streamlines can be seen in Fig. 6. It is viewed that the aspect ratio in-
fluences on the main vortex as well as the velocity components. An 
augmentation in the magnitude of the streamlines in the enclosure is 
observed as the ratio AR increases. In fact, the spacing of the two active 
cylinders leaves more freedom for the nanofluid to circulate between 
them. However, the maximum values for the horizontal and vertical 
velocities were recorded for the weak AR value. 

Figs. 7 and 8 portray the efficacy of Frank-Kamenetskii number on 
the contours of temperature, Cr, velocities, and streamline at various Ra. 
It may be realized from these figures that ascending amount of Frank- 
Kamenetskii number could boost the utmost amounts of velocities and 
stream functions which means that the fluid flow within the domain may 
move faster in the case of raising FK. In addition to this, higher figures of 
FK could lead the isotherms to be distorted more which can create a 
stratification of temperature mainly at higher Ra. Furthermore the zone 
related to higher temperature is more in the case of higher FK which 
mean that higher heat can be transferred from hot cylinder to cold one. 
These figures also portray that the impact of FK on the Cr is not signif-
icant and its impact on Cr can be ignored. 

Fig. 9 portrays the alteration of average Nusselt of the hot cylinder, 
Nuave versus the fusion temperature, θf for variant amounts of Stefan 
number, Ste at various Rayleigh number, Ra separately. The latent heat 
of the core material of the NEPCM particles and their fusion temperature 
affect the heat transfer rate in the enclosure, as shown by the values of 
the average Nusselt number. In fact, increasing the latent heat of the 
PCM cores, i.e. decreasing the value of Ste, reinforces the convective 
heat transfer rate, specifically when θf is in the interval [0.1, 0.5] for Ra 
= 103 and Ra = 104, and in the interval [0.1, 0.3] for Ra = 105. 

Ra

N
u av

e.

103 104 1051

2

3

4

5

6

7

8

AR=0.75
AR=1
AR=1.25

N
u av

e

0 90 180 270

3

4

5

6

7

Ra = 104

Ra = 105

Fig. 10. Nuave. for diverse AR and Π at different Ra.  

Table 2 
The variation of Nuave with ϕ.  

Ra ϕ (%) Nuave. 

103  1  2.5148   
3  2.6520   
5  2.7978 

104  1  3.0021   
3  3.1157   
5  3.2505  
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Generally, making the fusion temperature near to the cylinders’ tem-
peratures, maximum or minimum, diminishes the heat transfer rate. 
From Fig. 10, it may be found that average Nusselt improves with 
escalating Ra and lessening AR and we have the utmost figures of mean 
Nu for the rotating angle of 0◦ or 180◦. It means that locating the heater 
on the top region (In this case cooler is in the lower section of the 
domain) or on the lower one (In this case cooler is in the top section of 
the domain) could result in lower heat transfer rate. Moreover, Table 2 
illustrates the Nuave’s variation with ϕ at diverse Ra. It may well be 
deduced that the ϕ can have direct impact on the Nuave so that this 
crucial parameter may enhance up to 11.25 % by growing ϕ from 1 % to 
5 % at Ra = 103. 

5. Conclusions 

This investigation addressed thermal-natural convection of suspen-
sion of NEPCMs particles inside an enclosure which entails two circular 
cylinders considering exothermic reaction. The equations governed may 
be simulated via FEM. The obtained findings may be represented and 
discussed in detail for the scrutinized parameters e.g., dimensionless 
fusion temperature (θf), Rayleigh and Stefan numbers (Ra, Ste), and 
aspect ratio (AR), rotating angle (Π), and Frank-Kamenetskii number 
(FK). Results portray that the structures of the dynamic and thermal 
fields strongly depend on the FK and Ra and slightly on the variation of 
fusion temperature. Moreover, thermal-natural convection motion and 
overall heat transmission were grown with escalating Ra and lessening 
AR. Also, there is an optimum value of the latent heat of the PCM cores 
(of Stefan number) for a maximum heat transfer rate at a specific value 
of fusion temperature. Further, results reveal that generally making the 
fusion temperature near to the cylinders’ temperatures, maximum or 
minimum, diminishes the heat transfer rate. 

Future researches related to this investigation can be devoted to 
examining the efficacy of electric and magnetic field, heat absorption/ 
generation, and porous medium on the thermal-NC of suspension of 
NEPCMs particles considering diverse types of cylinders (triangular, 
diamond, and hexagonal) inside the domain. In addition to this, the 
second law analysis can be carried out for these kinds of problems. 
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