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A B S T R A C T   

This paper investigates natural convection and entropy generation of the Nano-Encapsulated 
phase change materials (NEPCMs) in an inclined L-shaped cavity. The NEPCMs are made up of 
core and shell in which the PCMs are the core section that are capsulated in Nano-shells. These 
NEPCM particles go through phase change from solid to the liquid while absorbing the heat and 
release it when their phase changes back to solid. The Navier-Stokes equations are solved by 
Finite Element Method (FEM) to simulate the behavior of NEPCMs under a set of defined 
boundary conditions. The effect of Rayleigh number (104-106), micro-rotation parameter (0–2), 
Nano particle’s concentration (0.01–0.05), Stefan number (0.1–0.5), and non-dimensional fusion 
temperature (0.1–0.3) on the Nusselt number and entropy generation of the fluid flow is also 
analyzed. The results reveal that the Stefan number, micro-rotation parameter, and non- 
dimensional fusion temperature have a negative impact on NC heat transfer of NEPCMs and 
reduce the Nuavg up to 25%, 42%, and 15% respectively. Conversely, the nanoparticle concen-
tration enhances the Nuavg up to 36%.   

1. Introduction 

During the past few decades, one of the major environmental concerns has been massively use of fossil fuel which may cause 
enormous problems such as energy crisis as well as environmental pollution. Shifting to renewable energies i.e., biomass, wind, solar, 
geothermal and hydropower can be a more environmentally friendly approach to tackle this issue. Adding to this, researchers figured 
that focusing on new technologies associated with energy saving techniques such as heat energy storage (HES), with the aim of 
increasing the usage efficiency of such sources can help in addressing such problem. HES are classified as sensible, latent, and chemical 
reaction. These HESs have high potential to alleviate energy crisis and to enhance ES density. Compared to sensible HES, the latent 
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HESs that can work based on phase change material (PCM) through melting phase have some benefits, the most important of which is 
high ES density. PCM may have diverse industrial and engineering applications for instance in solar and cooling systems, food industry, 
composites [1,2] and energy saving [3–8]. 

PCMs also have multiple benefits such as high ES density, low cost, and chemical steadiness; however, having low thermal con-
ductivity can be considered as their main limitation which could result in stopping them from being used in ES and cooling systems. To 
overcome the mentioned shortcoming different approaches were suggested to enhance thermal conductivity of PCMs [9]. 
Nano-encapsulated phase change materials (NEPCMs) are novel forms of nanofluids (NFs) in which nanoparticles (NPs) represent an 
internal part called core and an external part named shell. The internal part can be constructed by a PCM that may experience a 
solid-liquid Phase Change at a specific fusion temperature and could either release or soak up a batch of energy due to the latent heat of 
PC [10]. Heat transfer enhancement via NEPCMs is the focus of many researchers’ studies. Seyyedi et al. [11] examined natural 
convection (NC) along with entropy generation (En) of NEPCM in an elliptic-shaped chamber affected by inclined magnetic field (MF). 
They realized that increasing Stefan number (Ste) results in an improvement in En and a reduction in Nusselt number (Nu). Ghalambaz 
et al. [12] explored the NC of NEPCMs inside an enclosure and determined that the existence of NEPCM can lead to the enhancement of 
Nu. Seyf et al. [13] examined forced convection of NEPCM slurry inside a channel with a square cylinder inside. They proved that heat 
transfer (HT) could be improved when one applies NEPCM instead of pure liquid; however, this could lead the shear stress to grow 
owing to its higher viscosity compared to water. Unsteady NC of NEPCM within a chamber was explored by Hajjar et al. [14]. Raising 
mean Nu up to 21% when growing volume fraction of NP from 0.025 to 0.05 was one of their imperative outcomes. HT improvement 
via NEPCM slurry inside a micro-tube heat sink was examined by Seyf et al. [15]. They realized that using NECPM as coolant liquid 
could uplift HT remarkably while it leads pressure drop to raise. Kuravi et al. [16] explored flow and HT efficiency of NEPCM inside 
micro-channels. They reported that presence of NEPCM could lead to a growth in the Nu and a reduction in the bulk average tem-
perature of liquid. Ghalambaz et al. [17] analyzed NC inside an inclined chamber filled by NEPCM and swayed by porous medium. 
They reported that HT could be augmented while using NEPCM instead of pure water. Further, they indicated that rising trend of Ste 
leads to an increase in Nu. The analysis of NC and En of NEPCM in a chamber with a solid block inside was carried out by Zadeh et al. 
[18]. They confirmed that enhancing solid block’s thermal conductivity leads to an increase in Nu and total En. Furthermore, they 
reported that En may be grown by expanding volume fraction of NEPCM. Magnetized double diffusive NC of NEPCM inside an annulus 
affected by porous medium was analyzed by Aly et al. [19]. Raizah and Aly [20] numerically inspected the thermo-diffusion con-
vection of NEPCM in a porous hexagon shaped chamber. Complementary to this, the analysis of NC of various liquids within complex 
domains was performed by Refs. [21–26]. Rehman et al. [27] considered Casson liquid inside a porous zone. They presumed buoyant 
fluid and solved the governing equations by FEM method. They found that Ra number increases vertical flow velocity and stream 
function. Another study on the heat transfer of non-Newtonian liquid with the diamond’s effect as a barrier inside a porous medium 
was investigated by Rehman et al. [28]. The lower plane is heated, and the upper one is adiabatic. They studied the impact of Ra and 
Darcy on the velocity, streamline, and Nu number. They came to this result that the diamond outcomes in HT increase within the zon. 
Other related works can be found in Refs. [29–35]. 

Micro-polar fluids (MPFs) are new type of fluids where local efficacies are considered due to the existence of micro-structure and 
inherent movements of liquid molecules. These fluids that have been primarily presented by Eringen [36,37] have many practical and 
engineering applications such as polymer streams, animal bloods, liquid crystals, and exotic lubricants. At the same time, recently the 
flow and Heat Transfer of NC gained great considerations due to different industrial applications: solar collectors, electronics cooling, 
and thermic design of various machines [38–43]. Hsu and Chen [44] investigated HT performance of NC in a rectangular chamber 
filled by MPF. They reported that HT rate is lower in the case of having MPF instead of Newtonian fluid Analysis of MPF in a container 
partially heated from left during NC process was conducted by Aydin and Pop [45]. Their outcomes showed that Nu has a positive 
connection with Rayleigh number (Ra) while it has a reverse correlation with the parameter related to MPF. Bourantas and Louko-
poulos [46] inspected the NC of MPF combined by NFs (can be called MPNFs) inside a traditional enclosure. They found out that 
micro-rotation of NPs can lessen the overall HT. Izadi et al. [47] analyzed magnetized thermic-gravitational convection within a 
porous container affected by thermal radiation and occupied with MPNF. They claimed the rate of HT may be reduced by enhancing 
the magnet’s power and parameter associated with MPF. Muthtamilselvan et al. [48] inspected the efficacy of nonuniform/uniform 
warmed plate on NC in a chamber filled with MPF. Their results showed that non-uniformity parameter could play a key role in 
regulating HT in the system. Moreover, they reported that increasing the parameter related to MPF could lead a decrease in Nu to Aydin 
and Pop [49] examined the NC of MPF inside a chamber and concluded that MPFs presents lower Nu compared to normal liquids. The 
inspection of magnetized NC flow within a porous chamber filled with MPF together with NF was carried out by Karagiannakis et al. 
[50]. Yan et al. [51] explored the simultaneous benefit of using inclined magnetized field and thermic radiation on the NC of MPNF in a 
chamber with inclined elliptic heater. The thermic-gravitational convection inside a wavy chamber in the existence of MPF was also 
analyzed by Gibanov et al. [52]. They explained that rising MFP-related parameter may result in ascending micro-rotation while this 
parameter has a reverse impact on fluid velocity. 

Based on the literature review and to the best of the authors knowledge, this is the first time that the NC and S of the micro-polar 
NEPCMs in an inclined L-shaped cavity are investigated. The novelty of the present work is the combination of micro-polar Nano-fluid 
and phase change materials to see the thermal behavior of the mixture within the cavity. This investigation will be applicable in 
different and new fields of engineering such as marine ecosystems, renewable energy, and batteries. 

2. Problem formulation 

The L-shaped cavity filled with NEPCMs is considered for this study. The flow inside the cavity is incompressible, laminar, steady, 
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and 2-dimensional. Another important consideration is buoyancy-driven flow in which the flow is driven by buoyant forces. The L- 
shaped inclined cavity is shown in Fig. 1. The bottom walls are adiabatic, the inner walls of an L-shape are at cold temperature, and the 
two-stage heater is put at the bottom corner of the cavity. 

Based on the defined geometry and the assumptions, the governing equations will be as follows [11,36,46]: 

∂u
∂x

+
∂v
∂y

= 0 (1)  

u
∂u
∂x

+ v
∂u
∂y

= −
1
ρb

∂p
∂x

+
1
ρb

(μb + ξ)
(

∂2u
∂x2 +

∂2u
∂y2

)

+ ξ
∂n
∂y

+
1
ρb

βbg sin(φ)(T − T0) (2)  

Fig. 1. The schematics of inclined L-shaped geometry.  

Fig. 2. Comparison between the current work and the results of (a) Aminossadati and Ghasemi [56] and (b) Paroncini and Corvaro [57] at various Ra.  

Table 1 
The optimum amount of melting range based on Nuavg (Ra = 105 Γ = 1,φ = 0.03,Ste = 0.3).  

Melting Range (δ) 0.01 0.03 0.05 0.07 0.09 

Nuavg 2.68189 2.68189 2.68191 2.68191 2.68191  
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(3)  
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(
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∂x2 +
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(4)  

u
∂T
∂x

+ v
∂T
∂y

=αb

(
∂2T
∂x2 +

∂2T
∂y2

)

(5) 

The symbols of ρb, βb, μb, ξ, j are density, thermal expansion coefficient, dynamic viscosity, vortex viscosity, and micro-inertia 
density, respectively. Then the dimensionless variables are defined as follows: 

U =
uL
αf
,V =

vL
αf
, θ =

(T − Tc)

ΔT
,N =

nL2

αf
,P =

pL2

ρf α2
f
,X =

x
L
, Y =

y
L

(6) 

The governing equations in the nondimensional form are: 

Fig. 3. U-velocity distribution for different Ra and Γ (φ = 0.05, Ste = 0.3θf = 0.1).  
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Fig. 4. V-velocity distribution for different Ra and Γ (φ = 0.05, Ste = 0.3θf = 0.1).  
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Cr
(

U
∂θ
∂X

+V
∂θ
∂Y

)

=(1+Ncφ)
(

∂2θ
∂X2 +

∂2θ
∂Y2

)

(10) 

here Nv = 3, Nc = 3, and the heat capacity ratio in Eq. (10) is defined as follows [11,12]. 

Cr =
Cpb ρb

Cpf ρf
= (1 − φ) + φλ +

φ
δSte

f (11) 

in which, f displays the non-dimensional fusion function and is specified as [11,12]: 

f =
π
2

sin
(π

δ

(
θ − θf +

δ
2

))
×

⎧
⎨

⎩

0if θ < θf −
δ
2

orθ > θθf +
δ
2

1if θθf −
δ
2
< θ < θθf +

δ
2

(12) 

In the non-dimensional governing equations (7) and (10), Ra, Ste, and Pr implicate Rayleigh, Stefan, and Prandtl numbers 

Fig. 5. Streamline distribution for different Ra and Γ (φ = 0.05, Ste = 0.3θf = 0.1).  
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respectively and Γ is the micro-rotation parameter, and these parameters are defined as: 

Pr=
υf

αf
,Ra =

L3ΔTgβf

νf αf
,Γ =

ξ
μf

(13) 

The boundary conditions for the defined geometry and NEPCMs are as (see Fig. 1): 

Adiabatic walls
∂θ
∂n

= 0,U = 0,V = 0,Ψ = 0,N = 0,ω = −
∂ψ2

∂X2 −
∂ψ2

∂Y2

Cold wallsθ = 0,U = 0,V = 0,Ψ = 0,N = 0,ω = −
∂ψ2

∂X2 −
∂ψ2

∂Y2

Heater
∂θ
∂n

= − 1,U = 0,V = 0,Ψ = 0,N = 0,ω = −
∂ψ2

∂X2 −
∂ψ2

∂Y2

(14) 

On the heater, local Nusselt number is defined as: 

Nuloc. =(1+Ncφ)
(

1
θ

)

(15) 

Fig. 6. Isoline distribution for different Ra and Γ (φ = 0.05, Ste = 0.3θf = 0.1).  
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And the average Nusselt number: 

Nuavg =
1
Q

∫

Nulocdq (16)  

where Q is the length of the heater. 
Entropy generation (S) due to heat transfer and fluid friction is defined as follows [53,54]: 

SL,HT =(1+Ncφ)

[(
∂θ
∂x

)2

+

(
∂θ
∂y

)2
]

(17)  

SL,FF =φn

(

1+

(

Nvφ

)

+Γ

)(

2
(

∂V
∂Y

)2

+

(
∂U
∂X

)2
)

+

(
∂U
∂Y

+
∂V
∂X

)2
)

(18) 

And: 

Sgen = SL,HT + SL,FF (19) 

Fig. 7. N distribution for different Ra and Γ (φ = 0.05, Ste = 0.3θf = 0.1).  
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where φn = 10− 4 and the Bejan number is: 

Be=
SL,HT

Sgen
(20)  

3. Numerical method and code validation 

In this work, finite element method [55] is utilized to do so because of its features the most important of which may well be ac-
curacy and timesaving. The outcomes of the FEM code are validated for a NC problem in a Cu-H2O NF-loaded enclosure heated from 
bottom is compared with those of [56]. Furthermore, the outcomes may be compared with the results of [57] done experimentally for 
the NC in an air-filled chamber. This comparison portrayed in Fig. 2 confirms the validity of the code. Besides, the grid is an un-
structured mesh with smaller grids at the corners and near to walls. Another important factor is the non-dimensional melting range of 
NEPCMs (δ). When δ is too large, the results are non-realistic since the phase change of NEPCMs occurs at temperature near to fusion 
temperature. On the other hand, when δ is too small, there are numerical convergence problems due to large variations in heat capacity 
ratio of the mixture [12]. To find the optimum amount of δ, the average Nusselt number on the heater is considered and monitored for 
the case with Ra = 105 (Table 1). The results depict that if the δ changes from 0.01 to 0.09, the Nuavg will change by 0.0007% and the 
default value is selected to be 0.05 for the present simulation. 

Fig. 8. Cr distribution for different Ra and Γ (φ = 0.05, Ste = 0.3θf = 0.1).  
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4. Results and discussion 

The effect of diverse parameters on the NC and S of the NEPCM is analyzed in this section. The PMMA is considered as the shell for 
NEPCM [58] and the n-octadecane as the core, and water as the base fluid [59]. The changes in U-velocity and V-velocity for different 
micro-rotation parameters and Ra numbers are shown in Fig. 3, and Fig. 4. The counter-rotating cells are due to boundary conditions at 
the walls and the difference in the density due to temperature. Increasing the micro-rotation parameter causes a reduction in the 
intensity of the velocity. However, increasing the Ra, which means the convection-dominant heat transfer regime, increases the ve-
locity. Fig. 5 shows the streamline distribution of the NEPCMs. The number of cells reduces from four to two when the Ra is increased 
from 104 to 106. However, the intensity of the cells increases by increasing the Ra. The reason behind this behavior is that increasing 
the Ra leads to the better movement of the convective flow which means a smaller number of cells. Conversely, the flow becomes 
stronger by increasing the Ra and for the existing cells. The change in Iso-lines is also depicted in Fig. 6. For higher Ra, there is a better 
mixture of the temperature and there are more isolines with different values. Besides, the micro-rotational speed of the NEPCM 
particles ascends by increasing the Ra and Γ (Fig. 7). There are two counter rotating cells for higher Ra which is due to existence of the 
micro-rotation parameter and rotational speed of the particles in their tiny volumes. The capacity ratio parameter is the most 
important parameter studied in this paper (Fig. 8). There is a ribbon which extends from the upper section of the cavity to the lower 
one. This ribbon shows the phase change area. For the places with higher temperature gradients this ribbon becomes thinner (around 
the cells), and for the other parts this ribbon becomes thicker. If one increases the Ra, the region of the phase change becomes limited to 

Fig. 9. Bejan number distribution for different Ra and Γ (φ = 0.05, Ste = 0.3θf = 0.1).  
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Fig. 10c. The effect of Γ on Nuavg (φ = 0.05, θf = 0.1, Ste = 3).  

Fig. 10. aEffect of φ on Nuavg(Γ = 1, θf = 0.1, Ste = 3).  

Fig. 10b. Effect of θf on Nuavg (Γ = 1,φ = 0.05, Ste = 3).  
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the area around the heater. On the other hand, if Γ increases, the region of phase change (ribbon thickness and length) increases which 
means the micro-rotation parameter has a direct impact on the phase change of the NEPCMs. The contours of the Be are also shown in 
Fig. 9 and reveal that the entropy generation due to heat transfer have a higher share in total entropy generation when the Ra = 104. 

The effect of nanoparticle concentration on the Nuavg is shown in Fig. 10-a. if one increase φ from 0.01 to 0.05, the Nuavg will 
increases up to 36% which means increasing the nano particles in the base fluid will enhance the heat transfer of the mixture of 
NEPCMs and base fluid. Conversely, the non-dimensional fusion temperature has a negative impact of the heat transfer behavior of the 
nanofluid (Fig. 10-b). For the case Ra = 104, the parameter of θf has no vivid impact of the Nuavg since the convection is not dominant 
in this mode. However, for the case Ra = 106, if θf increases from 0.1 to 0.2, the Nuavg will reduce by 15%. Again, the micro-rotation 
parameter has a destructive impact on the Nuavg and reduces this parameter up to 42% (Fig. 10-c). The effect of other non-dimensional 
parameters on the Nuavg is shown in Table 2. As a tangible example, Nc and Nv have a direct impact on the Nuavg; however, Ste reduces 
the Nuavg. The effect of other non-dimensional parameters can be seen in this Table. 

5. Conclusion 

The NC and S of the dilute suspension of the water as base fluid and NEPCM nanoparticles in an inclined L-shaped cavity are 
investigated in this paper. The buoyancy force which is due to change in Ra causes the NEPCM particles to rotate within the cavity. 
Then, the effects of different parameters such as Ra, Micro-rotation parameter (Γ) θf , and nanoparticle concentration are investigated. 
The main findings are as:  

• The micro-rotation parameter reduces the intensity of the U-velocity, V-velocity, and streamline distribution within the cavity.  
• The capacity ratio parameter which demonstrates the phase change area will be thinner and closer to the heater when the Ra 

increases.  
• The Bejan number will reduce by increasing the Ra and descending the Γ.  
• The most effective parameter on the Nuavg is the Γ which can reduce Nuavg from 5.2978 to 3.0581 by ascending its value from 0 to 2. 

The reduction of Nuave by growing the Γ within the stated range would be up to 42% which is remarkable.  
• Increasing the Ste from 0.3 to 0.5 reduces the Nuavg up to 25%.  
• The best case studied in this paper is (Γ = 0,φ = 0.05,Ste = 3,θf = 0.1) with Nuavg = 8.5663. 
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[47] M. Izadi, M.A. Sheremet, S.A.M. Mehryan, I. Pop, H.F. Öztop, N. Abu-Hamdeh, MHD thermogravitational convection and thermal radiation of a micropolar 

nanoliquid in a porous chamber, Int. Commun. Heat Mass Tran. 110 (2020), 104409. 
[48] M. Muthtamilselvan, K. Periyadurai, D.H. Doh, Effect of uniform and nonuniform heat source on natural convection flow of micropolar fluid, Int. J. Heat Mass 

Tran. 115 (2017) 19–34. 
[49] O. Aydın, I. Pop, Natural convection in a differentially heated enclosure filled with a micropolar fluid, Int. J. Therm. Sci. 46 (10) (2007) 963–969. 
[50] N.P. Karagiannakis, G.C. Bourantas, E.D. Skouras, V.C. Loukopoulos, K. Miller, V.N. Burganos, Modeling the natural convection flow in a square porous 

enclosure filled with a micropolar nanofluid under magnetohydrodynamic conditions, Appl. Sci. 10 (5) (2020) 1633. 
[51] S.R. Yan, M. Izadi, M.A. Sheremet, I. Pop, H.F. Oztop, M. Afrand, Inclined Lorentz force impact on convective-radiative heat exchange of micropolar nanofluid 

inside a porous enclosure with tilted elliptical heater, Int. Commun. Heat Mass Tran. 117 (2020), 104762. 
[52] N.S. Gibanov, M.A. Sheremet, I. Pop, Natural convection of micropolar fluid in a wavy differentially heated cavity, J. Mol. Liq. 221 (2016) 518–525. 
[53] Seyyed Masoud Seyyedi, A.S. Dogonchi, M. Hashemi-Tilehnoee, M. Waqas, D.D. Ganji, Entropy generation and economic analyses in a nanofluid filled L-shaped 

enclosure subjected to an oriented magnetic field, Appl. Therm. Eng. 168 (2020), 114789. 
[54] Seyyed Masoud Seyyedi, A.S. Dogonchi, R. Nuraei, D.D. Ganji, M. Hashemi-Tilehnoee, Numerical analysis of entropy generation of a nanofluid in a semi-annulus 

porous enclosure with different nanoparticle shapes in the presence of a magnetic field, Eur. Phys. J. Plus 134 (6) (2019) 1–20. 
[55] M. Hatami, Numerical study of nanofluids natural convection in a rectangular cavity included heated fins, Mol. Liq. 233 (2017) 1–8. 
[56] S.M. Aminossadati, B. Ghasemi, Natural convection cooling of a localised heat source at the bottom of a nanofluid-filled enclosure, Eur. J. Mech. B Fluid 28 (5) 

(2009) 630–640. 
[57] M. Paroncini, F. Corvaro, Natural convection in a square enclosure with a hot source, Int. J. Therm. Sci. 48 (2009) 1683–1695. 
[58] Y. Khakpour, J. Seyed-Yagoobi, Natural convection in an enclosure with micro encapsulated phase change material: experimental and numerical study, in: 11th 

AIAA/ASME Jt. Thermophys. Heat Transf. Conf., American Institute of Aeronautics and Astronautics, Reston, Virginia, 2014, https://doi.org/10.2514/6.2014- 
2553. 

[59] Y. Rao, F. Dammel, P. Stephan, G. Lin, Convective heat transfer characteristics of microencapsulated phase change material suspensions in minichannels, Heat 
Mass Tran. 44 (2007) 175–186, https://doi.org/10.1007/s00231-007-0232-0. 

M.S. Sadeghi et al.                                                                                                                                                                                                     

http://refhub.elsevier.com/S2214-157X(22)00285-4/sref43
http://refhub.elsevier.com/S2214-157X(22)00285-4/sref43
http://refhub.elsevier.com/S2214-157X(22)00285-4/sref44
http://refhub.elsevier.com/S2214-157X(22)00285-4/sref45
http://refhub.elsevier.com/S2214-157X(22)00285-4/sref46
http://refhub.elsevier.com/S2214-157X(22)00285-4/sref47
http://refhub.elsevier.com/S2214-157X(22)00285-4/sref47
http://refhub.elsevier.com/S2214-157X(22)00285-4/sref48
http://refhub.elsevier.com/S2214-157X(22)00285-4/sref48
http://refhub.elsevier.com/S2214-157X(22)00285-4/sref49
http://refhub.elsevier.com/S2214-157X(22)00285-4/sref50
http://refhub.elsevier.com/S2214-157X(22)00285-4/sref50
http://refhub.elsevier.com/S2214-157X(22)00285-4/sref51
http://refhub.elsevier.com/S2214-157X(22)00285-4/sref51
http://refhub.elsevier.com/S2214-157X(22)00285-4/sref52
http://refhub.elsevier.com/S2214-157X(22)00285-4/sref53
http://refhub.elsevier.com/S2214-157X(22)00285-4/sref53
http://refhub.elsevier.com/S2214-157X(22)00285-4/sref54
http://refhub.elsevier.com/S2214-157X(22)00285-4/sref54
http://refhub.elsevier.com/S2214-157X(22)00285-4/sref55
http://refhub.elsevier.com/S2214-157X(22)00285-4/sref56
http://refhub.elsevier.com/S2214-157X(22)00285-4/sref56
http://refhub.elsevier.com/S2214-157X(22)00285-4/sref57
https://doi.org/10.2514/6.2014-2553
https://doi.org/10.2514/6.2014-2553
https://doi.org/10.1007/s00231-007-0232-0

	Hydrothermal behavior of micro-polar Nano-Encapsulated phase change materials (NEPCMs) in an inclined L-shaped cavity
	1 Introduction
	2 Problem formulation
	3 Numerical method and code validation
	4 Results and discussion
	5 Conclusion
	Author statement
	Declaration of competing interest
	Acknowledgments
	References


