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A B S T R A C T   

This study investigated the potential benefits of using free convection mechanisms to cool parts, as opposed to 
forced convection mechanisms that require energy to transfer heat and mass. The research team cooled a hot 
plate, which had a uniform heat flux, by utilizing the free convection flow inside a square cavity. They also 
installed a partial nickel porous media with different porosities on the hot plate and injected nano-encapsulated 
phase change material (NEPCM) particles into water to form a cooling fluid mixture. For the NEPCM particles, 
the researchers selected n-docosane with a melting temperature of 317.65 K for the core and polyurethane for the 
shell. The researchers used computational fluid dynamics (CFD) to simulate the cooling process with varying 
parameters, including porosity, deflection angles, and NEPCM volume fraction. The results showed that the 
cooling performance of nickel foam was significantly better than that of NEPCM. For example, when the porosity 
of the nickel foam decreased from 0.98 to 0.93, the average Nusselt number increased by 142 %, indicating a 
considerable improvement in cooling efficiency. In comparison, increasing the NEPCM volume fraction from 0 to 
6 % only resulted in a modest 5.6 % increase in the average Nusselt number.   

Introduction 

One of the major challenges faced by industries such as foundry, 
steel, forging, sheet metal, and electronics is the cooling of hot parts and 
devices [1-3]. In these industries, mechanical or electronic components 
may be in operation that come in contact with heating processes, or they 
may generate heat due to mechanical friction or electric dissipation. If 
the temperature of these components is not kept within a safe range, 
they can be damaged or destroyed. As a result, thermal engineers must 
design appropriate cooling systems to maintain safe operating temper
atures [4-6]. In recent years, researchers across various fields have been 
seeking systems that minimize air and noise pollution, environmental 
impact, and cost. As a result, thermal engineers have turned their 
attention to natural convection as a heat transfer mechanism, as it does 
not require any pump or piping systems unlike forced convection [7-9]. 

In most cooling systems, a fluid is necessary to receive heat from a part 
and release it outside, requiring a driving force to move it. Forced 
convection uses a pump to generate this driving force, but free con
vection does not require such a device [10-12]. The Buoyant force, one 
of the oldest forces in fluid science, is observed due to differences in 
density of a solid or fluid within another fluid. This force also occurs 
within a fluid due to differences in density resulting from concentration 
or temperature gradients, provided that the solute density differs from 
the solvent density and the fluid has a suitable thermal expansion co
efficient that changes in temperature lead to changes in fluid density 
[13-15]. Free convection relies on Buoyant force generated by density 
changes due to temperature differences, which move the heated fluid 
away from the part to cool it down. The driving force must be sufficient 
to overcome viscous forces and accelerate the fluid [16]. Thermal en
gineers have been exploring innovative methods to improve cooling 
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efficiency beyond the use of a single cooling fluid. These methods 
include embedding a porous medium and adding nanoparticles to the 
cooling system [17-19]. Metal porous media with pores can increase the 
contact surface area of heat exchange with the fluid and have high 
thermal conductivity, making them a popular choice for installation on 
hot parts. Mesgarpour et al. [20] used porous media with 0 to 0.7 
porosity to cool a photovoltaic panel, demonstrating a 15 % increase in 
heat transfer rate. However, another study [21] that used porous media 
for cooling a concentrator photovoltaic system found destructive effects 
on system performance. Additionally, studies [22-24] have employed 
porous media for cooling a CPU by heat pipe, in a solar thermoelectric 
energy harvesting system, and inside a vehicle radiator. Phase change 
material (PCM) is a substance that can absorb and release thermal en
ergy during the process of changing its physical state, such as from solid 
to liquid or liquid to gas. This property makes PCMs useful in thermal 
energy storage applications, where they can store thermal energy during 
periods of excess heat or cold and release it when needed. PCMs are 
often used in building and construction materials, such as insulation and 
concrete, as well as in thermal management systems for electronic de
vices and vehicles. The use of PCMs can help reduce energy consumption 
and costs, and contribute to more sustainable and efficient energy 
practices [25-27]. 

The use of micro- and nano-sized capsules containing phase change 
materials (PCMs) in solid–liquid phase transition is a popular method in 
recent thermal engineering studies, referred to as micro- and nano- 
encapsulated PCMs (NEPCMs) [28]. According to a study [29], encap
sulating PCMs enables the utilization of their latent heat capacity during 
melting. Because the phase change process inside capsules occurs at a 
constant temperature, the mixture of host fluid and NEPCMs can receive 
heat as both sensible and latent heat from the hot source simultaneously, 
at a lower temperature than pure fluid. This results in increased tem
perature gradient between the hot part and the fluid, which is a crucial 
parameter in studying heat transfer rate in thermal engineering [30]. 
Saleh et al. [31] demonstrated that adding 1 % volume fraction of 
NEPCM into a base fluid can enhance heat transfer rate by 9 % in natural 
convection mechanisms inside an asymmetrical U-shaped enclosure. 
Raizah et al. [32] used NEPCM inside a porous enclosure to study free 
convection, while Lan et al. [33] prepared NEPCM with n-Octadecane as 
the core and SiO2/BN as the shell, leading to a 5-fold increase in thermal 
conductivity and a 12.1 ◦C reduction in hot source temperature with 20 
% weight. Additionally, many recent studies [34-36] have employed 
NEPCM to improve the performance of various systems. 

This study aims to investigate the use of free convection mechanisms 
to cool a hot part by reviewing past research in thermal engineering. The 
hot part was modeled as a flat plate with a constant heat flux, installed at 
the bottom of a square cavity capable of inclination. A porous metal 
block made of nickel was embedded on the hot plate. In contrast to 
previous studies, this study adds NEPCM with n-Docosane core and a 
melting temperature of 317.65 K to water. The problem was simulated 
using computational fluid dynamics (CFD) based on the finite volume 
method (FVM) to examine the effects of porosity, deflection angle, and 
volume fraction of NEPCM on temperature, velocity, melting contours, 
and Nusselt number at a Rayleigh number of 105. 

Illuminating the problem 

To better understand the following descriptions, Fig. 1 depicts the 
present problem, which involves a square cavity with dimensions of L ×

L placed on a flat plate with a length of 0.5L. A uniform heat flux of q′′ is 
emitted to the plate, while the other three cavity walls, including the 
left, right, and top walls, were maintained at temperature TC. A nickel 
foam with dimensions of 0.25L × 0.5L was placed on the flat plate to 
increase the heat transfer exchange area. The chamber was filled with 
water as the base fluid and NEPCM as the suspension, which the core and 
shell of the NEPCM made of n-Docosane with a melting temperature of 
317.65 K and polyurethane, respectively. As explained in the 

introduction, the hot flat plate was cooled using a free convection 
mechanism, with the hot and cold sources being the flat plate and the 
cavity walls, respectively. The cavity had the ability to rotate counter
clockwise by an angle of θ, and in all cases, the gravitational acceleration 
(g) was in the negative y-direction. 

Hypothesis and conservation equations 

To solve any CFD problem, it is first necessary to present the gov
erning equations in accordance with the hypotheses. In this study, the 
considered hypotheses include steady, laminar, incompressible, 2- 
dimensional, thermal equilibrium water with NEPCM particles and 
porous medium, regardless of shape change of NEPCM, and constant 
properties. In this problem of free convection, equations of mass, mo
mentum and energy conversation are coupled and also the effects of 
Darcy force are taken into account in the equation of momentum. Hence, 
the governing equations in the x-y coordinates are as follows [37]: 

Mass conservation: 

∂u
∂x

+
∂v
∂y

= 0. (1) 
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Energy conservation: 
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Which uandv are the velocity in xandy directions, respectively. Also, 
p,K,T, andg denote pressure, permeability, temperature, and gravita
tional acceleration, respectively. Moreover, ρ, μ, ε, β,Cp, andk describe 
density, dynamic viscosity, porosity, thermal expansion coefficient, 
specific heat capacity, and thermal conductivity, respectively. First of 
all, the NEPCM’s core was n-Docosane (C22) with fusion temperature 
(Tf ) of 317.65K, melting temperature range (Tmr) of 0.4K, and latent heat 
(hf ) of 249 kJ

kg. Hence, the thermophysical properties of NEPCM such as 
density, thermal conductivity, specific heat capacity, and thermal 
expansion by regarding the both thermophysical properties of core and 
shell can be computed according to Table 1. 

Fig. 1. The schematic of a cavity, including partial porous media with details.  
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Which ω is mass ratio of shell to core, which equals 0.7 in this study. 
Moreover, the used material for shell was polyurethane with diameter 
(ds) of 100nm. Moreover, the thermophysical properties of mixture by 
considering water and NEPCM including density, thermal conductivity, 
dynamic viscosity, specific heat capacity, and thermal expansion can be 
calculated according to Table 2. 

To compute the thermophysical properties of NEPCM and mixture 
need the thermophysical properties of n-Docosane, polyurethane, and 
water, which are arranged in Table 3. Moreover, the permeability of 
nickel foam was 8.7 × 10− 4and10.1 × 10− 4 for ε = 0.93and0.98, 
respectively. Also, the effective thermal conductivity of mixture and 
porous media, where the nickel foam was presence, was set 4.11and1.68 
for ε = 0.93and0.98, respectively. These value of permeability effective 
thermal conductivity was computed based on study [38]. Eventually, in 
all formulas, the subscripts of m, c, s, fandnp show the mixture, core, 
shell, water, and NEPCM, respectively. 

The boundary conditions on walls for momentum equations was set 
no slip. Moreover, the boundary conditions on hot plat and cavity walls 
were set uniform heat flux of q˝ = 300 W

m2 and uniform temperature of Tc, 
respectively. In this study, the Rayleigh number of base fluid for 
calculating g by considering L = 1m and Nusselt number are computed 
as following: 

Ra =
gβf q′′L4

kf αf vf
(5)  

Nuavg =
2
km

∫ 0.75L

0.25L

q′′

(Tp − Tc)
dx (6) 

Which Tp is the local temperature of hot plat. 

CFD method and verification 

Computational fluid dynamics (CFD) contributes to simulate the 
variety phenomena that deals with flow. Finite volume method is more 
practical among other methods in CFD such as finite difference method 
(FDM), finite element method (FEM), Lattice Boltzmann method (LBM), 
smoothed particle hydrodynamics (SPH), and spectral method (SM). 
Hence, this study was simulated by means of FVM based on SIMPLE 
algorithm. The pressure and velocity need to be coupled with each other 
in FVM method to correct fields. In addition, the upwind and central 
schemes were implemented to discretize divergence and Laplacian terms 
in momentum and energy equations, which these schemes have second- 
order accuracy [12,39-46]. Besides, the structured mesh-square cells- 
was used to mesh the cavity in order to be simple the geometry. Finally, 
many mesh numbers must be investigated to be independent of the re
sults from mesh numbers. So, Fig. 2(a) represents the value of average 
Nusselt number versus mesh number at conditions 0.93 porosity, 
0 deflection angle, and 0.06 vol fraction of NEPCM to study the inde
pendent of the results from mesh numbers. The results of Fig. 2(a) shows 
that the variation of average Nusselt number from 140*140 to 200*200 
is less than 1.2 % compared with from 100*100 to 140*140 and from 
200*200 to 240*240. As result, the mesh 80*80 could be good selection 
in this study. 

Study of Golab et al. [37] have been used to verify the implemented 
code. They encapsulated the n-nonadecane within polyurethane shell 
and injected into water for enhancing the performance of natural con
vection inside a square cavity. So, their results for average Nusselt 
number at conditions of χ = 100, δ = 0.3, andθf = 0.5 was used to 
compare results of present study, which are illustrated in Fig. 2(b). Ac
cording to Fig. 2(b), the maximum error between result is 2.1 %, which 
occurs in 3 % volume fraction of NEPCM. 

Results and discussion 

The different important parameters including porosity, deflection 
angle, and volume fraction of NEPCM at 105 Rayleigh number was 
simulated to study the magnitude velocity, temperature, and molten 
NEPCM contours, distribution of temperature on hot plat, and average 
Nusselt number that are deeply analyzed in this section. Fig. 3 shows the 
magnitude velocity and temperature contours at conditions of the 0.93 
porosity and the 6 % volume fraction of NEPCM for different deflection 
angles. According to the deflection angle of 0 and the magnitude ve
locity contour, it can be said that the two stretched vortices of clockwise 
and counterclockwise in vertical direction can be seen in the right and 
left halves of the cavity, respectively. In addition, the magnitude ve
locity near the vertical walls is higher than other points because the sides 
of the vertical walls do not have a porous medium to reduce the 
magnitude velocity due to Darcy force. On the other hand, the lowest 
velocity is seen inside the porous medium because the porous medium is 
the cause of a pressure force against the motion of the flow. Increasing 

Table 1 
The thermophysical properties of NEPCM [37].  

Properties 
name 

Formula 
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Table 2 
The thermophysical properties of mixture of water and NEPCM [37].  

Properties name Formula 

ρm (1 − φ)ρf + φρnp 

km knp + 2kf + 2φ(knp − kf )

knp + 2kf − φ(knp − kf )
kf 

CP,m (1 − φ)ρf CP,f + φρnpCP,np

ρm 
βm (1 − φ)ρf βf + φρnpβnp

ρm 
μm μf

(1 − φ)2.5   

Table 3 
The thermophysical properties of n-Docosane, polyurethane, and water.  

Properties Water n-Docosane Polyurethane 

ρ
(kg

m3

)
996 880 786 

k
( W
mK

)
0.62 0.205 0.025 

CP

( J
kgK

)
4180 2000 1317 

β
( 1
K

)

× 10− 5 21 50 17.3 

μ
(kg

ms

)

× 10− 6  795 – –  
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the deflection angle from 0 to 30 causes the maximum flow velocity to 
be observed on the left wall and it escalates the maximum flow velocity 
by 56 %. Furthermore, increase of the deflection angle to 60, the highest 
flow velocity occurs in the left and upper walls and the maximum ve
locity has been increased by 91 % compared to the deflection angle of 0. 
Finally, increasing the deflection angle to 90, the highest flow velocity is 
appeared in the 4 sides of cavity walls, and the maximum velocity has 
been increased by 98 % relative to the deflection angle of 0. A note
worthy point is observed in increasing the deflection angle is that 
increasing the flow velocity inside the porous medium near the hot plate 
is directly related to increasing the deflection angle from 0 to 90. Ac
cording to the temperature contour at the deflection angle of 0, the 
isotherms near the hot plate are in the form of a half-elliptic with the 
larger diameter that tend to be a half-elliptic with small diameter by 
moving away from the hot plate. This ellipticity of isotherms is due to 
two reasons: firstly, the three cavity walls act as cold sources that satisfy 
the essence of the PDE energy equation (Eq. (2). Secondly, the nickel 
porous medium penetrates the heat very quickly into the flow, which 
does not allow the heat to penetrate farther away from the hot plate for 
increasing temperature. Also, increasing the deflection angle has no 
effect on the isotherms and the maximum temperature because the 
increment of effective thermal conductivity due to the nickel foam 
prevails to the effects of changing the flow pattern with the deflection 
angle. 

Fig. 4 illustrates the magnitude velocity and temperature contours at 
conditions of the 0.93 porosity and the 6 % volume fraction of NEPCM 
for different deflection angles. It can be implied that the arguments in 
Fig. 3 are true for Fig. 4 except for the effects of the deflection angle on 
the temperature contours. By comparing Figs. 3 and 4, increasing the 
porosity from 0.93 to 0.98 increases the maximum flow velocity by 167 
%, 169 %, 164 %, and 159 % for deflection angles of 0, 30, 60, and 90, 
respectively. Because the increase in porosity from 0.93 to 0.98 has led 
to a 16 % increase in permeability. Also, increasing the porosity ac
cording to the momentum equation has reduced the effects of advective 
and viscous terms. In addition, this increment of porosity enhances the 
maximum temperature by 33.5,33.2,29.9and29.5K for the deflection 
angles of 0, 30, 60 and 90, respectively. Although, the increase in 
porosity has led to an increase in convective heat transfer (due to the 
increase in flow velocity), but the effects of the decrease in effective 
thermal conductivity due to the increase in porosity have been pre
dominant. According to the second column of Fig. 4, enhancing the 
deflection angle causes the isotherms to tilt slightly in the opposite 

direction of the gravitational acceleration as opposed to the 0.93 
porosity. Because in this porosity (0.98), the effects of convective heat 
transfer have been slightly increased compared to the 0.93 porosity. 
Also, although the velocity and temperature counters in Fig. 4 are 
generally similar to Fig. 3, the maximum values of flow velocity and 
temperature inside the chamber are different from each other, which can 
be examined as following. Increasing the deflection angle from 0 to 30, 
60 and 90 increased the maximum flow velocity by 57.7, 87.7 and 88.1 
%, respectively. In addition, escalating the deflection angle from 0 to 30, 
60 and 90 reduced the maximum temperature by 0.3, 0.6and1K, 
respectively. To complete the explanation, it can be stated that 
enhancing the porosity from 0.93 to 0.98 has enhanced the convective 
heat transfer, but still, the effects of the conductive heat transfer due to 
the high thermal conductivity of the nickel porous medium are 
predominant. 

Fig. 5 demonstrates the melting fraction contours of the molten 
NEPCM inside the chamber for a volume fraction of 6 %. As mentioned, 
the fusion temperature of NEPCM’s core is 316.7K. At 0.93 porosity, 
very small volumes of NEPCM particles are melted near the hot plate. 
But, the volume of melted NEPCM particles is greater at 0.98 porosity. 
Because 0.93 porosity keeps the chamber temperature significantly 
lower than that of 0.98 porosity due to having high effective thermal 
conductivity, hence, NEPCM particles are not exposed to or above the 
melting point. Also, increasing the deflection angle has no effect on the 
appearance of the melting fraction in a 0.93 porosity, but the melting 
fraction in a 0.98 porosity tends to move in the opposite direction of 
gravity acceleration. Because to be melted NEPCM is a function of 
temperature, the melting fraction behavior follows the temperature 
counters. 

Finally, we can talk about the important parameter of average Nus
selt number, which is ratio of convective to conductive heat transfer. 
Therefore, Fig. 6 is presented to study the effects of porosity number, 
deflection angle, and volume fraction of NEPCM on the average Nusselt 
number. According to Fig. 6a, the increase in volume fraction led to an 
enhance in convective heat transfer due to an increase in the specific 
heat capacity of the mixture, resulting in an increase in the average 
Nusselt number. But, the deflection angle does not affect the average 
Nusselt number. Because, as argued for the 0.93 porosity, the thermal 
conductivity effects of the nickel porous medium prevail over the effects 
of the flow pattern change. Also, according to porosity 0.98 (Fig. 6b), 
adding NEPCM increases the average Nusselt number - as described 
above. In addition, enhancing the deflection angle from 0 to 90 has 

. [37]

Fig. 2. Two Bar plots for a) mesh independency for average Nusselt number and b) verification the used code with results of Golab et al. [37].  
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Fig. 3. The magnetic velocity and temperature contours at conditions of ε = 0.93andφ = 6%.  
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Fig. 4. The magnetic velocity and temperature contours at conditions of ε = 0.98andφ = 6%.  
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increased the average Nusselt number because, as previously argued 
(Fig. 4), increasing the deflection angle increased the flow velocity near 
the hot plate - it is noteworthy that in the convective heat transfer of 
0.98 porosity is higher than 0.93 porosity. Also, by comparing the two 
porosity, it can be seen that the reduction of the porosity from 0.98 to 
0.93 had a significant effect on the average Nusselt number because the 
effective thermal conductivity has been enhanced by 144 %. 

Conclusion 

This study simulated free convection within a cavity that can deviate 
counterclockwise. A hot plate with uniform heat flux at its bottom was 
cooled by the constant temperature walls. A nickel foam was used to 
strengthen heat transfer and placed on the hot plate. NEPCM particles 
with n-Docosane core were added to pure water to improve 

 

 

 

 
    

 

 

 

 
    

 

 

 

 
    

 

 

 

 
    

Fig. 5. The molten NEPCM contour at condition of φ = 6%.  

K. Guedri et al.                                                                                                                                                                                                                                  



Thermal Science and Engineering Progress 42 (2023) 101934

8

thermophysical properties of the cooling fluid. The study investigated 
the effects of porosity, deflection angle, and volume fraction of NEPCM 
in detail. Finally, to conclude this study, it can be said that, an increase 
in the volume fraction from 0 to 6 % led to an increase of 5.6 % in the 
average Nusselt number in a 0.93 porosity. Moreover, the addition of a 6 
% volume fraction of NEPCM changed the averaged Nusselt number for 
the deflection angles of 0, 30, 60, and 90 by 4.55, 4.63, 4.58, and 4.56 % 
in the 0.98 porosity, respectively. eventually, the reduction of the 
porosity from 0.98 to 0.93 has strengthened the average Nusselt number 
by more than 142 %. 
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