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a b s t r a c t 

In this paper, the thermal and hydrodynamic characteristics of a suspension with water-Nano- 

Encapsulated Phase Change Material (NEPCM) in an annulus of a porous eccentric horizontal cylinder are 

investigated. The NEPCM particles have a core-shell structure and stability suspended in water. Hence, 

the particles, along with the liquid, could freely circulate inside the annuli of the horizontal cylinder due 

to the buoyancy forces. The cores of these particles are made from a Phase Change Material (PCM). More- 

over, such cores are in a continuous exchange of heat transfer between the solid and liquid phases. The 

heat transfer is acting in a combination of absorption, storage, and release mechanisms. The governing 

equations for the fluid motions and conservation of energy could be written in partial differential forms 

and by using the appropriate non-dimensional variables converted into non-dimensional ones. Then, the 

numerical approach is applied by implementing the finite element method (FEM) to solve such equations 

iteratively. The impact of various non-dimensional parameters including the fusion temperature, Stefan 

number, Rayleigh number, Darcy number, the volume fraction of nanoparticles, and eccentricity of the 

inner cylinder is addressed on the flow and heat transfer. It is observed that the most favourable fusion 

temperature ranges for the maximum heat transfer rate vary as a function of the Rayleigh number. In 

addition, the heat transfer rate can be enhanced by applying the phase change core of nanoparticles. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Nowadays, the usage of Phase Change Materials (PCMs) has

een extensively reported in thermal storage applications. The abil-

ty of materials as such in storing and releasing heat attracted the

ttention of researchers to combine them with nano-sized parti-

les. This combination can easily enhance the heat transfer rate

ramatically, which is reported by several researchers during the

ast decade. 
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Fluid-saturated porous media due to the thermally driven flows

n their porous regions could be involved in a variety of applied ar-

as in micro/nano-engineering. The metal foams can provide a high

hermal conductive structure for improvement of the heat transfer

ate in enclosures and illuminate a bright future for nano-involved

CMs. The encapsulation is a method, which introduces a phase

hange material (PCM) into a polymeric shell or in a porous ma-

rix. By using encapsulation, the heat can easily transfer between

he phase change core and surroundings and the leakage problem

ill be highly eliminated. One of the novel practical application of

anofluids is the encapsulation of phase change materials in nano-

ized particles. Later, the Nano-Encapsulated Phase Change Materi-

ls (NEPCMs) particles can be evenly distributed in a liquid to pro-

uce a suspension of NEPCM. The thermo-fluid properties of the
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Nomenclature 

Latin symbols 

C p Constant pressure specific heat 

Cr Suspension’s heat capacity ratio 

Da Darcy number 

e Eccentricity 

E c Dimensionless eccentricity 

f Dimensionless fusion function 

g Acceleration of gravity 

H Characteristic length for non-dimensionalization 

k Coefficient of the thermal conductivity 

K Permeability of the porous medium 

L Size of the cavity, the characteristic length 

Nc Conductivity number for NEPCM suspension 

Nu Nusselt number 

Nv Dynamic viscosity number for NEPCM suspension 

R i Radius of inner cylinder 

R o Radius of outer cylinder 

R r Radii ratio 

Ra Rayleigh number 

Ste Stefan number 

u x -velocity 

U Dimensionless velocity in X -direction 

v y -velocity component 

V Dimensionless velocity in Y -direction 

x x -Cartesian coordinate 

X Dimensionless x -Cartesian coordinate 

y y -Cartesian coordinate 

Y Dimensionless y -Cartesian coordinate 

Greek symbols 

μ Fluid’s dynamic viscosity 

α Coefficient of thermal diffusivity 

β Thermal coefficient of thermal expansion 

δ Dimensionless melting interval 

θ Dimensionless form of the temperature field 

λ Sensible heat-capacity ratio of the Suspension 

ϕ Volumetric fraction of the encapsulated particles in 

the host fluid 

ι Weight ratio of the NEPCM-core to NEPCM-shell 

Subscript 

b Bulk properties of the NEPCM-suspension 

co The core of NEPCM particle, Cold wall 

fu The phase change 

h Hot surface 

p NEPCM particles 

m Porous medium 

s Solid matrix 

sh NEPCM particle’s shell 

NEPCM-suspensions in a porous medium are another interesting

module with lots of unknown phenomena that need enormous ef-

forts to discover the complexity of it. 

In recent years, nanofluids have been firstly introduced by

prominent researchers like Choi [1] , and later, their natural con-

vection was investigated by Khanafer et al. [2] . Later on, their po-

tential usages in electronics and engineering fields have been ex-

amined completely by numerous research activities. There are var-

ious reports regarding the present and future implementation of

nanofluids published by Das et al. [3] , Shenoy et al. [4] , Nield and

Bejan [5] , and Mahian et al. [ 6 , 7 ]. Moreover, excellent attempts

in heat transfer enhancement of PCMs [ 8 , 9 ] and nano-enhanced

phase change materials [ 10 , 11 ] in enclosures can be found in the
iterature. Various aspect of natural convection of nanofluids such

s homogeneous nanofluids[ 12 , 13 ], non- homogeneous nanoflu-

ds[ 14 , 15 ], porous medium [16] , magnetic field effects [ 17 , 18 ],

ntropy generation [ 19 , 20 ], and conjugate heat transfer effects

21] have been addressed. 

The phase change materials as a mean for thermal energy stor-

ge have been received much attention in recent years. Using em-

edded solid fins [ 8 , 22 ] in PCMs, dispersing of thermal conduc-

ive nanoparticles in PCMs [ 10 , 23 ], embedding PCMs in metal

oams [ 24 , 25 ], or a combination of metal foams and nanoparticles

26] are several approaches to improve the bulk thermal conduc-

ivity of phase change materials. However, encapsulation of PCMs

s a unique approach, which allows the phase change occurs in a

iquid suspension with a large surface of heat transfer interaction

etween liquid and PCM. 

Various types of NEPCMs have been synthesized and advanced

n the past decade [27] . Some researchers focused on their ther-

al cycles, such as what reported in [27] . On the other hand, Zhu

t al. [28] tried to enhance the thermal behaviour of the NEPCMs

y using hybrid particles. According to the findings by Zhao et al.

29] , it would be possible to fabricate micro-encapsulated phase

hange materials (MEPCMs) by means of Titania-Polyurea (TiO 2 -

UA) shell. Besides, Zhu et al. [30] found that the shell of small

ize capsules with highly conductive metals like Ag could enhance

he heat transfer rate to some extent. The core of their fabricated

CM’s was made of noctacosane, which results in low fusion tem-

erature in the vicinity of the core. Navarrete et al. [31] tried to

se the special NEPCM in highly temperature-dependent solar sys-

ems. Du et al. [32] used flame retardant properties of PCMs made

y n-octadecane in a shell of modified melamine–formaldehyde.

n another try for the suspensions of encapsulated PCMs, Bar-

ak et al. [27] successively analyzed the thermo-fluid properties.

heir findings proved that the concentration of 3.36% of NEPCM

articles could improve the fluid thermal conductivity up to

0%. 

Most of the proposed worksin literature are concerned with

he preparation of the NEPCMs or synthesize of their suspensions.

here are a few works related to the thermal and hydrodynamic

haracteristics of the NEPCM-suspensions. Most of the available

eports considered such characteristics in simple smooth geome-

ries like channels/tubes. For example, a theoretical study was per-

ormed for the heat transfer improvement in microtube heat sinks

y encapsulated PCMs [33] , and it was concluded that the NEPCM

uspension inside a host fluid could lead to an improvement of the

ooling power of the system and a significant pressure drop was

bserved in the tube. Seyf et al. [34] numerically investigated the

hermal and hydrodynamic behaviour of a nano-encapsulated oc-

adecane slurry flows over a square cylinder. They revealed that

he heat transfer rate was enhanced by using such slurry compare

o the base fluid. 

Ho et al. [35] experimentally investigated the effects of apply-

ng water-based micro-encapsulated PCM in a minichannel. They

etected that the thermal properties could be influenced by the

xistence of the PCM capsules and other factors like the fluid flow

ate and the heat exchange ratio. There are also experimental ap-

roaches that used various metallic nanoparticles and/or slurries

f micro-encapsulated PCMs in tubes [36] and minichannels [37] .

isapour et al. [38] employed a slurry of microencapsulated PCMs

or cooling of photovoltaic cells. The results show that using the

lurry can efficiently reduce the operating temperature of photo-

oltaic panels. 

Few studies investigated the flow and heat transfer of NEPCMs

n natural convective flows. Ghalambaz et al. [39] modelled the

teady-state free convection heat transfer of NEPCMs in a cavity

ithout a porous medium. Their findings indicated that using the

EPCM particles could improve heat transfer. Following Ghalambaz
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Table 1 

Thermo-physical properties of all involved materials in the problem [27] . 

k (W/m.K) ρ (kg/m 

3 ) C p (kJ/kg.K) μ(kg/m. s) β(K −1 ) 

Host fluid 0.613 997.1 4179 8.9 ×10 −4 21 ×10 −5 

PU – 786 1317.7 – 17.28 ×10 −5 

Nonadecane – 721 2037 – –

Glass balls 1.05 2700 840 – 9 ×10 −6 
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Fig. 1. Schematic configuration of the problem physics. 
t al. [39] , Mehryan et al. [40] examined the flow and heat transfer

f the NEPCM-suspensions in an eccentric annulus enclosure and

ound that the fusion temperature of the NEPCM particles is an es-

ential parameter on the thermal benefit of NEPCM-suspensions.

he transient phase change behaviour of the NEPCMs was also ad-

ressed in Hajjar et al. [41] in a square cavity, and the outcomes

howed that the latent heat of nanoparticles could promote the

eat transfer rate. 

Considering the flow and heat transfer of the NEPCMs in

 porous medium, the literature review shows that there are

nly a few studies, which investigated the convection heat trans-

er of the NEPCMs-suspensions in a porous medium. Ghalambaz

t al. [42] investigated the boundary layer mixed convection of

he NEPCM-suspensions over a flat plate embedded in a porous

edium. The impacts of variations in the latent heat of nanoparti-

les were illustrated by the Stefan number. Moreover, in their re-

ults, the diffusive temperatures were addressed on the total heat

ransfer from the plate. It was found that the existence of the

EPCM particles contributes to the improvement of the heat trans-

er rate, and there was an optimum range of diffusive temper-

ture to maximize the heat transfer rate. Very recently, the un-

teady free convection heat transfer of NEPCMs in a square cav-

ty filled with glass balls was investigated by Ghalambaz et al.

43] . The hot wall of the cavity was subject to periodic temper-

ture fluctuations while the cold wall was isothermal. The re-

ults showed that using NEPCM particles could promote the heat

ransfer rate. The increase in the porosity could improve the heat

ransfer rate when the concentration of NEPCM particles was high

3% > ). 

As seen, the free convection heat transfer of NEPCMs-

uspension in a porous medium is a new topic with a scares num-

er of investigations. The present study aims to address the flow

nd heat transfer of NEPCMs in an eccentric porous cavity for the

rst time. 

. Physics and model formulation 

The considered geometry is a porous annulus of horizontal

ylinders with the inner and outer radii of r i and r o , respectively.

s specified in Fig. 1 , the inner cylinder, placed at (0, e ), is main-

ained at the hot temperature of T h , which is higher than the tem-

erature of the outer cylinder T c . The pores of the porous annu-

us are occupied by a suspension of water-NEPCM. The shell and

ore of the nano-encapsulated phase change material are made of

olyurethane (PU) and nonadecane, respectively. No-slip condition

or thermal and fluid behaviours exists between the liquid and the

articles. Hence, the particles are uniformly dispersed in the base

uid. Moreover, zero heat flux exchange is assumed at the interface

f the solid lattice and the liquid inside the porous medium. In-

eed, these two structures are considered to be in a thermal equi-

ibrium condition. The thermo-physical properties with their cor-

esponding values for all involved materials are listed in Table 1 .

n addition, the fusion temperature and the latent heat for the

EPCMs core are considered to be about 32 °C and 211 kJ/kg, re-

pectively [27] . 
.1. The formulation of the problem 

Considering the above-mentioned assumptions, the mathemat- 

cal equations for the thermal and hydrodynamic behaviour of a

uspension inside a porous region have been listed below [ 39 , 43 ]:

Conservation of mass: 

∂u 

∂x 
+ 

∂v 
∂y 

= 0 (1) 

onservation of momentum: 

ρb 

ε 2 

(
u 

∂u 

∂x 
+ v 

∂u 

∂y 

)
= −∂ p 

∂x 
+ 

μb 

ε 

(
∂ 2 u 

∂x 2 
+ 

∂ 2 u 

∂y 2 

)
− μb 

K 

u (2) 

ρb 

ε 2 

(
u 

∂v 
∂x 

+ v 
∂v 
∂y 

)
= −∂ p 

∂y 
+ 

μb 

ε 

(
∂ 2 v 
∂x 2 

+ 

∂ 2 v 
∂y 2 

)
+ gρb βb ( T − T c ) 

−μb 

K 

v (3) 

onservation of energy: 

( ρC p ) b 

(
u 

∂T 

∂x 
+ v 

∂T 

∂y 

)
= k m,b 

(
∂ 2 T 

∂ x 2 
+ 

∂ 2 T 

∂ y 2 

)
(4) 

here 

 m,b = ( 1 − ε ) k s + ε k b (5) 

he subscripts of s, m , and b in the governing equations denote the

olid matrix, porous medium, and bulk properties of the NEPCM-

uspension, respectively. Following the physical diagram of the en-

losure, shown in Fig. 1 , the boundary conditions are presented as
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the following form: 

∀ x, y 
∣∣x 2 + y 2 = r 2 o ⇒ u = v = 0 , T = T c 

∀ x, y 
∣∣x 2 + ( y − e ) 

2 = r 2 i ⇒ u = v = 0 , T = T h 
(6)

2.2. NEPCM-suspension bulk thermophysical properties 

By assuming the weighted function according to the density of

the host fluid and the NEPCM dispersed particles, the density of

the suspension can be written as [44] : 

ρb = ( 1 − ϕ ) ρ f + ϕ ρp (7)

The subscripts of f and p and indicates the base liquid and the par-

ticles, respectively. The following equation is employed to compute

the NEPCM particle’s density [44] : 

ρp = 

( 1 + ι) ρco ρsh 

ρsh + ιρco 
(8)

In the density correlated equation Eq. (8) , the ρsh and ρco are the

denoted densities of the shell and the core of the NEPCM particles.

In this equation, ι is the core-shell weight ratio, which is taken as

ι~0.447 [27] . Moreover, to the prior information, an average of the

solid and liquid densities is adopted as the density of the core. The

following relation is employed to compute the heat capacity of the

suspension [ 39 , 45 , 46 ]: 

 p,b = 

( 1 − ϕ ) ρ f C p, f + ϕ ρp C p,p 

ρb 

(9)

For the specific heat capacity with no phase change, C p, p, eff is

equal to the sensible heat capacity of the NEPCMs particles, i.e.

C p, p , which is: 

 p,p = 

(
C p,co + ιC p,sh 

)
ρco ρsh 

( ρsh + ιρco ) ρp 
(10)

In the above-mentioned and all equations consisting the specific

heat capacity, the average heat capacity of the fluid and solid is as-

sumed for the core of the encapsulated nanoparticles. As the phase

change material exists in the core of nanoparticles, the latent heat

of such material is evaluated for the specific heat capacity calcula-

tions. The total specific heat capacity at the core of nanoparticles,

which includes both sensible and latent heats is [ 33 , 39 , 44 ]: 

C p,p, eff = C p,p + 

{
π

2 

·
(

h sf 

T Mr 

− C p,p 

)
· sin 

(
π

T − T fu + T Mr / 2 

T Mr 

)}
γ

γ = 

⎧ ⎨ 

⎩ 

0 T < T fu − T Mr / 2 

1 T fu − T Mr / 2 < T < T fu + T Mr / 2 

0 T > T fu + T Mr / 2 

(11)

T Mr denotes the temperature interval. Accordingly, such definition

creates a continuous interval in the energy balance equation. The

expansion coefficient due to the thermal volume changes in the

suspension is prescribed as [45] : 

βb = ( 1 − ϕ ) β f + ϕ βp (12)

The linear relations to evaluate the thermal conductivity and the

dynamic viscosity of the suspension consisting of the fluid and

nano-encapsulated particles is presented as below [ 23 , 41 , 47 ]: 

k b 
k f 

= 1 + Nc ϕ (13)

μb 

μ f 

= 1 + Nv ϕ (14)

Nc and Nv of inside the Eqs. (16) and (17) show the numbers of

thermal conductivity and the number of dynamic viscosity. These
alues ( Nc and Nv ) are a function of various parameters such as

ype of particles, temperature, type of the base fluid, and the syn-

hesizing method. However, these numbers could be assumed con-

tant for a synthesized NEPCM-suspension. A linear curve-fitting

n the experimental data can obtain Nc and Nv values. The im-

ortant caution for using the above-presented equations is that all

elations are just valid for the diluted nanofluids, i.e., ϕ ≤ 0.5%. 

.3. Governing equations in non-dimensional form 

To create dimensionless numbers, the equations describing the

atural convection flow of the suspension as well as the corre-

ponding boundary conditions, the following dimensionless param-

ters are employed: 

 = 

x 

H 

, Y = 

y 

H 

, R i = 

r i 
H 

, R o = 

r o 

H 

, E c = 

e 

H 

, U = 

uH 

α f 

, V = 

vH 

α f 

P = 

pH 

2 

ρ f α
2 
f 

, θ = 

T − T c 

�T 
. (15)

nd R r denotes the radii ratio, i.e. r ◦/ r i . The length scale and the

emperature scale are defined as �T = T h − T c , H = r ◦ − r i . Here, in-

oking the non-dimensional parameters, the dimensionless form of

he governing equations along with the corresponding boundary

onditions is obtained as: 

∂U 

∂X 

+ 

∂V 

∂Y 
= 0 (16)

 

−2 

(
ρb 

ρ f 

)(
U 

∂U 

∂X 

+ V 

∂U 

∂Y 

)
= − ∂P 

∂X 

+ Pr ε −1 

(
μb 

μ f 

)(
∂ 2 U 

∂X 

2 
+ 

∂ 2 U 

∂Y 2 

)

− Pr 

Da 

(
μb 

μ f 

)
u (17

 

−2 

(
ρb 

ρ f 

)(
U 

∂V 

∂X 

+ V 

∂V 

∂Y 

)
= − ∂P 

∂Y 
+ Pr ε −1 

(
μb 

μ f 

)(
∂ 2 V 

∂X 

2 
+ 

∂ 2 V 

∂Y 2 

)

+ Ra · Pr 

(
βb 

β f 

)
θ − Pr 

Da 

(
μb 

μ f 

)
v (18)

here, the Rayleigh number, Prandtl number, and Darcy number

re: 

a = 

g ρ f β f �T H 

3 

α f μ f 

, P r = 

μ f 

ρ f α f 

, Da = 

K 

H 

2 
(19)

lso, 

ρb 

ρ f 

)
= ( 1 − ϕ ) + ϕ 

(
ρp 

ρ f 

)
, 

(
βb 

β f 

)
= ( 1 − ϕ ) + ϕ 

(
βp 

β f 

)
(20)

he thermal expansion of the particles is assumed to be very sim-

lar to the base fluid, and hence, βb / β f ~1. 

r 

(
U 

∂θ

∂X 

+ V 

∂θ

∂Y 

)
= 

(
k m,b 

k f 

)(
∂ 2 θ

∂ X 

2 
+ 

∂ 2 θ

∂ Y 2 

)
(21)

here 

r = 

( ρC p ) b 
( ρC p ) f 

= ( 1 − ϕ ) + ϕλ + 

ϕ 

δ Ste 
f (22)

k m,b 

k f 
= ( 1 − ε ) 

k s 

k f 
+ ε ( 1 + Ncϕ ) (23)

n Eq. (22) , Cr denotes the ratio of the suspension’s heat capacity to

he base fluid’s sensible heat capacity. Besides, the sensible heat-

apacity ratio ( λ), the dimensionless melting interval( δ), as well as



M. Ghalambaz, S.A.M. Mehryan and M. Mozaffari et al. / International Journal of Heat and Mass Transfer 156 (2020) 119792 5 

t

λ

 

F  

a

σ

H

θ

E  

i

∀

∀
F  

w  

e  

m

N

T  

h

N

T  

h  

N  

T  

m  

N  

r  

t  

e  

t  

s  

L  

v  

r  

r

 

i  

i

a

Fig. 2. Outlook of a sample of the created grid with a coase size of 25 ×50 for 

demonstration pourpose. 

Table 2 

Indecency of the network of grids ( Ra = 10 6 , θ fu = 0.3, ϕ = 0.05, Pr = 6.2, Ste = 0.2, 

Da = 10 −4 , ε = 0.9, E c = 0.67, R r = 2.5, δ = 0.05, Nc = 23.8, and Nv = 12.5). 

Grid size 50 ×100 100 ×130 100 ×150 150 ×200 200 ×250 250 ×300 

Nu a 5.5059 5.5052 5.5053 5.5052 5.5051 5.5051 
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t

he Stefan number ( Ste ) can be defined as follows: 

= 

(
C p, co + ιC p, sh 

)
ρco ρsh 

( ρC p ) f ( ρsh + ιρco ) 
, δ = 

T Mr 

�T 
, Ste = 

( ρC p ) f �T ( ρsh + ιρco ) 

h sf ρco ρsh 

(24)

urthermore, f , the non-dimensional fusion function, is determined

s: 

f = 

π

2 

sin 

(
π

δ

(
θ − θfu + δ/ 2 

))
σ

= 

⎧ ⎪ ⎨ 

⎪ ⎩ 

0 θ < θfu − δ/ 2 

1 θfu −
δ

2 

< θ < θfu + δ/ 2 

0 θ > θfu + δ/ 2 

(25) 

ere, θ fu , the dimensionless fusion temperature, is: 

f u = 

T f u − T c 

�T 
(26) 

ventually, the non-dimensional form of the boundary conditions

s achieved: 

 X, Y 
∣∣X 

2 + ( Y − E c ) 
2 = R 

2 
i ⇒ U = V = 0 , θ = 1 (27) 

 X, Y 
∣∣X 

2 + Y 2 = R 

2 
o ⇒ U = V = 0 , θ = 0 (28) 

ollowing the energy balance equation, the amount of the heat,

hich passes through the hot wall is equal to the amount of the

nergy which reaches to the NEPCM-suspension and the porous

atrix, which can be obtained as: 

 u l = −
[
( 1 − ε ) 

k s 

k f 
+ ε ( 1 + Nc ϕ ) 

](
∂θ

∂n 

)
C i 

(29) 

he integration of the local Nusselt number along the length of the

eated wall gives the total heat transfer rate: 

 u a = 

1 

2 π

2 π∫ 
0 

N u l dω (30) 

he effect of dispersing the phase change particles in the liquid

ost is explored through the normalized average Nusselt numbers:

 u 

′ 
r = 

N u a | ϕ,Ste →∞ 

N u a | ϕ=0 

, N u 

′′ 
r = 

N u a | ϕ 
N u a | ϕ,Ste →∞ 

(31)

he averaged Nusselt number of the cavity filled with porous

edium and the pure liquid fluid is denoted by N u a | ϕ=0 . Here,

u ′ r shows the sole effect of nanoparticles on the heat transfer

ate compared to the pure base-fluid. Indeed, in computing the Nu ′ r ,
he Stefan number is assumed to be a very large number, which

liminates the effect of core phase change of NEPCM particles, and

he sole effect of NEPCM particles would be in the change of den-

ity, thermal conductivity, and dynamic viscosity of the suspension.

ikewise, the impact of the phase change core on the Nu a is in-

estigated by N u ′′ r Indeed, the infinity value for the Stefan number

esults in the zero value for the latent heat and the phase change

ole in the heat transfer rate is eliminated. 

To visualize the suspension flow, observation of the streamline

s essential. This can be accomplished by resolving the correspond-

ng Poisson equation: 

∂ 2 �

∂X 

2 
+ 

∂ 2 �

∂Y 2 
= −

(
∂V 

∂X 

− ∂U 

∂Y 

)
(32) 

long with the boundary condition of � = 0 . 
. Numerical approach, grid test, and validation 

In order to implement the numerical solution, a discretization is

eveloped by adopting the Galerkin finite element method (FEM).

he studied grid is formed as a non-uniform lattice. A sample of

he non-uniform structured mesh with a size of 25 ×50 is depicted

n Fig. 2 . 

The damped Newton method is applied to create a fully cou-

led system of the governing equations. Then, the problem is nu-

erically simulated using the Parallel Sparse Direct Solver. Compu-

ations processes are done when the residuals are less than 10 −5 .

o investigate the independence of the solution procedure from the

umber of the grid networks, the obtained results, which includ-

ng average Nusselt numbers ( Nu a ) at the hot wall, are compared

n Table 2 . Six various non-uniform grid sizes are selected for such

valuation. Due to the small difference between the results, the

etwork grids of 100 ×130 is applied for further calculation. 

To verify the developed code in this study, free convection

roblems in two clear different horizontal cylinders occupied with

ir and nanofluid is tested. Fig. 3 shows the temperature fields of

he work of Kuehn and Goldstein [48] and present work. The se-

ected non-dimensional parameters in this test are Ra = 4.7 ×10 4 

nd Pr = 0.706. Fig. 4 illustrates the average Nusselt numbers of

he free convection of the nanofluid flowing in an eccentric an-

ulus for different values of the volume fractions of the copper

anoparticles [49] . The non-dimensional parameters in this test are

a = 10 5 , Pr = 6.2, E c = 0.5, and R r = 2.5. In another verifica-

ion, the natural convection problem in a square porous enclosed

edium is analyzed. Table 3 shows the comparison of the heat

ransfer rates of the work of Nithiarasu et al. [50] and that of our

tudy. As Figs. 3 and 4 , and Table 3 show, the developed code in

his study is accurate and dependable. 
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Fig. 3. Temperature fields of the present work (left side) and that of Kuehn and 

Goldstein [48] (right side). 

Fig. 4. The average Nusselt number resulted from the work of A: Habibi and pop 

[49] and B: the current study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 

The average Nusselt number calculated in the 

present study and that of [50] . 

Da ×Ra ε Present work Ref. [50] 

10 0.4 1.078 1.078 

10 0.9 1.078 1.080 

10 2 0.4 1.360 1.408 

10 2 0.9 1.630 1.640 

10 3 0.4 7.770 7.810 

10 3 0.9 9.322 9.202 
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4. Results and discussion 

This study deals with the thermal and hydrodynamic character-

istics of a suspension of water and the NEPCM particles inside a

porous annulus of a horizontal cylinder. According to the experi-

mental data presented by Barlak et al. [27] , the thermal conductiv-

ity Nc and the dynamic viscosity Nv numbers of the chosen sus-

pension are 23.8 and 12.5. Besides, based on the same data, the

heat capacity ratio, i.e., λ, is 0.32. The simulations are done nu-

merically to investigate the alterable parameters including Rayleigh

number (10 4 ≤ Ra ≤ 10 6 ), Stefan number (0.2 ≤ Ste ≤ ∞ ), dimen-

sionless fusion temperature (0.05 ≤ θ fu ≤ 1), and the volume frac-

tion of the particles (0.0 ≤ ϕ ≤ 5%), Radii ratio (1.67 ≤ R r ≤ 2.5),

eccentricity (-0.67 ≤ E c ≤ 0.67), Darcy number (10 −3 ≤ Da ≤ 10 −1 ),

and porosity (0.3 ≤ ε ≤ 0.9). The result section is organized in two
ub-sections; first, the impact of the mentioned parameters on the

utlines of the fluid and thermal fields are discussed. In the sec-

nd part, the effects of the prior parameters on the heat transfer

nhancement are analyzed. 

.1. Analysis of fluid flow and thermal field 

Fig. 5 depicts the impact of the Rayleigh number and the ec-

entricity ratio on the streamlines, isolines of the temperature and

he phase transition zone of the nano-sized capsules containing

he nonadecane as the phase change material. It is worth noting

hat according to the considered model, the absorbed/released la-

ent heat of the phase change process of the capsules is mirrored

s a surge in the local value of the heat capacity of the suspension.

his means that the resulting heat capacity of the suspension is, in

act, temperature-dependent. 

Phase conversion of the nano-capsules occurs when their core

pproaches the fusion temperature, and thus, a red ribbon in the

ontours of the phase transition zone is formed around the corre-

ponding nanofluid isotherm. In addition, the ribbons indicate the

ocation of capsules that their cores are partially melted. As seen,

he value of heat capacity in blue regions equals 0.97, and the PCM

n the core of capsules in these areas are either entirely melted

the region around the inner hot cylinder) or solidified (the area

ear the cold outer cylinder). 

The mechanisms of the absorption, storage, and release of the

eat in the capsules can be described as follows: As a result of the

xerted buoyancy volume force, two vortices, one clockwise and

ne counter-clockwise, are formed in the annulus. Due to the sym-

etry of the studied geometry, only the right half of the annulus

s presented and analyzed. The flow of the suspension is upward

ear the hot cylinder, and it flows down in the locality of the cold

ne. The capsules containing phase change materials absorb en-

rgy, in the form of latent heat, while they are passing through the

ed ribbon of the phase transition region. As mentioned, the PCMs

ores are partially melted in this region. The absorbed heat will be

tored in the capsules when the temperature of the suspension is

igher than their fusion temperature, i.e., throughout the blue re-

ion of Cr contour, around the hot cylinder, in which, the PCM in

he capsules are entirely melted. The nano-capsules release their

tored heat near the cold cylinder and when flowing downwardly.

n other words, both mechanisms of absorption and release of the

atent heat of the PCMs occur in the red region of the phase transi-

ion zone and can be identified and distinguished according to the

irection of the flow. 

Increasing the Rayleigh number intensifies the buoyancy force,

hich boosts the vortex strength. In addition, the centre of the

ormed vertex moves toward the narrow gap of the annulus as a

esult of the higher buoyant force (For E c = 0.67). The isolines of

he temperature are considerably distorted with the increment of

he Ra characterizing the intensification of the convection mode of

eat transfer. In addition, for Ra = 10 6 , two more weak vortices,

ne in each half, are formed, circulating in the opposite direction

ith respect to the main vortex of each half. 
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Fig. 5. Effect of the Rayleigh number on the streamlines, temperature field, and Cr patterns ( θ fu = 0.1, ϕ = 0.03, Da = 0.01, ε = Ste = 0.3, E c = 0.67 and R r = 2.5). 
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Fig. 6 depicts the effect of the radii ratio ( r o / r i ) on the stream-

ines, isotherm contours, and the patterns of the phase transition

one. It should be noted that as the characteristic length for the

on-dimensionalization ( H = r o − r i ), is considered to be identical

o 1 in all simulations. As a result, a set of two linear equations

s solved for each radii ratio to obtain the radius of the inner and

uter cylinders. For example, for R r = 2.5, R o obtained as 5/3 and

 i = 2/3. This means that, by increasing the R r , both radii of inner

nd outer cylinders will be decreased. As seen, the fluid flow en-

ances and distortion of the isotherms increases with decreasing
he R r . This can be explained by the fact that by reducing the radii

atio, the fluid is exposed to a larger surface area of the hot wall

nd thus the rate of heat transfer increases, resulting in augmen-

ation of the fluid flow. 

The influence of the location of the inner cylinder (eccentric-

ty) on the streamlines, isotherm contours, and the patterns of

he phase transition zone is illustrated in Fig. 7 . The contours of

treamlines reveal that the fluid flow enhances with the decline of

he eccentricity. Reducing the E c moves the hot cylinder to the re-

ion with lower average temperature, and thus, the buoyancy force
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Fig. 6. Effect of the radii ratio on the streamlines, temperature field, and Cr patterns ( θ fu = 0.5, ϕ = 0.05, Ra = 10 5 , Da = 0.1, ε = 0.6, Ste = 0.3 and E c = -0.67). 
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and the strength of the formed vortex intensifies. As a result, the

average temperature of the cavity increases (compare isotherms of

θ = 0.1) and the rate of heat transfer intensifies. Moreover, the dis-

tortion of the isotherms increases with the decrease of the Eccen-

tricity. Besides, the phase change zone enlarges as the E c decreases,

specifying that the phase transition takes place in the broader

space and more capsules. 

The impact of the Darcy number on the flow and thermal fields

of the nanofluid is analyzed and presented in Fig. 8 . Obviously, the

Darcy number characterizes the permeability of the solid matrix
nd thus the fluid flow considerably augments as it increases. Be-

ides, for low values of the Darcy number, the isotherms are al-

ost vertical, indicating that the conduction is dominating mecha-

ism in the transferred heat. By increasing the permeability on the

olid matrix, the distortion of the isotherms increases. Additionally,

he isothermal lines slightly move to the inner cylinder, showing

he enhancement of the advection mode of heat transfer. There-

ore, the phase transition zone moves toward the inner cylinder

lightly. The Cr contours also show that the phase transition takes

lace in a comparatively small region. This is attributed to the high
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Fig. 7. Effect of the eccentricity on the streamlines, isotherm contours, and the patterns of the phase transition zone ( θ fu = 0.5, ϕ = 0.01, Ra = 10 6 , Da = 10 −3 , ε = Ste = 0.3 

and R r = 2.5). 
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usion temperature of the nano-capsulated PCM. In another mean-

ng, the involvement of the capsules in the absorbing/releasing of

he heat is poor. When θ fu = 0.8 (also same for low values of the

usion temperature), the PCMs in the capsules are in the state of

olid (or liquid, when θ fu is low) in almost entire of the annulus,

pecifying that the nano-capsules do not appropriately engage in

he discussed mechanisms of absorbing/releasing heat. 

To elaborate on the effect of the fusion temperature, the first

ow of Fig. 6 could be compared with the last row of Fig. 8 ,
n which all of the studied parameters are the same, except the

on-dimensional fusion temperature. It illustrates that when the

fu = 0.5, the phase transition zone is much larger in comparison

ith the case of Fig. 8 , showing that the phase change and the ab-

orbing and releasing of the latent heat of the PCM are more effec-

ive than the other case. In comparison with the case of θ fu = 0.8,

he fluid flow decreases when the fusion temperature equals 0.5.

his can be explained by the fact that the temperature of the sus-

ension remains almost constant within the phase transition zone,
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Fig. 8. Effect of the Darcy number on the streamlines, isotherm contours, and the patterns of the phase transition zone ( θ fu = 0.8, ϕ = 0.05, Ra = 10 5 , ε = 0.6, Ste = 0.3, 

E c = -0.67 and R r = 2.5). 
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and thus the buoyancy force decreases, resulting in the reduction

of fluid flow. The influence of the fusion temperature on the rate

of heat transfer will be discussed in detail in Section 4.2 . 

4.2. Rate of heat transfer 

The effects of the non-dimensional fusion temperature and the

nanoparticles’ volume fraction on the average Nusselt number are

outlined in Fig. 9 , for two values of low and high Rayleigh num-

bers. As seen, the rate of heat transfer intensifies with the pres-
nce of the NEPCM as it increases the average heat capacity of the

uspension. Obviously, the average Nusselt number intensifies with

he increment of the Rayleigh number. Moreover, for low values

f the Rayleigh number, the rate of heat transfer approaches its

aximum when the fusion temperature of the capsules is about

.5, while for Ra = 10 6 , the highest rate of heat transfer can be

chieved when the fusion temperature differs the bond of 0.25 ≤
fu ≤ 0.65.This specifies that the rate of heat transfer is maximum

hen both of the absorbing and releasing mechanisms of the la-

ent heat of the PCM contribute appropriately. The local peaks at
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Fig. 9. Variation of the average Nusselt number with θ fu and ϕ ( Da = 0.01, ε = 0.3, E c = -0.67, and R r = 2.5): Ra = 10 4 (left) and Ra = 10 6 (right). 

Fig. 10. Variation of the N u ′ r with ϕ and the eccentricity of the annulus ( Ra = 10 4 , 

Da = 0.1, ε = 0.9, θ fu = 0.1, Ste = 0.2 and R r = 2.5). 
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he highest Nusselt number for the case of Ra = 10 6 can be at-

ributed to its high nonlinearity behaviour of the flow and thermal

elds. 

To study the influence of the presence of the NEPCMs more pre-

isely, the parameters N u ′ r and N u ′′ r are introduced and described

n Section 2.3 . Figs. 10 and 11 depict the effect of the nanoparti-

les’ volume fraction on these parameters. Shown in Fig. 10 , the

 u ′ r increases significantly with the addition nanoparticles. In fact, 

dding the nano-sized particles to the base fluid, according to the

qs. (15) - (17) , alters the thermo-physical properties of the suspen-

ion. The increase of the thermal conductivity of the suspension

levates the rate of conduction heat transfer, and the increment

f the viscosity reduces the rate of advection in the annulus. The

esult reveals that, even with ignoring the latent heat of the cores,

he heat transfer intensifies. Moreover, and as previously discussed,

he rate of heat transfer increases when the centre of the inner
ylinder is located in the lower part of the annulus, i.e. the nega-

ive values of the eccentricity. 

Fig. 11 outlines the effect of the Stefan number and nanopar-

icles concentration on the N u ′′ r (normalized Nusselt number with

espect to the case of infinite Stefan number) for two values of

he fusion temperature ( θ fu = 0.1 and 0.5). It is worth noting that

he Stefan number represents the reciprocal of the latent heat,

nd thus, the nano-capsules of the PCM behave as simple nano-

articles (without their absorbing/releasing heat mechanisms) as

te → ∞ . Moreover, a Stefan number of 50 is considered to approx-

mate the case of Ste → ∞ . Evidently, the N u ′′ r increases slightly

ith the addition of concentration, indicating that the rate of heat

ransfer increases when the absorbing/storing/releasing the latent

eat of the NEPCMs is enabled. In other words, the rate of trans-

erred heat intensifies when the sole impact of the latent heat

f the nano-particles is taken into consideration. Fig. 11 shows

hat the rate of heat transfer is enhanced more strongly when the

usion temperature of the NEPCMs is around its optimum point

 θ fu = 0.5 for Ra = 10 4 , as shown in Fig. 9 ). More precisely, in com-

arison with the case of θ fu = 0.1, appropriate fusion temperature

f the nano-capsules can elevate the rate of heat transfer up to 4%

For example, for ϕ = 0.05 and Ste = 0.2, N u ′′ r ≈ 1 . 01 for θ fu = 0.1

nd N u ′′ r ≈ 1 . 05 for θ fu = 0.5). Furthermore, the increasing rate of

eat transfer is proportional to the Stefan number, as it is a mea-

ure of the non-sensible heat of the NEPCMs. 

The dependency of the defined Nusselt numbers on the inves-

igated parameters is shown in Table 4 for a different combination

f these parameters. It is evident that the dynamic viscosity num-

er ( Nv ) and conduction number ( Nc ) of the NEPCM particles can

ffect the rate of heat transfer. Nc improves thermal conductivity

nd Nv aguments the dynamic viscosity for a fixed volume fraction

f nanoparticles. As Nv suppressed the convection flow by increas-

ng viscous forces, the heat transfer will be reduced for high Nv .

n the other hand, Nc improves the heat transfer rate. As such, for

ow values of these parameters (first and second rows), presence

f the nanoparticles (ignoring their latent heat) reduces the rate

f heat transfer ( N u ′ r < 1 . 0 ). It is worth noting that the Nc and Nv

bout 3.0 could show the typical Maxwell and Brinkman models

or thermal conductivity and dynamic viscosity. Moreover, adding

ano-capsules of phase change substances always enhance the rate

f heat transfer as the N u ′′ r for all of the investigated parameters

s above unity, specifying that the rate of heat transfer always in-
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Fig. 11. Variation of the N u ′′ r with the nanoparticles’ volume fraction and the Stefan number ( Ra = 10 4 , Da = 0.1, ɛ = 0.9, E c = -0.67 and R r = 2.5): θ fu = 0.1 (left) and θ fu = 0.5 (right). 

Table 4 

Influence of the investigated parameters on the defined Nusselt numbers ( Da = 0.1, 

ε = Ste = 0.3). 

Ra Ec R r ϕ θ fu Nc Nv Nu a N u ′ r N u ′′ r 

10 4 0.00 2.5 0.04 0.5 3.0 3.0 3.1055 0.9811 1.0561 

10 4 0.00 2.5 0.04 0.5 6.0 12.5 2.9573 0.9443 1.0448 

10 4 0.00 2.5 0.00 – – – 2.9973 1 1 

10 4 -0.67 1.67 0.04 0.1 23.8 12.5 3.5469 1.1015 1.0012 

10 4 -0.67 1.67 0.04 0.0 23.8 12.5 3.5426 1.1015 1.0001 

10 4 -0.67 1.67 0.04 0.5 23.8 12.5 3.5796 1.1016 1.0104 

10 4 -0.67 1.67 0.00 – – – 3.2161 1 1 

10 4 -0.67 2.5 0.04 0.5 23.8 12.5 4.7225 1.0885 1.0289 

10 4 0.00 2.5 0.04 0.5 23.8 12.5 3.2788 1.0526 1.0393 

10 4 0.67 2.5 0.04 0.5 23.8 12.5 4.2227 1.1245 1.0186 

10 6 -0.67 2.5 0.04 0.5 23.8 12.5 11.3434 1.1703 1.0462 

10 6 0.67 2.5 0.04 0.5 23.8 12.5 9.3899 1.0269 1.0525 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. The average Nusselt number at various Darcy numbers and the porosities 

( Ra = 10 5 , ϕ= 0.05, Ste = 0.2, θ = 0.2, E = 0 and R = 2.5). 
creases when the latent heat of the NEPCMs is involved. Further, it

can be seen that the N u ′′ r ≈ 1 . 0 0 0 when the fusion temperature is

very low (or high, according to Fig. 9 ). Finally, the Rayleigh num-

ber elevates the Nu a as it intensifies the convection mode of heat

transfer. 

Fig. 12 shows the influence of the porosity of the solid matrix

and the Darcy number on the rate of heat transfer. The Darcy num-

ber is, in fact, the non-dimensional permeability of porous medium

and characterizes the porous medium resistance to the fluid mo-

tion. An increment of the Darcy number, therefore, increases the

fluid flow and thus intensifies the convection heat transfer in the

annulus. Increasing the porosity of the solid matrix increases the

amount of the void space, and hence, more liquid could be filled

inside the pores. As a result, the circulation of the suspension

could transfer a larger amount of heat by the liquid, which leads

to the intensification if the convection heat transfer. On the other

hand, the effective thermal conductivity of the solid matrix re-

duces when ε rises, and thus, the conduction mechanism of the

heat transfer declines. As such, for low values of the Darcy num-

ber, where the convection heat transfer is poor, the average Nusselt

number increases very slightly. Nonetheless, the figure for higher

Darcy number is more affected by the porosity of the solid matrix

since the convection mode of heat transfer is completely dominant.

Fig. 13 illustrates the influence of the Eccentricity of the inner

cylinder and the radii ratio on the rate of heat transfer. As seen,

the highest rate of heat transfer can be achieved when the in-
 fu c r 
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Fig. 13. The average Nusselt number dependency of the suspension to the radii ra- 

tio and the eccentricity of the annulus ( Ra = 10 5 , Da = 0.01, ϕ= 0.05, Ste = 0.2, θ fu = 0.2 

and ε = 0.3). 
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er cylinder is located in the lower portion of the annulus. As the

nner cylinder moves up, the average Nusselt number declines in

he annulus (-0.6 ≤ E c ≤ 0.4) and then elevates (0.4 ≤ E c ≤ 0.6).

y increasing the eccentricity, the hot cylinder moves to the area

ith higher average temperature, and this diminishes the buoy-

ncy force. Therefore, the fluid flow in the annulus reduces (See

ig. 7 ), resulting in the decline of the convection mode of heat

ransfer. Nonetheless, when the hot cylinder is positioned adja-

ent to its cold counterpart, the conduction heat transfer intensi-

es since the conduction resistance reduces. Ultimately, the rate of

onvection heat transfer declines when the hot cylinder moves up

for all values of the eccentricity, i.e., -0.6 ≤ E c ≤ 0.6). 

However, when 0.4 ≤ E c ≤ 0.6, the rate of heat transfer aug-

ents as its conduction share increases. Besides, the average Nus-

elt number intensifies as the radii ratio increases. It is worth not-

ng that, as previously shown in Fig. 6 , the fluid flow and the rate

f heat transfer augment when the radii ratio decreases, and this is

ttributed to the increment of the hot surface. The Nu a is measured

s the rate of heat transfer over the surface of the hot cylinder,

nd therefore, despite the decline of the heat transfer, the average

usselt number increases with the increment of the radii ratio. 

. Conclusion 

By applying the Galerkin Finite Element Method (FEM), a lattice

as formed as a non-uniform structured grid to study the thermal

nd hydrodynamic behaviour of natural convection in a suspension

ontaining nano-encapsulated phase change materials (NEPCM) in

 porous annulus. The inner and outer cylinders were isothermally

eated at T h and T c , respectively. The suspension was assumed to

e diluted, and thus, the homogenous model was acceptable and

tilized to address the presence of the nano-sized particle in the

ase fluid. The phase transition of the phase change materials was

odelled as a rise in the heat capacity of the suspension. Influence

f key parameters on the flow and thermal fields of the suspension

nd the rate of heat transfer was analyzed, and the outcomes could

e summarized as follows: 

1 The average Nusselt number intensifies as the Rayleigh num-

ber increases. Moreover, for low values of the Rayleigh number
( Ra = 10 6 ), the rate of heat transfer approaches its maximum

when the fusion temperature of the capsule is about 0.5. How-

ever, for high Rayleigh numbers ( Ra = 10 6 ), the highest rate

of heat transfer can be achieved when the fusion temperature

varies between 0.25 ≤ θ fu ≤ 0.65. 

2 Stefan number represents the reciprocal of the latent heat of

the PCM, and thus, the rate of heat transfer intensifies as the

Stefan number declines. In other words, the rate of transferred

heat increases when the sole impact of the latent heat of the

nano-particles is taken into consideration. Further, the rate of

heat transfer can be elevated up to 4% when the fusion tem-

perature of the nano-capsules is around ( T h + T c )/2. 

3 The heat transfer rate is intensified by adding the nano-

capsules with very high Stefan numbers. These specify that the

average Nusselt number increases even when the latent heat of

the cores of the nano-capsules are ignorable. 

4 Moving the cylinder upward first reduces (-0.6 ≤ E c ≤ 0.4) and

then increases (0.4 ≤ E c ≤ 0.6) the average Nusselt number. 

5 Increasing the porosity of the solid matrix diminishes the resis-

tance against the flow of the suspension, and thus, the convec-

tion heat transfer intensifies. Moreover, the fluid flow increases

when the Darcy number rises. 

6 When the R r increases, the fluid flow enhances, and subse-

quently,the rate of heat transfer declines. However, the average

Nusselt number intensifies with the increment of the radii ratio

due to the increment of the hot surface of the inner cylinder. 
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