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a b s t r a c t 

The natural convection of a Nano Encapsulated Phase Change Materials (NEPCMs) suspension in a cavity with 

a hot wall having a time-periodic temperature is investigated. The top and bottom walls of the enclosure are 

insulated, the right side wall is kept at a constant temperature of T c while the left side wall is considered as 

hot wall and is subjected to a time-periodic temperature. The NEPCM consist of capsules with phase change 

material PCM in their core. The phase change core of the capsules is covered by a shell. During the fusion or the 

solidification of the core, the phase change will absorb or release heat in the surrounding, when the temperature 

is close to the PCM fusion temperature. The partial differential equations governing the flow and heat transfer in 

the enclosure are formulated in the dimensionless form, and affective key dimensionless numbers and parameters 

are introduced. The finite element method is used to solve the governing equations. The accuracy of the results 

is verified by comparison to the benchmark solutions available in the literature. The average Nusselt number in 

the enclosure, as an indicator of the heat transfer performance, is analyzed. It is shown that the average Nusselt 

number in the enclosure follows a periodic variation with the same frequency of the temperature of the hot wall 

and with an amplitude that varies correspondingly with the temperature amplitude. The heat transfer in the 

cavity is enhanced when a higher fraction 𝜙 of the NEPCM is used, and a fraction of 5% provides the highest heat 

transfer. Increasing the volume fraction of nanoparticles from 2.5% to 5% enhanced the average Nusselt number 

by 21% and the maximum value of Nusselt number by 18.5%. The fusion temperature of nanocapsules is an 

important parameter affecting the thermal performance of the enclosure, mainly, when the fusion temperature 

is notably different from cold or hot-wall temperatures. 
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. Introduction 

Phase change materials (PCM) have been an active research area in

ecent years, due to their use in thermal storage applications. Such ap-

lications include, among others, the thermal performance of buildings

1] , domestic air-conditioning systems [2] , and electronic devices and

pace instruments [3] . The main advantage of PCMs is their large latent

eat for a relatively small temperature difference and volume change.

eat storage or release occurs at a certain fusion temperature when the

CM undergo melting or solidification, respectively. However, despite

he ability of PCMs to store large amounts of energy, these materials

re not very efficient in terms of heat transfer due to their low thermal

onductivity. Thus, many techniques have been developed to enhance

he heat transfer of PCM, such as the use of metallic fins [4,5] or porous

edia [6–8] . 
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In devices and systems subject to temperature rise or to temperature

radients, like computer chipsets, laser alignment systems, and detectors

eeding temperature control, internal thermal stresses can develop in-

ide the system due to the disparity of thermal expansion coefficient be-

ween different materials. In this context, encapsulation of PCM presents

n effective method to enhance the performance of the working fluids

nd to better control of the system temperature. 

Encapsulation consists of using capsules with a shell-core structure,

here the core is made of PCM [9] . For instance, Fang et al. [10] used

ormaldehyde as a shell and n-tetradecane as a core and. Qiu et al.

11] synthesized capsules with n-octadecane as a core encapsulated

n MMA-polymer shell. Based on the size of the particles, the terms

ano-encapsulation and micro-encapsulation are often used [12,13] .

ano-Encapsulated Phase Change Materials (NEPCMs) dispersed in flu-

ds can, therefore, be considered as nanofluids. It is worth noting that
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𝜌  
Nomenclature 

Latin letters 

a dimensional temperature amplitude (°C) 

A dimensionless temperature amplitude 

Cp constant pressure specific-heat (J/kg.K) 

Cr ratio of the heat capacity 

f dimensionless frequency 

g gravity constant (m/s 2 ) 

H size of the enclosure 

k coefficient of thermal conductivity (W/m.K) 

Nc thermal conductivity number 

Nu heat transfer characteristic (Nusselt number) 

Nv dynamic viscosity number 

p dynamic pressure inside the fluid domain (Pa) 

P dimensionless dynamic pressure inside the fluid domain 

Pr Prandtl number of the PCM ( 𝜇f /( 𝜌f 𝛼f )) 

Ra Rayleigh number of the PCM ( g 𝜌f 𝛽f ( T h - T c ) H 

3 /( 𝛼f 𝜇f )) 

S the non-dimensional fusion function 

Ste Stefan number 

T temperature (°C) 

TMr phase-change temperature range T Mr = T 2 - T 1 (°C) 

u dimensional x-velocity component (m/s) 

U dimensionless x-velocity component 

v dimensional y-velocity component (m/s) 

V dimensionless y-velocity component 

x, y Cartesian space 

X, Y non-dimensional Cartesian space 

𝜄 ratio of the weight of nanoparticles’ PCM-core to the 

shell 

Greek symbols 

μ melt dynamic viscosity (kg s/m) 

𝛼 thermal diffusivity (m 

2 /s) 

𝛽 the coefficient of volumetric thermal expansion (1/K) 

𝛿 dimensionless range of fusion temperature 

𝜏 dimensionless time 

𝜏p dimensionless time period 

𝜃 dimensionless temperature 

𝜆 the heat capacity ratio of nanoparticles to the host fluid 

𝜎 dimensional rectangular function 

Ξ dimensionless rectangular function 

𝜔 temperature frequency 

𝜌 density (kg/m 

3 ) 

𝜙 nanoparticles’s volume fraction 

𝜓 dimensionless stream-function 

Subscript 

b bulk properties for the NEPCM nanofluid 

c cold wall 

co PCM core of nanoparticles 

f host fluid 

fu phase change property at fusion temperature 

h hot wall 

p NEPCM nanoparticles 

sh shell of NEPCM particle 

any studies considered the addition of nanoparticles to PCM for heat

ransfer enhancement [1,14,15] . In the presence of such nano-additives,

he acronym NEPCM means Nano-Enhanced Phase Change Materials

14,16–18] , which is different from the technique considered in the

resent study. 

Natural convection of nanofluids, i.e., fluids comprising suspensions

f nanoparticles, in cavities and enclosures have been widely inves-

igated. Suspensions of uniform solid particles without phase change
n cavities with different configurations, such as wavy walled cavities

19,20] , cavities with hot wall obstacles [21] and porous enclosures

22,23] have been considered. Other studies addressed the effects of

agnetic fields [24] and conjugate heat transfer [25] on the natural

onvection of the nanofluid in the enclosure. Taking phase change of

EPCM into account, most of the studies focused on forced convection

n channels or tubes. For instance, [26] performed a numerical study of

he heat transfer enhancement in microtube heat sinks by PCM encapsu-

ation and concluded that while the presence of the NEPCM substantially

mproved the fluid cooling power, it leads to a significant pressure drop

n the tube. Seyf et al. [27] investigated the flow and heat transfer of a

lurry of nano-encapsulated octadecane past a square cylinder numeri-

ally and found a remarkable enhancement of the heat transfer charac-

eristics of the slurry with respect to the base fluid. Ho et al. [28] con-

ucted experiments to investigate the effect of using water-based mi-

roencapsulated PCM on heat transfer in a minichannel. They observed

hat heat transfer can be enhanced or deteriorate by the presence of

he PCM capsules depending on various parameters like the flow rate

nd the latent-sensible heat ratio. Other experiments [29,30] used Alu-

ina nanoparticles and/or slurries of microencapsulated PCM in circu-

ar tubes [29] and minichannels [30] . Their results also indicated that

eat transfer performance is affected by different parameters, such as

he flow rate and the heating location. 

On the other hand, works dealing with the natural convection of

EPCM suspensions have been very limited. In a recent study [31] ,

e investigated the steady natural convective flow of NEPCM in a

quare cavity with two differentially-heated isothermal vertical walls

nd found that the heat transfer enhancement depends greatly on the

usion temperature of the NEPCM. In practice, it is very possible that

he temperature of the walls fluctuates with time and, thus, the as-

umption of isothermal walls cannot be valid. The presence of an un-

teady time-periodic heat transfer can contribute to the thermal charg-

ng/discharging capability of NEPCMs and provide a different trend of

ehavior rather than the steady-state case which was investigated in

31] . The present research aims to examine the case of a cavity with a

ime-dependent temperature boundary condition. For the sake of sim-

licity, the temperature is assumed to be time-periodic. 

. Problem physics 

As demonstrated in Fig. 1 , the geometry considered is a 2D square

nclosure, which is occupied by a water-NEPCM suspension. The compo-

ents of NEPCM are polyurethane (PU) and nonadecane as the shell and

he core. As indicated in Fig. 1 , the left wall of the enclosure is heated

t a higher time-periodic temperature with an average temperature of

 h . The opposite side is maintained at a lower temperature of T c . The

ther walls of the enclosure are perfectly insulated. It is assumed that

he suspension is incompressible, and its flow is laminar. There are no

hermal and hydro-dynamic slips between the host fluid and uniformly

ispersed PU- nonadecane particles. 

Table 1 lists thermo-physical properties of the components of the

uspension. The fusion temperature and latent heat of the NEPCMs core

re about 32 °C and 211 kJ/kg, respectively [32] . 

.1. The formulation 

According to the foregoing assumptions, the equations modeling

hermal and hydrodynamic behavior of a suspension have been listed

elow [31] : 

Conservation of mass: 

𝜕𝑢 

𝜕𝑥 
+ 

𝜕𝑣 

𝜕𝑦 
= 0 (1)

Conservation of momentum: 

𝑏 

( 

𝜕𝑢 

𝜕𝑡 
+ 𝑢 

𝜕𝑢 

𝜕𝑥 
+ 𝑣 

𝜕𝑢 

𝜕𝑦 

) 

= − 

𝜕𝑝 

𝜕𝑥 
+ 𝜇𝑏 

( 

𝜕 2 𝑢 

𝜕 𝑥 2 
+ 

𝜕 2 𝑢 

𝜕 𝑦 2 

) 

(2a)
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Fig. 1. Schematic configuration of the considered geometry. 
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( 

𝜕𝑣 

𝜕𝑡 
+ 𝑢 

𝜕𝑣 

𝜕𝑥 
+ 𝑣 

𝜕𝑣 

𝜕𝑦 

) 

= − 

𝜕𝑝 

𝜕𝑦 
+ 𝜇𝑏 

( 

𝜕 2 𝑣 

𝜕 𝑥 2 
+ 

𝜕 2 𝑣 

𝜕 𝑦 2 

) 

+ 𝑔 𝜌𝑏 𝛽𝑏 
(
𝑇 − 𝑇 𝑐 

)
(2b)

Conservation of energy: 

𝜌𝐶 𝑝 

)
𝑏 

( 

𝜕𝑇 

𝜕𝑡 
+ 𝑢 

𝜕𝑇 

𝜕𝑥 
+ 𝑣 

𝜕𝑇 

𝜕𝑦 

) 

= 𝑘 𝑏 

( 

𝜕 2 𝑇 

𝜕 𝑥 2 
+ 

𝜕 2 𝑇 

𝜕 𝑦 2 

) 

(3) 

Regarding the no-slip condition on the walls and the schematic con-

guration, the boundary conditions are defined as: 

𝑥, 𝑦 ||𝑥 = 0 , 0 ≤ 𝑦 ≤ 𝐻 ⇒ 𝑢 = 𝑣 = 0 , 𝑇 = 𝑇 ℎ + 𝑎 sin ( 𝜔𝑡 ) (4a) 

𝑥, 𝑦 ||𝑥 = 𝐻, 0 ≤ 𝑦 ≤ 𝐻 ⇒ 𝑢 = 𝑣 = 0 , 𝑇 = 𝑇 𝑐 (4b) 

𝑥, 𝑦 

|||||||||
𝑦 = 0 , 0 ≤ 𝑥 ≤ 𝐻 ⇒ 𝑢 = 𝑣 = 0 , 𝜕𝑇 

𝜕𝑦 
= 0 

𝑦 = 𝐻, 0 ≤ 𝑥 ≤ 𝐻 ⇒ 𝑢 = 𝑣 = 0 , 𝜕𝑇 
𝜕𝑦 

= 0 
(4c)

The density of the suspension is written as a weighted function of

he densities of the host fluid and NEPCM dispersed particles [9,34] : 

𝑏 = ( 1 − 𝜙) 𝜌𝑓 + 𝜙𝜌𝑝 (5a)

𝑝 = 

( 1 + 𝜄) 𝜌𝑐𝑜 𝜌𝑠ℎ 
𝜌𝑠ℎ + 𝜄𝜌𝑐𝑜 

(5b) 

is the weight ratio of the core to the shell, and it is about 𝜄~0.447

32] . It is worth mentioning that the core density is an average of the

ensities of the core liquid and solid phases. The specific heat capacity
Table 1 

Thermophysical properties of the involved ma

k (W/m.K) 𝜌 (kg/m 

3 ) C p 

Host fluid 0.613 997.1 417

PU — 786 131

Nonadecane — 721 203
f the suspension can be calculated as [34,35] : 

 𝑝,𝑏 = 

( 1 − 𝜙) 𝜌𝑓 𝐶 𝑝,𝑓 + 𝜙𝜌𝑝 𝐶 𝑝,𝑝 

𝜌𝑏 
(6) 

For the process with no phase change, C p,p is measured by the fol-

owing relation: 

 𝑝,𝑝 = 

(
𝐶 𝑝,𝑐𝑜 + 𝜄𝐶 𝑝,𝑠ℎ 

)
𝜌𝑐𝑜 𝜌𝑠ℎ (

𝜌𝑠ℎ + 𝜄𝜌𝑐𝑜 
)
𝜌𝑝 

(7) 

A sinusoidal profile, which considers the latent heat of the core, is ap-

lied to model the specific heat capacity of the NEPCM particles [31] : 

 𝑝,𝑝 = 𝐶 𝑝,𝑐𝑜 + 

{ 

𝜋

2 
⋅
( 

ℎ 𝑠𝑓 

𝑇 𝑀𝑟 

− 𝐶 𝑝,𝑐𝑜 

) 

⋅ sin 
( 

𝜋
𝑇 − 𝑇 0 
𝑇 𝑀𝑟 

) } 

𝜎

𝜎 = 

⎧ ⎪ ⎨ ⎪ ⎩ 
0 𝑇 < 𝑇 0 
1 𝑇 0 < 𝑇 < 𝑇 1 
0 𝑇 > 𝑇 1 

|||||
{ 

𝑇 0 = 𝑇 𝑓𝑢 − 𝑇 𝑀𝑟 ∕2 
𝑇 1 = 𝑇 𝑓𝑢 + 𝑇 𝑀𝑟 ∕2 

(8) 

The thermal volume expansion coefficient of the suspension is as

ollow [35] : 

𝑏 = ( 1 − 𝜙) 𝛽𝑓 + 𝜙𝛽𝑝 (9) 

The linear relations presented below are used to assess the thermal

onductivity and dynamic viscosity of the suspension [14,36] : 

𝑘 𝑏 

𝑘 𝑓 
= 1 + 𝑁𝑐𝜙 (10a)

𝜇𝑏 

𝜇𝑓 

= 1 + 𝑁𝑣𝜙 (10b)

It is worth noting that the relations of Eq. (10) are only acceptable

or diluted nanofluids with 𝜙 < 5%. 

.2. Non-dimensional form of governing equations 

To dimensionalize the mentioned governing equations as well as the

mposed boundary conditions, the following variations are utilized: 

 = 

𝑥 

𝐻 

, 𝑌 = 

𝑦 

𝐻 

, 𝑈 = 

uH 

𝛼𝑓 
, 𝑉 = 

vH 

𝛼𝑓 
, 

𝑃 = 

𝑝𝐻 

2 

𝜌𝑓 𝛼
2 
𝑓 

, 𝜃 = 

𝑇 − 𝑇 𝑐 

𝑇 ℎ − 𝑇 𝑐 
, 𝜏 = 

𝛼𝑓 𝑡 

𝐻 

2 , 𝐴 = 

𝑎 

𝑇 ℎ − 𝑇 𝑐 
(11) 

Hence, we then have: 

𝜕𝑈 

𝜕𝑋 

+ 

𝜕𝑉 

𝜕𝑌 
= 0 (12)

 

𝜌𝑏 

𝜌𝑓 

) (
𝜕𝑈 

𝜕𝜏
+ 𝑈 

𝜕𝑈 

𝜕𝑋 

+ 𝑉 
𝜕𝑈 

𝜕𝑌 

)
= − 

𝜕𝑃 

𝜕𝑋 

+ 𝑃 𝑟 

( 

𝜇𝑏 

𝜇𝑓 

) ( 

𝜕 2 𝑈 

𝜕 𝑋 

2 + 

𝜕 2 𝑈 

𝜕 𝑌 2 

) 

(13)

 

𝜌𝑏 

𝜌𝑓 

) (
𝜕𝑉 

𝜕𝜏
+ 𝑈 

𝜕𝑉 

𝜕𝑋 

+ 𝑉 
𝜕𝑉 

𝜕𝑌 

)
= − 

𝜕𝑃 

𝜕𝑌 
+ 𝑃 𝑟 

( 

𝜇𝑏 

𝜇𝑓 

) ( 

𝜕 2 𝑉 

𝜕 𝑋 

2 + 

𝜕 2 𝑉 

𝜕 𝑌 2 

) 

+ 𝑅𝑎 ⋅ 𝑃 𝑟 
( 

𝛽𝑏 

𝛽𝑓 

) ( 

𝜌𝑏 

𝜌𝑓 

) 

𝜃 (14) 

hich 

a = 

𝑔𝜌𝑓 𝛽𝑓 
(
𝑇 ℎ − 𝑇 𝑐 

)
𝐻 

3 

𝛼𝑓 𝜇𝑓 

, Pr = 

𝜇𝑓 

𝜌𝑓 𝛼𝑓 
(15) 
terial in the problem [32,33] . 

(KJ/kg.K) 𝛽 ( K − 1 ) 𝜇 (kg/m. s) 

9 21 ×10 − 5 8.9 ×10 − 4 

7.7 17.28 × 10 − 5 —

7 —
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K  

a  

t  
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T

 

[  

F  

a  

N  

b  

o  

[  
𝑟 

(
𝜕𝜃

𝜕𝜏
+ 𝑈 

𝜕𝜃

𝜕𝑋 

+ 𝑉 
𝜕𝜃

𝜕𝑌 

)
= 

( 

𝑘 𝑏 

𝑘 𝑓 

) ( 

𝜕 2 𝜃

𝜕 𝑋 

2 + 

𝜕 2 𝜃

𝜕 𝑌 2 

) 

(16)

here 

𝑟 = 

(
𝜌𝐶 𝑝 

)
𝑏 (

𝜌𝐶 𝑝 

)
𝑓 

= ( 1 − 𝜙) + 𝜙𝜆 + 

𝜙

𝛿 𝑆𝑡𝑒 
𝑆 (17)

Herein, Cr is the ratio of the suspension heat capacity to the sensible

eat capacity of the host fluid. As detailed mentioned, the suspension

eat capacity consists of the latent and sensible heats. Furthermore, the

ensible heat capacity ratio 𝜆, the dimensionless range of fusion temper-

ture 𝛿, and Stefan number Ste can respectively be defined as follows: 

𝜆 = 

(
𝐶 𝑝, co + 𝜄𝐶 𝑝, sh 

)
𝜌co 𝜌sh (

𝜌𝐶 𝑝 

)
𝑓 

(
𝜌sh + 𝜄𝜌co 

) , 𝛿 = 

𝑇 Mr 

Δ𝑇 
, 

te = 

(
𝜌𝐶 𝑝 

)
𝑓 
Δ𝑇 

(
𝜌sh + 𝜄𝜌co 

)
𝛼𝑓 

(
ℎ sf 𝜌co 𝜌sh 

) (18)

Also, 

 

𝜌𝑏 

𝜌𝑓 

) 

= ( 1 − 𝜙) + 𝜙

( 

𝜌𝑝 

𝜌𝑓 

) 

, 

( 

𝛽𝑏 

𝛽𝑓 

) 

= ( 1 − 𝜙) + 𝜙

( 

𝛽𝑝 

𝛽𝑓 

) 

(19)

It is assumed that the thermal expansion of the NEPCM particles

s the same as the base fluid, and hence, 𝛽b / 𝛽f ~ 1. S , known as the

imensionless fusion function, is equal to: 

 = 

𝜋

2 
sin 

(
𝜋

𝛿

(
𝜃 − 𝜃𝑓𝑢 + 𝛿∕2 

))
Ξ

Ξ = 

⎧ ⎪ ⎨ ⎪ ⎩ 
0 𝜃 < 𝜃𝑓𝑢 − 𝛿∕2 
1 𝜃𝑓𝑢 − 𝛿∕2 < 𝜃 < 𝜃𝑓𝑢 + 𝛿∕2 
0 𝜃 > 𝜃𝑓𝑢 + 𝛿∕2 

||||||||
𝜃𝑓𝑢 = 

(
𝑇 𝑓𝑢 − 𝑇 𝑐 

)
Δ𝑇 

Δ𝑇 = 𝑇 ℎ − 𝑇 𝑐 

(20)

Eventually, the forms of boundary conditions in the non-dimensional

oordinates can be obtained as: 

𝑋, 𝑌 |𝑋 = 0 , 0 ≤ 𝑌 ≤ 1 ⇒ 𝑈 = 𝑉 = 0 , 𝜃 = 1 + 𝐴 sin ( 𝑓𝜏) (21a)

𝑋, 𝑌 |𝑋 = 1 , 0 ≤ 𝑌 ≤ 1 ⇒ 𝑈 = 𝑉 = 0 , 𝜃 = 0 (21b)

𝑋, 𝑌 

||||||||
𝑌 = 0 , 0 ≤ 𝑋 ≤ 1 ⇒ 𝑈 = 𝑉 = 0 , 𝜕𝜃

𝜕𝑌 
= 0 

𝑌 = 1 , 0 ≤ 𝑋 ≤ 1 ⇒ 𝑈 = 𝑉 = 0 , 𝜕𝜃
𝜕𝑌 

= 0 
(21c)

here f is the non-dimensionalized temperature frequency so that 𝑓 =
 𝐿 

2 ∕ 𝛼𝑓 . To display the velocity field, stream function 𝜓 is defined as

ollow: 

𝜕 2 𝜓 

𝜕 𝑋 

2 + 

𝜕 2 𝜓 

𝜕 𝑌 2 
= − 

(
𝜕𝑉 

𝜕𝑋 

− 

𝜕𝑈 

𝜕𝑌 

)
(22)

Since the velocity vectors are tangent to the streamlines, the walls

an be considered as streamlines with the value of zero. 

.3. Heat transfer rate 

The rate of heat transfer through the hot wall at a specific time 𝜏 is

btained by the relation given below: 

 𝑢 𝑎,𝜏 = − ( 1 + 𝑁𝑐𝜙) 

1 

∫
0 

(
𝜕𝜃

𝜕𝑋 

)
𝑌 =0 

𝑑𝑌 (23)
The time-averaged Nusselt number over one period 𝜏p ( 𝜏𝑝 = 2 𝜋∕ 𝑓 )
s defined as: 

 𝑢 𝑎 = 

1 
𝜏𝑝 

( 𝑛 +1 ) 𝜏𝑝 

∫
𝑛 𝜏𝑝 

1 

∫
0 

𝑁 𝑢 𝑎,𝜏 𝑑𝑌 𝑑𝜏 (24)

In order to study the effects of dispersing NEPCMs in the host fluid,

he Normalized average Nusselt number ( 𝑁𝑁 𝑢 𝜙=0 ) is studied as: 

 𝑁 𝑢 𝜙=0 = 

𝑁 𝑢 𝑎 

𝑁 𝑢 𝑎 
|||𝜙=0 (25)

Also, in order to study the effect of the core-phase change of the

anoparticles on the heat transfer rate, the Nusselt number can be nor-

alized based on a process with no phase change. Therefore, in this

ase, the Normalized Nusselt number ( NNu Ste →∞) can be introduced as:

 𝑁 𝑢 𝑆𝑡𝑒 →∞ = 

𝑁 𝑢 𝑎 

𝑁 𝑢 𝑎 
||𝑆𝑡𝑒 →∞

(26)

. Numerical approach, grid test, and verification 

Highly non-linear equations describing the flow and temperature

elds are solved by using the finite element method. The utilized method

an be found in details in [37] . The computational domain is discretized

sing a structured mesh consisting of N ×N rectangular elements. The

esh is refined near the walls and gradually coarsened towards the do-

ain center. The selection of an adequate time step is very important in

hase change heat transfer. Hence, in the present study, the time step

s controlled automatically using a free time-step Backward Differenti-

tion Formula (BDF) [38] . A grid independence test was performed to

etermine the optimal number of elements for the numerical computa-

ions. The test was done for 𝜙 = 0.05, Ste = 0.2, Ra = 10 6 , 𝜃f = 0.25,

 = 0.05, and A = 1. Three grids were considered: 50 ×50, 100 ×100 and

50 ×150. The variation of the non-dimensional horizontal velocity U

nd the non-dimensional temperature 𝜃 along the central line of the

omain ( X = 0.5), at 𝜏 = 2 𝜏p , for the three grids is plotted in Fig. 2 . It

s shown that varying the grid size has minimal impact on the results.

t was then decided to use a 100 ×100 grid in the computations, as it

hows a good compromise between good numerical precision and low

omputational cost. Besides, to verify the numerical model for suspen-

ion simulations comprising NEPCMs particles, initial calculations are

one and evaluated with the works conducted in [39–41] . 

Turan et al. [39] investigated the steady natural convection in a cav-

ty when the top and bottom walls were insulated, and the side walls

ere at a constant temperature. The right and the left walls were at hot

nd cold temperatures, respectively. For a case of Newtonian fluid with

r = 1000 and Ra = 10 5 , a comparison between the isotherms of the

resent study and those of [39] is reported in Fig. 3 . As seen, the results

re in excellent agreement. 

As a transient heat transfer case, a comparison with the results of

alabin et al. [41] in performed in Fig. 4 . Kalabin et al. [41] studied

n unsteady natural convection heat transfer in a square cavity with

he adiabatic horizontal walls. A time-periodic temperature varying by

inusoidal law about the average value of T c was applied to the left

ertical wall. The other sidewall was at an isothermal temperature of

 c . 

The average Nusselt number of the current study with that given in

41] is compared when Ra = 2 ×10 5 , Pr = 1, and f = 20 𝜋. As shown in

ig. 4 , the results of the current work are in good agreement with Kal-

bin et al. [41] . In another verification, a comparison of the average

usselt number for different values of the volume fraction 𝜙, obtained

y the present work and the solution of Kahveci et al. [40] is carried

ut. The left and right of the enclosure investigated by Kahveci et al.

40] were maintained at the higher and lower temperatures, while the



A. Hajjar, S.A.M. Mehryan and M. Ghalambaz International Journal of Mechanical Sciences 166 (2020) 105243 

Fig. 2. Profiles of diemensionless velocity U and temperature 𝜃 for different grids at 𝜏 = 2 𝜏p , and for 𝜙 = 0.05, Ste = 0.2, Ra = 10 6 , 𝜃f = 0.25, f = 0.05, and A = 1. 

Fig. 3. comparison of the temperature field from work conducted by Turan 

et al. [39] and the present prediction. 

Fig. 4. Nusselt number reported by Kalabin et al. [41] and that of the utilized 

numerical approach in the current study. 

Table 2 

The average Nusselt numbers of the present investigation and 

Kahveci et al. [40] for Ra = 10 6 . 

𝜙= 0 𝜙= 0.05 𝜙= 0.1 𝜙= 0.15 𝜙= 0.2 

Present study 9.20 9.76 10.3 10.8 11.2 

Kahveci et al 9.23 9.783 10.297 10.771 11.206 
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ther walls were perfectly insulated. The thermal conductivity and dy-

amic viscosity numbers for the comparison are 3.3 and 2.88, respec-

ively. As found clearly from Table 2 , the outcomes of the employed code

atch the outcomes presented by Kahveci et al. [40] . According to the

onducted verifications, the provided code can confidently be used to

each the correct and accurate results. 

. Results and discussion 

In this work, the thermal and dynamic behavior of a suspension com-

rising NEPCMs particles in a square cavity with a time-varying hot wall

emperature is investigated. The non-dimensional parameters are the

articles’ volume fraction 𝜙, the density ratio 𝜌p / 𝜌f , the heat capacity ra-

io 𝜆, the Stefan number Ste , the fusion temperature of the particles’ core

f , the thermal conductivity number Nc , the dynamic viscosity number

v , the Rayleigh number Ra and the Prandtl number Pr . As the sus-

ension is dilute, the volume fraction 𝜙 should be less than 5%. Based

n the experimental data presented by Barlak et al. [32] for a water-

EPCM suspension, the thermal conductivity Nc and dynamic viscosity

v numbers are respectively calculated as Nc = 23.8 and Nv = 12.5. Also,

he sensible heat capacity ratio 𝜆 reported by Barlak et al. [32] is 0.32.

ere, the numerical investigation is performed for the alterable param-

ters consisting of the Rayleigh number 10 5 ≤ Ra ≤ 10 7 , Stefan num-

er 0.2 ≤ Ste ≤ ∞, non-dimensional fusion temperature 0.05 ≤ 𝜃f ≤ 1,

imensionless frequency 0.01 𝜋 ≤ f ≤ 𝜋, amplitude 0.0 ≤ A ≤ 1, and the

olume fraction of the NEPCM particles 0.0 ≤ 𝜙 ≤ 5%. The Prandtl num-

er is selected as Pr = 6.2, as it is the value regularly used for water. The

ayleigh number can be varied between 10 5 and 10 7 , where high values

ndicate a heat transfer dominated by natural convection. The temper-

ture of the cold wall is fixed at 𝜃c = 0, while that of the hot wall is

ollowing the periodic variation 𝜃 = 1 + Asin ( f 𝜏). 

The default values of the main parameters are 𝜙 = 0.05, Ste = 0.2,

a = 10 6 , 𝜃f = 0.25, 𝛿 = 0.05, f = 0.05, and A = 1. In the following, unless

tated otherwise, the results are reported for these default values. In

rder to investigate the effect of a specific parameter on the heat transfer
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Fig. 5. Variation of the Nusselt number Nu a , 𝜏 as a function of time for the de- 

fault parameters values. 
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nside the cavity, its value will be varied in a defined range, while the

ther parameters will keep their default values. 

Fig. 5 represents the variation of the Nusselt number at the hot wall

u a , 𝜏 as a function of time, when all the parameters are given their

efault values. Like the temperature of the hot wall, Nu a , 𝜏 presents a

eriodic variation, with the maximum being at 𝜏 = 0, 0.25 𝜏p , 1.25 𝜏p and

.25 𝜏p , which correspond to the instants at which the temperature of the

ot wall is maximum 𝜃 = 1 + A . For 𝜏 = 0, 0.75 𝜏p , 2.25 𝜏p , Nu a , 𝜏 = 0 as

he temperature of the hot wall is equal to that of the cold wall 𝜃 = 1 -

 = 𝜃c , and therefore, no heat is transferred through the hot wall. The

eat transfer rate in the cavity will thus be oscillating with repeated

igh heat transfer periods followed by no transfer periods. 

In order to investigate the effects of the frequency and the amplitude

f the hot wall temperature on the heat transfer in the cavity, Nu a , 𝜏 is

lotted as a function of time for different values of f (shown in Fig. 6 )

nd A (shown in Fig. 7 ). It is clear that the Nusselt number in the case of

 constant hot wall temperature ( f = 0 or A = 0) is equal to the average
Fig. 6. Variation of Nu a , 𝜏 as a function of time for A = 

Fig. 7. Variation of Nu a , 𝜏 as a function of time for f
usselt number Nu a in the case where f ≠ 0 and A ≠ 0. Increasing the

requency of the oscillations does not have any effect on the amplitude

f Nu a , 𝜏 . However, it confirms that the frequency of variation of Nu a , 𝜏
s always equal to that of the hot wall temperature. On the other side,

ncreasing A does not change Nu a but it increases the amplitude of Nu a , 𝜏 .

hese results indicate that the frequency of variation of the heat transfer

ntensity in the cavity always follows the frequency of the time-periodic

emperature. A temperature with a higher amplitude will lead to an

ncreased heat transfer when the temperature is maximum. It is worth

oting that for A = 1.5 (as shown in Fig. 6 ), at 𝜏 = 2.75 𝜏p , Nu a , 𝜏 has a

egative value. In fact, the temperature of the hot wall at this instant

s equal to 𝜃 = − 0.5, which is lower than 𝜃c , thus leading to a negative

eat transfer rate as the hot wall will behave as the cold one and vice

ersa. Anyway, in all the cases, the average value Nu a will always be

he same. 

The variation of Nu a , 𝜏 as a function of time for different values of

he nanoparticles (NEPCMs) volume fraction 𝜙 is illustrated in Fig. 8 a. It

s shown that a higher value of 𝜙 increases the average Nusselt number

u a as well as the amplitude of Nu a , 𝜏 . In the case of a pure fluid ( 𝜙 = 0),

u a , 𝜏 is varying periodically around the average value Nu a = 9.19, with

 maximum of 22.36. Increasing 𝜙 to 0.025 and 0.05 increases Nu a re-

pectively to 12.45 and 15.15 (21% enhancement) and the maximum

alues of Nusselt to 29.12 and 34.51 (18.5% enhancement). An increase

f the volume fraction of the NEPCM would lead to higher latent heat

torage and consequently would enhance the heat transfer in the en-

losure. Fig. 8. b shows that the Normalized average Nusselt number

Nu 𝜑 = 0 reaches its maximal value for 𝜙 = 0.05. This means that the

ptimal value of the NEPCM particles volume fraction is 5%, as it is

he maximum value in the range that corresponds to dilute suspensions,

hus respecting the assumptions of the study. 

Fig. 9 shows the variation of Nu a , 𝜏 as a function of time for Ra = 10 5 ,

0 6 and 10 7 . It is shown that increasing the value of Ra increases sub-

tantially the amplitude of Nu a , 𝜏 and the average Nusselt number Nu a .

ndeed, Ra expresses heat transfer in natural convection, and increasing

ts magnitude will thus enhance the heat transfer rate in the enclosure. 
0.5, A = 1 and A = 1.5, and for various values of f . 

 = 0.05 and f = 0.1 and for various values of A . 
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Fig. 8. (a) Time variation of Nu a , 𝜏 for different values of the volume concentration 𝜙. (b) Variation of the Normalized average Nusselt number NNu 𝜙= 0 as a function 

of 𝜙. 

Fig. 9. Time variation of Nu a , 𝜏 as a function of time for different values of Ra . 
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The impact of Stefan number Ste and the fusion temperature 𝜃f and

n the rate of heat transfer is depicted in Fig. 10 . For all the values of

te , varying 𝜃f in the range [0, 0.75] shows that increasing 𝜃f changes
Fig. 10. Time variation of Nu a , 𝜏 as a function 
he magnitude of Nu a , 𝜏 slightly. To further illustrate the effect of 𝜃f and

te , the variation of Nu a , 𝜏 as a function of 𝜃f for different values of Ste

s plotted in Fig. 11 . It should be noted that a decrease of Ste indicates a

ise of the PCM core latent heat, and thus, an increase of the heat storage

f the NEPCM particles. 

The case Ste →∞ is also plotted to emphasize the case with no phase

hange. First, it is shown that when Ste decreases, Nu a , 𝜏 increases. This

esults in a rise in the heat transfer rate in the cavity. In fact, decreasing

te indicates an increase of the latent heat of the PCM and consequently

ises the heat absorbed or released during the phase change process of

he particles core. This leads to an enhancement of the heat transfer due

o the presence of the NEPCM, translated by the increase of Nu a , 𝜏 . For

= 2 𝜏p , at which the temperature of the hot wall is 𝜃 = 1, the variation

f Nu a , 𝜏 represents a symmetry around 𝜃f = 0.5. This is explained by the

ymmetry of the geometry and the boundary conditions. This symmetry

s not present for 𝜏 = 2.25 𝜏p , for which the hot wall temperature is 𝜃 = 2.

owever, one would expect a symmetry around 𝜃f = 1 if the variation of
of time for different values of 𝜃f and Ste . 



A. Hajjar, S.A.M. Mehryan and M. Ghalambaz International Journal of Mechanical Sciences 166 (2020) 105243 

Fig. 11. Variation of Nu a , 𝜏 as a function of 𝜃f for different values of Ste . 

Fig. 12. Variation of NNu Ste →∞ as a function of Ste for different values of 𝜃f . 
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Fig. 13. Isotherm contours for 𝜃f = 0.25 and 𝜃f = 0.5. 
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u a , 𝜏 was plotted for 𝜃f in the range 0–2. In all cases, the heat transfer

ill be minimum when the fusion temperature 𝜃f is close to the temper-

ture of the cold wall 𝜃c or to the maximum temperature of the hot wall

max . Indeed, the temperature at any point inside the cavity is lower

han the hot wall temperature and higher than that of the cold wall. As

he phase change of the NEPCM core occurs when the surrounding tem-

erature is very close to 𝜃f , having a fusion temperature equal to the hot

r cold wall temperature means that the phase change of the core inside

he cavity is negligible and, therefore, the contribution of the NEPCM

o the heat transfer enhancement is insignificant. On the other hand,

he heat transfer enhancement is optimal when 𝜃f is comprised in the

nterval [0.25 𝜃max , 0.75 𝜃max ]. When Ste → ∞, Nu a , 𝜏 does not vary as no

hase change is occurring. The Normalized Nusselt number NNu Ste →∞
s plotted as a function of Ste for different values of 𝜃f in Fig. 12 . It is

hown that when the fusion temperature 𝜃f is close to the temperature

f one of the walls, the value of NNu Ste →∞ remains equal to 1. When

f deviates from the walls temperature, NNu Ste →∞ increases, mostly for

mall values of Ste . This result confirms the fact that the phase change

f the PCM cores is an essential factor in heat transfer enhancement.

onetheless, the phase change of NEPMCs is only effective when the fu-

ion temperature is close to the temperature of the walls, and the value

f Ste should be kept small. 

Figs. 13 and 14 show respectively the isotherm and the heat capacity

atio ( Cr ) contours for 𝜃f = 0.25 and 𝜃f = 0.5. At 𝜏 = 2 𝜏p , the isotherm

f = 0.25 starts as a vertical line near the cold wall, then moves in a

orizontal direction towards the hot wall where it moves vertically to-

ards the bottom of the hot wall. The isotherm 𝜃 = 0.5 follows a very

imilar variation, but it starts further from the cold wall and ends closer

o the hot wall, while its horizontal part is directed towards the cen-

er. It is clear that the pattern of the isotherms is slightly affected by

he fusion temperature 𝜃f . However, as the melting and solidification of
he NEPCM core occurs when the temperature is close to 𝜃f , this means

hat increasing 𝜃f would move the zone of the phase change towards

he center of the cavity and closer to the hot wall. This observation is

onfirmed by looking at the heat capacity ratio Cr depicted in Fig. 14 ,

here the yellow ribbon-shaped zone represents the phase change re-

ion. At 𝜏 = 2.25 𝜏p , the isotherm 𝜃 = 0.25 starts at the top of the cold

all with a prolongation in the vicinity of the bottom wall. The shape

f the isotherm 𝜃 = 0.5 is similar to the case 𝜏 = 2 𝜏p . The pattern of the

sotherm contours is also not affected by the variation of 𝜃f . Nonetheless,

ompared to the case 𝜏 = 2 𝜏p , the contours move towards the bottom

all, due to the fact that the temperature of the hot wall has doubled.

n the two cases, the zone of phase change moves upwards when 𝜃f is

ncreased. Moreover, the ribbon-shaped zone of Cr is always wider in

he center of the cavity, since the temperature gradients are larger near

he walls. In all cases, the maximum value of Cr is 8.82. 

. Summary and conclusion 

Natural convective flow and heat transfer of a dilute NEPCM sus-

ension in a cavity with time-periodic temperature boundary condition

re investigated. An adiabatic boundary condition is imposed on the

op and bottom walls, while one of the side walls is kept at a constant

emperature and considered as a cold wall. The temperature of the hot

all oscillating around a mean value higher than the temperature of

he cold wall. Due to temperature difference, a buoyancy-driven flow is

reated in the cavity. The equations governing flow and heat transfer

nside the cavity are formulated in the dimensionless form. The latent
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Fig. 14. Heat capacity ratio Cr contours for 𝜃f = 0.25 and 𝜃f = 0.5. 
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eat released and absorbed during the phase change by the NEPCM is

ncluded in the equations. The governing equations are solved by means

f the finite element method with adequate boundary conditions. The

ain parameter that is measured to assess heat transfer inside the cavity

s the average Nusselt number Nu a , 𝜏 , of which the variation is tracked

s a function of time. Various values of the dimensionless parameters af-

ecting the flow and heat transfer behaviors in the cavity are considered.

he main results of the study can be summarized as follows: 

In the case of time-periodic temperature boundary condition, the

usselt number Nu a , 𝜏 follows the variation of the temperature. Nu a , 𝜏
aries periodically around an average value Nu a and has the same fre-

uency as the temperature. An increase in the amplitude of the temper-

ture increases the amplitude of Nu a , 𝜏 , but the average Nu a remains the

ame. Nu a represents the value of Nusselt number in the case of a con-

tant temperature boundary condition, i.e., when the amplitude of the

emperature is zero. 

Using a higher volume fraction 𝜙 of the NEPCM particles increases

he Normalized average Nusselt number NNu 𝜙= 0 and the amplitude of

u a , 𝜏 , and, thus, enhances heat transfer in the enclosure. The optimal

alue of 𝜙 is 0.05, which improves heat transfer while respecting the

ondition of dilute suspension. Ra is another parameter which when

ncreased, enhances heat transfer by increasing Nu a . 

Increasing the latent heat of the PCM core of the NEPCM particles

by decreasing the value of Stefan number Ste ) further enhances heat

ransfer in the cavity by increasing the values of Nu a , 𝜏 under the same

emperature conditions. Varying the fusion temperature of the PCM core
lso affects heat transfer. In fact, using fusion temperature close to the

emperature of the cold wall or to the maximum temperature 𝜃max of the

ot wall reduces the heat transfer. The heat transfer is optimal when the

usion temperature is in the range [0.25 𝜃max , 0.75 𝜃max ]. 

In the present study, the heat transfer and fluid flow of a cavity

ith a constant and time-periodic wall temperature are investigated.

he Nusselt number is investigated as the charasterestic parameter for

all temperature. There are many applications that the cavity is subject

o a constant or variable heat flux instead of constant wall temperature.

s the nanocapsules contribute to temperature control of the cavity by

heir latent heat, the investigation of the effect of nano-capsulses on the

emperature distribution of a cavity wall subject to a constant or vari-

ble wall heat flux can be investigated in future studies. 
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