UNIVERSITY OF LEEDS

This is a repository copy of Natural convective flow and heat transfer of
Nano-Encapsulated Phase Change Materials (NEPCMSs) in a cavity.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/155108/

Version: Accepted Version

Article:

Ghalambaz, M, Chamkha, AJ and Wen, D orcid.org/0000-0003-3492-7982 (2019) Natural
convective flow and heat transfer of Nano-Encapsulated Phase Change Materials
(NEPCMSs) in a cavity. International Journal of Heat and Mass Transfer, 138. pp. 738-749.
ISSN 0017-9310

https://doi.org/10.1016/j.ijheatmasstransfer.2019.04.037

© 2019 Elsevier Ltd. All rights reserved. This manuscript version is made available under
the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/.

Reuse

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long
as you credit the authors, but you can’'t change the article in any way or use it commercially. More
information and the full terms of the licence here: https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Natural convective flow and heat transfer of Nano-Encapsulated Phase Change

Materials (NEPCMS) in a cavity
Mohammad Ghalamb&z Ali J. Chamkh&® and Dongsheng Weéf"

1School of Aeronautic Science and Engineering, Beihang University, BeijingCRirk

2Mechanical Engineering Department, Prince Mohammad Endotiforddanoscience and
Technology, Prince Mohammad Bin Fahd UnivergilyKhobar 31952, Saudi Arabia

3RAK Research and Innovation Center, American Universifasf Al Khaimah, P.O. Box 10021,
Ras Al Khaimah, United Arab Emirates

4School of Chemical and Process Engineering, Universitgetls, Leeds, U.K.

Corresponding authors:

M. GhalambaZ_(m.ghalambaz@gmail.qom) and D. \Ven (d.wen@buaaledu.cn)

Abstract

Free convective flow and heat transfer of a suspension of Nano Encapsulated Phase Change
Materials (NEPCMSs) in aerclosure is studied. NEPCM particles are core-shell structured with
Phase Change Material (PCM) as the core. The enclosure is a square cavity with top and bottom
insulated walls,and differentially-heated isothermal vertical walls. The NEPCM particles
circulate under natural convection inside the cavity The PCM cores undergo phase change from
solid to liquid and absorb some of the surrountdiriged in the form of latent heat in the tho

region, and release the absorbed heat in the cold region by solidification. The governing
equations representing the conservation of mass, flow and heat of NEPCM suspension are

introduced in the form of partial differential equations. The governing equations are transformed
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into non-dimensional form and solved by the finite element methaptid check and validation

test are performed to ensure the accuracy of the results. The outcomes show that the fusion
temperature of NEPCM patrticles is the key factor affecting the heat transfer enhancement of

NEPCMs in the natural convection flow. The enhancement of heat transfer is highly dependent

on the non-dimensional fusion temperatuke,and very good performanaanbe achieved in

the range of ¥4%<%.. In a regular case, using the non-dimensional fusion temperatureaof Yz,

relative enhancement about 10% can be achieved compared to the base fluid.

Keywords: Nano Encapsulated Phase Change Materials (NEPCHMse convection heat

transfer; Heat transfer enhancement.

Nomenclature

Latin letters

Cp specific heat in constant pressure (JKy.
Cr the heat capacity ratio
f the non-dimensional fusion function defied by Eq. (23)

g gravitational acceleration (nJs

H cavity size

h thermal convective coefficient (WfK)
k

Thermal conductivity coefficient (W/m K)

Nc conductivity parameter
Nu Nusselt number

Nur reduced Nusselt number
Nv viscosity parameter

p pressureRa)

P non-dimensional pressure



Pr
Ra

Ste

TMr

Cc <

<

1

Greek symbols
M

a
B
d

Subscript

Prandtl number
Rayleigh number
dimensionless stream function

Stefan number

temperature®C)
phase-change temperature range=TT> - T1 (°C)
velocity component in x-direction (m/s)

non-dimensional velocity component in x-direction
velocity component in y-direction (m/s)
non-dimensional velocity component in y-direction
Cartesian coordinate in horizontal direction (m)

non-dimensional Cartesian coordinate in horizontal
direction
Cartesian coordinate in vertical direction (m)

non-dimensional Cartesian coordinate in vertical directio

core-shell weight ratio

thermal viscosityKg s/m)
thermal diffusivity (n/s)

thermal expansion coefficient (1/K)
non-dimensional parameter of fusion range

non-dimensional temperature

ratio of the heat capacity of the NEPCM nanopatrticles tc
base fluid

density (kg/m)

volume fraction of NEPCM nanopatrticles

stream function

bulk properties of the suspension
cold wall



C core of NEPCM patrticle
f base fluid, fusion property
h hot wall

I liquid phase of NEPCM cores

p NEPCM nanoparticles
S shell of NEPCM particle
y local property

1. Introduction

Nano-Encapsulated Phase Change Materials (NEPCMs) can be considered as a new type of
nanofluids, in which the nanoparticle consists of a core and a shell. The core part is made of a
Phase Change Material (PCM) which can undergo solid-liquid phase chisagertain fusion
temperature, and absorb/release a significant amount of energy due to latent heat of the phase
change ([1], [2]). Literature review shows that there are various types of NEPCM suspension
For example, Fang et al. [3] synthesized n-tetradecaae@® and formaldehyde as a polymer
shell. Qiu et al. [4] prepared a sample of NEPCM with n-octadecane as the core and
methylmethacrylate (MMA)-based polymer as the shell. Recently, Jamekhorshid et al. [5] and Su

et al. [2] performed excellent reviews on nano/micro capsulation of phase change materials.

From a thermal-application point of view, there are various devices that are sensitive to
non-uniform temperature gradients or temperaturs,rsech as laser optical alignment systems
[6], computer chipsets [7hnd detectord8] that demand accurate temperature control within a
limited temperature range. Indeed, the temperature difference across a device may result in

internal thermal stress in the sensitive structures of the device due to the mismateh of th
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coefficient of thermal expansion among different constructive materials. Therefore, NEPCMs are
promising in terms of their potential to improve the performance of working fluids, maintaining

the deviceat a certain cooling temperature.

PCMs and nano-enhanced PE€M have beenthe subject of various engineering
applications, particularly for thermal management systems and thermal energy storage
applications [9], [10]. For instance, PCMs have been utilized for thermal management of
buildings asa part of walls and roofs [11], windows as transparent building elements [9],
domestic heat pump and air-conditioning systems [12], and other applications including space
instruments, electronic cooling devices, and the food industry [10]. Although PCMs are capable
of storing/releasing a tremendous amount of energy on phase change, they are inherently very
weak in terms of heat transfer. Thus, many researchers have tried to enhance the heat transfer
characteristics of PCM by using fins [2B]5] or porous media [16]18]. There are also number
of studies that have utilized nanopartstie enhance the heat transfer and phase change of PCMs
[19]-{23]. Sometimes, nanoparticles ugedenhancing the heat transfer of PCMs is abbreviated
as Nano-Enhanced Phase Change Materials (NEPCMs)[238] In such studies, the solid
nanoparticles are added to PCM as additives to enhance the heat transfer characteristics of the
medium. In contrast, in nano-encapsulation of phase change materials, the PCMs are
encapsulated in a nanometer-size capsule shell, and later these particles are dispersed into

working fluid.

Many studies have modeled and simulated the natural convecti@anso$pension of
nanoparticles in a base fluid (nanofluids)enclosures. Sheremet and Pop [24], Hashim et al.

[25] and Asabery [26] analyzed the flow and heat transfer of nanofluids in a wavy wall cavity.



Sivaraj and Sheremet [27] studied the natural convection of nanofluids in a cavity with a hot
plate obstacle. Dogonchi et al. [28] addressed the free convection of nanofluids in a semi-
cylinder enclosureGhalambaz et al. [29] and Tahmasebi et al. [30] investigated the effect of the
presence of a layer of porous media and a layer of solid wall on the flow and natural convection
heat transfer of nanofluids. The effect of using hybrid nanofluids [31], [32], the magnetic field
effect [33], and conjugate heat transfer effects [34], [35] on natural convection heat transfer in
enclosures were also examinedrecent studies. In all of these studies, the nanopariices

uniform solid particles without phase-change cores.

When we consider the phase-change heat transfer of nano-encapsulated PCMs, most of the
available studies are limited to forced convection heat transfer in tubes, ducts or microchannels.
For instance, Seyf et al. [36] theoretically addressed the heat transfer of a slurry of 100 nm
NEPCM particles-water in a channel over a square cylinder. The core of nanoparticles was made
of n-octadecane. In another study, Seyf et al. [37] numerically studied the flow and heat transfer
of NEPCMs in a microtube heat sink. The NEPCM was made of octadecane as core and
polyalphaolefin (PAO) as shell. They reported that the presence of nanoparticles notably
improves the cooling power of the working fluid, with the cost of a tremendous pressure drop
across the tube. In an experimental study, Ho et al. [38] examined the pressure drop and heat
transfer enhancement resulting from using encapsulated phase-change particles in a
microchannel. The results indicated that the heat transfer enhancementedependarious
parameters. In some special cases, heat transfer can be boosted up to 52%, and in some cases,
however, a decrease of heat transfer may be observed. Ho et al. [39], [40] performed an
experiment to compare the heat transfer enhancement of using either simple alumina

nanoparticles oa slurry of phase-change particles in minichannels [40] and tubes [39]. It was
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found that various parameters, such as flow rate and the location of heating, can change the
performance of heat transfer, and no general conclusion can be made. Wang etsald{édd]

the heat transfer enhancement of using a dilute suspension of micro-encapsulated phase change
materials in microchannels. They reported that using a very low fraction of particles (2%)

enhances the heat transfer up to 1.36 compared to the pure base fluid.

The literature review shows that there have been some experimental and theoretical studies
on forced convection of NEPCMs. However, to the best ohiitleor’s knowledge, there is no
existing study on the natural convection of nano-encapsulated phase change materials, an area of
high importance to future thermal control systems. The present study is the first study on

modeling and simulating the natural convective behavior of NEPCMs in a cavity.

2. Mathematical model

2.1 Physical model

A square cavity of size H is filled with a suspension of nano-encapsulated phase change
particles, well dispersed in the base liquid. A schematic view of the physical model and the
coordinate system is depicted in Fig. 1. As seen, the left wall of the cavity is hot at the isothermal
temperature of i and the right wall is cold at the isothermal temperaturec.off fie top and
bottom walls are well insulated. Due to the temperature difference, thedoskwise natural
convection flow in the cavity. The nano-encapsulated PCM are made of a phase-change material

as the core and a shell as the encapsulation material. The corgoasdghase change at the



fusion temperature ofi Where F<Ti<T.. The core of NEPCM nanoparticles can phase change to

liquid within its fusion temperature, and absorb/rele@senergy in the form of latent heat.

In order to model the heat transfer behavior of NEPCMs in natural convection, some
assumptions are required. Here, it is assumed that the mixture of NEPCMs and a base fluid is
uniform and stable. The temperature differences in the cavity are smhlthermophysical
properties are independent of temperature, except for density, which is modeled by the
Boussinesq approximation. It is also assumed that the nanoparticles and the base fluid are in
local thermal equilibrium, and that the flow is steady and incompressible.

u=v=0; ¢T/0»=0
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Fig. 1. Schematic view of the physical model and coordinate system



Following [42], [43] and applying some modification, the governing equations for
continuity of the mixture, momentum in x and y directions and the heat conservation of the

mixture by some modifications can be written as:

M, Ny, 1)
oX oy
pb[u%+v%j:_%)+ﬂb(%+%zljj+ 90:8,(T—T,) (2a)

where u and v are the velocities in x and y directions. Here, P is the mixture pressure, and T is the
mixture temperature. The symbols gf p, Cp, x, and k here denote the volume thermal
expansion, the density, the specific thermal capacity, the dynamic viscosity and the thermal
conductivity of the mixture, respectively. The subscript of b denotes the bulk properties of the
suspensionFinally, g indicates the gravitational constant. Based on the model description and

the schematic model of Fig. 1, the boundary conditions for heat and flow are introduced as:

At the hot wall %0, u=0, v=0, T=% (4a)
At the cooled wall x=H, u=0, v=0, T=Tc (4b)
At the bottom wall y=0, u=0, v=0, dT/oy=0 (4c)



At the top wall y=H, u=0, v=0, dT/oy=0  (4d)

The top left corner of the cavity was selected as the pressure reference point, with zero relative

pressue.
2.2 Bulk properties of suspension

Based on the governing equations of Eqgs. (1)-(3), the required mixture thermophysical
properties are the density, the heat capacity of the mixture, the thermal volume expansion, the
thermal conductivity and the dynamic viscosity. The density of the mixture can be evaluated

using the density of the NEPCM particles and the base #aid4]:
Po=(1-9)p: +4p, (5)

where ¢ denotes the volume fraction of NEPCM patrticles, anithdicates the density. The

subscripts of p and frepresent the NEPCM nanoparticles and the base fluid.

As the nano-encapsulated phase-change patrticles are synthesized as a core and a shell [44],

[45], the effective density of these particles can be evaluated as [44], [46]:

(1+1) pop,
Pst 1P (6)

P

where the subscript of s and ¢ denote the shell and the core, respectisdlye core-shell
weight ratio. It is worth noticing that the density of the liquid core PCM and the solid core PCM
can be different. Here, the density of the core is approximated as the average density of the liquid

and the solid phase of PCM.
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Based on the energy equation and considering the thermal equilibrium between the
nanoparticles and the base fluid, Khanafer and Vafai [47] proposed the following relation for
calculating the specific heat capacity of a mixture:

(1_¢)pf Cp; + ¢Pp Cﬂ)
Po (7)

Cp =

The overall specific heat capacity of an encapsulated nanopatrticle, consisting of mdcore a

ashell with no change phase, can be evaluated as [46]

_(Cp.+iCp) pep, (8)

Cp, =
P (ps+105) P,

Here, it should be noticed that the specific heat capacity of the core in liquid phase can be
different to that of the solid phase. Hence, the specific heat capacity of the core PCM is
approximated as the average of the liquid and solid heat capacity of the PCM, which is indicated
by the subscript of c,In the present study, the core PCM undergoes phase change, and hence,
the latent heat of change phase should be taken into account as a part of the specffibdeat
NEPCM particles. A rectangular, triangle, or sine profile can be used to model the latent heat of
phase change as a part of the specific heat of the core PCM when it undergoeschgigese

[37], [44], [48], [49]:

Cp.=Cp, +£ (®)
Y TMr
Cp.=Cp, +{%[ o CQ,lj.sin(ﬂﬂj}
TMr TMr (9b)
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Cp.=Cp, + 2[:—';— CP., j( T-T) ()

Mr TMr

In fact, instead of a fixed fusion temperature of Which results ira discontinuity in the
heat equation, it is assumed that the phase change occurs in a small temperature iaterval (T
with the fusion temperature of ih its middle to avoid the discontinuity in the heat equation. If
Twr tends to zero, the exact fusion temperature ofcdn be recovered. When the core
temperature is lower than the melting range(TT- Tw/2), the core is in solid phase. For
temperatures higher than the melting rang€T#+ Tw/2), the core is in liquid phase. When the
core temperature is within the melting range, it is partially molten, and its specific heat capacity

including the latent heat can be evaluated using each dfgs qBa)-(9c).

Alisetti and Roy [49] addressed the effect of using different phase change heat capacity
profiles on the heat transfer of a slurry of micro phase change particles in a circular pipe. They
reported that the difference is less than 4%. We selected the sine profile to represent the heat
capacity of theNEPCM core due to its numerical advantages. Indeed, using the sine profile
significantly enhances the numerical convergence by smoothing the changes in the specific heat
capacity of the NEPCM core. By taking into account the sensible and latent heat of the phase

change, the total specific heat capacity of the PCM core can be written as:

0 T<T,-T,/2

Cp, - CM{%_(@ - crg,lj.sin[nTT‘le} 1 TR = T<THE /2
w0 TeT 4T, /2 (10)

Now, by substituting Eq. (10) in Eq. (8), the overall specific heat capacity of the NEPCM

particle including the shell and the core can be obtained. The thermal volume expansion of the

12



mixture of nanoparticles and base fluid can be modeled as a superposition of the thermal
expansion of the fluid and the nanoparticles. Following the study of Khanafer and Vafai [47], the
thermal volume expansion of the mixture of nanoparticles and a basesfluidn be evaluated

as
Bo=(1-9) B, + 4B, (11)

In the case of micro-encapsulated PCMs, the literature review shows that the shear rate
induces a significant effect on the apparent thermal conductivity of the slurry of microparticles
and base fluid. Hence, for micro PCMs, the thermal conductivity was divided into two parts,
static thermal conductivity and dynamic thermal conductivity [44], [51. The static thermal
conductivity part is usually evaluated by the well-known Maxwell model [47], [50]. The
dynamic part of the thermal conductivity is a function of shear rate, as discussed in [37], [43],
[44], [51]. Indeed, the micro particles are large enough to be affected by the velocity difference
along the particle. In contrastt the nanoscale, the particles are too fine to be affected by regular
shear rates in the fluid flow [52]. Thus, the thermal conductivity relationsheomixture of

MEPCMs aranadequate for NEPCMs.

Buongiorno [53] and Venerus et al. [54] have performed two important benchmark studies
on the thermal conductivity and dynamic viscosity of nanofluids. The experiments on the
synthesis and measurement of the thermal conductivity and dynamic viscosity of a suspension of
nanoparticles and a base fluid were carried out by different scientists in different laboratories.
The results of these benchmark experiments reveal that there is a linear relation between the
thermal conductivity of the suspension of nanoparticles and the volume fraction of the

nanopatrticles. In the case of dynamic viscosity, as well, a linear relation between the dynamic
13



viscosity and the volume fraction of the nanoparticles was confirmed. Thus, Zaraki et al. [55]
and Ghalambaz et al. [21] employed the following linear relations to model the thermal

conductivity and dynamic viscosity of a suspension of nanoparticles and a base fluid:

kﬁ =1+ Ncg (12)
14 Nvg (12b)
Hy

whereNc denotes the number of thermal conductivity, &lvddenotes the number of dynamic
viscosity. As seen, the larger the valuesNofand Nv, the larger the increase in the thermal

conductivity and dynamic viscosity of the suspension by the presence of nanopatrticles.

Indeed, the number of thermal conductiviyc) and the number of dynamic viscositywj
can be changed by altering various parameters, such as the size of the nanopatrticles, the shape of
the nanopatrticles, the type of the nanoparticles, and the type of the base fluid. They caa also be
function of the preparation method, the temperature of the suspension, the type and volume
fraction of additives, ultrasonication time or other parameters. HowdgeamdNv are constant
for a synthesized nanofluid, and they represent the sensitivity of the suspensicmatgyein
the volume fraction of the nanoparticles. The valuedofand Nv for some nanofluids and

hybrid nanofluids have been evaluated and reported in [21], [55].

The relations of Eqg. (12) are only applicable for low volume fractions of nanoparticles
(¢<5%), and they cannot be employed #oislurry of nanoparticles. By assuming a dilute
suspension of NEPCMs, Egs. (12a) and (12b) are employed to evaluate the thermal conductivity

and dynamic viscosity of the mixture.
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2.3 Non-dimensional form of governing equations

Invoking the following dimensionless parameters, the governing Eqgs. (1)-(3) and the

corresponding boundary conditions Eg. (4) can be written into a non-dimensional form:

(13)

Accordingly, the non-dimensional parameters can be introduced in the following form:

T-T)H
Ra 9o By ( h C) 3 pr:L (14)
Qs My Pr &

whereRa andPr represent the Rayleigh and Prandtl numbers, respectively. Upon substituting

Egs. (13) into Egs. (3), the governing equations can be rewritten in dimensionless form as

follows:

2 2
P (U @+VQJ=—@+Pr o (a—g+a—gj (1®)
o Xy )T A g X
P (u a—V+Vﬂj=—£+Pr Vo (6—2\/2+ai/2j+RaP B g (15b)
o U ax )T T e X2 B,
(pCp)b (U %_,_V %j — ﬁ 829 _,_& (16)
(pCp), L ax " aY) |k Jlox? av?
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Here, the term of Qpyob)/(Cpipr) shows the heat capacity rati€rf. The parameteCr

represents the heat capacity of the mixture (sensible and latent heat of phase change) to the

sensible heat capacity of the base fluid.

2.4 Non-dimensional form of boundary conditions

The non-dimensional boundary conditions are as follows:

At the hot wall X0, u=0, V=0, 0=1

At the cooled wall =1, U=0, V=0, 0=0
At the bottom walll Y=0, U=0, V=0, 06/0Y =0
At the top wall y=H, u=0, v=0, 06/0Y=0

(17a)

(17b)

(17c)

(17d)

By substituting the thermophysical properties models of Egs. (5)-(11), the non-dimensional

governing equations of (14)-(16) can be simplified and rewritten as:

VRN,
“ i -0
X oY

Py, U __P o', o
[(1—¢)+¢p—fj(u o +V 6Yj = +Pr(1+Nv¢)[a(2+a{2]

ov N oV oV

oX oY

P
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(18)

(1%)

Je (19b)



2 2
Cr x(u %w%j = (1+ Nc¢)(a—92+a—‘92] (20)
oX oY X2 of

whereds is the non-dimensional fusion temperatures the sensible heat capacity ratio, ansl

the non-dimensional melting interval. These non-dimensional parameters are defined as:

T Cp,, +:C
gf — c S = TMr ,ﬂ,:( pc,l R)IOUDS (21)

T,-T. T, -T. (,OCp)f (ps+10,)

Using Egs. (7)-(10), the term of the heat capacity r@ipcan be written as:

Cpopb =(1_¢)+¢(Cpc,l +lCQ),DcpS+ (TW_TC) 7P Ps (hsf _Cpc,l-];\/Irj f (22)
Cp; o Cn (o +12.) Py T 2Cp(p+w)p | (T-T)
where fis the non-dimensional fusion function defined as
0 0<0, 0
2
f =Zsin 2(9—6f+éj x<1 6'f—§<6’<0f+é (23)
2 ) 2 2 2
0 0>0, +é
2

In Eq. (22), the ternﬁ(pcps)(hsf—CpC,TMr)J/[( T, - 'I;)(Cpf(psﬂpc)pf)] represents the

combination of latent heat and sensible hegt.ifdicaesthe interval temperature of the phase
change, which is a very small interval. Moreover, it should be noted that the sensiblepheat,
is very small compared to the latent heat. Hence, the term 9kTup can be neglected, and

hence, the Stefan number can be introduced in the usual way as:

17



(PCP), (T, T.) (s +20.)

(24)
(hsfpcps)

Ste=

ConsequentlyCr can be introduced in the form of non-dimensional parameters as:

Cp.p ¢ 25
C =22 _(1-¢)+ph+—2
"Cpp; (1=9)+¢ T ste (3)

Using Eq. (25), Eqg. (20) can be re-written as:

((1—¢) + oA +%te J(U %Jrv Z—@ ~(1+ Nc¢)(%+ SYHZJ (26)

The characteristic parameter of heat transfer in the present study is the Nusselt number. This
parameter indicates the rate of heat transfer in the cavity. The balance of thermal coaddction

convection at the hot/cold wall of the cavity can be written as:

Hot wall: —kbg =h(T,-T.), and Cold WaII:—kbﬂ

Y =h(T,-T.) (27)

x=1

x=0
By employing the non-dimensional variables of Eq. (13), EQ.i&/é-written as:

Hot wall: Nu, :—ﬁ%j , and  Cold wall:Nu, :—ﬁ%j (28)
K, OX Jy_o K, OX )y,

whereNuy=hyH/k. Substituting the thermal conductivity ratio from Ef24), the local Nusselt
number is achieved as:

,and  Cold wall:Nu, = —(1+ Nw)%j (29)

X=1

Hot wall: Nu, =—(1+ Nw)%)

X=0

18



Finally, the average Nusselt number is introduced at the hot wall as:

1060
Nu=-(1+N — dy 30
(1+ Nog) [ axjx_o (30)
It should be noted that in the case of steady statedioMheat transfer, the average Nusselt
number at the hot wall is identical with the average Nusselt number at the cold wall. Hence, here
only the average Nusselt number at the hot wall is introduced and adopted as the average Nusselt

number.
3. Numerical method and code validation

The finite element method is utilized to numerically solve the non-dimensional governing
equations of Eqgs. (28), (19), (26) associated with the boundary conditions Eq. (17). The
governing equations are written in the weak form, and discretized over a non-uniform structure
grid to be solved using the Galerkin finite element method. The governing equations for the fluid
flow and the heat transfer are fully coupled by applying the damped Newton method. Then, the
Parallel Sparse Direct Solver is employed to solve the algebraic set of equations. The iterations

are repeated until the residuals reach below T0e details of this method are discussed in [56].

The grid ¢ this study isa structured non-uniform grid. A schematic view of the utilized grid
is depicted in Fig. 2. As seen, the grid points near the walls are denser to accurately capture high
gradients of the velocity and temperature next to the walls. The number of grids in the horizontal
(m) and vertical directions (n) are equal, where the grid isizkenoted by mxn. In order to
ensure the accuracy of the results, the effect of the grid size on the calculations is studied by

repeating the calculations for various grid sizes. The default value of the non-dimensional

19



parameters is adopted as Ste=0.313).4, Pr=6.2, prlpi=0.9, of ¢xfp/f=0 and Nc=Nv=3.0,

which will be discussed later in more detail in the results section.

Fig. 2 View of the utilized grid with size of 150x150 and stretching ratio of 10

The selection of an adequate value of the non-dimensional melting dJasga important
step in performing the numerical calculations. A large valué ofay result in non-realistic
solutions as the phase changdiny NEPCM particles occurs in a temperature near the fusion
temperature. Selecting a very small value efould result in numerical convergence problems
by inducing a large sudden variation in the heat capacity of the mixture. In order t@nfind
adequate value o, the case o high Rayleigh number dRa=1( is adopted. The calculations
were performed with various values &fin the range of 0.015-0.1, and the average Nusselt
number was monitored. Based on the outcomes, a@lyY)4% change in the average Nusselt

number was observed by variationdoin the mentioned range. Furthermore, the caseloi
20



Rayleigh value of 10was checked and the average Nusselt number was monitored for the same
range ofs. The outcomes show that the variatiorvainly changes the average Nusselt number

by 0.07%.

The computational time for small values é&fincreases dramatically due to the pulse
behavior of the thermal capacity of the mixture. It should be noted that seladtegsmall
value ofo requires a very fine mesh in order to be captured. H&=€205 is adopted for the

sake of accuracy and computational costs.

It is worth mentioning that the heat equation was discretized using quadrature elements,
which significantly increases the accuracy of the results. The quadrature discretization was
adopted due to the phase change inhareMEPCMs in a small range. The largest Rayleigh
number of this studyRa=1CF, is selected for the purpose of checking the grid. Increasing the
Rayleigh number boosts the buoyancy effects, and as a result, the temperature and velocity
gradients next to the walls increase. Hence, the grid check analysis is performed for a large
Rayleigh number to ensure the accuracy of all of the results. Table 1 shows the average Nusselt
number and maximum velocity of the fluid inside the cavity for various grid sizes. As seen, the
grid size of 150150 shows good accuracy up to two significant digits for the average Nusselt
number. Using the grid size of 150150 corresponds to about 0.01% relative error in average
Nusselt number and about 0.08% relative error in maximum velocity compared to the very fine
grid of 400x400. A relative error below 1% is excellent for most engineering applications and
graphical demonstration of the results. Hence, in order to maintain sufficient accuracy and
reasonable computational costs, the grid size of 150x150 is adopted for all the calculatiens

present study.
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Table 1: The effect of grid size on the average Nusselt numberRawdii® ands=0.05

Grid size 100x100 150x150 200x200 250x250 300x300 400x400

Average Nu 10.124 10.128 10.127 10.126 10.127 10.127

Maximum 222.82 22271 222.87 222.92 22291 222.90

velocity

In order to check the robustness of the utilized code and the correctness of the results, the
outcomes are compared with the available literature results in some possibldnctsedirst
comparison, the results are compared with the results of Turan et al. [57] for a square cavity with
differentially-heated side walls and insulated top and bottom walls which was filled with a non-
Newtonian power-law fluid. Considering the power law index as unity in the study of Turan et al.
[57] and assuming zero volume fraction of nanopatrticles in the present study, the governing
equations for both studies are identical, and the results can be compared. The comparison
between the non-dimensional temperature profiles of [57] and the presensstagicted in Fig.

3 whenRa=1(® andPr=1000. The average Nusselt number in [57] was reported as 9.20; here it
is calculated as 9.23. The maximum vertical velocity in a horizontal line at the center of the
cavity was reported as 235.96 in [57]. In the present study, it is calculated as 236.08. As seen,
there is a very good agreement between the results of the two studies for the temperature profiles

maximum vertical velocity and calculated average Nusselt number.
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Fig. 3: Comparison between the temperature profiles of Turan et al. [57] (Newton fluid
index=1) and the results of the present study WRet1(® andPr=1000 (the right wall is hot and

left wall is cold)

In the second comparison, the study of Kahveci [58] is selected. Kahveci [58] addressed the
natural convection heat transfer of nanofluids in a tilted cavity. Assuming zero tilted angle in [58]
and neglecting the phase change effects in the present study (simple solid nanoparticles with no
phase change), the physics of the studies are almost the same. However, in [58] the Maxwell
model for thermal conductivity and the Brinkman model for viscosity were utilized. Using curve-
fitting on the Maxwell and Brinkman models, the number of thermal conductivity and number of
dynamic viscosity can be approximatedNis= 3.3 andN\v = 2.88 for waterAlOs. Following

the thermophysical values of [58], the comparison between the Nusselt numbers evaluated here
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and reported in [58] is depicted in Fig. 4. This figure depicts very good agreement between the

results of these two studies.

Finally, the evaluated average Nusselt number in the present study is compared with the
literature studies wheRr=0.7 andg=0 in Table 2. This table confirms a very good agreement

between the present results and those reported in the literature.
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Fig. 4. Comparison between the results of Nu evaluated in the present study and those

reported in the study of Kahveci [58] for the case efD&dwater nanofluid an&r=6.2

Table 2 Comparison of average Nusselt number at the hot wall evaluated in the present study
and those reported in the literature wige® andPr=0.7
Ra 10° 104 10° 10°
Deng and Tan{p9]

1.1180 2.2540 4.5570 -

Anandalakshmi and Tanm#§0]
1.1179 2.2482 4.5640 -
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Sathiyamoorthy and Chamkha[61
- 2.2530 4.5840 8.9210

Jamesahar et al. [62]
1.1178 2.2450 4.5237 8.8663

Present study
1.1174 2.2441 45174 8.8167

4. Results and discussion

The non-dimensional parameters in this study are the volume fraction of nanopagjicles (
the Stefan number (Ste), the heat capacity rajicttfe fusion temperature of the NEPCM core
(6%, the density ratiope/pr), the number of thermal conductivity (Nc), the number of dynamic

viscosity (\v), the Rayleigh numbeRg), and the Prandtl numbé?1).

The suspension of NEPCM particles and the base fluid is assumed as a dilute suspension,
and hence, the volume fraction is adopted ag<0<05. Taking PMMA as the shell for the
NEPCM particles [63], [64], n-octadecane as the core PCM [65], water as the base fluid [65]
and considering the core-shell weight ratia-&3.7, the Stefan number and heat capacity ratio
are about 0.313 and 0.4, respectively. The non-dimensional fusion temperature can be varied in
the range of cold wall temperature to the hot wall temperature &sl0<€ollowing [21], [66]
the number of thermal conductivity and number of dynamic viscosity are selectedc®$ @nd
0<Nv<6. It should be noted that the zero valuedofandNv are not applicable for nanofluids,
and ttat large values ofNc andNv (>6) are also possible for nanofluids. As the PCM core is
lighter than water [67], [68], and PMMA is heavier than water, the density ratio is adopted as
0.7<r/pi<0.9. The thermal expansion coefficient of the solid particles is much lower than that of
the liquid base fluids, and the volume fraction of NEPCM particles is also low. Hence, the term

¢*pBplps is negligible and assumed to be zero.
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The Prandtl number for liquids is higher than unity, and here, the regular Prandtl number of
water asPr=6.2 is selected. The Rayleigh number is in the range 5.0 where the low
values of Rayleigh number represent the conduction-dominant heat transfer regime and high
Rayleigh numbers represent the convection-dominant heat transfer regime. Based on the grid
check results, the value of the non-dimensional fusion intefyalas fixed a®=0.05. Finally,
the default values of the non-dimensional parameters are adoptef), &te(= 0.313/=0.4,
6=0.3, prlpi=0.9, Nc=3.0, Nv=3.0, Ra=1(P, and Pr=6.2. The results of the present study are
reported for these values; otherwise, the value of the non-dimensional parameter will be stated.
As all of the results and parameters are in non-dimensional form, the prefixoof

dimensiondl may be omitted in some parts of the text for the sake of abbreviation.

Fig. 5 shows the effect of fusion temperature on the isotherm contours, streamlines and heat
capacity ratio of the mixture to the base flur) in the cavity for two fusion temperatures of
6=0.3 and¥=0.5. Fig. 6 depicts the local Nusselt number at the hot and cold walls of the cavity.
Figs. 7(a) and (b) illustrate the average Nusselt number as a function of the fusion temperature
for various values of Stefan number whRa=10° andRa=1(’. Indeed, Fig. 7 summarizes the
heat transfer effect of fusion temperature and Stefan number on the convective heat transfer rate

in the cavity.

Fig. 5 reveal that changing the fusion temperature fipr0.3 and#=0.5 affects the
distribution of temperature at the center of the cavity. The heat capacity ratio in Fig. 5 shows a
ribbon shape around the constant temperature line of fusion. The capacity ratio parameter outside
the fusion region is constant as 0.97, and inside the fusion temperature it is variable. The red

region illustrated in th€r contours of Fig. 5 (a) depicts the region of phase change. The ribbon
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shape of the phase change area is very thin next to the wall, due to the large temperature
gradients. The ribbon shape gets wider in central areas of the cavity, where the temperature

gradients are smooth. The streamlines are also affected by the change of fusion temperature.

Fig. 6 (a) shows that most of the differences between the local heat Nusselt numbers occur at
the bottom of the wall. At the bottom of the hot wall, the local Nusselt number increases by the
increase of fusion temperature frah+0.1 t08=0.5. Attention to isotherm patterns (depicted in
Figs. 5 (a) and (b)) reveals that the isothermi=f.1 is a line close to the cold wall with a small
extension at the bottom of the cavity, th##0.3 is a line next to the cold wall but with a larger
extension at the bottom of the cavity. The isotherr=@f.5 starts from top of the cold wall and
moves down vertically until y=0.5, then it moves toward the hot wall horizontally, and then
againit follows the hot wall toward its bottom vertically. As mentioned, the phase change of the
NEPCM particles takes place around the isotherm identical with their fusion temperature.
Moreover, comparison between the isotherms of Fig. 5 reveals that the change of fusion
temperature only slightly changes the pattern of isotherms in the cavity. Thus, it can be
concluded that the increase of fusion temperature moves the phase-change phenomenon toward
the bottom of the hot wall. This is where the heat flux shows a significant change by the change
of the fusion temperatur@. In all of the three cases 6&0.1, 0.3 and 0.5, the isotherms are far
away from the top section of the hot wall, and hence, the local heat flux curves (local Nusselt
number) at the top of the hot wall are almost identical and independent of the varigiolm of
the case o#t=0.5, a small but notable change of heat flux in the middle of the hot wall (about
y=0.5) can be seen. This is due to the behavior of isotherm departure from the cold wall.
Similarly, the local Nusselt numbers follow the behavior of the isotherms identical to the fusion

temperature of the NEPCMs. As seen, the differences between the local Nusselt numbers at the
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top of the cold wall are notable. As mentioned, the isothernds@flL-0.5 start from the top of
the cold wall. This is the location of change phase for NEPCMs with the fusion temperature in

this range.

From Fig. 7, it is clear that decreasing the Stefan number increases the average Nusselt
number. Indeed, as the latent heat of the PCM cores rises, the Stefan number decreases. Hence
the smaller the Stefan number, the larger the latent heat of the PCM cores. By the increase of the
latent heat of the PCM cores, the heat storage capacity of the NEPCM particles increases, which
as a result leads whigher heat transfer rate in the cavity. The results of Fig. 7(b) demonstrate
that the average Nusselt number as a function of non-dimensional fusion tempétathosys a
symmetrical behavior fof=0.5. This behaviowas expected, due to the symmetry of the
geometry and boundary conditions. When the fusion temperature is low, the increase of the
fusion temperature increases the average Nusselt number. For fusion temperatures in the range of
0.25-0.75 there is a maximum peak for average Nusselt number when the Rayleigh number is
10°. In contrast, when the Rayleigh number i$, 1Bere is a local minimum in the fusion range
of 0.25-0.75. In the case of Ra®1he maximum average Nusselt number can be observed at
the fusion temperature of 0.5. As seen in Fig. 5, when the fusion temperature is about 0.5, the
middle of the cavity acts as the phase change region. The phase change region is close to both
the hot and cold regions. Hence, the heat transfer is maximum. In the cReel16f and
Ste=0.313, the maximum Nusselt number is about 10.15, while the average Nusselt number for
pure liquid is about 9.22. Hence, by using 5% of NEPCM particles and with the optimum fusion
temperature of 0.5, the heat transfer can be enhanced up to 10% compared to the base fluid. This

enhancement in the case of Ste=0.2 can be increased up to 12.7%.
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As mentioned, when the Rayleigh number is I®&=1C, there is a local minimum in the
range of 0.25&<0.75, and the maximum heat transfer occurs at the fusion temperature about
0.25 and 0.75. In the case B&=1CP, the average Nusselt number of the pure fluid is 4.72.
Considering the case of Ste=0.313, a7®.25, the average Nusselt number can be enhanced up
to 10% whenRa=1C is in the presence of a 5% volume fraction of NEPCM particles. The
analysis of the boundary layer heat transfer of nanofluids over a flat plate indicates the maximum
heat transfer enhancement for the non-dimensional fusion temperatis®.@6 [69] which is

in good agreement with the results of the cavity study.

It is worth mentioning that the average Nusselt numbers for the cold and hot walls are
monitored, and it is found that they are identical. Identically the average Nusselt numbers at hot
and cold walls is expected, due to the heat conservation law. Howeveng mamerical point of
view, the identical average Nusselt numbers confirm that the utilized grid and the numerical
technique were adequate to deal with the heat equation and the phase change non-linearities.
Moreover, for a pure fluid with the Prandtl numberRs£6.2, the average Nusselt numbers are
Nu=4.7206 (wherRa=10") andNu=9.2197 (wherRa=10°). Comparison of the average Nusselt
number of a pure fluid with the magnitude of the plotted average Nusselt numbers in Figs. 7 (a)
and (b) demonstrates the enhancement of heat trab&ferggardless of the magnitude of the
non-dimensional fusion temperatures. However, using the non-dimensional fusion temperature in
the range of 0.2%%<0.75 would further enhance the heat transfer. Considering the default case
of Ste=0.313, using NEPCMs with the appropriate non-dimensional fusion temperature of
6=0.25 results iMu=5.1687 Ra=10") andNu= 10.112 Ra=1(P). Thus, a relative heat transfe

enhancement of about 10% can be achieved compared to the base fluid for both the cases of
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Ra=1C° andRa=1(P. By using an inappropriate fusion temperaturéo0.05, this enhancement

would be reduced to only about 4%.

0.2 0.4 0.6 0.4 0.6 0.8 1

X X
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Fig 5: The isotherm contours, streamlines @naontours for two non-dimensional

fusion temperatures é¢f=0.3 and%=0.5
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Table 3 shows the effect of various nondimensional parameters &f, $tep/pr, NCc and
Nv on the average Nusselt number in the cavity. The effect of these parameters on the average
Nusselt number can be non-linear. However, here as a rouglason of the behavior of these
parameters, the effect of the variation of these parameters around their default values is studied.
The increases dfic and/ increase the average Nusselt number, and the increaSligsantl Ste
decrease the average Nusselt number. The change of densitypgatip does not show a
noteworthy effect on the average Nusselt number. The increa8e emihances the average
Nusselt number. However, it should be noted that the effect of variattéwak studied in Fig.
7 (a) and a non-linear behavior was observed. The results of this table are in agreement with the
graphical results of Fig. 7(a) fdiu as a function ok, but the trend of the behavior &fwill be

changed fofk higher than 0.5.

Comparing the Nusselt number results of this table with the Nusselt number of a pure
fluid (Nu=4.7206) shows that the presence of NEPCMs enhanced the heat transfer in the cavity

for all of the cases.

Table 3: The effect of various non-dimensional parameters on the average Nusselt

numter for the default case witRa=10°

Ste 6 A pypr Nc Nv  Nu

0.313 0.3 04 09 3.0 3.0 5.1932

0.313 0.3 04 09 3.0 6.0 5.0030

0.313 0.3 04 09 6.0 3.0 5.6533

0.313 0.3 04 09 6.0 6.0 5.4477
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0.313 0.3 04 0.7 3.0 3.0 5.1933

0.313 0.3 0.3 0.9 3.0 3.0 5.1864

0.313 0.2 04 09 3.0 3.0 5.1022

0.313 0.1 04 0.9 3.0 3.0 4.9550

02 03 04 09 3.0 3.0 53541

5. Conclusion

The natural convection flow of a dilute suspension of a base fluid and NEPCM
nanoparticles was addressed in this study. There was a free convection flow in the cavity, due to
buoyancy effects. The NEPCM particles, as a part of the mixture, circulate in the cavity with the
free convection flow. The contribution of the latent heat energy release and absorption of the
NEPCM nanoparticles due to phase change was taken into account. The governing equations for
the conservation of mass, momentum and energy were introduced and transformed into a non-
dimensional form. Then, the finite element method was employed to solve the governing
equations associated with the boundary conditions. A grid check and valide¢t@ngerformed
to ensure the accuracy and correctness of the solutions. The main outcomes can be summarized

as follows:

1- The presence of NEPCMs contributedeat transfer enhancement by improving the thermal
conductivityand increasing the heat capacity of the suspension at the fusion temperature of
the NEPCM particles. However the presence of the NEPCM nanoparticles also has some

drawbacks, such as an increase of dynamic viscasitgcrease of sensible heat capacity,
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and a decrease of buoyancy forces, which lead to a decrease of heat transfer. Tak gene

trend of the results demonstratgseat transfer enhancement by using NEPCM patrticles.

2- The non-dimensional fusion temperature is a key parameter in enhancing the heat transfer in
the cavity. When the fusion temperature of the PCM cores is close to the hot or dold wal
temperatures, the heat transfer enhancement due to phase change is low. Deviation of the
fusion temperature from the wall temperatures increases the effectiveness of the NEPCM
particles in terms of heat transfer enhancement. The best heat transfer performance can be

obtained with a non-dimensional fusion temperature in the rangje@254=0.75.

3- An increase of the latent heat of the PCM cores (i.e., decrease of Ste) increasesagjee aver
Nusselt number in the cavity. Thus, using phase change materials with higher latent heat of

phase change can further enhance heat transfer.

Considering the strong non-linearity to the governing equations due to the addition of
NEPCM particles, adds afurther studies are needed to consider the effect of location of the

phase change, the geometry of the cavity, and diffé@mdary conidions.

Hence, predicting the effect of the change on the heat transfer behavior of the natural
convection flow is complicated. Thus, future numerical tests and investigations are required. In
the present study, it was found that the location of the phase change of the NEPCM particles is
the key parameter affecting the enhancement of heat transfer. Indeed, the phase change
phenomenon occurs around the isotherm of the fusion temperature. Hence, implicitly the location
of phase change can be manipulated by changing the fusion temperature. One of the important

factors which can affect the temperature distribution, and consequently, the location of the phase
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change of the NEPCM particles, Thus, analysis of the effect of cavity geometry, and further
discussion about the non-linear relation between the phase change of NEPCM patrticles and the

heat transfer in enclosures, can be the subject of future studies.

Finally, one of the advantages of using phase change materials is control of the surface
temperature and its uniformity with a specific fusion temperature. Hence, the study of natural
convection ina cavity with boundaries subject to heat flux and analysis of the temperature

uniformity of the wall surface can be another direction for future studies.
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