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Nano-Enhanced Phase Change Material in a
Rectangular Latent Heat Storage Unit
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Abstract—Melting of Paraffin Wax (P116) dispersed with Al,O3
nanoparticles in a rectangular latent heat storage unit (LHSU) is
numerically investigated. The storage unit consists of a number of
vertical and identical plates of nano-enhanced phase change material
(NEPCM) separated by rectangular channels in which heat transfer
fluid flows (HTF: Water). A two dimensional mathematical model is
considered to investigate numerically the heat and flow
characteristics of the LHSU. The melting problem was formulated
using the enthalpy porosity method. The finite volume approach was
used for solving equations. The effects of nanoparticles’ volumetric
fraction and the Reynolds number on the thermal performance of the
storage unit were investigated.

Keywords—Nano-enhanced phase change material, phase change
material, nanoparticles, latent heat storage unit, melting.

I. INTRODUCTION

UE to the high energy storage capacity, LHSUs using

phase change materials (PCMs) have gained great
attention over the last three decades. However, PCMs are
characterized by a low thermal conductivity, which limits the
heat exchange rate and slowed the melting/solidification rate
of these materials. To overcome this drawback and improve
the heat transfer rate during the solid-liquid phase change
process, several methods have been suggested in the literature.
These methods include the dispersion of nanoparticles with a
very high conductivity in PCMs [1], integration of metal
matrix in PCMs [2], use of multiple PCMs [3], [4] and porous
matrix [5]. Among these methods, dispersion of high
conductivity nanoparticles in PCM is the main topic of this
study.

In recent years, a number of experimental and numerical
works have been performed to investigate the thermal
performance of NEPCM. Khodadadi and Hosseinizadeh [6]
were the first who studied numerically the improving of the
functionality of phase change material (PCM: water) by
dispersion of nanoparticles (copper) during the solidification
process with natural convection in a square cavity. The results
of this study showed that NEPCM releases heat quickly
compared to a basic PCM. Ho and Gao [7] experimentally
studied the melting in a square enclosure filled with PCM (n-
octadecane) with dispersed nanoparticles (Al,O3). They
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reported that the influence of the solid subcooling through the
un-melted PCM can be further enhanced by dispersion of high
conductivity nanoparticles in the enclosure. They also
indicated that natural convection heat transfer in the liquid
region degrades significantly with the increase of the mass
fraction of nanoparticles when compared with natural
convection corresponding to a base PCM. Sebti et al. [8]
conducted a 2D numerical study to investigate heat transfer
enhancement over melting process in a square enclosure
through dispersion of nanoparticles. Authors reported that the
dispersion of nanoparticles causes a decrease of the melting
time. They also reported that the increase of the difference
between the melting point and the hot wall temperature leads
to a significant decrease of the melting time. Hossain et al. [9]
developed a two dimensional thermal model to study the
melting process of NEPCM inside a rectangular porous
medium. The results show that the NEPCM melts rapidly
within the lower porosity medium. Shuja et al. [10] performed
experimental and numerical investigations of the thermal
characteristics of PCM (n-octadecane) integrated with metallic
meshes. They examined the effect of the mesh geometry on
the melting time for two different metallic mesh arrangements.
The results show that the melting time of PCM is the shortest
for the triangular mesh geometry then followed by the
rectangular and hexagonal mesh. Sciacovelli et al. [11]
conducted a numerical analysis of the melting of NEPCM in a
shell-and-tube LHSU. They demonstrate that the melting time
is reduced by 15% when the PCM is dispersed with
nanoparticles volume fraction of 4%. Kashani et al. [12]
numerically studied the effects of nanoparticles volume
fraction and the cold wall temperature during the solidification
of NEPCM filled in a rectangular enclosure. They found that a
large solid fraction is obtained for a smaller wall temperature
and a high nanoparticle volume fraction. Hosseinizadeh et al.
[13] conducted a numerical study of the melting of NEPCM
inside a spherical container. The simulation results of this
study show a pronounced potential of using PCM with
dispersed nanoparticles. Jourabian et al. [14] numerically
examined the melting of Cu/water NEPCM inside a
cylindrical horizontal annulus by using the enthalpy-based
lattice Boltzmann method. Their results show that owing to
the enhancement of thermal conductivity, the effect of volume
fraction of nanoparticles on heat transfer rate is more
significant. Their results also indicate that the temperature
distribution in the NEPCM is faster than that of base PCM.

To the authors' knowledge, there are no comprehensive
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studies published in the literature for melting of NEPCM in
rectangular enclosures heated by laminar forced convection. In
the present work, the modeling and numerical investigation of
a LHSU composed of several vertical slabs filled with
Al Os/Paraffin Wax is presented. A laminar heat transfer fluid
flow (water) circulates between the Nano-enhanced PCM
slabs and transfers heat to the storage unit. The objective of
the present study is to investigate the effects of nanoparticles
volumetric fraction and the Reynolds number on the thermal
behaviour and performance of the storage unit.

II. PROBLEM FORMULATION

A. Description of the Studied Physical Model
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Fig. 1 (b) Computational domain

The present LHSU is illustrated in Fig. 1 (a). It is composed
of a number of vertical and identical plates filled with
NEPCM (AlLO3/P116). A heat transfer fluid (HTF: water)
flows between the plates and transfers heat by laminar forced
convection to NEPCM. For reasons of symmetry of the
storage unit, the study of overall system can be reduced to the
study of a half NEPCM plate and a half HTF channel as
illustrated in Fig. 1 (b). The height and thickness of the
rectangular NEPCM plates are H and d, respectively. The

thickness of the HTF channels is w.

Initially, the plates contain solid NEPCM at a temperature
equal to the melting temperature, Ty. At t >0, the HTF begins
to flow between the NEPCM plates, which triggers the
melting process. The water inlet temperature to the storage
unit is fixed at a constant value higher than the melting point.

B. Governing Equations

The modeling of the thermal and flow characteristics of the
LHSU is performed by using the governing conservation
equations of energy for HTF, continuity, momentum and
energy equations for NEPCM. The flow in HTF channels and
liquid NEPCM is laminar and two-dimensional. The HTF and
liquid phase of PCM are incompressible and Newtonian. For
the HTF (water) circulating in channels, the flow is assumed
hydro-dynamically fully developed. The thermo-physical
properties are assumed to be constant except for the density
difference according to the Boussinesq approximation. The
enthalpy—porosity approach was used for the formulation of
phase change problem.

The density of NEPCM is given by:

Pom = 0P, +(1=0)p,, (1

The specific heat and Boussinesq term of the NEPCM are
defined as:

(0, Do = D(pC,), + (L= 0)(pC)),, @)

(PB)am = (1=0)PB)m + &(pB), (3)

The latent heat of the NEPCM is evaluated as [15]:
(PAH),, = (1= 0)(pAH), @)

where ¢ is the nanoparticles volumetric fraction and subscripts
n, m and nm stand for nanoparticles, PCM and NEPCM,
respectively. The viscosity of the NEPCM containing a small
spherical suspension of solid particles is given as:

n

m %)
(1 _ ¢)2.5

Hnm:

whereas the thermal conductivity of the NEPCM is defined
by:
k. =k

nm eff + kd (6)
where ket is the thermal conductivity of the stagnant NEPCM
and kg corresponds to the conductivity enhancement term
which represents the Brownian motion. They are considered
as:

_ Ky 42k, 20k, k)0 %
eff = m
k, +2k, +(k,-k,)o
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ky=C"(pe,),,Vu’ +v2 d, (®)

where d, is the diameter of nanoparticles (d, = 45 nm) and C"*
is an empirical constant evaluated according to [16].

The governing equations are converted in dimensionless
form using the following parameters:

ot
X=2y=Y cZny-2% _ yv-_Y
I I I o, /1 a,, /]
_ 3
AT =T, -T,,0= 1o Ra-EPuli AT
fe o Umaml
Pr = Vam p 2752 a )
(l“m] pnm(a‘m 1 /10) (xm,]
oSl oW g d g
AH 1, 1, 1,
k, = K and k, = Ko
k

where Tr is the HTF inlet temperature, Ty is the melting
temperature, Ra is the Rayleigh number, Ste is the Stefan
number and lo is the characteristic length (I, = /H d/2 ). Based

on these dimensionless numbers, the set of governing
equations are written as:

For HTF,

aef+a(vfef):£(a—faef)+i(a—faef) ©)

ot oY 0X 0X oY oY

For NEPCM, Continuity:
ou , oV _, (10)
oX oY

Momentum:
ou ,oUU VU _ oP

ot 0X oY X (11)
+ﬁ(Pranm,la—U)+i(Pr&nml )+ S,

0X oX oY 0
oV oUV 0oVV oP 0 — oV
—t—t—=—-—+—(Protami—)

ot o0X oY oY  0X X (12)
+ﬂ(Pranm,laV)+§v

oY oY
Energy:
o(0 o(ue o(Ve o —

(a"m)Jr U8,,) , o( nm)zimm o (13)

T 0X oY 0X o0X

o — 06 =

v o nm S
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C.Boundary and Initial Condition

The initial and boundary conditions of the present
computational domain are given by the following relations:

t=0: 0, =0,=0,U=V=0 (14)
x=0. Ly (15
X
X=w/2 Efaefz_nmaeﬂm,Uzvzo (16)
X X
Y=0:0,=1, B g, u=v=0 (17)
oY
X=w/2+d/2: ae—“fﬂzo,Uzo,a—Vzo (18)
oY X
Y =H: aef:%:O,U:V:O (19)
oY oY

III. RESULTS AND DISCUSSIONS

Numerical simulations were carried out to investigate the
thermal behavior and performance of the NEPCM storage unit
heated by laminar forced HTF flow. The HTF, PCM and
nanoparticles used in the calculations are water, Paraffin Wax
P116 and alumina (AL,O3), respectively. Their corresponding
thermal properties are summarized in Table I. The effects of
nanoparticles volumetric fraction, ¢, and the Reynolds
number, Re, on the flow and thermal characteristics of the
LHSU were examined. The other governing parameters such
as the aspect ratio of the NEPCM slabs, the Rayleigh number,
Ra, the dimensionless HTF channels thickness, w, the LHSU
depth, &, and the characteristic length, I,, are fixed at values

6,7.95x107, 0.085, 14.16 and 0.07062 m, respectively

TABLEI
THERMAL PROPERTIES OF HTF, PCM AND NANOPARTICLES
Property HTF Paraffin Wax Alumina
(water) P116 (ALO3)
Density (kg/ m®) 989 802 3600
Specific heat (J/ kg K) 4180 2510 765
Thermal conductivity (W/ m K) 0.64 0.36(1),0.24(s) 36
Dynamic viscosity (kg/ m s) 577x10° 1.3x10°
Latent heat (kJ/ kg) - 226 -
Melting temperature (° C) - 47 -

In order to investigate numerically the thermal behavior and
performance of the NEPCM storage unit heated by laminar
HTF flow, two kinds of storage efficiencies were defined. The
first concerns the storage of thermal energy by sensible heat. It
is expressed as the ratio between the sensible energy stored in
NEPCM storage unit and the maximum energy (latent and
sensible energy) that can be stored. It is given as:

w/2+d/2 pH

e — SteJ‘X:W/Z

sen

L,0,,dXdY 0

1+ Ste

The second kind of efficiency concerns the energy storage
by latent heat. It is defined as the ratio between the latent heat
stored and the maximum energy that can be charged in
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NEPCM. It is expressed as:

__f (21)
1+ Ste

€ lat

A. Effect of Volume Fraction on the Streamlines and
Isotherms

The streamlines describing the flow field in the liquid
NEPCM at different times: 0.0215, 0.0487, 0.072 and 0.123
for nanoparticles volumetric fraction, ¢ =0 % and ¢ = 6%, are
shown in Figs. 2 (a)-(d) and 3 (a)-(d), respectively, with A =
16, Re = 1000 and Ra = 7.95%x107. With the start of HTF
circulation between the NEPCM slabs, a part of the heat lost
by HTF is transmitted to NEPCM thereby causing the
beginning of melting. These figures show that natural
convection begins to settle near the heat exchange wall
separating HTF and NEPCM. Clockwise cells of ascending
warm and descending cold liquid are created in the NEPCM
liquid. The heated NEPCM liquid moves up toward the top
part of slabs before impinging on the solid-liquid interface. At
the beginning of the melting process, the effect of natural
convection is generally weak and the main heat transfer mode
is thermal conduction. At t=0.0215, the NEPCM liquid flow
is mono-cellular and the flow intensity is substantially the
same for both cases of volumetric fraction of nanoparticles
(¥, =-80). As time progresses, the effect of natural

convection becomes more important which affects the
morphology of the solid-liquid interface. For both cases of
volumetric fractions of nanoparticles, the displacement of the
hot NEPCM liquid towards the top portion of the slabs causes
an accelerated melting in this region. With the progress of
time (t=0.0487 and 0.072), the clockwise cells formed
widens in volume and the convective flow appears more
intensified for 0% (¥, = -120 and -100 at = 0.0487 and

0.072, respectively). At t=0.132, the whole NEPCM has
become liquid where the streamlines covered the entire slabs.
It should be noted that for both cases of nanoparticles’
volumetric fractions, the central cells previously formed
occupy the entire slab.

The temperature distributions in NEPCM liquid for ¢ = 0%

at the same times: 0.0215, 0.0487, 0.072 and 0.123 are shown
in Figs. 4 (a)-(d) with A = 16, Re = 1000. For ¢ = 6%, the
temperature distributions in liquid NEPCM are illustrated in
Figs. 5 (a)-(d). At the early stages, the heat transfer within
NEPCM is controlled by thermal conduction and therefore the
isotherms are almost in alignment with the y-axis. As time
progresses, natural convection start to affect the melting
process and the NEPCM liquid begins to occupy a substantial
portion of the slab. For both cases of nanoparticles’ volumetric
fractions, the heated liquid phase in contact with the exchange
wall moves up toward the upper part of the slab which causes

min

deformation of temperature contours. So, the maximum
temperature is reached in the upper part of the NEPCM slab.
These figures also show that the greatest temperature gradients
are found close to the heat exchange wall while vertical
temperature gradients are observed in the region where the
eddy is located. It should be noted that the comparison
between Figs. 4 and 5 shows that, at the same time, the
maximum temperature is achieved for the case of ¢ = 6%.

A. Effect of the Reynolds Number

The effect of the Reynolds number, Re, on the time wise
variation of the sensible storage efficiency, for different
volumetric fractions of nanoparticles, is illustrated in Fig. 6 for
A = 6 and Ra= 7.95x107. As can be seen in this figure, the
sensible storage efficiency increases nonlinearly to reach its
maximum when the thermal equilibrium is established
between HTF and NEPCM. The maximum value of the
sensible storage efficiency is about 0.126, 0.129 and 0.139 for

¢ = 0%, 2% and 8%, respectively. This figure also shows that

the charging time of the storage unit decreases with the
increase of the volumetric fraction of nanoparticles dispersed
in PCM. Therefore, the sensible heat is early stored in
NEPCM for a high nanoparticles’ volumetric fraction. It can
be also concluded that the increase of the Reynolds number
leads to a decrease in the charging time. Indeed, the increase
of the Reynolds number intensifies heat transfer between HTF
and NEPCM through the exchange surface.

The effect of the Reynolds number on the time wise
variation of the latent storage efficiency, for several
volumetric fractions of nanoparticles, is shown in Fig. 7. The
aspect ratio of the NEPCM slabs is A = 6 and the Rayleigh
number is Ra = 7.95x107. The results reveal that the latent
storage efficiency reaches its maximum value very quickly
when the Reynolds number increases which causes a decrease
of the time required for the complete melting. It should be
noted that this maximum value of the latent storage efficiency
decreases with the increase of the volumetric fraction of
NEPCM. This result is due to the fact that the dispersion of
nanoparticles in pure PCM leads to the diminution of the
volumetric fraction of pure PCM in NEPCM slabs.

The effect of the Reynolds number on the time required for
complete melting is shown in Figs. 8§ (a), (b) for A =6 and 16,
respectively. As concluded in the previous section, the melting
time decreases with the increase of the Reynolds number.
These figures show that for all Reynolds numbers and for both
cases of NEPCM aspect ratio, the melting time is smaller for a
high volumetric fraction of nanoparticles.

1213



International Journal of Mechanical, Industrial and Aerospace Sciences
ISSN: 2517-9950
Vol:10, No:7, 2016

a [ b [ I‘r —— c [T — - d [T ———
I [ | : [ ~ \
I I ““ J‘ I [ \‘ \“ | | “ “/ \‘\ “
I I | - | \ |
3.5 3.5 NEES ‘ ssk b \ |
- Fo L | L] |
I i ) Ll ‘ F | |
L L L | \
— , - | AN
3 3+ 3| * [ \ \
I I i ‘J sF | ‘ \ ||
I i . I \
[ [ L | aik L
By J - 0
[ I - \
- - 2.5
257 2.31 Cl [ e [
| [ |
| | | ]
| | I | i | |
L o I - |
> of > 2 >'2—|“; > of \ J
L H Pt L | [
! ! i | [ ‘\ [
I I i | |
N s 3 - | / |
1.5 1.5 1.5 sk ]| /o
I I L A,
- 3 - u %
1 1F 1 ‘ 1= | | g
L L - | || “
I I I / - |
L L Lo | )w [ L | | p 5
0.5 0.5k 0.5 |‘\ o5k | |/
Y [ [ V] VS
o | B I |‘ - |‘ ) —
Lol 1 [l L Lol te oy N
0 0.1 0.2 0 0.1 0.2 0 01 02 0 0.1 02
X X X X

Whin = —80 ;hax =0 Whin = —120;%hax= 0 Yin = —100;%max= 0 Yhin = —15 ;Mhax=0
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Fig. 8 Effect of the Reynolds number on the melting time for various volumetric fractions of nanoparticles for (a) A =6 and (b) A = 16 with Ra
=7.95x107

IV. CONCLUSION

In the present research, melting of NEPCM in a rectangular
LHSU heated with laminar heat transfer fluid flow has been
studied numerically. A mathematical model based on the
conservation equations of mass, momentum and energy has
been elaborated to investigate the effect of the volumetric
fraction of nanoparticles dispersed in pure PCM and the aspect
ratio of the NEPCM plates on the thermal performance of the
LHSU.

Based on the findings of the present computational study,
the following conclusions are drawn:

e The dispersion of high conductivity nanoparticles in a
pure PCM causes the decrease in the melting time;
e The increase in the volumetric fraction of nanoparticles (¢

< 8%) increases the sensible storage efficiency and
slightly affects the latent storage efficiency;

e The increase in the Reynolds number intensifies heat
exchange between HTF and NEPCM and decreases the
time required for the complete melting.

NOMENCLATURE

Quantity

Aspect ratio, H/ (d/2)

Specific heat at constant pressure (J/kg K)
PCM slabs thickness (m)

Liquid fraction

Gravity (m/s2)

Volumetric enthalpy (J/m3)
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H Height of the PCM slabs (m)

k Thermal conductivity (W/ m.K)

K Dimensionless thermal conductivity, k/km,l
p Pressure (N/m2)

Ra Rayleigh number

Ste Stefan number

T Temperature (K)

t time (s)

u, v velocity components (m/ s)

X,y Cartesian coordinates (m)

w thickness of the HTF channels (m)
Greek Symbols

o Thermal diffusivity (m2/s)

o Dimensionless thermal diffusivity, o/om.
¢ Volumetric fraction of nanoparticles

B coefficient of thermal expansion of liquid PCM (K-1)
0 Dimensionless temperature

T dimensionless time

n dynamic viscosity (N.s/m3)

v kinematic viscosity (m2/s)

AH latent heat (J/ kg)

p density (kg/ m3)

€ storage efficiency

¥ dimensionless stream function
Subscripts

e Inlet

f Heat transfer fluid (HTF)

1 Liquid

lat Latent

nm Nano-enhanced phase change material (NEPCM)
m PCM

0 Outlet

Non-dimensional Numbers

Re Reynolds number

Ra Rayleigh number

Ste Stefan number
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