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a b s t r a c t

Storing and releasing thermal energy at an almost constant temperature is the benefit of employing
phase change materials, which makes them a useful material to reduce energy usage in industrial appli-
cations. In the present study, the effect of charging and discharging of multi-layers of Phase Change
Materials (PCMs) in coaxial cylinders with a time-periodic boundary condition is numerically investi-
gated. The 2D problem is solved with the finite-element method, and convection modeling is also
included. The Carman Kozeny model is utilized to control the natural convection velocities in solid and
liquid regions. Fifteen cases are introduced so as to capture the effect of arrangements and thicknesses
of the PCMs. First simulations were targeted to understand different arrangements effect on melting
and transferring heat from the inner tube to the outer wall. Then, different layers’ number and thickness
of each section were examined. Results are shown in terms of liquid fractions, temperatures, and velocity
streamlines. The results assert that unlike the outer section, the inner one is more susceptible to the
change of hot heat transfer fluid (HHTF) temperature. Moreover, the rate of saved energy within PCMs
to the inlet energy is calculated for all cases. In the case of one-layer of RT65, the system can only save
23.28% of inlet energy. While in the specific thickness and arrangement of three-layer PCM, the amount of
saved energy within the PCMs reach to 41.67%.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Restrictions of fossil fuels besides environmental concerns in
global warming and climate change problems, like enhancement
of greenhouse gases effect due to overuse of these energy
resources, have encouraged researchers to find better techniques
to save and recycle energy [1]. In this regard, employing phase
change materials (PCMs) as latent heat storage (LHS) is one of
the interesting solutions. PCMs release or save the thermal energy
at a constant temperature while operating at their melting/solidi-
fication temperature, because of changing their phase (latent heat
transfer form). Otherwise, in their sensible heat transfer mode, the
PCMs temperatures change by giving or gaining energy. Low den-
sity, high latent heat capacity, chemical stability, relatively afford-
able, being organic and etc., are valuable advantages of PCMs [2,3].
Nevertheless, studying and using these materials in applications
such as building and HVAC systems [4–6], heat sink and electronic
cooling apparatus [7–9], heat exchangers [10–12], solar energy
storage systems [13] and etc., are alluring.

One of the relevant subjects found in the literature is using
PCMs within heat exchangers. Gasia et al. [14] experimentally
investigated the effects of forced convection in a cylindrical shaped
shell-and-tube heat exchanger in which water was used as PCM
and was recirculating during the melting process. By increasing
PCM, the flow rate in the heat exchanger, melting period, effective-
ness, and heat transfer rate were improved. Hosseini et al. [15]
experimentally and numerically analyzed the solidification and
melting processes of RT50 as a Paraffin PCM inside a shell and tube
heat exchanger. Their studies demonstrated that increasing the
temperature of the inlet fluid improves the efficiency of the system
in charging/discharging processes. Wasted heat from a diesel
engine was recovered using a heat exchanger with cylindrical
PCM capsules by Pandiyarajan et al. [16]. They also proposed that
a storage system with multiple PCMs will be useful in recovering
more wasted heat.

Employing the porous matrix is a helpful method for improving
the thermal conductivity of PCM used systems. Jackson et al. [17]
reported that pore size is an essential factor influencing the system
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Nomenclature

Dh hydraulic diameter of the PCM section (m)
tT periodicity of bulk temperature (s)
h convective heat transfer coefficient (Wm�2K�1)
T temperature (K)
Re Rayleigh number (–)
g gravitational acceleration ðms�2)
DT Temperature difference between HHTF and CHTF (K)
u velocity ðms�1)
S source term
H enthalpy ðJkg�1)
DH latent heat ðJkg�1)
R radius (m)
L heat of fusion ðJkg�1)
p pressure ðPa)
k thermal conductivity ðWm�1K�1)
Cp specific heat ðJkg�1K�1)
href reference enthalpy ðJkg�1)
Tref reference temperature ðK)
Amush Mushy zone constant

Greek symbols
Dh amplitude of bulk temperature (K)
b thermal expansion coefficient (K�1Þ
a thermal diffusivity (m2sÞ
t kinematic viscosity (m2sÞ
q density (kgm�3)
c liquid fraction (–)
e small value (–)

Subscriptions(abbreviations)
PCM Phase Change Materials
HHTF Hot heat transfer fluid
HTC Heat transfer coefficient
CHTF Cold heat transfer fluid
l Liquid
s Solid
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temperature due to the restriction of natural convection. Further-
more, the substance of pore affected the response time since it is
contributed to the heat transition. Cui [18] designed an experimen-
tal setup in which the paraffin as PCM was utilized to compare the
heat transfer rate during the charging process with and without
porosity foam. Results depicted that applying copper porous foam
leads to the enhancement of thermal conductivity and conse-
quently increasing the rate of heat transfer and decreasing the
melting period.

Applying fins in many systems and devices associated with
PCMs has gained considerable attention because of its simplicity
and efficiency. Al-Abidi et al. [19] designed a triplex-tube heat
exchanger combined with PCM and fins in different arrangments.
They represented a case with a particular number of fins, geome-
try, and arrangement, which improved the solidification process.
Their research also revealed that the effect of fin length is more
important than the thickness effect. Pakrouh et al. [20] explored
geometrical parameters for the heat transfer rate from a heat sink
filling with PCM with benefits the pin fins so as to enhance the
thermal conductivity. They used Taguchi algorithm for optimiza-
tion and reported that when heat sink temperature is near to the
PCM melting point, fin number and thickness have more effect
on the cooling process in comparison to its length and the heat sink
base thickness. On the other hand, the latent heat capacity of PCM
in high heat sink temperatures made the length of the fin to be the
predominant factor. Eccentricity effects in an annulus cylinder
with fins were discussed numerically by Senapati et al. [21]. They
reported that there is no significant difference in the natural con-
vection heat transfer rate from a cylinder in horizontal status with
eccentric and concentric fins. Therefore, the eccentricity can be
used when there is a space limitation on one side of the cylinder.

Nowadays, employing nanoparticles in the field of heat transfer
has been developing rapidly. This was attributed to the fact that
nanoparticles improve the thermal properties of the substance.
Altohamy et al. [22] used various volume fractions of nanoparticles
in PCM at its charging period and found that increasing the concen-
tration of these particles decreases the charging time. Warzoha and
Fleischer [23] studied the effects of nanoparticles on the thermal
properties of PCMs at their liquid phases. They announced that
thermal conductivity enhancement due to embedding nanoparticle
depends heavily on the material phase. Furthermore, they reported
that thermal boundary resistance between nanoparticles is less
than thermal boundary resistance between nanoparticle and PCM
in both liquid and solid phases. However, this is more considerable
when PCM is in the liquid phase. Heat transfer of nano-
encapsulated phase change materials in a porous medium over a
flat plate with a constant temperature has been discussed in Ref.
[24]. Phase change materials that are encapsulated in a shell can
absorbs a significant quantity of heat from the fluid. It is found that
the presence of nanoparticles and reduction in the melting point of
them are contributing factors in enhancing the heat transfer over
the plat. Ho et al. [25] numerically investigated using microencap-
sulated PCMs in the wall of a microchannel, which is subjected to
sudden-pulsed heat flux, and its impact on heat transfer behavior
of the microchannel cooled by Al2O3-water nanofluid. The cooling
efficiency of the system increases when the amplitude of the heat
flux pulse is large, and nanoparticles can only enhance heat trans-
fer marginally. A detailed study on the effects of nanoparticle-
enhanced PSMs and the aspect ratio of a rectangular cavity was
conducted by Elbahjaoui and El Qarnia [26]. Numerical results
proved that the use of Al2O3 nanoparticles and an increase in
the amount of Reynolds number, aspect ratio, and Reynolds num-
ber can decrease the melting time in the latent heat storage unit. In
another work [27], a square enclosure filled with dispersed hybrid
nanoparticles in PCMs has been introduced in order to address the
effect of the hybrid nanofluid in phase-change materials. While
nanoparticles can change thermal conductivity and dynamic vis-
cosity of the based fluid, the effect of thermal conductivity on
the melting process is much significant than the effect of dynamic
viscosity.

Although a great deal of researchers has concentrated on the
elucidation of PCMs, little is known about Multilayer PCMs. Lee
and Jia [28] experimentally examined the application of composite
PCM in a storage-enhanced heat recovery room air-conditioner and
found that using the PCM improves the system performance. Jin
and Zhang [29] numerically simulated a two-layer PCM floor with
different melting temperatures for each layer in order to save the
heat or cold in the off-picked period and reflects it in the picked
period. They found that there is an optimal melting temperature
at which the thermal performance of the floor is the best. They also
showed that using PCM increased the amount of energy released
by the floor in comparison with the system without PCM. Liu
et al. [30] studied the influence of the PCM thickness in an exper-
imental setup consisting of two PCM layers between double
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glazing affected by solar radiation from one side. They recom-
mended a specific thickness of PCM to decrease the energy con-
sumption of the building. Also, they reported that the interior
surface temperature of the double glazing unit has a direct rela-
tionship with PCM thickness.

In recent years many different aspects of latent heat storage
systems were investigated; however, there are few studies on
using PCMs in the multi-layer arrangement, which can have
remarkable effects on optimizing energy usage and system perfor-
mance. The present study is dedicated to exploring the impact of
employing various layers of PCMs with different thicknesses on
the thermal characteristics of PCM solidification and melting pro-
cesses within an annulus heat exchanger for three consecutive
periods (15,000 sec). In order to cover a wide range of melting tem-
perature (31–70 �C) and latent heat capacity (150,000–260,000

Jkg�1), seven various PCMs are utilized. Moreover, the effect of
thicknesses and arrangements of PCM layers on the solidification
and melting processes are analyzed for the three-layer and
five-layer systems. The variation of liquid fraction and average
temperature besides their contours are presented and compared
for all fifteen cases.

2. Numerical model

2.1. Geometry and boundary conditions

Considering the solar energy reaches the earth periodically dur-
ing a day, many thermal systems, which are directly or even indi-
rectly subjected to various natural thermal conditions, are working
under sinusoidal thermal load depending on time. Heat exchangers
used in building ventilation systems are good examples of this kind
of systems in which the temperature of the building and, therefore,
thermal load often changes over time. Furthermore, factories, as
another example, usually reach their thermal load peak during
the day while they rest during the night. In addition, the third kind
of boundary condition is more practical than others as the heat
transfer process usually occurs by the convection mechanism in
heat exchangers; therefore, the sinusoidal time-varying boundary
Fig. 1. Physical model and
condition of the third kind is more realistic and applicable that
matches with real phenomenon [31].

Fig. 1 depicts the considered physical schematic of the present
study. In this figure, the inner cylinder has a radius of R = 20 mm
and is subjected to a hot heat transfer fluid (HHTF) flow in which
bulk temperature is changed over time. To simulate a real system
condition during a day, we supposed that the inner flow is a dis-
charged heat flow from a factory with a changeable temperature
over time as T1 ¼ 353þ Dhsinð2pt=tTÞ [K] and a constant convec-
tive heat transfer coefficient (HTC) of h1 ¼ 500 [Wm�2K�1]. Two
constant parameters Dh and tT express the amplitude and period-
icity of bulk temperature oscillation in a sinusoidal function, which
are set 30 K and 5000 sec, respectively. On the other hand, the
outer cylinder, which is assumed to be immersed in a river has
radius 3R, and its external surface is subjected to a cold heat trans-
fer fluid (CHTF) with constant temperature and convective HTC of
T1 ¼ 293 K and h1 ¼ 500 Wm�2K�1, subsequently. In order to
comprehend the effects of using different layers with various
thicknesses of PCMs, fifteen cases are introduced given in Table 1.
In each section, PCMs from RT series with different properties are
employed. The thermophysical properties of PCMs and aluminum
are shown in Table 2 [32,33]. Sections in each case are named from
the inner section to the outer one, respectively (the inner part is
section-1 and etc.) and are separated by an aluminum cylinder
with a thickness of 1 mm. The numerical solution starts with the
initial temperature, which is lower than the melting point of all
PCMs to ensure that all sections are entirely in the solid phase.
Numerical simulation has been done for the three consecutive
periods (15,000 sec). Reports will be concluded based on the third
period so as to minimize the influences of initial conditions. The
effects of natural convection are also considered in order to acquire
accurate results. For this means, the Rayleigh number is defined as
Ra = g b(DT)Dh

3/at, which is a constant value of 106 in all sections.
In this equation g is the gravitational acceleration of the earth, DT
is the maximum temperature difference between HHTF and CHTF,
b is thermal expansion coefficient, Dh is the hydraulic diameter of
the PCM section, a is the thermal diffusivity, and t is the kinematic
viscosity of PCMs.
boundary conditions.



Table 1
PCMs arrangements, and their thickness in different cases.

Case No. of layers PCM Arrangements (thickness)

1 1 RT 50 (t)
2 RT 35 (t)
3 RT 65 (t)
4 3 RT35 (t/3) RT50 (t/3) RT65 (t/3)
5 RT65 (t/3) RT50 (t/3) RT35 (t/3)
6 RT65 (0.2t) RT50 (0.4t) RT35 (0.4t)
7 RT65 (0.4t) RT50 (0.3t) RT35 (0.3t)
8 RT65 (0.6t) RT50 (0.2t) RT35 (0.2t)
9 RT65 (0.4t) RT50 (0.2t) RT35 (0.4t)
10 RT65 (0.3t) RT50 (0.4t) RT35 (0.3t)
11 RT65 (0.2t) RT50 (0.6t) RT35 (0.2t)
12 RT65 (0.4t) RT50 (0.4t) RT35 (0.2t)
13 RT65 (0.3t) RT50 (0.3t) RT35 (0.4t)
14 RT65 (0.2t) RT50 (0.2t) RT35 (0.6t)
15 5 RT70 (t/5) RT60 (t/5) RT50 (t/5) RT40 (t/5) RT30 (t/5)

Table 2
Thermo-physical properties of PCMs and Aluminum [32,33].

Thermo-physical Properties RT 31 RT 35 RT 42 RT 50 RT 58 RT 65 RT 70HC Aluminum

Density (kgm�3) 820 820 820 780 830 830 830 2719

Cp (Jkg�1K�1) 2000 2100 2000 2000 2400 2000 2000 871

Thermal Conductivity (Wm�1K�1) 0.2 0.2 0.2 0.2 0.2 0.2 0.2 202.4

Dynamic Viscosity (kgm�1s�1) 0.0035 0.0027 0.004 0.006 0.005 0.004 0.0045 –

Melting Heat (Jkg�1) 165,000 157,000 165,000 168,000 179,000 150,000 260,000 –

Melting Temperature (K) 304 308 315 323 331 338 343 –
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2.2. Governing equations

Density gradient, arising from the temperature difference, leads
to natural convection, which is the dominant mechanism of heat
transfer in liquid phases, while conduction heat transfer takes
place in cylinders’ body and solid states. In order to consider the
dependence of density to the temperature, a linear assumption is
applied, as below equation:

q ¼ q0½1� b T � T0ð Þ� ð1Þ
In this equation, q is the density, and T0 is the reference temper-

ature, which is fixed at 293.15 K [34]. Other thermophysical prop-
erties of PCMs are assumed independent of temperature.

Two kinds of density changes take place within the phase
changing process. One is related to the temperature gradient,
which appears in the natural convection heat transfer mechanism,
and the other one is due to the difference between liquid and solid
densities. In the present study, we ignore the volume change aris-
ing from the phase changing process since the rate of heat transfer
is substantially affected by the density variation related to the tem-
perature gradient [35]. In addition, the difference between solid
and liquid densities of PCMs used in our study is less than 10%,
and therefore, this assumption is reasonable. The incompressible
flow within each separated section is laminar and unsteady,
including natural convection in the liquid phase. Also, No-slip
boundary condition is considered in cylinder walls. Flow heating
due to viscous dissipation and the PCM volume change is negligi-
ble. It is noteworthy to mention that because of aluminum walls
thickness, all cylinders contribute to transforming heat through
conduction.

Two basic approaches are utilized in order to solve numerically
phase change problems: Employing deforming grid technique and
using the enthalpy porosity method with fixed grids. In the numer-
ical analysis, the second approach is comparatively easy to apply
with almost the same accuracy [36]. In the present study, the
enthalpy porosity method is used in which the solid-liquid mushy
zone is implemented as the porous zone.
Basic equations in our study are continuity, momentum, and
energy [37]:

@q
@t

þr: q u!
� �

¼ 0 ð2Þ

@

@t
q u!
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¼ lr2 u!�rpþ q g!þ S

! ð3Þ

@

@t
qHð Þ þ r: q u!H
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where u!, p, g!, S
!
, H, T, and k indicate the velocity vector, pressure,

the acceleration due to gravity, the source term, total enthalpy,
temperature, and thermal conductivity, in the given order.

Here, the source term ( S
!
) is given by:

S
!¼ Amush

ð1� cÞ2
c3 þ e

u! ð5Þ

where Amush , and c are the mushy zone constant and the liquid
fraction, respectively. The mushy zone constant, that varies
between 104 and 107, measures the amplitude of the damping
and expresses the morphology of the melting zone. As Amush

increases, the transition of the velocity would be steeper, during
the phase changing process. In the present study, the value of
105 is considered as the mushy zone constant. For the solid state
(c ¼ 0), in order to prevent the division by zero, e is introduced,
which is a small value of 0.001.

In the energy equation, the total enthalpy (H) including sensible
enthalpy and the latent heat of PCM can be written as:

H ¼ hþ DH ð6Þ
In which, DH attributes to the latent heat of PCM and the sen-

sible enthalpy (h) is given by:

h ¼ href þ
Z T

Tref

CpdT ð7Þ
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Fig. 2. Results obtained using the current numerical methodology in comparison with numerical and experimental data of [33].
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In this equation, href is the reference enthalpy at the reference
temperature of Tref, and Cp is the specific heat of PCM, which leads
to changing the phase between solid and liquid states. The liquid
fraction of the PCM during the phase change procedure, c, is:

c ¼ DH
L

ð8Þ
Fig. 3. Grid figure ((a) one layer; (b) three-layer; (c) five-layer; (d) zoom on the grid
for three-layer).
Which for completed solid and liquid states is equal to zero and
one, respectively. However, when Ts < T < Tl it is equal to [38]:

DH
L

¼ T � Ts

Tl � Ts
ð9Þ

Governing equations are solved using a finite element tech-
nique with an implicit Backward Difference Method. Maximum
order two has been employed as the integration scheme for time
marching solution. In the present study, the second-order elements
discretization method is applied for discretizing the momentum
and energy equations. The simulation is assumed converged when
the estimated error in the iterative solver is below 1 � 10�6.

Furthermore, in order to have a better understanding about the
effect of multi-layer PCMs, their thicknesses, and arrangements on
the performance of the system, the rate of saved energy to the inlet
energy is calculated for all cases using the below equation:

Stored energy percentage ¼ EPCM

Einlet
� 100 ð10Þ

where EPCM and Einlet represent the energy stored within the PCMs
and the energy obtained by the inner pipe, respectively. By writing
the energy balance equation, we have:

EPCM ¼ Einlet � Eout ð11Þ
The inlet and outlet energies can be obtained using surface inte-

gral of heat flux Jq over the time and inlet and outlet surfaces, sub-
sequently [39]:
Fig. 4. Liquid fraction of case 2 for different meshes and time step sizes.
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Einlet ¼
Z
t

Z
S;in

Jq dt dS ð12aÞ

Eout ¼
Z
t

Z
S;out

Jq dt dS ð12bÞ
2.3. Verification and grid independence study

To verify the results obtained by the current simulation, we
chose experimental and numerical results reported by A. Al-Abidi
et al. [33]. They simulated the melting process of RT82 as PCM
Fig. 7. Average Temperature of PCMs in

Fig. 6. Liquid Fraction of PCMs in ea

Fig. 5. Liquid Fraction (a) and average temperature (b) histo
within a triplex tube heat exchanger with the initial temperature
of 27 �C. Initially solid stated PCM is affected by hot tube walls
maintained in a constant temperature equal to 90 �C and conse-
quently started to melt in a triplex tube heat exchanger. Fig. 2a
and b compare average temperature, and liquid fraction resulted
from our simulation with those found in the referenced paper,
which demonstrates good agreement between the two studies.
The maximum errors between measured results and those
reported by previous studies for average temperature and liquid
fraction are calculated 3.18% and 4.59%, respectively.

Tests indicating the independence of the simulation results
from the mesh and time-step sizes are performed. A heterogeneous
each section, (a) case 4, (b) case 5.

ch section, (a) case 4, (b) case 5.

ry when the entire annulus is filled with one PCM type.
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triangular grid mesh is constructed, which is relatively coarse in
the middle of the cavity. However, non-uniform and finer grid
mesh is applied adjacent to the walls of cylinders so as to illustrate
Fig. 8. Liquid Fraction of PCMs for annulus with one-layer (case 2) (

Fig. 9. Average Temperature of PCMs for annulus with one
the features of unsteady convection flows around them accurately.
A schematic of the generated meshing of the model is shown in
Fig. 3.
a), three-layer (case 5) (b) and five-layer (case 15) (c) of PCMs.

layer (a), three layers (b) and five layers (c) of PCMs.
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The numerical simulations were conducted for the one-layer
system (case 2) for three grid sizes, which have 8012, 19,486, and
23,452 elements, and three time-step sizes of 0.5, 0.1, and 0.2 s.
The maximum element size for the one-layer system (with 19,486
domain elements) is about 0.0015[m], and the maximum element
growth rate is 1.08. The results are shown in Fig. 4. It is clear that
the results for these three types are similar; therefore, extra fine
mesh with 0.1 s time step is selected for current simulations.
Fig. 10. Liquid Fraction & Streamline (left), Velocity magnitude & Temperature
3. Results and discussion

In this article, we investigated what actually happened when
one, three, or five layers of PCMs with different arrangements,
properties, and thicknesses are used. The results and conclu-
sions are discussed based on liquid fraction, velocity streamli-
nes, and average temperature history during the calculation
period.
(right) contours of the annulus applying different layers for t = 11,250 sec.
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3.1. Employing one PCM type (one-layer system)

Firstly, the whole annulus is filled with one type of PCM
(RT50, RT35, and RT65, which are the cases 1–3 in Table 1). Then,
the liquid fraction and average temperature in each case were
evaluated. According to Fig. 5a and b, the average temperature
and liquid fraction of PCMs in each case are oscillating due to
the bulk temperature fluctuation at the inner boundary. RT35
has the maximum amount of liquid fraction and minimum
Fig. 11. Liquid Fraction & Streamline (left), Velocity magnitude & Temperature
average temperature whereas RT50 and RT 65 less affected. In
other words, the PCM, which has a higher difference between
melting temperature and the inner fluctuating temperature rela-
tively (RT35) oscillates around the high amounts of liquid frac-
tion comparing to the other types of the PCM. As the boundary
temperature is close to the melting point of RT60, the PCM layer
cannot gain enough energy from HHTF and consequently remains
at the solid state for a proportion of the period. Since the initial
temperature of each case was set according to the melting point
(right) contours of the annulus applying different layers for t = 12,500 sec.
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of the utilized PCMs, the average temperatures for each PCM at
t = 0 sec is different; however, they reach a stable trend for the
rest of the period; This means that at the beginning of the pro-
cess, liquid fraction and average temperature are in an unstable
pace, the corresponding time ranges from 0 to 3000 s. As time
goes on, these values become more and more stable. Based on
Fig. 12. Liquid Fraction & Streamline (left), Velocity magnitude & Temperature
the third period, the amplitude of average temperature fluctua-
tion is the lowest for RT50, on the grounds that the latent heat
capacity of RT50 is more than others, which leads to low-
temperature variations. Therefore, it is appropriate to choose
the third period (10,000–15,000 s) to show how the fluctuating
boundary condition affects multi-layer PCMs.
(right) contours of the annulus applying different layers for t = 13,750 sec.
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3.2. Different arrangements of PCMs in a three-layer annulus

In order to figure out the effects of the PCM arrangement, two
different arrangements are considered (cases 4 and 5), which con-
sist of three layers of RT35, RT50, and RT65. The only difference
between these two systems is the arrangements of PCMs. Fig. 6
presents liquid fraction versus time in these two cases. It is appar-
ent from Fig. 6a that when the PCM, which has lowest melting tem-
perature applied in inner annular (Section 1), the time required to
complete melting is about 900 s whereas PCM with highest melt-
ing temperature in Section 3 doesn’t affect at all. This is happened
owing to the big difference between the average temperature of
HHTF (353 K) and melting temperature of RT35 (308 K) in compar-
ison to RT65 (338 K). However, RT50 in the middle section fluctu-
ates in both arrangements at an almost same rate that does not
melt more than 40%. From the Fig. 6b, it can be seen that for the
reversed arrangement system, the PCMs within the whole three
layers mostly perform in their latent form.

Also, due to the fact that the volume fraction of Section 1 is
about 22% of all system and this section is near to the heat source
boundary, the oscillation amplitude for Section 1 is more signifi-
cant than other sections.

The average temperatures of the PCMs for cases 4 and 5 are
depicted in Fig. 7a and 7b. Although the arrangements of PCMs
have been reversed in these two cases, the average temperatures
oscillate between the same amounts for all sections. As a result,
the average temperature is mostly controlled by boundary condi-
tions. Moreover, it can be concluded that the sensible heat transfer
Section

Section-2

Fig. 13. Liquid Fraction of PCMs for all sections in cases 6, 7, and 8 to examine t
is predominant in case 4, while latent heat transfer is controlling
the liquid fraction for case 5.
3.3. Effects of the number of layers

This section attempts to demonstrate how the layer number
influences the phase change procedure. Figs. 8 and 9 exhibit dis-
tinctions in the melting process for systems with different num-
bers of PCM layers (cases 2, 5, and 15). In these cases, annulus
container divided into one, three, and five sections with equal
thicknesses, respectively. According to Fig. 8, applying a five-
layer heat exchanger raises the maximum liquid fraction of
Section 1 up to 95%, while this value is about 80% and 62% in the
triplex tube and one-layer tube for the same section, in the given
order. In addition, the amplitude of both average temperature
and liquid fraction fluctuations in multi-layer systems reduce by
approaching the outer sections, which stem from the oscillating
boundary condition in the inner tube and constant boundary con-
dition in the outer one. The behavior of the average temperature is
quite similar to the liquid fraction, as shown in Fig. 9. Since the
inner section in multi-layer heat exchanger has a small proportion
of the total annulus volume and also experiences the thermal
boundary condition directly, it reacts sharply with high amplitude
of average temperature and liquid fraction comparing to the other
sections. Therefore, when it is essential to save energy in the latent
form, using a multi-layer system is more beneficial than one-layer
PCM.
-1 

Section-3

he effect of section’s thickness when the thickness of section-1 is changing.
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The liquid fraction, streamline, velocity magnitude, and temper-
ature contours for the heat exchanger with one, three, and five-
layer PCMs for t = 11,250, 12,500, and 13,750 sec (when the inner
wall temperature reaches its maximum, mean and lowest value in
its sinusoidal distribution) are shown in Figs. 10, 11, and 12,
respectively. The effect of natural convection is evident in the sec-
tions, but it is diminishing as time passes, and consequently, the
PCM temperature reduces. In addition, increasing the number of
PCM layers in the system reduces the natural convection since
the interior walls act as barriers; however, the heat transfer
through layers by conduction increases. Comparing the contours
in Figs. 10, 11, and 12 reveal that the amount of liquid PCM and
average temperatures of the sections at t = 11,250 sec are higher
than 12,500 sec, and for 12,500 sec are higher than 13,750 sec. This
is attributed to the fact that the sinusoidal function for tempera-
ture in the inner tube has its peak at t = 11,250 s for time ranges
between 10,000 s and 15,000 s. It can also be observed that the liq-
uid PCM in all sections is above the solid phase with higher tem-
perature due to the buoyancy effects, which clearly shows the
active role of natural convection heat transfer in the dynamics of
the liquid phase during the phase-changing process. Based on the
temperature contours, heat transition enhances by employing
multi-layer PCMs. Conduction heat transfer through aluminum
walls can be one of the contributing factors in fast heat transforma-
tion from the inner tube to the outer wall in multi-layer systems.

Since the hot heat transfer fluid (HHTF) exerts around the inner
wall, the rate of heat transfer is most significant at the top of the
inner wall. Therefore, the PCM starts melting from the top. The sep-
aration of the phases, as well as the changes in density due to tem-
perature dependence, results in recirculation vortices forming in
the liquid region [40].
Section-

Section-2

Fig. 14. Liquid Fraction of PCMs for all sections in cases 9, 10, and 11 to examine
According to Figs. 10, 11, and 12, the amount of velocity magni-
tude in the one-layer system is the lowest in comparison with the
three and five-layer systems. As the section number increases,
hydraulic diameter decreases, which leads to a rise in velocity
magnitude and vorticity in the liquid regions. Streamlines pre-
sented in Fig. 10 demonstrate that convection is the dominant
mechanism of heat transfer in inner sections, while conduction is
occurring in the outer annulus in three and five-layer systems. As
a result, a large vortex along the edge of the inner wall is formed.
In contrast, as time progresses, heat is transferred to outer sections
causing the formation of vortices in the outer annulus, as shown in
Figs. 11, 12.

3.4. The thickness of layers effects

This section investigates the thickness of layers’ effects on the
triplex-tube heat exchanger. For this means cases, 6 to 14 (Table 1)
have been introduced. Cases 6, 7, and 8 are designed to examine
the effects of the inner section’s thickness, and the corresponding
results are shown in Fig. 13. It can be inferred from this figure that
the thin the thickness of the inner layer is, PCMs in all sections
react with their latent formmore, and then by increasing the thick-
ness of this section, the liquid percentage of PCMs decreases in all
sections. Owing to the fact that the inner section is thin, it has got
low thermal resistance, and heat can transmit from this section
quickly. The other important observation is that the outer section
liquefies less than others in all cases.

Fig. 14 reveals that there is no significant change in the liquid
fraction of Section 2 by varying its thickness. However, by
increasing the thickness and, therefore, the thermal resistance of
Section 2, thermal heat from the inner wall mostly influences
1 

Section-3

the effect of section’s thickness when the thickness of section-2 is changing.
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Fig. 15. Liquid Fraction of PCMs for all sections in cases 12, 13, and 14 to examine the effect of section’s thickness when the thickness of section-3 is changing.
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the inner section, and a less proportion of heat can transmit to the
outer section.

Finally, the effects of different thickness of section-3 have been
demonstrated in the form of liquid fraction in Fig. 15. As it is clear,
the amount of heat absorbed by all sections in the form of latent
heat increases as the thickness of section-3 is expanded. In addi-
tion, the influence of varying the thickness of this section is more
than others because the outer tube has got a bigger radius, and
the more heat transfer surface area of this section, the more the
heat transfers through the inner layer.

In general, decreasing the thickness of the inner section and
increasing the thickness of the outer section lead to high liquid
fractions (absorbing more heat as the latent form) in all sections.
Fig. 16. Percentage of stored energy within PCMs for all cases.
3.5. The comparison of stored energy

In order to have a better understanding of the effect of multi-
layer PCMs, the rate of stored energy for each case is depicted in
Fig. 16. Since the bulk temperature of the inner tube and, conse-
quently, the energy of the system varies as a sinusoidal function
of time, the total energy saved in a whole period equal to zero.
As a result, the first half of the third period (t = 10,000 to 12,500
sec) is considered to evaluate the rate of energy saved in PCMs to
the inlet energy. As can be seen from the figure, cases 2 and 3 have
the lowest values of the saved energy percentage (24.59 and
23.28% subsequently), which shows that one-layer PCM stores less
energy in comparison with multi-layer PCMs. Fig. 16 shows that
cases 5, 9, and 13 possess the highest percentage of saved energy
(the maximum percentage of 41.67% is calculated for case 9),
which supports the fact that when the PCMs with lowest and high-
est melting temperatures are placed in the vicinity of the CHTF and
HHTF respectively, the system performance is highest.
4. Conclusion

In the present study, a numerical simulation is conducted in
order to demonstrate the influences of various parameters on the
solid-liquid phase change process of multi-layer PCMs within a
tubular heat exchanger. In order to achieve actual thermal condi-
tion during a day, the third kind boundary condition is applied to
both walls in which a sinusoidal function is employed so as to fluc-
tuate the bulk temperature of the inner tube while the heat trans-
fer coefficients and bulk temperature of the outer fluid are
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constant. The effect of PCMs arrangements, as well as the thickness
and number of layers, is investigated by utilizing fifteen different
cases, which are listed in Table1. The comparison is expressed by
the use of average temperature, the liquid fraction, streamline,
velocity magnitude, and the rate of saved energy diagrams for
the whole cases, and the following results are obtained:

� For the one-layer system, using a PCM with high latent heat
capacity leads to fluctuating average temperature with low
amplitude.

� Using a PCM with a melting temperature that has a big differ-
ence with the inner boundary leads to high amounts of the liq-
uid fraction when one-layer PCM is utilized.

� Employing PCMs with the lowest and highest melting tempera-
tures in the vicinity of the cold and hot boundaries respectively
leads to high amounts of liquid fraction during the process.

� When the amount of absorbing thermal heat in its latent form is
significant, increasing the number of PCM layers is the right
choice.

� Comparing the results for one, three, and five-layer heat
exchanger show that using the multi-layers system due to high
capacity in storing latent energy is appropriate.

� In the three-layer system, the effect of changing the thickness of
section-2 on the liquid fraction is less than changing the thick-
ness for other sections.

� Low thicknesses of the inner section and high thicknesses of the
outer section lead to high liquid fractions in all sections.

� The minimum saved energy percentage is related to case 3,
where one layer of RT65 is utilized as PCM. While the three-
layer PCM of case 9 saves the highest amount of inlet energy.
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