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Abstract

The shape of container influences natural convection inside a latent heat storage with a phase change material (PCM). Often, the
geometrical design of a PCM container is based on empirical observations. To enhance convection and melting of the PCM, authors
propose here new design guidelines for an improved container. Using the so-called Co-factor method as the optimized basis, which is
defined as the vector product of the velocity and temperature gradient, the new design method strives to raise the velocity of natural
convection in liquid PCM, increase the amount of PCM in the direction of the convective flow, and reduce the amount of PCM far from
the heating surface. Following these guidelines and Co-factor, an optimized PCM container with an elongated and curved shape is
proposed and compared with a rectangular container. Numerical simulations indicated that the total melting time of the PCM in the
optimized container could be reduced by more than 20% compared with the rectangular one. The higher natural convection velocity
and the better use of it to melt the PCM in the optimized container space attributed to the better performance than that in rectangular

container. The results can be used to design more effective PCM storage systems.

Keywords: heat transfer analysis, natural convection, enhance convection and melting, PCM container, latent heat storage

INTRODUCTION

Thermal storage has been identified as an important
technology to match unbalanced heat demand and sup-
ply and in connection with renewable energy [1-8]. Heat
can be stored in three different ways: sensible heat, latent
heat and thermo-chemical heat storage. Latent heat ther-
mal storage makes use of the heat of transformation
in phase change materials (PCMs), e.g. between a solid
and liquid phase [9]. It is considered a promising storage
option due to a high storage density and operation at
close to isothermal conditions [10, 11]. A latent heat
storage system comprises the PCMs, a container and heat
transfer devices [12]. These systems have been subject to
intensive research, e.g. on new PCMs, improving thermal
conductivity of PCM, microencapsulation of PCM [13],
enhancing heat transfer in PCM [14] and optimization of
the system structure [15].

The container of the latent heat storage not only pro-
vides a confinement of the PCM but also affects the heat
transfer inside the storage and hence its performance
[16]. Rectangular [17] and cylindrical [18] containers and
sphere [19] capsules are commonly used with PCM. In
addition to the influence of container shape on PCM

melting process, natural convection also plays an impor-
tant role in PCM melting. Numerical and experimental
studies on the melting process showed that natural con-
vection enhances the melting process and emphasized
the use of conduction-convection coupled heat transfer
models [20, 21]. Actually, several studies have focused
to enhance PCM melting by natural convection [22-24].
In fact, the mode of natural convection is affected by a
variety of external conditions, such as heating location
[25] and container shape [26, 27]. Many scholars have
studied the melting process of PCM in different container
shapes and the role of natural convection [16, 28]. Vogel
et al. [29] investigated the melting process in flat plate;
the heat transfer is enhanced by greater widths and
smaller heights of enclosure. Shin et al. [28] reported that
elliptical capsules enhanced the Nusselt number of the
PCM by five times compared with the spherical capsules.
Although the melting process of PCM in different shapes
of containers affected by natural convection has been
widely studied, due to the diversity of container shapes
and boundary conditions, the understanding of melting
cannot be extended to the optimization of other con-
tainer shapes.
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Fig. 1. Physical model of a rectangular container (i) and the new design of container (ii)

Rectangular container is a common PCM container
model, which can come from the square container or
symmetrical section plane of shell and tube [16, 26, 29].
In the rectangular container, one side is often used as the
heating surface and the other surfaces are adiabatic [30].
A previous work on rectangular containers has shown
that controlling the heat flux importantly affects the heat
transfer and fusion velocity in PCM [31, 32]. In addition
to the above changes, tilting the container at a certain
angle can also enhance the heat transfer [33-35], but this
can be regarded as a double change of the position of the
heating surface and the container shape.

To sum up, there are many ways to strengthen the heat
transfer process by changing the shape, but their con-
clusions are not generalizable, the optimization direction
for the shape of PCM container is not clear, and it is
difficult to be used in the optimization of other container
shapes. Combined with the previous research on natural
convection [25, 36], the authors believe that the natural
convection flow is affected by the heating position and
the shape of the container and the velocity direction of
natural convection plays an important role in the PCM
melting process. Therefore, when the heating surface is
unchanged, the optimization mode of PCM container is
given according to the natural convection flow pattern.
This conclusion has wide applicability in the heat storage
system with natural convection and can be optimized
according to the original shape.

In this paper, the authors take the common rectan-
gular container as the prototype, optimize the rectan-
gular container under the condition of keeping the total
volume unchanged and make a detailed analysis of the
results according to the previous research conclusions to
reveal what factors cause the ‘enhanced heat transfer’.

METHOD OF OPTIMIZING PCM CONTAINER
Design guidelines

As a starting point for the design of a PCM container,
the authors prioritize enhancing the natural convection
in improving the thermal performance. Traditional engi-
neering aspects such as mechanical strength and isola-

tion of the container are not considered here. Authors
of the previous work [36] show that the vector product
of the velocity and thermal gradient vectors U .vT (TJ)
= velocity, vi= temperature gradient) is a main driving
force of melting in the convection-regime of the temper-
ature boundary layer. Denoting Co =U - VT, and naming
this as the Co-factor, when Co> 0 it promotes melting.
This model gives a clear and quantitative explanation for
the problem of melting interface movement affected by
natural convection, as well as that increasing the heating
temperature and changing only the shape of the heat
storage unit can greatly enhance the heat storage rate
in this study.

Based on the above, the following design guidelines of
PCM container are proposed:

e increase velocity of natural convection or reduce
attenuation of convection in liquid PCM,;

¢ increase amount of PCM in direction of convective
flow;

¢ reduce amount of PCM far away from heating surface
where natural convection is weak.

Combining the above factor with the fluid flow charac-
teristics (convection by buoyancy is upwards; convection
flows along container wall and solid-liquid interface;
convection flow is a closed loop), the PCM melting process
in the container can be predicted and the effect of the
container shape can be judged. These will be discussed
in the following.

Container shape

In the next, the authors proposed a new container shape
outgoing from earlier observations from literature with
different dimensions [16] and optimized the rectangu-
lar container. The authors extend the length above the
heating wall so that more PCM is located in the con-
vection direction and convert the right angle turning
into a smooth curve to reduce the convective loss and
thus the PCM away from heating wall will be reduced
due to this arrangement. For comparison, a rectangular
container is also analyzed. All containers have the same

220z Jaquiaoa( ¢ uo Jasn Aseiqr ABojouyos | Jo Alstaaiun nuisieH Aq 1 21 059/9009e10/AB1aus00/c601 "0 L /10p/ajonie/ABiausoo/woo dno-olwapeoe//:sdiy Woll papeojuMo(]



Table 1. Shape parameters of the new containers
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Table 2. Thermophysical properties of N-eicosane [23]

L(mm) 40 45 50 55 60 Properties Values

b(mm) 35.4 326 30.1 27.9 26.0 Melting temperature 36 (35-37) °C
Density 770 kg/m?
Kinematic viscosity 5x 1076 m?/s
Specific heat 2460 J/kg K

PCM volume. The rectangular and the new containers  Thermal conductivity 0151 W/m K

h : : : Latent heat 247.6 kJ/kg
shown in 2D in Fig. 1 are all heated over a 40-mm length 4 . o
. . .. Thermal expansion coefficient 0.0009 K

on the left vertical side and the remaining surfaces are

well insulated. The geometric parameter values are given

in Table 1. Therefore, the top of the new containers is _

designed semicircular and the bottom part is a quarter ~ enthalpy his

ellipse in order to ensure smooth wall curve; the mid- .

dle part is rectangular (there is no middle part when h =M+ / ¢, dT (4)

L=40 mm) for longer lengthening but will not lengthen
the wall indefinitely. Their area can be calculated by the
following formula; the three parts are the area of semi-
circle (top part), rectangular (middle part) and quarter
ellipse (bottom part).

1 7b? 1
Sarea = >4 +b (L —40) + 1401971

Thermal model of the PCM

In the numerical model of the PCM storage, the flow is
considered unsteady, laminar, incompressible and 2D.
The viscous dissipation term is neglected. The viscous
incompressible flow and the temperature distribution
are solved using the Navier-Stokes and thermal energy
equations, respectively. The continuity, momentum
and thermal energy equations can be expressed as
follows [37]:
Continuity:

iy (pﬁ) =0, (1)

at

where p is the density of the PCM, T is the velocity.
Momentum:

%(pﬁ))—l-v-(pﬁ)ﬁ))=—VP+p§>+V-t+_F), 2)

where P is the static pressure, t is the stress tensor and
g is acceleration of gravity and Fis the external body
forces, which is equal to 0 in this article.

Thermal energy:

d (pH)
ot

+V-(pTUH) =V KYD +5, (3)

where His enthalpy, T is the temperature, k is the thermal
conductivity of the PCM and S is the volumetric heat
source term, which is equal to zero here. The enthalpy
H of the PCM is computed as the sum of the sensible
enthalpy h and the latent heat AH, where the sensible

Tref

and hyr is reference enthalpy, Ty is the reference tem-
perature, ¢, is the specific heat at constant pressure.
The latent heat AH is

AH = BLa, (5)

where La is the latent heat, B is the liquid fraction defined
as

,3 = O, lf T < Tsolid (6)
B=1, if T> Th'quid (7)

T—Tootia .
‘327, lle'd<T<T1‘ id 8
Th‘quid — Tsoig o e ( )

The above equations are numerically solved by the
ANSYS FLUENT 16.0 model [38]. The SIMPLE method for
the pressure-velocity coupling is used in order to solve
the momentum and energy equations, and the PRESTO
scheme is adopted for the pressure correction equation.
The under-relaxation factors for the pressure, velocity
components, liquid fraction and thermal energy are 0.3,
0.2,0.9 and 1 [23], respectively. A residual target of 10~
is used for the continuity, momentum and energy equa-
tions. N-eicosane is selected as PCM due to it has been
widely used in research [23]. The thermal properties are
shown in Table 2.

In time t=0, the temperature of the PCM in the con-
tainers is set to 308.15 K (Ty), and the heating wall is set
to a constant temperature of 350.15 K (T4).

Validation of the model

As part of the model validation, the authors first ensured
the independency of the numerical solution from the
grid. For the new container with L =40 mm, three meshes
were considered and the corresponding evolution of the
liquid fraction was tracked and shown in Fig. 2. A grid
size with 6591 elements was selected also taking the
required computer run time into account. Time step (dt)
for numerical calculation was also checked illustrated
in Fig. 3 indicating that there is no difference between
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Fig. 2. Testing the effect of grid size in the numerical simulations
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Fig. 3. Testing the time step dependence in the numerical simulations

the three time steps (dt=0.01, dt=0.05, dt=0.1). The
computing time increased with shorter time steps but
more iterations are needed with the longer time steps, for
which reason the authors chose 0.05 s as the time step in
the numerical simulation.

To validate the present simulation model, a compari-
son with pure N-eicosane melt in a concentric circular
annulus is performed with array 3 in [23] similar to [39].
Figure 4 shows a good agreement between the present
simulation and [23].

RESULTS AND DISCUSSION

Comparison of rectangular and new containers
Figure 5 shows the change of the liquid fraction with
time for the different geometries of the container. The
time required for complete melting of the PCM is given
in Table 3. The results show that the time needed for
complete melting of the PCM is shorter with the new con-
tainers than with the rectangular one. The time reduc-
tion improves with the length: for L=40 mm, L =45 mm,
L=50mm, L=55mm and L =60 mm, the time is reduced
by 20.9%, 21.1%, 23.0%, 23.7% and 25.1%, respectively. It

Present work
Darzi et al. work[23] ',,,,,/

Liquid fraction

0.0 - T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22

Time/min

Fig. 4. Validation of the present model with Darzi et al. [23] (array 3) work

1.0 T T //l///)/'
0.8 .
5
= i L=40mm |
o 06 L=45mm
g L=50mm
- L=55mm
3 L=60mm
= 0.4+ —— Rectangular
:{
0.2 1
0.0 T T T T T T T T T T
0 500 1000 1500 2000 2500

Time/s

Fig. 5. Change of liquid fraction in different containers versus time

should be noted that in the new container with L =60, the
liquid fraction has a significant turning point at 1010s
and the turning also appears with L=55 in the new
container. The specific reasons for this are discussed in
Advantages of the new containers based on the Co-factor.

The melting process including the velocity vectors are
shown in Fig. 6. The magnitude of speed is set to the same
during post-processing to compare the velocity in the
different case. The velocity in the new designs is higher
than in the rectangular container from the beginning
to the end of the melting process, especially above the
vertical heating surface. The velocity in the rectangular
container needs to go through a right angle turn and
this causes a main loss in the turning. Similar velocity
distribution has been found in [26]. The melting interface
in the containers shows that the melting rate of the
solid phase PCM is faster in the direction of the velocity.
More solid PCM is placed in the direction of the natural
convection velocity in the new type of containers, leading
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Table 3. Complete melting time of PCM in different container shapes

Container shape Rectangular New design New design New design New design New design
(L =40 mm) (L =45 mm) (L=50 mm) (L =55 mm) (L=60 mm)
Complete melting time (s) 2415 1910 1906 1860 1843 1813
Rectangular container New design New design New design
L=40mm L=40mm L=50mm L=60mm

t=400s

t=800s

t=1200s

t=1600s

fraction | | | | | | I
005 01 015 0.2 025 03 035 04 045 05 055 06 065 0.7 0.75 0.8 085 0.9 095

Fig. 6. Melting interface and velocity vectors for the different containers

to faster melting rate. It is worth noting that in a later =~ which is well observed with increasing of L. When the
stage of the melting process, the melting rate of the PCM  faster part is melted, the melting rate will change signif-
is slower when it is not in the direction of the velocity,  icantly and that is why there is an obvious turning point
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Fig. 7. Comparison of transient Nu at the heating wall for rectangular
container and new designed container

when L=60 mm in Fig. 5. This phenomenon is caused by
the difference of PCM melting rate at different locations.
Above the heating surface, the melting rate of PCM is
faster than that below, and the melting rate is the sum
of the melting rates above and below. However, after
the PCM above melts completely, there is no part of the
faster melting rate, so the melting rate turns suddenly.
These phenomena also correspond to the reduction of Nu
in Fig. 7.

To analyze the heat transfer process further, a tran-
sient Nusselt number (Nu) on the heating wall is defined
as follows:

Nu(t) = @

(9)where h(t) is the average heat transfer coefficient at
the heating wall, k is the thermal conductivity of the PCM
and l is characteristic length of the container (=40 mm in
this paper). The heat transfer coefficient can further be
defined as

QM

hO = 2T~ Ty

(10)where Q(t) is the heat transferred from the heating
wall to PCM per unit time interval, A is the area of the
heating wall, Ty is the heating temperature, Tp, is the
melting temperature.

Nu(t) for the different containers is shown in Fig. 7. The
trend of the six curves over time is consistent and can
be divided into three stages over time. First, the Nusselt
number drops quickly, then it rises slightly, and finally,
it decreases until the PCM melts completely. Heat con-
duction dominates melting in the early stage, but heat
convection gradually starts to dominate the heat trans-
fer. Compared with the rectangular container, the Nu of
the new type of containers is higher in the convection-
dominated regime except for the new container with
L =40 mm, but just for a short period of time. The higher

Nusselt number explains why the PCM in the new con-
tainers melts faster than in the rectangular one. In addi-
tion, the maximum value of Nu increases and the dura-
tion of the second stage is prolonged with increasing L
explaining the shorter time needed for complete melting
with increasing L.

Advantages of the new containers based on the
Co-factor

To better understand the role of natural convection in the
melting process, further analysis on influencing factors
was made. From the previous sector, it can be found
that the liquid fraction, melting interface and Nusselt
number are closely related to melting but do not provide
adequate information on the role of natural convection.
Natural convection has two key parameters: speed and
direction, which cannot be reflected in Nu and liquid
rate, but Co is the dot product value, including these two
parameters. Therefore, the Co-factor will be used next
for a more detailed analysis of the natural convection.
According to the Co-theory [36], the PCM melting rate can
be improved through the following measures: increasing
the flow rate or the temperature gradient, reducing the
angle between the velocity and the direction of the tem-
perature gradient and striving for placing the maximum
velocity and the maximum temperature gradient in the
same position.

First, the melting process is analyzed based on the
velocity (v) of natural convection. Three different veloc-
ity points are defined: the maximum velocity in the
liquid zone (Vmax), the velocity at maximum Co (vco)
and the velocity in the direction of the temperature
gradient at maximum Co (vrg). Also, the following hold:
VTG < Vo < Vmax. Figure 8a-f illustrates these velocities
for the different containers. Coincide of vg, and Vimax
means that the position of the maximum Co coincides
with that of the maximum velocity; it implies whether
natural convection is better used for melting. The vrg is
an important part of the Co-factor, which indicates how
much natural convection contributes to the melting at
this location. From Fig. 8a—f, it can be seen that the vrg
has a low coincides with v¢o at maximum Co position,
which means all their natural convection are not fully
utilization for promoting melting. The magnitude of vrg
and v¢, are clearly separated in time, which indicates
that the PCM in the direction of the velocity flow has
completely melted; it can be verified with the melting
process. Melting rate will become lower because poor
utilization of velocity and it can also verified by integral
analysis in next paragraph. The maximum velocity in
the rectangular container and both coincides of velocity
are lower than that of the new containers explaining the
slower melting rate in the rectangular container. With
increase of L in the new containers, the duration of
coincide time of v, and viax Increases and the time for
complete melting of the PCM decreases. The same kind
of result has been mentioned [16]. When L is equal to 55
and 60 mm, the vmax and vrg have an obvious turning
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Fig. 8. Three velocities in the different containers (a) rectangular, new design (b) L=40 mm, (c) L=45 mm, (d) L=50 mm, (e) L=55 mm, (f) L=60 mm

point, which reflects to the liquid fraction having also a
turning point.

Next, an integral analysis was performed. As Co>0
in the temperature boundary layer is regarded as the
driving force of melting in the convection-regime; then
the integral of Co for values Co > 0 on the surface repre-
sent the melting rate of PCM. The melting rate of PCM
is expressed by the change rate of liquid fraction in

a certain time. The melting rate and the integrals of
Co are shown in Fig. 9a—f to illustrate this relationship.
In the simulation, a time step of 1 s is used for the
new containers and 5 s for the rectangular container.
It should be noted that the integral of Co is taken over
the whole surface, so it is slightly larger than that in
the temperature boundary layer. The mixing of cold and
hot fluids may exist outside the boundary layer where
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Fig. 9. Melting rate and integral of Co in the different containers (a) rectangular, new design (b) L=40 mm, (c) L=45 mm, (d) L=50 mm, () L=55 mm,

(f) L=60 mm

Co factor is also available. From Fig. 9a-f, the melting
rate and integral value have similar trends, except for
the initial stage, in which the melting mainly depends
on heat conduction. The melting time of the PCM by
heat conduction is about 250 s, and the subsequent PCM
melting mainly depends on the convection heat transfer.
Increasing L increases the maximum value of the integral
and the higher value exists for a longer time. When L
is equal to 55 and 60 mm, the integral value suddenly
decreases at a certain time point, which leads to the

turning point of the liquid fraction. Hence, the change of
the integral value is the reason for the change of melting
rate.

Summarizing, through the above analyses of the con-
tainer design, it can be concluded that natural convection
is better utilized in the new design of the containers.
Moreover, the proposed method of velocity and integral
analysis can also be used to analyze the natural convec-
tion in other PCM storage systems as these methods are
not limited by the shape of the PCM container.
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CONCLUSIONS

To enhance convection and melting in PCM, new design
guidelines for an improved container have been proposed
in this paper. Using the so-called Co-factor method for
the design, a novel PCM container with an elongated and
curved shape is proposed and compared with a rectan-
gular container. Numerical simulations were conducted
and the results indicate that a higher natural convection
velocity and a better melting process of the PCM were
achieved.

The results indicate that three factors in particular
should be considered for making full use of natural
convection resulting in quicker melting: raise the veloc-
ity of natural convection or reduce the attenuation of
convection in liquid PCM; make more PCM available in
the direction of convection flow; and reduce the amount
of PCM far from the heating surface where the natural
convection is weak.

New PCM containers based on the guidelines were
proposed and compared with a standard rectangular
container. Velocity analysis and integral analysis were
employed for the comparison to verify the change of
natural convection in the container. The melting time of
the new containers with an elongated and curved shape
is decreased by 20-25%, the higher value linked to an
increased length of the surface.

The design method proposed here is independent of
container geometry and it can be used for existing con-
tainers and optimize their shape, or to study the effects of
different heat transfer enhancing measures such as fins,
among others by velocity analysis and integral analysis.
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