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ABSTRACT

This study proposes a novel thermal energy storage (TES) concept using two phase change materials (PCMs) (inorganic salt and metal alloy)
as the storage media. The metal alloy PCM is encapsulated in a tube which is inserted in the inorganic salt PCM. Thus, the metal alloy PCM
serves as the heat storage material as well as the heat transfer enhanced �n for the inorganic salt PCM. After validation, a numerical model is
developed to simulate the charging and discharging processes of the presented TES unit. Furthermore, the in�uence of the storage material
selection, the phase change temperature difference between those two PCMs, and the location of heat transfer surface on the thermal
behavior of the charging and discharging process are discussed. The results show that, compared with the unit �lled with only salt PCM, the
proposed unit can signi�cantly reduce the charging and discharging time by 33.2% and at least 50.3%, respectively. When selecting metal
PCM, it is not recommended to use the metal PCM with higher melting temperature than the selected salt PCM. With 75 K melting
temperature difference, the melting and solidi�cation time of the unit was prolonged by 47.1% and 6.1%. In addition, if the unit has bottom
heat transfer surface, the melting and solidi�cation time of the unit are 356 and 1989 min, corresponding to 4.5 charging power and 0.8 kW
discharging power.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0053775

I. INTRODUCTION
Thermal energy storage (TES) can solve the mismatch between

the energy supply and demand of renewable energy.1,2 Based on the
temperature requirements of different applications, the TES systems
can be divided into low-temperature TES (lower than 80 �C),
medium-temperature TES (80�250 �C), and high-temperature TES
(higher than 250 �C).3 High-temperature TES is suitable for many
industrial applications such as concentrated solar power (CSP) plants,
supercritical CO2 Brayton cycle, and waste heat recovery. For example,
a high-temperature TES system can mitigate short �uctuations, deliv-
ery stage displacement and extension, and improve the annual capac-
ity factor of the solar thermal power plant.4

There are three main TES principles: sensible heat storage, latent
heat storage, and chemical heat storage.5 Sensible heat storage stores/
releases heat by increasing/lowering the temperature of the material
without phase change or chemical reaction. Chemical heat storage
uses a reversible chemical reaction to store or release heat. Latent heat

storage absorbs or releases heat by the phase change process of phase
change material (PCM). Nowadays, due to the small temperature
change during the heat storage/release process and high heat storage
density, latent heat storage has drawn signi�cant attention.6 Among all
the efforts, an essential part of the research is to enhance the thermal
conductivity of PCM.7,8 Many researchers have used metals to increase
the thermal conductivities of PCMs.

Previous investigations revealed that prepared composite PCMs
by adding metal foam and metal nanoparticles could effectively
increase the thermal conductivities. Zhang et al.9 showed that the con-
ductivity of paraf�n could be increased about 25 times by adding
porous Cu foam. Li et al.10 synthesized an n-octadecane/hierarchically
porous TiO2 composite PCMs and found that the thermal conductiv-
ity of the composite PCMs could be 1.38 times as high as pure n-
octadecane. Mahdi et al.11 compared the enhanced performance of
shell-and-tube latent heat storage unit by multiple-PCM, multiple-
PCM with aluminum nanoparticles, and multiple-PCM with cascaded
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aluminum porous foam. The results showed that the full solidi�cation
time of the storage unit without any enhanced method could be saved
up to 94% by using multiple-PCM with nanoparticles or multiple-
PCM with cascaded foam. Song et al.12 added silver nanoparticles into
the polyethylene glycol. They found that the thermal conductivity of
the prepared nanocomposite PCM is about 2.8 times as high as that of
pure polyethylene glycol. Han et al.13 dispersed Al2O3 nanoparticles
into chloride salts for high-temperature latent heat TES. The results
showed that the thermal conductivity of composite PCM could be
enhanced by 48%.

In addition, directly using metals as PCMs is another method
adopted by research. Wang et al.14 investigated the Al�Si alloy used
as PCM, and the results showed that the melting temperature and
the latent heat of AlSi12 were 576 �C and 560 kJ/kg, and the thermal
conductivity was 160 W/(m K). Fang et al.15 found that the
Mg�39Bi�17Sn alloy showed excellent thermal stability in high-
temperature TES. The latent heat of Mg�39Bi�17Sn alloy was
168.8 J/g, and the melting point was between 515 and 525 �C.
Mg�45Bi�17Sn alloy had the highest thermal conductivity of
57 W/(m K) (350 �C). Karim et al.16 proposed that the Cu�Mg eutec-
tic alloy was a promising material in high-temperature TES. The
melting point and latent heat of Mg84Cu16 alloy were 488 �C and
232 kJ/kg, and the thermal conductivity was 107 W/(m K).

Sun et al.17 used Cu as PCM coated with graphite �ak. The ther-
mal conductivity was 710 W/(m K). Sohn et al.18 used graphite�Cu
composite as PCM. The thermal conductivity of the composite was
456.9 W/(m K), which was higher than pure Cu. Morvan et al.19 used
graphite �ake�Cu composite as a high-conductivity energy storage
material. The thermal conductivity of the composite was 630 W/(m K)
when 40 vol. % graphite was added. Liu et al.20 also investigated the
thermal conductivity of graphite�Cu composite. The results showed
that the fraction of graphite in�uenced its thermal conductivity. When
the volume fraction of graphite increased from 44% to 71%, the ther-
mal conductivity of the composite increased from 455 to 565 W/(m K).
Zhang et al.21 further used Cr-coated graphite �ber to enhance the
thermal conductivity of Cu (as PCM). The thermal conductivity of
Cr-coated graphite�Cu composite was 380�412 W/(m K).

Huang et al.22 used Al as PCM, and the thermal conductivity of
graphite �lm�Al composite was 380�940 W/(mK) (the volume frac-
tion of graphite ranged from 17.4% to 69.4%). Ren et al.23 measured
the thermal conductivity of Mg�Al�Si composite. The results showed
that with 6%�12% Si and 4%�8% Mg, the thermal conductivity of the
composite was around 120 W/(m K). Zhang et al.24 found that
the thermal properties of Mg�Al�Si composite were anisotropic. In
the axial direction, the composite had higher thermal conductivity
138.3 W/(m K). Zare et al.25 measured the thermal conductivity of
Al�SiC composite, and it was in�uenced by the fraction of SiC. When
the volume fraction of SiC was 20%, the thermal conductivity of the
composite was 61.5 W/(m K).

In addition to being used to enhance the thermal conductivity,
many researchers inserted metal �ns to reinforce the heat transfer
between PCM and heat transfer �uid (HTF).26 Mahdi and Nsofor27

used Al2O3 nanoparticles and copper �ns to improve PCM solidi�ca-
tion in a triplex-tube TES system. They found that adding �ns could
achieve the best performance than using nanoparticles alone or a com-
bination of �ns and nanoparticles. Nie et al.28 numerically compared
the enhanced performance of adding copper �ns with four different

arrangements into a latent heat TES unit. The results showed that the
straight design has the shortest melting-solidi�cation time. Kok29 pro-
posed four novel metal �n designs to improve the melting process of
PCM in a rectangular tank. The results showed that the design named
Fin 1 was the most effective one, which could decrease the melting
time by 63%. Pizzolato et al.30 used topology optimization to optimize
metal �ns in a tube-and-shell heat exchanger. The results showed that
the melting and solidi�cation of PCM were enhanced remarkably
through natural convection by using well-engineered �ns with speci�c
design features.

In terms of heat transfer enhancement, common metal �ns utilize
conduction to enhance the heat transfer of PCM heat storage. Metal
PCM �ns utilize both solid conduction and liquid conduction, and liq-
uid convection in enhancement. Compared with common metal �ns,
metal PCM �ns have higher heat transfer enhancement in PCM heat
storage. In terms of heat storage density, the addition of common
metal �ns decreases the heat storage density of PCM heat storage.
However, due to the latent heat of metal PCM �ns, the heat storage
density of PCM heat storage will not be decreased obviously.
Compared with common metal �ns, metal PCM �ns are bene�cial for
the heat storage capacity of PCM heat storage. When using metal
PCM �ns, the thermal performance of the heat storage is obviously
in�uenced by the phase change properties of both metal PCM and the
PCM inside the heat storage. The in�uence should be investigated to
achieve the best thermal performance. Metal PCM �n is a novel heat
transfer enhancement method of high-temperature PCM heat storage.
The dual PCMs heat storage structure is a promising heat storage solu-
tion due to high heat storage density and high heat transfer rate.

In this paper, a novel dual-PCM TES unit is proposed. Two dif-
ferent PCMs were �lled in the storage unit: high-conductivity metal
alloy (34%Mg�66%Al) and high-temperature molten salts
(48%NaCl�52%MgCl2). It should be noted that the metal alloy also
serves as a heat transfer enhancement for the proposed TES unit. First,
the thermal performance of the dual-PCM heat storage is investigated
by a validated numerical model. Then, the in�uence of the materials
�lled in the inner tube of the TES unit on the thermal performance of
the heat storage is studied. The in�uence of melting points of both
PCMs on the thermal performance of the unit is analyzed. Finally, two
different application modes with top and bottom heat transfer surface
are compared. The results of the present dual-PCM heat storage unit
can guide the design of such dual-PCM units in real applications.

II. THE PROPOSED TES UNIT AND NUMERICAL MODEL
A. A dual-PCM TES unit design

Figure 1 presents the structure of the proposed dual-PCM TES
system. From Fig. 1, the vertical TES unit has two parts: one is the
inner tube named Zone A and the other is the annular tube named
Zone B. Zones A and B are concentric and are �lled with two different
PCMs. The bottom surface of the unit is the heat transfer surface
between PCMs and HTF. Zone A is longer than Zone B at the bottom
side, and thus the extending part of Zone A can enhance the heat
transfer of the unit by increasing the heat transfer surface. In practice,
the number of TES units depends on the application requirements.

B. The physical and numerical model
According to axisymmetry, the proposed TES unit in Fig. 1

can be simpli�ed into a two-dimensional physical model, as shown in
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Fig. 2. Zone A is �lled with a high-conductivity metal PCM, while
Zone B is a molten salt PCM. All shells of the unit are made of stain-
less steel.

In order to deduce the numerical model, the following assump-
tions are adopted:31,32

� Since most PCM products can be treated as isotropic materials,
and the PCM products usually are uniform and stable, the physi-
cal properties of the PCMs in Zones A and B are treated as iso-
tropic and homogenous.

� Since the changes of speci�c heat capacity and thermal conductivity
of PCM are not obvious in the temperature range 623�823K, the
speci�c heat capacity and thermal conductivity of the PCMs in
Zones A and B are treated as constant in liquid and solid states.

� The Boussinesq assumption is used to calculate the natural con-
vection of the molten PCMs, and the natural convection of PCM
is laminar due to the calculated Reynolds number and Rayleigh
number.

Based on the above assumptions, the governing equations of the
numerical model are developed as follows.33 The enthalpy method is
used to simulate the phase change of the PCMs.

Continuity equation:

@q
@t

þ r � qu*
� �

… 0: (1)

Momentum equation:

@
@t

qu*
� �

þ r � qu* u*
� �

… lr � u* � rp þ qg* þ S; (2)

where S is the momentum source term, and it can be calculated as

S …
1 � flð Þ2

fl3 þ e
� � Cmushu* ; (3)

where e is a small number (0.001) to prevent division by zero and
Cmush is the mushy zone morphology constant. This constant value
(105) measures the amplitude of the damping and describes how
steeply the velocity is reduced to zero when the material solidi�es.34

Energy equation:

@
@t

qHð Þ þ r � qu* H
� �

… r � KrTð Þ: (4)

The melting-solidi�cation process is evaluated by de�ning the liquid
fraction (fl) quantity, considering the fraction of liquid at each cell in
the PCM domain. The liquid fraction is determined based on the
enthalpy (H) balance at each cell

H … h þ DH; (5)

where DH is the latent heat of PCM,

h … href þ
ðTpcm

Tpcm;ref

Cp;pcmdT; (6)

where h is the sensible enthalpy, href is the reference enthalpy at the
reference temperature Tref, and Cp is the speci�c heat,

fl … DH=L; (7)

where fl is the liquid fraction, and it can be expressed in terms of tem-
peratures as

fl …

0 Tpcm < Tpcm;solid;
1 Tpcm > Tpcm;liquid;

Tpcm � Tpcm;solid

Tpcm;liquid � Tpcm;solid
Tpcm;liquid > Tpcm > Tpcm;solid;

8
>>>><

>>>>:

(8)

where Tpcm,solid is the solidi�cation temperature and Tpcm,liquid is the
melting temperature of PCM.

FIG. 1. The structure of the proposed dual-PCM TES unit.

FIG. 2. The physical model of the proposed TES unit.
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The boundary condition (BC) and initial conditions are listed as
follows:

BC1 (y … 0).

The centerline is the axis, and thus it is an axisymmetric
boundary.

BC2: The contact surfaces between PCMs and steel walls satisfy
the requirements of temperature and energy equilibrium, and coupled
thermal condition is chosen for these contact surfaces. The detailed
location of these contact surfaces are as follows:

x … �1 mm, 0 < y < 50 mm,
x … �1 mm, 51 < y < 201 mm,
x … �801 mm, 51 < y < 201 mm,
x … �812 mm, 0 < y < 50 mm,
y … 50 mm, �812 < x < �1 mm,
y … 51 mm, �801 < x < �1 mm,
y … 201 mm, �801 < x < �1 mm.

BC3: The heat transfer surface is assumed to be a convective
boundary. Since the forced convective heat transfer coef�cient range
of molten salt is 1000�15 000 W/(m2 K), the heat transfer coef�cient in
this simulation is set to be 15 000 W/(m2 K).

The location of the heat transfer surfaces is as follows:

x … �802 mm, 51 < y < 202 mm,
x … �813 mm, 0 < y < 51 mm,
y … 51 mm, 813 < x < 802 mm.

The investigated dual-PCM heat storage unit is designed for CSP
power station and industrial heat recovery system. The working
condition for the heat storage is approximately 350�550 �C
(623�823 K). In this research, in the charging process, the charg-
ing temperature Tch is 823 K. While discharging, the discharging
temperature Tdc is 623 K.

BC4 (x … 0 mm; y … 202 mm):

The outside surfaces of the unit are treated as adiabatic
boundaries.

Initial conditions:

During the charging process, the initial temperature of the unit
Tich is 623 K, and in discharging process, the initial temperature of the
whole unit Tidc is 823 K.

The commercial CFD software ANSYS FLUENT v18.0 is used.
The Pressure Implicit with Splitting of Operators (PISO) algorithm is
used to solve the pressure�velocity coupling. The spatial discretization
of all the governing equations is second-order accuracy. The residual
criteria of continuity, velocity, and energy are 10�3, 10�3, and 10�6,
respectively.

Three different grids (16 690, 30 102, and 49 414 cells) and four
different time steps (0.02, 0.05, 0.1, and 0.2 s) are used to check the
grid and time step independence. Figure 3(a) shows the evolutions of
averaged liquid fraction of Zone A (fl,A) during the charging process
for those three grids with a time step of 0.2 s. The maximum fl,A differ-
ence among those three grids is 1.6%. Figure 3(b) shows the evolutions
of fl,A calculated from those four time-steps with a grid of 16 690 cells.
The maximum fl,A difference among those time steps is 2.3%.
Therefore, the grid with 16 690 cells and the time step with 0.2 s are
within the convergence region and are used in the following
simulations.

III. RESULTS AND DISCUSSION
A. Model validation

To validate the developed numerical model, it is used to simulate
the experiment reported in Ref. 35. In that experiment, the charging
process of a shell-and-tube TES unit (as shown in Fig. 4) was con-
ducted. The diameters of the inner and outer pipes were 28 and
72 mm, respectively. The pipe was made of aluminum. The PCM was
a composite of d-mannitol and exfoliated graphite nano particles. The
HTF was Dynalene-HT. The grid with 48 524 cells and time step with
0.2 s were used in the calculation. The boundary and initial conditions
in this calculation are the same as that described in Ref. 35. Figure 5
compares the averaged liquid fraction (fl) of PCM calculated from pre-
sent model (star-dashed curve) and the reported experimental data
(square-solid curve). The difference between the calculated result and
the experimental data is less than 3%. Thus, the proposed model can
be used to calculate the �ow and heat transfer of the phase change pro-
cess in cylindrical-type container.

FIG. 3. The averaged liquid fraction of Zone A (fl,A) during the charging process for (a) three different grids and (b) four different time-steps.
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B. Thermal behavior of the dual-PCM TES unit
The charging and discharging dynamical processes of the unit

are discussed in this subsection. Herein, Zones A and B are �lled with
34%Mg�66%Al (PCM-M) and 48%NaCl�52%MgCl2 (PCM-S),
respectively, whose thermophysical properties are listed in Table I.

It should be noted that, in phase change process, the melting/
solidi�cation model ignores the moving of solid PCM. Therefore, in
this paper, solid PCM is limited in a �xed position in the calculation of
phase change process. The simulated solution ignoring the movement

of solid PCM material, resulting in that the practical phase change
time (especially the melting time) is shorter than the simulated results.

1. The charging process

Figure 6(a) shows the average temperatures (TA and TB) and the
liquid fractions (fl,A and fl,B) of Zones A and B, respectively, during the
charging process. Figure 6(b) shows the temperature contour and the
�ow streamline at three different charging moments. According to the
trends of fl,A and fl,B showed in Fig. 6(a), the charging process can be
divided into three stages:

(1) First stage (0�125 min): both fl,A and fl,B are less than 1;
(2) Second stage (125�355 min): fl,A is equal to 1 while fl,B is

smaller than 1;
(3) Third stage (>355 min): both fl,A and fl,B are equal to 1.

In the �rst stage, both the fl,A and fl,B increase linearly. The higher
conductivity of Zone A leads to the higher heat transfer rate from
HTF to Zone A, and at 60 min, the temperature of Zone A is signi�-
cantly higher than Zone B [Fig. 6(b)]. The melted PCM ratio in Zone
A is higher than that in Zone B. The convection in Zone A is also
stronger than that in Zone B. The heat transfer in Zone A is stronger
than that in Zone B. Hence, fl,A has a higher rate of increase than fl,B.
At 125 min, fl,A reaches 1 while fl,B around 0.35. In this stage, TA
increases from 623 to 760 K while TB from 623 to 680 K.

In the second stage, fl,B increases from 0.35 to 1 and TB increases
from 680 to 750 K. Since Zone A has fully melted, fl,A is equal to 1.
From Fig. 6(b), at 180 min, it can be seen that the natural convection
in Zone A is stronger than that in Zone B, and a signi�cant part of
PCM at the top of Zone B (close to Zone A) has melted. In this stage,
TA is about 770 K with a very slight increase. Thus, the heat stored in
Zone A slightly increases, which can be explained by that the liquid
PCM-M in Zone A serves as a fast heat transfer channel. The heat
from HTF to Zone A is further transferred to Zone B by natural con-
vection. Therefore, the melted PCM-M in Zone A accelerates the melt-
ing of the PCM-S in Zone B.

In the third stage, both PCM-M and PCM-S have completely
melted. The raised temperature of PCM-M limits the heat transferred
from Zone B to Zone A and results in the increased temperature of

FIG. 4. Structure and computational domain of the shell-and-tube TES unit pre-
sented in Ref. 35.

FIG. 5. Comparison of the averaged liquid fraction fl between the calculated results
from present model and the reported experimental data.

TABLE I. The physical properties of the metal PCM, the inorganic salt, and the stain-
less steel.36,37

Materials
PCM-S PCM-M Metal-A Stainless

steel48NaCl/52MgCl2 34Mg�66Al Alloy

Tm/Ts
�C 450 450 � �

DH kJ/kg 431 310 � �
V kg/m s 0.003 0.003 � �
B 1/K 1.6 � 10�4 2.7 � 10�5 � �
qs kg/m3 2225 2300 2300 8030
ql kg/m3 1610 2100 � �
Cs kJ/(kg K) 0.92 1.73 1.73 502.48
Cl kJ/(kg K) 1 1.73 � �
ks W/(m K) 1 80 80 16.27
kl W/(m K) 0.8 50 � �
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PCM-S. At about 600 min, TA and TB reach 820 K, indicating that the
charging process has �nished.

2. The discharging process

Figure 7(a) shows the average temperature (TA and TB) and the
liquid fraction (fl,A and fl,B) of Zones A and B during the discharging
process. Figure 7(b) presents the temperature contours and stream-
lines of the unit at three different discharging times. Similar to the
charging process, the discharging process can be divided into three
stages:

(1) First stage (0�1000 min): fl,A is smaller than fl,B;
(2) Second stage (1000�2035 min): fl,A and fl,B are close to each

other;
(3) Third stage (>2035 min): both fl,A and fl,B are equal to 0.

In the �rst stage, fl,A decreases from 1 to 0.62 while fl,B from 1 to
0.66. TA and TB decrease from 823 to 725 K and from 823 to 730 K,
respectively. From Fig. 7(b), the PCM adjacent to the bottom heat
transfer surface solidi�es �rst. Due to the high thermal conductivity of
the PCM-M in Zone A, Zone A has a slightly higher discharging rate.
Thus, fl,A is lower than fl,B and TA is lower than TB.

In the second stage, TA decreases from 725 to 680 K while TB
from 730 to 690 K, and fl,A and fl,B decrease to 0. From Fig. 7(b), the
temperature distributions of Zones A and B are similar to each other.
Since TA is lower than TB at the same height [Fig. 7(b)], a horizontal
eddy forms above the mushy zone in Zone B. The released heat is
transferred from Zone B to HTF and from Zone B to Zone A to HTF.
The convection in this area accelerates the solidi�cation of PCM-S in
Zone B. Hence, fl,A is close to fl,B, and TA and TB are similar.

In the third stage, the two solid-state PCMs continuously dis-
charge heat to the HTF. TA and TB further decrease to 630 K at
7000 min.

From Fig. 7(b), during the discharging process, temperature strat-
i�cations are formed in the PCMs, which means that the natural

convection is quite weak compared with the charging process.
Therefore, the heat transfer is dominated by conduction during the
discharging process. In a real application, the PCM with a higher con-
ductivity can effectively shorten the discharge time of the proposed
storage unit.

C. Influence of materials filled in Zone A
To investigate the in�uence of different storage materials in Zone

A on the thermal performance of the unit, three different cases were
simulated as listed in Table II. All the properties of the storage materi-
als in Table II are referred to Table I. From Table II, it can be seen that
the total latent heat of the three cases with different materials in Zone
A is close to each other. During our calculation, the initial and bound-
ary conditions are the same for the three cases.

Table III shows the fully melting time of Zones A and B (tm,A and
tm,B) for cases 1�3. Since the latent heat of PCM-S in Zone B is the pri-
mary heat storage capacity, tm,B is used to present the melting time of
the unit. From Table III, case 3 has the shortest tm,B, followed by case 2
and case 1. During the melting process, the combination of convection
and liquid conduction of the melted PCM-M in case 3 was stronger
than the solid conduction of Metal-A in case 2. Due to the stronger
heat transfer in the melted PCM-M, tm,B of case 3 is 75% of that of
case 2. Since the thermal conductivity of PCM-S is lower than the ther-
mal conductivity of PCM-M, tm,B of case 1 is much longer than that of
case 3, though the convection also formed in case 1.

Figure 8 shows the average liquid fraction of Zone B (fl,B) during
the discharging process for cases 1�3. The solidi�cation time (ts,A and
ts,B) is de�ned as that the average liquid fraction of the PCM decreases
from 1 to 0. Similar to the charging process, ts,B is used to compare the
solidi�cation time of three cases. From Fig. 8, ts,B of case 1 is the lon-
gest, followed by case 3 (1989 min) and case 2 (1357 min). Compared
with case 1, the high thermal conductivity of the materials in Zone A
for case 2 and case 3 signi�cantly reduces ts,B as mentioned before. In
addition, ts,B of case 3 is longer than that of case 2 because the conduc-
tivity of liquid PCM-M [50 W/(m K)] is lower than that of Metal-A

FIG. 6. (a) Variations of TA, TB, fl,A, and fl,B during the charging process and (b) the temperature contours and streamlines at different charging moments.
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[80 W/(m K)]. Different from the melting process, the convection in
liquid PCM-M in discharge process was not strong, and the combina-
tion of convection and liquid conduction of the melted PCM-M in
case 3 was weaker than the solid conduction of Metal-A in case 2. So
case 2 had the shortest solidi�cation time. Therefore, the chosen stor-
age materials like case 1 should be avoided in real applications. In
addition, taking both the charging and discharging processes into con-
sideration, the charging and discharging rates of the storage unit can
be enhanced by �lling PCM-M in Zone A. After �lling PCM-M in
Zone A, the charging time of the storage was reduced from 536 to
358 min (33.2%), and the discharging time was reduced from more
than 4000 to 1989 min (more than 50.3%).

D. Influence of the phase change temperature
difference between the PCMs in Zones A and B

In practical applications, the phase change temperatures of
PCM-M in Zone A (Tm,A) and PCM-S in Zone B (Tm,B) vary. Tm,A

may be lower or higher than Tm,B. Herein, the difference between Tm,A
and Tm,B is de�ned as DTm (…Tm,A � Tm,B). In this section, the in�u-
ence of DTm on the thermal performance of the presented TES unit is
investigated.

Figure 9 shows the melting and solidi�cation time of Zones A
and B (tm,A and tm,B and ts,A and ts,B) with different DTm. In this part
investigation, to make the heat storage unit suitable for the working
condition of 623�823 K, the PCM is selected in Zone B with the melt-
ing point of 723 K, while Tm,A varies from 648 to 798 K. Thus, DTm
ranges from �75 to 75 K.

From Fig. 9, the in�uence of DTm on tm,B is not obvious in the
melting process. DTm has much more in�uence on tm,A than tm,B.
Compared with the case of DTm … 0 K, tm,B of the cases with DTm
equal to �25, �50, and �75 K are shortened by 0.9%, 2.3%, and 1.7%,
respectively, while tm,B are prolonged by 1.9%, 29.6%, and 47.1% when
DTm equal to 25, 50, and 75 K, respectively. Therefore, the melting
process is slightly strengthened if the phase change temperature of

FIG. 7. (a) Variations of TA, TB and fl,A, fl,B during the discharging process and (b) the temperature contours and streamlines at three different discharging times.

TABLE II. The storage materials and total latent heat of cases 1�3.

Case Zone A Zone B Total latent heat (kWh)

1 PCM-S PCM-S 27.0
2 Metal-A PCM-S 25.3
3 PCM-M PCM-S 26.6

TABLE III. The melting time of three cases.

Case

The melting time for the charging process

Zone A, tm,A Zone B, tm,B (min)

1 383 min 536
2 � 477
3 108 min 358 FIG. 8. The average liquid fraction of the PCM in Zone B during the discharging

process for cases 1�3.
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PCM-M in Zone A is lower than that of PCM-S in Zone B (DTm < 0).
On the contrary, if the phase change temperature of PCM-M in Zone
A is higher than that of PCM-S in Zone B (DTm > 0), tm,B increases
with the increase in DTm. To shorten the melting time, the phase
change temperature of PCM-M in Zone A should not be higher than
that of PCM-S in Zone B.

From Fig. 9, it can also be seen that the solidi�cation time of
Zone B (ts,B) increases slightly with the increase in DTm. ts,B at
DTm … 75 K is longer than that at DTm … 0 K by 6.1%. From Fig. 9,
DTm has much more in�uence on ts,A than ts,B. ts,A decreases with
the increase in DTm, while ts,B increases with the increase in DTm.
Considering that most latent heat is stored in Zone B, the phase
change temperature of PCM-M in Zone A should not be higher
than that of PCM-S in Zone B to accelerate the solidi�cation of
Zone B.

Based on the analysis above, when the phase change temperature
of PCM-M in Zone A is not higher than that of PCM-S in Zone B, the
melting and solidi�cation time of the unit can be shortened.

E. Influence of the heat transfer surface position
The heat transfer surface between PCMs and HTF can either be

located at the top or bottom of the unit. Two additional cases (cases 4
and 5) with the same boundary and initial conditions are investigated
in this subsection. The heat transfer surface of case 4 is at the top of
the unit (top mode), while it is at the bottom for case 5 (bottom
mode). The areas of the heat transfer surfaces for cases 4 and 5 are
equal.

Figure 10(a) shows the changes in the average liquid fraction of
Zone B (fl,B) during the charging process for cases 4 and 5. It takes 366
min for fl,B increasing from 0 to 1 for case 5. However, in case 4, it
needs as high as 1200 min for fl,B increasing from 0 to 0.23.
Undoubtedly, the charging time (tch) of case 5 is much shorter than
that of case 4. Figure 10(b) shows the liquid fraction contours and
streamlines for case 4 at 1100 min and case 5 at 100 min. From
Fig. 10(b), fl,B of cases 4 and 5 are about 0.2.

In addition, the direction of the melting front moves downward
which is the same as the gravity direction for case 4. The hot liquid is
at the top, and the cold liquid is at the bottom. As shown in Fig. 10(b),
the eddy of melted PCM in Zone B is mainly in the horizontal direc-
tion, which is caused by the heat transferred from Zone A to Zone B
for top mode. On the contrary, the melting front moves upward which
is opposite to the gravity direction for case 5 (bottom mode). In bot-
tom mode, the eddy in Zone B is mainly in the vertical direction. The
natural convection that occurred in case 5 is much stronger than that
in case 4. Hence, case 5 has a much higher charging rate and a shorter
charging time. Therefore, bottom mode is favorable for speeding up
the charging process.

Figure 11 shows the contours of the temperature and liquid frac-
tion at three different discharging times for cases 4 and 5. In case 4
(top mode), the liquid PCM on the top is cooled down �rst. The low-

FIG. 9. The melting and solidi�cation time of the unit with different DTm.

FIG. 10. (a) The changes of fl,B during the charging process and (b) the liquid fraction contours and streamlines of case 4 at 1100 min and case 5 at 100 min.
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temperature liquid PCM at the top and the high-temperature liquid
PCM at the bottom cause strong convection at the beginning of the
discharging process. Such convection accelerates the release of sensible
heat from liquid PCM to HTF. After that, the temperature difference
between the solidi�ed PCM and the liquid PCM reduces since the
temperature of liquid PCM is slightly higher than its phase change
temperature. In addition, the solid�liquid interface moves in both the
downward and outward directions.

However, in case 5 (bottom mode), there is no strong natural
convection formed in Zones A and B, and thermal conduction domi-
nates the discharging process. The liquid PCM releases its sensible
heat �rst, and when its temperature reaches the phase change temper-
ature, liquid PCM solidi�es. Thus, compared with top mode, the tem-
perature of liquid PCM is higher. The temperature difference between
the solidi�ed PCM and the liquid PCM is larger than that of top
mode, resulting in the heat transfer in case 5 is faster than that in case
4. The discharging time of case 5 (bottom mode) is shorter than that
of case 4 (top mode). Therefore, bottom mode is recommended for
the real application. Under the simulated conditions, the melting and
solidi�cation time of the unit with bottom mode are 356 and
1989 min, corresponding to 4.5 charging power and 0.8 kW discharg-
ing power.

IV. CONCLUSION
In this paper, a novel dual-PCM TES unit is proposed. The inner

tube of the unit is �lled with metal alloy PCM while the outer annular
tube with inorganic salt PCM. The thermal performance of the charg-
ing and discharging processes are numerically analyzed. The in�uence
of the selection of storage materials, the temperature difference of the
melting points of those two PCMs, and the location of heat transfer
surface on both charging and discharging processes are discussed. The
main conclusions are as follows:

� The metal alloy PCM serves as not only the heat storage material
but also the �n to enhance heat transfer. After adding metal
PCM, the charging and discharging time of the TES unit was 358
and 1989 min, respectively. Compared with the unit �lled with
only salt PCM, the proposed unit can signi�cantly reduce the
charging and discharging time by 33.2% and at least 50.3%,
respectively. The high conductivity of metal PCM and the natural

convection in the liquid metal PCM can accelerate the heat trans-
fer between HTF and inorganic salt PCM.

� If the phase change temperature of the metal PCM in the inner
tube is lower than the phase change temperature of the salt PCM
in the outer annular tube, the charging and the discharging pro-
cesses can be accelerated. When selecting metal PCM, it is not
recommended to use the metal PCM with a higher melting tem-
perature than the selected salt PCM. With a 75 K melting tem-
perature difference, the melting and solidi�cation time of the
unit was prolonged by 47.1% and 6.1%.

� Compared with the top heat transfer surface design, the bottom
heat transfer surface design can achieve stronger natural convec-
tion and shorten the charging and discharging processes. Under
the simulated conditions, the melting and solidi�cation time of
the unit with bottom mode are 356 and 1989 min, corresponding
to 4.5 charging power and 0.8 kW discharging power.

NOMENCLATURE

BC Boundary condition
EG Expanded graphite

HTF Heat transfer �uid
IC Initial condition

PCM Phase change material
TES Thermal energy storage

Symbols

A Area (m2)
c Speci�c heat capacity (J/kg K)
f Fraction
g Acceleration of gravity (m/s2)
L Length (m)
P Pressure (Pa)
q Heat �ow (W/m2)
T Temperature (�C)
t Time (s)
u Velocity (m/s)

FIG. 11. The temperature contours (a) and the liquid fraction (b) of the unit at three different discharging times for cases 4 and 5.
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Z Height (m)
b Thermal expansion coef�cient (1/K)
k Thermal conductivity (W/m K)
q Density (kg/m3)
X Heat �ow direction
U Cross-sectional area (m2)

Subscripts

ch Charge
dc Discharge

f Filling material
i Initial
l Liquid
s Solid
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