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Energy storage and utilization of CO, have attracted increasing attention due to international zero carbon plan.
Here, the latent heat storage system using high-temperature phase change material (H-PCM) and supercritical
CO; (S-COy) is analysed by using CFD simulation, in which the tube containing S-CO, is submerged in a tank
containing the salt with high melting temperature. A new and combined phase transition model is developed to
describe the dynamics of PCM in different phase state, and it is validated against experimental data in literature.
The dynamics of natural convection is focused, and its effects on the heat storage system are analysed, including
maximum natural convection velocity, phase interface, and melting pattern. The results show that natural
convection has a great influence on the melting process of the H-PCM in the charging process. The melting
pattern of H-PCM could be contrary between the cases with and without considering natural convection. During
the discharging process, natural convection has little effect on the heat transfer of energy release due to its short
duration. With the increase of ratio between the S-CO; tube and H-PCM tank, the strength of the natural con-

vection of melting H-PCM is enhanced, especially the duration of natural convection.

1. Background

Carbon neutrality is an effective pathway to address environmental
issues [1,2]. The world is accelerating the development of clean and
renewable energy (i.e. solar energy, wind energy, hydro energy and
geothermal energy, etc.) [3]. New energy would play an important role
in this international carbon zero plan [4,5]. However, the current
renewable energy sources, such as solar energy, usually suffer from a
mismatch in timing or intensity between the energy supply and the
energy demand [6,7], energy storage technology has attracted more and
more attention [8], especially latent thermal energy storage [9-12]
using phase change materials (PCM). The performance of latent thermal
energy storage system often depends on the development of devices that
provide encapsulation for phase change materials and heat transfer
fluids, in which the ones using shell and tube are considered to be one of
the most popular devices in commerce and industry [13-16], especially
for large power plants. However, due to the complexity of phase change
process of PCM, the dynamics of this kind of system has not been fully
understood, especially for the ones with high-temperature, which is
more attracted for power plants [17-20].

Although various work [21-26] has been done for latent thermal
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storage, there is only a few of work on the system with high temperature,
where PCM usually has a melting point above 300 °C [27,28]. The heat
transfer of latent heat storage system with high temperature and pres-
sure using shell and tube could be analysed using effectiveness-number
of transfer units (e-NTU) [21,22] and logarithmic mean temperature
difference (LMTD) [26]. For example, Pirasaci et al. [21] proposed a
design model for storage unit based on e-NTU, where the heat transfer
energy efficiency between water/steam and PCM was also calculated.
However, the phase transition process is usually simplified in these
methods, for example, the natural convection phenomenon of melting
PCM is ignored. Nowadays, as a supplement of experiment method,
Computational Fluid Dynamics (CFD) has attracted more and more
attention for the analysis of the dynamics of latent heat storage system
[29-35]. Kadivar et al. [29] studied the eccentric double-pipe heat
exchanger using the PCM with a melting point of 309.15 °C, where
several geometrical configurations were explored. Their results showed
that the eccentric-annulus configuration (r* = 0.841 and ® = 0.0297)
performed best. Riahi et al. [31] investigated the performance of a shell
and tube heat exchanger, where the sodium nitrate with a melting
temperature of 306.8 °C was used as the PCM. Their results showed that
horizontal counter flow and parallel flow configurations showed on
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average 10% higher effectiveness for the charging process than that of
the vertical configurations. Tiari et al. [34] simulated the charging
process of a finned heat pipe-assisted LHTES system using the PCM with
a melting point of 608 °C, and their results showed that natural con-
vection had considerable effects on the melting process of the PCM.
Prasad et al. [35] used effective heat capacity method to analyse the
melting and solidification process in shell and tube cascade LHTES, in
which the melting point of PCMs were all over 570 °C. Their results
showed that the inlet temperature of HTF played a major role in
decreasing the charging/discharging time. However, the mechanisms
and details of the dynamics of melting PCM need further analysis, such
as natural convection and melting pattern.

In recent years, with the development of concentrated solar thermal
power generation technology and international zero carbon plan
[36-38], CO4 has attracted an increasing attention in engineering as a
heat transfer fluid (HTF). Supercritical CO; (S-CO3) has the advantages
of a wide range of sources, excellent heat transfer characteristics [22,
39]. At the same time, the cycle thermal efficiency of the S-CO, Brayton
cycle in the temperature range of 773-973 K is significantly higher than
that of the steam power cycle in this temperature region. Therefore,
S-CO3 has the potential to be used as a high temperature heat transfer
fluid in concentrated solar thermal power plants [40,41]. Liu et al. [42]
compared the solar power generation system using S-CO, with the
traditional power generation system using water (steam), and the results
showed that the solar energy conversion efficiency was significantly
improved by S-CO,. According to China “carbon peak” and “carbon
neutrality” goals, the heat storage system using S-CO; attracts more and
more attention from the power plant, especially the concentrated solar
power (CSP). In power plant, the heat is usually in high temperature,
resulting in the increase of the demand of the system using the PCM with
high temperature melting point (H-PCM). However, the latent thermal
storage system using the combination of H-PCM and S-CO- has not been
explored in detail so far.

This work focuses on the heat transfer process between S-CO, and H-
PCM in the latent heat storage system, in which the tube containing S-
CO;, is submerged in a tank containing H-PCM. A novel phase transition
flow model is developed to describe the dynamic behaviour of PCM in
different states, and validated against data in the literature. The dy-
namics of natural convection is focused and its effect on the heat storage
system is analysed, where several factors are considered, including
initial temperature difference and the size ratio between S-CO5 tube and
H-PCM tank. This provides a step forward in our understanding of the
natural convection of melting PCM, which is a key factor affecting the
heat transfer process in latent thermal storage system using H-PCM and
S-COa.

2. Numerical model

Two kinds of materials are involved in this work: S-CO» for energy
exchange, and H-PCM for energy storage. For the former, the flow dy-
namics and heat transfer could be described by traditional Navier-Stokes
and energy equations, which are not shown here for simplicity. For the
latter, different states could be involved during energy charging/dis-
charging processes, i.e. solid, liquid, and a mixture of solid and liquid,
making the flow dynamics and heat transfer complex. Here, the gov-
erning equations of PCM are described below, where a combined phase
transition model is developed in COMSOL Multiphysics software and
validated against experimental data.

2.1. Governing equations

The governing equations for PCM are shown below, including con-
tinuity equation, momentum equation and energy equation [43,44]:
Continuity Equation:

Vu=0 (€D)
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Momentum equation:

o

P0t+p(u~V)u:pr+uV2u+Sm+Sb (2)
Energy equation:

o(pH

%+ pV - (Hu) = V-(kVT) 3)

where p is the density; u is the velocity vector; k is the thermal con-
ductivity; p is the pressure; u is the dynamic viscosity, depending on
liquid fraction, as described in Section 2.2; S, and S; are the source
terms in the momentum equation, respectively, as described in Section
2.2. H is the enthalpy of PCM.

H=c, T+ AH Q]

where ¢, is the specific heat of the PCM; AH is the modified latent heat
added to the enthalpy in cells with melting PCM.

2.2. Phase transition model

A major difficulty in analysing melting-solidification systems using
the fixed grid method is the mass and heat transfer around the phase
transition. The basic approach to overcome this problem is using the
enthalpy-porosity method. Based on the work of Rosler et al. [45,46]
and Voller et al. [47], a combined method is developed here:

1) Considering the variation of heat transfer with liquid fraction of
PCM, AH is defined as:

AH =sL ()

where L is the latent heat of PCM; s is the liquid fraction, and it is
calculated by an error function:

s=05 erf<4.0 (%)) +05 (6)

where Ty, = (T; + T;)/2.0 is the melting temperature, while T; and T are
the liquidous and solidus temperature, respectively. Compared to
traditional linear model (as shown in Eq. (7)) with Ben et al. [48], the
liquid fraction given in Eq. (6) is smoother at the transition point be-
tween melting and solidification, as shown in Fig. 1.
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Fig. 1. Comparison of the calculation of liquid fraction between
different models.
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2) Considering the interaction force between the liquid phase and solid
phase in the mushy zone, an appropriate source term S, is imple-
mented into the momentum equation. Based on the Carman-Kozeny
equations for flow in porous media, as previously studied by Voller
and Prakash [47], S, in Eq. (2) is given as:

S, =Au (8)

=

A= —
s +b

)

where A is the porosity function; C is a large constant related to the
permeability of porous media, which is given as C = 10° in this work; b is
a small numerical constant (i.e. 0.001), which is used to avoid zero being
divided in Eq. (9) in the solid phase. In the liquid phase (s = 1), the
porosity function A is zero, and the momentum equation is reduced into
the form of one-phase fluid flow. In the solid phase (s = 0), the porosity
function A is very large (i.e. C/b), and the velocity of PCM calculated
from governing equations would diminish to zero, corresponding the
reality of solid. In the mushy zone, the porosity function A decreases
with the liquid fraction, and the momentum equation is in the same form
as Darcy law.

3) The viscosity u is a function of the liquid fraction, and it can be linked
to temperature, given as:

p=py -5+ Cpp(1=s) a0
where y; is the viscosity of PCM in full liquid phase (s = 1); C is a large
constant, which is assumed to be the same value in Eq. (9) for simplicity.
Thus, the viscosity changes from a finite value in full liquid phase (s = 1)
to a very large value in full solid phase (s = 0), as shown in Fig. 2.

4) The source term Sp in the momentum conservation equation (as
shown in Eq. (11)) is the buoyancy source term using Boussinesq
approximation:

Sy, = pgh(T — Tvy) amn
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Fig. 2. Variation of viscosity of PCM with temperature.
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where f is the thermal expansion coefficient, which is assumed to be
linear to liquid fraction:

B=prs 12)

where f is thermal expansion coefficient in full liquid state.
2.3. Model validation

The phase transition model described above is implemented into
COMSOL Multiphysics software. It is validated by comparing the
simulation results with the experiment of Gau & Viskanta [49], where
gallium is melted in a cavity, as shown in Fig. 3. The cavity has a length
of 88.9 mm in X direction and a height of 63.6 mm in Y direction. In the
cavity, the left and right sides are the hot wall (Tp, = 311.15 K) and cold
wall (T,oq = 301.45 K), respectively, while the upper and lower walls
are adiabatic. The initial temperature of gallium in the cavity is specified
as the same as the cold wall. The physical properties of gallium are
shown in Table 1.

The phase interface obtained in this work is compared with the
experimental data of Gau & Viskanta [49], and the simulation result
(linear model) of Brent et al. [50] is also included, as shown in Fig. 4.
The results show that the melting process develops faster in the upper
part of the cavity, which is mainly due to natural convection. The liquid
gallium heated by the hot wall would move upward, and then is cooled
down when contacting with the front side of the mushy region, after-
wards, it moves downwards and is reheated by the left wall. It can be
found that the results in this work agree well with Gau & Viskanta [49]
and Brent et al. [50]. There is a small deviation between the numerical
results (both this work and Brent et al. [50]) and the experiment work. It
may be due to the anisotropic thermal conductivity within gallium and
three-dimensional effects in the experimental setup. Compared to the
work of Brent et al. [50], the results using the combined model devel-
oped in this work agree better with the experimental data.

In addition, the combined phase transition model is further validated
by comparing the results with the experimental work of Trp [51], where
a thermal energy storage system is used. In the experiment, an HTF pipe
(0.033 m in diameter) is embedded in a cylindrical container (0.128 m in
diameter) filled with PCM. The PCM is an industrial-grade paraffin with
an initial temperature of 20 °C. The HTF is water, with an inlet tem-
perature of 45 °C and flow rate of 0.017 kg/s. To speed up the simula-
tion, a two-dimensional axisymmetric model is used in the simulation.
The temperature change at the r = 0.0265 m, Z = 0.35 m (position 5 in
the Trip experiment) is monitored by using the probe tool. As shown in
Fig. 5, the simulation results using the combined model developed in
this work are in good agreement with the experimental data, and the
maximum temperature difference is only within 1.5 K.

adiabatic wall

Thol
hot wall

X adiabatic wall

Fig. 3. Boundary conditions of the cavity in the experiment of Gau and Vis-
kanta (1986).
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Table 1

Physical properties of gallium.
Parameters Value
Density, p (kg/m%) 6093
Thermal Expansion Coefficient, f; (1/K) 1.2 x 1074
Thermal Conductivity, k (W/(m-K)) 32.0
Latent heat of fusion, L (J/kg) 80,160
Specific heat capacity, C, (J/(kg-K)) 381.5
Dynamic viscosity, ; (kg/(m-s)) 1.81 x 1073
Solidus temperature, T (K) 302.93
Liquidous temperature, T; (K) 303.43

1

Gau & Viskanta (1986)
- - - - Brent (1988)
ek This work

X Location (Non-dimensionalized)

Y Location (Non-dimensionalized)
T

Fig. 4. Comparing of phase interface curves between this work and the data
the experiment of Gau & Viskanta (1986) and simulation of Brent (1988).
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Fig. 5. Comparison of the simulation results using the combined model
developed in this work against with the experimental data of Trp (2005).

2.4. Simulation conditions

The heat storage system used in this work is shown in Fig. 6, in which
several tubes containing S-CO; are submerged in a tank containing H-
PCM (58% NaCl + 42% MgCly) [33]. Their physical properties are
summarised in Table 2, where the value for H-PCM is extracted from Li
etal. [52], Toerklep et al. [53] and Takeda et al. [54], while the value for
S-COy is obtained from NIST REFPROP database. Due to the periodicity
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Fig. 6. Schematic diagram of latent thermal storage system, where axial sym-
metry model is used in the simulation.

Table 2
Physical properties of H-PCM and S-CO,.
Parameters H-PCM S-CO,
Density, p (kg/m?) 2227 0.0007T2-1.1488T + 595.59
Thermal Expansion Coefficient, 2.7 x -
1/K) 1074
Thermal Conductivity, k (W/ 0.95 2 x 10787244 x 107°T+0.016
(mK))
Latent heat of fusion, L (J/kg) 316,000 -
Specific heat capacity, C, (J/ 1000 1245.9
(kg-K))
Dynamic viscosity, y; (kg/(m-s)) 4.1 x 7 x 107127242 x 107 8T+2 x
103 10°
Solidus temperature, T (K) 822 -
Liquidous temperature, T; (K) 830 -

of the tube array in the tank, the system is simplified to an individual
inner tube (S-COy) immersed in a long tank (H-PCM), where the axial
symmetry model is used, and the upper, lower and outer walls of H-PCM
zone are assumed to be adiabatic, as shown in Fig. 6.

The heat transfer fluid is introduced into the system from the bottom,
with pressure of 16.5 MPa, and mass flow rate of 0.0195 kg/s. The heat
resistance between S-CO, and H-PCM due to tube thickness is also
considered, where the material of steel is used, with thermal conduc-
tivity of 16.27 W/(m-K) and thickness of 2 mm. Both the heat charging
process (i.e. H-PCM melting) and discharging process (i.e. H-PCM so-
lidification) are simulated here. In the charging process, the inlet tem-
perature of S-CO3 is 873 K, and the initial temperature of solid H-PCM is
773 K. In the discharging process, both the latent and sensible heat of H-
PCM is transferred to S-CO», with the inlet temperature of 473 K for S-
COy, and the initial temperature of 873 K for H-PCM. The height of
system is H = 1000 mm, while the radius of the tube and tank are r; =
12.7 mm and rp = 25.4 mm, respectively, if not specified. During the
simulation, the temperature and liquid fraction of H-PCM are monitored
at points A, B and C, as shown in Fig. 6. The radial position is ro—r = 0.1
mm for point A, B and C. The axial direction for points A, B and C are z =
1 mm, z = H/2 and z = H—1 mm, respectively. The average temperature
and liquid fraction of the entire H-PCM zone are also examined. In S-CO4
zone, the temperature at the midpoint of the outlet is tracked. Prior to
the analysis, the sensitivity of the simulation results to the grid size (i.e.
20 x 250, 40 x 500, 60 x 800 cells) is also examined, as shown in
Appendix A, and 40 x 500 cells are used in the simulation for following
analysis, if not specified, above which the results are not changed by
finer cells.



M. Zhu et al.
3. Results and analysis
3.1. Natural convection

In this section, the charging process is considered, and two cases, i.e.
with and without considering natural convection, are compared and
analysed. In the latter, the buoyancy source term in Eq. (11) is set to
zero.

Fig. 7 shows the variation of the contour of liquid fraction of H-PCM
with time, where X-direction is zoomed in five times for easy observa-
tion. For the case without considering natural convection, as shown in
Fig. 7 (al-gl), heat is mainly transported by conduction. In the bottom
section of H-PCM zone, as the temperature difference between S-CO5
and H-PCM is larger than other positions, H-PCM melts faster. In the
middle and upper sections of H-PCM zone, the interface of mushy zone is
almost parallel to the left wall. For the case with considering natural
convection, as shown in Fig. 7 (a2-g2), the melting process of H-PCM is
much different to the case without considering natural convection. In
the early stage of melting, as shown in Fig. 7 (a2), the heat transfer is
mainly due to conduction, and the H-PCM is gradually melted in the

1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

(1) () @) (D) (f1) (gh)

(al-gl): case without considering natural convection

1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

(g2)

(al)

@)  (2)  (2) (d2)

(a2-g2): case with considering natural convection

(2) (12

Fig. 7. Variation of the contours of liquid fraction of H-PCM with time, where
the value of 0 indicates that all H-PCM is in solid state, and the value of 1 in-
dicates that all H-PCM is in liquid state. The X-direction (i.e. horizontal direc-
tion) is zoomed in five times for easy observation, and al & a2: t = 15 min, bl &
b2: t = 30 min, ¢l & ¢2: t = 45 min, d1 & d2: t = 60 min, el & e2: t = 75 min, f1
& f2: t = 90 min, g1 & g2: t = 105 min.
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same pattern as Fig. 7 (al). In the middle stage of melting process, as
shown in Fig. 7 (b2-d2), the melting of H-PCM at the bottom zone is
slowed down, while the melting of H-PCM at the top zone is speeded up.
Therefore, compared to the bottom zone, the top zone is much earlier
fully melted, as shown in Fig. 7 (e2-g2). Therefore, natural convection
significantly changes the melting dynamics of H-PCM. Natural convec-
tion accelerates the melting process at the top and stabilize the bottom at
a constant temperature for a long time, while the melting extent of H-
PCM decreases along the axial height when not considering the natural
convection.

It is mainly due to the action of natural convection, as shown in
Fig. 8. For the zone close to the inner wall, H-PCM has a higher tem-
perature and moves upward, resulting in the transfer of heat from the
bottom to upper section. Therefore, the melting degree of H-PCM is
speed up at the top section while slowing down at the bottom section.
Correspondingly, for zone far away from the inner wall, the melted H-
PCM with lower temperature moves down under the driven of buoyancy
force, resulting in further cooling of H-PCM at the bottom section. This
leads to natural convection, which is also called thermosiphoning
phenomenon.

Fig. 9 shows the total time used for fully melting of H-PCM at
different sections. Here, the axial locations of bottom, middle and top
sections correspond to z = z,, 2 = zg and 2z = 2¢, respectively, as shown in
Fig. 6, and the radial locations of all sections are r = r;~rs. For the case
without considering natural convection, the total time increases with the
axial height of the sections, which is intuitively expected, as the energy
of S-CO, that could be stored decreases along the axial direction.
However, this trend is contrary for the case considering natural con-
vection. For example, the total time increases to about 2 times for the
bottom section, while decreases to about half for the top section. This is
caused by natural convection or thermosiphoning phenomenon, as dis-
cussed above.

Fig. 10 shows the position of the phase interface at bottom and top
sections, where the position is the radial coordination r of the mesh cell
with liquid fraction of 1, and it is further normalised by (r — ry)/(ry — ).
Compared to the case not considering natural convection, in early stage,
i.e. t < 5 min for bottom section and t < 30 min for top section, there is
no much difference for the case considering natural convection, as the
natural convection is not well established during this period. After this
period, the natural convection plays an important role for the shift of the
phase interface, e.g. the rate of movement of the phase interface moves
much more quickly to the tank wall than the case without considering
natural convection. It is interesting that the shift of the phase interface at

Velocity (mm/s)

it /
|

8
6
Velocity vector

Fig. 8. Velocity vector of H-PCM at t = 60 min for the case considering natural
convection, where the H-PCM is also coloured by velocity in Z direction.
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Fig. 9. Total time used for fully melting of H-PCM at different sections.
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Fig. 10. Phase interface position at bottom and top sections, where the position
is normalised by (r — r1)/(rz — r1).

the bottom section is almost suspended during t = 20-90 min. This is due
to that the heat from S-CO; is transferred to the upper part of H-PCM
zone under the effect of thermosiphoning. It should be noted that once
the phase interface at the bottom section begins to shift again, it would
move very quickly to the wall of the H-PCM tank.

The melting pattern could also be indicated by the temperature
shown in Fig. 11. Here, a non-dimensional number @ is used to describe
the deviation between local temperature T (i.e. at bottom and top part of
H-PCM zone) and averaged value Tgy,, given as:

T —T,.

| Tin it — Tinepem |

o 13)

where Tj, is the initial temperature of the H-PCM or S-CO,. For the
bottom part, at most time, i.e. 30-120 min, @ has a positive value for the
case considering natural convection while it has a negative value for the
case not considering natural convection, which is similar to the top part.
Therefore, for the case not considering natural convection (dotted line in
Fig. 11), the bottom has a larger temperature while the top has a smaller
temperature, compared to the averaged value; for the case considering
natural convection, it is in the opposite situation. It suggests that natural
convection results in opposite evolution of local temperature at the
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—— - - - - bottom

— = top

60 90
Time (min)

120 150

Fig. 11. Difference between local temperature and averaged value at bottom
and top sections for the cases with considering natural convection (solid line)
and not considering natural convection (dotted line).

bottom and top parts of H-PCM zone.

3.2. Effect of temperature difference

In this section, two kinds value of initial temperature difference
between S-CO, and H-PCM is used, i.e. AT = 100 K and 400 K. The effect
of AT on both charging and discharging processes are analysed, where
the cases with and without considering natural convection are
compared.

In the discharging process, the phase interface of the H-PCM is shown
in Fig. 12. Compared to the charging process in Fig. 7, natural convec-
tion has little effect on the evolution of phase interface of the H-PCM in
the discharging process. In all cases shown in Fig. 12, the solidification
of H-PCM is firstly finished at the bottom part, and finally at the top part.
Thus, the phase transition pattern is the same in both the cases consid-
ering and not considering the natural convection. This is different from
the charging process, where the natural convection could lead to

[5min 30min 60min 75min  2min 6min 10min 14 min
B HERN R
I I
1| \
L 1
\ | |
(a) AT=100K (b) AT=400K

Fig. 12. Positions of the solidification phase interface for the cases with the
initial temperature difference between S-CO, and H-PCM at (a) AT = 100 K and
(b) AT = 400 K during discharging process, where the cases with (solid line)
and without (dotted line) considering natural convection are compared, and X-
direction (i.e. horizontal direction) is zoomed in five times for easy observation.
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opposite phase transition pattern, compared to the case without
considering natural convection. It is consistent with the local tempera-
ture shown in Fig. 13. It shows the temperature of top part is larger than
the average value while the bottom part is less than the average value in
both the cases with and without considering natural convection, which
is much different to the ones shown in Fig. 11. After a short time (i.e.
about 12 min), the effect of natural convection is minimal.

It should be noted that this phenomenon is mainly due to the dura-
tion of natural convection. It could be indicated from Fig. 14, where the
maximum velocity of H-PCM is illustrated for the case considering
natural convection. Compared to charging process, the velocity of H-
PCM due to natural convection is much larger. For example, for AT =
100 K, the largest value is around 16 mm/s in Fig. 14(a) for charging
process, while it could reach 41 mm/s in Fig. 14(b) for discharging
process. However, it should be noted that the duration of natural con-
vection is much shorter for discharging process. For example, for AT =
100 K, the velocity decreases quickly to zero within a time less than 12
min in Fig. 14(b) for discharging process, while it decreases to zero when
the time is larger than 120 min in Fig. 14(a) for charging process. In
discharging process, the natural convection only takes effect before so-
lidification, i.e. from releasing sensible heat to the beginning of solidi-
fication, while in the charging process, the natural convection could take
longer effect, i.e. from the beginning of melting to the end where H-PCM
reaches the same temperature of S-CO,.

Fig. 15 shows the variation of the heat stored or released by the
system with time. In the charging process, for the case of AT = 100K, the
stored heat is about 1380 kJ, which is finished in about 120 min. As the
initial temperature difference AT increases to 400 K, the stored heat
increases, in which the increment (i.e. 1036 kJ) is mainly due to the
sensible heat in the early stage of charging process. In the discharging
process, for the case of AT = 400 K, the heat release rate of H-PCM is
much faster, which is almost finished in 60 min. The time required for
energy being fully charged during the charging process differs very little
under different AT, while the time required for energy being fully
released during the discharge process varies greatly under different AT.
This is mainly due to the temperature difference between the initial
temperature of the S-CO5 and the phase transition temperature of the H-
PCM.

(@ 0.3 : - . , : -
0.2

0.1

————= = == bottom
0P

90

60
Time (min)

120

Fig. 13. Difference between local temperature and averaged value at bottom
and top sections of H-PCM zone for the cases with considering natural con-
vection (solid line) and not considering natural convection (dotted line) in
discharging process with AT = 100 K.
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Fig. 14. Variation of maximum H-PCM velocity with time in (a) charging
process and (b) discharging process, where natural convection is considered.

3.3. Effect of radius ratio

In this section, the effect of the pipe radius ratio on the heat transfer
between H-PCM and S-CO;, is investigated. Here, only charging process
with considering natural convection is involved. The radius r; of S-CO»
tube is unchanged while the radius r, of H-PCM tank is varied, and the
non-dimensional parameter ¢ is defined in Eq. (14), where a larger value
of ¢ indicates larger amount of H-PCM used in the tank. Beside the
standard case (i.e. ¢ = 1) described in Section 3.1, another two values, i.
e. ¢ = 0.5 and 2, are also used.

_n—n 14)
r

Fig. 16 shows the total time used for fully melting of H-PCM at
different sections of H-PCM zone. With the increase of radius ratio ¢, the
time used to be completely melted for each section (i.e. bottom, middle,
top) increases significantly. For the case of ¢ = 0.5, the bottom section is
firstly fully melted while the middle and top sections take the same time
to be fully melted. This is different to the case discussed in Section 3.1. It
is mainly due to the duration of charging process is too short, and the
natural convection does not have enough time to take effect. For the case
of ¢ = 2, the bottom needs more time to be fully melted, than the sec-
tions of top and middle. With the increase of radius ratio, the difference
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Fig. 15. Evolution of heat of H-PCM with time: (a) stored heat in the charging
process; (b) released heat in the discharging process, where natural convection

is considered.
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in complete melting time between bottom, middle and top sections in-
crease significantly. For example, for the case of ¢ = 1, the time is 83 min
and 53 min for middle and top sections, respectively, while for the case
of ¢ = 2, the time is 200 min and 90 min for middle and top sections,
respectively. This is mainly due to that the natural convection could
have more time to take effect on the whole charging process, which
would be further discussed shown below.

Fig. 17 shows the variation of local temperature of H-PCM with time.
For the case of ¢ = 0.5, point A reaches the liquidus temperature in
about 20 min, and then the temperature rises rapidly after absorbing
sensible heat. For the case of ¢ = 1 & 2, the time for point A to reach the
liquidus temperature is 100 min and 350 min, respectively. It is also
clearly from Fig. 17(a) that the temperature in the case of ¢ = 2 remains
at phase transition interval for much longer time, compared to other two
cases. For point C in Fig. 17(b), the time used to reach the liquidus
temperature is within 90 min for all cases, and the difference is much
smaller than the ones of point A.

Fig. 18 shows the variation of maximum velocity of H-PCM zone with
time. For the case of ¢ = 0.5, H-PCM velocity is less than 10 mm/s, and
the duration of natural convection is very small (i.e. less than 40 min).
Thus, the effect of natural convection on the whole melting process
could be ignorable, which agrees well with the melting pattern shown in
Fig. 16. With the increase of radius ratio, natural convection of H-PCM is
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Fig. 17. Variation of local temperature of H-PCM with time: (a) point A at
bottom section and (b) point C at top section.
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Fig. 18. Variation of maximum H-PCM velocity with time for the cases with
different radius ratio ¢.
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Fig. 19. Variation of stored heat of H-PCM with time for the cases with
different radius ratio ¢.

significantly enhanced, especially the duration of natural convection.
For the case of ¢ = 2, the duration of natural convection is much longer
while the maximum velocity could reach 20 mm/s. Thus, natural con-
vection has an important effect on the whole melting process, i.e. tem-
perature rising quickly at top section while remaining within the phase
transition interval for a long time at bottom section, as shown in Fig. 17.

Fig. 19 shows the variation of the heat stored by the system in the
charging process, for the case of ¢ is 0.5, the stored heat is about 575 kJ,
which is finished in about 40 min. As the ¢ increases to 1 and 2, the
stored heat increases to 1380 kJ in 120 min and 3650 kJ in 390 min,
respectively. The amount of the increase of the stored heat is

Appendix A
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proportional to the volume of H-PCM. Although ¢ is different, the heat
storage shows a trend of rapid increase at first and then gradually flat-
tened. The heat storage rate also increases with the increase of ¢. This is
probably because the temperature difference between the H-PCM and S-
CO,, increases with the increase of ¢ during the same thermal storage
time.

4. Conclusion

In this paper, a combined phase transition model is developed and
validated against the data in literature. And the heat transfer between S-
CO5 and H-PCM in latent thermal storage system is investigated, where
the effect of natural convection is focused, and the main results are
summarised as follows:

1) The long duration of natural convection has a great influence on the
melting process of H-PCM in the charging process. The melting
pattern of H-PCM could be contrary between the cases with and
without considering natural convection.

2) Compared to charging process, the velocity of H-PCM due to natural
convection is much larger but the duration is quite short, resulting in
little effect on the whole solidification process. It also suggests that
duration of natural convection is more important than its maximum
velocity.

3) With the increase of the initial temperature difference between S-
CO5 and H-PCM, the natural convection rate and energy release rate
increase in the discharging process, but the melting pattern is not
affected in both the charging and discharging processes.

4) For the case of small radius ratio, the effect of natural convection is
ignorable. With the increase of the ratio between the S-CO5 tube and
H-PCM tank, the strength of the natural convection of melting H-
PCM is enhanced, especially the duration of natural convection.

The results of this work are limited to the system with only one kind
of H-PCM. The performance of the system could be improved by the
cascaded H-PCM, which would be focused in future.
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To examine the sensitivity of the simulation results to the grid size, three kinds of cells are used, i.e. 20 x 250 cells, 40 x 500 cells and 60 x 800
cells. The variation of local temperature of H-PCM with time is shown inFig. A1, where the point of (0.0128 m, 0.001 m) is used. For the simulation
with 40 x 500 cells and more cells, the results are almost same. Therefore, 40 x 500 cells are used in Sections 3.1 and 3.2, and the same grid size is

adopted in Section 3.3.
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