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ABSTRACT

This study numerically investigates the charging and discharging processes of a three-stages cascaded latent heat thermal energy storage unit using
three molten salts as the phase change materials (PCMs). Each stage of the unit is a vertical shell-and-tube heat exchanger, whose shell side is filled
with the PCM and air. The liquid fractions, temperatures, and accumulated thermal energy of the PCMs during the fully charging and discharging
processes, as well as the effects of the HTF inlet temperature, are analyzed. The results show that lower melting temperature of the PCM causes
faster charging rate and more released heat in the cascaded LHTES system. Compared with the non-cascaded LHTES systems, the cascaded LHTES

systems can possess better flexibility via the selection of the PCMs.

Keywords: latent heat thermal energy storage, cascaded, phase change materials, shell-and-tube heat exchanger, numerical simulation.

1. INTRODUCTION

In the last few decades, renewable energy is considered to be one kind
of the most effective solution to the energy demand and the
environmental problems caused by traditional fossil energy (Lefebvre
and Tezel, 2017; Kalogirou, 2004). As one kind of the renewable
energy, solar energy is regarded as one promising alternative (Alva et
al., 2017; Vyshak and Jilani, 2007). Among the various technologies
for the utilization of solar energy, concentrated solar power (CSP) has
attracted extensive attention due to its renewability and schedulability
(Koberle et al., 2015; Denholm and Mehos, 2011; Sioshansi and
Denholm, 2010). More importantly, CSP plants can easily integrate
with thermal energy storage (TES), which greatly enhances their
flexibility and competition. (Sioshansi and Denholm, 2010; Kuravi et
al., 2013).

Generally, TES can be categorized into sensible heat thermal
energy storage, latent heat thermal energy storage (LHTES), and
thermochemical energy storage (Nkwetta, 2014). Among these, LHTES
has favored because of its approximately constant temperature during
the melting and solidification processes (Shabgard and Faghri, 2019)
and the high thermal energy storage density, which contributes to
smaller system volume and lower cost (Hosseini and Rahimi, 2014).
However, phase change materials (PCMs) generally have low thermal
conductivity, which limits the heat transfer rate and thermal efficiency
of LHTES systems (Mosaffa et al., 2013; Xu and Zhao, 2016, 2017).
To overcome this disadvantage, scholars have made significant effort to
enhance the heat transfer rate, including (1) synthesizing composite
phase change materials with high thermal conductivity (Cui et al., 2011;
Zhang et al., 2017; Acem et al., 2010); (2) expanding the heat transfer
areas, such as adding fins (Ndlovu and Moitsheki, 2019; Hosseini ef al.,
2015; Al-Abidi et al., 2013); (3) using heat pipes (Shabgard et al., 2010;
Singh et al., 2019; Orr, 2019); and (4) using cascaded PCMs. Especially,
the cascaded LHTES system can uniform the temperature difference
between HTF and PCMs and achieve a high heat transfer rate (Xu et al.,
2016). Thus, the cascaded LHTES system shows great potential in
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applications such as solar thermal utilization, industrial waste heat
recovery, building energy saving, and electronic equipment thermal
management.

Liu et al. (2015) numerically proved that the increase in the
amount of PCMs in series to improve the released efficiency of sensible
heat. Domafiski and Fellah (1996) concluded that from the perspective
of the second law of thermodynamics, the exergy efficiency could be
improved by using multistage PCMs. Shabgard et al. (2012) established
a thermal network model for predicting the performance of the LHTES
systems containing the multistage PCMs and embedded heat pipes. The
results showed that the cascaded LHTES system recovered 10% more
exergy in a 24h charging-discharging cycle than the non-cascaded
LHTES systems. Li et al. (2013) developed a two-dimensional
mathematical model for a shell-and-tube LHTES system with three-
stage PCMs based on the enthalpy method. The results showed that the
third-stage PCM possesses the fastest melting rate, while the first-stage
PCM was the slowest in both axial and radial directions. Besides, the
melting time of the first-stage PCM experienced the greatest decline
with the increase of the HTF inlet temperature. Seeniraj and
Narasimhan (2008) simulated the overall impact of utilization
multistage PCMs with adding fins. The results showed that the melting
rate of the PCMs increases significantly, and the output temperature
tends to be uniform in the cascaded LHTES systems. Aldoss and
Rahman (2014) filled spherical capsules with multiple PCMs that
owned different thermophysical properties. The capsules were arranged
in different parts of the bed according to the melting temperature. The
results showed that the increase in the number of PCMs could improve
the performance of the bed. However, the improvement was not
significant when the number of stages reached more than three. Ezra et
al. (2016) used a mathematical model to analyze the LHTES units of
multi-PCMs arranged in cascade and defined generalized dimensionless
parameters applicable to different working conditions, which was used
to optimize the design parameters of LHTES systems. The results
revealed that the theoretical limit of improvement of multistage PCMs
is higher than single PCM’s under the same configuration. Wu et al.
(2016) presented a transient, one-dimensional dispersion-concentric



Frontiers in Heat and Mass Transfer (FHMT), 15, 10 (2020)
DOI: 10.5098/hmt.15.10

model to investigate the dynamic behaviors of the charging and
discharging cyclic processes of the molten-salt packed-bed TES system
filled with cascaded phase change material (PCM) capsules. The results
showed that the cascaded systems had a faster charging and discharging
rates, and the threshold temperatures to stop the charging/discharging
process determines the practical storage capacity of the storage system.

Peiro et al. (2015) conducted an experimental study on the TES
system with two-stage PCMs. The experimental results showed that the
temperature difference between the inlet and outlet of the HTF with
multistage PCMs is more uniform, and the average efficiency is
increased by 19.36% compared with the one-stage PCM. Michels and
Pitz-Paal (2007) carried out experimental research on the cascaded
vertical shell-and-tube heat exchangers. The results showed that the
heat storage capacity of the LHTES is higher than that of the sensible
TES with the same quality of the storage medium. The energy
utilization ratio of the cascaded LHTES system reached 57.2%, which
was higher than that of the non-cascaded TES systems. Chinnapandian
et al. (2015) built a cascade storage system for the waste heat recovery
based on the finned shell-and-tube heat exchangers and performed an
integrated test with a 7.4 kW diesel engine. The results showed that
about 11% - 20% of the heat is recovered with the cascaded storage
system, while it is about 10% - 15% for the non-cascaded storage
system. Yuan et al. (2018) set up a high-temperature experimental
bench of the cascaded LHTES with molten salt. The experimental
results showed that compared with the non-cascaded system, the total
heat storage and the release capacities of the cascaded system could be
increased by 39.51% and 35.74%, respectively. Moreover, the average
charging and discharging power were enhanced by 38.40% and 27.02%,
respectively.

In real applications, considering the expansion of PCM, about 80-
85% of the heat storage unit is filled with PCM. Most of the numerical
studies mentioned above assume that the heat storage unit is filled with
PCM and ignore the volume for expansion. Thus, all of the container
shells are direct contact with the PCM. However, such an assumption
quite differs from the practical situation, where the top of the heat
storage unit exchanges heat with air instead of the PCM. Thus, the
obtained heat transfer at the top of the unit is calculated with some
certain inaccuracy. Moreover, there are few researches that
independently simulate each single stage of the cascaded LHTES
system.

This study investigates the melting and solidification performance
of a lab-scale storage unit with cascaded PCMs. More importantly, the
air at the top of the storage unit is considered to make the numerical
model more authentic and reliable. Also, three shell-and-tube
components and PCMs in the LHTES unit are numerically simulated
simultaneously. Firstly, the lab-scale cascaded LHTES unit is proposed,
and a numerical model is developed. After validation, the model is used
to simulate the fully charging and discharging processes of the
proposed LHTES unit. Meanwhile, the dynamical thermal performance
of the charging and discharging processes is analyzed. The evolutions
of liquid fraction, temperature, and heat transfer amount of the three-
stages PCMs are discussed. Moreover, the effects of the HTF inlet
temperature on heat transfer of the cascaded system are studied. The
findings of the present study are helpful for the design of a cascaded
LHTES unit.

2. NUMERICAL SIMULATION

2.1 Physical Model

Figure 1 shows the schematic diagram of a lab-scale three-stages
LHTES unit. Each stage is a vertical shell-and-tube heat exchanger
where PCM is filled in the shell side. During the charging process, the
HTF flows through Value 1, Stage 1, Stage 2, Stage 3, Values 4 and 5
in succession; while during the discharging process, the HTF flows
through Values 2 and 4, Stage 3, Stage 2, Stage 1, and Value 3 in turn.
The PCM of Stage 1 (PCM1) has the highest melting point, then PCM 2
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(Stage 2), and then PCM3 (Stage 3). Such arrangement can
approximately maintain constant heat transfer temperature difference so
as to keep constant and high charging and discharging powers (Yuan et
al.,2017). Due to the axisymmetric structure, each heat exchanger can
be simplified into a two-dimensional physical model. Then, as shown in
Fig. 2, the physical model of the LHTES unit can be simplified as three
heat exchangers connected to each other. The heat exchangers are made
of stainless steel, and their sizes are listed in Table 1. The heat
exchangers are wrapped up by the glass wool with a thickness of 250
mm to reduce the heat loss.

Outlet

P

\"’

Pl
Dischargin

Fig. 1 Schematic diagram of the LHTES unit

Table 1 Geometric parameters of the LHTES unit.

Parameters Values (mm)
Shell inner diameter 60
Shell inner length 400
Shell thickness 5
Shell outer length 410
Tube inner diameter 12.5
Tube thickness 1.5
Insulation thickness 250

Table 2 Thermophysical properties of PCMs (Serrano-Lopez et al.,
2013; Omotani and Nagashima, 1984; Iverson ef al., 2012; Zhou and
Eames, 2016).

Thermophysical | = pcy gy PCM2 PCM3
properties
Ty (K) 494.15 463.75 415.59
1K) 509.15 475.85 423.25
L (g 102.1 250.1 51.63
. 0.76 (s) 0.74 (s) 0.99 (5)
AWK 0350 0.43 (1) 0.56 (1)
890.3234+1.564T (s)
¢ kg 'K) ;9199';3& -14195.743+60.478T- ;9615 ;
: 0.05579T2 (1) :
» (kg/m) 2074 1994 2061

Table 3 Thermophysical properties of HTF, air, stainless steel, and
lass wool.

Thermophysical HTF air stainless | glass
properties 553K | 353K steel wool
A (W/m-K) 0.1006 | 0.1146 | 0.0242 18 0.043
¢ (J/kg' K) 2380 1780 1006.43 502 750

p (kg/m?) 849 | 966.5 | 0.854 7930 30
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Three different nitrate salts, the Solar salt (60wt.% NaNO3-40wt.%
KNOs3), a binary nitrates salt (46wt.% NaNOs3-54wt.% LiNO3), and the
Hitec salt (7wt.% NaNO3-40wt.% NaNO2-53wt.% KNO3) are selected
as the PCMs for PCM1, PCM2, and PCM3, respectively. The HTF is
the synthetic thermal oil (Therminol 66). Table 2 lists the
thermophysical properties of the salts, and Table 3 gives the
thermophysical properties of the HTF, air, stainless steel, and glass
wool.

2.2 Numerical Model

Three assumptions are applied to develop the mathematical model: (a)
the flow is incompressible, (b) natural convection of the liquid PCMs
during the melting and solidification processes are considered by
operating the Boussinesq approximation, (c) the heat transfer of the air
in the heat exchangers is controlled only by thermal conduction.

The governing equations for the continuity, momentum and energy
conservations in the thermal oil flow are:

Voug =0 (1)
auv \V4 n.
L vu, o, =gy, @)
7 Viy ’
o Py Py
or 5

where uy is the velocity of the HTF, py is the HTF’s density, g is the
gravitational acceleration, ¢ is the time, p is the pressure, #r is the
dynamic viscosity of the HTF, Aris the thermal conductivity of the HTF,
and ¢, is the specific heat capacity of the HTF.

Based on the above assumptions, the governing equations of the
PCMs and the air are listed as follows.

Continuity equation:

Vi, =0 4)

where upcn is the flow velocity of the PCMs.
Momentum equation of the PCMs:

a(upcm )

ppcm + ppcmupcm : V(upcm)

= p"@f (1 - ﬂ(Tpcm - Tref ))g - Vp (5)

2
1-7)
where ppen 1s the density of the PCMs, preris the reference density at the
reference temperature Tref, fjpem is the dynamic viscosity of the PCMs,
the mushy zone constant Amush is set to be 105 kg/m3's, a small
parameter ¢ is 0.001, and y is the liquid fraction. The liquid fraction can
be calculated by:

A

2
+ Upcm Viu mushupcm

1 T>T
T-T.
y = LT <T<T, 6)
-1,
N
0 T<T,

where 77 and T are the liquidus and solidus temperature of the PCMs,
respectively.
Energy equation of the PCMs:

OH
ppcm 67 +V- ('OpcmupcmH) =V (}'PcmVT) 0
t
where the total enthalpy A is defined as:
H=h+AH ®)
The sensible enthalpy /4 can be calculated by:
T
h=hy+Ip ¢, pemdl ©)
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AH =yxL (10)
where Apem is the thermal conductivity of the PCMs, &y is the initial
enthalpy, cppem is the specific heat capacity of the PCMs, 4H is the
latent heat content of the PCMs, and L is the heat of fusion.

Energy equation of the air:

L vy (11)
a
where pa, cpa, Ao 1s the density, specific heat capacity and thermal
conductivity of the air, respectively.
Energy equation of the solid tubes and shells:

pacp,a

T 2
—=AVT (12)
Ot
where ps, cps, A5 18 the density, specific heat capacity and thermal
conductivity of the solid tubes and shells, respectively.

Boundary conditions:

The outer wall of the thermal insulation material is assumed to the
convection condition with a heat transfer coefficient of 8§ W/m-K and
the surrounding temperature of 298 K. The inlet is set as the velocity-
inlet, and the outlet is set as the outflow.

Initial conditions:

During the charging process, =0, Tpemn=Tube=298 K, T=Tinier.

During the discharging process, =0, Tpen=Ttube=553 K, Tr=Tinier.

The commercial software ANSYS Fluent v18.2 is used to simulate
the melting and solidification processes of the PCMs. The flow of
thermal oil is fully turbulent, and thus standard k-¢ turbulence model is
adopted. In the Fluent’s solver settings, the scheme is selected as the
SIMPLE. The discrete formats of the momentum and the energy
equation are both second-order upwind, and the discrete format of the
pressure is PRESTO! method. The under-relaxation factors for pressure,
momentum, energy, and liquid fraction are set to 0.15, 0.15, 0.2, and
0.9, respectively. As for the residual monitors, the absolute criterion of
the energy equation is 108, and the absolute criteria of the continuity
and velocity equations are 1073,

In order to better investigate the dynamic thermal performance of
the charging and discharging processes, several physical quantities are
defined for energy analysis. The accumulated stored and released
energy are defined as:

pSCp,S

[ ave,j
etar.j =1, €47+ M ove L (13)
_ J-Tdischar,O dT + L (14)
Qdischar,j - Tave,j mjcp,j mj}/avff,j J

where j is the stage number of the PCMs with the range of 1-3, Tuve, is
the mass-average temperature of the jth PCM, yame, is the volume-
average liquid fraction of the jth PCM, c¢p; is the specific thermal
capacity of the jth PCM, and mj; is the mass of the jth PCM. The
average charging and discharging powers of the PCMs are given as:

E .
char,j
P;tve,char,j = (15)
Cchar
E . .
dischar,j
Pave,dischar J = (1 6)
dischar

where zchar is the fully charging time when the solid PCMs melt
completely during the charging process, Ecrar; is the total stored energy
of the jth PCM at the time tchar, Taischar is the fully discharging time
when the liquid PCMs solidify completely and Euischar, is total released
energy of the jth PCM at the time zaischar.

Three different grids (310554, 347240, and 445693 elements) and
three different time-steps (0.05, 0.1, and 0.15 s) are used to check the
grid and time-step independence. The relative errors of different grids
and time-steps are listed in Table 4, which show that the grid of 347240
elements and the time-step of 0.1 s satisfy the independence
requirements.
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Table 4 The relative errors of different grids and time-steps.

Cell Time- tl\i/[ni:tsH:)gf Relative
elements | steps (s) PCM3 (min) errors
Grid 310554 90.0 2.33%
independence 347240 0.1 92.2 -
445693 92.4 0.25%
Time-step 0.05 92.5 0.33%
independence 347240 0.1 92.2 -
0.15 92.1 0.09%

2.3 Model Validation

To validate the numerical model, the above model is used to simulate
an experiment presented in Longeon ef al. (2013) with the same
boundary and initial conditions. In that reported experiment, hot water
was used to charge a one-stage shell-and-tube latent heat storage unit
filled with paraffin RT35. As shown in Fig. 3, the average temperature
of PCM predicted by the above model agree well with the experimental
data. Therefore, the present model can be used to simulate the melting
and solidification processes of the PCMs in the shell-and-tube heat
exchanger.

323

3134

303

Temperature/K

293 A

—=— Exp
—e— Num

283 T T T T T
0 20 40 60 80 100

Flow time/min
Fig. 3 Comparison of the predicted temperature variation with the
present numerical model (Num.) and the experimental data (Exp.).

3. RESULTS AND DISCUSSION

The fully charging and discharging processes of the proposed LHTES
unit are simulated by the above numerical model. The dynamical
thermal performance of the charging and discharging processes is
analyzed. The evolutions of liquid fraction, temperature, and thermal
energy transfer are discussed. Moreover, the effects of the HTF inlet
temperature on the cascaded system are studied.

3.1 Fully Charging Process

A typical charging case with an inlet temperature of 553 K and a
volume flow rate of 1.0 m*h is calculated in this subsection. Fig. 4
shows the contours of liquid fractions and temperatures for PCM1-
PCM3 during the charging process. From Fig. 4a, PCM3 melts fastest
because of its lowest melting temperature, and then PCM2 and PCM1.
Due to natural convection, the melted PCMs flow upward, resulting in
the PCMs at the top fully melt first. Thus, the high-temperature zone of
all three PCMs expands downward. At 2.0 h, PCM3 has completely
molten, while about 52% of PCM2 and 23% of PCMI1 melt,
respectively. At the moment, the mass-average temperatures of PCM1,
PCM2, and PCM3 are 527 K, 538 K and 549 K, respectively, as shown
in Fig. 4b. Therefore, for the cascaded LHTES system, the melting rate
of each stage mainly depends on the melting temperature of PCM
during the charging process.
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Figure 5 presents the evolution of the volume-average liquid
fractions (Yaves, Yave2, and yaves) and mass-average temperatures (7avei,
Tave2, and Taves) of PCM1, PCM2 and PCM3 during the charging
process. From Fig. 5b, the increases of Tuver, Tave2, and Taves slow down
during the charging process. This is because the temperature differences
between the HTF and the PCMs decrease. At 360 min, Taver, Tave2, and
Taves are 543 K, 548 K, and 551 K, respectively, which approach the
HTF inlet temperature (553 K). On the other hand, yaver, yave2, and paves
show quite different trends. yaves almost linearly increases from 0 to 1.
yaver and yavez first linearly increase, then accelerate, and finally
decelerate to 1. The acceleration of yaver and yave2 raises because more
and more heat is used to melt the PCMs as Tuver and Tuve2 increase.
After 253 min and 158 min for PCM1 and PCM2, respectively, the
temperature differences between the PCMs and the HTF are
significantly reduced, resulting in a decrease of the charging rates.
Accordingly, the increases of yaver and pavez decelerate. The fully
melting times of PCM1-PCM3 are 332, 235, and 92 min, respectively.

Liquid Fraction: 0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95
air PCM1 air PCM2 air PCM3

(2)

310 330 350 370 390 410 430 450 470 490 510 530
air PCM1 air PCM2 air PCM3

Fig. 4 The contours of (a) liquid fraction and (b) temperature for PCM1,
PCM2 and PCM3 during the charging process.
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Fig. 5 The evolution curves of PCMs during the charging process: (a)
volume-average liquid fractions, (b) mass-average temperatures.



Frontiers in Heat and Mass Transfer (FHMT), 15, 10 (2020)
DOI: 10.5098/hmt.15.10

Figure 6 presents the evolution of the outlet HTF temperature and
the total charging rate of the LHTES unit during the charging process.
From Fig. 6, the total charging rate drops from a very high value to
2045 W and the outlet HTF temperature rises sharply from a low value
to 549 K in the initial 10 minutes. From 10 to 110 min, the PCMs’
temperatures continually ascend, and thus the temperature differences
between the HTF and the PCMs decrease. Thereby the charging rate
decelerates. After 110 min, most PCMs have melted, the heat transfer
rate further declines with the increasing temperatures of PCMs. Finally,
the heat transfer rate decreases to about zero and the HTF outlet
temperature gradually rises to about 553 K.

6 555

- 550

1
)
gL
O

—=— Outlet Temperature
—e— Total Charging Rate

Heat Transfer Rate/kW
|
£

Outlet Temperature/K

w
<
<

0 T T T T T
0 60 120 180 240 300 360

530

Flow Time/min
Fig. 6 The evolution curves of the outlet HTF temperature and the total
charging rate between the HTF and the PCMs with time.

Figure 7 demonstrates the time-varying curves of the accumulated
stored energy of PCM1, PCM2 and PCM3 during the charging process.
As shown in Fig. 7, PCM2 possesses the highest heat storage capacity
of 5.0 MJ, while PCM3 has the lowest heat storage capacity of 3.1 MJ,
and total heat storage capacity of PCM1 is about 3.4 MJ. The highest
latent heat of PCM2 (250.1 J/g) leads to its highest heat storage
capacity, in contrast, the lowest latent heat of PCM3 (51.63 J/g)
contributes to its lowest heat storage capacity. Consequently, PCMs
with high latent heat should be selected in practical applications of
LHTES unit to store more thermal energy.

6
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o~
1

w
1

S}
1

——PCM1
—=—PCM2
——PCM3

Accumulated Stored Energy/MJ

0 T T T T T
0 60 120 180 240 300 360

Flow Time/min
Fig. 7 The evolution curves of the accumulated stored energy of the
PCMs during the charging process.

Based on the above results, it can be seen that PCM3 has the
largest charging power and the fastest melting rate due to its lowest
melting temperature and minimum latent heat as shown in Table 2.
However, even though L: is much larger than L;, PCM2 still melts
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faster than PCM1, which indicates the lower melting temperature of
PCM2 significantly accelerates its melting rate. It can be referred that
the deep-rooted reason of this phenomenon is the larger natural
convection of PCM2 caused by its lower melting temperature.
Therefore, in practical application, to speed up the melting process, the
PCM with higher latent heat and lower melting temperature
concurrently is a better choice. Besides, compared with the non-
cascaded LHTES, part of PCM of the cascaded LHTES can use the
PCM with a lower melting temperature and a larger latent heat to
enhance the charging performance.

3.2 Fully Discharging Process

In order to discuss the typical discharging performance of the arranged
unit, the cold HTF with a temperature of 353 K and a volume flow rate
of 3.4 m/h flows through PCM3, PCM2, and PCM1 successively.

Figure 8 presents the change of the contours of liquid fractions and
temperatures during the discharging process. From Fig. 8a, due to the
highest solidification temperature, PCM1 solidifies fastest. The bottom
PCMs and the PCMs close to the inner pipe are easier to solidify. At 2.0
h, PCM1 has almost completely solidified, while 74% of PCM2 and
79% of PCM3 solidify. At the moment, the mass-average temperatures
of PCM1, PCM2 and PCM3 drop to 395 K, 399 K and 375 K,
respectively. From Fig. 8b, due to flow direction of HTF, the
temperature of PCM3 decrease the most, and PCM2, and then PCM1.
The low-temperature zones of the three PCMs expand upward from the
bottom and outward from tube side. Since the metal shells are cooled
down by the HTF very quick, the air in contact with the metal shells is
also cooled down faster than the air in contact with the PCMs. Besides,
due to much lower density and heat capacity of air, the air temperatures
drop faster than PCMs, which results in the raise of the temperature
differences between PCMs and air.

Liquid Fraction: 0.05 0.15 025 0.35 0.45 0.55 0.65 0.75 0.85 0.95

air PCM1 air PCM2 air PCM3
(a)
BT[] W
M
air PCM1 air PCM2 air PCM3
e A e |
Lon P~ —
20n | — \—
(b)

Fig. 8 The contours of (a) liquid fraction and (b) temperature for PCM1,
PCM2, and PCM3 during the discharging process.

Figure 9 shows the evolution of volume-average solidification
fractions (@aver, @avez, and @aves) and mass-average temperatures of
PCM1, PCM2, and PCM3 (Tuver, Tave2, and Tave3), respectively, during
the discharging process. From Fig. 9, Taver, Tave2, and Tave; decrease to
their freezing points with different rates due to the flow direction of
HTEF: Taves is the fastest, and then Tuve2 and Tuves. With more and more
PCMs solidify, the increase rates of @avel, @ave2, and @aves raise firstly.
At 17 min, 27 min, and 43 min for PCM1, PCM2, and PCM3,
respectively, Taver, Tave2, and Tuves decrease to themselves freezing
points. Then decrease rates of Taver, Tave2, and Taves significantly slow
down due to the released latent heat. Thereafter, due to the smallest
latent heat, Tuves decreases fastest. Besides, in spite of the HTF flowing
through PCM2 before PCM1, the decrease rates of Taves is greater than
that of Tave2, which is due to that L> is much higher than L;. In particular,
the evolution curves of @avez and @aves intersect at 95 min which is also
due to the fact that L. is much higher than L;. After 53, 72 and 86 min
for PCM1, PCM2 and PCM3, respectively, the increase rates of gaver,
@ave2, and paves decrease because of the decreasing temperatures of the
PCMs and their discharging heat transfer rates. Finally, the liquid
fractions drop to zero when the PCMs completely solidify. Due to the
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facts that L2 is much higher than Z; and PCM1 fully solidify at 120 min,
Taver becomes lower than Tavez at 147 min. Then, PCM2 and PCM3
fully solidify at 209, and 178 min, respectively. At 240 min, Taves, Tave2,
and Tuves descend to 445 K, 438 K, and 398 K, respectively.

1.0

0.8+

0.6

Paver> PCM1
0.4+ " Pavers PCM2
Daves PCM3

Solidification Fraction

0.2+

00 ++—F——"T——T T T T T
0 30 60 90 120 150 180 210 240

Flow Time/min

(a)
560
3407 ——T,..;» PCMI
520 ——T,,.» PCM2
500 Tavej" PCM3

Temperature/K

360 +——————

— T T T T T T
0 30 60 90 120 150 180 210 240
Flow Time/min
(b)
Fig. 9 The evolution of: (a) volume-average solidification fractions, (b)

mass-average temperatures for PCM1-PCM3 during the discharging
process.

Figure 10 shows the evolution of the HTF outlet temperature and
the total discharging rate between the HTF and the three PCMs during
the discharging process. Similar to the charging process, the total
discharging rate between the PCMs and the HTF presents a downward
trend, and its decrease rate also decelerates. From Fig. 10, HTF outlet
temperature decreases from a high value to 354 K and the total
discharging rate decrease sharply from a high value to 755 W during
the initial 60 minutes. From 60 to 240 min, HTF outlet temperature
gains a small reduction, while the total discharging rate linearly
decrease from 755 to 243 W. The variation trend of the total
discharging rate also corresponds to that of the outlet temperature. The
larger the discharging rate is, the more heat is transferred from the
PCMs to the HTF for the same time interval, and the higher temperature
the HTF possesses. Hence, after 60 min, the HTF temperature is very
low, which indicates that further measures should be taken in practical
application, such as extending the length of each stage in the TES unit,
so as to increase the HTF outlet temperature.

Figure 11 displays the evolution of the accumulated released
energy of PCMI1, PCM2, and PCMS3, respectively, during the
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discharging process. As the decreases in Taver, Tavez, and Taves, the
increase rates of accumulated released energy of three PCMs decline.
The accumulated released energy of PCMI1 is the smallest, for PCM1
solidifies fastest because of the highest freezing temperature and lower
latent heat, which leads to the largest increase of the thermal conduction
resistance of the PCM so that increasing the heat release resistance, and
thus reducing the discharging power. The accumulated released energy
of PCM2 and PCMS3 is close in the initial 75 minutes, but after 75 min,
the accumulated released energy of PCM2 is higher than that of PCM3.
This is because that the temperature of PCM2 decreases slowly due to
its high latent heat, so that the temperature difference between the PCM
and the HTF is large, and larger discharging power can be maintained
for a long time. At 240 min, PCM2 has the highest heat release capacity
of 4.2 MJ, while the release capacities of PCM1 and PCM3 are 3.0 MJ
and 3.4 MJ, respectively. Consequently, the above results show that the
PCM with higher melting temperature releases less heat. In practical
application, in order to improve the discharging performance of the
PCMs with high melting temperature, on the one hand, the PCMs with
high latent heat can be selected, on the other hand, PCMs with high
thermal conductivity or heat transfer enhancement techniques can be
utilized. Through the selection of the PCMs, the cascaded LHTES
systems can possess better flexibility than the non-cascaded LHTES
systems.
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Fig. 11 The evolution of the accumulated released energy of the PCMs
during the discharging process.
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3.3 Effects of the HTF Inlet Temperature

The effects of the HTF inlet temperature on the charging and
discharging processes are investigated. The HTF inlet temperature
increases from 533 to 573 K during the charging process and from 333
to 373 K during the discharging process.
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Fig. 12 The changes of the melting time during the charging process (a)
and the solidification time during the discharging process (b) with
different HTF inlet temperatures.

Figure 12 shows the melting and solidification times for different
inlet HTF temperatures. Fig. 13 displays the average charging and
discharging power as a function of inlet HTF temperature. From Figs.
12 and 13, with the HTF inlet temperature increasing from 533 to 573
K, the melting times decrease from 891 to 235 min, from 303 to 195
min, and from 106 to 82 min for PCMI1, PCM2, and PCM3,
respectively, during the charging process. While the average charging
powers increase from 80 to 245 W, from 93 to 367 W, and from 54 to
237 W for PCM1, PCM2, and PCM3, respectively. The melting time of
PCM1 and the average charging power of PCM2 are most affected by
the HTF inlet temperature. With the increase of the HTF inlet
temperature from 333 to 373 K during the discharging process, the
solidification times increase from 114 to 146 min, from 181 to 251 min,
and from 146 to 241 min, the average discharging powers
approximately linearly decrease from 260 to 193 W, from 365 to 264 W,
and from 309 to 215 W, for PCM1, PCM2, and PCM3, respectively.
The results can be explained by that higher inlet temperature during the
charging process causes bigger temperature difference between the
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HTF and the PCMs, which induces a higher heat transfer rate from the
HTF to the PCMs. On the contrary, higher inlet temperature during the
discharging process leads to smaller temperature differences between
the HTF and the PCMs, which causes smaller heat transfer rate from the
PCMs to the HTF.
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Fig. 13 The change of the average charging and discharging powers as
a function of the inlet HTF temperature.

4. CONCLUSIONS

This study presents a transient, two-dimension model to numerically
investigate the thermal behaviors for the charging and discharging
processes of the molten-salt LHTES system filled with three PCMs
called PCM1, PCM2, and PCM3. Numerical simulations are carried out
to calculate the fully charging and discharging processes as well as the
effects of the HTF inlet temperature. The following conclusions can be
drawn from the above analysis:

e  During the charging process, the lower melting temperature
of the PCM obviously accelerates its melting rate. Hence, to
quicken up the charging process in practical application, the
PCM with a higher latent heat is preferable with a lower
melting temperature. Moreover, compared with the non-
cascaded LHTES systems, part of PCM of the cascaded
LHTES systems can use the PCM with a lower melting
temperature and a larger latent heat to enhance the charging
performance.

e  During the discharging process, the PCMs with higher
melting temperature releases less heat. In order to improve
the discharging performance of the PCMs with high melting
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temperature in practical application, on the one hand, the
PCMs with high latent heat can be selected, on the other hand,
PCMs with high thermal conductivity or heat transfer
enhancement techniques can be utilized. Through the
selection of the PCMs, the cascaded LHTES systems can
possess better flexibility than non-cascaded LHTES systems.

e The average charging powers increase from 80 to 245 W,
from 93 to 367 W, and from 54 to 237 W following the
increase of the HTF inlet temperature from 533 to 573 K, and
the average discharging powers approximately linearly
decrease from 260 to 193 W, from 365 to 264 W, and from
309 to 215 W following the increase of the HTF inlet
temperature from 333 to 373 K, for PCM1, PCM2, and PCM3,
respectively. Higher inlet temperature causes bigger
temperature difference for the charging process and smaller
temperature difference for the discharging process between
the HTF and the PCMs, which contributes to higher charging
power and lower discharging power.
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NOMENCLATURE

u velocity (m/s)

cp specific heat capacity (J/kg-K)
p pressure (Pa)

P power (W)

g gravitational acceleration (m/s?)
t time (s)

T temperature (K)

Ts solidus temperature (K)

T liquidus temperature (K)

Amush mushy zone constant, 10° kg/m?'s
H total enthalpy (J/kg)

h sensible enthalpy (J/kg)

AH latent heat content (J/kg)

L heat of fusion (J/kg)

m mass (kg)

(0] accumulated energy (J)

E total energy (J)

Greek Symbols

g thermal expansion coefficient
y liquid fraction

4] solidification fraction

e a small parameter, 0.001

p density (kg/m?)

A thermal conductivity (W/m-K)
T fully charging and discharging times (s)
Subscripts

0 initial moment

f heat transfer fluid

I liquid

s solid

J stage number of the PCMs
ave average

ref reference

char charging process

dischar discharging process
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