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Abstract: An enthalpy porosity simulation model is widely used to simulate the
solidification process of a Phase Change Material (PCM) with constant density
and viscosity. Consequently, numerical inaccuracy may arise in the
investigation of the solidification process. Therefore, this study investigates
the solidification of lithium chloride (LiCl) as a PCM, incorporating
temperature-dependent density and viscosity in the enthalpy porosity model.
Furthermore, the computational domain is represented by a concentric pipe,
with the LiCl salt assumed to be fully filled within the annulus. The boundary
conditions are adiabatic on the outer radius and constant temperature on the
inner radius, representing the temperature of the Heat Transfer Fluid (HTF).
The simulation results show that the solidification process with temperature-
dependent density and viscosity required a total time of 2360 s to complete
the solidification process. In addition, the solidification rate is decreased at the
beginning of the solidification process and then increased before being
decreased at the end of the solidification process. Furthermore, a comparison
is conducted with constant density and viscosity. The comparison result shows
that the solidification time of temperature-dependent density and viscosity is
shorter than the solidification process time of constant density and viscosity
with a deviation of 8.5%, indicating the importance of using the temperature-
dependent density and viscosity to investigate the solidification time.
Conversely, the solidification rate shows a similar tendency, indicating the
insignificant effect of using the temperature-dependent density and viscosity
to investigate the solidification rate.

Keywords: Solidification process, LiCl salt, PCM, enthalpy porosity simulation
model, temperature-dependent density and viscosity

1. Introduction

In response to worldwide energy and environmental issues, replacing conventional

fossil fuel-based energy conversion technologies with more efficient renewable energy
has become a global priority in recent years [1], [2]. For instance, the utilization of a
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concentrated solar thermal (CST) plant to collect thermal energy from the solar system.
To store excess energy, a shell and tube latent thermal energy storage (LHTES) is usually
integrated into the CST plant. The LHTES utilizes phase change materials (PCMs) to store
the thermal energy in the form of latent heat from the solar system through a charging
process. This stored energy can then be released to provide stable heat through a
discharging process [3]. Recently, salt has been widely used as PCM due to its excellent
chemical stability, high energy storage density, etc. [4], [5]. During the discharging
process, salt as PCM in the shell and tube LHTES releases the latent heat to a heat transfer
fluid (HTF) with a lower temperature. Consequently, the salt undergoes a solidification
process from the liquid phase to the solid phase [6], [7]. During the phase change process,
the density and viscosity of the salt change continuously according to the temperature of
the salt. Hence, creating a fluctuated solidification time and rate, which results in the
alteration of the efficiency of the salt as PCM. Therefore, a solidification process
investigation of salt as PCM with temperature-dependent density and viscosity is highly
needed in order to be able to predict the efficiency of a salt as PCM.

A number of experimental studies on a TES during the solidification process were
conducted by several researchers [8]. For instance, an investigation of the performance
of a shell and tube TES [9], and a study of the different types of materials for the
applications of PCMs [10]. However, the experimental study of salt solidification requires
a lot of cost and time. Consequently, a cheaper and practical method is needed. One of
which is the simulation method by utilizing enthalpy porosity simulation model. In the
enthalpy porosity simulation model, the solidification process is modeled by enthalpy
changes as well as porosity changes due to a decrease in the liquid fraction. However, the
use of this model is still focused on the constant density and viscosity of the PCM [11],
[12], [13]. Although numerous studies employ constant density and viscosity, only a few
consider the effects of temperature-dependent properties on solidification behavior in
PCMs. Consequently, numerical inaccuracy may arise in the investigation because the
constant density and viscosity do not sufficiently represent the change in the density and
viscosity in terms of temperature.

Therefore, the present work aims to investigate the solidification process of a salt
as PCM with temperature-dependent density and viscosity by utilizing the enthalpy
porosity simulation model. To demonstrate the temperature-dependent density and
viscosity, lithium chloride (LiCl) is selected as the salt for the PCM. The investigation can
be divided into two parts: 1) the investigation of the solidification time, and 2) the
investigation of the solidification rate, which is defined as the decreasing of liquid fraction
per unit time. Moreover, this present work also compares the solidification time and rate
between the ones with temperature-dependent density and viscosity, and the ones with
constant density and viscosity.

2. Methods

The solidification process of LiCl salt as PCM is started in the liquid phase by
releasing latent heat to the surrounding area. Consequently, the total enthalpy of LiCl salt
decreases. This condition leads to the appearance of crystal nuclei. Consequently, the
liquid and solid phases coexist to form a mushy zone [14]. If the solidification process
continues, crystal nuclei coagulate to form a larger crystal. In this situation, a resistive
force within the mushy zone, i.e., the mushy force ﬁMush serves to dampen the
momentum inside the LiCl salt.

In the present work, the solidification process of LiCl salt as PCM is investigated by
the enthalpy porosity simulation model with temperature-dependent density p(T) and
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Figure 1. Investigation of
solidification process by
enthalpy porosity model.

viscosity u(T)as depicted in Figure 1. In the enthalpy porosity simulation model, the
solidification process is modeled by enthalpy changes and porosity changes, which is
represented by the liquid mass fraction ¢y, transition (from ¢, = 1 to ¢, = 0) in the

ﬁMush. After the ¢ transition is obtained, the solidification process is investigated
according to the solidification time tg and the solidification rate €.

Enthalpy porosity simulation model

fPL=L
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2.1. Mathematical Model

As presented in Figure 1, three governing equations are utilized to simulate the ¢y,
transition during the solidification process, i.e., continuity, momentum, and energy
equations. The continuity and momentum equation, which are derived from Navier
Stokes' equation, are utilized to obtain velocity vector u within the LiCl salt according to
the p(T) and the u(T). Both continuity and momentum are calculated simultaneously
during the simulation. The continuity and momentum equation are expressed as follows
[15].

a - —
EP(T) + V-[p(Mu] =0 (1)
a — - ——> - - Y —_— — =
5 (p(MU) + V- [p(Tu] = —VP + V- u(T)(Vd + VuT) + p(T)g + Fuush (2)
= 1 - 2 —
Fyush = (((PE _I(l_)Lj) ApmyshU (3)

- .

where P is pressure within the LiCl salt, g is gravitational acceleration vector, Apysh iS
mushy zone constant which is preferably 10® and 107 [16], and € is small number (0.001)
to prevent error during the simulation in the case ¢p, = 0. During the solidification
process, the ¢, changes from 1 to 0. Consequently, the ﬁMush becomes very large during
the solidification process. Thereby, the momentum is dampened and the U is decreased.
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The third governing equation is the energy equation. As presented in Figure 1, the
energy equation utilizes the U obtained from the simultaneous calculation of continuity
and momentum. The energy equation is expressed as follows [15]:

%@wmﬂﬁ{mnmo=ioﬁﬂ (4)

where h is total enthalpy of the LiCl salt, k is constant thermal conductivity of LiCl salt,
and T is temperature of LiCl salt. The h in Equation (4) is the sum of sensible enthalpy and
latent enthalpy which can be expressed as:
T
h = hgret + ¢p dT + AL (5)
TRef

where ¢, is constant specific heat of LiCl, Trer is reference temperature, hger is reference
enthalpy which is calculated at the Tgef, and AL is effective latent heat. In the simulation
which utilizes pure material, the AL is updated as follows [17]:

ALY = AL™ + ¢, (T™ — Tyelr) (6)

where Tyelt is melting temperature of LiCl and superscript n is iteration number. During
the solidification process, the AL changes from L to 0. In this case, L is constant latent
heat of LiCl. After the AL is obtained, the ¢, can be obtained from [18]

— % (7)
oL = L
2.2. Investigation of Solidification Process

Figure 1 shows that the investigation process includes the investigation of
solidification time tg and rate &. This process is based on the ¢; obtained from the
enthalpy porosity simulation model. The tg is defined as the total time needed for the
solidification process to be completed. Therefore, the tg can be calculated as follows:

ts = t|<PL=€0L,f - t|¢L:(PL,i (8)

where tl(PL:‘PL,f is the final time when the solidification process is completed and t|<0L=<pL,i
is the initial time when the solidification process is started.

Furthermore, the ¢ is defined as the decreasing of liquid fraction per unit time.
Mathematically, the & can be calculated as follows:

t+AL ¢
£= Pr, Pr, (9)
At

where At is time difference. Moreover, the ¢f is the ¢ at time t and @{™2¢ is the ¢, at

time t + At.

2.3. Simulation Model Conditions

As described in Section 2.1, the density and viscosity of LiCl salt in the present work
are defined as temperature-dependent density p(T) and viscosity u(T). The
temperature-dependent density p(T) and viscosity u(T) are expressed as [19]:

p(T) = 2.1359 — 5.831 x 107*T (10)
5601.7
u(T) = 7,32 x 1072 exp( RT ) (1)
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Figure 2. Comparison
between constant values
and temperature-
dependent values of (a)
density and (b) viscosity.

where R is universal gas constant (= 8.314 ]J/mol - K). Figure 2 shows the comparison

between constant values and temperature-dependent values of density and viscosity.
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According to Section 1, this present work also compares the solidification time and
rate between the ones with temperature-dependent density p(T) and viscosity u(T), and
the ones with constant density and viscosity. In the simulation with constant density and
viscosity, the gravitational effect and density change is represented by the Boussinesq
approximation [20]. Table 1 shows the constant physical and thermal properties which

are utilized in the present work.

Table 1. Physical and thermal properties of LiCl salt.

Properties Symbol

Density p
Specific Heat p
Thermal Conductivity k
Viscosity u
Thermal Expansion Coefficient

Latent Heat L
Melting Temperature TMelt

Value
1502
1534

1.5098
0.001487
0.000287

470094

883

Unit
kg/m3
J/kg K
W/m-K
kg/m-s

1/K

J/kg

Ref.

[21]
[21]
[21]
[21]
[22]
[21]
[21]
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Figure 3. Computational
domain and boundary
conditions.

2.3. Computational Domain and Boundary Conditions
To demonstrate the use of LiCl salt as PCM in the shell and tube LHTES, the
computational domain in the present work is defined as a concentric tube where the LiCl
salt is located in the outer pipe or annulus and the HTF flows in the inner cylinder [23].
However, in this present work, the inner cylinder is excluded from the computational
domain. Hence, the effect of HTF is represented by the constant temperature at the inner
radius [22]. Consequently, the computational domain and its respective boundary
conditions can be shown in Figure 3. According to Figure 3, the computational domain
has total length of z = 500 mm and its outer 1, and inner r; diameter are 1, = 56.15 mm
and r; = 24.13 mm, respectively. Moreover, the boundary conditions can be divided into
three, which are adiabatic condition, no slip condition, and temperature condition. The
adiabatic condition is located at r = 1, and expressed as:
q._ = an - _y W/m? (12)

=T,y dr

where (—i is heat flux. The adiabatic condition is specified to ensure that the latent heat
transfer occurs solely to the HTF in the inner radius.

Adiabatic condition
q =0w/m?
=Ty
No slip condition No slip condition
u =0 m/s u =0 m/s
z=0 mm T=Tgo

z =500 mm

—
al

HTF flow

No slip condition

u =0m/s
z=500 mm

Temperature condition
T = THTF =706.4K

r=rj
No slip condition

u =0 m/s
r=rj

LiCl salt as PCM

Additionally, no-slip conditions are identified at various points, which are r = 1,
r =1;,z= 0mm, and z = 500 mm. The no-slip conditions occurred due to the contact
between LiCl salt as PCM and its container wall. Furthermore, these conditions are
specified to ensure that small layer of LiCl salt as PCM has no velocity relative to its
container wall. Therefore, these conditions are expressed as follows:

Ul,—,, =0 m/s (13)

—

Ul,=r; =0 m/s (14)
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Figure 4. Discretized
computational domain.

_ﬁlz=0 mm — 0 m/S (15)

Ul,-500mm = 0 m/s (16)

Finally, the temperature condition which is located at r = r; is specified to address
the involvement of the HTF in the solidification process in terms of its temperature. In the
present work, the HTF is solely responsible for the latent heat loss from the LiCl salt as
PCM. The temperature of the HTF Tyrr is specified as a temperature below the melting
temperature of LiCl salt as PCM (T = 883 K) to ensure that the heat transfer occurs
from the LiCl salt as PCM to the HTF in the inner radius. Therefore, the temperature
condition is determined as:

Tly=r; = Tutr = 706.4 K (17)

In addition to boundary conditions, the initial conditions are specified because the
simulation of the solidification process by the enthalpy porosity simulation model is a
time-dependent process (transient). In the simulation, the total time is 3000 s with time
step size is At = 1s. In the present work, the initial conditions are specified as a
temperature which is higher than the melting temperature of the LiCl salt as PCM
(Tmerr = 883 K) to ensure that the LiCl salt as PCM is in the liquid phase. Hence, the initial
conditions are determined as:

T|—o = 905.075 K (18)

ol =1 (19)

Before the simulation of the solidification process is started, the computational
domain shown in Figure 3 is discretized by hexahedral meshes. The generated mesh is
shown in Figure 4. The discretization scheme is structured with the characteristics shown
in Table 2.

0.00 50.00 100.00 (mm)
[ EE——  SS—
25.00 75.00

Table 2. Discretization characteristics.

Characteristics Values [-]

Number of elements 623000
Number of nodes 652000
Average skewness 0.018431
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Figure 5. Transition of
liquid mass fraction ¢,
during solidification
process of LiCl salt as PCM.

3. Results and Discussion

3.1. Solidification Time

The solidification process of LiCl salt as PCM is simulated by the enthalpy porosity
simulation model with temperature-dependent density and viscosity and investigated
according to its solidification time t. In order to obtain the t, the liquid mass fraction ¢,
transition of LiCl salt as PCM during the solidification process must be determined in the
first place. As the results of the simulation, the ¢, transition is shown in Figure 5. As
shown in Figure 5, at the start of the solidification process, the ¢y, is equal to 0.72. This is
because there is solid phase at t = 0 as the results of the HTF temperature in the inner
radius. In this case, the t|<pL=<pL,i is defined as the time when ¢, = 0.72 and tl(prL’f is
defined as the time when ¢ = 0. Therefore, the solidification time with temperature-
dependent density and viscosity s gep according to Equation 8 is 2360 s.

0.8 |
— 0.7 —- Constant
g 06 F : Temp-dependent
S 04 | -
& .
§ 03 F ~
< 02 h
-
g 01 \‘\
00 I I I L i _|.
0 500 1000 1500 2000 2500 3000

Time 7[s]

Figure 5 also shows the ¢, transition of LiCl salt as PCM with constant density and
viscosity. Similar to the one with temperature-dependent density and viscosity, the ¢y,
transition with constant density and viscosity is started at ¢, = 0.72. In this case, the
tl(PL=<PL,i is defined as the time when ¢, = 0.72 and th,]“:q!,hf is defined as the time when
@1, = 0. Therefore, in the case of constant density and viscosity, the solidification time
with constant density and viscosity tg cons according to Equation 8 is 2580 s.

The direct comparison between the ts e, and the t cons Shows that the &g gep
is shorter than the t5.ons. Consequently, the solidification time is faster when the
temperature-dependent density and viscosity is included. This faster solidification time
indicates that the nucleation of LiCl salt as PCM with temperature-dependent density and
viscosity occurs more rapidly than LiCl salt as PCM with constant density and viscosity.
This is because in its metastable state, the one with temperature-dependent density and
viscosity is further away from the stable state compared to the one with constant density
and viscosity [21], [24]. A similar phenomenon is observed in reference [22].

In order to evaluate the solidification time, deviation &; between the ts g0, and the
tscons is defined as:
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Figure 6. Solidification rate
& during solidification
process of LiCl salt as PCM.

_ |ts,dep - ts,cons|

5, X 100% (20)

ts,cons
Therefore, the &; is 8.5% which suggest that the temperature-dependent density
and viscosity has a significant effect on altering the solidification time. Consequently, it is
not recommended to ignore the temperature density and viscosity in the simulation of
solidification process.

3.2. Solidification Rate

In the present work, solidification rate ¢ is also investigated based on the ¢y,
transition of LiCl salt as PCM during the solidification process. As shown in Equation 9, the
¢ is defined as the decreasing ¢y, per unit time. According to the ¢y, transition shown in
Figure 5, the & is shown in Figure 6.

9.0E-04
— 8.0E-04 | = Constant
ﬁ 7.0E-04 F Temp-dependent
£ coeo04 | 1
§ 5.0E-04 | .
S 4.0E-04 |
E 3.0E-04 | = /" [\ |
3 2.0E-04 | S

1.0E-04 | —.

0.0E+00 - - : :

0 500 1000 1500 2000 2500 3000
Time 7 [s]

In the case of solidification rate &, the £ is decreasing until t = 1440 s. After that,
the ¢ is increasing until t = 2160 s. Finally, the ¢ is decreasing until t = 2360 s. The
decreasing ¢ indicates that the formation of solid phase is slower over the time, while the
increasing € indicates that the formation of solid phase is faster over the time. During the
decreasing &, the mushy zone, i.e., the zone where liquid phase and solid phase coexists,
still persists in encircling the computational domain. Furthermore, during the increasing
&, the remaining mushy zone is shifted upward (in the opposite direction of the gravity),
while the solid phase is shifted downward (in the same direction of the gravity) due to
the high density of the solid phase. At the end of the solidification process, the decreasing
& occurs because only a thin layer of mushy zone is remaining during t = 2160 s until t =
2360 s. The visualization of the ¢y, to describe the position of mushy zone during the
solidification process is depicted in Figure 7.

In Figure 7, the visualization of the ¢y, is shown in three designated plane (plane 1
is located at z = 100 mm, plane 2 is located at z = 250 mm, and plane 3 is located at
z = 500 mm. According to Figure 7, the solid phase emerges from the inner radius of the
computational domain, where the HTF is flowing. This phenomenon shows that the heat
transfer only occurs from the LiCl salt to the HTF. Therefore, the latent heat only travels
from the LiCl salt to the HTF. In addition, during the solidification process, the viscosity of
LiCl salt increases as shown in Figure 2, resulting in an increase in the shear stress of the
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Figure 7. Visualization of
liquid mass fraction ¢,
during solidification
process of LiCl salt as
PCM.

LiCl salt. The increase in shear stress causes the LiCl salt particles to move with less
freedom, thus creating a homogeneous distribution as depicted in Figure 7.

Furthermore, the ¢ of LiCl salt as PCM with constant density and viscosity is also
shown in Figure 6. According to Figure 6, the & of LiCl salt as PCM with temperature-
dependent density and viscosity and LiCl salt as PCM with constant density and viscosity
shows similar tendency. In the case of constant density and viscosity, the density
difference between the solid phase and the remaining phase is represented by the
Boussinesq approximation. Consequently, the use of temperature-dependent density
and viscosity has insignificant effect in the investigation of the ¢.

Isometric View 3D Plane Time Plane 1 Plane 2 Plane 3

Plane 3

0s

480 s O
&) T-| 960 s <O
< ' )
14 Plane 2 e

Plane 1

ol ! y \
! 1440 s | | )
1
: A\
Liquid Fraction
M T (19205
U&Q K (90 K PQQ Q@o 0%00 \QQQ

2360 s

4. Conclusion

In the present work, the solidification process of the LiCl salt as PCM with
temperature-dependent density and viscosity is investigated by the enthalpy porosity
simulation model. The investigation is divided into 1) the investigation of the solidification
time tg, and 2) the investigation of the solidification rate £. According to the results and
discussion, the conclusions are:

1. The solidification process of LiCl salt as PCM with temperature-dependent physical
density and viscosity has been successfully simulated by the enthalpy porosity
simulation model. The results shows that the solidification time tg is 2360 s. This
solidification time is shorter compared to the one with constant density and
viscosity. The deviation between the one with temperature-dependent density and
viscosity and the one with constant density and viscosity is 8.5%. This deviation
suggests that it is not recommended to ignore the temperature density and viscosity
in the simulation of solidification process.

2. The solidification rate ¢ shows decreasing at the beginning of the solidification
process until t = 1440 s, following the increasing until t = 2160 s, and decreasing
until the end of the solidification process. The comparison with the LiCl salt as PCM
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with constant density and viscosity shows similar tendency. Therefore, it suggests
that the use of temperature-dependent density and viscosity has insignificant effect

in the investigation of the ¢.
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