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Abstract. The present investigation explores the potential of multiple phase change material
(PCM) based storage for real-time solar thermal applications. There are two types of storage
configurations tested in this work for the simultaneous charging and discharging operation, i.e.,
single PCM-based NaNOs storage and 2-stage cascade latent heat storage having NaNO3 and
NaNO:; as the storage mediums in the consecutive stages. The storage is designed to achieve
the end-use temperature condition of 513 K (the highest temperature required for cooking) with
the latent thermal energy accumulation capacity of 1 MJ. The study envisages that instead of
using a single PCM in the storage unit, 2-stage cascading of the PCMs can improve energy
accumulation and retrieval in storage. After 8 hours of operation, none of the storage achieves
the complete charging state. The energy accumulated in the NaNO3/NaNO, cascade storage
is found to be 2.6 times higher than the energy accumulated in the NaNO; storage.
NaNOs/NaNO; storage achieves the desired constant outlet temperature of cold heat transfer
fluid for chapati making (531 K) after 165 minutes of operation. At this moment, the latent
energy accumulated in the NaNO3s; and NaNOs/NaNO; storage is observed as 35% and 14%,
respectively.
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1. Introduction

The limited availability of conventional energy sources and their serious impact on the living
environment has changed the focus of researchers toward finding clean energy sources for
fulfilling the energy needs of society. Nowadays, solar energy, wind energy, geothermal, etc.,
are some of the potential replacements for conventional energy resources. Low maintenance,
scalability modularity, and long-term cost savings are some of the reasons for the wide-scale
adoption of solar energy systems. The nocturnal non-availability of solar energy and radiation
fluctuations during cloudy weather conditions are major drawbacks that need to be overcome
for the growth of solar energy technologies. The use of thermal energy storage in solar energy
systems can serve this purpose. Latent heat storage (LHS) is one of the potential options for
storing thermal energy received from the sun due to its easy process cycle, low maintenance,
easy availability, and low cost [1]. Shell and tube type LHS is one of the most explored config-
urations of latent thermal storage due to its easy fabrication and low maintenance [2, 3]. Ex-
tensive studies are performed on the shell and tube-based LHS to minimize the effect of low
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thermal conductivity of the phase change material (PCM) over the charging/discharging be-
havior of the LHS. These studies include the incorporation of extended metallic structures,
heat pipes, nanoparticles in the PCM domain, and macro-micro encapsulation of the PCM in
various shapes [4]. The physics involved in melting and solidification is slightly different. Melt-
ing is a natural convection-driven process; however, solidification is a conduction-driven pro-
cess mainly. The curtailment in the charging/discharging rate due to the low thermal conduc-
tivity of the medium of the PCM-based LHS can be overcome by incorporating various heat
transfer augmentation techniques as per the involved heat transfer mechanism. In a study, Tay
et al. [5] have examined pinned and finned storage configurations and observed a 25% better
charge cycle performance of finned configuration due to a larger exposed surface area. Robak
et al. [6] have observed a 50 % higher melting rate in the LHS having heat pipes compared to
the finned LHS. Although Nie et al. [7] underlined a 16% curtailment in the charging time using
0.03% volume of nanoparticles in the PCM domain, the agglomeration issues of nanoparticles
limit their applications in PCM-based storages. Another innovative approach to heat transfer
augmentation in PCM is the incorporation of a low-density porous structure in the PCM domain.
Sardari et al. [8] have tested the storage having a porous matrix. A highly conductive copper
foam having variable porosity was inserted in the PCM. It is concluded the charging rate of the
copper foam-assisted storage was 85% higher than the storage that does not have copper
foam.

For the large-scale acceptability of any method of heat transfer augmentation in latent
heat storages (LHS), the method should not have process complexity, and it should be cost-
effective. Utilization of multiple PCMs in a single storage unit has both characteristics. There-
fore, it is a reliable technology for large-scale applications. The significant decrement in the
temperature differential between HTF and PCM in the storage of large size when HTF flows
from the inlet toward the outlet negatively affects the thermal energy transfer. It is observed
that arranging multiple PCMs in the storage can overcome this negative effect on the perfor-
mance of the storage [9]. Wang et al. [10] have reported a 37% improvement in the case of
using multiple PCM in a latent heat storage unit rather than a single PCM. In another study,
Gong and Mujumdar [11] have developed a finite element approach-based model employed
to test the five PCM-based cascade latent heat storage (CLHS) having PCMs of melting points
767 °C, 717 °C, 667 °C, 617 °C, and 567 °C. The reported data indicates a 35.1% improvement
in the charging rate. In CLHS, the melting/solidification rate depends upon the arrangement of
PCMs in the storage unit. Jain et al. [12] have investigated the thermal behavior of the two-
stage CLHS having NaNO3z and NaNO; as the PCMs for two different arrangements of the
PCMs, i.e., inline and reverse. In the inline arrangement, the PCM has a higher melting tem-
perature placed near the inlet of the heat transfer fluid (HTF), and vice-versa for the reverse
arrangement. A total reduction of 30.76% in the melting time was reported using the inline
arrangement as compared to the reverse arrangement.

In the existing literature, CLHS has been tested for either charging or discharging ap-
plications separately. However, in the context of the practical implementation, the true potential
of the CLHS can only be judged based on their behavior during the simultaneous charging and
discharging (SCD). In cooking applications, different cooking processes require different oper-
ating temperatures [13]. For variable operating temperature demand, CLHS can be a suitable
storage configuration to provide energy for end-use applications at different operating temper-
atures. In this investigation, the true potential of CLHS for variable temperature demand for
solar cooking applications is highlighted using the enthalpy porosity-based numerical model.

2. Model Description and Numerical Modelling Procedure

The physical models tested in the study are two 1-stage LHS units having NaNO3z as PCM and
a 2-stage CLHS having two different compartments in a single storage unit. NaNO3; and NaNO:
PCMs are filled in Compartment 1 and Compartment 2, respectively. There are two separate
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HTF tubes provided in each storage configuration for passing the hot and cold HTF simultane-
ously (Figure: 1). All three storage configurations have a design capacity of 1 MJ of latent
thermal energy. The inner and outer shell diameters are 68.78 mm and 73mm, respectively,
while the inner and outer HTF tube diameters are 18.92 mm and 22.22 mm, respectively. Table
1 represents the thermophysical properties of NaNO3; and NaNO, PCMs.
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Figure 1. Schematic of the CLHS (a) Operation strategy (b) Description of the CLHS

Table 1. Thermophysical properties of PCMs [1]

Properties NaNO; NaNO-
Melting Temperature (K) 579 555
Enthalpy of Phase Change (kJ/kg) 176 180.12
Coefficient of Thermal Expansion (1/K) 0.0004 0.00028

Specific Heat Capacity (kJ/kg K)

1.60 (solid),1.655 (li-
quid)

1.733 (solid), 2.553 (li-
quid)

Thermal Conductivity (W/m-K)

0.8 (solid),0.68 (li-
quid)

0.765 (solid), 0.665 (li-
quid)

Density (kg/m?®)

1908

1812

Dynamic Viscosity x10* (Pa-s)

26.9

26.66

The present investigations are performed using the enthalpy porosity approach, and
simulations are performed using ANSYS 2022R2 [14]. The governing equations solved in the

numerical modeling are as follows [1]:

Mass conservation equation [14]:

ap 2\
— TV (pV)=0

Momentum conservation equation [14]:
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Here, Apysny has a numeric value of 10°[15]. The body force term gB;pres(T — Tref) is in-
cluded using Boussinesq approximation.

Energy conservation equation [14]:

HoH) 4 7 - (pVH,) =V - (kVT) (3)

Furthermore, the total enthalpy is given as:
Tm
H; = hyep + [ C,0T + BL 4)

The melt fraction (B):

T—Tsolidus .
Trioir —Terrig e’ when Tgopiqus <T < TLiquidus
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In this study, solid and melted PCMs are homogeneous and isotropic, and no volume
change as well as viscous dissipation in PCMs, are considered. Laminar HTF flow with no-slip
boundary conditions is modeled here. In the previous study by Jain et al. [12], it was observed
that arranging the PCMs in the decreasing order of their melting temperature in the HTF’s flow
direction in CLHS enhances the charging rate of the storage. In the present work, efforts are
made to understand the behavior of the CLHS for the simultaneous charging and discharging
operation. A numeric value of 615 K and 519 K are assigned for the entrance temperature of
the hot and cold HTF, respectively, by keeping the same difference between the temperature
of the HTF and the melting temperature of the PCM in the respective stage at the inlet. Both
the HTF flow at a velocity of 0.04 m/s. The PCM domain is initialized at a temperature of 519
K. Based on the grid and time step independence study, 467,857 elements and a time step of
0.1 s are considered in all the simulations performed.

3. Results and Discussion

The observations of the present investigation on CLHS for simultaneous charging and dis-
charging conditions are discussed in the subsequent sections:

3.1 Melting and Solidification Behaviour of Storages

The present study highlights the potential of cascade latent heat storage for solar cooking
applications. The storage is tested for SCD condition, in which it receives the energy from the
hot HTF and at the same time cold HTF is retrieving the energy from the storage and supplying
it to the baking operation. Baking requires the highest temperature (473 K-513 K) compared
to the other cooking applications; therefore, in this study, the storage configuration is designed
to maintain a cold HTF temperature of 513 K to assist the baking operation. [16]. In the previous
study by Jain et al. [9], it was observed that instead of arranging a single PCM in the shell,
arrangement of the two PCMs in the shell (CLHS) in the decreasing order of their melting
temperature along the HTF’s flow directions enhances the charging performance of the stor-
age. In this extended study, two different types of storage are tested for solar cooking applica-
tions, and their melting and solidification behavior is evaluated during simultaneous charging
and discharging. Two separate HTF flow passages are provided for the hot and cold HTFs, as
shown in Figure 1. In one configuration, the NaNO3z; PCM is filled in the shell, while in another,
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two different PCMs, such as NaNO3; and NaNOg, are filled in the two consecutive parts of the
outer shell. All the storages are investigated for the simultaneous charging and discharging
operations, in which the hot HTF enters from the top of the storage and heats the PCM in the
surrounding shell. At the same time, cold HTF enters from the bottom of the storage through a
separate passage to collect the heat from the storage. All the simulations are performed for 8
hours (average bright sunshine hours in New Delhi) [17]. (The initiation of the melting can be
observed after 30 minutes of charging in NaNOs3 storage (Figure 2(a)). However, CLHS shows
early initiations of the melting (after 25 minutes). After the initiation of the melting, a faster
charging rate is observed in NaNO3s/NaNO; as compared to the NaNOs storage due to the
higher temperature difference between the hot HTF and the PCMs. The arrangement of the
PCM in such a way that the PCM with a higher melting temperature placed near the inlet of
the hot HTF and the PCM with a lower melting temperature placed near the inlet of the cold
HTF for charging and discharging, respectively offers a uniform thermal energy transfer be-
tween the HTF and PCM. This results in a faster energy accumulation in the storage along
with the discharging.
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Figure 2. (a) Melt fraction variation and (b) variation of the average temperature of PCMs

The sharp rise during the initial sensible heating phase, followed by reduced tempera-
ture variation during the phase change, can be observed in Figure 2(b). In 8 hours of opera-
tions, none of the storage has completed the complete melting due to the simultaneous charg-
ing and discharging of the storage. After 8 hours of operation, the average melt fraction of the
PCMs in CLHS is observed to be 2.6 times higher than the average melt fraction of the NaNO3
storage. Stage 1 of the CLHS has completed a 48.2% melting; however, stage 2 has completed
the 68.7% melting after 8 hours of the operation. The faster rate of melting in stage 2 is due to
the better temperature differences between hot HTF and NaNO, PCM in stage 2 of the CLHS.
The hot HTF transfers the heat to the surrounding shell while passing through the storage, and
at the same time, the cold HTF collects the energy from the surrounding shell. As the hot HTF
transfers the energy to the PCM near the entrance, a faster melting rate can be observed in
Figure 3 compared to the reduced melting rate near the outlet of the hot HTF. The bottom
portion of the storage suffers from a reduced melting rate due to the reduced hot HTF temper-
ature and the energy extraction through the cold HTF in this region. The amassment of the
melted PCM against gravity also augments the melting in the top part of the storage. The
arrangement of the two PCMs in the storage (CLHS) can augment the heat transfer in the
bottom part of the storage.
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3.2 Energy Stored and End-Use Temperature

The present storage configurations are designed to store the 1 MJ of latent thermal
energy. The energy accumulation and retrieval occur at the same time in most of the solar
thermal processes, including cooking. Therefore, the designed storage is subjected to real-
time boundary conditions to understand the thermal behavior of the storage. Figure 4(a) shows
the outlet temperature of the cold HTF in both the storages. After 190 minutes of operation,
the cold HTF can provide a constant temperature of 531 K for the end-use application in NaNO3
storage. The storage is designed to support the chapati-making operation, which requires a
temperature of up to 513 K. The designed storage should provide the HTF at a constant
temperature higher than 513 K. However, the NaNO3/NaNO- storage achieves a similar con-
dition earlier than the NaNOs; storage (after 165 minutes of operation). The NaNO3/NaNO;
storage can maintain a constant temperature condition of up to 533 K for the cold HTF. A
significant temperature difference of 20 K can be maintained at the end-use process (cooking).
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Figure 4. (a) End-use temperature achieved (b) latent energy stored

The true potential of the NaNO3/NaNO. can be highlighted by simultaneously focusing on the
energy accumulation in the storage along with the end-use temperature condition. It is evident
from Figure 4(a and b) that NaNO3/NaNO; storage can accumulate more latent thermal energy
than NaNO3 storage, along with the required outlet temperature of the cold HTF during dis-
charging. After 8 hours of operation, none of the storage achieves the complete charging state.
The energy accumulated in the NaNO3/NaNO: storage is found to be 2.6 times higher than the
energy accumulated in the NaNOs3 storage. After 165 minutes of operation, the CLHS achieves
35% of the charging, while NaNOs achieves only 14% of the charging. Therefore, the
NaNO3/NaNO, storage can support the solar cooking process better than the single PCM-
based NaNOs storage in terms of the end-use temperature conditions and energy accumula-
tion for simultaneous charging and discharging conditions. Moreover, it can fulfill the need for
variable temperature during cooking using PCMs having different melting temperatures in var-
ious stages of the CLHS. The aforementioned claim needs further investigation in this context.

4. Conclusions

In the present investigation, the comparative performance evaluation is carried out for the sin-
gle PCM-based LHS and the CLHS for the simultaneous charging and discharging conditions.
It is evident from the results that the slower melting rate at the bottom part of the single PCM-
based NaNOs storage can be improved using a cascading of two PCMs in the single storage
unit. The NaNO3/NaNO- storage can achieve the required outlet conditions earlier than the
NaNO; storage. The energy accumulated in the NaNO3/NaNO; storage is found to be 2.6 times
higher than the energy accumulated in the NaNO; storage after 8-hour duration. The
NaNO3/NaNO2 storage can achieve the required outlet conditions earlier than the NaNO3
storage. The NaNOs/NaNO:; storage stores 58% of the targeted latent thermal energy (1 MJ)
after 8 hours of operation. However, the NaNO3 storage accumulates only 22% of the energy
during this period.
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