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Abstract: Phase change materials (PCM) are employed in thermal energy storage (TES) systems 
for various applications due to their high energy density. This paper uses a fin and tube heat 
exchanger made of aluminium and copper in the thermal battery to enhance the heat transfer rate. 
The HYTHERM 600 is used as the heat transfer fluid (HTF), and stearic acid as the PCM. The 
experiment analyses the thermal behaviour of stearic acid in the thermal battery. The HTF maintains 
around 80°C and 85°C in the Hot HTF tank. Results show that conduction is dominant during the 
early melting stages; however, natural convection supersedes conduction after the stearic acid has 
liquefied. Conduction serves as the main mechanism of heat transfer during the discharging. The 
HTF temperature considerably enhances the stearic acid melting rate. The energy storage while 
charging and discharging is 248.03 kJ/kg and 211.81 kJ/kg, 254.50 kJ/kg, and 218.35 kJ/kg at 80oC 
and 85oC hot HTF temperatures. As the HTF temperature increases from 80oC to 85oC, the charging 
efficiency and higher temperature increase by 8.03% and 6.76%, and the melting time drops by 
18.19% during the melting process, but in the discharging of stearic acid, discharging efficiency and 
lower temperature increases by 6.92% and 7.06%, and discharging time decreases by 25%.  

Keywords: Thermal energy storage; Phase change materials; Stearic acid; Heat transfer fluid; 
Thermal battery 

1. Introduction
Nowadays, it is believed that energy is a fundamental

human need. It must be reliable, financially feasible, 
easily accessible in the long run, and environmentally 
friendly. Because of the rising demand for power and 
energy in our society, using non-renewable energy sources 
affects the environment. For this reason, it is necessary to 
concentrate on renewable energy sources (RES). India has 
a vast potential for RES utilisation. The most accessible 
RES found in nature is solar energy. Many uses of solar 
energy directly include water heating with solar water 
heaters and cooking with solar cookers. Since solar-
powered appliances like water heaters and solar cookers 
can only work when sunlight is present, solar thermal 
energy storage (TES) systems are necessary. TES is a 
well-established technology that has been included in 
energy systems to cope with the instant rise in energy 
demand and decrease energy costs through effective and 
sustainable integration. TES improves energy 
management in various thermal sectors1). The following 
articles described energy management strategies related to 
several sectors 2–7). Materials are used in TES systems to 
store energy as latent heat (LH), sensible heat (SH), and 
thermochemical. Latent heat storage (LHS) materials 

store/release energy due to changes in phase nearly at a 
constant temperature, whereas SH storage materials 
store/release energy due to an increase/decrease in 
temperature without changing phase. The materials store 
or release energy through a reversible chemical reaction 
in thermochemical energy storage. Due to the requirement 
for a sizable amount of material in the SH storage system, 
solid-liquid LH storage materials are used most frequently 
8).  

PCMs are another name for LH storage materials. 
PCMs can be classified as organic, inorganic, and eutectic. 
When a phase transition (melting and solidification) 
occurs, PCMs have a higher storage density than SH 
storage materials because they can store the energy in the 
smallest possible area. Numerous researchers investigated 
the heat exchanger design used to transmit heat inside the 
LHS unit for various applications and the thermophysical 
characteristics of PCMs9,10). Several experimental 
research studies have been done to analyse the PCM 
behaviour and use them in the TES system for different 
applications 11–16). In recent years, PCM has received a lot 
of attention. Lower thermal conductivity is the primary 
disadvantage of the PCM, which reduces system 
efficiency and raises the charging and discharging time. 
Several studies have been conducted to improve thermal 
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conductivity, heat transfer, and heat distribution inside the 
LHS unit to melt and solidify the PCM easily. Some of 
these are discussed below17,18). 

The main problem that prevents heat transfer is PCM's 
low thermal conductivity. In the liquid phase, convection 
can improve heat transmission, but it is not sufficient to 
resolve the issue in the solid phase due to the absence of 
convection. Hence, PCM is upgraded to a material with 
increased thermal conductivity to meet the process's 
requirement for faster heat transfer. However, convection 
in the liquid phase is reduced or eliminated by adding 
materials with higher thermal conductivity. The charging 
time decreases by 60% and improves the useful heat gains 
by using aluminium powder of 80 µm with 0.5 mass 
fraction in paraffin wax19). Byrne et al.20)  used a mixture 
of fatty acids as PCM embedded in expanded graphite to 
examine the thermal performance and utilised it for energy 
storage. Gunjo et al.21) examined the thermal behaviour of 
Paraffin with 4% CuO nanoparticles. They observed that 
density, viscosity, thermal conductivity, charging rate and 
discharging rate increased by 29%, 18.3%, 55%, 1.7 and 
1.8 times, respectively. Karimi et al.22) analysed Paraffin 
C18 to increase the melting and discharging rate by using 
a helical coil and porous metal foam in the LHS unit. The 
outcomes show that a porous medium can significantly 
decrease the charging/discharging time by 57%, 
depending on the intake of HTF. Raising the HTF flow 
rate may slightly shorten the charging time, but porous 
media has a more significant impact. A lower HTF flow 
rate increases the discharge rate and reduces the 
solidification time. 

A suitable heat exchanger is necessary to analyse 
PCM's thermal performance (melting and solidification). 
The heat transfer inside the LHS unit heavily depends on 
the heat exchange design to investigate the PCM 
performance. A pipe model and a horizontal shell and tube 
model were analysed by Agyenim et al.23) using 
temperature-time curves and isothermal contour plots. 
They found that the conductive heat transfer in the shell 
and tube model was less critical than the convective heat 
transfer in the pipe model. The outcomes show that the 
temperature gradients for both systems were 2.5% and 
3.5% higher in the axial direction than the radial direction 
during the phase change. An experimental investigation 
was performed by Zhang et al.24) to examine the 
performance of Paraffin in a vertical LHS unit with a 
snowflake fin design. The longitudinal fin improves the 
snowflake fin design in terms of charging and discharging 
time, decreasing by 32.23% and 51.81%, respectively. 
Additionally, they observed that the snowflake fin 
surpasses the conventional longitudinal fin for the 
discharging process since water's HTF (heat transfer 
factor) increases by 12.27% for melting and 179.81% for 
solidification.  

Lacroix25) evaluated the PCM behaviour in a shell and 
tube LHS unit through a numerical model. The results 
exhibited that the optimum working conditions for 
annular fins are low inlet temperatures and moderate mass 

flow rates. Punniakodi and Senthil26) used a modified heat 
transfer tube to examine the PCM melting inside a vertical 
container. They stated that the intake temperature of HTF 
is an important factor for melting the PCM. During the 
LHS unit analysis, Paraffin acts as the PCM, water as the 
HTF, and HTF travels circumferentially via the outer tube 
in a downward direction. The heat transfer improves 
during the melting and solidification of PCM in an LHS 
unit comprising the cylindrical vertical tube with 
longitudinal fins. The V-shaped fin arrangement leads to 
the best outcomes27). An experiment was performed by 
Murthy et al.28) to utilise shellac wax for solar TES 
systems. They discussed the effect of natural convection 
and the advancement of the melting and solidification 
front. The charging rate noticeably improves, and the 
melting time decreases when the HTF flow rate increases. 
The increased flow rate during the discharge operation has 
minimal impact on the discharge efficiency.  

Liu and Groulx29) used a central copper pipe with fins 
along the container length to investigate heat transfer 
within a cylindrical LHS system throughout the melting 
and solidification processes. The outcomes indicate that 
conduction is crucial during the initial melting stages, but 
natural convection regulates heat transmission once 
enough liquid PCM melts in the container. Conduction 
controls the entire solidification process. The HTF input 
temperature considerably affects the total melting time, 
but the HTF flow rates have little influence. Similarly, 
Kothari et al. 1) analysed the heat transfer rate of Paraffin 
wax inside an annulus of the LHS unit. A copper pipe with 
longitudinal fins passes along the cylindrical LHS unit 
length to observe the thermal performance of Paraffin wax. 

Rathod and Banerjee30) demonstrated that the flow rate 
is not as significantly affected by the HTF inlet 
temperature as the melt fraction. The results of the 
experiments show that PCM’s total melting time rises 
when the HTF's mass flow rate and inlet temperature 
decrease. Additionally, they found that the improvement 
in heat transfer is more sensitive to a rise in HTF intake 
temperature than HTF mass flow rate. Adding three 
longitudinal fins to the HTF tube can reduce the 
solidification time by as much as 43.6%31). The overall 
melting time of PCM packed in three LHS units, 
rectangular, cylindrical, and cylindrical shells, each with 
the same volume and heat transmission surface area, was 
compared by Vyshak and Jilani 32). They found that 
cylindrical shell containers store the same energy in the 
minimum time for the same PCM mass and heat transfer 
surface area. With higher PCM mass, the geometric effect 
is more noticeable. 

The melting front appeared at various points close to 
the HTF tube, and it advanced toward the shell at different 
rates, according to the outcomes of the investigation of the 
impact of raising the HTF's intake temperature during the 
PCM melting operation. The total charging time decreases 
by 37% as the inlet water temperature reaches 80 °C33). A 
1-D model based on the enthalpy method was used by 
Silva et al. 34) to execute a numerical analysis of paraffin 
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wax in the vertical rectangular LHS unit. During the 
melting and solidification operations, one of the walls is 
continuously heated while an airflow stream cools the 
other wall. The results demonstrate that a basic numerical 
model may reasonably predict the performance of the 
rectangular LHS unit. 

Khan and khan35,36) experimentally analysed the 
charging performance of Paraffin in a shell and tube LHS 
unit comprising longitudinal fins. They observed that as 
the intake HTF temperature raised from 52 °C to 67 °C,  
the state-changing rate and power improved by 50.08% 
and 69.71%. The HTF volume flow rate effect is relatively 
less but diminishes as HTF intake temperature rises. 
The LHS unit comprised of a multi-tube model 
significantly improved the average melting and 
solidification powers by 75.53% and 27.04% as there was 
a rise in the temperature difference between PCM and 
intake fluid from 52 °C to 62 °C and 15 °C to 
5 °C respectively. 

Zivkovic and Fujii37) conducted a numerical 
investigation of a PCM charging time inside a rectangular 
and cylindrical LHS unit. They found that the rectangular 
LHS unit melts nearly half as long as the cylindrical LHS 
unit for the same volume and heat transmission area. 
Biwole et al.38) optimised the number, size, and position 
of fins in the container by conducting a numerical heat 
transfer analysis inside a rectangular enclosure. According 
to the results, adding additional fins enhances SHS and 
LHS in the PCM and lowers the stabilisation temperature 
and front plate stabilisation time during phase transition.  

To examine the thermal performance of PCM, many 
researchers used various heat exchanger models with fins 
in the cylindrical LHS units1,17,22–24,26,28–31,35,36). Thus, it 
can be concluded from the literature that few researchers 
used heat exchangers with fins in the rectangular LHS unit 
34,37,38). Additionally, it is noted that a significant portion 
of the literature is based on numerical analysis 
16,18,25,32,38,39), lacking experimental analysis of PCM in the 
proposed rectangular LHS unit with fin and tube type heat 
exchanger.  

The present paper focuses on an experimental 
investigation of stearic acid (PCM) in a rectangular 
Thermal battery comprising a fin and tube-type heat 
exchangers with aluminium fins and copper tubes. This 
heat exchanger improves the heat transfer and distribution 
inside the thermal battery. In this paper, Stearic acid's 
thermal performance (melting and solidification) is 
experimentally analysed during phase change heat 
transfer throughout both processes in a rectangular 
thermal battery. The impact of hot HTF temperature on the 
charging and discharging of stearic acid has been studied. 

  
2. Methodology 
2.1  Phase Change Material 

Due to their advantageous characteristics, such as non-
toxicity, high latent heat, non-corrosiveness, affordability, 
chemical and thermal stability over the appropriate 
temperature range, organic PCMs are most frequently 
utilised in low-temperature thermal applications. Stearic 
acid is a well-known organic PCM used in air and water 
heating applications. Stearic acid is selected as a PCM for 
the current analysis. BRM chemicals provided the 
commercial-grade stearic acid having the thermophysical 
properties stated in Table 1. 

 
Table 1. Thermophysical characteristics of stearic acid.15) 

Parameters Values 
IUPAC name Octadecanoic acid 
Chemical formula C18H36O2 
Appearance White powder 
Molecular weight 284.5 g/mol 
Thermal conductivity (W/mK) 0.172 
Melting temperature (oC) 55 
Boiling temperature (oC) 381 

Density (kg/m3) 
Solid 965 
liquid 848 

Enthalpy of fusion (kJ/kg) 160 

Specific heat (kJ/kg.K) 
Solid 1.6 

liquid 2.2 
 

2.2  Experimental Setup 
Fig. 1 depicts the schematic diagram of the 

experimental setup. It comprises a thermal battery, 
temperature sensors, a scanner, a magnetic gear pump, 
hot/cold HTF tanks, and connecting pipes. Connecting 
pipes connect all the parts, and Fig. 2 shows a real lab-
scale pictorial diagram of the entire experimental setup. 

 
2.2.1  Thermal battery 

Thermal battery is the critical component of the 
experimental setup investigating stearic acid behavior. Fig. 
3 displays the dimension specifications and an actual 
pictorial diagram of the lab-scale thermal battery. Arc 
welding is used to construct this battery from a 14 gauge 
(0.2 cm) thick mild steel sheet. This battery is 34 cm long, 
9 cm wide, and 32 cm high. A fin and tube heat exchanger 
is placed in the centre to uniformly transfer heat from HTF 
to stearic acid in all directions. Copper tubes of 1 cm 
diameter and 0.1 cm aluminium fins make the heat 
exchanger. Heat transfer is made more likely by the 
aluminum fins over the copper tubes. A 2 cm wide space 
is left at the sides, top, and bottom of the battery for the 
stearic acid. The HTF enters the thermal battery from the 
bottom and exits from the top. The thermocouples (T1 and 
T2) and (T3 and T4) are inserted at 1 cm and 27 cm height 
inside the thermal battery, respectively. 
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Fig. 1: Schematic diagram of a complete experimental setup 

 
Fig. 2: Real lab-scale pictorial diagram of an experimental setup 

 

Fig. 3: Dimension specifications and an actual pictorial diagram of the lab-scale thermal battery 
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2.2.2  Temperature sensors and temperature scanner 

logger 
The HTF and stearic acid temperatures have been 

measured at various locations inside the thermal battery 
using a three-wire, ultra-precise RTD PT-100 temperature 
sensor. The temperature range for these sensors is -100 to 
600°C. The temperature sensors are connected to a 
Countron data logger with a temperature indicator scanner 
acting as the display unit. The temperature is recorded at 
every location in the experimental setup according to the 
date, time, and selected channels. The resolution and 
accuracy of these sensors are 0.1°C and ±0.1°C ±1 least 
significant digit. 
 
2.2.3  Magnetic gear pump 

The HTF is pumped from the HTF tank to the thermal 
battery for the melting/discharging of stearic acid using a 
high-temperature magnetic gear pump linked with an 
induction motor made by an oriental motor. This pump 
helps to flow the HTF at a constant mass flow rate of 6 
LPM throughout the cycle, irrespective of the length of 
connected pipes. The 150 W induction motor has 2650 
revolutions per minute. 

 
2.2.4  Heat transfer fluid 

HYTHERM 600 is employed as the HTF for the 
melting and solidification of stearic acid. This HTF allows 
for high-temperature heat transfers up to 320°C. Due to 
the following properties in Table 2, this HTF is considered 
suitable for charging/discharging stearic acid. 

 
Table 2. Thermophysical Properties of HYTHERM 600 40) 
Parameters  Value 
Specific heat (kJ/kg K)   2.19 
Specific gravity   0.825 
Viscosity index   100 
Appearance Clear and bright 
Maximum film temp. (°C)   345 
Pour point temp. (°C)   −45 
Flashpoint temp. (°C)   220 
Auto-ignition temp. (°C)   426 

 
2.2.5  Hot/Cold HTF Tank 

The Hot HTF tank transfers the HTF to the thermal 
battery to melt the stearic acid. It contains 10 litres of HTF, 
heated to the required temperature by a 1.5 kW heating 
rod. The tank is well insulated with a Polyurethane Foam 
sheet of 2 cm thickness to avoid heat loss to the 
environment. The thermal battery receives HTF from the 
cold HTF tank via a magnetic gear pump to discharge the 
stearic acid. 13 litres of HTF are stored in this tank. The 
HTF absorbs the heat from the stearic acid and 
continuously cools it with fresh water. 

 
2.2.6  Connecting pipes 

The hot/cold HTF tank and the thermal battery are 
connected to the magnetic gear pump via flexible stainless 
steel (SS) 304 pipes. All the connecting pipes have a 1.5 
cm internal diameter, and hexagonal bolts are press-fitted 
into the ends to connect the pipes. The thermal battery 
receives HTF from the HTF tank via a closed circuit 
formed by these pipes. These pipes can bear temperatures 
from -20°C to 400°C and provide enough insulation to 
prevent heat loss to the environment. 

 
2.3  Experimental procedure 

Firstly, stearic acid is heated in the tank to a temperature 
of 80°C before being poured into a thermal battery for 
analysis. Because of the density difference between 
stearic acid's solid and liquid phases, a gap is left at the 
top when the thermal battery is filled. During the analysis, 
two processes -charging and discharging take place inside 
the thermal battery. Firstly, the circulation of cold HTF is 
done inside the pipes to make sure that the temperature 
displayed by each thermocouple in the display unit is the 
same. After that, perform the charging and discharging 
cycle using the experimental setup. 

 
2.3.1  Charging/Melting of stearic acid 

Heat the HTF to the desired temperature, then open the 
two-way valve to allow the hot HTF to circulate 
throughout the system at a constant flow rate of 6 LPM. 
The hot HTF enters the heat exchanger inside the thermal 
battery and transfers the heat to the stearic acid. The 
thermocouples start recording temperature when the 
stearic acid begins to melt. This process continues inside 
the thermal battery until the steady state temperature is 
attained. For analysis, the HTF is maintained at 80 oC and 
85 oC in a hot HTF tank. 

 
2.3.2  Discharging/Solidification of stearic acid 

In this procedure, the stearic acid is discharged by the 
flow of cold HTF within the heat exchanger inside the 
thermal battery. The HTF absorbs the heat from the hot 
stearic acid and transfers it to the cold HTF tank. Fresh 
water is used to cool this HTF inside the tank. This 
procedure continues until the battery's top and bottom 
attains steady state temperature. 

 
2.4  Experimental data analysis 
2.4.1  Charging Process 

The control volume of the thermal battery is used to 
analyse the thermal performance of stearic acid. The HTF 
temperature at the entry and exit of the thermal battery 
was measured after a time interval of one minute. Stearic 
acid's instantaneous thermal power gained during the 
charging process is added to determine the total thermal 
power. The instantaneous and total thermal power transfer 
from the HTF to the stearic acid during the melting 
process is shown in Eq. 1 and Eq. 2. The actual energy 
stored by stearic acid during the charging operation is 
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shown in Eq. 3. The ratio of actual energy stored in the 
stearic acid to the energy transferred by heated HTF to the 
stearic acid is known as the charging efficiency and is 
expressed in Eq. 4.28) 

      𝑞𝑞𝑐𝑐 = 𝑚̇𝑚𝐻𝐻𝐻𝐻𝐻𝐻 ∗ 𝑐𝑐𝑝𝑝,𝐻𝐻𝐻𝐻𝐻𝐻 ∗ �𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻,𝑖𝑖𝑖𝑖 − 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻,𝑒𝑒𝑒𝑒�   (1) 

        𝑄𝑄𝑐𝑐 = ∑ 𝑞𝑞𝑐𝑐 ∗ ∆𝑡𝑡𝑛𝑛
𝑖𝑖=1      (2) 

 
   𝑄𝑄𝑆𝑆𝑆𝑆,𝑐𝑐 = 𝑚𝑚𝑆𝑆𝑆𝑆�𝑐𝑐𝑝𝑝,𝑠𝑠(𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑖𝑖) + 𝐿𝐿𝑆𝑆𝑆𝑆 + 𝑐𝑐𝑝𝑝,𝑙𝑙�𝑇𝑇𝑓𝑓 − 𝑇𝑇𝑚𝑚�� (3) 

 
         𝜂𝜂𝑐𝑐 = 𝑄𝑄𝑆𝑆𝑆𝑆,𝑐𝑐

𝑄𝑄𝑐𝑐
    (4) 

 
2.4.2. Discharging Process 

The HTF's instantaneous and total thermal power 
gained by HTF from the stearic acid during the 
discharging process is expressed in Eq. 5 and Eq. 6. The 
actual energy discharged by stearic acid during the 
discharging process is given in Eq. 7. The ratio of the 
energy gained by cold HTF to the energy released by 
stearic acid is called the discharging efficiency and is 
expressed in Eq. 8.28) 

 
𝑞𝑞𝐷𝐷 = 𝑚̇𝑚𝐻𝐻𝐻𝐻𝐻𝐻 ∗ 𝑐𝑐𝑝𝑝,𝐻𝐻𝐻𝐻𝐻𝐻 ∗ �𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻,𝑒𝑒𝑒𝑒 − 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻,𝑖𝑖𝑖𝑖�  (5) 

 
  𝑄𝑄𝐷𝐷 = ∑ 𝑞𝑞𝐷𝐷 ∗ ∆𝑡𝑡𝑛𝑛

𝑖𝑖=1    (6) 
 
𝑄𝑄𝑆𝑆𝑆𝑆,𝐷𝐷 = 𝑚𝑚𝑆𝑆𝑆𝑆�𝑐𝑐𝑝𝑝,𝑙𝑙(𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑚𝑚) + 𝐿𝐿𝑆𝑆𝑆𝑆 + 𝑐𝑐𝑝𝑝,𝑠𝑠�𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑓𝑓��  (7) 

 
      𝜂𝜂𝑐𝑐 = 𝑄𝑄𝐷𝐷

𝑄𝑄𝑆𝑆𝑆𝑆,𝐷𝐷
                   (8) 

 
3. Results and discussion 

This research article has conducted two experimental 
trials with HTF temperatures of 80°C and 85°C and a set 
mass flow rate of 6 LPM to analyse stearic acid inside the 
thermal battery. 

 
3.1  Stearic acid investigation at 80 oC hot HTF in the 

tank 
3.1.1  Melting/charging of stearic acid 

The temperature change of HTF at the thermal battery's 
entry and exit points and inside the hot HTF tank is shown 
in Fig. 4. The HTF heats up inside the hot HTF tank 
through the heating rod and maintains a temperature of 
about 80oC during the charging process. This temperature 
is reached after 16 minutes by the 1.5 kW heating rod. 
There is a more noticeable HTF temperature difference 
between the entry and exit points of the thermal battery 
during the earlier melting stages. Due to this, the stearic 
acid close to the fins absorbs heat very quickly from the 
hot HTF in the earlier charging stages and accelerates the 
melting rate. 

Fig. 5 depicts the temporal variation in stearic acid 
temperature (T1 and T2 at 1 cm height) and (T3 and T4 at 
27 cm height) from the base of the thermal battery. The 

curve illustrates that the temperature at T1 first reaches 
the melting point, followed by T2 in the sequence. The 
melting front moves from T1 to T2 because T1 is close to 
the HTF entry, and T2 is farther from the HTF entry. This 
is because the HTF and stearic acid have a tremendous 
temperature difference nearer the entry point. As HTF 
moves forward, the temperature difference drops, 
decreasing the heat transfer rate.  

 

 
Fig. 4: HTF temperature at the thermal battery's entry and 

exit and in the hot HTF tank at 80 °C 
 

 
Fig. 5: Temperatures at different thermal battery heights 

for 80°C hot HTF in the tank during the charging process 
 

The heat exchanger improves the heat transfer rate and 
maintains the uniform heat distribution inside the thermal 
battery. The temperature of the fins rises continuously 
during the initial phase, indicating that most heat 
transmission occurs via conduction within the solid stearic 
acid. As a result, the stearic acid inside and around the heat 
exchanger melts first. After that, the stearic acid next to 
the heat exchanger melts, and the melting front moves 
from the heat exchanger fins to the walls of the thermal 
battery. Further, Stearic acid exists in liquid and solid 
forms inside the battery. Due to the density difference, the 
liquid form of stearic acid rises upward and interacts with 
the surrounding solid stearic acid, accelerating the melting 
rate as the charging process proceeds. Heat transmission 
by convection causes the liquid stearic acid to move in an 
upward direction. Afterwards, the stearic acid experiences 
heat transmission through conduction and convection 
modes inside the thermal battery. Because of this, stearic 
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acid at 27 cm thermal battery height melts before that at 1 
cm height and achieves a higher temperature. On the top 
side (27 cm height), Stearic acid at the location T3 melts 
first, followed by T4. Hence, the stearic acid melting front 
spreads from top to bottom inside the thermal battery. 

The average temperature variation of the stearic acid 
inside the thermal battery is depicted over time in Fig. 6. 
The average temperature of stearic acid at the thermal 
battery's 27cm and 1 cm height takes 40 minutes and 330 
minutes to reach a steady state, respectively. Because the 
stearic acid has low thermal conductivity and the heat 
transfer occurs mainly by convection, the stearic acid 
inside the rectangular thermal battery requires at least 330 
minutes to achieve a steady state of 74oC during the 
melting process. Conduction heat transmission takes place 
when melting is still in its early stages. Later, the stearic 
acid inside the thermal battery melts by conduction and 
convection modes of heat transfer. 

 

 
Fig. 6: Average temperature inside the thermal battery for 
80°C hot HTF in the tank during the charging process 

 
3.1.2  Discharging/Solidification of Stearic acid 

The heat stored by Stearic acid during the charging 
operation is used in many applications like water and air 
heating via discharging operation. Stearic acid solidifies 
with the HTF at 25oC in the cold HTF tank. The HTF 
circulates between the high-temperature source (stearic 
acid) and the low-temperature sink (water) at a constant 
mass flow rate of 6 LPM in the experimental setup. The 
water circulates inside the circular copper tube heat 
exchanger placed in the HTF tank. Natural convection and 
radiation help to reject more heat from the HTF to the 
surrounding and keep the HTF at a low temperature as the 
tank is not insulated. The variation of stearic acid 
temperature at different locations inside the thermal 
battery throughout the discharging process is shown in Fig. 
7. Stearic acid has a high temperature and low density at 
the top of the thermal battery. The curve indicates that the 
stearic acid at 27 cm height (T3 and T4) cools more 
rapidly than the 1 cm height (T1 and T2) inside the 
thermal battery due to convection, conduction and more 
significant temperature differences between the stearic 
acid and cold HTF in the initial discharging stages. 

Therefore, the discharging front moves from top to bottom. 
The thermocouples T3 and T4 are located at 27cm height 
on both sides of the heat exchanger, giving different 
discharging curves. After some time, conduction plays a 
vital role in transferring the heat from the solid stearic acid 
to the cold HTF during the discharging operation. The heat 
transfer rate and temperature gradient decrease as a solid 
stearic acid layer develops on the heat exchanger's fins 
over time. Therefore, the heat transferred mainly occurs 
through the conduction in the whole discharging operation.  

 

 
Fig. 7: Temperatures at different thermal battery heights 

for 80°C hot HTF in the tank during the discharging process 
   

 
Fig. 8: Average temperature inside the thermal battery for 
80oC hot HTF in the tank during discharging process 

 
Fig. 8 shows the temporal variation of the average 

temperature of the stearic acid inside the thermal battery 
during the discharging operation. Within 2 hours, the 
average temperature at the 72 cm height reaches 77.35oC 
to 43.25oC, and at 1 cm height goes 70.85oC to 54.65oC. 
In the thermal battery, stearic acid typically reaches a 
temperature of 48.9oC from 74oC. The heat extracted by 
HTF from stearic acid is used for various purposes, 
including water and space heating. 

 
3.2  Stearic acid investigation at 85 oC hot HTF in the 

tank 
3.2.1  Charging/Melting of Stearic acid 

The timewise variation of HTF temperature at the entry 
and exit points of the thermal battery and in the hot HTF 
tank is depicted in Fig. 9, similar to the prior case. A 
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temperature of nearly 85oC is maintained in the hot HTF 
tank with the help of a 1.5 kW heating rod. The HTF 
achieves this temperature within 18 minutes. The 
difference between the HTF temperature at the entrance 
and exit point is more noticeable, and the stearic acid 
adjacent to the fins absorbs heat quickly during the initial 
charging stages. The temperature of stearic acid changes 
over time at the different locations inside the thermal 
battery, as shown in Fig. 10. Because HTF delivers to the 
thermal battery at a greater temperature than in the prior 
case, the stearic acid reaches a steady state temperature 
more quickly. The thermal battery's internal heat transfer 
mechanism is similar to that previous case. 

 

 
Fig. 9: HTF temperature at the thermal battery's entry and 

exit and in the hot HTF tank at 85°C 

 
Fig. 10: Temperature at different thermal battery heights 

for 85°C hot HTF in the tank during the charging process 

Fig. 11 illustrates the temporal variation of the average 
stearic acid temperature inside the thermal battery. The 
average temperature of stearic acid at the 27 cm height (T3 
and T4) reaches a steady state temperature of 83.12oC in 
50 minutes. Stearic acid at 1 cm height takes 270 minutes 
to achieve a 74.9oC steady state temperature. Hence, the 
thermal battery takes at least 270 minutes to melt the 
stearic acid and reach a steady state average temperature 
of 79oC. As a result, when the HTF temperature is higher, 
the rectangular thermal battery charges more quickly. 

 
Fig. 11: Average temperature inside the thermal battery for 

85°C hot HTF in the tank during the charging process 
 

3.2.2  Discharging/Solidification of Stearic acid 
Like the previous case, cold HTF is used to 

discharge/solidify the stearic acid inside the thermal 
battery. The stearic acid’s temperature variation over time 
at different heights is shown in Fig. 12. Due to the high 
temperature and low density of stearic acid at the top of 
the thermal battery, convection and conduction heat 
transfer occur during the initial discharging stages. Stearic 
acid at 27 cm height solidifies more rapidly than the 1 cm 
height. Afterwards, conduction heat transfer occurs 
between the solid stearic acid and cold HTF. Due to a solid 
stearic acid layer that accumulates with time on the heat 
exchanger's fins, the heat transmission and temperature 
gradient gradually decrease. 

 

 
Fig. 12: Temperature at different thermal battery heights 

for 85°C hot HTF in the tank during the discharging process 

 
Fig.13: Average temperature inside the thermal battery for 

85oC hot HTF in the tank during discharging process 
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Fig. 13 depicts the variation of the average temperature 
of stearic acid at the different heights of the battery. The 
stearic acid at 27 cm height reaches 49.55oC, and at 1 cm 
height reaches 54.75oC in 90 minutes. Stearic acid usually 
reaches a temperature of 52.35oC in a thermal battery after 
90 minutes. 

3.3  Performance comparison of Stearic acid 
The temperature variation of stearic acid during 

charging (heat storage) and discharging (heat release) at 
HTF temperatures of 80oC and 85oC in the hot HTF tank 
is shown in Fig. 14. The figure compares the performance 
of stearic acid in both cases and found that the stearic acid 
melts more quickly from the heated HTF at 85oC than at 
80oC. When the temperature is high, the HTF can carry 
more heat, transfer heat to the stearic acid faster and 
achieve a higher steady-state temperature in less time 
during both processes. The highest temperature of stearic 
acid experimentally reaches 74oC and 79oC in 330 
minutes and 270 minutes during the melting process, 
while the hot HTF is at 80oC and 85oC in the hot HTF tank, 
respectively. The stearic acid reaches 48.9oC and 52.35oC 
in 120 minutes and 90 minutes during the discharging 

process. As the hot HTF temperature in the tank rises from 
80oC to 85oC while charging the stearic acid, the melting 
time drops by 18.19%, and the higher temperature 
increases by 6.76%. In the discharging of stearic acid, 
discharging time decreases by 25%, and the lower 
temperature increases by 7.06%. 

Fig. 14: Charging (heat storage) and Discharging (heat 
release) performance curve of stearic acid at 80oC and 85oC hot 

HTF in the hot HTF tank 

Table 3. Charging and discharging efficiency of stearic acid when the hot HTF in the tank at 80 oC and 85oC 

3.4  Charging and Discharging efficiency of stearic 
acid 

When the HTF heats at 80oC and 85oC, Table 3 
summarises the stearic acid's initial, final, and average 
temperatures and the charging and discharging 
efficiencies. The charging and discharging efficiencies are 
41.02 % and 64.58 %, 44.32 % and 69.05 % for the 80oC 
and 85oC hot HTF temperatures, respectively. When the 
HTF heats to 85oC rather than 80oC, the charging and 
discharging efficiencies increase by 8.03 % and 6.92 %, 
respectively. The energy storage while charging and 
discharging is 248.03 kJ/kg and 211.81 kJ/kg, 254.50 and 
218.35 kJ/kg at 80oC and 85oC hot HTF temperatures. 

As a result, stearic acid in the rectangular vertical 
thermal battery can be melted more quickly and 
effectively at greater temperatures. Hence, energy storage 
efficiency increases with HTF temperature, and faster 
charging/melting times are crucial for improving the 
rectangular thermal battery's performance. 

4. Conclusions
PCMs-based TES systems are becoming more

prevalent due to excellent energy efficiency, economic 
viability, and simplicity of integration with renewable 
resources. PCMs are suitable for various applications due 
to its high energy density. An experimental investigation 
of stearic acid’s thermal performance inside the vertical 
thermal battery has been done in this paper. The 
conclusions from the present work are 
• During charging inside the thermal battery, the

stearic acid melts more quickly at the top than at the
bottom.

• The fin and tube heat exchanger improves the heat
transfer rate and distribution, and the heat transfer by 
conduction and natural convection mode usually
occurs in the melting process.

• Heat conduction plays a critical role in solidification,
Natural convection improves heat transfer during

Charging 

Hot HTF 
temperature 

Stearic acid temperature (oC) QSA,C (kJ) QC (kJ) ⴄC (%) 

Tavg. Ti Tf 
80oC 65.71 26.63 74.38 1636.98 3990.29 41.02 
85oC 68.95 28.95 79.01 1679.71 3790.18 44.32 

Discharging 

Hot HTF 
temperature 

Stearic acid temperature (oC) QSA,D (kJ) QD (KJ) ⴄD (%) 

Tavg. Ti Tf 
80oC 54.81 74.15 48.95 1397.95 902.85 64.58 

85oC 57.54 79.43 52.12 1441.14 995.12 69.05 
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heat storage, and HTF temperature strongly 
influences the charging and discharging rate. 

• When the HTF inside the tank is 80oC and 85oC,
respectively, the thermal battery needs a minimum of 
330 minutes and 270 minutes to melt the stearic acid.

• As the hot HTF temperature in the tank rises from
80oC to 85oC while charging the stearic acid, the
melting time drops by 18.19%, and the higher
temperature increases by 6.76%. In the discharging
of stearic acid, discharging time decreases by 25%,
and the lower temperature increases by 7.06%.

• The charging and discharging efficiencies are
41.02% and 64.58%, 44.32% and 69.05% for the
80oC and 85oC hot HTF temperatures, respectively.

• When the HTF heats to 85oC rather than 80oC, the
charging and discharging efficiencies increase by
8.03% and 6.92%, respectively.

• The energy storage while charging and discharging
is 248.03 kJ/kg and 211.81 kJ/kg, 254.50 kJ/kg, and
218.35 kJ/kg at 80oC and 85oC hot HTF temperatures.

• The further scope of the work is to develop highly
efficient thermal storage materials for various
applications.

Nomenclature 

TES thermal energy storage (-) 
LH latent heat (kJ) 
LHS latent heat storage (-) 
PCM Phase change material (-) 
SH sensible heat (kJ) 
L latent heat of fusion (kJ kg-1) 
q instantaneous thermal power (W) 
Q total thermal power (kJ) 
m mass (kg) 
𝑚̇𝑚 mass flow rate (kg s-1) 
T temperature (oC) 
t time (s) 
cp specific heat capacity (kJ kg-1 oC -1) 

Greek symbols 
Δ difference (–) 
η  efficiency (–) 

Subscripts 
HTF heat transfer fluid 
SA stearic acid 
s solid 
l liquid
m melting 
i initial 
f final 
C charging 

D discharging 
in inlet 
ex 
avg. 

exit 
average 
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