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Abstract: A case study on the melting performance of a shell-and-tube phase change material (PCM)
thermal energy storage unit with a novel rectangular fin configuration is conducted in this paper.
Paraffin wax and circulated water are employed as the PCM and heat transfer fluid (HTF), respectively.
It can be observed that the melting performance could be significantly improved by using rectangular
fins. Melting photographs demonstrate that the melting of the PCM is firstly dominated by heat
conduction; then, the melting rate is improved further due to natural convection. Moreover, the
results illustrate that the influence of the inlet HTF temperature on the melting performance is
significantly greater than that of the inlet HTF flow rate. The liquid fraction of paraffin wax in the
PCM unit with a higher inlet HTF temperature is always higher than that with a lower inlet HTF
temperature at the same time. The total charging time is reduced by 62.38% and the average charging
rate is increased by 165.51% when the inlet HTF temperature is increased from 57 ◦C to 68 ◦C. As a
result, a higher value of the inlet HTF temperature and a lower value of the HTF flow rate are able to
improve the energy efficiency of the PCM unit with a rectangular fin configuration.

Keywords: phase change material; shell-and-tube thermal energy storage unit; rectangular fin
configuration; melting performance

1. Introduction

The energy crisis is a crucial issue which involves the economy, environment and
society. The development of technology in energy fields for the purpose of energy saving
and environmental protection has become significant [1]. In particular, renewable energy
plays a more considerable role. However, the mismatch between energy demand and
supply is the major defect that restricts the application of renewable energy. As a result,
thermal energy storage (TES) could overcome this drawback [2]. The applications of
TES are extremely extensive, including domestic hot water supply and space heating [3],
refrigeration and air conditioning [4], seawater desalination [5], new energy vehicles [6],
thermal power generation [7], etc.

Based on their different working principles, TES can be divided into three catalogs:
sensible thermal energy storage, latent thermal energy storage and chemical thermal energy
storage. With respect to sensible thermal energy storage, heat is stored through temper-
ature differences in the materials. With respect to latent thermal energy storage (LTES),
thermal energy is stored relying on the melting process of a phase change material (PCM).
For chemical thermal energy storage, heat is stored in the forms of chemical potentials
of working pairs. Generally, LTES has the advantages of high thermal energy storage
performance and stable temperature during the charging/discharging processes compared
with sensible thermal energy storage. In addition, the PCM used in LTES is more mature
and reliable than that used in chemical thermal energy storage. Thus, LTES is currently the
most investigated TES research field.
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The shell-and-tube thermal energy storage unit is the most commonly used structure
in LTES. This structure includes a heat storage container and bunches of tubes. PCM is filled
into a heat storage container and HTF is pumped through the tubes, resulting in the heat
transfer process between them. Many researchers have investigated system characteristics
of shell-and-tube thermal energy storage units [8–10]. Most of the literature is mainly
concentrated on the analysis of TES performance under different operating and geometric
parameters [11–13]. Rual et al. [9] experimentally analyzed the characteristics of a vertical
multi-tube shell-and-tube-based LTES system during the discharging process for solar
energy utilization. The results showed that the efficiency of the heat released was increased
when the HTF flow rate and initial phase change temperature were increased, and the inlet
HTF temperature was decreased. Seddegh et al. [10] studied the influence of operating
and geometric parameters on a shell-and-tube LTES system. The results indicated that
both the shell-to-tube radius ratio and the inlet HTF temperature played important roles in
the charging/discharging processes. Fornarelli et al. [11] carried out a test on a shell-and-
tube LTES unit by means of a simulation coupled with heat transfer modelling including
the external dissipation phenomenon. Results showed that a convective contribution to
the heat transfer existed during the charging process, however, it seemed to be limited
by the geometrical characteristics of the LTES unit. Kibria et al. [12] numerically and
experimentally investigated charging/discharging processes in a shell-and-tube PCM unit.
The results revealed that the inlet HTF temperature had a significant impact, and the
tube radius was a crucial geometric parameter which was related to the performance of
the unit. Seddegh et al. [13] conducted an experimental and numerical investigation on
the thermal behavior and physics of heat transfer in a vertical cylindrical shell-and-tube
LTES unit during both charging/discharging processes. Results indicated that liquid
PCM ascended to the upper part of the unit and the melting front moved downward
during the charging process, and the solidification front moved along both radial and axial
directions during the discharging process. Akgun et al. [14] experimentally studied the
charging/discharging processes of a shell-and-tube PCM unit. The results revealed that
higher values of the inlet HTF temperature were suggested for a higher energy efficiency,
while lower values of the HTF flow rate were recommended for lower energy consumptions.
Medrano et al. [15] investigated charging/discharging processes of five PCM units with
different structural arrangements. Results concluded that the compact heat exchanger
exhibited the potential for a higher average charging rate and more heat transfer surface
area during charging/discharging processes. MacPhee and Erguvan [16] numerically
investigated the thermal energy performance of a shell-and-tube heat exchanger using the
LTES method. Results indicated that the effect of the volume ratio on the energy efficiency
was higher than that of the inlet HTF temperature, and the total charging time decreased
with the decreasing volume ratio due to higher heat transfer surfaces.

However, LTES application has been significantly restricted due to its poor thermal
conductivity of PCM, especially for paraffin wax. The melting/solidification process of
PCM is retarded, which has an influence on the heat transfer rate and TES efficiency
eventually. In this instance, several heat transfer enhancements have been developed,
such as employing fins [17], employing metal foams [18], embedding heat pipes [19],
dispersing high-conductivity nanoparticles [20], etc. Among all of these, employing fins
by using material with high conductivity, such as aluminum, can remarkably increase
the heat transfer area between the PCM and the HTF, which improves the heat transfer
rate. Furthermore, the employed fins are easy to fabricate as an enhanced heat transfer
structure. Several researchers have analyzed the impact of employing fins on a LTES system
numerically and experimentally [21–23]. Results demonstrated that a higher heat transfer
rate and faster charging/discharging processes were observed in finned LTES systems
when compared to those without fins. Moreover, the optimization of fin parameters,
e.g., number of fins, material of fins, fin thickness and fin pitch, has been investigated
extensively to improve the internal heat transfer rate. Yang et al. [17] numerically studied
the characteristics of a shell-and-tube PCM energy storage unit with annular fins during the
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charging process. Results demonstrated that employing annular fins into the PCM could
accelerate the heat transfer rate of the PCM, and the total charging time was able to be
reduced by up to 65%. Deng et al. [24] established a numerical mathematical model based
on natural convection in liquid PCM to find the most efficient fin configuration to improve
the melting performance. In addition, the influences of fin number, fin length, inlet HTF
temperature and tube material on the melting performance of the PCM unit were studied,
and the optimal configuration of employed fins was suggested. Vogel and Johnson [25] also
developed a numerical mathematical model to analyze the influence of natural convection
on a shell-and-tube PCM unit with irregularly extended fins. The results showed that
natural convection became more significant when the tube spacing became larger and
fin fraction become lower. Deng et al. [26] developed a numerical simulation to analyze
the melting performance of a LTES unit with fins. In particular, the fins were employed
in the lower part of the PCM unit along with a copper tube symmetrically. The results
indicated that the influence of shell conductivity played an important role in the melting
performance. It was also found out that the melting performance could be enhanced by
using longer fins. Bhagat et al. [27] numerically developed a model by using the enthalpy
method to present melting/solidification processes of PCM in a fin-and-tube unit. Results
revealed that geometric parameters of fins, especially the number of fins and fin thickness,
were more important for the characteristics of the LTES unit compared with the thermal
conductivity of the fin material.

Based on the summarization of the above research, it is worth noting that the configu-
rations of annular fins [17] or longitudinal fins [22] are the main research objectives of LTES.
To the best of the authors’ knowledge, experimental or visualized research on the melting
performance of PCM has been rarely reported in terms of the influence of HTF operating
parameters. A further investigation for a rectangular fin configuration in a shell-and-tube
unit has been conducted.

In this paper, the influence of HTF operating parameters during the charging process
on a shell-and-tube unit was experimentally investigated based on a novel rectangular fin
configuration. An experimental setup was established for case studies. The rectangular
fins were placed equidistantly along the axial direction of the copper tube in the LTES
unit. Different inlet HTF temperatures and flow rates were considered and compared.
The optimal HTF parameters were determined for maximizing the characteristics of the
LTES unit. This work could provide considerable guidance and experience to relevant
researchers for designing shell-and-tube LTES units with rectangular fins.

2. Materials and Methods
2.1. Materials

Paraffin wax was selected as the PCM used in the LTES unit due to its stable ther-
mophysical properties. Furthermore, the specific phase change temperature of paraffin
wax is suitable for TES of domestic hot water and space heating. Table 1 presents the
thermophysical properties of the paraffin wax used in this study [28]. In addition, a sample
of the paraffin wax was also analyzed using a differential scanning calorimeter (DSC)
device, as shown in Section 3.1.

Table 1. Thermophysical properties of paraffin wax used.

Property Value Unit

Phase change temperature 48–50 [◦C]
Specific heat capacity 2.6 [kJ/(kg·K)]

Phase change latent heat 210 [kJ/kg]
Density in solid (at 20 ◦C) 0.88 [kg/L]
Density in liquid (at 80 ◦C) 0.77 [kg/L]

Thermal conductivity 0.2 [W/(m·K)]
Volume expansion 12.5 [%]

Thermal expansion coefficient 5.9 × 10−4 [1/K]
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2.2. Experimental Setup

Figure 1 shows a system schematic diagram of the experimental setup. The compo-
nents in the experimental setup included a hot water tank, a cut-off valve, a circulating
pump, a PCM unit, a flow meter and several sections of pipelines. Circulated water was
selected as the HTF to evaluate its influence on the melting performance of the PCM.
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concentrically placed. The tube was composed of copper and the fins were composed of alu-
minum due to the excellent thermal conductivity. The outer shell was composed of organic 
glass for better visualization of the melting performance. The rectangular space was filled with 
paraffin wax and the HTF flowed through the finned tube from right to left. Table 2 shows the 
geometric parameters of the PCM unit. 
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Figure 1. A system schematic diagram of the experimental setup.

Figure 2 depicts a configuration of the specific PCM unit utilized. The geometric struc-
ture of the PCM unit was considered as a rectangular shell-and-tube thermal accumulator
with a single tube and rectangular fins. The PCM was kept in the rectangular space between
the finned tube and the shell. In addition, the finned tube and shell were concentrically
placed. The tube was composed of copper and the fins were composed of aluminum due to
the excellent thermal conductivity. The outer shell was composed of organic glass for better
visualization of the melting performance. The rectangular space was filled with paraffin
wax and the HTF flowed through the finned tube from right to left. Table 2 shows the
geometric parameters of the PCM unit.
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Table 2. Geometric parameters of the PCM unit.

Parameter Value Unit

Shell width 64 [mm]
Shell depth 64 [mm]
Shell length 210 [mm]

Shell thickness 5 [mm]
Tube length 250 [mm]

Inner diameter of tube 13.8 [mm]
Tube thickness 0.7 [mm]

Dimensions of fins 50 × 50 [mm]
Fin thickness 0.15 [mm]

Fin pitch 5 [mm]
Number of fins 36 [-]
PCM volume 0.55 [L]
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Figure 3 shows the specific locations of the thermocouples arranged in the PCM unit.
Six thermocouples were utilized to monitor the temperature field in the unit, including
the PCM temperature between the fins (T103), fin temperatures (T102 and T104), PCM tem-
perature without fins (T105), inlet HTF temperature (T101) and outlet HTF temperature
(T106). All thermocouples were calibrated in advance by means of comparison between
standard and calibrated thermocouples using a temperature calibration furnace, and the
measuring range and accuracy of these thermocouples were −20~100 ◦C and ±0.2 ◦C,
respectively. The temperature calibration furnace used in this study was a high-precision,
multi-functional temperature-measuring testing product, and its machine type and temper-
ature range were SPMK313A and −33~155 ◦C, respectively. The calibration method could
be listed as follows: (1) The tested thermocouples were evenly surrounded around the
standard thermocouple and tied up together when their measuring ends were on the same
vertical plane. (2) The thermocouples were placed in the temperature calibration furnace,
a specific temperature value was set and the thermoelectric potentials of the tested and
standard thermocouples were measured, respectively. (3) The deviations between the tested
thermocouples and the indexing table at the specific temperature points were calculated
using the thermoelectric potentials on the indexing table, the potential values of the specific
temperature points in standard certification and the differential thermoelectric potentials at
each scale point of the thermocouples. In addition, a data acquisition module was used to
collect and record the measuring temperatures once every 3 s during the charging process.
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To provide accurate and stable HTF parameters in the experimental setup, the hot
water tank used in the experiment was equipped with an adjustable thermostat under a
sensitivity of ±0.2 ◦C. A variable speed pump was applied to circulate the HTF through the
PCM unit. A rotameter with a maximum capacity of 18 L/min and accuracy of ±2% was
employed to measure the HTF flow rate in the experiment. For more information, please
refer to Table 3.

Table 3. List of measuring instruments used in the test platform.

Component Type Parameter

Circulating pump MP-20R Voltage: 220 V; nominal power: 15 W; nominal capacity: 27 L/min; nominal lift: 3.1 m
Rotameter Liquid-LZM-15 Measuring range: 2~18 L/min; accuracy: ±2%

Thermocouples T type Measuring range: −20~100 ◦C; accuracy: ±0.2 ◦C

2.3. Experimental Procedure

The paraffin wax used in the PCM unit was initially in the form of white slices. The
sliced paraffin wax was heated up to 80 ◦C in the oven before filling the unit. After that,
the melted paraffin wax was poured into the unit gradually in layers, and the height of
each layer was no more than 10 mm. Moreover, the new layer was not added until the
previous layer was completely solidified. Finally, the whole PCM unit was filled with solid



Energies 2022, 15, 8200 6 of 15

paraffin wax. The purpose of this filling procedure was to guarantee that no bubbles were
formed inside the solid paraffin wax. Meanwhile, the thermocouples which measured the
fin, inlet and outlet HTF temperatures were directly fixed on the measuring locations with
the help of tinfoil before filling the PCM unit with the paraffin wax. The thermocouples
which measured the PCM temperatures between fins and without fins were fixed on the
measuring locations at certain depths during the filling of the PCM unit with the paraffin
wax. After the solidification of the liquid PCM, the outer parts of the thermocouples were
fixed on the PCM unit with tinfoil in order to prevent the measuring locations from shifting
during the melting process.

The charging process started when hot HTF passed through the PCM unit. In order to
make a comparison, the initial PCM temperature was kept constant at approximately 25 ◦C.
The inlet HTF temperature was controlled using the hot water tank in the experimental
setup, and the HTF flow rate was controlled using the opening degree of the valve. It
should be noted that the leakage of liquid paraffin wax appeared for the first melting
performance test due to the different densities of the solid and liquid paraffin wax, since
the PCM unit was full of solid paraffin wax during the filling procedure. Therefore, it was
necessary to remove the liquid paraffin wax from the upper part of the PCM unit during
the first melting process. After the first melting performance test was completed and the
paraffin wax was solidified, it was found that a small groove was formed from the solid
paraffin wax in the upper part of the PCM unit. After this, no further leakage of liquid
paraffin wax happened again. The melting process was supposed to end as the temperature
in the PCM region approached a relatively stable value which was slightly higher than the
melting temperature of the paraffin wax. All case studies were carried out three times to
guarantee the accuracy of the results.

2.4. TES Characteristics Indexes

The melting performance of the PCM unit was quantitatively evaluated using TES
characteristics indexes, such as the total charging time (tch) and the average charging
rate (Pch) [29]. The total charging time was obtained by monitoring the PCM tempera-
ture and its changing rate, while the average charging rate was determined using the
following equations.

Qch =
n−1

∑
i=0

cpqHTF(Tin − Tout)(ti+1 − ti) (1)

Pch =
Qch
tch

(2)

where Qch represented the total TES of the PCM unit during the charging process (J), cp
was the HTF specific heat capacity (J/(kg·K)), qHTF was the HTF flow rate (kg/s), Tin and
Tout were the inlet and outlet HTF temperatures (◦C), respectively, and n was the number
of time intervals.

2.5. Uncertainty Analysis

An uncertainty analysis was conducted based on the method given in [30]. The
uncertainty of the final results was determined using the root mean square of the mea-
sured variables. The uncertainty of the experimental results was estimated using the
following equations.

f = (T, q, m, l) (3)

∆ f
f

=

√(
∆T
T

)2
+

(
∆q
q

)2
+

(
∆m
m

)2
+

(
∆l
l

)2
(4)

The thermocouples had a measuring range of −20~100 ◦C and an accuracy of ±0.2 ◦C,
respectively. The uncertainties of the HTF flow rate, paraffin wax mass and locations of
thermocouples were ±2% of the maximum flow rate (18 L/min), ±1 g of the total paraffin
wax mass (0.39 kg) and ±0.02 mm of the PCM unit (50 mm), respectively. Thus, the
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final uncertainty of experimental results was eventually calculated to be ±2.02% using
Equation (4).

3. Results
3.1. Material Analysis

The DSC thermal analysis was performed under the heating rate of 5 ◦C/min. Figure 4
illustrates the DSC curves of the paraffin wax which was used. The positive heat flow
indicates the heat absorbed by the paraffin wax during the melting process (Figure 4a),
and the negative heat flow indicates the heat released by the paraffin wax during the
solidification process (Figure 4b). Two peaks were observed in the melting and solidification
processes. For the melting process, the first peak at approximately 37 ◦C corresponds to
the solid–solid phase transition procedure between the two paraffin structures formed,
while the second peak at approximately 55 ◦C corresponds to the solid–liquid phase change
procedure of the paraffin wax. The second peak was caused by the combination of sensible
and phase change thermal energy storage.
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The melting/solidification temperature (Tm/Ts) and phase change latent heat (∆Hm)
of the paraffin wax were determined based on a DSC thermal analysis, as listed in Table 4.
The melting temperature represents the initial phase change temperature of the paraffin
wax during the charging process, and the solidification temperature represents the initial
phase change temperature of the paraffin wax during the discharging process. The latent
heat of the paraffin wax was obtained with the numerical integration of the area under the
second peak in Figure 4a. However, the latent heat value obtained with the DSC thermal
analysis was a little different from that provided in Table 1. The different methods used to
determine the specific value of latent heat of paraffin wax may have caused this to happen.
Therefore, the thermophysical properties of paraffin wax used in the following analysis
were subjected to the results of the DSC thermal analysis.

Table 4. Summarization of the DSC results from the paraffin wax sample.

Sample Tm [◦C] Ts [◦C] ∆Hm [kJ/kg]

Paraffin wax 48 52 202

3.2. Melting Performance of the PCM Unit

Relying on the experimental setup and procedure described above, trials of case
studies were carried out to analyze the melting performance of the PCM unit. Figure 5
shows the transient temperature variation in each measuring point in the PCM unit during
the initial charging period of 30 min. The initial PCM temperature was maintained at 25 ◦C,
while the inlet HTF temperature and flow rate were kept constant at 68 ◦C and 7 L/min,
respectively. During the initial charging period, the temperature difference between the
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inlet and outlet HTF was observed due to the inlet HTF temperature being much higher
than the PCM temperature, resulting in the heat transfer from the HTF to the PCM. The
PCM temperature between the fins (T103) rose dramatically in the initial period, which
was caused by the large temperature difference between the HTF and the PCM. As T103
approached its melting temperature, its temperature rising rate gradually slowed down for
a while. This was because the solid–liquid phase change of the paraffin wax absorbed the
thermal energy of the HTF by using its latent heat. After the solid–liquid phase change of
the paraffin wax was finished, T103 continued to rise slowly as the temperature difference
between the HTF and the PCM shrunk. It was observed that both T102 and T104 were higher
than T103 for the whole charging process, which meant the temperature gradient between
the rectangular fins and the PCM existed. Comparing T105 and T103, the time for the PCM
between fins to melt was much shorter than for that without fins. The reason was that the
fins employed expanded the heat transfer area significantly between the HTF and the PCM,
which enhanced the charging rate greatly. Moreover, the PCM temperature was always
lower than the HTF temperature during the entire charging process, which can be illustrated
as follows. Firstly, the heat transfer rate between the HTF and the PCM decreased with the
reduction in natural convection in the PCM unit when all the PCM was melted completely.
Secondly, the thermal loss from the shell of the PCM unit to the ambient environment
without insulation prevented the PCM temperature from increasing inevitably.
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Figure 5. Transient temperature variation in each measuring point in the PCM unit during its
charging period.

Photographs of the PCM unit were used to profoundly analyze the melting perfor-
mance of the PCM during the charging process. Figure 6 shows the melting procedure
of the paraffin wax during different stages of the charging process when THTF = 68 ◦C
and qHTF = 7 L/min. At the beginning of the melting procedure (Figure 6a), the solid
paraffin wax began to expand upward owing to the heat transfer between the HTF and the
PCM and the density difference between the solid state and the liquid state of the paraffin
wax, indicating that thermal conduction was the present dominant driving force of the
melting procedure. As time elapsed (Figure 6b), natural convection took place in the liquid
paraffin wax due to the increase in the liquid fraction of the paraffin wax. At this moment,
the buoyancy force of the liquid paraffin wax grew strong enough to overcome the flow
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resistance caused by the viscous force. It was observed that the paraffin wax was firstly
heated up and turned to the liquid state in the upper layer. Then, the liquid paraffin wax
contacted with the solid paraffin wax along with the solid–liquid interface with the help
of natural convection, which accelerated the melting rate further. As the liquid fraction of
the paraffin wax in the PCM unit further increased (Figure 6c), the solid–liquid interface
gradually moved to the lower layer, and liquid paraffin wax from the lower layer came up
to the upper layer, which improved the melting rate significantly. From Figure 6d, most of
the paraffin wax was melted in the PCM unit, except for some around the wall corner in
the lower layer of the unit. The main reason was that the thermal loss from the shell of the
PCM unit to the ambient environment slowed down the melting rate. No difference could
be observed from Figure 6e,f, as the paraffin wax had fully melted at that moment.
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THTF = 68 ◦C and qHTF = 7 L/min. (a) 5 min; (b) 10 min; (c) 15 min; (d) 20 min; (e) 25 min; (f) 30 min.

The total charging time was defined as the time when T103 reached a relatively steady
temperature during the melting procedure, which was also the time when the temperature
changing rate of T103 was approaching zero and had a tendency to rise at the same time. For
that purpose, the temperature changing rate of T103 when THTF = 68 ◦C and qHTF = 7 L/min
was calculated and is described in Figure 7. Two thermal energy storage stages can be
found in Figure 7: the phase change thermal energy storage stage (Stage 1) and the sensible
thermal energy storage stage (Stage 2). In addition, the total charging time was considered
to be the dividing line of these two stages. The total absorbed thermal energy storage and
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average charging rate were calculated using Equations (1) and (2), respectively. Table 5
shows the thermal energy storage characteristics of the PCM thermal energy storage unit
when THTF = 68 ◦C and qHTF = 7 L/min. It is worth noting that the charging time determined
based on the measuring thermocouple of T103 was relatively shorter than that obtained
from the melting photographs in Figure 6, which was possibly owing to the temperature
non-uniformity of the paraffin wax during the charging process.
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Table 5. Thermal energy storage characteristics when THTF = 68 ◦C and qHTF = 7 L/min.

Parameter Value Unit

Pch 241.69 [W]
Qch 110.21 [kJ]
tch 7.6 [min]

4. Discussion
4.1. Influence of Inlet HTF Temperature

Several case studies were performed to analyze the influence of the inlet HTF temper-
ature on the melting performance of the PCM unit. Two different inlet HTF temperatures
were selected as 57 and 68 ◦C, respectively, for this experimental research, and the HTF flow
rate and initial paraffin wax temperature in the case studies were maintained at 7 L/min
and 25 ◦C, respectively.

Figure 8 compares the melting performance of the paraffin wax during different stages
of the charging procedure with inlet HTF temperatures of 57 and 68 ◦C, respectively. The
liquid fraction of the paraffin wax in the PCM unit with a higher inlet HTF temperature
was always higher than that with a lower inlet HTF temperature at the same time. It
was speculated that a higher inlet HTF temperature led to less charging time and a faster
charging rate from the HTF to the PCM. The main reason was that an improvement in
the inlet HTF temperature resulted in a higher temperature gradient near the finned-tube
surface. However, it diminished as time elapsed.
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Table 6 summarizes the characteristics of the PCM unit with inlet HTF temperatures
of 57 and 68 ◦C, respectively. The compared results indicated that the total charging time
and average charging rate were significantly influenced by the inlet HTF temperature. The
total charging time was reduced by 62.38% and the average charging rate was increased by
165.51% when the inlet HTF temperature was increased from 57 to 68 ◦C. The reason was
that the melting rate between the HTF and the PCM was enhanced when the temperature
difference between them became large, which caused the much shorter total charging time
required for the PCM unit. Since the given mass of paraffin wax was constant, the total
heat storages with inlet HTF temperatures of 57 and 68 ◦C during the charging procedure
were nearly equivalent.

4.2. Influence of HTF Flow Rate

The influence of the HTF flow rate on the melting performance of the PCM unit was
analyzed by maintaining the inlet HTF temperature and initial paraffin wax temperature
at 68 ◦C and 25 ◦C, respectively. Three HTF flow rates were selected in the experiments,
which were 4, 7 and 10 L/min, respectively.
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Table 6. Characteristics with inlet HTF temperatures of 57 and 68 ◦C.

Parameter
Value

Unit
THTF = 57 ◦C THTF = 68 ◦C

Pch 91.03 241.69 [W]
Qch 110.33 110.21 [kJ]
tch 20.2 7.6 [min]

Figure 9 compares the melting performance of the paraffin wax during different stages
of the charging procedure with HTF flow rates of 4, 7 and 10 L/min, respectively. As
seen from the figure, the influence of the HTF flow rate on the melting performance of
the paraffin wax was negligible. Evidence could also be found in Figure 10, which depicts
the comparison of T103 in the PCM unit with HTF flow rates of 4, 7 and 10 L/min. No
significant changes in T103 were examined during the charging procedure with HTF flow
rates of 4, 7 and 10 L/min. Considering that a higher HTF flow rate requires more pumping
power, a lower value of HTF flow rate was suggested for an energy efficient LTES unit.
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Table 7 summarizes the characteristics of the PCM unit with HTF flow rates of 4, 7
and 10 L/min, respectively. The total charging time was only reduced by 2.63% and the
average charging rate was just increased by 0.53% when the HTF flow rate was increased
from 7 to 10 L/min, which showed no obvious influence of the HTF flow rate during the
charging procedure of the PCM unit. This can be explained as follows. During the charging
procedure, the thermal heat of the HTF was firstly transferred to the finned tube, and then
the finned tube released this thermal heat to the paraffin wax. Meanwhile, the heat transfer
coefficient between the HTF and the finned tube was greater than that between the finned
tube and the paraffin wax in magnitude, which dominated the total melting rate of the PCM
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unit. As a result, a faster HTF flow rate was able to improve the heat transfer coefficient
between the finned tube and the paraffin wax to a certain degree, but barely improved the
total melting rate of the PCM unit.
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Table 7. Characteristics with HTF flow rates of 4, 7 and 10 L/min.

Parameter
Value

Unit
qHTF = 4 L/min qHTF = 7 L/min qHTF = 10 L/min

Pch 194.47 241.69 242.98 [W]
Qch 110.85 110.21 107.88 [kJ]
tch 9.5 7.6 7.4 [min]

5. Conclusions

A case study was carried out to analyze the charging process and evaluate the influence
of the inlet HTF temperature and the flow rate on the melting performance of paraffin
wax. A shell-and-tube unit with a novel rectangular fin configuration was designed and
manufactured for visualized melting photographs. Conclusions were drawn as follows:

(1) The PCM unit with rectangular fins showed the potential for enhancing the melting
performance when compared to that without fins. By visualization, the performance
was dominated by thermal conduction in the initial state. As time elapsed, natural
convection developed to accelerate the melting rate of the PCM.

(2) The inlet HTF temperature had a great influence on the characteristics compared
with the inlet HTF flow rate. The total charging time was reduced by 62.38% and the
average charging rate was increased by 165.51% when the inlet HTF temperature was
increased from 57 to 68 ◦C.

(3) The higher value of the inlet HTF temperature and the lower value of the HTF flow
rate were suggested to improve the energy storage efficiency and reduce the energy
consumption of the LTES unit at the same time.

With the potentially wide use of TES technology in the near future, the development
of the shell-and-tube unit with a novel rectangular fin configuration could provide helpful
guides and insights when designing the TES system and choosing appropriate working
conditions for improved working efficiency. Considering the shell-and-tube structure with
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only one tube in this study was a basic unit of a multi-tubular heat exchanger, we also plan
to apply this rectangular fin configuration to the multi-tubular heat exchanger device in
heat pump systems for space heating from now on.
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Nomenclature

Abbreviation
DSC differential scanning calorimeter
HTF heat transfer fluid
LTES latent thermal energy storage
PCM phase change material
TES thermal energy storage
Symbols
cp specific heat capacity (J·kg−1·K−1)
∆f uncertainty of experiment
∆Hm latent heat of fusion (J·kg−1)
l location of thermocouples (m)
m mass (kg)
n number of intervals
Pch average charging rate (W)
Qch total heat storage (J)
q mass flow rate (kg·s−1)
T temperature (◦C)
tch total charging time (s)
Subscript
ch charging
HTF heat transfer fluid
in inlet
m melting
out outlet
PCM phase change material
s solidification
101 thermocouple 101
102 thermocouple 102
103 thermocouple 103
104 thermocouple 104
105 thermocouple 105
106 thermocouple 106
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