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ABSTRACT

Thermal energy storage units effectively address the spatiotemporal mismatch between energy production and
demand. However, research on medium- and high-temperature latent thermal energy storage systems remains
relatively scarce. This paper presents a small-scale, single-tube setup employing a spiral finned tube as the heat
exchanger, leveraging its large surface area and capacity for natural convection. In the experiment, heat transfer
oil, heated to a specific temperature in the boiler, enters the latent heat storage unit, exchanging heat with the
phase-change material through the tube and spiral fins. The effects of heat transfer fluid flow rate and direction
on the system’s heat transfer performance were investigated by varying the oil’s volumetric flow rate and inlet
position. The underlying principles governing heat exchange are also discussed. Furthermore, a graded heat
storage experiment was conducted, comparing the instantaneous power of the heat transfer oil with that of
isothermal heat storage, revealing a potential method for power smoothing. A novel feature of the rig is the
installation of a visualization window on one side, allowing for observation of the salt’s state during both
charging and discharging processes. The results show that the setup can store 5.5 MJ of energy in 33.35 kg of
phase change material within 1.5 h. Increasing the heat transfer oil volumetric flow rate from 19.8 L/min to 33
L/min reduced the charging time by 33.2% and improved charging efficiency from 66.2% to 80.7%. During
discharging, the solidification of PCM near the finned tube increased thermal resistance, resulting in a 36.1%
reduction in discharging time, but only a slight increase in discharging efficiency from 65.7% to 69.9%. Ex-
periments with varying inlet positions indicated that, at a flow rate of 33 L/min, charging should be initiated
from the top of the heat exchange unit, while discharging should begin from the bottom. The graded heating
process achieved a stabilized average power of approximately 1.234 kW during the charging process, signifi-
cantly reducing the power fluctuation.

1. Introduction

thereby strengthening the reliability of systems [5].
TES technology primarily consists of three classes: Sensible Heat

As per the BP Energy Outlook 2023 report, the persistent increase in
carbon emissions and increasing frequency of extreme weather events
have more clearly demonstrated the importance of transitioning to a net-
zero emissions future than ever before [1]. The report "Global Renew-
ables Outlook: Energy Transformation 2050” suggests that by 2050, the
world should reduce its energy-related CO3 emissions by 70% through
renewable energy and improved energy efficiency [2]. However,
renewable energy has technical limitations, including uneven power
output, low economic feasibility, and instability [3], making it difficult
to replace traditional energy sources on a large scale. Thermal Energy
Storage (TES) technology could mitigate the temporal and spatial
mismatch between the generation and consumption of energy [4],
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Storage (SHS), Latent Heat Storage (LHS), and Thermochemical Heat
Storage (TCHS) [6]. Compared with SHS, LHS boasts a higher energy
density, and compared with TCHS, it exhibits excellent repeatability and
controllability. Thus, it’s currently considered one of the most promising
TES technologies. Nevertheless, the poor thermal conductivity of Phase
Change Materials (PCMs) significantly restricts the performance of LHS
in both charging and discharging. And it seriously impedes their appli-
cation in rapid charging and discharging scenarios [7]. In addition, TES
technology can be divided into long-term storage and short-term storage
according to the time of energy storage. At present, most of the research
focuses on short-term storage, among which the research on adding
nano-materials into phase change materials is the most, but it will lead
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to the long-term recycling of phase change materials. A et al. discussed
the use of additives in sugar alcohols and sodium acetate trihydrate, as
well as the use change in a new type of phase change material capable of
solid-solid phase change, and showed the promising characteristics of
long-term heat storage materials [8].

To date, researchers have tackled this issue using four primary ap-
proaches. Firstly, the simplest and most effective approach is to increase
the heat transfer area, which includes traditional methods that are easy
to fabricate and cost-effective, such as longitudinal fins [9], annular fins
[10], and helical fins [11]. Moreover, optimization methods tailored to
specific fins are also included, such as using different diameters of
annular fins at varying heights [12], perforated fins [13], and serrated
fins [14]. For example, Abdullah et al. conducted a study on annular
fins, using numerical simulations to optimize the number and size of
fins, and it was found that more and longer fins significantly increased
the melting rate of PCM [15]. Innovative structural and topological
optimization schemes have been proposed, such as tree-shaped fins,
snowflake fins, and pins fins [16]. Nidhal et al. made a major innovation
in fins by using circular Y-type fins for the evaluation of heat transfer
effect and also carried out an in-depth simulation of several parameters
of the fins with the best heat transfer effect at an angle of 22.5° [17].
Notably, research by Shukla et al. has shown that as the number of
branches on tree-shaped fins, the valid heat transfer area also increases.
It resulted in a substantial enhancement in the thermodynamic effi-
ciency of the system [18]. Zhang et al. have innovatively designed
snowflake fins inspired by natural snowflakes, and experimental results
have demonstrated that compared with traditional vertical fin configu-
rations, the snowflake fin can reduce overall melting time by 32.23%
and solidification time by 51.81% [19]. Chen et al. first used a topology
optimization method to obtain a new fin, using a dual-objective function
to derive a minimum field synergy angle at a ratio of 0.6:0.4 for the
maximum average temperature to the minimum temperature difference,
and the performance of the system was further improved [20]. The
second approach involves enhancing PCM’s conductivity through foam
structures or enhancers. Zhang et al. conducted both experimental and
numerical studies to investigate the performance of shell and tube de-
vices featuring nickel foam embedded in nitrate, which demonstrated
that the metal foam enhances the effective conductivity of solid PCM but
attenuates the natural convection of liquid PCM [21]. Pouyan et al.
investigated the vertical phase change thermal storage system with
added copper metal foam by numerical simulation in terms of porous
media modeling, multi-segmented metal foam, etc., and showed that the
addition of copper foam was able to reduce the melting time by 85%
[22]. Mohammad and Duan conducted a numerical study on
heat-storage equipment with a shell and tube structure. The results
demonstrated the addition of nanoparticles (Al;0O3) to PCM does not
accelerate the melting process, but raises the flow resistance of the
melted PCM significantly, thus prolonging the charging time [23].
Thirdly, the heat flux can be enhanced by micro-encapsulation [24] or
macro-encapsulation [25] of PCM. There is also a study of using multiple
PCM materials in series to link up multi-chambers, i.e., cascaded PCMs,
to achieve flatter power input/output. Gerard et al. conducted
comparative experiments using d-mannitol and o-benzoquinone.
Experimental results showed a 19.36% increase in the efficiency of the
multi-PCM structure and higher uniformity in the inlet/outlet temper-
ature difference compared to the single PCM structure [26].

In addition, lots of researchers carried out studies in other aspects.
Fadl et al. proposed a vessel featuring a rectangular section and used
paraffin RT44HC as the PCM. This vertically arranged, multi-channel,
tubular LHS system, demonstrated a reduced charging time of 3.5 h
when the HTF inlet temperature increased from 60 to 70 °C, and an
additional 2 h reduction in melting duration upon further increasing the
HTF inlet temperature to 80 °C. [27]. Khobragade and Devanuri con-
ducted a study on the simultaneous charging and discharging processes
through a shell-tube heat exchanger, employing lauric acid as the PCM.
The research revealed that increasing HTF’'s temperature has a
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substantial impact on improving the charging process while decreasing
the temperature of the cold fluid has a greater effect on the vertical
structure. [28]. They also used a transient numerical simulation of its
temperature distribution and liquid fraction. They found that the liquid
fraction increased by 38.02% with the stored energy increased by 26.2%
as the inclination angle went from 90° to 0° [29].

Muhammad et al. researched the impact of using asymmetric fins on
the TES. The researchers concluded that the application of asymmetric
fins led to a 74.3% decrease in the charging time and a 43.7%
improvement in the stability of the rate. In comparison, the asymmetric
fins enhanced the convection and increased the Nusselt number of the
discharging process by 80.2% [30]. Appolinaire et al. performed an
improvement study on this basis, and the paper indicated that the
improved proposal reduced the time of heat storage and exothermic
processes by 10%—47%, respectively [31]. Kumar et al. carried out
experimental and numerical studies on the melting behavior of lauric
acid in a shell and tube tank featuring horizontal fins and inner tubes
positioned at various eccentricities. The results indicated that the
maximum eccentric position led to a 21% enhancement in the melting
rate compared to the concentric position [32]. Guedri et al. compara-
tively evaluated the performance of their system using a different
number of leaves (single, double, triple, and quadruple fins) with the
same torsion angle. The findings substantiated the conclusion that the
performance is superior for the double-fin system and triple-fin system,
with their solidification times reduced by 30.43% and 15.78%, respec-
tively, relative to the single-fin configuration [33]. Mohammadreza
et al. proposed the use of a truncated pipe instead of the straight pipe
and optimized the simulation of the gap between the truncated pipe and
the outer pipe. Their experimental results showed that the case of a gap
width of 5 mm had the best results, and compared to the case of a
straight pipe was able to save 25.6% of the melting time, and improve
the heat storage rate of 32.8% [34]. Most research on LHS systems
focused on improving fin shapes, and most of them were devoted to
low-temperature LHS in terms of their applied temperatures. The
existing studies on the performance of LHS mostly focus on analyzing
the rule of PCM temperature [35], system efficiency [36], and mecha-
nism [37].

To sum up, the research on high temperature phase change materials
should be paid attention. In order to solve the above problems, this
paper chooses spiral fins (due to its widely applications) and innova-
tively builds a single-tube visible LHS system, aiming at revealing the
influence of HTF flow rate and inlet position on the thermal performance
of TES system by taking spiral fins as an example. The experimental
results provide some valuable data and references for LHS’s utilization
of renewable energy.

2. Equipment and procedures
2.1. Experimental equipment

The experiment employed a small-scale, vertical, single-tube visu-
alization bench, which mainly consisted of the following components:
heat transfer fluid system, storage system, cooling system, and acquisi-
tion system. The experimental apparatus is illustrated in Fig. 1.

Fig. 2 presents the experimental apparatus, showing the layout of
each experimental device. Fig. 2(a) is the front and side view of TES,
which consists of the outer rectangular shell covering insulation, with
external dimensions of 250 mm x 250 mm x 2000 mm and the thickness
of 2 mm; the insulation binds up the subject of the shell-tube exchanger,
which is cylindrical with the size of 121 mm x 4 mm. The viewing
window is installed on a plane 47.5 mm from the center of the cylinder,
with slots cut from the top and bottom of the pipe 50 mm from each end.
The quartz window is secured using a pressed plate structure to ensure
tightness and prevent PCM leakage during melting.

Fig. 3 points out the specific dimensions. The central component is
the tube and fins, featuring outer and inner diameters of 32 mm and 26
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Fig. 2. (a)Front/side view of TES (b) heat transfer fluid system.

mm, respectively, and a height of 1980 mm. The fins are uniformly
distributed along the tube, with a width of 15 mm and a spacing of 1.5
mm. Fig. 4 shows the precise dimensions and structural configuration. It
should be noted that PCM is distributed between the shell and the finned
tube, and the part between each pinch of the spiral fin is also filled with
PCM. After modeling the finned tube by Solidworks, the surface of the
spiral fin and the contact part between the heat exchange tube and PCM
are counted by the measuring tool provided by the software. The
measuring tool shows that the heat exchange area is 9100.4 cm?, the
total volume of finned tubes is 23.38 dm® (tube volume is 22.47 dm® and
fin volume is 0.91 dm?).

Fig. 2(b) shows the heat transfer fluid system, which mainly consists
of four parts: boiler for heating thermal conductive oil, HTF pipeline, oil
tank, and pump. A thermal oil boiler was used to heat the low-
temperature HTF by electricity, which is driven by a pump to the TES.

The acquisition system is designed to monitor the temperature var-
iations of the HTF both before and after passing through the TES system,
as well as PCM’s temperature. Furthermore, the flow rate of HTF needs
to be tracked by a flow meter. Fig. 3 depicts the arrangement of ther-
mocouples, with thermocouples #1-10 employed to observe the tem-
perature distribution of PCM, while thermocouples #11 and #12 are
used to monitor the temperatures of HTF. As can be seen from the A-A
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Fig. 4. Model diagram of the spiral finned tube of TES.

cross-sectional view, the thermocouple is arranged in the PCM next to
the edge of the fin. It’s owing to the thermocouples can only be placed
from the top after the installation of the experimental platform and
before adding solar salt.

2.2. Properties of the materials

The stable properties of PCM ensure the safety of the experiment,
which is a significant advantage of PCM, leading to its widespread
adoption. Solar salt is utilized as the PCM in this experiment. It has been
tested in practice for a long time and mainly contains NaNO3 and KNOs.
In the charging stage, the solar salt is converted from solid to liquid and
reverted to solid as the discharging stage progresses.

The TG/DSC testing can reveal the thermal physical properties of
PCM within a temperature range. The phase change heat is obtained by
averaging the experimental temperature range (190-270 °C) according
to the TG-DSC test data. In the TG/DSC test, nitrogen atmosphere was
used, and the temperature was heated from room temperature to 300 °C
at 10 °C/min, and the output was once every 3 s. The properties of the
material used in this experiment are as follows: in the process of
charging, the initial melting temperature, complete melting tempera-
ture, and fastest melting temperature are 210.75 °C, 262.58 °C and
226.73 °C, respectively, and the enthalpy of the PCM in this process is
128.15 kJ/kg; correspondingly, the discharging process involves pa-
rameters of 252.14 °C, 199.03 °C, 259.29 °C, and 125.00 kJ/kg,
respectively.

Therminol 1-60 heat conductive oil is the HTF in this study, the
product is produced by Hemai New Energy Technology (Shanghai) Co.,
Ltd., and it has been tested by more than 9000 cycles, and it has good
safety and stability, and passed the third-party tests such as toxicity and
corrosiveness. It enables the heat transfer fluid system to operate reli-
ably, stably, and continuously in a range of —20 to 330 °C. In this
experiment, the operating temperature range of HTF is 170-290 °C, with
corresponding specific heat capacity, thermal conductivity, and viscos-
ity of 1.950-2.520 kJ/(kg-K), 0.1112-0.096 W/(m-K), and 0.925-0.408
mPa-s, respectively. The detailed thermal characteristics are presented
in Table 2.

2.3. Procedure of the experiment

During the experimental process, it is crucial to determine the flow
direction of HTF in TES. By opening valves (3 and 9) and closing valves 4
and 5, HTF can flow from the upper portion of TES into the system. On
the contrary, it enters from the bottom into the system. Once the valves
are adjusted to satisfy the HTF flow direction of the experiment, the
preheating stage initiates. During preheating, HTF is warmed from its
initial temperature to a predetermined set point of 190 °C. Generally, the
temperature will be set higher than 190 °C due to the loss by pipeline.
According to the pre-experiment, setting the boiler’s temperature to 200
°C is more appropriate. The process of preheating is complete when the
Tave of PCM in TES (#1-10 thermocouples’ average temperature) rea-
ches 188+1 °C.
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Table 4
Valves condition during discharging.

Table 1
Properties of the PCM, HTF, and carbon steel [38].
Properties Symbol  Units PCM Oil Carbon
(190/270 (170/290  steel
°Q) Q)
Density P kg/m®  2213.5/ 892/792 7850
1924.6
Peaking melting/ T °C 225.35/ - -
solidification 219.90
temperature
Latent heat AH kJ/kg 117.0/ - -
120.0
Specific heat cp kJ/ 1.536 1.950/ 0.47
(kg'K) 2.520
Thermal conductivity — k w/ 0.503 0.1112/ 48.85
(m'K) 0.096
Dynamic viscosity n mPa’s 4.34 0.925/ -
0.408
Table 2
Table of HTF properties varying with temperature.
Temperature Density kg/  Cp kJ/ HkJ/ AW/ Viscosity
°C m® (kg-K) kg (m-K) cSt
170 892 1.95 506 0.1112 0.925
180 884 1.99 502 0.1102 0.844
190 876 2.04 497 0.1091 0.774
200 868 2.09 492 0.1079 0.714
210 860 2.13 487 0.1067 0.661
220 852 2.18 482 0.1055 0.615
230 844 2.23 476 0.1043 0.574
240 835 2.27 471 0.103 0.538
250 827 2.32 465 0.1016 0.506
260 818 2.37 459 0.1003 0.478
270 810 2.42 452 0.0989 0.452
280 801 2.47 446 0.0974 0.429
290 792 2.52 439 0.096 0.408

As the experimental process typically involves constant-temperature
heat storage, after preheating is complete, the temperature of HTF needs
to rise to the experimental operating condition (290 °C). The HTF should
be heated to 290 °C in a separate circulation loop to guarantee the ac-
curacy and reliability of the experiments. It refers to the external cir-
culation. At this point, valve 2 in Fig. 1 is open, and valve 3 is closed,
allowing HTF to flow in a closed loop and no longer through the TES
system. The temperature of HTF will increase to the set temperature in
about 5 min after adjusting the controller of the HTF boiler. Then, open
valve 3, close valve 2, and the data acquisition system is activated,
marking the official start of charging (as seen in Table 3). The internal
temperature of TES will gradually increase, and the charging stage is
complete when the average temperature reaches 270 °C. After that, it is
necessary to open valve 2 and close valve 3. Adjust the temperature
setting of the boiler and activate the cooling system pump to allow the
HTF temperature to decrease. HTF is reheated by the HTF boiler, flowing
through the valves 4 and 5 to the TES, which refers to the discharging
process (as seen in Table 4).

In addition, after recording and fitting the flow data, the monitoring
of flow rates can be simplified to record data every 5 min. Additionally,
this experiment features visualization, which involves removing the
insulation layer surrounding the viewing window to capture images of
the PCM.

Taking the charging process as an example, as shown in Fig. 5, the
finned tube is vertically placed, high temperature HTF enters from the

Table 3
Valves condition during charging.

Opened valves
Closed valves

Valve 1, Valve 3, Valve 8, Valve 9
Valve 2, Valve 4, Valve 5, Valve 6, Valve 7, Valve 10

Opened valves
Closed valves

Valve 4, Valve 5, Valve 6, Valve 7, Valve 8, Valve 10
Valve 1, Valve 2, Valve 3, Valve 9

upper part and flows out from the lower junction, and PCM is filled near
the finned tube. On the one hand, HTF at high temperature conducts
heat with nearby PCM through the inner wall of the pipeline, and on the
other hand, it also exchanges heat through fins. After the phase change
material near the fin tube becomes liquid (Fig. 6), the heat is first
exchanged to the liquid PCM, and then to the solid PCM farther away
from the fin, and at the same time, natural convection will occur under
the action of gravity due to the change of density.

2.4. Experimental condition

This study employed three different flow rates of 33, 26.4, and 19.8
L/min to examine the influence of HTF flow rate on the efficiency of TES,
corresponding to Cases I-III. Modifying the inlet position of HTF is
feasible, and previous experiments have shown that HTF has always
entered TES from the bottom. Therefore, to investigate whether the di-
rection of HTF affects the system’s thermal efficiency during charging
and discharging, we conducted experiments by Case I, altering the di-
rection of HTF and comparing the results, as seen in Cases IV-VI. The
specific start and end times for each condition are in Table 5.

In addition, the thermal power exhibits significant fluctuations over
time in this experiment. However, in practical applications, more stable
power output/input can significantly enhance the applicability of PCM
in peak shaving. Therefore, this experiment also established a graded
heating condition. It involves maintaining a steady Tgap, within a narrow
range. As shown in Table 6, the temperature difference was maintained
at approximately 45-50 °C.

3. Calculation methodology

The thermal performance metrics of primary concern in this study
include the charging efficiency and discharging efficiency, as well as the
cycle efficiency. The following need to be obtained to calculate these
parameters: specific flow rate of HTF, temperatures of HTF before and
after flowing through TES, internal temperature of PCM, and time of
charging and discharging.

After obtaining the flow rate in volume and temperatures of HTF, the
instantaneous power of HTF can be calculated using Eq. (1):

Pinst: pvcp.HTF }Tin - Tout| (1)

Where “p” represents HTF’s density and “v” denotes its flow rate in
volume. "p" is determined by linear interpolation of the temperature; “cp,
utF is the specific heat of the HTF, the specific value is shown in Table 1;
“Tin” and “Toyt” refer to HTF’s temperature before and after the entry of
TES, respectively.

The cumulative energy of HTF is calculated by Eq. (2):

t

By = / Pyt @

0

Where Eyrr denotes the cumulative energy of HTF, t represents the
time elapsed during the charging or discharging.

“Epcym” denotes the energy absorbed by PCM in the charging or the
energy released by PCM in the discharging process, calculated by Eq.
(3):

Epcm = Cpem ® Mpem + Cppem|T1 — To|  Mpcy 3)

Where “cpcy”, “mpcm”, and “cppeym” are melting heat (the value in
this study is 122 kJ/kg), mass, and HTF’s specific heat, respectively; Ty
and Ty are the average temperatures of thermocouples at the end of
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Table 5
Experimental conditions table.
Case I Case II Case III Case IV Case V Case VI Case VII
Endothermic 270 270 270 270 270 270 -
Temperature
(0
Endothermic down down Down down up up down
Oil Inlet Direction
Exothermic 190 190 190 190 190 190 -
Temperature
(°0)
Exothermic up up Up down down up -
0Oil Inlet Direction
HTF flow rate 33 26.4 19.8 33 33 33 33
(L/min)
charging and the beginning of charging, respectively. Table 6
The charging efficiency and discharging efficiency are calculated as Temperature rise data sheet for Case VIL
hown in Egs. :
sho as- (D) Stage  Temperature of the  Oil flow Temperature of Inlet
Epcu TES unit( °C) rate(L/ thermocouple #1( temperature
s = (C)) min) °C) of the 0il (°C)
Eprr
1 190-200 33 178.1 250
EHTF/ 2 200-210 33 189.0 255
=g ) 3 210-220 33 200.0 260
PCM 4 220-230 33 209.3 265
Where “ns” and “ng” represent the charging efficiency and dis- 5 230-240 33 218.6 280
charging efficiency, respectively. 6 240-250 33 223.8 285
7 250-260 33 230.1 290
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The cycle efficiency after one cycle is calculated by the following
equation:

Eury’ ®)

Ntotal = EHTF

Furthermore, since experimental instruments inherently possess er-
rors, a thorough uncertainty analysis is also imperative to guarantee the
precision and reliability of the experimental outcomes. In this experi-
ment, the primary sources of uncertainty are the thermocouples and
flow meters. Below, we will calculate the uncertainty using the Kline-
McClintock method [39,38]. If there are i independent variables x;
that affect the parameter W, then the uncertainty of W, AW, can be
calculated by combining the uncertainties of each variable:

7

The specific uncertainties in the text are presented in Table 7.

4. Results and discussion

In the following seven operating conditions of this experiment, we
will first analyze three operating conditions with various flow rates to
elucidate the specific effect on the thermal efficiency of system via en-
ergy relationships subsequently, we will derive the connection between
the directions of charging and HTF inlet/outlet by comparing the effi-
ciency and visualizing the temporal trend of PCM melting in the visu-
alization images; finally, we will verify whether adjusting the Tg,,
between HTF and PCM can stabilize the efficiency of heat storage and
release through instantaneous efficiency plots of the graded heating
operating conditions.

4.1. Impact of different HTF flows on TES

To examine the influence of flow rate on the efficiency of TES, three
experiments were conducted under this condition, with the beginning
and end of charging temperatures maintained consistent throughout.
Under charging temperatures of 190-270 °C, Case I-III were conducted
at flow rates of 33, 26.4, and 19.8 L/min, respectively. During the
experiment, the flow rate was recorded, and the data of the thermo-
couple was collected using the acquisition system. After the experiment,
the data was processed to obtain the following information: the charging
and discharging times, corresponding HTF inlet and outlet temperatures
and temperature differences, trends of temperature changes with
charging time for different heights of PCM, average temperature of the
thermocouples, instantaneous power and cumulative output/input en-
ergy of the HTF, as well as charging/discharging efficiency and cycle
efficiency, etc.
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4.1.1. Charging and discharging time

The times spent during charging or discharging of the three experi-
ments can be obtained from Fig. 7, with charging times of 3805, 5135,
and 5695 s, and discharging times of 2720, 3225, and 4260 s. According
to the experimental results, we take Case III as the benchmark working
condition. The charging rate in the figure compares the ratio of energy to
time at other flow rates with that of 19.8 L/min. The experimental
outcomes reveal that as the flow rate is elevated, the charging duration
and discharging duration exhibit a similar downward trend. A closer
examination reveals that the 9.83% reduction in charging time resulting
from an increase from 19.8 L/min to 26.4 L/min is significantly less than
the 25.9% reduction in charging time with flow rate increases from 26.4
to 33 L/min; conversely, the time reduction from 26.4 to 33 L/min in
discharging process is lower than that from 19.8 to 26.4 L/min. Spe-
cifically, the enhancement is more significant at higher flow rates during
the charging process. However, the enhancement is more pronounced
when at a lower flow rate for the discharging process.

4.1.2. Temperatures at the inlet and outlet of HTF

Fig. 8 depicts the temperature changes of HTF over time, showing
similar trends for the three experiments. During the charging, the tem-
perature curve changes rapidly (90-95%) in the first ten minutes. And it
becomes smoother as the accumulated heat increases until the charging
process is complete. A closer inspection of the local magnification of
Fig. 8 reveals that the curve of Tiye: displays more variability, whereas
the Toutlet curve is significantly smoother. That is due to the delayed
response of the temperature control program of the boiler. While the
charging process is theoretically considered a constant-temperature
process, in practical implementation, only the temperature of the
outlet and HTF tank can be monitored. When the HTF temperature falls
below a specific threshold, the heating program control starts the
heating element to initiate heating. Similarly, when the oil temperature
exceeds the set value, the heating element will stop, ultimately causing
the HTF outlet temperature to oscillate around the set temperature
within a small range. Owing to the lower Tgap, the oscillating tempera-
ture of HTF has a negligible impact on the charging, ultimately yielding
a stable Tqytier from TES.

Furthermore, at the initial time point, due to the same preheating
temperature and set temperature of charging, the initial temperatures of
the HTF should be the same. However, since the valve needs to open
manually, and the flow rates of HTF are different, the hot HTF flows
through the TES before the valve is fully adjusted, which results in a
higher initial temperature for the experiment with the higher flow rate.

As seen in Fig. 9, the Tipjer and Toyger of HTF during the discharging
also exhibit similar trends. Upon closer examination of the local
enlargement of the figure, it is clear that the outlet temperatures of the
experiment with higher flow rates decrease more rapidly. But at around
20 min, the temperatures of the three experiments converge.

Table 7
Properties and uncertainties of TES under different operating conditions.
Case I’ Case II’ Case III’ Case IV Case V Case VI
Pave 2.34+0.09 2.22+0.08 1.88+0.065 2.69+0.08 2.61+0.08 2.27+0.09
(charging) (4.05%) (3.52%) (3.45%) (3.02%) (3.16%) (4.19%)
kW)
Pave 1.829+0.08 1.706+0.07 1.5724+0.06 1.86+0.08 1.856+0.07 1.791+0.08
(discharging) (4.48%) (3.99%) (3.68%) (4.42%) (3.88%) (4.62%)
(kW)
Ecum 8709.9 + 235 10,624.1 + 223 12,078.4 +£ 159 12,164.1 + 211 10,893.3 + 194 8991.1 + 210
(injected) (2.70%) (2.10%) (1.32%) (1.73%) (1.78%) (2.33%)
(%))
Ecum 5082.8 £ 176 5563.3 £ 135 5439.3 +£ 118 5360.6 + 168 5346.6 + 164 4871.3 + 168
(released) (3.46%) (2.73%) (2.18%) (3.13%) (3.07%) (3.45%)
(%))
Cycle Time(s) 7425 8155 9875 7390 8335 7655
Cycle efficiency 58.35% 52.36% 45.05% 47.69% 44.97% 54.18%
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4.1.3. Temperature variation of PCM at different heights

Due to the similar trends in PCM temperature curves under different
flow rates (see average temperature curve in Fig. 11), and the more
pronounced changes in temperature curves at higher flow rates, the
following discussion will focus only on the temperature change rules of
PCM under 33 L/min HTF flow rate.

Fig. 10(a) shows PCM’s temperature variations at varying heights
during charging. Due to the proximity of #1 and #10 thermocouples to
the boundary of the TES, heat loss is severe, and their temperature de-
viations are higher than those of the other thermocouples. Conse-
quently, the data from these two thermocouples was excluded. The
temperature curves of #2-9 all exhibit a clear inflection point, which
occurs approximately 15 min after the start of charging. The tempera-
ture difference curve in Fig. 11(a) shows that the temperature difference
of HTF also becomes stable around 15 min, corresponding to a tem-
perature of approximately 260 °C, which is consistent with the proper-
ties of solar salt mentioned earlier. Thermocouple #5 deviates from the
other data, with neighboring #4 and #6 thermocouples displaying
similar temperatures and trends. The iron wire used to secure thermo-
couples to the heat exchanger tube may lead to slight loosening.
Initially, it was suspected that the #5 thermocouple did not fix properly,
resulting in a wider distance between the thermocouple and the tube,
causing the surrounding PCM to warm up primarily through heat con-
duction after the central PCM is heated. As the time increases to 45 min,
#5 thermocouple gradually approaches the temperature of #4 and #6
thermocouples, indicating that #5 thermocouple did not suffer from
damage, and this also confirms the reasonability of our hypothesis.

As shown in Fig. 10(b), the temperatures of all thermocouples at
different heights exhibit a downward trend, and the slopes of the curves
gradually decrease. Additionally, the initial distribution of PCM’s tem-
perature at different heights is generally consistent with that at the end
of charging. Notably, the PCM temperatures at the edges of the TES are
found to be lower than those in the central region. That is due to the
sealing properties of the insulation materials at the edges.

For the temperature curve of the #9 thermocouple, the initial tem-
perature is the lowest due to the HTF flowing from the bottom into the
TES, and it also has the highest temperature gradient in a certain period.
However, as the temperature of PCM decreases, it can be known from
the thermal properties in Table 2 that solar salt begins to solidify at
around 252 °C. The heat transfer from the lower PCM causes the tem-
perature of the HTF to rise, thereby reducing the temperature gradient in
the upper region and leading to a gradual decrease in temperature.
Following the transfer of heat from the lower PCM, which is approxi-
mately complete after 20 min (as depicted in Fig. 9), the gradient of
temperature between the upper PCM and HTF increases, facilitating
accelerated heat transfer from the upper layer.
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4.1.4. Charging and discharging efficiency of TES

Fig. 12 depicts the instantaneous power and cumulative energy
curves under various flow rates. The overall trend of the instantaneous
power curve is in line with the temperature difference curve in Fig. 11.
However, the temperature difference is higher for the low-flow-rate

experiment, yet the corresponding instantaneous power is lower. It
suggests that temperature difference and instantaneous power is a non-
linear relationship, as evident from Eq. (1). It indicates that they are
influenced by both mass flow rate and specific heat capacity. This non-
linear relationship highlights the complexity of the thermodynamic
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performance of the system.

Additionally, significant differences in cumulative energy under
various flow rates during charging were observed (9335.7, 10,053.3,
and 11,390.4 kJ). In contrast, the impact of flow rate on total heat
released during discharging is relatively low (5142, 4958, and 4949 kJ),
with instantaneous power changes being relatively lower. In practical
applications, a large-flow-rate charging and small-flow-rate discharging
method can be employed to achieve a more stable power output. Un-
certainty calculations revealed that the uncertainties in cumulative en-
ergy under different flow rates during storage are 230.00, 192.35, and
157.44 kJ, corresponding to relative uncertainties of 2.46%, 1.91%, and
1.38%(as seen in Table 7). These data indicate that elevating the flow
rate of HTF can diminish energy loss.

Besides the cumulative energy of HTF, the efficiency between PCM
and HTF is also a crucial parameter. As shown in Fig. 13(a), for the three
experiments with flow rates of 33, 26.4, and 19.8 L/min, the energy
stored in PCM is approximately the same, at 7531.5, 7486.4, and 7538.0
kJ, respectively. By combining the cumulative energy of HTF, the
charging efficiency of each experiment was calculated using Eq. (4),
yielding values of 80.67%, 74.47%, and 66.18%, respectively. The
remaining energy is either lost through the pipeline and TES system to
the environment or used to overcome energy losses during transmission.
The released energy during discharging is a part of the stored heat en-
ergy in PCM, and the switching time from charging to discharging takes
3-5 min. It leads to a loss of approximately 10 kJ. The release process of
the three experiments released 5262.1, 4958.2, and 4949.2 kJ of heat
energy to HTF, respectively, and the discharging efficiency was calcu-
lated using Eq. (5), which are 69.98%, 66.34%, and 65.71%, respec-
tively. Fig. 13(b) shows the ratio of Eyyp during discharging to Eyrr
during charging, which is the cycle efficiency. The results indicate that
as the HTF flow rate rises from 19.8 L/min to 33 L/min, the cycle effi-
ciency rises from 43.45% to 56.36%. The data above indicates that
raising the flow rate of HTF is beneficial for improving the efficiencies,
with the influence of increased flow rate being more significant on
charging than on discharging.

At higher HTF flow rate, according to the Re formula in the pipeline,
at the same temperature, Re is directly proportional to the flow rate, and
Re will be larger at higher flow rate. In the process of charging, the
temperature difference between the inlet and outlet of the heat transfer
oil is relatively small due to the high flow rate, that is, the temperature
inside the fin tube is higher, so the temperature gradient is larger. While
the density and viscosity are smaller and Pr is larger when the HTF
temperature is higher, which has better heat diffusion performance. In
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addition, PCM has better thermal conductivity after melting, and most of
the melted PCM gathers in the upper part of TES system due to density,
which is more conducive to the transfer of heat to solid PCM. During
discharging process, PCM in TES system is in liquid state, solidification
occurs near the finned tube first. Due to the poor thermal conductivity of
solid PCM, HTF flow rate has no obvious effect on heat transfer
enhancement.

Additionally, to mitigate the effect of HTF flow direction on the test
results, supplementary tests were conducted where HTF flows in oppo-
site flow directions at the same flow rate (designated as Case I, II’, and
III’). The results demonstrate that the cycle efficiency increases with
increasing flow rate, achieving values of 45.05%, 52.36%, and 58.12%,
respectively. In light of these results, it is evident that the cycle effi-
ciency exhibits a similar relationship with flow rate as seen in Cases I-III,
and further analysis reveals that the cycle efficiency consistently peaks
when HTF enters the TES from the top. Therefore, this paper will delve
into the effect of HTF inlet position on the property of TES in the next
section.

4.2. Impact of HTF import location on TES

To comprehensively investigate the impact of operating parameters
on the system, this paper also conducted a study on HTF inlet, main-
taining the flow rate of 33 L/min and performing three experiments
(Cases IV-VI). A comparison framework is established with Case I, and
Table 5 provides a detailed list of experimental parameters. A compar-
ison of each experiment will be conducted to investigate the influences
of inlet position on the charging, discharging, and cycle efficiency.

4.2.1. Effect of different inlets on charging

The charging time is significantly affected by different inlet di-
rections, as illustrated in Fig. 14(a). The average charging time from the
bottom into the TES is 82.5 min, whereas from the top into the TES, it is
76.25 min, with a relative reduction of 7.57%. The figure also clearly
shows that the experimental charging efficiency of HTF entering from
the top into TES is approximately 10% higher than that of HTF entering
from the bottom.

Fig. 14(b) presents the temperature profiles of HTF, which exhibit a
consistent trend: the HTF temperature rapidly reaches 285 °C within the
first 10 min of charging and remains relatively constant. The experi-
mental process shows that HTF is preheated to a temperature of 200 °C,
whereas the figure indicates that HTF temperature begins to rise from
250 °C. The HTF in the pipeline has not returned to the boiler when the

(a) (b) .
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Fig. 13. Plot of efficiency at different flow rates in(a)charging (b)discharging. (The energy in the upper part of the diagram contains the lower energy).
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preheating temperature reaches 290 °C. The analysis of Fig. 14(c) il-
lustrates that T,ye for all four cases exhibits a turning point at 15 min,
mirroring the observation discussed in the previous chapter. Tg,, during
charging is relatively high within the first 5 min, approximately 8.5 °C,
and then remains relatively stable at 1.5-2 °C. The temperature differ-
ence curve corresponds to the power curve in Fig. 14(d), which exhibits
similar characteristics, with an initial power of nearly 10 kW, dropping
to approximately 2.5 kW after 10 min. The power difference remains
relatively stable at around 2.5 kW after 15 min of charging, and the HTF
temperature difference and instantaneous power of the two cases where
HTF enters from the bottom into TES exhibit slightly higher values by
comparison with the other two cases. Since the cumulative energy is
calculated by multiplying the instantaneous power and time, two curves
appear in the cumulative energy graph.

Fig. 15 shows that the overall temperature curve exhibits a high
degree of similarity, suggesting that the varying HTF inlet positions
during the charging process have a negligible effect on the central PCM.
However, the temperature curves of the #2 and #9 thermocouples near
the ends show significant differences. Specifically, the #9 thermocouple
temperature rises to 260 °C at 22 min due to the influx of high-
temperature HTF. After that, the temperature of #9 remains relatively
constant. While the #2 thermocouple temperature presents a "platform"
within the 10-30 min range. It is postulated that upon HTF entering TES
from the bottom, the heat initiates a phase change in the PCM between
the fins first. Once the solid phase is transformed into the liquid phase,
the density-reduced liquid PCM flows downwards along the spiral fins to
the top, increasing the amount of PCM at the top and strengthening the
heat transfer.

Integration of the above data implies that the strict layer-by-layer
decrease of PCM’s temperature at the end of preheating leads to the
conclusion that when HTF enters TES from the bottom, the hot HTF
initially exchanges heat with the PCM having the lowest temperature. As
HTF flows upwards, its temperature decreases. The temperature of the
encountered PCM gradually increases, leading to a slightly higher
temperature difference relative to the scenario where HTF enters from
the top. Fig. 16 illustrates that the melting of PCM occurs from top to
bottom, and based on the material properties described earlier, it is
known that the thermal conductivity of liquid PCM exceeds that of solid
PCM. Therefore, the case where HTF enters from the top can reduce the
charging time, and the reduced charging time also reduces the heat
dissipation to the environment, resulting in better thermal efficiencies.

0 min
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#4-700 -

#3-900 -

#6-1100
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4.3. Effect of different inlets on the discharging process

According to the previous data, the discharging process is completed
more rapidly than the charging process, and the average time required
for HTF during discharging is not significantly different, as shown in
Fig. 17(a), with respective values of 48.05 min and 47.75 min. The
average discharging efficiencies are 72.8% and 72.1%, respectively,
with a difference of only 0.7%.

Fig. 17(b) depicts the temperature curves of Tipjet and Toyglet for four
different experiments, which exhibit a high degree of consistency,
especially during the initial 2 min of discharging. The localized zoomed-
in image reveals distinct starting temperatures. When combined with
the temperature difference curve in Fig. 17(c), it becomes apparent that
the temperature difference is consistently similar, owing to the manual
opening of the valve and sampler, which introduces latency in data
collection. Through the four graphs in Fig. 17, it is clear that, regardless
of the discharging time, efficiency, HTF inlet, and outlet temperature, or
PCM’s temperature of the different height (Fig. 18), there’s no
discernible difference, indicating that the position of HTF inlet has a
negligible effect on discharging. PCM is liquid at the beginning of dis-
charging, and in the process of cooling down the PCM near the finned
tubes is firstly transformed into solid state, which increases the thermal
resistance, weakening the effect of the flow rate and the inlet position on
the heat transfer.

4.3.1. Effect of different inlets on cycle efficiency

The different inlet positions affect the cycle efficiency from Fig. 19,
with up/down having the highest cycle efficiency, reaching 58.35%, and
down/up having the lowest cycle efficiency, at 44.97%. The energy
absorbed by HTF during the discharging process is nearly consistent,
with a maximum of 5082.8 kJ and a minimum of 4871.3 kJ, repre-
senting a ratio of 1.043. In contrast, the energy released by HTF during
charging has a maximum of 10,893.3 kJ and a minimum of 8709.9 kJ,
representing a ratio of 1.25. It concludes that the charging process has a
deeper impact on the cycle efficiency than the discharging process.

4.4. Effect of graded heating on charging

The instantaneous power of HTF oscillates during the early charging
stage, as depicted in Fig. 20(b). However, it’s more desirable to acquire
stable and safe instantaneous power in applications. Therefore, intro-
ducing graded heating is necessary with the specific experimental

Fig. 16. Graph of PCM over time in(a)charging(b)discharging.
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Fig. 20. Graph of comparison between graded heating and constant-temperature heating(a)temperature of HTF inlet/outlet and their difference(b) HTF instanta-

neous power and accumulated energy.

conditions listed in Table 6.

The HTF inlet and outlet temperatures increase rapidly, reaching
approximately 100% of the temperature increase during the initial 10
min of charging. Then, they remain relatively constant for about 50 min.
The temperature difference curve gradually decreases from approxi-
mately 7 °C to less than 2 °C and then oscillates with a temperature
difference of around 2 °C. In contrast, the graded heating curves show
the HTF temperature increases rapidly and then gradually stabilizes
until the following rise. Graded heating can be subdivided into multiple
constant-temperature heating processes. Nevertheless, due to the low
gradients of each heating process, the curve of temperature difference
shows smaller values. The temperature difference curve shows two
distinct crests, corresponding to the initial charging stage and stage 5 in
Table 6.

The instantaneous power curve in Fig. 20(b) is similar to the tem-
perature difference curve, with the two peaks of 2.86 kW and 2.25 kW,
respectively. According to the data, the average power is 1.234 kW. The
instantaneous power of graded heating is generally around the average
power, indicating that graded heating can significantly improve the
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stability of HTF instantaneous power. However, it is also evident that the
charging time increases considerably due to the decrease in temperature
gradients, which points out the limitations of step-by-step heating.

5. Conclusion

Research on PCM applications in TES has primarily focused on low-
temperature experiments or numerical simulations. Therefore, this
study employs an experimental approach to investigate a single-tube
phase-change heat exchanger at medium and high temperatures. This
research has significant implications for the deep integration of LHS
with energy networks, guiding the development of strategies to address
the disparity between energy generation and consumption. The experi-
ment utilizes a small-scale device, accommodating 33.35 kg of PCM and
storing approximately 5.5 MJ of energy. The device features a quartz
window on one side, allowing for direct observation of PCM states,
which provides a research framework for high-temperature experi-
ments. The following conclusions have been derived through a series of
analyses.
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(1) The HTF flow rate has a notable influence on both the duration
and efficiency of the charging and discharging processes. The
increase in HTF flow rate significantly increases the Reynolds
number of HTF and the Nusselt number calculated by empirical
equations is also enhanced to some extent, resulting in lower heat
transfer time and less environmental dissipation. When the HTF
flow rate reduces from 33 to 19.8 L/min, the charging time rises
by 49.67% and the charging efficiency decreases by 17.96%.
Similarly, the discharging time increases by 56.62%, and the
discharging efficiency decreases by 6.1%.

The inlet position of HTF affects thermal efficiency, particularly
during charging. When HTF enters the TES from the top, the heat
storage efficiency is 71.1%, whereas when it enters from the
bottom, the efficiency is 62.8%, a decrease of 8.3%. The heat
release efficiency is 72.8% and 72.1%, respectively, with a drop
of 0.7%.

The system’s circulation efficiency increases gradually with
increasing HTF flow rate, and HTF entering from the top exhibits
better heat transfer performance. During charging, the output
energy of HTF is 11,390.4, 10,053.3, and 9335.7 kJ, with relative
uncertainties of 1.38%, 1.91%, and 2.46%, respectively. The
corresponding circulation efficiencies are 43.45%, 49.32%, and
56.36%.

Graded heating stabilize the instantaneous power during
charging by reducing the temperature gradient in each time
period, although it increases the charging time by 58.74%. The
average value of HTF’s instantaneous power is 1.234 kW, with a
maximum value of 2.86 kW, much lower than the constant-
temperature charging process of 8.34 kW.
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