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ARTICLE INFO ABSTRACT
Keywords: In this article, a pilot-scale latent heat storage system loaded with 5674.7 kg medium-temperature phase change
Phase change material material (PCM), having four groups of tubes embedded with various fins (longitudinal, H-shaped, spiral, and

Heat exchanger
Fin-and-tube
Medium-high temperature
Thermal energy storage

without fins), was designed and built. During the charging process, the smooth tube had the highest outlet
temperature, followed by the tubes with longitudinal, H-shaped, and spiral fins, indicating that the spiral fins had
the best heat transfer performance while the smooth’s was the worst. The temperature difference in the vertical
direction of the thermal energy storage unit was more significant than that in the horizontal direction. Besides,
the thermal insulation performance test indicated that the temperature of PCM in the upper part decreased more
slowly than that in the lower part due to the charging of the latent heat system being conducted from top to
down. Moreover, after charging for 6.5 h, the accumulative energy and the mean power of the tubes with
longitudinal, H-shaped, spiral, and without fins were 500.67, 541.57, 567.35, 432.56 MJ, 21.39, 23.14, 24.24,
and 18.48 kW, respectively. The calculated charging efficiency of the latent heat storage system was 66.48%.

metal nanowires [11], carbon fiber [12] and carbon nanotube [13], 2D
additives, for example, boron nitride [14], graphene [15], and graphene

1. Introduction oxide [16], 3D additives, such as 3D carbon materials [17],
metal-organic frameworks and their derivatives. Among them, 0D ad-
Solar energy has become the most attractive renewable energy due to ditives with inherently high thermal conductivity can build a conductive
its ample supply, easy access, and environmental friendliness [1,2]. network, while 1D additives apply their structure and high thermal
However, solar energy distributes unevenly, no matter in time or space. conductivity to establish linear conductive channels. Besides, 2D addi-
Thermal energy storage (TES) is crucial to address the mismatch be- tives take advantage of large specific surface area to create surface
tween intermittent solar energy supply and demand [3,4]. thermal conductivity transmission, while 3D additives have their
Essentially, TES methods can be divided into sensible heat storage, intrinsic 3D-conductive networks. Detailed explanations and specific
latent heat storage, and thermochemical storage [5]. Latent heat storage contents can be found in Refs. [18,19].
(LHS) employs PCMs for TES that exhibit relatively high energy density Several approaches have been proposed to improve the heat ex-
and approximately constant temperature during phase transition [6,7]. change performance of the LHS system, including employing fins, geo-
Nevertheless, the low thermal conductivity of PCMs leads to poor heat metric modification [20,21], and using multiple PCM arrangements [22,
charging and discharging rate, seriously affecting their development and 23]. Employing fins is the most common approach to improve the heat
application. exchange performance of the LHS system. Various operating conditions
There are mainly two solutions to the poor heat charging and dis- and design parameters need to be considered in designing a PCM-based
charging rate of the LHS system, including enhancing the thermal con- shell and tube type, triple concentric tube type heat exchangers, along
ductivity of PCMs and improving the heat exchange performance of the with the various heat transfer techniques, were reviewed by Kalapala
LHS system [8]. The thermal conductivity of PCMs can be enhanced by and Devanuri [24]. Hu et al. [25] described the progress of close-contact
additives in different dimensions, including 0D additives, for instance, melting research, including basic mechanisms, applications, and

metal [9] and metal oxide nanoparticles [10], 1D additives, such as
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Nomenclature

Abbreviation

DSC differential scanning calorimetry
DTG derivative thermogravimetry
HTF heat transfer fluid

LHS latent heat storage

PCM phase change material

TES thermal energy storage

TG thermogravimetry

XRD X-ray diffraction

Symbol

[ specific heat (kJ/kg-K)

E accumulative energy (kJ)

k thermal conductivity (W/(m-K))
m mass (kg)

p power (kW)

T temperature (°C)

Greek letter

AH latent heat (kJ/kg)

n efficiency

u dynamic viscosity (mPa-s)

p density (kg/m>)

Subscripts

after after the charging process

before  before the charging process

in the HTF inflow of the heat exchange tube
1 liquid

m melting

out the HTF outflow of the heat exchange tube
s solid

enhancement methods. Also, existing theoretical models, experimental
observations, and numerical methods were systematically reviewed.
Besides, Sciacovelli et al. [26] proposed to enhance the shell and tube
LHS system performance by using tree-shaped fins and optimizing the
geometry of Y-shaped primary and bifurcated wings by combining CFD
simulation and response surface methodology. The results showed that
the optimized unit could increase the system efficiency by 24%. Duan
et al. [20] conducted a numerical study on the enhancement efficiency
of the novel multi-spiral fins compared with the longitudinal fin. They
also discussed PCM’s melting and solidification rate in the annulus with
4, 8, and 16 spiral fins and three kinds of distortion degrees of fins. The
numerical results showed that when the number of fins was fixed, the
total melting and solidification time of PCM in the annulus with spiral
fins were 57.60% and 74.13% less than those of longitudinal fins,
respectively. When the distortion degree was the same, the melting and
solidification time of 8 and 16 fins could be saved by 60.88% and
73.49% compared to 4 fins. Liu et al. [21] put forward an innovative
longitudinal triangular fin structure, compared it with the conventional
rectangular fin in terms of solidification behavior, and studied the ef-
fects of fin geometric parameters, initial temperature, and fin material
on solidification performance. The results showed that the proposed
longitudinal triangular fin could significantly improve the solidification
performance, and the solidification time of PCM was shortened by
38.30% compared with the conventional rectangular fin. More infor-
mation about improving the performance of the LHS system by
employing fins can be found in Refs. [24,27].

Since the experimental studies of LHS systems are essential to the
development of LHS systems, the experimental researches on lab-scale,
small-scale, and pilot-scale LHS systems are reviewed. Lin et al. [28]
investigated the TES performance and phase change behavior of seba-
cic/expanded graphite composite in a lab-scale double helix coil heat
exchanger. The experimental results indicated that the temperature
distribution in the LHS system was uniform. Increasing the heat transfer
fluid (HTF) flow rate had a small impact on reducing charging time,
while a 40 °C increase in inlet temperature could reduce charging time
by 60%. Wu et al. [29] investigated the feasibility of an
expanded-graphite/paraffin PCM-based heat exchanger operating as an
instant air source water heater and compared the difference between the
PCM-based water heater and traditional water tank. The authors
confirmed that applying the PCM-based water heater could significantly
reduce the traditional water tank volume.

Besides, several experimental studies on the charging/discharging
performance of small-scale LHS systems were conducted by some
scholars. A pillow plate heat exchanger with multiple flow channels was
introduced by Lin et al. [30], and the PCM and HTF were sodium acetate
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trihydrate and water, respectively. The heat exchanger’s outlet water
temperature, thermal power, heat energy efficiency, and heat transfer
coefficient were evaluated. The experimental results showed that the
energy released by the system could reach 6.3 MJ and the average power
was 4 kW. Medrano et al. [31] experimentally studied the heat transfer
performance of five small heat exchangers used as LHS systems during
melting and solidification. Commercial RT35 was deployed as PCM, and
water was used as HTF. It was found that the performance of the double
tube heat exchanger with PCM embedded in graphite matrix was the
best.

Furthermore, Besagni and Croci [32] developed a pilot-scale LHS
system whose size was selected to be combined with a solar-assisted heat
pump. Commercial paraffin RT26 and water were applied as PCM and
HTF. The LHS system operation considered two heat exchanger con-
figurations (parallel and series configurations) and implemented a wide
set of boundary conditions to test the unit under relevant operating
conditions. The study found that the proposed storage could store 65%
more thermal energy than water storage with an equivalent volume. Gil
et al. [33] confirmed that the cooling rate of the d-mannitol was a vital
parameter in the formation of the different polymorphic phases based on
a pilot-scale storage tank, which was consistent with the DSC result.
Also, Peir6 et al. [34] took advantage of the multiple PCMs configura-
tion based on a pilot plant TES system for experimental evaluation.
Three configurations were assessed: (1) single PCM with hydroquinone,
(2) single PCM with d-mannitol, and (3) multiple PCM with hydroqui-
none and d-mannitol. The result indicated that the multiple PCMs
configuration introduced an effectiveness enhancement of 19.36%
compared with single PCM configuration as well as a higher uniformity
on the HTF temperature difference between the inlet and outlet.

The current researches mainly focus on the experimental and nu-
merical investigation of employing different innovative fins to improve
the performance of LHS systems, along with the experimental study of
small-scale and low-temperature novel heat exchangers. Due to the
broader application and stronger attraction of medium-high tempera-
ture TES (such as waste heat recovery and generation of medium-
temperature steam), a pilot-scale LHS system with four groups of
tubes embedded with various fins (longitudinal, H-shaped, spiral, and
without fins) was designed and built. The system could collect medium-
high temperature thermal energy (200-295 °C) and has relatively stable
power input during the charging process. Besides, the effects of various
heat exchange fins on the charging process were experimentally inves-
tigated, and some valuable parameters for practical applications,
including temperature difference in various directions, thermal insu-
lation, and energy storage performance, were provided.
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2. Experimental system and procedure
2.1. Experimental system

A pilot-scale LHS system was designed to investigate and compare
the effects of various heat exchange fins (longitudinal, H-shaped, and
spiral fins) on the charging process and obtain critical technical pa-
rameters. The experimental system mainly consists of a pilot-scale TES
unit, a heat transfer oil circulating heating section, and a data acquisi-
tion unit, as depicted in Fig. 1.

2.1.1. Pilot-scale TES unit

As exhibited in Fig. 1 (a), the main part of the TES unit is a cubic
horizontal shell-and-tube TES device in which high-temperature heat
transfer oil flows on the tube side to heat the PCM filled on the shell side.
The top and bottom of the device have a filler and a discharge port for
loading and unloading PCM. Besides, there is a vent port at the top of the
device to prevent air expansion from causing excessive pressure on the
shell side. After the installation of the TES unit and the connection of
pipes were completed, the surface was covered with silicon insulation
foam with a thickness of approximately 20 mm (Fig. 1 (b)).

The TES unit contains four groups of heat exchange tubes, i.e.,
employed with longitudinal, H-shaped, spiral, and without fins from left
to right. These groups of tubes are the same except for the fins embedded
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in the tube wall shell. Each group of tubes has 17 layers with 4 heat
exchange tubes per layer, for a total of 68 tubes per group. The turning of
the tubes in the TES unit is done by the same type of vertical and hor-
izontal U-tubes. The tubes are made of carbon steel, with an outer and
inner diameter of 38 and 32 mm, respectively, and the spacings of
horizontal and vertical tubes are 92 mm. The detailed dimensions of the
pilot TES unit and the locations of the thermocouples are represented in
Fig. 2. Fig. 3 and Table 1 summarize the parameters of various fins
embedded in the heat exchange tubes, which were designed according to
the same volume of fins on the shell side.

2.1.2. Heat transfer oil circulating heating section

The fundamental function of the section is to provide high-
temperature heat transfer oil for the TES unit to realize the charging
of PCM. This section consists of a heat transfer oil circulating boiler
(YDW-225, maximum operating temperature of 300 °C and maximum
power of 225 kW), inlet header, outlet header, branches, valves, and
flowmeters (LUGB-15C, flow range of 0-80 L/min and a measuring error
of +1.5%). The heat transfer oil boiler is responsible for heating the heat
transfer oil and controlling the output temperature of the oil. The heat
transfer oil is heated to a specified temperature and then flows from
above to four groups of tube bundles, through the inlet header of the TES
unit and out of the tubes below. Since the upper PCM in the TES device is
in direct contact with the high-temperature heat transfer oil, the PCM

Outlet header

‘ Inlet header )

Heat transfer oil
circulating bojler

Fig. 1. Photographs of the pilot-scale TES unit (a) before and (b) after covering with insulation, and (c) schematic diagram of the experimental LHS system for TES.
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Fig. 2. Details dimensions of the pilot TES unit and thermocouples locations (unit: mm).
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Fig. 3. Details of various fins embedded in the heat exchange tubes (unit: mm).

Table 1
Parameters of various fins embedded in the heat exchange tubes.
Fin type Parameters
Longitudinal ~ Angle: 60°, number: 6, height: 25 mm, and thickness: 3 mm
H-shaped Spacing: 28 mm, length: 80 mm, width: 35 mm x 2, and thickness: 2
mm
Spiral Pitch: 10 mm, height: 15 mm, and thickness: 1.5 mm

will melt first, which provides some room for the expansion of liquid
PCM whose density is less than solid PCM, preventing considerable
thermal stress on the TES device. The cooled heat transfer oil flows back
to the boiler to continue heating, forming a cycle.

2.1.3. Data acquisition section

A total of 16 thermocouples (K-type, temperature measurement
range: 0-1100 °C and measurement error: +1 °C) were installed in the
LHS system to monitor the temperatures of PCM and heat transfer oil.
Among them, eight thermocouples were installed at the inlet (#1, #2,
#3 and #4) and outlet (#8, #9, #10 and #11) of the heat exchange
tubes to represent the inlet and outlet temperatures of heat transfer oil,
as exhibited in Fig. 1. Moreover, another eight thermocouples were
installed on the shell side of the TES unit to monitor the temperature of
PCM. The thermocouples #5, #6, and #7 monitor the temperatures of
the PCM near the heat exchanger tubes with longitudinal, H-shaped and
spiral fins, while the temperature of the PCM near smooth heat
exchanger tube is represented by thermocouple #13. The values of
thermocouples #12, #13, #15 and, #14, #16 represent the
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temperatures of upper and lower PCM in the TES unit, respectively. The
specific thermocouple location arrangement is displayed in Fig. 2.

2.2. Thermophysical properties of PCM, carbon steel, and heat transfer oil

The stability and reliability of medium-temperature PCMs are crucial
for the operation of the LHS system. Based on these requirements, a
commercial medium-temperature PCM was purchased from HeatMate
Technology (Shanghai) Co., Ltd. In addition to the density and viscosity
provided by the manufacturer, other thermophysical properties of the
PCM used in the study were obtained through experimental character-
ization. Besides, the tubes and fins in the pilot-scale TES units are carbon
steel. The HTF is heat transfer oil (Therminol L-60), bought from East-
man Chemical Co., Ltd. Table 2 summarizes the thermophysical of PCM,

Table 2
Thermophysical properties of PCM, carbon steel, and heat transfer oil.

Properties Symbol  Units PCM Carbon Heat transfer
steel oil (200 °C/
290 °C)
Solidus/ ps/p1 kg/m? 2213.5/ 7850 868/792
liquidus 1924.6
density
Specific heat [N kJ/ - 0.47 2.209/2.520
(kg-K)
Thermal k w/ - 48.85 0.1079/0.096
conductivity (m-K)
Dynamic u mPa-s 4.34 - 0.62/0.323
viscosity
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carbon steel, and heat transfer oil.

2.3. Characterization methods

A differential scanning calorimeter, DSC (DSC25, TA, USA, uncer-
tainty: +0.05 °C for temperature, +0.1% for phase change enthalpy, the
scanning rate of 10 °C/min, constant Ny stream of 50 mL/min) in dy-
namic mode obtained the PCM’s melting temperature, solidification
temperature, and latent heat at 100-300 °C as well as PCM’s specific
heat at 30-300 °C. A thermogravimetric analyzer (TGA 5500, TA, USA,
accuracy: +0.1 °C, +0.01%, the heating rate of 10 °C/min, constant Ny
stream of 60 mL/min) characterized the thermal stability of PCM for the
size of samples 6-7 mg with the temperature range of 30-600 °C. X-ray
diffraction, XRD (X’pert Powder, PANalytical B.V., Netherland) with Cu
K-alpha radiation (k = 1.540598 fk) characterized the crystal size of the
samples under room temperature. The scanning range, scanning rate,
and step size were 10°-80°, 0.1°/min, and 0.02°, respectively. The
PCM’s thermal conductivity was characterized by a thermal constant
analyzer (TCi, C-Therm, Canada, accuracy: +1%) at a room temperature
of 20 + 0.5 °C. The PCM samples were melted at 300 °C and poured into
a mold (diameter: 50 mm) for cooling to obtain PCM blocks. Both sur-
faces of the blocks were then carefully polished for the thermal con-
ductivity test to avoid the experimental error caused by the samples as
much as possible. The result significantly different from the average
value obtained by the test would be eliminated. Finally, the mean value
obtained from the test without abnormal results was applied as the
thermal conductivity result.

2.4. Experimental procedure

After the installation of the pilot TES unit, the heat transfer oil
circulating heating section, and the data acquisition section was
completed, the loading of the PCM began. When the temperature of the
output oil reached 300 °C, the oil started to circulate and flowed from
top to bottom in the TES unit. Simultaneously, the PCM was poured into
the TES unit through the filler port. PCM loading was completed until
the liquid level of PCM was close to the filler port. After PCM loading
was finished, the thermocouples continued to monitor the TES unit’s
temperature change to obtain the LHS system’s thermal insulation
performance.

The charging process is divided into seven stages, as listed in Table 3.
When the temperature of the TES unit was below 200 °C, the pump and
valve were opened, and the TES unit was preheated by circulating heat
transfer oil until the temperature of the TES unit rose to 210 °C. The
mean value of the measured thermocouples #15 and #16 was applied as
the temperature of the TES unit. After the preheating process, the bypass
valve was turned on, and the main valve was turned off, and the oil
temperature would continue to rise without flowing through the TES
unit. When the output temperature of the oil increased to 255 °C, closed
the bypass valve and opened the main valve to continue the charging
process.

When the PCM in the TES unit was solid (200-220 °C), the temper-
ature of the oil output from the boiler would increase by 5 °C for every

Table 3
Operating parameters of the pilot TES unit at different charging stages.

Stage  The temperature of  Oil flow in Oil flow in the  Inlet temperature
the TES unit (°C) the main branch tube of the oil (°C)
tube (L/h) (L/h)
1 <200 4000 1000 210
2 200-210 4000 1000 255
3 210-220 4000 1000 260
4 220-230 4000 1000 265
5 230-240 4000 1000 280
6 240-250 4000 1000 285
7 250-260 4000 1000 290
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10 °C increase in the temperature of PCM. Further, as the PCM was in the
solid-liquid phase (220-230 °C), the oil temperature would increase by
15 °C for every 10 °C increase in the temperature of PCM. Finally, when
the PCM was in the liquid phase (230-260 °C), the oil temperature
would increase by 5 °C for every 10 °C increase in the temperature of
PCM. The charging process was completed as soon as the temperature of
the TES unit was 270 °C.

2.5. Uncertainty analysis

The uncertainty in the study comes from the thermocouple and
flowmeter readings. The manufacturers of thermocouples and flowme-
ters give these uncertainty values. The uncertainty in the temperature
measurements recorded by thermocouples #1-16 is within 1% and will
not be further discussed. However, the uncertainty of calculated energy
storage performance parameters, including mean power, input energy,
and charging efficiency, is significant and presented in the results and
discussion section.

3. Results and discussion
3.1. Thermophysical properties of PCM

The DSC test reveals the melting temperature, solidification tem-
perature, and latent heat of PCM (Fig. 4 (a)), i.e., 210.75, 262.58,
226.73 °C, and 128.15 kJ/kg for the onset, offset, peak temperature, and
latent heat at endothermic and 252.14, 199.03, 249.29 °C, and 125.00
kJ/kg at exothermic, respectively. The TG and DTG curves show that the
mass of PCM was almost unchanged before 500 °C and decreased
significantly after the temperature exceeded 500 °C, indicating that the
sample started to decompose (Fig. 4 (b)). The specific heat capacity of
PCM exhibited two peaks at 30-300 °C, which may be caused by the
melting of different components in the initial sample. After removing the
phase change interval, the average specific heat capacity of PCM in the
operating temperature interval, i.e., 200-290 °C, of the LHS system was
1.238 kJ/(kg-K) (Fig. 4 (c)).

Moreover, the XRD pattern of PCM is displayed in Fig. 4 (d). Several
strong diffraction peaks located at 23.62°, 29.48°, 33.72°, 39.02°,
47.94°, 48.42°, and 55.64° were observed. The transient plane heat
source method obtained the thermal conductivity of PCM was 0.503 +
0.002 W/(m-K).

3.2. Temperature analysis during the charging process

The TES unit was loaded with 5674.7 kg of PCM over 5 days until the
liquid PCM completely submerged the heat exchanger tubes and fins.
Fig. 5 (a) shows the HTF volume flow rate variation for each heat ex-
change tube during the charging process, where the mean values for the
tubes with longitudinal, H-shaped, spiral, and without fins were 916.29,
905.79, 868.71, and 904.17 L/h, respectively.

The evolution of inlet temperatures (thermocouples #1, #2, #3, and
#4) and outlet temperatures (thermocouples #8, #9, #10, and #11)
over time during the charging process is dispatched in Fig. 5 (b). The
inlet temperatures of the TES unit showed a step-wise rise, and the
temperature rise program was determined by the internal temperature
of the TES unit (the average temperature of thermocouples #15 and
#16). After preheating for about 1 h, the inlet valves were closed
temporarily so that the HTF could achieve internal circulation. When the
temperature of HTF increased to 255 °C, the inlet valves of the TES unit
were opened again.

As displayed in Fig. 5 (b), the smooth tube has the highest outlet
temperature (#11), followed by the tubes with longitudinal fins (#8), H-
shaped fins (#9), and spiral fins (#10), which indicates that the spiral
fins has the best heat transfer performance, while the smooth is the
worst.

Due to the regulating effect of the HTF temperature control system,
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and outlet temperatures after smooth, (d) all temperatures monitored by thermocouples over time for the charging process.

the inlet temperature of the HTF fluctuates greatly. The temperature
profile of the inlet HTF was smoothed, and the processed temperature
profile is shown in Fig. 5 (c¢). Fig. 5 (d) reveals the evolution of all
temperatures monitored by thermocouples over time during the
charging process.

Thermocouples #5-7, mounted on the front of the TES unit,
exhibited the same temperature trend. They all increased slowly initially
because the temperature difference between PCM and oil was small
during the preheating process. After that, when the oil at 255 °C entered
the TES unit, the temperature of thermocouples #5-7 increased quickly
due to the heat conduction of solid PCM. Then their temperatures rose
slowly again, indicating that the PCM near the thermocouples under-
went a phase transition (Fig. 6 (a)). Subsequently, the temperature of
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these thermocouples increased rapidly to a temperature close to the HTF
entering the TES unit, indicating that the PCM around the thermocou-
ples had completely melted. It is important to note that, among them,
thermocouple #7 had the highest temperature, followed by #6 and #5,
which further proved that the heat exchanger tube with spiral fins had
the best heat transfer performance since thermocouple #7 was inserted
between the tubes with spiral fins. Similarly, thermocouple #6 was
inserted between the tubes with H-shaped fins and therefore had a
higher temperature than thermocouple #5 inserted between the tubes
with the longitudinal fins.

Furthermore, thermocouples #12, #13, and #15 had the same
temperature trend as #5-7, while their temperatures rose faster, which
was caused by the difference in their mounting heights, as plotted in
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horizontal (#15-#13 and #16-#14) directions over time for the charging process.

Fig. 6 (a). The HTF entered from the top of the TES unit, exposing the
PCM in the upper of the TES unit to the high-temperature HTF. The
temperature of the HTF would drop significantly as the heat of HTF was
transferred to the PCM, allowing the PCM in the upper to melt faster and
increase in temperature more quickly. Similarly, thermocouples #14
and #16, located further down, increased rapidly in temperature only
after about 5.5 h of charging, which was about 4 h later than about 1.5 h
of thermocouples #12, #13 and #15. This indicated a large temperature
difference between the upper and lower parts of the TES unit during the
charging process. The PCM in the upper part melted before the PCM in
the lower part, which may cause significant thermal stress in the TES
unit. After approximately 5.5 h of charging, the temperature of ther-
mocouples #14 and #16 gradually approached the outlet temperature
of the TES unit, illustrating the end of the charging process.

To further illustrate the internal temperature distribution of the TES
unit, the temperature difference in the vertical (#13-#14 and #15-#16)
and horizontal (#15-#13 and #16-#14) directions was calculated
(Fig. 6 (b)). The temperature difference of TES units in the horizontal
direction was much smaller than that in the vertical direction, caused by
the temperature difference of HTF.

For the vertical direction of the TES unit, the temperature difference
of thermocouples #13-#14 and #15-#16 was small during the pre-
heating process, with a temperature difference of about 25-35 °C. After
that, the temperature difference increased rapidly, reaching maximum
values of 88.22 and 67.86 °C at 3.95 and 3.92 h, respectively. As the
charging proceeded, their values gradually decreased to approximately
20 °C. The reason for such a phenomenon was that the heat of the oil was
used to increase the sensible heat of the solid PCM by heat conduction
during the preheating process. The small inlet and outlet temperature
difference of heat transfer oil led to a small temperature difference of
PCM in the vertical direction during the preheating process. When the
PCM in the upper part of the TES unit near the heat exchanger tube was
completely melted, its temperature rapidly increased to a temperature
close to the HTF, which led to a rapid increase in the temperature of #13
and #15 at higher positions. In comparison, the PCM in the lower part of
the TES unit near the thermocouple was still melting because the HTF
flowing through it was cooler, resulting in a lower PCM temperature. As
a result, the temperature difference in the vertical direction of the TES
unit gradually increased. As the liquid PCM increased, the natural
convection of the liquid PCM gradually increased, which led to an in-
crease in the melting rate and temperature of the lower PCM in the TES
unit. Consequently, PCM’s temperature rose rapidly to a temperature
close to the HTF, and the temperature difference of #13-#14 and #15-
#16 decreased rapidly. However, the temperature of the HTF at the
lower location was still lower than that of the higher location, so there
was still a temperature difference between the thermocouples.

For the temperature distribution of the TES unit in the horizontal
direction, the temperature difference of #15-#13 reached the maximum
value (12.748 °C at 1.49 h) earlier than that of #16-#14 (17.567 °C at

5.12 h), caused by the difference in the time of complete melting of the
PCM near the heat exchanger tube at different heights. The higher
positioned thermocouples #15 and #13 contacted a higher temperature
HTF,; thus, the PCM melted more quickly under heat conduction.

3.3. Thermal insulation performance

Fig. 7 plots the temperature curves of 16 thermocouples over time for
the thermal insulation process. The temperature of the inlet (thermo-
couples #1, #2, #3, and #4) and outlet (thermocouples #8, #9, #10,
and #11) first decreased rapidly, caused by the heat dissipation of HTF.
Subsequently, they began to rise over time, probably due to the heating
of the PCM with higher temperature. For the higher positioned ther-
mocouples, whose temperatures decreased slightly, e.g., #6 and #15
dropped from 295.17 to 294.97 °C before to 261.49 and 261.17 °C after
the insulation process. However, a significant temperature drop for the
lower positioned thermocouples was observed during the thermal
insulation process. The temperature of thermocouples #14 and #16
dropped from 293.81 to 293.72 °C to 210.54 and 213.52 °C. At the same
time, the PCM near the lower positioned thermocouples solidified,
which can be confirmed by the relatively flat temperature change during
15-20 h. The reason for this phenomenon could be that the temperature
of the lower part of the TES unit was lower after charging, causing the
PCM in the lower part to solidify first.
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Fig. 7. Evolution of the temperature over time for the thermal insu-
lation process.
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3.4. Energy storage performance

Energy analysis, including power and accumulative energy, is
essential to evaluate the performance of the LHS system and the heat
transfer performance of various fins. By neglecting the heat loss of the
LHS system, the instantaneous power of varying heat exchange tubes
could be calculated by considering the temperature difference of the
HTF, as the following equation (1) shows:

P =mcpprr(Tin — Tour) 1)
where m and ¢, yy7r are the mass flow rate and specific heat of HTF, and
Tout and Tj, are the temperatures of the HTF outflow and inflow of the
heat exchange tubes. The accumulative energy of each heat exchange
tube could be determined by multiplying power and time, as given in

equation (2):

!
E= / P-dt
0

The evolution of accumulative energy and charging power of tubes
with different fins with time during the charging process are plotted in
Fig. 8 (a, b) and summarized in Table 4. The accumulative energy of the
tubes with various fins was almost the same during the preheating
process. Still, after increasing the temperature of the HTF to 255 °C,
there are significant differences between these tubes. This is because the
temperature difference between PCM and HTF was small during the
preheating process, resulting in the low charging power of various tubes.
As the HTF temperature raised, the charging power of these tubes
increased rapidly. Different heat transfer performances led to accumu-
lation energy variation, which could be further demonstrated by Fig. 8
(b). After 6.5 h of charging, the accumulative energy of the tubes with
longitudinal, H-shaped and spiral fins was 500.67 + 13.15, 541.57 +
12.05, and 567.35 + 11.03 MJ, respectively, which were 1.16, 1.25 and
1.31 times that of the smooth tube.

Based on the difference between the inlet and outlet temperatures of
the HTF, the instantaneous power of tubes with different fins could be
determined, as shown in Fig. 8 (b). During the preheating process, sig-
nificant power fluctuations were observed in the tubes with various fins,

(2)
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Table 4
Accumulative energy, mean power, and time of power greater than 20 kW of
heat exchanger tubes with longitudinal, H-shaped, spiral, and without fins.

Heat exchanger Accumulative Mean power  Time of power greater
tube energy (MJ) (kW) than 20 kW (h)
Longitudinal 500.67 + 11.03 21.39 + 4.00

1.70
H-shaped 541.57 £12.05 23.14 + 4.22

1.85
Spiral 567.35 £ 13.15 24.24 + 4.38

2.02
Smooth 432.56 + 9.69 18.48 + 2.86

1.49

which may be caused by the variation of the inlet temperature and the
uneven temperature of HTF remaining in the TES unit. Subsequently, as
long as the temperature of the HTF entering the TES unit was raised, the
power of the tubes increased to varying degrees, depending on the
amplitude of the raised temperature. As the heat of HTF was transferred
to the PCM, the temperature difference between HTF and PCM gradually
decreased, resulting in a decrease in instantaneous power. The mean
power of tubes with longitudinal, H-shaped, and spiral fins was 21.39 £+
1.70, 23.14 + 1.85, and 24.24 + 2.02 kW, respectively, 1.16, 1.25 and
1.31 times that of the smooth tube. Besides, large instantaneous power
fluctuations are not expected in the practical application of the LHS
system, affecting the stable input and output of thermal energy. There-
fore, a step-wise temperature raise approach was adopted to stabilize the
power input during charging. It is evident from Fig. 8 (b) that the
approach could effectively stabilize the power input during the charging
process. The charging power of the tubes could be stabilized between 20
and 35 kW, except for the early and late charging periods. The time of
instantaneous power greater than 20 kW for the tubes with longitudinal,
H-shaped, and spiral fins was 4.00, 4.22, and 4.38 h, respectively, which
were 1.40, 1.48, and 1.53 times that of the smooth tube, as revealed in
Fig. 8 (d).

Furthermore, Fig. 8 (c) shows the evolution of the power ratio for the
tube with longitudinal, H-shaped and spiral fins with the smooth tube
over time. The instantaneous power of the tube with three different fins

00 (2) (b)
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—— Spiral ——— Spiral, mean power: 24.24 kW
_~ Smooth Smooth, mean power: 18.48 kW
0 T T T T T T T T T T T T
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time (h) a0 Time (h)
1.8 (c) Longitudinal ’ (d) B L ongitudinal B H-shaped
——— H-shaped 1.81 B4 spiral R Smooth
164 —— Spiral 1.6 4 Lag L33
1.4
1.4
]‘251.31 I25].31
w129 L6 116
@ 1
£ 1.0
&
0.8
0.6
0.4
0.2
T T T T T T 0.0 -

0 1 2 3 4 5 6
Time (h)

Time of power
greater than 20 kW

Mean power Accumulative energy

Fig. 8. Evolution of (a) accumulative energy and (b) instantaneous power of heat exchange tubes installed with various fins over time for charging process, (c)
evolution of the ratio of the power for the tube installed longitudinal, H-shaped and spiral fins with the smooth tube over time, (d) the ratio of mean power,
accumulative energy and time of power greater than 20 kW for the tube installed longitudinal, H-shaped and annual fins with the smooth tube.
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was greater than that of the smooth tube for most of the charging pro-
cess, providing further evidence that the best heat transfer performance
was achieved by the tube with the spiral fins, followed by the H-shaped
and longitudinal fins.

In addition, the charging efficiency of the LHS system during the
charging process was calculated by equation (3):

— Osensivte + Quatens _ MpcmCppcm (Tafrer - Tbefore) + mpey AH,,

E z 3)

where Qsensible, Qlatent; Tafter, and Thefore are the sensible, latent heat
stored in the TES unit during charging and the temperature of the TES
unit after and before charging, respectively. mpcwm, ¢p,pcum, and AHy, are
the mass of PCM loaded in the TES unit, the specific heat capacity and
the melting enthalpy of PCM, respectively. The charging efficiency of
the LHS system obtained according to equation (3) is 66.48 + 0.49%
because part of the heat from the HTF was lost or used to heat the other
parts of the TES unit.

4. Conclusions

In this article, a pilot-scale LHS system loaded with 5674.7 kg PCM,
having four groups of tubes embedded with various fins (longitudinal,
H-shaped, spiral, and without fins), was designed and built. The LHS
system can collect medium-temperature thermal energy and has a
relatively stable power input. Thermophysical properties of the
employed PCM were obtained by experimental characterization. The
charging process of the LHS system was conducted to study the tem-
perature change, thermal insulation performance, and energy storage
performance. The primary conclusions of this article are as follows:

(1) The melting, solidification temperature, latent heat, and thermal
conductivity of employed PCM were 210.75, 252.4 °C, 128.5,
125.00 kJ/kg, and 0.503 W/(m-K). PCM’s average specific heat
capacity in the operating temperature interval was 1.238 kJ/
(kg-K).

The smooth tube had the highest outlet temperature during the
charging process, followed by the tubes with longitudinal, H-
shaped, and spiral fins, indicating that the spiral fins had the best
heat transfer performance, while the smooth was the worst. The
temperature difference in the vertical direction (the maximum
between #13 and #14 was 88.22 °C) of the TES unit was more
significant than that in the horizontal direction (the maximum
between #15 and #13 was 12.75 °C).

The temperature of the higher positioned thermocouples # 6 and
#15 dropped from 295.17 and 294.97 °C to 261.49 and 261.17 °C
after storage for 26 h, while that of the lower positioned ther-
mocouples # 14 and #16 dropped from 293.81 and 293.71 °C to
210.54 and 213.52 °C, indicating the PCM near the lower posi-
tioned thermocouples solidified.

After charging for 6.5 h, the accumulative energy of the tubes
with longitudinal, H-shaped, spiral, and without fins was 500.67,
541.57, 567.35, and 432.56 MJ, respectively. The mean power
and the time of instantaneous input power greater than 20 kW of
the tubes with longitudinal, H-shaped, spiral, and without fins
were 21.39, 23.14, 24.24, 18.48 kW, 4.00, 4.22, 4.38, and 2.86 h,
respectively.
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