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In tunnel heating systems, phase change materials may minimize the consumption of conventional electric energy, which is very
considerate in the field of tunnel heating in cold regions. Because of the phase change material’s poor heat conductivity, its annual
growth rate heat absorption and release is slower; thus, the majority of phase change heat storage systems must improve heat
transmission. In this study, a spiral metal ring is implanted in the paraffin to improve heat transmission to achieve this
objective using a concentric sleeve-type paraffin heat storage device as a medium. Experiments were performed out in order to
determine the effects of heating rate, hot fluid flow rate, and the use of a spiral metal ring on the heat storage and release
process of a thermal storage device. In comparison to the paraffin thermal storage device, the embedding of the spiral metal
ring accelerates the internal thermal performance of the composite heat storage device, resulting in a more uniform
temperature distribution. When the thermal radiation heating rate is 60°C, 65°C, or 70°C during the heat storage process, the
heat storage time of the composite heating storage device is reduced by 59.2 percent, 44.4 percent, and 40.7 percent,
respectively. When the ambient temperature is 26°C and the heat storage device’s starting temperature is 65°C, the exothermic
time is reduced by 22.6 percent.

1. Introduction

In China, 84% of the tunnels in cold regions suffer from the
problem of freezing damage, but most of taken antifreezing
measures are passive measures, and they have problems of
poor operation effect and high energy consumption. With
phase shift heat storage technology, solar energy can be used
for tunnel heating systems, which can effectively reduce
heating energy consumption [1]. owing to the benefits of
an excessive heating storage concentration and a tempera-
ture that remains constant [2–5], phase change materials
have become a research hotspot, making it have broad appli-
cation prospects [6–10] in the fields of “peak shifting and
valley filling” [11–13], waste heat recovery [14–16], indus-
trial and civil building heating [17–20], and solar heating
system [21–25]. Besides, the main disadvantage the poor

heat capacity of the phase change heating storage system
conductivity leads to a low rate of heat absorption and
release, so it is essential to strengthening heat transfer in
most heat storage systems. The current research about the
primary goal of phase change heating storage systems would
be accelerate the phase change heat transfer process.

Many scholars add fins [26–30] on the surface of the
heat exchange tube to expand the trading space, and its
impact of strengthening heat transfer is obvious. Ma [31]
studied the impact of the number of fins on the phase
change device’s heat transfer performance using numerical
simulation. It was discovered that when natural convection
is disregarded, expanding the amount of fins on a phase
change energy storage device will enhance its heat storage
efficiency, but after a certain point, the rise in heating storage
efficiency will cease and gradually decreases, indicating that
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there is a limit to the amount of improvement that can be
made.

Yuichi et al. [32], Zhu et al. [33], and Lei et al. [34] embed-
ded nonmetallic materials with a high heat conductivity as the
enhanced heat transfer medium, such as carbon fibers, silicon
powder, and expanded graphite, in phase change materials by
use of tests. The findings demonstrate that after embedding
with the reinforcing medium, the composite phase change
material’s overall heat conductivity was significantly increased,
the internal temperature distribution of the heat storage device
became more uniform, and the time between heat storage and
release was significantly decreased.

Compared with the powder nonmetallic material, more
researchers choose to embed metal materials using phase
change materials. In metal foam integrated by Siahpush et
al. [35–38], the phase-changing materials effectively
increases the heat conduction of the composite stage change
materials to reduce the time needed for thermal storage and
release. Among them, in the experiment by Liu et al. [38],
adding copper foam reduced the heat storage time by
47.5%, which is due to the fact that, in addition to having
a high heat transfer performance, metal foam also has a very
large surface area per unit volume. The voids can also absorb
more phase change materials. It increases the thermal area
between the metal foam and the phase change substance
and helps to boost heat transfer.

The ideal metal-enhanced heat transfer medium should
have the advantages of being relatively cheap, small in size,
easy to operate, and better in enhancing the heat transfer
effect [39–42]. In this paper, a concentric casing type paraf-
fin phase change heat storage test bench is designed, and a
spiral metal ring is made of ordinary thin iron wire and
embedded in the paraffin. In order to verify that the flow rate
of the heat transfer fluid has little effect on the heat storage
process to a certain extent, the low thermal conductivity of
the phase change material is the key to limiting the heat stor-
age rate. Considering that the heat source temperature has a
great influence on the heat storage process, the experiment
will also analyze the heat storage process under different
heat source temperatures. The internal temperature rises
features of the heat conduction and memory stick enhance-
ment; the spiral metal ring’s influence on the paraffin phase
transition was mainly analyzed experimentally [43–46].

2. Materials

2.1. Paraffin. The heat storage material in this experiment is
paraffin; before the experiment, the paraffin was analyzed by
DSC 214 Polyma differential scanning calorimetry. Figure 1
shows the DSC a paraffin wax curves, it is clear that paraffin
wax melting is a continuous heating process, and a phase
transition endothermic peak appears when the temperature
is 59.6°C. The intersection between the tangent line of the
curve from stationary to the beginning of decreasing and
the tangent line of the curve with the highest slope was taken
as the initial temperature of paraffin transformation 53.6°C,
and the temperature at the point where the curve became
stationary again was the end temperature of phase transfor-
mation 62.6°C. The ratio of the area enclosed between the

curve and the two tangent lines to the rate of temperature
change is defined as the latent heat of the paraffin phase
transition of 138.4 J/g. Thermodynamic characteristics of
paraffin are indicated in Table 1.

2.2. Spiral Metal Ring. Making the paraffin-embedded
improved heat transfer medium have the advantages of sim-
ple operation, low cost, small volume, and high heat conduc-
tivity, ordinary metal iron wire with a diameter of 1mm is
selected as the raw material and wrapped on the outside of
a circular tube with a diameter of 20mm, making it into a
spiral metal ring; the length of a single spiral metal ring is
900mm, and the weight is 0.14 kg. Three spiral metal rings
are arranged in the heat storage device at equal intervals
and similar to the heat exchange tube’s axial direction,
followed by the paraffin being melted and poured into the
heat storage device to immerse the spiral metal rings; after
solidification, the metal ring-paraffin composite, a device
for storing heat, is made. Within the composite heat storage
system, the filling amount of paraffin is 5 kg, and the spiral
metal ring is 0.42 kg. The helical metal ring embedded in
paraffin is shown in Figure 2.

3. Methodology

3.1. Test Devices. Figure 3 depicts the experimental appara-
tus for storing heat from paraffin phase change. The three
components of this system are a phase change heat storage
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Table 1: The thermophysical properties of paraffin wax.
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device, a water heating circulation system, and a temperature
acquisition system.

The phase-transition thermal reservoir’s outside casing
is made of a cylindrical piece of Plexiglas with a height of
900mm and an inner diameter of 90mm. Its outer side is
covered with a heat insulation material. The heat exchange
tube is a spherical, and the stainless steel tube that is
900mm long, 22mm inside diameter, and 26mm outside
diameter. It runs top to bottom via the center of the heat
storing device. Paraffin is put in the area between the inner
wall of the heat storage device and the outer wall of the heat
exchanger. A schematic of the phase change heat storage
device is shown in Figure 4.

The water heating circulation system consists of an elec-
tric wall-hung boiler, circulating pump, and water flow

pipes. The electric wall-hung boiler is used to provide the
heat source for the experimental system, and the circulating
pump is used to provide power for the fluid circulation.

The temperature acquisition system consists of miniature
high-precision thermocouples and an Agilent data acquisition
instrument. As shown in Figure 5, three columns of tempera-
ture measuring points L1, L2, and L3 are positioned in the heat
storage apparatus, and their distances from the inner wall of
the heat storage device are 28mm, 14mm, and 0mm, respec-
tively; moreover, each column of temperature measuring
points is equipped with 10 thermocouples at an equal distance
of 100mm to dynamically analyze the variation of tempera-
ture in paraffin phase transition process. After the thermocou-
ple is calibrated, the measurement accuracy can reach 0.1°C,
and the temperature data is automatically recorded every 5

(a) Metal spiral ring that is not immersed in paraffin (b) Metal spiral encased in paraffin

Figure 2: Spiral metal ring.
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minutes by the Agilent data acquisition instrument and stored
on the computer.

3.2. Research Content. In the process of heat storage, the
electric wall-hung boiler is firstly turned on to make the heat
fluid be heated to the set temperature. The hot fluid with a
higher temperature passes through the heat storage device’s
heat exchange tube to warm the phase change substance par-
affin. When almost no temperature difference exists between

the heat exchanger’s input and exit, the heat source is shut
off since it is believed to be the culmination of the heat storage.
Once the heat storage process is over, the heat release process
begins, during which the valve is switched to connect the cir-
culating water to the end of the capillary tube, and the heat
from the thermal storage device is released into the air via
the capillary tube’s end. When the temperature inside the heat
storage device equals the temperature of the flowing water, the
heat release ceases and the water circulation pump is switched

Heat source

Circulating pump

Flowmet

Computer

Heat storage device

Data-acquisition instrument

(a) Schematic diagram of test system

(b) Schematic of the test system

Figure 3: Test system layout.
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off. To avoid errors, one group of the heat storage process car-
ried out two times of experiments, as shown in Figure 6; in two
experiments, the rising curves and trends of the temperature
of almost overlap, which proves that the experiment is reliable
and repeatable. (L1 is the average temperature of the ten mea-
suring points in the first column, and L1 − 1 is the temperature
of the first measuring point in the first column, the same
meaning for L2 and L3.)

The following contents are studied in this paper: (1) the
temperature change characteristics of the paraffin wax dur-
ing its phase change; (2) the influence of different heat
exchange fluid flow amount, different heat source tempera-
tures, and different filling materials on how the heat storage
gadget stores heat; and (3) the impact of various filler mate-
rials on the heat storage device’s ability to release heat.

4. Findings and Evaluation

4.1. Process for Storing Heat

4.1.1. Influence of Flow Amount of Heat Fluid on Paraffin
Heat Storage Process. Figure 7 depicts the change in temper-
ature inside the paraffin heat storing device the heat storage
process with the heat source temperature set at 65°C and the

Heat fow pipe

Phase change
material

HeaHHH
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mat

Figure 4: A phase change heat storage device shown schematically.
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Figure 5: Schematic diagram of thermocouple arrangement.
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heat fluid flow rates of 0.083 kg/s, 0.117 kg/s, and 0.150 kg/s,
respectively. Convective heat transfer works by forcing fluid
to flow convectively within a tube, and while other variables
are the same, this causes the flow rate (quantity) to rise in
addition to the convective heat transfer coefficient of the
inner wall of the tube, which strengthens convective heat
transmission. Additionally, it is observed that when the
flow rate of heat fluid in the paraffin heat storage device
is 0.083 kg/s, 0.117 kg/s, and 0.150 kg/s, the change curves
of paraffin temperature almost overlap during the heat stor-
age process while the rate of heat storage does not increase
as the flow amount increases. This is because the heat con-
ductivity of the heat exchange tube in the test is 17W/

(mK), but the heat conductivity of liquid paraffin is only
0.15W/(mK). (The temperatures in the 1st, 2nd, and 3rd
columns, respectively, are the average temperatures 10 mea-
surement sites.)

4.1.2. Influence of Spiral Metal Ring on Paraffin Heat Storage
Process. Figure 8 demonstrates the fluctuation in internal
temperature embedded in the paraffin thermal storage
device and the composite thermal storage device spiral metal
ring at flow rates of 0.117 kg/s and heat source temperatures
of 60°C, 65°C, and 70°C, respectively. Both paraffin heat stor-
age devices and composite heat storage devices go through
two phases in the process of storing heat: the sensible heat
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absorption stage of the phase change substance and the
latent heat absorption stage. Figure 8(c) demonstrates that,
after the commencement of heat storage, paraffin wax temp
rapidly rises to its melting temperature, which is the stage of
absorbing sensible heat; in the range of about 53°C-63°C, the
paraffin absorbs the latent heat of phase transition, and the
temperature rises slowly, which is consistent with the DSC
curve. It is evident from Figure 8(a) that for both a paraffin
heat storage device and a composite heat storage device
embedded with a spiral metal ring, the temperature of L1
is always greater than that of L3, and the large temperature
difference between L1 and L3 indicates that the internal tem-
perature of the heat storage device exists a large inhomoge-
neity in the horizontal direction. It is also obvious from
Figures 8(b) and 8(c) that this inhomogeneity is lessening
as the heat source’s temperature rises.

Figure 9 indicates that when L1 and L3 temperatures
inside various heat storage devices are compared at various
heat source temperatures. At the same thermal source tem-
perature, the temperature differential in the horizontal direc-
tion of the composite thermal storage device is less than that
of the paraffin heat storage device. When the heat source is
60, 65, or 70 degrees Celsius, the temperature difference
between L1 and L3 is utilized to measure the temperature
inhomogeneity in the horizontal direction of the heat storage
device.

Regarding the paraffin heat storage unit, significant heat
transmission occurs between the liquid and solid paraffin.
Through thermal conduction, because of the sluggish heat
transfer rate and poor heat conductivity, the paraffin shows
the horizontal temperature difference being quite great,
and the distribution is no uniform. After embedding a metal
ring in a spiral, the heat in the horizontal direction can be
transferred to the nearby solid paraffin through the spiral
metal ring, which effectively supplements the paraffin wax’s
poor thermal conductivity and minimizes temperature dif-
ferences. Figure 10 shows the melting diagram of paraffin
wax near the spiral metal ring; it is evident that the paraffin
wax is close to the spiral metal ring and melts faster than
other parts, indicating that the spiral metal ring shortens
the melting time of the paraffin wax and enhances heat
transfer.

4.1.3. Time Optimization in Heat Storage Process. Figure 11
demonstrates how the average temperature of the thermal
storage apparatus changes when different thermal source
temperatures and filling materials are used. It is evident that
even when the heat source temperature is the same, the
internal temperatures of the paraffin thermal storage device
and the composite thermal storage device are very different,
and the composite heat storage device needs to store heat for
a longer period of time. When the heat source temperature is
60°C, 65°C, or 70°C, the composite heat storage device com-
pletes the heat storage in about 320min, 240min, and
220min, respectively, less time than the paraffin heat storage
device. This is primarily because the spiral metal ring signif-
icantly increases the equivalent heat conductance of the
material composites, which increases the heat storage effi-
ciency of the thermal storage device.

The pace for optimization η of the thermal storage
device’s heat storage duration is given as follows:

η =
tp − tc
tp

× 100%, ð1Þ

where tp is the duration of a paraffin thermal storage device’s
thermal storage (min) and tc is the duration of a composite
thermal storage device’s thermal storage (min).

Figure 12 demonstrates the optimization rate of the par-
affin thermal storage device’s thermal storage capacity in
comparison to that of the composite heat storage device at
various heat source temperatures. As can be seen, incorpo-
rating the spiral metal ring may considerably reduce the
period that accelerate the rate at which heat is transported
by storing and releasing heat. Low heat conductivity of par-
affin wax is compensated for by the natural convection of the
melted paraffin due to the density difference; when the heat
source’s temperature increases, the composite thermal stor-
age device’s thermal storage time optimization rate reduces.
The higher the heat source temperature, the stronger the
natural convection, and the smaller the difference in heat
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storage time between the paraffin heat storage device, and
the relative optimization rate η of heat storage duration is
59.2 percent, 44.4 percent, and 40.7 percent, respectively, at
60°C, 65°C, and 70°C. The optimization impact is stronger
when utilizing a low-temperature heat source.

4.1.4. Rate of Heat Transmission during Thermal Storage. If
heat loss brought on by the thermal insulation of the thermal
storage device is neglected throughout the process of storing
heat, the heat transfer rate of the heat exchange fluid may be
stated as

q = cHTFMΔTHTF, ð2Þ

where, cHTF is the heat transfer fluids’ particular heat capac-
ities (J/(kg·°C)), M is the temperature-transfer fluidvolu-
metric flow rate (kg/s), and ΔTHTF is the difference in
temp between thermal exchange fluid’s entrance and exit
(°C).
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Figure 13 depicts the thermal transfer rates of composite
and paraffin thermal storage devices during the thermal
storage process when the heat flux temperature is 70 degrees
Celsius. As can be observed, the composite heat storage
device’s heat transmission rate is much higher than that of
the paraffin heat storage device in the first 200 minutes.
The temperature of the heat exchange fluid was high at the
start of the heat storage phase and has a higher heat transfer
rate than the phase change heat storage material and differs
significantly from it. For the paraffin heat storage device, a
paraffin liquid film is formed on the outer wall after the par-
affin near the outside of the heat flow pipe melts quickly.
Because the heat conductivity of liquid paraffin is less than
that of solid paraffin, the initial thermal efficiency decreases
fast, and the change curve of rate of heat transfer shows a
gradual decline after 40 minutes. The heat transfer rate curve
for the composite heat storage device is comparable to that
of the paraffin device; however, with the addition of the spi-
ral metal ring, the equivalent heat conductivity of the phase
change material is significantly enhanced, and its heat trans-
fer rate is considerably greater than that of the paraffin ther-
mal storage device. While a consequence of the phase change
material’s slow melting, the thermal storage device’s temper-
ature is increasing as the rate of heat transfer is gradually
reducing. After 400 minutes, the heat transfer rate curves
of the two devices almost coincide.

Figure 14 depicts when the heating source temperature is
temperatures of 60°C, 65°C, and 70°C, the composite heat
storage device’s heat transfer rate. It is clear that during the
first 0–40min of the heat storage process, the rate of thermal
transfer is high and falls off quickly. This is because at this
point, the solid paraffin absorbs heat to melt, and the heat
conductivity of the melted paraffin falls, which restricts the
transfer of heat and causes the curve to gradually fall until
the paraffin is completely melted. The heat transfer rate is
likely to be zero, and the average temp of the thermal storage
material tends to match that of the heat exchange fluid in the
ultimate stage of heat storage. The decreasing trend of the

heat transfer rate curves is essentially the same for various
heat source temperatures, as can be observed. The ultimate
thermal transfer rate curves almost overlap as the thermal
source temperature rises, increasing its heat transfer rate.

4.2. Heat Release Process. This research exclusively examines
the heat release process under the following experimental
conditions: ambient temp with 26°C, starting temperature
of thermal storage device of 65°C, and heat exchange fluid
flow rate of 0.067 kg/s. Figure 15 demonstrates the tempera-
ture change curves for the composite and paraffin heat
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storage devices throughout the heat release procedure. The
end system of the indoor heat dissipation capillary is linked
to the heat flow pipe during the heat release process, as illus-
trated in Figure 16. When heat is first released, the water
flow in the capillary tube is at room temperature. It then
enters the thermal storage device and exchanges heat with
the thermal storage-phase altered material. The heat is then
released into the air via natural convection between the cap-
illary tube’s outer wall and the air. Because the first column
of measuring points L1 is too close to the heat flow pipe and
the temperature changes too fast, there is no obvious phase
transition temperature point in the L1 temperature change
curve. According to the temperature changes of L2 and L3,
it is clear that the temp change curves of composite and par-
affin heat storage devices slow down around 20 minutes after
the thermal release process begins. During this time, the
phase change material releases sensible heat, goes through
a phase transition, and starts to emit heat generated. Com-
paring the composite heat storage device to the paraffin heat
storage device, when the phase change material’s tempera-
ture drops to the phase change point, the temperature drop
rate of the latter is significantly faster and the heat release
process is completed first, showing that after the paraffin
solidifies, the spiral metal ring’s enhanced heat conduction-
based sensible heat release process can strengthen the heat
transfer driving mechanism. The composite heat storage
device has a 22.6 percent shorter heat storage period than
the paraffin heat storage device.

5. Discussion and Conclusions

Currently, to increase the heating storage device’s rate of
heat transfer without using external power, three types of
mainstream measures to enhance heat transfer are proposed
and applied: adding fins on the surface of the heating
exchange tube, embedding the phase-change material in a
thermal transfer medium having a high heat capacity, and
modifying the packaging method for the phase change mate-
rial [47]; among them, embedding a medium for heat trans-
mission having a high heat capacity is widely used due to the
simple operation.

5.1. Selection of Heat Transfer Medium. The technology of
embedding enhanced heat transfer media with high thermal
conductivity to phase change materials is widely accepted by
researchers in the world, such as nonmetallic materials of
carbon fiber, silicon powder, and expanded graphite, or
foamed metal aluminum and foamed metal copper. How-
ever, plus the high cost of carbon fiber, silicon powder, and
expanded graphite, they are difficult to be mixed uniformly
with phase change materials, and they are even difficult to
be separated after being mixed. The metal foam will reduce
the volume of thermal storage materials considering its large
volume. These problems can result in the high cost of ther-
mal storage systems or reduce thermal storage. In this paper,
an ordinary metal iron wire is used to make a spiral metal
ring, which has the benefits of compact size, cheap cost,
and straightforward operations including making, embed-
ding to, or separating from phase change materials.

5.2. Strengthening Effect of Heat Transfer Medium. The ther-
mal conductivity of the composite phase change material
may be increased by including a metal medium with high
thermal conductivity into the phase change material with
low thermal conductivity and further improve the heat
transmission procedure throughout the heat storage and
release phase. Heat is mostly transported from the liquid
paraffin to the solid paraffin in the paraffin heat storage unit
through heat conduction. The sluggish rate of internal heat
transmission in paraffin is caused by its poor thermal con-
ductivity. The limited thermal conductivity of paraffin is
successfully remedied in this study by embedding a standard
spiral metal ring in it, which allows heat to be transmitted to
the solid paraffin around it. The heat storage unit’s heat stor-
age unit melts faster due to the spiral metal ring’s ability to
cause the surrounding paraffin to melt sooner and enhanc-
ing heat transfer. It has been verified by experiments that
this normal spiral metal ring shows a better heat transfer
enhancement effect and has good practical application value.

In the experiment, the ratio of the weight of spiral metal
ring to paraffin wax will affect the heat storage and release
optimization rate of the heat storage unit. The greater the
weight of the spiral metal ring, the faster the paraffin melting
rate, but at the same time, the heat storage capacity of the unit
is also reduced, so there will be a proportion with the highest
heat storage and release optimization rate. But that was not
studied, given the time constraints of the experiment.

5.3. Using Phase Change Heat Storage in Tunnel
Applications. During frigid climates, frost-damaged tunnels
[1] will face problems of tunnel icing, water accumulation,
and cracking, which seriously threatens operation safety. In
China, most of the antifreezing measures for tunnels are pas-
sive, and they have problems of poor operation effect and
high energy utilization. In order to satisfy the tunnel’s heat-
ing requirements, the phase change heat storage technology
may temporarily store daytime sun energy and release it at
nighttime. Cities in the north have heating systems [48, 49]
are essential for subway tunnels, which consume a lot of
energy. The operational energy consumption of the heating
system might be significantly decreased if solar phase change

Figure 16: Physical map of the end of the capillary.
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heating storage technology could be integrated with the
heating system used in subway tunnels. No matter whether
it is a driving tunnel in a mountain or a subway tunnel in
a city, the solar phase-change heat storage engineering can
theoretically be combined with the standard heating system
in areas that experience extreme cold. When the solar energy
is insufficient to suit the need for heating, other auxiliary
heat sources can fill in the gap to cut down on the amount
of heating energy needed [50–54]. The topic of tunnel heat-
ing offers several potential applications for solar phase
change heat storage technologies [55–57].

5.4. Conclusions. In this paper, based on the concentric cas-
ing type paraffin heat storage device, the spiral metal ring is
utilized as the medium for enhancing heat transmission, and
the impact of embedding the spiral metal ring on the fea-
tures of temperature increase and the rate of thermal storage
of the thermal storage device is thoroughly examined. The
inferences that may be made are as follows:

(1) When the heat source temperature is 60, 65, or 70
degrees Celsius during the thermal storage process,
the unevenness of the temp across the horizontal
plane of the heat storage device embedding with
the spiral metal ring is reduced by 20.6%, 36.5%,
and 35.6%, respectively

(2) The thermal storage duration of the thermal storage
device embedded with the spiral metal ring is
decreased by 59.2 percent, 44.4 percent, and 40.7
percent, respectively, at 60°C, 65°C, and 70°C heat
source temperatures. When a low-temperature heat
source is present, a spiral metal ring’s influence on
enhancing heat transmission during the thermal
storage process is larger

(3) Heat release time of composite heat storage device
embedded with the spiral metal ring is decreased
by 22.6 percent when the starting temp of the ther-
mal storage device is 65°C and the ambient temp is
26 degrees
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