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Abstract: Promoting the use of solar energy resources has always involved the challenges of instability
and supply—demand mismatch. The key to solving these issues is to efficiently store and utilize
solar energy resources using high-performance heat storage devices. This study designed a high-
performance shell-and-tube phase-change thermal storage device and established a numerical model
using ANSYS software to summarize the device’s dynamic melting law. To verify the accuracy of the
numerical simulation, a performance testing platform for the phase-change thermal storage device
was built to investigate the impact of various factors, such as the inlet water temperature, inlet water
flow rate, type of heat storage, and initial temperature of the device, and to reveal the change law of
the device’s performance. The results show that the inlet water temperature has the most significant
impact on the device’s heat storage and release performance. When the device’s heat storage or
release is used for heating, changing the inlet water flow rate has a weak and limited effect on the
device’s performance. However, when the device’s heat release is used to provide domestic hot water,
increasing the make-up water temperature and reducing the inlet water flow rate can significantly
improve the device’s effective heat release. Furthermore, based on the experimental validation of
the model’s correctness, this study further simulated and studied the impact of different factors on
the device’s heat storage process to optimize its structural design and provide technical references
for the device’s actual operation and installation. The results show that the placement of fins has a
negligible effect on the performance of the heat storage device while reducing the fin spacing and
increasing the fin thickness can significantly improve the melting efficiency of the phase-change
material (PCM). Additionally, the heat storage characteristics of the device are significantly better in
the vertical installation mode than in the horizontal installation mode. This study provides theoretical
guidance and technical references for the design and use of phase-change thermal storage devices.

Keywords: phase-change thermal energy storage device; solar energy; heat storage and release
performance; experimental study; numerical simulation

1. Introduction

Solar energy boasts rich reserves, wide distribution, and a high degree of environmen-
tal friendliness. In China, over two-thirds of the country’s regions receive annual radiation
exceeding 5020 MJ/m?, while numerous winter heating areas possess considerable solar
energy resources, providing an optimal basis for promoting the utilization of solar en-
ergy [1,2]. However, despite the potential for replacing conventional energy sources with
solar energy to reduce building heating energy consumption and carbon emissions, solar
energy utilization still encounters stability issues. Furthermore, the supply of solar energy
utilization systems can conflict with the construction loads of building environments. This
conflict is mainly due to the mismatch between the peak periods of solar energy supply
and the trough periods of building heat loads and vice versa. Therefore, the development
of high-performance and reliable heat storage equipment that can efficiently store and
allocate solar energy resources is a crucial solution to address this problem.
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The phase-change thermal energy storage (TES) device mainly consists of three parts:
the phase-change material, the heat exchange component, and the heat exchange fluid.
Therefore, the heat transfer characteristics of the phase-change material, the heat exchange
effect of the heat exchange component, and the flow characteristics of the heat exchange
fluid all affect the thermal performance of the TES device. Improving the thermal perfor-
mance of the TES device has great research significance and application value. In recent
years, many scholars have explored the enhancement of heat exchange and the improve-
ment of TES performance. Among them, changing the structural form, adding fins, and
adjusting the heat exchange fluid conditions are common methods used by scholars to
enhance heat exchange.

According to whether the heat exchange fluid is in direct contact with the phase-change
material, TES devices can be divided into direct contact and indirect contact types [3]. The
direct-contact-type TES device refers to the mixing of the phase-change material and the
heat exchange fluid in the device, and heat exchange is carried out through direct contact.
In the later stage of heat exchange, the two need to be separated. The application process of
this type of device is more complex, and some phase-change materials cannot be in direct
contact with the heat exchange fluid, so it is less common in practical applications. The
indirect-contact-type TES device encapsulates the phase-change material through the heat
exchange component, which is more convenient to operate than the direct contact type and
avoids the loss of phase-change materials. Therefore, it is widely used in engineering [4].
The phase-change materials are mainly encapsulated in rectangular containers, slender
coils, and cylindrical containers. According to their encapsulation form, the indirect-contact-
type TES device is mainly divided into three types of structures: flat plate; stacked; and
tube and shell.

The structure of a flat-plate phase-change TES system is relatively simple, and the
plate size is a crucial factor affecting its performance. Many researchers have explored this
issue. Campos-Celador et al. [5] conducted a comparative study between a pure water TES
system and a plate heat storage system using paraffin as a PCM. The results showed that
the volume of the phase-change heat storage system was half that of the pure water system
when storing the same amount of heat, and it had better heat storage and release capacity.
Prieto et al. [6] investigated the relationship between the thickness of the phase-change
plate and heat transfer efficiency, finding that reducing the thickness can enhance the heat
transfer effect, increasing the heat transfer rate up to five times.

Stacked TES systems are filled with encapsulated small-volume PCMs, and the heat
transfer fluid flows through the gaps in the PCM stack, providing a larger heat transfer
area than other methods. Reda studied the effects of different diameters on the heat
storage process of a stacked TES system with spherical encapsulation, finding that smaller
diameter phase-change spheres have a relatively high heat transfer efficiency. Shamsi et al.
simulated the heat storage process of a stacked bed TES system and found that increasing
the temperature or flow rate of the heat transfer fluid can improve the heat storage rate
and amount.

The shell-and-tube type TES system has a higher heat storage density per unit volume,
has a simpler encapsulation of the PCM, and is easier to combine with various forms of
heat exchangers, making it a preferred choice for over 70% of latent heat thermal energy
storage systems (LHTESs) [7]. Pipe-and-shell heat exchangers are common forms of heat
exchange components in phase-change thermal energy storage systems. Coil-shaped heat
exchangers can achieve longer heat exchange paths in small sizes, effectively increasing
the heat exchange time between the fluid and the phase-change material and improving
the heat exchange efficiency [8]. Cheng et al. [9] conducted numerical simulations on a
phase-change thermal energy storage system with an embedded spiral coil and analyzed
the effects of natural convection, the heat transfer fluid flow rate, and the initial parameters
of the system on the system’s heat release characteristics. The results showed that increasing
the inlet flow rate of the heat transfer fluid is beneficial for improving the heat release
efficiency, and natural convection has a significant impact on the heat release performance.
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Duan et al. [10] established an experimental platform for the thermal performance of a
phase-change thermal energy storage system and studied the effects of the flow rate of
the heat transfer fluid and the number of series-connected coil-shaped heat exchangers
on the heat release performance of the system. The results showed that reducing the flow
rate and increasing the number of series-connected coils can both extend the effective heat
release time.

Vyshak et al. [11] studied the total time required for PCM to melt in containers with
three different geometric configurations (rectangular, cylindrical, and cylindrical shell) with
the same volume and heat transfer surface area, finding that cylindrical shells require the
shortest time for equal energy storage under the same PCM mass and heat transfer surface
area, and this geometric effect becomes more pronounced as the PCM mass increases. Liang
et al. [12] simulated the effect of different pipe length-to-diameter ratios and PCM volume
ratios on the performance of a shell-and-tube type phase-change TES system, finding that
the effective energy storage ratio increases with an increase in the pipe length-to-diameter
ratio and that there is an optimal PCM volume ratio. Only when the PCM volume ratio
is greater than a certain value can an increase in the effective thermal conductivity of the
PCM effectively improve the effective energy storage ratio.

Increasing the heat transfer area between the heat transfer fluid and PCM is an effective
means of enhancing heat transfer efficiency, and attaching fins is a common way to increase
the heat transfer area. Numerous studies have shown that the thermal performance of
phase-change thermal storage devices can be significantly improved by adding fins. Tay
et al. [13] attached fins and pin fins to the heat transfer tube to enhance heat transfer
efficiency in the intensification device and compared the improvement effects of the two
through numerical simulation and experimental research. The results showed that the
heat storage effect of fins was better, and the heat storage time was shortened by 25%
compared with pin fins. Rathod et al. [14] conducted a comparative study on the heat
storage performance of the phase-change thermal storage device before and after the
addition of fins. The results showed that the heat storage efficiency was significantly
improved after adding three longitudinal fins. When the inlet temperatures of the heat
transfer fluid were 80 °C and 85 °C, the heat storage time was shortened by 12.5% and
24.52%, respectively. Mat et al. [15] studied the inner fins, outer fins, and inner and outer
fin enhancement technologies in the triplex-tube heat exchanger (TTHX) as well as the
influence of fin length on the enhancement technology. The results showed that the three
enhancement technologies did not have a significant difference on the PCM melting rate.
Compared with the three-tube heat exchanger without fins, the time for the complete
melting of inner and outer fins with a length of 42 mm was reduced by 43.3%.

The number, thickness, shape, and arrangement of fins have an impact on the perfor-
mance of phase-change TES systems. Al-Abidi et al. [16] numerically simulated the melting
heat transfer process of PCM with fins inside and outside of a triple-tube heat exchanger
(TTHX) and found that the melting time was influenced by the number of fins, the length
of fins, and the thickness of fins. The complete melting times for four, six, and eight fins
were 69.5%, 56.5%, and 43.4%, respectively, compared to no fins. The melting times for
fins with lengths of 10 mm, 20 mm, 30 mm, and 42 mm were 73.9%, 60.8%, 47.8%, and
43.4%, respectively, compared to no fins. The melting times for fins with thicknesses of
1 mm, 2 mm, 3 mm, and 4 mm were 43.4%, 39%, 39%, and 35%, respectively, compared
to no fins. Yuan et al. [17] simulated a cylindrical phase-change TES unit using paraffin
RT82 as the PCM and established different numerical models by changing the number and
width of fins and the radius of the cylindrical TES tube to compare their TES performance
and obtain optimal model parameters. Castell et al. [18] conducted experimental research
on a phase-change TES system with fins and pointed out that the melting rate increased
with decrease in fin spacing and increases in the temperature difference between the heat
transfer fluid and the PCM. Shatikian et al. studied the effect of different fin thicknesses on
the TES process of a phase-change TES system and found that increasing the fin thickness
accelerated the melting of the PCM but shortened the fin spacing and reduced the amount
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of PCM. A reasonable configuration of fin thickness and spacing can improve the heat
transfer performance of the TES system.

Prieto et al. [19] investigated the effect of different PCMs on the heat storage and
release performance of the same structure, and the results showed that paraffin with
higher enthalpy had stronger heat storage capacity and longer heat release duration, while
stearic acid with higher heat transfer coefficient had better heat transfer effect and could
better meet the load demand during peak hours. Bansal et al. [20] used organic acid as
the phase-change heat storage material and verified the applicability of the heat transfer
model combining solar collectors and phase-change heat storage under various operating
conditions using numerical simulation. The results showed that the system combining
PCMs and collectors was superior to the system separating PCMs and collectors. Rathod
et al. [21] used the analytic hierarchy process (AHP) method combined with the technique
for order preference by similarity to ideal solution (TOPSIS) and fuzzy TOPSIS methods to
select the optimal PCM for a solar hot water system. Xu et al. [22] used the AHP and TOPSIS
methods to select the optimal PCM for a solar air conditioning system and validated the
selected results through Ashby’s method.

Improving the structure of the device and changing the heat flux density can effectively
enhance the heat transfer performance of the device. Some scholars have changed the
parameters of the heat transfer fluid and the device during the heat storage and release
process to achieve optimal operating conditions. Hosseini et al. [23] conducted experimental
and simulation studies on a horizontally placed shell-and-tube latent heat storage device,
which showed that raising the temperature of the heat transfer fluid can shorten the melting
time of the device. When the inlet temperature was 80 °C, the melting time of the phase-
change material inside the device was reduced by 37%. Rathod et al. [24] conducted
experimental studies on a vertically placed shell-and-tube device during the heat storage
process and observed the melting differences of the device by changing the inlet flow rate
and heat transfer fluid temperature. The results showed that reducing the mass flow rate
or inlet temperature of the heat transfer fluid would increase the total melting time of
the phase-change material. During the phase-change process of the material, the inlet
temperature of the fluid had a more significant impact on the melting of the device than the
mass flow rate. Wang et al. [25] simulated the heat storage performance of a shell-and-tube
phase-change heat storage device and found that increasing the inlet flow velocity of the
heat transfer fluid would decrease the total energy storage efficiency of the device while
increasing the heat storage rate; raising the inlet temperature of the heat transfer fluid could
simultaneously improve the heat storage rate and energy efficiency ratio of the device.
Hou et al. [26] conducted experimental studies on a phase-change heat storage device with
annular phase-change units and found that increasing the flow rate of the heat transfer
fluid could enhance the heat storage and release rate of the device, but the flow rate should
not be too large; otherwise, the heat storage and release effect could not be guaranteed.

The design and enhancement of heat exchange in phase-change thermal storage
devices can be summarized as follows: (1) Compared to direct- and indirect-contact-type
phase-change thermal storage devices, the tube-and-shell structure has advantages, such
as versatility in combination with various heat exchangers, convenient packaging, and a
high heat storage density, making it more favored by researchers. (2) The performance of
phase-change thermal storage devices is affected by factors such as the number, thickness,
spacing, shape, and arrangement of fins. (3) The heat storage effect of phase-change thermal
storage devices is influenced by factors such as the inlet temperature and flow rate of the
heat exchange fluid and the flow direction.

There are still several issues in the current research on phase-change thermal storage
devices: (1) In terms of numerical simulation, the heat exchange tube is often simplified as
a partial tube section, and the heat storage and release process is simulated and analyzed.
However, the numerical model is significantly different from the actual structure. For
example, for longer coiled pipes, the temperature of the heat exchange fluid changes during
flow, resulting in discrepancies between the results obtained from analyzing partial pipe
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sections and the actual performance. (2) In terms of operating conditions, most studies
focus on the effects of heat exchange fluid temperature and flow rate on the heat storage
performance of the device and the effects of the heat exchange fluid flow rate and initial
device temperature on the heat release performance of the device. Research on the effects
of heat exchange fluid flow direction on the heat storage performance of the device and the
effects of heat exchange fluid temperature on the heat release performance of the device is
limited. (3) In terms of performance analysis, some studies only evaluate the performance
of the device based on the melting or solidification effect of the PCM, without considering
the heat storage capacity, instantaneous power, and effective heat release efficiency of the
device under different operating conditions.

The objectives of this study are as follows: (1) establish a physical model and a
mathematical model to use numerical simulation software to simulate the heat storage
process of the phase-change thermal storage device and to summarize the dynamic melting
law of the phase-change thermal storage device; (2) set up a test bench to test the thermal
performance of the phase-change thermal storage device, clarify the operation mode of
the system and the specific experimental scheme, and investigate the influence of different
factors on the thermal storage and release performance of the device; (3) based on the
experimental data, analyze the variations in the dynamic characteristics of the thermal
storage device with the inlet water temperature; inlet water flow rate; and thermal storage
method and the variations in the dynamic characteristics of the thermal release device with
the initial temperature; inlet water temperature; inlet water flow rate; and thermal release
method of the device, then use the analysis to select the optimal operating conditions and
compare the numerical simulation with the experimental results to verify the accuracy of
the numerical simulation.

The structure of this paper is as follows: Section 2 introduces the physical model,
control equations, and numerical simulation methods. Section 3 describes the phase-
change experiments. Section 4 summarizes and analyzes the experimental results. Section 5
uses numerical simulation methods to study the performance of the phase-change thermal
storage device.

2. Materials and Method
2.1. Physical Model

This device is primarily designed for small-scale solar water heating systems in
buildings. A small wooden building model in Inner Mongolia, China is shown in Figure A2
in Appendix A. Energyplus software was used to simulate and calculate the unit area
heat load of the building under the coldest design condition, which was determined to be
22.56 W/m?. The heating area of the designed device is 15 m?, and the device provides
heat for 12 h. The calculated heating capacity of the device is 4.06 kWh [27].

The physical model diagram of the phase-change TES device studied in this paper is
shown in Figure 1. The physical model of the device mainly consists of a metal coil with
fins and a square box outside the device. The internal space of the box is 820 mm long,
290 mm wide, and 800 mm high. There is one group of serpentines with fins inside the
box, and each group of coils is composed of 10 straight pipes with a length of 700 mm,
9 semicircular pipes with a radius of 38 mm, and inlet and outlet pipes. The fin thickness is
1 mm, and the fin spacing is 50 mm. The heat transfer fluid enters from the top of the coil
and exits from the bottom.

Due to the extremely complex phase-change process, the heat storage calculation process
of the device is simplified by the following assumptions to reduce the computation time:

(1) The outer wall of the device box has good insulation properties, and the heat loss of
the phase-change device is ignored.

(2) The PCM is isotropic, and the physical parameters of the solid and liquid phases are
constant and do not change with temperature.

(3) Natural convection heat transfer between liquid PCMs is considered by introducing
the Boussinesq assumption.
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(4) The heat transfer fluid is an incompressible Newtonian fluid.

(5) Axial heat conduction and viscous dissipation in the heat transfer fluid are neglected.

(6) Since the flow and heat transfer of water in the finned tube are axisymmetric, the
phase-change device can be simplified to a two-dimensional model.

Figure 1. Physical model of the phase-change heat storage system.

2.2. Control Equation

Based on the above assumptions, a transient two-dimensional control equation is
established to describe the phase change region. The continuity equation is used to describe
the law of density change of the fluid, which states that the net mass inflow into a certain
control volume per unit of time is equal to the increase in mass of the control volume during
that time [9]. In a Cartesian coordinate system, its differential form is as follows:

9p  dlpu)  9(pv)

aT ox dy @

Here, p represents fluid density, T denotes time in seconds (s), u represents the x-
component of the velocity vector in meters per second (m/s), and v represents the y-
component of the velocity vector in meters per second (m/s).

du dvu
5 + E 0 ()
The momentum conservation equation is used to describe the momentum equation of
viscous incompressible fluids, which states that the rate of change of the total momentum
of a control volume microelement in a unit of time is equal to the sum of all external
forces acting on the microelement control volume during that time [16]. In the Cartesian
coordinate system, its differential form is expressed as follows:

%+ual+val —f+ 827u+& ,aip (3)
P\or ""ax "%y ) T 52 T o2) ox

@_’_ual_"_vaj —f+ 82704_8277] _ai (4)
P\or ""ax "%y ) Tl T a2 T2 ) oy
Here, f, and f, represent the components of the volume force in the x and y directions,

respectively, in units of Pa; p represents the dynamic viscosity coefficient in units of N-s/ m?;
P represents the pressure, in units of Pa.

The energy equation is the differential form of the first law of thermodynamics, which
is a fundamental equation for analyzing flow systems with heat exchange. It describes the
rate of change of the total energy of a control volume element over a unit of time, equal
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to the sum of the net rates of energy transfer in and out of the element, and the impact
of surface and body forces on the element [16]. In rectangular coordinates, its differential
form is expressed as follows:

M:) + div(va) = div(%gde) +Sr ()
P

Here, T denotes the temperature in Kelvin (K), A represents the thermal conductivity
of the fluid in units of W/(m-K), Cp is the specific heat capacity at constant pressure in
units of ]/ (kg-K), and St stands for the source term.

The governing equations for the enthalpy-based model in this study are given as
follows [9]:

d
L[ onav / hdA = / AVTdA / av 6
dt/vp " S P S + vq ©)

Here, h represents the enthalpy of PCM in k] /kg, p represents the density of PCM in
kg/m?3, and A represents the thermal conductivity of PCM in W/ (m-K).

When the specific heat of the solid-liquid phase of the PCM is constant, the relationship
between temperature and enthalpy is as follows [15]:

h=hs + L (7)
T
h= href—F CpdT (8)
Tref

Here, L represents the latent heat of the phase change material, measured in kJ /kg,
T, represents the reference temperature, measured in K, and h,,s represents the enthalpy
of the phase change material at the reference temperature, measured in kJ /kg.

2.3. Numerical Simulation

A 2D model of a phase-change TES device was established using DesignModeler in
ANSYS Workbench software for simulation. The model was then imported into the Meshing
module for grid generation. Mesh selection is a prerequisite for numerical calculations
and one of the decisive factors affecting the computational efficiency and accuracy of the
results [28]. Mesh selection should consider factors such as the type of physical problem
and computational efficiency and should follow the following two principles [29]: (1) save
computation time while ensuring accuracy; (2) select several sets of meshes with different
densities for comparison to obtaining mesh-independent solutions.

The results of the grid independence test can be found in Figure A2 in Appendix A. It
can be seen that, under the same operating conditions, the simulation results of the three
grid models with different numbers of grids almost overlap. To balance computational
accuracy and speed, this study chose the grid model with 32118 grids, as shown in Figure 2.
The model was then imported into the FLUENT software for simulation, which is based on
enthalpy—porosity and finite volume methods [9].

Figure 2. A mesh model of phase-change TES system.
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2.4. Indicators

The liquid fraction, denoted as B, is defined as the percentage of liquid substance in
the entire control volume and is calculated using Equation (9) [30]. In the liquid mixing
region, the liquid fraction ranges from 0 to 1. If the phase-change material completely
solidifies, the liquid fraction is 0, while if it completely melts into the liquid state, the liquid
fraction is 1.

0, T<T;

T-T,
,3 = T,—T,’ T, <T<T 9)

1, T>T,

T represents the solid-phase line temperature of the PCM, expressed in Kelvin (K). T;
represents the liquid phase line temperature of the PCM, expressed in Kelvin (K).

The energy storage performance of the phase-change TES system determines the
amount of usable energy during the night. The evaluation indicators for the energy storage
process mainly include the inlet and outlet water temperature difference, the total amount
of stored heat, and the average stored heat power.

ft pcpV (Tiyy—Tour)dt

Q. = 3600 (10)
o O
P= = a1

Here, Q, represents the stored heat capacity of the device in kJ, Py represents the
average stored heat power in kW, t; is the start time of the energy storage process in
seconds, t; is the end time of the energy storage process in seconds, p is the density of water
in kg/m? (assumed as 1000 kg/m?), ¢, is the specific heat capacity of water at constant
pressure in k] /(kg-K) (taken as 4.2 kJ /(kg-K)), V is the flow rate of the inlet water in m3/h,
T;, is the inlet temperature of the device in °C, and T, is the outlet temperature of the
device in °C.

The heat release performance of the phase-change TES system determines the energy
utilization efficiency on the demand side. The evaluation indicators for the heat release
process mainly include the inlet and outlet water temperature difference, effective heat
release time, effective heat release efficiency, and heat release power. Among them, the
effective heat release efficiency is defined as the ratio of the energy content in the water
discharged from the TES during the effective heat release time to the stored heat energy in
the TES at the beginning of the heat release process.

ft PCp Tout— Tm)dt

Q= 3600 (12)
_ 9
=9, (13)

Here, Q, represents the heat released by the device, measured in kJ; # denotes the
effective energy release efficiency; and #; and #, represent the start and end times of the
heat release process, measured in seconds.

The formula for calculating the instantaneous heat release power is as follows:

pcp V( Tour—Tiy)
3600

P= (14)

The heat release conditions considered in this paper are classified into two types:
effective heat release occurs when the device releases heat for heating and its heat release
power is higher than the building heat load (P > 0.338 kW). According to the Standard, the
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recommended water temperature for shower use is 37-40 °C, while for washbasin spout
use it is 30 °C. Additionally, the maximum daily water consumption quota per person per
day is 4080 L. Therefore, when the device releases heat for a domestic hot water supply,
an outlet water temperature higher than 37 °C (To,: > 37 °C) is considered effective
for showering; for a domestic hot water outlet, a water temperature higher than 30 °C
(Tout > 30 °C) is considered effective. This paper particularly emphasizes the heat release
of the device when the outlet water temperature exceeds 37 °C.

3. Experimental Verification
3.1. Experimental Purpose and Principle

The purpose of building a performance testing experimental platform for the latent
heat storage device is twofold: firstly, to verify the accuracy of numerical simulation
and lay a foundation for the optimization of phasechange heat storage devices through
simulation research; secondly, to investigate the effects of different factors, such as inlet
water temperature, inlet flow rate, heat storage and release mode, and initial temperature
on the device’s heat storage and release performance. This aims to explore the influencing
factors of the device’s heat storage and release performance and provide references for
the practical application of phase change heat storage devices. Due to limitations in
the experimental site and conditions, an electric boiler was used to simulate the solar
collector outlet water and user heating return water, and a chiller was used to simulate the
cold water replenishment for domestic hot water. As shown in Figure 3, a performance
testing experimental platform for phase change heat storage devices was built to conduct
experiments on the heat storage and release performance of the device.

Phase change |
thermal storage device

) TElemeboder

, "/f’
able fmquencm

t pressure
lating pump

Electron{a etic flow-meter
Figure 3. Experimental setup for testing the performance of the phase-change TES device.

The experimental system principle is illustrated in Figure 4, the symbols 1-11 in the
figure represent valvesDuring the charging process, hot water flows from the electric boiler
into the phase change heat storage device for heat exchange, passes through the water
pump, and then returns to the electric boiler for reheating. During the discharging process,
the electric boiler or the chiller provides low-temperature water at a specified temperature,
which flows into the phasechange heat storage device to absorb heat and raise the water
temperature. The temperatures at different measurement points within the device and
the inlet and outlet water temperatures are recorded under different conditions using a
data logger.
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2 —l—Tap water
11
Phase El?ldr ¢
Chiller  |changd OUer| Tap water
device
10 8 16
~ .
Tap water 3 4 ° 5 9 Drainage

Figure 4. Schematic of the experimental system.

3.2. Experimental Apparatus

The internal structure of the phase-change device is shown in Figure 5, consisting
of a heat storage box, finned coils, and electric heating plates with the main parameters
listed in Table 1. The equipment used in the experiment and their technical specifications
are detailed in Table 2. During the charging process, hot water exchanges heat with the
PCM as it flows through the device, and then it is reheated in the electric boiler after
passing through a pump. During discharging, low-temperature water from the electric
boiler or chiller enters the device, absorbs the heat released by the PCM, and then exits
at a higher temperature. The temperature of the PCM inside the device can reflect the
process of heat storage and release in the phase-change device, while the temperature
difference between the inlet and outlet of the device can reflect the heat storage and release
effect of the phase-change device. Therefore, the focus of this experiment is to measure the
temperature of the PCM inside the device and the inlet and outlet water temperatures of the
device. As the water flows into the device from the top and exits from the bottom, there are
temperature differences at different heights inside the device, and the structure at different
positions in the same horizontal direction is not identical, resulting in different heat transfer
effects. Therefore, 21 measurement points are arranged at different positions inside the
device to detect temperature changes. The specific arrangement of the measuring points is
shown in Figure 6. Temperatures at different points inside and at the inlet and outlet of the
device are recorded by a data acquisition system consisting of K-type thermocouples, a data
logger, and MX-100 Standard software on a PC. The temperature readings are displayed
and recorded in real time by the software.

mmifrrrrr T

fﬁ--ll’l'l‘l‘l’“"

A RN

Figure 5. The real structure of phase-change TES device.
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Table 1. Detailed parameters of the main components inside the phase-change TES device.

Name Material Relevant Parameters

Internal dimensions: 820 x 320 x 800 mm
Wall thickness: 2 mm
Diameter: 18 mm
External diameter: 20 mm

Heat storage tank 304 stainless steel

Vertical center distance between adjacent coils: 304 mm
Horizontal center distance between adjacent coils: 80 mm
Distance to the bottom wall of the box: 25 mm
Distance to the top wall: 128 mm

Finned tube coil 304 stainless steel

Electric heating plate Aluminium Dimensions: 700 x 25 x 800 mm
Distance to the top wall surface: 80 mm

Table 2. The main equipment and instrument parameters of the experiment.

Name Manufacturer Source Model Relevant Parameters

Heating power: 18 kW
Temperature control range for water: 30~88 °C

Electric boiler A.O. Smith DSE-50-90 Rated capacity: 190 L
Minimum differential temperature: 1 °C
Cooling capacity: 6.5 kW
Air-cooled chiller Zhongke Kechuangyi KYKY-LS 65A Water temperature control range: 10~25 °C

Water tank capacity: 40 L
Water control accuracy: £0.2 °C

Rated power: 650 W

Variable-frequency constant-pressure

circulating pump Grundfos CM5-3 Max. variable flow rate: 4.7 m3/h
Electromagnetic flowmeter Meikon LDG-SUP-DN10 Meaztzrcir?;cnyt ziaa r;g;,ei()(; ;0/40 II?B /h
Rotor flowmeter Juyi Instrument LZB-WS-10G Measurement range: 16~160 L/h
Thermocouple Xiamen Mingkong K-type Length: 2.5 m
Data logger Yokogawa MX-100 Inputs for DVC/TC/DI/RTD
Electric heating plate Jiangsu Buchen Bydr-1 Voltage: 220 V

Power: 3000 W

410mm

(A_A_A_A_A_A_A_A_A_A_A_A_A_A_Vy?w Vg ety Tl GOl o Tyl 3l E
##‘;&##;E (T e e e e e e e o

4
TT T T T T T & T T 717

@ (b)

(©

Figure 6. Arrangement of thermocouple measurement points within the unit case: (a) tube coil 1;
(b) tube coil 2; (c) tube coil 3.
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3.3. PCM

The present study focuses on the application of a PCM in a solar thermal system
for providing space heating and domestic hot water in residential buildings. To meet
the operational requirements of the system, a commercially available PCM produced by
Hubei Saimo, China New Energy Technology Co., Ltd. in China with a phase-change
temperature range of 45-50 °C is selected. Figure 7 shows its DSC performance test chart
(DSC data provided by the company): the PCM exhibits a high energy storage density, small
undercooling, and good thermal stability. The melting onset, peak, and end temperatures
are 46.1, 50.5, and 52.7 °C, respectively, with a melting enthalpy of 238.2 k] /kg, while the
solidification onset, peak, and end temperatures are 36.9, 44.8, and 48.1 °C, respectively,
with a solidification enthalpy of 236.9 k] /kg.

DSC/( mW/mg) Flow rate/( ml/min)

44 TThermal release

Peak Comprehensive Analysis: 250
Area: -238.2 J/g

Peak Value: 50.5°C
Starting Point: 46.1°C 200
Ending Point: 52.7°C

Peak comprehensive analysis:
3 A 236.9]/g

Peak temperature: 44.8°C
2 Starting point: 36.9°C
Endpoint: 47.5°C

 F150

100

ne

3 U rars

9]
S

&

20 30 40 50 60 70
Temperature/°C

Figure 7. DSC performance test curve of PCM TH-SL49.

3.4. Experimental Design

To investigate the effects of inlet temperature, inlet flow rate, and device temperature
on the heat storage and release performance of the device, this experiment set different
operating condition parameters for the heat storage, heating release, and domestic hot
water release, and the specific schemes are shown in Tables 3 and 4.

Table 3. Heat storage test conditions.

The Initial Inlet Water Inlet Water
Number Temperature of Temperature (°C) Flow Rate Heat Storage Mode
the Device (°C) P (m®/h)
1 33 58 0.27 Hot water
2 33 63 0.27 Hot water
3 33 68 0.27 Hot water
4 33 68 0.18 Hot water
5 33 68 0.36 Electric heating plate + Hot water
6 33 68 0.36 Hot water

During the experiment, the data were recorded using a data collector and the change
in the temperature of the measurement points on the PC was observed. The test was
considered to be complete when the temperature of the measurement points in the device
remained stable around the inlet temperature or when the heat storage time was up to 8 h,
the heating heat release time was up to 14 h, and the outlet temperature was below 35 °C
in the domestic hot water heat release operation.
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Table 4. Heat release test conditions.
The Initial Inlet Water Inlet Water Flow
Number Number Temperature of Temperature (°C) Rate (m3/h)
the Device (°C) P
7 63 25 0.27
8 63 30 0.27
9 63 35 0.27
Heating release condition 10 63 30 0.18
11 63 30 0.36
12 53 30 0.27
13 58 30 0.27
14 58 25 0.05
Domestic hot water 15 58 25 0.08
release condition 16 58 25 0.11
17 58 30 0.08

4. Results and Discussion
4.1. Numerical Simulation and Experimental Results Comparison and Validation

To verify the agreement between experimental and simulation results, Figure 8 com-
pares the measured and simulated temperatures at measuring points 13 and 17 under
2 thermal storage conditions. The average relative errors between the simulated and ex-
perimental values at measuring points for the charging process (a) were 2.69% and 6.24%,
respectively, while for the charging process (b) they were 3.13% and 5.86%, respectively.
Overall, the experimental and simulated values showed good agreement. There could be
two reasons for the errors: (1) the simplification assumptions made during the numerical
simulation calculation and the neglect of heat loss in the phase-change device and (2) the
fluctuation in the outlet water temperature of the electric boiler and the chiller during the
experiment, while the outlet water temperature in the simulation was constant, which
resulted in errors.

70 70
65 65
60 60
% 551 %55
5 -52.7 5 52.7
‘5 50 -p0.5 E 504 50.5
z 2
o R 6.1 £45 6.1
= &
404/ Measured value of Point 13 10447 Measured value of Point 13
35/ Measured value of Point 17 354 Measured value of Point 17
i
----=--Simulated values for Point 13 ] --—-—--Simulated values for Point 13
30+ Simulated values for Point 17| 30+ Simulated values for Point 17|
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Time(h) Time(h)
(a) (b)

Figure 8. The temperature-time curves of simulated and experimental measurement points: (a) inlet
temperature of 58 °C and flow rate of 0.27 L/s; (b) inlet temperature of 63 °C and flow rate of 0.27 L/s.

4.2. Heat Storage and Release Characteristics of Phase-change Thermal Storage Device

Figure 9a—c illustrate the temperature variation trends of 21 internal measuring points
within the device over time, under different operating conditions, including heat storage,
heat release, and domestic hot water heat release conditions. To facilitate the observation
of the storage and release heat power, six representative measuring points are selected for
analysis and plotted in the phase-change heat storage apparatus. Measuring points 1 and 9
correspond to the most and least favorable heat transfer points of coil group 1, respectively.
Measuring point 11 is the center point of coil group 2 and also the center point of the
phase-change heat storage apparatus. Measuring points 13, 17, and 21 correspond to the
most favorable, center, and least favorable heat transfer points of coil group 3, respectively.
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Therefore, representative measuring points are selected for comparison under different
operating conditions in subsequent sections.
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Figure 9. Temperature variation inside the phase-change heat storage: (a) heat storage condition (with
the inlet water temperature of 63 °C and an inlet flow rate of 0.27 m?3/h); (b) heat release condition
of heating (with the initial temperature of the device at 58 °C and the water inlet temperature and
flow rate at 30 °C and 0.27 m®/h, respectively; (c) domestic hot water heat release condition (with the
initial temperature of 58 °C, an inlet water temperature of 25 °C, and a flow rate of 0.05 m3/h).

Figure 9a depicts the evolution in TES temperature at different positions within
the apparatus. Three dashed lines indicate the beginning, peak, and end temperatures
of the phase-change material (PCM) melting process. The figure demonstrates that the
PCM TES process can be categorized into three distinct stages: (i) an initial stage, during
which the PCM is in a sensible heat storage state and has not undergone any phase
change—at this stage, the temperature rises relatively fast due to the large temperature
difference between the inlet water and the PCM, and the heat transfer occurs mainly
through conduction; (ii) a middle stage, during which the PCM undergoes a phase change
and is in a latent heat storage state, resulting in a considerably reduced temperature rise
rate—at this stage, the PCM close to the tube wall and fins melts first due to the density
difference, causing the liquid PCM to rise and solid PCM to sink, resulting in natural
convection as the predominant heat transfer mechanism; and (iii) a late stage, during which
the PCM completes the phase-change process and enters another sensible heat storage
stage, resulting in a significantly increased temperature rise rate. As the temperature
difference between the PCM and the inlet water is smaller during this stage, the heat
transfer mechanism is mainly conduction, but the temperature rise rate is slower than that
in the initial stage. Additionally, the temperature curves of some measuring points exhibit
fluctuations at the end of melting and during the transition back to the initial sensible
heat storage stage due to the coexistence of melted and solid PCM in the vicinity of these
points, resulting in heat and mass transfer phenomena. Moreover, periodic fluctuations
in the inlet water temperature caused by the 2°C hysteresis of the electric boiler can
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also cause fluctuations in the temperature measurements at the measuring points within
the apparatus.

The temperature variation patterns in Figure 9b,c are similar, and their causes are
similar to those in (a). It is worth noting that the temperature drop rate at each measuring
point during the hot water release process decreases as the inlet flow rate increases. At the
end of the release process, the temperature at each measuring point decreases as the inlet
flow rate increases, which is different from the heat release process during heating.

Comparing different operating conditions in the experiment, this study analyzes the
influence of factors such as inlet temperature, inlet flow rate, and device temperature on
the heat storage and release performance of the device.

4.3. Inlet Temperature
4.3.1. Heat Storage Performance

To investigate the effect of storage temperature on the heat storage performance of a
phase-change thermal storage device, experiments were conducted under three different
inflow temperatures of 58 °C, 63 °C, and 68 °C with a controlled inflow rate of 0.27 m3/h,
corresponding to test conditions 1-3 in Table 3. The temperature variations inside the device
for the three storage conditions are shown in Figure 10. When the inflow temperature
was increased from 58 °C to 63 °C, the duration of the storage phase at measuring points
13, 17, and 21 decreased by 44%, 33.9%, and 30.4%, respectively. Similarly, when the
inflow temperature was increased from 63 °C to 68 °C, the duration of the storage phase
at these points decreased by 24.6%, 29.7%, and 24.4%, respectively. When the inflow
temperature was increased from 58 °C to 68 °C, the duration of the storage phase at
these points decreased by 57.8%, 53.6%, and 47.4%, respectively. Thus, increasing the
inflow temperature can significantly enhance the storage performance, especially at lower
storage temperatures.
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Figure 10. Temperature variation inside the phase-change heat storage unit at typical locations under
different heat storage conditions: (a) measuring point 13; (b) measuring point 17; (c) measuring
point 21.
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Figure 11 shows the variation in the temperature difference between the inlet and
outlet of the device with time at different inlet temperatures. As can be seen from the figure,
at the beginning of the charging process, the temperature differences between the inlet
and outlet of the three working conditions were 11.1 °C, 7.4 °C, and 19.7 °C, respectively.
At the end of the charging process, the temperature differences were reduced to 2.9 °C,
1.8 °C, and 1.2 °C, respectively. Therefore, as the inlet temperature increases, the thermal
storage performance of the device is improved and more heat is stored in the phase-change
material, resulting in a gradual decrease in the temperature difference between the inlet and
outlet. As can be seen from Table Al in Appendix A, the increase in inlet water temperature
from 58 °C to 58 °C or 63 °C resulted in a 29.47% or 46.60% increase in the amount of heat
stored in the unit, respectively.

30

Inlet water temperature: 58°C

Inlet water temperature: 63°C

25 Inlet water temperature: 68'C

20

15

Temperature difference between inlet and outlet ('C)

0 60 120 180 240 300 360 420 480

Time(min)

Figure 11. Different trends of the temperature difference between the inlet and outlet of the device
over time under different inlet water temperatures.

4.3.2. Heat Release Performance of Heating

To investigate the influence of inlet water temperature on the heating performance
of phase-change heating systems, heating performance tests were conducted under three
different inlet water temperatures, namely, 25 °C, 30 °C, and 35 °C, with a constant flow
rate of 0.27 m®/h. The corresponding heating conditions are labeled as test conditions 7-9
in Table 4. The temperature changes inside the phase-change device at different locations
for the three storage heating conditions are shown in Figure 12. It can be seen from the
figure that as the inlet water temperature increased from 25 °C to 30 °C the time taken
for measurement points 13, 17, and 21 to reach the end of the heat release temperature
was extended by 94.9%, 77.2%, and 46.1%, respectively. When the inlet water temperature
was further increased from 30 °C to 35 °C, the time taken for these measurement points to
reach the end of the heat release temperature was extended by 46.6%, 21.2%, and 32.3%,
respectively. When the inlet water temperature was increased from 25 °C to 35 °C, the time
taken for these measurement points to reach the end of the heat release temperature was
2.86 times, 2.15 times, and 1.93 times longer than the original time, respectively. Therefore,
increasing the inlet water temperature can significantly prolong the heat release duration
of the device. In addition, as the distance between the measurement points and the inlet of
the thermal fluid increased, the start time of the phase change gradually shortened due to
the poorer heat transfer effect at measurement points that were farther away from the inlet
during the heat storage phase. As a result, the time taken for these measurement points to
reach the end of the heat release temperature gradually increased because increasing the
inlet water temperature reduced the temperature difference between the PCM and the inlet
water, thereby weakening the heat transfer effect.
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Figure 12. Temperature variation inside the phase-change heat storage unit at typical locations under

different heat storage conditions: (a) measuring point 13; (b) measuring point 17; (c) measuring
point 21.

Figure 13 shows the variations in the temperature difference at the inlet and outlet of
the system and the instantaneous heat release rate as a function of time for different inlet
water temperatures. The instantaneous heat release rates at the initial stage of heat release
exhibit significant differences among the three operating conditions, with higher inlet water
temperatures leading to lower heat release rates. As the heat release process progresses,
the heat release rates gradually decrease and the differences among the three operating
conditions become smaller. These results indicate that although increasing the inlet water
temperature can prolong the heat release time of the device it can also weaken the heat
release effect relatively. The heat release capacities for the three operating conditions are
shown in Table A2 in Appendix A. Appropriately increasing the inlet water temperature
can help to extend the effective heat release time, but it will simultaneously reduce the
effective heat release amount and efficiency of the device. When the inlet water temperature
is reduced from 35 °C to 30 °C or 25 °C, the effective heat release amounts of the device
increase by 43.23% or 57.17%.
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Figure 13. Heat release performance of the device at different inlet water temperatures: (a) tempera-
ture difference between inlet and outlet; (b) instantaneous heat release power.
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4.3.3. Heat Release Performance of Domestic Hot Water

To investigate the effect of inlet water temperature on the heat release performance
of a phase change storage device for domestic hot water, experiments were conducted on
the heat release conditions of domestic hot water at inlet temperatures of 25 °C and 30 °C,
with a controlled inlet flow rate of 0.08 m3/h. Figure 14 shows the temperature trend of
heat release at different measurement points inside the phase change storage device over
time. The results indicate that when the inlet water temperature was increased from 25 °C
to 30 °C the time taken for measurement point 1 to start phase change was prolonged by
18.2%, i.e., from 66 min to 77 min. Thus, it can be concluded that raising the inlet water
temperature can effectively prolong the heat release time.
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Figure 14. Temperature variation inside the phase change storage device for domestic hot water under
different inlet water temperatures: (a) inlet water temperature: 25 °C; (b) inlet water temperature:
25 °C.

Figure 15 shows the variations in outlet water temperature and instantaneous heat
release power of the device over time at different inlet water temperatures. As shown
in Figure 15a, the trends of outlet water temperature changes are consistent for the two
working conditions. The outlet water temperature decreases gradually with increases in
heat exchange time, and the rate of temperature drop decreases gradually. From Table A3
in Appendix A, the effective heat release durations of the two working conditions are
69 min and 186 min, respectively, providing 92 L and 248 L of hot water above 37 °C. The
trends of instantaneous heat release power for both working conditions are consistent, as
shown in Figure 15b, with a rapid initial decrease rate followed by a gradual slowing. The
instantaneous heat release power decreases with increasing temperatures. The effective
heat release amounts are 6905 kJ and 10,491 k], respectively. Therefore, it is evident that
increasing the inlet water temperature can significantly increase the effective heat release
duration and the effective heat release amount of the device. When the make-up water

temperature is raised from 25 °C to 30 °C, the effective heat release amount of the device
increases by 35.23%.
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Figure 15. Heat release performance of the device at different inlet water temperatures: (a) tempera-
ture difference between inlet and outlet; (b) instantaneous heat release power.



Energies 2023, 16, 4148

19 of 39

4.4. Inlet Flow Rate
4.4.1. Heat Storage Performance

Figure 16 shows a comparative analysis of the temperature difference rise for test
conditions 4, 3, and 6 at typical locations on the same row of pipes. The results reveal that
the start time of the phase change increases with the distance between the measurement
point and the thermal fluid inlet, while it decreases with an increasing flow rate. When
the heat storage inlet flow rate is increased from 0.18 m3/h to 0.27 m3 /h, the storage start
time at points 13, 17, and 21 decreases by 6.1%, 8.8%, and 15.9%, respectively. Similarly,
when the heat storage inlet flow rate is further increased from 0.27 m3/h to 0.36 m3/h,
the storage start time at points 13, 17, and 21 decreases by 15.2%, 13.5%, and 17.8%,
respectively. Furthermore, when the heat storage inlet flow rate is increased from 0.18 m/h
t0 0.36 m3/h, the storage start time at points 13, 17, and 21 decreases by 20.4%, 21.1%, and
30.8%, respectively. These results indicate that increasing the inlet flow rate can enhance the
heat storage performance, although its effect on improving the heat storage rate is limited
compared to increasing the inlet water temperature.
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Figure 16. Temperature variation inside the phase-change heat storage unit at typical locations under
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different heat storage conditions: (a) measuring point 13; (b) measuring point 17; (c) measuring
point 21.

Figure 17 shows the variation in the temperature difference between the inlet and
outlet of the system with time for different inlet water flow rates. As depicted in the figure,
the temperature differences at the end of the charging process for the three operating
conditions are 2.0 °C, 1.2 °C, and 0.4 °C, respectively. With an increase in the inlet water
flow rate, the temperature difference gradually decreases. This is because the increased
flow rate leads to a shorter time for the hot water to enter and exit the system, resulting in a
shorter time for the heat exchange between the phase-change material and the fluid. As can
be seen from Table A1 in Appendix A, when the flow rate is increased from 0.18 m3/h to
0.27 m3/h or 0.36 m3/h the heat storage capacity of the unit is only increased by 9.26% or
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4.66% Therefore, increasing the inlet water flow rate can increase the heat storage capacity
of the unit, but the effect is limited.
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Figure 17. Different trends of the temperature difference between the inlet and outlet of the device
over time under different inlet flow rates.

4.4.2. Heat Release Performance of Heating

Figure 18 shows a comparative analysis of the temperature difference rise for test
conditions 10, 8, and 11 at typical locations on the same row of pipes. From the figure, it can
be seen that the starting times of the phase change were almost identical for all measuring
points under the three working conditions. At the end of the heat release process, the
temperatures at the measuring points decreased with an increasing flow rate, but the
difference was not significant. When the heat release inlet flow rate was increased from
0.18 m3/h to 0.27 m3 /h, the time taken for measuring points 13, 17, and 21 to reach the heat
release termination temperature was reduced by 3.2%, 7.8%, and 12.1%, respectively. When
the heat release inlet flow rate was further increased from 0.27 m3 /h to 0.36 m3 /h, the time
taken for measuring points 13, 17, and 21 to reach the heat release termination temperature
was reduced by 2.8%, 2.2%, and 0.3%, respectively. When the heat release inlet flow rate
was increased from 0.18 m3/h to 0.36 m3/h, the time taken for measuring points 13, 17,
and 21 to reach the heat release termination temperature was reduced by 5.9%, 9.8%, and
12.4%, respectively. These results suggest that increasing the inlet flow rate has a limited
effect on improving the heat release efficiency of the system.

Figure 19 shows the variation trends of the device’s inlet-outlet temperature difference
and instantaneous heat release power over time at different inlet water flow rates. As
shown in Figure 19a, the inlet-outlet water temperature differences of the three working
conditions at the end of heat release are 1.4 °C, 1.0 °C, and 0.9 °C, respectively, indicating
that the inlet—outlet water temperature difference decreases gradually with increases in the
inlet water flow rate. This is because the increased inlet water flow rate leads to a shorter
time for hot water to enter and exit the device and a shorter time for heat exchange between
the heat-carrying fluid and the phase-change material, resulting in a lower outlet water
temperature. The inlet-outlet water temperature differences of working conditions 10 and
8 are very close, indicating that increasing the flow rate has limited improvement on the
device’s heat release performance. As shown in Figure 19b, the instantaneous heat release
power curves of the three working conditions are very close, and the instantaneous heat
release power of working condition 11 with the highest inlet water flow rate is slightly
higher than the other two working conditions. As can be seen from Table A2 in Appendix A,
when the heat release rate is 0.36 m>/h the instantaneous heat release power of the device
is still greater than the room’s heat load at the end of the heat release experiment, so its
effective heat release time is greater than 50,400 s, the effective heat release amount is
greater than 37,554 kJ, and the effective heat release efficiency is greater than 78.23%. When
the heat release rate is increased from 0.18 m3/h to 0.27 m3/h, the effective heat release
amount of the device only increases by 8.56%. Therefore, increasing the inlet water flow
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rate helps to improve the effective heat release amount and efficiency of the device; at
the same time, it prolongs the effective heat release time, but the improvement effect is
relatively limited.
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Figure 18. Temperature variation inside the phase-change heat storage unit at typical locations under
different heat storage conditions: (a) measuring point 13; (b) measuring point 17; (c) measuring
point 21.
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Figure 19. Heat release capacity of the device at different inlet flow rates: (a) temperature difference
between inlet and outlet; (b) instantaneous heat release power.

4.4.3. Heat Release Performance of Domestic Hot Water

Figure 20 shows the variation in temperature at different measurement points inside
the phase-change TES unit with time, under different inlet water flow rates. When the inlet
water flow rate is 0.05 m®/h, measurement point 1 starts to undergo phase change 78 min
after the onset of heat release. When the inlet water flow rate is 0.08 m?/h, measurement
point 1 starts to undergo a phase change 66 min after the onset of heat release. When the
inlet water flow rate is 0.11 m®/h, measurement point 1 starts to undergo phase change
66 min after the onset of heat release. Increasing the inlet water flow rate from 0.05 m3/h
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to 0.08 m3/h shortens the duration of the phase change at measurement point 1 by 15.4%,
indicating that increasing the inlet water flow rate can accelerate the heat release process,

but its effectiveness is limited.
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Figure 20. Temperature variation inside the phase change storage device for domestic hot water
under different inlet water temperatures: (a) inlet flow rate: 0.05 m?3/h; (b) inlet flow rate: 0.08 m3/h;
(c) inlet flow rate: 0.11 m3/h.

Figure 21 shows the variations in the outlet water temperature and instantaneous heat
release power with time at different inlet water flow rates. As shown in Figure 21a, the
outlet water temperature decreases gradually with increases in the heat exchange time for
all three operating conditions, and the rate of temperature drop decreases gradually as well.
Figure 21b shows that the trends of the heat release power curves for the three conditions
are consistent, with a rapid initial decline rate and a gradual flattening in the later stage.
When the inlet water flow rate decreases from 0.11 m®/h to 0.08 m3/h or 0.05 m?/h, the
effective heat release amount of the device increases by 16.46% or 65.49%, respectively.
Therefore, the flow rate has a significant impact on the instantaneous heat release power,
which increases with the increase of the flow rate. It can also be seen that the lower the inlet
water flow rate, the higher the initial outlet water temperature corresponding to the heat
release, because the decrease in inlet water flow rate will increase the time for hot water to
enter and exit the device and the time for the heat exchange between the hot fluid and the
phase-change material, thereby increasing the outlet water temperature.
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Figure 21. Heat release capacity of the device at different inlet flow rates: (a) temperature difference
between inlet and outlet; (b) instantaneous heat release power.

4.5. Type of Heat Storage

To investigate the influence of the type of heat storage on the heat storage performance
of phase-change heat storage units, an experimental study was conducted on two heat
storage conditions, i.e., conditions 5 and 6 in Table 3, with the electric heating plate set at
68 °C and the inlet water temperature controlled at 68 °C with a flow rate of 0.36 m3/h,
one with the electric heating plate on and one with it off. The temperature difference
between the two conditions was compared and analyzed at a typical position along the
same pipeline.

As shown in Figure 22, the time required for measuring point 13 to complete the phase
change above the termination temperature was 61 min and 108 min for the two conditions,
respectively. For measuring point 17, it was 85 min and 130 min, and for measuring point 21,
it was 106 min and 243 min. When the electric heating plate was turned on, the times for
measuring points 13, 17, and 21 to complete the phase change were reduced by 43.5%,
34.6%, and 56.4%, respectively. Therefore, it is clear that turning on the electric heating
plate significantly shortens the time required for the phase-change heat storage process.
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Figure 22. Temperature variation inside the phase-change heat storage unit at typical locations under
different heat storage conditions: (a) measuring point 13; (b) measuring point 17; (c) measuring
point 21.
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Figure 23 shows the variation trend of the inlet-outlet temperature difference of
the unit over time under different heat storage methods. It can be seen from the figure
that it took 228 min for the temperature difference to drop below 0.5 °C in condition 5
and 474 min in condition 6, with average heat storage powers of 1.74 kW and 1.60 kW,
respectively. The temperature difference decreased significantly faster with the electric
heating plate turned on than with only hot water storage, as turning on the electric heating
plate significantly accelerated the melting process of the phase-change heat storage unit,
reducing the time for the unit to be in the latent heat storage state. The unit prioritizes
completing the phase-change process before returning to the sensible heat storage state,
where the heat storage effect is mainly influenced by the temperature difference between
the inlet water and the unit. As the unit temperature rises, the inlet-outlet temperature
difference gradually decreases.
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Figure 23. Different trends of the temperature difference between the inlet and outlet of the device
over time under different heating methods.

4.6. Initial Average Temperature of the Device

Figure 24 shows a comparative analysis of the difference in temperature rise at typical
locations on the same row of tubes at different initial average temperatures of the unit.
It shows that the higher the initial heat release temperature, the longer the time it takes
for the various measuring points inside the device to reach the end of the phase change.
When the initial heat release temperature was increased from 53 °C to 58 °C, the time it
took for measuring points 13, 17, and 21 to reach the heat release termination temperature
was extended by 26.1%, 16.9%, and 24.7%, respectively. When the initial heat release
temperature was increased from 58 °C to 63 °C, the time it took for points 13, 17, and 21
to reach the heat release termination temperature was extended by 8.9%, 7.1%, and 15.7%,
respectively. When the initial heat release temperature was increased from 53 °C to 63 °C,
the time it took for points 13, 17, and 21 to reach the heat release termination temperature
was extended by 37.2%, 25.2%, and 44.3%, respectively. Therefore, increasing the initial
heat release temperature of the device means increasing its energy storage capacity, which
can extend the heat release time. However, once the temperature is raised to a certain level
the improvement effect will gradually diminish.
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Figure 24. Temperature variation inside the phase-change heat storage unit at typical locations under
different heat storage conditions: (a) measuring point 13; (b) measuring point 17; (c) measuring
point 21.

Figure 25 shows the variation trends of the inlet-outlet temperature difference and
the instantaneous heat release rate of the device with different initial temperatures. As
shown in Figure 25a, increasing the initial heat release temperature leads to an increase in
the inlet—outlet water temperature difference of the device, which is more significant in the
early stage of heat release. This is because a higher initial temperature means that the device
stores more heat. During heat release, the larger temperature difference between the device
and cold water results in a better heat transfer and lower outlet temperature. As the heat
release process proceeds, the phase-change material in the device gradually solidifies, and
the natural convection effect weakens, causing the inlet-outlet water temperature difference
to stabilize gradually. In the later stage of heat release, the variations in the inlet-outlet
water temperature difference among the three working conditions are negligible, and the
inlet-outlet water temperature differences of the three working conditions at the end of
heat release are 0.8 °C, 0.9 °C, and 1.0 °C for conditions 7, 8, and 9, respectively. As shown
in Figure 25b, the instantaneous heat release rates of the three working conditions are
higher for those with higher initial temperatures during the early stage of heat release,
following the same trend as the inlet—outlet temperature difference. As the heat release
process proceeds, the heat release rates decrease gradually for all three conditions. From
Table A3 in Appendix A, when the initial temperature of the device is increased from 53 °C
to 58 °C or 63 °C the effective heat release amount of the device is increased by 11.96% or
28.22%, respectively. This indicates that increasing the initial temperature can enhance the
early-stage heat release performance of the device, but overall, the improvement in the heat
release performance of the device is not significant.
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Figure 25. Heat release capacity of the device at initial temperature of the device: (a) temperature
difference between inlet and outlet; (b) instantaneous heat release power.

5. Optimizing Phase-change TES System Performance

In this section, the impact of various factors on the TES process in the system was
investigated using numerical simulation, providing a theoretical basis for the structural
design and practical application of phase-change TES systems.

Figures A3-A6 in Appendix A show the numerical models for the fins under different
factor studies.

5.1. Fin Arrangements

To investigate the effect of fin arrangement on the phase-change process, simulation
models with aligned fins and staggered fins were selected. As shown in Figure A3 in
Appendix A, the liquid fraction and temperature distribution characteristics were analyzed
at different times, and the time differences required for completing the phase-change heat
storage were compared. Figure 26 shows the simulation results of the two different fin
arrangements. As shown in Figure 26a, the distribution of the melting region in the device
with aligned fins is different from that in the device with staggered fins. The unfused
area between the coils in the device with aligned fins is circular, while in the device with
staggered fins it is semicircular. However, the liquid-phase fraction of the two devices is
almost the same at the same time, and both devices have a liquid-phase fraction of 0.95 at
the end of the heat storage process. As shown in Figure 26b, there are several small areas
with relatively low temperatures between the coils in the device with aligned fins, while
the temperature distribution inside the device with staggered fins is more uniform at the
same time. After 4 h of heat storage, the device with aligned fins has the highest average
temperature, and the enclosed area formed by the fins and coil bends has a better heat
transfer efficiency and therefore heats up faster. When the heat storage time reaches 6 h, the
high-temperature area between the coils in the device with aligned fins is rectangular, while
the high-temperature area between the coils in the device with staggered fins is trapezoidal
with a wider upper part and a narrower lower part. The average temperature of both
finned devices is around 59.7 °C. When the heat storage time reaches 8 h, the average
temperatures of the two devices are 61.55 °C and 61.59 °C, respectively, and the device
with staggered fins exhibits the best melting effect. Based on the entire phase-change heat
storage process, it can be concluded that the melting of the PCM in the heat storage device
is mainly influenced by the distance to the pipe wall and fins, and there is no significant
difference in melting efficiency between devices with aligned or staggered fins. The device
with staggered fins has a slightly better heat storage effect than the device with aligned fins,
but the difference is not significant.
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Figure 26. The simulated cloud maps for different fin arrangement configurations: (a) liquid-phase
fraction; (b) device temperature.

Figure 27 shows the variation in the liquid fraction and average temperature of a phase-
change TES unit with different fin arrangements over time. The gray line represents the
liquid fraction curve for the straight fins, while the red line corresponds to the temperature
curve of the TES unit. The time required for 50% and 90% of the PCM to melt inside the
TES unit with the two fin arrangements is 10,170 s and 20,920 s, and 10,050 s and 21,190 s,
respectively. During the entire charging process, the liquid fraction curves of the TES unit
with the two fin arrangements almost overlap, indicating that the difference in melting
performance of the aligned or staggered fin arrangement is negligible. From the graph, it
can be seen that the time required for the average temperature of the TES unit to reach 50 °C
with the two fin arrangements is 6020 s and 5280 s, respectively. During the entire charging
process, the average temperature curves of the TES unit with the two fin arrangements are
almost the same, and the average temperature of the TES unit with the staggered fins is
slightly higher than that with the aligned fins most of the time.
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Figure 27. The liquid fraction and average temperature of the phase-change heat storage unit vary
with different fin arrangements.
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Therefore, it can be concluded that the TES unit with the staggered fin arrangement
has a better heat storage performance than the TES unit with the aligned fin arrangement,
but the difference is not significant. Considering that the length of the fins is limited to
less than half the tube spacing for aligned fin arrangements, while the length of the fins
and tube spacing can be adjusted over a wider range for staggered fin arrangements, the
fins in the TES unit should preferably be arranged in a staggered manner. However, if the
conditions are restricted, the aligned fin arrangement can also be used, and the heat storage
performance of the TES unit with the two fin arrangements will not differ significantly.

5.2. Fin Spacing

To investigate the effect of fin spacing on the thermal storage process, device models
with fin spacings of 30 mm, 50 mm, and 70 mm were selected for simulation, as shown in
Figure A4 in Appendix A. The liquid fraction and temperature distribution characteristics
within the models were analyzed at different time points, and the differences in the time
required to complete phase-change thermal storage were compared.

Figure 28 shows the simulated cloud maps of the devices with different fin spacings.
Figure 29 shows the variation curves of liquid fraction and average temperature with time
for the phase-change TES device under different fin spacings. The gray line represents
the liquid fraction curve, and the red line represents the device temperature curve. It can
be observed that there are differences in the rate of change of the liquid fraction under
different fin spacings, but the overall trend is consistent: the melting rate of the device is
fast in the early stage of TES, and a clear inflection point appears in the later stage, with
the liquid fraction curve relatively flat and the melting rate decreasing. This is because the
solid PCM dominates the device in the early stage, and the presence of fins increases the
heat exchange area, resulting in a faster melting rate. In the later stage, most of the PCM
around the fins and pipelines has melted, and the heat transfer coefficient of the PCM is
small, resulting in a significant slowdown in the melting rate. The time required for 50%
of the PCM in the device to melt under three different fin spacings is 7980 s, 9940 s, and
11,170 s, respectively. When the fin spacing is reduced from 70 mm to 50 mm or 30 mm, the
time required for 90% of the PCM to melt in the device is reduced by 11.01% and 28.56%,
respectively. The time required for 90% of the PCM to melt in the device is 19,140s, 21,190 s,
and 22,900 s, respectively. When the fin spacing is reduced from 70 mm to 50 mm or 30 mm,
the time required for 90% of the PCM to melt in the device is reduced by 7.47% and 16.42%,
respectively. It can be seen from the figure that there are differences in the average rate
of change of the device under different fin spacings, but the overall trend is consistent.
There are two clear inflection points during the TES stage: the first one appears when the
solid-liquid phase change is completed, at which point the device changes from latent heat
storage to sensible heat storage, and the temperature rise rate increases. The second one
appears when the average temperature of the device is around 60 °C in the later stage of
TES. This is because most of the PCM inside the device has melted, and the temperature
distribution is more uniform than in the early stage, resulting in weaker natural convection.
Heat transfer mainly occurs in the form of conduction, and the heat transfer coefficient of
the PCM is small, resulting in a significant slowdown in the melting rate. The time required
for the average temperature of the device under three different fin spacings to reach 60 °C
is 21,510 s, 23,710 s, and 25,110 s, respectively. When the fin spacing is reduced from 70 mm
to 50 mm or 30 mm, the time required for the average temperature of the device to reach
60 °C is reduced by 5.58% and 14.34%, respectively.
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Figure 28. The simulated cloud maps for different fin spacing arrangements: (a) liquid-phase fraction;
(b) device temperature.
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Figure 29. The liquid fraction and average temperature of the phase-change heat storage unit vary
with different fin spacing.

Given the aforementioned, it can be inferred that for a given heat storage condition, a
smaller fin spacing leads to a faster melting rate of the PCM (PCM), resulting in a shorter
completion time of the storage process, a more uniform melting degree of PCM within the
device, a higher average temperature of the device, and a greater TES capacity. However, a
reduction in the fin spacing will increase the number of fins, thereby reducing the PCM
capacity within the device and increasing the manufacturing cost of the fins. Therefore,
in practical applications, the choice of fin spacing should be based on a comprehensive
consideration of the demand for use and the economic feasibility of the device. For solar-
energy-rich regions with support for longer storage times, there is no need for an excessively
small fin spacing, whereas for shorter storage times a reduction in the fin spacing can be
appropriate to enhance the TES performance of the device.

5.3. Fin Thickness

To investigate the effect of fin thickness on the thermal storage process, device models
with fin thicknesses of 1 mm, 2 mm, and 3 mm were selected for simulation, as shown in
Figure A5 in Appendix A. The liquid-phase ratio and temperature distribution character-
istics inside the models were analyzed at different times, and the differences in the time
required to complete the phase-change thermal storage were compared.
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Figure 30 shows the simulation cloud maps of the devices under different fin thick-
nesses. Figure 31 shows the comparison of the liquid-phase and average temperature
variation trend for a phase-change TES device with different fin thicknesses. The gray line
represents the liquid-phase comparison curve, while the red line represents the device
temperature curve. The melting times of 50% of the phase-change materials (PCMs) inside
the device correspond to three different fin thicknesses of 1 mm, 2 mm, and 3 mm, which
are 9940 s, 8580 s, and 7290 s, respectively. When the fin thickness increases from 1 mm
to 2 mm or 3 mm, the melting times of 50% of the PCM inside the device are reduced by
13.68% and 26.66%, respectively. The melting times of 90% of the PCM inside the device
correspond to the three fin thicknesses of 1 mm, 2 mm, and 3 mm, which are 20,710 s,
18,620 s, and 16,760 s, respectively. When the fin thickness increases from 1 mm to 2 mm or
3 mm, the melting times of 90% of the PCM inside the device are reduced by 10.09% and
19.07%, respectively. In conclusion, increasing the fin thickness can significantly enhance
the melting efficiency of the device.
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Figure 30. The simulated cloud maps for different fin thicknesses: (a) liquid-phase fraction;
(b) device temperature.
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Figure 31. The liquid fraction and average temperature of the phase-change heat storage unit vary
with different fin thicknesses.

It can be inferred from the above that, under the same heat storage conditions, an
increase in fin thickness leads to a faster melting rate of PCM (PCM), a shorter time
required for completing the heat storage process, a more uniform degree of PCM melting
at the end of the process, a higher average temperature of the heat storage device, and
a greater heat storage capacity. However, increasing the fin thickness reduces the PCM
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capacity of the device and raises the manufacturing cost of the finned tubes. Therefore, in
practical applications, the selection of fin thickness should be based on a comprehensive
consideration of the requirements for use and the economic feasibility of the device. For
solar-rich regions with relatively long heat storage times, a fin thickness of no more than
2 mm is recommended, whereas for shorter heat storage times an increase in fin thickness
can be considered to enhance the heat storage performance of the device.

5.4. Inlet Flow Direction and Installation Method

To investigate the effects of the device’s water inlet direction and installation method
on the heat storage process, we set the installation method with the longer edge of the
device aligned with the direction of gravity as the vertical installation. We selected models
of the device with the fluid entering from the bottom and exiting from the top for horizontal
installation and with the fluid entering from the top and exiting from the top for vertical
installation and analyzed the liquid-phase fraction and temperature distribution character-
istics inside the models at different time points, as shown in Figure A6 in Appendix A. We
compared the differences in the time required to complete the phase-change heat storage.

Figure 32 presents the simulation contour maps of the device under different water
inlet directions and installation methods. According to the comprehensive analysis of the
entire heat storage process, the melting effect of the vertically installed device is significantly
better than that of the horizontally installed one, because the vertical installation provides a
larger spatial scale in the direction of gravity, which is conducive to the formation of natural
convection inside the device. When both are installed horizontally, the heat exchange
method of downward inlet and upward outlet is better than that of upward inlet and
downward outlet during the early stage of heat storage. After the heat storage time exceeds
6 h, there is not much difference in the heat storage effect of the two water inlet methods,
because the heated fluid flows in the longer coil and exchanges heat with the device while
flowing, and the fluid temperature inside the coil gradually decreases. Moreover, due to
the density difference between the solid and liquid phase-change materials, there will be a
temperature stratification phenomenon in the device during the heat storage process under
the influence of gravity, with the upper part having a higher temperature than the lower
part. When the device is horizontally placed, the downward inlet and upward outlet heat
exchange method will increase the heat exchange temperature difference and improve the
heat exchange effect.
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Figure 32. The simulated cloud maps for different inlet directions and installation orientations:

(a) liquid-phase fraction; (b) device temperature.
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Based on the overall heat storage process, it can be concluded that the melting effect
of the vertically installed device is significantly better than that of the horizontally installed
device. This is because the vertically installed device provides a larger spatial scale in the
direction of gravity, which is conducive to the formation of natural convection inside the
device. For devices installed horizontally, the heat transfer method of downward inlet
and upward outlet performs better than the upward inlet and downward outlet in the
early stage of heat storage. However, after a heat storage time exceeding 6 h the heat
storage effect of the two inflow methods is not significantly different. This is because
the hot fluid flows through the longer path of the coil, exchanging heat with the device
as it flows, and the fluid temperature inside the pipe gradually decreases. Additionally,
due to the density difference between the solid and liquid PCMs, the device experiences
temperature stratification, where the upper part of the device has a higher temperature
than the lower part during heat storage under the influence of gravity. When the device is
horizontally installed, the downflow—upflow heat transfer method can increase the heat
transfer temperature difference, thereby improving the heat transfer effect.

Figure 33 shows the variation curves of the liquid fraction and the average tempera-
ture of the phase-change TES device with different water inlet directions and installation
methods over time. The gray line represents the liquid fraction curve, while the red line
represents the device temperature curve. The time required for the liquid fraction to reach
50% under three operating conditions is 9940 s, 9530 s, and 8940 s, respectively. When the
operating condition is changed from horizontal up-in and down-out to horizontal down-in
and up-out or vertical up-in and up-out, the time required for 50% of the PCM in the
device to melt is shortened by 4.12% and 10.06%, respectively. The time required for 90%
of the PCM in the device to melt is 20,710 s, 20,680 s, and 17,770 s, respectively. When the
operating condition is changed from horizontal up-in and down-out to horizontal down-in
and up-out or vertical up-in and up-out, the time required for 90% of the PCM in the device
to melt is shortened by 0.14% and 14.20%, respectively. In conclusion, the heat storage
performance of the device is significantly better in the vertical installation mode than in
the horizontal installation mode, while the effect of changing the water inlet direction on
the heat storage performance of the device is small in the horizontal installation mode.
Additionally, the time required for the device’s average temperature to reach 60 °C under
the three operating conditions is 23,720 s, 23,250 s, and 19,420 s, respectively. When the
operating condition is changed from horizontal up-in and down-out to horizontal down-in
and up-out or vertical up-in and up-out, the time required for the device average temper-
ature to reach 60 °C is shortened by 1.98% and 18.13%, respectively. From the graph, it
can be seen that within the first 4 h of heat storage the average temperatures of the device
under the three operating conditions are similar, while after 4 h the vertical installation
device has a significantly improved temperature rise rate.
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Figure 33. The liquid fraction and average temperature of the phase-change heat storage unit vary
with different inlet flow directions and installation orientations.
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6. Conclusions

Based on the summary of the design and enhanced heat transfer research of phase-
change thermal energy storage (TES) devices both domestically and internationally, this
study presents a multifunctional phase-change TES and heat transfer device suitable for
small wooden buildings in regions with abundant solar energy and other renewable
energy sources. The device has a small footprint, high heat storage density, and good
heat storage and release performance. To explore its performance characteristics, a TES
device performance testing platform was built, and the variation in heat storage and release
characteristics was analyzed based on experimental data. Furthermore, the effects of
various factors on the heat storage process of the device were simulated and studied based
on the validation of the experimental verification model.

The experimental results indicate that when the device is used for heating the effective
heat release efficiency is higher than 78% at an initial temperature of 63 °C, an inlet
temperature of 30 °C, and a flow rate of 0.36 m®/h. The device’s heat release power exceeds
the building’s heat load for more than 14 h. When the device is used for providing domestic
hot water, at an initial temperature of 58 °C, an inlet temperature of 25 °C, and a flow rate
of 0.05 m?/h, the device can provide more than 130 L of hot water above 37 °C, meeting
the shower water needs of at least two people, with an effective heat release of 9855 KJ.

This study explains the performance changes of the system under different operating
conditions, including heat storage, space heating, and domestic hot water heating, through
experiments: (1) Under heat storage conditions, increasing the inlet water temperature, inlet
water flow rate, and using an electric heating plate to assist in heating can all contribute
to improving the heat storage performance of the system. Increasing the inlet water
temperature can significantly enhance the heat storage effect, and when the heat storage
temperature is low increasing the inlet water temperature has a more obvious effect on
improving the heat storage rate. However, the effect of increasing the flow rate on heat
storage performance is limited, and after a certain flow rate increasing the flow rate will
actually cause the heat storage power to decrease. When the flow rate is increased from
0.18 m3/h to 0.27 m®/h or 0.36 m>/h, the heat storage capacity of the system only increases
by 9.26% or 4.66%, respectively. Simultaneously heating hot water using an electric heating
plate can significantly shorten the time required for heat storage. Compared to not using
an electric heating plate, the time required for heat storage is shortened by 4.1 h when the
temperature difference between the inlet and outlet water drops to 0.5 °C. (2) When the
system releases heat for winter heating, reducing the inlet water temperature, increasing
the inlet water flow rate, and raising the initial average temperature of the system can
all contribute to improving the heat release performance of the system. The inlet water
temperature has the most significant effect on the heat release effect of the system. When the
inlet water temperature is decreased from 35 °C to 30 °C or 25 °C, the effective heat release
of the system increases by 43.23% or 57.17%, respectively. Increasing the flow rate has a
relatively weak effect on improving the heat release performance of the system. When the
heat release flow rate is increased from 0.18 m3/h to 0.27 m3 /h, the effective heat release of
the system only increases by 8.56%. Increasing the initial average temperature of the system
can significantly improve the sensible heat release power of the system. When the initial
temperature of the system is increased from 53 °C to 58 °C or 63 °C, the effective heat release
of the system increases by 11.96% or 28.22%, respectively. However, the improvement of
heat release capacity is not significant in the later stages of heat release. (3) When the system
releases heat to provide domestic hot water, increasing the make-up water temperature or
reducing the inlet water flow rate can significantly increase the effective hot water output
and heat release of the system. When the make-up water temperature is increased from
25 °C to 30 °C, the effective heat release of the system increases by 35.23%. When the inlet
water flow rate is reduced from 0.11 m3/h to 0.08 m3/h or 0.05 m3 /h, the effective heat
release of the system increases by 16.46% or 65.49%, respectively.

This study investigates the effects of fin arrangement, fin spacing, fin thickness, in-
let flow direction, and installation orientation on the thermal storage process through
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simulations. The results show that the staggered fin arrangement performs better than
aligned fins, but the difference is not significant. Reducing the fin spacing and increasing
the fin thickness can significantly improve the melting efficiency of the phase-change mate-
rial. When the fin spacing is reduced from 70 mm to 50 mm or 30 mm, the time required
for 90% of the phase-change material to melt is reduced by 7.47% and 16.42%, respectively.
Increasing the fin thickness from 1 mm to 2 mm or 3 mm reduces the time required for 90%
of the phase-change material to melt by 10.09% and 19.07%, respectively. The vertical instal-
lation orientation exhibits superior thermal storage characteristics compared to horizontal
installation, with the difference mainly manifested in the later stage of thermal storage.
When the device is horizontally installed, the thermal storage effect of the bottom-inlet and
top-outlet flow direction is superior to that of the top-inlet and bottom-outlet flow direction,
with the difference mainly manifested in the early stage of thermal storage. Changing the
operating conditions from the horizontal installation with the top-inlet flow to horizontal
installation with the bottom-inlet flow or vertical installation reduces the time required for
90% of the phase-change material to melt by 0.14% and 14.20%, respectively.

Compared with other studies [30-34], the phase-change thermal storage device devel-
oped in this study has a strong specificity. It is designed to match the energy utilization
characteristics of small wooden structures in areas with abundant solar energy, with a target
of ultra-low emissions and serving the specific needs of solar hot water systems with a
dedicated phase-change thermal storage device. The device has a small footprint and high
energy storage density, making it easy to install and move. The effective energy release
efficiency of phase-change thermal storage devices is generally between 50% and 80%. In
this study, the effective heat release efficiency under conventional heating conditions can
reach more than 75%, with a relatively superior heat release performance. When used to
provide domestic hot water, the device has a lower make-up water flow rate than similar
devices but can provide more domestic hot water. Under outdoor temperatures of about
—27 °C, it can provide more than 130 L of domestic hot water at temperatures above 37 °C.
The device can effectively coordinate the energy supply-demand contradiction in small
wooden solar buildings, with a conventional heat storage efficiency of more than 1.6 kW,
and the phase-change material can be melted almost entirely in 5 h. The heating power of
the device is stable for more than 12 h when it is above 0.4 kW. The design of the electric
heating plate in the device ensures both the heat storage effect and the comprehensive
utilization of solar and other renewable energy sources.

The phase-change thermal storage device designed in this paper combines the func-
tions of extreme and non-extreme climate conditions, and the optimization of the internal
structure integrates the load performance characteristics required for building heating
and domestic hot water. The hot water output external interface can switch between two
functions by adjusting the valve, making the use scenarios of the device more flexible and
extensive, which is conducive to the deep exploration of solar energy and other renewable
energy utilization.
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Appendix A

Table A1. Comparison of the heat storage performance of the units under different operating conditions.

The Initial

Inlet Water Inlet Water Average Heat
Number (;l;eﬁ\lgel;ae';tliii Temperature Flow Rate Healtditc(‘):age g:a;csitor(al%e) Storage
) ({e) (m*/h) pactty Power (kW)
1 33 58 0.27 Hot water 32,743.78 1.14
2 33 63 0.27 Hot water 42,393.17 1.47
3 33 68 0.27 Hot water 48,001.83 1.67
4 33 68 0.18 Hot water 43,932.95 1.53
Electric
5 33 68 0.36 heating plate 48,001.83 1.67
+ hot water
6 33 68 0.36 Hot water 45,979.92 1.60

Table A2. Comparison of heating and heat release performance of installations under different

operating conditions.

The Initial . .
Inlet Water Inlet Water Effective Effective . .
Number ;l"femle)%ztvuir; Temperature Flow Rate Heat Release Heat Release Etflﬁ:gg‘cgfcgf
¢0) F"C) (m®/h) Time (h) Capacity (k])
7 63 25 0.27 12.2 39,508.17 82.31%
8 63 30 0.27 13.4 36,004.03 75.01%
9 63 35 0.27 11.1 25,137.00 52.37%
10 63 30 0.18 13.7 33,163.52 69.09%
11 63 30 0.36 >14 >37,554.09 >78.23%
12 53 30 0.27 11.7 28,079.49 85.76%
13 58 30 0.27 12.3 31,438.81 74.16%

Table A3. Comparison of domestic hot water heat release performance of installations under different

operating conditions.

The Initial Inlet Water Effective Heat Domestic Hot
Number Temperature of Temperature Inlﬁt :"’7*35 /l;ll)ow Release Time Water Volume
the Device (°C) F’C) ate tm (min) L
14 58 25 0.05 156 130
15 58 25 0.08 69 92
16 58 25 0.11 45 82.5
17 58 30 0.08 69 92

Figure A1. Small-scale wooden structure building model.
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Figure A2. The results of the grid independence test.
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(a) (b)

Figure A3. The numerical models of different fin arrangement schemes: (a) fin alignment arrange-
ment; (b) fin staggered arrangement.

(b)

Figure A4. The numerical models with different fin spacing: (a) 30 mm fin spacing; (b) 50 mm fin
spacing; (¢) 70 mm fin spacing.

(c)
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(b)

()

Figure A5. The numerical models with different fin thicknesses: (a) 1 mm fin thickness; (b) 2 mm fin
thickness; (¢) 3 mm fin thickness.

=

(©)

Figure A6. The numerical models with different inlet flow direction and installation method: (a) hor-
izontal inlet at top and outlet at bottom (gravity Y-axis negative direction); (b) horizontal inlet at
bottom and outlet at top (gravity Y-axis negative direction); (c) numerical inlet at top and outlet at
top (gravity X-axis negative direction).
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