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One of the most investigated and broadly used mediums in the solar thermal storage systems is using phase
change materials. In this research, a comprehensive performance test bench for solar thermal utilization system
using a controllable heater to substitute different levels of solar input was established. The test bench is not
limited by the weather and equipped with alternative heat storage tanks for different PCMs. The heat storage
structure and the performance of paraffin in low temperature system was examined using numerical simulation

method. The results showed that the heating power received by PCM was stable at 6-8 kW under the heating
condition of 85 °C. At the stage of incompletely melting, the temperature difference between the inside and
outside was as high as 31.6, which can reduce the loss of heat to a great extent.

1. Introduction

Solar thermal utilization is one of the most promising renewable
energy resources. Although the medium and low temperature solar
collectors have the advantages of simple structure and low cost, the
intermittentness and instability greatly limit its development. Using
thermal energy storage systems (TES) to improve solar thermal effi-
ciency is one of the important ways to enhance the utilization of solar
energy. The effectiveness of TES integration in a solar thermal system
would be high by increasing the flexibility of the system [1], thereby
accelerating its commercial applications.

Currently, the solar TES system has attracted so much attention.
Kumar et al. [2] applied a TES to the solar-assisted heating system in an
industrial process. A useful model was developed based on the combi-
nation of the solar photovoltaic thermal collectors (PVT) and flat panel
solar collectors (FPC), which produced as high as 1420 W power, 75%
thermal efficiency and 12.72% exergy efficiency. Erdenedavaa et al. [3]
conducted a performance analysis of the solar thermal system in
Ulaanbaatar. The system built with 30 vacuum tube solar collectors, a 3
kW auxiliary electric heater and a 500 L heat storage tank. In the
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eight-month experimental measurement, the total heat output of the
solar system was 11.3GJ accounting for 23.8% of the area’s total heating
energy, which significantly reduced the use of fossil fuels.

TES can indeed bring great improvements to solar thermal utilization
systems in many practical applications. Therefore, people began to
further expand its positive impact on the solar thermal utilization by
improving the heat storage performance [4]. The researches on the TES
can be divided into two directions [5], i.e. the structural design and the
working fluids. The structure design mainly includes the study of heat
pipes [6] and fins [7-9]. Kumar et al. [10] designed a shell-and-tube
latent heat storage tank with an inclined shell surface and proposed a
funnel-shaped heat storage system, which improved the melting and
solidification speed of the PCM and the heat absorption rate. Qaiser et al.
[11] proposed three different designs of multiple heat transfer tubes and
shells to construct a heat storage system. It is concluded that compared
with the basic design, the storage rate of the new schemes was increased
by more than 80%, which saved nearly half of the time. Ma et al. [12]
proposed a hybrid heat storage system that combined a two-box thermal
energy storage and a packed bed thermal energy storage. The heat and
economic performance of the hybrid storage system was compared with
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Fig. 1. System piping diagram.

a standard single-tank storage system to demonstrate an annual power
generation increase. Literature review shows that different structures
produce different enhancement degrees to the working capacity of the
TES systems. Among them, the structure of multiple heat pipes and fins
is one of the most effective methods [13]; therefore, this structure type is
selected and improved in this study.

Applying useful heat storage materials for solar thermal utilization is
an important way to improve the heat storage capacity. TES plays a vital
role in improving the overall efficiency and reliability of thermal energy
utilization systems and heat storage materials used in the TES are the
core that determine the system performance [31]. PCM is usually used as
the heat storage materials. PCM refers to a kind of material that emits or
absorbs a lot of heat during phase change process. PCM is widely used
own to its advantages of high heat storage density, high efficiency, easy
process control, and stable temperature during heat storage/release
process. It is one of the most suitable solar energy storage methods.
According to different forms of the phase change, the heat storage ca-
pacity of PCMs is different. PCMs can be divided into organic materials,
inorganic materials and composite materials. Organic PCMs mainly
include the paraffin wax and fatty acid. Industrial paraffin can be used in
a wide temperature range with high melting heat and low cost [14].
Therefore, the industrial paraffin is one of the most widely used PCMs
[15]. Fatty acid has a higher melting calorific value than the paraffin,
but its cost is about 2-2.5 times of the paraffin, which hinders its
practical applications [16]. Inorganic PCMs are mainly hydrates of the
inorganic compounds. They play an important role in heat storage
because of the high latent heat storage density [17]. The combined use
of multiple PCMs can increase the flexibility of the storage system and
improve the heat storage efficiency [18].

Currently, the PCM research generally adopts numerical simulation
methods [19-22], which can reduce the cost and the time. Pirasaci and
Goswami [23] studied the influence of the structural design, storage
time, working fluid flow rate and other factors on the PCM heat storage
efficiency by numerical analysis, and evaluated the PCM performance in
the latent heat storage unit of a direct steam power plant. Valenzuela
[24] proposed an integrated thermal storage scheme, which combines
the sensible heat and latent heat using multiple materials to improve the
energy storage efficiency. Kargar et al. [25] proposed a numerical
analysis of a new type of heat storage system for direct steam power

plants. The performance of the heat storage system was analyzed, and
the effect of different design parameters such as the thermal conduc-
tivity of the PCM, the heat transfer fluid flow rate and the diameter of
the heat exchange tube on the system performance was studied. It was
concluded that the thermal conductivity of PCM is the most important
parameter to improve the performance of the heat storage system. Li
et al. [26] proposed a new type of a solar thermal system coupled with
an active PCM heat storage wall using a composite of the paraffin wax
and perlite, and continuously monitored the indoor temperature to
verify the accuracy of the heat transfer model. The system effectively
improved the utilization rate of solar energy, and can keep the tem-
perature of the test room at 23-30 °C. Michels and Pitz-Paal [27] also
proposed the concept of cascaded latent heat storage. Five different
PCMs were used in the temperature range from 300 °C to 380 °C to form
a TES system, and the performance of the simulation model was
compared with experimental data. Existing literature shows that the
hybrid systems can make better use of the PCM storage capacity, reduce
costs, and increase the heat storage ratio, which is one of the important
research directions of phase change heat storage in the future [28].

Simulation and numerical researches have the advantages of con-
venience and low cost [32-35]. As a result, most existing researches of
PCMs still adopted numerical simulations, and there are much fewer
studies that combine simulation with experiment which is an important
way to verify the simulation models. To this avail, this study performs
the simulation analysis and experimental verification to analyze the
PCM performance in a specially designed energy storage structure from
two aspects of sensible heat and latent heat for different levels of solar
heat.

2. Experimental bench test

In order to investigate the thermal energy collection efficiency of
PCMs and the improvement effect of the overall system performance
under different input levels of the solar energy, the design and con-
struction of the experimental bench were carried out. Through this
experimental platform, it is possible to study the improvement using the
PCMs for the TES systems under different temperature conditions; it can
also realize the comparative analysis of the performance of different
types of PCMs.
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Fig. 2. The actual experimental bench.

2.1. Experimental bench design

In order to meet the requirements of different working conditions,
the experimental bench is required to have the ability to switch between
different operating modes. The specially designed integrated system
pipeline is shown in Fig. 1, including the following three operating
modes.

(1) When the solar energy level is low, the heat transfer oil receives
less solar radiation and the temperature rise is not high. Under
this condition, when the low power mode of the heater is turned
on, the temperature of the heat transfer oil will not increase
significantly after passing through the heater; and the absorbed
heat is only used for heating the heat transfer oil.

(2) After the solar energy level rises, when the temperature of the
heated heat transfer oil reaches the operating requirements of the
heat exchange or heat storage tank, the high temperature heat
transfer oil is delivered to the heat exchanger and the heat storage
tank through the main pump. The heat transfer oil has a certain
temperature increase after passing through the heater, which can
be used for the energy storage by the PCMs. In this mode, the heat
transfer oil passes through the heat exchanger, and the heat
release function can be selected according to the set solar energy
level and the heat release requirements.

(3) When the energy output is required without the solar energy
input, the circulating pump transfers the oil to the heat storage
tank to absorb the heat energy of the PCMs, and then to the heat
exchanger for releasing heat outside.

The experimental bench can simulate different input levels of the
solar energy by using a heater that can adjust the temperature. At the
same time, it can also increase the experimental efficiency of the
experimental bench and shorten the experiment cycle. As the core
component, the heat storage tank needs to be specifically designed to
improve the heat transfer efficiency. In addition, the heat exchanger
here is only used as a reference for heat utilization. In the actual
application process, specific research should be conducted for different
heat using purposes.

The actual experimental bench is shown in Fig. 2. The experimental
bench is equipped with a 380 V, 20 kW variable power electric heater,
and the heating power of the heater is dynamically adjusted through PLC

Table 1
Main configurations.

Components Parameters

System Power 380 V; 25 kW; 50Hz

Heater 380 V; 20 kW; 50Hz

Main pump 380 V; 2.2 kW; Flow: 12m3/h; Lift: 25m
Circulating pump 380 V; 750 W; Flow: 56 L/min; Lift: 38m
0Oil tank 50L

Data acquisition card NI-6008

PLC FX-2N-44M

control to simulate solar energy input under different conditions. The
temperature, pressure and flow parameters of the working fluid are
obtained in various parts of the system during operation through the
sensors and flow meters. According to different levels of the heat source,
there are high, medium, low and no heat source operating modes, which
provide a research basis for studying the optimization of the solar energy
utilization and solar thermal storage. The specific configurations are
shown in Table 1.

The measurement system of the test bench is composed of sensors
and the control system consists of acquisition modules, industrial com-
puter and PLC integrated computer. The main measurement and control
logic are shown in Fig. 3. First, set the working mode through the
operation panel to control the heater, circulating pump and other
components to work; after the system starts running, the signals are
transmitted to the acquisition module by various sensors, flow meters,
pressure sensors, etc.; and the result is displayed on the display interface
of the industrial computer.

PCMs are stored in the thermal storage tanks. There are two tanks
assembled on the bench in order to provide a research foundation for
studying the influence of different PCMs and structures on the heat
transfer efficiency in phase change heat storage technology. The multi-
tube bundle fin structure is optimized in this bench, which significantly
improves the heat exchange efficiency. The three-dimensional structure
of the thermal storage tank is shown in Fig. 4. The two heat storage tanks
each contain 12 temperature sensors, which can accurately obtain the
temperature distribution inside the heat storage tank, providing an
important basis for studying the phase change process.
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Table 2
Physical properties of paraffin.
Properties Values
Density (kg/m3) 800
Cp (J/kg-K) 2100 (T<60); 2000 (T>60)
Thermal conductivity (W/m-K) 0.2516
Viscosity (kg/m-s) 0.00324
Melting heat (j/kg) 170,000
Phase transition temperature (°C) 60
Weight (kg) 14

2.2. Selection of working fluid

The heat conduction oil used in this experiment is L-QB300, which
has the characteristics of high specific heat and good thermal conduc-
tivity. It can be used for heat conduction work below 300 °C. The object
of this paper is mainly the phase change storage of the solar thermal
utilization in the middle and low temperature state, and the working
temperature is generally below 120 °C. As a PCM with a low phase
change temperature, the paraffin has the characteristics of high latent
heat, good stability and low cost. It is very suitable for this research.
Therefore, we used the paraffin as the PCM for the heat storage, and the

Table 3

uncertainty of the experiments.
Parameters Instrument Uncertainty
Flow temperature, Temperature sensor probe, PT-100 +0.3°C

T

Temperature, Ts Temperature signal acquisition module, +0.1%FS °C

DAS-RTD
Flow, g Liquid turbine flowmeter, ECLWGY-01G +1%R
Ambient Thermometer +0.5°C
temperature

specific performance parameters are shown in Table 2.

2.3. Experimental uncertainty analysis

Uncertainty analysis is an indispensable part of experimental re-
searches [36]. Referring to the manufacturer’s data and following the
similar studies in recent years [37-41], values of the relative uncertainty
are given to evaluate the accuracy of the experiment system in Table 3.

The uncertainty of the test can be attributed to the measurement
inaccuracies of temperature, flow rate and mass. The uncertainty Ut of
the system is + 1.05% by using the following Eq. (1) [42]:

2
ST, \*  (6T.\" ([ 6q
Up = +,| (=L >4 100% 1
! (AT1> +(AT3> * Agy . ’ W

3. Simulation and experimental analysis

Numerical simulation using ANSYS/Fluent and experiment analysis
have been combined to investigate the PCM performance. Through
numerical simulation, different PCM and different operating conditions
can be analyzed, so as to provide important guidance for actual exper-
imental work to reduce costs and consumption time. Through experi-
ments, the working status and physical phenomena of PCM can be
obtained, so as to correct the simulation model and promote the
development of practical applications.

The melting process of PCM is mainly divided into three stages: low
temperature sensible heat stage, melting latent heat stage and high
temperature sensible heat stage. There are complex physical phenomena
such as heat conduction, convection heat transfer, volume expansion,
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Fig. 5. Flow in the pipes.

material movement, etc. during the melting, which makes the heat
transfer process have obvious nonlinear characteristics, and it is difficult
to obtain an accurate solution. As a result, numerical analysis is the
common way to get the detail of melting process. The temperature
method is adopted in the present model. The SOLIDWORKS is used to
build a three-dimensional model, the ANSYS /ICEM is used for meshing,
and the CFD-POST is for post-processing. The operating mechanism of
the paraffin melting and heat storage is analyzed to further improve the
performance of the heat storage device. In setting the paraffin proper-
ties, the following reasonable assumptions are made.

(1) In the process of phase transition, the temperature change range
is not large, and the physical properties of the paraffin can be
regarded as constant and isotropic.

(2) The melted liquid paraffin is an incompressible fluid, and the
natural convection is laminar. The Boussinesq hypothesis is valid.

(3) The temperature of the internal heat transfer oil is constant, the
heat transfer resistance between the oil and the inner wall of the
tube is negligible, and the wall is regarded as a constant
temperature.

3.1. Numerical model establishment

During the paraffin phase change process, the heat is provided by the
heater. As it shown in Fig. 5, the actual temperature of the heat transfer
oil does not change significantly under the flow of 3.5 m%/h and the
heating power of 20 kW. The internal fins conduct heat very quickly, so
the wall surface can be approximated to a constant temperature.

In the numerical simulation, the heating wall is set as the first type of

constant temperature thermal boundary condition. The control equation
of the phase change process simulation is as follows:

(1) Continuity equation:

op

at+V~(pu):0

€8]

(2)

Momentum equation:

op

ot

+V-(pup)=-VP+VuVu)+pg+F 2)

3

-

Energy equation:

d(pH)

ot ®

+V-(puH) = V-(kVH)

Where: t- time (s); p- density (kg/m3); u- velocity (m/s); u- viscosity
(Paes);P- pressure (Pa); k- thermal Conductivity (W/meK); H- Phase
transition enthalpy (kJ/kg). Fis the source term for momentum equation
and related to the melting state of the PCM. The phase change process
involves the parameters of the mushy zone. When setting the melting
properties during the simulation, set the Mushy Zone Parameter to
10,000 [29,30]. The total heat stored during the numerical simulation
can be calculated by Eq. (4):

Q = m[Cy-(ty — to) + H+ Cp-(to — tw)] (©)]

Fig. 6. Thermal storage tank structure diagram.



M. Huang et al. Journal of Energy Storage xxx (XxxX) Xxx

0.6 P
~
//
0.5+ /
9 7
= 0.4 -
0 /
g e
& 0.3 -
o — — B5W
3 / 60W
= 0.2
/ — — B5W
P 70W
0.1 4 /
|/
0.0

T T T T T T T T T T M T T T
0 2000 4000 6000 8000 10000 12000 14000
Time (s)

Fig. 7. Grid independence verification.

45°C 55°C 65°C
Fig. 8. The heat storage effect of paraffin under low temperature conditions.
Where: Q- total heat (kJ); m- flow (m3/s); C,- Solid specific heat temperature (°C).
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storage tank under different levels of energy input. The three-
dimensional simulation model is established through SolidWorks, and
the schematic diagram of the structure is shown in Fig. 6. The heat
transfer oil enters and exits the heat storage tank through the pipeline,
and the tank is filled with paraffin. The heat is carried by the heat
transfer oil to the pipeline in the heat storage tank, and then transferred
to the outer wall of the tube and a series of fins to complete the heating
of the paraffin.

In terms of numerical simulation, many scholars have analyzed
practical problems on the basis of finite difference method, finite
element method and other numerical simulation methods, which are
simple and effective in solving moving boundary problems. [43-46]
According to the simplified physical model, ANSYS/ICEM is used to
perform three-dimensional unstructured meshing of the paraffin. ICEM
is more professional to build unstructured grids and easier than other

Temperature
Volume 1

8.500e+01
7.200e+01
5.900e+01
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3.300e+01 | Nk
[C]

15000
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programs in this case which is not so complexed. Fig. 7 shows the result
of grid independence verification with the melting process under the
grid cells of 55 w, 60 w, 65 w and 70 w. The fluctuation curve of liquid
fraction over time was small. As a result, the final model has a total of
551,077 grid cells and the maximum grid size was set at 0.01.

3.2. Result analysis

In order to study the heat storage process of the paraffin under
different solar energy levels, a simulation was carried out on two levels
of medium temperature and low temperature. Under low temperature
conditions, the heating temperature was set to 45, 55 and 65 °. The
heating process was carried out for 1 h. The final heating section of the
paraffin is shown in Fig. 8. It can be seen that when the phase change
temperature is hardly reached, the paraffin cannot play the advantages
of PCM, but it still has a good ability to absorb heat in the tube. More-
over, the designed heat storage structure can well distribute the limited
heat to the inner center of the paraffin, and the outer part close to the
wall of the tank is more difficult to obtain heat, which ensures that the
heat in the heat storage tank can be stored in the PCM for a longer time
to reduce the heat dissipation.

The solar heat storage was carried out at a medium temperature. By
setting the heating temperature to 85, 95, 105 and 115 °, and the
simulation time was set for 5 h, the phase transition process of paraffin
wax was analyzed. Figs. 9-12 show the internal temperature distribution
changes of the paraffin wax at 3000 s, 9000 s, 15,000 s and 18,000 s at
the four different temperatures. The two views are respectively a left
sectional view and a top sectional view of the top heating tube. The
curve of the melting ratio of the paraffin with time at different tem-
peratures is shown in Fig. 13.

By comparing the phase transition process of the paraffin at different
temperatures, it can be found that the paraffin is in a relatively stable
state under two heating conditions of 85 and 95 °, which can easily
absorb the heat brought by the heat transfer oil and still leave a lot of
redundancy. It can be seen from the melting curve that the melting rate
of the paraffin gradually stabilizes under the condition of the constant
temperature. The paraffin can maintain the phase change process for

a000s

o o0 0

18000s 6

Fig. 14. Temperature distribution of Face 1.
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about 10 h at this temperature, which fully meets the requirements of
the solar thermal storage. When the temperature reaches 105 ° and 115
°, the utilization rate of the paraffin in the thermal storage tank was
further improved. The paraffin in the center part completed the phase
change process with the increase in temperature and reached a relatively
high temperature. The temperature of the part close to the tank wall was
still at a relatively low temperature, although it was also gradually
increasing. It can reduce the heat dissipation through the wall and

ensure the heat storage performance. In the 5 h simulation process, it
can be seen that although the melting speed becomes faster with the
increase of heating temperature, the speed decayed. In the end of the
melting at 115 °, 30% of the paraffin was still in an unmelted state after
5 h of heating. Therefore, the heat storage device and the PCM paraffin
used in this bench are fully capable of thermal energy storage under
medium temperature conditions.
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Table 4

The results of temperature at the specific time.
Senor number 3000s 9000s 15,000s 18,000s

exp sim exp sim exp sim exp sim

1 59.8 55.5 68.2 66.3 73 70.3 74.8 72.8
2 66.2 72.6 72.8 75.2 77 79.5 78.6 83.4
3 38.4 38.3 52.4 53.3 77.1 78.7 79.7 79.7
4 38.4 40.2 52.7 55.8 77.3 81.7 79.9 82.6
5 45.3 52.5 54.1 55.3 59.1 63.3 63 68.6
6 40.8 45.7 48.5 49.6 51.8 55.3 53 56.9
7 53.9 55.3 64 68.1 71.7 73.6 73.9 74.6
8 61.9 64.8 70.3 72.9 76.6 78 78.4 81.1
9 36 38.3 48.2 50.4 73.3 70.7 79.4 76.4
10 36 39 48.8 51.1 75 71.2 79.9 75.6
11 38.7 41.2 48.1 58.1 53 63.8 55.5 65.3
12 36.2 40 43.1 52.7 46.9 53.6 48.3 55.1

3.3. Comparison between simulation and experiments

There are 12 temperature sensor probes inside the heat storage tank
to detect the real-time changes in the temperature of the PCM during the
experiment. Select the section where the temperature sensor is located
in the simulation results. Compare the results with the actual experiment
results, and check whether the simulation results have good accuracy.
Figs. 14 and 15 are the temperature distributions of face 1 and face 2 of
the cross-sectional view of the installation position of the temperature
sensor in the heat storage tank. The actual position of each sensor is
marked on the figures for comparison and analysis with the experiment
results.

The temperature sensors are respectively installed 6 mm and 11 mm
away from the center fin on both sides. In order to check the rationality
of the thermal storage tank and test the performance of the paraffin, the
paraffin was heated at 85 ° for 18000s. During the experiment, the
heater was set at a constant temperature of 85 °C. The heater was
controlled by PLC, so that the heater can work in a dynamic working
state, and the temperature of the heat transfer oil is continuously
ensured. Collect the temperature of the sensor in the heat storage barrel
through the acquisition card, and display the record at all times. The
temperature changes of the paraffin in the heating process are shown in
Fig. 16. Table 4 listed the temperature of each sensor at the specific time
of the experiment and simulation, respectively. The difference value

T(C)
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between simulation and experiment results are shown in Fig. 17.

The difference value is mainly related to the position of sensors. In
the early stage, the temperature of the oil increased rapidly, forming an
enlarged temperature difference with the paraffin, and the overall
temperature of the interior increased rapidly. Sensors 1, 2, 7, and 8
closed to the fins were heated up particularly quickly. In the time period
of 2000-4000 s, the temperature of the oil gradually exceeded the set
value, and the PLC controls the heater to stop heating. At this time, the
temperature of the above four positions has dropped, but the paraffin
was still in a state of being heated. When the time came to 12,000s-
14,000 s, the central part of the paraffin melted, the paraffin at the
sensors 3, 4, 9, and 10 gradually became liquid, and the temperature
rises rapidly. But the temperature of the sensors 5, 6, 11, and 12 located
at the bottom and far away from the fins were still maintained below the
phase transition temperature and were still in a solid state. In general,
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Fig. 18. Heating power to the paraffin.
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Fig. 17. The difference value between simulation and experiment results.
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the temperature distribution in the tank was very reasonable. The
maximum temperature at the center and the minimum temperature
inside the tank differed by 31.6 ° in this case, which greatly reduces the
heat loss caused by the contact part with the tank wall. The heating
power to the paraffin is shown in Fig. 18 and the power is mainly 6-8 kW
under the heating temperature of 85 °C.

4. Conclusion

The medium and low temperature solar thermal storage technology
was researched in this paper, and the rationality of the heat storage
structure was verified through simulation and experiment investigation.
The phase change process of the PCM under different energy input levels
was discussed, and the heat storage capacity of PCM was analyzed.

(1) A comprehensive performance test bench for solar thermal uti-
lization system was established. It is much more efficient and
flexible without the limitation of weather conditions by using a
controllable heater with the max power of 20 kW to substitute
different levels of solar input.

(2) A research method of solar medium and low temperature heat
storage technology was proposed by combining simulation and
experiment investigation. The performance of the designed heat
storage tank and the PCM was evaluated. The results showed that
the heating power received by PCM was stable at 6-8 kW under
the heating condition of 85 °C. The structure can centrally raise
the temperature of the central part during the PCM melting.
Under the condition of continuous heating at 85 ° for 5 h, the
temperature difference between the inside and outside of the
PCM was as high as 31.6 °, which greatly reduced the heat ex-
change between the PCM and the outer wall of the heat storage
tank, and improved the energy storage system performance.

(3) At present, PCMs used in solar thermal system is mainly binary
mixed nitrate composed of 40% KNOs and 60% NaNOs (Solar
Salt, melting point is 220 °C) and ternary nitrate composed of
53% KNOs, 40% NaNO, and 7% NaNOs (Hitec Salt, melting point
is 142 °C). The future research is to analyze the performance of
Solar Salt and Hitec Salt in order to expand the heat storage
temperature range to 40-280 °C. Using the proposed dual heat
storage tanks, compare and analyze the heat storage performance
of different PCMs under the same heating condition. The most
suitable PCM will be selected for different energy input
conditions.
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