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As the core of the phase change energy storage technology, the heat transfer per-
formance of the phase change energy storage unit has an important impact on
the operating efficiency of the energy storage system. In this study, a 3-D CFD
model of the plate-type phase change energy storage unit is established to simu-
late the melting process of paraffin wax. Three types of plate-type phase change
energy storage unit models are established, without ribs, single rib, and double
ribs. The influence of cylindrical rib on natural convection melting process of
paraffin is studied, which provides the basis for the design and performance op-
timization of plate-type phase change energy storage unit, and improve its ap-
plication value. The results show that the melting time of paraffin in the energy
storage unit without ribs is 858 seconds , and the melting time is shortened to
827~842 seconds after adding single rib. The melting time of paraffin wax with
single rib is lower than that with double ribs. For the plate-type phase change
energy storage unit, adding ribs at the central section can effectively improve the
melting rate of phase change material. The single rib A located at the lower part of
the central section has the greatest promotion effect on paraffin melting. The key to
enhance the phase change heat transfer process in plate-type phase change energy
storage unit is the paraffin in the lower half of the symmetry plane.

Key words: plate-type phase change energy storage unit, ribs, paraffin wax,
natural convection, numerical simulation

Introduction

In the process of development and utilization of various energy sources, there are
often certain temporal and spatial differences between energy supply and demand, such as
the peak-valley difference of grid load. For RES such as wind, solar and tidal energy, there is
greater volatility in energy supply and greater imbalance between energy supply and demand.
Solid-liquid phase change energy storage technology has the advantages of high heat storage
density, good equipment compactness and easy management, which can effectively improve
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the volatility of energy supply and enhance the stability of energy supply [1, 2]. Phase change
energy storage technology has been widely used in buildings [3], solar heating systems [4, 5],
waste heat recovery systems [6, 7], and air conditioning systems [8, 9].

As the core of phase change energy storage technology, the heat transfer performance
of phase change energy storage unit (PCESU) has an important impact on the operating efficien-
cy of energy storage system. Plate-type phase change energy storage units (P-PCESU) and shell
and tube PCESU are the most commonly used forms of PCESU [10, 11]. The enhancement of
heat transfer performance of the P-PCESU has attracted the attention of some researchers. Zhou
et al. [12] designed a cascade phase change heat storage model and numerically simulated its
internal heat transfer process. The results showed that the position of the phase change material
had a significant impact on the heat transfer characteristics, and the convective heat transfer
between the lower and middle phase change materials played a key role in the overall melting
rate of the heat storage unit.

The current research hotspot for enhancing heat transfer in energy storage units is to
add materials with strong thermal conductivity to substrates such as paraffin to prepare com-
posite phase change materials. Yang et al. [13] prepared a metal foam-paraffin composite phase
change material, and experimentally studied its phase change heat transfer process. The results
show that the uniformity of the internal temperature distribution of the composites is improved,
the heat flux is significantly increased, and the poor heat transfer performance of the bottom
during the melting process of pure paraffin wax is improved. Wang et al. [14] studied the melt-
ing solidification cycle process of composite phase change materials using visual experimental
methods. The results show that the composite phase change material can help to improve the
latent heat storage capacity and increase the total heat storage of the heat storage unit. Shafee
et al. [15] studied the heat release process during water solidification, and added CuO particles
to the water to prepare nanoparticle-reinforced phase change materials. With the increase of
nanomaterial concentration, the solidification time tends to decrease. The results show that the
addition of CuO nanopowder reduces the solidification time by 14.39%.

Structural optimization of phase change heat transfer units is also an important re-
search direction. Kamkari et al. [16] studied the melting process of phase change materials in
rectangular containers with different inclination angles, and the results showed that the incli-
nation of the shell has a significant effect on the formation of natural convection, and therefore
also has a great influence on the heat transfer rate and melting time of phase change materials.
Gurel [17] studied the P-PCESU made of corrugated steel plate and compared it with the per-
formance of the cylindrical energy storage unit, and found that the phase change material in the
P-PCESU has a short solidification time, reducing the solidification time by up to 63%. Lin et
al. [18] proposed a new P-PCESU, in which a distributed water flow channel is provided in the
substrate for charging or discharging the phase change material. The experimental results show
that the pillow plate type heat exchanger has good compactness and heat transfer performance.

In the published research, on the one hand, the composite phase change material is
prepared by adding enhanced heat transfer materials to the paraffin substrate, and on the oth-
er hand, the P-PCESU itself is studied to optimize its structure and enhance the heat transfer
performance inside the energy storage unit. In this study, a 3-D CFD model of the P-PCESU
is established, and the melting process of paraffin in the P-PCESU is simulated and analyzed.
Then, cylindrical ribs are added to P-PCESU, and the influence of cylindrical ribs on the natural
convective melting process of paraffin is studied, and the number and distribution of ribs are
optimized, so as to improve the heat transfer performance of P-PCESU, which provides a basis
for the performance optimization of P-PCESU.
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Simulation model
Physical model

The PCESU in this study is a flat plate
type, with aluminum as the outer shell material
and paraffin as the internal filling material. The
structure of the energy storage unit is shown in
fig. 1.

The volume of paraffin is 100 mm X
100 mm X% 10 mm, and the thickness of the alu-
minum shell is 1 mm. The energy storage unit
has heating surfaces on both sides, which heat
the internal paraffin to melt it. In order to en- Figure 1. Plate-type phase change
hance the heat transfer performance of the en-  epergy storage unit
ergy storage unit, cylindrical ribs are added in
the cavity to compare and study the strengthening effect of different numbers and arrangement
of ribs on the heat transfer performance of the energy storage unit.

The cylindrical ribs in the energy storage unit are divided into two groups, single ribs
and double ribs, and each group has three different rib arrangements. The diameter of the single
rib is 6 mm, the diameter of each rib in the double rib group is 4.25 mm, and the total volume
of the ribs is the same. The single rib is located in the center section of the energy storage unit,
while the double ribs are symmetrically distributed on both sides of the center section. In the
simulation process, four temperature monitoring points are set in the energy storage unit, and
the measurement points are located on the symmetrical surface of the energy storage unit. The
location of the ribs and temperature measurement points is shown in fig. 2 in mm.
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Figure 2. Location of ribs and temperature measurement points (MP);
(a) single rib (SR) and (b) double ribs (DR)

Mathematical model

The melting process of paraffin belongs to the problem of phase change heat transfer,
and the solid-liquid interface during the melting process is a region where two phases coexist.
The density of solid paraffin wax decreases after melting, and natural convection occurs in high
temperature liquid paraffin wax under the effect of buoyancy. The enthalpy porosity method
[19, 20] is applied to simulate the melting process of paraffin, and the liquid fraction parameter
is used to describe the changes in the solid-liquid interface. The control equations are:
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where u, v, and w are the components of velocity in the x-, y-, and z-directions, respectively,
p [kgm™] — the density of paraffin wax, u [Pa's] — the dynamic viscosity of paraffin wax,
A[Wm™'K™] — the thermal conductivity of paraffin wax, ¢, [klkg'K™'] — the specific heat capac-
ity of paraffin, p [Pa] — the pressure, S,, S,, and S, are the source terms of the momentum equa-
tion in the x-, y-, and z-directions, respectively, and S, is the source term of the energy equation.

The enthalpy equation:

o

H=h+AH

T
h=h,, + j c,dT 4)

T,

AH = BL
where H [kJkg'] is the specific enthalpy, /# [kJkg'] — the sensible enthalpy, AH [kJkg '] — the
latent enthalpy, L [kJkg'] — the latent heat of phase transition of paraffin, 7, [K] — the refer-
ence temperature, A.; [kJkg'] — the enthalpy at the reference temperature, and f — the volume
fraction of liquid paraffin.

Simulation method

The P-PCESU shown in fig. 1 is meshed. Poly-Hexcore grid is generated using FLU-
ENT meshing. In order to verify the independence of the grid, the calculation domain is divided
into 40000-500000 grids, and simulation calculations are conducted for 500 seconds under
the same boundary conditions. The temperature variations at measurement Points 1 and 2 are
shown in tab. 1. After the number of grids exceeds 250000, the calculation results tend to stabi-
lize. Taking into account the accuracy and time of the calculation, a grid division scheme with
a grid number of 250000 was selected.

Table 1. Grid independence verification
Grid number [-107] 40 80 160 250 500

Temperature of MP1 [K] 324.859 325.244 325.452 325.597 325.648
Temperature of MP2 [K] 324.768 325.018 325.256 325.465 325.527

During the calculation process, the heating surfaces on both sides of the energy stor-
age unit are set as constant temperature surfaces, with a heating temperature of 343 K. The other
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surfaces are insulated walls. The initial temperature of the energy storage unit is 293 K. During
the calculation process, the influence of gravity is considered, and the direction of gravity is in
the negative z-direction.

In the process of numerical simulation, a 3-D discrete, implicit unsteady state solver
is used to solve the problem. The time step for simulation calculation is 1 second. The conver-
gence criteria are continuity, residual of momentum equation, and energy equation, with thresh-
olds of 1072, 1073, and 10°°, respectively. The energy equation and solidification/melting model
were loaded during the simulation process. The SIMPLE algorithm is used for the coupling
of pressure and velocity. The numerical simulation was conducted using commercial software
ANSYS FLUENT, version R2021.

The phase change material is paraffin, and its physical properties are shown in tab.
2. The housing material of the energy storage unit is aluminum, the thermal conductivity is
202.4 W/mK, the density is 2719 kg/m?, and the specific heat capacity is 871 J/kgK. In order
to consider natural convection, Boussinesq hypothesis is adopted for paraffin density. In the
solid-liquid mixing zone, the thermal conductivity and specific heat capacity of paraffin are
treated as functions of temperature:

2464 T<T,
¢, =1162T-50186 T <T<T, ®)
2950 T>T,
0.28 T<T,
A =1-0.0467T +15.457 T <T<IT, (6)
0.14 T>T,

where 7, [K] is the liquidus temperature of the material and 7; [K] — the solidus temperature of
the material.

Table 2. Physical properties of paraffin

Physical properties Unit Value
Solid specific heat capacity, ¢, [Tkg K] 2464
Liquid specific heat capacity, ¢, [Tkg'K'] 2950
Solid state density, p, [kgm™] 900
Liquid density, p, [kgm™] 773
Thermal expansion coefficient, a [K™1] 0.001
Dynamic viscosity, u [Pa-s] 0.03
Solid state thermal conductivity, A [Wm K] 0.28
Liquid thermal conductivity, 4, [Wm'K'] 0.14
Solidus temperature, 7 [K] 325
Liquidus temperature, T, [K] 328
Latent heat, L [kTkg ] 205.6

In order to verify the accuracy of the simulation method, the P-PCESU A3 and AS
from [9] are modeled and simulated, and the simulation boundary conditions were the same as
in the experiment. The comparison of the temperature variation is shown in fig. 3. The simula-
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tion results of A3 and A5 are both consistent with the experimental data trends. The maximum
relative error of A3 is 5.3%, and that of A5 is 6.7%. The accuracy of the simulation model cal-
culation results is good, which can be used for subsequent simulation research.
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Figure 3. Comparison of simulation results and experimental data;
(a) plate configuration A3 and (b) plate configuration A5

Results and discussion
Ribless

Firstly, the melting of paraffin without ribs is simulated and analyzed. Figure 4 shows
the variation of the volume fraction of liquid paraffin in the symmetrical plane of the P-PCESU
over time. The upper part of the paraffin in the energy storage unit melts quickly and has been
completely melted after heating for 600 seconds. Because the molten paraffin flows upward
under the action of natural convection, the melting rate of the paraffin in the upper part is accel-
erated. The paraffin in the lower half of the energy storage unit has not yet melted after heating
for 800 seconds.

The average Nusselt number, during melting [21]:

LW Hpen (jﬁj
Nu = ‘ (7
(tW - tm )/11
where Wpey [m] is the width of the phase change element, Hpcy [m] — the height of the phase
change unit, ¢, [K] — the heating wall temperature, and #,, [K] — the melting point of paraffin.
Figure 5 shows the average Nusselt number calculated by eq. (7) and liquid paraffin

volume fraction over time. The average Nusselt number decreases sharply over time, and then
slowly decreases. Because in the early stage of heating, the main heat transfer mechanism in-
side the energy storage unit is heat conduction, and the thermal resistance increases with the
increase of volume fraction of liquid paraffin, resulting in a sharp decrease in Nusselt number.
With the increase of liquid paraffin, natural convection in the energy storage unit gradually
dominates, but the heat transfer enhancement caused by natural convection is weaker than the
heat transfer hindrance combined by the increase of thermal resistance and the decrease of heat
transfer temperature difference, so the average Nusselt number decreases slowly.
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The liquid volume fraction in the energy storage unit gradually increases with the
heating process, and the liquid volume fraction reaches 1 at 855 seconds, that is, the paraffin
in the energy storage unit is completely melted. The variation trend of liquid volume fraction
in the symmetric plane is the same, but at the same time, it is lower than the overall liquid vol-
ume fraction. Because the paraftin in the symmetrical plane is far from the heating surface, the
melting rate is slow. The volume fraction of liquid paraffin in the symmetrical surface reaches
0.96 after heating for 800 seconds, and the liquid volume fraction in the entire energy storage
unit is 0.98.
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Figure 4. Contour plot of liquid volume Figure 5. Average Nusselt number
fraction without ribs and liquid paraffin volume fraction

Single rib

A single cylindrical rib with a diameter of 6 mm and a rib position height of 30 mm,
50 mm and 70 mm is added to the energy storage unit. The effect of ribs in different positions
on the liquid volume fraction of the melting process is shown in fig. 6.

The 400 seconds after the heating starts, the paraffin around the ribs is partially melt-
ed, and the proportion of liquid paraffin wax is higher than when there are no ribs. At 500 sec-
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paraffin above the ribs melts faster than those
below the ribs. Single rib A is located in the
lower part of the energy storage unit, which
heats the paraffin wax that melts slowly in this
area, which effectively increases the melting
rate of paraffin in the energy storage unit. At
600 seconds and 800 seconds, the unmelted
paraffin of SR-A is less than that of the other
two single-rib arrangements. The time required
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the energy storage unit is greatly increased. The melting time of all three groups of SR is lower
than that of no ribs, because the presence of ribs increases the heat exchange area and makes
the internal heating of paraffin wax more uniform.

Figure 7 shows the temperature variation at the measuring points (MP1, MP3). The
MP1 is located in the upper part of the energy storage unit, and the distance between the posi-
tions of SR-A, SR-B, and SR-C and MP1 decreases sequentially, so the MP1 of SR-A melts at
the latest. The MP1 of SR-C overlaps the position of the rib, so its temperature rises rapidly af-
ter the heating starts and remains consistent with the heating surface temperature. After heating
for 510 seconds, the temperature of MP1 in SR-A rises to 328 K, and the paraffin at the corre-
sponding position completely melts. Subsequently, it rapidly heats up under the convection heat
transfer of liquid paraffin; The temperature of MP1 of SR-B increased to 328 K after heating for
450 seconds, and the subsequent heating rate was lower than that of SR-A.
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Figure 7. Temperature variation of measuring point with single rib

Double ribs

Figure 8 shows the effect of double ribs (DR) on the liquid volume fraction. Similar
to the situation of the SR group, after 500 seconds of heating, the liquid volume fraction in the
energy storage unit is DR-A > DR-B > DR-C, and the lower ribs had a better effect on paraffin
melting. When heated for 600 seconds, the solid paraffin wax at the bottom of DR-A and DR-B
has been divided by liquid paraffin, while the unmelted paraffin is still connected in DR-C, and
the melting rate is significantly lower than that of the other two rib arrangement. It is worth
noting that compared with the SR group, the unmelted area at 800 seconds in the DR group is
larger. Because the SR is located on the central surface of the energy storage unit, it is able to
heat the paraffin wax that melts the slowest. The ribs of the double rib groups are distributed
symmetrically along the center of the energy storage unit, which reduces the heating effect. The
total melting time of DR-A, DR-B and DR-C is 843 seconds, 849 seconds, and 858 seconds,
respectively.

The melting time of paraffin wax with different rib arrangements is shown in fig. 9.
The melting time of DR-C is the same as that without ribs, and the other five rib arrangements
all reduce the time for complete melting of paraffin. The melting time of the SR group is lower
than that of the DR group, indicating that for the P-PCESU, the key to improving the melting
speed is to promote the melting of paraffin in the symmetrical plane, especially in the lower half
of the symmetrical plane.
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Conclusions

This article establishes a simulation model for a plate type phase change energy stor-
age unit, verifies the accuracy of the model, and uses it to simulate and study the paraffin phase
change heat transfer process. The research results of this article can guide the design and perfor-
mance optimization of P-PCESU, and improve its application value. The relevant conclusions
are as follows.

e When there are no ribs, the melting time of paraffin in the P-PCESU is 858 seconds.
The Nu in the energy storage unit decreases sharply with the increase of liquid vol-
ume fraction, and then slowly decreases. The melting time after adding a single rib is
827-842 seconds, and the melting time after adding a DR is 843-858 seconds. The rib has a
promoting effect on the melting of paraffin in the PCESU.

® The melting time of the SR group is lower than that of the DR group, so adding ribs at the
central section of the P-PCESU can effectively improve the melting speed of the phase
change material.

® The SR-A located below the center section of the energy storage unit has the greatest effect
on paraffin melting. To strengthen the phase change heat transfer process in the P-PCESU,
the key is to strengthen the heat conduction and natural convection in the lower half of the
symmetrical surface.
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Nomenclature
¢, —specific heat capacity of paraffin, [kJkg'K™'] T, - liquidus temperature of the material, [K]
H  —specific enthalpy, [kJkg'] T.s —reference temperature, [K]
Hpeyi— height of the phase change unit, [m] T, —solidus temperature of the material, [K]
— latent enthalpy, [kJkg u - component of velocity in x-direction, [ms™']
h  — the sensible enthalpy, [klkg™'] — component of velocity in y-direction, [ms™']
h; — enthalpy at the reference temperature [kJkg™'] WPCM width of the phase change element, [m]
L —latent heat of phase transition of w  —component of velocity in z-direction, [ms™]
paraffin, [kJkg™]
Nu — Nusselt number Greek symbols
p  —pressure, [Pa] o — thermal expansion coefficient, [K™']
S, —source term of the energy equation, [kJms] B —volume fraction of liquid paraffin
S, —source term of the momentum equation ) — thermal conductivity of paraffin
in x-direction wax, [Wm K]
S, — source term of the momentum equation 4 —dynamic viscosity of paraffin wax, [Pa‘s]
in y-direction p  —density of paraffin wax, [kgm]
S, — source term of the momentum equation
in z-direction
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