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Targeted at the poor heat transfer effect of the phase change thermal storage heat
exchanger due to the low thermal conductivity of the phase change material, a
fin-tube type phase change thermal storage heat exchanger has been proposed in
the study. A 2-D model of the phase-change heat storage unit was established, and
the dynamic heat transfer law of the melting and solidification of the phase change
material, and the influence of the fin structure size on the heat storage/release
performance of the heat exchanger were numerically analyzed. The results show
that in the area close to the tube wall, the smaller the fin spacing, the larger the
thickness, the faster the phase change heat storage/ release speed, and the better
heat transfer effect. In the central area of the phase change material, the greater
the fin spacing and thickness, and the better the heat transfer effect of the phase
change heat storage/release. The area close to the outer wall has the smallest
temperature change, and the heat storage/release effect is the worst. Therefore, the
use of energy storage heat exchangers with gradual fin thickness and spacing is an
effective method to improve the heat transfer efficiency of existing equipment. In
addition, in order to improve the heat exchange effect of the edge area of the phase
change, its structure could be changed or the heat exchange form can be in-
creased.
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Introduction

Phase change thermal storage technology is an effective way for energy conserva-
tion and emission reduction and can help rationally use energy. However, due to the low
thermal conductivity of most phase change materials (PCM), the heat exchange efficiency is
low in the phase change heat storage system, so there is an urgent need to carry out research
on the performance enhancement of the phase change heat storage system [1-3].
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Li et al. [4] conducted an experimental study on the heat storage model of the finned
convergent tube. According to the results, the heat transfer rate of the fin convergent tube (fin
thickness of 2 mm) in the heat storage/heat release stage is 13% higher than that of the bare
tube convergent tube. Increasing the thickness of the fin to a moderate extent can improve the
heat storage and release performance of the heat storage body. Mat et al. [5] and Al-Abidi [6]
established a 2-D numerical model to simulate the melting and solidification process in a
triple spiral tube phase change heat accumulator with inner and outer fins, and studied the
influence of different structural parameters on melting and the solidification process. Tao et
al. [7] numerically studied the feasibility of using an enhanced heat transfer tube with internal
fins to enhance the performance of a double-pipe phase change heat storage unit, and proved
that enhancing the heat transfer performance on the heat transfer fluid side also is an effective
way to improve the overall heat storage performance. Ismail et al. [8] established a ribbed
mathematical model and found that the number, height and spacing of fins greatly affect the
heat storage and energy storage.

In this paper, the dynamic numerical simulation analysis method is adopted to simu-
late the dynamic changes of the melting and solidification of the PCM in different regions
during the heat storage and heat release process of the fin-tube heat exchanger. Furthermore,
the influence of different fin structure sizes on phase change heat transfer have been com-
pared and analyzed, and a reference has been provided for the design of fin type phase change
energy storage heat exchangers.

Models and methods

Fluid flow direction

Physical model

Figure 1 shows the physical model of the
fin-tube phase-change energy storage heat exchanger.
In this model, the PCM is used to fill the adjacent fins,
and the heat transfer fluid flows into the middle heat
exchange tube from top to bottom and exchanges heat ;
with the PCM through the tube wall and fins of the =
heat exchange tube. This paper selects three typical / ;
measuring points in the phase change area: Measur- P e materal
ing point 1 is close to the wall of the heat exchange
tube, Measuring point 2 is located at the center of the
phase change area, and Measuring point 3 is located
at the farthest area from the heat exchange tube in the
same radial direction of the phase change area. In this
paper, the overall geometric parameters of the ther-
mal storage unit set based on the experimental model
parameters in [9, 10]. Please check tab. 1 for details. Figure 1. Physical model

Table 1. Geometric parameters of
heat storage unit

} Fin radius
i

Xi
Measuring point 3

IMeasuring point 2
H

*-Fin thickness

Geometric parameters of thermal storage unit Value
Fin thickness, § [mm] 2,4,6
Fin spacing, d [mm] 16, 24, 32
Fin radius, r [mm] 45
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Controlling equation

In order to establish the controlling equation of the system, this thesis assumes:
— A 1-D distributed parameter model is adopted for the heat transfer fluid, and the axial heat
conduction and viscous dissipation of the heat transfer fluid are neglected.
— The flow of liquid PCM is unsteady, laminar and incompressible, which obeys Fourier heat
conduction law [11].
— The thermal resistance of the inner tube wall of the phase change heat storage unit is ne-
glected, and the surface of the outer tube should be isothermally treated.
— The density of the PCM accords with Boussinesq [12, 13].
The solidification/melting model in the commercial software FLUENT is used for
numerical simulation, so the solid phase and liquid phase energy equations are established.
The controlling equations for the system are shown:

é‘uav

>y =0 1)
% +div(puu) = div(ugradu) —% +S, (2)
(p)+d|v(puv) dlv(ygradv)—5+s (3)
a/;t P L div(puh,) = dlv( gradhsj—sh ()

where p is the density, x — the dynamic viscosity, P — the pressure, k — the thermal con-
ductivity, T,, — the hot surface temperature, u and v are the velocity components on the
x-axis and y-axis, respectively, and S, and S, are the source term of the fuzzy area, respec-
tively. Percentage of liquid 3 is introduced during calculation [14]. It is defined:

Mg rer
L

B %:1, T>Ti (5)
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L T:-T

A solid-liquid mixing region (mush region) is defined in solidification/melting mod-
el between liquid phase and solid phase, and momentum equations of three different phases
are solved by source term, S, which is defined:

cl-p°
S- (ﬂf ) pu (6)
Additional explanations are the solid thermal conductivity, A, is used when solving
the solid domain, and the melting thermal conductivity, Ameze, IS used when solving the mol-
ten area. When solving the liquid area, the sum of convective thermal conductivity and ther-
mal conductivity (4s+ h) is used.
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Result analysis

Comparison of numerical results and experimental data

According to the established physical and mathematical model, the mathematical
model is divided by a full six-sided grid after verification of grid independence and time step.
The time step is set to 5 seconds and the number of grids
is 560000. Figure 2 is the grid diagram of the numerical
model. In order to improve the calculation accuracy and
ensure the calculation accuracy, the grid is encrypted and
the grid independence is verified. Then, the correctness of
the model and simulation program is verified by compar-
ing with the experimental results in Dai et al. [9]. As
shown in fig. 3, the experimental data (green curve) at the
experimental Test Point 1 in [9] and the numerical calcu-
lation results (red curve) in this paper are selected for
comparison and analysis.
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Figure 2. Mesh of numerical model Figure 3. Temperature changes with time at Test Point 1

From fig. 3, the temperature curve of the numerical simulation is lower than that of
the experiment because the wall of the numerical simulation cylinder is under isothermal
conditions and the experimental cylinder wall uses adiabatic conditions. This leads to an in-
crease in the heat exchange between the outer wall and the outside of the numerical simula-
tion calculation result, and the system temperature decreases, so the curve numerical simula-
tion result is lower than that of experimental result. However, it can be found from fig. 3 that
temperature change trajectory of the two is roughly similar, and the numerical difference is
also small, which indicates that the numerical simulation method can be used for detailed
analysis of other problems.

Comparative analysis of heat transfer capacity of different structures

The heat exchange structures with different fin spacings of 16 mm, 24 mm, 32 mm,
and different fin thicknesses of 2 mm, 4 mm, 6 mm are selected to analyze the relationship
between the temperature of different observation points and time in the phase transition area
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of the fins. As shown in fig. 4, there are a total of 9 curves, which represent the melting (heat

storage) and solidification (heat release) process curves at three measuring point in the phase

change area. The legend curve p-1-16-2 shows the relationship between time and the temper-

ature of the fin at the measuring point 1-the pitch of 16 mm-the fin thickness of 2 mm, and the

meanings of other curves can be deduced by analogy.

— A (3690, 344), B (3890, 341), C (3010, 339) the highest point of the melting stage of
measuring Point 1.

— D (3010, 326), E (3890, 326), F (3650, 320) measuring Point 2 the highest point of the
melting stage.

— G (970, 316), H (2510, 317) measuring Point 3 the highest point of melting stage.

— J (3410, 305), K (4370, 304), I (3970, 302) measuring Point 1 changed from the melting
process to the starting point of the solidification process.

It can be seen from fig. 4 that when

350 - t = 2000 seconds, the temperature of the
—=—F1-1e2 || phase transition area of the fin with a dis-
< a0l ~o_ Pi%28 || tanceof 16 mmand athickness of 2mmon
o - — — P224-4 the curve of measuring Point 1 is 343 K,

= -32-6 ..
S a3k 162 and the temperature of the phase transition
g -32-6 area of the fin with a distance of 24 mm
2 a0l & and a thickness of 4 mm is 339 K, the
temperature in the phase transition zone
sl of the fin with a pitch of 32 mm and a
thickness of 6 mm is 336.5 K. The results
- show that the temperature in the phase
i transition zone of the fin with a spacing of
16 mm is significantly higher than the

290 1 1 1 1 . .-

0 2000 2000 6000 temperature in the phase transition zone
Time [s] of the other two fins with a spacing. The

Figure 4. The relationship between temperature P-1-16-2 curve is also the highest of all
and time under different working conditions the curves, which shows that for the area

close to the wall of the heat exchange
tube, the small spacing and thickness of
the fin structure is beneficial to the rapid melting of the phase change area.

From the numerical simulation results of the heat storage process and heat release
process of different structures, it can be concluded that in the phase change area close to the
heat exchange center tube, the smaller the fin spacing, the thinner the thickness, the faster the
heat storage and heat release, and the better heat exchange effects. In the central area of the
phase change medium, the larger the fin spacing, the thicker the structure has a better heat
transfer effect. The phase change area near the outer wall is the most difficult place to store
heat and the minimum temperature change area.

Analysis of phase transition temperature change process

The melting process of the PCM area can be divided into four stages, i.e., the initial
heating period, the smooth phase change period, the accelerated heating period, and the tem-
perature saturation period. The temperature change of the fin area undergoes three stages of
rapid heating, gentle temperature and slow heating [12, 15]. Numerical methods can be used
to analyze the temperature change process in the different stages, and observe the temperature
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change of each point in the phase change area with time, which can better explain the influ-
ence of the structure size on the PCM.

Figure 5 shows the temperature distribution of the phase change medium at different
moments calculated for the heat storage with spacing of 24 mm and a thickness of 4 mm. It
can be seen from the figure that when t = 10 seconds, the temperature of the PCM near the
heat exchange tube is 304 °C, the melting process do not started, and the temperature do not
reach the lowest temperature of melting of the PCM. When t = 170 seconds, the temperature
distribution is obviously stratified, the color gradually darkens from the center to the edge,
and the PCM at the edge does not start to melt at a temperature of 300 °C. When t = 810 se-
conds, the PCM close to the heat exchange tube begins to melt, and the temperature extends
in the diameter of the PCM. The edge part is in a state of solid-liquid coexistence or a solid
phase state. When t = 2010 seconds, the melting process proceeds further, and the temperature
of the edge part reaches 315 °C, and the PCM turns from solid state to liquid gradually. When
t = 3890 seconds, the melting part reaches the maximum, the PCM near the heat exchange
tube reaches the highest temperature of 350 °C. Since then, the melting process is coming to
an end. When t = 4250 seconds, cold water is injected, the solidification process begins, a and
the PCM near the heat exchange tube is melting. The material starts to solidify at a tempera-
ture of 298 °C, and other parts are in a state of solid-liquid coexistence. When t = 5010 se-
conds, the solidification process further occurs and stratification occurs. When t = 6610 se-
conds, the part of the solidification area near the heat exchange tube increases and the rest is
in constant solidification.
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Figure 5. Change of temperature with time during phase transition;

(a) t = 10 seconds initial time, (b) t = 170 seconds initial heating period,

(c) t =810 seconds phase transition flat period, (d) t = 2010 seconds heating
period, (e) t = 3890 seconds temperature saturation period,

(f) t = 4250 seconds solidification process, (g) t = 5010 seconds solid-liquid
coexistence state, and (h) t = 6610 seconds solidification process

Analysis of the change process of liquid mass fraction

The phase change process of the solid-liquid term can describe the heat exchange
process and heat exchange effect of the finned heat storage. Figure 6 shows the distribution
of liquid mass fraction with time obtained from numerical simulation of heat storage with
spacing of 24 mm and thickness of 4 mm. It can be seen from the figure that at the initial
time t = 10 seconds, there is a solid phase in the pipe. When t = 610 seconds, liquid phase
begins to precipitate near the central area of the pipe. As time progresses, the volume of the
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liquid phase increases in the radial direction. When t = 3050 seconds, the volume of the liquid
phase in the system is relatively large. When t = 4250 seconds, the system enters the solidifi-
cation state, the system begins to solidify and release heat, and the central area begins to
transform from the liquid phase to the solid phase. With the increase of time, the volume of
solid phase increases, but the solidification speed is slow in the part far away from the central
tube. When t = 7010 seconds, there will be no solidification in the area near the wall where
solid and liquid coexist. This phenomenon is a typical problem existing in this type of fin heat

exchanger.
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Figure 6. Change of temperature mass fraction with time during phase
transition; (a) t = 10 seconds initial time, (b) t = 610 seconds phase transi-
tion flat period, (c) t = 2050 seconds heating period, (d) t = 3050 seconds
heating period, (e) t = 4250 seconds solidification process,

(f) t = 5050 seconds solid-liquid coexistence state, (g) t = 6010 seconds
solidification process, and (h) t = 7010 seconds solidification process

[A(410,0999) _ B(3930,1) E(4810,0.994) To further illustrate the phase change
i g F;ET‘ process, this paper selects three measuring
’ \ —=eeensl] - noints for data analysis, as shown in fig. 7. The
mass scores of measuring Point 1, measuring
Point 2, and measuring Point 3 are all 0 at the
initial time. This is because the heat transfer
from the hot water flowing into the heat ex-
change tube takes a certain time, so the PCM has
not yet begun to melt at the initial time. The
heat in the thermal process increases, and the
PCM at measuring Point 1 nearest to the heat
exchange tube begins to melt [16]. When t =
Time [s] 410 seconds, the mass fraction becomes 1, in-
Figure 7. Change of mass fraction with time dicating that the PCM gradually changes from a
during the phase transition solid state to a liquid state. When t = 3930 se-
conds, cold water is injected into the tube and the
heat release process begins. The mass fraction of the sample changes to 0 and the sample 1
begins to become a solid phase. The transformation from solid phase to liquid phase takes place
after t = 2530 seconds, and the transformation from liquid phase to solid phase takes place after
t = 4810 seconds. However, the phase transition process cannot be seen at the third measuring
point, and the coexistence of solid and liquid occurs only at the last stage.
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Conclusions

e The size of the fin structure has a great influence on the heat storage/release rate of the
energy storage heat exchanger. In the area close to the tube wall of the heat exchange tube
(measuring Point 1), the smaller the fin spacing, the thinner the thickness, the faster the
phase change heat storage/dissipation speed, and the better heat transfer effect. In the central
area of the PCM (measuring Point 2), the larger the fin spacing and thickness, the better the
effect of phase transformation heat. The area near the outer wall has the minimum temper-
ature change, and it is most difficult to complete heat storage and release.

¢ The finned tube energy storage heat exchanger near the tube wall of the heat exchange tube
has a fast heat accumulation/release rate and good heat exchange effect. In the tube wall area
close to the heat exchange tube (measuring Point 1) and phase change in the central area of
the material (measuring Point 2), the PCM completely melts at t = 410 seconds and t = 2530
seconds, and the heat storage ends. When t = 3930 seconds and t = 4810 seconds, the PCM is
completely solidified and the heat release ends.

e The use of energy storage heat exchangers with gradual fin thickness and spacing is an
effective way to improve the heat exchange efficiency of existing equipment. In addition,
for the purpose of improving the heat exchange effect of the phase change edge area, the
structure of the edge area can be changed or the form of heat exchange can be increased.
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