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A PCM was added to filling materials in an appropriate proportion to realize the
effective collection and storage of geothermal energy. Based on the theory of heat
transfer and similarity, the heat-storage performance of filling body was
numerically simulated in different states, then, the influences of paraffin
proportion, initial temperature of filling body, surrounding rock temperature, stope
air-flow temperature, and velocity on the heat-storage behavior of filling body
were analyzed. The results revealed that reducing the initial heat-storage
temperature of filling body, increasing surrounding rock temperature, and
increasing the air-flow temperature in the stope all effectively increased the heat-
storage capacity of filling body. In which the influence of initial temperature and
surrounding rock temperature were more significant. At the end of 16 hours heat-
storage period, when the initial temperature of filling body was reduced from
24 °C to 18 °C, the heat transfer capacity of filling body without paraffin and that
with 5% paraffin decreased by 2.85 - 10° kJ and 2.40 - 10° kJ, respectively. When
surrounding rock temperature increased from 35 °C to 45 °C, the amount of heat
stored by two bodies increased by 3.89 - 10° kJ and 4.51 - 10° kJ, respectively.

Key words: paraffin, phase change, filling body, heat-storage performance,
numerical simulation

Introduction

In recent years, mining technology has gradually developed to be more diverse and
less destructive, and in consideration of applying mining engineering to deep stratum. To
meet the needs of the stable and sustainable development of mineral enterprises, filling
mining technology is necessary to enhance the safety of mining, improve the utilization rate
of energy, and reduce the heat damage of mines [1, 2]. Therefore, the research of backfill
mining technology, the rational exploitation and utilization of mine waste resources and
geothermal resources, and the alleviation of mine thermal damage have attracted extensive
attention of scholars at home and abroad. Zhu ef al. [3] pumped low-cost filling materials with
stable mechanical properties into goaf to realize safe and efficient mining. Ran [4]
summarized the safety methods for mine filling. In order to solve the problems of thermal
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damage and solid waste in deep mines, Park et al. [5] reviewed the recent advancements in
domestic mine recycling and the utilization of mine waste. Wang et al. [6] proposed a
recycling economy model and filling body system for solid waste resource utilization to
improve the energy recovery rate of mines. Wang et al. [7] proposed a novel method for deep
mine cooling based on backfill containing PCM, and the results showed that the filling body
containing PCM produced a clear cooling effect on stope. Guo et al. [8] proposed a mine
geothermal cycle system for mine cooling and surface heating. Niu [9] employing a high-
temperature mine as the research object, designed a system that integrated mine cooling and
mine heat energy utilization.

In the filling mining, the selection of filling materials is very important for
subsequent geothermal mining. Through the research in the field of building materials, it is
found that the building materials with PCM can effectively reduce building energy
consumption and realize energy conservation and environmental protection on the premise of
maintaining the required strength of building walls, so their application research is very
extensive [10], which also lays a foundation for the feasibility study of phase change filling
body. Selvaraju et al. [11] introduced a novel concept of PCM effectiveness index to measure
the thermal performance due to PCM integration in building. Kumar et al. [12] investigated
the thermal properties of PCM in building walls through experimental tests. Li et al. [13]
researched the effects of different parameters on the heat storage and release process of
composite phase change wall. Cao et al. [14] integrated microcapsule PCM (MPCM) into
geopolymer concrete, which can significantly improve the thermal performance of concrete.

Based on the advantages of high latent heat of PCM, it is technically feasible to add
PCM into filling body for improving heat-storage performance in deep mine filling, when the
filling body is also used as a structure supporting the underground stope space. Liu ef al. [15]
firstly proposed the application of PCM to mine to form functional filling body with heat
storage/heat release. Liu et al. [16] developed a new type of PCM synthetic heat accumulator
based on the huge latent heat of PCM. Wang et al. [17] studied the addition of ice into filling
slurry for deep well cooling, and the heat transfer mechanism of ice-containing filling materials
and ice through numerical simulation and experimental tests. Zhang et al. [18] studied the
thermal and mechanical properties of ice filled filling body. Tan and Wang [19] conducted the
experimental research on phase change latent heat materials to alleviate the mitigation of
temperature change of mass concrete. Zhang et al. [20] analyzed the factors affecting the heat
release process of filling body under the condition of deep mining stope, and obtained the
influence mechanism of each factor on heat release performance and heat extraction rate.

By adding PCM to filling body to store geothermal energy by latent heat, the heat-
storage performance can be effectively enhanced. There are different ways to add PCM to
backfill, and the different ways have different effects on heat-storage performance. In terms of
the study on the encapsulation of PCM with casing, Zhou et al. [21] analyzed the influence of
Rayleigh number on the temperature field and flow field of wax in a circular tube. Zhang et al.
[22] took the backfill body with tube-in-tube heat exchanger (PCM encapsulated in annular
space) as research object and its heat-storage process and influencing factors is simulated and
analyzed. In this study, the filling body is formed by adding different proportions of paraffin
instead of filling aggregate under the condition that the filling material satisfied the necessary
fluidity, structural stability and strength requirements. Additionally, based on heat transfer
theory and similarity theory, the heat-storage process of filling body was investigated. The
influence of the volume fraction of paraffin and the respective various factors, such as
surrounding rock temperature, the initial temperature of filling body, the air-flow velocity and
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air-flow temperature in stope, on the heat-storage performance of filling body were analyzed.
The findings provide a theoretical reference for the study of heat collection and heat-storage for
geothermal mining and the cooperative cooling of stope in deep mine.

Model description

During heat-storage, the filling body absorbs heat from the surrounding rock and the
air-flow of stope to increase its temperature. When the temperature reaches phase change
temperature, paraffin will undergo a phase change, the filling body stores the heat as sensible
heat or latent heat for geothermal energy exploitation. A schematic diagram and physical
model of heat-storage process are respectively shown in figs. 1 and 2, and the model
parameters are presented in tab. 1. The heat transfer between filling body and surrounding
rock is a complex 3-D unsteady process. To simplify calculations, the following assumptions
were made:

— Phase change filling body is a homogeneous, isotropic solid, and physical parameters
remain constant, meaning that they are independent of temperature.

— Filling body is a porous medium in which the medium in the hole flows in a laminar state,
and all phases are in a localized thermodynamic equilibrium.

— The respective influences of buried pipe and internal heat carrier are not significant when
filling body is used for heat-storage.

— The PCM only occur solid-liquid phase change in a given temperature range, and are not
susceptible to super-cooling or performance degradation.

— Natural convection does not occur when phase change occurs.

— The contact thermal resistance of tube wall is negligible.
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Figure 1. Schematic diagram for Figure 2. Physical model and grid division of

heat-storage of filling body filling body
Table 1. Physical property parameter
Name Material p [kg-m™] C,[Jkg 'K AIWm 'K | L[Tkg"] | Tpem[°C]
Pipe PE 950 2100 0.46 - -
Solid/liquid Solid/liquid Solid/liquid Solid/liqud
PCM RT28 860/790 1260 /2020 0.32/0.28 1860001 56108
Filling Cement
body mortar 1682 1650 0.6936 - -
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Structural tetrahedral and hexahedral grids were used for the mesh generation of
model, the outer O-block method is used for the grid encryption of heat transfer tube. The
pressure solver and the unsteady calculation method is adopted, the energy equation of
laminar flow model and the melting solidification-porous medium model are opened. The
finite volume method is adopted to improve the convergence velocity and calculation
precision. Pressure coupler using SIMPLE, pressure, density and energy relaxation factor
were 0.3, 1, and 1 respectively.

The heat-storage process with the grid number of about 0.825 million, 1.074 million,
and 1.353 million and the calculation time steps of 5 seconds, 10 seconds, and 20 seconds for
16 hours was simulated. Tables 2 and 3 are the heat transfer capacity and the average
temperature of filling body with different grid number and time steps at the heat-storage of 16
hours respectively. By comparing and analyzing the calculation results, it is more appropriate
for the grid number of 1.074 million and the time steps of 10 seconds.

Table 2. The change of the heat transfer capacity and average temperature of
filling body with the number of grids

Grid number [million] Heat-storage capacity [1-10° kJ] Average temperature [°C]
0.825 9.101 34.184
1.074 9.104 34.319
1.353 9.113 34.469

Table 3. The change of the heat transfer capacity and average temperature of
filling body with the time steps

Time step [seconds] Heat-storage capacity [1-10° kJ] Average temperature [°C]
5 9.112 34.321
10 9.104 34319
20 9.044 34.286

Mathematical model and thermal performance evaluation

In this study, a 3-D model that simulates the heat-storage process of filling body has
been established. The energy control equations of filling body with PCM and without PCM
are shown in eqs. (1) and (2) respectively [23]:

0
5{5[7,011{1 +(1=-pH ]+ A= 8)ppHy} =V (A VT) (1)
0
E[epairHair +(1=8)ppHp, 1= V(Ao VT) (2)
Equivalent thermal conductivity as follows:
Aegrr = lr + (1= ) A1+ (1= &) Ay, 3)
Aoy = e + (1= €) Ay, 4)

The enthalpy-porosity method was used to analyze the phase transition in heat-
storage process. This method is to treat the fuzzy region between liquid and solid phases
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during phase change as the volume fraction of the porous region of liquid, without tracking
the liquid phase interface [24]. For solidification and melting, the continuity equation is:

op Sy
P V(pV)=0 (5)

In this phase transition model, the enthalpy at any time can be calculated by sensible
enthalpy 4 and latent enthalpy AH :

H=h+AH (6)
T

h=hy+ [ C,dT (7)
T

ref

The latent enthalpy is expressed as eq. (8):

AH =yL ®)
The liquid fraction is expressed as eq. (9):
1 T>T
T-T,
= T. <T<T 9
7/ Tl — TS s 1 ( )
0 T <T,

The average temperature of filling body and the average liquid phase ratio of
paraffin are used to calculate the total heat-storage capacity of each calculation region, which
was denoted as:

0= Zpﬂ)cﬂ)Vfb (T —T))+ ZPPCMCPCM Voem (7}‘+1 - 7?) + ZpPCMCPCMVPCM (7 — 7L (10)
Jj=1 Jj=1 J=1

Boundary conditions

It is assumed that the filling body is in a state of complete heat release when
studying heat-storage process. That is to say, the initial temperature of heat-storage is equal to
the temperature at the end of heat release:

T(x,y,Z,T)L:O :T{nt (11)

The top of filling body is adjacent to stope, the heat transfer between filling body
and the air-flow in stope is the third boundary condition:

—z(@j = h(Ty, - Ty) (12)
on g,

The other walls of filling body is adjacent to surrounding rock, the wall temperature
is equal to the temperature of surrounding rock:

Tw(xayaZaT):Trock (13)
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Thermal similarity model

Due to the actual filling body is relatively large, there are too many mesh nodes and
the length width ratio is too large in filling body during the simulation, resulting in slow
calculation, low calculation accuracy and poor simulation effect. Therefore, this simulation
adopts the ratio of 1:10 between the simulation model and the actual model for similar
transformation. The design parameters of similar model are shown in tab. 4. The principle of
similarity transformation is expressed in literature [25].

Table 4. Design parameters of similar model

Design parameters Prototype Similar model
B/W/H [mm] 10000/8000/2600 1000/800/260
S [mm] 1600 160
D [mm] 40 4
T [°C] 18,21,24 18,21,24
Troek [°C] 35,4045, 35,40,45,
T, [°C] 25,2627 25,26,27
Vair [ms'] 0.15,0.2,0.25 1.5,2.0,2.5
t [h] 1600 16
st Model validation
o g2t e ..
=3t .t * g X1 I Verification of similar model
= % x
s 32} ¥ : 2t In order to verify the feasibility of similar
g 34 " transformation, the heat-storage process of the
(i = . . .
= - .t . prototype model and the similar model of filling
28} 4 **Prototype simulation (0% PCM) body were studied numerically on the condition
« Similar model simulation (0% PCM s :
2 ¥ PTG et (5% (PCM) ) thgt the boundary qondltlons were consistent. The
[ ¢ vSimilar model simulation (5% PCM)|  grid number of similar model and prototype model
is about 1.074 million and 1.628 million

24 2 A s i i i A i
0 2 4 6 8 10 12 14 16
Time [hours]

respectively, and the time steps is set as 10

seconds and 1000 seconds, respectively. Figure 3
shows the variation on average temperature of
filling body with time under two models. It can be
seen that the maximum relative error of similar
simulation and prototype simulation is 2.08% for ordinary filling body and 1.26% for phase
change filling body. The calculation of similar model can reflect the heat-storage process of
filling body under actual working condition.

Figure 3. Variation on average temperature
of filling body

Verification of filling body with uniformly mixed paraffin

For the filling body without paraffin, the accuracy verification of numerical model
and simulation method was carried out by using the experimental results in [26]. The size of
the verified model was 50 cm x 38 cm % 40 cm, the grid number was 960000 and the time
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step was 10 seconds. The temperature of the center measuring point of filling body was
selected as the comparison parameter and fig. 4(a) shows the comparison between the
simulation results and the experimental results. The analysis shows that the simulation result
is close to the experimental value and the maximum error is 6%. For the filling body with
uniformly mixed paraffin, the simulation result was compared with the experimental results in
[23]. The size of the verified model was 300 mm x 300 mm x 26 mm, the grid number was
264700 and the time step was 10 seconds. The internal face temperature of phase change wall
was selected as the comparison parameter and fig. 4(b) shows the comparison between the
simulation results and the experimental results. The analysis shows that the simulation results
also are consistent with the experimental results and the maximum error is 3.37%. The two
comparisons both effectively verified the accuracy and reliability of simulation method.
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Figure 4. Comparison between simulation results and experimental result;
(a) the filling body without paraffin and (b) the filling body with uniformly mixed paraffin

Results and discussion

In this study, a filling body with 0%, 5% or 10% of paraffin microcapsules was
utilized as the object. The influence of paraffin proportion on the heat-storage performance of
filling body was analyzed. Additionally, the respective influences of the initial temperature of
filling body, surrounding rock temperature and stope air-flow on the heat-storage performance
of filling body were compared for the filling bodies with 0% (No. 1) and 5% (No. 2) paraffin.

Effects of paraffin proportion on the heat-storage performance of filling body

The initial temperature of the filling body is 21 °C, the surrounding rock temperature
is 40 °C, the air-flow temperature is 26 °C and the air-flow velocity is 2 m/s. Figure 5 shows
the variations of the heat-storage parameters of filling body with time under different paraffin
proportions. It can be seen from fig. 5(a) that the average temperature of filling body
gradually increases with time and the increase rate of average temperature became lower and
more gradual with the increasing of paraffin proportion. When the paraffin proportion
increased from 0% to 5%, and 10%, the average temperature decreased from 35.31 °C to
34.32 °C and 33.84 °C, respectively, at the heat-storage of 16 hours, with the reductions of
0.99 °C and 1.47 °C. This is mainly because a higher proportion of paraffin results in more
heat being stored in the form of latent heat, which can reduce the temperature of the filling
body. Figure 5(b) shows that the liquid fraction of paraffin gradually increases with time.
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When heat-storage duration is from 1-16 hours, the liquid fraction increased from 0.28 to 0.91
and from 0.26 to 0.87, respectively, for 5% and 10% paraffin added into the filling body. It
also can be seen that a higher proportion of paraffin in filling body corresponds to a longer
time required for the paraffin melting.

Figure 5(c) shows that the heat flux decreases with time and the decrease is obvious
in the earlier stage. This mainly attributes to the increase of the high temperature region of the
filling body in heat-storage process and the reduction of the heat transfer temperature
difference between surrounding rock and filling body. In addition, the heat flux increased with
paraffin proportion. When the paraffin proportion increased from 0% to 5% and 10%, the heat
flux increased from 12.25 W/m” to 17.59 W/m® and 19.74 W/mz, respectively, at the heat-
storage of 16 hours, with the increases of 5.07 W/m” and 7.22 W/m’. A higher proportion of
paraffin means that more heat can be stored in latent heat form, which decreases the
temperature of the filling body and increases heat transfer temperature difference, so the heat
flux also increases. Figure 5(d) shows that the heat-storage capacity of the filling body
gradually increases with time and the increasing proportion of paraffin corresponds to a larger
heat-storage capacity of the filling body. When the paraffin proportion increased from 0% to
5% and 10%, the heat-storage capacity increased from 7.85 - 10° kJ to 9.10 - 10° kJ and
9.93 - 10°kJ respectively at the heat-storage of 16 hours, with the increases of 1.25 - 10° kJ
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Figure 5. The variation in heat-storage parameters under different paraffin proportions;
(a) average temperature of filling body, (b) liquid fraction of paraffin, (c) heat flux, and
(d) heat-storage capacity
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and 1.08 - 10°kJ. This is mainly because, when the temperature of the filling body reaches the
phase change temperature of paraffin, the heat-storage capacity includes not only the sensible
heat of the filling body itself, but also a part of latent heat for the phase change of paraffin, so
the higher the paraffin proportion, the greater the heat-storage capacity.

Effects of initial temperature on the heat-storage
performance of filling body

The surrounding rock temperature is 40 °C, the air-flow temperature is 26 °C
and the air-flow velocity is 2 m/s. The variations of the heat-storage parameters of filling
body with time were analyzed and compared under different initial temperature of filling
body. It can be seen from fig. 6(a) that the average temperature of filling body increases
with the increase of initial temperature. When the initial temperature of filling body
increased from 18 °C to 24 °C, the average temperature increments of No. 1 and No. 2 are
4.4 °C and 4.11 °C, respectively, at the heat-storage of 1 hour and are 0.86 °C and
0.79 °C, respectively, at the heat-storage of 16 hours. The data show that the difference of
average temperature caused by the initial temperature change of filling body gradually
decreases with the proceeding of heat-storage whether paraffin is added or not. According
to fig. 6(b), the liquid fraction of paraffin also increases with the increase of initial
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Figure 6. The variation in heat-storage parameters under different initial temperatures of filling body;
(a) average temperature of filling body, (b) liquid fraction of paraffin, (c) heat flux, and
(d) heat-storage capacity
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temperature. When the initial temperature increased from 18 °C to 24 °C, the average
increment of the liquid fraction is about 0.094 during the whole heat-storage period. This
is because the increase of average temperature caused by the initial temperature of filling
body accelerates the melting of paraffin.

Figure 6(c) shows that the heat flux decreases with the increasing of the initial
temperature of the filling body. When the initial temperature of filling body increased from
18 °C to 24 °C, the heat flux decrements of No. 1 and No. 2 are 48.64 W/m® and 46.58 W/m’,
respectively, at the heat-storage of 1 hour and are 4.63 W/m® and 5.61 W/m’, respectively, at
the heat-storage of 16 hours. It is clear that the decrement of heat flux caused by the increase
of the initial temperature of filling body obviously decreases with the proceeding of heat-
storage whether paraffin is added or not. This rule is similar to the effect of initial temperature
on the average temperature of the filling body. Figure 6(d) shows that the heat-storage
capacity significantly decreases with the increase of the initial temperature of the filling body.
When the initial temperature of the filling body increased from 18 °C to 24 °C, the heat-
storage cag)acities of No. 1 and No. 2 decreased from 9.25 - 10° kJ to 6.40 - 10° kJ and from
10.23 - 10° kJ to 7.83 - 10° kJ, respectively, at the heat-storage of 16 hours, corresponding to
the decrements of 2.85 - 10° kJ and 2.40 - 10° kJ. It is mainly because the increasing initial
temperature reduces the temperature differences among the filling body, surrounding rock and
the air-flow of stope, so the heat-storage capacity is reduced.

Effects of surrounding rock temperature on the
heat-storage performance of filling body

The initial temperature of filling body is 21 °C, the air-flow temperature is 26 °C
and the air-flow velocity is 2 m/s, fig. 7 shows the variations of the heat-storage parameters of
filling body with time under different surrounding rock temperatures. As shown in fig. 7(a),
the average temperature of filling body also increases with the increase of surrounding rock
temperature. When the temperature of surrounding rock increased from 35 °C to 45 °C, the
average temperature increments of No. 1 and No. 2 are 2.46 °C and 2.23 °C, respectively, at
the heat-storage of 1 hour and are 7.1 °C and 6.96 °C, respectively, at the heat-storage of 16
hours. It is thus clear that the increment of the average temperature of filling body caused by
the increase of surrounding rock temperature obviously increases with the proceeding of heat-
storage. A higher surrounding rock temperature corresponds to a higher heat transfer rate
from the surrounding rock to the interior of filling body, and also a higher heat transfer
capacity, which causes a higher interior temperature of filling body. Figure 7(b) shows the
liquid fraction of paraffin also increases with the surrounding rock temperature and the
increase is more obvious when the surrounding rock temperature is from 35 °C to 40 °C. The
average increment of liquid fraction is about 0.09 and 0.04, respectively, during the whole
heat-storage period when the surrounding rock temperature increased from 35 °C to 40 °C and
45 °C.

Figure 7(c) shows that the heat flux increases with surrounding rock temperature and
the increase is obvious in the earlier stage. When the surrounding rock temperature increased
from 35 °C to 45 °C, the heat flux increments of No. 1 and No. 2 are 69.52 W/m® and 74.01
W/m’, respectively, at the heat-storage of 1 hour and are 5.58 W/m® and 6.38 W/m’,
respectively, at the heat-storage of 16 hours. In the early stage, the heat transfer intensity
between the surrounding rock and filling body is higher and the increasing surrounding rock
temperature further increases the heat transfer intensity. However, with the proceeding of
heat-storage, the decease of heat transfer temperature difference weakens the heat transfer
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intensity and the influence of surrounding rock temperature. Figure 7(d) shows that the heat-
storage capacity of filling body obviously increases with the increase of surrounding rock
temperature. When the surrounding rock temperature increased from 35 °C to 45 °C, the heat-
storage capacities of No. 1 and No. 2 increased from 5.89 - 10° kJ to 9.78 - 10° and from
6.79 - 10° kJ to 11.30 - 10’ kJ, respectively, at the heat-storage of 16 hours, corresponding to
the increments of 3.89 - 10° kJ and 4.51 - 10° kJ. This is also due to the increase of heat
transfer temperature difference caused by the increase of surrounding rock temperature.
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Figure 7. The variation in heat-storage parameters under different surrounding rock temperatures;
(a) average temperature of filling body, (b) liquid fraction of paraffin, (c) heat flux, and
(d) heat-storage capacity

Effects of air-flow temperature and velocity on the
heat-storage performance of filling body

The initial temperature of filling body is 21 °C, the surrounding rock temperature is
40 °C and the air-flow velocity is 2 m/s, the influence of air-flow temperature (27 °C, 26 °C,
and 28 °C) on the heat-storage performance of filling body was investigated. Figure 8(a)
shows that the average temperature of filling body increases with the increase of air-flow
temperature and the increment slightly increases with the proceeding of heat-storage. When
the air-flow temperature increased from 24 °C to 28 °C, the average temperatures of No. 1
and No. 2 increased from 34.97 °C to 35.60 °C and from 34.08 °C to 34.55 °C, respectively,
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at the heat-storage of 16 hours, corresponding to the increments of 0.63 °C and 0.47 °C. A
comparison of the heat-storage capacity of filling body under different air-flow temperature is
shown in fig. 8(b). It can be seen that, the heat transfer capacity of filling body also increases
with the increase of air-flow temperature, but the increase is not noticeable.
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Figure 8. The variation in heat-storage parameters under different air-flow temperatures;
(a) average temperature of filling body and (b) heat-storage capacity

To effectively investigate the influence of air-flow velocity on the temperature of
filling body, the temperatures at monitoring points 1# and 2# (shown in fig. 2) were monitored
under the condition of air-flow temperature of 26 °C. Figure 9 shows the temperature at each
monitoring point changes with time. It can be seen that the temperature at each monitoring
point slightly increases with the increase of air-flow velocity and this increase is even smaller
in the late stage of heat-storage whether paraffin is added or not. This is mainly because that
the selected monitoring points are close to the stope and far away from the surrounding rock,
the heat transfer of surrounding rock did not reach the monitoring point in the early stage of
heat-storage. So the influence of air-flow on the temperature at the monitoring point is more
significant than that of the surrounding rock and a higher air-flow velocity corresponds to a
higher heat transfer rate and a higher temperature at the monitoring points. With the
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Figure 9. The variation in temperature at the measuring points during heat-storage process;
(a) measuring point 1# and (b) measuring point 2#
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proceeding of heat-storage, the heat of surrounding
rock is gradually transferred to the interior of filling
body, so the influence of heat transfer by
surrounding rock on the temperature at the
monitoring point gradually increases. This weakens
the influence of heat transfer by air-flow, thus the
temperature increase at the monitoring point caused
by increasing air-flow velocity decreases in the later
stage of heat-storage. Figure 10 shows the variation
in the heat-storage capacity of filling body under
different air-flow velocities. It can be seen that an
increase in air-flow velocity has little effect on the
heat-storage capacity of filling body.

The initial temperature of filling body is 21 °C, the surrounding rock temperature is
40 °C, the air-flow temperature is 26 °C and the air-flow velocity is 2 m/s. To investigate the
influence of heat transfer by surrounding rock and air-flow on the temperature of filling body,
the distributions of the temperature field and the liquid fraction of paraffin in filling body of
No. 2 were simulated during heat-storage. Figures 11 and 12 reveal that the temperature of
filling body and the liquid fraction of paraffin both gradually increase from the surrounding
rock boundary to the interior with the proceeding of heat-storage. It is thus clear that the heat
transfer intensity between surrounding rock and filling body is obviously greater than that
between filling body and air-flow in stope, that is, the heat transfer of surrounding rock is
dominant in the process of heat-storage for filling body. This can also be well reflected from
the comparison of the influence degree of surrounding rock temperature, air-flow temperature
and velocity on the heat-storage capacity of filling body, as shown in figs. 7(d), 8(b), and 10.

141 BB 1- v, =1.5m/s (No. 1)
B2 - v, =2.0m/s (No. 1)
[ B3 -v, =25m/s(No. 1)
10 b BZ No. 2

Heat storage capacity [103KJ]

15 2.0 2:5
Velocity [ms~]

Figure 10. The variation in heat-storage
capacity under different air-flow velocities

294 295 296 297 298 299 300 301 302 303 304 305 306 307 308 309 310 311 312 313
TIK] [T

Figure 11. Distribution of temperature field in No. 2 during heat storage;
(a) =4 hours, (b) = 8 hours, (c) =12 hours, and (d) =16 hours



Zhang, X., et al.: Numerical Simulation of Heat-Storage Performance of ...
4622 THERMAL SCIENCE: Year 2023, Vol. 27, No. 6A, pp. 4609-4624

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95

Liquid fraction ] 7 [ [ .

Figure 12. Distribution of liquid fraction of paraffin in No. 2 during heat-storage;
(a) =4 hours, (b) =8 hours, (c) t =12 hours, and (d) =16 hours

Conclusions

In this study, the thermal behavior of filling body was numerically simulated under
different proportions of paraffin and different heat transfer conditions, the main conclusions
are as follows.

e With the increase of paraffin proportion, the average temperature of filling body
obviously decreases while the heat-storage capacity increases significantly. Moreover,
the difference of heat-storage capacity caused by different paraffin proportions becomes
greater with the proceeding of heat-storage. The increment of heat-storage capacity is
1.25 - 10° kJ and 2.08 - 10’ kJ for comparing paraffin proportion of 5% and 10% with
that of 0% at the heat-storage of 16 hours.

e The average temperature of filling body increases while the heat-storage capacity
significantly decreases with the increase of the initial temperature of filling body. When
the initial temperature of filling body increases from 18 °C to 24 °C, the decrements of
the heat-storage capacity of No. 1 and No. 2 are 2.85 - 10° kJ and 2.40 - 10° kJ,
respectively, at the heat-storage of 16 hours.

e The average temperature and the heat-storage capacity of filling body both increase
significantly with the increase of surrounding rock temperature. When the surrounding
rock temperature increases from 35 °C to 45 °C, the increments of the heat-storage
capacity of No. 1 and No. 2 are 3.89 - 10° kJ and 4.51 - 10° kJ, respectively, at the heat-
storage of 16 hours.

e Compared with the influence of the initial temperature of filling body and the surrounding
rock temperature on heat-storage process, the air-flow temperature and velocity have
little effect on the heat-storage capacity of filling body. Compared with air-flow in stope,
the heat transfer of surrounding rock is dominant in the process of heat-storage for filling
body.
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Nomenclature

B —length of the filling body, [mm]
C, —specific heat capacity, [Jkg 'K
cpem — specific heat capacity of PCM, [Jkg 'K ']

D —inner diameter of the prefabricated buried A — thermal conductivity, [Wm 'K™']
heat pipe [mm] ¢ — porosity of porous
h — sensible enthalpy, [Jmol™'] % — liquid fraction

AH - latent enthalpy, [Jmol™]

H —height of the filling body, [mm]
L - latent heat, [Jkg™']

S — pipe spacing, [mm]

T —temperature, [°C]

Greek symbols

p  —density, [kgm ]

Superscript and subscripts

! - PCM
eff — equivalent value
fb  —filling body

Tpcm — temperature of solid and liquid of PCM, i — certain time
[°C] i+1 —next moment

t —time, [h] int - initial value

v — velocity vector, [ms™'] 1 — liquid phase

v —velocity, [ms™] ref — reference value
V- volume, [mm™] rock — reference value
W — width of the filling body, [mm] s — solid phase

w  —wall
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