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15  Abstract: The thermal performance of the ice-storage cooling device used in the underground

16  mine refuge chamber is poor, which causes a waste of energy. Therefore, it is necessary to improve
17  the heat transfer performance of ice latent heat storage devices. In the current work, the effects of
18  fin height, fin thickness and number of fins on the heat transfer performance of the ice based latent
19  heat energy storage device were numerically analyzed. The results show that: (i) when the number
20  of fins is 8, the heat exchange characteristics of the ice-storage device reaches the best performance;
21 (i1) increasing the number of fins and the height of the fins can increase the heat exchange area and
22 improve the heat exchange performance; (iii) compared with the ice-storage device without fins, the
23 cooling efficiency of the ice-storage device increased by 34.12% and the melting rate increased by
24 9.3% after the addition of fins. The addition of fins can improve the heat exchange efficiency of the
25 ice-storage device, while promote the application of phase change energy storage technology in

26  underground mine refuge chambers.
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Nomenclature
Cm
C1,C2,C3

E

Greek symbols

o

Mushy zone constant

Model parameters

Enthalpy of the phase transition, kJ/kg
gravity acceleration, m/s?

The height of the fins, mm

The number of the fins

Pressure, Pa

Ice storage capacity, %

The diameter of the ice bucket, mm

The inner diameter of the heat exchanger tube, mm

The outer diameter of the heat exchanger tube, mm

The thickness of the fins, mm

Coefficient of thermal expansion, 1/K
Time, h

Constant, 0.0001

Liquid volume fraction

Turbulent energy dissipation, J/(kg-s)
Turbulent kinetic energy, (J/kg)
Thermal conductivity, W/m-K
Dynamic viscosity coefficient, N-s/m?
Motion viscosity coefficient, m?/s
Constant, 9.3x10¢

Density, kg/m?

Subscripts
hr
hss
hi

hz

Acronyms
AOT
FH
FN
FT
IAT
1AV
IMR
ISCD
MRC
OAT

SAT

Reference surface enthalpy, kJ/kg
Material sensible enthalpy, kJ/kg
Cold air enthalpy, kl/kg

Hot air enthalpy, kl/kg

Vector direction

Vector direction

Reference surface temperature, °C
Water solidification temperature, °C

Water melting temperature, °C

Average temperature

Fin height

Fin number

Fin thickness

Inlet air temperature

Inlet air velocity

Ice melting rate
Ice-storage cooling device
Mine refuge chamber
Outlet air temperature

Supply air temperature
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1. Introduction

Carbon peak and carbon neutrality have become the goals of the development of the energy
industry, The effective use of renewable energy is an important way to achieve the "dual carbon"
goal'l. However, most renewable energy sources, such as geothermal energy, wind energy, solar
energy, and tidal energy, have the disadvantages of poor stability and uneven distribution in time
and space, renewable energy needs to be stored and converted before it can be reused'" Phase
change energy storage technology has been widely used in aviation, ground construction, military
industry, and underground space. The research and development of phase change materials and
phase change energy storage devices have become the two core elements of phase change energy
storage technology!''"*l. In the case of determining phase change materials, the structure of the
energy storage device is a key factor affecting the heat transfer performance as well as the energy
conversion efficiency!! 2",

However, the weak thermal conductivity of most phase change materials leads to low heat
transfer efficiency of phase change energy storage devices. In practical engineering, the heat
transfer characteristics of phase change energy storage can be improved by increasing the heat
transfer coefficient of phase change materials, expanding the heat transfer area, and increasing the
heat transfer temperature difference>'->*l. Mohsen et al.>*l prepared nano-reinforced phase change
materials by dispersing nanoparticles in phase change materials, thereby improving the heat transfer
coefficient of phase change materials, the effect of an innovative fin structure based on snowflake
crystal structure on the heat transfer performance of the energy storage device was analyzed by
numerical simulation. Their results showed that the melting rate of the energy storage device
increased by 7.8 times after adding fins with snowflake crystal structure, and by 1.2 times after
adding nanoparticles with volume fractions of 0.025 and 0.05. Wu et al.>*’designed a novel latent
heat storage device using spiderweb fins, compared with the traditional plate fins, the complete
curing time of the improved energy storage device with spiderweb fins was shortened by 47.9% and
the average heat release rate was increased by 1.44 times. Lee et al.*°/ proposed a new design using
layered fins to improve the melting performance of the phase change energy storage device, and
their experimental and numerical results showed that the complete melting time of the improved
energy storage device was 44.3% shorter than that of the original design. Liu et al.l?”l proposed a

bionic topology to optimise the vertically arranged annular wing to accelerate the heat storage
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performance, and their numerical results showed that the optimised bionic fin can shorten the
melting time by 45.9% compared with the traditional fin. Lu et al.l?® proposed a finned latent heat
transfer device for shell and tube, and established a test rig to analyze the influence of various
factors on the heat transfer performance of the device. They stated that the effective energy release
efficiency of the device is 77% after optimisation. Kurnia et al.*’ proposed a rotating phase change
energy storage device, which showed that the rotation did improve the heat transfer performance of
the phase change energy storage device, and the heat transfer efficiency in the energy storage and
energy release processes was increased by 25% and 41%, respectively. Zhang et al.*°! introduced an
innovative tree-shaped structure to construct the metal fins of shell-and-tube phase change storage
cells, and investigated and analyzed the effects of length ratio and width index on energy release
performance through numerical simulation. Their results showed that the complete solidification
time of the tree-fin phase change storage unit was reduced by 66.2% and the complete melting time
was reduced by 4.4% compared with the radial fin phase change storage unit. Huang et al.(!l
designed an innovative latent heat storage device for palmate fins using biomimetic technology. The
phase transformation behavior and heat transfer modes of biomimetic devices and traditional latent
heat storage devices are studied, and the effects of their arrangement and operating conditions are
revealed. It was concluded that compared with the traditional latent heat storage device, the
performance of the palmate leaf latent heat storage device is significantly improved, and the
complete solidification and melting time are reduced by 21.0% and 38.2%, respectively. The current
research is sufficient to show that the optimisation of the internal structure of the phase change
energy storage device can improve the heat transfer performance of the phase change energy
storage device.

When phase change energy storage technology is applied in different research area, it is
necessary to design unique phase change energy storage devices. Aiming at the temperature control
problem of underground high-temperature mine refuge chamber (MRC), Wang et al.*?! designed a
forced circulating ice thermal storage system with a single rectangular square tube inside, and their
experimental study showed that the effective cooling time of the system was 64.57 h. Du et al.*¥
designed a multi-functional ice storage air conditioning system suitable for 8-person rescue cabins,
and their experimental results showed that the ice storage air conditioning could finally control the
temperature and humidity of the rescue cabin within 31°C and 77%, respectively. Zhang et al.[*35]

designed and fabricated an ice storage and cooling device with a volume of 1 m? for the MRC of
4
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underground mines, and the heat exchange performance of the device was the best when the number
of heat exchange tubes on the surface was 18, and one ice storage device could meet the cooling
requirements of 8 people in the MRC.

Currently, the phase change energy storage technology applied in underground MRCs has
disadvantages in the structural design of energy storage devices, and they are all based on
traditional energy storage devices. Traditional energy storage devices are single round or
rectangular pipes inside, which have much room for improvement in heat transfer efficiency. The
addition of fins to the heat exchanger tubes could improve the heat transfer performance of the
energy storage device, which can reduce the waste of energy during cooling of the underground
MRC. Therefore, in the current work, the internal structure of the mine ice-storage cooling device
(ISCD) will be modified, and fins are added to the periphery of the heat exchange tube to enhance
the heat exchange of the ISCD. According to the current research status, it can be concluded that
with the more complex fin shape and the larger the number of fins, the more obvious the heat
exchange effect of the phase change energy storage device. It is noted that the fins occupy a large
amount of space, resulting in smaller and smaller effective volume. In view of the special
environment of the underground mine refuge chamber, in order to keep the ice storage capacity of
the ice storage device above 83.33%, the rectangular fins are selected in this paper, which can
improve the heat exchange efficiency of the ice storage device and meet the requirements of the ice
storage capacity. In this study, the effects of various impact factors such as fin thickness(FT), fin
height (FH) and fins number(FN) on the heat transfer performance of the ISCD were analyzed
mainly by numerical simulation. The application of the optimised ISCD was discussed and analyzed
in detail, as well as compared with other related studies. The research outcome achieved from the
current work can contribute the theoretical significance of mine ISCD and reduce the energy loss

under limited resources.

2. Computational method

2.1 Model description

In this study, the internal structure of the ISCD designed and processed by Zhang et al.**l was
optimised. The reasons for choosing ice in the current study are: the latent heat of the phase change
of ice is large, the raw materials are easy to obtain and the costing is high, as well as the ice will not
bring secondary disasters to the special environment of the mine refuge chamber. Fig. 1 shows an

5
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ISCD designed by Zhang et al.*%], there are 18 stainless steel heat exchange tubes with a length of
1.1 m, an inner diameter of 30 mm, and a wall thickness of 2 mm, which are evenly arranged at a
horizontal distance of 0.15 m and a height distance of 0.2 m.

Heat exchanger tube

Refrigerat
ion pipes 4 The tubes for

Air buffer | {" numerical analysis

Airinlet ..

SR

Comperession freezer

Air outlet

Fig. 1. Schematic diagram of mine ISCD[**]

In this study, the heat transfer characteristics and ice melting characteristics of the ISCD were
studied through numerical simulation, and the numerical model was simplified in order to reduce
the time cost in the process of numerical simulation of the structural optimisation of the device.
Taking a single heat exchanger tube as a case study, the heat exchange efficiency of the heat
exchanger tube was enhanced by adding fins, therefore the optimised heat transfer performance of
the whole ice storage and cooling device could be predicted. As shown in Fig. 2, a single heat
exchanger tube in the ISCD is selected and the simplified numerical model is a single tube. The
circular ISCD with a heat influence radius of Ro=50 mm was taken and the inner diameter of the
heat exchanger tube is R1=15 mm, and the thickness of the tube wall is 2 mm. Fins were arranged
around the heat exchange tube to achieve the effect of enhanced heat exchange. Set the FH to 10
mm, 20 mm, and 30 mm, the FT to 2 mm, 4 mm, and 6 mm, and the FN to 4, 6, and 8. The control
variable method was used to study the effects of the FN, FH and FT on the heat transfer

performance of the ISCD.
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Fig. 2. Simplified schematic diagram of numerical simulation of ISCD

2.2 Model construction and grid division

As shown in the Figs. 2 and 3, a simplified numerical model of the ISCD was established using
ANSYS ICEM. In the current model, the inner diameter of the heat exchanger tube is 30 mm, the
outer diameter is 34 mm, the thickness of the tube wall is 2 mm, and the heat-affected radius of the
heat exchanger tube is 50 mm. The non-structural meshing is adopted, and the numerical model has
three computational domains, namely the air computational domain, the solid computational
domain of the fins and heat exchanger tubes, and the ice-water mixed computational domain. In
order to reduce the calculation error of coupled heat transfer at the interface of the two
computational domains and better capture the characteristics of the temperature field in the
calculation process, the number of meshes on the coupling wall, the wall of the heat exchanger tube

bundle, the fin wall, the air inlet and outlet and other surfaces is increased.
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Fig.3. Numerical model meshing diagram

In order to reduce the error caused by the number of meshes to the numerical results, five
different meshes (801253, 1256825, 1648926, 2154513, and 2568654) were selected for mesh
independence study. During the current simulation work, a computer used is 12-core processor, 64G
memory, and 1T solid hard disk. The numerical results with the inlet air temperature (IAT) of 32°C
inlet air velocity (IAV) of 10 m/s and number of heat exchanger tube fins of 8 were selected for the

purpose of comparison.
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Fig. 4. Grid independence verification
Fig. 4 plots the air temperature change of the air outlet of the ISCD at different times under
different grid numbers. It can be observed that the outlet air temperature (OAT) changes
significantly when the number of grids is lower than 1648926, after which increasing the number of

8
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grids has little effect on the temperature value.

Table 1 shows the time cost of calculating the number of meshes

Grid numbers Heat exchange time Time step Calculation time
801253 I1h 2s 10 h
1256825 I1h 2s 18.5h
1648926 I1h 2s 25h
2154513 I1h 2s 36h
2568654 11h 2s 49.5h

It can be seen from Table | that when the grid number increases, the time cost of the
calculation increases, and when the number of meshes is small, the calculation accuracy cannot be
satisfied. In the current work, therefore, a grid number of 1648926 with a grid quality of 0.42 is

selected for the following numerical simulation.

2.3 Initial conditions and the boundary conditions

The control variable method was used to study the effects of different FH, FT and FN on the
heat transfer performance of the ISCD. The optimised performance of the ISCD should meet the
requirements of 96 h, and the temperature of the MRC should be controlled within 35°C, Zhang et al.
[34] investigated that the cooling effect of the surface ISCD at the IAT of 32°Cand the IAV of 10
m/s can meet the temperature control requirements of the MRC. Therefore, all the calculation
models in the present study are set to 32°Cand 10 m/s. The numerical working condition design is
shown in Table 2, and the working condition 10 is the model without fins.

Table 2. Numerical simulation working condition design table

Case FH (mm) FT (mm) FN (root)
1 10 2 4
2 20 2 4
3 30 2 4
4 20 2 4
5 20 4 4
6 20 6 4
7 20 2 4
8 20 2 6
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10 0 0 0

The numerical model air inlet is set as the velocity inlet, the outlet is set as the pressure outlet,
the interface between the air basin and the ice-water basin of the ISCD model is set as the coupled
heat transfer wall, the other walls are set as the adiabatic wall, the heat exchange tube wall and other

wall materials are stainless steel, and the initial temperature of each basin is -15°C.

2.4 Governing equation

Numerical simulations can effectively solve the problem that the solidification, melting and
heat transfer characteristics of ice cannot be visualized during the experiment. The enthalpy porosity
method is a reliable method to capture the changes in the ice solidification and thaw interface, and it
is widely used to solve the problem of solidification and thawing®.. Yang et al.?”) performed a
numerical analysis of phase change material (PCM) -air in a circular tube heat exchanger using
RNG «-& model and the enhanced wall treatment method. Their numerical results showed a good
agreement with the experimental data. Therefore, in the present work, the solidification and melting
model, the k-epsilon (RNG) turbulence model and the enhanced wall treatment method are used to
simulate the air heat transfer in the tube.

In the current numerical simulation, several assumptions are made to simplify the model:

(1) The liquid is Newtonian fluid and incompressible;

(2) Ignoring the super-cooling and volume expansion of water during the solidification

process;

(3) Heat loss through the outer wall of the ISCD is ignored;

(4) The air flowing in the heat exchange tube is dry air;

(5) The ice side is laminar, and the influence of buoyancy can be ignored.

The air in the heat exchange tube is a non-isothermal movement, and the temperature changes
significantly during the heat exchange process, and the density change caused by temperature
cannot be ignored. In this case, the Boussinesq approximation of air density can be taken: the
viscous dissipation of air is negligible. In addition to density, other physical property parameters are

constants. The Navier-Stokes equation after the Boussinesq approximation is**);

. . . Ou;
W, 2o LD O 1 O By gpars, (1)
ox. Ox

or Ox; p Ox; Ox;

1
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where, u is the dynamic viscosity coefficient (N-s/m?), f is the coefficient of volume expansion,
J.i1s the Kronecker operator, and g is the acceleration due to gravity (m/s?).

The governing equations for the model are the conservation equations for mass, momentum,
and energy as follows:

Equation for conservation of mass*”\:

~L=v.(p¥) 2)

where, V' g the velocity vector (m/s) and t is the time (s).

Equation for conservation of momentum/*’!;

-

T

S= (13”)2 c v )
(7" +o)

where, p is the pressure (Pa), u is the dynamic viscosity coefficient (N-s/m?), a is the
coefficient of thermal expansion (1/K), g is the acceleration due to gravity (m/s2), S is the source
term used to account for changes in fluid velocity during solidification (m/s), y indicates the liquid
part, 7r is the temperature value of the reference surface, w is a small value (0.001) to avoid zero
division, C,, is a mushy zone constant usually set to the range of 1x10*~1x107, and in the current
work C,, is assumed to be a constant, and its value is set to 1x103126],

Equation for conservation of energy[25]:

V) =V-(—vn) )

p

0 (h +Ah)
P

where, &, is the sensible heat enthalpy of the material; A4 is the enthalpy of the phase

transformation of the material. The values of 4s and A% can be calculated from Eqs (6) and (7) 1.

h=h+e, [ dT (6)

Ah = Z BE (7)

11
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where, 4, is the enthalpy of the reference surface, 7r is the temperature of the reference surface,
Ts, is the solidification temperature, 7; is the liquefaction temperature, E is the enthalpy of the
phase transformation of the material in units, y is the liquid volume fraction can be calculated
according to Eq (8).

The x and ¢ transport equations for the RNG k-¢ model are as follows!*®):

0 0 0 ok
a—T(Pk)Jra(Pku,-)=§|:akﬂ4f67}Gk +G, —ps=Y, +5, ©)
i j j
0 0 5, O¢ £ g’
2 pe)+ L (pauy =L o, E v, E(G +CG)-CopiR +5 (10)
61‘ (pg) aXi (pguz) axj |:ae/ueg[/ 6xj:| lsk k 3¢ b) 2£p k & £

where, G represents the turbulent energy term generated by the laminar velocity gradient, Gy
is a term of turbulent kinetic energy generated by buoyancy, Y represents the contribution of the
turbulent pulsation expansion to the dissipation rate in the entire process in the compressible flow.
In the compressible flow, C;, C>, and C3 are constants, and Si and S; are user-defined turbulent

kinetic energy terms and turbulent dissipation terms.

2.5 Simulation settings

Numerical simulations were carried out using the computational fluid dynamics (CFD)
software ANSYS FLUENT. The second-order style formula is used to ensure the numerical
accuracy. The relaxation factor remains unchanged at the default value and is calculated as
convergent when the residuals of mass, momentum, and energy are less than 107, 1073, and 107°.
The mesh model with 1648926 mesh number and 0.42 mesh quality was selected for time step
verification. The pressure-velocity coupling separation algorithm based on pressure SIMPLE is

adopted.

12
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Fig. 5. Time-step validation
As shown in Fig. 5, when the time step size was longer than 2 s, the OAT oscillation was larger,
and then the time step size continued to decrease had little effect on the OAT value. In order to
reduce the cost of computational time, the time step is set to 2 s. Table 3 shows the boundary

conditions during numerical calculation.

Table 3 Boundary conditions

Boundary condition parameters

Inlet temperature  Inlet velocity  Initial temperature ~ Mass flow  Wall temperature ~ Hydraulic diameter Re

Parameter 32°C 10 m/s -15°C 32.83 m’/h 0°C 7.5 mm 1.85%
value 104
2.6 Model validation

In order to verify the model, we compared the numerical results of this work with the results of
previous studies. To the best of the authors' knowledge, there are no studies on fin-enhanced heat
transfer for the ice storage cooling device applied to the refuge chamber in the mine. Another
obtained the results of the temperature change at the outlet of the ISCD during heat exchange!**.
Since the numerical simulation parameters in case 10 are the same as the experimental conditions in
the references®¥), and the numerical simulation calculation model in this study is the same as the
calculation model in the references**. Therefore, case 10 was selected for model validation. In
order to guarantee the accuracy of the results, the operating conditions, dimensional information,

and material properties in the numerical verification are the same as those in the references'**..

13
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Fig. 6. Model validation

As shown in Fig. 6, A is the error between the numerical results of this study and the numerical
results studied by Zhang et al.**!, while B is the error between the numerical results of this study
and the experimental results of Zhang et al.**!. Although the current numerical results deviate from
the experimental results of Zhang et al.**], the evolution trend of the overall temperature is exactly
the same. Through quantitative analysis, it is inferred that the difference between the current
numerical results and the numerical and experimental results in the literature is 2.89% and 4.87%,
respectively. Considering the inevitable measurement errors, the difference of the results between
this paper and Zhang et al. is acceptable. Therefore, the proposed mathematical model is reliable

enough for the following study.

3. Results

3.1 Enhance heat transfer characteristics

Temperature [°C]

-10.00 -580 -1.60 2.60 6.80 11.00 1520 19.40 23.60 27.80 32.00

No fins Fins number=4 Fins number=6 Fins number=8

Time=1h

Time=5h

Time=10h

Fig 7. Diagram of temperature distribution with different FNs
14
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Fig. 7 shows the temperature distribution of ISCDs with different fins at 1/2 section and at 1 h,
5 hrs and 10 hrs. As can be seen from Fig. 7, the temperature in the tube decreases with the increase
of fins. This can be explained by the fact that increasing the fins is equivalent to increasing the heat
exchange area, therefore the effect of enhanced heat exchange is achieved, and the OAT decreases.
After 1 hour of heat exchange, the temperature in the tube of the ISCD with the FN of 0, 4, 6 and 8
was 8.5 °C 5.9 °C 5.2 °Cand 4.7 °C respectively. After 10 hrs, the temperature in the tube of the
ISCD with the FN of 0, 4, 6 and 8 was 16.4 °C, 13.9 °C 13.2 °Cand 12.4 °C respectively. It can be
concluded that adding fins to the ISCD can enhance the heat exchange effect of the ISCD, and the
heat exchange effect of the ISCD is the best when the FN reaches 8. Considering that the volume
space of the ISCD is limited, increasing the FN will lead to the reduction of the ice storage capacity,

which will affect the effective refrigeration time of the whole device.

Lquid Faction

0.00 0.10 020 030 040 050 060 070 0.80 090 1.00

No fins Fins number=4 Fins number=6 Fins number=8

Time=1h

Time=5h

Time=10h

/4
A

. 4
Fig.8. Contour of liquid fraction distribution with different FNs

In order to understand the melting behavior in detail, Fig. 8 shows the distribution of melt
liquid fraction at 1/2 section and at 1 h, 5 hrs, and 10 hrs for ISCDs with different FNs, Obviously,
the IMR of the ISCD without fins is the slowest, and the insertion of the fins effectively increases
the IMR. When the duration is 10 hs, for an ISCD without fins, the top ice does not begin to melt,
while for an ISCD with rectangular fins, the upper ice basically melts. When the FN is 8, the heat
exchange area is increased, and the heat transfer between the fins and the ice is strengthened. As a
result, the ice melts faster with a device with 8 fins. It can be seen from Fig. 9 that with the increase
of the FN, the IMR in the device also increases, and after 10 hrs, the ice in the tube of the ISCD

with the FN 0, 4, 6 and 8 melts by 72.8%, 79.2%, 84.2% and 85.5%, respectively. It can be
15
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concluded that the ISCD with the addition of fins increases the IMR.
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Fig. 9. Enhanced heat transfer performance curve

Fig. 9 shows a comparison of the heat transfer performance of an ISCD without fins and an
ISCD with 8 fins, the FH is 20 mm and the FT is 2 mm. As can be seen from Fig. 9 (a), the addition
of fins can enhance the heat transfer effect of the ISCD. When there are no fins, the OAT of the
ISCD after 11 hrs of heat exchange is 19.5 °C, and the average outlet temperature (AOT) during heat
exchange 1s 12.9 °C. After adding fins, the OAT of the ISCD after 11 hrs of heat exchange was
15.2 °C and the AOT during heat exchange was 8.5 °C and the average heat exchange efficiency
was increased by 34.12%. In the whole heat exchange process, the temperature change of the outlet
of the single-tube drum ISCD can be divided into three stages. The first stage is 0-2 hrs, due to the
influence of the temperature increase of ice, the air and ice are sensible heat exchange, the OAT
rises rapidly. The second stage is 2-9 hrs, the ice begins to melt and release the latent heat, and this
stage releases much cold energy, thus the OAT rises relatively gradually. The third stage is 9 hrs
later, and the stage is basically melted, which is mainly based on sensible heat exchange caused by
the rise of water temperature, and the cold energy released by the rise of water temperature is less,
resulting in a faster rise in OAT. It can be seen from Fig. 9 (b) that the ice melting rate (IMR) of the
ISCD is increased after the addition of fins, and the IMR of the ISCD is 82.5% after 11 hrs of heat
exchange without fins, and the IMR of the ISCD is 91.8% after the addition of fins. It can be
concluded that after 11 hrs of heat exchange, the OAT of the ISCD was reduced by 4.3°C, and the
IMR was increased by 9.3%.

3.2 Heat Transfer Performance Analysis of 96 hrs

Current studies have shown that the indoor temperature of the MRC should be lower than
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35 °C during the 96 hr evacuation period. Therefore, the optimised ISCD needs to meet the cooling
requirements of the MRC. In order to reflect the cooling characteristics of the optimised ISCD
within 96 hrs, a numerical model of the ISCD with 8 fins, FT is 2 mm, FH is 50 mm and 100 mm

heat-affected radius of heat exchanger tube was selected for the current study.
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Fig. 10. Heat transfer performance curve for 96 hours

As shown in Fig. 10, the cooling characteristics of the optimised ISCD within 96 hrs are
reflected, and it can be seen from the figure that the IMR at the OAT increases with the increase of
heat exchange time. The OAT of the ISCD increased significantly in the first 15 hrs, while the OAT
of the ISCD reached 11.3 °C after 15 hrs of heat exchange, and the IMR only reached 15%, which
indicated that the ISCD was mainly based on sensible heat exchange between air and ice in the first
15 hrs. From 15 hrs to 55 hrs, the temperature rise at the outlet of ISCD is small, and the ice melts
by 70%, since the melting of the ice during this time releases a large amount of latent heat of phase
change, absorbs a lot of heat from the air, and the OAT is maintained between 11-14 °C. During the
period of 55-96 hrs, the ice storage capacity has melted by more than 70%, and the OAT slowly
rises from 14 °Cto 16.25 °C. Since the specific heat capacity of the water is large and can absorb
more heat, and this stage mainly relies on the increase of the water temperature to absorb the heat of
the air in order to achieve the required cooling. It can be concluded that when the IAT is 32 °C and
the IAV is 10 m/s, the OAT is within 16.5 °C after 96 hr of heat exchange, which can meet the

cooling requirements of the refuge chamber for 96 hrs.

3.3 Sensitivity analysis

3.3.1 Effect of the FT
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Fig.11. Influence curves of different fin FTs on heat transfer performance

Fig. 11 shows the relationship between different FT and the OAT of the ISCD and the IMR
when the IAT is 32 °C, the AV is 10 m/s, the FN is 4, and the FH is 20 mm. From Fig. 11 (a), it can
be concluded that the OAT of the ISCD increases with the increase of FT, which indicates that the
larger the FT, the worse the cooling effect of the ISCD. This is because the FT, the higher the
thermal resistance, could result in less effective heat transfer. The OAT of the ISCD increases with
time, and the overall trend can be divided into three stages. The first stage is when the temperature
of the ice rises to absorb the heat in the air, the second stage is when the ice melts and absorbs the
heat in the air, and the third stage is when the water temperature rises after the ice melts and absorbs
the heat in the air. After 11 hr of heat exchange, the FT is 2 mm, 4 mm and 6 mm, and the
corresponding OATs are 16.06 °C, 16.26 °C and 16.69 °C respectively. The cooling temperature
difference after 11 hrs is between 15-16 °C. As can be seen from Fig. 11(b), the smaller the FT, the
higher the IMR of ISCD. After 11 hr of heat exchange, the FT increased from 2 mm to 6 mm, the
IMR decreased from 89.12% to 86.30%, and the IMR decreased by 2.9%. With the FT, the smaller
the heat passing through the fin, and the smaller the heat transfer can be obtained by the calculation

formula of heat conduction.

3.3.2 Effect of the FH
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Fig. 12. Influence curves of different FHs on heat transfer performance

Fig. 12 plots the effects of different FHs on the OAT and IMR at an IAT of 32 °C an [AV of 10
m/s, the FNs is 4, and a FT of 2 mm. As shown in Fig. 12(a), it can be concluded that different FHs
affect the cooling effect of the ISCD, and the OAT of the ISCD decreases with the increase of the
FH, which indicates that the larger the FH, the better the cooling effect of the ISCD. The whole
process can be divided into three stages, the first stage is the exchange of sensible heat between air
and ice, the heat exchange time is short, and the temperature rise is large. The second stage is the
exchange of latent heat between air and ice, and the heat exchange time of the second stage
decreases with the increase of FH, and the temperature rises slowly. The third stage is the sensible
heat exchange between air and water. The increase in the FH will increase the heat exchange area
between the fins and the ice, and the effect of enhanced heat exchange will be achieved. When the
FH 1s 10 mm, 20 mm and 30 mm, the OAT after 11hr heat exchange is 18.18 °C, 16.06 °C and
15.88 °C respectively, and the temperature difference between the inlet and outlet after 11hr cooling
is between 13-16 °C. As shown in Fig. 12(b), the higher the FH, the larger the IMR, and the ice in
the ISCD melted by 84.94%, 89.12% and 92.54% respectively after 11 hr of heat exchange. Overall,
it can be seen that increasing the FH can improve the ice utilisation efficiency and optimise the

cooling effect of the ISCD.

3.3.3 Effect of the FN
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Fig. 13. Influence curves of different FNs on heat transfer performance

Fig. 13 plots the effects of different FNs on the OAT and IMR at an IAT of 32 °C an [AV of 10
m/s, a FH of 20 mm, and a FT of 2 mm. Fig. 13(a) shows the effect of changing the FN on the outlet
air temperature, and it can be seen that the outlet air temperature is proportional to the test time,
which increases with time, and the outlet air temperature gradually decreases with the increase of
the FN. This is because the increase in the FN in the heat transfer process of the ISCD will increase
the heat transfer area, which will absorb more heat in the air, thus the outlet air temperature will be
lower. When the FN is 4, 6 and 8, the air temperature at the outlet of the ISCD is 16.06 °C, 15.22 °C
and 14.23 °C after 11 hr of heat exchange, and the average OAT is 10.40 °C 9.48 °C and 8.46 °C
during the 11 hr heat exchange cycle, and the cooling efficiency is 47.32%, 49.65% and 52.39%
respectively. It can be seen from Fig. 13(b) that the higher the FN, the larger the IMR, the ice
melted 89.12%, 92.08% and 94.84% respectively after 11 hr heat exchange, and the advantage of
increasing the FN is that the heat transfer area can be greatly increased, and the thermal
conductivity efficiency of the ice storage side is enhanced, However, an increase in the FN will take
up most of the space and reduce the amount of ice stored. Therefore, the FN needs to be controlled
within a certain range, and the ice storage capacity of more than 83.33% needs to be maintained

while improving the heat exchange efficiency'**).

4. Discussion

4.1 Application analysis after optimization of ISCD
After the ISCD was optimised by adding fins, the influence of the FT, FH and FN on the ISCD

was analyzed by numerical simulation. According to the principle of heat transfer, it can be

concluded that increasing FT under the condition that the heat transfer temperature difference is
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unchanged will lead to the decrease of heat transfer coefficient, and increasing the FN and the FH
can increase the heat transfer area and thus enhance the heat transfer. However, while increasing the
FN and the FH, it is necessary to take into account the ice storage capacity of the ISCD, and the ice
storage capacity should be more than 83.33%/**.The ice storage capacity of the ISCD can be
calculated according to the following formula:

AR -RY) oo

0= 4 — x100 % (11)
0

4

where Ry is the diameter of the ice bucket, R is the outer diameter of the heat exchanger tube,
H is the FH, T is the FT, N is the FNs, and the length of the fins is the same as the length of the ice
bucket. After numerical simulation analysis, the optimal FH is 30 mm, the FT is 2 mm, and the FN
is 8. The total volume of the ISCD minus the volume occupied by the fins and thermofluid pipes is
the ice storage volume. The ratio of the volume of ice storage to the total volume of the ISCD is the
ice storage capacity. The ice storage capacity of the ISCD under the optimal fin size can be obtained
by Eq.11 which is 84.88%, this can meet the ice storage requirements of the ISCD. However, if the
FN continues to increase, the ice storage capacity of the ISCD will be lower than 83.33%, in the
case, the FN is larger than 8, the effective refrigeration time of the ISCD will decrease.

The ISCD has been optimised to improve the cooling performance, which can improve its
operation efficiency in practical applications, such as saving energy, reducing transportation costs,
and improving the scope of application. For the temperature control requirements of the
underground MRC, the corresponding supply air temperature (SAT) needs to be reached at different
initial surrounding rock temperatures to meet the cooling requirements of the MRC for 96 hrs*!l.
When the temperature of the surrounding rock is greater than 27 °C, the compressed air cooling of
the mine will not be able to meet the temperature control demand, and the compressed air needs to
be cooled and then sent to the MRC to achieve the temperature control demand“>#). When the
temperature of the surrounding rock is 30 °C 31 °C 32 °C 33 °C and 34 °C, the SAT of the MRC
needs to be lower than 23.28 °C 21.83 °C 20.38 °C 18.93 °Cand 17.48 °C respectively to meet the
cooling demand of the MRC for 96 hrsi*Y. When the TAT was 30 °C 31 °C 32 °C 33 °Cand 34 °C
respectively, after 96 rh heat exchange experiment, the OAT was 24.70 °C, 25.70 °C 25.96 °C, 27.65 °C

and 28.52 °C respectively*. It can be seen that the ISCD cannot meet the air supply requirements
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of the MRC before optimisation. By increasing the fins, the cooling efficiency of the ISCD can be
increased by 34.12% when the FT is 2 mm and the FH is 20 mm, and the FN is 8.

Table 4: Comparison of OATs after 96 hrs

IAT (°C) OAT without fins* (°C) OAT With fins (°C) SAT (°C)*
30 24.70 16.27 23.28
31 25.70 16.93 21.83
32 25.96 17.10 20.38
33 27.65 18.22 18.93
34 28.52 17.79 17.48

From Table 4, it can be concluded that after adding fins, the ISCD can meet the air supply
requirements of the MRC when the IAT is less than 34 °C. For IAT above 34 °C the performance of
the ISCD can be improved by increasing the FH, or multiple ISCDs can be equipped to meet the

cooling requirements.

4.2 Comparison of the performance of different fins

Currently, there is a wide range of research on the performance optimisation of phase change
energy storage devices, and previous researchers have developed Circular superimposed
longitudinal fins, triangular fins, bionic palmate blade fins, Spiderweb-like fins, etc. These fin
shapes greatly improve the melting and solidification characteristics of phase change energy storage
devices. However, with the diversification and complexity of fin shapes, the storage space of phase
change materials in phase change energy storage devices is getting smaller and smaller. While
improving the heat exchange efficiency of the phase change coarse energy device, it is also
necessary to take into account the storage space of phase change materials. The application of the
ISCD mentioned in the current work is the underground MRC, and the ice storage volume of the ice
storage device must meet the temperature control requirements of the MRC. Therefore, in the
optimisation of the ISCD, it is not possible to unilaterally consider improving the heat exchange
efficiency, but also to consider the ice storage capacity of the ISCD. And the fins should not occupy
too much of the volume of the ISCD, and the ice storage volume of the ISCD is suggested to reach
more than 83.33%.

As shown in Table 5, the performance of five phase change energy storage devices with

different fins was compared and analyzed. It can be seen that with the more complex fin shape and
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the larger the number of fins, the more obvious the heat exchange effect of the phase change energy
storage device. It is noted that the fins occupy a large amount of space, resulting in smaller and
smaller effective volume. Although the rectangular fin used in this paper is lower than other fins in
terms of heat exchange effect, the coarse storage space of the phase change material can be
guaranteed to be more than 84.88%, which can not only meet the application conditions but also
improve the heat transfer performance of the ice storage device.

Table 5. Comparative analysis of different fins

Fin type Phase change materials Number of fins Effective Heat transfer effect

volume ratio

Circular The solidification time of PCM was
Li2C03-K2C0O3-NaxCO3
superimposed 4 77.50% shortened by 1117 s.

longitudinal fins[*!

External Alumina The melting
triangular fins!*"! nanoparticle and 8 71.26% time of PCM was shortened by 1800 s.
Paraffin
Palmate
leaf-shaped fins is Lauric acid 6 64.35% The PCM melting time shortened by
designed by bionic 21.0 %.

techniquesi!!

Spiderweb-like Lauric acid 12 60.25% The solidification time shortened by
fins[>] 47.9 %.
Rectangular fins Ice 8 84.88% The melting

time of PCM was shortened by 18.8%.

5. Conclusion

In this study, according to the temperature control requirements of underground mine refuge
chambers, the ISCD applied to underground MRC was optimised, and the effects of FH, FT and FN
on the performance improvement effect of the ISCD were investigated in a systematic manner.
Compared with the traditional ISCD, the optimised heat transfer device can improve both the heat
transfer performance and the application range of the ISCD. The main conclusions are summarized

below:

23



=

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

(1) The numerical simulation analysis shows that the FN is the key factor to improve the heat
transfer performance of the ISCD, but too many fins will lead to too low ice storage capacity of the
ISCD, which will affect the effective cooling time of the ISCD. In the current study, the optimal FN
is 8.

(2) Through the simulation results, it is concluded that the increase of the thermal conductivity
and thermal resistance caused by the larger the FT will reduce the heat exchange performance of the
ISCD, while the increase of the FN and the FH can increase the heat exchange area and improve the
heat transfer performance. The ISCD with a FH of 30 mm, a FT of 2 mm, and a FN of 8 is selected
for the best heat transfer performance.

(3) When the FN increased from 4 to 8, the average OAT of the ISCD was 10.4 °C and 8.46 °C
respectively after the 11 hr heat exchange cycle, and the IMR increased by 5.72%.

(4) Compared with the ISCD without fins, the cooling efficiency of the ISCD increased by
34.12% and the IMR increased by 9.3% after the addition of fins.

(5) When the number of fins is 8, the ice storage capacity of the ice storage device is more than
84.88%, and the melting time is of ice shortened by 2.5 hrs (a reduction of 18.8%) compared with
the ISCD without fins.

(6) The OAT of the optimised ISCD is within 16.3 °C after 96 hr of heat exchange, which can

meet the temperature control requirements of the MRC within 96 hrs.
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