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Abstract: Cooling system for mine refuge chamber provides comfortable environment for miners
to avoid heat damage. The existing cooling systems have their own application scopes and
limitations. The coupled cooling method of Latent Heat Thermal Energy Storage (LHTES)
combined with Pre-cooling of Envelope (PE) is a new free cooling method which is suitable for
high-temperature, passive, impact and other harsh environment. Then, to improve the thermal
comfort and reduce energy consumption, the effect of the pre-cooling temperature, melting
temperature of PCM, aspect ratio and amounts of PCM unit on the indoor temperature are
investigated in a systematic manner. Furthermore, the system is optimized and the generalized
results for the evaluation parameter are given. Analysis of the results may lead to following main
conclusions: (i) the method really controls the indoor temperature and the saving amount of PCM
is more than 50% compared to the traditional LHTES systems; (ii) the Temperature Control(TC)
performance of PCM would drop significantly if it melts more than 80%; (iii) under current
operating conditions, the optimal melting temperature is about 29°C and the aspect ratio of PCM
unit is 60:500; (iv) per 1°C the pre-cooling temperature dropped, 19% the actual amount of PCM
decreased for the case studied.

Keywords: Coal mine accident; Refuge chamber; Cooling method; Latent Heat Thermal

Energy Storage; Surrounding rock; Thermal analysis.
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a thermal diffusivity, m%/s
A area, m’
Cp specific heat, J/(kg-K)
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g acceleration of gravity,m/s?

h convective heat transfer coefficient, W/(m?-K)
H high, m

I feature size, m

L length, m

N number

q heat flux, W

Q heat, J

r radius, m

t temperature, C

Y, voltage, m®

w width, m

Greek symbols

o expansion coefficient

y the evaluation parameter of heat tolerance time
) thickness, m

A difference

A thermal conductivity, W/(m-K)
p density, kg/m®

T time, s

v viscosity, m%/s

Subscripts

a air

e extreme endurance

f flow air

i inner/indoor

m melt

0 outer

pc pre-cooling

P person

R refuge chamber

R1 side wall of refuge chamber

R2 vault of refuge chamber

w wall

0 initial value

Abbreviation

ETCP Effective Temperature Control Period
LHTES Latent Heat Thermal Energy Storage
PE Pre-cooling of Envelope

PCM Phase Change Material

SR Surrounding Rock

TC Temperature Control

UDF User Define Function

Dimensionless numbers
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Gr Grashof number
Nu Nusselt number
Pr Prandtl number

1. Introduction

In Aircraft, defense engineering, mine refuge and some other facilities "2, there still exists

some special spaces with high-temperature and no-power in certain circumstances. Taking the

underground mine refuge chamber 1 as an example, it’s an important emergency rescue shelter,

which provides sufficient time for the trapped miners to wait for the rescue. When the mine

accident happens, the refuge chamber will become an isolated, hot and humid space, depending on

the internal as well as the environmental condition and there is no power supply. As shown in

Table 1, the existing cooling methods, which consist of CO, phase change cooling, the explosion

proof electrical air conditioning, the ventilation cooling and the ice storage cooling, have their

own application scopes and limitations ). LHTES system also cannot control the temperature

independently due to the large cold loads ™ or the small operating temperature range.

Table 1. Evaluation and application of four cooling methods.

cooling methods

advantages

disadvantages

application

CO, phase change
cooling

Explosion proof air

conditioning

Ventilationcooling

Ice storage cooling

No need of
electric power;
Stability

Excellent cooling effect;

Convenient adjustment

No safety hazard;
With air purification

function

No safety hazard;
Stability

The risk of leakage;
Regular inspection and replacement
are needed;

The difficulty to maintain
The refrigerator may not work
when the gas explosion occurs;
Intrinsically safe high power battery

is needed

Ventilation ducts may be damaged;

Poor cooling effect in a deep buried depth

Compressor is easily eroded,;
High maintenance cost;
Taking up large valuable living space;

The fan is needed

Where the ambient
temperature is
below 31°C

Metallic/
nonmetallic
Mine

Shallow mine

Any conditions
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Fig. 1. Schematic of the coupled cooling method of LHTES combined with PE: (a) PE in peacetime; (b) Heat
storage of LHTES and envelope in working time.

To solve this problem, a new coupled cooling method of LHTES combined with pre-cooling
of envelope is proposed by Yuan et al B!, As shown in Fig. 1(a), the envelope is pre-cooled by
forced-air in peacetime and the PCM of suitable temperature are encapsulated into units to store
cold. As shown in Fig. 1(b), fully using sensible heat storage capacity of envelope and latent heat
storage capacity of PCM can control the temperature in working time.

The coupled cooling method can not only expand the operating temperature difference of
PCM, but also bear numerous cold loads to reduce the amount of PCM by pre-cooling the envelop.
This method meets the requirements of safety, no power, stability and reliability under special
environment and widens the application range of LHTES system for temperature control.

In order to save energy, the natural cold source, such as low-temperature water (the water
temperature is less than 15°C), cold air (winter), snow or ice, should be fully utilized. When the
natural cold source cannot meet the pre-cooling demand, the cold air from the mining working
face should be partly shunted into the refuge chamber. And intermittent cold storage technology
can be used since the thermal diffusivity of the rock is small and there is no heat source in the
room. As a consequence, the indoor temperature could not have a remarkable rise during a rest
period.

In theory, LHTES can not only reduce the mismatch between supply and demand but also

improve the performance and reliability of energy systems [©

. In fact, many places of LHTES
should be optimized and improved in the application process. Over the past decades, extensive

research efforts have been made on the sensitivity analysis and optimization for different LHTESs

[7-12]
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Sensitivity analysis and optimization of the PCM unit can enhance the effectiveness of heat
transfer. The operation characteristics and influencing factors of the PCM unit mainly involve the
natural convection, the arrangement of fins and the change of unit structure. To improve the
thermal storage performance of the circular finned tube, the influence factors such as the fin pitch,
the fin height, the fin thickness and the inner radius of the tube, were numerically investigated by
Wang et al ™. A recent study of Yuan et al ™ mainly focused on the fin angle’s influence on the
heat storage rate of annular PCM unit. Their results showed that there existed maximum melting
heating rate when the fins are vertical. Borderon et al ™ designed a new PCM-air heat transfer
ventilation system based on the night ventilation unit. To ensure the air heat exchanger can adapt
to different climatic conditions, running different ventilation conditions should correspond to the
external environments to achieve the optimum utilization of cold. Solgi et al ™! also studied the
PCM-air heat exchanger and tried to find the suitable condition to start the night ventilation. Itwas
found that the composite PCM for heat storage will greatly reduce the indoor load.

The operation characteristics and influencing factors of the PCM envelope mainly focused on
the selection of PCM and the layout mode. Kheradmand et al ** applied the mixed phase change
mortar to building facades, and tested the performance and energy conservation by a combined
numerical and experimental method. Results showed that joining the phase change mortar  would
be helpful in reducing indoor load and maintaining the stability of the indoor temperature. Chaiyat

et al [18-19]

studied the concrete wall with phase change micro capsule in different areas. It was
concluded that there was more load reduction in summer than that in winter, and different energy
savings are demonstrated in different areas. Kong et al ! investigated the influence of two
different installation forms of shape-stabilized PCM on the indoor thermal comfort. One is the
panels installed on the outside surface of walls and roofs (PCMOW) with acid capric contained,
the other is the panels installed on the inside surface of walls and roofs (PCMIW) with capric acid
(95 wt%) and1-dodecanol (5 wt%) contained. Their experimental and numerical results showed
that the PCMIW system has a better control effect than that of the PCMOW system. Zhou et al !
used the enthalpy model to calculate a solar room with the shape-stabilized PCM plates and then
analyzed the effect of melting temperature of PCM, heat transfer coefficient, the position and

thickness of PCM plates etc. on indoor temperature. They found that the PCM plate can be fully

stored in the daytime and released at night to improve the indoor comfort.
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Unlike common LHTESSs, there are unique application environment and control target for the
coupled cooling method. The coupled cooling method consists of two processes: the pre-cooling
process and the coupled cooling process. And the coupled cooling process includes the heat
transfer among PCM units, envelop, air and heat sources in a closed space. Therefore, to improve
the operation efficiency and reduce energy consumption, the sensitivity analysis and optimization
of the coupled cooling system, new tasks, should be done.

To solve the cooling problem in high-temperature, passive, impact and other harsh
environments, based on the new coupled cooling method of LHTES combined with pre-cooling
envelop and the numerical simulation model which considering the heat source, Surrounding Rock
(SR), PCM and air heat transfer, the thermal performance of the coupled cooling method is
analyzed and an evaluation parameter of heat tolerance is proposed to evaluate the temperature
control effect using a mine refuge chamber as a case study. A parametric study is undertaken into
exploring the impact of other factors, such as pre-cooling temperature of SR, melting temperature
of PCM, aspect ratio and amounts of PCM unit, on indoor temperature in a systematic manner.

Optimization of the coupled cooling system is also conducted.

2. Model and parameter settings

2.1 Mathematical model

The coupled cooling process includes the heat transfer among phase change units, SR, air and
heat sources in a closed space. In the current work, the phase change units hang on the wall with
the form of plates and the back ventilation is adopted to enhance the convective heat transfer. For
the purpose of briefness, the following major assumptions are employed ?2: i) The ratio of the
length to the width is more than 2 and the chamber is assumed to be a cylinder. ii) The heat source
is constant and the effect of radiation is negligible. iii) The material of the surrounding rock is
homogeneous and isotropic and neglecting the heat transfer caused by the moisture transfer
through the envelope. iv) Ignore the influence of temperature fluctuation from ground surface

because the embedded depth is 400~600 m. Other simplifications are described in the rest of the
paper.
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2.1.1. Heat transfer model of SR

The equation for calculating the changes in the temperature of SR in vector formis:

2
A _got,ta (12)
or or> r or

The boundary conditions are

(1b)
{t(r0 ) r) =1,
with initial condition is
t(r,0)=t, (1c)
where, to is the initial temperature, 7 is the time, a is the thermal diffusivity, r is the radius of the
SR, r; is the inner wall radius, A, is the thermal conductivity, t; is the air temperature, I, is the

outer surface radius. hy, is the natural convective heat transfer coefficient between the air and inner

wall, which can be calculated by the formula (2) and (3) &

hi
= @
Nu = 0.59(GrPr)"* ©)

where, Nu is the Nusselt number, | is the feature size, /5 is the thermal conductivity of air.
Gr=gayAtl*/V? is the Grashof number, where g is the acceleration of gravity, ay is the air ~ volume
expansion coefficient, At is the temperature difference, v is the dynamic viscosity, Pr is the Planck

number.
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2.1.2. Heat transfer model of PCM plate

o ‘Aluminum plate

A

UDF

[
|
|

9 Hpcy PCM tPCM: 4
|
|

h

PCM

- — —

—

X y

ot

—>| [ [e—
o W 0

PCM
Fig. 2. Computational domain and boundary conditions at the vertical mid-plate of PCM plate.

PCMs are encapsulated by aluminum plate and the thickness of the plate is 1.5 mm. The
geometry of the PCM plate is designed as follows (not including the aluminum plate): the length
Lpcm is 600 mm, the height Hpcy is 500 mm, and the thickness Wpcp is 60 mm. As shown in Fig.2,
the vertical mid-plane of the PCM plate is selected as the computational domain.

Since the PCMs are encapsulated by aluminum plate, the heat transfer of the outer aluminum
surface of the PCM plate is convection, and the interface between the aluminum surface and the
PCM is the coupled interface. There exists heat conduction, convection and melting  processes in
the PCM plate, so the enthalpy-porosity model was used to solve the two dimensional heat transfer

equations. The equations of enthalpy-porosity model can be seen in Yuan et al 4.
2.1.3. Model of indoor air

The energy conservation equation is used to calculate the temperature of the air:

8/



202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

at,
Capa a a2 —=0+0,t ey (4)
ot

where, C, is the specific heat of air; q is the indoor heat flux; g, is the convective heat flux
between air and SR; gpcwm is the convective heat flux between air and PCM plate. g, qw, Jrcm are

calculated by the following formula:

q=N,q, ®)
ay = hWAi,W(tW —t f) (6)
Opcm = NPCM hPCM APCM (tPCM _tf) ()

where, N, is the number of people in refuge chamber; q, is per capita heat generation rate
(including equipment); A;,, is area of the inner wall; Npcy is the number of PCM plates; Apcy iS

the area of the outer surface of one PCM plate.

2.2. Numerical solution method

7

-

Fig. 3. Computational Grid of PCM plate.

In the current study, the heat conduction, convection and melting processes are coupled in the
PCM plate, so the PCM plate model is set as the main model. The air temperature and convection
heat transfer coefficient, calculated by User Define Function (UDF), are in the form of boundary
conditions in the main model. The calculation model of PCM plate is 2D. The calculation software
is ANSYS Fluent14.0. The calculation is based on the melting and solidification model. The

influence of natural convection is considered in the PCM unit, and the density calculation is based
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on the Boussinesq assumption. The heat transfer of outer aluminum surface of the PCM plate is
convection, and the convection heat transfer temperature and coefficient are t and  hpcw,
respectively. The interface between the aluminum surface and the PCM is the coupled interface.
The time step is 1s, and the total number of steps is 345600. Fig.3 shows the 2D computational

grid of PCM plate and the number of grids is 100,000.

2.3. Model validation

To verify the correctness of the numerical model, the calculated result is compared with the
experimental data of Wu et al 4. The experiment was carried out in a rectangle ferruginous box
with a size of 1 mx0.9 mx1.2 m during 96 h. The indoor heat source is 170W. The initial
temperature was 15°C, and 3 thermocouples were built-in to detect the temperature distribution.

The melting temperature of PCM is 28°C. More PCM properties can be seen in Wu et al ],

34 134
32 132
30 130
284 {28
O 2] 126
S 24 —s— Experimental result 424
2 .
g 22 ] —e— Numerical result {22
[oN
£ 20- 120
(5}
= 18- 118
16 - 116
14 414

0 10 20 30 40 5 60 70 80 90 100
Time (hr)
Fig. 4. Comparison of the experimental and numerical melt fractions.
Fig. 4 shows the comparison of the temperature variation between the experimental data and

numerical result and close agreement is achieved. It can be seen clearly that there is a mutation

when the temperature reaches 29°C  for the simulation result and that is a slow transition for the
experimental result. This is because the real PCM melts in a temperature range, not at a

temperature point.
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2.4. Parameter settings

\)‘2~

Fig. 5. Schematic diagram of 3D model of mine refuge chamber with PCM plate.

Refuge chamber is an emergency rescue system. According to the Chinese policy, the
temperature inside the chamber can not exceed 35°C  within 96 h. Take the refuge chamber with
48 people as an example (shown in Fig. 5), the inner wall of the refuge chamber hangs PCM plates.
Parameters of mine refuge chamber are listed in Table 2.

Table 2. Parameters of mine refuge chamber.

Symble Description Value Calculation method
Lr Length of refuge chamber 17m
Wg Width of refuge chamber 4m
Hgr1 Height of side wall 2.8m
Hgro Height of vault 35m
I Equivalent radius of inner wall 2m ri=(S/m)*?
p Density of surrounding rock 2400 kg/m®
Cp Specific heat of surrounding rock 902 J/(kg-K)
Y} Thermal conductivity of surrounding rock 2 W/(m-K)
to Initial temperature 30°C
[ Control temperature 35C
toc Pre-cooling temperature 25°C
Np Stipulated number of personnel 48
p Heat generation of each person 116W

PCM is RT 26 !, and more relevant materials’ parameters are summarized in Table 3. For a
preliminary design of the number of PCM plates, there is a need to calculate the dynamic heat flux
of SR according to the heat transfer model. Afterwards, it is calculated that the average indoor
load is 1528 W. Combined data in Table 2 and PCM plate’s parameter, the estimated number of
PCM plates is 175. Considering the factor 1.1, the number of PCM plates is 190 as an initial

calculated value.
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253 Table 3. Properties of paraffin and aluminum.

) Thermal B Melting Latent Dynamic
Density/ Specific heat/ o
Materials 3 conductivity/ temperature/ heat/ viscosity/
kg/m ki/kg-K .
W/m-K C kd/kg kg/m-s
770/880
Paraffin (Liquid/ 0.6 2 26-27 190 0.07
Solid)
Aluminum 2719 202.4 871 - - -

254 3. Sensitivity analysis of coupled cooling system

1.0 tm=26°C )-0-0-0-0-0-0-0-0-0-0-
0.8+
-".'.
'% 0.6 _"0.7hr
% 0.44
=
0.24
67 hr
0.0 B T T T T 1
0 20 40 60 80 100
Time (hr)
255
256 Fig. 6. Melt fraction variation within 96 hours.
257 Fig. 6 demonstrates the variation of the melt fraction within 96 hours. It is found that PCM

258  starts to melt after 0.7 hour; then the increasing rate of the melt fraction maintains unchanged and
259  followed by a minor decrease after 50 hours. Complete melts occur after 67 hours. It is believed

260 that the increasing rate of the melt fraction is mainly affected by the PCM melting process.
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Fig. 7. Instantaneous temperature distribution at the vertical mid-plane of the PCM plate.

Fig.7 demonstrates the contour temperature distribution at the vertical mid-plane of the PCM
plate at different time, i.e. 10, 20, 30, 40, 50, 60 and 70 hr. Within the first 30 hours, as shown in
Figs. 7(a), 7(b), 7(c)), the isotherms almost parallel to the surface of the aluminum plates, which
shows the heat transfer mode is heat conduction. Later on, as presented in Fig. 7(d), the upper of
the PCM plate becomes more lateral isotherms, which shows the heat mode changes to heat
convection. Afterwards, as illustrated in Figs. 7(e) and 7(f), the liquid PCM absorbs the heat and
the temperature rises. With the assistance of natural convection, the liquid PCM rises along the
aluminum plate. In this case, most isotherms become lateral, which means that natural convection
plays the dominant role. When the time reaches 70 hour, as presented in Fig 7(g), the PCM

completely melts.
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Fig. 8. Changes of air temperature and heat flux of PCM plate within 96 hours.

Fig. 8 demonstrates the variation of the air temperature and heat flux of PCM plate within 96
hours. It can be clearly noted that there exist three stages with the increase of the air temperature.
At the initial temperature increase stage 7;, within the first 0.7 hour the air temperature increases
remarkable to be up to 31.4°C. At the second stage, which is the temperature control stage 7, from
0.7 to 67 hour, the temperature increases monotonously from 31.4°C to 35.6°C which represents
a4.2’C  increase. And the changes in temperature occur slowly from 0.6 hour to 50 hour. Within
this Effective Temperature Control Period (ETCP) 74, the solid and liquid PCM coexist, making a
stable thermal environment. Within the third stage, which is called rapid temperature increase
stage 73, from 67 hour to 96 hour, the air temperature significantly rises by 3.8°C, finally reaching
39.4°C. The final temperature is more than 35°C because this calculation is based on the
estimated value (or initial value), which has not been optimized. The reason why the air
temperature appears 3 stages is that: in the stage z;, the PCM plate has not yet begun to melt, and
most of the heat is absorbed by air; in the stage z,, the air temperature is beyond the melting
temperature and the PCM begins to melt and absorb heat, which makes the increasing rate of the
air temperature slow down gradually; in the stage 73, PCM has almost been melted into liquid, and
the ability to absorb heat has dropped dramatically, which leads to a significant rise of air
temperature.

Meanwhile, Fig. 8 describes the surface heat flux of PCM plate. It is also noted that the heat
flux of the PCM plate has three stages, which explains that the air temperature increase phases is
mainly affected by the heat flux of the PCM plate. Especially from 0.7 hour to 50 hour, the heat

flux of the PCM plate rises slowly by 3.4 W/mZ. In this case, the PCM uses the latent heat to make
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the increasing rate of the air temperature slow down gradually. From 50 hour to 67 hour, the heat
flux of the PCM plate slowly decreases by 4.3 W/m?. The reason could be that the melt fraction is
already over 80%, and the heat storage ability decreases greatly with the reduction of the
remaining PCM volume, which can be seen in Fig. 7. After 67 hours till the end,the PCM
completely melts, and the PCM can only depend on sensible heat with the speed of 1 W/mZ.
Within this time period, the air temperature rises greatly.

To evaluate the temperature control effect of the PCM plate, an evaluation parameter of heat
tolerance time y is proposed, which combines the calculated result of the air temperature and the

[26]

formula 7e=4.1x10%t*", proposed by Cranee *!, where 7 stands for extreme endurance time. y is

defined as the ratio of actual time, during which the temperature exceeded t;, to 7.. Since the
ambient temperature does not vary greatly, the average time temperature is adopted instead of time
variation temperature for the sake of formula’s simplicity. Besides, as previously mentioned,
Chinese government states that the indoor temperature in the refuge chamber must not exceed
35°C, which means t.=35°C. Therefore, the formula is defined as follows:

3.61
T .35 _ T.35 -t-35 (8)

T 4.1x10°

]/:

3

where, 7>35 refers to the time that temperature is over 35°C  and t.as isthe average temperature
that the indoor temperature is over 35°C.

It can be seen from the definition that the smaller the v, the better the temperature control.
When y is zero, casualty will not be caused under such temperature; when y is close to 1, human
body’s extreme endurance appears and this will endanger human’s life; when vy is over 1, human
body’s extreme endurance exceeds.

In order to maximize the usage of the thermal storage ability of PCM, and match the heat
flux of the thermal storage and indoor load, there is a need to analyze the impact factors, such as
pre-cooling temperature, melting temperature of PCM, size and amounts of PCM plates. In the
current work, an evaluation parameter of heat tolerance time y is used. For each analysis, only one

factor is changed and keeps the other factors unchanged.
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3.1. Effect of pre-coolingtemperature

It is believed that the pre-cooling temperature t,. can affect the PCM quantity. Thus, it is
necessary to observe the changes of the indoor estimated load at different t,.. Here, the indoor
estimated load refers to the cold that PCM should bear. The finite volume method is used to
calculate the rising temperature of the SR at different t,;, and then the indoor estimated load is

calculated. As for the indoor natural convection simulation, the average indoor wind speed is setto
be 0.1 m/s, the stable indoor temperature is 35°C, and six different t,, i.e. 24°C, 25°C, 26°C, 27C,

28°C and 29°C are employed in the current study.

®  Flux of SR
= Indoor estimated load
4500 e Fitting formula of flux of SR
T~ Fitting formula of Indoor estimated load

4000 e

.

3500

q=14310-411.2% R'=1

3000

2500

2000

Flux(w)

15004

10004

500

Fig. 9. Average heat flux of SR and indoor estimated load versus t,;and their fitting curves.

Fig.9 presents the variation of the average heat flux of SR qg,,and average indoor estimated
load q; as a function of t,. It can be seen, as expected, that both the average flux of SR g, and
average indoor estimated load g; are a linear function of the t,.. If the t,; increases from 24°C  to
29°C, the average indoor estimated load will increase from 1114 W to 3175 W, which equalsto a
185% increase. And the average flux of SR decreases from 4443 W to 2389 W, then itequalsto a

46% decrease. Their fitting formulas are showed as follows:
q,=14310-4112xt,  (R?=1) (©)
g =-8783+4125xt,  (R*=0.9999) (10)

Here, q, decreases as the t,. increases. When q,=0, SR has no cold release, that it, the initial
temperature of SR is 35°C. According to Eq. (9), it can be calculated that t,=34.8°C, which is

close to 35°C, meaning that the fitting formula is reliable. The indoor estimated load g; increases
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gradually as the t. increases. When @;=0, indoor load is completely absorbed by the SR. Based on

Eq. (10), it can be calculated that t,=21.3°C. Namely, when the t,. lowers than 21.3°C, the indoor

hear load is zero, in this case the cooling system is notnecessary.

3.2. Effect of melting temperature

It is recognized that the melting temperature is a key parameter to affect the thermal property

of the PCM plate. In order to investigate the effect of the size , in the current work, the other

parameters are kept the same: t,:=25°C, Npcy=190, the size of PCM plate is 600 mm in length, 60
mm in width and 500 mm in height and the PCM’s density, latent heat, thermal conductivity and
specific heat maintain constant. The simulation is carried out with the melting temperature

increases from 26°C to 31°C.

Melt fraction

Time (hr)

Fig. 10. Melt fraction curves at different melting temperatures.

Fig.10 depicts the evolution of the melt fraction of PCM with time at six different melting
temperatures. In Fig. 10, it can be obviously observed that at the fixed time, the melt fraction
gradient is low as the melting temperature increases, It can be seen from Fig. 10 that when the
melting temperature varies from 26°C to 29°C, all the PCM completely melts within 96 hours,
and the melting time is 67.0 h. 73.5 h. 80.9 h and 89.5 h respectively. When the melting
temperature reaches 30°C and 31°C, the results in Fig. 10 clearly show that the PCM does not
completely melt, and the computed final melt fraction is approximately 0.974 and  0.864
respectively. The reason could be that when the melting temperature increases, the air temperature
will increase at the same time, which will lead to the heat transfer of air towards SR increase. As

the thermal storage of PCM decreases, the melting rate slows down.
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Fig. 11. Hourly indoor temperatures for varies melting temperatures.

Fig.11 demonstrates the variations of indoor temperature as a function of time at six different
melting temperatures, i.e., 26°C, 27°C, 28°C, 29°C, 30°C and 31°C. Sensitivity analysis in Fig.11
shows that, as the melting temperature increases, the temperature of ETCP will rise and the
duration will extend. It should be noted that when the melting temperature increases from 26°C to
31°C, the average temperature of ETCP improves about 0.47°C, 0.46°C, 0.45°C,0.45°C and 0.43°C
respectively, and the duration lengthens about 6.5 h, 7.9 h, 7.1 h, 10.9 h and 13.1 h respectively.
When the melting temperature reaches 30°C and 31°C, the air temperature rising stages only
involve initial temperature increase stage t1 and temperature control stage 72. The reason could be
that, according to the Newton cooling formula, when the temperature difference of the air and the
PCM is At=ti-t,, the PCM will absorb heat gecm=hpcmArcmdt. When the t,, increases, the air

temperature t;will increase accordingly.

tn (C)
Fig. 12. 7y varies with melting temperature.
y can be used to evaluate the effect of temperature control. Fig.12 depicts the evolution of the
evaluation parameter y with melting temperature. It should be noticed that the y value at every tyis

greater than 1 because this calculation is based on the estimated value (or initial value), which has
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not been optimized. As stated previously, six different melting temperatures, i.e. 26°C, 27°C, 28°C,
29°C, 30°C and 31°C are explored in the current study. It can be seen clearly from Fig. 9 that the
y decreases from 26°C to 28°C. Starting from 28°C till the end, there is a quick increase of y. As
is always the case, the melting temperature cannot be too high or too low. In the current study, the
y reaches the lowest at t,=28. Therefore, in the following sensitivity analyses, t,=28 is chosen as

the calculated value.

3.3. Effect of size of PCM plate

Even with the same volume, different unit sizes show different influences on the heat transfer

and melting processes. In order to investigate the effect of the size , in the current work, the other

parameters are kept the same: t,;=25C, t,=28°C, Npcy=190, the length of PCM is 600 mm, and
the PCM’s density, latent heat, thermal conductivity and specific heat maintain constant. Under the
operating conditions studied, four aspect ratios, i.e. W50H600, W60H500, W70H429, and

W80H375 are investigated, respectively.

ty=28°C

—=— W50HE00
—e— WB0H500
/ —&— W70H429
y 4 —v— WB80H375

Melt fraction

0 10 20 30 40 50 60 70 80 90 100
Time (hr)

Fig. 13. Melt fractions at different aspect ratios.

Fig.13 demonstrates the variation of melt fraction with time at four different aspect ratios at

tm=28°C. It is noted that when the aspect ratio of PCM plate changes from 50/600 to 80/375, the
melting time is 75.9 h, 80.9 h, 85.3 h and 87.2 h respectively. According to the curves presented in
Fig.13, it could be concluded that the melting time increases with the increase of the aspect ratio
during the early stage. However, further increasing the aspect ratio (>70/429) would result in the
decrease of the melting time rate. The reason could be that the change of the aspect ratio will lead

to the change of the area of PCM plate. The larger the aspect ratio is, the smaller the surface area
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408  is. According to the Newton cooling formula, the decrease of the area will reduce the heat
409  absorption of the PCM. Then the melting rate of PCM will also slow down. As the variation of
410  surface area is not large, it can be seen from Fig.13 that the change of melting rate is also not

411 obvious.

40 4

304 t,,=28C
:C-; 37 )
% e - .".v‘, ’
=3 o TX ZH/ —=— W50H600
5 s I X-z' s 8 o=
= ‘ % o m" - —&— W60H500
sy e —4A— W70H429
ol —~— WB80H375
Time (hr)
412
413 Fig. 14. Hourly indoor temperature for varies aspect ratios.
414 Fig.14 illustrates the variation of indoor temperature with time at four different aspect ratios

415  and fixed melting temperature of 28°C. Obviously, the indoor temperature increases monotonously
416  during the entire process. It is found that the increase of the aspect ratio will improve the

417  temperature of ETCP as well as lengthen the time. When the aspect ratio changes from 50/600 to

418  80/375, the temperature of ETCP increases by 0.38°C, 0.23°C and 0.32°C. For the case of the
419  aspect ratio is more than 70/429, the duration of ETCP does not lengthen. The reason is that the
420  bigger the aspect ratio, the smaller the surface area Apcy. According to the Newton cooling
421  formula, when the Apcy decreases, the temperature difference At will increase accordingly. And

422 the ty, is a constant value, so the air temperature t;will increase.

2.7+

tn=28°C
264 W/H=80/375
B n
2.5
2.4 A
2.3

>
224
21 W/H=50/600
- W/H=60/500 _w\y/H=

b0l \./ W/H=70/429
194— : :
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424 Fig. 15. y changes with different aspect ratios.

20/32



425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440
441

442

443

444

445

446

Fig.15 demonstrates the variation of evaluation parameter y for aspect ratios of 0.083, 0.12,

0.163 and 0.213 at fixed melting temperature of 28°C. It should be noted that the y value at every
W/H ratio is greater than 1 because this calculation is based on the estimated value (or initial
value), which has not been optimized. The general trend for y variation is similar to that observed
in  Fig. 12. It should be also noted that there exists an optimal value of PCM size. From Fig.15, it
is demonstrated that when the aspect ratio is too low, the duration of ETCP is short, and the
temperature increases quickly in t3; whereas the aspect ratio is too high, the temperature of ETCP

is too high, and the duration does not lengthen.

3.4. Effect of number of PCM plates

In order to reduce the consumption of PCM and the cost as well as the occupied volume, to
seek a minimum number of PCM plates becomes a very important issue. In this study, sensitivity

analysis is conducted for seven different numbers of PCM plates: 190, 210, 228, 245, 262, 280,

298, and other parameters are kept the same: t,.=25°C, t,=28°C, the size of PCM unit is
L600W60H500, PCM’s density, latent heat, thermal conductivity and specific heat maintain

constant.

—*— Np)=190

—®— Npy=210

Npcp=228

—v— Npy=245
N =262

Melt fraction

PCM

021 y. 4 —<— Npcy=280

014 ;o > Npcp =298

T
0 10 20 30 40 50 6 70 8 90 100
Time (hr)

Fig. 16. Melt faction at different numbers of PCM plates.

Fig.16 demonstrates the melt fraction plotted with respect to the time at seven different

numbers of PCM plates and fixed melting temperature of 28°C. Under the operating conditions
studied, obviously, the larger the number of PCM plates, the longer the melting time. According to
the curves presented in Fig.16, it is shown that when Npcy increases from 190 to 298, the complete

melting time is 80.9 h, 84.3 h, 87.4 h, 90.3 h, 93.3 h and 96 h respectively. As also shown in this
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figure, when Npcy is 298, PCM does not completely melt.

. Npey=190
e Npy=210
38 - Npcy=228 t=28°C
—~ gl T NPCM—245
£ N 262
> 3. PCM
g 44¢A*NPCM—280
L 354
E_ +NPCM—298 =
) e
~ 344 e A
o e 5 B -
ol ¥l g 1’
ST 00 e S P e
w| FEETIE
/,”/'f.j:f— =4
RN Z el :
0 10 20 30 40 50 60 70 80 90 100
Time (hr)

Fig. 17. Hourly indoor temperatures for different numbers of PCM plates.

Fig.17 illustrates the variation of indoor air temperature at seven different numbers of PCM
plates, i.e. 190, 210, 228, 245, 262, 280 and 298, under the constant melting temperature (28°C).
It is proved that the increase of Npcy will reduce the temperature of ETCP. When Npcy  increases
from 190 to 298, the temperature of ETCP will decrease by 0.24°C, 0.19°C, 0.17°C, 0.17°C, 0.15C
and 0.15°C respectively; while the duration lengthens 2.8 h, 2.6 h, 2.4 h, 25 h, 25h and 25 h
respectively. The reason could be that the Apcy, total heat transfer area of PCM, increases with the
increase of the Npcy. According to the Newton cooling formula, when the Apcy increases, the
temperature difference At will decrease accordingly. And the t, is a constant value, so the air
temperature t; will decrease, which results in a lower air temperature. Furthermore, the increase of
the Npcw Will also improve the total latent heat of PCM, so the duration of ETCP will lengthen

accordingly.
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Fig. 18. y changes with different Npcy.
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Fig.18 illustrates the effect of number of PCM plates on the evaluation parameter y at fixed
melting temperature of 28°C. Under the operating conditions studied, seven different numbers of
PCM plates, i.e. Npcy =190, 210, 228, 245, 262, 280 and 298, are investigated. As shown in
Fig.18, this plot suggests that y is nearly inversely proportional to the number of PCM plates. The
bigger the number of PCM plates, the lower the y value. When Npcy changes from 190 to 298, the
y value is 1.99, 1.57, 1.23, 0.92, 0.63, 0.37 and 0.13 respectively. This result may be attributed to
the increase of the number of PCM can not only reduce the temperature of ETCP, but also
increases the duration. The number of PCM plates has positive effect on temperature control, but
the higher the number, the higher the cost. To save energy consumption and cost, the next part of
the paper is to achieve the temperature control with the minimum number of PCM plates and other

optimal parameters.

4. Optimization of coupled cooling system

There exist three stages with the increase of the air temperature. First, the initial temperature
increase stage 71 that the indoor load is mainly absorbed by air. Then the temperature control stage
7o that PCM begins to melt and absorb heat, assisted by thermal storage of SR. Finally, the rapid
temperature increase stage 73 that PCM completely melts, only rely on the thermal storage of SR.
Besides, there is an obvious stage 721, which is called ETCP, during which the air temperature
slowly increases. Since the air temperature increases quickly after the ETCP, the increase of the air
temperature is hoped to stay in 71 and 721 and the curve of the air temperature is called the target
temperature curve. Fig.19 shows the comparison between the original temperature curve and
target temperature curve.
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Fig. 19. Target air temperature rise curve.
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It can be seen from the original temperature curve in Fig.19 that the temperature of ETCPand
the lengthening duration should be balanced in order to make it close to the target temperature
curve. Based on previous sensitivity analysis, t,. presents linear influence on the indoor load; the
rise of melting temperature and the increase of aspect ratio will cause the temperature to rise and
the duration lengthens in ETCP; the increase of Npcy can lower temperature and lengthen the
duration of ETCP at the same time, but the larger the Npcym, the higher the cost. Therefore, the
optimal values of melting temperature and aspect ratio should be selected and a minimum number
of PCM plates are essential.

Combined optimization with double factors is adopted for reducing computation load. And
the sensitivity analysis shows that the size of the PCM plate hasthe least influence on the
temperature control. Therefore, first, the combination optimization with the  melting temperature
and the size of PCM plate is conducted to find the optimal size of PCM plate. Then with the
optimal size of PCM plate, the combination optimization with the melting temperature and the
number of PCM plates is conducted to find the optimal melting temperature and minimum number

of PCM plates. Finally, the optimal design is also conducted for different t,c with the optimal size

of PCM plate.
5.0 P Eq.(11)
0 th=25C o~ thc=25C
] - e 45
45 NPCM_190 )

= W/H=50/600
®  W/H=60/500
A W/H=70/429
v

y+1.9%(1/12-W/H)

257 ——WS50H600 W/H=80/375
20 —e— W60H500 257 ——Correlation
—a— W70H429 bol
51 —v—WB80H375 -
1.0 15 .
26 27 28 29 30 31 26 27 28 29 30 31 32 33
m (©) £, *(L2W/HYo
(a) (b)

Fig. 20. Generalized results for the yat various melting temperature and different aspect ratio:
(a) y versus ty;(b) y versus t,* (12W/H)*%.

Fig.20(a) shows the variation of y with melting temperature ranges from 26°C to 31C  at

fixed pre-cooling temperature (t,c) of 25°C and number of PCM plates (Npcw) of 190. For

comparison purpose, four aspect ratio conditions are used in this study, i.e. W/H=0.083, 0.12,

0.163 and 0.213. When the melting temperature is lower than 28°C, the influence of variation of
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aspect ratio on y does not change monotonically. While the melting temperature is over 28°C, the
greater the W/H, the smaller the y. When the melting temperature is within 26~28°C, if y is
arranged from low to high, the W/H value is 70/429, 60/500, 50/600 and 80/375 respectively;
when the melting temperature is within 29~31°C, if y is arranged from low to high, the W/H value
is 50/600, 60/500, 70/429 and 80/375 respectively. Because y is quite small in any kind of melting
temperature when W/H=60/500, the proportion of the aspect ratio should be the optimal.

In order to further explore the general principle that y changes with the temperature under
different aspect ratios, Fig.20(b) demonstrates the generalized results for the y at  various melting
temperature and different aspect ratios. In order to investigate the relationship between the y and
the melting temperature, under different aspect ratios, the following correlation, using the method
of curve fitting is proposed in Eq. (11).

y+1.9(1/12-W /H)=ax®+a,x* + a,x +a, R? =0.956 (11)

where, X= ty*(12W/H)*%, a,=-0.01863, a,=1.771, a;=-55.33, a,=571.7.

Eq.(12
45+ . t =25°C q.(12)
the=25C B 45 pc
P W/H=60:500

Npcy =190

4.0
W/H=60:500
354 A
e _ =S " Nooy=190
50l Npey=210 o bou™
o —A— Npey =228 & ® Npey=210
259 . e Ny =245 S 4 Npoy=228
—_ A pcm™ = .
204 e — — o — Npgy =262 ZE v Npcy=245
—e___ £ Npop =262
5] A, e — < — Npey =280 5 < eom
— A b Ny =298 2 > Npey=280
R ——— o o Moo
0s >§4\4\ . 1] Correlation
\M optimal
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Fig. 21. Generalized results for the yat various melting temperature and different numbers of PCM plates:
(a) y versus ty;(b) y versus t,*(190/Npcy) %,

Fig.21(a) shows the distribution of y with different melting temperature at seven different

Necw, i.€. 190, 210, 228, 245, 262, 280 and 298 for a fixed t,.=25°C and W/H=0.12. As expected,

the result shows that Npcy has a monotonic effect on y at any melting temperature. In the current

work, the optimal melting temperature is 29°C, and the minimum number of PCM plates is 298.

There could be three reasons to explain why the final minimum Npcy is much larger than the

estimated number. Firstly, the average temperature of ETCP should be 1~2°C lower than t;

Secondly, no more than 80% of PCM is allowed to melt to ensure that the temperature increases
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process takes place in 7; and ETCP. Most importantly, the indoor estimated load is actually greater
for the existence of the heat storage of PCM. Therefore, a larger number of PCM plates should be
selected than the estimated one.

For the purpose of briefness and engineering application, Fig.21 (b) demonstrates the
generalized results for the y at various melting temperature and different numbers of PCM  plates.

Under different Npcy, Eq. (12) fits for all the cases that y changes with melting temperature.
7 +3.4(Npg, 1175-1.1) =a,x’ + a,x* + a,x +a, R? =0.967 (12)

where, X= ty*(190/Npcyw) %, 2;=0.042, a,=-3.297, a;=86.540, a,=-751.950.

Table 4. The optimal melting temperature and the minimum number of PCM plates in three different t,.

too/ C Melting temperature/C Minimum number of PCM plates
25 29 298
24 29 243
23 29 192

For the purpose of comparison, optimal design is also conducted for other two t,. of 23°C
and 24°C, with the PCM plate size of W60H500L600. Table 4 lists the optimal design of PCM
plate. The result clearly shows that the optimal PCM temperature needs to be kept at 29°C, the
minimum number of PCM plates gradually drops as the pre-cooling temperature gradually  slows
down. If per 1°'C  decrease in pre-cooling temperature, the final demand of PCM plates can drop
18% and 20% respectively. And as showed in Fig. 22, compared with the traditional LHTES
systems (indoor thermal load is entirely borne by the PCM), the usages of PCM saved by the
coupled cooling method are 58.7%, 66.3% and 73.4%, when t,care 25°C, 24°C and 23C.
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Fig. 22. Comparison of PCM usages.
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5. Conclusions

This study focuses on the new free coupled cooling method of LHTES combined with PE
used in mine refuge chamber. Based on the coupled cooling method and system simulation model,
the thermal performance of the new coupled cooling method is investigated. Then, the effects of
some impact factors, such as pre-cooling temperature, melting temperature, size and number of
PCM plates are investigated, and the coupled cooling system is optimized. Several conclusions
could be summarized as follows:

(1) There exist three stages with the increase of the air temperature: initial temperature
increase stage 7;, temperature control stage 7o and rapid temperature increase stage 73. The effect
of temperature control would decrease significantly if PCM melts more than 80%. Therefore, it is
better to make the melt fraction no more than 80% in the selection of the number of PCM plates.

(2) The melting temperature and size of PCM plates should be optimized. And forthe
conditions in this paper, the appropriate melting temperature is about 29°C and the aspect ratio is
60/500.

(3) The lower the pre-cooling temperature, the smaller the indoor load, the relationship of
which presents linear. In this paper, when cold temperature lowers than 21°C, there is no need of
any cooling system. If per 1°C decrease in pre-cooling temperature, the actual demand of PCM
plates drops about 19%.

(4) For convenient application, the generalized results for the evaluation parameter of heat
tolerance time y at various melting temperature under different aspect ratios and Npcy are given,
respectively.

(5) The PCM plates absorb the pre-cooling cold and discharge it during the working time,
which does improve the indoor thermal comfort degree. The use of PCM saved by the coupled
cooling method is more than 50% compared to the traditional LHTES systems.

The result demonstrates that the new coupled cooling method can effectively control the
indoor temperature and reduce the use of PCM under the condition of high-temperature and
no-power. However, the cooling capacity of PCM is not matched with hourly indoor load.
Therefore, it is suggested that the whole heat transfer process should be fully taken into

consideration when the coupled cooling method is used. And it is better to lower the pre-cooling
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temperature. Besides, there is a need to optimize PCM unit’s parameter. The results of this paper
are expected to be useful for the design and application of the coupled cooling method of LHTES

combined with PE and other similar LHTESsS.
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653  Table captions

654  Table 1. Evaluation and application of four cooling methods.

655  Table 2. Parameters of mine refuge chamber.

656  Table 3. Properties of paraffin and aluminum.

657  Table 4. The optimal melting temperature and the minimum number of PCM plates in three

658 different t,..
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659  Figure captions

660  Fig. 1. Schematic of the coupled cooling method of LHTES combined with PE: (a) PE in
661 peacetime; (b) Heat storage of LHTES and envelope in workingtime.

662  Fig. 2. Computational domain and boundary conditions at the vertical mid-plate of PCM plate.

663  Fig. 3. Computational Grid of PCM plate.

664 Fig. 4. Comparison of the experimental and numerical melt fractions.

665  Fig. 5. Schematic diagram of 3D model of mine refuge chamber with PCM plate.

666  Fig. 6. Melt fraction variation within 96 hours.

667  Fig. 7. Instantaneous temperature distribution at the vertical mid-plane of the PCM plate.

668  Fig. 8. Changes of air temperature and heat flux of PCM plate within 96 hours.

669  Fig. 9. Average heat flux of SR and indoor estimated load versus t,c and their fitting curves.

670  Fig. 10. Melt fraction curves at different melting temperatures.

671  Fig. 11. Hourly indoor temperatures for varies melting temperatures.

672 Fig. 12. y varies with melting temperature.

673  Fig. 13. Melt fractions at different aspect ratios.

674  Fig. 14. Hourly indoor temperature for varies aspect ratios.

675  Fig. 15. y changes with different aspect ratios.

676  Fig. 16. Melt faction at different numbers of PCM plates.

677  Fig. 17. Hourly indoor temperatures for different numbers of PCM plates.

678  Fig. 18. y changes with different Npcwm.

679  Fig. 19. Target air temperature rise curve.

680  Fig. 20. Generalized results for the y at various melting temperature and different aspect ratio: (a)y
681 Versus t, (b) y versus tn* (12W/H)*%.

682  Fig. 21. Generalized results for the y at various melting temperature and different numbers of
683 PCM plates: (a) y versus tm ;(b) y versus t,*(190/Npcy)>%.

684  Fig. 22. Comparison of PCM usages.
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