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To reduce the risk of high-temperature geothermal environment in deep mine exploitation, an innovative method for cooling
stopes by backfill slurry with ice particles has been focused on. In this paper, aiming at the cooling effect of backfill slurry with ice
particles, an experimental device including stope region and ice-filled filling slurry region was established for temperature
measurement experimental simulation study. *e results showed the ice-filled slurry had a significant cooling effect on the stope
region. Orthogonal design experiment and range analysis methods were applied for studying the influencing regularities of four
factors, including boundary heat flux, ice-water ratio, sand-cement ratio, and slurry concentration. *e effective cooling heat
coefficient which is defined by radiation heat flux and boundary heat flux of surrounding rock was applied as an evaluation index
for scheme optimization. *e influencing rank of the four factors is boundary heat flux >sand-cement ratio >ice-water ratio
>slurry concentration. By comprehensive analysis, the optimization of mixture ratio was obtained: the boundary heat flux of the
simulated surrounding rocks is 111W/m2, the ratio of ice to water is 8 : 5, the ratio of sand to cement is 4 :1, and the slurry
concentration is 64%.

1. Introduction

Mining frequently causes surface collapse, tailings’ waste
accumulation, and other problems, causing serious damage
to the environment [1, 2]. *e in-depth development trend
of mine resource exploitation has aggravated the problem of
thermal damage in mines, which not only seriously affects
the safety production efficiency of mining enterprises and
physical or mental health of underground workers, but also
affects the progress of mine transformation and upgrading
[3–5]. It is important for solving the heat hazard problem in
deep mines and creating the overall proper temperature
environment of the stope to acquire obvious economic and
safety benefits.

In view of the above problems, cemented paste backfill
technology has the advantages in mining safety and tailings’
waste utilization. It has a positive significance in the reali-
zation of green mining [6–9]. As heat hazard becomes a

pivotal obstacle in deepmine,Wang et al. proposed a cooling
method with ice-filled slurry based on the traditional
cemented paste backfill technology [10, 11]. Compared with
the traditional cemented paste backfill, ice-filled backfill has
the capability of mine thermal hazard control, which is
expected to solve heat hazard problems in mining. Tradi-
tional cemented paste backfill mainly includes tailings, ce-
ment, and water. Tailings are used as aggregates; cement are
used as cementitious material. In the ice-filled backfill, ice
particles with a diameter of about 3∼5mm are used instead
of part of the water, which will absorb heat during the
melting process in the goaf underground. *e ratio of
cemented paste backfill slurry will affect the mechanical
properties of the filling body, such as strength, collapse
degree, and fluidity, and the thermal properties such as
temperature and heat flux [12]. Zhang et al. experimentally
studied the distribution law of the internal temperature
inside the ice-filled slurry, and the results showed that the
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mechanical properties of the ice-filled slurry backfill were
enhanced to a certain extent.*e addition of PCMwill affect
the compressive strength thermal conductivity and the
specific heat capacity [13, 14]. Wang et al. used CFD sim-
ulation and experiment to study the temperature distribu-
tion characteristics in the ice-filled filling body, thus
verifying the consistency of simulation and experiment.
Fang studied the rheological properties, pore structure, and
mechanical properties of the ice-filled filling slurry and
found that the ice-filled filling slurry has good flow trans-
mission characteristics in the pipe [15]. Although ice-filled
backfill has a unique cooling effect and great potential in
deep well cooling, there is still a lack of research on the
optimizing proportion of ice-filled filling slurry and illus-
trating the relationship between the cooling effect and the
proportion at present.

For optimizing proportion research, the formula design
of the traditional backfill material could be used for ref-
erence. Hu et al. established an optimization performance
of filling slurry and cemented body and verified it by means
of uniform experiment. *e experimental results showed
that the optimal parameters of the filling slurry were the
mass concentration of slurry 72% and the ratio of sand to
cement 4 :1 [16]. Fan et al. carried out the basic test for
evaluating the backfill performance of unclassified tailings
and the orthogonal ratio test. *e study showed that the
mass concentration of unclassified tailings slurry should be
higher than the critical value at 1 : 4 and 1 : 8. Making the
filling slurry close to the paste body is beneficial to im-
proving the strength of the filling body [17]. *rough the
rheometer test, numerical simulation test of pipeline
transport characteristics, analysis of filling strength, and
uniaxial compression test, Men et al. presented two pro-
portions (the concentration of 71%, the cement-sand ratio
of 1 : 8–1 : 10 and the concentration of 73% and the cement-
sand ratio of 1 : 10) that could satisfy the requirements of
filling strength, fluidity, and pipeline transport resistance
loss [18]. Contrastive analysis showed that the optimal
combination was sand-cement ratio 1 : 5 and mass con-
centration 69%. *e studies above have made outstanding
contributions to such issues as strength of filling materials,
economy of filling mining, transportation mode of filling
slurry, and fluidity of filling materials. However, there is no
research on optimizing proportion of filling slurry with ice
particles yet.

Orthogonal experiments method vastly reduces the
number of tests and makes the whole process relatively easy
and fast [19, 20]. *erefore, it is advisable that orthogonal
experiments are used to optimize the ratio of ice-filled filling
slurry. Fall and Benzaazoua designed an orthogonal ex-
periment including six factors and five levels and took
uniaxial compressive strength as the evaluation index [21].
When analyzing the solid-liquid phase of cement backfill,
Liu et al. investigated more appropriate slurry concentra-
tion, tailings’ particle size, and sand-cement ratio by used
orthogonal test [22, 23]. *e influence of various factors
should be considered in the design and study of ice-filled
slurry backfill. *erefore, orthogonal design tests can also be
used in the experimental design.

At present, most of the studies on cemented paste
backfill slurry are evaluated from the aspects of strength and
flow performance to determine the optimal ratio. *e
existing research of strength and flow characteristics at
different ratios provides a basis for the development of
experimental schemes for researching ice-filled filling
backfill [24]. Wei found that the sample temperature of
cemented backfill was positively correlated with slurry
concentration, sand-cement ratio, and volume [25]. In order
to illustrate the cooling effect of ice-filled backfill, thermal
properties could be selected as the evaluation index. For the
ice-filled slurry filling region and stope region, the thermal
environments are influenced by multiple factors. As far as
stope region is concerned, its internal temperature field is
influenced by a series of internal and external factors, such as
the load capacity of ice-filled slurry filling region, temper-
ature of surrounding rock, heat released by mechanical
equipment, et al. *e temperature field of stope region main
influenced by the cold radiation effect of ice-filled region and
the thermal radiation effect of surrounding rock [26, 27].
*erefore, the existing research on radiant floor cooling can
be used for reference.

According to the previous research, the orthogonal
experimental scheme of ice-filled backfill was designed from
the thermal perspective for studying the ratio optimization
of ice-filled slurry. By measuring real-time temperature data,
the heat transfer performance was obtained under different
conditions. *e evaluation index was put forward for
choosing optimized scheme of multiple factors and level.
Finally, the optimal ratio of ice-filled filling slurry was ob-
tained by processing and statistical analysis of the experi-
mental data.

2. Materials and Methods

2.1. Introduction toExperimentalMaterials. In the process of
preparation of ice-filled slurry, it is necessary to meet the
relevant standards of backfill technology. During the con-
figuration of ice-filled slurry, ice particles are used to replace
part of the water. When ice particles are used instead of
water, the initial slurry concentration will be increased and
the fluidity of the slurry will be affected. *e traditional
slurry concentration is generally between 70% and 76% [28].
In order to ensure the fluidity of slurry and strength of
backfill, the concentration of the ice-filled slurry is con-
trolled between 64% and 72%. In the experiment, the tailings
of a gold mine were used as aggregates, and the tailings were
screened by sandstone sieve with an aperture of 0.35mm.
P.O. 42.5 Portland Cement is used as cementing material.
*e diameter of the ice particles used is about 3mm. *e
physical parameters of the material used are shown in
Table 1.

2.2. Experimental Device. *e experimental device is
designed for simulating the stope region and the ice-filled
slurry filling region, as shown in Figure 1(a). *e main
devices and equipment in the system were the experimental
box body composed of aluminum plate and the rubber
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Table 1: Material specifications.

Materials Density (kg/m3) Specific heat (J/kg·K) *ermal conductivity (W/m·K)
Water 1000 4200 0.5638
Ice particles 917 2100 2.2
Tailings 3500 1090 3.2
Cement 2800 840 0.6
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Figure 1: Experimental apparatus. (a) Schematic diagram of the experimental system. (b) Experiment flow graph. (c) Pictures of the
experimental system.

Advances in Civil Engineering 3



heating plate. Installed inside the experimental box body
were K-type thermocouples, and on the outside rubber
heating plate and insulation board were connected. *e
whole box was linked to a National Instruments PXI tem-
perature measurement system. *e uncertainty of the whole
temperature measurement system is about 0.38K. *e rel-
ative component information was summarized in Table 2.
*e experiment box consists of two different regions by the
middle partition. *e upper part is the simulated stope
region (300× 300× 300mm) which is filled with air. *e
lower part is the ice-filled slurry filling region with a size of
300× 300×150mm. In order to facilitate the arrangement of
temperature measuring points inside the box, the holes for
thermocouples to penetrate the box are reserved on the
upper surface and the middle partition, respectively.

In the experiment, the thermal environment in the
simulated stope region and the ice-filled slurry filling region
were influenced by the thermal flux of boundary heating, the
internal material phase change, and hydration. In the
preparation stage of the experiment, the required materials
were prepared and weighed. During the experiment, the
required materials are added to the mixing device in turn,
each group of the experiment is stirred for 15 minutes, and
the slurry in the stirring device is fully mixed evenly. *e
mixed experimental slurry is transferred to the experimental
test model; the boundary condition control device and data
acquisition device are activated for measurement, as shown
in Figure 1(b). *e temperature data in the two regions are
obtained by setting up multiple temperature monitoring
points. Based on the temperature trend, the heat transfer
characteristics of simulated stope region and the ice-filled
slurry filling region under four different conditions can be
analyzed. Vertical rods are used to hold the K-type ther-
mocouples distributed between the two areas. As shown in
Figure 1(c), the aluminum plate around the box is attached
to heating plate to simulate the condition of constant heat
flux. *e heating plate is controlled by two sets of heat
adjusting devices in the upper and lower regions. Each set of
heat flux regulator is consisting of voltage regulator, power
meter, and wire. By adjusting the output voltage, the heating
power of the heating plate is controlled to achieve the
boundary condition of constant heat flux.

In order to show the characteristics of temperature
variations in different regions during the experiment, the
ice-filled slurry filling region, the simulated stope region, and
the external environment temperature measuring points
were arranged, respectively, to carry out continuous tem-
perature measurements.

As shown in Figure 2(a), the measuring points in the box
are arranged in different ways, according to the positions’
characteristics. *e measuring points in the suspended
position in the box are fixed on the vertical column. *e
measuring points of 21#–23#, 24#–26#, 27#–29# are
arranged, respectively, in the upper, middle, and lower
aluminum plates for measuring the aluminum inside surface
temperature. *e measuring points 30# and 31# are
arranged, respectively, on the outer surface of the upper and
lower insulating materials. In addition, the measuring point
32# is set outside the device to measure the ambient

temperature. Figure 2(b) shows the spatial arrangement of
the measurement points. *ere are five measuring points on
each vertical rod. *ere are 1#–3# measuring points in the
simulated stope region, and 4#-5# measuring points in the
filling region; the distance of each point is shown in
Figure 2(b).

2.3. Orthogonal Experimental Method. Orthogonal experi-
ment is a mathematical method of multifactor experimental
analysis based on statistical principle and orthogonal theory.
When conducting orthogonal experiment, typical and
representative experimental samples should be selected for
sufficient experiment to analyze the influence of various
factors on different experimental results [29–31]. *e or-
thogonal test table is the basis of orthogonal test design.
When selecting different influencing factors and levels,
different orthogonal test tables were adopted, and corre-
sponding orthogonal experimental schemes were obtained.
Orthogonal experiment can effectively reduce the experi-
ment cost and time, so it is widely used in daily study and
research work.

In the preparation of the filling slurry, the main influ-
encing factors include slurry concentration and sand-cement
ratio [32, 33]. In this paper, in order to study the change of
thermal performance of ice-filled slurry with different pro-
portions, it is necessary to take the boundary heat flux of
simulated surrounding rock and the ice-water ratio as
influencing factors. Finally, four influencing factors including
the boundary heat flux, the ice-water ratio, the sand-cement
ratio, and slurry concentration are selected, and three dif-
ferent levels are set for each influencing factor. According to
the preliminary estimation of the influence degree of each
influencing factor on the thermal performance, the influ-
encing factors are arranged from the largest to the smallest, as
shown in Table 3. According to the selected factors and the
number of levels, the L9 (3̂4) orthogonal test table is
determined.

2.4. Evaluation Indicators. In order to compare the cooling
effect under different influencing factors, the comprehensive
evaluation index was needed to be put forward. Heat flux in
the simulated stope region included the boundary heat flux
of simulated surrounding rock and the cold radiation heat
flux. *erefore, the comprehensive evaluation index and
effective cooling heat coefficient η can be defined as

η �


t

0 qr





t

0 qr + 
t

0 qh

, (1)

where qr is cold radiation heat flow, W/m2, and the cal-
culation formula is shown in equation (2), qh is the boundary
heat flux of simulated surrounding rock, W/m2 [34].

qr � εσ T
4
2 − T

4
25 , (2)

where T2 represents the temperature at 2# measurement
point, T25 represents the temperature at 25# measurement
point, ε represents the radiation emissivity of the middle

4 Advances in Civil Engineering



partition, and the radiation emissivity of the aluminum plate
is 0.2, and σ presents the Stefan–Boltzmann constant,
5.67×10−8W/(m2·K4).

For underground working environment, according to
the “Technical Specification for Metal Ventilation System of
Metallic and Non-Metallic Underground Mines in China,”
the air temperature at the underground working site shall
not exceed 301 k [35]. *erefore, 301 k is taken as the ref-
erence line for comparison under different heat flux
densities.

*e Stephen number indicates the ratio of sensible heat
to latent heat in the ice-filled filling slurry region. Sensible
heat refers to any object in the process of absorbing or
releasing heat; its shape does not change, but the temper-
ature changes. Latent heat refers to the change in the form of
the substance in the process of heat absorption or heat
release, but the temperature does not change; that is, the
added heat cannot be displayed on the thermometer
[36–38]. *e calculation of Stephen number is shown in the
following equation [39]:

Ste �
cs Tm − T0( 

miL
, (3)

where the temperature difference can be obtained by
equations (4) and (5), representing the relationship between
the thickness and width of ice-filled slurry backfill [34]:

qh �
λsΔT
δ

, (4)

D � 2δ. (5)

*us, Stephen’s number formula of heat flux is obtained
as follows:

Ste �
csqhD/ 2λs( 

miL
, (6)

where cs is the specific heat capacity of the ice-filled slurry,
1.544 kJ/(kg·K). D is the width of the bottom device,
0.3m.λsis the thermal conductivity coefficient of the ice-

Table 2: Temperature measurement system.

Component Manufacturer Model Precision
*ermocouple Omega TT-K-30 ±0.5 K
PXI National Instruments PXIe-4353 ±0.3 K
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Figure 2: Arrangement of measuring points. (a) *e arrangements of thermocouples. (b) *e longitudinal arrangement of thermocouples.

Table 3: Factors and levels in the orthogonal experiment.

Item Factors
Levels

1 2 3
A Boundary heat flow (W/m2) 111 333 555
B Ice-water ratio 2 : 5 5 : 5 8 : 5
C Sand-cement ratio 4 :1 6 :1 8 :1
D Slurry concentration (%) 64% 68% 72%
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filled slurry, 0.6761W/(m·K), mi is the mass fraction of ice
particles, and L is the latent heat of ice, 3.35×102 kJ/kg.

3. Temperature Field
Distribution Characteristics

In the experiment, the thermal environment in the simulated
stope region and the ice-filled slurry filling region were
influenced by the boundary heat flux, the phase transition,
and hydration of the internal materials. *e multipoints
temperature data were obtained by setting multiple tem-
perature monitoring points in the two regions. According to
the variation process of the temperature data, the heat
transfer characteristics of the simulated stope region and the
ice-filled slurry filling region under the condition of four
different influencing factors can be analyzed.

3.1. Temperature Characteristics of Simulated Stope Region
under Different Boundary Heat Flux Conditions. Based on
industrial field practice, Saito et al. studied the relationship
between heat transfer surface and phase change boundary of
ice under different boundary heat flux, indicating that ice
would be affected by heat flux under constant action [40].
Boundary heat flux cannot be fixed in each mine. *rough
simulating different boundaries heat flux boundary, the
stope cooling rate is obtained.

As shown in Figure 1(a), to ensure that the heat of the
heating plate is transferred to the simulated stope region and
the ice-filled slurry region without heat loss to the envi-
ronmental, the top and bottom of the experimental device
and outside of the rubber heating plate are covered with an
adiabatic plate. *ree different boundary heat flux densities
are designed in the orthogonal experiment scheme, as shown
in Table 3. At the same time, the experiment condition of
boundary heat flux of 0W/m2 was designed for reference,
which simulated the boundary condition of the surrounding
rock as an adiabatic and taken as the no-treatment
condition.

In the experiment, the first experimental data obtained is
defined as the initial temperature. Figure 3 shows the real-
time temperature of the 2# measuring point in the simulated
stope region, and the temperature is obtained under four
different boundary heat flux densities and the same ice-water
ratio (2 : 5). *e initial temperature of stope in the experi-
ment is close to the ambient temperature. Over the same
period, the simulated temperature extremum in stope region
has a lot of difference under the different boundary heat flux
condition. *e temperature extremum obviously increases
with the boundary heat flux. When qh � 111W/m2, the
temperature in the simulated stope region is always lower
than 301 k during the experiment time. With increasing of
the heat flux, the temperature of the simulated stope area will
exceed the specified value. For qh � 333W/m2, the duration
of temperature below 301 k in the simulated stope area is
about 30min, while for qh � 555W/m2, the duration is about
15min. It can be concluded that large boundary heat flux
will greatly affect the cooling effect of ice-filled slurry filling
on stope.

Figure 4 shows the temperature difference T∗ over time
between the real-time temperature and the initial temper-
ature of the measuring point 2# under four different
boundary heat flux and four same ice-water ratio (2 : 5)
conditions. For the case that the boundary was not heated,
qh � 0W/m2, T∗ was negative which means the real-time
temperature of 2# was lower than the initial temperature
during the entire process of the experiment. Owing to the ice
particles melting and absorbing latent heat, the temperature
of filling region increased. By the temperature difference
between filling region and stope region, the amount of
cooling was transferred to the stope region by means of
radiation and heat conduction, and then the stope region
was cooled.

At the onset of the experiments, the ice particles in the
filling region gradually melt and absorbed plentiful heat,
leading to the real-time temperature and temperature dif-
ference T∗ drop. While at the end of the experiment, the ice
particles had melted, the cooling effect of latent cold di-
minish, and the temperature difference T∗ began to increase.
However, the sensible cold was still transferring until the
temperature in the stope region equals the filling region. *e
temperature difference T∗ was positive in most time periods
except the initial stage under the condition of qh � 111W/
m2. It indicates the heat absorbed by the stope area from the
boundary was much larger than the cold absorbed from
filling region. *erefore, the cooling capacity should be
designed for different mines according to the thermal
conditions in practice.

Comparing the results from different heat flux condi-
tions, the higher the heat flux, the greater the temperature
difference T∗. At the end of the experiment (time� 5 h), the
temperature differenceT∗ under condition of qh � 111W/m2

was 83.4% lower than under the condition of qh � 555W/m2.

3.2. Characteristics of Temperature Difference between the
SimulatedStopeRegionand the Ice-FilledSlurryFillingRegion.
In the experiment, the heat between simulated stope region
and ice-filled slurry filling region was transferred by heat
conduction, convection, and radiation. *e temperature
difference between the two regions largely determines the
heat transfer efficiency. *erefore, it is essential to analyze
the real-time temperature difference between the simulated
stope region and the ice-filled slurry filling region.

*emeasuring points 2# and 5# were selected as the core
temperature points in the simulated stope region and the ice-
filled slurry filling region. *e real-time temperature dif-
ference was calculated from the temperature difference in
the core region, and the experiment conditions of boundary
heat flux at 111W/m2, ice-water ratio at 2 : 5, sand-cement
ratio at 4 :1, and slurry concentration at 64% were taken as
example for analysis. As shown in Figure 5, the temperature
of 2# measuring point gradually increased with time, and the
temperature rising rate before 90min is higher than that
after 90min. *e temperature change rate of 5# measuring
point presents a trend that the temperature rising rate before
30min is lower than that after 30min, which is contrary to
the trend of the temperature rising rate of 2#. In the early
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stage of experiments, the heat transferred by the boundary
heat flux would release heat to ice-filled slurry, and the
melting ice particles would absorb heat from the ice-filled
slurry. By the combination of these two effects, the tem-
perature change range at this stage is very small.

For researching the boundary temperature difference of
these two regions, measurement points of 17# and 20# were
analyzed for stope region and filling region, respectively. As
shown in Figure 5, the temperature of 17# gradually in-
creased with time and the temperature rising rate before
60min was greater than that after 60min. *e temperature
of 20# also gradually increased, but the temperature rising
rate generally tends to be stable with no obvious sign of

increase or decrease, which is different from the trend of
stope region.

Figure 6 shows that the temperature differences between
the two regions both in boundary part and the core part have
a similar trend. *e temperature difference increased first
and then decreased, reaching a maximum value around
60min and 70min for the boundary and the core, respec-
tively. Obviously, the temperature difference between these
two regions of core part was greater than the boundary part.
*is is because the simulated experiment took constant heat
flux as boundary conditions. *e boundary temperature was
higher and less affected by the internal region heat transfer.
For the core part, the boundary conditions influenced in-
directly; meanwhile, ice particle melting absorbed heat in the
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filling slurry region, so the core temperature in the filling
region with ice filling slurry is low, and the core temperature
difference of two regions is larger.

3.3. Characteristics of Cold Radiant Heat in the Ice-Filled
Slurry Filling Region. *e cooling effect of backfill slurry
with ice particles was influenced by the characteristics of
backfill slurry and the thermal environment of the simulated
stope. For the characteristics of backfill slurry, the cold
capacity of backfill is related to ice-water ratio, sand-cement
ratio, and slurry concentration. While for the thermal en-
vironment of simulated stope, the cooling effect is closely
related to the boundary heat flux. *ese four factors were
analyzed through experiment. In the experiment, the filling
body containing ice slurry is below the stope, and the cold
quantity is below the heat quantity. In this case, the cold
radiation heat transfer is far greater than the convective heat
transfer, so the convective heat transfer can be ignored.

According to equations (1) and (2), the effective cooling
heat coefficient η for each combination ratio experiment
within 5 h can be calculated. On the basis of equation (1), the
heat calculation needs to integrate the boundary heat flux
and cold radiation heat flux, respectively. *e boundary heat
flux of simulated surrounding rocks was a constant value
under each combination ratio, and the heat calculation was
the integral of a constant function. In the calculation of cold
radiation heat, the radiation calculation equation was in-
tegration and the real-time temperature data was used for
integral calculation. *e ratio consistent with the part of 3.2
was taken as an example, and the cold radiant heat of the
cold is shown in Figure 7.

Figure 7 for different boundary heat flux of cold radi-
ation heat flux, the area of the shaded part represents cold
heat radiation.*e change trend of cold radiation heat flux is
consistent with the temperature difference curve changes.
When the experiment runs for 60 minutes, temperature

difference gradually decreases, but thermal efficiency does
not decrease. *e cold radiation heat flux generated by the
ice-filled slurry region will always act on the simulated stope,
and the ice particles in the ice-filled slurry region will start to
melt, and the potential cooling capacity generated by the
phase transition will decrease. *erefore, the cold radiation
heat flux will show a decreasing trend.

3.4. Error Analysis. In the experimental process, the accu-
racy of the experimental instrument is the main reason
which caused direct error. Temperature was measured by
thermocouples and collected by the PXI system.*e indirect
error mainly comes from the calculation of the effective
cooling heat coefficient. *e maximum absolute error of the
indirect measurement error can be calculated by the fol-
lowing equation:

Δy �
zf

zx1
Δx1 +

zf

zx2
Δx2 + · · · . (7)

*e error of the indirect measured boundary heating flux
can be calculated by the error transfer formula from the
following equations:

zqr

zT2
� ε6 4T

3
2 − T

4
5 , (8)

zqr

zT5
� ε6 T

4
2 − 4T

3
5 . (9)

By analyzing the calculation results of the maximum
relative error, the maximum relative error of cold radiation
flux ranges from 4.38% to 4.77% are all less than 5%.

3.5. Influencing Factors and Variation Characteristics of Cold
Radiation Heat Flux. When judging the influence extent of
different influencing factors on the heat flux of cold radi-
ation, the average value of the heat flux of cold radiation at
the same level of the same influencing factor is taken as the
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Figure 6: Temperature difference between the two regions.
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average heat flux of cold radiation. *e influence extent of
different factors on cold radiant heat flux could be obtained
by comparing and analyzing the average heat flux of cold
radiation.

3.5.1. Influence of Boundary Heat Flux. For analyzing the
influence of boundary heat flux, the total cooling amount
released from the ice-filled filling slurry region was different,
even in the same proportion of the ice-filled slurry. As shown
in Figure 8(a), with the higher boundary heat flux, the
average cold radiation heat flux was higher. *is is because
the temperature in the simulated stope region increases
rapidly with higher boundary heat flux. Finally, the heat flux
of cold radiation increases with the increase of temperature
difference.

3.5.2. Influence of Ice-Water Ratio. As shown in Figure 8(b),
the greater the ice-water ratio was, the greater the extreme
value of the average cold radiation heat flux would be. With
the high ice-water ratio, the potential cooling capacity would
be greater. However, at the end of the experiment, under the
condition of the ice-water ratio was 5 : 5, the average cold
radiant heat flux was greater than that of the ice-water ratio
was 8 : 5. Because the peak of the average cold radiant heat
flux appeared later, the ice-water ratio was 8 : 5. *is time
difference between the two peaks made the average cold
radiation heat flux of ice–water ratio 5 : 5 condition exhibit
higher in the later stage of the experiment.

3.5.3. Influence of Sand-Cement Ratio. As shown in
Figure 8(c), the average cold radiant heat flux increases with
the increase of sand-cement ratio. Larger sand-cement ratio
indicated the mass of the cement contained in the filling
slurry was lower. So, the hydration heat released by the
cement in the hydration process was lower, and less cold is
needed to absorb hydration heat. *erefore, the cooling
radiation heat flux was greater. With the increase of sand-
cement ratio, the time of the extreme value of average cold
radiant heat flux appeared later which is consistent with the
analysis above.

3.5.4. Influence of Slurry Concentration. As can be seen from
Figure 8(d), the higher the slurry concentration was, the
smaller the mean cold radiation heat flux was. *e mass of
ice particles will decrease with the increase of slurry con-
centration, which will lead to the decrease of potential
cooling capacity. So, the average cold radiation heat flux is
lowmost of the time. At the beginning of the experiment, the
opposite pattern appeared. Owing to the greater hydration
heat under the higher slurry concentration condition ob-
viously at the beginning, the melting rate of ice particles was
faster, and the cold radiant heat flux was higher.

According to the variation law of average cold radiation
heat flux, it can be found that the boundary heat flux has the
greatest influence on the cold radiation heat flux, because the
value of boundary heat flux was much higher than that of
cold radiant heat flux.

4. Orthogonal Experimental Results
and Discussions

According to the orthogonal experimental scheme, ice-filled
filling slurry was prepared in different proportion. *e
temperature data of several measuring points were obtained
by continuously testing the ice-filled slurry in each ratio for
5 hours in the experimental device. *e following results
were obtained by analyzing and processing the temperature
data.

4.1. Latent and Sensible Heat Transfer Characteristics of Ice-
Filled Slurry. With the ice particle in the filling area melting,
heat was absorbed during the melting process, and the
temperature field of the filling region was affected. *e ice-
filled slurry filling region was mainly influenced by phase
change of ice particles, simulated surrounding rock heat flux
and simulated stope region.

*e Stephen number calculation results are shown in
Figure 9. According to the Stephen number at different levels
under different factors, when the boundary heat flux is
555W/m2, the Stephen number is larger than that of the
lower heat flux conditions. In this case, the heat transfer of
the sensible heat was much higher, because the temperature
of simulated stope region was higher, and the total cold
transferred to the stope was larger. With the increase of the
ice-water ratio, the Stephen number decreases. *e increase
of ice particles increases the cold capacity and the latent heat
of the filling slurry. From the perspective of sand-cement
ratio, it has little influence on Stephen’s number. *e Ste-
phen number increases with the increase in slurry con-
centration, indicating that the higher the slurry
concentration was, the lower the latent cold of the slurry
would be.

4.2. @e Range Analysis of Orthogonal Test Results.
According to the orthogonal experimental scheme, the
appropriate evaluation index is selected and the orthogonal
experimental results are evaluated and analyzed. In the
experiment, the effective cooling heat coefficient was selected
as the evaluation index, which was defined in equation (1),
and the calculation results of the effective cooling heat
coefficient were shown in Table 4.

According to the orthogonal experimental data pro-
cessing method, the range analysis of the calculated evalu-
ation index is carried out. Range analysis is called intuitive
analysis, whose main purpose is to select the optimal level of
each factor. If a better index value is required, select the
corresponding level of the maximum average index. Oth-
erwise, select the level corresponding to the minimum av-
erage index. *e effective cooling heat coefficient is used as
the evaluation index to calculate the range of each influ-
encing factor, and the calculated results are shown in Table 5.

*e influence of boundary heat flux on the effective
cooling heat coefficient is the greatest, while the influence of
slurry concentration on the effective cooling heat coefficient
is the least. According to the principle that the greater the
effective cooling heat coefficient the better, the degree of
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influence of four factors was arranged from the greatest to
the smallest in the order of boundary heat flux >>ice-water
ratio sand-cement ratio >slurry concentration. According to
the calculation results, the optimal combination of all factors
was A1B3C3D2, when the boundary heat flux was 111W/m2,
the ice-water ratio was 8 : 5, the sand-cement ratio was 4 :1,

and the slurry concentration was 68%, and the effective
cooling heat coefficient is the maximum.

4.3. Index Impact Analysis. According to the range analysis
of orthogonal experimental results, as shown in Figure 10,
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Figure 8: Mean cold radiation heat flow curve. (a) Influence of boundary heat flux. (b) Influence of ice-water. (c) Influence of sand-cement
ratio. (d) Influence of slurry concentration.
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changes in boundary heat flux, ice-water ratio, and sand-
cement ratio caused large changes in the effective cooling
heat coefficient, while slurry concentration has little influ-
ence, which was consistent with the results obtained by the
range analysis of orthogonal experimental results in Table 4.
In the orthogonal experiment, the selection level of the main
factors will have a great impact on the experimental results,
so there may exist errors between the degrees of the main

factors. In this study, the effect of sand-cement ratio of
effective cooling heat coefficient was greater than that of the
ice-water ratio.

0.824

3.973

2.134 2.231

2.564
2.398

3.113

2.433

4.671

1.688

2.812

3.395

111 333 555
Surrounding rock

thermal flux

2:5 5:5 8:5
Ice–water ratio

4:1 6:1 8:1
Sand-cement

 ratio

64% 68% 72%
Slurry

concentration

St
ef

an
’s 

nu
m

be
r

0

1

2

3

4

5

Figure 9: Stephen’s number results.

Table 4: Orthogonal experimental results.

Factors
Experiment
number

Surrounding rock heat flux A
(W/m2)

Ice-water
ratio B

Sand-cement
ratio C

Slurry concentration D
(%)

Heat-reducing coefficient
η (%)

1 111 2 : 5 4 :1 64 12.02
2 111 5 : 5 6 :1 68 15.95
3 111 8 : 5 8 :1 72 16.53
4 333 2 : 5 8 :1 68 11.46
5 333 5 : 5 4 :1 72 10.53
6 333 8 : 5 6 :1 64 12.37
7 555 2 : 5 6 :1 72 10.28
8 555 5 : 5 8 :1 64 11.51
9 555 8 : 5 4 :1 68 10.29

Table 5: Analysis of the range of effective cooling heat coefficient.

Evaluation index Value name A (%) B (%) C (%) D (%)

Total
K1 44.50 33.76 32.84 35.90
K2 34.36 37.99 38.6 37.70
K3 32.08 39.19 39.50 37.34

Average
k1 14.83 11.25 10.95 11.97
k2 11.45 12.66 12.87 12.57
k3 10.69 13.06 13.17 12.45

Range 4.14 1.81 2.22 0.6
Ranking A>C>B>D
Optimal
combination A1B3C3D2

111 333 555 2:5 5:5 8:5 4:1 6:1 8:1 64% 68% 72% --
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Figure 10: Variation trend of each factor.
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By analyzing the definition of effective cooling heat
coefficient, the variation trend mainly depends on the
temperature of the simulated stope region and intermediate
aluminum plate, while the temperature of the simulated
stope area and the cooling degree of the intermediate alu-
minum plate are directly related to the proportion of ice-
filled filling slurry ratio.

Combining with the orthogonal experimental scheme,
taking sand-cement ratio as the research object, the av-
erage ratio of ice to total mass of slurry was 15.5% under
the condition of experiment number 1, 6, and 8, while
taking the ice-water ratio as the research object, the value
was 13.7% under the condition of experiment number 1, 5,
and 9. Because the effect of sand-cement ratio on effective
cooling heat coefficient is higher than that of ice-water
ratio. When the factor and the factor level change, the
effective cooling heat coefficient changes, the effective
cooling heat coefficient can indicate the cooling effect of
the ice-filled slurry filling region on the simulated stope
region under different ratios.

4.4.RatioOptimizedDesign. *e direct analysis results of the
orthogonal experiment showed that as the effective cooling
heat coefficient was taken as the evaluation index, the in-
fluence of boundary heat flux on cooling can be determined
to be the greatest, and the effect is best when the boundary
heat flux is 111W/m2. When the sand-cement ratio was 4 :1,
the average effective cooling heat coefficient was 16.86%
lower than that of 8 :1. So, the sand-cement ratio of 4 :1 was
selected. When the slurry concentration was 64%, the av-
erage effective cooling heat coefficient was 4.77% lower than
the slurry concentration of 68%. In summary, the optimal
ratio was the boundary heat flux at 111W/m2, the ice-water
ratio at 8 : 5, the sand-cement ratio at 4 :1, and the slurry
concentration at 64%.

5. Conclusions

*e main factors on the cooling effect characteristics of the
backfill slurry region with ice particles on the simulated
stope region were studied by orthogonal experiment. *e
factors mainly included simulated surrounding rock heat
flux, ice-water ratio, sand-cement ratio, and slurry con-
centration. By analyzing the measuring points temperature,
the spatial and temporal characteristics of temperature
variation in the two regions were obtained. In order to
evaluate each factor, the effective cooling heat coefficient of
the evaluation index was determined. Finally, the optimal
ratio was obtained. *e following conclusions can be drawn:

(1) Under adiabatic boundary condition, the cooling
effect of the ice-filled slurry on the simulated stope
region was obvious. Under the heating boundary
conditions, the cooling effects were weakened by the
increasing boundary heat flux. In order to guarantee
the cooling effect in engineering, the cooling capacity
and slurry ratio should be designed according to the
actual heat flux of stope in practice.

(2) Under the same slurry concentration condition, the
larger the ice-water ratio is, the better the cooling
effect of the slurry is. Furthermore, under the same
ice-water ratio, the higher the slurry concentration is,
the lower the cooling effect of the slurry is.

(3) *e effective cooling heat coefficient was defined for
evaluating the cooling effect. *e orthogonal test
results indicated that the degree of influence of the
four influencing factors in descending order was
boundary heat flux >sand-cement ratio>ice-water
ratio>slurry concentration.

(4) Based on the results of interval analysis, the in-
fluence of different factors was comprehensively
analyzed. In summary, the optimal ratios were heat
flux of the simulated surrounding rock boundary
heat flux at 111W/m2, ice-water ratio at 8 : 5, the
sand-cement ratio at 4 : 1, and slurry concentration
at 64%.

In the future, mutual verification between experiment
and numerical simulation will be carried out, thus pro-
moting a wider application of the ice-filled filling slurry in
the CPB analysis [40].

Nomenclature

T: Real-time temperature (K)
T∗: Temperature difference under different conditions (K)
∆T: Temperature change in different regions (K)
L: Latent heat of ice, 3.35×102 kJ/kg
qr: Cold radiation heat flux (W/m2)
qr: Mean cold radiant heat flux (W/m2)
ε: Emissivity of radiation
η: Effective cooling coefficient
mi: Mass fraction of ice particles
t: Time (min)
D: Width of the bottom device, 0.3m
δ: *ickness of the bottom device
Tn: Real-time temperature of measuring point, n is the

measuring point number (K)
qh: *e boundary heat flux density of surrounding rock

(W/m2)
cs: Specific heat capacity of the ice-filled slurry, 1.544 kJ/

kg·K
λs: *ermal conductivity coefficient of the ice-filled slurry,

0.6761W/m K,
σ: Stefan–Boltzmann constant, 5.67∗10−8w/m2·K4.

Data Availability

*e relevant data are provided in the article.

Additional Points

Ice particles were applied to the backfill for deep mine
cooling. A set of experimental apparatus was established for
testing the distribution of temperature field. *e optimum
ratio of backfill slurry was obtained by using the orthogonal
test method.
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