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Abstract

In order to solve the thermal damage caused by the long-distance high-temperature roadway mining stage in the late stage of the 20th
middle section of the Daliuhang gold mine, fluent software and Ventsim software were used to simulate the tunnel cooling model.
Firstly, the idea of sectional ventilation and cooling in long-distance high-temperature roadway is put forward, and the mathematical
model of sectional uniform ventilation is established according to the theory of fluid mechanics. Secondly, the Fluent software is used
to simulate and test the mathematical model. Thirdly, the Ventsim software is used to optimize the mine ventilation system, and the
sectional ventilation cooling design is carried out. Finally, the cooling effect of roadway with conventional forced ventilation and
sectional ventilation is simulated, and the simulation results are analyzed. The results show that: in the 220-m-long roadway in the late
mining stage of the 20th middle section, the cooling effect of the roadway with sectional ventilation is about 15% higher than that of the
conventional local ventilation. The cooling effect of the conventional forced ventilation near the working face of the 20th middle
section is better than that of the sectional ventilation; when the return air distance exceeds 70m, the sectional ventilation cooling method
is better than the conventional local ventilation cooling method.

Keywords Long-distance high-temperature roadway - Heat damage - Sectional ventilation and cooling - Sectional uniform
ventilation

Introduction development of mining technology, a large number of mines

have gradually turned to the stage of deep mining. In the

In China, the research of mine heat damage control started late
and is still in the development stage. Due to the rapid
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process of deep mining, restricted by geological conditions
and other special environment, the mine sometimes needs to
carry out long-distance single-head mining operation. With
the increase of ventilation distance, the problem of high-
temperature heat damage is easy to occur in the return air stage
of roadway (Cui et al., 2021; Feng, 2019; Zhang and Huang,
2020). China’s “mine safety regulations” clearly stipulates
that the air temperature of the working place of underground
workers shall not exceed 28°C (Liu et al., 2019; Wang, 2011;
Wang et al., 2019; Zhang et al., 2019; Zhang and Li, 2020;
Zhang and Zhang, 2021) . When the temperature exceeds
28°C, cooling and protection measures must be taken (Wu,
2019). Therefore, it is of great significance to study the heat
damage treatment of long-distance high-temperature roadway,
and solving the high-temperature problem of mine is benefi-
cial not only to the development of enterprises, but also to the
promotion of the whole mining industry and even the national
social development.

At present, scholars have done a lot of research on ventila-
tion and cooling of high-temperature roadway in deep mine.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12517-021-07880-z&domain=pdf
mailto:zhyoliang@163.com

1674 Page2of9

Arab J Geosci (2021) 14: 1674

Wang et al. (2013), Zhang et al. (2020), Lin (2018), Wei et al.,
2018, Yan (2018), and others put forward the heat exchange
equation between air flow in metal mine and surrounding rock
of roadway, and used the low-temperature surrounding rock in
constant temperature zone to absorb the heat of air flow,
precooling the air flow, so as to reduce the air temperature
entering the working face. Luo et al. (2020) and Yin et al.
(2014) adopted the combination of air compression refrigera-
tion and air conditioning and double-layer heat insulation air
duct to solve the problem of heat damage in high-temperature
excavation of metal mines. Li (2019) used the cooling princi-
ple of air source heat pump to build a set of underground air
source heat pump cooling system to study the cooling of deep
well mining.

In view of this, combined with the theory of fluid mechan-
ics, the author established a piecewise uniform ventilation
cooling model by using static pressure recovery method, and
simulated and tested the model by using Fluent software (Qu
etal., 2004; Tao etal., 2012; Zhang et al., 2021). Aiming at the
long-distance roadway operation in Daliuhang gold mine in
the late mining period, the design of sectional ventilation and
cooling is carried out, and the cooling effect is simulated by
using Ventsim software.

Engineering background

The mining method of Yankou mining area in Daliuhang gold
mine is a single-ended roadway mining. The ventilation sys-
tem mainly uses the new well 958 as the air inlet shaft, blind
well 568, and well 568 as the air return shaft. The whole mine
adopts mechanical extraction ventilation, and the local work-
ing face adopts mechanical pressure ventilation. The main air
intake shaft is well 958which is directly connected to the sur-
face. Fresh air flows into the shaft from well 958, enters the
cleaning face through the middle roadway, and the waste air is
discharged to the surface through the return air roadway, pe-
destrian ventilation shaft, blind well 568, and finally well 568.
The specific ventilation route is well 958 to middle roadway to
blind well 568 to —355m middle roadway to well 568. At
present, the mine has nearly entered deep mining, and the
situation of high temperature and high humidity is serious.
The simplified diagram of ventilation route is shown in
Figure 1.

According to the underground temperature monitoring, the
temperature at the entrance of the 20th middle roadway has
reached 30°C, and the temperature at the working face about
90m away from the entrance of the roadway has also reached
32°C. The high-temperature environment in the roadway has
seriously affected the production operation, and seriously
exceeded the maximum temperature of 28°C specified by
the National Safety and Health Standards for Underground
Operation. Therefore, it is necessary to optimize the existing
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ventilation system and take measures to control the under-
ground heat damage (Trujillo-Vela et al., 2019).

Theoretical analysis of sectional ventilation
cooling

Mathematical model of sectional uniform ventilation

The sectional uniform ventilation model is an equal section
uniform supply air duct with different sizes of air leakage
ducts on the side of the air duct, and its end is open, as shown
in Figure 2. The air leakage ducts have the same spacing, the
length of the air duct is 1, the sectional area is A, the air inlet air
volume of the air duct is Q, and the air volume of each air
leakage duct is Q0. The size of the air leakage duct along the
length of the duct is changed to ensure uniform air supply.
Based on extensive field testing, in this paper, the static pres-
sure method is used to establish the mathematical model of
sectional uniform ventilation.

Number the air leakage duct from the end of the duct to the
inlet. When the main air duct carries out uniform air supply,
the sectional area of no. i+1 air leakage duct is as follows:

9

Vitl

Siv1 = (1)
where S; . is the sectional area of no. i+1 air leakage duct,
m?;Q, is the air volume of each air leakage duct, m>;v,, 1 is the
outlet wind speed of no. i+1 air leakage duct, m/s.

12
Viel = K ;Pm (2)

where x is the flow coefficient of air leakage duct, x = xp;x is
the shrinkage coefficient, in the orifice outflow, x is
0.60~0.64, in the outflow of nozzle,x is 1;p is the velocity
coefficient, numerical value is 0.97~0.98;p is the air density,
kg/m>:p; 1 is the air static pressure of main air duct at no .i+1
air leakage duct, Pa.

The energy equation is established at the center of nozzle
no. i and nozzle no. i+1:

p
Piv1 =Pi+ Apy;: + ZH—I_E (W?ﬂ_“’?) (3)
Zi1 = §i+l'§'wi2+l (4)
L\ puw? Ap 5 /
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where Ap,,; is the resistance between two sections, Pa; Z; , | is
the local resistance at no. i+1 air duct, Pa; &, is the local
resistance coefficient at no. i+1 air duct; wjis the air flow rate at
no. i air duct, m/s; w; , 1 is the air flow rate at no. i+1 air duct,
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Fig. 1 Simplified ventilation
route
Well 568
' 6th middle section
Well 958

q qI

Blind well 568

Blind well 568

m/s; A is the friction coefficient; R,,,; is the frictional resistance
per unit length, Pa; d is the equivalent diameter of air duct, m; /
is the length of main air duct, m; n is the number of air leakage
ducts.

According to Egs. (1) and (2), the air static pressure at no. i
air duct is:

9

2
i p
Pi= 02 "2 sE ©

Air flow rate at no. 7 air duct in air duct is:

B O _ O-(n—i)Q,
AT a4 )

Wi

Solve Egs. (1) to (7) to obtain the cross-sectional area of the
air leakage duct:

Fig. 2 Uniform air supply duct Qo
with equal cross section /

Main fan 16th middle section
\\ 18th middle section ‘
\\ 20th middle section
. S— —
ﬂm
1
S i+1 = 12 5
1 2lK°R i K 5 5
S e win? + wf]
2 2 2 +1 i+ i
\/Si O/ ’(n+1)p 0

(8)

Among them, by substituting Egs. (6) and (7) into Eq. (1),
the formula of cross-sectional area of no. 1 air leakage duct is
obtained:

1 9)

S1:
21K R 0 K2

5+ *l)wz—sz

¢Qo2<n+1>p QUZ[ e ']

Velocity field test

Based on the intuitive conclusion that the paper wants to draw;
the Fluent software is used to simulate the air flow. The

0-nQo

i+1 n

A
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velocity field distribution cloud diagram of sectional uniform
air supply duct is shown in Figure 3.

It can be seen from Figure 3 that the average wind speed in
the main air duct gradually decreases from the inlet to the
outlet (from right to left) due to the resistance in the air duct.
And there is air leakage in the main air duct. When the air flow
passes through the air leakage duct, the average air flow ve-
locity in the main air duct decreases greatly in stages due to the
joint action of small air volume and local resistance. In order
to observe the pressure change of the wind speed in the air
duct near the air leakage duct in detail, in the cloud diagram of
the velocity field distribution of the Y=0.6m plane air duct,
from left to right, make the local velocity field distribution
cloud diagram of no. 1 to no. 4 air leakage duct in turn, as
shown in Figs. 4, 5, 6, and 7.

As shown in Figures 4, 5, 6 and 7:

(1) In the cloud diagram of velocity field distribution of
Y=0.6m plane duct, under the effect of duct resistance,
the wind speed in the main duct is high in the middle and
low on both sides. Extended to the three-dimensional

Fig. 4 Cloud map of local
velocity field distribution of no. 1
air leakage duct
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model of air duct, the distribution of air velocity field
can be expressed as the wind speed gradually decreases
from the center of air duct to the inner wall.

(2) When the air flows out through the air leakage duct, the
wind speed on the outside (left) of the duct is greater than
that on the inside (right). The main reason is the change
of air flow cross section, resulting in the deceleration and
pressurization area inside the air leakage duct, which
leads to the separation of air boundary layer and the
formation of eddy current inside the air leakage duct,
and finally the low-speed area inside the air leakage duct.

For the convenience of analysis and observation, in the
plane pressure field distribution nephogram of Y=0.6m, one
wind speed measuring point is taken at each leakage duct
outlet and main duct inlet and outlet, as shown in Figure 8.
Because the wind speed of the plane where the measuring
point is located is different, the wind speed of the point is
not representative. Therefore, the average wind speed is taken
as the plane wind speed for measurement at multiple points on
the plane. So the wind speed of the measuring point is selected
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Fig. 5 Cloud map of local
velocity field distribution of no. 2
air leakage duct
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as the average wind speed of the plane. And the average air
volume of each measuring point is calculated according to
Formula (7). According to the calculated average air volume,
draw the broken line chart of sectional leakage air volume of
uniform air supply duct, as shown in Figure 9.

It can be seen:

(1) Measuring point 1 is the main air duct outlet, the air
volume is about 2m3/s, measuring point 6 is the main
air duct inlet, the air volume is 4m’/ s, and the simulation
results are consistent with the initial parameters of air
flow.

(2) The air volume values of measuring points 2—5 are the
average air volume of no.1—4 air leakage ducts respec-
tively. The fitting curve y = 0.499 is obtained by fitting
the data, which shows that the air volume values of each
measuring point fluctuate around 0.5m’/s, that is, the
average air output of each air leakage duct is about
0.5m3/s, which is consistent with the expected air
distribution.

(3) The simulation results of the mathematical model of sec-
tional ventilation cooling are consistent with the

Fig. 6 Cloud map of local
velocity field distribution of no. 3
air leakage duct
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expected results, and the mathematical model is correct,
which can be used to further study the effect of sectional
ventilation cooling.

Simulation of sectional ventilation cooling
effect in Daliuhang gold mine

Optimization of ventilation system
Air volume calculation

According to the production regulations of metal mines, the
total air demand of the mine is equal to the sum of the venti-
lation volume of each mining face, the independent ventilation
chamber, and other ventilation volume, as well as the air leak-
age volume of the mine, and a certain safety reserve factor is
set (Qu et al., 2004). According to the dust discharge calcula-
tion of the 20th middle section working face, the value of air
volume is 1.66 m3/s; the minimum air volume of fine ore is
0.68 m>/s, and the minimum air volume of installation

@ Springer
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Fig. 7 Cloud map of local
velocity field distribution of no. 4
air leakage duct

chamber is 0.77 m*/s. The minimum total air volume required
by the ventilation system of the 20th middle section is 3.11m>/
s. Considering a certain safety reserve factor, the safety re-
serve factor is taken as 1.25, and the total ventilation demand
of the 20th middle section working face is finally determined
as 3.89m’/s.

Simulation of ventilation status

Based on the field investigation in the mine, according to the
layout of ventilation structures in the underground roadway,
combined with the roadway model and ventilation parameters,
the three-dimensional model of ventilation system is
established by using Ventsim software, and the ventilation
status is simulated, as shown in Figure 10.

According to the simulation of ventilation system in
Yankou mining area in Figure 10, it can be seen that:

(1) In well 958, the temperature of air flow is affected by
geothermal, and increases with the increase of depth. The
temperature increases from 23.4°C in the 6th middle sec-
tion to 26.6°C in the 16th middle section.

(2) In the air flow return stage from the middle section of the
16th to the blind well 568, the surrounding rock of the
roadway is exposed for a long time, and the surrounding
rock has a large heat-regulating ring. The surrounding
rock temperature decreases with the decrease of depth.
During the heat exchange between the wind flow and the
surrounding rock, the heat flows to the surrounding rock,

so there is a phenomenon of the decrease of the air tem-
perature in the return wind stage.

(3) Because the mining depth of the 20th middle section has
reached —893.8m, the original rock temperature of the
roadway is as high as 39.2°C, and the exposed surround-
ing rock is as high as 32°C, which leads to the tempera-
ture of the working face reaching 32.8°C, seriously ex-
ceeding the operation safety standard.

(4) The air volume of the 20th middle section is only 3.5m>/
s, which cannot meet the air demand of the working face.

(5) The measured air volume data showed that the difference
between the inlet air volume and the return air volume
was 2.3m3/s, and there was air leakage in the ventilation
system.

Sectional ventilation design

In the design, the 227-m-long roadway is cooled by 6
sections, that is, 5 air leakage ducts (every 36m) are set
on the 220-m-long main duct (the outlet of the duct is 7m
away from the working face). According to the conven-
tional local ventilation cooling simulation, the air volume
of the two local fans is 6.3m%/s. In order to ensure the air
volume demand of about 3.9m>/s in the working face, the
total air leakage volume is 2.40m>/s, and the air leakage
volume of each air leakage duct is 0.48m>/s. According to
the mathematical model of sectional ventilation, the sec-
tional area of each air leakage duct is calculated:

.| X
2 3

Fig. 8 Distribution of measuring points of air duct on Y=0.6m plane
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The diameter of each air leakage duct is: d; =0.138m;d, =
0.118m;d; =0.114m;d4 = 0.104m;ds = 0.102m.

Fig. 10 Simulation results of
ventilation system status
Well 568

Closed

Blind well 568

Simulation of cooling effect of sectional ventilation

In order to provide reference for future mining work, the ap-
plication effect of ventilation and cooling design in the late
stage of the 20th middle mining is simulated by using Ventsim
software, as shown in Figure 11.

It can be seen from Figure 11 that the air flow simulation
results of the sectional ventilation cooling design in the 20th
middle section show that the air volume of the main air duct is
6.3m’/s, the air volume of the working face is 3.9m?/s, and the
air volume of each leakage air duct is about 0.5m>/s. The
simulation results are basically consistent with the expected
results. The results show that the air flow and air volume
distribution of the tunnel section ventilation and cooling de-
sign in the 20th section based on the section ventilation math-
ematical model are in line with the expectation, which can be
used to conduct thermal simulation for the subsequent section
ventilation and cooling design and analyze the cooling effect.

Thermal simulation is carried out for the ventilation and
cooling design of the 20th middle section, and the simulation
results are shown in Figure 12.

According to the simulation results of conventional local ven-
tilation and sectional ventilation, the temperature change curve of
the 20th middle section is drawn, as shown in Figure 13.

It can be seen from the above figure that the cooling effect
of conventional local ventilation is better than that of sectional
ventilation near the 20th middle section working face. With
the increase of return air distance, the air flow and surrounding
rock of roadway continue to exchange heat. The initial tem-
perature of return air flow in roadway with conventional local
ventilation cooling method is low, the temperature difference
between surrounding rock of air flow is large, and the air flow
temperature rises rapidly, however, the initial temperature of
return air is higher, the temperature difference between

6th middle section
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14th middle section

Fig. 11 The simulation of the air flow in the 20th middle section

surrounding rock is small, and the temperature rise of air flow
is slow by adopting the method of sectional ventilation. In the
cooling simulation of the 20th middle roadway, the sectional
ventilation cooling method is better than the conventional lo-
cal ventilation cooling method when the return air distance
exceeds 70m. The effective cooling length of conventional
local ventilation is 75m, accounting for about 34% of the total
roadway. The effective cooling length of sectional ventilation
is 108m, accounting for about 49% of the total roadway.
Therefore, in the late stage of the 20th middle section mining,
the cooling effect of the roadway with sectional ventilation is
about 15% higher than that of the conventional local
ventilation.

T

S———
2 section

Conclusion

(1) Fluent software is used to simulate and test the mathe-
matical model of sectional uniform air supply. The wind
pressure and speed in the simulation results are basically
consistent with the expected results. The model is correct
and can be used for sectional ventilation and cooling
design.

(2) Aiming at the problem of heat damage in the late mining
period of the 20th middle section of Daliuhang gold
mine, the subsection ventilation cooling method based
on the subsection uniform air supply mathematical mod-
el was used to study the cooling effect, and the

14th middle section

Main fan

Ventilation shaft

— ==
16th middle section

—— ———  y—

Regulation Windscr

Fig. 12 Thermal simulation of sectional ventilation and cooling in the 20th middle section
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—@— Conventional ventilation

=g Se ctional ventilation

Temperature/°C

18 36 54 72 90 108 126 144 162 180 198 216
Distance of return air/m

Fig. 13 Temperature change curve of the 20th middle section

application effect was simulated by Ventsim software,
and the results show that in the 220-m-long roadway in
the late stage of the 20th middle mining, the cooling
effect of the roadway with sectional ventilation is about
15% higher than that of the conventional local
ventilation.

(3) Inthe cooling simulation of the 20th middle section road-
way, the cooling effect of the conventional local ventila-
tion is better than that of the sectional ventilation near the
20th middle section working face; when the return air
distance exceeds 70m, the sectional ventilation cooling
method is better than the conventional local ventilation
cooling method.
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