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Abstract: Due to the special structures and geographical environments of the main transport roadway of
underground coal mines, it is difficult to deal with accidents and rescues in cases of fire and it is easy to cause
casualties and structural damage of the roadway. In this study, a roadway fire model was established using
FDS software on the basis of theoretical analysis. The smoke diffusion, temperature distribution, and CO
concentration distribution in a fire period were simulated under four working conditions. The results showed
that the time required for the smoke layer to descend to human breathing height was positively correlated
with the distance between the position and the fire source. Under the most unfavorable conditions, the smoke
reached human breathing height at 15.11 s and 100 m away from the fire source. After the fire broke out, the
ambient temperature in the roadway rose rapidly, and the highest temperature in the area adjacent to the fire
source reached 340 °C. The farther away from the fire source, the lower the temperature, but it was still
higher than the human body's optimum temperature (25 °C) until 200 m away. The results of this study can
provide a basis for the preparation of roadway fire emergency plans.
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1. INTRODUCTION

In recent years, coal mine fire accidents have occurred frequently, and they cause
significant property losses and casualties every year. Therefore, it is necessary to pre-
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vent and control coal mine fires. Roadways are relatively closed areas. A previously
reported accident analysis showed (Yang et al. 2011) that their internal lights are
dark, driving on them is risky, and possibilities of fire are high. Roadway fires seri-
ously threaten the safety of personnel. In addition, the internal diameters of roadways
are small, and their visibility is low (Ingason 2015), which increases the difficulty of
rescue. Therefore, reasonably analyzing fire risk and mastering the laws of roadway
fire development will contribute to the implementation of emergency rescues.

Most experts and scholars have used numerical simulation methods to study actual
fire problems (Perera et al. 2012). Model research, on the other hand, can allow for
clear statistics and the direct analysis of specific physical parameters. Kochevsky (2004)
reported that CFD software has a high accuracy in simulating multi-component, multi-
-phase, and compressible flows by combining CFD simulations with experiments. Chasko
et al. (2005) focused on the reactions and escape methods of underground miners after
mine fires. Yan et al. (2013) improved the CFD algorithm and proposed a new escape
route planning method for underground mines using an algorithm. Hansen et al.
(2013) conducted two comprehensive fire tests on mining vehicles in a mine and
found that the peak heat release rates of a wheel loader and drilling rig were 15.9 and
29.4 MW, respectively. Roh et al. (2007) previously studied critical ventilation velocity
for estimating different heat release rates through longitudinal ventilation. Hansen
(2012; 2015; 2017; 2021) analyzed fire accidents and found that vehicles and mobile
devices were the main fire sources of underground structures; he conducted two com-
prehensive fire tests on vehicles in underground structures and reported heat release
rate curves of underground fires. Adjiski et al. (2005) simulated a mine, analyzed the
fire situation, and established an optimal evacuation route through software. Ingason H.
et al. (2010) explored the influence of cross-sectional area and ventilation on the heat
release rate under longitudinal ventilation, and they estimated the heat release rate of
roadway fires under different conditions. Wang et al. (2010) studied the influence of
smoke generated by tunnel fires on the human body, and changed the smoke emission
rate of an open tunnel in the experiment process to simulate different hazards caused
by different smoke volumes. There have been few studies on the exogenous mine fire,
especially when exogenous fire occurs the research on critical wind speed, smoke
movement, temperature distribution and CO concentration distribution in transporta-
tion roadway is insufficient. Research on these topics are particularly important for
how to carry out emergency rescues and minimize the harm of personnel when similar
fires occur underground.

In this study, the transport roadway of a mine was used as the study object. Firstly,
a theoretical model of numerical simulation was established. Then, according to the
fire scenario and the requirements of fire selection (Hirai 2011), four working condi-
tions were set for simulation according to the different wind speeds and HRR (heat
release rates). The critical wind speed, flue gas spreading and falling law, temperature
distribution, and CO concentration distribution law of roadway fires were analyzed.
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The study results can provide a reference for the creation of roadway fire ventilation
rescue schemes.

2. CALCULATION METHOD AND MODEL

For this chapter, a numerical simulation model of roadway fires was established, the
boundary of the model was set, and numerical simulations of roadway fires were car-
ried out. In Chapter 3, the risk of roadway fires is comprehensively evaluated accord-
ing to the CO concentration distribution, temperature distribution, smoke diffusion
law, and descending time distribution in the simulation results.

2.1. THE GOVERNING EQUATION

A turbulent flow model was established to simulate the flow law of roadway fire
smoke. Generally, a large eddy numerical simulation (LES) (Mouilleau et al. 2009;
Oka et al. 2020) is used to simulate turbulent behavior. After a fire, the smoke flow in
a fire source tunnel is complicated due to the different temperatures around the fire
source. The conservation of mass equation, component equation, energy equation,
motion equation, and state equation — which constitute the basic equations of fluid
motion (Shen et al. 2008; Ying et al. 2012) — were established according to the con-
servation of matter, energy, and momentum.

(1) Mass conservation equation:

op
—+V-pu=0, 1
p PH 1)
where:
p— gas density;
4 — dynamic viscosity of gas;
7—burning time.
(2) Composition equation:
S(p)+ V- pDVY, +mem, 2)

where:
Y; — mass fraction of the i-th component,
D; — the diffusion coefficient of the i-th component,
m; — mass formation rate per unit volume of the i-th component.
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(3) Momentum conservation equation:
ou
P EJF(,u-V),u +VP=pg+I+Vr, 3

where:
j — mass fraction of the i-th component,

P — the diffusion coefficient of the i-th component.

(4) Ideal gas equation of state:

PRT

p=—
w 4

where:

W — molecular mass of a gas,
T — temperature,
R — ideal gas constant.

(5) Energy conservation equation:

0 0
= (PH)+V-pHu ="+ p+qm -V -q, (5)
or ot
where:

H — sensible enthalpy,
g — heat release rate per unit volume,

@ — the dissipation function.

2.2. FIRE MODEL ESTABLISHMENT AND PARAMETER SETTING

2.2.1. ASSUMPTIONS AND SIMPLIFICATION OF THE MODEL

1) Before the fire, the airflow in a roadway is stable, the roadway wall is fixed with-
out slip, and the wall temperature is constant.

2) The flue gas produced by combustion is regarded as a multi-component ideal gas,
and there are no chemical reactions between flue gas components.

3) No chemical reaction occurs when the flue gas generated by combustion flows in
a roadway downwind of the fire source.

4) The oxidant was considered sufficient, and the flue gases produced by combustion
were mainly considered to be CO and CO; (Singh et al. 2007).
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2.2.2. THE ESTABLISHMENT OF GEOMETRIC MODELS

In this study, a geometric roadway model was established by using PyroSim. The
cross-sectional size ratio was 1:1. The specific parameters are listed in Table 1, and
the section of roadway is shown in Fig. 1. The location of the fire source was set to
100 m away from the entrance of the selected area. The main combustion substances
were CsH100 and CgHig, the main products were set as CO,, CO and H-0, and the
reaction type was set as Simple Chemistry. The main study area had a length of 400 m,
a width of 4 m, and a height of 4 m downstream of the fire source. The geometric

model of the roadway is shown in Fig. 2.

Table 1. Shape parameters of main tunnel

Parameter Value [m]
Length of the roadway 500
The lateral width 4
Height of roadway 4
Thickness of supporting layer 0.8
Fire source location 100 m away from the air inlet
800mm
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Fig. 1. Schematic diagram of main roadway section

In this study, 32 temperature detectors and 32 smoke detectors were set up in the
geometric model to record the simulation results of temperature and smoke layer
height, respectively. The location of the fire source is shown in Fig. 3.
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Fig. 2. Geometric model of roadway

Fig. 3. Location of fire source in geometric model

There are two types of fire growth models: (1Steady state combustion, in which
the heat release rate of the fire source is constant and does not change with time;
(2unsteady combustion, which can be divided into three stages, i.e., the initial growth
stage, the middle stage of stable combustion, and the end of decay stage. Of these, the
second unsteady combustion fire growth model is more in line with the actual situa-
tion of tunnel fires. Therefore, following the fire heat release theory of Ingason et al.
(2011), as well as a square growth model for the growth stages and an index model for
the stable combustion and attenuation stages, a numerical simulation of the tunnel fire
was carried out using the following approximation model:

Q= ot (6)
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where:

Q — fire power,

t — burning time,

a — fire growth factor.

Common fire growth types are shown in Table 2 (Ying et al. 2011). The growth
factor is determined by the type of fire growth (slow, medium, fast and ultra-fast).

Table 2. Types of fire growth

Type Slow Medium Fast Ultra-fast
a [kW/s?] 0.0029 0.0117 0.0470 0.1890

The fire growth type of this roadway is ultra-fast, and the fire growth coefficient of
this roadway was set to « = 0.1890. In this study, after referring to the heat release
rate of coal combustion (Ran et al. 2020), it was decided that the heat release rates of
medium and large fires in the roadway were 10 and 20 MW, respectively. Medium-
sized and large-sized fires required wind speeds of the flue gas countercurrent to be 2 and
4 m/s, respectively (Wang et al. 2011). According to formula (6), it can be seen that
the total burning time was not less than T = 250 s for a medium-sized fire with a fire
source power of 10 MW.

2.3. SETTING OF BOUNDARY CONDITIONS

The boundary conditions of the roadway were set as shown in Table 3.

Table 3. Boundary conditions of the underground mine roadway

Type Surface material Concrete temperature Air inlet position
The boundary conditions 0.8 m of concrete 20°C Model origin

When establishing the tunnel fire simulation geometric model, the grid division
was calculated according to Eq. (7):

D*{bL -

prPToo\/a

Hexahedral cells were used in the grid, and the cell length was 1 m, i.e., a 1 m3
space corresponded to a grid cell in this study. The length, width, and height of the
tunnel area simulated in this model were 500, 4, and 4 m, respectively. Therefore, the
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numbers of X, Y, and Z grid cells were set to 500, 4 and 4, respectively, and the model
had 8000 grid cells in total.

2.4. FDS CALCULATION PROCESS

With the help of simulation software PyroSim, the FDS method was used for simula-
tion analysis, and its workflow chart is shown in Fig. 4.

Building a 3D model

¥

Establishing initial conditions

¥

Dividing the compute network

—

Establishing equations|

i

Discreting initial conditions

v

Governing equation

¥

Solving equation

Whether the
convergence

Output results

Fig. 4. FDS solution process

2.5. DETERMINATION OF FIRE CONDITIONS

In this study, different fire scales were selected by comprehensively considering types
of roadway, the HRRs of roadway fires, ventilation wind speed, and other factors.
Table 4 shows the four working conditions used in this study. The fire power of me-
dium and large fires was selected as the working condition, and the wind speed was
selected according to The Design and Planning System of Underground Hard Rock
Mine (Kng et al. 2019).
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Table 4. Setting of working conditions

The wind speed [m/s] 2 3
Fire power [MW]
10 Working condition | Working condition Il
20 Working condition 111 Working condition IV

3. NUMERICAL SIMULATION RESULTS AND ANALYSIS

3.1. SELECTION OF CRITICAL WIND SPEED

3.1.1. ESTIMATION OF CRITICAL WIND SPEED

Wind speed in a roadway is the key to controlling temperature, CO concentration, and
smoke distribution when roadway fires occur (Morin et al. 2001). When the wind
speed of longitudinal ventilation is lower than the critical wind speed, a flue gas coun-
tercurrent will occur (as shown in Fig. 5); otherwise, no countercurrent will occur
when the wind speed of ventilation is higher than the critical wind speed. The backflow of
flue gas can cause the air to carry a large amount of toxic and harmful substances
(such as CO), and there is a risk of fire expansion. Therefore, it was necessary to sim-
ulate the critical wind speed of roadways in this study.

Direction of flue Direction of flue
gas diffusion gas diffusion

_ —
The upstream
Wind direction

The downstream

Fig. 5. Schematic diagram of flue gas reflux

Direction of flue

The upstream gas diffusion

Wind direction

The downstream

Fig. 6. Schematic diagram of flue gas without countercurrent
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In general, critical wind speed has been found to be positively correlated with
the scale of roadway fires, but critical wind speed does not infinitely increase
with fire scale (Wang et al. 2002); this is because when the fire scale increases to
a certain amount, the flame directly impacts the roof, thus leading to the weaken-
ing of the buoyancy effect of cold air and halting increases in the critical wind
speed.

3.1.2. CRITICAL WIND SPEED FOR CONDITIONS I AND 11

The fire scale was set to a 10 MW medium fire, the ventilation wind speeds were set
to 2 and 2.5 m/s, and the total simulation time was set to 600 s. After the calculation,
the results of smoke flow were observed in Smokeview. Figures 7 and 8 show the calcula-
tion results of T =5, 60, and 300 s.

a)T=5s a)T=5s

b) T=60s b) T=60s

c)T=300s c) T=300s

Fig. 7. Flue gas distribution Fig. 8. Flue gas distribution
when wind speed is 2 m/s when wind speed is 2.5 m/s
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According to the results shown in Figs. 7 and 8, when the supply wind speed
of 2.5 m/s was used, the direction of flue gas flow was basically consistent with
the direction of wind speed, that is, there was no significant countercurrent phe-
nomenon. Therefore, it can be judged that a wind speed of 2.5 m/s may have been
greater than the critical wind speed. However, when the supply wind speed of
2 m/s was selected, the flue gas tended to flow in the direction opposite to the
ventilation direction, so the wind speed was less than the critical wind speed. The
dichotomy method was adopted to continue the simulation with a supply wind
speed of 2.3 m/s. The simulation results showed that when the supply wind speed
was
2.3 m/s, the flue gas just did not reverse flow. Therefore, the critical wind speed
could be regarded as 2.3 m/s when a medium-sized fire scale of 10 MW occurred
in the roadway.

a) Flue gas distribution b) Flue gas distribution
when wind speed is 2.2 m/s when wind speed is 2.3 m/s

Fig. 9. Determination of critical wind speed when the fire scale reaches 10 MW

3.1.3. CRITICAL WIND SPEED OF CONDITIONS 11l AND IV

The fire scale was set to a 20 MW large fire, the ventilation wind speeds were set
to 3 m/s and 3.5 m/s, and the total simulation time was set to 600 s. After the calcula-
tion, the detailed results of smoke flow were observed in Smokeview. Figures 10 and 11
show the calculation results of T =5, 60, and 300 s.

According to the results shown in Figs. 10 and 11, when the supply wind speed
was 3.5 m/s, the direction of flue gas flow was basically consistent with the direction
of wind speed, that is, there was no significant countercurrent phenomenon. There-
fore, it can be judged that the wind speed of 3.5 m/s may have been greater than the
critical wind speed. However, when the wind speed was 3.0 m/s, there was a relative-
ly obvious smoke reflux phenomenon, so the wind speed was small. The dichotomy
method was used to continue the simulation with supply wind speeds of 3.3 and 3.1
m/s. The simulation results showed that the flue gas did not reverse flow when the
wind speed was 3.1 m/s. Therefore, the critical wind speed of the 20 MW roadway
fire could be regarded as 3.1 m/s.
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a)T=5s a)T=5s

b) T=60s b) T=60s

c) T=300s c) T=300s
Fig. 10. Flue gas distribution Fig. 11. Flue gas distribution
when wind speed is 3 m/s when wind speed is 3.5 m/s

a) Flue gas distribution b) Flue gas distribution
when wind speed is 3.0 m/s when wind speed is 3.1 m/s

Fig. 12. Determination of critical wind speed when the fire scale reaches 20 MW

3.2. SMOKE SPREAD RESULT

The fire source was placed 100 m away from the entrance of the roadway, and smoke
detectors were set at 101, 105, and 110 m, followed by one every 10 m until 300 m.
A total of 32 smoke detectors were placed 1.8 m above the ground to monitor the
smoke situation. These four working conditions were simulated, and the combustion
duration was set to 1800 s. The following figure shows the smoke movement of 60 s,
300 s, 600s, 1200 s, 1800 s and other key nodes.
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3.2.1. SIMULATION RESULTS OF OPERATING CONDITION I

The smoke diffusion results at 60, 300, 600, 1200, and 1800 s following a roadway fire
under working condition I are shown in Fig. 13.

—— ==

a)T=60s b) T=300s
c)T=600s d) T=1200s

e) T=1800s

Fig. 13. Smoke diffusion diagram under working condition |

3.2.2. SIMULATION RESULTS OF OPERATING CONDITION II

Smoke diffusion results at 60, 300, 600, 1200, and 1800 s following a roadway fire under
working condition Il are shown in Fig. 14.

T ST —

a)T=60s b) T=300s

T W T —

¢)T=600s d) T=1200s
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e) T=1800s
Fig. 14. Smoke diffusion diagram under working condition Il

3.2.3. SIMULATION RESULTS OF OPERATING CONDITION 111

Smoke diffusion results at 60, 300, 600, 1200, and 1800 s following a roadway fire under
working condition 111 are shown in Fig. 15.

e) T=1800s
Fig. 15. Smoke diffusion diagram under condition 111

3.2.4. SIMULATION RESULTS OF OPERATING CONDITION IV

Smoke diffusion results at 60, 300, 600, 1200, and 1800 s following a roadway fire under
working condition IV are shown in Fig. 16.

a)T=60s b) T=300s
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¢)T=600s d) T=1200s

e) T=1800s

Fig. 16. Smoke diffusion diagram under condition 1V

3.2.5. FLUE GAS FALL TIME

Smoke is usually the biggest disaster-causing factor in statistically analyzed fire acci-
dents, accounting for about 80% of deaths caused by fire accidents (Bakhtiyari et al.
2017). After the flue gas is produced, it slowly moves down and reach a height of
about 1.8 m to be absorbed by the human body. In order to calculate the time required
for flue gas to settle to the breathing height of personnel (set to 1.8 m in this study)
under various working conditions, the simulation duration was set to T =1800 s. Flue
gas layer falling times at different positions of the roadway are shown in Fig. 17.

60

—a—working condition |
50 | —e—working condition 11
—a—working condition Il
—a—working condition 1V

20

0 50 100 150 200 250 300
Longth/m

Fig. 17. Statistical diagram of time required for flue gas drop

Figure 17 shows a statistical chart of the time required for flue gas descent. Accord-
ing to the comparison of the four working conditions, it can be seen that the flue gas
falling time was positively correlated with the distance between the position and the
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fire source, and the longer the distance, the longer the flue gas falling time. Secondly,
there was a negative correlation between the flue gas falling time and the supply wind
speed, and large longitudinal ventilation hindered the flue gas falling time. Finally,
the smoke descent time was also shown to be related to the fire scale. The larger the
fire scale, the less time needed for the smoke descent. Under the most unfavorable
conditions, the smoke reached the breathing height of the human body at 15.11 s and
100 m away from the fire source.

3.3. ANALYSIS OF FIRE TEMPERATURE FIELD

When studying the temperature distribution, the Y = 2.0 section of the model was set
as a temperature-detection surface. At the same time, we added a group of 32 temper-
ature detectors placed at 1, 5, and 10 m away from the fire source, as well as every 10
m after. The temperature distribution of the middle line of roadway was analyzed with
these detectors. This section presents an analysis of the operation results of the four
different working conditions set above. The results of temperature simulation in the
four working conditions are shown in Fig. 18.

190
160
130

100

70
40

Fig. 18. Temperature distribution under four working conditions

Figure 18 shows that the temperature was highest at the center of the fire source,
and the further away from the fire in the downstream direction, the lower the tempera-
ture was. Due to the existence of ventilation system, the temperature was lowest up-
stream of the fire source. The higher the location at the same distance, the higher the
temperature. The highest temperature at the center of the fire source in conditions |
and II reached 266 and 252 °C, respectively, and the highest temperature at the center
of the fire source in conditions III and IV reached 340 and 330 °C, respectively.
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Temperature distributions at different distances from the fire source center under
various working conditions are shown in Fig. 19, which also illustrates that the closer
the distance to the fire center, the higher the temperature. In the same wind speed, the
larger the fire scale, the higher the temperature in the tunnel.

350

—a—working condition |
—a—working condition 11
—a—working condition 111
—a—working condition 1V

300 F ||

0o
I3
S

Temprature/°C
oo
8

o
1=

100 |

50 1 1 1 1

0 50 100 150 200
Longth/m

Fig. 19. Temperature comparison under four working conditions

The highest temperature among the four working conditions was working condi-
tion 11, which reached 340 °C. From 1 to 10 m, the temperature first rose sharply to
the highest temperature and then fell sharply to 150 °C. Due to the effect of air turbu-
lence, there was a small temperature rise followed by a slow decrease to about 180 °C.
This comparison shows that the fire scale had a great influence on the temperature
and the wind speed had a less significant influence on the fire temperature.

3.4. CO CONCENTRATION DISTRIBUTION IN FIRE

In the simulation process, CO concentration detectors were placed near the fire source
point. CO concentration detectors were placed at 101, 105, and 110 m, followed by
one every 10 m until 300 m. A total of 32 CO concentration detectors were placed 1.8 m
above the ground to monitor the CO concentration. The maximum CO concentration
over time was measured, and different CO concentration distributions were obtained
for the four working conditions, as shown in Fig. 20.

Figure 20 shows that the closer the distance to the fire center, the higher the CO
concentration. At the same wind speed, the larger the fire scale, the higher the concen-
tration of CO. However, the downward trend was similar; CO concentration could be as
high as 996 ppm under condition Ill, and the highest CO concentration point was 5 m
away from the fire source center. Subsequently, the CO concentration rapidly decreased
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between 5 and 10 m and then reached a stable level, always around 150 ppm. Accord-
ing to a comparison of the four working conditions, the CO concentration at the same
position decreased with the increase in wind speed, and the maximum reduction was

282 ppm.
1000 F@
—a—working condition |
—a—working condition 11
€ —a—working condition Il1
& —o—working condition 1V
S
g
[T
c
o
>
100 |
0 50 100 150 200 250 300
Longth/m
Fig. 20. CO distribution under four working conditions
4. CONCLUSIONS
1) The critical wind speed of a roadway in the fire period was found to be positively

2)

3)

correlated with the fire scale to a certain extent, but the critical wind speed was
found to not change after a certain limit. The critical wind speed of a medium fire
was found to be about 2.3 m/s, and the critical wind speed of a large fire was found
to be 3.1 m/s.

The time required for the smoke layer to descend to 1.8 m was found to be posi-
tively correlated with the distance between the location and the fire source and
negatively correlated with the size of the fire source. Under the most unfavorable
conditions, the smoke reached human breathing height at 15.11 s and 100 m away
from the fire source. Therefore, the area near a fire source quickly becomes the
most dangerous area after a roadway fire occurs.

The maximum temperature at the center of the fire source in conditions | and Il
reached 266 and 252 °C, respectively, and the maximum temperature at the center
of the fire source in conditions III and IV reached 340 and 330 °C, respectively. At
the 1-10 m stage, the temperature was found to rapidly increase and then slowly
decrease. It could be seen from the comparison that the fire scale had a greater im-
pact on the fire temperature than wind speed.
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4) The highest CO concentration under the four working conditions was observed in
working condition Il at 996 ppm. The closer one is to the fire center, the larger the fire
scale and the higher the CO concentration. The CO concentration was found rapidly
decrease between 5 and 10 m and then to change little, remaining at about 150 ppm.
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