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ABSTRACT: Transport belt fires pose a serious threat to the lives of miners. The smoke spread characteristics of transport belt fires
are important for the effective construction of underground safety works. In this paper, a water curtain system is added to ventilation
to investigate the effectiveness of water spray in blocking fire-induced smoke and heat. Using computational fluid dynamics (CFD)
simulations obtained with FDS 6.0.1, full-scale underground belt transport tunnel fire tests are conducted with mechanical
ventilation and a water curtain system to obtain smoke spread characteristics, temperature distribution, visibility profiles, and CO
distribution. The results show that the addition of a water curtain system can effectively limit temperature and smoke, but high
mechanical ventilation velocities are not conducive to the water curtain system, limiting underground tunnel fires. This study found
that the mechanical ventilation velocity should be controlled at approximately 0.8 m/s when the water curtain system is on a 100 m
beltway. Smoke across the water curtain system area, smoke stratification in the lower layer of the water curtain area is lost, the water
curtain system in the lower layer of the tunnel will affect the flow field and temperature field flowing to the fire source, and the
blockage effect is the most obvious in the upper layer of the tunnel. The water curtain system reduces the distribution of temperature
and CO concentration in the tunnel and rapidly restores visibility. With the addition of the water curtain system, the environment in
the restricted area is suitable for occupant evacuation and firefighting, and the system can be considered a viable strategy for tunnel
smoke control.

1. INTRODUCTION

With the increased exploitation of underground space in mines,
tunnels, subways, underground warehouses, and underground
shopping malls, the frequency of fire accidents is increasing and
is causing increasing concern worldwide.1 Mine fires not only
burn large amounts of resources, materials, and production
equipment but also freeze the recoverable reserves of coal and
severely disrupt normal production due to the closure of the fire
area; burning consumes oxygen in the air, causing the
concentration of oxygen in the air flow to drop while generating
large amounts of harmful heat, toxic and hazardous gases, and
dust, causing burns, poisoning, or suffocation of underground
personnel. For example, the 2006 underground mine conveyor
belt fire at the Aracoma Alma no. 1 mine in Logan County, West
Virginia, resulted in fatal injuries to two miners when they were
separated from their navigator while attempting to escape the
fire.

Belts can cause fires when operated in mine belt tunnels.
Toxic gases and smoke from burning belts spread into the
tunnels with wind currents, exposing miners to toxic and
hazardous gases such as CO, HCL, SO2, H2S, and NOX. At the
same time, the smoke from burning belts limits visibility, which
makes it more difficult for workers to escape from the mine. As a
result, many studies have been conducted on underground fires,
both nationally and internationally, to reduce underground
personnel exposure to high temperatures and toxic and
hazardous gases during evacuation.
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Most studies initially focused on smoke movement, smoke
stratification, and smoke temperature due to underground fires,
which were investigated through scaled-down experiments and
mathematical models of underground spaces.2−5 These studies
established empirical equations for the stratification of flue gas
return flows and models for the stratified motion of hot gases in
confined spaces. In addition, researchers have come to realize
that ventilation systems play a crucial role in influencing smoke
movement and can be used to control smoke in tunnels. Hu et al.
conducted a series of studies on the characteristics of tunnel flue
gas temperature distribution and CO distribution under
different ventilation rates and deduced the backflow length
formula of flue gas.6−10 Fan et al. used numerical simulation
methods in underground spaces to optimize ventilation schemes
for smoke extraction efforts.11

In recent years, researchers have also introduced water curtain
systems to control underground fires and smoke flow and
temperature distribution. Amano et al. and Murakami et al.
proposed the addition of a water curtain spray system to
tunnels.12,13 A special arrangement of 200 μm-diameter nozzles
was used to form a fire compartment to prevent smoke spread
and heat propagation. Ingason carried out a 1:23 scale model
tunnel study to improve the basic understanding of water jetting
systems in longitudinal tunnel flows.14 McCory proposed the
addition of lateral ventilation to a water curtain system to
collectively extract smoke from underground spaces. Smoke can
be quickly removed from restricted areas to ensure the safe
evacuation of workers.15 Liang et al. investigated the interaction
between lateral ventilation and water curtains in large-scale

tunnels.16 The study showed that a combination of water curtain
and lateral ventilation systems can effectively confine fire and
smoke, while the environment within the restricted area is
suitable for occupant evacuation and firefighting. Although most
studies have demonstrated that water curtain systems can
contain the spread of fire, the characteristics of smoke
movement will change because of the reduced buoyancy caused
by the flow caused by the addition of water mist and cooling with
the water mist. This causes a drop in smoke in localized spray
areas, which reduces the visibility of evacuees located within the
spray area and hinders their evacuation. Sun et al. tested a fine
water mist system for stopping fire-induced smoke and heat in
reduced tunnels where longitudinal ventilation was present or
not. The results confirmed that the water system was effective in
reducing temperatures and preventing the spread of smoke in
the absence of longitudinal ventilation.17 Li et al. investigated
the effectiveness of a fine water mist tube sheet system in
blocking fire-induced smoke and heat using a 1/3 scale model
tunnel fitted with a fine water mist tube sheet system. The
phenomenon of smoke obstruction caused by the fine water mist
tube section system was discussed and explained based on the
temperature distribution in the model tunnel.18

In the studies mentioned above, scholars have primarily
focused on discovering the distribution of smoke and temper-
ature caused by ventilation systems or water curtain systems
using reduced scale experiments and CFDmethods. Few studies
have addressed scenarios where water spray systems are
combined with ventilation systems in underground belt tunnel
fires in coal mines. This paper uses the fire dynamics simulator

Figure 1. Geometry of the underground belt tunnel.

Figure 2. Side views of the coal mine in an underground transport belt tunnel.
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(FDS) to analyze the flow and temperature fields in detail to
better elaborate and explain the water spray, ventilation, and fire-
induced smoke vortex motion. In addition, this paper
investigates the temperature distribution, visibility, and CO
concentration distribution in a tunnel after an underground belt
fire in a coal mine, which has important implications for
underground fire prevention and control, as well as for
underground disaster avoidance and rescue.

2. SIMULATION METHOD
2.1. Physical Model. Due to the complex site layout of the

coal transport belt tunnel and the presence of belt conveyors,
cables and wires, fire hoses, belt ladders, and other equipment, it
is difficult to establish a model that is identical to the real-world
conditions and to simplify assumptions about secondary factors
for the transport belt tunnel. The geometric structure of the
underground coal mine belt tunnel, as shown in Figure 1, was
established. Based on the actual situation of coal transport belt
tunnel production in coal mines, the dimensions of the tunnel
were established as 100m long × 4mwide × 3.2m high. The left
side of the tunnel is a footpath, which is an emergency escape
route in the case of fire, and the conveyor is located in themiddle
of the tunnel on the right side, with its transport mode being
head unloading and tail receiving. In the physical model, the
tunnel walls are made of concrete with a thickness of 0.5 m and a
thermal conductivity of 1.8 w/(M·K).

Figure 2 shows a side view of the transport belt tunnel,
showing the location of the fire source, transport belt, ventilation
openings, and water curtain nozzles. The fire source is located in
the center of the transport belt with a power size of
approximately 3.35 MW. The transport belt width is 1.8 m,
and the surface is 1 m from the tunnel floor. The distance from
the left side of the transport belt edge to the tunnel wall is 1.5 m,
and the distance from the right side of the transport belt edge to
the tunnel wall is 0.7 m. The thermal conductivity of PVC is
0.14−0.17 W/(M·K). Both ends of the tunnel are open, and the
left end of the tunnel is set as the air inlet. The right end of the
tunnel is the air outlet, and the ambient temperature is 20.0 °C.
The water curtain system consists of three rows of nozzles, with
each nozzle set to have a flow rate of 30 L/min, an initial velocity
of 50 m/s, a particle size of 120 μm, a nozzle pressure of 10MPa,
and a droplet mass flux of 0−0.75 kg/m2/s. In addition, this
research also considers obstacles such as fire extinguishing boxes
and bearing columns, which will affect the smoke within the area,
to bring the simulation closer to the real situation.

2.2. Fire Model. The fire dynamics simulator (FDS) was
developed by the National Institute of Standards and
Technology (NIST).22 It has become one of the most widely
used CFD software for simulating engineering fluid flows. FDS
can solve Navier−Stokes equations for fire-induced, low-
velocity, thermally driven flows and heat transfer. In this
study, FDS version 6.7.1 was used to study fires in urban
underground utility tunnels. The LES model was chosen to
calculate the smoke flow and radiative heat transfer processes
during the simulation of combustion under a water curtain.

The conservation of mass formula is defined as

+ · =
t

u( ) 0
(1)

where u is the velocity vector, m/s, and ρ is the gas density, kg/
m3.

The component equations are defined as

+ · = · +
t
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where Yl is the mass fraction of substance L; D is the diffusion
coefficient, m2/s; and m is the production rate per unit volume
of substance L, kg/s/m3.

The kinetic energy equation is defined as
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where τ is the viscous pressure vector, kg/s2/m; g is the
acceleration of gravity, m/s2; and f is the external force vector
(excluding gravity), kg/s2/m.

The energy equation is defined as
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where qr is the radiant heat flux, KW/m2; h is the enthalpy, KJ; k
is the thermal conductivity, W/m/K; and q is the heat release
rate per unit volume, KW/m3.

The Rosin−Rammler−Lognormal distribution was used to
characterize the Lagrangian particle size distribution, and the
particle body accumulation fraction (CVF) relationship is
defined as
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where dm is the diameter of the particles and γ and σ are
empirical parameters.

FDS takes into account the attenuation of thermal radiation
by droplets through scattering and absorption, which is
important in fine water mist environments. Under simplified
conditions ignoring gas phase absorption and radiative heat
radiation, the heat radiation equation is

· = [ + ]

+

s I x s k x x I x s
x

s s I x s s

( , ) ( , ) ( , ) ( , )
( , )
4

( , ) ( , )d

d d bd

d

4 (6)

where kd and σd are the absorption coefficient and scattering
coefficient of the liquid particle, respectively, Ibd(x,λ) represents
the emission term of the particle, and s s( , ) is the scattering
phase function, giving the radiation intensity from the s to s ⃗
direction.

2.3. PVC Combustion Response. The structure of flame-
retardant conveyor belts currently used in coal mines in China is
mainly divided into two categories: fabric fiber core and steel
wire rope core. The material wrapping and covering the core is
mainly polyvinyl chloride plastic (PVC). Therefore, in this
study, the ignition source is set as the PVC material, and its
combustion reaction equation is as follows

+ +

+ + +
+ +

1C H CL 1(1.53O 5.75N )

1(HCL H O 0.14CO 0.96CO

0.9C 5.75N )

2 3 2 2

2 2

2 (7)
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according to formula (7), the reactants and products are defined
in FDS, and the relevant parameters are set to simulate.

2.4. Sensitivity Study on the Grid System. The
appropriate grid size directly determines the accuracy of the
FDS simulation results. Usually, a larger grid size will lead to
faster convergence; however, this will reduce the quality of
model testing to some extent, while a smaller grid size will lead to
slower convergence but higher quality prediction results.19,20

Therefore, considering the balance between simulation accuracy
and computational cost, it is necessary to find a suitable grid
through grid size optimization.21 In this paper, five different grid
sizes were selected for the simulation, as detailed in Table 1.

In this study, temperature and visibility are important
parameters for characterizing smoke dispersion, and temper-
ature, visibility, and CO distribution are important factors for
assessing the conditions for maintaining the evacuation of
people in a fire.20,22−24 Therefore, the relationship between grid
size and calculation results was analyzed through the
distribution of temperature, visibility, and CO concentrations
in belt transport tunnels with different grid sizes.

The simulation results for temperature, visibility, and CO
concentration for different grid sizes are shown in Figure 3. We
find roughly the same trend for the five grid types. In Figure 3a,
when the grid size is larger, the calculated temperature increases,
which indicates that the simulation results for temperature are
higher if the grid size is too large.26,27,29In Figure 3b,c, as the
simulation grid size increases, the visibility decreases and the CO
concentration increases. The abovementioned five grid sizes
indicate that finer grids will give more accurate results. The
simulation results for larger grid sizes have lower accuracy but
again reflect the trend of the parameters. The grid sizes in Figure
3a−c are 0.1 m, 0.125 m, and 0.15 m. The results for
temperature, visibility, and CO concentration are not signifi-
cantly different for a grid size of 0.15 m, that is, a finer grid size
does not optimize the results too much.

This paper assesses the quality of the grid size predictions by
looking at the vortices formed by the smoke.25,29Figure 4
illustrates the velocity vortices for five different grid sizes. It can
be observed that the difference in vorticity between grid system
I, II, and III simulations near the fire source is not significant,
while grid system IV and V simulations near the fire source show
significant vortex folds, although grid system V has a finer grid
division compared to the other four grid systems. This means
that grid system V takes more time to calculate, while its
simulation results have a slight improvement in accuracy.
Therefore, based on the results of the appeal grid sensitivity
analysis, this paper uses grid system IV for the simulations,
setting the grid system IV grid size to 0.15 m × 0.15 m × 0.15 m
and the total grid number to 400,890.

2.5. Simulation Cases. To study the heat insulation and
smoke resistance effect of the water curtain system, four fire
conditions are selected in this paper, as shown in Table 2. The

water curtain system is set on the right side of the fire source, and
the water curtain system and mechanical ventilation work
together to suppress the temperature increase and the smoke
spread.

This paper is a study of the influence of ventilation and water
curtain systems on smoke control and evacuation of people from
underground transport belt fires. The smoke propagation of
transport belt fires under different working conditions is
analyzed by studying important parameters such as the velocity
field, temperature, and visibility of the fire. The state of smoke
movement depends heavily on the movement of hot air, so
temperature distributions are modeled to indicate smoke
propagation at various locations.20

Ultimately, three horizontal slices (Y = 1.5 m, Y = 1.8 m, and Y
= 2.6 m) are defined in this paper, where Y = 1.5 m is used to
compare and analyze the toxic and hazardous gas concentration
and visibility distributions, and Y = 1.5 m, Y = 1.8 m, and Y = 2.6
m are used to analyze the temperature and velocity fields. On the
one hand, because the usual height of the human eye is between
1.2 and 1.8 m, heights of 1.5 and 1.8 m for the human eye were
used.28,29 On the other hand, because the roof temperature of
the tunnel also plays an important role in fire analysis, a tunnel
roof height of 2.6 m was used.

3. RESULTS AND DISCUSSION
3.1. Shielding Efficiency of Different Ventilations

under Water Curtain Systems. To evaluate the thermal
insulation effect of the water curtain system, the thermal
insulation efficiency is used to characterize the ability of the
water curtain to attenuate the heat radiation from a fire. Thermal
insulation efficiency is defined as the difference between the
temperature of the same point before and after the separation of
the water curtain (T1 − T2) and the temperature of the point
without the separation of the water curtain (T1). The formula is
expressed as

= ×T T
T

100%1 2

1 (8)

where T1 is the temperature of the measurement point when the
water curtain is not activated, in °C, and T2 is the temperature of
the measurement point when the water curtain is activated, in
°C.

Figure 5 shows the thermal insulation effect of the water
curtain with four ventilation speeds of 0, 0.8, 1.2, and 1.5 m/s
and the water curtain system working together. The water
curtain insulation effect is mostly concentrated in the 30−70%
stage. However, the greater the ventilation speed is, the better
the thermal insulation effect with the water curtain system. In
this study, when the ventilation speed is 0.8 m/s, the water
curtain system has the best thermal insulation effect; when the
ventilation speed is 1.2 m/s, the thermal insulation effect is
second, and when the ventilation speed is 0 and 1.5 m/s, the
thermal insulation effect is poor. Therefore, the main research
approach is to study the effect of heat and smoke insulation with
the water curtain system when the ventilation speed is 0.8 m/s.

3.2. Distribution of Temperature under the Water
Curtain System. Figure 6 shows the longitudinal cross section
for case 4 at X = 1.6 m for simulation times of 10, 20, 50, 100,
200, 400, and 600 s. As shown in Figure 6, the belt burned
sufficiently to spread rapidly to the ends of the tunnel due to the
abundance of oxygen in the underground tunnel. The main
reason for this phenomenon is that the gas diffusion to the right

Table 1. Details of Five DifferentMesh Sizes: 0.2, 0.175, 0.15,
0.125, and 0.1 m

grid system size of the grid total cell number

I 0.2 m × 0.2 m × 0.2 m 160,000
II 0.175 m × 0.175 m × 0.175 m 241,200
III 0.15 m × 0.15 m × 0.15 m 400,890
IV 0.125 m × 0.125 m × 0.125 m 665,600
V 0.1 m × 0.1 m × 0.1 m 1,280,000
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end of the tunnel is greater because the left side of the tunnel is
ventilated, while the gas diffusion to the left end of the tunnel is
weaker. When the time reaches 20 s, the fire becomes larger and
gradually spreads to both ends of the tunnel as the burning area
expands. At the same time, the smoke rises vertically under the
buoyancy of the heat plume from the fire source, and as the wind
is blowing to the right, the visibility of the right-hand side of the
tunnel rapidly decreases, and the smoke spreads to both ends,
with the upwind side of the tunnel having good visibility for the
first 20 m of the tunnel due to ventilation. Visibility is the
distance at which an observer can identify an object relative to
the background, taking 10 m as the fire hazard critical value.20

When the time reaches 100 s, the fire tends to stabilize, and the
underground belt transport tunnel is gradually filled with smoke,
resulting in very low visibility, which then shows a stratified state
under the upper mold, with the visibility of the upper layer being
lower than that of the lower layer. When the time reaches 400 s,
the smoke completely fills the tunnel, and the visibility range
tends to stabilize. Therefore, the next part of this study focuses
on the changes in the fire after the addition of the water curtain
system during the 200−400 s period of fire stabilization. Finally,

the intensity of PVC burning gradually decreases as oxygen is
consumed.

An enlarged view of the water spray area of the water curtain is
shown in Figure 7. It can be seen that the jet produced by the
water spray from the sprinkler drags the smoke flow from the fire
side and the fresh air from the outside. This mixture is then
projected onto the ground, creating a cooling plume of smoke
that flows sideways. However, due to the entrainment caused by
the jet, the smoke is not completely blocked by the water mist
curtain. The streamlines in Figure 7 clearly demonstrate this.
3.2.1. Distribution of the Flow Field under the Water

Curtain System. Figure 8 shows the temperature field (left) and
longitudinal velocity component (right) in the vertical mid-
plane (y = 1.6 m) with the addition of the water curtain system
during the fire stabilization period (200−400 s). The temper-
ature profile in the figure (left) shows the composite flow of the
fire and smoke plume obstructions for the longitudinal
ventilation flow at z = 40 m (center of the fire source) and z =
60 m (location of the water curtain system). With the increase in
the number of water jets, the fluctuation of the composite flow
tends to be smooth and the propagation range decreases. The

Figure 3. Three-parameter comparison for different grid systems at a simulation time of 300 s: (a) comparison of temperature at X = 1.6 m; (b)
comparison of visibility at X = 1.6 m; and (c) comparison of CO concentration at X = 1.6 m.
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main purpose of this paper is to analyze the effect of water spray
on the velocity and temperature fields in more detail. Therefore,
we focus on this area (z = 40 m and z = 60 m).

By observing the horizontal velocity component (V), it is
found that when there is no water spray (a), the velocity close to
the flame is the largest, but the incoming wind speed in the
tunnel due to the effect of thermal buoyancy changes the
direction of the flow velocity, which affects the area behind the
flame (65−100 m). Flow velocity has little effect. There is a
large-scale vortex structure in the direction of the velocity vector
near the flame. The longitudinal ventilation and the air outside
the flame flow to the flame area under the action of the pressure
gradient. Under the action of the flame and the surrounding
shear force, the flow direction is changed, resulting in a large-
scale vortex. At the same time, it is worth noting that as the fire
developed, a large number of vortex structures were also
generated in the rear area of the figure. From the direction of the
velocity vector, it can be seen that the vortex is a wake vortex
structure generated by the incoming air in the pipe around the
flame. In the horizontal velocity component (V) of the water
curtain system (b), (c), and (d), with the increase in the number
of water jets, the thermal buoyancy is reduced, the increase in the
fluid mass flow velocity is weakened, and the increase in the flow
velocity of the fluid mass is delayed. Vortex generation.

Figure 9 shows the vertical velocity components (left) and
longitudinal velocity components (right) near the height of the
transport belt (Y = 1.5 m) during the fire stabilization period
(200−400 s). Looking at the vertical velocity vector W (left), it
can be seen that in the area of the fire (Z = 40−60 m), the left
side of the vertical middle plane has a greater velocity and tends
to flow more due to the “push” effect of the hot smoke (left to
right flow).

Looking at the horizontal velocity vector V (right), the vortex
is most pronounced in case (a) and very confused in case (d),
indicating that the vortex formation velocity decays as the
number of spray rows increases. This is due to the upward
movement of the droplets between the rows of spray. The flow
caused by the spray hits the floor of the tunnel, creating a “push”
force that causes the cold air in the area to flow upward, reducing
thermal buoyancy, attenuating the flow velocity, and delaying
the creation of vortices. This is a complex flow process that
carries water mist and combines it with fire (smoke)- and
ventilation (air)-induced flow in a horizontal direction.

Figure 10 shows the vertical velocity component (left) and
longitudinal velocity component (right) at the height of the
tunnel (Y = 1.8 m) during the fire stabilization period (200−400
s). The vertical flow velocity W (middle) in the tunnel becomes
increasingly complex, showing a trend of smoke pushing to the
right. When Y = 1.8 m, the vertical flow velocity stratification of
each condition decreases compared to Y = 1.5 m, and the flow
field within the vertical velocity vector of all conditions is stable
with increasing height. The rate of vortex formation in the
horizontal velocity vector V (right) decays with an increasing
number of water spray rows.

Figure 11 shows the vertical velocity components (left) and
longitudinal velocity components (right) near the height of the
roof (Y = 2.6 m) during the fire stabilization period (200−400
s). Looking at the vertical velocity vector W (middle), the extent
that as the number of rows of water curtain increases, the
velocity on the right side of the flame increases, the flow pattern
on the left side of the flame becomes more complex, and the
right side of the fire source shows a tendency to push to the left.
This effect is similar to the vertical velocity vectorW in Figures 9

Figure 4. Velocity vectors near the fire source at a simulation time of
150 s: (a) grid system I; (b) grid system II; (c) grid system III; (d) grid
system IV; and (e) grid system V.

Table 2. Summary of Different Simulation Cases

case situation

1 ventilation 0 m/s + water curtain system
2 ventilation 1.2 m/s + water curtain system
3 ventilation 1.5 m/s + water curtain system
4 ventilation 0.8 m/s
5 ventilation 0.8 m/s + one row of water curtain
6 ventilation 0.8 m/s + two rows of water curtain
7 ventilation 0.8 m/s + three rows of water curtain

Figure 5. Shielding efficiency under four different ventilations.
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and 10, but because the smoke has more horizontal momentum
near the top plate, the horizontal flow has not yet been biased to
flow vertically downward, the flow velocity of the water curtain is
greater than the flow velocity of the smoke, and smoke blockage
occurs.

Looking at the horizontal velocity vector V (right), in the case
without water spray (a), the vortex structure is very pronounced,
which is generated around the fire source due to thermal
buoyancy and ventilation. In cases (b), (c), and (d), when the
water curtain system is added, the vortex becomes less

pronounced and is generated over a greater distance and at a
slower speed. This is due to the upward flow between the rows of
droplets, which will be entrained into the water spray and the
impingement, hindering the thermal buoyancy and the velocity
of the vortex generated by the ventilation, that is, the push of the
smoke from the left to the right side. This impact effect of
upward flow between sprays helps to block smoke propagation.
The greater the number of rows of water curtains, the more
upward impingement between sprays and the more significant
the blocking effect.
3.2.2. Temperature Distributions. Figure 12 shows a

quantitative comparison of simulation results at three levels
for tunnel fires in the case of a no-water curtain system (left) and
a three-drainage curtain system (right). The water curtain
system starts after 40 s, where Z = 20 m is located upstream of
the fire source and the water curtain system, Z = 50 m is located
downstream of the fire source and upstream of the water curtain
system, that is, between the water curtain system and the fire
source, and Z = 80 m is located downstream of the fire source
and water curtain system. The temperature curve at Z = 20 m
shows that under ventilation of 0.8 m/s, the activation of the

Figure 6.Temperature and visibility contours (no spray) at the section ofX = 1.6 m in case 4 at different simulation times, (a) t = 10 s, (b) t = 20 s, (c) t
= 50 s, (d) t = 100 s, (e) t = 200 s, (f) t = 400 s, and (g) t = 600 s.

Figure 7. Simulate a contour plot of the soot mass fraction with
streamlines (arrows showing the location of the injection).
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water curtain system has little effect upstream of the fire source
(Z = 20 m). However, the activation of the water curtain system
at Z = 50 m and z = 80 m downstream from the fire source will
have some effects. The effect of water spray at the position Z =
50 m is greater than that at the position Z = 80 m, and the
cooling effect is more obvious because the effect of water spray
on the flame flow field at a close range is greater. It can also be
observed that the temperature near the roof of the tunnel at Y =
2.6 m is much higher than that in the middle layer of the tunnel
at Y = 1.5 m and Y = 1.8 m, and the upstream of the water curtain
system hardly affects the smoke stratification. Combining
Figures 8, 9, and 10, it is worth noting that at the position of
the fire source, the presence of water spray to the upper layer is
more obvious. The pushing effect of the airflow becomes
increasingly obvious with increasing height, which can be seen in

the temperature field and velocity field of the horizontal plane.
When Y = 2.6 m, the blocking effect is the most obvious.

Figure 13 shows the distribution of temperature in the
horizontal section at the height of the tunnel (Y = 1.5 m) during
the fire stabilization period (200−400 s). These figures show
that the high-temperature zone is located in the 35−45 m area,
the highest temperature without water spraying. When the water
curtain system is activated, the increase in the number of water
curtain rows has a lowering effect on the temperature. When
water is sprayed from three rows, the temperature inside the
tunnel is the lowest. Smoke spread at Z = 30 m and Z = 50 m is
blocked, compared with the no water spraying case when the
smoke layer temperature is reduced, the high-temperature zone
is confined within the water curtain screen, and the temperature
outside the fire area is close to the ambient temperature.

Figure 8. Temperature field (left) and longitudinal velocity component (right) of the simulated water curtain system. (a) No spray, (b) one row of
water spray, (c) two rows of water spray, and (d) three rows of water spray. At the vertical plane (x = 1.6 m), values have been averaged over the steady-
state period (200−400 s).

Figure 9. Temperature field (left), vertical velocity component (middle), and longitudinal velocity component (left) of the simulated water curtain
system. (a) No spray, (b) one row of water spray, (c) two rows of water spray, and (d) three rows of water spray. In the vertical plane (Y = 1.5 m), the
values were averaged over the steady-state period (200−400 s).
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3.3. Distribution of Visibility and Concentration under
the Water Curtain System. 3.3.1. Visibility Distributions.
Visibility is one of the important parameters in fire safety
assessment. Figure 14 shows the visibility contours near the fire
source at the longitudinal section (X = 1.6 m) during the fire
stabilization phase (200−400 s). It can be observed that in cases
(b), (c), and (d), the visibility near the fire source is truncated by
eddies due to the increased efficiency of the water mist in
flushing the smoke particles after the addition of the water
curtain system, which has a significant smoke stopping effect and
creates an area inside which the visibility cannot be greatly
improved. This is due to the increased momentum of the smoke
and water mixed flow; when the impact on the ground after the
rebound effect is obvious, the rebound of the airflow back up
results in a reduction in visibility rebound rate. As the number of
water curtain rows increases, the thermal buoyancy and droplet
gravitational acceleration around the effect of the flow in a vortex

impede the propagation of smoke and improve visibility inside
the tunnel. The visibility near the water curtain increases to 16
m, which is improved in the visibility comparison case (a) after
the tunnel Z = 80m, that is, outside the confined area, visibility is
high, which indicates that the system can be used to effectively
limit the propagation of smoke.

Figure 15 shows the visibility contours of the horizontal
section at human eye height (Y = 1.5 m) during the simulation
time in the fire stabilization phase (200−400 s). In the no spray
case, the vast majority of the tunnel was found to have visibility
below 6 m, which is very dangerous for evacuation and rescue,
except in small areas away from the fire source. In other cases,
the visibility in the tunnel increased as the number of water spray
rows increased.
3.3.2. CO Concentration Distributions. Figure 16 shows the

distribution of CO gas concentrations in the tunnel at the
longitudinal section (X = 1.6 m) at the simulation time during

Figure 10.Vertical velocity component (left) and longitudinal velocity component (right) of the simulated water curtain system. (a) No spray, (b) one
row of water spray, (c) two rows of water spray, and (d) three rows of water spray. In the horizontal plane (Y = 1.8 m), the values have been averaged
over the steady-state period (200−400 s).

Figure 11. Temperature field (left), vertical velocity component (middle), and longitudinal velocity component (left) of the simulated water curtain
system. (a) No spray, (b) one row of water spray, (c) two rows of water spray, and (d) three rows of water spray. In the vertical plane (Y = 2.6 m), the
values were averaged over the steady-state period (200−400 s).
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the fire stabilization phase (200−400 s). High CO concen-
trations are found in the area 1 m below the roof slab. The
addition of the water curtain system reduced the stratification of
CO concentrations near the fire source, resulting in CO
concentrations in the tunnel of less than 0.03% (30 ppm).

Figure 17 depicts a change in CO concentration in the tunnel.
Figure 16 shows the distribution of CO concentrations in the
horizontal section at human eye height (Y = 1.5 m) during the
fire stabilization period (200−400 s). The four cases found that
CO concentrations in the area downstream of the fire source
(50−100m) increased with distance from the fire. When a water
curtain system was added, the CO concentrations in (b), (c),
and (d) decreased compared to the CO concentration in (a),

indicating that the water curtain system was also effective in
preventing toxic gases. Figure 16b depicts the CO concentration
change curve at Z = 50 m. The CO concentration can be seen to
gradually increase throughout the simulation process. This is
due to the fact that when the water curtain system is activated,
the water vapor produced by the vaporization of the water mist
droplets and the C cracked from the PVC form near the rubber
surface. A large amount of COwas produced following the water
gas reaction, causing the content to slowly increase, but its
concentration downstream of the roadway was much lower than
the evacuation standard 5 × 10−6 or 5 ppm.

+ = +C H O CO H2 2 (9)

Figure 12. Quantitative comparison of simulation results at three heights for simulated systems with no spray (left) and systems with a water curtain
system (right). (a) Y = 1.5 m, (b) Y = 1.8 m, and (c) Y = 2.6 m.
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4. CONCLUSIONS
In this study, the effect of a water curtain system on a belt fire in
an underground tunnel in a coal mine was investigated using
CFD simulation. This study can provide guidance for the design,
operation, and maintenance of smoke control in underground
belt tunnels in coal mines. The main conclusions are as follows:
(1) The installation of water curtain systems in underground

tunnels is beneficial in creating a good evacuation and
disaster avoidance environment for underground person-
nel and can effectively confine induced fires to the area
between the water curtains. Ventilation speed affects the
temperature distribution and the degree of fire control
within the belt transport tunnel, and excessive mechanical
ventilation speed can undermine the barrier effect of the
water curtain system in underground tunnel fires. This
study found that the mechanical ventilation speed should
be controlled at approximately 0.8 m/s.

(2) Observing the complex flow field in the tunnel, the plume
close to the fire source bends the flow outward due to the
obstruction of the longitudinal ventilation flow, carrying
the hot smoke to the sidewalls of the tunnel and creating a
temperature trough below the tunnel where the flow
merges again into its center. In the vicinity of the water
curtain system, the flow field around the fire source
changes considerably, forming a plug shape. This was
attributed to the blockage of flow caused by the water

curtain system, which affected the flow field around the
fire source.

(3) The presence of the water curtain system is more
pronounced at the roof of the tunnel. The pushing effect
of the airflow becomes increasingly apparent with
increasing height, as shown in the temperature and
velocity fields in the horizontal plane, with the blocking
effect most evident at Y = 2.6 m. At the bottom of the
tunnel, the airflow flows from left to right toward the
water curtain, and the momentum of the water is blown
away by the longitudinal airflow, causing hot flue gases to
leak from the water spray area and attenuating the smoke
blocking effect of the water curtain.

(4) At a height of 1.5 m above the level of the human eye, the
addition of a water curtain system will control the
propagation of temperature and CO and rapidly regain
visibility in the tunnel, despite the low visibility in the
confined area between the water curtain system and the
fire source. However, the temperature at 1.5 m above the
tunnel floor is relatively low, at approximately room
temperature level 30 °C, and the CO concentration is
controlled to 20 ppm, which allows underground
personnel to safely evacuate from the fire.

The water curtain system controls the propagation of smoke
and temperature through the tunnel and is more flexible and has
less effect on the tunnel structure than other physical
compartment curtains, making it of greater research interest.

Figure 13. Numerical temperature distributions at 1.5 m above the
floor level.

Figure 14.Visibility distribution in the tunnel. (a) No spray, (b) one row of water spray, (c) two rows of water spray, and (d) three rows of water spray.
Values have been averaged over the steady-state period (200−400 s).

Figure 15. Numerical visibility distributions at 1.5 m above floor level.
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Little research has been carried out on this system in tunnels, so
small-scale and full-scale combustion tests are needed in the
future to give more confidence in its use in underground tunnel
belt transport fires.
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