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Once a fire occurs in a long curve tunnel, the mixing of hot smoke flow and cold air leads to turbulence due to the curvature’s
impact.*is phenomenon results in a greater thermal pressure difference at the fire source and a substantially greater temperature
field than in the straight tunnel. *e longitudinal air flowing along the wall loses a lot of velocity in the curve tunnel due to the
massive wall friction. Under the same fire extinguishing conditions, the curve tunnel and straight tunnel have different re-
quirements for longitudinal ventilation. Factors such as tunnel curvature, longitudinal ventilation operation time, and ventilation
velocity were all evaluated in order to investigate the influence of longitudinal ventilation parameters on the fire extinguishing
effect of water mist in the curve tunnel. *e fire extinguishing effect of water mist coupling with longitudinal ventilation in the
curve tunnel is studied by numerical simulation, and the recommended values of ventilation operation time and ventilation
velocity in the curve tunnel with the participation of the water mist system are given. *e results show that (1) the fire
extinguishing effect of water mist decreases with the increase of curvature under longitudinal ventilation and (2) fire prevention
effect is best when water mist and longitudinal ventilation are used in the curved tunnel, and the ventilation velocity should be
greater than 2m/s.

1. Introduction

*e mountain tunnels tend to be characterized by crossing
deep valleys and high mountains. In order to avoid traversing
unfavorable geology and overcome terrains with large elevation
differences, more curve tunnels have emerged. *e curvature
varies from 1/254 to 1/3000. Tunnel fire is the most dangerous
disaster during operation period since a large amount of hot
and toxic smoke are generated by fire, which seriously affect the
safety of passengers and the stability of the lining structure. In
addition, the smoke diffusion in the curve tunnel is quite
different from that of the straight tunnel due to the interaction
of curvature and centrifugal force.

In the curved tunnel, a great number of studies have been
performed for the limit and control of smoke. Zhong et al.

[1] conducted a full-scale experimental study on the de-
velopment of flue gas in inclined large curved tunnels of
underground natural ventilated spaces under three different
fire powers. *e experiments measured the vertical smoke
temperature rise, the flow characteristics of the fire plume
near the fire source, and the variation of maximum smoke
temperature during the growth, stabilization, and attenua-
tion phases of the fire. Lou et al. [2] studied the effects of
curvature on smoke diffusion by using the software of FDS
in a curved tunnel fire, for understanding the correlations
between the range of influence and the degree of the tunnel
curvature. Li and Xie [3] established a full-scale curve tunnel
model based on computational fluid dynamics theory and
fire turbulence numerical simulation theory by using the
numerical simulation method. *e fire and ventilation
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conditions of the full-scale curve tunnel were studied by
CFD simulation software. Caliendo et al. [4] proposed a CFD
model simulating the impact of curved bi-directional
highway tunnel fire, focusing on the impact of tunnel fire
location, tunnel geometry, longitudinal ventilation of jet
fans, and existence of the traffic flow on tunnel fire. Although
there are a lot of research studies on the curved tunnel, the
research on fire extinguishing by water mist in the curved
tunnel is still blank. Zhang et al. [5] used FDS 5.5.3 to
numerically study the length of the smoke back layer and the
critical ventilation velocity of a series of curved subway
tunnels with turning radius of 300 to 1000m at the exo-
thermic rate of 5 and 10MW. Wang [6] studied the nu-
merical simulation results of critical ventilation speed and
smoke movement of fire at different lateral positions of the
curved tunnel and also gave the back layer length of three
lateral fire positions. Liu [7] described full-scale tests of the
water mist fire suppression system under forced desmoking
conditions. *e smoke exhaust had a strong effect on the
water mist to result in a fire that could not be extinguished
when the ventilation rate increased to 120.0m3/min. *is
study employed a computer modeling to verify the water
mist system in a compartment space and determine how the
water mist system could be optimized.

However, only grasping the law of smoke diffusion in
curved tunnels is not enough to guide engineering practice.
With the deepening of tunnel smoke control, water mist fire
extinguishing systems have gradually become one of the
auxiliary measures for tunnel fire control. *erefore, a large
number of studies have been carried out based on the water
mist system. Blanchard et al. [8] focused on the fire in midscale
tunnels and conducted experiments and numerical simula-
tions. In their research, water spray was sprayed directly on the
fire source to control the fire, opening the longitudinal ven-
tilation system and exploring the law of temperature changes
inside the tunnel. *e results show that the water mist plays an
important role in the absorption of heat, andmost of the heat is
absorbed by the water droplets. Tang et al. [9] conducted an
experimental study on the longitudinal critical velocity. *e
experimental results show that the critical velocity of the tunnel
decreases after the activation of the water-based fire extin-
guishing system. Li et al. [10] described and analyzed exper-
iments using water mist segments (curtains) to prevent smoke
and heat transmission in mesoscale tunnels. *e experimental
results show that the activation of the water mist section can
generally reduce the temperature under the inner ceiling of the
reserve. *e blocking effect of the water mist section is better
when the nozzle is more active and the water pressure is higher.
Garo et al. [11] studied the influence of a mist addition as an
opposed flow to a small-scale liquid (heptane) pool fire
structure, confirming that radiation attenuation cannot be
identified as a predominant mechanism of extinguishment.
Liang et al. [12] conducted a numerical study on the interaction
between lateral ventilation and water mist curtains in large
tunnels.*e results show that the combination of water curtain
and transverse ventilation system can effectively limit fire and
smoke, and the environment in the restricted area is suitable for
evacuation. Cui and Liu [13] proposed that, without weakening
the fire extinguishing effect of water mist, proper mechanical

ventilation systems can effectively reduce flue gas concentra-
tion, thermal radiation intensity, and total heat flux intensity. It
can also increase the concentration of O2 and reduce CO
volume fraction. To some extent, the combined action of
mechanical ventilation systems and water mist will help ensure
personnel safety in the fire ground. Chen et al. [14] found that
when the interval between the mist nozzle and fire source
enlarges, the relationship curve between fire suppression time
and ventilation velocity shows a ‘V’ figure.

However, the research object of the above research is
mainly straight tunnels. *ere are less research studies on
the coupling of curved tunnels. Excessive air reduces fire
extinguishing efficiency, but appropriate ventilation can
slightly enhance fire combustion and further strengthen the
effect of cooling by water mist. *e incomplete combustion
of combustibles produces CO and fumes, which form a thick
and dense smoke layer. *e hot smoke layer is hardly
penetrated by finer droplets, but smoke concentration can be
decreased by the dilution of air and the complete com-
bustion of fuel.*is effect helps water droplets reach the fire.
Meanwhile, convective heat transfer and radiation attenu-
ation caused by fresh air play their active roles in decreasing
the radiant heat feedback of smoke on combustibles. When
the water mist system and ventilation system are used at the
same time in the tunnel, a complex situation of water mist,
fire, and ventilation coupling is formed, which mainly affects
the fire extinguishing. *ere are many cases in which two
kinds of systems are used at the same time and the venti-
lation system is longitudinal ventilation. *e specific engi-
neering results are shown in Table 1 [15, 16], including the
Jinjiazhuang Tunnel. Longitudinal ventilation will often
have adverse effects on water mist fire extinguishing, which
is mainly reflected in two aspects: (1) the longitudinal
ventilation system will change the original motion trajectory
of the water droplets while removing high temperature and
toxic smoke, causing the water droplets to deviate from the
fire source, which may cause the water mist with a small
particle size to fail to reach the root of the flame, as shown in
Figure 1. *e fire extinguishing effect is reduced because the
mechanical exhaust increases the buoyancy of the fire plume
and affects the momentum of the water mist reaching the
root of the flame. (2) Longitudinal ventilation in the highway
tunnel will bring a lot of fresh air, which will bring sufficient
oxygen to the fire source in the tunnel and even play a
combustion-supporting effect. *is is not good for tunnel
fire extinguishing. *ese adverse effects not only appear in
the straight tunnel but also apply to the curve tunnel.

Current research mostly focuses on exploring the in-
fluence of longitudinal ventilation in linear highway tunnels
on water mist fire extinguishing [17–19]. *erefore,
according to the actual size of the Jinjiazhuang Tunnel and
the method of FDS numerical simulation, this paper studies
the interaction between the longitudinal ventilation and the
water mist system, the reasonable opening time, and the
design wind speed of the longitudinal ventilation under
different curvatures. And, the corresponding suggested
values are given. *e results can provide references for
tunnel designers in the design of tunnel fire control and
smoke exhaust.
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2. Numerical Simulation

2.1. Introduction of FDS. Fire dynamics simulation software
(FDS) is a commonly used fire simulation tool, which can
comprehensively consider the various processes of fire
smoke flow. FDS can also realize the coupled simulation of
two-phase flow, smoke, and particles. *e Large Eddy
Simulation turbulence model was used in this FDS nu-
merical calculation. *e main governing equations of FDS
[20] are as follows:

Conservation of mass:
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*e spray characteristics are defined by a set of pa-
rameters, including fluid thermal characteristics, droplet
size distribution, and spray characteristics. In the FDS
spray model, Lagrange particles are used to represent
water droplets. *e droplet size distribution is repre-
sented by lognormal distribution and Poisson
distribution:
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*emass and energy transfer formula of the vapor phase
or droplet is as follows:
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2.2. NumericalModel. Based on the real size of Jinjiazhuang
Tunnel, a numerical model is established, and the curvatures
are 1/860, 1/500, and straight. *e size of the numerical
model is 300m× 13m× 8.7m (length×width× height). *e
height of the water mist nozzle is 5m, and the distance

between adjacent nozzles is 3m.*e total length of the water
mist fire extinguishing area is 50m. *e velocity of the
nozzle is 10m/s, and the flow rate is 15 L/min. *e nozzle
working pressure is 12MPa, and the diameter of the water
mist droplet is 300 μm. *e fire source is an oil basin filled
with heptane, the fire source area is 0.36m2, the fire size is
30MW, and the fire source is located 50m away from the
entrance of the tunnel.

*e simulated ambient temperature is 20°C, and the
boundary conditions of inlet and outlet are set as “open.”
*e inlet boundary condition is changed to “supply” to
represent longitudinal ventilation in the tunnel.

*e water mist system is activated 90 s after ignition, and
the visibility and temperature concentration measurement
points are arranged at the height of the human eye (2.0m
from the ground) and the height of the vault. *e visibility
and temperature are recorded every 1 second. Figure 2
shows the locations of the measuring points discussed in
the numerical simulation. In addition, in order to monitor
the flow and temperature field, horizontal slices at different
heights (medium height z� 2.0m and slightly lower than the
ceiling z� 4.9 meters) and longitudinal slices at different
distances from the fire source (10m, 20m, 30m, 50m, and
100m from the fire source) are defined.

Considering the radius of curvature, the speed of lon-
gitudinal ventilation, the opening time of longitudinal
ventilation, and other factors, 21 working conditions are
designed, as shown in Table 2. Calculation condition 1–20 is
used to study the effect of water mist fire extinguishing under
multifactor coupling. To verify the accuracy of FDS, cal-
culation condition 21 is designed according to the experi-
ment of small-sized tunnel longitudinal smoke exhaust and
high-pressure water mist [21].

2.3. Sensitivity Study on the Grid Size. During the FDS fire
simulation, the size of the grid determines the accuracy of
the simulation results. As the number of grids increases, the
calculation results are more accurate, but the calculation
time increases. *erefore, the grid size is usually determined
by the characteristic fire diameter D∗ of the fire source. It is
suggested that when the grid size is taken as 1/10 of the
characteristic fire diameter, the simulation results are ac-
curate. *e D∗ calculation formula [22] is as follows:

D
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Q
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��
g

√ 

2/5
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*e heat release rate is the key factor directly affecting
the fire characteristics. For a 30MW fire, the value of D∗ is
about 3.66m. *is means that a mesh size of 0.36m or less
should provide reliable results. To obtain the proper grid
sizes, grid sensitivity analyses are carried out as in the
previous studies [17]. *e grid sizes of 0.2m, 0.25m, and
0.5m are selected in the current work.

Figure 3 shows the temperature distribution of the
tunnel longitudinal section near the fire source with different
grid sizes. *e 0.5m grid size has a faster temperature rise
because the location of the fire source is larger than other
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grids.*icker mesh has thicker layer of smoke, and results of
grid sizes of 0.2m and 0.25m are nearly the same.*erefore,
the grid size used in FDS calculation in this study is 0.25m.

3. Result and Discussion

3.1. Validation Work. To verify the correctness of the FDS
calculation, a small-scale tunnel longitudinal smoke exhaust
and high-pressure water mist coupling experimental model
of Zhang et al. [21] is selected for numerical simulation. *e

model size (length×width× height) is 6m× 1.5m× 2m,
and a small diesel pool fire (250mm× 200mm) is used as the
research object. *e oil pool is located directly under the
water mist nozzle. One of the calculation is selected for
verification. Under this calculation condition, the working
pressure of the water mist nozzle is 15MPa. *e actual flow
rate is 19 L/min, and the droplet diameter is ≤200 μm. *e
fan is opened to ensure that the longitudinal ventilation
wind speed reaches 1m/s. Both longitudinal ventilation and
water mist turn on 90 s after the oil pool is ignited.

Table 1: Typical engineering application of the water mist fire extinguishing system in the tunnel space.

Application place Country Fire extinguishing system Ventilation system
Hugh L. Carey Tunnel USA Water mist Longitudinal
Gran Sasso National Laboratory Underground Tunnel Germany Water mist Longitudinal
Virgolo Tunnel Italy Water mist Longitudinal
Eurotunnel France and UK Water mist Longitudinal
New Tyne Crossing UK Water mist Longitudinal
Saadiyat Island Service Tunnel Abu Dhabi Water mist Longitudinal

Strong influence area Medium influence area Weak influence area

Strong influence area

v

v↑

Medium influence area Weak influence area

Figure 1: Water mist droplets have long downstream distance at higher longitudinal ventilation.

2 m

2 m

3 m

4.9 m
Measuring Point

Fire Source

Fire source

View from front

View from above
v

Water Mist Nozzle

v

Figure 2: Schematic diagram of the arrangement of fire source, water mist nozzle, and measuring points.
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Measuring points at a height of 500mm directly above the
fire source and a height of 1500mm from the ground are set
to measure the fire field temperature.

*e comparison between FDS calculation results andmodel
test results is shown in Figure 4. *e trends of FDS simulation
results and the experimental results are in general agreement.
*e temperature of the measuring point increases continuously
before the water mist is turned on. It rises for a short time after
the activation of water mist and then decreases. *e error is
controlled within 15% to meet the error requirements [23].
*erefore, the results obtained by FDS are credible.

3.2. Be Effect of Longitudinal Ventilation on Water Mist
System under Different Curvatures. *e water mist has a
more stable form without mechanical ventilation, which
plays a better role in blocking the smoke and reducing the
temperature significantly. However, the movement of the
droplets will be greatly disturbed with the opening of lon-
gitudinal ventilation. *e droplets fall on the road at a long
downstream distance, reducing the effect of smoke insu-
lation and cooling. Generally speaking, the airflow is more
likely to be disturbed at a small particle size under the action
of forced ventilation. *e disturbance causes the droplets’
velocity to be unstable, reducing the momentum of droplets,
which has an adverse effect on extinguishing fire.

Figure 5 shows the vault temperature change curve of a
tunnel with a curvature of 1/500 and 1/860 under different
longitudinal ventilation speeds. With the increase of ven-
tilation speed under different curvatures, the variation trend
of temperature is consistent. Under the same curvature, the
higher the longitudinal ventilation speed, the lower the
temperature in the tunnel. *e highest temperature is 261°C

at the vault height, and the lowest temperature is 20°C.When
the longitudinal ventilation speed is 2m/s, the high tem-
perature danger zone (the area where the temperature is
higher than 60°C at human eye height) near the fire source is
the shortest. *e upstream of the tunnel is kept at a normal
temperature of 20°C, as the longitudinal ventilation speed
increases to 3-4m/s. Within 100m downstream the fire
source, the temperature fluctuates due to the flue gas’s
disturbance by the convection of cold and hot air. With the
increase of the longitudinal ventilation speed, the fluctuation
becomes more intense.

*e temperature change curve of the tunnel with a
curvature of 1/500 at different longitudinal wind speeds at the
height of the human eye is shown in Figure 5(b). *e tem-
perature in the upstream of the fire source is basically kept
within the safety limit and reaches 100°C near the fire source.
With the increase of ventilation speed, the disturbance of the
smoke flow becomes more severe, and the temperature at the
height of the human eye within 50m downstream of the fire
source fluctuates continuously. When the longitudinal ven-
tilation speed is 2m/s, the high temperature danger zone is the
shortest. *e temperature fluctuation tends to be stable after
50m downstream of the fire source, and the temperature only
fluctuates between 35–45° after 100m.

3.3. Operation Time of Ventilation System under Different
Curvatures

3.3.1. Temperature Variation under Different Curvatures.
*e smoke generated in highway tunnel fire has a very high
temperature. For the lining, the high temperature will cause
the concrete lining structure to burst, which will affect the

Table 2: Simulation scenario.

Calculation
condition Radius of curvature Fire

scale
Opening time of water mist

(s)

Longitudinal
ventilation
speed (m/s)

Opening time of longitudinal
ventilation (s)

1

0 30MW 90 2

-
2 60
3 90
4 120
5

500 30MW 90 2

-
6 60
7 90
8 120
9

860 30MW 90 2

-
10 60
11 90
12 120
13

500 30MW 90

1

9014 2.5
15 3
16 4
17

860 30MW 90

1

9018 2.5
19 3
20 4
21 0 35 kW 90 1 90
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safety of the lining structure. For people, the heat radiation
in the fire causes burns. *erefore, it is necessary to launch
the study of the temperature change at the height of the eye
and the height of the vault under the coupling of tunnel fire,
water mist, and longitudinal ventilation.

(1) Temperature Variation at Vault Height. *e temperature
distribution is studied to explore the influence of the
coupling of longitudinal ventilation and fine water mist in
tunnels with different curvatures. Figure 6 shows the
temperature changes of tunnel vaults of various curva-
tures when longitudinal ventilation is turned on at 60 s,

90 s, and 120 s and without longitudinal ventilation. *e
flue gas temperature fluctuates greatly near the fire source.
As the curvature increases, the resistance and the tem-
perature at the same height increases. After the longitu-
dinal ventilation is turned on in various simulation
conditions, the temperature drops significantly, as shown
in Figure 6. With the axial flow fan operation time in
advance, the cooling time is shortened. Longitudinal
ventilation is started in 60 s, 90 s, and 120 s, and the time
required for the temperature of the vault above the fire
source to stabilize at about 60°C is 150 s, 130 s, and 140 s,
respectively.

(1) Grid size 0.5 m

(2) Grid size 0.25 m

(3) Grid size 0.2 m
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Figure 3: Grid sensitivity: comparison of temperature contour plots in the vertical midplane for 3 mesh cell sizes for simulation 11.
(a) Temperature contour plots in the vertical midplane. (b) Temperature change curve at human eye height under different grid sizes.
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Figure 4: *e temperature observed by Zhang et al. vs. the results reproduced by FDS.
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*e cooling effect under the condition of 120 s longi-
tudinal ventilation is better than that the condition without
longitudinal ventilation, which shows that turning on the
longitudinal ventilation has a significant effect on reducing
the temperature in the tunnel. As shown in Figure 6, when
the longitudinal ventilation and water mist are turned on at
the same time, the temperature in the tunnel is relatively low,
basically maintaining below 35°C. Comparing the calcula-
tion simulations of different operation times, it is not that

the temperature in the tunnel drops faster when the ven-
tilation is opened earlier. *e longitudinal temperature
distribution in the tunnel is related to the degree of influence
of longitudinal ventilation on the water mist. When the
longitudinal ventilation is turned on too early, the tem-
perature drop is not obvious due to the downstream distance
of water mist droplets. *e hot smoke cannot be eliminated
in time with the delayed opening of longitudinal ventilation.
Since the initial water mist has a higher flow rate and a lower
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Figure 5: Variation of temperature at different heights in curvature 1/500 and 1/860 tunnels under different longitudinal ventilation speeds.
(a) Variation of vault temperature in curvature 1/500 tunnel under different longitudinal ventilation speeds and variation of vault
temperature in curvature 1/860 tunnel under different longitudinal ventilation speeds. (b) Variation of eye height temperature in curvature
1/500 tunnel under different longitudinal ventilation speeds and variation of eye height temperature in curvature 1/860 tunnel under
different longitudinal ventilation speeds.
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longitudinal wind speed, the effect of longitudinal ventila-
tion on water mist is very small, so the fire extinguishing
effect is obvious, as shown in Figure 7. On the contrary, the
longitudinal ventilation allows the smoke flow continuously
making the droplets entering the flame zone and reducing
the heat radiation of the flue gas.

(2) Temperature Variation at the Height of Human Eyes. *e
temperature distribution diagram of each tunnel cross
section when the curvature is 1/860 is shown in Figure 8.
As shown in Figure 8, the high temperature area is mainly
concentrated in the range of 100m downstream of
the fire source, and there is obvious temperature

stratification. *e highest temperature is 55°C in the
middle of the tunnel, and the temperature in the area
below 2m is close to normal temperature. *e hot flue gas
velocity upstream of the fire source is relatively slow on
account of the resistance of the longitudinal ventilation.
*en, the upstream smoke flows back to the downstream
part. In this process, the smoke plume gradually loses its
buoyancy and sinks to the lower part of the tunnel,
causing the cross-sectional temperature of the down-
stream part of the fire source to reach about 50°C. *e
earlier the longitudinal ventilation operates, the faster
the temperature decreases in the downstream of the fire
source.
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Figure 6: Temperature at vault height under different curvatures. (a) Straight tunnel. (b) Curvature 1/500 tunnel. (c) Curvature 1/860
tunnel.
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3.3.2. Cooling Effect under Different Curvatures.
According to NFPA-15, water spray shall be considered
effective for any one of or a combination of the following
objectives: (1) extinguishment of fire; (2) control of burning;
(3) exposure protection; (4) prevention of fire. Figures 9(a)–
9(c) show the change curve of the fire source heat release rate
under various simulation conditions. Figure 9(d) shows the
time required for fire control under different ventilation
operation times.

*rough comparative analysis, it is found that, with
the advance of fan’s starting time, the fire extinguishing
time is shortened and the effect is obvious. *e starting
time of the fan under the straight and curve tunnels has
different effects on the time required to extinguish the fire.
In the curve tunnel, the fire control time increases with the
increase of curvature. In curvature 1/500 tunnel, time
required for controlling fire decreases from 220 s to 190 s
with the advance opening of longitudinal ventilation of
120 s to 90 s. *is is because the wall resistance of the
smoke in the tunnel increases with the increase of cur-
vature. *e heat release rate of the fire source will increase
for a short time after the operation of ventilation in each
simulation condition, indicating that the longitudinal
ventilation has an accelerating effect on the heat release
rate of the oil and fire.

3.4.Velocity ofVentilation SystemunderDifferentCurvatures.
With the massive production of fire smoke, the smoke
contains a large amount of toxic and harmful gases and dust,
causing the victims to experience the physiological phe-
nomena of poisoning. *e spreading high temperature
smoke obscures the sight of people and greatly reduces the
speed of evacuation. Relevant research shows that the critical
conditions of fire risk in the tunnel are as follows:

(1) At a height of 2.0m that is characteristic of human
eyes in the tunnel, the flue gas temperature does not
exceed 60°C

(2) At a height of 2.0m, the visibility of the human eye is
less than 10m

3.4.1. Temperature Variation at the Height of Human Eyes.
Figure 10 shows the velocity field at the height of the human
eye in the tunnel under different radius of curvature. As
shown in Figure 10, there is a small section of flue gas
countercurrent upstream of the fire source. *e mixing of
hot smoke and cold air forms vortex. Due to the viscosity of
the fluid and the increased wall friction at the tunnel bend, a
large velocity gradient is formed on the wall surface, and the
velocity at the center of the tunnel was about 3m/s.
Meanwhile, affected by the hot smoke, the hot and cold air in
the tunnel is strongly convective, resulting in uneven ve-
locity distribution within a certain range downstream the
fire source. In the downstream of the remote, the velocity
near the wall decreased, and the center velocity increased to
about 3.5m/s due to the influence of curvature.

Compared with the straight tunnel, the smoke velocity at
the side wall is reduced as a result of the impact of the side
wall in the curve tunnel, and the smoke velocity at the center
is higher.

Figure 11(a) is a temperature field at the height of the
human eyes in the tunnel under different curvatures. *e
high temperature zone of a straight tunnel is located within
50m downstream of the fire source, while the high tem-
perature zone of a curve tunnel fire is mostly concentrated
within 100m downstream of the fire source. *e temper-
ature on one side of the tunnel bending direction is higher
than the other side in the curve tunnel. Affected by tunnel
wall resistance, the greater the curvature of the curve tunnel,
the higher the temperature.

As shown in Figure 11(b), comparing the temperature
distribution at the height of the human eyes in different
curvatures, it can be seen that the greater the curvature, the
shorter the length of flue gas reflux.*e temperature is closer
after 100m downstream of the fire source. *e temperature
of the tunnel with large curvature is higher than that with
small curvature.

3.4.2. Visibility Variation at the Height of Human Eyes.
Visibility is inversely proportional to the concentration of
carbon particles in a fire scenario. Both CO and soot particles

(a)

5 m

19.55 m

(b)

Figure 7: Trajectory of water mist droplets in the tunnel. (a) No longitudinal shift. (b) Downstream shift.
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Figure 8: Temperature field change in each cross section of calculation condition 11.
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are produced with incomplete combustion. In the process of
flue gas diffusion, the concentration of CO and soot particles
will be diluted to a stable degree.

As shown in Figure 12, there is no smoke upstream of
the fire source at 200 s, and the visibility is 30m. *e early
opening of the longitudinal ventilation can significantly
improve the visibility of the fire area and reduce the
adverse effect of the water mist on the visibility. Visibility

drops to 10m within 20m near the fire source, and the
greater the curvature is, the lower the visibility is. Due to
the stratification of the flue gas in the downstream, soot
particles are relatively small, and the visibility is increased
to 30m at a distance of 20m from the fire source. *e
variation of visibility at human eye height under different
curvatures shows that the greater the curvature, the lower
the visibility.
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Figure 9: Variation of the heat release rate under different curvatures and time required for controlling fire. (a) Straight tunnel.
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Figure 10: Velocity field in the human eye height plane.
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Figure 11: Longitudinal distribution of temperature at eye height. (a) Temperature field at the height of the human eye. (b) Temperature
curve at eye height of 2m/s ventilation speed.
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4. Conclusions

*e benefit of fire controlling and cooling by water mist in
surroundings of a curved tunnel fire is evident and now well
analyzed with longitudinal ventilation based on Jinjiazhuang
tunnel. A large number of numerical simulations were
carried out considering factors of curvature, operation time
of longitudinal ventilation system, and longitudinal venti-
lation speed. *e fire extinguishing effects of water mist
coupling longitudinal ventilation under different factors
were quantitatively analyzed. *e conclusions which can be
summarized from the study are as follows:

(1) *e simulation result of curvature coupling longi-
tudinal ventilation speed shows that the larger the
curvature is, the higher the temperature is and the
lower the visibility is, which is not conducive to the
safe evacuation of personnel. Under the same cur-
vature, the higher the longitudinal ventilation speed,
the lower the temperature in the tunnel. But the high
temperature danger zone near the fire source is
shorter at ventilation speed of 2m/s. *erefore, it is
suggested that the longitudinal ventilation speed
should be 2m/s when the water mist operates.

(2) *rough comparative analysis of curvature coupling
longitudinal ventilation operation time, it can be
concluded that the larger the curvature, the more the
required fire control time. Under the same curvature,
it is recommended to open longitudinal ventilation
and water mist simultaneously at 90 s.

(3) *e simulation results for Jinjiazhuang Tunnel with
the curve of 1/860 shows that longitudinal ventila-
tion recommended value should be more than 2m/s
for smoke cooling and people evacuation. And, it is

suggested that longitudinal ventilation and water
mist system operate at the same time in case of fire.
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