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Fire is the most deadly risk during tunnel operation. Early rapid response and a reasonable smoke control plan are very important
to evaluate tunnel fire performance. In order to study the relevant time factors for smoke management in a highway tunnel, firstly,
the logical sequence and time of the fire alarm system (FAS) startup are investigated and analyzed. *en, according to the one-
dimensional fluidmechanics model, the time rule of adjusting the airflow field in the tunnel from the normal operation stage to the
emergency ventilation state is analyzed theoretically. Finally, the abovementioned theoretical formulas are verified through the
employment of model experiments.*e analysis shows that the time that passes from the start of the fire to when the exhaust fan is
activated is close to 3 minutes. *e time required to form a stable critical wind speed, however, is close to 7 minutes, which is
longer than the 5 minutes it takes for the fire to reach its maximum temperature. Due to inertia, it takes about 0.5 to 2 minutes for
the air velocity in tunnels of different lengths to drop from the traffic piston wind speed to the critical wind speed. If reverse smoke
extraction is required, however, the duration is between 3 and 8 minutes. *e conclusion is of guiding significance for the
preparation of the emergency linkage control scheme for tunnels, as well as for the setting of initial boundary conditions for CFD
fire simulations.

1. Introduction

As highway tunnels are relatively closed in their shape, fires
in these tunnels can become extremely dangerous when not
effectively controlled. In 1999, for example, 38 people were
killed when a truck exploded and set off a fire in the Mont
Blanc Tunnel in France. In 2001, 28 people were killed, and
128 were declared missing after a truck collision started a fire
in the St. Geda Tunnel in Switzerland. And more recently, in
2007, 3 people were killed when 16 cars collided and ignited
a fire in the Interstate No. 5 Tunnel in the United States.

*e number of long tunnels in China is increasing day by
day. By the end of 2018, there were 17,738 tunnels, with a
total length of about 17,236.1 km, each operating on high-
ways inMainland China (excluding Hong Kong, Macao, and
Taiwan). Furthermore, over 110 extra-long tunnels, con-
sidered as those over 5 km in length, are expected to be built
in China over the next 10 years. Worryingly, alongside this,

road tunnel fire accidents in China also show a high inci-
dence rate. In 2008, a transport vehicle in Dabaoshan Tunnel
in Guangdong province burst into flames due to a xylene
leakage, resulting in 2 deaths. In 2010, 24 people died when a
bus caught fire in the Wuxi Huishan Tunnel. And just last
recently, in 2019, 5 people were killed and 31 injured when a
lorry caught fire in the Maoliling Tunnel in Zhejiang
Province. *ere are many more incidents, and according to
incomplete statistics, more than 90 people have been killed
in road tunnel fires in China since 2010 alone, leaving many
families with lingering painful memories.

Due to the advantages of low costs, simple operation and
management, and good control effects on the backflow of
flue gas, the longitudinal ventilation and smoke exhaust
model is still the mainstream method for highway mountain
tunnel ventilation and smoke exhaust systems. When there
is a fire, it is generally understood that the vehicles down-
stream from the fire can quickly leave the tunnel, while for
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those trapped, the upstream direction of the fire is the best
way to escape. At times like this, the upstream smoke needs
to be controlled in terms of time and direction, and the
monitoring room needs to take timely emergency measures
and correctly direct the rescue personnel on the scene for
effective rescue evacuation. In order to ensure the efficient
and orderly operation of emergency measures and rescue
work, it is imperative to implement a reasonable tunnel
ventilation system linkage control strategy.

In recent years, a large number of scholars have done a
lot of research on tunnel fires, especially on the smoke
control aspect. In 2003, Ingason et al. [1, 2] conducted five
large-scale fire experiments in the Runehamar tunnel in
Norway and developed a theoretical model to predict the
heat release rate, among other parameters. In 2009, Chen
et al. [3] studied the fire extinguishing effect of fine water
mist under different ventilation speeds in the tunnel through
small-scale experiments. In 2010, Lee et al. [4] studied the
local smoke extraction system of the Busan-Juji immersed
tube tunnel on a 1:20 scale model tunnel. In 2011, Li and
Ingason [5] carried out a series of full- and reduced-scale
experiments to analyze the influence of ventilation on the
fire growth rate. In 2013, Yuan et al. [6] used the Froude
number conservation method and a 1:15 scale model to
study the fire diffusion characteristics of natural ventilation
tunnels. In 2018, Yu et al. [7] carried out full-scale exper-
iments to study the influence that the vertical diffusion of
smoke in tunnels has on smoke control and, from this re-
search, put forward relevant suggestions. In addition to
model experiments, there are many other studies using
numerical analysis software for fire dynamics (such as CFD
and FDS) [8–13] as well as purely theoretical analysis [14].

In addition, many scholars have conducted research on
fire detection. Rong et al. [15] proposed a fire detection
algorithm based on features such as fire color. Muhammad
et al. [16] proposed a camera dynamic channel selection
algorithm based on a cognitive radio network. Ko [17]
proposed a cumulative motion model based on integral
imaging for tunnel fire smoke detection and then proved the
robustness of the algorithm for smoke detection through
various experiments. Yu et al. [18] proposed a video de-
tection method based on foreground imaging and optical
flow technology, which can simultaneously distinguish flame
and smoke candidate areas and achieve a good detection
effect. And Chiu et al. [12] optimized the fire detection
system’s performance and detection signals.

Furthermore, for tunnel fire rescue evacuations, scholars
have also studied the tunnel evacuation simulation system
[11, 19] and simulation methods [8], the establishment of an
emergency evacuation simulation model [20], and the
ideologies of self-rescue personnel [21, 22].

Despite all of these studies, two time-related boundary
conditions have been ignored in the current experimental
studies and CFD software-based numerical simulation of fire
dynamics. *e first is the start time of the fire alarm system
(FAS) and ventilation equipment. *e second is the time
required, taking into consideration the inertia of the air in
the tunnel, to get from the flow field in the normal operation
stage to the stable flow field in the fire emergency ventilation

stage. *e fire rescue stage is a race with “death,” which
should be run without delay. For the analysis of tunnel fire
safety, the detection, alarm, and equipment startup time
should be taken into account [23]. *erefore, in order to
better guide the performance-based designs for tunnel fire
control, formulate efficient fire rescue evacuation plans, and
improve the consistency between fire simulations and actual
fire scenes, this paper intends to carry out analysis and
research on the abovementioned two time-related boundary
conditions.

2. Operation Time Analysis of the FAS System
and Linkage Equipment

Once a fire occurs in a highway tunnel, the fire control
system usually follows three steps: detection⟶CCTV
confirmation⟶ linkage control, as shown in Figure 1. In
order to guide the performance-based fire design, the
starting time and operating time of each stage and its
equipment were investigated, and the conclusions are as
follows:

(i) Stage 1. Detection stage: According to the Code for
the Design of the Automatic Fire Alarm System
[24], the response time of the dual-wavelength fire
detector for a 0.5m2 gasoline fire at a distance of
30m is ≤10 s, while for a 0.5m2 gasoline fire at a
distance of 60m, it is ≤20 s.*e response time of the
grating fiber fire detector is ≤20 s.

(ii) Stage 2. CCTV confirmation stage: *e FAS system
will automatically transfer the alarm’s camera im-
ages to the computer or the large screen projection
after the alarm goes off. *e hard disk video re-
corder is activated in order to record the accident.
*e monitoring system’s map shows the section
where the accident is taking place and where the fire
is and then sounds the alarm. *e address and local
name of the alarm and the linkage device are dis-
played. *e monitor will judge the fire and confirm
whether the alarm is a fire alarm, a false alarm, or a
test. If it is a fire, the linkage control scheme will be
implemented immediately to control the equipment
such as the lanes, the lighting, the ventilation, and
the information board.*e confirmation time of the
CCTV fire alarm is usually 60 s. In order to improve
the accuracy of fire identification and shorten the
response time, currently applied technologies in-
clude convolutional neural network [16], sparse
optical flowmethod [18], integral application model
[25], geometric independent component analysis,
and dynamic target tracking algorithm [15].

(iii) Stage 3. Linkage control stage: *e response time of
the main equipment involved is as follows:

(1) For long tunnels with a separate smoke exhaust
to the vertical shafts (or inclined shafts), the
time from starting to reaching the rated speed of
the axial flow smoke exhaust fan installed on the
ground or in the underground fan room is
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usually ≤60 s. *e time for the fan inlet’s electric
combination air valve to go from fully closed to
fully open is ≤20 s, and the reverse time, from
fully open to fully closed, is ≤60 s. In addition,
there are certain sequence requirements for the
opening and closing of the fan and the air valve.
When the fan is started, it is necessary to first
open the fan’s air valve and then start the fan.
When the fan is shut down, it is necessary to
stop the fan first and then close the fan’s valve.

(2) *e jet fan is the main power source that
generates critical wind speed. However, due to
the large impulse current sent at the starting of
the fan (the instantaneous current in the hard
starting mode is usually 7 times that of the full
load current, while in the soft starting mode, it is
only 3 times), a short delay is required for the
starting of each group of fans, usually 60∼120 s
according to the transformer capacity.

(3) *e electric fire shutter door at the crossing
passage of the vehicle is usually required to
improve its speed to more than 2m/min; as its
height is generally 5m, the longest time needed
to open the shutter door is 2.5 minutes.

(4) A foam water spray fire extinguishing system is
usually installed in soft soil tunnels. According
to the code for the design of foam extinguishing
systems [26], the system is equipped with au-
tomatic, manual, and emergency manual me-
chanical starting modes, with a response time
under automatic control of ≤60 s.

Following the above start time analysis for the linkage
control device, the control time process table is drawn as shown
in Figure 2. It is a series of movements, each of which takes a
certain amount of time and has a certain sequence between
them. *e process from the start of the fire to the start of the
smoke exhaust fan includes fire detection (20 s), alarm ac-
knowledge (60 s), opening of the electric combined air valve of

the smoke exhaust blower (20 s), and opening of the smoke
exhaust fan (60 s). *e total time is 160 s, nearly 3 minutes.
When the jet fan is fully operational, the time needed to form a
stable critical wind speed is about 400 s, close to 7 minutes.
However, according to the RABT and hydrocarbon fire stan-
dard heating curves (Figure 3), the fire in the tunnel usually
reaches its peak power within 5 minutes. *erefore, time is of
the essence, and furthermore, it is particularly important to have
an efficient linkage control and strengthen the construction of
the firefighting force of the tunnel management station.

3. Time Factor Analysis for the Forming of a
Stable Flow Field

3.1. TrafficPistonWind Speed. *e tunnel ventilation system
is mainly powered by two parts, with one being the traffic
piston wind. When the wind from the traffic piston is in-
sufficient to meet the ventilation health standards, it is
supplemented by mechanical ventilation equipment, such as
jet fans, which are large axial fans installed in shafts or
inclined shafts. Traffic piston wind is the volume of air that
flows in the direction of the car or train due to the piston
effect of the car or train running in the tubular tunnel. Its size
is related to the blocking ratio of the car in the tunnel, the
driving speed of the car, the air resistance during driving,
and the friction between the air and the tunnel wall among
other factors. *e research shows that the air volume from
the traffic piston has the closest relationship with the op-
erating speed, but that the sensitivity to the traffic flow and
the tunnel length is weak. *erefore, taking the general two-
lane length of 5 km as an example, according to the
equivalent impedance area of Am � 2.04m2, which is cal-
culated by the traffic volume composition ratio, the speed of
the traffic piston under different working conditions and
with different traffic volumes is obtained, as shown in
Figure 4. It can be seen that as long as the driving speed is not
less than 60 km/h, the generated traffic piston wind speed is
generally greater than 5m/s.

3. Activate the foam extinguishing system

2. Open the cross passage shutter door

1. Start the jet fans

Linkage Control

CCTV
confirmation

Detection

Tunnels Fire detector
demodulator

Fire alarm host

Monitoring
center
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reception
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Relay

false alarm a test

Fire detector
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Figure 1: Linkage flow of tunnel fire control system.
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3.2. Calculation of CriticalWind Speed. Once a fire occurs in
the tunnel and the tunnel enters the linkage control stage,
the flow of traffic begins to stop, and the ventilation system
enters the emergency ventilation mode, gradually adjusting
the wind speed in the tunnel to the “critical wind speed”
(hereinafter referred to as vcr). vcr is the minimum exhaust
ventilation wind speed required to prevent the counter-
current of fire from spreading upstream of the fire source,
and it is the most effective means for smoke control under
the longitudinal exhaust mode.

China’s Guidelines for the Design of Ventilation of
Highway Tunnels [27] (hereinafter referred to as “Guide-
lines”) give different vcr according to different fire scales; for
example, for a 30MW fire, the value is from 3m/s to 4m/s.
In addition to this, there are different empirical formulas in
China and abroad. For example, Wu and Baker studied five
kinds of rectangular cross-section tunnels that, from the
aspect of experimentation and numerical simulation, have
the same height but different widths, and then they proposed
the calculation formula of vcr and so on. However, the time
required to transition from the critical wind speed in the
normal operation stage to the emergency ventilation mode is
an important boundary condition for simulation analysis
and experimental research; this research has not been de-
scribed in the literature.

3.3. TimeAnalysis of Forming Positive. Taking the air fluid in
the tunnel space as the research object, the following as-
sumptions are made: (1) the fluid is an incompressible body;
(2) the fluid is a continuousmedium; (3) the fluid has a stable
flow; and (4) the fluid has a constant density.

According to Newton’s second law, the airflow move-
ment law in the tunnel is shown in the following formula:

F � m · a � ρ · Ar · L ·
dv

dt
. (1)

*e resistance, shown as F, is the product of the ven-
tilation resistance (ΔPr) in the tunnel and the sectional area
(Ar) in the tunnel carriageway space, namely:

F � ΔPr · Ar. (2)

By combining formulas (1) and (2), the following for-
mula can be obtained:

ρ · Ar · L ·
dv

dt
� ΔPr · Ar, (3)

where ΔPr is the resistance of the unit area of the cross-
section in the tunnel, which is mainly composed of three
parts, namely, internal friction resistance loss (ΔPλ; formula
(4)) along the tunnel, local frictional resistance loss (ΔPξi;
formula (5)) in the tunnel, and drag loss (ΔPt; formula (6))
of stationary vehicles.

ΔPλ � λr ·
L

Dr
  ·

ρ
2

· v
2
, (4)

ΔPςi �  ζ i ·
ρ
2

· v
2
, (5)

ΔPt �
Am

Ar

·
ρ
2

· n · v
2
. (6)

*en

ΔPr � ΔPλ + ΔPζi + ΔPt � λr ·
L

Dr

  ·
P

2
· v

2
+  ζ i ·

P

2
· v

2
+

Am

Ar

·
P

2
· n · v

2
, (7)

where ζ i is the local resistance coefficient of the tunnel, and
where the tunnel entrance is 0.5, the exit is 1.0; Am is the
equivalent impedance area of the vehicles (m2), and n is the

number of vehicles trapped in the tunnel. *e following
formula can therefore be obtained:

ΔPr � λr ·
L

Dr

  ·
P

2
· v

2
+  ζ i ·

P

2
· v

2
+

Am

Ar

·
P

2
· n · v

2
� 1.5 + λr ·

L

Dr

+
Am

Ar

· n  ·
ρ
2

· v
2
. (8)

Substitute formula (8) into formula (3) extract the time
factor and integrate both sides to obtain the following
formula:

Δt � 
vcr

vr

ρ · Ar · L

1.5 + λr · L/Dr + Am/Ar · n(  · ρ/2 · v
2

· Ar

· dv �
2L

1.5 + λr · L/Dr + Am/Ar · n( 

1
vcr

−
1
vr

 . (9)
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3.4. Time Analysis of Forming Reverse vcr. When the tunnel
fire occurs at the entrance of the tunnel or there are stranded
vehicles and individuals downstream from the fire point and
it is confirmed by CCTV or on-site emergency treatment
personnel that there are no stranded individuals upstream
from the fire source, it is necessary to reverse the jet fan in
order to generate reverse airflow and blow the fire smoke out
from the nearest entrance. At this time, the airflow move-
ment in the tunnel goes through two stages. In the first stage,
by reversing the jet fans to form the ventilation resistance,
the airflow in the tunnel gradually stagnated from the
original driving direction of the car. In the second stage, the
jet fan’s power gradually raises the airflow velocity in the
reverse direction to vcr.

According to the Guidelines [27], the resistance or thrust
of the jet fan is shown in formula (10). According to the
thrust of the jet fan and the direction of the overall airflow in
the tunnel, positive and negative values are taken, and “+” is

taken in the opposite direction and “−” in the same direc-
tion. According to Newton’s second law and in combination
with formula (3), formula (11) of the airflow movement law
in the tunnel is obtained.

njΔPj � nj · ρ · v
2
j ·

Aj

Ar

· 1 ±
v

vj

  · η, (10)

nj · ρ · v
2
j ·

Aj

Ar

· 1 ±
v

vj

  · η + λr ·
L

Dr
+  ζ i  ·

ρ
2

· v
2

 

· Ar � L · Ar · ρ ·
dv

dt
.

(11)

a � 1/2(λr · L/Dr +  ζ i), b � −nj · vj · Aj/Ar · η, and
c � nj · v2j · Aj/Ar · η are defined. Furthermore, the length
calculation can be obtained through integration as follows:

L

a
·

1
����������
c/a − b

2/4a
2

 · arctan
(v + b/2a)
����������
c/a − b2/4a2

√ 

vcr

−vr

,
c

a
−

b
2

4a
2 > 0,

L
�������
b
2

− 4ac
 · ln

2ax + b −
�������
b2 − 4ac

√

2ax + b +
�������
b2 − 4ac

√ 

vcr

−vr

c

a
−

b
2

4a
2 ≤ 0,

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(12)

where nj is the number of jet fans, which can be calculated by
the pressure balance equation; ΔPj is the lifting pressure (N/
m2) of a single jet fan; vj is the outlet wind speed of the jet fan
(m/s); Aj is the outlet area of the jet fan (m2); and η is the
reduction coefficient of friction loss at the position of the jet
fans, which is set as 0.7 when 2–3 jet fans are installed in a
group on the same section of the tunnel.

4. Study of Model Experiments

In order to verify the accuracy of the above theoretical
formulas, model experiments are carried out in this paper.
*e main contents of the experiment are: under the influ-
ence of the resistance of the natural wind simulated by the
fan along the tunnel, the time when the wind speed drops
from a certain starting speed to a certain target speed or the
time when the wind speed rises to a certain target speed in
reverse direction under the action of the jet fans is recorded;
*e formulas are verified by comparing the experimental
and theoretical time data.

4.1. Experimental Model. *e experimental model
(Figures 5–7) is formed up of the tunnel model, an axial flow
fan, a fan converter, wind speed sensors, differential pressure
sensors, five sets of grids (Table 1), and a PLC control system.
*e line tunnel model is made of steel, 2 meters per section,
with a section area of 0.69m2.

*e wind speed sensors adopt a JY-YL2 impeller type,
and their range is from 0 to 40m/s. Differential pressure
sensors adopt a 4–20mA signal, and a YX-Fy-01G type, with

a measuring range from 0 to 200 Pa. A wind speed sensor
and a differential pressure sensor are installed at the left and
right mouths of the cave, respectively, which are connected
to the PLC control system in order to store and display the
wind speed value that changes with time in real time. *e
output air volume of the axial fan is 18.1m3/s. *e fan
outlet’s wind speed and the wind speed in the tunnel are
adjusted through a frequency converter. *e frequency is
between 0 and 50Hz, which can make the wind speed stable
at any fixed value. *e experimental steps were as follows:

(i) *e tunnel model was assembled, and two lengths
were used in the experiment, which were 20m and
30m, respectively.

(ii) *e grid was installed in the middle of the model,
and the distance between the grid and the openings
at both ends was greater than 3 times the tunnel’s
equivalent diameter. *e types of grids used in the
experiment are shown in Table 1.

(iii) *e fan was turned on and the frequency converter
was adjusted to obtain a stable wind speed of 9m/s
in the tunnel.

(iv) *e fan was turned off, and timing was started. *e
PLC system measured the wind speed curve
changing with time in real time and recorded the
duration it took to reach different target speeds.

4.2. Experimental Model. First, 1.5 + λr · L/Dr + Am/Ar · n

in formula (9) is taken as the comprehensive resistance
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coefficient (λc). After the grid is installed in the model
tunnel, upstream measuring point 1 and downstream
measuring point 2 are set outside the influence range on both
sides of the grid. *e distance between measuring points 1
and 2 is L, and the wind speed at any point x between
measuring points 1 and 2 is set as follows:

vx � v1 − v1 − v2( 
x

L
. (13)

*e following formula can be obtained from the fluid
energy equation:

ΔP � P1 − P2 � 
L

0
λ
dx

D
ρ
2
v
2
x. (14)

Formula (15) can be derived from formulas (13) and (14).
When the average wind speed of the front and back section is

close, that is, v1 ≈ v2, then let v � v1 + v2/2; the compre-
hensive resistance coefficient can be calculated as follows:

λ �
2 D P1 − P2( 

ρLv
2 . (15)

For a particular tunnel, if the equivalent diameter D and
tunnel length L are constant, then

Axial-flow Fan

Frequency Converter

Ventilating Ducts
Differential Pressure Transducer

Air Velocity Transducer

Grid

0.162 m

213°

1.093 m

Sectional Dimension

R = 0.57 m

16 m

30 m

Model Tunnel

Figure 5: Tunnel simulation system.

Figure 6: Site layout of the tunnel model.
Figure 7: PLC control system.

Table 1: *e parameters of the grids used in the experiment.

Number 1 2 3 4 5
Wire diameter/mm 4 3 2 2 2
Aperture/mm 8 6 4 3 2

Advances in Civil Engineering 7



λc �
λL

D
�
2 P1 − P2( 

ρv
2 . (16)

*erefore, for a model tunnel of a certain length, its value
is the quotient of the pressure difference between the two
ends of the tunnel and ρ/2 · v2. *us, the comprehensive
resistance coefficient corresponding to each grid is obtained
as shown in Table 2:

4.3. Experimental Results

4.3.1. Comprehensive Resistance Coefficient (λc). Under the
influence of the comprehensive resistance coefficient of the
tunnel, the wind speed in the tunnel drops to the target wind
speed. *e comprehensive resistance coefficient is an im-
portant influencing factor in this process. *erefore, it is of
great significance to study the change rule of the total time
with the increase of the comprehensive resistance coefficient.

In the experiment, the comprehensive resistance coef-
ficient is changed by installing the grids, and the total time
under each working condition is measured. According to
Figure 8, for a tunnel model with a length of L� 20m, when
the target wind speed is vcr � 1m/s and the comprehensive
resistance coefficient λc increases from 2.058 to 3.907, the
total time decreases from 22.12 s to 13.53 s. When the target
wind speed is vcr � 1.5m/s, the total time decreases from
13.12 s to 8.32 s; When the target wind speed is vcr � 2m/s,
the total time decreases from 10.11 s to 6.06 s. According to
Figure 9, for a tunnel model with a length of L� 30m, when
the target wind speed vcr is 1m/s, 1.5m/s, and 2m/s, the total
time decreases from 29.72 s, 18.72 s, and 13.41 s to 15.96 s,
9.71 s, and 7.16 s, respectively. It can be seen that the total
time needed for the airflow in the tunnel to reach the for-
ward target wind speed always decreases gradually with the
increase of the comprehensive resistance coefficient of the
tunnel. According to the fitted curve, the variation rule is
consistent with the derived formula (9). *erefore, the re-
liability of the formula is verified, and the total time is in-
versely proportional to the comprehensive resistance
coefficient.

4.3.2. Target Wind Speed (vcr). Target wind speed is an
important parameter to be considered during experimen-
tation. *e total time it takes to reach the target wind speed
in the tunnel is bound to vary, but under the influence of the
comprehensive resistance coefficient, tunnel length, and
other factors, the variation rule with the change of the target
wind speed and the compatibility with the formula have not
been determined.

Combining Figures 8 and 9, when the tunnel length and
the comprehensive resistance coefficient are fixed, the total
time for the wind flow in the tunnel to reach the target wind
speed increases gradually with the decrease of the target
wind speed. For different target wind speeds, the variation
trend of total time with the comprehensive resistance co-
efficient is consistent with the theoretical formula curve, that
is, the relationship between the total time and the inverse of

the target wind speed of the tunnel has a linear function,
which therefore verifies the reliability of the formula.

4.3.3. Length of Tunnel. Tunnel length is also an important
factor affecting the wind speed reduction from the original
wind speed to the target wind speed. *e experiment
simulated the tunnel model with the length of 20m and
30m, analyzed the differences and rules between them, and
compared them to the theoretical data in order to obtain the
general rule for the correlation of wind speed change and the
length of the tunnel.

Figures 8 and 9 show the total time it took from the
initial wind speed of 9m/s to the target wind speed of 1m/s,
1.5m/s, and 2m/s, respectively, with the change of com-
prehensive resistance coefficient in tunnels of different
lengths of 20m and 30m. It can be seen that when the target
wind speed and the comprehensive resistance coefficient are
fixed, the total length of a 30m tunnel is always greater than
a 20m tunnel. *e total time values of both are in line with
the theoretical curve made by formula (9), and the exper-
imental data trend is consistent with the formula data trend.

For formula (9), when taking the ordinary two-lane
tunnel as an example, if Ar is taken as 68.00m2, Dr as 8.3m,
Am as 2.04m2, λr as 0.02, n as 100 vehicles, and vcr and vr as
3.5m/s and 6.0m/s, respectively. According to the Guide-
lines [27], the calculation formula of the number of jet fans
(nj) is as follows:

nj � Int
1/2 1.5 + λr · L/Dr(  · v

2
cr

ΔPj

×
1
2

+ 1  × 2. (17)

For two- and three-lane tunnels of different lengths, the
time required from the traffic piston wind speed to the
critical wind speed (vcr) is shown in Figure 10.

As can be seen from Figure 10, with the increase of
tunnel length, the time required for the airflow velocity in
the tunnel to decrease from the traffic piston wind speed to
the critical wind speed gradually increases, but the increase
rate decreases. According to the curve trend, when the
tunnel exceeds 8,000 meters, the time increment is relatively
small. In general, this process takes about 0.5 to 2 minutes.

4.4. Experiment of Forming Reverse vcr. In order to simulate
the exhaust process, when it is necessary to blow smoke in
the reverse direction, the experimental system layout is as
shown in Figure 11. At the left entrance of the tunnel, a
ventilator cover and two ventilation ducts with a diameter of

Table 2: Comprehensive resistance coefficients of various
conditions.

Number L� 20m L� 30m
No grid 1.872 2.058
Grid 1 2.174 2.512
Grid 2 2.337 2.756
Grid 3 2.523 3.035
Grid 4 2.802 3.453
Grid 5 3.105 3.907
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110mm were installed at the fan’s air outlet. *e ducts were
extended horizontally above the entrance (as shown in
Figure 12) in order to simulate the tunnel’s jet fans, and the

wind speed at the exit of the fan was adjusted through a
frequency converter. At the right entrance of the tunnel, the
wind cover was connected to the axial-flow fan, and the wind

1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4
4

6

8

10

12

14

16

18

20

22

24

6.06
6.74

7.62
8.13

9.2
10.11 8.32

8.92
9.87

10.54

11.93

13.12

13.53

14.71

16.23

17.66

19.42
L = 20 m

R2 = 0.996

R2 = 0.980
R2 = 0.983

Comprehensive resistance coefficient λc

To
ta

l t
im

e Δ
t (

s)

22.12

Experimental data (vcr = 1 m/s)
Experimental data (vcr = 1.5 m/s)
Experimental data (vcr = 2 m/s)
Fitting curve
Theoretical curve
Fitting curve
Theoretical curve
Fitting curve
Theoretical curve

Figure 8: L� 20m, the total time under different λc.

R2 = 0.988

R2 = 0.991R2 = 0.981

1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2

6
8

10
12
14
16
18
20
22
24
26
28
30
32

7.167.64
8.81

9.94
11.56

13.41
9.71

11.69
12.93

14.21

15.97

18.72

15.96
17.81

19.93

23.52

24.98

29.72

L = 30 m

Comprehensive resistance coefficient λc

To
ta

l t
im

e Δ
t (

s)

Experimental data (vcr = 1 m/s)
Experimental data (vcr = 1.5 m/s)
Experimental data (vcr = 2 m/s)
Fitting curve
Theoretical curve
Fitting curve
Theoretical curve
Fitting curve
Theoretical curve

Figure 9: L� 30m, the total time under different λc.

Advances in Civil Engineering 9



Tunnel length (m)

Two–lane tunnel
Three–lane tunnel

100

90

80

Ti
m

e c
on

su
m

in
g 

(s
)

70

60

50

40

30
1000 2000 3000 4000 5000 6000 7000 8000

Figure 10: Time required for different lengths of tunnels.

Axial–flow Fan
Axial–flow Fan

Frequency Converter Frequency Converter

Ventilating Ducts
Fight Against Each Other

Ventilating Duct

Differential Pressure Transducer

PLC Controlling System

Air Velocity Transducer

Grid

16 m

30 m

Model Tunnel

Figure 11: Layout of experimental system.

0.2 m

0.15 m

d = 0.11 m

Figure 12: Position of jet fans.

10 Advances in Civil Engineering



speed was adjusted through another frequency converter to
simulate the initial traffic piston wind (vr) of the tunnel.

4.5. Experimental Results. With the change of the tunnel’s
comprehensive resistance coefficient and the starting wind
speed of the jet fans, the time from the initial wind speed (vr)
to the formation of the reverse target wind speed (vcr) was
obtained in the tunnel with the different lengths of 20m and
30m.

*e wind speed of the jet fans is taken as an independent
variable, while the time is taken as a dependent variable in
the derived formula.*e curve of the change of time with the
wind speed of the jet fans and the error lines of ±10% are
plotted, and the time data obtained by the experiment is
compared with the data of the formula curve. *e results are
shown in Figure 13.

4.5.1. Outlet Wind Speed of Jet Fans. In order to reverse the
wind direction in the tunnel and achieve the reverse target
wind speed, the jet fans, as the only equipment providing
impetus in this process, must be considered as an important
factor affecting the total time. *erefore, it is necessary to
discuss the rule change of the airflow in the tunnel from the
initial wind speed to the reverse target wind speed with the
increase of the wind speed at the exit of the jet fans.

As shown in Figures 13(a)–13(f ), when the tunnel length
and the comprehensive resistance coefficient are fixed, the
total time it takes for the airflow in the tunnel to go from the
initial wind speed to the reverse target wind speed decreases
with the increase of the wind speed from the jet fans. At the
same time, the decreasing amplitude of the jet fan wind
speed also decreases the total time, that is to say: when the
wind speed of the jet fan increases from 10m/s to 20m/s, the
decrease value of the total time is nearly twice as much as the
decrease value of the total time from 20m/s to 30m/s. When
the jet fan’s exit wind speed is greater than 30m/s, the total
time reduction for a 30m tunnel will be less than 15 s, and
the total time for a 20m tunnel will be less than 10 s. So when
there is a fire in the tunnel, in order to reverse the wind flow
as quickly as possible, the jet fans should be adjusted to more
than 30m/s from the first time.

4.5.2. Comprehensive Resistance Coefficient (λc). *e resis-
tance present in a long straight tunnel is always in the
opposite direction to the airflow. *erefore, before the wind
flow is reversed, the frictional resistance is opposite to the jet
fan, but after the reversal, the two flow in the same direction.
*erefore, the change of the comprehensive resistance co-
efficient is bound to have a certain influence on the total time
it takes for the tunnel to reach the reverse target wind speed.
*us, it is necessary to study the change rule of the total time
with the change of the comprehensive resistance coefficient
under different conditions.

As shown in Figures 13(a)–13(f ), when the tunnel length
and the wind speed of the jet fan are fixed, the total time
from the initial wind speed (vr) to the reverse target wind
speed (vcr) increases with the increase of the comprehensive

resistance coefficient. However, the higher the wind speed of
the jet fans, the smaller the time difference between the
tunnels with different comprehensive resistance coefficients.
For a 20m tunnel, the time difference between the tunnel
without a grid and the tunnel with grid 1 is 5.9 s when the
wind speed of the jet fans is at 10m/s, while the time dif-
ference between the two is reduced to 1.88 s when the wind
speed of the jet fans is at 30m/s. It can be inferred that as the
jet fans’ wind speed continues to increase, the time difference
between the tunnels with different comprehensive resistance
coefficients will continue to shrink and can even approach
zero. *erefore, the influence of the tunnel comprehensive
resistance coefficient on the total time can be reduced with
the increase of the wind speed from the jet fans. Further-
more, according to the curve of the derived theoretical
formula, the general rule shown by the experimental data is
consistent with the curve of the theoretical formula, which
thus verifies the reliability of the formula.

4.5.3. Length of Tunnel. *e length of the tunnel is also an
important factor affecting the wind speed of tunnel wind.
Due to the model’s limited experimental conditions, the
experiment only simulates tunnels with a length of 20m or
30m. By analyzing the differences and laws between the two,
and comparing them with the theoretical data derived from
the formula, the general law for the changes that come with
the length of the tunnel is deduced.

When the comprehensive resistance coefficient of the
tunnel is constant, the total time taken for the 30m tunnel to
reach the reverse target wind speed is greater than the total
time taken for the 20m tunnel. Furthermore, the time
difference between the two decreases with the increase of the
wind speed of the jet fans. When the wind speed of the jet
fans is at 10m/s, the time difference between the two is
greater than 10 s. When the wind speed of the jet fans in-
creases to 30m/s, the time difference between the two is less
than 5 s. When the wind speed of the jet fans is greater than
30m/s and is continuing to increase, the time difference
between the two will approach zero. Furthermore, according
to the curve of the derived theoretical formula, it is con-
sistent with the general rule of the experimental data, and the
error is also small, which thus verifies the reliability of the
formula.

For formula (12), when taking the ordinary two-lane
tunnel as an example, with Aj therefore being 0.9852m

2; vj

being 30m/s; Dr being 3m; λr being 0.02; vcr and vr being
3.5m/s and 6.0m/s, the number of jet fans (nj) is obtained
according to formula (17). *e time it takes for the traffic
piston wind in its normal operation stage to go to the
formation of reverse vcr for two- and three-lane tunnels with
different lengths is obtained, as shown in Figure 14.

As can be seen from this figure, with the increase of the
tunnel length, the time needed for the airflow velocity in the
tunnel to change from the traffic piston wind state in its
normal operation stage to the reverse critical wind speed
gradually increases, but the increase rate decreases. *e time
increment when the tunnel exceeds 8,000 meters is relatively
small, and in general, this process takes about 3 to 7 minutes.
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Figure 13: Continued.
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5. Conclusion

(1) For the FAS system, the time from the start of the fire
to the start of the exhaust fan is about 160 s, close to 3
minutes. When the jet fans are fully operational, the
time needed to form a stable critical wind speed is
about 400 s, which is close to 7 minutes; that exceeds
the 5 minutes needed for the fire to reach its peak
heating power.

(2) *e time needed for the critical wind speed in the
tunnel to go from the normal operating pistonwind to
the emergency ventilation mode is inversely pro-
portional to the comprehensive resistance coefficient

and also has a linear function with the reciprocal of
the tunnel target wind speed. *e air velocity in
tunnels with different lengths decreases from the
traffic piston wind speed to the critical wind speed in
about 0.5 to 2 minutes.

(3) When the jet fans are used as the power, the time
required for the airflow in the tunnel from the traffic
piston wind state to the formation of reverse critical
wind speed is between 3 and 7 minutes.

*e above research results on the time factor rules have a
guiding significance for the preparation of tunnel hardware
linkage control plans and the setting of initial conditions for
CFD fire simulation.
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