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Abstract: Urban tunnels are generally narrow and fire smoke can hardly diffuse.
In the present study, numerical simulation is used to analyze the diffusion of high
temperature smoke produced by fire inside a specific tunnel (the Kaiyuan tunnel).
The results are compared with similar data relating to other tests to determine the
validity of the numerical method. Moreover, the critical velocity obtained by
numerical simulation of 5 MW, 20 MW, and 50 MW fires in curved and linear
sections of the considered tunnel is compared with the values obtained using
empirical formulas. The results show that, for the tunnel ventilation design, it is
necessary to consider the fan pressurization at different sections and the fan pres-
surization should be higher at curved sections than that at linear sections. The
safety of personnel escaping under different critical velocity values in the linear
section has also been considered. On the basis of our findings, if only relying
on natural ventilation, people can escape safely for the case of small fires, whereas
for medium and large fires, it is necessary to turn on mechanical ventilation in
time (and in order to avoid the danger caused by rapid diffusion of smoke, the
timing of mechanical ventilation should be carefully tuned).

Keywords: Numerical simulation; critical velocity; smoke diffusion; personnel
escape preparation

1 Introduction

In recent years, as the pace of urban modernization continues to increase, urban traffic congestion has
become a common phenomenon. More and more cities have begun to build urban tunnels to improve traffic
conditions. A tunnel is an enclosed, narrow, and long space. During a fire accident, under the action of tunnel
ventilation, the high-temperature, high-concentration, and low-visibility toxic smoke released by the fire will
spread rapidly along the tunnel, posing a threat to people, vehicles, equipment, and structures in the tunnel. In
the past 20 years, many studies have been conducted on the diffusion characteristics of tunnel fire smoke by
means of experiments and numerical simulations.

The Offenegg tunnel fire experiment in 1965 was the first experiment to investigate fire development and
smoke flow under different ventilation conditions [1]. In 1989, the research institute of the Guangzhou
Railway Bureau conducted a 1:3 section simulation test in the training tunnel of the rescue team of the
Sichuan Huakinshan Mining Bureau. The test proved that it was effective to put out the fire using the
block-end oxygen suffocation method when a fire breaks out in a tunnel [2]. In 2004, Bari et al. [3] used
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FLUENT to simulate the smoke pollution caused by burning buses during congestion in an urban connection
tunnel. They concluded that the evacuation time was 6–8 min after the start of combustion, so there should be
a quick evacuation channel in a tunnel. In the same year, Hu et al. [4] conducted a comprehensive combustion
test in a corridor to study the changes in the smoke temperature and velocity, and the results showed that the
temperature decreased exponentially with distance.

With the development of computer technology, Computational Fluid Dynamics (CFD) has become an
important means of academic research, and numerical simulation methods have been widely used in the
study of fluid dynamics [5–9]. Currently, studying the fire-smoke behavior using numerical simulations is
a popular research topic. Dobashi et al. [10] from Japan used a computational fluid dynamics (CFD)
method to study emergency ventilation in a tunnel fire and applied the results to the high-speed
Dongshan tunnel in Nagoya, which was under construction. Demouge and Lacroix of Japan [11] used
CFD to calculate the flow of fire smoke under transverse ventilation. Levy et al. [12] of the United States
used the SOLVENT CFD software to improve the operation mode matrix for emergency ventilation of
the Ted Williams tunnel and discussed the relationship between the exhaust air volume and the smoke
control effect in a tunnel fire. Yao [13] used the FLUENT software to numerically simulate the
distribution of the temperature field under different ventilation velocities and fire sizes. Wu et al. [14]
used the large eddy simulation method to numerically study the fire smoke spreading behavior of a
highway tunnel with a small-radius curve. Wu [15] built a three-dimensional mathematical model of a
tunnel fire based on turbulent combustion theory and analyzed the structural safety during the tunnel fire
by combining numerical simulations with physical tests. Hua et al. [16] explored the basic parameters,
the tunnel model mesh generation, the fire source parameters, the smoke control and exhaust parameters,
and the vehicle evacuation downstream of the fire source using a numerical simulation of a tunnel vehicle
fire. Cao [17] studied the frequently congested Eight Scenic Mountain Highway Tunnel using fire
dynamics simulator (FDS) software that considered the traffic tunnel fire conditions, the traffic
congestion, and the evacuation of people as well as the relationship between them.

In this study, using the volume heat source (VHS) method to simulate a tunnel fire reported previously, it
was concluded that a FLUENT model was useful for analyzing tunnel fire disasters with the appropriate
parameters. Small, medium, and large fires in the linear and curved sections of a tunnel were simulated,
the critical velocity was obtained, the safety of people evacuating the tunnel was evaluated, and
guidelines for the use of ventilation after the fire starts were determined. The results of this study have
important reference value for the traffic operation of general tunnels and the emergency treatment of
unexpected accidents in tunnels.

2 Mathematical Model

2.1 Governing Equations
The distribution of flow field in tunnel under fire condition follows three basic principles of physics: the

law of conservation of mass, the law of conservation of momentum and the law of conservation of energy. In
this study, the fire source was regarded as a fixed point source. It is assumed that the fluid is an incompressible
fluid with constant physical properties, and the flow field is simulated by solving the Navier-Stokes equation.

The mass equation, the momentum equation and energy equation are as follows:
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where u is the velocity; p is static pressure; ρ is the density; τij is stress tensor; ρgi is gravity volume force. Cp

means heat capacity; T is temperature; λ is the heat transfer coefficient of the fluid; ST is the internal heat
source of a fluid.

The governing equations (k-ε equation and component transport equation) in the solving process
are as follows:
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where k and ε are the turbulent kinetic energy and turbulence dissipation rate, μ and μt is the viscosity and
dynamic viscosity, Gk is the turbulent kinetic energy of the average velocity gradient, Gb is the turbulent
kinetic energy generated by buoyancy, and Ym is the contribution of pulsating expansion of compressible
turbulence to the total dissipation rate. C1, C2, C1ε and C3ε are constants, δk and δε are turbulent Prandtl
Number for k and ε and Sk and Sε are custom source terms. Yi is the mass fraction of substance i, Si is
some rate of formation of substance i, Ji is the mass diffusion flux of substance i.

To solve natural convection problems in non-isothermal flows, the Boussinesq model was used. It has
better convergence than defining the density as a function of temperature. The approximate basis of the
model is that the temperature change range is small, and the density change is not obvious. This model
only considers the dependence of density on temperature for the production term at the right hand side of
the momentum balance equation, and the density is considered to be a constant when solving other equations.

2.2 Boundary Conditions

(1) Initial conditions. The initial temperature was set as 293.15 K and was evenly distributed. The air
density was 1.225 kg/m3, the specific heat capacity at constant pressure was 1006.43 J/(kg·K), and
the thermal expansion coefficient for an ideal gas is the inverse of the absolute temperature, i.e.,
0.0034 K−1. The thermal conductivity of the air was 0.0242 W/(m·K), and the viscosity
coefficient was 1.7894 × 10−5 kg/(m·s). The standard k-ε turbulence model was used.

(2) Entrance boundary conditions. When there was no longitudinal ventilation in the tunnel, the tunnel
entrance was set as a pressure inlet, and when there was longitudinal ventilation, a velocity inlet was used.

(3) Exit boundary conditions. The tunnel exit was set as a pressure outlet.

(4) Wall boundary conditions. To reduce the calculation time, the walls were set as adiabatic walls.

2.3 Physical Model
A simplified vehicle body of different models was selected, and the exhaust pipe was simplified as a

single round hole at the rear of the vehicle.
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2.3.1 Car
The car studied in this paper was the Notchback MIRA model, whose three views and dimensions are

shown in Fig. 1 and Tab. 1. Abundant test data have been previously collected for this model, and it has been
widely used as a simplified automobile body model [18,19].

The NotchbackMIRAmodel was created with the PRO/Engineering software, and its tire positions were
set. The tire contact position with the ground was set as a plane, and the exhaust pipe was modeled as a round
hole with a diameter of 0.04 m in the lower right corner of the rear of the car, 0.4 m from the ground. The car
model used for the subsequent analysis is shown in Fig. 2.

Figure 1: Notchback MIRA model

Table 1: Dimensions of the Notchback MIRA model

Label 1 2 3 4 5 6

Size (mm) 4165 1625 1420 2540 1270 1055

Label 7 8 9 10 11 12

Size (mm) 1790 1320 750 535 508 708

Label 13 14 15 16 17 18

Size (mm) 205 152 1.856 180 305 1420

Figure 2: Three-dimensional view of car model
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2.3.2 Truck
Li et al. [20,21] performed CFD simulations to study the aerodynamic characteristics of a truck under

different working conditions and obtained many results. The size of the truck used in this study was selected
based on their model. The exhaust pipe was modeled as a round hole with a diameter of 0.06 m in the middle
of the back of the truck, 0.7 m from the ground, as shown in Fig. 3.

2.3.3 Bus
The most common type of bus is 10-m long. Thus, the size of the bus selected in this study was 10 m ×

2.5 m × 3 m, as shown in Fig. 4.

2.3.4 Curved and Linear Sections of the Tunnel
The overall top view of the north tunnel of the tunnel is shown in Fig. 5. There were jet fans 200 m from

the north tunnel entrance, and 200 and 350 m from the exit. Each group contained two sets of jet fans; there

Figure 3: Truck model and dimensions

Figure 4: Bus model and dimensions
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was a total of six sets. The tunnel ventilation mode was longitudinal ventilation. The ventilation was natural
when the fan was closed and mechanical after the fan was opened.

The linear section in the middle of the north tunnel was selected for this study, as shown in Fig. 5. This
section is highlighted by the red box in Fig. 5 and had a length of about 300 m. The radius of curvature was
R = 600 m in the curved region near the tunnel entrance. This section is highlighted by a blue box in Fig. 5 and
had a length of 400 m. The geometric models of the linear and curved segments are shown in Figs. 6 and 7.

2.3.5 Jet Fan
The structure of the jet fan used in the tunnel is shown in Fig. 8. The height at the center of the fan was

h = 6 m, the diameter of the fan blade was D = 1 m, and the overall length was L = 5 m. The outer surface of
the fan was set as a wall, and the air outlet of the fan was set as interface in the numerical simulations. The
layout of the jet fan is shown in Fig. 9.

Figure 5: Overall top view of the North tunnel of the Tunnel

Figure 6: Geometric model of linear segment
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Figure 7: Geometric model of curved segment

Figure 8: Structure of the jet fan

Figure 9: Layout of the jet fan
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2.4 Mesh Division
To facilitate the modeling and mesh division, the tunnel was simplified appropriately. The linear and

curved segments described above were used in the simulation of a single car fire. The tunnel section was
taken as an arch, and the left and right sidewalks were removed. The tunnel contour was treated as the
curve of a circle, and the fire sources were simplified as rectangular cuboids. The fire source size was
1.5 m × 1.5 m × 4 m. The tunnel section and fire source models are shown in Fig. 10.

A regular hexahedral mesh was adopted for the calculations, and the calculation domain of the tunnel air
flow field and the mesh of the fire source was created. In FLUENT, the fluid flow and heat transfer coupling
was carried out using the APPEND option. Because the temperature and flow fields change dramatically near
the fire source, the mesh was refined near the fire point. The mesh size reached 2 million cells, and the mesh
mass was above 0.9, as shown in Fig. 11.

Figure 10: Tunnel section and fire source models

Figure 11: Mesh division
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3 Numerical Method

In this study, the k-ε double equation turbulence model with buoyancy correction, the finite volume heat
source (VHS) combustion model, the discrete ordinates (DO) radiation model and the component transfer
equation were used, and the pressure correction method of PRESTO was used to solve the discrete
equations. The VHS model is the simplest combustion model [22,23]. It sets the heat source as a fixed
volume heat source of limited size to study the influence of the combustion process of the fire source on
the flue gas flow and temperature field. The basic idea of the DO radiation model is to discretize the
space radiation heat transfer in multiple directions and calculate the change of the medium absorption and
scattering coefficients in space coordinates (x, y, z) [24,25]. The calculation result is closer to the actual
situation. The PRESTO method calculates the interlaced pressure of the interlaced control grid by
discretizing the continuous equilibrium equation [26,27].

3.1 Basic Assumptions
To simplify the complex tunnel fire smoke diffusion problem, the following assumptions were used.

(1) Before the fire, the air temperature distribution in the tunnel is uniform and the air flow is turbulent.

(2) The tunnel wall is adiabatic, and no heat exchange is considered at the walls of the concrete structure.

(3) The gas flow in the tunnel and the smoke generated by the fire are regarded as a multi-component
ideal gas that obeys the ideal gas equation of state.

(4) Chemical changes in the high-temperature smoke in the tunnel are ignored.

3.2 Fire Source Setting
In this study, the volume heat source method (VHS) was adopted, i.e., the fire source was regarded as a

fixed heat source based on the heat released by the fire, and the full combustion stage of the fire was studied
by means of a steady-state fire source.

3.3 Verification of Numerical Calculation Method
To validate the model adopted in this study, a simulation using a set of working conditions in the

Memorial Tunnel Fire Ventilation Test Program (MTFVTP) in the United States was performed [28].
Fig. 12 shows a schematic diagram of the cross section of the tunnel, with the rectangular part at the
bottom as the road and the semicircular part at the top as the ventilation duct. The VHS method was
adopted to simulate the ventilation conditions in the case of fire in the tunnel using FLUENT.

The fire scale was selected based on test condition No. 502 in the test scheme (i.e., the fire scale was
10 MW). Two jet fans were opened 5 min after the fire started. Figs. 13a and 13b show the velocity and
temperature distributions, respectively, 66 m downstream from the fire source. Based on the locations of
the temperature and speed sensors in the test, the velocity and temperature distributions of the center line
of the section at heights of 0.3, 1.2, 2.4, 3.6, 4.8, 5.7, 6.5, and 7.3 m were selected.

Fig. 13 shows that the temperature distribution obtained by the numerical simulation was basically
consistent with the test results. However, the predicted temperatures in the middle positions of the tunnel
section were slightly larger than the measured temperatures, which was similar to the numerical result
obtained by Martegani et al. [29]. In the middle section of the tunnel, the velocity distribution of the
numerical calculation was consistent with the experimental results. However, the numerical results at the
upper and lower sections near the wall were slightly larger than the experimental results. This may have
been because wall heat transfer was not considered in the numerical calculation, and the heat distribution
difference caused by convection and conduction in the area close to the wall was more significant.
Consequently, the fire ventilation pressure drove the air flow more forcefully, and the speed was higher
than the experimental value.
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The above analysis results show that the numerical and experimental results were in good agreement,
which indicated that the numerical model and method adopted in this paper were reasonable.

4 Results and Analysis

4.1 Mesh Independence
The size and number of computational nodes will affect the results of numerical calculations, including velocity

and temperature distribution. The influence of mesh refinement was studied. Taking the inflow velocity at the same

Figure 12: Cross section of the tunnel

Figure 13: Temperature and velocity distributions on the center line 66 m downstream from the fire source.
(a) Velocity distribution and (b) Temperature distribution
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position in front of the truck with a complex model structure as the monitoring object, the calculation results of the
inflow velocity with different mesh numbers were compared. The results are shown in the Tab. 2.

As can be seen from the Tab. 2, when the number of computational nodes is 1.8 million and 2.4 million,
there is a small difference in the calculation results. It can be considered that when the number of
computational nodes is greater than 1.8 million, the calculation results have nothing to do with the
number of computational nodes. In order to ensure the accuracy of calculation result, the number of
computational nodes divided in this research is greater than 2 million. The mesh diagram and monitoring
point of the truck model are shown in Fig. 14.

4.2 Criticalvelocity
The critical velocity is the key to controlling tunnel smoke. It is the minimum longitudinal ventilation

velocity that can effectively prevent the smoke from traveling downwind of the fire source without an adverse
flow. Many studies on the critical velocity have been conducted [30–32]. In general, the critical velocity can
be calculated by the Heselden & Kennedy formula [33]:

vc ¼ kg � k gHQw

qCpATf

� �1=3

(7)

Tf ¼ T þ Qw

qCpAvc
(8)

where vc is the critical velocity (m/s); kg is the slope correction factor [34], where the level slope and the
upper slope were 1.0 in this model, and the grade is the tangent value corresponding to the tunnel slope
expressed as a percentage; k is the dimensionless coefficient, k = 0.61; g is the gravitational acceleration,
9.81 m/s2; H is the clearance height of the tunnel section (m); Qw is the heat release rate of the fire
source, (kW); ρ is the air density, 1.225 kg/m3; Cp is the specific heat capacity at constant pressure,
1006.43 J/(kg·K); A is the ventilation area of the tunnel (m2); Tf is the smoke temperature (K); and T is
the ambient air temperature, 293.15 K.

The tunnel height H was 7.8 m. The tunnel bottom was flat, so the slope correction factor kg was 1.0. The
net fault surface area of the tunnel, A, was calculated to be 69.1353 m2. Based on the literature and
specifications (Tab. 3) [35], the heat release rate Qw of the fire source was 5, 20, or 50 MW based on the
fire size. The critical velocities of the small, medium, and large fires were 1.451, 2.165, and 2.715 m/s, as
determined through iterative calculations.

Table 2: Mesh sensitivity analysis

Mesh size (million) 0.6 1.2 1.8 2.4

The inflow velocity of the monitoring point (m/s) 16.25 18.51 20.14 21.44

Figure 14: Mesh diagram and Monitoring point of the Truck model
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4.3 Smoke Diffusion Characteristics
Many scholars have studied the characteristics of smoke diffusion [36,37]. In this study, the entrance

curve of a tunnel was examined. As mentioned in the previous section, the fire heat release rates were 5,
20, and 50 MW to simulate a small fire caused by a single car, a medium fire caused by a single bus, and
a large fire caused by a single truck, respectively. The temperature distributions under different ventilation
speeds were calculated. The longitudinal inlet flow velocity began at 0 m/s and was increased by 0.1 m/s
until no smoke backflow occurred.

For a fire in the longitudinal section of the smoke temperature distribution in the center as a monitor,
Figs. 15a and 15b show that when tunnel catches fire, a high-temperature smoke plume from the fire
gathers at the top of the tunnel by buoyancy forces while spreading upstream and downstream. When
there was no mechanical ventilation and the flow velocity was less than 1 m/s under natural ventilation
conditions, high-temperature smoke only flowed in the tunnel vault and accumulated, exhibiting a good
hierarchical structure. As the velocity of the incoming flow gradually increased, the layered structure at
the top was destroyed by the shear action of the incoming flow. In Fig. 15c, the smoke layer in the
downwind area of the fire source exhibited a wavy shape. As the ventilation velocity reached 1.5 m/s in
Fig. 15d, the smoke backflow only occurred 1 m downstream of the source, and the backflow section was
only 0.5-m long. The ventilation velocity at this time reached the critical velocity, and the high-
temperature smoke no longer spread upstream to the fire source, which was conducive to the evacuation
of people in the tunnel in the wind direction, and fire-fighters from upstream could move to the fire site
to extinguish the fire out.

The temperature and vertical velocity distribution on the center line of the tunnel sections upstream and
downstream of the fire source were compared, as shown in Figs. 16 and 17. At the center of the tunnel and
upstream of the fire source, as the longitudinal velocity increased, the air temperature near the vault equaled
the temperature of the inflow. The longitudinal velocity near the vault gradually decreased from negative to

Table 3: Vehicle type and heat release rate

Vehicle type Maximum
temperature (°C)

Maximum heat
release rate (MW)

Car 400–500 3–5

Bus or Railcar 700–800 15–20

Truck or tanker 1000–1200 50–100

Train 800–900 15–20

Figure 15: Distribution of smoke temperature under different ventilation velocities for a small fire in the
curved section of the tunnel
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positive. Finally, the velocity distribution changed from a parabola at the bottom and a backflow at the top to
a parabola across the whole tunnel section, which is similar to the velocity distribution of pipeline flow. At
the center of the tunnel cross section and downstream of the fire source, the temperature at the top of the
tunnel increased slightly with the increase in the velocity of the ventilation air. However, when
the velocity reached the critical value, the maximum temperature occurred at a height near the center
of the tunnel. In the direction downstream of the fire source, the longitudinal velocity exhibited a
parabolic distribution in the lower part of the tunnel, while it surged at the top of the tunnel. The
maximum velocity occurred near the vault.

The temperature distributions at different locations downstream of the tunnel fire under the critical
velocity v = 1.5 m/s are shown in Fig. 18. Five meters downstream of the fire source, due to the critical
velocity, the structure of the smoke vortex was still relatively complete. The heat transfer due to
convection was small, and the air temperature near the vault was high. Fifteen meters downstream of the
fire source, as the vortex structure dissipated and buoyancy played a dominant role, the high-temperature
smoke exhibited a stratified distribution across the tunnel cross section. Upon further diffusion of the

Figure 16: Temperature and longitudinal velocity distribution 5 m upstream of the fire source

Figure 17: Temperature and longitudinal velocity distribution 5 m downstream of the fire source
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high-temperature smoke, the temperature distribution 35 m downstream of the fire source showed significant
asymmetry. The temperature of the smoke outside the section was higher, while the temperature inside was
lower. Sixty-five meters downstream of the fire source, the temperature stratification tended to be stable.

Based on Figs. 16–18, it was concluded that the smoke near the fire source diffused downstream in a
symmetric vortex structure under the action of buoyancy, forming a vortex and drawing in a large amount
of air. In this process, the movement of the smoke was a combination of a transverse vortex and
longitudinal fluctuations. With the increase in the ventilation velocity, the temperature of the top layer
near the fire source gradually decreased, and the maximum temperature point of the tunnel vault
gradually moved back. When the critical velocity was reached, the spiral vortex structure of the high-
temperature smoke flow generated by the fire source was relatively complete, the turbulent flow rate of
the smoke was more severe, and it spread further downstream.

The fire conditions for different cases were calculated to obtain the critical velocities for different fire
scales, as shown in Tab. 4. The critical velocities obtained through the numerical calculations were larger
than those obtained by the theoretical calculations. Because a section of the tunnel was curved and
affected by the curved wall boundary, the fluid inertia force was limited, and the buoyancy was more
significant. The ratio of the buoyancy to the fluid inertia force represented by the Froude number (Fr) was
relatively large, and because Fr∝vc−1, the theoretical calculation of the critical velocity was small.

Figure 18: Temperature distribution at different locations downstream of the fire source. (a) z = 5 m, (b) z =
15 m, (c) z = 35 m and (d) z = 65 m

Table 4: Critical velocity for fires of different sizes in the curved section

Fire scale Small Medium Large

Heat release rate (MW) 5 20 50

Critical velocity (m/s)
Simulative velocity 1.5 2.4 3.1

Theoretical velocity 1.451 2.165 2.715
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Similarly, for the linear section in the middle of the tunnel, the fire heat release rates of 5, 20, and 50 MW
were used to simulate a small fire of a single car (Fig. 19), a medium fire of a single bus, and a large fire of a
single truck, respectively, and the temperature distributions for different ventilation speeds were analyzed.
Fire conditions for the different cases were calculated to obtain the critical velocities of different fire
scales, as shown in Tab. 5.

The critical velocities obtained by the numerical simulations were slightly smaller than the theoretical
values, but the overall growth was similar, and the difference did not exceed 0.2 m/s. Thus, the simulated
and theoretical results were in good agreement. The simulated critical velocities of the curved and linear
sections were compared with the theoretical values, as shown in Fig. 20.

Figure 19: Distributions of smoke temperature for different velocities in small fire in linear section

Table 5: Critical velocities for fires of different sizes in the linear section

Fire scale Small Medium Large

Heat release rate (MW) 5 20 50

Critical velocity (m/s)
Simulative velocity 1.4 2 2.6

Theoretical velocity 1.451 2.165 2.715

Figure 20: Theoretical and simulation values of the critical velocities
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As shown in Fig. 20, when a fire occurred in the curved section, the critical velocity must be
appropriately increased based on the theoretical value. When a fire occurs in a linear section, the
theoretical critical velocity is sufficient to ensure that no smoke backflow occurs. Therefore, in the tunnel
ventilation design, the fan pressurization in the curved section must be higher than that in the linear section.

4.4 Evacuation from Tunnel Fire
4.4.1 Escape Time

When a fire breaks out in the tunnel, the safe evacuation of people mainly depends on two time
parameters: the required safety egress time (RSET) and the available safety egress time (ASET). When
RSET < ASET, people in the tunnel can be evacuated safely during a fire. Otherwise, some people in the
tunnel will be in danger. RSET can be calculated as follows:

RSET ¼ t1 þ t2 þ t3 (9)

t1 is the automatic fire alarm response time. According to regulations [38], the automatic fire alarm
response time should not exceed 60 s, so t1 = 60 s. t2 is the time for people to move away from the
burning vehicle after the fire alarm. Taking the 12-m-long bus in the worst-case scenario of full capacity
as an example, the evacuation speed is about 0.2 m/s, and the time for people to leave their vehicles is
60 s. Thus, t2 was set to 60 s. t3 is the time for people to reach the safe area after getting off the bus. In
the worst case, namely, congested conditions, the evacuation speed of people is 0.5 m/s, and the
maximum distance for people to walk upstream and downstream is 150 m. Thus, t3 = 300 s. Therefore,
the required safe evacuation time REST is 60 s + 60 s + 300 s = 420 s.

4.4.2 Analysis of Threat Degree during Evacuation
The critical dangerous state in a fire refers to the state in which the fire environment can cause severe

injury to people. The critical state of a fire danger is determined by the following conditions:

(1) When the interface of smoke layer is higher than the human eye height, and the temperature of the
upper smoke layer reaches 180°C, there is a risk of people suffering radiation burns;

(2) When the height of the flue gas layer is lower than the human eye height, and the temperature of flue
gas reaches 115°C, there is a risk of people suffering direct burns.

In an environment where the temperature exceeds the body temperature, a person may experience
dehydration due to sweating, exhaustion, and an accelerated heart rate. When the temperature exceeds
66°C, it becomes difficult to breathe. Consequently, it is difficult for firefighters to rescue people in the
tunnel, and the evacuation of the tunnel is slowed.

The characteristic human eye height is 1.2–1.8 m. In this paper, the temperature 1.6 m from the ground of
the evacuation channel (that is, the characteristic human eye height is 1.6 m) was taken as a criterion for the fire
to reach a dangerous state. Furthermore, the upper limit of the safe temperature at a height of 1.6 m was set to
60°C. The time at which the temperature at a height of 1.6 m reached 60°C after the fire broke out was the
available safe evacuation time (ASET). If ASET < RSET = 420 s, people in the tunnel cannot escape safely.

There was a natural ventilation of 0.5–1 m/s in the tunnel, so under the conditions of 0.5 m/s, 1 m/s, and
an open jet fan, the temperature distribution in the plane at a height of 1.6 m was simulated after 420 s for
small, medium, and large fires. When the temperature along the evacuation route reached more than 60°C, it
poses a threat to the evacuation of people in the tunnel.

If the tunnel is congested, people will follow the walls of the tunnel to escape. Fig. 21 shows the
temperature distribution at the characteristic height of the human eye along the walls of the tunnel
(ignoring the peak temperature at the fire source) when a single car burned. When a small fire occurred in
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the tunnel, the maximum temperature at the human eye height in the tunnel did not reach 60°C (333 K) under
natural ventilation. As the duration of the fire increased, the maximum temperature at the human eye height
gradually increased, the location gradually migrated to the exit of the tunnel, and the amplitude gradually
decreased. For general small fires, it was assumed that the full combustion phase lasted for 7 min, after
which the temperature at the height of the human eye would not increase. Thus, there was no threat to the
evacuating people during the whole fire duration.

When a medium-sized fire occurred (a single bus burned), the natural ventilation of 0.5 m/s was
compared mechanical ventilation at the critical velocity. The results are shown in Fig. 22.

Under natural ventilation, a point greater than 333 K appeared near the walls of the tunnel 10 m
downstream of the fire source 4 min after the fire started. Thus, the evacuation of people in the tunnel
would be endangered. At 5 min, the temperature from 40 m upstream to 35 m downstream of the fire
source was above 333 K. If people were still stranded, it would be impossible to escape along the outer
walls of the tunnel. As the fire continued, the maximum temperature gradually increased, and the

Figure 21: Temperature distribution at the characteristic human eye height for velocities of 0.5 m/s (left) and
1 m/s (right) with a small fire

Figure 22: Temperature distribution at the characteristic human eye height at a velocity of 0.5 m/s (left) and
the critical velocity (right) in a medium fire
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temperatures at more points in the tunnel exceeded the safe limit of 333 K. Six minutes after the fire, the
temperatures 120 m upstream and 90 m downstream exceeded the safe limit, and basically the entire
tunnel had no safe escape route.

If the jet fan was opened immediately, when the fire lasted for 1 min, the temperature 5 m downstream of
the fire source reached 333 K. After, it expanded to a range from 10 m upstream to 20 m downstream within
1 min. When the fire lasted 3 min, the temperature in the entire tunnel was below 333 k, and people could
escape in a safe state.

When a large-sized fire occurred (a single truck burned), the natural ventilation of 1.0 m/s and the
mechanical ventilation at the critical velocity were compared. The result is shown in Fig. 23.

When the fire burned for 1 min, the temperatures 1–7 m upstream of the fire source point exceeded
333 K, and the highest temperature was 341 K. The safety of people in this range would be threatened, so it
would be necessary to evacuate in time. Under the action of natural ventilation, the temperature in the tunnel
was lower than 333 K, and people could escape quickly. When the fire lasted for 5 min, the temperature within
10 m downstream of the fire source and 50 m from the tunnel outlet were higher than 333 K. At this time, if
there were still people who had not escaped, they would be harmed by the high temperature. When the fire
lasted for 6 min, the temperature at the human eye height was higher than 333 K within the range from 30 m
upstream to 120 m downstream of the fire source, making it difficult for people to escape from the fire safely.

If the jet fan opened immediately, when the fire lasted for 1 min, the temperature 2–15 m downstream of
the fire source exceeded 333 K, which was unfavorable for evacuating the tunnel. However, in 2–5 min, the
downstream temperature was lower than 333 K under the action of ventilation. After 6 min, under the
influence of the jet fans, the temperature in the downstream 60–100 m exceeded 333 K, which was
unfavorable for the safe evacuation of the tunnel.

5 Summary

The model created in this study was first compared with previously reported fire data for validation. The
influence of the ventilation velocity on the smoke diffusion was simulated, and the critical velocity in the
tunnel was calculated numerically when fires of different sizes occurred. The critical velocity value
obtained using the Heselden & Kennedy formula was greater in the curved section, and the ventilation

Figure 23: Temperature distribution at the characteristic human eye height at a velocity of 1.0 m/s (left) and
the critical velocity (right) in a large fire
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needs were met in the straight section. Therefore, in the design of tunnel ventilation, the fan pressurization
setting in the curved section should be higher than that in the linear section.

The threat degree to people evacuating a tunnel fire was also evaluated. The following results
were obtained.

(1) When a 5-MW fire occurred in the tunnel, the natural ventilation in the tunnel was sufficient, and the
safety of people evacuating the tunnel would not be affected. For 20- or 50-MW fires in the tunnel, if
only natural ventilation is used, the safety of the people in the tunnel will be affected. In this case, it
is necessary to turn on mechanical ventilation to ensure the safe escape of people in the tunnel.

(2) When a fire occurs in the tunnel and mechanical ventilation must be turned on, directly turning on
mechanical ventilation will cause the fire smoke to spread rapidly downstream. This would be
dangerous for people in the downstream region. Therefore, people escaping from downstream of
the fire should evacuate within 5 min after the fire starts, and then the jet fan should be opened
to suppress the adverse flow of smoke.
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