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Critical ventilation velocity in large cross-section road tunnel fire
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ABSTRACT: Based on CFD method, this paper conducted simulation analysis of lorry and car fires for large
cross-section road tunnel. The smoke distribution feature was discussed and the corresponding results of critical
ventilation velocity were also compared with the values calculated by related empirical formula. It would be
helpful to work out a ventilation system strategy for the road tunnel.
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INTRODUCTION

Recent incidents however have drawn widespread
attention to the risks of fires in road, rail and masstransit tunnels (e.g. King’s Cross, Channel Tunnel,
Mont Blanc, Tauern, Gotthard). The incidents have
resulted in casualties as well as large direct and indirect
economic damage. The control of smoke flow during
a road tunnel fire is often an important part of fire
safety measure. On the other hand, CFD (Computational Fluid Dynamics) simulations are increasingly
used to estimate the effects of fires in road tunnels.
However, little work has been done to analyze comprehensive fire characteristics of the large cross-section
road tunnel. On the basis of CFD method and with
the help of FDS simulation software, this paper conducted simulation analysis of lorry and car fires for
large cross-section road tunnel. Two fire scenarios
were constructed and five different kinds of longitudinal ventilation conditions were considered. The
smoke distribution feature was discussed and the corresponding results of critical ventilation velocity were
also compared with the values calculated by related
empirical formula. It would be helpful to work out a
ventilation system strategy for the road tunnel.

2
2.1

CFD SIMULATION SCENARIOS
Brief introduction of FDS

In these simulations, FDS (Fire Dynamics Simulator)
4.06 which was released by NIST (National Institute of Standards and Technology, USA) was used.
FDS is a Computational Fluid Dynamics (CFD) model
with LES (Large Eddy Simulation) of fire-driven fluid
flow. The model solves numerically a form of the
Navier-Stokes equations appropriate for low-speed,

Figure 1. Cross-section of road tunnel.

thermally-driven flow with an emphasis on smoke and
heat transport from fires. The partial derivatives of
the conservation equations of mass, momentum and
energy are approximated as finite differences, and the
solution is updated in time on a three-dimensional,
rectilinear grid. Thermal radiation is computed using
a finite volume technique on the same grid as the flow
solver.
2.2 The design of the fire scenario
As for large cross-section road tunnel, the fire smoke
distribution feature under different ventilation situation was simulated. One road tunnel which has
100 m length and 15 m diameter was constructed as
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Figure 4. Heat release rate of fire source in scenario 1.
Figure 2. CFD model in scenario 1.

Figure 3. CFD model in scenario 2.

Figure 5. Heat release rate of fire source in scenario 2.

simulation model, as shown in Figure 1, Figure 2 and
Figure 3. One lorry which designed as fire source was
located at 37 m from the upstream ventilation crosssection and 63 m from the downstream ventilation
cross-section, as shown in Figure 2. The lorry was supposed to be on fire first, and the heat amount released
by the lorry would emblaze a car near the lorry. Two
fire scenarios were set up, including: (1) scenario 1:
the car at the right of the lorry; (2) scenario 2: the car in
front of the lorry. Both scenarios involved five different kinds of longitudinal ventilation conditions. The
ventilation velocities were set as 2 m/s, 2.5 m/s, 3 m/s,
3.5 m/s, and 4 m/s respectively.
During the simulation, the lorry was burning first.
Then at a certain time, when the heat amount the car
received exceeding 16 kW/m2 , the car would begin to
burn. The heat release rate of the lorry and the car were
20 MW and 5 MW respectively. The total heat release
rate was shown in Figure 4 and Figure 5 separately.

3 ANALYSIS OF CFD SIMULATION RESULTS
Figure 6. The smoke distribution feature under ventilation
velocities of 2 m/s, 2.5 m/s, 3 m/s and 3.5 m/s respectively in
scenario 2.

3.1 The brief analysis of the simulation results
Since the heat release rates of two scenarios were
almost of same value, the simulation results demonstrated that the relative position of the lorry and the
car didn’t distinctively affect the smoke distribution
feature. As for the same environmental conditions,
there was not much difference between these two

fire scenarios, as shown in Figure 6, Figure 7 and
Figure 8 respectively. For example, under the same
longitudinal ventilation condition, the smoke density
at the location of 10 m upstream the fire source was of
similar distribution type.
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Figure 7. Smoke density at the location of 10 m upstream
the fire source in scenario 1.

Figure 8. Smoke density at the location of 10 m upstream
the fire source in scenario 2.

3.2 Obtain of the critical ventilation velocity
The simulation results illustrated that the road tunnel fire yielded high production of smoke. As a result
of fire temperature, the smoke would have a lower relative density than the surrounding air in the tunnel
and therefore rose to the ceiling of the tunnel. Consequently the smoke would remove itself away from the
fire source in a layer along the ceiling. Along the bottom the cold air would be sucked towards the fire. This
created two flowing layers, i.e., the hot smoke layer and
the cold smoke-free layer of air. The phenomenon was
called stratification.
The hot smoke layer gradually formed as the hot
smoke curled upwards. With continuous yielding of
smoke from the fire source, the hot smoke layer
swelled rapidly and spread towards both sides of the
tunnel. Meanwhile, the cold air from the lower part of
the tunnel flew to the fire source. In this way, the symmetry re-circulated air was formed on both sides of
the fire field. When the longitudinal ventilation was
started, the smoke on both sides of the fire source
emerged asymmetry. If the ventilation velocity is quite
small, it couldn’t prevent the smoke from diffusing in
the direction opposite to the ventilation stream. This
situation, namely smoke flows against the ventilation,
is adverse to the prevention of the smoke spread (the
hot smoke maybe emblaze the traffic in the upper side
of the fire) and would be harmful to the safety of the
firemen. In order to prevent the backflow of the smoke,
the longitudinal ventilation velocity should be greater
than the critical one.
As ventilation velocities were set as 2 m/s and
3 m/s, and at the location of 10 m upstream the
fire source, the maximum smoke density would
approached 250 mg/m3 and 280 mg/m3 separately.
While the ventilation velocity was set as 4 m/s, the
corresponding smoke density almost kept zero. It obviously indicated that the critical ventilation velocity
went between 3 m/s and 4 m/s.

Oka and Atkinson had proposed a method to calculate the critical velocity, which was to get the smoke
backflow distance in different ventilation through the
detectors first. Then the value of the distance was
placed in the reference frame for backflow distance
and ventilation velocity. To joint these points in the
reference frame and extend the line to the y-axis,
the y-axis value of the point of intersection was just
the critical velocity. This paper would also obtain the
critical ventilation velocity in this way.
The spread of the smoke under the ventilation velocities of 2 m/s, 2.5 m/s, 3 m/s and 3.5 m/s were presented
in above mentioned figures. These figures could give
out the related distance values which the smoke spread
upstream the fire source. Based on the detectors, we
could get the backflow distance in four situations of
120 m, 80 m, 48 m and 10 m. These numerical values were put up in the reference frame for backflow
distance-ventilation velocity. Jointing the points and
extending the line in accordance with the method
referred previously, then the critical ventilation velocity could be obtained as 3.65 m/s.
3.3 Comparative analysis of the critical ventilation
velocity
Oka and Atkinson had set up a formula for calculation
of tunnel critical ventilation velocity as follows:
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parameter were of the same meaning as formula
(1). Through formula (5), we could obtain the critical ventilation velocity as 2.893 m/s. Comparing this
value with the simulation one, the relative error was
20.7%.

4

Figure 9. Critical ventilation velocity for large cross-section
road tunnel.

where Q = the heat release rate, kw; Vcritical = the critical velocity, m/s; Q∗ = dimensionless heat release
rate, and V∗ = the dimensionless critical velocity,
ρ0 = ambient air density, kg/m3 ; CP = specific heat
capacity, kJ kg−1 K−1 ; T0 = ambient temperature, K;
g = acceleration due to gravity, m/s2 ; H = height from
the surface of fire source to tunnel ceiling, m. Using
these values we could obtain the critical ventilation
velocity of the tunnel as 3.208 m/s. Comparing the
simulation value with the one given out by formula
(1), the relative error was 12.12%.
Wu and Bakar further amended the formula
(1). They considered the influence of the breadth
of the tunnel and replaced the height of the tunnel
with the hydraulic tunnel height H , which was defined
as the ratio of 4 times the cross-sectional area to the
tunnel wetted perimeter. Thus, the new formula was
illustrated as follows:

where Q′′ = dimensionless heat release; V ′′ =
dimensionless critical ventilation velocity, other

CONCLUSION

The simulation results demonstrated that specifying a
critical ventilation velocity was helpful to prevent back
layering of smoke during a tunnel fire. Hence, it was
very important for smoke management of large crosssection road tunnel. In order to find cost-effective
methods to upgrade fire safety in existing tunnels or
tunnels to be built, the practical tests as well as simulation analysis should be further carried out. Hence, the
corresponding performance-based calculation method
could be put up to improve the computation of critical ventilation velocity. Meanwhile, more influencing
factors need to be considered, such as the impact
of road tunnel physical characteristics and the traffic
capacity, etc.
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