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Abstract
If a fire occurs in a congested road tunnel section, there is a concern that
the fire source position might be in a blind spot of the motorcade and the
detection of the flame might be delayed. In addition, the delay in fire
detection can lead to delay in emergency stop instructions for
subsequent vehicles, a spread of smoke in tunnels, and damage to the
evacuation environment, and eventually can have the risk to bring
secondary disasters. To reduce these risks it is considered that the
following should be achieved: early detection of a fire, monitoring of the
ever-changing smoke propagation, traffic flow control, accurate
information provision, maintain safe tunnel environment, and quick
evacuation. This paper reports on the risk reduction efforts including early
fire detection methods, section management of smoke propagation area
and longitudinal smoke control methods, so as to improve series of
concerns.
Keywords: Longitudinal ventilation system, Traffic congestion, Early fire
detection, Smoke propagation area, Longitudinal smoke control method
Introduction
When a fire occurs in a tunnel with the longitudinal ventilation system, if
there are no traffic in the downstream of the fire point, wind is blown to
the downstream to exhaust smoke and maintain the evacuation
environment of the windward side. However, if there is a stopped vehicle
in the leeward of the fire point, it is necessary to suppress the smoke
propagation in order to maintain the evacuation environment until the
tunnel users in the stopped vehicles complete evacuation. It is desirable
to activate those emergency responses automatically without the
intervention of an operator. [1]

1)

Early detection of a fire occurrence: Flame detection type fire
detectors are commonly used as fire detection means in Japan so
far. However, a fire can be detected early by catching smoke in the
smoldering phase immediately after the fire ignition [2] (Fig.1).

2)

Section control of the smoke propagation area: CFD simulation of
ever-changing smoke behavior and smoke density

3)

Check the improvement of damage level mitigated after the
additional installation or layout adjustment of emergency facilities
and the operational changes.

4)

Suppression of smoke propagation by controlling the longitudinal
wind speed: Activating appropriate smoke exhaust mode depending
on the situation of the fire point and the stopped vehicle.

Fig. 1. Fire scenarios and emissions.
Evaluation methods
First, the tunnel fire is evaluated by CFD, and the estimated detection
times of the smoke sensor and the flame sensor are compared. Next, the
evacuation simulation and fire simulation results are coupled to evaluate
various risk reduction measures.
The target tunnel is a V-shape that combines a downhill slope and an
uphill slope simulating an urban expressway tunnel and sets the
geometric conditions (length, slope, cross-sectional area) and traffic
conditions.

Model tunnel
The outline of the model tunnel used for smoke behavior evaluation is
shown below (Fig. 3).
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Fig. 2. Model tunnel section area.

Fig. 3. Model tunnel longitudinal section.
Evaluation code
The behaviour of the smoke affected by a fire scale, a fire point or a wind
speed in the model tunnel is examined using CFD. As the CFD code,
“FIRELES”, a LES turbulence model is provided. An orthogonal grid was
used for the calculation, and dx = 0.4 m, dy = 0.3 m, and dz = 0.3 m were
set based on the results of past studies [3].
Fire detection method
The standard fire detector in Japan is a flame detection type. The
detectors are installed every 50 m at a height of 1.5 to 2.5 m above the
road surface. The fire detection performance is to detect a 0.5 m2
gasoline pan fire within 30 seconds. On the other hand, the smoke
detectors in this study identify smoke as a fire occurrence of extinction
coefficient Cs ≥ 0.1 m-1.
Setting evaluation parameters
The evacuation environment during a tunnel fire is strongly affected
depending on the fire point, the scale of the fire source, the stopped

vehicles and the wind speed in the tunnel. The location of the fire was set
on the downhill of a 3 % slope in 300 m from the tunnel entrance as
shown in Fig. 3. The purpose of this study is to detect a fire in early stage,
and the fire scale is 5 MW of an equivalent level defined to a small
vehicle. HRR uses the t2 model that increases with time and reaches the
maximum value after 360 seconds. The evaluation time is 600 seconds
after the fire started (Fig. 4).

Fig. 4. Heat Release Rate Curve 5 MW.
Vehicles were lined up in the tunnel with an average headway of 10 m,
and the number of large vehicles was set to 25 % of total. Also, there are
no stopped vehicles 50 m back and forth the fire source and 50 m from
the entrance. The average number of passengers was set to 1.32 for
small vehicles and 1.26 for large vehicles based on the past statistical
survey data [4].
Wind speed inside the tunnel
Usually, a certain amount of wind flows in the tunnel due to the traffic of
vehicles. Therefore, 0.5, 1.0, 1.5, 2.0, 2.5 m/s are given as boundary
conditions at the entrance, and changing environmental data (wind
speed, temperature, smoke concentration) are acquired.
Method of evaluating smoke behavior
For smoke behavior after a fire ignition in the tunnel, the time until upper
smoke fell down a height of 1.5 m at the road surface was compared by
positions of the fire source and wind speeds. The area of smoke descent
were roughly divided into the windward side of the fire source, the vicinity
of the lee of the fire source (about 0 to 100 m), and the distant place of
the fire source (about 200 to 300 m).

Evacuation evaluation method
The evacuation start conditions are (1) smoke reaching overhead, (2)
recognizing people who escape, and (3) hearing the evacuation
broadcast (90 seconds, 120 seconds, 240 seconds from the fire). The
evacuation walking speeds were following:
1 m/s for 0 ≤ Cs < 0.3 m-1, 0.5 m/s for 0.3 ≤ Cs < 0.4 m-1, and 0.1 m/s for
Cs ≥ 0.4 m-1. If a foot light is installed, the speed will be 1 m/s even in
case of 0.3 ≤ Cs < 1.0 m-1. By combining these conditions with the
emergency exit, we couple with the behavior of smoke obtained from the
CFD results by wind speed and compare the number of persons who
failed to evacuate within 600 seconds after the fire started (risks).
Results and discussions
Fire detection time by smoke detector
In this fire scenario, the standard flame detection is assumed to be
180 to 210 seconds after fire ignition (5 MW fire, t2 HRR curve). For
smoke detectors which have not been used in Japan, we evaluated the
detectability according to the installation height from the CFD results. The
detection standard was set as following: the time when smoke
concentration reached Cs ≥ 0.1 m-1 on average for continuous
10 seconds after fire ignition, at the height of 1.5 m, 3 m, 4.5 m,
and 6.9 m in 50 m on the leeward side. (Table 1).
In this wind speed range, the smoke detector detects a fire in about
120 seconds provided that it is located at a height of 4.5 m or more. Thus,
such a first-stage fire could be found earlier by the smoke detection
system than by the conventional flame detection system.
Table 1. Fire detection time 50 m downwind of fire source.
Wind speed
[m / s]
0.5
1.0
2.0
2.5

1.5
600
154
128
153

Height [m]
3
4.5
600
125
134
120
124
108
139
120

6.9
108
100
103
108

Evaluation of smoke behavior by CFD
Fig. 5 shows the state of smoke drops in the evacuation environment
according to wind speed. This is the time at which the smoke
concentration exceeds Cs ≥ 0.4 m-1 at a height of 1.5 m above the road
surface.
As shown in Fig. 5, in the case of a 5 MW fire, as a fire smoke descent
characteristic, when a low wind speed in the windward of the fire source,
backlayering smoke due to the gradient and buoyancy falls down quickly.

On the other hand, on the lee side of the fire source, the higher the wind
speed is, the faster the smoke will fall, and the smoke will especially
descend at the vicinity of the fire source. This phenomenon is caused by
the turbulence of the flow caused by the stopped vehicle, which
accelerates smoke descent, as shown in Fig. 6.

Fig. 5. Time until smoke descents to evacuation environment.

Fig. 6. Smoke density distribution at wind speed of 2.5 m/s
(350 seconds after fire).
Result of evacuation evaluation
Regarding evacuation evaluation coupled with smoke behavior, the
results for the wind speed of 2.5 m/s which causes the worst smoke
environment in the tunnel are shown in the table below. As a result of the
coupled evaluation, not all the people can evacuate within 600 seconds
(S1-S3) only by changing the evacuation action start time, that is, the
evacuation broadcast. However, it can be seen that the risk can be
reduced by providing evacuation broadcasts and additional emergency
exits to shorten the evacuation distance (S4 to S7). In addition, it can be
seen that evacuation time is shortened by installing foot lights even in an
environment where smoke is falling (S8 to S10).

Table 2. Comparison of evacuation countermeasures and risks
(Wind speed 2.5 m/s).
S1

S2

S3

S4

S5

S6

S7

S8

S9

S10

Evacuation
Start [sec.]

240

120

90

120

240

120

90

120

90

120

Number of
Exit

0

0

0

1

2

2

2

0

0

1

Footlight
installation

No

No

No

No

No

No

No

Yes

Yes

Yes

Number of
Finisher
[persons]

78

102

108

152

150

164

164

126

132

164

No finisher
[persons]

86

62

56

12

14

0

0

38

32

0

Suppression of smoke propagation by wind speed control
From the CFD results, it was confirmed that when there is a stopped
vehicle on the leeward side of the fire source, the smoke descends
quickly when the wind speed becomes high, and the smoke descends
slowly when the wind speed is low. For this reason, in a condition that a
fire broke out at a wind speed of 2.5 m/s, regarding fire detection by flame
detectors or smoke detectors, evacuation risks were compared. Then the
risk when wind speed was controlled to be slow down (0.5 m/s) was
compared. The evacuation start time was 240 seconds after the fire
started, and the wind speed control was started 60 seconds and
210 seconds after the fire started.
When the wind speed control start time is 210 seconds, as shown
in Fig. 7, thick smoke (Cs ≈ 0.3 m-1) descends to a height of 1.5 m on the
leeward side. However, in the 60 seconds case, almost no smoke was
falling as shown in Fig. 8. The victims were able to evacuate in both
cases. On the other hand, late evacuation increases the risk of smoke
exposure, especially on the leeward side.

Fig. 7. Control start: 210 sec. Coupling evaluation of evacuees with
changes in smoke concentration over time diagram
(height = 1.5 m).

Fig. 8. Control start: 60 sec. Coupling evaluation of evacuees with
changes in smoke concentration over time diagram
(height = 1.5 m).
Conclusions
As a result of CFD evaluation of model tunnel fire, the following findings
were obtained.
-

The smoke detector installed at a height of 4.5 m or more can detect
a fire early.

-

If there is a stopped vehicle, smoke descent can be delayed by
controlling the wind speed to 1 m / s or less.

-

Although within limited conditions, the superiority and the inferiority of
each evacuation measure were evaluated by a coupled evaluation of
fire and evacuation simulation.

-

By lowering the wind speed in early stage, the deterioration of the
tunnel environment can be delayed, and the risk can be reduced.

Based on such simulated evaluation results, we plan to finally carry out
comprehensive experiments and evaluations including smoke movement
control in a full-scale tunnel.
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