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PERFORMANCE INVESTIGATION OF EMERGENCY VENTILATION STRATEGIES
IN A ROAD TUNNEL

Ahmed Kashef, Noureddine Bénichou, Gary Lougheed, National Research Council of Canada

Alexandre Debs, Ministere des Transports du Québec, Canada

ABSTRACT

A research project is being conducted at the National Research Council of Canada (NRC) to
evaluate the effectiveness in a road tunnel of the current emergency ventilation system (EVS) to
control smoke spread in the event of a fire. The research study includes two phases: namely, a
numerical and an experimental phase. The numerical phase uses the Fire Dynamic Simulator
(FDS)™ Computational Fluid Dynamics (CFD) model to study smoke ventilation in the tunnel.
The experimental phase is used to calibrate and partially verify the CFD model and to provide the
necessary initial and boundary conditions.

The results of the numerical analyses indicated that the phenomenon of “backlayering” did not
occur in all simulated cases. The backlayering phenomenon is the case where the smoke moves
against the provided ventilation upstream of the fire causing a dangerous environment to the
tunnel users. Therefore, the current ventilation scenarios and side vent openings are deemed
appropriate with regards to preventing the occurrence of backlayering.

1 INTRODUCTION

A study has been conducted at the NRC to evaluate the performance of the EVS in the event of a
fire. The study aims at: assessing the ability of in-place emergency ventilation strategies to
control smoke spread and minimize the impact of smoke on tunnel users in the event of a major
fire; recommending guidelines for improving the ventilation operation to maximize intervention
effectiveness; and allowing future development of an intelligent ventilation system with
intervention based on a pre-established scenario of ventilation activated using automatic fire
detection.

An extensive literature review on vehicle tunnel ventilation for fire safety was completed.
Airflow measurements and fire tests were conducted in the tunnel. The initial airflow
measurements”) were used to establish the ventilation scenarios for the fire tests and to provide
input data for the CFD models. Two fire tests were conducted in the tunnel using a clean-burning
propane system that produces minimal smoke. Artificial smoke was added for visualization
purposes. Temperature and optical smoke density measurements were conducted at 80 locations
downstream and upstream of the fire. Also, the air speed was measured at several locations along
the tunnel. One fire was located in the middle of the tunnel and one close to the exhaust fans at
the north end of the tunnel™.

All CFD simulations were carried out in the absence of traffic in the tunnel. It is assumed that
the traffic downstream of the fire would be cleared shortly after the eruption of the fire. Thus, the



supposition of no traffic in the tunnel would not affect the outcome of the CFD simulations with
regards to smoke movement and control. However, the existence of traffic upstream of the fire
would act as obstacles that may affect the movement of supplied airflow.

The current paper presents the parametric study performed, using FDS, assuming a heat source of
20 MW (equivalent to a bus on fire) in the tunnel. With the restriction of carrying hazardous
goods into the tunnel, this fire load represents a rational design fire. Two fires locations were
simulated: one located at the middle of the tunnel and one close to the exhaust fans at the north
end of the tunnel. These two locations were deemed to cover the two main situations probable to
occur in the tunnel corresponding to fire occurring inside or outside the middle region of the
tunnel. The parameters examined were the capacity of fan VA201, in supply mode, and the
percentage opening of the upper and lower side vents.

1.1 Tunnel Geometry and Ventilation System

The L.-H.-La Fontaine road tunnel (Figure 1), built in 1964, is located in Montreal, Quebec,
Canada, and travels underwater in a North-South direction. The tunnel is 1.8 km long with three
lanes in each direction, inside two concrete tubes. Two ventilation towers are located at the ends
of the underwater section. A control and monitoring centre for the tunnel is located at the North
tower. A central section separates the two tubes. Galleries located in this section are used to
supply air along the tunnel length via openings distributed along the walls. These galleries can
also be used as evacuation routes. Doors at various locations along the length of the tunnel
provide access to the gallery and the other traffic tube. The wall openings have adjustable
dampers to ensure uniformity of air distribution. The side vents are situated in two rows, upper
and lower, located at heights of 3.9 and 1.0 m above the tunnel floor, respectively, and at
intervals of approximately 6 m. The two rows of vents are offset by 3 m.
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Figure 1: General layout and ventilation system of the tunnel



The tunnel ventilation is provided by a semi-transverse system with local extraction points
(Figure 1). The ventilation system is composed of 8 ceiling exhaust fans (4 fans for each
roadway) and 8 fans that supply air through side vents uniformly distributed along one wall for
each roadway. All fans can operate in reverse mode. Therefore, fresh air may be supplied at
either the ceiling (fans VE-151 through VE-254), or by fans VA-101 through VA-204 through
the side vents. In the exhaust mode, fans VE-151 through VE-254 can operate at 30 or 60 Hz
(cycles per second), and in the supply mode they can only operate at 60 Hz. In the supply mode,
fans VA-101 through VA-204 can operate at: 30, 40, or 60 Hz. In the exhaust mode, these fans
can only operate at 60 Hz.

1.2  Fire Tests

Fire tests were conducted using a propane burner
system developed by NRC™. Two fire tests were
conducted in the North Roadway of the tunnel: one in
the middle of the tunnel and one close to the exhaust
fans at the North end of the tunnel (Figure 2).

A fire size of 2 MW was selected so as to mi'nimize Figure 2: Fire Tests
damage to the tunnel structure and different

components and to produce reliable data for the calibration and validation of the numerical
models. The objective was to limit the temperature at the tunnel ceiling below 100°C. More

details on fire tests can be found in reference!®!.

2 NUMERICAL SIMULATIONS

CFD models solve the complex differential equations describing the conservation of mass,
momentum, enthalpy, species, etc. within the physical domain of interest. These models simulate
the overall fire environment for a specific fire scenario including ambient conditions prior to a
fire. The space and time dimensions are discretized into finite intervals and fluid variables such
as temperature, velocity, gas composition and pressure are computed at a finite number of
locations at the grid points as a function of time.

A major difference between CFD models is how the viscosity used in the momentum equation is
calculated. The majority of CFD models use turbulence models to approximate the turbulent
energy and dissipation produced by the fire. This approach avoids the costly constraint of
ensuring very fine grids, by using turbulence models results in a steady-state solution to an
averaged version of the flow equations. Another approach, the Large Eddy Simulation (LES), is
to solve the large scales of motion and model the small scales that are assumed to be universal.
The LES results in a transient solution to the actual Navier-Stockes equations. Because real
turbulent flow situations are inherently transient, LES methods have an advantage in modelling
turbulent fire-induced instantaneous flow fields. An example of the CFD-LES method is the Fire
Dynamic Simulator (FDS) model!’). FDS solves a form of high-speed filtered Navier-Stocks
equations valid for a low-speed (low Mach number) buoyancy-driven flow.

In FDS, fire is represented using the “mixture fraction-based” combustion model in which large-
scale convective and radiative transport phenomena are directly simulated and the physical
processes occurring at small length and time scales are approximated. The model does not
simulate the actual combustion process in the fire and is based on the assumption that the
combustion is mixing-controlled and that the reaction of fuel and oxygen is infinitely fast (fuel



and oxygen cannot co-exist and they will react at any temperature). The local heat release rate is
computed from the local oxygen consumption rate at the flame surface, assuming that the heat
release rate is directly proportional to the oxygen consumption rate, independent of the fuel
involved. This relation is the basis of oxygen calorimetry.

The FDS code was used to simulate a representative fire heat-release rate of 20 MW
corresponding to a bus or truck on fire. The fire was modelled as an equivalent gasoline pool®’.
An equivalent gasoline pool with an area of 8 m*> with CO,, CO and smoke flow production rates
of 1.5 kg/s, 0.077 kg/s, and 60 m’/s, respectively.

Two fire were simulated: one located at the middle of the tunnel (hereafter called “Mid-Fire”
scenario - at a distance in the range of 555 to 615 m from the North portal) and in the other
scenario the fire is located near exhaust fans VE-151 and VE-153 (hereafter called “Exhaust-
Fire” scenario - at a distance in the range of 355 to 555 m from the North portal) (Figure 2).

2.1 Geometry and Boundary Conditions

Only the North Roadway of the tunnel and its galleries (Figure 3) were simulated with a mesh
consisting of 573,000 control volumes. The mesh was composed of three uniform grids: (570 x
30 x 15) upstream and downstream of the fire source and one refined grid around the fire source
(100 x 30 x 20).

Fans VA-103 and V-A201 were simulated as mass sources or sinks depending on the ventilation
scenario. Free boundaries with the pressure equal to the static ambient pressure were assumed at
the North and South portals. Fans VE-151 and VE-153 were simulated as mass sinks.

Figure 3: CFD modelled domain

2.2 Mid-Fire Scenario Simulated Cases

Six cases were investigated under this fire scenario. They are described in Table 1. The
parameters examined were the capacity of fan V-A201 and the percentage opening of the upper
and lower side vents. It should be noted that a frequency of 60 Hz indicates that the fan operates
in full capacity and 30 Hz implies that the fan runs at half capacity. Thus, in Cases 1, 2, 4, and 5,
fan VA-201 operates at full capacity and in the other two Cases, 3 and 6, the fan runs with 50%
capacity. Three sizes of side vents were considered: 100% (fully-opened), 50% and 0% (closed).



Table 1: Description of Simulated Cases under Mid-Fire Scenario

Case Fan Operation Capacity Opening percentage (%)
VE-151 | VE-153 | VA-103 | VA-201 Lower Upper

1 | E:60Hz | E: 60Hz | E: 60Hz | S: 60Hz 100 100
2 | E:60Hz | E: 60Hz | E: 60Hz | S: 60Hz 50 50
3 | E:60Hz | E: 60Hz | E: 60Hz | S: 30Hz 100 100
4 | E:60Hz | E: 60Hz | E: 60Hz | S: 60Hz 0 100
5 | E:60Hz | E: 60Hz | E: 60Hz | S: 60Hz 100 0
6 | E:60Hz| E:60Hz | E: 60Hz | S: 30Hz 0 100

E: Exhaust

S: Supply

The bulk mass flow, temperature and visibility plots show the flow, temperature and visibility
distribution across the tunnel length in the roadway as well as in the service galleries. The bulk
values are calculated by averaging the values of an airflow parameter at each cross-section of the
tunnel.

Figure 4 shows the bulk mass flow in the roadway and service galleries for the six simulated
cases. Fresh air was supplied by fan VA-201 through the galleries and entered the tunnel
roadway through the fully opened side vents. Smoke and hot gases were exhausted through
ceiling fans VE-151 and VE-153 and through the side vents to the galleries of fan VA-103. Fresh
air was also drawn through the North and South portals. With fan VA-201 operating with 50%
capacity (Cases 3 and 6), the major impact on the flow distribution in the Roadway occurs at fans
VE-251 and VE-253 (upstream of the fire) and less significant effects took place downstream of
the fire.
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Figure 4: Bulk mass flow across the tunnel (Mid-Fire)

Figure 5 shows the centreline temperature profiles for the six cases at different locations across
the tunnel. In general, Cases 4 and 6 resulted in the lowest predicted temperatures. These
predictions are believed to be the result of the fact that the hot air is being removed faster through
the upper row of side vents. However, Case 6 also offers more favourable evacuation conditions
with lower air speed in the service galleries of fan VA-2011,

Figure 6 shows the bulk temperatures in the roadway and service galleries for the six cases with
the Mid-Fire scenario. The maximum predicted temperatures at the fire location were 130, 120,
129, 150, 121, and 113°C, for the six cases respectively. Case 4 (with the lower vents closed)



resulted in the highest predicted temperature. However, Cases 4 and 6 resulted in a relatively
faster dissipation of high temperature due to the greater efficiency of the upper vents in extracting
hot gases from the tunnel roadway. The reduced supply capacity of fan VA-201, depicted in
Case 6, resulted in more flow directed upstream of the fire towards the South portal. In doing so,
the hot gases from the fire were diluted to nearly ambient environment resulting in reduced peak
temperature and faster dissipation of the temperature downstream of the fire.
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Figure 5: Centreline temperature profiles (Mid-Fire)

The above-mentioned conclusion was confirmed from Figure 8 and Figure 7, which show rapid
extraction of soot (smoke) and hence a quick restoration of good visibility downstream of the fire
for Cases 4 and 6. It is important to note that even though Case 4 has a favourable visibility
condition, it may present a challenge for the movement of the evacuees by introducing a faster
airflow in the service galleries of fan VA-201. The visibility is calculated assuming a value of 2

for the proportionality constant (reflected signs and building components in reflected light!™).
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Figure 8: Bulk soot volume fraction (Mid-Fire)

2.3 Exhaust-Fire Scenario Simulated Cases

Four cases were investigated under this fire scenario. They are described in Table 2. The
parameters examined were the capacity of fans VA-103 and V-A201 and the percentage opening
of the upper and lower side vents. In all Cases, except for Case 1, both fans VA-103 and VA-201
operate with 50% capacity. Two sizes of side vents were considered: 100% (fully-opened) and
0% (fully-closed).

Table 2: Description of Simulated Cases under Exhaust-Fire Scenario
Case Fan Operation Capacity Opening percentage (%)
VE-151 | VE-153 | VA-103 | VA-201 Lower Upper
1 E: 60Hz | E: 60Hz | S: 60Hz | S: 60Hz 100 100
2 E: 60Hz | E: 60Hz | S: 30Hz | S: 30Hz 100 100
3 E: 60Hz | E: 60Hz | S: 30Hz | S: 30Hz 0 100
4 E: 60Hz | E: 60Hz | S: 30Hz | S: 30Hz 100 0
E: Exhaust

S: Supply



Figure 9 shows the bulk mass flow in the roadway and service galleries for the four cases. With
fans VA-103 and VA-201 operating with 50% capacity (Cases 2, 3, and 4), the airflow speeds in
the middle region of the tunnel are, in general, higher than those for Case 1 and in the direction of
the traffic (South-North). This represents favourable conditions for smoke removal. Also, for

the three Cases 2, 3, and 4 more fresh air is withdrawn at the North Portal which helps to trap the
smoke close to exhaust fans VE-151 and VE-153.
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Figure 9: Bulk mass flow across the tunnel (Exhausted-Fire)

Figure 10 shows the centreline temperature profiles for the four cases at different locations across
the tunnel. In general, Case 4 (fans VA-103 and VA-201 operating with 50% capacity and upper
side vents are closed) resulted in the lowest predicted temperatures. These predictions are
believed to be the result of the fact that the fresh air is supplied at a lower height than the hot

layer and thus causes no disturbance to the movement of the smoke and hot gases towards
exhaust fans VE-151 and VE-153.
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Figure 11 shows similar visibility conditions in the roadway for all cases. However, the four
cases produced different visibility conditions in the service galleries of fan VA-103. Case 3 (with
lower side vents closed) produced almost 30 m visibility throughout the service galleries. Cases
1 and 4 resulted in 25-27 m visibility. Case 2 created slightly lower visibility conditions that
extended upstream of the fire.
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CONCLUSIONS

The results of the numerical analyses indicated that the phenomenon of “backlayering” did
not occur in all simulated cases with the current dampers configuration. Therefore, the
current ventilation scenarios and side vent openings are deemed appropriate with regards to
preventing the occurrence of backlayering.

The numerical analyses revealed that lowering the capacity of fan VA in supply mode would,
in addition to facilitating movement in the evacuation passage, improve the visibility
downstream of the fire.

In general, it is recommended that while the VA fans operate in the exhaust mode to have the
upper vents fully opened and the lower vents fully closed. This configuration would result in
a more efficient extraction of smoke and hot gases from the tunnel.

On the other hand, it is favourable to have the upper side vents fully closed and the lower side
vents fully opened while the VA fans operate in the supply mode. This configuration would
result in a minimum disruption of the buoyant smoke and hot gases layers.

The air velocity in the evacuation passage was 14 m/s with VA-103 at maximum capacity. It
might be difficult to walk against such a high airflow during an evacuation. Lower velocities
(11 m/s) should be used to facilitate movement in the evacuation passage'®.



6. While mentioned earlier the current procedures are deemed effective in controlling the
smoke, in order to further improve the performance of these strategies the following
recommendations may be considered:

a. The ideal situation would be to automate the side vent dampers in order to be able to
change their configuration according to the fire location and the scenario used. In turn,
this will provide the tunnel operator the maximum flexibility in dealing with different
fire scenarios.

b. While it is suggested that the damper system be automated, this option could be
expensive to implement and maintain operational in Canadian weather. An alternative
option can be to optimize side vent configurations (opening/closure state) in
accordance with the most critical scenarios used. In this option, it is recommended
that the upper vents of fans VA-101, VA-102, VA-104, VA-201, VA-203 and
VA-204 be fully closed and the lower vents be fully opened. For fans VA-103 and
VA-202, it is suggested that the upper vents be fully opened and the lower vents fully
closed.
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