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ABSTRACT

A research project is being conducted at the Na-
tional Research Council of Canada (NRC) to
evaluate the effectiveness of current emergency
ventilation strategies to control smoke spread in
the event of a fire in two road tunnels. The re-
search study includes numerical and experimen-
tal phases. The numerical phase uses CFD mod-
els to study smoke ventilation in the tunnels.
The experimental phase is used to calibrate and
to partially validate the chosen CFD models and
provide the necessary initial and boundary condi-
tions.

Solvent, a CFD model was used to model two
ventilation scenarios using existing data. The
current paper presents the efforts to validate the
CFD model against onsite fire test measurements
conducted in a 1.8 km road tunnel. The CFD
model includes aerodynamically significant
physical features of the tunnel and is customized
to provide general roughness replicating the ac-
tual roughness in the tunnel.

1. INTRODUCTION

Fires in tunnels pose major safety issues and
challenges to the designer, especially with the
increase in the number of tunnels, their length,
and number of people using them. The main fire
safety issues include [1, 2]: safe evacuation of
people inside the tunnel, safe rescue operations,
minimal effects on the environment due to the
release of combustion gases, and minimal loss of

property.

The safety of tunnel users and rescuers is the
main objective for the emergency ventilation
system (EVS). Life can be threatened in a num-
ber of ways: asphyxiation by the inhalation of
smoke and fumes, poisoning by the inhalation of

combustion products such as carbon monoxide
and carbon dioxide, generation of high tempera-
tures and heat fluxes. Evacuation can be signifi-
cantly affected by poor visibility, power failure,
blocked exits due to traffic jams or crashed vehi-
cles, or obstruction resulting from a collapse or
explosion in the tunnel. Temperatures up to
1350°C and heat fluxes in excess of 300 kW/m’
can be generated within a few minutes of igni-
tion in certain types of fires. For safe evacua-
tion, acceptable visibility and air quality must be
maintained in the tunnel.

From the beginning of a fire, the airflow in a
tunnel is modified and becomes highly transient.
The modifications are due to the fire itself, the
operation of the emergency ventilation system,
and the change in the traffic flow in the tunnel.
The smoke progress and its degree of stratifica-
tion depend mainly on the airflow in the tunnel.
With no airflow in the fire zone, the smoke
moves symmetrically on both sides of the fire
[3]. The smoke remains stratified until it cools
down due to the combined effects of the convec-
tive heat exchange with the tunnel walls and the
mixing between the smoke and the fresh air lay-
er. The other parameters that affect the smoke
flow [3] and stratification are: fire heat release
rate, tunnel slope, and traffic flow.

In the event of a fire, the EVS must provide tun-
nel users with a safe egress route that is free of
smoke and hot gases. Tunnel operators must
implement a plan of smoke clearing, which con-
sists of selecting a sequence of fan operation
with the objective of keeping the road upstream
of the accident smoke free. This is done by lim-
iting the upstream smoke flow and either venting
it using fans or letting it escape through the
downstream portal. When the fire department
arrives on the fire scene, the operator must coop-
erate and modify, as needed, the fan operation in
order to facilitate access to the site.



Establishing airflow requirements for the road-
way tunnel and consequently the capacity of the
ventilation system is challenging due to the diffi-
culty of controlling many variables. This in-
cludes changes in traffic patterns and situations
during the lifetime of the facility. Methods of
controlling air contaminants and smoke from a
fire in a tunnel using EVS include longitudinal
airflow, smoke extraction and smoke dilution.

To evaluate the effectiveness of the emergency
ventilation strategies in the event of a fire in two
tunnels in Montreal, Quebec, the NRC has un-
dertaken a research project with the Ministry of
Transportation of Quebec.

The first two stages of the project have been
completed. An extensive literature review on
vehicle tunnel ventilation for fire safety has been
completed and provided a rational basis for
choosing two CFD numerical models for the
initial evaluation: namely, Solvent [4] and Fire
Dynamic Simulator (FDS) [5]. Based on com-
parisons with field test data, a model will be se-
lected for use in the remainder of the project.

1.1 Experimental Work

Airflow measurements and fire tests were con-
ducted in one of the two tunnels. The initial air-
flow measurements [6, 7] were used to establish
the ventilation scenarios for the fire tests and to
provide input data for the CFD models.

One of the tunnels studied in the project is a
1.8 km in length (Figure 1) and travels underwa-
ter in a North-South direction with three lanes, in
each direction, inside two concrete tubes. A cen-
ter section separates the two tubes. Two ventila-
tion towers are located at the ends of the under-
water section. Four exhaust fans for each road-
way are located in the ventilation towers. The
air supply for the tunnel is provided via openings
distributed along the walls. These openings have
adjustable dampers to ensure uniform air distri-
bution.

1.1.1 Fire Tests

Two fire tests were conducted in the North
Roadway of the tunnel (Figure 2): one in the
middle of the tunnel and one close to the exhaust
fans at the north end of the tunnel. Two different
EVS scenarios were activated for the two tests.
Test 1 EVS scenario used the two fans VE151
and VE153 in the exhaust mode and the two fans
VA103 and VA201 in the supply mode (Figure
2a). In Test 2, a similar EVS was activated ex-

e
F ;_ﬂﬂ\

Service corridors
of ventilation and
evacuation

South Direction

North Direction

upper vents

4.9m I

lower vents ——9

Figure 1  General layout of the tunnel

cept for fan VA103, which was used in the ex-
haust mode (Figure 2b).

A clean-burning propane system that produces
minimal smoke was developed for the in-situ fire
tests. This system is a compact, portable and
convenient heat source that is capable of produc-
ing up to 5 MW of heat output simulating a small
car fire. The heat output for fire tests was lim-
ited to 2 MW. The objective was to limit the
temperature at the tunnel ceiling below 100°C.

(b) Test2

Figure 2  Fire tests

Artificial smoke was used for visualization pur-
poses with four smoke bombs added every 1 min
interval. Temperature and optical smoke density
measurements were conducted. These measure-



ments were taken at 60 locations downstream of
the fire and 20 locations upstream of the fire.
Also, the air speed was measured at the two por-
tals, mid-tunnel, exhaust fan locations, and in-
side the evacuation paths located between the
two roadways.

The two fire tests were conducted in 7 h. This
time included 4 hours for preparation and set-up;
1.5 h for running the two tests and 1.5 h for
cleaning up after the tests. Each test was run for
15 min from the time of ignition. Measurements
commenced after 3 to 4 min from the ignition to
ensure the stability of the readings.

A thermocouple tree was constructed at each fire
location to measure the centreline plume and
ceiling temperatures. The thermocouple tree
included 11 thermocouples, distributed vertically
along the tunnel height and horizontally at the
ceiling spanning 6 m upstream and downstream
from the fire.

Smoke optical density (SOD) indicates the level
of smoke obscuration. The higher the value of
SOD, the higher the smoke obscuration and the
lower the visibility.

1.1.2 Measurements

The maximum ceiling temperature was approxi-
mately 50°C for Test 1 and 21°C for Test 2. The
vertical temperature profiles at the fire locations
were similar for the two tests. The maximum
temperature was about 60°C measured at 0.4 m
above the ground.

For both tests, the values of SOD were quite low
upstream of the fire and the temperatures were at
ambient temperature (about 20°C). These obser-
vations indicate that the EVS scenarios used in
the tests created an airflow such that the hot
smoke moves in the desired direction. That is, it
moves from the South to the North in the traf-
fic’s direction.

In general, close to the fire location high SOD
values were measured and as a result, visibility
was reduced. A few meters from the fire, the
SOD decreased and the visibility was in the
range of 12 m and higher. However, at locations
further away from the fire, the overall values of
SOD increased and the visibility was reduced
especially during Test 2. Moreover, the reduced
level of visibility extended, in the case of Test 2,
further downstream of the fire Location.

For Test 1, the smoke was pulled towards the
ceiling (at the exhaust fans VE151 and VE153)

and therefore lower values of the SOD were ob-
served and good visibility was maintained up to
the 3.0 m elevation.

It is interesting to observe the difference in the
behavior of cold flow tests conducted in the tun-
nel [6, 7] and hot smoke in the current set of
tests. During cold smoke tests, it was reported
that when the smoke source was located close to
the exhaust fans (similar to Test 1), the rate of
smoke removal was higher with almost no side
dispersion of smoke. However, with hot smoke
tests, smoke was dispersed laterally and the rate
of smoke clearance was lower. This confirms
that only hot smoke tests should be used to qual-
ify performance of ventilation systems.

It was concluded from the measured values for
Test 2 that the ventilation system helped to con-
trol the temperatures and produce a high airflow
velocity in the middle of the tunnel. However,
since most of the smoke was extracted through
the sidewall vents, the hot smoke created a haz-
ardous situation in which visibility was reduced
downstream of the fire up to a distance of about
300 m. In addition, a dense layer of smoke was
observed in the evacuation path preventing its
use in this scenario. Moreover, it was observed
that the smoke extracted through the side vents
was recirculated into other evacuation paths
downstream of the exhaust fans.

The results of the fire tests are being used to ver-
ify the results of the CFD models. These models
will then be used to investigate the effectiveness
of the tunnel ventilation strategies for other fire
scenarios.

1.2 CFD Model

SOLVENT was developed as a tunnel ventilation
model that can simulate the interactive effects of
a tunnel fire and the ventilation system to deter-
mine unsafe regions in the tunnel. The model is
applicable to different ventilation modes, includ-
ing longitudinal ventilation using jet fans, trans-
verse ventilation, and natural ventilation.

SOLVENT is based on the general-purpose CFD
code COMPACT-3D [8]. It employs the buoy-
ancy-augmented k-€¢ model [9] to represent the
turbulent transport and includes component
models for jet fans, ventilation ducts, fire, radia-
tion heat transfer, and smoke. The SIMPLER
algorithm is used to calculate the pressure field.
The algebraic equations are solved using the
line-by-line  TriDiagonal-Matrix ~ Algorithm
supplemented by a block-correction procedure.



The wall boundary is treated using the wall func-
tion approach. The fire is represented as a
source of heat and mass. The model does not
simulate the combustion process. Instead, the
heat release rate, due to combustion, is pre-
scribed as a volumetric heat source in a postu-
lated fire region.

The boundary conditions at the tunnel portals
can be specified as inflow/outflow boundaries or
as "free" boundaries with known values of pres-
sure, depending on the physical situation being
modelled. At an inflow boundary, values of all
variables are specified. At an outflow boundary,
the diffusion flux is assumed to be zero and the
normal velocity components are adjusted to en-
sure the overall conservation of mass. The
model also has provisions for the introduction of
entrance loss and differential pressures at the
portals to represent wind effects.

2. NUMERICAL SIMULATIONS

2.1 Geometry and Boundary Condi-
tions

Only the North Roadway of the tunnel and its
service corridors (Figure 3) were simulated with
a mesh consisting of 465,696 control volumes
(539 x 36 x 24). The mesh was refined around
the vents, exhaust fans, fire source, and tunnel
portals. Two simulations were conducted to rep-
resent the ventilation scenarios used for both fire
tests. The two simulations were conducted as a
steady state heat release variable density simula-
tion. Smoke is assumed to represent the prod-
ucts of combustion. Smoke production rate is
calculated from the fuel consumption rate, and
the stiochiometric air/fuel ratio, as follows:
=mfu(]+s) Eq. 1

smoke

Where: m = smoke production rate
smoke

m F = fuel consumption rate
u
s = the stiochiometric ratio

The fire was represented as a fluid region where
mass, energy, and smoke sources were intro-
duced. The model did not simulate the combus-
tion process in the fire. A propane source 3.0 m
long, 2.0 m wide and 0.7 m high was used to
simulate the experimental fire source. The fire
source with a heat output of 2 MW was placed at
a distance of 335 m and 687 m from the North
portal for Tests 1 and 2, respectively.
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Figure3 CFD model

Fans VA103 and VA201 were simulated as mass
sources or sinks depending on the ventilation
scenario. For Test 1, both fans were introduced
as mass sources. In the ventilation scenario of
Test 2, fan VA103 was represented as a mass
sink. Free boundaries with the pressure equal to
the static ambient pressure were assumed at the
north and south portals. A wall roughness of
0.003 was assumed for the concrete wall surface.

2.2 Test 1 Ventilation Scenario

The behaviour of the airflow in the tunnel plays a
major role in determining the longitudinal air
velocity and consequently the ability of a ventila-
tion configuration to clear the smoke and com-
bustion products. Figure 4 shows the airflow
pattern associated with ventilation scenario for
Test 1. Fresh air was supplied by fans VA101
and VA201 in the escape paths and entered the
tunnel roadway through the side vents. Smoke
and hot gases were exhausted through ceiling
fans VE151 and VE153. Fresh air was also
drawn through the North and South portals.

Figure 4 Test 1 airflow pattern

The air supplied through the lower and upper
side vents created regions of turbulent flows.



Furthermore, the air from the larger upper vents
was faster than that from the lower vents, which
resulted in higher velocity air jets injected at the
top of the tunnel. These air jets forced the air-
flow downwards and created a rotational move-
ment of the air (Figure 4). As a result, only
small portions of the tunnel (near the two por-
tals) had a longitudinal flow.

Figure 5 presents the bulk average flow for cross
sections along the tunnel length. The values of
mass flow compared reasonably with the meas-
ured data.
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Figure 5  Test 1 bulk average flow
The main goal of the emergency ventilation sys-
tem is to provide and maintain a smoke-free path
for safe evacuation. This tunnel uses the service
corridors for evacuation purposes in the event of
a fire. It is important, therefore, to maintain a
differential pressure between the tunnel envi-
ronment and the evacuation passage that will
ensure a “smoke-free” escape route. Thus, the
pressure inside the ventilation duct should al-
ways be higher than that in the tunnel to force
airflow from the duct into the tunnel. Figure 6
shows the bulk average pressures across the tun-
nel roadway and evacuation paths (service corri-
dors). It is evident from the figure that the bulk
pressure in the corridor is higher than the pres-
sure in the roadway throughout the tunnel length
except for a small region adjacent to the North
portal. However, the air drawn into the evacua-
tion path in this region was free of smoke. Un-
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Figure 6 Test 1 bulk average pressure

der these conditions, it is expected that most
parts of the evacuation path would be smoke-
free.

Figure 7 shows the bulk average temperatures
along the tunnel roadway. Within a few meters
upstream and downstream of the fire source, the
temperatures were at ambient or lower.
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Figure 7 Test 1 bulk average temperature

Figure 8 shows the bulk smoke fraction (kg
smoke/kg air). The smoke produced at the fire
location travels mainly downstream of the fire
towards exhaust fans VE151 and VE153. Figure
shows the iso-surfaces of smoke fraction.
Higher smoke concentrations were mainly lo-
cated close to the fire. Smoke concentrations
less than 0.02 kg/kg dominate the portion of the
tunnel downstream of the fire up to the exhaust
fans. Figure 10 shows the contour plots of
smoke fraction downstream of the fire (X= 236
m), at the fire (X = 335 m), and upstream of the
fire (X =338 m).
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Figure 8 Test 1 bulk smoke
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Figure 10  Test 1 smoke contour plots

2.3 Test 2 Ventilation Scenario

Figure 11 shows the airflow pattern under the
Test 2 ventilation scenario, with the activation of
ventilation fan VA-103 in exhaust mode. It is
clear from the figure that the turbulent behaviour
of the flow in the tunnel is still the dominant
mode of smoke transport.

Figure 11

Test 2 airflow pattern

The bulk flow shown in Figure 12 indicates a
greatly modified flow field compared with Test
1. The air speeds at mid-tunnel increased from
almost zero (corresponding to Test 1) to more
than 5.0 m/s.
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Figure 12 Test 2 bulk average flow

From Figure 13 it is evident that most of the
smoke was extracted through the service corridor
of fan VA103. Therefore in this scenario, the
VAI103 service corridor could not be used for
evacuation purposes. The result also indicates
that the smoke mainly moved downstream of the
fire leaving half of the tunnel upstream of the fire
“smoke-free”.
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Figure 13  Test 2 bulk smoke

The strong turbulent nature of the airflow ad-
versely affected the rate of smoke clearance as
can be seen from Figure 14 where the smoke iso-
surfaces covered half of the tunnel downstream
of the fire. However, the bulk smoke values for
Test 2 were less than those in Test 1.

Figure 15 shows the contour plots of smoke frac-
tion at three locations downstream of the fire (at
X= 544 m), at the fire (at X = 687 m), and up-
stream of the fire (at X = 774 m).
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Figure 14  Test 2 smoke iso-surfaces

The turbulent effects, together with the higher
airflow speeds, resulted in lower bulk tempera-
tures, which were almost half the values ob-
served in Test 1 at the fire location (Figure 16).
This is in agreement with the measurements data
in the field tests.
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Figure 15  Test 2 smoke contour plots

Figure 17 shows the bulk average pressures
across the tunnel roadway and evacuation paths
(service corridors). It is evident from the figure
that the bulk pressure in the corridor upstream of
the fire is larger than the pressure in the roadway
indicating that these evacuation paths would be
smoke-free.
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Figure 16 Test 2 bulk average temperature

On the other hand, in the corridor for ventilation
fan VA103, the pressure was about ten times
lower than the pressure in the roadway causing
most of the smoke to be exhausted by fan
VA103. However, at a distance approximately
200 m, the pressure in the corridor was higher
than that in the adjacent roadway causing the
smoke in the corridor to re-enter the tunnel road-
way.
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Figure 17 Test 2 bulk average pressure

3. CONCLUSIONS

» The numerical simulations agree with the
field measurements. They indicated that the
current ventilation strategies for the two fire
scenarios, close to the exhaust fans and at
the middle of the tunnel, are efficient in
clearing hot smoke and fire products from
the tunnel.

» No smoke was observed within the service
corridors of ventilation fans VA103 and
VA201 during Test 1. The numerical simu-
lation confirmed this observation by exam-
ining the pressure differences between the
tunnel and services corridors.



» The ventilation scenario associated with

Test 2 involved the activation of fan VA103
in exhaust mode. This increased signifi-
cantly the mid-tunnel velocity. However, in
this case the VA103 service corridor could
not be used as an escape route as the evacu-
ees would be exposed to high temperatures
and smoke. Moreover, it was observed dur-
ing the field measurements that the smoke
extracted through the side vents into the ser-
vice corridors of fan VA103 was recircu-
lated into the other service corridor down-
stream of exhaust fans VEI51 and VE153
preventing its use as an evacuation path.

The air velocity in the evacuation passage
was 14 m/s with VA103 at maximum capac-
ity. It might be difficult to walk against such
a high airflow during evacuation. Lower ve-
locities should be used to facilitate move-
ment in the evacuation passage (11 m/s

[10]).

It should be noted that the rate of smoke
production for the field tests and the nu-
merical simulation may differ. In the nu-
merical simulations, the rate of smoke pro-
duction was a function of the fuel consump-
tion and the stoichiometric ratio (Eq. 1).
Whereas, an extra source of smoke was in-
troduced during the tests (four smoke
bombs/min) for better visualization. For
more meaningful quantitative comparisons
between the numerical and experimental
data, the extra quantity of smoke produced
by the smoke bombs should be included in
the simulations. However, the current quali-
tative comparisons are favorable.
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