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EXECUTIVE SUMMARY

Fire incidents can occur in road tunnels with longitudinal airflow. The longitudinal
airflow can be produced naturally due to meteorological conditions (e.g. wind effects) or as a
result of the normal operation of the ventilation system. The longitudinal airflow can affect
fire behaviour (fire growth rate, heat release rate, shape and tilt of fire plume, etc.) and smoke
spread and hot gas distribution in the tunnel, which in turn affect the response of fire
detectors/detection systems to a fire incident.

This report provides the results of Task 7 of the International Road Tunnel Fire
Detection Research Project (Phase II): Full-Scale Ventilated Fire Tests in a Laboratory
Tunnel. The objective of Task 7 were:

e To study fire behaviour under longitudinal airflow conditions.
e To investigate the effect of longitudinal airflow on the performance of fire
detectors/detection systems.

Nine fire detectors/detection systems that represented five types of fire detection
technologies were evaluated in the test series. These detection systems included: two linear
heat detection systems, one optical flame detector, three video imaging detection (VID)
systems, one smoke detection system and two spot heat detectors. The setup and location of
these detectors/detection systems in the tunnel were the same as used in Task 2 of the project
under non-ventilated conditions.

The fire scenarios used in the test series were selected from those used in Task 2 of
the project. The fire scenarios included: three pool fire sizes located underneath a simulated
vehicle, two pool fire sizes located behind a large simulated vehicle, and a passenger
compartment fire in a simulated stationary vehicle. The fuel types used in the tests included
gasoline, wood crib and plastic foam.

The fire source was located near an open end of the test tunnel, simulating a fire
incident at either the entrance or exit of tunnel. The airflow was provided by running a fan
system mounted on the test tunnel. The longitudinal airflow in the tunnel was towards the
fire detectors that were mounted on the wall of the tunnel. The airflow speeds in the test
series were 0 m/s, 1.5 m/s and 3 m/s.

The performances of the fire detectors/detection systems under airflow conditions,
including their response times, and their ability to locate and monitor a fire in the tunnel,
were evaluated. The fire characteristics produced in the various fire scenarios, including fuel
burning time, fire growth rate, temperatures and smoke spread in the tunnel, were measured.

N3C-CN3C 3



Test results showed that the longitudinal airflow in the tunnel had a significant effect
on fire behaviour and the performance of the fire detectors/detection systems. The response
times of detectors/detection systems to a fire in the tunnel could be delayed or shortened
under airflow conditions, depending on fuel type, fire size, location and growth rate of the
fire, airflow speed as well as the detection method.

With airflow, the fire plume was tilted toward the downstream side of the fire source.
The angle of the fire plume to the ground decreased with an increase in airflow speed. In
some cases, the fire plume decreased in length and became unstable at high airflow speeds.
The effect of the airflow on the fire plume decreased with an increase in fire size.

The duration of the passenger compartment fire was decreased under longitudinal
airflow conditions. Temperature and smoke optical density near the ceiling of the tunnel
were lower than those produced under non-ventilated conditions. Generally, the response
times of fire detection systems to the passenger compartment fire in the stationary vehicle
were delayed or in some cases there was no response under airflow conditions.

The performance of the heat detection systems for the fire scenarios with the pool
fires located under a simulated vehicle and behind a large vehicle is summarized as follows:

e The change in the fire plume under longitudinal airflow conditions resulted in a shift
of the ceiling hot spot from vertically above the fire source. The distance of the shift
was dependent on the fire size, location, fuel type, fire scenario, and airflow speed.
The maximum distance observed in the tests was approximately 6-8 m. As a result,
the hot spot identified by heat detection systems (linear and spot) under longitudinal
airflow conditions would not reflect the real fire location.

e The ceiling temperatures produced by small fires located underneath a vehicle, and
open pool fires located behind a vehicle, were lower than those produced under non-
ventilated conditions. These temperatures were further decreased with the increase in
airflow velocity. The response times of heat detection systems to these fires,
generally, increased with the increase in airflow speed.

e (Ceiling temperatures produced by large pool fires located underneath a vehicle with
an airflow velocity of 1.5 m/s were higher than those produced under non-ventilated
conditions. The increased temperature was due to the increased burning rate of the
fire compared with tests with minimal airflow in the tunnel. However, the ceiling
temperatures were lower in the tests with an airflow velocity of 3 m/s. Therefore, the
response times of heat detection systems to large pool fires located under a vehicle
were shorter for tests with an airflow velocity of 1.5 m/s than those in tests with
minimal airflow velocity as well as for the higher airflow velocity tests.

The performance of the VID systems for the fire scenarios with the pool fires located
under a simulated vehicle and behind a large vehicle is summarized as follows:

e The burning rate of the fuel increased with an increase in airflow speed. There was a
significant change in burning rate between the tests with minimal airflow and the tests
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with a 1.5 m/s airflow velocity. The results also indicated there was a further small
increase in burning rate for tests with an airflow velocity of 3 m/s. However, the
effect of airflow on the burning rate was, generally, reduced with the increase in fire
size. It was also dependent on the fire scenario and fuel type. Under airflow
conditions, smoke production was increased and its spread in the tunnel was more
rapid. As a result, the period of time available for the VID systems to detect and
monitor the fire decreased with the increase in airflow speed as well as fire size.

The response times of VID D-4C1 to the fires, generally, increased with the increase
in airflow speed. While, it detected the 1 m” gasoline pool fire located behind a
simulated vehicle, it was unable to detect the 2 m’ gasoline pool fire. In this case, the
visibility in the tunnel was quickly lost. VID D-5C2 did not respond to large fires
located behind a vehicle at an airflow speed of 1.5 m/s but detected them at an airflow
speed of 3 m/s.

Both VIDs D-4C1 and D-5C2 were, generally, able to detect fires located
underneath the vehicle. VID D-5C2 detected small fires located underneath a
vehicle at the three airflow velocities. The response time decreased with an
increase in fire size but was not affected by a change in airflow speed (for small
fires, smoke was the main parameter that controlled the response time). On the
other hand, the response times of D-4C1 decreased with an increase in airflow
speed.

It was difficult for VID D-6C3 to detect fires located underneath a vehicle and behind
a large vehicle under longitudinal airflow conditions, as the fire plume was titled and
shielded behind the obstacles. The detector only responded to a 1 m’ gasoline pool
fire located underneath the vehicle at an airflow speed of 1.5 m/s but did not respond
to the other scenarios with pool fires.

The performance of the optical flame detector, D-3F1, for the fire scenarios with the

pool fires located under a simulated vehicle and behind a large vehicle is summarized as
follows:

The detector with a medium sensitivity level did not respond to a small fire located
underneath a vehicle at an airflow speed of 1.5 m/s. However, it detected the same
fire at an airflow speed of 3 m/s.

It was difficult for the detector with medium sensitivity to respond to a fire located
behind a large simulated vehicle for tests with longitudinal airflow. The detector
responded to the fires at an airflow speed of 1.5 m/s but did not respond at an airflow
speed of 3 m/s.

The response time of the detector with a medium sensitivity to a 1 m” pool fire
located underneath a vehicle increased with an increase in airflow speed. However,
the effect of airflow on detection time for a 2 m’ pool fire located underneath the
vehicle was limited.

The sensitivity of the optical flame detector was reduced for the tests with
longitudinal airflow as a result of the environmental tests conducted in the Lincoln
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tunnel. A second detector with the high sensitivity level used in Task 2 was also
included in the Task 7 tests. This detector was able to detect all the fires.

The performance of the smoke detector system for the three fires scenarios is
summarized as follows:

e The response times of the smoke detection system to a 0.36 m’ gasoline pool fire
located underneath a vehicle increased with the increase in airflow speed. However,
the response time for the open pool fires located behind the vehicle under airflow
conditions were shorter or comparable to those under non-ventilated conditions, as
more smoke was produced in the tests with airflow.

e For large pool fires located underneath a vehicle, the smoke optical densities
produced with an airflow velocity of 1.5 m/s were higher than those produced under
non-ventilated conditions due to the increased burning rate of the fire. However,
smoke optical density near the ceiling of the tunnel decreased in the tests with an
airflow velocity of 3 m/s. Therefore, the response times of smoke systems to these
fires were shorter for tests with an airflow velocity of 1.5 m/s than those in tests with
minimal and higher airflow velocities.
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1. INTRODUCTION

Fire incidents can occur in road tunnels with longitudinal airflow. The longitudinal
airflow can be produced naturally due to meteorological conditions (e.g. wind effects) or as a
result of the normal operation of the ventilation system. The longitudinal airflow can affect
fire behaviour (fire growth rate, heat release rate, shape and tilt of fire plume, etc.) and smoke
spread and hot gas distribution in the tunnel, which in turn affect the response of fire
detectors/detection systems to a fire incident.

Most recent research on fires in tunnels has focused on the use of emergency
ventilation systems for fire and smoke control [1-5]. Few test programs have been conducted
to study the effect of airflow on the performance of tunnel fire detectors/detection systems.
As a result, the effect of airflow on the response of fire detection systems was identified as an
important issue to be investigated in Phase I of the International Road Tunnel Fire Detection
Research Project [6].

This report provides the results of Task 7 of the International Road Tunnel Fire
Detection Research Project (Phase II): Full-Scale Ventilated Fire Tests in a Laboratory
Tunnel. The objective of Task 7 was to investigate the effect of longitudinal airflow on the
performance of fire detectors/detection systems. It was assumed the fire detector/detection
system would respond to a fire under normal tunnel ventilation conditions before the
emergency ventilation system is operated. The other objective of the work was to study the
fire behaviour, smoke spread and hot gas distribution produced under normal tunnel
ventilation conditions. Longitudinal airflow is common in road tunnels. It can be produced
by meteorological conditions, by traffic flow, or by the operation of the tunnel mechanical
ventilation system to maintain air quality in the tunnel [7].

Nine fire detectors/detection systems that represented five types of fire detection
technologies were evaluated in the test series under longitudinal airflow conditions in a
laboratory research tunnel. These detection systems included: two linear heat detection
systems, one optical flame detector, three video image detection (VID) systems, one smoke
detection system and two spot heat detectors.

Information on the test tunnel, fire scenarios, fire detectors/detection systems and test
instrumentation is provided. The fire characteristics produced under longitudinal airflow
conditions, such as the fire growth rate, heat flux, temperature and smoke spread in the
tunnel, are presented. The impact of airflow on the performance of the fire
detectors/detection systems, including their response times, and their ability to locate and
monitor a fire, is also reported.
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2. TEST TUNNEL

The full-scale fire tests were carried out in a new Carleton University laboratory
research tunnel that is located at the site of the National Research Council (NRC) full-scale
fire test facilities. The tunnel facility was 37.5 m long, 10 m wide and 5.5 m high. It has two
end doors, one large side door that connected the tunnel to an adjacent burn hall at the West
end of the tunnel, two side louvers at the East end of the tunnel, and a number of observation
windows. It also has five ceiling openings located near the West end of the tunnel. They
allow the air and smoke to vent through ducts and the fan system. A 3D view of the tunnel is
shown in Figure 2.1. A detailed description of the tunnel was provided in the report for
Task 2 of the project [8].

The door at the West end of the tunnel was closed. The door at the East end of the
tunnel was open during the tests. The fire source was located near this open door in the test
tunnel, simulating a fire incident at either the entrance or exit of the tunnel. This location
presented a challenge for the visual-based detectors since the daylight outside the tunnel
could affect the recognition of the fire in the tunnel. The large side door that was located far
from the fire source was partially open with an opening width of 0.4 m to allow observation
of the fire and access to the tunnel during the tests. Figure 2.2 shows the East end of the
tunnel.

The mechanical fan system for the tunnel was operated during the tests. The air
entered the tunnel through the open door at the East end of the tunnel and vented out the
tunnel through the five ceiling openings near the West end of the tunnel. This provided a
longitudinal airflow in the tunnel during the tests. Various air velocities were provided using
the variable speed fan system. The maximum airflow speed near the fire source was
approximately 3 m/s in the tests with full operation of the tunnel fan system. The distribution
of air velocity in the tunnel was measured. The measurements and results are presented in
Section 6 of this report.
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Figure 2.1. Schematic of the test tunnel
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3. FIRE DETECTION SYSTEMS AND TEST SETUP

Nine fire detectors/detection systems were evaluated in the test series. They were:
two linear heat detection systems, one optical flame detector, three VID systems, one smoke
detection system and two spot heat detectors.

The sensing cables of the two linear heat detection systems were installed on the
ceiling of the tunnel to form a loop. The optical flame detector and three VID systems were
installed on the North wall of the tunnel. Two types of spot heat detectors were installed
along the center of the tunnel ceiling. The sampling pipe for the smoke detection system was
also installed along the center of the tunnel ceiling. A schematic showing the setup of the
detectors/detection systems in the tunnel is shown in Figure 3.1. [8].
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Figure 3.1. Schematic of detector/detection system setup in the test tunnel
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The sensitivity levels of five fire detectors/detection systems in the test series were
the same as used in Task 2 of the project. However, the sensitivity levels of the linear heat
detection system D-2L.2, the optical flame detector D-3F1, the flame/smoke VID D-4C1, and
the function of VID D-5C2 were modified by the system suppliers, based on their
performance in the environmental tests conducted in the Lincoln Tunnel and the results of
Task 2.

The fixed fire alarm temperature of the linear heat detection system D-2L2 remained
at 70°C. Tts rate of temperature rise criteria for fire alarm was lowered to 7°C/min from the
10°C/min used in Task 2 of the project.

The sensitivity level of the optical flame detector D-3F1 was decreased to medium
level from the high level used in Task 2 of the project. In order to determine the effect of the
change in sensitivity level on the detection performance of the detector, a detector with a
high sensitivity level was also installed and used in the tests. The response times to the same
test fire were recorded and are listed in the report.

The sensitivity level of the flame/smoke VID D-4C1 was not changed during the
tests, but a 30 s pre-alarm period was added prior to an alarm, once a fire signal was received
by the system. The pre-alarm period was used to validate if the signal was a real fire alarm
or a nuisance alarm.

The system supplier added a new fire detection function, based on smoke
characteristics produced by fires, to VID D-5C2. System D-5C2 was converted to be a flame
and smoke VID system from the flame detection system used in Task 2 of the project. It
responded to a fire incident, once the characteristics of flame and smoke produced in a fire
incident were identified.

General information on the detectors and systems used in the tests is summarized in
Table 3.1.
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Table 3.1. Fire Detection Systems in Test Program

Technology | System | System information | Alarm threshold Detector
no. location
Linear heat | D-1L.1 | Fiber optic linear heat Level 1: 50°C, 10°C/min; Two parallel cables
detection Level 2: 100°C, 15°C/min; in the tunnel, 2.5 m
from the wall
D-21.2 | Analogue (co-axial cable) | Fixed Temp: 70°C, Two parallel cables
linear heat detection Rate of rise: 7°C/min; in the tunnel, 2.5 m
system from the wall
Flame D-3F1 | IR3 flame detector Sensitivity: medium (0.3 m | 30 m from the fire
x 0.3 m n-heptane fire at source and 4.3 m
30.5 m on-axis). from ground
VID D-4C1 | Visual flame and smoke Flame: low (25%); 30 m from the fire
detector Offsite: 50% source and 4.8 m
Smoke: normal from ground
Pre-alarm period: 30 s
D-5C2 | Visual flame and smoke Intensity: 60 30 m from the fire
detector Mean crossing: 4 source and 4.6 m
Inten. standard deviation: 16 | from ground
Flicker mask counter: 16
D-6C3 | Visual flame detector Sensitivity: 10 kW fire at 30 m from the fire
30m. source and 4.2 m
from ground
Spot heat D-7H1 | Heat detector with a fixed | 79.5°C fast response bulbs 3 m spacing at the
temperature center of tunnel
ceiling
D-8H2 | Rate-anticipation heat Fixed Temp: 57.2°C 15.2 m spacing at
detector the center of tunnel
ceiling
Smoke D-9S1 | Air sampling system Fire threshold: 0.203%/m Air sampling line
at the center of
tunnel ceiling

4. INSTRUMENTATION

The same instrumentation used in Task 2 of the project was used in Task 7. The
instrumentation used in the tests included thermocouples, heat flux meters, smoke meters,
velocity meters and video cameras, as shown in Figure 4.1. The location of each device in
the tunnel is shown in Figure 4.2. A detailed description of the instrumentation was provided
in the report for Task 2 [8].
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Fifty-five thermocouples were distributed at the ceiling of the tunnel and two
thermocouple trees were located in the tunnel: one near the fire location and the other at the
center of the tunnel. Five heat flux meters were distributed in the tunnel to monitor fire
development. Three smoke meters were located at the center of the tunnel: one smoke meter
was positioned near the tunnel ceiling and two smoke meters were used to measure the
smoke optical density at the middle and lower portion of the tunnel. A hand held velocity
meter was used to measure the air velocity in the tunnel. A video camera was located inside
the tunnel near the position of the VID systems. It was used to monitor fire conditions in the
tunnel. A video camera was located outside the tunnel viewing the tunnel through one of the
observation windows. It was used to monitor the fire conditions and provided a side view of
the fire.

The location of the instrumentation was not changed in the test series. The test data
together with outputs of the detectors/detection systems were collected at 1 s intervals by a
data acquisition system (Figure 4.1c). The response of the second optical flame detector D-
3F1 with high sensitivity was collected separately using an OM-DAQPRO-5300 Portable
Handheld Data logger due to limitations of the main data acquisition system.
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Figure 4.1. Instrumentation used in the test program
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S. TEST PROCEDURE
The general test procedure used in the test series was as follows:

Set up the test;

Checked instrumentation and each detection system prior to the test;
Activated fan systems;

Measured air velocities around the mock-up;

Started the data acquisition system and video recorders for a 60-s baseline;
Ignited the fire

Terminated the test once the fuel in the pan was burnt out and the fire was self
extinguished;

® Checked each detection system to determine if they still functioned properly
after the fire test.
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6. VENTILATION SETUP AND AIR FLOW MEASUREMENT

The longitudinal airflow in the tunnel was produced by operating the fan system
mounted in the tunnel facility with appropriate setup of the tunnel openings. The tunnel
intakes were modified during the tests to ensure the airflow was uniform in the tunnel and the
targeted air velocity was achieved. The air velocity and its distribution in the tunnel were
measured in a series of non-fire tests.

For the targeted air speed of 1.5 m/s in the tunnel, the door at the East end of the
tunnel was partially opened. A section of the opening was blocked with a 1 m wide by 5 m
long steel plate, which produced more airflow in the upper section of the tunnel. The
opening area of the door was 3.8 m wide by 2.67 m high. The two side louvers next to the
door were open during the tests. The setup of the East door and the side louvers for the tests
with the 1.5 m/s air speed is shown in Figure 6.1.

In order to achieve the targeted air velocity of approximately 3 m/s at the fire source,
the side louver at the south side of the door was closed. The setup of the door and the side
louver at the north side of the door were the same as the 1.5 m/s air speed.
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Figure 6.1. The setup of the door and the two side louvers at air velocity of 1.5 m/s
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The airflow distribution in the tunnel was measured using an air velocity measuring
tree (Figure 6.2). There were seven meters on the tree spaced at 0.6 m intervals starting
0.8 m above the ground. Each air velocity meter was calibrated in an air tunnel prior to the
tests. An OM-DAQPRO-5300 Portable Handheld Data logger collected the data at a 1s
interval. A detailed description of the air velocity measuring tree will be published
separately.

The measurements of the air velocity in the tunnel were conducted by placing the air
velocity measuring tree at the thirty-nine predetermined points in the tunnel shown in
Figure 6.3.

Figure 6.2. Photograph of the air velocity meter tree
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Figure 6.4 shows the variation in air velocity with elevation near the fire location,
when the air velocity in the tunnel was targeted at 1.5 m/s. Test results demonstrated that the
air velocity was approximately 1.4 m/s near the ground and was 1.6 m/s at the mid-height of
the tunnel. The air velocity in the upper portion of the tunnel was lower than in the lower
portion of the tunnel. The average air velocity near the fire location was approximately 1.5
m/s.
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0.0 0.5 1.0 1.5 2.0

Air Velocity (m/s)

Figure 6.4. Variation of air velocity with elevation near the fire location, when targeted velocity
in the tunnel was 1.5 m/s.

Figures 6.5 and 6.6 show the distribution of air velocity across the tunnel near the fire
location and along the centreline of the tunnel, when the air velocity in the tunnel was
targeted at 1.5 m/s. Test results suggested that the airflow was distributed relatively
uniformly in the tunnel. The air velocity in the North section of the tunnel where the fire
source was placed was slightly higher than in the South section of the tunnel. The air
velocity did not change significantly along the centerline of the tunnel. The variation of air
velocity across the tunnel at different locations in the tunnel was similar to that near the fire
location.
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Figure 6.5. Air velocities across the tunnel near the fire location
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Figure 6.7 shows the variation in air velocity with elevation near the fire location,
when the air velocity in the tunnel was targeted at 3.0 m/s. The air velocity was close to
3 m/s near the ground. In the lower portion of the tunnel, the airflow velocity increased with
an increase in elevation. The air velocity in the upper portion of the tunnel was lower than
3 m/s and it decreased with an increase in elevation.

With the limited length of the test facility, it was necessary to locate the fire near
the entrance where there was considerable disturbance in the airflow into the tunnel due
to the shape of the entrance. Limited efforts were made to limit the effects of the
turbulent airflow on the airflow distribution in the tunnel.

Test results also suggested that the distribution of the airflow and its velocity in the
tunnel was affected by the weather conditions and wind direction outside the tunnel. In order
to ensure that the targeted air velocity in the tunnel was achieved in the test, the air velocity
around the fire source was measured prior to the start of each fire test and adjustments to the
tunnel openings was made, if required.

Tunnel Elevation (m)

0 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5

Air Velocity (m/s)

Figure 6.7. Variation of air velocity with elevation near the fire location, when the targeted
velocity in the tunnel was 3 m/s.
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7. FIRE TESTS AND RESULTS

Fifteen full-scale fire tests were conducted in the laboratory tunnel. Three types of
tunnel fire scenarios were selected and used in the test series, based on the non-ventilated
tests with minimal airflow conducted in Task 2 of the project. The fire scenarios included
gasoline pool fires located underneath a simulated vehicle, gasoline pool fires located behind
a simulated large vehicle, and a fire with a wood crib and polyurethane foam located inside
the passenger compartment of a simulated stationary vehicle. The fire sizes varied from
approximately 650 kW to 3,400 kW when measured using a calorimeter with natural airflow.
The setup of the fire scenarios in the test series were the same as used in Task 2 of the
project. A detailed description of the fire scenarios and their setup were provided in the
report for Task 2 [8].

The targeted air velocities in the tunnel were: 0 m/s, 1.5 m/s and 3 m/s. The air
velocity at the fire source was measured prior to the start of each fire test.

The location of the fire source in the tunnel was the same as that used in Task 2 of the
project. It was 6.5 m from the East end of the tunnel and 2.5 m from the North wall of the
tunnel. At this location, the fire source was located below the sensing cables of Systems D-
1L1 and D-2L2, 30 m from the optical flame detector and VID systems (Systems D-3F1 to
D-6C3), approximately 3 m from the nearest sprinkler of System D-7HI1, approximately
7.5 m from the nearest spot heat detector of System D-8H2 and approximately 4 m from the
nearest sampling hole of System D-9S1.

The fire size, location, growth rate and airflow speed and direction used in the test
series presented a challenge to the fire detectors/detection systems. The effect of airflow on
the fire behaviour, such as the fire growth rate, temperature and smoke spread in the tunnel,
were investigated. The response time of each detector/detection system under various
airflow conditions were recorded. The capability of the detection systems to locate and
monitor the fire incident was also evaluated.

Due to the delay in the arrival of the test equipment, System D-1L1 missed Test V1 to
Test V9, and System D-2L2 missed Test V1 to Test V4. However, an additional three tests
(Tests V13 to V15) were conducted for these systems.
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7.1. Pool Fires Located underneath Vehicle

The pool fires located underneath a simulated vehicle were designed to simulate a fire
incident in which two vehicles crashed and fuel leaked from one of the vehicles and formed a
pool fire underneath the vehicle. The setup of the fire scenario for a pool fire located
underneath a vehicle is shown in Figure 7.1. A fuel pan was placed underneath a simulated
vehicle. The mockup had the same footprint (1.5 m wide by 2.4 m long) as the bottom area
of a standard passenger vehicle. The gap between the bottom of the simulated vehicle and
the ground was 0.3 m. A plate with a size of 1.5 m wide by 1.2 m high, simulating a crashed
car located between the fire source and the wall-mounted detectors, was placed 1.5 m in front
of the fire source and 0.3 m above the ground. The setup of the fire scenario was the same as
used in Task 2 of the project [8]. Results from Task 2 showed that it was a challenge for fire
detectors/detection systems to detect the fire located underneath the vehicle, and the vehicle
body located above the pool fire had a substantial impact on the combustion during the fire.

Five fire tests with three airflow speeds of 0 m/s, 1.5 m/s, 3 m/s were conducted using
a 0.36 m’ gasoline pool fire located underneath the vehicle. Test V-1 with an airflow speed
of 0 m/s was a repeat of a test conducted in Task 2 [8], in which the door at the East end of
the tunnel was closed and minimal airflow was maintained in the tunnel. The other two tests,
V-2 and V-3, were conducted at two different airflow velocities and the door at the East end
of the tunnel was open. Tests V-13 and V-14 were duplicates of Tests V-2 and V-3
conducted for Systems D-1L1 and D-2L.2. The other detectors/detection systems were not
used in these two tests.

Tests with a 1.0 m* gasoline pool fires located underneath a simulated vehicle were
conducted using an average airflow speeds of 1.5 m/s and 3 m/s in the tunnel. Similar tests
were conducted using a 2.0 m’ gasoline pool fire.

The air velocities around the simulated vehicle were measured prior to each test. For
the targeted air velocity of 1.5 m/s in the tunnel, the air velocity varied from 1.4 m/s to
1.7 m/s upstream of the vehicle and 0.9 m/s to 1.1 m/s downstream of the simulated vehicle
due to blockage by the vehicle body. For the targeted air velocity of 3 m/s in the tunnel, the
air velocity varied from 2.8 m/s to 3.3 m/s upstream of the vehicle and 1.9 m/s to 2.1 m/s
downstream of the simulated vehicle.

The test conditions and results with the fire located underneath the vehicle are listed
in Table 7.1. The heat release rates listed in the table were measured using an open
calorimeter facility [8]. The actual heat release rates produced in the tests could be different,
because of the existence of the vehicle body above the fuel and ventilation conditions.
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Figure 7.1. Schematic of the setup for a fire underneath a vehicle
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7.1. Ventilated Test Conditions and Results of Pool Fires Located underneath the Vehicle

FIRE TEST | FUEL PAN | FUEL HEAT | AIRFLOW RESPONSE TIME OF DETECTORS/DETECTION SYSTEMS
SCENARIO NO ™M) TYPE RELEASE| SPEED D-1L1 | D-2L2 D-3F1 D-4C1 | D-5C2 | D-6C3 | D-7H1 | D-8H2 D-
RATE (kW (m/s) (s) (s) (s) (s) (s) (s) (s) (S) 9S1
H* | M* S
Pool fires V-1 0.6x0.6 Gasoline ~ 650 0 N/P* N/P* 9 46 46 44 N/R* N/R* N/R* 51
under the V-2 0.6x 0.6 Gasoline ~ 650 ~1.5 N/P N/P 13 | N/R 103 45 N/R N/R N/R 147
vehicle V-3 0.6x 0.6 Gasoline ~ 650 ~3.0 N/P N/P 11 88 N/A* 40 N/R N/R N/R 156
V-4 1.0x 1.0 Gasoline ~ 1700 ~1.5 N/P N/P 6 15 50 31 N/R 40 27 39
V-5 1.0x 1.0 Gasoline ~ 1700 ~3.0 NP N/P 4 50 48 18 24 100 33 45
V-12 1.0x 2.0 Gasoline ~ 3400 ~1.5 23 18 7 13 45 18 N/R 57 35 52
V-10 1.0x2.0 Gasoline ~ 3400 ~3.0 N/P 17 7 12 42 17 N/R 88 38 43
V-13 0.6x 0.6 Gasoline ~ 650 ~1.5 64 51 N/P | N/P N/P N/P N/P N/P N/P N/P
V-14 0.6x 0.6 Gasoline ~ 650 ~3.0 118 64 N/P | N/P N/P N/P N/P N/P N/P N/P
Note:
e N/P*: no participation in the test
e N/R*: no response in the test
e N/A*: no data available in the test due to malfunction of the device
e H*: optical flame detector D-3F1 with very high sensitivity
e M*: optical flame detector D-3F1 with medium sensitivity
e The systems listed in the table are:
1) D-1L1: Linear fiber optic heat detection system
2) D-2L2: Linear analogue heat detection system
3) D-3F1: Optical flame detector
4) D-4C1: VID flame/smoke detector
5) D-5C2: VID flame/smoke detector
6) D-6C3: VID flame detector
7) D-7HI: Spot heat detector
8) D-8H2: Spot heat detector
9) D-9S1: Smoke detection system
28
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7.1.1 Impact of Tunnel Airflow on Fire Growth

Table 7.2 lists the burning time of the fuel for the tests with a pool fire located
underneath a simulated vehicle. The burning time, defined as the time interval from
ignition to the extinction of the fire in the pan, was determined using the video records
for the tests.

Test results showed that for the same amount of fuel in the pan, the burning time
was reduced with an increase in the airflow speed in the tunnel. The burning time of 5 L
of gasoline in the 0.36 m’ pan was approximately 344 s under non-ventilated condition.
It was reduced to 290 s with an airflow speed of 1.5 m/s and to 260 s with an airflow
speed of 3 m/s. The fuel burning time of 40 L of gasoline in the 2.0 m’ pan was 305 s
with an airflow velocity of 3 m/s and 315 s with an airflow velocity of 1.5 m/s. The
impact of airflow on the fuel burning time decreased with an increase in the pool size.

Table 7.2. Burning Time of Fuel in Tests with Fire Located underneath Vehicle

Test No Pan Size (m) | Fuel in Pan (L) Airflow Speed | Burning Time (s)
(m/s)
V-1 0.6x0.6 5 0 344
V-2 0.6x0.6 5 ~1.5 290
V-3 0.6x0.6 5 ~3.0 260
V-4 1.0x1.0 25 ~1.5 205
V-5 1.0x1.0 25 ~3.0 200
V-12 1.0x2.0 40 ~1.5 315
V-10 1.0x2.0 40 ~3.0 305

Figures 7.2 through 7.4 show the impact of airflow velocity on the heat flux
produced by three fires of different sizes located underneath the vehicle. The heat flux
was measured 1 m from the fire source. The heat fluxes produced by two large fires
located underneath the vehicle were also compared with those produced under non-
ventilation conditions in tests conducted in Task 2.

Test results showed that the heat fluxes produced by a 0.36 m” fire measured 1 m
from the fire source decreased with an increase in airflow speed in the tunnel. This may
be attributed to the fact that the airflow tilted the flames away from the heat flux meter.
The heat fluxes produced by the two larger fires with a 1.5 m/s longitudinal airflow,
particularly by the 2 m’ fires, were higher than those produced under non-ventilated
conditions. The heat fluxes decreased with the airflow speed at 3 m/s. For large fires, an
airflow velocity higher than 1.5 m/s was required to tilt the flames. The fuel burning
times, as shown in Figures 7.3 and 7.4, were shorter than those under non-ventilated
conditions. This suggests that the longitudinal airflow enhanced the burning rate for the
large fires located underneath the vehicle, resulting in an increase in fire growth rate and
fire size.
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Figure 7.2. Heat flux measured at 1 m from a 0.36 m” fire located underneath a vehicle
at different airflow velocities

30 [ LN L R L L AL B AL B AL AL B L B AL B L LR 1
Air velocity .
r — 0 m/s (data of Task 2) -
25 1.5 m/s ]
I 3m/s
< 20 F -
E
E ,
E 15 C 7
L 4,‘ [ 4
g } |
T 1ol I ‘ ]
51 P .
i V'M 1
0 7~.4\,\‘ emal ,ﬂ‘/‘ PRV [N SN SN TN N (NN ST SN SN TN [NNT SN SN SN SN (NN SN SN ST SN AN SN ST SN WA AN TN SHNNY SN S SN T S
0 50 100 150 200 250 300 350 400 450

Time (s)

Figure 7.3. Heat flux measured at 1 m from a 1.0 m* fire located underneath a vehicle
at different airflow velocities
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at different airflow velocities
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7.1.2 Impact of Tunnel Airflow on Fire Plume

Figures 7.5 to 7.11 show photos from three pool fire tests with the fire located
underneath the vehicle with different airflow speeds. The photos were taken from the
side and front of the fire. The photos show that the effect of airflow velocity on the fire
development and smoke spread was dependent on the airflow speed and the fire size.

When there was no airflow in the tunnel, the fire plume produced from a 0.36 m
fire plume was vertical at the front and two sides of the vehicle (Figure 7.5a), and the tip
of the flame could be observed from the front of the obstacle (Figure 7.5b) in Test V-1.
With airflow in the tunnel, the fire plume was blown towards the downstream end of the
vehicle. The fire plume was enlarged with the airflow speed at 1.5 m/s compared with
0 m/s, as shown in Figures 7.5 and 7.6. When the airflow speed was 3 m/s, the fire plume
became unstable and short, as shown in Figure 7.7.

The flames and smoke produced by the 0.36 m’ fire located underneath the
vehicle was difficult to see from the front of the fire under longitudinal airflow
conditions, as shown in Figures 7.6b and 7.7b, since the fire plume was tilted and
shielded by the obstacle. The daylight outside the tunnel also reduced visibility. This
scenario presented a challenge for those detectors that responded to the fire based on the
visual characteristics of flame and smoke.

The fire plumes produced by 1.0 and 2.0 m? fires located underneath the vehicle
were much larger than those produced by a 0.36 m?” fire (Figures 7.8 to 7.11). The plume
was tilted towards the ground by the airflow. The fire plume became unstable at high
airflow speeds. However, the impact of airflow on the fire plume was reduced with an
increase in fire size. As shown in Figures 7.6a, 7.8a and 7.10a at the same airflow speed
in the tunnel, the angle of the fire plume relative to the ground increased with an increase
in the fire size.

The size of the fire plume and smoke optical density also increased with an
increase in fire size located underneath the vehicle. The flames and smoke produced by
large pool fires could be clearly identified from the front of the obstacle, as shown in
Figures 7.8 to 7.11. The light from outside the tunnel did not affect visibility.
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a. side view b. front view

Figure 7.5. A 0.36 m” gasoline pool fire located underneath the vehicle with 0 m/s airflow velocity

a. side view b. front view

Figure 7.6. A 0.36 m* gasoline pool fire located underneath the vehicle with 1.5 m/s airflow velocity

a. side view b. front view

Figure 7.7. A 0.36 m” gasoline pool fire located underneath the vehicle with 3 m/s airflow velocity
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a. side view b. front view

Figure 7.8. A 1.0 m” gasoline pool fire located underneath the vehicle with 1.5 m/s airflow velocity

a. side view b. front view

Figure 7.9. A 1.0 m” gasoline pool fire located underneath the vehicle with 3 m/s airflow velocity
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a. side view b. front view

Figure 7.10. A 2.0 m” gasoline pool fire located underneath the vehicle with 1.5 m/s airflow velocity

a. side view b. front view

Figure 7.11. A 2.0 m* gasoline pool fire located underneath the vehicle with 3 m/s airflow velocity
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7.1.3 Impact of Tunnel Airflow on Production and Spread of Smoke

During the tests with the pool fires located underneath the vehicle, smoke optical
densities were measured at the middle of the tunnel at three elevations.

As shown in Figures 7.12 and 7.13, the longitudinal airflow had a significant
impact on the smoke production and its distribution in the tunnel for a 0.36 m® fire
located underneath the vehicle. Under non-ventilated conditions, the smoke optical
density near the ceiling of the tunnel quickly increased with time but the smoke in the
lower portion of the tunnel accumulated much later as the hot smoke layer gradually
descended (Figure 7.12). With longitudinal airflow in the tunnel, the spread of smoke in
the tunnel was changed. The smoke was blown down the tunnel and quickly filled the
entire tunnel downstream of the fire. The smoke accumulated in the upper and lower
portions of the tunnel at the same time (Figure 7.13).

Figure 7.14 compares the variation in smoke optical density 150 mm below the
ceiling produced by the 0.36 m” fire at three airflow speeds. The smoke optical density
near the ceiling of the tunnel decreased with an increase in airflow speed.
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Figure 7.12. Smoke density measured at the middle of the tunnel for a 0.36 m” fire
located underneath a vehicle with minimal airflow.
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Figure 7.13. Smoke optical density measured at the middle of the tunnel for a 0.36 m”
fire located underneath a vehicle with an airflow speed of 1.5 m/s
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Figure 7.14. Smoke density measured 150 mm below the tunnel ceiling for a 0.36 m*
fire located underneath a vehicle at three airflow speeds.
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Figure 7.15 shows the smoke optical density produced by a 1.0 m” fire located
underneath the vehicle at an airflow speed of 1.5 m/s. Compared to the smoke optical
density produced by a 0.36 m” fire with the same airflow speed (Figure 7.13), the smoke
in the upper and lower portions of the tunnel accumulated at almost the same time but the
smoke optical density near the ceiling was higher than in the lower portion of the tunnel.
The results indicate that the impact of the airflow on smoke spread was reduced with an
increase in fire size. This was consistent with the changes in fire plume under airflow
conditions.

Figure 7.16 compares the smoke optical density measured 150 mm below the
ceiling produced by a 1.0 m? fire at three airflow speeds. It shows not only that the fuel
burning time under airflow conditions was much shorter than that under non-ventilated
conditions, but also the smoke optical density near the ceiling under airflow conditions
was higher than that under non-ventilated conditions, as the burning rate of the fire
located underneath the vehicle was increased.

1.2 -+~ .+ ' rrrrrr
- Measuring point from ground
I — 1.87m ]
or —25m )
5.35m

Smoke Density (OD/m)
o
o

i
I V\\
o l{\/\/\"’v\/u_zv ]
0.0 Lo e
0 50 100 150 200 250 300 350

Time (s)

Figure 7.15. Smoke density measured at the middle of the tunnel for a 1.0 m” fire
located underneath a vehicle with an airflow speed of 1.5 m/s
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Figure 7.16. Smoke density measured 150 mm below the tunnel ceiling for a 1.0 m fire
located underneath a vehicle at three airflow speeds.

NC-CN\3C

39



Figure 7.17 shows the smoke optical density produced by a 2.0 m” fire located
underneath the vehicle at an airflow speed of 1.5 m/s. The development of the smoke in
the tunnel was similar to that produced by a 1.0 m? fire, but there was a larger difference
in the smoke optical density in the upper and lower portions of the tunnel with the 2.0 m*
fire.

Figure 7.18 also shows that the smoke optical density produced by a 2.0 m” fire
under airflow conditions was much higher than that under non-ventilated conditions. The
increase in the smoke optical density, however, was limited when the air velocity was
increased to 3 m/s. These results were consistent with the changes in heat fluxes
produced by the fires.
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Figure 7.17. Smoke optical density measured at the middle of the tunnel for a 2.0 m
fire located underneath a vehicle at an airflow speed of 1.5 m/s
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Figure 7.18. Smoke optical density measured 150 mm below the tunnel ceiling for a 2.0 m?
fire located underneath a vehicle with three airflow speeds.
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7.1.4 Impact of Tunnel Airflow on Visual View of Detectors

The smoke produced by the fire under the longitudinal airflow conditions used in
the tests was directly blown toward the fire detectors mounted on the sidewall of the
tunnel. As a result, the visibility of the fire from the detector location could be obscured.
The available visibility time for the wall mounted detectors was defined as the time
interval from the ignition to the time when the visibility of the fire was totally lost, as a
result of the spread of smoke in the tunnel. The visibility time was determined, based on
visual images provided from the VID D-5C2 mounted at the North wall of the tunnel.
The available times at different airflow speeds are listed in Table 7.3.

Table 7.3. Available Visibility Time in Tests with Fire Located underneath Vehicle

Test No Pan Size (m) | Fuel in Pan (L) Airflow Speed | Visibility Time (s)
(m/s)

V-1 0.6x0.6 5 0 Available in entire test
V-2 06x0.6 5 ~1.5 Available in entire test
V-3 0.6x0.6 5 ~3.0 Available in entire test
V-4 1.0x1.0 25 ~1.5 ~122
V-5 1.0x 1.0 25 ~3.0 ~70
V-12 1.0x2.0 40 ~1.5 ~98
V-10 1.0x 2.0 40 ~3.0 ~70

Test results showed that the visibility for the detectors for a 0.36 m” fire in the
tunnel decreased under longitudinal airflow conditions but there was still sufficient
visibility for the detectors to monitor the fire during the entire test at all airflow speeds.
The smoke produced by the small fire was limited and was quickly vented from the
tunnel through the openings in the ceiling.

When the fire size was increased to a 1.0 m? fire, the visibility in the tunnel was
quickly lost. The available time with visibility decreased with a further increase in fire
size as well as with an increase in airflow speed. As listed in Table 7.3, the visibility
time decreased to 98 s from 122 s with an increase in fire size from a 1.0 m’ pan to a
2.0 m” pan with an airflow speed of 1.5 m/s. When the airflow speed increased to 3 m/s
from 1.5 m/s, the visibility time for a 1.0 m” fire located underneath the vehicle was
reduced to 70 s. The rapid decrease in visibility under airflow conditions presented a
challenge for the detectors that responded to the fire based on visual flame and smoke
images.
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7.1.5 Impact of Tunnel Airflow on Temperatures Produced by Fires

Figures 7.19 to 7.21 show the variation in ceiling temperature produced by three
sizes of pool fires located underneath the vehicle at three different airflow velocities. The
ceiling temperature was measured by thermocouple #33 that was located at the center of
the tunnel and approximately 3 m away from the fire source (see Figure 4.2).

Test results showed that the ceiling temperature produced by the small 0.36 m?
fire decreased with an increase in airflow velocity in the tunnel (Figure 7.19). The
maximum ceiling temperature measured by thermocouple #33 for the 0.36 m? fire was
reduced to 45°C from 63°C when the airflow velocity was increased from 0 m/s to 3 m/s.
The initial increase in the ceiling temperature was also delayed with an increase in
airflow velocity.

The ceiling temperatures produced by the two large pool fires showed different
trends than the small pool fire under airflow conditions (Figures 7.20 and 21). The
ceiling temperatures produced by the 1.0 m” fire at 1.5 m/s and by the 2.0 m’ fire with
airflow velocities of 1.5 m/s and 3 m/s were higher than those produced under non-
ventilated conditions as the burning rate of the fire increased. However, the ceiling
temperatures decreased when the airflow velocity was increased to 3 m/s. In addition, the
time to reach the maximum ceiling temperature under airflow conditions was shorter than
those under non-ventilated conditions.

80 T T T v T v v v v T v v v v T T T T T T
Air Velocity
70 ; — 0m/s i
3 1.5m/s

S 3.0m/s
O\/ L
o 60F ]
=
©
8 so0f
= I
[} L
= L
o I
S 40 R
= 7
@) | fire ignition

30 1

20 I L L L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L

0 100 200 300 400 500
Time (s)

Figure 7.19. Ceiling temperatures measured at Thermocouple #33 at center of the tunnel
ceiling with a 0.36 m” gasoline pan fire at three airflow velocities
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Figure 7.20. Ceiling temperatures measured at Thermocouple #33 at center of the tunnel
with a 1.0 m* gasoline pan fire at three airflow velocities
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Figure 7.21. Ceiling temperatures measured at Thermocouple #33 at center of the tunnel
with a 2.0 m* gasoline pan fire with three airflow velocities
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Figure 7.22 shows the variation in the maximum ceiling temperatures along the
centerline of the tunnel that was produced by a 0.36 m’ pool fire located underneath the
vehicle at three airflow velocities. It shows that the ceiling temperatures decreased with
an increase in airflow speed. The drop in ceiling temperature upstream of the fire source
was significant. The hot spot at the ceiling was also shifted downstream of the fire
source under longitudinal airflow conditions. The shift of the hot spot was approximately
5 m at an airflow speed of 1.5 m/s, but did not shift further downstream when the airflow
speed was 3 m/s. This was consistent with experimental observations that indicated the
fire plume produced by a 0.36 m” pool fire became short and unstable, and was pushed
down very close to the ground at high airflow speeds.
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Figure 7.22. Maximum ceiling temperatures measured at the center of the tunnel with a
0.36 m” gasoline pan fire with three airflow velocities
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Figure 7.23 shows the maximum ceiling temperatures along the centerline of the
tunnel at three airflow velocities for a 1.0 m pool fire located underneath the vehicle.
The ceiling temperatures upstream of the fire decreased with an increase in airflow
velocity. However, the ceiling temperatures downstream of the fire source produced at
an airflow velocity of 1.5 m/s were higher than those under non-ventilated conditions, as
the burning rate of the fire was increased. When the airflow speed was further increased
to 3 m/s, the ceiling temperature decreased and was lower than under non-ventilated
conditions.

The hot spot at the ceiling was shifted downstream of the fire source under
airflow conditions. The hot spot shifted from the fire location with an increase in airflow
speed. The maximum distance that the hot spot was shifted at an airflow velocity of 3
m/s was approximately 6 m.
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Figure 7.23. Maximum ceiling temperatures measured at the center of the tunnel with a 1.0 m*
gasoline pan fire with three airflow velocities
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The ceiling temperatures produced by a 2 m” fire located underneath the vehicle
also demonstrated a different trend than for the small fires. As shown in Figure 7.24, the
ceiling temperatures produced by the fire at both airflow speeds were much higher than
those produced under non-ventilated conditions, as the airflow in the tunnel increased the
fire size. The increase in airflow velocity from 1.5 m/s to 3 m/s also resulted in a
decrease in the ceiling temperature. The hot spot shifted from the fire location with an
increase in airflow velocity. However, the shift was less than those with small fires, since
the impact of airflow on the fire plume was reduced with an increase in fire size. The
distance the hot spot was shifted at an airflow speed of 3 m/s was approximately 4 m.
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Figure 7.24. Maximum ceiling temperatures measured at the center of the tunnel with a 2.0 m*
gasoline pan fire with three air velocities
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Figure 7.25 shows the variation of the maximum ceiling temperatures across the
tunnel produced by three sizes of pool fires located underneath the vehicle at two airflow
velocities. The temperatures were measured approximately 3 m downstream of the fire
location. The ceiling temperatures decreased with an increase in airflow velocity. The
ceiling temperatures in the North section of the tunnel where the fire source was located
were generally higher than those in the South portion of the tunnel.
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Figure 7.25. Maximum ceiling temperatures across the tunnel 3 m downstream of the fire
with three pool fires and two airflow velocities
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Figure 7.26 shows the variation in the maximum air temperature with elevation
produced by a 0.36 m” pool fire at three airflow velocities. The temperatures were
measured at the middle of the tunnel. The results show that with an increase in airflow
velocity, the temperatures decreased in the upper portion of the tunnel but increased in

the lower portion of the tunnel.
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Figure 7.26. Maximum temperatures with elevation at the middle of the tunnel with a 0.36 m*

gasoline pan fire with three air velocities
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Figure 7.27 shows the variation of the maximum air temperature with elevation
produced by three sizes of pool fires at two airflow velocities. The temperatures were
measured at the middle of the tunnel. The temperatures in the upper portion of the tunnel
decreased with an increase in airflow velocity. However, air temperatures in the lower
portion of the tunnel with large pool fires showed a different trend from those produced
by small fires. The temperatures in the lower portion of the tunnel only slightly increased
with an increase in air velocity.
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Figure 7.27. Maximum temperatures with elevation at the middle of the tunnel with three
gasoline pan fires with two airflow velocities
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7.1.6 Impact of Tunnel Airflow on Response of Fire Detection Systems

Figure 7.28 summarizes the response times of fire detector/detection systems for a
0.36 m” fire located underneath the vehicle at three air velocities. Generally, the response
times of the two linear heat detection systems D-1L1 and D-2L2, VID flame/smoke
system D-4C1, and the smoke detection system D-9S1 to a small fire, increased with an
increase in air velocity in the tunnel, as the ceiling temperature and smoke optical density
decreased and the fire plume was tilted towards the ground. The VID flame system
D-6C3 did not respond to the fire at any of the airflow velocities in the tunnel. The two
spot heat detectors D-7H1 and D-8H2 also did not respond to the fire with the three
airflow velocities, as the ceiling temperature was below the response temperature. The
response of the other detectors to the small fire located underneath the vehicle was
dependent on the type of detector and the airflow velocity in the tunnel.

The response time of the two linear heat detection systems D-1L1 and D-2L2
increased from 64 s and 51 s at 1.5 m/s to 118 s and 64 s at 3 m/s, respectively.

The flame detector D-3F1 with a medium sensitivity level detected the small fire
at 46 s under non-ventilated conditions. It had no response to the fire scenario with an
airflow velocity of 1.5 m/s but detected the fire at 88 s for the test with an airflow
velocity of 3 m/s. Test results also indicated that the detector with a high sensitivity level
detected the fire at all three airflow speeds and responded to the fire more quickly than
the detector with a medium sensitivity level, as shown in Table 7.1.

The response time of the VID flame/smoke system D-4C1 increased from 46 s at
0 m/s to 103 s at 1.5 m/s. There was no data available for the detector with an airflow
speed of 3 m/s, because of a malfunction of the detector.

The VID flame/smoke system D-5C2 was able to detect the fire at all three
airflow velocities at 40 to 45 s. The changes in airflow speed had a limited impact on the
performance with a 0.36 m?” fire located underneath the vehicle.

The response of the smoke detection system D-9S1 to the fire was delayed from

51 s for an airflow of 0 m/s to 147 s for an airflow of 1.5 m/s. The further increase in air
velocity from 1.5 m/s to 3 m/s resulted in a slight increase in the response time to 156 s.
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Figure 7.28. Response times of fire detectors/detection systems to a 0.36 m” fire located
underneath the vehicle at three airflow velocities
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The response time of fire detector/detection systems to a 1.0 m® fire located
underneath the vehicle at three air velocities are shown in Figure 7.29. Their
performances under non-ventilated conditions in Task 2 are also shown in the figure.
There are no results for the two linear heat detection systems D-1L1 and D-2L2, since
they were not included in the fire tests because the equipment arrived late.

The response time of flame detector D-3F1 with a medium sensitivity level
increased with an increase in air velocity. The response time was 15 s for airflow
velocity of 1.5 m/s and increased to 50 s for a 3 m/s velocity.

The response time of the VID flame/smoke system D-4C1 at two airflow
velocities were slightly longer than that under non-ventilated conditions. The response
time was 50 s for an airflow velocity of 1.5 m/s and 48 s for a 3 m/s velocity. An
increase in airflow velocity had a limited impact on the detection time for a 1.0 m” fire
located underneath the vehicle.

The VID flame/smoke system D-5C2 detected the fire at the two air velocities.
The response time decreased from 31 s for an airflow velocity of 1.5 m/s to 18 s for a
3 m/s velocity.

The VID flame detector D-6C3 responded to the fire at 28 s under non-ventilated
conditions, but it could not detect the fire when the airflow velocity in the tunnel was
1.5 m/s. The detector responded to the fire at 24 s in the test with an airflow velocity of
3 m/s.

Both spot heat detectors D-7H1 and D-8H2 responded to the fire at the three
airflow velocities. The response times under longitudinal airflow conditions were shorter
than those under non-ventilated conditions, as the fire size was increased by the airflow.
However, the response times were longer at the airflow velocity of 3 m/s than at 1.5 m/s.
This was consistent with the change in ceiling temperature produced by the fire in the
tests. The response time of the detector D-7H1 at the three airflow velocities was 231 s,
40 s and 100 s, respectively. The response time of detector D-8H2 at the three airflow
velocities was 125 s, 27 s and 33 s, respectively.

The smoke detection system D-9S1 also detected the fire at the three airflow
velocities. The detection times under longitudinal airflow conditions were shorter than
under non-ventilated conditions. The response times of the smoke detection system at the
three air velocities were 47 s, 39 s and 45 s, respectively. The change in response time
was consistent with the smoke optical density produced by the fire under airflow
conditions.
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Figure 7.29. Response times of fire detectors/detection systems to a 1.0 m” fire located
underneath the vehicle at three airflow velocities
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Figure 7.30 summarizes the response times of fire detector/detection systems to a
2.0 m® fire located underneath the vehicle at three airflow velocities. The longitudinal
airflow in the tunnel improved the response time of several detectors/detection systems to
the fire. For the other detectors, the airflow had a limited impact on the response to the
fire.

The response time of the linear heat detection system D-1L1 slightly increased to
23 s for an airflow velocity of 1.5 m/s from 17 s at 0 m/s.

The increase in airflow velocity had a limited impact on the performance of the
linear heat detection system D-2L2. Its response times to the fire at the two airflow
velocities of 1.5 m/s and 3 m/s were 18 s and 17 s, respectively.

The changes in the airflow conditions in the tunnel also had a limited impact on
the performance of the flame detector D-3F1 with a medium sensitivity level to the large
fire located underneath the vehicle. It detected the fire at the two air velocities at 15 s.

The VID flame/smoke system D-4C1 detected the fire at the three airflow
velocities. The response time decreased with an increase in airflow speed from 183 s at
0O m/s to 45 s at 1.5 m/s and 42 s at 3 m/s.

The VID flame/smoke system D-5C2 detected the fire at the two airflow
velocities. The changes in airflow speed in the tunnel had a limited impact on the
response time (18 s at 1.5 m/s and 17 s at 3 m/s). .

The VID flame system D-6C3 was able to detect the fire under non-ventilated
conditions, but it could not detect the fire with airflow in the tunnel.

Both spot heat detectors D-7H1 and D-8H2 responded to the fire at the three
airflow velocities. The response time under longitudinal airflow conditions were shorter
than those under non-ventilated conditions. The response times decreased with an
increase in airflow velocity from 0 m/s (183 s) to 1.5 m/s (57 s). The response time
increased to 88 s with an airflow velocity of 3 m/s. The response time of detector D-8H2
decreased to 35 s for an airflow velocity of 1.5 m/s from 101 s at O m/s and then slightly
increased to 38 s at 3 m/s.

The smoke detection system D-9S1 detected the fire at the three airflow
velocities. Its response time decreased with an increase in airflow velocity in the tunnel
(82sat0m/s, 52 sat 1.5 m/s and 43 s at 3 m/s).
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Figure 7.30. Response times of fire detectors/detection systems to a 2.0 m’ fire located
underneath the vehicle at three airflow velocities
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7.2. Open Pool Fires Located behind A Large Vehicle

The fire scenario was designed to simulate a tunnel fire incident in which an open
gasoline pool fire was located behind a large vehicle due to an accident or mechanical
failure of a vehicle. For this scenario, an open pan fire was located behind a large steel
plate, which simulated the front portion of a large truck. The steel plate was 2.5 m wide
by 3.5 m high. It was placed 0.3 m above the tunnel floor, and 6 m in front of the pool
fire between the pool fire and the detectors mounted on the tunnel wall. The distance
between the edge of the plate and the wall of the tunnel was 1.2 m. The setup of the fire
scenario was the same as used in Task 2 of the project [8]. A photograph of the setup in
the test tunnel is shown in Figure 7.31.

Two large pans (1.0 m” and 2.0 m®) were used for the tests with 25 L and 40 L of
gasoline, respectively. Tests with average airflow speeds of 1.5 m/s and 3 m/s in the
tunnel were conducted for each fire size. The airflow velocities on the four sides of the
pan were measured prior to each test. The results showed that the airflow velocities
around the pan were similar. The tests were terminated when the fuel in the pan was
burnt out and the fire self-extinguished.

The pool fire located behind a large vehicle was a free burning fire. The door at
the East end of the tunnel was open during the tests and the airflow was towards the fire.
The impact of the airflow on the characteristics of the open pool fire was studied and the
response of the fire detection systems evaluated.

The test conditions and results involving fires located behind the large vehicle are
listed in Table 7.4. The heat release rates listed in the table were measured in an open
calorimeter facility. Actual heat release rates in the tests in the tunnel could be different.
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Figure 7.31. Photograph of the setup of a pool fire located behind a large simulated vehicle
in the test tunnel
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7.4. Ventilated Test Conditions and Results of Pool Fires Located behind the Vehicle

FIRE
SCENARIO

TEST
NO

PAN SIZE
(m)

FUEL
TYPE

HEAT
RELEASE
RATE (kW

AIRFLOW
SPEED
(m/s)

RESPONSE TIME OF DETECTORS/DETECTION SYSTEMS

D-1L1
(s)

D-21.2
(s)

D-3F1
(s)

H* | M*

D-4C1
(s)

D-5C2
(s)

D-6C3
(s)

D-7H1
(s)

D-8H2

(s)

D-
9S1
(s)

Pool fires
behind the
vehicle

1.0x 1.0

Gasoline

~ 1,700

~1.5

N/P*

27

78

73

N/R

N/R*

98

50

40

V-7

1.0x 1.0

Gasoline

~ 1,700

~3

N/P

18

N/R

61

21

N/R

N/R

82

43

V-8

1.0x2.0

Gasoline

~ 3,400

~1.5

N/P

13

33

N/R

N/R

N/R

35

20

30

V-9

1.0x2.0

Gasoline

~ 3,400

~3

N/P

16

(@)} o)} N} fo)

N/R

N/R

24

N/R

37

24

31

Note:

NC-CN\3C

N/P*: no participation in the test

N/R*: no response in the test

N/A*: no data available in the test due to malfunction of the device
H*: optical flame detector D-3F1 with very high sensitivity
M*: optical flame detector D-3F1 with medium sensitivity
The systems listed in the table are:
D-1L1: Linear fiber optic heat detection system
D-2L.2: Linear analogue heat detection system

D-3F1: Optical flame detector

D-4C1: VID flame/smoke detector
D-5C2: VID flame/smoke detector
D-6C3: VID flame detector
D-7H1: Spot heat detector
D-8H2: Spot heat detector
D-9S1: Smoke detection system
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7.2.1 Impact of Airflow on Fire Growth

The gasoline pool fire located behind a simulated vehicle developed very quickly
in the tests. The fire growth was affected by the changes in airflow speed in the tunnel.
Table 7.5 lists the burning time of the fuel for the pool fires located behind a vehicle.
The fuel burning time was determined using video records for the tests.

Test results showed that for the same amount of fuel in the pan, the burning time
of the fuel decreased with an increase in the airflow speed in the tunnel. The burn time
for 25 L of gasoline in the 1.0 m” pan decreased from 365 s at an airflow velocity of
1.5 m/s to 355 s at 3 m/s. The burn time of 40 L of gasoline in the 2.0 m’ pan decreased
from 315 s for an airflow velocity 1.5 m/s to 260 s at 3 m/s.

Table 7.5. Burn Time of Fuel in Tests with Fire Located behind Vehicle

Test No Pan Size (m) | Fuel in Pan (L) Airflow Speed Burn Time (s)
(m/s)
V-6 1.0x 1.0 25 ~1.5 365
V-7 1.0x 1.0 25 ~3.0 355
V-8 1.0x 2.0 40 ~ 1.5 315
V-9 1.0x 2.0 40 ~3.0 260

The impact of airflow on the fire growth can also be observed from changes in
heat flux produced by the fires. Figure 7.32 shows the variation of heat flux with time
that was produced by a 1.0 m? fire located behind a vehicle measured 1 m from the fire
source. The fire growth was similar for the two airflow velocities with the heat flux at
3 m/s slightly higher than at 1.5 m/s. Also, Figure 7.32 indicates that the increase in
airflow velocity for the 1.0 m” fire located behind a vehicle did not reduce the fuel burn
time.

Figure 7.33 indicates that the fuel burn time of a 2.0 m” fire located behind a
vehicle decreased with an increase in airflow velocity. This is consistent with visual
observations made during the tests. The heat flux measured at 1 m from the 2.0 m? fire
source also increased with an increase in airflow velocity.
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Figure 7.32. Heat flux measured 1 m from a 1.0 m” fire located behind a vehicle at two
airflow velocities
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Figure 7.33. Heat flux measured 1 m from a 2.0 m’ fire located behind a vehicle at two
airflow velocities
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7.2.2 Impact of Airflow on Fire Plume

Figures 7.34 to 7.37 show photos of the fire tests. The photos were taken from
the side and front of the fire. Unlike the fire located underneath a vehicle, the pool fires
located behind a vehicle were tilted more towards the ground as the airflow directly blew
on the fire plume. The angle of the fire plume to the ground decreased as the airflow
speed increased. For the 1.0 m? fire with an airflow velocity of 3 m/s, as shown in Figure
7.35a, the plume was very close to the ground and was short and unstable. The impact of
airflow on the fire plume decreased with an increase in fire size (Figures 7.35a to 7.37a).

The photos also show the fire conditions downstream of the fire from the front
view of the fire. Although the fire was large, the flames were difficult to see from the
front of the large simulated vehicle, since the large vehicle body obstructed the view of
the fire. The flame could only be observed at the two sides of the vehicle and in the gap
between the bottom of the vehicle and the ground, as the fire plume was tilted and
shielded behind a vehicle.

The fire developed quickly under airflow conditions and smoke quickly spread in
the tunnel. As shown in Figures 7.34 to 7.37, the visibility downstream of the fire
decreased quickly with an increase in airflow speed and fire size. This fire scenario
presented a challenge to those detectors that responded to the fire, based on the visual
characteristics of the flame and smoke.
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a. side view b. front view

Figure 7.34. A 1.0 m* gasoline pool fire located behind the vehicle at 1.5 m/s airflow velocity 1
minute after ignition

a. side view b. front view

Figure 7.35. A 1.0 m* gasoline pool fire located behind the vehicle at 3 m/s airflow velocity 1
minute after ignition
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a. side view b. front view

Figure 7.36. A 2.0 m” gasoline pool fire located behind the vehicle at 1.5 m/s airflow velocity 30 s
after ignition

a. side view b. front view

Figure 7.37. A 2.0 m* gasoline pool fire located behind the vehicle at 3 m/s airflow velocity 30 s
after ignition
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7.2.3 Impact of Airflow on Production and Spread of Smoke

Figures 7.38 and 7.39 show the smoke optical densities near the tunnel ceiling for
pool fires located behind a vehicle at three airflow velocities. The measurement location
was 150 mm below the ceiling at the middle of the tunnel. The smoke optical density
under airflow conditions was also compared with those for non-ventilated tests conducted
in Task 2 of the project [8].

The results shown in Figure 7.38 indicate that the smoke optical density near the
ceiling produced by a 1.0 m?” fire located behind a vehicle decreased with an increase in
the airflow speed in the initial 120 s after ignition, as the fire plume was shortened and
the smoke had difficulty reaching the ceiling under high airflow conditions. Unlike the
1.0 m? fire, the 2.0 m? fire (Figure 3.39) produced comparable or slightly higher smoke
optical densities under longitudinal airflow conditions than under non-ventilated
conditions.

The impact of airflow on the production and spread of smoke is demonstrated by
the variation in smoke optical density with elevation (Figure 7.40). The smoke optical
density produced by a 1.0 m” fire at 70 s after ignition was low in the lower portion of the
tunnel under non-ventilated conditions, as most of the smoke reached the ceiling of the
tunnel. The smoke optical density measured with an airflow velocity of 1.5 m/s was
higher than under non-ventilated conditions. However, for an airflow velocity of 3 m/s,
the smoke optical density near the ceiling decreased but there was an increase in the
lower portion of the tunnel as the fire plume was tilted towards the ground.

The results shown in Figure 7.41 indicate that the smoke optical density produced
by a 2.0 m” fire located behind a vehicle increased with an increase in the airflow speed.
For an airflow speed of 3 m/s, the smoke optical density near the ceiling was higher than
that produced at lower airflow speeds but the smoke optical density in the lower portion
of the tunnel was similar to that produced at an airflow speed of 1.5 m/s.
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Figure 7.38. Smoke optical density near the ceiling measured at the middle of the
tunnel for a 1.0 m? fire located behind a vehicle at three airflow speeds
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Figure 7.39. Smoke optical density near the ceiling measured at the middle of the
tunnel for a 2.0 m” fire located behind a vehicle at three airflow speeds
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Figure 7.41. Variation of smoke optical density with elevation at three airflow speeds
for a 2.0 m’ fire located behind a vehicle 70 s after ignition
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7.2.4 Impact of Airflow on Visual View of Detectors

Test results showed that the airflow in the tunnel changed the fire growth and
smoke production and spread in the tunnel for the fires located behind a vehicle. The
visibility for detectors that were located downstream of the fire was also affected. Table
7.6 lists the available time with visibility for the detectors to monitor the fires in the
tunnel. The times were determined using the images from the VID flame/smoke system
D-5C2 mounted on the North wall of the tunnel.

Table 7.6. Time with Visibility for Tests with Fire Located behind Vehicle

Test No Pan Size (m) | Fuel in Pan (L) Airflow (m/s) Visibility
()
V-6 1.0x 1.0 25 ~1.5 ~93
V-7 1.0x 1.0 25 ~3.0 ~61
V-8 1.0x2.0 40 ~1.5 ~33
V-9 1.0x2.0 40 ~3.0 ~31

The video images provided from D-5C2 showed that the smoke produced by the
1.0 m? fire located behind the vehicle descended gradually from the ceiling for the tests
with an airflow speed of 1.5 m/s. The available time with visibility for D-5C2 in the test
was 93 s. For an airflow speed of 3 m/s, the smoke was blown towards the detector.
Visibility was lost approximately 61 s after ignition.

The video images showed that the 2.0 m® fire located behind a vehicle produced
considerable smoke and it rapidly spread in the tunnel. The smoke was directly blown
toward the detectors instead of descending from the ceiling. The visibility time for
D-5C2 was 33 s at an airflow speed of 1.5 m/s and 31 s at an airflow speed of 3 m/s. The
smoke produced by the large fire under airflow conditions gave the detectors a very short
period of time to respond to and monitor the fire.
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7.2.5 Impact of Airflow on Temperatures Produced by Fires

Figures 7.42 to 7.43 show the variation in ceiling temperature with time produced
by two sizes of pool fires located behind a vehicle at three airflow velocities. The ceiling
temperature was measured at thermocouple #33 that was located at the center of the
tunnel and approximately 3 m away from the fire source (see Figure 4.2). The ceiling
temperatures under airflow conditions were also compared with those measured in non-
ventilated tests conducted in Task 2 of the project [8].

Test results showed that the ceiling temperatures decreased with an increase in
airflow velocity in the tunnel for both pool fires located behind a vehicle. The impact of
airflow on the ceiling temperature produced by the 1.0 m” fire was more significant than
that produced by the 2.0 m’ fire. The maximum ceiling temperature measured at
thermocouple #33 for the 1.0 m* fire was reduced to approximately 70°C from 135°C
when the airflow velocity was increased from 1.5 m/s to 3 m/s. The drop in the
maximum ceiling temperature produced by the 2.0 m? fire was approximately 10°C when
the airflow velocity was increased from 1.5 m/s to 3 m/s.
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Figure 7.42. Ceiling temperatures measured at Thermocouple #33 at center of the tunnel
with a 1.0 m* gasoline pan fire for three airflow velocities
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Figure 7.43. Ceiling temperatures measured at Thermocouple #33 at center of the tunnel
with a 2.0 m* gasoline pan fire for three airflow velocities

NC-CN\3C

70



Figure 7.44 shows the variation in ceiling temperature along the centerline of the
tunnel produced by the 1.0 m? fire for different airflow speeds. The temperatures were
measured 115 s after ignition when the non-ventilated test in Task 2 was terminated. The
results show that the ceiling temperature along the centerline of the tunnel decreased with
an increase in airflow speed, and the hot spot at the ceiling was shifted downstream of the
fire. The ceiling temperatures had a significant decrease when the airflow speed
increased to 3 m/s. The maximum ceiling temperature at an airflow speed of 3 m/s was
approximately 60°C, and the hot spot was shifted approximately 6.5 m downstream from
the fire location.
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Figure 7.44. Variation of ceiling temperatures along the centerline of the tunnel with a 1.0 m*
gasoline pan fire for three airflow velocities 115 s after ignition
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Figure 7.45 shows the variation in ceiling temperature along the centerline of the
tunnel produced by the 2.0 m’ fire for three airflow speeds. The temperatures were
measured 80 s after ignition when the non-ventilated test in Task 2 was terminated. The
ceiling temperature decreased significantly when there was a longitudinal airflow in the
tunnel. The ceiling temperature at the hot spot decreased to 145°C for an airflow speed
of 1.5 m/s compared to 265°C under non-ventilated conditions. The ceiling temperature
did measured for an airflow speed to 3 m/s was comparable to that measured for an
airflow speed of 1.5 m/s. The ceiling temperature upstream of the fire for an airflow
speed of 3 m/s were higher than those for an airflow speed of 1.5 m/s, but the temperature
downstream of the fire was lower than those measured with the lower airflow speed. The
hot spot at the ceiling of the tunnel moved downstream from the fire location for the tests
with longitudinal airflow.
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Figure 7.45. Variation in ceiling temperature along the centerline of the tunnel with a 2.0 m*
gasoline pan fire for three airflow velocities 80 s after ignition
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Figure 7.46 shows the variation in temperature with elevation for the 1.0 m? fire.
The temperatures were measured at the center of the tunnel, 115 s after ignition. The
temperature in the upper portion of the tunnel decreased with an increase in airflow
speed. The temperature in the lower portion of the tunnel increased with an increase in
airflow speed to 1.5 m/s. However, the temperature measured at an airflow speed of
3 m/s was lower than those measured at an airflow speed of 1.5 m/s. The airflow in the
tunnel had a similar impact on the temperature variation with elevation measured for the
2.0 m? fire, as shown in Figure 7.47. However, the hot layer developed faster than with
the 1.0 m” fire.
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Figure 7.46. Variation of temperatures with elevation for a 1.0 m” gasoline pan fire 115 s
after ignition
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Figure 7.47. Variation of temperatures with elevation for a 2.0 m” gasoline pan fire 80 s after
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7.2.6 Impact of Airflow on Response of Fire Detection Systems

The response times of fire detector/detection systems to a 1.0 m* fire located
behind a vehicle at different airflow velocities are summarized in Figure 7.48. The
response times of the linear heat detection system D-1L1, the flame detector D-3F1, the
VID flame/smoke system D-4Cl1, two spot heat detectors D-7H1 and D-8H2 to the fire
increased with an increase in airflow velocity in the tunnel, as the ceiling temperature
decreased and the fire plume was tilted towards the ground. The VID flame system
D-6C3 did not respond to the fire located behind the vehicle under any airflow
conditions. The airflow had a limited impact on the response of the smoke detection
system to the fire located behind a vehicle. The response of the other detectors to the fire
depended on the type of detector and the airflow velocity in the tunnel.
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Figure 7.48. Response times of fire detectors/detection systems to a 1.0 m” fire located behind a
vehicle

The response time of the linear heat detection system D-1L1 to the 1.0 m” fire
located behind a vehicle increased with an increase in airflow speed. The response time
was 11 s at 0 m/s and 34 s at an airflow speed of 3 m/s.

The response time of the linear heat detection system D-2L2 decreased with an
increase in airflow velocity. The response times were 27 s for an airflow speed of
1.5 m/s and 18 s for 3 m/s.

N3C-CN3C 75



The longitudinal airflow affected the response of the flame detector D-3F1 with
medium sensitivity level to the fire located behind a vehicle. The response time was 78 s
for an airflow speed of 1.5 m/s. It did not detect the fire for an airflow velocity of 3 m/s.
The detector with a high sensitivity level responded to the fire more quickly than the
detector with a medium sensitivity level. It also detected the fire at all airflow speeds, as
shown in Table 7.4.

The response time of the VID flame/smoke system D-4C1 under longitudinal
airflow conditions were longer than that under non-ventilated conditions. The response
time increased from 62 s at 0 m/s to 83 s at 1.5 m/s and then decreased to 73 s for an
airflow speed of 3 m/s.

The VID flame/smoke system D-5C2 did not detect the fire at an airflow speed of
1.5 m/s, but it detected the fire at 21 s in the test with the airflow speed of 3 m/s.

The response time of the spot heat detector D-7HI to the fire increased with an
increase in airflow speed. The response time increased from 61 s at O m/s to 98 s at
1.5 m/s. It did not detect the fire in the test with an airflow speed of 3 m/s.

The spot heat detector D-8H2 was able to detect the fire at all three airflow
velocities. The response time increased with an increase in airflow speed. The response
time was 37 s at 0 m/s, 50 s at 1.5 m/s and 82 s at 3 m/s.

The response time of the smoke detection system D-9S1 to the fire only slightly
increased with airflow speed ranging from 39 s at 0 m/s, 40 s at 1.5 m/s to 42 s at 3 m/s.
This was consistent with ceiling smoke density produced with the three airflow speeds, as
shown in Figures 7.38 and 7.40.

Figure 7.49 summarizes the response times of the fire detector/detection systems
to a 2.0 m” fire located behind a vehicle. The linear heat detection system D-1L1 was not
available for the tests under airflow conditions and no data is available.

The impact of airflow on the response of the linear heat detection system D-21.2
to a 2.0 m” fire located behind a vehicle was limited. The response time was 13 s at
1.5 m/s and 16 s at 3 m/s.

The response time of the flame detector D-3F1 with a medium sensitivity level
increased with an increase in airflow speed. The response time was 33 s for an airflow
speed of 1.5 m/s. It did not detect the fire in the test with an airflow velocity of 3 m/s.

The VID flame/smoke system D-4C1 did not detect a 2.0 m” fire located behind a

vehicle, as the smoke quickly spread in the tunnel and the available time with visibility
for the detector to respond to the fire was very limited, as shown in Table 7.6.
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The response of the VID flame/smoke system D-5C2 to the fire was similar to its
response to a 1.0 m? fire located behind a vehicle. It did not detect the fire in the test with
an airflow speed of 1.5 m/s, but it detected the fire at 24 s in the test with an airflow
speed of 3 m/s.

The VID flame system D-6C3 did not detect a large fire located behind a vehicle,
regardless of the airflow velocity in the tunnel.

The spot heat detector D-7H1 detected the fire at all three airflow speeds. The
response time increased with an increase in airflow speed. The response time was 22 s at
0O m/s,35sat 1.5 m/s and 37 s at 3 m/s.

The spot heat detector D-8H2 detected the fire at all three airflow velocities. The
response time was 19 s at O m/s, 20 s at 1.5 m/s and 24 s at 3 m/s.

The response times of the smoke detection system D-9S1 to the large pool fires
located behind a vehicle under longitudinal airflow conditions were shorter than that
under non-ventilated, but the decrease in the response time under airflow conditions was
limited. The response time was 33 s at 0 m/s, 30 s at 1.5 m/s and 31 s at 3 m/s. The
change in response time was consistent with the ceiling smoke optical density measured
in the tests, as shown in Figures 7.39 and 7.41.
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7.3. Stationary Vehicle Fires

Similar to the non-ventilated fire tests conducted in Task 2 of the project [8], a
passenger compartment fire was set up to study the impact of airflow on the stationary
vehicle fire as well as the response of detection systems to a slowly growing vehicle fire.
The fire scenario was designed to simulate a fire in the passenger compartment of a
vehicle due to an accident or mechanical failure of the vehicle.

The fire setup was similar to that used in the non-ventilated tests in Task 2 of the
project [8]. A vehicle compartment mock-up was located 6.5 m from the East end of the
tunnel and 2.5 m from the North wall of the tunnel. The mock-up simulated the front
portion of a vehicle passenger compartment with a dimension of 1.5 m wide by 1.2 m
long by 1.2 m high. There was an opening on one side of the vehicle, which simulated a
door left open by the driver. A photograph of the mock-up is shown in Figure 7.50.

Wood and polyurethane foam were used as fuels for the simulated vehicle
compartment fire. A wood crib with dimensions of 0.8 m by 0.8 m by 0.7 m and a
weight of 62.5 kg was placed inside the compartment. Polyurethane foam with a
dimension of 0.6 m by 0.6 m by 0.1 m thick and a weight of 1.0 kg was placed on the top
of the wood crib.

Three small pans with 150 ml of methyl hydrate in each pan were placed
underneath the wood crib in a triangular arrangement. They were used as ignition
sources, but did not produce any smoke in the tests. The amount of methyl hydrate in
each pan was 50 ml more than used in the non-ventilated test, as the amount of methyl
hydrate used in the previous tests did not ignite the wood crib under airflow conditions.

One test involving the passenger compartment fire was conducted using an
airflow speed of 3 m/s. During the test, no obstacle was placed between the fire source
and the detectors. The door at the East end of the tunnel was open. The airflow
velocities on the four sides of the mock-up were measured prior to each test. Test
conditions and results for the stationary vehicle fire tests are provided in Table 7.7.

N3C-CN3C ”



//d-g‘.r

Ce”d
: e //,‘, .4///,/ 7 ﬁ://, /’/’,”f/ e
e

Figure 7.50. Photograph of the setup for a simulated passenger compartment vehicle fire

NC-CN\3C

80



7.7. Test Conditions and Results of Pool Fires Located behind a Vehicle

FIRE TEST FIRE FUEL HEAT | AIRFLOW RESPONSE TIME OF DETECTORS/DETECTION SYSTEMS
SCENARIO NO SOURCE |TYPE RELEASE| SPEED D-1L1 | D-2L.2 D-3F1 D-4C1 | D-5C2 | D-6C3 | D-7H1 | D-8H2 D-
RATE (kW (m/s) (s) (s) (s) (s) (s) (s) (s) (s) 981
H* | M* (s)
Stationary | V-11 | Passenger | Wood & | ~ 1,200 ~3 180 1977 [ 136 155 | NR 167 470 N/R NR | 241
vehicle fire compartment foam
Note:
e N/R*: no response in the test
e H*: optical flame detector D-3F1 with very high sensitivity
e M*: optical flame detector D-3F1 with medium sensitivity
e The systems listed in the table are:
D-1L1: Linear fiber optic heat detection system
D-21.2: Linear analogue heat detection system
D-3F1: Optical flame detector
D-4C1: VID flame/smoke detector
D-5C2: VID flame/smoke detector
D-6C3: VID flame detector
D-7H1: Spot heat detector
D-8H2: Spot heat detector
D-9S1: Smoke detection system
81
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7.3.1 Impact of Airflow on Fire Characteristics

The simulated passenger compartment fire with the wood crib and foam
developed slowly, in comparison to the flammable liquid fires. No visible flame was
observed outside the compartment and the amount of smoke produced was limited in the
initial stage of the fire. However, compared to the vehicle fire under a non-ventilated
condition, the airflow in the tunnel increased the burning rate of the fire in the passenger
compartment.

The heat fluxes produced by the simulated vehicle fire are shown in Figure 7.51.
The heat flux was measured 1 m from the fire source. The results indicate that the fire
inside the passenger compartment developed slowly after ignition. It took more than
120 s for sufficient heat flux to be produced by the fire to be measured by the heat flux
meter. The airflow affected the development of the fire in the initial stage. Once the
flames were fully formed inside the compartment, the fire developed much faster than in
the test with minimal airflow in the tunnel. In the test with airflow in the tunnel, the
vehicle compartment fire reached the maximum heat release rate approximately 240 s
after ignition. The fire test lasted approximately 840 s. The results also indicated that the
fuel burnt faster than under non-ventilated conditions.
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Figure 7.51. Variations of heat flux produced by a simulated passenger compartment
fire
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Figures 7.52 and 7.53 show photographs of the simulated passenger compartment
fires taken in the test with airflow in the tunnel. The fire plume outside the compartment
was blown toward the downstream end of the vehicle. Compared to the flammable liquid
fire, the fire plume produced by the solid fuels was short and the tip was not tilted
towards the ground.

Figure 7.52. The side view of the simulated passenger compartment fire with wood cribs
and foam with an airflow speed of 3 m/s

Figure 7.53. The front view of the simulated passenger compartment fire with wood
cribs and foam with an airflow speed of 3 m/s
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The impact of airflow on the fire behaviour is further demonstrated by the change
in temperature in the tunnel. Figure 7.54 shows the variation in ceiling temperature. The
temperature was measured at thermocouple #33 that was located at the center of the
tunnel. The results indicate that the initial increase in ceiling temperature at this location
was delayed under airflow conditions, but the time required to reach the maximum
temperature was reduced. The rate of rise of the temperature was enhanced by the
airflow. Test results shown in Figure 7.54 also indicate that the ceiling temperature
decreased in the test with airflow in the tunnel, considering the difference in initial
temperature and the fire load used in two tests.
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Figure 7.54. Ceiling temperature measured at Thermocouple #33 at center of the tunnel
with a simulated passenger compartment fire

Figure 7.55 shows the variation of the maximum ceiling temperature along the
centerline of the tunnel. The results are consistent with changes in ceiling temperature
measured at thermocouple #33 in that the ceiling temperature produced by the passenger
compartment fire decreased in the test with airflow in the tunnel. The maximum ceiling
temperature at the hot spot at the center of the tunnel was approximately 79°C in the test
with an airflow speed of 3 m/s. The hot spot at the ceiling did not shift towards the
downstream of the tunnel under airflow conditions. This is consistent with the fire plume
observed in the two tests.

The variation of maximum temperature with elevation is shown in Figure 7.56.
The temperatures were measured at the thermocouple tree located at the center of the
tunnel. The results show that the temperature decreased in the upper portion of the tunnel
but increased in the lower portion of the tunnel with airflow in the tunnel.
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Figure 7.55. Variation of maximum ceiling temperature at the center of the tunnel with a
simulated passenger compartment fire
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Figure 7.56. Variation of maximum temperatures with elevation for a simulated passenger
compartment fire
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Figure 7.57 shows the variation in smoke optical density with time at three
elevations in the tunnel in the test with an airflow speed of 3 m/s. The fire produced
limited smoke. The smoke accumulated at the three elevations at the same rate during the
initial stages of the test. However, after 500 s, there was a variation in smoke optical
density with height with the highest smoke optical density measured near the ceiling.

The impact of airflow on the smoke spread near the ceiling is shown in
Figure 7.58. The smoke was measured 150 mm below the ceiling. The smoke optical
density near the ceiling of the tunnel in the test with an airflow speed of 3 m/s was lower
than that under non-ventilated conditions.

The visibility in the tunnel was reduced in the test under airflow conditions.
However, the detectors were able to view and monitor the passenger compartment fire
during the entire test, since the smoke produced by the fire was limited and quickly
vented from the tunnel through the openings in the tunnel ceiling.
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Figure 7.57. Variations of smoke optical density at three elevations produced by a
simulated passenger compartment fire
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Figure 7.58. Smoke optical density near the tunnel ceiling measured at the middle of
the tunnel produced by a simulated passenger compartment
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7.3.2 Impact of Airflow on Response of Fire Detection Systems

The impact of airflow on the response of fire detectors/detection systems to the
simulated passenger compartment fire is shown in Figure 7.59. The response times of the
fire detectors/detection systems increased under longitudinal airflow conditions.

The response of the linear heat detection system D-1L1 was 180 s for the test with
an airflow velocity of 3 m/s and 172 s under non-ventilated conditions. The linear heat
detection system D-2L.2 detected the ventilated fire at 197 s.

The optical flame detector D-3F1 responded to the fire at 155 s. The response
time was shorter than for the detector with a high sensitivity under non-ventilated
conditions.

The airflow in the tunnel made it more difficult for the VID systems to detect the
simulated passenger compartment fire. VID D-4C1 did not detect the fire in the test with
an airflow speed of 3 m/s. The response time of VID D-6C3 was extended from 271 s at
0 m/s to 470 s at 3 m/s. The VID D-5C2 detected the fire at 167 s in the test with an
airflow speed of 3 m/s.

The two spot heat detectors D-7H1 and D-8H?2 did not respond to the fire in the
test with airflow in the tunnel but did detect the fire under non-ventilated conditions. The
tunnel ceiling temperature was lower in the test with airflow compared with the test with
minimal airflow.

The response time of the smoke detection system D-9S1 was 241 s in the test with
an airflow speed of 3 m/s, compared to 230 s in the test with zero airflow.
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8. SUMMARY

The impact of longitudinal airflow on the performance of the fire detectors/detection
systems was investigated in a laboratory research tunnel facility. The fire scenarios used in
the tests included three sizes of gasoline pool fires located underneath a vehicle, two sizes of
gasoline pool fires located behind a large vehicle and a passenger compartment fire in a
stationary vehicle. The three air velocities used in the tests were 0 m/s, 1.5 m/s and 3 m/s.
The types of test fuels were gasoline, wood and polyurethane foam.

Test results showed that the longitudinal airflow in the tunnel had a significant effect
on fire behaviour and the performance of the fire detectors/detection systems. The response
times of detectors/detection systems to a fire in the tunnel could be delayed or shortened
under airflow conditions, depending on fuel type, fire size, location and growth rate of the
fire, airflow speed as well as the detection method.

With airflow, the fire plume was tilted toward the downstream side of the fire source.
The angle of the fire plume to the ground decreased with an increase in airflow speed. In
some cases, the fire plume decreased in length and became unstable at high airflow speeds
(3 m/s). The effect of the airflow on the fire plume decreased with an increase in fire size.

The duration of the passenger compartment fire was decreased under longitudinal
airflow conditions. Temperature and smoke optical density near the ceiling of the tunnel
were lower than those produced under non-ventilated conditions. Generally, the response
times of fire detection systems to the passenger compartment fire in the stationary vehicle
were delayed or in some cases there was no response under airflow conditions.

The performance of the heat detection systems for the fire scenarios with the pool
fires located under a simulated vehicle and behind a large vehicle is summarized as follows:

e The change in the fire plume under longitudinal airflow conditions resulted in a shift
of the ceiling hot spot from vertically above the fire source. The distance of the shift
was dependent on the fire size, location, fuel type, fire scenario, and airflow speed.
The maximum distance observed in the tests was approximately 6-8 m. As a result,
the hot spot identified by heat detection systems (linear and spot) under longitudinal
airflow conditions would not reflect the real fire location.

e The ceiling temperatures produced by small fires located underneath a vehicle, and
open pool fires located behind a vehicle, were lower than those produced under non-
ventilated conditions. These temperatures were further decreased with the increase in
airflow velocity. The response times of heat detection systems to these fires,
generally, increased with the increase in airflow speed.

N3C-CN3C 20



e Ceiling temperatures produced by large pool fires located underneath a vehicle with
an airflow velocity of 1.5 m/s were higher than those produced under non-ventilated
conditions. The increased temperature was due to the increased burning rate of the
fire compared with tests with minimal airflow in the tunnel. However, the ceiling
temperatures were lower in the tests with an airflow velocity of 3 m/s. Therefore, the
response times of heat detection systems to large pool fires located under a vehicle
were shorter for tests with an airflow velocity of 1.5 m/s than those in tests with
minimal airflow velocity as well as for the higher airflow velocity tests.

The performance of the VID systems for the fire scenarios with the pool fires located
under a simulated vehicle and behind a large vehicle is summarized as follows:

e The burning rate of the fuel increased with an increase in airflow speed. There was a
significant change in burning rate between the tests with minimal airflow and the tests
with a 1.5 m/s airflow velocity. The results also indicated there was a further small
increase in burning rate for tests with an airflow velocity of 3 m/s. However, the
effect of airflow on the burning rate was, generally, reduced with the increase in fire
size. It was also dependent on the fire scenario and fuel type. Under airflow
conditions, smoke production was increased and its spread in the tunnel was more
rapid. As a result, the period of time available for the VID systems to detect and
monitor the fire decreased with the increase in airflow speed as well as fire size.

e The response times of VID D-4Cl1 to the fires, generally, increased with the increase
in airflow speed. While, it detected the 1 m’ gasoline pool fire located behind a
simulated vehicle, it was unable to detect the 2 m’ gasoline pool fire. In this case, the
visibility in the tunnel was quickly lost. VID D-5C2 did not respond to large fires
located behind a vehicle at an airflow speed of 1.5 m/s but detected them at an airflow
speed of 3 m/s.

e Both VIDs D-4C1 and D-5C2 were, generally, able to detect fires located
underneath the vehicle. VID D-5C2 detected small fires located underneath a
vehicle at the three airflow velocities. The response time decreased with an
increase in fire size but was not affected by a change in airflow speed (for small
fires, smoke was the main parameter that controlled the response time). On the
other hand, the response times of D-4C1 decreased with an increase in airflow
speed.

e It was difficult for VID D-6C3 to detect fires located underneath a vehicle and behind
a large vehicle under longitudinal airflow conditions, as the fire plume was titled and
shielded behind the obstacles. The detector only responded to a 1 m’ gasoline pool
fire located underneath the vehicle at an airflow speed of 1.5 m/s but did not respond
to the other scenarios with pool fires.

The performance of the optical flame detector, D-3F1, for the fire scenarios with the

pool fires located under a simulated vehicle and behind a large vehicle is summarized as
follows:
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e The detector with a medium sensitivity level did not respond to a small fire located
underneath a vehicle at an airflow speed of 1.5 m/s. However, it detected the same
fire at an airflow speed of 3 m/s.

e [t was difficult for the detector with medium sensitivity to respond to a fire located
behind a large simulated vehicle for tests with longitudinal airflow. The detector
responded to the fires at an airflow speed of 1.5 m/s but did not respond at an airflow
speed of 3 m/s.

e The response time of the detector with a medium sensitivity to a 1 m?® pool fire
located underneath a vehicle increased with an increase in airflow speed. However,
the effect of airflow on detection time for a 2 m® pool fire located underneath the
vehicle was limited.

e The sensitivity of the optical flame detector was reduced for the tests with
longitudinal airflow as a result of the environmental tests conducted in the Lincoln
tunnel. A second detector with the high sensitivity level used in Task 2 was also
included in the Task 7 tests. This detector was able to detect all the fires.

The performance of the smoke detector system for the three fires scenarios is
summarized as follows:

e The response times of the smoke detection system to a 0.36 m*® gasoline pool fire
located underneath a vehicle increased with the increase in airflow speed. However,
the response time for the open pool fires located behind the vehicle under airflow
conditions were shorter or comparable to those under non-ventilated conditions, as
more smoke was produced in the tests with airflow.

e For large pool fires located underneath a vehicle, the smoke optical densities
produced with an airflow velocity of 1.5 m/s were higher than those produced under
non-ventilated conditions due to the increased burning rate of the fire. However,
smoke optical density near the ceiling of the tunnel decreased in the tests with an
airflow velocity of 3 m/s. Therefore, the response times of smoke systems to these
fires were shorter for tests with an airflow velocity of 1.5 m/s than those in tests with
minimal and higher airflow velocities.
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