




















Figure 1. Manufactured home and FTIR measurement system
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Figure 2. Plan view of a manufactured home (floor plan courtesy of NIST), fire locations (chair, mattress, kitchen stove) and FTIR
gas sampling locations (@)
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Figure 3. Upholstered chairs before and after smoldering (1 row) and flaming (2™ row) fire tests
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Figure 4. Twin-size mattresses before and after smoldering (1% row) and flaming (2" row) fire tests
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3.0 RESULTS AND DISCUSSION

A total of 50,000 frames of FTIR spectra (approximately 2 gigabytes) was collected
during Tests 1-14 and analyzed in various ways to determine gas components in smoke. Final
analysis results are presented as follows along with representative spectroscopic information.

3.1 Smouldering Chair (Tests 1 and 11)

In Tests 1 and 11, an upholstered chair was used as the fuel package to create a
smouldering fire in the living area. The smouldering fire was controlled to develop very slowly.
The ceiling temperature rise at the living area was 3°C or less during the smouldering period.

Figure 5 shows an FTIR spectrum after the first smoke alarm was actuated (57 min after
energizing the ignitor) during Test 1, which is a 4-min average of the spectra from 56 to 60 min
for the fire location. Figure 6 shows another average spectrum from the fire location and
Figure 7 shows an average spectrum for the master bedroom for the following 4 minutes.

In Test 1, most of other detectors were actuated at least 87 min after energizing the
ignitor. Figure 8 shows a 4-min average spectrum for the master bedroom (around 104 min)
when the smoke obscuration, concentrations of CO, and CO and analog outputs of various
detectors in the master bedroom were at peak values.

These spectra are representative of all spectra collected in Tests 1 and 11 during the
smouldering chair fire, showing absorption from CO, CO, and water vapour as well as an
absorption band around 3000 cm™. This absorption band around 3000 cm™ is characteristic of
C-H stretching of volatile hydrocarbon compounds.

3.2 Flaming Chair (Tests 2 and 10)

In Tests 2 and 10, an upholstered chair was used as the fuel package to create a
flaming fire in the living area. The first smoke alarm was actuated 24 s and 44 s after the
ignition in Test 2 and Test 10, respectively; activation of many other detectors followed.
Approximately 3 minutes after flaming, experimental conditions met the criteria for terminating
the test (set by NIST) and water was discharged on the fire. The tests were ended with fire
suppression and ventilation. Before the fire suppression, the ceiling temperature of the living
area reached 125°C in Test 2 and 500°C in Test 10.

Figure 9 shows a 2-min average of the spectra from the fire location before the water
discharge in Test 2. Figure 10 shows a 1-min average of the spectra from the master bedroom
when the smoke obscuration and CO, concentration in the master bedroom were at peak values
in the same test.

These spectra are representative of all spectra collected in Tests 2 and 10 during the
flaming chair fire. The spectra show absorption only from CO, CO, and water vapour.
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3.3 Smouldering Mattress (Tests 3, 4, 6 and 8)

In Tests 3, 4, 6 and 8, a twin-size mattress was used as the fuel package to create a
smouldering fire in the end bedroom. During the smouldering period (90, 55, 99 and 61 min
long, respectively), the change of temperatures in the house was very small in these tests; the
maximum temperature rise was approximately 2°C in the room of fire origin.

Figures 11-13 are a few of representative spectra during mattress smouldering.
Figure 11 shows an FTIR spectrum in Test 4, which is an average of the spectra from the fire
location during the last 4 minutes (51 to 55 min from energizing the ignitor) of smouldering.
Figure 12 is an average of the spectra from the fire room during a peak period of smoke
obscuration when the first smoke alarm actuated (3443 s after energizing the ignitor) in Test 6.
Figure 13 is a 1-min average of the spectra from the fire room when the first smoke alarm
actuated (1950 s after energizing the ignitor) in Test 8. These spectra show absorption from
water vapour, CO, CO, and an absorption band around 3000 cm™ due to C—H stretching of
volatile hydrocarbon compounds.

The mattress smouldering changed to flaming 55, 99 and 61 minutes after energizing
the ignitor in Tests 4, 6 and 8, respectively. Figure 14 shows an average of the spectra from the
fire room during the 50-second-long flaming in Test 4. Figure 15 shows an average of the
spectra from the fire room during the 60-second-long flaming in Test 6. Figure 16 shows an
average of the spectra from the fire room during the 100-second-long flaming in Test 8. These
spectra also show CO and CO, absorption as well as absorption from water vapour and C—H
stretching of volatile hydrocarbon compounds.

Once the mattress started flaming, the ceiling temperature in the fire room rose quickly.
The transition from smouldering to flaming was the criterion for terminating the tests (set by
NIST). Water was discharged to suppress the fire (flaming only lasted for approximately
50-100 s in these mattress smouldering tests). Figure 17 shows a 1-min average of the spectra
from the fire room during the fire suppression in Test 4. Figure 18 shows a 4-min average of the
spectra from the master bedroom during and after the fire suppression in Test 4 when the
smoke obscuration and analog output of various detectors were at peak values in the master
bedroom.

The spectra shown in Figures 11-18 are representative of all spectra collected in Tests
3, 4, 6 and 8. Other than CO, CO,, water and C—H stretching of volatile hydrocarbon
compounds, there was no distinct absorption from any other chemical species in the FTIR
spectra.

3.4 Flaming Mattress (Tests 5, 7, 9 and 14)

In Tests 5, 7, 9 and 14, a twin-size mattress was used as the fuel package to create a
flaming fire in the end bedroom. Note that the fire-room door was closed in Tests 9 and 14.

In Tests 5 and 7, the first smoke alarm actuated 32 s and 43 s after the ignition,
respectively. Activation of many other detectors followed. Approximately 3 minutes after
ignition, experimental conditions met the criteria for terminating the tests (set by NIST) and
water was discharged to the fire. The test was ended with fire suppression and ventilation.
Before the fire suppression, the ceiling temperature of the fire room reached 180°C in Test 5
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and 500°C in Test 7. Figure 19 shows a 2-min average of the spectra from the fire location
during the flaming period in Test 5. Figure 20 shows a 3-min average of the spectra from the
fire room during the flaming period in Test 7. The spectra show absorption pattern only from
CO, CO, and water vapour.

Test 9 was similar to Tests 5 and 7. But, the fire room door was closed in Test 9. The
first smoke alarm actuated 30 s after the ignition. Experimental conditions met the criteria for
terminating the test approximately 3 minutes after ignition; water was discharged to extinguish
the fire. Before the fire suppression, the ceiling temperature of the fire room reached 340°C.
Figure 21 shows a 2-min average of the spectra from the fire room during mattress flaming.
Figure 22 shows a 2-min average of the spectra from the fire room after fire extinguishment.
The spectrum shows absorption only from CO,, CO and water vapour.

Test 14 was similar to Test 9 with the fire-room door being closed. However, the
mattress smouldered for 3400 s. The first smoke alarm in the fire room was actuated 2648 s
after energizing the ignitor. Figure 23 shows a 30-s average of the spectra from the fire room
during the last 30 seconds of mattress smouldering. The mattress fire became a flaming one
approximately 3400 s after energizing the ignitor. Figure 24 shows a 30-s average of the
spectra from the fire room during flaming. Approximately 1 minute after flaming, experimental
conditions met the criteria for terminating the test and water was discharged to extinguish the
fire (the ceiling temperature of the fire room reached 380°C before the fire suppression).
Figure 25 shows a 1.5-min average of the spectra from the fire room after water spray. The fire
room door was kept closed for another 9 minutes. Then, the doors of the fire room, front and
back entrances were opened to allow smoke moving from the fire room to other parts of the
house and outside. Figure 26 shows a 1-min average of the spectra from the fire room after all
the doors were opened.

Figures 19-26 are representative of all spectra collected in Tests 5, 7, 9 and 14 during
the flaming mattress fire. These spectra show absorption mainly from CO, CO, and water
vapour. Prior to mattress flaming in Test 14, the spectra indicate weak absorption band around
3000 cm™ due to C-H stretching of volatile hydrocarbon compounds released during pyrolysis of
the mattress. Since this test was conducted with an under-ventilated condition, the spectra did
show absorption from HCN. The HCN concentration was at a maximum of 60 ppm, which was
determined from the 1-min average spectra immediately after spraying water on the fire.

3.5 Cooking Oil Fire (Tests 12 and 13)

In Tests 12 and 13, corn oil (500 mL) in a cooking pan was heated on a gas burner until
flaming. The propane stove was turned on 3 minutes after the start of the test. Smoke started
to be produced (smouldering mode). The first smoke alarm actuated 9 to 10 minutes after
heating the oil in these two tests. The cooking oil reached 382-387°C and auto-ignited 22-23
minutes after being heated in these two tests. In Test 12, the cooking oil flamed for 2.5 minutes
and was manually extinguished. In Test 13, the cooking oil flamed for 5 minutes and then self-
extinguished. Before the fire extinguishment, the ceiling temperature in the living area was
121°Cin Test 12 and 118°C in Test 13; the ceiling temperature in the master bedroom was
59°C in Test 12 and 55°C in Test 13.

Figures 27-29 show 2-min average of the spectra from the kitchen area at different

stages of Test 13. Figure 27 shows a 2-min average of the spectra from the kitchen area during
the last 2 minutes of heating (before flaming). Figure 28 shows a 2-min average of the spectra
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from the kitchen area during the last 2 minutes of flaming. Figure 29 shows a 2-min average of
the spectra from the kitchen area after fire self-extinguishment. The spectra show absorption
from CO, CO,, water vapour and an absorption band around 3000 cm™ due to C—H stretching of
volatile hydrocarbon compounds. These spectral features are representative of all spectra
collected in Tests 12 and 13 with the cooking oil fire.

3.6 Primary Gas Products (CO and COy)

CO and CO, are primary gas products produced in the fire detection tests. The FTIR
spectrometer was calibrated on site for CO, at concentrations of 1089 ppm, 5123 ppm and
2.01% and for CO at concentrations of 216 ppm and 1031 ppm. The transport time of the gas
sample in the sampling lines was 10 + 2 s, which was determined by aspirating the 2.01% CO,
calibration gas through the sampling lines.

Figures 30-37 show typical CO and CO, concentrations from the FTIR analysis. Results
from the FTIR measurement are consistent with those measured by NIST using the
nondispersive infrared (NDIR) gas analyzers. For smouldering fires, most of the concentration
rise happened after transition to flaming, similar to other parameters measured by NIST.

3.7 Secondary Gas Products

The main objectives of the FTIR measurement were to identify secondary gas products
from the test fires. In addition to CO and CO,, the FTIR measurement showed absorption
around 3000 cm™, characteristic of C—H stretching of volatile hydrocarbon compounds from the
chair and mattress smouldering as well as cooking oil fires. There was no apparent absorption
from chemical species such as HCI, NO,, HBr and HF in the FTIR spectra. In other words,
these chemical species were below the minimum detection limit (MDL) of the FTIR spectrometer
in this full-scale experimental set-up. HCN was only detected in Test 14 with an under-
ventilated condition and its maximum concentration was 60 ppm.

The MDL depended not only on the quality of FTIR spectrometer's infrared
source/detector and optical stability but also on operation parameters such as gas cell, number
of scans and spectral resolution, as well as gas sampling systems used in the experiments.

The MDL under this full-scale experimental set-up and operation conditions was estimated to be
30 ppm for HCN and HF, 50 ppm for HCI and NO,, and 100 ppm for NO and HBr, based on
previous calibration and data from similar gas sampling tests at NRC as well as library data from
the FTIR spectrometer manufacturer.
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Figure 5. 4-min average of FTIR spectra for fire location after first smoke alarm (Test 1)
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Figure 6. 4-min average of FTIR spectra (at 60 min) for fire location (Test 1)
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Figure 7. 4-min average of FTIR spectra (at 60 min) for master bedroom (Test 1)
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Figure 8. 4-min average of FTIR spectra (at 104 min) for master bedroom (Test 1)
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Figure 9. 2-min average of spectra from fire location before water discharge in Test 2
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Figure 10. 1-min average of spectra at peak smoke obscuration in master bedroom(Test 2)
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Figure 11. Average of spectra for fire location in last 4 minutes of mattress smouldering
(Test 4)
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with mattress smouldering

.05+

.04+

.03

H20 H20 COo2
COo2

019 C-H co

Absorbance

04

-.01+

T T T T T T T T

4500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)

Figure 13. 1-min average of spectra for fire room after first smoke alarm in
Test 8 with mattress smouldering
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Figure 16. Average of spectra for fire room during the 100-s flaming in Test 8
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Figure 17. 1-min average of spectra for fire room during suppression in Test 4
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Figure 18. 4-min average of spectra for master bedroom during/after suppression(Test 4)
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Figure 19. 2-min average of spectra for fire room during mattress flaming (Test 5)
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Figure 20. 3-min average of spectra for fire room during mattress flaming (Test 7)
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Figure 21. 2-min average of spectra for fire room during mattress flaming (Test 9)
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Figure 22. 2-min average of spectra for fire room after fire extinguishment (Test 9)
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Figure 23. Average of spectra for fire room during the last 30 s of mattress smouldering
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Figure 24. 30-s average of spectra for fire room after mattress flaming (Test 14)
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Figure 25. 90-s average of spectra for fire room after water spray (Test 14)
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Figure 26. 60-s average of spectra for fire room after all doors opened (Test 14)
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Figure 27. Average of spectra for last 2 minutes of cooking-oil heating (Test 13)
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Figure 28. Average of spectra for last 2 minutes of cooking-oil flaming (Test 13)
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Figure 29. 2-min average of spectra after cooking-oil fire extinguishment (Test 13)
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Figure 30. Carbon dioxide concentration in master bedroom from FTIR and
NDIR measurements for flaming chair (Test 2)
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Figure 32. Carbon dioxide concentration in fire room from FTIR and NDIR
measurements for flaming mattress (Test 5)

10 —— NDIR . §
i = FTIR ]

CO, [%]

3500

4500

5000
Time [s]
Figure 33. Carbon dioxide concentration in fire room from FTIR and NDIR
measurements for smouldering mattress (Test 6)

5500

6000

6500

4000

22 NC-CN2C



CO, [%]

-0.2 [ . . . . 1 . . . . 1 . . . . 1 . . . .
0 500 1000 1500 2000

Time [s]

Figure 34. Carbon dioxide concentration in master bedroom from FTIR and
NDIR measurements for cooking oil fire (Test 12)
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Figure 35. Carbon monoxide concentration in fire room from FTIR and NDIR
measurements for flaming mattress (Test 5)
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Figure 36. Carbon monoxide concentration in fire room from FTIR and NDIR
measurements for smouldering mattress (Test 6)
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Figure 37. Carbon monoxide concentration in master bedroom from FTIR
and NDIR measurements for flaming chair (Test 10)
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4.0 CONCLUSIONS

The small, slow smouldering fires and short flaming fires provided the greatest challenge
for the smoke detectors to detect the fires early before becoming fully developed ones.
However, the experiments were terminated well before reaching conditions that would produce
a significant amount of chemical species, such as HCI, HCN, NO,, HBr and HF, above the
minimum detection limit of the FTIR spectrometer in this full-scale experimental set-up. Carbon
monoxide and carbon dioxide were primary gas products produced in Tests 1-14. There was no
apparent absorption from chemical species such as HCI, NO,, HBr and HF in the FTIR spectra.
FTIR spectra collected during the chair and mattress smouldering and cooking oil fires show
absorption in region characteristic of volatile hydrocarbon compounds. The FTIR measurement
only detected absorption from HCN (60 ppm at maximum) during Test 14 with an
under-ventilated condition.
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