























Figure 5.4.1-9. Experiment 4, WCD in place, 275 s after ignition.
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Figure 5.4.1-10. Experiment 4, 300 s after ignition.
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Figure 5.4.1-11. Experiment 4, 360 s after ignitin.
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Figure 5.4.1-12. Expe'r-iment 4,420s after ignition.




5.4.2 Heat Release Rate

The heat release time history is shown in Figure 5.4.2-1. As noted in the observations, this fire
developed slower than the previous experiments, as a result the combustion products that had left the
structure and flowed into the calorimeter only generated approximately 200 kW at the time of window
failure. Within 60 s after the window was vented, the heat release rate peaked at approximately 27 MW.
Due to ventilation constraints, the heat release rate began to decrease and was just below 20 MW when
the small WCD was deployed. At the time that the window sprinkler was turned on, 332 s after ignition,
the heat release rate had been reduced to 1.5 MW.
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Figure 5.4.2-1. Heat release rate versus time, Experiment 4.

5.4.3 Temperatures

Figure 5.4.3-1 through Figure 5.4.3-11 provide the temperature measurements from the thermocouple
arrays shown in Figure 4.1.3-1. The figures are given in order from the western most measurement
point, the bed room window opening, and moving through the structure toward the east; bedroom, hall,
living room, corridor, south and southwest portions of the corridor (closed end) and then to the north
section of the corridor and ending with the exhaust vent. The last temperature graph provides
temperatures from the thermocouple array centered in the target room.

The three thermocouples located in the window opening, shown in Figure 4.1.3-1, provide insight into

the ventilation conditions at the window. Prior to failure of the window at 208 s after ignition, there is
no significant increase in temperature outside of the window. Once the window was vented, the
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temperatures increased. Recalling the observations of the flame pulsing in and out of the window,
accounts for the oscillatory nature of the temperature data. However the temperature range seems low
when compared with videos.

After the WCD is deployed, the thermocouples are under the WCD, shielded from the wind and the
temperatures increased by approximately a factor of five. The temperature began to decline prior to the
window sprinkler activation. Once the window sprinkler was turned on the temperature With the WCD
in place localized burning occurred in the bedroom which may have resulted in the temperature spikes at
approximately 240 s after ignition. The temperatures were in decline prior to the removal of the WCD
and continued to decrease after the WCD was removed.

The measurements from the thermocouple array located in the center of the bedroom are given in Figure
5.4.3-2. Prior to the window failure, the temperatures in the bedroom increased from ambient conditions
to a peak of approximately 700 °C (1292 °F) near the ceiling. At the same time, the temperatures, 2.13
m (7.00 ft) below the ceiling, were almost 100 °C (212 °F). After the window vented, there was a slight
decrease in temperatures near the ceiling, however within seconds, all of the temperatures increased.
Within 20 s of the window failure, the bedroom had transitioned to post-flashover conditions. All of the
temperatures in the bedroom were in excess of 800 °C (1472 °F) at this time. The WCD was deployed at
271 s. Within 60 s of the WCD deployment, temperatures had decreased from in excess of 800 °C (1472
°F) to less than 500 °C (932 °F). The window sprinkler was activated at 332 s after ignition. The impact
of the water spray was a reduction in temperatures in excess of 400 °C (752 °F) to approximately 200 °C
(392 °F).

The data from the hall thermocouple array is presented in Figure 5.4.3-3. Prior to the window failure,
the temperatures near the ceiling increased to approximately 400 °C (752 °F) and a hot gas layer formed
that extended from the ceiling down to at least 1.52 m (5.00 ft) below the ceiling. After the window
vented, all of the temperatures more than doubled in less than 30 s. Just prior to the deployment of the
WCD, the temperatures in the hall, ceiling to floor, averaged approximately 800 °C (1472 °F). The
impact of the WCD can be seen as the aggregate temperatures decreased from approximately 800 °C
(1472 °F) to less than 400 °C (752 °F) in less than 60 s. The impact of the window sprinkler can be seen
as the temperatures were reduced to half their value within 20 s. After the initial sprinkler induced
decrease, the range of temperatures increased with peak temperatures of approximately 200 °C (392 °F).
At the end of the experiment, the thermocouple values did not stratify in order of place relative to the
distance below the ceiling. This may have been caused by water deposition on some of the individual
thermocouples.

The living room had two thermocouple arrays, a corner array and an array in the center of the living
room which was in the direct flow path between the hall and the corridor. The temperatures from the
corner array are provided in Figure 5.4.3-4. The peak temperature prior to window failure was
approximately 180 °C (356 °F) at the locations near the ceiling. After the window vented, all of the
temperatures at this position increased to more than 700 °C (1292 °F). The temperatures leveled off
prior to the deployment of the WCD. Within 60 s of deployment of the WCD, the temperatures
decreased from more than 650 °C (1202 °F) to less than 350 °C (662 °F). The temperatures continued to
decrease after the window sprinkler was activated. In less than 60 s, the aggarate average temperature
was approximately 200 °C (392 °F).

178



The temperature measurements from the center of the living room are shown in Figure 5.4.3-5. The
again the temperature responses to the fire and WCD events are similar to those in the hall. Being in the
flow path between the hall and the corridor, the living room temperature values are a closer match to the
hall values and in terms of magnitude and oscillatory nature, as opposed to the steady and slightly cooler
temperatures exhibited in the corner of the living room. Being in the flow path, the center of the living
position is more susceptible to convective heating and cooling as evidenced by the large temperature
swings. After the WCD was deployed, the temperatures at this position became similar and began to
decrease. Within 60 s after WCD deployment the temperature in the living had decreased by more than
50 %. The window sprinkler continued reduce the tempeatures by more than 100°C (212 °F) during the
first 60 s of application time.

Figure 5.4.3-6 gives the corridor center position thermocouple array measurements, which is located just
east of the doorway from the living room to the corridor. Temperatures indicative of a hot gas layer,
extending from the ceiling down to 1.22 m (4.00 ft) below the ceiling, existed just prior to the window
being vented. After the window vented, the temperatures from the ceiling to the floor increased to more
than 700 °C (1292 °F) within 20 s. After WCD deployment, temperatures at this position decreased to
approximately 200 °C (392 °F) within 60 s. The water from the window sprinkler only had a small
impact on the temperature at this position. After window sprinkler activation the temperatures
decreased an additional 50 ° C (122 °F).

The temperature measurements from the thermocouple arrays in the south and southwest areas of the
corridor are given in Figure 5.4.3-7 and Figure 5.4.3-8Figure 5.2.3-8. The south corridor position
exhibited a temperature increase on the order of 600°C (1112 °F) within 30 s after the window was
vented. The temperatures were in the range of 500°C (932 °F) to 600°C (1112 °F) just prior to the WCD
deployment. After the WCD was put in place, the temperatures at the south corridor position stratified.
The temperature at 0.30 m (1.00 ft below the ceiling) reduced from approximately 550 °C (1022 °F) to
350 °C (662 °F) within 60 s of the wind being blocked. During the same period, the temperature 2.13 m
(7.00 ft) below the ceiling reduced from approximately 550 °C (1022 °F) to 150 °C (302 °F). The impact
of the water spray from the window sprinkler had limited impact at this position. After window
sprinkler activation, the temperature near the ceiling was reduced approximately 100 °C (212 °F), while
the measurement closest to the floor only decreased by approximately 50 © C (122 °F).

Figure 5.4.3-8 shows the temperatures at the southwest corridor position. This position was the most
remote from the direct flow path between the bedroom window opening and the ceiling vent in the
northwest corridor. As a result the temperatures are generally lower and after the wind driven flow was
interrupted by the WCD device the temperatures tended to stratify. In this experiment the peak
temperatures after window failure were less than half of the peak temperatures at any location in the
direct flow path and the corridor south position. After the deployment of the WCD, the temperatures
decreased by approximately 100 ° C (212 °F) after 60 s. After activation of the window sprinkler the
temperatures continued to decrease by approximately 50 ° C (122 °F). Note that one of the
thermocouple channels did not function properly in this experiment. The thermocouple at 0.91 m

(3.00 ft) below the ceiling was shorted at a location that remained at ambient temperature.

The temperature measurements from the corridor north position are displayed in Figure 5.4.3-9. The

peak temperature at that position, prior to the venting of the window, was less than 200 °C (392 °F).
Within 30 s after the window failed, the temperatures at this position increased to an aggregate average
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of approximately 750 °C (1382 °F). The deployment of the WCD resulted in a significant decrease of
the temperatures, such that the peak temperatures were approximately 250 °C (482 °F) or less.

Activation of the window sprinkler resulted in an additional decrease by approximately 50 °C (122 °F) at
this position.

The temperatures at the exhaust vent are given in Figure 5.4.3-10. All of the temperatures are
consistent with the trend of the temperatures from the north corridor position.

The measurements from the thermocouple array in the center of the target room are given in Figure
5.4.3-11. No increase in temperature was evident until after the window was vented. The temperatures
in the room did not decrease due to the deployment of the WCD until approximately 30 s after the
action. The temperature 0.03 m below the ceiling continued to increase after the WCD was deployed
due to localized burning around the door. It is not clear how much of the continued cooling in the target

room was a function of the window sprinkler, given that the steel door remained intact throughout the
experiment.
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Figure 5.4.3-1. Temperature versus time from the bedroom window (BRW) thermocouple array, Experiment 4.
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Figure 5.4.3-3. Temperature versus time from the hall thermocouple array, Experiment 4.

181

Temperature (F)

Temperature (F)



1 1832

1472

1112

752

i 302

Win
1000 1
—&— LRC_0.03_m_BC
LRC_0.30_m_BC
800 F | LRC_0.61_m_BC
— —t— LRC_0.91_m_BC
Q —— LRC_1.22_m_BC
© | [ LRC_152_m_BC
=~ 600 [|-+ Lrc_1.83_m_BC
= LRC_2.13_m_BC
2— 400-
e |
)
= I
200
0

200 300

Time

(s)

32
400

Figure 5.4.3-4. Temperature versus time from the living room corner (LRC) thermocouple array, Experiment 4.
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Figure 5.4.3-5. Temperature versus time from the living room (LR) thermocouple array, Experiment 4.
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Figure 5.4.3-7. Temperature versus time from the corridor south (CS) thermocouple array, Experiment 4.
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Figure 5.4.3-9. Temperature versus time from the corridor north (CN) thermocouple array, Experiment 4.
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Figure 5.4.3-11. Temperature versus time from the target room (TR) thermocouple array, Experiment 4.
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5.4.4 Heat Flux

Figure 5.4.4-1 shows the measurements from the heat flux gauges located in the bedroom, living room
and three locations in the corridor. The heat flux in the bedroom exceeded 30 kW/m? just prior to the
venting of the window. Just after the window vented, the heat flux in the bedroom decreased but the
heat fluxes at the hall and corridor locations increased as the wind moved the hot gases through the
structure. Peak heat fluxes, just prior to the deployment of the WCD, ranged from approximately 150
kW/m? in the bedroom to 70 kW/m? in the southwest corridor. Within 60 s of the WCD deployment, the
heat fluxes in the corridor were reduced to approximately 10 kW/m? . The heat flux in the bedroom
decreased to approximately 35 kW/m? and then began to increase. It reached approximately 50 kW/m?
at the time of window sprinkler activation. The water spray reduced the heat flux in the bedroom to 20
kW/m? within 60 s of activation. The heat fluxes in the corridor were reduced slightly, resulting in heat
fluxes of 10 kW/m” or less.
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Figure 5.4.4-1. Heat flux versus time at five locations, Experiment 4.

5.4.5 Pressure

Figure 5.4.5-1 shows the measurements from the pressure sensors located in the bedroom, living room
and three locations in the corridor. The pressures throughout the structure increased as the fire
developed. The highest pressure was recorded in the bedroom and the lowest pressure in the northwest
corridor position below the ceiling vent. Within seconds after the WCD was deployed, the pressures
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went uniformly negative. The window sprinkler had no significant affect on the pressures.
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Figure 5.4.5-1. Pressure versus time at five locations, Experiment 4.

5.4.6 Velocities

Figure 5.4.6-1 through Figure 5.4.6-5 show the velocity measurements from the arrays of bi-directional
probes located as shown in Figure 4.1.3-1. The velocity graphs are in order from west to east starting
with the window position and ending with the bi-directional probes in the vertical vent in the northwest
portion of the corridor.

Figure 5.4.6-1 provides the velocity measurements from the bi-directional probes that are located
outside of the structure, 60 mm to the west of the window. These bi-directional probes are positioned at
0.38 m (1.25 ft), 0.76 m (2.50 ft) and 1.14 m (3.75 ft) below the top of the window opening, centered on
north south axis, as shown in Figure 4.1.3-3. The back face of the probe was 60 mm (0.20 ft) in front of
the window glass, as a result there is no measured velocity until after the window began to vent. The
window was vented at 208 s after ignition. Positive velocities are flowing into the window.

The flames and combustion products venting out of the upper portion of the window account for the
reduction of the velocity at the upper and middle window positions to approximately 1 m/s (2 mph).

Figure 5.4.6-2 shows the velocities at the hall array position. On this graph, the positive direction is from
west to east. As noted in previous experiments, the bi-directional probe located 0.30 m (1.001t) below
the ceiling is in the wake area of the doorway lintel, hence it has a lower velocity than the other two
probes at this location. The lower probes exhibit velocities of approximately 11 m/s (25 mph) just prior
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to the WCD deployment. Within 60 s of the WCD being put in place, the velocities were reduced to
approximately 1.5 m/s (3.4 mph) or less. The velocities continued to decrease after the window
sprinkler was activated.

Figure 5.4.6-3 displays the velocities from the south corridor position. The positive direction is from
north to south. While the window was still intact, the velocity of the ceiling jet/hot gas layer reached a
peak velocity of less than 0.5 m/s (1.1 mph). After the window was vented the measurement indictated
a highly mixed flow with no distinctive flow direction. Once the WCD was deployed the velocities are
low, less than 1.5 m/s (3.4 mph), and had become uni-directional to the south.

The velocities from the north corridor position are shown in Figure 5.4.6-4. The positive flow direction
for this location is from south to north. Prior to window failure, the ceiling jet/hot gas layer velocities
reached a peak of approximately 1.0 m/s (2.2 mph) at 0.3 m (1 ft) below the ceiling. After the window
vented the velocities increased to a peak of approximately 6.5 m/s (14.8 mph) at the probe located 2.13
m (7.00 ft) below the ceiling. Within 60 s after the WCD was deployed, the velocities at this location
reduced to less than 1.0 m/s (2.2 mph). The window sprinkler had limited impact on the velocities at
this location.

The measurements from the bi-directional probes installed in the exhaust vent, 2.44 m (8.0 ft) above the
ceiling are given in Figure 5.4.6-5. The probes were spaced 0.51 m (1.67 ft) apart along the east-west
centerline of the vent. The flow direction up and out of the structure is positive in the figure. After the
window was vented, the velocities at all three probes were similar and in the same direction, flowing out
of the structure. The average peak velocity of the three probes was approximately 9.5 m/s (21.6 mph).
Application of the wind control device reduced the velocities to approximately 1.0 m/s (2.2 mph), just
prior to the activation of the window sprinkler. Application of the sprinkler reduced the flow through
the vent such that only the east and center probes were in the flow.
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5.4.7 Gas Concentrations

The gas concentration measurements for the bedroom and living room are given in Figure 5.4.7-1
through Figure 5.4.7-3. In this experiment, the upper probe was not available. The measurements from
the lower bedroom probe are shown in Figure 5.4.7-1. As the fire in the bedroom developed, the oxygen
concentration decreased and the carbon dioxide increased. After the window failed, the oxygen
concentration increased for 25 s, then decreased to approximately 12 % at the time the WCD was
deployed. Once the WCD was in place over the window opening, the oxygen decreased rapidly. During
the same period, the carbon dioxide and carbon monoxide increased significantly. The measurements
stopped short of the end of the experiment due to a malfunction in the sampling line.

Figure 5.4.7-2 and Figure 5.4.7-3 provide the measurements from the upper and lower gas sampling
positions in the living room. The oxygen had decreased to approximately 19.5 % at the time of window
failure. Immediately after window failure the, rate of oxygen depletion increased. At 250 s after
ignition, the rate of oxygen depletion increased again. At the time of WCD deployment the oxygen
concentration had decreased from approximately 14 % to 6 % in 20 s. Within 40 s after the the WCD
was deployed, the oxygen concentration was near 1 %. The oxygen began to increase again after the
window sprinkler was activated. As the oxygen decreased, the carbon dioxide, carbon monoxide and
total hydrocarbons increased. The carbon dioxide peaked at approximately 17 %, the carbon monoxide
at almost 6 % and the total hydrocarbon at approximately 11 %.

The trends, the minimum concentration of oxygen and the peak values of carbon dioxide and carbon
monoxide in Figure 5.4.7-3 are similar to the measurements from the upper position.
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Figure 5.4.7-1. Oxygen, carbon dioxide, and carbon monoxide percent volume versus time from the lower bedroom
(BR) sampling location, Experiment 4.
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Figure 5.4.7-2. Oxygen, carbon dioxide, carbon monoxide, and total hydrocarbon percent volume versus time from
the upper living (LR) room sampling location, Experiment 4.
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Figure 5.4.7-3. Oxygen, carbon dioxide, and carbon monoxide percent volume versus time from the lower living room
(LR) sampling location, Experiment 4.
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