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Mechanical Engineering

(ABSTRACT)

An experimental study was conducted to measure the effects of oxygen entrainment
on the transport of CO in building fires, and to develop a procedure for estimating CO
levels during a building fire. Experiments were performed with an insulated 1/4-scale
room connected to the side of a 1/4-scale hallway forming a L-shape. Measurements of
CO, unburned hydrocarbons (UHC), CO,, and O, concentrations and temperature were
performed within the compartment, the hallway and post-hallway in the exhaust duct.

The level of CO transported to remote locations from the burning room was
hypothesized to be most significantly affected by the oxygen entrainment into the
compartment fire gases entering the hallway. With a fixed size opening connecting the
compartment to the hallway, the oxygen entrainment was varied by changing the depth of
the oxygen deficient hallway upper-layer. In experiments where compartment fire gases
entered the hallway completely surrounded by oxygen deficient combustion gases, post-
hallway CO yields were measured to be as much as 23% greater than CO yields measured
inside the compartment, despite the presence of external burning. With deep upper-layers
in the hallway, geometric effects were not observed to significantly affect the transported
level of CO. Instead, the CO level was a function of the compartment stoichiometry and

the occurrence of external burning.



With the compartment on the side of the hallway, the movement of combustion
products within the hallway was measured to be non-uniform. Gases containing high CO
concentrations (>1.9%) were measured first traveling across the hallway and then down
the side of the hallway opposite the compartment. Only 1.0% CO was measured in the
gases on the compartment side of the hallway. The CO concentrations were 2.0-2.3%
when gas concentrations in the hallway reached a steady-state. This level of CO would
result in death with less than 2 minutes of exposure.

A procedure for predicting CO levels in building fires was also developed. The
procedure accounts for the effects of external burning, the non-uniform transport of toxic
gases in the hallway, the hallway upper-layer depth and the stoichiometry of the system

on the CO levels at remote locations.
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Chapter 1. Introduction

CHAPTER 1.

INTRODUCTION

1.1 MOTIVATION

The total number of civilian deaths in home fires throughout the United States in
1994 dropped to an all time low of 3,425 people (Karter, 1995). Though this news is
encouraging, the statistics for the cause of deaths in building fires reveals some less

encouraging aspects regarding smoke inhalation deaths.

The cause of death in building fires continues to be dominated by smoke inhalation.
Smoke inhalation was responsible for 76% of the deaths in building fires in 1990 (Hall
and Hardwood, 1995). From 1980 to 1990, the percentage of smoke inhalation deaths in
structure fires has risen 1% each year. If these numbers are extrapolated, smoke
inhalation was responsible for 80% of the deaths in structure fires in 1994. Since the
level of carboxyhemoglobin in a victim’s blood stream (>50%) was the measure of
whether or not death was caused by smoke inhalation, the smoke inhalation data conveys
that an increasing percentage of deaths in building fires are the result of carbon monoxide

poisoning.

Two-thirds of the smoke inhalation victims were found at locations distant from the
room of fire origin (Gann et al., 1994). This situation is demonstrated vividly in two
unfortunate fires during the last decade, both in nursing homes. On October 5, 1989 at
the Hillhaven Nursing Home in Norfolk, Virginia, a fire in a patient’s room resulted in
the death of 13 people (Nelson and Tu, 1991). Each victim died of carbon monoxide
poisoning with 12 of the victims found in a room or position down the hallway from the
room containing the fire, see Fig. 1.1. Twenty-three (23) patients resided along the wing

containing the burning room. Nine (9) of the victims were found in rooms on the

1
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opposite side of the hallway from the burning room while only one (1) victim was found
on the burning room side of the hallway. A similar type fire in a Southern Michigan
hospice on December 15, 1985 claimed the lives of 8 people. Six (6) victims died of
carbon monoxide poisoning and were found in rooms down the hallway from the burning
room (Nelson, 1988). These incidents are examples of types of fires which claim the

lives of hundreds of people annually.

The statistics on CO poisoning and the above cited incidents show a clear need in the
fire science community for models which accurately predict the transport of CO to
locations distant from the burning room. Further insight must first be gained on the
phenomena controlling the transport of CO to remote locations before such a model can
be produced. With this knowledge, measurements and analysis can be performed to
produce models enabling fire protection engineers to predict the levels of CO at remote
locations. Engineers could use such tools to design more fire-safe buildings, from a
smoke inhalation hazard perspective, and to prevent tragic incidents such as those

mentioned above from continuously reoccurring.

z

Wind

X = victim of fire Direction

Room of Fire Origin

Figure 1.1 The location of the victims from the fire in the Hillhaven nursing home
(Nelson and Tu, 1991)
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1.2 PREVIOUS WORK

The fire science community has begun to address the problem of CO poisoning in
building fires. Initial research in the area focused on understanding the formation of CO
inside the burning room (compartment). More recently, research has begun to address the

transport of CO away from the compartment.
1.21 Species Production in Compartment Fires

The “hood” experiments were the first investigations focusing on understanding the
production of combustion gases in an idealized room fire containing a two-layer
environment (cool air in the bottom portion of the room and hot combustion gases in the
top portion of the room). In the experiments performed by Cetegen (1982), Beyler
(1983), Zukoski (1985, 1991), Toner (1987) and Morehart (1990), combustion gases from
a fire were caught inside a hood located some distance above the fire. The gases inside
the hood simulated a compartment fire upper-layer. The air entrainment into the fire
plume rising to upper-layer was varied by adjusting the distance between the fire source
and the upper-layer. The global equivalence ratio (defined as the mass of the gas in the
upper-layer from the fuel divided by the mass of the gas in the upper-layer from the air all
normalized by the fuel stoichiometric ratio) could be varied by altering the mass loss rate
of the fuel or the air entrainment rate into the fire plume. The global equivalence ratio

(GER) was used to predict species yields in the upper-layer. The plume equivalence

¢=(—,;ﬁ%’)—, (L.1)
mair

st

ratio,

is defined as the ratio of the mass loss rate of fuel and the air entrainment rate into the fire

plume normalized by the stochiometric fuel-to-air ratio. This is equivalent to the global
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equivalence ratio during the steady-state burning of the fire (assuming the fuel and air
enter the upper-layer via the fire plume). The plume equivalence ratio is typically used to
determine the global equivalence ratio since the global equivalence ratio is

experimentally difficult to measure.

Gottuk (1992a,b,c), Tewarson (1984), Pitts (1994a) and Bryner et al. (1995) used the
GER to predict species formation in compartment fires. From experiments by Gottuk
(1992a), it was found that the hood experiments over-predicted the CO yields at global
equivalence ratios from 0.4 up to 1.5, see Fig. 1.2. Pitts (1994 a,b) attributed the
difference in the CO yields to the higher upper-layer temperatures in the compartment

experiments.

When wood is placed on the ceiling of the compartment, CO concentrations of as
high as 14%-dry have been measured inside the compartment. Such high concentrations
are much greater than what would be predicted through the current GER concept (Pitts,
1994a). Some of the situations where tﬁe GER concept has difficulties predicting the CO
levels in compartment fires, i.e. when wood is in the upper-layer of the compartment, are

addressed and compensated for in an algorithm developed by Pitts (1994b).

1.2.2 Species Transport to Locations Remote from Burning Compartment

The transport of toxic gases away from the burning room has received minimal
attention in the past. The majority of the smoke movement studies were performed to
measure the temperature distribution, smoke layer depth and gas temperature distribution
in the adjacent space (e.g. Heskestad and Hill (1987)). Studies on toxic gas movement
away from the burning room have primarily been performed to verify that high levels of
CO are transported to a location remote (a target room) from the burning room. More
recently, experiments have been performed to investigate the evolution of compartment

fire gases in the adjacent space.
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Figure 1.2 The CO yields produced in n-hexane compartment fires performed by
Gottuk (1992a) when sampling inside the compartment (00). Beyler’s (1983)

(A) n-hexane hood experiment data is also shown.
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Full-scale room-hallway experiments were conducted by Fardell et al. (1986) to
investigate the concentrations of different species produced in an underventilated fire
environment. A gas chromatograph was used to analyze grab bag samples of gases taken
from both the burning room and at the end of the hallway. In the course of measuring the
levels of nearly forty different compounds, Fardell et al. (1986) assumed CO

concentrations to be approximately 3.5-4.0%-dry in the gases entering the hallway.

Experiments were performed by Morikawa et al. (1990, 1993) inside a full-scale two
level facility. A fire, fueled by furnishings typically found in a home, was present in a
large room in the downstairs portion of the facility. Temperatures and gas concentrations
were measured in the burn room and in an upstairs target room at different times during
the fire. The majority of the fire experiments produced gases containing approximately
5.5-6.0%-dry CO, but levels as high as 8.0%-dry were measured. With the door open to
the target room upstairs, CO levels reached as high as 4.5%-dry with levels typically in
the 3-4%-dry range. The degree of toxicity of CO compared with HCN and acrolein was
also studied, see Fig. 1.3. The toxicity equivalency curve shown in Fig. 1.3 is based on
the lethal concentrations of CO, HCN and acrolein for 5-10 minutes of exposure (5000
ppm, 350 ppm and 30 ppm respectively). With the majority of the data points on the
lower side of the toxicity curve, CO is seen in Fig. 1.3 to be equivalently or more toxic

than both HCN and acrolein.

Levine and Nelson (1990) performed a full-scale simulation of a townhouse fire
which occurred in Sharon, Pennsylvania. The fire resulted in the deaths of three people.
One of the victim’s bloodstream contained a carboxyhemaglobin level of 91%. This is
much higher than the levels measured in most CO poisoning victims (65%). Large
quantities of wood present in the kitchen (the room of fire origin) were found to be
responsible for the production of extraordinarily high levels of CO. Carbon monoxide in

excess of 8%-dry was measured in the burn room while 5%-dry CO was measured in the



-Chapter 1. Introduction

x10°
o)
o)
151
g
) o)
= 1] o
O
I
0.5 1
0 ' 2 ' a
CO (%)
(a)
E
Q
I
c
E}'
o
S o)
< o o o
O& 8000 O (o)
2 4
CO (%)
(b)

Figure 1.3 The toxicity of CO relative to (a) HCN and (b) acrolein in gases produced in
a building fire (Morikawa et al., 1993).
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upstairs bedroom. The results of the study prompted researchers to perform the

previously mentioned compartment fires with the wood ceiling.

The events of a fire which occurred in the Southern Michigan hospice fire mentioned
earlier were simulated experimentally by Nelson (1988). Nelson hypothesized that the
lack of oxygen in the hallway adjacent to the burning room was the mechanism which
allowed the transport of high levels of CO. To test the hypothesis, a full-scale experiment
was performed with the burning room connected to a hallway containing a target room.
The burning room contained two openings, one connecting the room to the hallway and
one connecting the room to the ambient surroundings (situated under a fume hood). The
hallway contained a target room, with no openings, located approximately 12 m away
from the burning room. The air flow into the hallway was restricted to the air which
could enter from the burn room opening. The methane gas fire in the room replaced the
air initially in the hallway and target room with combustion gases containing low O,
levels. Carbon monoxide concentrations were measured to be as high as 4.5%-dry only
0.5 m above the floor in the target room approximately 200 seconds after ignition. The
rapid cooling of the hot fire exhaust gases was also cited as being responsible for

allowing high levels of CO to be transported to the target room.

The studies briefly described above verified that high concentrations of CO are
generated and transported to locations remote from the fire origin, and that CO is the
primary toxicant formed in these situations. None of these studies, however, investigated
the evolution of the fire exhaust gas composition as the gases are transported to remote
locations from the burning compartment. Only one study speculated on the phenomena
which may be responsible for the transport of high levels of CO to remote locations from

the fire origin (Nelson, 1988).

A study by Ewens (1994a) investigated the applicability of the compartment GER for
the prediction of CO yields in the gases exiting the hallway, termed post-hallway CO
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yields. The experiments performed by Ewens (1994a) contained a hallway (with
unlimited available oxygen) connected to the compartment used in the study of Gottuk
(1992a). In all experiments the compartment fires were underventilated and the burning
inside the compartment extended out into the hallway, a phenomena termed external
burning (i.e. the oxidation of fuel rich gases as they exhaust from a burning compartment
and mix with ambient air). The presence of external burning was noted in a previous
study by Gottuk (1992a,c) to significantly reduce CO levels downstream of the
compartment. Ewens (1994a) found that the CO post-hallway yield was a function of
both the fluid mechanics in the hallway and the stoichiometry of the gases entering the
hallway. The conditions at the opening between the compartment and the hallway
governed the hallway fluid mechanics. The fluid mechanics determined the degree of
oxygen entrainment into the compartment fire gases entering the hallway. The air
entrainment where the gases enter the hallway, which is mainly governed by the soffit
size and the opening size at this location, was attributed to having the most significant

effect on the CO levels post-hallway.

Studies by Ellison and Turner (1959), Alpert (1972), Hinkley et al. (1984) and
Babrauskas (1980) demonstrated that the entrainment rate into a buoyant plume is much
higher than the entrainment into a ceiling jet. In Ewens (1994) work, no soffit at the
hallway entrance resulted in the gases traveling the length of the hallway as a ceiling jet
(defined as hot flowing gases traveling along the ceiling). With a 0.20 m soffit at the
hallway entrance, a buoyant jet of fire was seen leaving the compartment. The jet was
observed to impinge upon the ceiling approximately 0.30 m downstream of the
compartment, after which the gases flowed down the hallway as a ceiling jet. The
additional oxygen entrainment induced by the buoyant jet resulted in better oxidation of

CO and lower post-hallway yields in the 0.20 soffit case.
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Ewens (1994 a) also performed sampling along the length of the hallway, and
measured that unburned hydrocarbons (UHC) reduced in concentration more rapidly than
CO. This result was consistent with the findings of Westbrook and Dryer (1984) which
showed UHC (e.g. C,H,, CH,) having a higher oxidation rate of reaction compared with
CO for temperatures less than 1100 K. The reduction in the levels of CO was also
inhibited by the production of CO from the oxidation of the UHC. Ewens (1994a) also
measured a significant reduction in CO oxidation when hallway temperatures fell below
850 K. This slow CO oxidation is consistent with modeling results (Pitts, 1992 and
Yetter, et al., 1991).

In the experiments of Ewens (1994a), the fire gases exit the compartment into an
overventilated hallway upper-layer. This situation resulted in the oxidation of CO to
levels less than 0.50% by the exit of the hallway. These levels would be lethal to humans
if exposed to them for approximately 20 minutes. Exposure to the levels of CO at remote
locations in experiments performed by Morikawa et al. (1993) and Nelson (1988) (4.5%)
would cause death in approximately 1 minute. The difference in the experiments appears
to be the amount of oxygen allowed to entrain into the compartment fire gases entering

the hallway.
1.3 FOCUS OF RESEARCH

The focus of the research discussed in this document is to investigate how and when
high levels of CO are transported to locations remote from the fire origin. An

experimental study was conducted to determine:
1. the levels of CO transported to remote locations,
2. the phenomena controlling the level of CO transported to remote locations,
3. the movement of CO away from a room on the side of a hallway, and

4. the effects of different fuels in the compartment.

10
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The experimental findings will provide data which can be utilized to develop models, and

to predict levels of CO transported to distant locations from the fire origin.
The level of CO transported to remote locations is mainly dependent upon
e the chemical composition of,
e the oxygen entrainment into, and
e the heat losses from

the high temperature compartment fire gases entering the hallway. For a fixed chemical
composition of compartment fire gases, the entrainment into the fire gases is
hypothesized to be the parameter which controls the level of CO transported to remote
locations. The entrainment affects both the amount of oxygen entrained into the jet of
compartment fire gases, and the heat losses from the jet. The entrainment of O, into the
fire gases is necessary to oxidize CO. However, rapid entrainment of cooler O,
containing gases increases the heat losses. This results in fire gas temperatures reduced
to levels where CO oxidation cannot occur. The focus of the research was to measure the

oxygen entrainment into fire exhaust gases from compartment fires of various GER.

The amount of oxygen entrained into the hot (>850 K) compartment fire gases
entering and traveling within the hallway is the parameter believed to be controlling the
level of CO transported away from the room. The oxygen entrainment into the gases was
varied in the study by Ewens (1994a), but never quantified. The present research
determined the physical parameters which most significantly affect the oxygen
entrainment into the compartment fire gases entering the hallway. The effect of varying

these parameters on the oxygen entrainment was then quantified.

In actual building fires, it is hypothesized that the accumulation of an oxygen
deficient layer of combustion gases in the hallway during the beginning stages of the fire

inhibits the amount of oxygen allowed to be entrained into the compartment fire gases

11
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entering the hallway. The result is the transport of fatally high levels of CO to distant
locations in the building. Experiments were performed to quantify the effect of varying
the depth of the upper-layer in the hallway on the CO level transported to remote

locations.

With the compartment on the side of the hallway, the fluid mechanics of the hallway
gases are highly three-dimensional. The movement of toxic combustion gases within the
hallway is believed to be non-uniform as evidence by the location of the victims in the
Hillhaven nursing home fire pictured in Fig. 1.1 (Nelson and Tu, 1991). To verify this
theory, the movement of toxic gases away from the compartment was experimentally

measured.

To investigate the effect of different fuels being burned inside the compartment, both
liquid n-hexane fires and polyurethane foam fires were used in the study. The effect of
the upper-layer depth in the hallway and the evolution of the hallway species

concentrations were experimentally determined for the fires produced by each fuel.

A methodology was developed to estimate the level of CO transported to remote

locations. The method considers

1. the uniformity of gas concentration in the adjacent space,
2. the occurrence and/or absence of external burning,

3. the hallway upper-layer depth,

4. the stoichiometry of the compartment and hallway, and
5. the entrainment into the compartment fires.

A tool was also developed to provide an estimation of combustion product
concentrations produced inside the compartment. The tool considers only the chemical

kinetics of the gases inside the compartment. The results of the model were compared

12
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with existing experimental data. A model for estimating the oxidation of compartment

fire gases in the hallway is also given, but not tested.

13
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CHAPTER 2.
EXPERIMENTAL METHODS

2.1 INTRODUCTION

The following chapter is devoted to describing the experimental facility and the
methodologies used to characterize the transport of high concentrations of CO away from
a compartment on the side of a hallway. The chapter begins with a description of the
experimental facility. A discussion of the experimental procedures used to acquire the
data, and the treatment of the acquired data is then presented. The final portion of the

chapter focuses on the types of experiments performed in the study.

2.2 EXPERIMENTAL FACILITY

The fire experiments were conducted in the fireproof structure which consists of a
compartment placed on the side at the end of a hallway, see Fig. 2.1. The following
sections describe the compartment, the hallway, the fume hood and exhaust system, and
the gas analysis system. Details of the instrumentation in each of these areas of the
experimental facility is also given. Lastly, the details of the data acquisition system are

discussed.

2.21 Compartment

The compartment is seen in Fig. 2.2 to be divided into two levels to separate the flow
of air into the compartment and the flow of combustion gases out of the compartment.
The upper level of the compartment was 1.52 m wide, 1.22 m high, and 1.22 m deep, and
was where the fire originated. This portion of the compartment was supported by a 6.35
mm thick, 50.8 mm steel angle iron frame with 6.35 mm thick, 50.8 mm bar stock
supports. The floor, walls and ceiling were lined with 25.4 mm thick Fire Master, UL

14
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fire rated insulation board. The fire combustion products exit the compartment through a
variable size opening with the maximum opening size, shown in Fig. 2.2, being 0.50 m

wide, 0.75 m high (0.375 mz). The three opening sizes utilized in the study were:
e (.50 m wide, 0.25 m high (0.12 m’ in area),
e 0.50 m wide, 0.16 m high (0.08 m? in area), and
e 0.25 m wide, 0.16 m high (0.04 m” in area).

The different opening sizes were achieved by blocking off the bottom portion of the
opening. A 0.50 m wide, 0.63 m high hatch door was located on the wall opposite the
wall containing the opening to allow easy and safe access to the inside of the
compartment. To allow an upper-layer to form inside the compartment, there was a
0.20 m soffit (defined as the distance between the ceiling and the top of the opening

where gases exit the compartment) inside the compartment.

The lower level of the structure was a 1.52 m wide, 0.37 m high, 1.22 m deep air
distribution plenum constructed of 3.175 mm thick steel sheet metal. Air was naturally
drawn into the plenum during a fire through a 0.30 m diameter, 3.96 m long circular duct
attached to the plenum on the side of the compartment opposite the opening. The plenum
was connected to the upper level of the compartment by two 1.22 m long, 0.13 m high
thermally shielded openings located along the floor on either side of the compartment.

The shields extended 0.28 m inward from the side walls.

The mass flow of air naturally drawn through the duct and into the compartment was
controlled by attaching different diameter orifices on the inlet of the air duct (see Fig.
2.2). The orifice diameters utilized in the study were 0.30 m (no orifice), 0.25 m, 0.20 m,
0.15 m. The mass flow of air entrained into the compartment was determined by
measuring the velocity of the air in the duct using a Kurz model 415, 0-2 m/s linear

velocity hot film probe which had an accuracy of +2.5%. The probe was placed 3.0 m

17
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(10 diameters) downstream of the air inlet where the orifices were attached to the duct.
The velocity profiles were measured to be turbulent, with Re=3,425 to 9,675, for each
orifice diameter, and were found to be quite similar in shape, see Appendix A. The mean
velocity was determined to be approximately 44.0 mm radially from the duct wall, and
was at the same location for each orifice size considered. The probe could, therefore,
remain in the same location for all experiments regardless of the attached orifice
diameter. For further information on the procedure used to determine the velocity probe
location see Appendix A. The mean temperature of the air flowing through the duct was
also measured. The thermocouple was 3.35 m downstream of the duct air inlet. The air
inlet of the duct was surrounded by a wooden cubical housing to minimize the external

disturbances on measurement of air entrainment into the compartment.

Fires were burned in circular fuel pan positioned in the center of the compartment.
Fuel pan diameters of 0.12, 0.15, 0.20, 0.23, and 0.28 m were utilized in the experiments.
The fuel pan was located on a platform resting on a 15 kg range A&D load cell (1 gram
resolution) situated in the plenum. The time derivative of the temporal fuel weight was

used to determine the mass loss rate.

A spark ignition system was used to ignite the liquid pool fires. The system
consisted of a voltage source and 14 gauge steel wire leads. The 120 V-AC powered
source contained a transformer to generate the high voltages necessary for the spark. The
two leads enter the compartment through the wall with the ends of the wires resting off to
the side and just below the top of the fuel pan. After connecting the leads to the source, a
spark was generated by flipping the power switch and turning the potentiometer. After
the pool was ignited, the power source was turned off and disconnected from the leads.
The development of the compartment fire was observed through three polished Vycor

glass windows installed along the height of one wall.

18
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An aspirated temperature rake was present in one corner of the compartment to
measure the temperature profile of the upper-layer gases. The rake, constructed of
6.35 mm stainless steel tubing, consisted of eight type K (chromel-alumel) thermocouples
vertically spaced 0.10 m apart with the top thermocouple which was 0.10 m below the
ceiling. The rake was placed 0.10 m from either wall to avoid wall jet effects. Gases
were drawn into the rake by a Dayton Speedaire diaphragm vacuum pump, model
#47024. A water trap in an ice bath and a Gelman glass fiber filter were upstream of the
pump to prevent water and particulates from flowing through pump. A bare
thermocouple was located at the side of the opening to measure the temperature of the

gases exiting the compartment.

2.2.2 Hallway

The combustion gases exited the compartment and entered into a 1.22 m wide,
5.18 m long hallway, see Fig. 2.3. The height of the hallway was dependent on the
distance between the hallway ceiling and the top of the opening, termed the inlet soffit
height. The hallway was 1.47 m high with an inlet soffit height of 0.0 m, and 1.67 m
high with a 0.20 m inlet soffit. The hallway was constructed of 3 mm thick, 25.4 mm
angle iron frame. The bottom 0.91 m of the hallway walls were constructed of 16.0 mm
thick gypsum board lined with 1.5 mm thick Fiberfax ceramic fireproof paper. The upper
portion of the hallway was fabricated of 25.4 mm thick Fire Master, UL rated, fire
insulation board. Two Vycor glass access windows were placed in the upper portion of
the wall at the dead end of the hallway where the compartment was located. The burning

of the upper-layer gases within the hallway was observed through these windows.

Experiments were conducted with two types of blockage at the open end of the

hallway. The open end, termed the hallway exit, was positioned underneath of the fume
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hood. The types of experiments were:

1. upper portion of the hallway blocked, termed an exit soffit, from 0.0 m to 0.80 m
(see Fig. 2.1), and

2. bottom portion of the hallway blocked leaving a 1.22 m wide, 0.20 m high
opening at the top of the hallway exit (see Fig. 2.3).

The upper portion of the hallway was blocked to control the upper-layer depth inside the
hallway. The bottom portion of the hallway was blocked to highly restrict the amount of

air entrainment into the hallway.

The automated sampling cart shown in Fig. 2.4 allowed the measurement of gas
concentrations and temperature profiles at a variety of locations within the hallway during
a single experiment. The cart contained a gas sampling probe, a vertical aspirated
temperature rake with 9 type K thermocouples and two traversing assemblies. The cart
was manually moved along the length of the hallway on a track. The two traversing
assemblies, each consisting of a stepper motor, a lead screw and a driver nut, were used to
move the gas sampling probe in either a vertical or horizontal direction via a computer.
The vertical range of motion was 0.67 m while the horizontal range of motion is 0.76 m.
The thermocouple rake was fixed in the vertical direction, and was only allowed to
traverse in the horizontal direction. The wires from the motors, the Teflon tubing line
necessary for the aspiration of the thermocouple rake, and the heated Teflon line used to
transfer the gases from the hallway to the gas analyzers were all fed out of the hallway
through a 0.10 m diameter flexible line feed-through duct.

The schematic of the control system for the 4.8 Amp stepper motors is seen in Fig.
2.5. A 486 DX66 personal computer containing an internal DT 2801-A Data Translation
board controlled the movement of sample probe and thermocouple rake. An external DT

707 screw terminal board interfaced the DT 2801 with the two Servo Systems CMD-50
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Figure 2.5 A schematic of the electronics involved in computer controlling the motors
on the automated sampling cart
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controllers, each of which was connected to a stepper motor. A FORTRAN program was
written to control the movement of the two stepper motors. The program communicated
with the data acquisition board using PCLAB subroutines. The user entered the distance
the sample probe should move and the time it should remain at that location into a data
file. This enabled the user to map out an entire sampling grid before the beginning

experiment. The program can be activated at any time during the experiment.

The gas sampling probe was constructed of 6.35 mm diameter stainless steel tubing
which had a 90 degree bend on one end forming an upside down L when mounted to the

cart. Further information on the gas sampling system is given in section 2.2.4.

The aspirated temperature rake contained 9 type K thermocouples mounted inside
6.35 mm diameter stainless steel tubing. The top three thermocouples were 0.05 m apart
with the top thermocouple 0.05 m below the ceiling to measure the large temperature
variations near the ceiling. The remaining thermocouples were 0.10 m apart since more
gradual temperature changes were expected this far below the ceiling. The thermocouple
beads were recessed approximately 6.0 mm from the end of the aspirating tubes to shield
the beads from radiation. To minimize the temperature effects of the aspirator tubes on
the gases, the gas velocity in the tubes was greater than 5 m/s. With 5.5 m of 63.5 cm
diameter Teflon tubing connecting the rake to the pump, a 1/3 hp rotary pump was used
to achieve the desired velocities in the aspirator tubes. A water trap submerged in an ice
bath and a Balston 915A, DX grade, glass fiber filter kept water and large particulates
from flowing through the pump.

Located approximately 1.0 m outside of the end of the hallway was a video camera
which was used to make visual record of each experiment. The camera recorded the
experiment from the view point of a person standing at the end of the hallway under the

fume hood looking down (upstream fluid mechanically) the hallway.
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2.2.3 Fume Hood and Exhaust System

A 1.5 m by 1.5 m fume hood was situated directly over the exit of the hallway to
collect the escaping combustion gas. As shown in Fig. 2.6, the hood was connected to a
0.46 m diameter duct, termed the exhaust duct. The duct contained an orifice plate, a
probe for downstream gas sampling, and a laser extinction system for the measurement of
soot. A 142 m’/min (5000 cfm) blower connected to the exhaust duct draws the

combustion gases into the hood.

The 0.3048 m inside diameter, sharp edged orifice plate was designed in accordance
with the A.S.T.M. standard for the measurement of the mass flow in a duct (Fluid Meters,
1971). The flow rate of air within the duct was determined by accessing the D and D/2

pressure taps.

Approximately 5 diameters upstream of the orifice plate, a 0.15 m long, 6.35 mm
diameter sampling probe was positioned in the exhaust duct, see Fig. 2.6. To obtain a
sample of the average concentration of gases flowing within the duct, numerous 3.2 mm
holes were drilled along the length of the probe. The transport of the sample gases to the

analyzers and the analysis of the sample gases is discussed in section 2.2.4.

A laser extinction system was present 3.7 diameters upstream of the orifice plate.
The system consisted of a 5 mW, 670 nm visible red diode laser, an Oriel neutral density
filter, an Oriel diffuser and a photodiode. Two 9.0 mm holes were made on opposite
sides of the exhaust duct to allow the beam of light to pass through the gases flowing in
the duct. After the light passed through the duct, the light was detected by the
photodiode. The filter and diffuser were placed in front of the photodiode to generate a

sensitive signal in the desired range.

2.24 Gas Sampling System

The piping system shown in Fig. 2.7 allowed gases to be drawn from the exhaust
duct, the compartment, or the hallway. Gases were sampled from the facility through
25
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Figure 2.7 A schematic of the piping system used to sample combustion gases from
different locations in the facility. Also shown are the CO, CO, and O,

analyzers.
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6.35 mm tubing by a suction produced from two Thomas 2107 CA18 diaphragm vacuum
pumps. All heated lines and filters were insulated with approximately 10 mm thick fiber
glass insulation, and were maintained at approximately 120°C using either Thermolyne
electric resistant heating tapes or Hotwatt 360 W single glasrope resistance heaters. Lines

were heated to prevent higher order hydrocarbons and water from condensing in the lines.

Gases sampled from the probe in the exhaust duct travel through a heated stainless
steel line. A heated Gelman glass fiber filter was used to trap the soot particulates from

entering the gas analysis equipment.

When gases were sampled from either the hallway or the upper-layer of the
compartment, they were drawn out of the facility through a heated 5.5 m long Teflon line.
The flexible Teflon line used allowed the sampling cart to move freely along the length of
the hallway. The line was thermally shielded from radiant heat given off by the hallway
external burning by placing the line inside of a flexible metal duct. The heavy soot
content of the gases sampled from the hallway and compartment required the gases to be
filtered twice to ensure the removal of soot particles from the sample. The Teflon line
was connected to a heated Balston model #915A filter which contained a DX rated,
borosilica glass fiber filter rated for the retention of 93% of particulates larger than 0.1
microns in diameter. The gases then proceeded through a heated stainless steel line
which led to a heated Gelman glass fiber filter to retain any soot particulates remaining in

the gases.

2.2.5 Gas Analysis

Once the gases had been filtered of soot, they branched off into two directions. A
portion of the sampled gases remained wet and was drawn through a heated line by one of
the vacuum pumps. The remaining gases were dried by being drawn through a water trap
immersed in a Fisher model #910 refrigerated circulating bath held at -10°C. The

unburned hydrocarbon (UHC) levels were measured using the wet gases with a flame
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ionization detector (FID). The dry gases were passed through two non-dispersive infrared
analyzers to measure CO and CO, concentrations, and through a paramagnetic analyzer to

measure the O, concentration.

2.2.5.1 Unbumed Hydrocarbon Measurements

The portion of the sampled gases which remained wet was drawn into an oven
(maintained at 105°C) to measure the UHC wet concentration within the sample, see
Fig. 2.8. Gases remain wet to prevent the loss of higher order hydrocarbons during the
water trapping process. The measurement was performed using a model #12-800 Gow-
Mac FID connected to a model #40-900 Gow-Mac electrometer for conditioning of the
FID signal. The FID contained a hydrogen flame which was produced using a 40%
hydrogen, 60% helium mixture as the fuel and purified air as the oxidant. Using
Matheson rotameters, 270 cc/min of fuel and 470 cc/min of oxidant were continuously

flowing to the FID.

As the sample gases entered the oven, they pass through a Fairchild 0-2 psig pressure
regulator, model #10. For an accurate measurement of the sample, the pressure in the line
was held at 1.5 psig using a flow meter and a pressure gauge downstream of the oven.
The 0-10 SLPM Matheson rotameter controlled the bypass flow rate (typically ranging
from 4.5-5.5 SLPM) to maintain a 1.5 psig reading on the Magnehelic 0-6 psig pressure
gauge. The bypass flow rate also reduced the delay time of the sampling gas system to
approximately 10 seconds. A portion of the gases flowing through the oven were
directed through a capillary tube which led to the FID. The capillary tube was designed
around the recommended flow rate of 20 to 40 cc/min. The products of the hydrogen
flame were vented out of the oven through an opening in the top of the oven. Before the
gases were vented to the ambient surroundings, the gases passed through a hydrogen
detection system. If the flame was extinguished and high levels of hydrogen begin to be
vented to the atmosphere, the hydrogen detector would automatically shut off the flow of

29



Chapter 2. Experimental Methods
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Figure 2.8 A schematic of the equipment and piping in the UHC analysis system.
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hydrogen using a solenoid valve. Cooling coils at -10°C prevented the temperature
around the hydrogen detector from exceeding the maximum operating condition of 49°C.
The coils were cooled using -10°C coolant from a Fisher model #910 refrigerated

circulating bath.

The FID signal was conditioned using the electrometer which contained four possible
sensitivity ranges; three were commonly used in the experiments. Before the start of each
experiment, the FID was calibrated by determining the zero point and the span point for
the desired sensitivity range. At each of the ranges, the zero point was determined by
passing nitrogen through the FID. The span point for a particular sensitivity range was
generated by passing gases containing different concentrations of ethylene (C,H,)
through the FID. Since the higher order hydrocarbons tend to pyrolyze to ethylene, using
ethylene as a calibration gas for the measurement of UHC is a valid assumption
(Westbrook and Dryer, 1984). Ethylene concentrations of 4.71%, 5456 ppm, 615 ppm
were used to generate span points for each of the three sensitivity points. The lower
ethylene concentration of 615 ppm was the range of UHC expected in the exhaust, and
was used to calibrate the FID when sampling gases in the exhaust duct. The other two

ranges were utilized when sampling gases in the compartment and hallway.

2.2.5.2 CO, CO, and O, Measurements

The portion of gases which was not drawn to the FID was dried to prevent the cells
within the CO, CO, and O, analyzers from being damaged by condensation. After the
gases were dried, they passed through the vacuum pump and were divided again. Part of
the gases were directed to the analyzers while the remaining gases were vented to the
surroundings (bypass flow). The bypass flow enabled the gases to be drawn into the
analyzers at a fastér rate allowing for sampling delay times of less than 10 seconds. The
flow rate of gases into each of the three instruments was monitored at 1 /min using 3

separate 0-3.5 SLPM range Matheson rotameters.
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The dry CO and CO, concentrations were measured using Rosemont Analytical
model 880 NDIR analyzers. The 0-5 volt output signal was linearized with respect to the
gas concentration using a linearizer contained within the analyzer. The linearizer
required a zero point and a span point for calibration of the instrument. The zero point
was set by passing pure nitrogen through the analyzers. The span point was determined
by passing a calibration gas containing a concentration equivalent to approximately 90%
of the upper bound of the desired range. The CO analyzer ranges typically used in the
experiments were 1000 ppm, 1% and 10%. The CO, analyzer ranges used in the
experiments were 5000 ppm, 2%, 15% and 20%. The range was selected such that the
concentration of the CO or CO, within the sample of the same order of magnitude and
never exceeding the upper bound of the range. When sampling diluted exhaust duct
gases, the lower concentration ranges (0 to 1000 ppm and 1% for CO and 0 to 5000 ppm
and 2% CO,) were used in the experiments. The higher ranges were used when sampling

inside the hallway and compartment.

The dry concentration of O, was measured using a Siemens paramagnetic Oxymat
SE analyzer. The output from the instrument was 4-20 mA. This was converted to 1-5
volts using a 250 ohm resistor to enable the signal to be recorded in the computer. The
analyzer operated in the 0 to 22% range, since concentrations of O, less than levels
observed in the ambient surroundings (approximately 21%) were expected. The
instrument was calibrated by first determining the zero point, and then setting the span
point. Purified nitrogen was passed through the cell to determine the zero point. The
span point was set using a gas mixture containing 4.75% O,. Since the majority of
sample gases where accurate O, measurements were necessary contained low
concentrations of O,, a low concentration calibration gas was used to calibrate the

analyzer.
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2.2.6 Data Acquisition

A 386 computer containing various Data Translation data acquisition boards was
used to collect the data. The computer was equipped with three internal DT 2801-A
digital-to-analog data acquisition boards containing 12-bit resolution. The internal boards
were connected to three external boards, one DT 707 screw terminal board and two DT
756-Y amplified boards. The DT 707 was utilized to measure the differential outputs
from the UHC, CO, CO,, and O, analyzers, the load cell, the air duct velocity probe and
the laser extinction system. One of the DT 756-Y boards was used to process the signals
of the thermocouples in the compartment rake, the air inlet duct, the exhaust duct and the
opening between the compartment and hallway. The other DT 756-Y board was used to
process signals of the thermocouples in the hallway rake. The two DT 756-Y boards
were amplified, multiplexing terminal boards containing cold junction compensation for
thermocouple measurements. The boards were used to amplify the low voltage signals

given by the thermocouples allowing the thermocouple signals to be read directly.

The data acquisition was controlled using a BASIC program. The program accessed
PCLAB subroutines to acquire the data from the different measuring devices listed above.
Before the acquisition began, the user was required to enter a file name where the
computer will store the raw data. The data acquisition was started approximately 30
seconds before the ignition of the fire in the compartment. After the data acquisition
program was activated, the program began to store data in the raw data file every 2
seconds. The raw data was determined by averaging the data samples sent to the
computer 1 second before and 1 second after the recording time. There were typically
6012 samples of data which were averaged to generate a single raw data point for each of
the 28 signals. The thermocouple signals were converted to degrees Celsius using a
PCLAB subroutine and then stored in the raw data file. The data acquisition program

was permitted to run 30 seconds after the compartment fire had extinguished to allow the
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gases sampled at the end of the experiment to be analyzed. The reduction of the raw data

file is described in section 2.3.

2.3 DATA REDUCTION

Once the numerical and visual data were collected, they needed to be reduced to a
useful form. The basic data reduction converted the raw data to a useful form, in addition
to performing other calculations. After the basic reduction, the temporal data was
averaged over one or several time periods. The output from the basic reduction program
was also used in other programs to calculate parameters such as the ignition index.
Finally, visual data was analyzed in certain cases where external burning was particularly
interesting. The remainder of the section describes in detail the basic data reduction, the

data averaging, the calculation of the ignition index and the analysis of visual data.

2.3.1 Basic Data Reduction

A FORTRAN program titled FIRERED3.FOR, see Appendix B, was written to
convert the raw data file into seven data files. Six of the output files contain columns of
the temporal data for the calculated and measured values, while the seventh file contains
descriptive information about the testing conditions. The treatment of the raw data and

the methods used for calculating various parameters are described below.

2.3.1.1 Temperature Data

The temperature data was stored in the raw data file in units of degrees Celsius. The
reduction program converted the raw temperature data to Kelvin. The temporal
temperature data from the compartment, air inlet duct and exhaust duct were stored in one

of the output files, while the hallway temperature data was stored in a separate output file.
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2.3.1.2 Species Concentrations

The temporal CO, CO,, O, and UHC concentrations were stored as voltages within
the raw data file. The voltages associated with CO, CO, and O, were converted to dry
concentrations by entering the sampling range used for each species during the
experiment. The UHC voltages were converted to wet concentrations by entering the
sensitivity range of the electrometer (either 1 x 10®, 10", or 10" with 10! being the
most sensitive range) used during the experiment and the voltage output of the FID with

the span gas flowing through it.

The wet concentrations of CO, CO,, and O, were calculated in the program using the
dry concentrations and an assumption about the amount of H,0 within the sample gases.
It was assumed that all of the H,O in the sample gas was produced from the combustion,
with a stoichiometric proportion of H,0 and CO, being produced. With hexane as the
fuel, 6 moles of CO, and 7 moles of H,O are produced when stoichiometric burning
occurs. The dry concentration of a species j were converted to the wet concentration of

species j, C; ,, using the equation

c =\ —Kia 100 (%] 2.1
™1+ 7% Xeo,4
having knowledge of the dry mole fraction of species j (X; ;) and the dry mole fraction of

CO, (Xco,,, ). Equation 2.1 becomes less accurate in very fuel rich environments, global

equivalence ratio greater than 3.0.

A lag time exists between the data measured instantaneously (i.e. temperature) and
the species concentration measurements. The lag time of the concentration measurements
depended on the location of the sampling (hallway, compartment or exhaust duct) and the
instrument measuring time. The lag time associated with sampling in the hallway and the

compartment was measured to be 8-10 seconds by injecting CO, directly into the
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sampling probe. Knowing the time in which the CO, injection occurred, the lag time was
determined by subtracting the time which the CO, was sensed by the analyzer from the
injection time. The hallway and compartment lag time was the same since the same

sampling line was used to sample from these locations.

The lag time of the species concentrations sampled from the exhaust duct was
defined slightly differently. When sampling in the exhaust duct, the measured species
concentrations were aligned with the time of the fuel mass loss rate which produced the
species. The concentrations and fuel vaporization were aligned so that the post-hallway
yield calculations were performed accurately. The lag time was estimated by subtracting
the ignition time of the fire from the time when CO, levels produced by the fire were first
measured in the exhaust duct. The ignition time of the fire was estimated as the time in
which a jump in the temperature of the top thermocouple in the compartment rake
occurred. This lag time was sensitive to the residence time of the gases in the hallway
which was governed by the blockage at the end of the hallway. The lag time ranged from
20-22 seconds with no blockage at the end of the hallway to 30-32 seconds with a 0.80 m
high exit soffit.

2.3.1.3 Species Yields

In the past, Beyler (1986a,b) and Tewarson (1984) used mass based species yields to
quantify the production and consumption of species in an upper-layer fire environment.

In general, the mass based species yield,
m,
y=—L, 22)
MGl

is defined as the mass flow rate of species j (;) divided by the fuel mass loss rate (7i1,,).

Except for O,, all species yields calculated represented the production of species relative
to the fuel mass loss rate. In the case of O,, the yield represented the consumption of O,

relative to the fuel mass loss rate. Species yields were calculated when sampling was
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performed in the compartment and in the exhaust duct where the mass flow of the gases

in and out of the system was well defined.
The species yields in the compartment upper-layer,

_ X MW (i + iy, )
M et MWy,

Y,

7.

: (2.3)

were calculated using the wet species concentration of interest, the air entrainment rate
into the compartment and the fuel mass loss rate. The molecular weight of the upper-
layer gases, MWy, was assumed to be equivalent to that of air. This assumption is

accurate to within +5%.
The post-hallway species yields (the species yield of the gases exiting the hallway),

_ XMW,
jex — H

- 2.9
M et

were calculated using measurements of species concentrations in the exhaust duct and
with the knowledge of the molar flow rate in the exhaust duct, 7,, . The molar flow rate

through the duct,

nex

- [(E/Mu/;w)j;x

PMW,, }, [mol/s] (2.5)

was determined by applying the ideal gas law, inserting the measured exhaust duct
temperature, T,,, and assuming the recorded ambient pressure, P,, was equivalent to the

exhaust duct pressure, P,,. The general equation to calculate the volumetric flow rate

through a duct, Qx s

2
0,.=0. 52502[ Cyj d ;]/A% . [fs] (2.6)
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was taken from Fluj : i ications (1971). After determining

the flow constants (¢, y and F,) and the ratio between the orifice diameter and the duct

diameter, the volumetric flow rate through the duct (in SI units) was calculated from the

Q.. =1.2099 /é’% [m*/s] 2.7

With the pressure drop across the orifice plate, Ap, measured to be 14.3 mm Hg, the

following equation:

volumetric flow rate through the duct was determined using the temperature of the gases
flowing through the exhaust duct, 7,,, and the ambient pressure, P,. Since the exhaust
duct gases were highly diluted (approximately 30:1), the assumption of the properties
(MW, p, and €) of the gases flowing through the exhaust duct being equivalent to that of

air is well supported.
2.3.1.4 Smoke Extinction Coefficient and Yield

Downstream of the hallway in the exhaust duct, the smoke level was determined with
the use of a laser extinction system previously described in section 2.2.3. The reference
intensity, I,, of light was measured by averaging the initial 10 seconds of the photodiode
output when no combustion gases were present inside the exhaust duct. The signal
produced by the photodiode, /, is proportional to the amount of attenuated laser light
which impinged upon it.

The extinction coefficient,

o =(y1,)n(1/1,), [1/m] 2.8)

is defined as the natural log of the attenuated intensity, /, divided by the reference
intensity, I,, all divided by the optical path length, /,. The optical path length is the
distance between the laser and the photodiode and was taken to be 0.457 m. The mass
optical density,
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1 0, 2
D =—|0 —x—, m°/ 2.9
mass 1000(/2303) 7hﬁ,e1 [ g] ( )

was calculated using the fuel mass loss rate, M5 the volumetric flow rate through the
duct, Qex, and the extinction coefficient, ¢ (Tewarson, 1988).
To account for the size of the smoke particles attenuating the laser light passing

through the duct, the specific extinction coefficient,

[g/m’] (2.10)

was estimated using the correlation for overventilated fires. This was used because no
correlation for underventilated fires was available (Newman and Steciak, 1987). The
wave length of laser beam, A, was 0.670 um, while the smoke density, py,, was

estimated from experimental data to be 1.1 g/cm3 (Newman and Steciak, 1987).

Therefore, the smoke yield,

Yo = D""”/é, (2.11)

was calculated by dividing the optical mass density by the specific extinction coefficient

(Tewarson, 1988).

2.3.1.5 Fire Size

The size of the fire was estimated as the ideal heat release of the mass loss rate of

fuel. The ideal heat release,
Q = mﬁleIAHcs [kW] (212)

was determined by multiplying the mass loss rate of fuel by the lower heating value of

the heat of combustion, AH,, of the fuel.
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The fuel mass loss rate was determined using the temporal fuel weight data. The fuel
weight data was stored in the raw data file as 1-5 volt signal (which corresponded to a 0-
10 kg weight), and was converted to units of mass, [kg], using the data reduction
program. The temporal derivative of the fuel weight data was used to determine the fuel
mass loss rate. The temporal derivative was determined numerically over points +10

seconds around the point of interest.

2.3.1.6 Compartment Global Equivalence Ratio

The degree to which the fire inside the compartment was ventilated was defined by
the equivalence ratio. The global equivalence ratio, g, is defined as the mass of gas in
the upper-layer from the fuel divided by the mass of gas in the upper-layer from the air all
normalized by the stoichiometric fuel-to-air ratio. The stoichiometric fuel-to-air ratio is

defined as the ratio of fuel-to-air which results in only CO, and H,0O as products. The

(")
¢, = W’

st

plume equivalence ratio,

(2.13)

is the fuel mass loss rate divided by the air entrainment into the compartment, again,

normalized by the stoichiometric fuel-to-air ratio.

Species production inside the compartment has previously been correlated to the
global equivalence ratio, but this parameter is difficult to directly measure with any
accuracy. The plume equivalence ratio of the compartment fire was easily calculated
using the air entrainment rate into the compartment and the fuel mass loss rate. When the
fire was fully developed (during the post-flashover period), a steady-state was reached
inside the compartment. During the steady-state period, the fuel and the air entrained into

the compartment was all assumed to enter the upper-layer through the plume. The values

40



Chapter 2. Experimental Methods

of ¢, and ¢, therefore, were equivalent to one another during this period. The value of g
is known during the steady-state time of the fire, and will be referred to herein as simply
o.

The air entrainment rate into the compartment was determined by measuring the
mean velocity (see section 2.2.1) and temperature of the air flowing through the air inlet
duct. The density of the air flowing through the duct was determined using the ideal gas
law. The air entrainment into the compartment was, therefore, calculated using the mean
velocity, the density of the gases and the cross sectional area of the duct. Refer to the

previous section, 2.3.1.5, for details on how the fuel mass loss rate was determined.

2.3.1.7 Residence Times

The residence time is defined as the amount of time a unit volume of gases remains

within the area of interest. The residence time inside the compartment,

lipso = #_,
' Qair(];JL/z;ir)

calculates the amount of time a unit volume of air (temperature corrected) remained in the

[s] (2.14)

upper-layer of the compartment (which was assumed to be 0.60 m deep) (Gottuk et al.,
1992).

2.3.1.8 Compartment Fire Growth and Steady-State

The growth of a compartment fire has previously been defined using a number of
measured variables (e.g. upper-layer temperature, fuel mass loss rate, equivalence ratio
etc.). Since the growth of the fire is mainly governed by the fuel mass loss rate, the fire
growth was defined by Gottuk et al. (1992c) as,

(dmﬁ,e,/dt)
G=t

— tres,c . ’

Mpe

(2.15)

41



Chapter 2. Experimental Methods

the residence time of the gases in the compartment multiplied by temporal change in the
fuel mass loss rate divided by the mass loss rate. The parameter G is termed the fire
growth parameter. The term multiplying the residence time of the gases in the
compartment defines the rate of growth of the fire. When the growth rate of the fire is
small compared with the residence time of the compartment gases, G goes to zero and the

compartment is considered to be in a steady-state.

A plot of the fire growth parameter with time, Fig. 2.9, shows the four stages of a
typical compartment fire. The compartment temperature is often used to characterize fire
growth inside a compartment. For comparison purposes, the temperature 0.05 m below
the compartment ceiling is also shown in Fig. 2.9 with the fire growth parameter since.
After the fire was ignited, a gradual growth of the fire (termed the pre-flashover period)
was observed to occur within the compartment. As the fire became oxygen deficient
(¢>1) and the fire growth parameter reached a maximum, flashover occurred inside the
compartment. Flashover is defined as the point at which the entire upper-layer in the
compartment ignites. After flashover, the fire growth parameter is near zero. The fire
was considered to be in a steady-state (termed the post-flashover period). The fire enters
the decay period of its life when it had depleted almost all of the fuel in the compartment.
Extinguishment occurred when all of the fuel in the compartment had been depleted.

2.3.2 Temporal Averaging of Data

Two types of data averaging were performed, with the type of averaging depending
on the sampling location. When gases were sampled in the exhaust duct, data was
averaged over a single window of time which encompassed a large portion of the post-
flashover period. Data was averaged over several windows of time when gases were
sampled from the compartment and hallway. Details are given below for the procedures
of both types of averaging.
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Figure 2.9  The utilization of the fire growth parameter(O) and the compartment upper-
layer temperature (—) to describe the different stages of growth occurring
during a compartment fire.
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2.3.2.1 Averaging over a Single Window of Time

Post-hallway sampling was performed in the exhaust duct to determine the overall
oxidation of the gases in the hallway. Since the highest levels of CO were formed in the
post-flashover period of the fire (typically 140 seconds in length), the averaging was
performed during this period of the fire. The species levels were quite uniform over the
majority of the post-flashover period, thus averaging was performed near the middle of
the period. If external burning occurred in the hallway during the post-flashover period,
the data was averaged during this time window. The averaging window of time was
typically 60 seconds in length. The data was averaged during a window of time where
the fire growth parameter was approximately zero. The FORTRAN program
FIREAVG3.FOR, see Appendix B, was used to average the data.

2.3.2.2 Averaging over Several Windows of Time

Sampling was performed in the compartment and the hallway to investigate the
evolution of the gases within the facility. To study this transient phenomenon, the data

was averaged over 4 second time periods before and after flashover.

Since sampling was performed at one location during an experiment, 25 separate
experiments were performed to map the species concentrations in the hallway and
compartment. To view the distribution of the gas concentrations within the hallway and
compartment at a certain point in the fire, all of the experiments had to be temporally
aligned with one another. Unfortunately, the time of igl}ition was not a good reference
because the growth time of the fire to flashover was variable. The steady state time of
each experiment, estimated as the time at which the fire growth parameter goes to zero,

was instead used to align the experiments with one another.

A FORTRAN program was used to perform the multiple window averaging. Each of
the output files produced from the program contained data from a single averaging

window for all of the experiments of interest.
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2.3.3 Ignition Index

From a fire safety point of view, it is important to be able to predict the ignition of
gases in the hallway. A relationship based on classical empirical relations for lean
flammability limits, termed the ignition index, was derived by Beyler (1984) to predict

the occurrence of ignition of an upper-layer inside a compartment. The ignition index,

X,AH,
I.I.=Z TsL I >0 (2.16)

J -
J T, np,odCPdT

where,

J - fuel species of interest (CO, UHC and H, are considered)

X; - wet mole fraction of the species j

AH_; - heat of combustion of the species j, [kJ/g-mol] (1411 kJ/g-mol for C,H,,
238 kJ/g-mol for CO, and 242 kJ/g-mol for H,)

Ty, - adiabatic flame temperature of the stoichiometric mixture for fuel species

J at the lower flammability limit, [K] (1700 K for UHC, 1450 K for CO
and 1080 K for H,)

T, - temperature of the stoichiometric mixture of fuel species prior to reaction,

[K]

Mproq - NUMber of g-moles of products of complete combustion per g-mole of
reactants (fuel species mixture)

C,, - average heat capacity of products of complete combustion, [kJ/g-mol K],

was calculated using a FORTRAN program, and was used in this study to attempt to
predict the occurrence of external burning in the hallway. The adiabatic flame
temperature for a stoichiometric mixture at the lower flammability limit is approximately
100 K higher than the adiabatic flame temperature at the lower flammability limit. Note
that the mixture at the lower limit is stoichiometric. The emphasis on having a
stoichiometric mixture is that the ignition of a diffusion flame will locally occur where

the mixture is at approximately stoichiometric conditions.
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The ignition index is the ratio of the potential energy of the gases divided by the
energy necessary for ignition of the gases. Once the potential energy is greater than the
energy necessary for ignition, L1 rises above unity and ignition is expected to occur.

This is of course assuming that some source of ignition, a pilot, is present.

The ignition index was calculated for gases sampled from the center of the opening
connecting the compartment and the hallway. A few assumptions were applied in order
to determine the /1. The initial temperature of the reactants, T, in Eqn. (2.16), was
assumed to be equivalent to the average temperature of the top three thermocouples in the
compartment upper-layer. The UHC were assumed to only consist of ethylene (C,H,).
As previously mentioned, wet concentrations of the species were based on the fact that
CO, and H,0 are present in stoichiometric proportions. Finally, the concentration of H,
had to be estimated. In hood experiments performed by Beyler (1983) with liquid
hexane, the concentration ratio of H, to CO varied from 0.26 to 0.67. Gottuk (1992)
determined that a ratio of H, to CO of 0.5 yielded ignition index results which were
+10% of the expected value of /1. The ratio of H, and CO equal to 0.5 was also utilized
in this study.

The thermodynamic data was taken from several sources. The values of C, for the
products of complete combustion was found in Van Wylen and Sonntag (1986), while the
values of AH, were obtained form Beyler (1984) and Drysdale (1985). The adiabatic
flame temperatures of a stoichiometric mixture at the lower flammability limit, T, Jj» Were

also obtained from Beyler (1984).

2.3.4 Video Record of Experiments

Each experiment was recorded using a VHS video camera which was located at the
end of the hallway where the effluent enters the fume hood. Video taping provided a
permanent record of each experiment, and allowed the opportunity to observe

experiments again to document the occurrence of important events during the test.
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The external burning in the hallway was one of the most important visual
observations in the experiments. Video records of the experiments were viewed before
data averaging was conducted to verify the occurrence(s) of external burning in the
hallway. Accurately determining the times when the external burning begins and ends in
the hallway was also important when attempting to predict the ignitidn of gases in the

hallway, and verifying trends in the measured gas concentrations.

Video record of the experiments also played an integral role in visualizing the flow
of gases in the hallway. Since laboratory techniques for measuring the flow field in the
hallway were not practical for the reported experiments, the flame emissions in the
hallway (external burning) were used to reveal how the gases were transported away from
the compartment and down the hallway. The path of the combustion gases was most
easily visualized when the most significant burning occurred in the hallway. This
occurred when the gases exiting the compartment encountered concentrations of oxygen
near those measured in the ambient surroundings (i.e. experiments with an exit soffit of

0.10 m or less).

2.4 TYPES OF EXPERIMENTS

The remainder of this chapter is dedicated to discussing the different types of
experiments performed to measure the transport of CO away from a compartment on the
side of a hallway. Initially, the goals of the experimental execution are explicitly defined.

The experiments conducted to accomplish these goals are then described.

241 Experimental Goals

There were two main goals in the study. The first goal was to quantify the
conditions where high concentrations of CO will be transported to locations downstream

of the compartment where gas temperatures have decreased to levels where CO becomes
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non-reactive, termed remote locations. The controlling factor in the transport of high
levels of CO to remote locations was hypothesized to be the air entrainment into the
plume of combustion gases exiting the compartment. Secondly, the study investigated
the evolution of CO within a hallway when the burning compartment was located on the
side. The evolution of CO in the hallway was hypothesized to be a function of the time
necessary for the hallway gas concentrations to reach a steady-state, the occurrence of

external burning in the hallway and possibly the type of fuel in the compartment.

24.2 General Experimental Procedure

Prior to the ignition of the compartment fire, several procedures were conducted to
ensure the accuracy of the acquired data and to limit the number of experimental

variables.

To be confident that the data acquired was accurate, the gas analyzers were calibrated
for the desired range before each experiment. The load cell was calibrated at the
beginning of the day of experimentation. After every 5 experiments, sampling lines and
aspirated thermocouple lines were cleared of soot which had collected on the walls of the

lines by blowing high pressure air through the lines.

The variations in the initial gas temperature in the compartment and hallway have
previously been noted to have effects on CO formation and oxidation. For this reason, all
experiments were conducted with a compartment temperature of 20-30°C, and a hallway
temperature of 15-25°C. Wall temperatures also have an effect on the heat losses to the
surroundings. To ensure approximately the same losses, the facility was allowed to cool
(for 45 to 75 minutes depending on the ambient temperature) until the air temperatures
within the facility were within the ranges state above. Lastly, the initial weight of the

fuel inside the compartment was kept as constant as possible.
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2.43 Fuel Samples

Three types of fuels were used in the investigation, liquid hexane, polyurethane
foam, and Douglas fir plywood,. The majority of the experiments being conducted using
liquid hexane. The composition of each fuel in addition to some of the fuel properties are
shown in Table 2.1. The type of fuel was chosen based on the existence of experimental

compartment data, and the levels of combustion gases produced by the compartment fire.

A number of experimental studies have utilized liquid hexane, C¢H,,, as a fuel since
its composition is well characterized. Experiments performed by Beyler (1983) and
Gottuk (1992a) were used as a basis for the species production in liquid »-hexane
compartment fires. Liquid n-hexane was also used in the study by Ewens (1994a) where
the oxidation of combustion gases down a hallway. To expand on this data base of
information, liquid n-hexane was used in the majority of the experiments in this study.
The liquid n-hexane was burned in 0.064 m deep steel fuel pans which were 0.15 m to
0.28 m in diameter. The pans were completely filled with liquid n-hexane just prior to

the ignition of the fuel.

To validate that the experimental results were not fuel specific, polyurethane foam
was also burned inside the compartment. The polyurethane foam had a density of 44.1
kg/m3 and an elemental composition of CH; 740 3,3Ng 7 (“Special Reference”, 1976).
An elemental analysis performed by Galbraith Labs confirmed these results (Gottuk,
1992a). The foam contained a filler which accounted for 45% of the weight.  After the

Table 2.1 ~ The composition and some properties of the fuels utilized in the study.

Volatiles (F/A), Heat of Combustion

Fuel Composition (by mass) (LHV), AH,, [k)/kg]
Liquid n-Hexane CeH 4 0.0658 44,735
Polyurethane Foam CH, 740 323N0 608* 0.113 26,570
Douglas fir Plywood CH, 50601 071** 0.211 26,657

* Not including nonvolatile filler
** Assuming 15% char
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foam compartment fire had extinguished, the filler remained as a powder and solid crust.
A 0.457 m square, 0.30 m thick slab of polyurethane foam was burned in a stainless steel
pan in the center of the compartment. Ignition of the foam block was instigated by

placing two lit wooden matches on top of the block.

In a number of liquid hexane experiments, Douglas fir plywood was hung 0.05 m
below the ceiling of the compartment to investigate the effects of an oxygen containing
fuel in the upper-layer on species formation in the compartment upper-layer. Three
0.30 m wide, 0.91 m long 0.654 cm thick sections of Douglas Fir plywood were
suspended below the ceiling so the mass loss rate of the plywood could be measured.
The elemental composition of the plywood was determined to be CH, 5060 o7, (assuming
15% of the wood mass formed char) from an elemental analysis performed by Galbraith

Labs. These experimental results are presented in Appendix C.

24.5 Estimation of Compartment Fire Gas Jet Air Entrainment

The oxygen entrainment into the compartment fire gas jet issuing into the hallway
was hypothesized as the parameter which primarily governed the degree of CO oxidation.
Overventilated compartment fires (¢<1) were performed to quantify the air entrainment
into the compartment fire gases for different opening sizes (0.12, 0.08 and 0.04 m?) and
for cases with no inlet soffit and with a 0.20 m inlet soffit. The automated cart was
utilized in these experiments to generate species concentration profiles of the combustion
gas layer present in the hallway during the steady-state time of the compartment fire. The
entrainment was determined by the increase in O, concentration within the gases as they

flowed away from the compartment.
2.4.5 Study of Conditions Necessary for the Transport of High CO Levels

Controlled experiments were conducted to determine the conditions under which

high levels of CO were transported to remote locations. To quantify the overall effect of
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each experimental variable on CO, CO, and UHC levels, gas sampling was performed in

the exhaust duct.

The air entrainment into the combustion gases exiting the compartment was
hypothesized as the primary variable in determining the yield of CO transported. The air

entrainment was experimentally varied by changing:
1. the height of the inlet soffit,

2. the opening size, and

3. the depth of the upper-layer in the hallway.

The majority of the experiments were performed with a 0.20 m soffit, but some
experiments were performed with no inlet soffit for comparison purposes. Opening sizes
of 0.12 m? 0.08 m* and 0.04 m? were utilized in the study to vary the size of the jet
entering the hallway. The depth of the low oxygen containing upper-layer in the hallway
was experimentally controlled by the exit soffit height which was varied from 0.0 to 0.80

m in 0.10 m increments.

In addition to the air entrainment parameters, the investigation also included the
effects of the compartment global equivalence ratio, the absence or presence of external

burning and the type of fuel on the species levels transported downstream.

When a door connects the compartment and the hallway (instead of a window), air
enters the compartment through the lower portion of the door and combustion gases exit
the compartment through the upper portion. The fluid mechanics at the compartment and
hallway interface are different than those in the case with a window containing
unidirectional flow. The effects of having a 0.50 m wide, 0.75 m high door connecting
the compartment and hallway on the species production inside of the compartment, the
oxidation of gases in the hallway and the transport of gases to remote locations is

discussed in Appendix C.
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2.4.6 Study of Species Concentration Evolution within the Facility

The species evolution in the hallway was investigated under conditions where high
post-hallway yields of CO (the yield of CO exiting the hallway) have been measured.
The effects of the occurrence or absence external burning, the time necessary for hallway
gas concentrations to reach a steady-state, and the fuel type in the compartment on the
species levels in the hallway were investigated. The evolution of the species in these
cases was measured by performing 25 different experiments at a variety of locations
within the hallway and compartment, see Fig. 2.10. All samples were taken 0.05 m
below the ceiling of the hallway and compartment except for the sample location at the
opening (location b). At location b, the sampling was performed in the center of the
opening, approximately 0.33 m below the ceiling. The sampling locations are shown on

each plot of the species variation in the facility.

The upper-layer height in the hallway was observed to have an effect on the
occurrence or absence of external burning in the hallway. Liquid n-hexane pool fire

experiments were conducted with a 0.60 m exit soffit to study this effect.

The effect of the time necessary for the species concentrations in the hallway to reach
a steady-state on the species evolution was investigated by varying the conditions at the
hallway exit. In experiments with the bottom portion of the hallway exit blocked, nearly
the entire post-flashover period (of the compartment fire) was necessary for the gas
concentrations to reach a steady-state in the hallway. These experiments were termed as
having a long transient time. Experiments containing exit soffit heights of 0.60 m
resulted in the hallway gas concentrations reaching a steady-state approximately 50-60
seconds after flashover. These experiments were termed as having a short transient time

experiments.

The effect of the compartment fire fuel on the evolution of species in the hallway

was investigated by comparing liquid n-hexane fire experiments with polyurethane foam
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fire experimental results. A coarse mapping of the hallway was performed in the
polyurethane foam experiments, see Fig. 2.11. The mapping was designed to capture the
non-uniform concentration of CO across the hallway which was seen to exist in the »-

hexane experiments.
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CHAPTER 3.

RESULTS: TRANSPORT OF CHEMICAL SPECIES
TO REMOTE LOCATIONS

3.1 INTRODUCTION

The oxygen entrainment into compartment fire gases entering the hallway was
hypothesized in section 1.3 as being the parameter which controls the level of species,
particularly CO, transported to remote locations. Overventilated n-hexane compartment
fire experiments were performed to measure air entrainment into the gases entering the
hallway. The entrainment was measured for different opening sizes and different soffit
heights above the opening. Underventilated fire tests were performed to measure the
effect the experimental variables which alter the air entrainment on the post-hallway yield
levels. The results of a parametric study quantifying the effects of the opening size, soffit
height and upper-layer depth on the post-hallway CO, UHC, and CO, yields are

presented. The effect of varying the compartment global equivalence ratio is also given.

3.2 AIR ENTRAINMENT INTO COMPARTMENT FIRE EXHAUST GASES

Oxygen entrainment is hypothesized as being the most significant parameter which
determines the species levels transported to remote locations. Mullholland et al. (1991),
Morehart et al. (1991), and Morehart et al. (1992) investigated limited air entrainment
into compartment fire plumes, but the effects of oxygen entrainment into gases exiting
the compartment has been addressed in only one study (Ewens, 1994a). In this section, a
simplified model for determining the air entrainment into a non-reacting jet of

combustion gases entering the hallway is derived from the conservation of mass. The
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model is then applied to data produced from overventilated compartment fires to quantify

the effects of different window and soffit sizes on the air entrainment into the jet.

3.21 Background on Air Entrainment into Ceiling Jets and Plumes

Air entrainment into a jet of gases is defined here, after Ellison and Turner (1959), in

terms of the entrainment function,

E=-=, @3.1

I[N

which is defined as the ratio of the average velocity of entrained gas V, with the average
velocity of the jet, V; (Ellison and Turner, 1959). Air entrainment into ceiling jets and
plumes is a function of the distance the gases have traveled from the source, the viscous
effects between the jet gases and the surrounding gases (the Reynolds number), and the

gravitational effects (the Richardson number).

In experiments with turbulent, unheated jets, Bakke (1957) and Poreh (1967)
determined that the value of the entrainment function to be nearly independent of the

distance traveled and the Reynolds number,

Re =PV (3.2)
H;

making the entrainment mainly a function of the Richardson number,

Ri=5D (p. -p)) (3.3a)
Vi Pe
where
44
D, = —2" (3.3b)
Pwet
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These findings were supported by the salt water floor jet experiments performed by
Ellison and Turner (1959). As a result of their work, Ellison and Turner (1959)

determined that,
E=0.075 exp(—3.9Ri), (3.4

the entrainment function decayed exponentially in magnitude with an increase in

Richardson number.

3.2.2 Air Entrainment Model for Compartment Fire Exhaust Gases

To estimate the air entrainment into a non-reacting jet of compartment fire gases, a
simplified model was derived using a control volume analysis. Shown in Fig. 3.1 is a

control volume (CV) drawn around a portion of upper-layer gases in the hallway.

Hallway Ceiling

Figure 3.1 The simplified control volume analysis of the hallway upper-layer gases.

Assuming one-dimensional flow, the gases flowing into the CV, 7y, are less diluted than

those flowing out of the CV, r,, due to the entrainment of air, m,.
Applying the conservation of mass to this CV yields
m 4+, =m,. (3.5)

Since the molecular weight of all the gases considered is nearly that of air, 28.84

kg/kmol, the above relation can be transformed to molar flow rate form;
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A+n, =n,. (3.6)

Performing a similar analysis for the flow of O, within the system, the following relation

is produced
Bo, +h,0 =N, (3.7

If equation (3.7) is divided by 7, and equation (3.6) is applied, then
B0, + R0, _ R0, (3.8)

n+n, n+n, n,

Dividing the top and the bottom of the first term on the left hand side by #, and dividing
the top and the bottom of the second term on the left hand side by 7,, equation (3.8) is

transformed to

XViO XeO
——+ ——=X,0> (3.9)
1+(n,/n)  1+(n/n,) i

where X denotes the oxygen volume fraction at the location denoted by the subscript.
Through some algebra, a quadratic equation in terms of 7,,
(Xe,o, ‘Xoo,) P (X',o, +X,0,-2X,0 )

00l 2y ! "ﬁe+(X,.,OZ-X,,,02)=0 (3.10)
n,- n'.

is formed. With the restriction of #,>0, the quadratic formula yields

o ~b+b’ —4ac

3 > G.11)
where;
_ (Xe o, _XoO )
= fz’?
_ (/Yi,O, +Xe,0, —2Xo,0,)
n
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The mass flow of the air entrainment into the CV,
m, = MW_,n, (3.12)
is determined by multiplying by the molecular weight of air, MW,;,.

In summary, to determine the air entrainment mass flow rate into a non-reacting jet

of gases between two points, the following must be known:
e molar flow rate of gases into the CV,
e volume fraction of O, flowing into CV
e volume fraction of O, entrained into CV, and
e volume fraction of O, flowing out of CV.

Since the mass flow rate out of the compartment was known, the molar flow rate into
the control volume was estimated by dividing the mass flow rate by the molecular weight
of the gases (assumed to be that of air). By measuring the concentration of the gases
exiting the compartment and at some location downstream of the compartment, the air
entrainment which has occurred between these two points can be determined assuming

that the O, concentration in the gases being entrained is known.
3.2.3 Air Entrainment into Ceiling Jets

A ceiling jet is defined as hot gases flowing along the ceiling of the hallway. The
compartment fire gases entered the hallway as a ceiling jet when no inlet soffit was
present. These tests are termed ceiling jet experiments. The air entrainment into
overventilated compartment fire gases entering the hallway as a ceiling jet was estimated

for three different window sizes, 0.12, 0.08 and 0.04 m’

. A 0.10 m diameter fuel pan
filled with liquid n-hexane was utilized in the experiments to produce global equivalence
ratios ranging from ¢=0.1-0.4. Experiments were performed with no exit soffit or

blockage at the exit of the hallway.
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Since the species concentrations in the upper-layer were not constant with height,
species concentration profiles at a particular location in the hallway were experimentally
determined by moving the sampling probe during the steady-state time of the fire. The
sampling probe was moved from 0.05 m below the ceiling to 0.30 m below the ceiling in
0.05 m increments. With the steady-state lasting approximately 300 seconds in these
experiments, the probe remained at each location for 20 seconds before being moved
down another 0.05 m. In the underventilated fire experiments, the majority of species
oxidation was measured to occur as the combustion gases exit the compartment and move
across the hallway. The measurement of species profiles at the opening and 0.60 m
across the hallway was, therefore, deemed sufficient for quantifying the difference in the

entrainment between the three opening sizes.

To apply Eqn. (3.11), the volume fraction of O, at each location must be known. An
integrated average of the measured O, profile was used as the volume fraction of O, in
the upper-layer at each sampling location. Air was assumed to be entrained into the
upper-layer gases, so X0, was assumed to be 0.21. Note that the entraining gases may
not always contain 21% O, (i.e. when deep upper-layers are accumulated in the hallway).
This is an important point to considered when determining the oxygen entrainment into
the compartment fire exhaust gas jet. This is addressed in Chapter 5 when correlations to
predict CO and UHC post-hallway yields are developed based on the oxygen

entrainment.

Since the mass flow rate of the gases exiting the compartment was known, an oxygen
profile was measured at the opening where the compartment fire gases entered the
hallway. The other O, profile was measured at a location 0.60 m downstream of the
compartment opening. The mass flow rate of gases entering the hallway was converted

to molar flow rate by dividing by the molecular weight of the gases (assumed to be

equivalent to air).
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Table 3.1 The experimental conditions in the overventilated fire experiments used to
determine the air entrainment into the ceiling jet.

Mass Flow | Velocity of Upper- Entrained
Openin% Opening | Opening through Gases at Layer Gas Gas
Area, m Height, | Width, m | Opening, Opening, | Density (as | Density (as
m kg/s m/s air), kg/m’ | air), kg/m’
0.12 0.24 0.50 0.0630 0.74 0.7105 0.8905
0.08 0.16 0.50 0.0533 0.94 0.7105 0.8905
0.04 0.16 0.25 0.0366 1.29 0.7105 0.8905

Table 3.2 The air entrainment into the ceiling jet using the overventilated compartment
fire experimental results.

Oxygen Oxygen Mass Velocity
Openin% In, mole Out, mole | Flow Air of Richardson | Entrainment
Area, m fraction fraction Entrained, | Entrained | Number, Ri | Function, E
kg/s Air, m/s
0.12 0.185 0.187 0.0063 0.012 1.78 0.016
0.08 0.173 0.181 0.0135 0.031 0.88 0.033
0.04 0.143 0.168 0.0213 0.070 0.34 0.054

The conditions and the results of the analysis are tabulated in Table 3.1 and Table

3.2, respectively. To compare the air entrainment results with those of Ellison and Turner

(1959), the entrainment function, see Eqn. (3.1), must be determined for each case. The

average velocity entering the hallway, 7, , was determined by dividing the mass flow of

gases through the opening by the density (taken to be the density of air at the gas

temperature) and the opening area. An average entrainment velocity,

m,

-I-/::'_‘ s

peAwet
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was determined by dividing the mass flow of entrainment by the density of the entrained
air (density of air at the gas temperature below the upper-layer) and the wetted area of the
jet. The wetted area of the jet,

Ay =12h+w), (3.14)
was defined as the product of the length, /, between the two sampling points (0.60 m) and
twice the height, A, plus the width, w, of the opening. For the ceiling jet experiments, the

Richardson number,
4p’gA’ -p,
Ri= .plg open (pe pl), (3'15a)

m(2h+w) p,

where;
44
D, =—2"_ (3.15b)
(2h+w)

was determined using the conditions at the opening.

The air entrainment function is observed in Fig. 3.2 to exponentially decrease with
respect to the Richardson Number , and is represented by the curve:

E =0.07 exp(—1.1Ri)+0.006 . (3.16)

The variation of the entrainment function with the Richardson number is similar to that
found by Ellison and Turner (1959), see Eqn. (3.4), in their salt-water experiments, but is
slightly shifted upward. The upward shift in the value of E is attributed to both not
considering the expansion of the ceiling-jet as it entrains air and the wall effects. Not
accounting for the jet expansion results in a smaller surface area, 4,,,, over which the
gases are entrained into the jet. This results in a calculation of a higher average
entrainment velocity, see Eqn. (3.13). The wall effects were noted by Ellison and Turner
(1959) to induce further entrainment into the jet by forcing mixing near the wall. The
model does, however, provide a reasonable estimation of the air entrainment into the

compartment fire gases.
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Figure 3.2 The entrainment into a ceiling jet produced from an overventilated
compartment fire. The data is from experiments having opening sizes of O-
0.12 m%, [0-0.08 m?, and A-0.04 m* with the solid line being the curve fit to
the data. The dashed line is the ceiling jet curve from Ellison and Turner

(1959).
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The effect of the opening size on the mass flow of air entrainment is also seen in
Fig. 3.2. As the opening size was decreased, the air entrainment was measured to
increase.

3.2.4 Air Entrainment into Plumes

A plume is defined as a jet of hot gases which are permitted to rise vertically due to
buoyancy. In experiments with a 0.20 m soffit, the gases exiting the compartment were
allowed to rise 0.20 m until they impinged upon the ceiling approximately 0.30 m
downstream of the opening. After ceiling impingement, the gases traveled across the
hallway as a ceiling jet. Air entrainment into plumes has been noted by Ellison and
Turner (1959), Alpert (1972, 1980) and Hinkely et al. (1984) to be considerably larger
than that observed in ceiling jets. The turning region, where the jet impinges on the
ceiling, was noted as having the next highest entrainment rate, while the ceiling jet had
the least efficient air entrainment. The air entrainment into the fire gases as they flowed

across the hallway first as a plume and then a ceiling jet is quantified in this section.

Overventilated compartment fire experiments were performed with a 0.15 m
diameter fuel pan and no orifice on the air inlet duct. The three different opening sizes
(0.12, 0.08 and 0.04) used in the ceiling jet study were also used in these experiments.
To capture the three regions of the flow (the plume, the turning region and the ceiling jet)
present as the gases moved across the hallway, species concentration profiles were
measured at the opening (0.0 m), 0.15 m, 0.30 m, 0.45 m, 0.60 m and 0.90 m across the
hallway. The profiles were produced by varying the sampling location from 0.05 m to at
least 0.35 m below the ceiling in 0.05 m increments (remaining at each location for 20
seconds) during the steady-state time of the experiment. The molar flow rate into the
initial control volume, 7;, was determined from the mass flow of gases out of the
compartment with each subsequent control volume using the value of #, for its value of
n

e
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The mass flow rate of air entrainment into the overventilated compartment
fire gases in experiments with a 0.20 m inlet soffit where the plume, the
turning region and the ceiling jet were present in the initial 0.60 m of travel.
Experiments utilized O-0.12 m?, 00-0.08 m’, and A-0.04 m* opening sizes.
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Table 3.3 The experimental conditions in the overventilated fire experiments with a 0.20
m inlet soffit where the air entrainment into compartment fire gases in the
initial 0.60 m of the hallway is determined.

Mass Flow | Velocity of Upper- Entrained
Opening | Opening | Opening through Gases at Layer Gas Gas
Area, m” Height, | Width, m | Opening, Opening, | Density (as | Density (as
m kg/s m/s air), kg/m’ | air), kg/m’
0.12 0.24 0.50 0.0731 0.86 0.7105 0.8905
0.08 0.16 0.50 0.0613 1.08 0.7105 0.8905
0.04 0.16 0.25 0.0379 1.33 0.7105 0.8905

Table 3.4. Using overventilated compartment fire experimental results with a 0.20 m
inlet soffit, the calculated air entrainment into the compartment fire gases in
the initial 0.60 m where the plume, the area of impingement and the ceiling jet
are all present.

Oxygen Oxygen Mass Velocity
Openin% In, mole Out, mole | Flow Air of Richardson | Entrainment
Area, m fraction fraction | Entrained, | Entrained | Number, Ri | Function, E
kg/s Air, m/s
0.12 0.179 0.192 0.052 0.08 0.87 0.093
0.08 0.175 0.193 0.060 0.10 0.41 0.097
0.04 0.149 0.190 0.074 0.20 0.22 0.15

For all three opening sizes, the air entrainment is seen in Fig. 3.3 to be the most

significant in the first 0.30 m of the hallway where the plume was present. As noted in
previous experiments performed by Hinkely, et al. (1984), less significant was measured
to occur in the impingement area (0.30<y<0.45 m) and in the area of the ceiling jet
(0.45<y<0.90 m), see Fig. 3.3. Also, the entrainment into the compartment fire gases was

measured to increase as the area of the opening was decreased.

The entrainment function for the first 0.60 m of the hallway was calculated, see
Table 3.3 and 3.4, so quantities could be compared with the ceiling jet data. Assuming

the plume impinges on the ceiling 0.3 m across the hallway, the wetted area of the jet is
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A, =0.3(4h+3w). (3.17)

The Richardson number of the gases entering the hallway was defined as

. 4p12gA3pen (pe - p:)

= 3.18
ZCh+2w) 182
where;
44
D, = ——en 3.18b
" (2h+2w) (3-186)

Utilizing the new definitions for the wetted area and the Richardson number, the
entrainment function was calculated to be significantly higher than that measured in the

ceiling jet experiments, see Fig. 3.4 and Table 3.4. The entrainment function
E=0.14exp(—4.0Ri)+0.084 . (3.19)

still, however, decreases exponentially with an increase in the Richardson number. As
before, the entrainment functions for the 0.12 m* and the 0.08 m> openings are shown in
Fig. 3.4 to be nearly equivalent, but the magnitude of E has risen to 0.10. The presence
of 2 0.04 m opening resulted in a 50% increase in the entrainment function to a value of

0.15.

3.2.5 Additional Parameters Affecting Air Entrainment

Average velocities were used in the air entrainment model since the measurement of
the flow field was not possible. It should be mentioned that combustion instabilities and
higher gas temperatures play a role in the actual air entrainment into compartment fire
gases in experiments where the compartment fire is underventilated. The air entrainment
model only considers a one-dimensional flow field, thus decreasing the accuracy of the

model in areas where two and three-dimensional flow field effects
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The air entrainment function for the overventilated compartment fire gases in
the first 0.60 m of the hallway in experiments with a 0.20 m inlet soffit where
both a plume and a ceiling jet are present. The data is from experiments
having opening sizes of O-0.12 m’, 00-0.08 m’, and A-0.04 m” with the solid
being the curve fit to this data. The dash-dot line is the ceiling jet curve from
this study while the dotted line is the ceiling jet curve from Ellison and

Turner (1959).
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are significant. For this reason, the measurement of the entrainment was confined to
regions close to the compartment where wall effects on the flow field were not as
significant. These experiments, however, do provide a basis for comparing the effects of

different opening sizes and the presence of a 0.20 m inlet soffit on the air entrainment.

3.3 EFFECT OF ENTRAINMENT ON POST-HALLWAY SPECIES YIELDS

The oxygen entrainment into the compartment fire gases entering the hallway was

experimentally altered in a number of ways:
e changing the opening size,
e changing the size of the fire,
e changing the air inlet orifice diameter,
e changing the inlet soffit height, and
e changing the exit soffit height (or exit blockage).

The first three experimental variables changed the entrainment into the compartment fire
gases by altering the velocity of the gases entering the hallway, 7,. The inlet soffit height
at the opening determined whether the gases entered the hallway as a ceiling jet or as a
plume. The inlet soffit, therefore, governed the entrainment into the compartment fire
gases at the entrance of the hallway where the highest temperatures were present and
chemical kinetics rates were fastest. The height of the exit soffit determined the O,
concentration of the gases being entrained into the compartment fire products by defining
the depth of the oxygen deficient combustion gas layer in the hallway. The effects of
each of these variables on the post-hallway species yields (the yields of the species in the

gases exiting the hallway) is discussed in the following sections.
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3.3.1 Effect of Opening Size

Opening sizes of 0.12, 0.08 and 0.04 m’ were utilized in the study to alter the air
entrainment into the compartment fire gases entering the hallway. As seen in Fig. 3.2 and
Fig. 3.4, a decrease in the opening size results in an increase in the entrainment. The
oxidation of incomplete compartment fire products entering the hallway is dependent on
the amount of oxygen available. A decrease in the opening size is, therefore, expected to
result in lower post-hallway yields of CO and UHC (with the four remaining effects
mentioned in the beginning of the section held relatively constant). It should be noted
that the reduction in the yield is related to the oxygen entrainment which occurred in the
region of the hallway where temperatures were high enough (>850 K for CO and 800 K
for UHC) for oxidation to occur. After this point, gases were merely diluted by the

process of entrainment since the chemical kinetics were frozen.

As stated in section 1.2.2., Ewens (1994a) investigated the oxidation of compartment
fire gases down a hallway with near ambient levels of oxygen being entrained into the
compartment fire gas jet entering the hallway. Reevaluating the data taken by Ewens
(1994b), the effects of the opening size on the post-hallway species yields are shown in
Fig. 3.5. As anticipated from the air entrainment results seen in Fig. 3.4, the CO and
UHC yields are seen in Fig. 3.5 to decrease in magnitude with a decrease in the opening
size. The increase in the oxidation of CO and UHC is also observed in Fig. 3.5 by an
increase in the CO, yield. It should be noted that these trends become invalid when the
compartment fire gas jet entering the hallway is entraining gases containing oxygen levels
significantly lower than those observed in the ambient surroundings. This topic is

addressed specifically in section 3.3.3.
3.3.2 Effects of Air Inlet Orifice Diameter and Fire Size
The size of the fire and the diameter of the orifice attached to the air inlet duct also

control the mass flow rate of the compartment fire gases entering the hallway. As
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Figure 3.5 The effect of the opening size on the post-hallway @-CO, l-UHC and A-
CO, yields for the cases with Q=448+154 kW, ¢=2.5740.06, a 0.20 m inlet
soffit, and no exit soffit. Experimental data of Ewens (1994b).
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mentioned in section 2.2.1, the size of the fire is controlled by the diameter of the fuel
pan. The larger fuel pan diameters resulted in a larger fire size. The air mass flow rate
into the compartment was controlled by the diameter of the orifice placed on the end of
the air inlet duct. A decrease in the orifice diameter resulted in a decrease in the air mass
flow rate. These two experimental variables, pan diameter and orifice diameter, were
used in the study to control the compartment GER and the mass flow rate of the gases

entering the hallway through a particular opening size.

With the diameter of the fuel pan controlling the fuel mass loss rate and the orifice
diameter controlling the air mass flow rate, the compartment GER was affected by
altering these two parameters. A decrease in the orifice diameter reduced the air mass
flow rate into the compartment causing an increase in the compartment GER for a given
fire size. The decrease in the orifice diameter resulted in a deeper upper-layer within the
compartment. The compartment upper-layer temperature fell by 125 K when the orifice
diameter was decreased from 0.30 m (no orifice) to 0.10 m, see Fig. 3.6. The temperature
drop was attributed to less complete combustion of the volatilized fuel. With the fuel
volatilization rate dependent on the radiation incident upon the exposed fuel surface, the
drop in upper-layer temperature could drastically affect the mass loss rate of fuel. The
fuel mass loss rate, however, is shown in Fig. 3.7 to remain relatively unchanged with a
decrease in orifice diameter. The decrease in the incident radiation from the fall in the
upper-layer temperature was obviously compensated by a decrease in the distance
between the upper-layer and the fuel surface (an increase in the upper-layer depth). For a
particular fire size, the compartment GER could, therefore, be increased by decreasing the

diameter of the orifice connected to the air inlet duct.

The effects of fire size on the post-hallway species yields with no orifice attached to
the air inlet duct (0.30 m diameter) were determined through further analysis of the data
of Ewens (1994b). An increase in the fire size resulted in an increase in the mass flow of

air drawn into the compartment. This resulted in an increase in the mass flow rate of
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Figure 3.6 The variation in the compartment upper-layer temperature profile with inlet
orifice diameter of O-0.30m (no orifice), (J-0.25 m, A-0.20, and V-0.15 m
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gases exiting the compartment into the hallway. For a fixed opening size, a large increase
in fire size is, however, seen in Fig. 3.8 to only slightly increase the momentum of the jet
entering the hallway. An increase in the jet momentum (lower Richardson number) of
compartment fire gases entering the hallway was seen in Fig. 3.2 and Fig. 3.4 to result in
a significant increase in the entrainment of surrounding gases into the jet. The effect of
the opening size on the momentum of the jet entering the hallway is seen in Fig. 3.8 to be

much more significant than the effect of the fire size.

The effect of fire size on the post-hallway species yields was determined from further
evaluation of Ewens (1994b) data. A broad increase in fire size (for a fixed opening size
and compartment GER) is shown in Fig. 3.9 to result in only a slight increase in the CO
and UHC yields with a corresponding decrease in CO, yield.

3.3.3 Effect of Inlet Soffit Height

The height of the soffit above the opening connecting the compartment and hallway
determines whether the gases enter the hallway as a ceiling jet (0.0 m soffit) or as a plume
(0.20 m soffit). The entrainment into a plume was seen in Fig. 3.4 to be significantly
higher compared to the entrainment into a ceiling jet (see Fig. 3.2). The effects of the

ceiling jet and the plume on the post-hallway yields is described in this section.

The effect of a 0.0 m inlet soffit versus a 0.20 m soffit was determined by
reevaluating the data of Ewens (1994b). The experiments of Ewens (1994a) were with a
well-ventilated hallway allowing the effect of the inlet conditions on species yields to be
studied. The post-hallway CO yields in experiments with a 0.20 m are shown in Fig. 3.10
to be significantly lower compared with experiments having a 0.0 m soffit. Lower post-
hallway UHC yields were also measured for experiments with a 0.20 m inlet soffit
compared to levels measured in 0.0 m inlet soffit experiments, see Fig. 3.11. Conversely,
an increase in the CO, post-hallway yields is observed in Fig. 3.12 for experiments with a

0.20 m inlet soffit compared with experiments having 0.0 m inlet soffit.
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Figure 3.8 The effect of the fire size on the momentum of the compartment fire gas jet
entering the hallway for opening sizes of O-0.12 m?,0 -0.08 m* and A-0.04
m? is demonstrated. Experimental data of Ewens (1994b).
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Figure 3.9 The effect of the fire size on the post-hallway @-CO, B-UHC and A-CO,
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soffit is shown. Experimental data of Ewens (1994b).
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Figure 3.10 The variation in the post-hallway CO yield with no inlet soffit (@) and a
0.20m inlet soffit (M) is shown. The experimental conditions were
Q=431£150 kW, ¢=2.6410.17, and no exit soffit. Experimental data of
Ewens (1994b).
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Figure 3.11 The variation in the post-hallway UHC yield with no inlet soffit (@) and a
0.20m inlet soffit (M) is shown. The experimental conditions were
Q=431£150 kW, ¢$=2.6410.17, and no exit soffit. Experimental data of
Ewens (1994b).
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0.20m inlet soffit (M) is shown. The experimental conditions were
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The significant difference in the post-hallway yields was attributed to the difference
in entrainment between experiments with a 0.20 m soffit and with a 0.0 m soffit. The
higher entrainment rate in the 0.20 m soffit experiments (compared with the 0.0 m soffit

experiments) resulted in lower CO and UHC yields and higher CO, yields.

3.3.4 Effect of Exit Soffit Height

The exit soffit height was utilized in the experiments to control the depth of
combustion gas layer which accumulated in the hallway during the pre-flashover period
of the compartment fire. In actual building fires, it is hypothesized that the accumulation
of such a layer in the space adjacent to the burning room results in lower oxygen
concentration in the gases being entrained into the compartment fire gases entering that
space. The effects of deepening the hallway upper-layer on the downstream species
levels is explored in this section. All experiments were performed with a 0.20 m inlet

soffit unless otherwise noted.

The exit soffit height was varied in the experiments from 0.0 m to 0.80 m in 0.10 m
increments. The upper-layer depth was visually observed to be approximately equivalent
to the exit soffit height except for experiments with an exit soffit equal to or less than
0.20 m. In the cases with exit soffits of 0.0, 0.10 and 0.20 m, the upper-layer depth was
determined from the hallway vertical temperature profiles, and was found to be

equivalent to approximately 0.20 m in all three instances.

The post-hallway yields of CO, UHC and CO, are plotted versus a nondimensional
upper-layer depth,

=5/2, (3.20)

which is defined as the upper-layer depth, §, divided by the distance between the ceiling
and the bottom of the opening, z, connecting the compartment and the hallway.
Physically, y represents the degree to which the plume of compartment fire gases entering
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the hallway was surrounded by oxygen deficient combustion gases. Opening sizes of
0.12, 0.08 and 0.04 m* corresponded to values of z of 0.44, 0.36 and 0.36 m, respectively.
For each opening size, the effect of varying the upper-layer depth on the post-hallway
CO, UHC and CO, yields was measured. The data points were generated by averaging

60 seconds of temporal data during the compartment post-flashover period.

With an opening of 0.12 m’ and an upper-layer depth no greater than the inlet soffit
height, y=0.45, the post-hallway species yields are shown in Fig. 3.13 to be relatively
constant. The average yield of 0.098 for CO and 0.046 for UHC were the lowest
measured yields, while the CO, was at its highest level of 2.58.

With a hallway upper-layer depth below the top of the 0.12 m’ opening, the sides of
the jet started to become surrounded by oxygen deficient combustion gases. This resulted
in the entrainment of oxygen deficient combustion gases into the jet. The limited oxygen
entrainment is evident in Fig. 3.13 with the gradual increase in the CO and UHC yields
and decrease in CO, yield. From the work of Westbrook and Dryer (1984), the reduction
in available O, reduces the pool of radicals (H, HO,, OH, O, HCO, etc.) available for the
oxidation of CO and UHC. The rapid generation of radicals is critical to the oxidation of
CO. Carbon monoxide will not begin to oxidize until the UHC have been reduced to
levels where the CO oxidation reactions are competitive with the UHC oxidation
reactions (Westbrook and Dryer, 1984). If the generation of radicals is inhibited, less CO
will be oxidized before the gas temperature falls below 850 K where the CO oxidation
rate decreases drastically (Gottuk, 1992a, Pitts, 1992, Yetter et al., 1991). The gradual

increase in CO and UHC yields is seen in Fig. 3.13 to continue until y>1.4.

When the hallway upper-layer depth was increased such that y>1.4, the post-hallway
species yields were measured to be less dependent on the upper-layer depth and more
dependent on the presence or absence of external burning in the hallway. With external

burning occurring in the hallway and y>1.4, the post-hallway CO yields were
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Figure 3.13 The effect the non-dimensional upper-layer height on the post-hallway @-
CO, B-UHC, and A-CO, yields for experiments with a 0.12 m’ opening,
Q=291+36 kW, and ¢=3.20+0.54. Filled symbols represent experiments
with external burning while open symbols were experiments with no
external burning.
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measured to be 0.27 (on average), see Fig. 3.13. These post-hallway yields are
approximately 23% higher than yields measured inside the compartment by Gottuk
(1992a) (on average 0.22 for ¢>1.8). The post-hallway UHC yields were measured to be
0.24 which is approximately 27% lower than the yields measured inside the compartment
(on average 0.33 for ¢>1.8) (Gottuk, 1992b). Again, the lack of oxidation of CO and
UHC is attributed to the limited radical pool generated in the oxygen deficient
environment surrounding the jet of hot compartment fire gases entering the hallway
(Westbrook and Dryer, 1984). From the data, it appears the limited oxidation of CO is
less than the production of CO from the UHC oxidation. The increase in the post-
hallway CO yields was, therefore, attributed to the oxidation of UHC which was visually
evident by the external burning.

If the upper-layer depth was increased to levels where y>1.7, the jet of compartment
fire gases issued into a hallway upper-layer environment with low oxygen levels which
inhibited the ignition of the combustion gases. The post-hallway yields of CO, UHC, and
CO, were all measured to be equivalent in magnitude to levels measured inside the

compartment, see Fig. 3.13.

With a 0.08 m® opening connecting the compartment to the hallway, the distance
between the ceiling and the bottom of the opening was decreased to 0.36 m. The jet
issuing from the 0.08 m® opening was also measured to have a slightly higher entrainment
compared with the jet from a 0.12 m’ opening, see Fig. 3.4. The post-hallway yields are
seen in Fig. 3.14 to show a trend similar to that observed with a 0.12 m’ opening (see Fig.
3.13), but magnitudes are shifted downward when y<1.7. The downward shift is
attributed to the slightly better O, entrainment in the 0.08 m’ opening case. With y
slightly less than 1.7 and external burning occurring, post-hallway CO yields are
observed in Fig. 3.14 to be 5% greater than compartment levels. The post-hallway UHC
yields are, however, seen in Fig. 3.14 to decrease to levels 65% less than in-compartment

yields. Again, the slight increase in CO and UHC oxidation compared with the 0.12 m’
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Figure 3.14 The effect the non-dimensional upper-layer height on the post-hallway @-
CO, B-UHC, and A-CO, yields for experiments with a 0.08 m’ opening,
Q=322+64 kW, and ¢=2.56+0.41. Filled symbols represent experiments
with external burning while open symbols were experiments with no

external burning.
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opening case was attributed to the increase in oxygen entrainment. The post-hallway CO

yields were measured to be greater than compartment levels only at a y=1.68.

A 0.04 m® opening was utilized to investigate the effect of significantly increasing
the O, entrainment on the post-hallway yields. The distance between the ceiling and the
bottom of the opening was 0.36 m (the same as the 0.08 m’ opening case). The CO and
UHC post-hallway yields are seen in Fig. 3.15 to remain nearly equivalent at a magnitude
of approximately 0.025 for y<1.2. For a 1.2<y<1.7, the CO and UHC yields increase to
levels observed inside the compartment. Unlike the other two cases, the post-hallway CO
yields were never measured to be greater than those measured inside the compartment.

As before, the absence of external burning occurred at a value of y equal to 1.7.

3.3.5 Effect of All Parameters with a Deep Hallway Upper-Layer

From the results presented in section 3.3.4, it appears that the accumulation of a
deep, y21.0, oxygen deficient upper-layer in the hallway during pre-flashover limits the
oxygen entrained into the compartment fire gases entering the hallway by reducing the
oxygen concentration of the gases surrounding the jet. The post-hallway species yields,
therefore, become less sensitive to the entrainment induced by the size of the opening, the
fire size, and the inlet soffit height. To demonstrate this point, a series of experiments
were conducted with an upper-layer depth of 6~0.50. The effects of varying the opening
size, the fire size, the inlet soffit height and the compartment global equivalence ratio on
the post-hallway species yields were measured. The value of y for these experiments
varied depending upon the opening size and the inlet soffit height (2.1 for 0.12 m’ and 3.1
for 0.08 m” and 0.04 m” with no inlet soffit, and 1.1 for 0.12 m” and 1.4 for 0.08 m” and
0.04 m” with a 0.20 m inlet soffit).

The post-hallway CO yield data shown in Fig. 3.16 was generated from experiments
where the opening size, the fire size, the inlet soffit height and the compartment global

equivalence ratio were all varied. The shape of the curve is similar to that of the
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Figure 3.15 The effect the non-dimensional upper-layer height on the post-hallway o-
CO, B-UHC, and A-CO, yields for experiments with a 0.04 m’ opening,
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external burning.
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compartment CO yield versus global equivalence ratio curve determined by
Gottuk (1992a). In experiments with no external burning, downstream CO yields were
similar in shape and magnitude compared with yields measured inside the compartment.
With external burning in the hallway, the downstream CO yields were equivalent to the
no external burning yields up to a ¢ of 2.0. With ¢>2.0, the yield in experiments with
external burning was approximately 0.16 compared with 0.22 in experiments without
external burning. The post-hallway CO yield appeared to be relatively insensitive to the
other variables (i.e. inlet soffit height, fire size, and opening size) with a deep upper-layer

present in the hallway.

The plot of CO yield versus global equivalence ratio can be divided into three
regions: low, transitional and high toxicity. In the low toxicity region, 0<¢<0.6, an
undetectable amount of CO is transported downstream of the compartment. This is
expected since there is virtually no CO being produced inside the compartment in this ¢
range. Characteristic of the transitional toxicity region, 0.6<¢<2.0, is a steep rise in the
CO yield with an increasing ¢. The slope of the rise depends on whether or not external
burning occurs within the hallway. The slope is 0.16 with no external burning and 0.11
with external burning. The region is broader and the rise in the CO yield is less steep
compared to the in-compartment data taken by Gottuk (1992a) where the transitional
toxicity region was 0.6<¢<1.5 and the slope was 0.24 (see Fig. 1.2). The high toxicity
region in Fig. 3.16 encompasses all $>2.0. The CO yields plateau in this region and
remain fairly constant. The level at which the CO plateaus depends on whether or not
external burning occurred inside the hallway. The CO yield averages 0.22 with no
external burning and 0.16 with external burning. The plateau level with no external
burning is consistent with the in-compartment results reported by Gottuk (1992a).
Overall, the CO yield in experiments with external burning decreases by 0.05-0.06 from

the no external burning case for all ¢ greater than 1.2, see Fig. 3.16.

89



Chapter 3. Results: Transport of Chemical Species to Remote Locations

.:
[u—
W

CO Yield, [(kg/s CO)/(kg/s fuel)]
e
)

e
S
vy

o
N
(=}
| TN BT SN N S S (SN S U U SNV AN B NN U NN B SN N O A N A
(0]
o
O
(0]
0]
oy
(o)

e
=3
S

Compartment Global Equivalence Ratio, ¢

Figure 3.16 The effect of varying all parameters on the post-hallway CO yield when a
deep upper-layer, y>1.0, was present in the hallway. Filled symbols
represent experiments with external burning while open symbols were
experiments with no external burning.
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The post-hallway UHC yields are seen in Fig. 3.17 to also have a strong dependence
on the occurrence of external burning in the hallway. The UHC yields are slightly
scattered for the experiments with no external burning. The post-hallway UHC yields in
experiments with external burning are seen in Fig. 3.17 to rise vary with an increase in ¢.
It is interesting to notice that the post-hallway UHC yields were not at a measurable level
until ¢ was greater than 1.5. External burning in the hallway prevented measurable levels

of UHC downstream until a ¢>1.5.
3.3.6 Major Parameters Controlling Post-Hallway Species Yields

The parameters having the most significant effect on the post-hallway species yields

were the:
e opening size,
e inlet soffit height,
e depth of upper-layer in hallway (hallway exit height),
e occurrence of external burning, and
e global equivalence ratio of the compartment fire.

The first two of the parameters are the variables which affected the entrainment into the
compartment fire gas jet entering the hallway, while the third parameter controlled the
oxygen concentration entrained into the jet. The last two parameters govern the

chemistry which occurred in the hallway and compartment.
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Figure 3.17 The effect of varying all parameters on the post-hallway UHC yield when a

deep upper-layer, y>1.0, was present in the hallway. Filled symbols
represent experiments with external burning while open symbols were
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3.4 POST-HALLWAY SPECIES YIELDS FROM
POLYURETHANE FOAM FIRES

A series of experiments were conducted using polyurethane foam as the fuel inside
of the compartment. The experiments exhibited an upper-layer temperature of 960 K, on
average, at ¢$=2.1 which is approximately 25 K lower than that observed in n-hexane
experiments (985 K on average). The post-hallway yields from polyurethane fires are
presented in this section, and compared to the post-hallway yields of the n-hexane fire

experiments.

The experiments were conducted using a 0.20 m inlet soffit, a 0.04 m’ opening and a
compartment global equivalence ratio of 2.1. No sustained external burning occurred in
the hallway regardless of the exit soffit height. The result of the absence of external
burning in the hallway on the post-hallway CO yields was a yield greater than 0.15 at all
hallway upper-layer depths tested, see Fig. 3.18. The post-hallway CO yields were
measured to be approximately 0.15 at a y=0.55, and increased to a level of 0.19 with
v>1.0. The post-hallway CO yields for y>1.0 were equal to the yields measured inside the
compartment by Gottuk (1992a). The low post-hallway CO, yields shown in Fig. 3.18
further demonstrates the lack of oxidation of CO in the hallway. The UHC yields plotted
in Fig. 3.18 are approximately 4 times lower than yields measured in n-hexane fires. The
low UHC yields were attributed to polyurethane fires producing high levels of
oxygenated hydrocarbons (C,H4O), unsaturated hydrocarbons (C,H,) and higher order
hydrocarbons. Oxygenated hydrocarbons (i.e. aldehydes and ketones) and unsaturated
hydrocarbons were reported by Colket et al. (1974) to produce FID responses
significantly lower than expected from the calibration. For example, C,H,O and C,H,
produces a signal 60% and 65%, respectively, lower than that of C,Hy (Colket, et al.,
1974). The other source of possible error in the UHC measurements was the higher order

hydrocarbons condensing in the sampling lines.
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Figure 3.18 The effect of the nondimensional upper-layer depth on the post-hallway O-
CO, O-UHC and A-CO, yield in experiments with polyurethane foam as the
fuel inside the compartment. The experiments utilized a 0.04 m’ opening, a
0.20 m inlet soffit, Q=164+11 kW and ¢=2.08+0.01. Filled symbols
represent experiments with external burning while open symbols were
experiments with no external burning.
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Compared with the n-hexane experiments, the polyurethane foam experiments
contained higher post-hallway CO yields at lower values of y due to the absence of
external burning. The post-hallway CO yields in the foam experiments were measured to
be approximately 14% less than the yields in the n-hexane experiments with no external
burning. The low post-hallway CO, yields of 1.3 were consistent with the post-hallway

yields measured in the n-hexane experiments with no external burning.
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CHAPTER 4.

RESULTS: EVOLUTION OF SPECIES
CONCENTRATIONS IN THE HALLWAY

4.1 INTRODUCTION

The effect of experimental conditions on temporal and spatial distributions of species
concentration and temperature in the hallway cannot be measured post-hallway. In-
hallway sampling was performed to measure the distribution of CO, UHC, CO,, O, and
temperature in the hallway. The data is used to develop a more detailed understanding of
the parameters controlling the oxidation of CO. The experimental conditions for the in-
hallway sampling experiments were consistent with those where high co yields were
measured post-hallway. The time necessary for hallway species concentrations to reach a
steady-state (termed transient time), the absence or presence of external burning, and the
type of fuel burning inside the compartment were experimentally varied. The effects of
these parameters on the species concentrations and temperatures in the hallway were

measured and are presented in this chapter.

4.2 MOVEMENT OF COMBUSTION GASES IN THE HALLWAY

With the compartment-hallway orientation shown in Fig. 2.1, the flow field in the
hallway is highly three-dimensional. Since laboratory techniques for measuring the flow
field in the hallway were not practical for the reported experiments, flame luminosity in
the hallway (external burning) was used as a flow visualization tool to reveal the flow
field present in the hallway. The path of the combustion gases was most easily visualized

with the most intense burning in the hallway. This occurred when the gases exiting the
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compartment encountered concentrations of oxygen near those observed in the ambient
surroundings (i.e. experiments with an exit soffit of 0.10 m or less). The visualization
was performed using a video camera placed at the hallway exit, and is described from this
point of view (as if one were standing at the exit looking down the hallway toward the

compartment).

An image of the typical external during the steady-state period (termed the post-
flashover period) of the compartment fire is shown in Fig. 4.1. As the combustion gases
exited the compartment, a buoyant plume was formed at the hallway entrance due to the
presence of a 0.20 m soffit. The plume impinged upon the ceiling resulting in three
major paths for the combustion gases transport down the hallway. Since there was an
inlet soffit, the first means of transport was a counterclockwise rotating vortex formed at
the top left corner of the hallway. From the size of the vortex, it was inferred to be a
minor path of transport for this geometry. This mechanism of transport disappeared in
the absence of an inlet soffit. The impingement of the buoyant plume was observed to
force some of the gases to take on a trajectory which resulted in their transport down the
center of the hallway. This constitutes the second path of transport. The majority of the
external burning was observed to be present both across the hallway and along the upper
right corner of the hallway, see Fig. 4.1. Based on this observation, the bulk of the
combustion gases were driven across the hallway by the momentum of the jet exiting the
compartment. The bulk flow of combustion gases then impinged upon the opposite wall
causing a large clockwise rotating vortex to develop in the upper right corner of the
hallway, see Fig. 4.1. The size of the vortex was estimated to be approximately 0.20-0.30
m in diameter. The size of the vortex is determined by the velocity of the gases
impinging on the wall opposite the compartment. The velocity of the gases impinging on
the wall is expected to primarily depend on the distance the gases need to travel before

reaching the wall. The vortex is, therefore, believed to be scaled to the hallway width.
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ompartment
Window

Figure 4.1 An image of the external burning in the hallway when looking down the open
end of the hallway underneath the fume hood.

98



Chapter 4. Results: Evolution of Species Concentrations in the Hallway

4.3 EVOLUTION IN HEXANE COMPARTMENT FIRES

Experiments using liquid n-hexane fires examined the effects of transient time of the
species concentrations in the hallway and external burning. The evolution of CO, UHC,
CO,, O, (all reported on a wet-basis) and temperature within the hallway are presented
for the different situations studied. All experiments were performed with a 0.20 m
diameter fuel pan, a 0.20 m inlet soffit and a global equivalence ratio of 3.0 £ 0.50. Note
that these conditions are similar to those used in experiments to produce the data showing
the effect of the exit soffit (upper-layer in the hallway) on the post-hallway yields seen in
Fig. 3.13, Fig. 3.14 and Fig. 3.15. The 25 sampling locations within the facility were
shown in Fig. 2.10 and are denoted by the lower case letters on the contour plots to
follow. Note the y-axis in all contour plots corresponds to the center of the compartment-

hallway opening.

Since gas sampling could only be performed at one location during an experiment,
25 different experiments were performed to generate the data to map the facility. The
growth rate in each of the 25 fires was slightly different. The experiments had to be
aligned with one another for the averaged data from each experiment to represent the
same period in the fire growth. Carbon monoxide concentrations were measured to be
highest just after the onset of flashover inside. (termed post-flashover) of the compartment
fire. The fire growth parameter, G, defined in Eqn. (2.15) was utilized to determine the
beginning of the post-flashover period inside the compartment fire. Post-flashover was

assumed inside the compartment when G was approximately zero.

The amount of time after flashover for the hallway species concentrations to reach a
steady-state is termed the transient time. Species concentrations were considered to reach
a steady-state when a less than 5% change occurred over a 30 second period. The

transient time was determined by the conditions at the exit of the hallway. Experiments
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which contained an exit soffit resulted in a short transient time, while longer transient

times were achieved by blocking the bottom portion of the hallway exit.

4.3.1 Short Transient Time with No External Burning

Experiments were performed with a 0.04 m’ opening and an upper-layer depth of
0.60 m (exit soffit of 0.60 m) to investigate the evolution of species concentrations and
temperatures when no external burning occurred in the hallway. The nondimensional
upper-layer depth for these conditions was y=1.7. The experimental results previously
seen in Fig. 3.15 indicate no external burning for this value of y. With the 0.60m exit
soffit present, species concentrations and temperatures were anticipated to have a short

transient time.

The 25 experiments necessary to map the hallway concentrations were aligned with
on another using the fire growth parameter, G. Compartment temperature data from 10
experiments was used to verify the validity of the alignment method. The temperatures
during the post-flashover period of the compartment fires are shown in Fig. 4.2 to be
aligned with one another. Noting the different times of ignition in Fig 4.2, the alignment
compensates for differences in the initial growth of the compartment fire. With the data
aligned, a description of the temporal and spatial evolution of the species concentration

and temperature in the hallway upper-layer is given.

Approximately 12-16 seconds before flashover inside the compartment, 1.5 % CO
and 1.5% UHC, see Fig. 4.3 and Fig. 4.4, respectively, were measured in the
compartment upper-layer. The CO and UHC levels were measured to rapidly be diluted
as the gases were transported across the hallway. A CO, concentration of 7.0% was
measured to be uniform throughout the hallway upper-layer, see Fig. 4.5. An O,
concentration was also measured to be uniform within the hallway at a level of 8.5%, see

Fig. 4.6. A plot of the temperature in the hallway is seen in Fig. 4.7. The gases were
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Figure 4.2 The temperature 0.05 m below the ceiling inside the compartment in 10
different n-hexane fire experiments with a 0.04 m’ opening, a 0.60 m exit
soffit, and no external burning in the hallway. The experiments were aligned
with one another in time using the fire growth parameter.
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measured to enter the hallway at temperatures of 780 K (see Fig. 4.7), but cooled rapidly
to approximately 450 K by the end of the hallway.

Post-flashover was reached in the compartment 16-20 seconds after the onset of
flashover. High concentrations of CO and UHC, see Fig. 4.8 and Fig. 4.9, respectively,
were measured in the gases flowing across the hallway and along the wall opposite the
compartment (the path of the bulk flow). The compartment fire gases entered the hallway
with 2.4% CO, see Fig. 4.8. Carbon monoxide concentrations of 1.6% or greater were
measured in gases flowing across the hallway and traveling down the side of the hallway
opposite the compartment. Only 0.9% CO was measured in the gases on the
compartment side of the hallway which is nearly half the levels measured on the opposite
side of the hallway. The measured UHC concentrations are shown in Fig. 4.9 to be non-
uniform in the hallway. Over 2.0 % UHC was measured on the side of the hallway
opposite the compartment and 1.3% on the compartment side of the hallway. Plots of the
measured concentrations of 7.0% CO, and 7.5% O, are seen in Fig. 4.10 and Fig. 4.11,
respectively, to be uniform within the hallway upper-layer. A plot of the measured
hallway gas temperatures is seen Fig. 4.12. The temperatures are slightly higher than the

levels 12-16 before flashover, but spatially vary in approximately the same manner.

At approximately 40-44 seconds after the onset of flashover in the compartment, all
measured species concentrations were uniform within the hallway upper-layer. The
hallway species concentrations reached a steady state 56 seconds after CO levels of
greater than 1% were measured in the gases entering the hallway. The upper-layer gases
0.05 m below the ceiling were measured to contain concentrations of 1.9% CO and 2.9%
UHC along the length of the hallway, see Figs. 4.13 and 4.14. The gases were also
measured to contain concentrations of 6.5% CO, and 7.2% O, along the hallway length,
see Fig. 4.15 and 4.16, respectively. From the plot of the gas temperature (see Fig. 4.17),
temperatures are seen to cool from 850 K at the window to less than 500 K by the end of
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the hallway. The species concentrations and temperatures within the hallway upper-layer
at 40-44 seconds after flashover were measured to be relatively constant (£5%) until the

end of the post-flashover period at 112-116 seconds.

The hallway upper-layer is considered to be in steady-state between 40 and 112
seconds after flashover since minimal changes in the species concentrations and

temperatures were measured during this time period.

The exposure time,

197(comp) " .
bop = (—C(Oﬁ%—z) [min] 4.1)

where;
leyp - €Xposure time, [minutes]
COHb - carboxyhemaglobin level in the blood, [%]
CO - level of carbon monoxide exposure, [ppm],
necessary for a particular concentration of CO (in ppm) to result in a fatally high
concentration of carboxyhemaglobin (COHb) in the bloodstream can be estimated by
assuming a 50% COHDb level causes death (Peterson and Stewart, 1970). The CO

concentration (1.9% or 19,000 ppm) measured in the hallway upper-layer gases during

steady-state was estimated to result in death after 3.25 minutes of exposure.

4.3.2 Short Transient Time with External Burning

The post-hallway CO yields were measured to be as much as 25% greater than
measured in-compartment yields (see Figs. 3.13 and 3.14) for experiments with a deep
hallway upper-layer (1.3<y<1.7) and external burning. In-hallway sampling was
performed for experiments with a 0.12 m’ opening and a 0.60 m exit soffit (0.60 m upper-
layer depth and y=1.36) because these experimental conditions resulted in the highest
post-hallway CO yields. The measurement species concentrations and temperatures in
the hallway was conducted to investigate the effects of external burning on the temporal

and spatial distribution of CO. Again, the presence of the 0.60 m exit soffit is anticipated
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to result in a short transient time for the species concentrations and temperatures in the

hallway.

The alignment of the 25 experiments was again performed using the fire growth
parameter. Using 10 experiments as a representative set of the 25 experiments performed
for this case, the compartment temperatures during the steady-state of the compartment
fire are observed in Fig. 4.18 to be aligned with one another after shifting them in time
using the fire growth parameter. The contour plots of measured species concentrations

and temperatures in the hallway are presented in the remaining paragraphs of the section.

Gases containing 1.3 % CO and 1.0% UHC were measured in the compartment
upper-layer, see Fig. 4.19 and Fig. 4.20, respectively, 12-16 seconds before the onset of
flashover inside the compartment. The CO and UHC concentrations were measured to
rapidly be diluted upon entering the hallway. The hallway upper-layer was measured to
contain a uniform concentration of 8.0% CO,, see Fig. 4.21. Approximately 7.0% O,
(see Fig. 4.22) was measured in the upper-layer gases within the hallway. From the plot -
of measured gas temperatures in the hallway shown in Fig. 4.23, the gas temperature is
seen to be less than 750 K at the opening. Temperatures were measured to cool to less
than 500 K by the end of the hallway. The measured results shown in Figs. 4.19 - 4.23
are comparable to those measured in experiments with no external burning at this stage of

the fire (see Figs. 4.3-4.7).

The beginning of the post-flashover period in the compartment occurred
approximately 16-20 seconds after the onset of flashover. The species concentrations and
temperatures of the gases in the hallway begin to change rapidly in a manner similar to
that seen in experiments with no external burning, see Figs. 4.8-4.12. Non-uniform
concentrations of CO and UHC were measured to be present in the hallway. The gases
traveling on the side of the hallway opposite the compartment were measured to contain
CO levels of 1.6%, see Fig. 4.24, while gases on the compartment side of the hallway

contained 0.9% CO. The gases on the side of the hallway opposite the compartment also
119
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Figure 4.18 The temperature 0.05 m below the ceiling inside the compartment in 10
different n-hexane fire experiments with a 0.12 m’ opening, a 0.60 m exit
soffit, and external burning in the hallway. The experiments were aligned
with one another in time using the fire growth parameter.
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contained higher UHC concentrations (1.3%) compared with the UHC levels (0.7%) in
the gases on the compartment side of the hallway, see Fig. 4.25. Plots of the measured
CO, and O, concentrations are seen in Figs. 4.26 and 4.27. Approximately 8.7% CO,
and 4.8% O, were measured to be relatively uniform within the hallway upper-layer. The
gas temperatures were measured to be slightly higher in magnitude (see Fig. 4.28)
compared with levels at the 16-20 before flashover (see Fig. 4.23).

Just prior to the onset of external burning, all species concentrations were measured
to be uniform within the hallway 44-48 seconds after flashover, see Figs. 4.29-4.32. The
steady-state is observed 60 seconds after gases containing greater than 1% CO were
measured entering the hallway. The plot of the measured CO and UHC concentrations is
seen in Figs. 4.29 and 4.30, respectively. Upper-layer gases downstream of the
compartment were measured to contain 2.3% CO and 2.5% UHC (see Fig. 4.29 and 4.30,
respectively). Concentrations of approximately 8.5% CO, and 3.6% O, were also
measured to be uniform within the upper-layer, see Fig. 4.31 and Fig. 4.32, respectively.
Gas temperatures were measured to be 825 K at the opening (see Fig. 4.33), but were

only 500 K at the exit of the hallway.

To this point, the species concentrations and temperatures of the gases within the
hallway are similar to that observed in experiments without external burning. This is
expected since the global equivalence ratio and the mass flow of the gases into the

hallway was similar in the two experiments.

External burning occurred in the hallway 50-60 seconds after flashover. The burning
was difficult to observe, since it was almost entirely surrounded by the dark upper-layer
of combustion gases already present in the hallway. Burning gases were observed
crossing the hallway and traveling along the wall opposite the compartment for

approximately 2.0 m. External burning was observed to be attached to the vent.
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