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ABSTRACT

Reduced oxygen concentration environment by diluting with nitrogen (N,) is expected as
one of the alternative fire prevention and extinguishing technologies. To ensure the fire
safety under reduced oxygen concentration, it is necessary to explore the carbon
monoxide (CO) production because CO is known as a major cause of fatalities in
compartment fire. To reveal the CO production in gaseous and liquid combustion under
reduced oxygen concentration, the CO yield under oxygen-reduced condition was
investigated experimentally using a cup burner. CH, and CH3;OH were used as fuels and
supplied through the inner cup. Mixtures consisting of oxidizer (O,) and fire
extinguishing agent (N,) were issued through the outer chimney. The relative percentages
of O,/N, were varied, maintaining the total flow rate of O, + N, constant. The CO
concentration in the post-combustion mixture was measured as a function of the oxygen
concentration. In the case of CH, flame, the CO concentration was increased with
decreasing O, concentration. In contrast, in the case of CH;OH, the CO concentration
was decreased with decreasing O, concentration. The results show that the influence of
the oxygen concentration on the CO production yield in liquid combustion is apparently
different from that of gaseous combustion.
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NOMENCLATURE
A cross-sectional area of fuel cup Subscripts
My mass flow rate of fuel (g/s) f fuel
m; mass flow rate of species j (g/s) i inert component
Us  flow velocity of methane (cm/s) j chemical species
\Y volumetric flow rate (L/min) m oxygen and inert mixture
X volumetric concentration o oxygen
Greek soich  Stoichiometric condition
o} global equivalence ratio sysem  actual condition

§ yield of species j (9/g)

INTRODUCTION

Reduced oxygen concentration environment is utilized for a wide variety of purposes,
from the fire and explosion prevention to the athletic training rooms. Following the ban
of halon production, the inert gas fire extinguishing systems have also come into wide
use in the context of the spread of electronic devices and the request for eliminating the
damage by water. Furthermore, the nitrogen-enriched air, which is produced from the
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ambient air using a gas separation membrane, is expected as one of the alternative fire
prevention and extinguishing technologies [1]. To ensure the fire safety in such reduced
oxygen concentration environment, it is necessary to understand the effect of the oxygen
concentration on the behavior of compartment fires, particularly on the carbon monoxide
(CO) production because CO is known as a major cause of fatalities in compartment
fires.

It is well known that the CO production in compartment fires can be remarkably larger
than that from open fires. There are two factors that can affect the CO production in
compartment fires, ventilation and vitiation [2]. With respect to the effect of ventilation,
extensive investigation has been done on compartment fires [3] and laminar jet diffusion
flames [4] in the normal oxygen concentration condition. The previous investigation
revealed that the CO production yield is governed by the global equivalence ratio, @, that
is defined as the fuel-to-air ratio normalized by the stoichiometric fuel-to-air ratio. Beyler
[5,6] demonstrated by hood experiments for a variety of fuels that the CO production
yield shows an abrupt increase as ® approaches a value of 1.0. Tewarson et al. [7]
developed a correlation model for yields of combustion products including CO versus ©.
Tanaka et al. [8] investigated the estimation method for the CO concentration in a
methanol fire compartment. Using the measured fuel gasification rate, their results agreed
well with those of Beyler. They also concluded that the difficulty in predicting the fuel
gasification rate in a compartment is obstructing the predictability for the CO yield from
liquid-fuel fires.

On the other hand, with respect to the effect of vitiation (oxygen depletion), we can find
very few investigations in the literature. Tewarson et al. [9] investigated the influence of
oxygen concentration on flame radiation and convection. Tsuchiya and Mathieu [10]
reported that the CO yield from plywood was significantly increased at the transition
from the flaming to the smoldering by decreasing the oxygen concentration. Sega and
Sato [11] reported that the CO yield from smoldering wood was monotonically decreased
with the decrease in the oxygen concentration. For the flaming fire plumes, however, the
literature has yet to reach a generally accepted conclusion concerning the effect of
oxygen concentration on the CO yield [2,12,13].

The objective of the present study is to reveal the CO production characteristics in
gaseous and liquid flaming combustion under reduced oxygen concentration
environment. For this purpose, the cup-burner flames [14], which are most widely used in
laboratory-scale fire suppression testing, are employed because it is easy to control the
oxygen concentration precisely with well-controlled flow-field. The effect of oxygen
concentration on the CO yield of cup-burner flames is investigated experimentally. The
effects of oxygen concentration on the gasification rate and @ for liquid fuel flames are
also investigated using the cup burner. A comparison between the results of the present
study and the previously demonstrated ventilation effect will then be discussed.

EXPERIMENTAL

FRI Reduced-scale Cup Burner Apparatus

Figure 1 shows the schematic illustration of the experimental set-up. Three important
parts of the cup burner apparatus are the cup burner, the overflow-type liquid fuel
reservoir with the fuel level control device, and the O,/ N, mixture and gaseous fuel
supply system [14]. The cup burner is a coaxial diffusion flame burner. The inner cup and
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the outer chimney are Pyrex'™ glass tubes. In the present study, the cup diameter of
10 mm was employed for gaseous fuel, while that of 13 mm was employed for liquid fuel
in order to conduct the experiments under the same condition as the previous study [14].
The chimney diameter of 26 mm was employed for both gaseous and liquid fuels.

Methane (CH,) and methanol (CH3;OH) were used as gaseous and liquid fuels,
respectively, both of which were supplied through the inner cup. Mixtures consisting of
0O, and N, were issued through the outer chimney. The flow rates of O, and N, as well as
that of CH4 were controlled with mass flow controllers before introducing into the cup
burner. The O, and N, flows were mixed in a mixing chamber and in the bed of glass
beads at the bottom of the cup burner. The O, concentration, X,, in the O, + N, mixture
was varied, maintaining the total flow rate of O, + N, constant.

Sampling prove

Thermocouple \ <

A
pc Datalogger Pump =
Trap

Gas analyzer

Cup burner Mass flow controller

Methanol
Mass flow controllers Control unit \‘q .
Feeder
S| Ale
[ Mixing g1 | [ —

N,
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Fig. 1. Schematic illustration of the experimental set-up.

ontrol unit

Carbon Monoxide Concentration Measurement

The gas sampling and analyzing systems are illustrated in Fig. 1. The gas sampling
system consists of a 2 mm diameter stainless-steel tube with a thermocouple, that was
followed by a water and particulate trap and a suction pump. The sampling of the post-
combustion mixtures was conducted continuously through the sampling tube located
along the centerline of the chimney. The gas flew through the trap and then went into the
analyzing system.

The measurement of the CO concentration in the post-combustion mixtures was carried
out with a non-disperse IR gas analyzer. To ensure the complete mixing of all the species
in the post-combustion mixtures at the inlet of the sampling tube, the inlet of the
sampling tube was located far enough from the flame where the uniformity of CO
concentration was verified for both axial and radial directions. Gas temperature near the
inlet of the sampling tube was also measured with a thermocouple, and was found to be
approximately 100°C, indicating that the CO oxidation reactions were already frozen at
the sampling tube.

Fuel Gasification Rate Measurement

The experimental procedures for the measurement of the liquid fuel gasification rate are
the same as that of our previous work [15]. An electronic balance was placed under the
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fuel reservoir, and the weight of the reservoir was recorded continuously by PC
connected to the balance, during the burning period of 10 to 30 minutes with keeping the
oxygen concentration constant. The vaporization loss of fuel at the reservoir was also
measured by running the fuel feeder without burning the fuel. The fuel gasification rate at

the cup burner, m;, is then obtained as the slope of the weight reduction curve for the
burning test followed by the correction for the vaporization loss of fuel at the reservoir.

The measurements of ms were repeated at various oxygen concentrations.
RESULTS AND DISCUSSION

Flame Behavior under Reduced Oxygen Concentration Environment

Figure 2 shows the methane and methanol flame behavior under reduced oxygen
concentration environment. For the methane flames, the flow velocity of methane at the
cup exit (Us) was 5 cm/s. For both flames the flow rate of the O,/ N, mixture (V.= V, +
Vi, Vo: the volumetric flow rate of O,, V;: the volumetric flow rate of N,) was 2.0 I/min. It
is seen in Fig. 2 that both of methane and methanol flames exhibit reduced emission
intensity with the decrease in the oxygen concentration, demonstrating the suppression
effect of nitrogen that causes remarkable reduction in the flame temperature [16].

=21% =17%
CH, flame
=17% =15%
CH3OH flame

Fig. 2. Cup-burner flame behavior under reduced
oxygen concentration environment.

1016



Table 1. CO concentrations measured under
various oxygen concentrations.

CH, flame (Ur =5 cm/s, Vin = 2.0 1/min)
Xo (%) 21 19 17
Xeo (ppm) 1400 11800 12500

CH3OH flame (Vi = 2.0 I/min)
Xo (%) 17 16 15
Xeo (ppm) 15600 8700 1600

In terms of the flame height, however, the reduction in the oxygen concentration causes
the opposite result between the methane and methanol flames. That is, the methane flame
became longer whereas the methanol flame became shorter with the decrease in the
oxygen concentration. The increased flame height for methane is a consequence of
slower combustion reactions due to the reduced flame temperature. The decreased flame
height for methanol is a consequence of slower fuel gasification, which is also due to the
reduced flame temperature. The effect of oxygen concentration on the fuel gasification
rate of methanol will be discussed later.

Effect of Oxygen Concentration on the CO Yield

Variation of the CO concentration (X, in the post-combustion mixture of methane and
methanol flames with the decrease in the oxygen concentration (X,) in the O, + N,
mixture is shown in Table 1. Here, Us is the mean axial flow velocity of CH, at the top
edge of the inner cup (= V¢ / A), and V, is the volume flow rate of O, + N,. As shown in
Table 1, in the case of CH, flame, X, increases with decreasing X,. In contrast, in the
case of CH3OH flame, X, decreases with decreasing X,. This result shows that the effect
of oxygen concentration on CO yield in gaseous combustion is apparently different from
that in liquid combustion.

Figure 3 shows the variation of the CO yield as a function of the oxygen concentration in
the O, + N, mixture. Here the CO yield, &, is dpfined as Eq. 1 using the total mass flow

rate of CO, mco, and the mass flow rate of fuel, m¢ [4].

m
£co Zﬂ- (1)

It is seen in Fig. 3 that the CO vyield of methane flames is actually increased with the
decrease in the oxygen concentration, whereas that of methanol flames is reduced with
the decrease in the oxygen concentration.
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Fig. 3. Variation of the CO yield as a function
of the oxygen concentration.
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Fig. 4. Variation of the global equivalence ratio as a
function of the oxygen concentration.

Marlair et al. [13] measured the CO vyield for pyridine flames as a function of O,
concentration at constant values of @, by adjusting the air flow rate. Their results show
that the CO vyield is increased with the decrease in the oxygen concentration, which is in
contrast with the present methanol results. Because Vy, is kept constant in the present
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work, @ is not constant but varied with the variation in the oxygen concentration. Thus
we next examine the influence of oxygen concentration on ®.

Effect of Oxygen Concentration on the Global Equivalence Ratio

Figure 4 shows the variation of ® as a function of the oxygen concentration in the O, +
N, mixture. @ is defined as Eq. 2 using the volume flow rate of fuel, Vs, and V, for actual
(subscript 'system') and stoichiometric (subscript “stoich’) conditions.

V V.
5 B >
0 /system 0 /stoich

Vs for the methanol flames was calculated from the measured fuel gasification rate, m,
directly. Also plotted in Fig. 4 are the literature data for n-heptane and ethanol measured
with the standard-size cup burner apparatus in which the cup diameter is 30 mm and the
chimney diameter is 85 mm, at a constant air flow rate of 40 I/min [15].

All the three liquid fuels in Fig. 4 show significant reduction in @ with the decrease in the
oxygen concentration, whereas methane shows remarkable increase in @ with the
decrease in the oxygen concentration. This result shows that the effect of oxygen
concentration on @ in gaseous combustion is again apparently different from that of
liquid combustion. In the present study, both the methane flow velocity, Us, and V,, are
kept constant when varying the oxygen concentration. Thus with the decrease in the
oxygen concentration for methane flames, ® necessarily increases. On the other hand, for
the liquid fuel flames, it is difficult to predict the variation of ® because the fuel
gasification rate is dependent on the rate of heat transfer from the flame to the pool
surface. The opposite effect of the oxygen concentration on the CO yield between
gaseous- and liquid-fuel flames, that is demonstrated in Fig. 3, can be explained as a
consequence of the reverse variation in the global equivalence ratio, which is increased
with decrease in the oxygen concentration for the gaseous-fuel flames whereas decreased
for the liquid-fuel flames due to the remarkable reduction in the fuel gasification rate.

The significant reduction in the fuel gasification rate with decreasing ambient oxygen
concentration observed in the present study is consistent with experimental results for
other fuels published by the previous workers [2,9,13,17,18]. For example, it was
observed for polymethyl methacrylate (PMMA) pool by Santo and Tamanini [17]. They
attributed their results primarily to the decrease in soot concentration, based on the
observation that the flame radiation also decreased significantly. It is, however, known
that the primary effect of nitrogen in fire suppression is the reduction in flame
temperature [15]. Accordingly we suggest the reduced flame temperature as the primary
cause of both the present liquid-fuel results and the PMMA results of Ref. 17.

We note that the apparent differences between gaseous fuel flames and liquid fuel flames
shown in Figs. 3 and 4 are not inherent to the difference in the physical state of the fuel
itself, but in physical laws governing diffusion flames. In the case of gaseous fuel flames,
the flame behavior is solely determined by the gas flow introduced into the burner. In the
case of liquid fuel flames, the flame behavior is self-regulated through the heat feedback
from the flame to the pool surface, which governs the vaporization and/or pyrolysis of the
fuel. As the heat feedback is clearly affected by the oxygen concentration, a more
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complex situation is taking place for liquid fuel flames that, in the present experiments,
causes the results contrary to those for the gaseous fuels as shown in Figs. 3 and 4.

Relationship between the CO Yield and the Global Equivalence Ratio

We next examine the applicability of @, that has been employed to describe the effect of
ventilation on the CO vyield, to the prediction of the CO yield under reduced oxygen
concentration environment. Figure 5 shows the variation of the CO yield measured in the
present study with varying the oxygen concentration, as a function of ®. Also plotted in
Fig. 5 are the methane data reported by Leonard et al. [4], that were obtained at a
constant oxygen concentration with varying the ventilation condition.
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Fig. 5. Variation of the CO yield as a function
of the global equivalence ratio.

It is seen in Fig. 5 that the CO yield measured in the present study exhibits abrupt
increase near ® = 1, regardless of the fuel type of gas or liquid. The results in Fig. 5 show
that the effect of the oxygen concentration on the CO vyield for both the gaseous- and
liquid-fuel flames is qualitatively consistent with the previously-observed relationship
between the CO vyield and @ varied with the ventilation condition at a constant oxygen
concentration. It suggests that the ventilation effect and the vitiation effect on the CO
yield in compartment fires are essentially the same. This implies that the CO yield under
reduced oxygen concentration environment can also be predicted using the global
equivalence ratio variation. However, these suggestions are rather speculative and have
yet to be examined carefully. The previous experimental results for pyridine [13] showed
that the CO vyield varied remarkably even at a constant ® when the O, concentration was
varied. It suggests that the velocity of the flow entrained into the flame would also affect
the CO yield as well as the O, concentration and ®. As it is impossible to vary the O,
concentration with both ® and V,, kept constant in the present experiments, the
conclusion can be only qualitative in the present stage. Recognizing that the inert
component in the reduced oxygen concentration environment contributes to the reduction
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in the flame temperature, further investigation should be conducted for quantitative
comparison between the ventilation effect and the vitiation effect.

CONCLUSIONS

To clarify the characteristics of the CO production in gaseous and liquid combustion
under reduced oxygen concentration, the CO production yields under oxygen-reduced
conditions were measured experimentally using a cup burner. The following conclusions
were obtained:

1. In the case of gaseous-fuel flames, the CO yield is increased with decrease in the
oxygen concentration. In contrast, in the case of liquid-fuel flames, the CO yield is
decreased with decrease in the oxygen concentration.

2. The opposite effect of the oxygen concentration on the CO yield between gaseous- and
liquid-fuel flames is a consequence of the reverse variation in the global equivalence
ratio, which is increased with decrease in the oxygen concentration for the gaseous-fuel
flames whereas decreased for the liquid-fuel flames due to the remarkable reduction in
the fuel gasification rate.

3. The effect of the oxygen concentration on the CO yield for both the gaseous- and
liquid-fuel flames is qualitatively consistent with the previously-observed relationship
between the CO vyield and the global equivalence ratio that was varied with the
ventilation condition at a constant oxygen concentration. This implies that the CO yield
under reduced oxygen concentration environment can also be predicted using the global
equivalence ratio variation.
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