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ABSTRACT

Experiments concerning properties of large diffusion flames burning steadily in
a vitiated atmosphere under conditions similar to those which may arise in a room
fire are described. The effects of vitiation on the products of combustion and flame
lengths, and the extinction limits are described for natural gas and ethylene diffusion
flames stabilized on 8.9-, 19- and 50-cm pool-type burners. As vitiation was increased
and the flame extinction limit was approached, the flame length increased slightly.
Close to the limit, radiation from soot in the flame became imperceptible, leaving
only a weakly luminous blue flame. Even with significant reductions in both the
flame height and luminosity near the limit conditions, the hydrocarbon fuels were
completely oxidized in the flame to water and carbon dioxide and no measurable
concentrations of products of incomplete combustion were produced. A comparison of
limiting oxygen concentrations and limiting flame temperatures for these experiments
with the results of other investigations shows reasonably good agreement despite widely
varying experimental techniques. These results are contrasted with those obtained in
the unsteady situation which arises when a large buoyant diffusion flame burns in an
enclosed space such that the upper part of the flame is in a strongly vitiated layer
composed of a mixture of air and products of combustion, and the lower part in fresh
air.

INTRODUCTION

Combustion in a room fire can occur in the three idealized modes. In the first
mode, the flame is surrounded by unvitiated air. During the development of the fire
in an enclosure, a stratified layer of vitiated gas may be formed at the ceiling and its
thickness will grow in time if this space is not ventilated. The flame is in the second
mode when the region of flaming combustion intrudes into this vitiated gas layer; then,
part of the flame will entrain pure air and part vitiated gas. The third mode is reached
when the vitiated ceiling layer descends below the base of the fire and the entire flame
is immersed in an ambient gas which is vitiated. The properties of the flames and
combustion products produced in these modes of combustion will depend on a number
of parameters some of which are discussed by Zukoski [1].
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In the first mode, the generation of incomplete combustion products is very small
[2] and in the second, the generation of incomplete combustion products begins to be
rapid [3-6] when the oxygen content of the upper layer falls below a mole fraction
of roughly 0.05. The aim of the present work was to study the combustion products
produced by large, buoyant diffusion flames which burn in the third mode. We are
also interested in the dependence of the flame length on the degree of vitiation and
on the limiting oxygen concentration which will cause the extinction of some typical
gaseous fuels stabilized on large burners used to model accidental fires.

The results discussed here involve experiments in which air is supplied to the
top of a large hood at a steady rate and gaseous fuel, to a burner flame, again at
a fixed rate. The burnt gas is removed from the hood at a level well below that of
the burner surface and after the properties of the gas within the hood have reached
a steady condition, the composition of the gas within the hood and the flame lengths
are measured. This process is repeated until the flammability limit can be defined.

Many previous investigations of flammability limits of diffusion flames have been
carried out [7-14] and are reviewed elsewhere [15]. The new features of this work
include the use of large-scale diffusion flames in a test in which some features of room
fires are present, the dilution of the air with the products of combustion, and the
determination in detail of the products of combustion and flame length as a function
of the oxygen concentration up to the extinction limit.

EXPERIMENTAL METHOD

Gaseous fuel is supplied to a burner on which the fire is stabilized on a 5-cm deep
porous bed of 6.3-mm diameter spherical glass beads. Data is presented from exper
iments conducted with 8.9-, 19-, and 50-cm diameter burners of similar construction
using natural gas fuel. The burner surface is submerged into the interior volume of
a bare-metal hood measuring 1.83-m square by 1.83-m tall. Air is supplied near the
top of the hood through a network of 2.54- ern diameter copper supply lines with 365
evenly spaced 1.6-mm diameter holes on 2.54-cm centers and products of combustion
escape from the open bottom of the hood. The injected gas is aligned with the mean
streamline of the plume induced flow. Excess combustion products mixed with the
added air are allowed to spill out beneath the edges of the hood and thus produce a
well-defined interface between the recirculating vitiated gases inside the hood and the
cool, uncontaminated room air. In these experiments, the burner surface is positioned
at least 30 ern above this interface.

Gas samples are continuously withdrawn through a 9.5-mm diameter stainless
steel tube inserted into the upper layer at an elevation roughly in the middle of the
hood between the air addition network and the burner surface. An aspirated chrornel
alumel thermocouple is mounted at the entrance of the probe and is shielded from
external radiation. Experiments have shown that the composition of the gases within
the hood are uniform over all elevations and that a slight vertical temperature gradient
exists both with and without air addition [6]. Gas samples withdrawn from the hood
are carried by a 6.4-mm copper line to an ice bath where the water vapor is removed,
followed by a O.I-fLm filter for the removal of soot particles from the sample. The
sample is then fed directly into the sample loop of a gas chromatograph for analysis.
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More details about the chromatographic technique can be found in [6J. Results of tests
with methane (natural gas) and ethylene will be reported here.

Measurements were taken in natural gas fires ranging from 15 to 31 kW and
ethylene fires from 14 to 20 kW. The experimental technique was to adj ust the fuel flow
rate to provide the largest flame height which would not extend into the air addition
region of the hood. The air addition rate was set to provide more than enough air to
support the combustion of the fuel. After allowing the composition and temperature
inside the hood to reach a steady state (at least 25 to 30 minutes), a chemical sample
and a two-minute video movie at 30 frames per second were taken. The fuel flow rate
was then incrementally increased and the measurement process described above was
repeated until further increases in the fuel flow rate would cause the extinction of the
fire. Finally, after holding conditions very close to extinction for 20 minutes, a final
data set was obtained. Changes in fuel-air parameters were made smaller as the flame
extinction limit was approached and the value of the oxygen mole fraction at the limit
was determined with an uncertainty of less than 1%.

Flame lengths were obtained by making measurements of instantaneous flame
length and defining the time-averaged flame length as the distance above the burner
such that the flame spent 50% of the time at larger and smaller heights.

RESULTS AND DISCUSSION

Flame Characteristics: As the oxygen mole fraction was decreased and condi
tions approached the limit of flammability, soot production in the flame stopped and
very close to the limit, lifted flames were observed.

The most striking observation of these fires near the limit of flammability was
that radiation from soot in the reaction zone became imperceptible, and the regions
of combustion were marked only by a weakly luminous blue flame. However, even
extended periods of burning at these conditions did not produce an observable deposit
of soot on the hood's interior, nor was the presence of soot detected in the O.l-Jlm
filter of the sample line. This behavior has been documented in previous studies for
both diffusion flames [9], and premixed flames near extinction [2].

Measurements of the heat release rates in premixed methane and ethane fires by
Tewarson [12] showed that 93 to 95% of the heat release was convective when the
flames were "non-luminous," in comparison with values of 50 to 75% convective heat
release when soot was produced. The absence of visible radiation from soot in the
flames and the complete suppression of soot production are most probably due to a
decrease in the temperature of the reaction zone as the degree of vitiation is increased.

Near the limit condition, the flames lifted from the burner surface and were typi
cally attached to only a small portion of the burner rim; flame geometry and attach
ment fluctuated strongly. In the case of the ethylene fires it was possible to adjust the
fuel flow rate so that the burning was no longer stabilized on the burner bed, but was
stabilized at a distance of 10 to 15 em above the burner surface.

Combustion Products: Experiments were carried out with 8,9-, 19- and 50-cm
diameter burners with natural gas fuel and with the 19-cm burner for the ethylene
fuel. In all of the experiments using natural gas and ethylene fuel the concentration of
carbon dioxide and water were present in stoichiometric proportions and no unburnt
fuel, carbon monoxide or other product of incomplete combustion could be measured
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even for condition closest to the limit of flammability when soot production had been
stopped and lifted flames were observed.

The chromatographic technique employed here allowed the measurement of con
centrations less than 250 parts per million for these species so their production rates
even in the most extreme condition was small. These results show that despite the
gross changes observed in the character of the fire, the combustion of the natural gas
and ethylene was complete at least to the limitations of our measurement technique.
Tewarson [2] also found negligibly small amounts of carbon monoxide and total hydro
carbons in the product gases of non-luminous premixed methane and ethane flames
near extinction.

Product-layer gas temperatures in the experiments using natural gas fuel rang
ed from 120 to 240 oC and those for ethylene ranged from 1.05 to 155 oC, In both
cases, as the fuel flow rate was increased and limiting conditions were approached, the
temperature of the product gases within the hood continued to increase. We believe
this was due not only to an increase in the rate of chemical energy release, from the
increased fuel flow rate, but also from a reduction in energy losses by radiation from
the soot.

At conditions nearest extinction, it was possible to adjust the fuel flow rate so
that the non-luminous ethylene flames were balanced 10 to 15 cm above the burner
surface. With no alteration to the fuel or air addition rates, it was possible to main
tain this limiting condition much longer than the residence time of the gas within the
hood (based on fluid-mechanical considerations). In contrast, when natural gas fires
at limiting conditions detach from the burner surface, the flames travel slowly upward
away from the burner by as much as 3 to 4 burner diameters (for the 19-cm diameter
burner) before complete extinction occurs. Lockwood [13] reported similar observa
tions for methane and propane fueled fires driven close to the extinction limit by the
addition of nitrogen gas to the air and attributed this behavior to the flame following
a region of hot gas with greater oxygen content. Even under these extreme conditions,
no unburnt fuel was observed in the product gases.

Flame Length: Measurements are being made of the effects of vitiation on the
lengths of diffusion flames burning in a vitiated atmosphere. Elementary analysis
often assume that the length of the flame is fixed by the distance required to entrain
an amount of oxygen which corresponds to some multiple of that required to produce
a stoichiometric fuel-air mixture in the fire plume. This simple idea suggests that the
flame length should increase with the degree of vitiation and should be increased by
factors up to 2 for conditions near the extinction limits.

However, our current measurements show that the flame length increases very
slowly as the degree of vitiation approaches the flammability or stability limit. Time
averaged flame lengths were found to be a linear function of oxygen mass fraction and
the decreased about 5% as the mass fraction of oxygen increased from the extinction
limit to the value in air. This increase with increasing oxygen content was not tem
perature dependent for ambient gas temperatures in the 300 to 600 oK range. This
discussion of flame lengths does not include lifted flames which were observed near
limit phenomena, but does include flames in which no soot was formed.

The observed trend of the flame length data may be accounted for at least in part
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by the reduced relative buoyancy of the fire plume which results from the increased
temperature of the ambient gas. For example, when the gas temperature in the hood
is increased from 300 to 600 oK the ratio of the density of the ambient gas to the mean
density of the gas within the plume is decreased by roughly a factor of 2.

Extinction Limits: Extinction limits were determined for the 8.9-, 19- and 50
ern diameter burners with natural gas fuel and with the 19-cm burner for the ethylene
fuel by the method described above. The results, given as the mole fraction of oxygen
in the vitiated atmosphere at the limit are tabulated in Table 1 for natural gas and
ethylene fuels, and are compared with results obtained in other and quite different
experiments in Tables 2 and 3.

TABLE 1. Comparison of Measurements for Methane Fires

Fuel D Qc mair mfuel Ta Yo,
type cm kW gls gls K mole fro

Natural 8.9 23 27.9 0.49 464 0.143
gas 19 28 27.4 0.59 472 0.132

50 37 34.5 0.77 512 0.124

Ethylene 19 14 8.3 0.29 409 0.106

Note: D is the burner diameter and the flow parameters at the extinction limit
are: Qc, the chemical heat release rate of the fire based on the fuel flow rate; mair and
mfueh the air and fuel flow rates to the hood; Ta, the temperature of the ambient gas;
and Yo" the mole fraction of oxygen.

TABLE 2. Comparison of Measurements for Methane Fires

Diluent Limit O2 Limit Temp Burner Size Ref

Combustion 0.1242 1492 °C 50 cm dia Present
Products 0.1321 1564°C 19 ern dia Study

0.1428 1655°C 8.9 em dia

Nitrogen 0.121 Premixed [7]
0.129 Premixed [8]
0.139 1518°C 1.6 to 4.1 em dia [9]
0.1446 1538 °C 25 to 30 em dia [13]

Carbon 0.146 Premixed [7]
Dioxide 0.157 Premixed [8]

0.1789 1500°C 25 to 30 em dia [13]

Argon 0.1275 1574 °C 25 to 30 ern dia [13]
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TABLE 3. Comparison of Measurements for Ethylene Fires

Diluent Limit O2 Limit Temp Burner Size Ref

Combustion 0.1060 1490°C 19 em dia Present
Products Study

Nitrogen 0.100 Premixed [7]
0.100 Premixed [8]
0.105 1335 °C 1.6 to 4.1 em dia [9]

Carbon 0.117 Premixed [7]
Dioxide 0.124 Premixed [8]

The present experiment measures the limiting condition at which a diffusion flame
could be stabilized on the burner and hence could also be described as a stability limit
rather than a flammability limit. Unfortunately, making a meaningful distinction be
tween these two phenomena is very difficult and is a common problem for many of
the methods used to determine flammability limits for diffusion flames since flowing
streams of air are usually used [7-10]. Consequently, extinction or flammability limits
for diffusion flames do depend on the type and scale of the apparatus, and flow veloc
ities used in the tests. For example, see the discussions in Simmons and Wolfhard [9]
and in the review article of Coward and Jones [8]. Given small fuel velocities at the
burner surface (as low as 3 uuxi]« for the 50-em burner) and the corresponding low
momentum flux of the fuel and entrained ambient gas used in these tests, we expect
that the influence of these fluid dynamic parameters is not larger in these tests than
for other methods.

Measurements made with small-scale techniques also have shown that the limits
depend on the temperature and humidity of the ambient atmosphere [8,9] and these
parameters were not controlled in the experiments discussed here. The humidity of
the vitiated atmosphere used in the current tests depends primarily on the degree of
vitiation and not on the moisture present in the unvitiated atmosphere. The temper
ature of the ambient atmosphere in the hood ranged from 400 to 500 oK, and was
high enough to produce some variation in the limits. This temperature dependence is
being investigated.

The test conditions at the extinction limit for three examples are given in detail
in Table 1. As expected, the limits do depend on burner scale, compare the 8.9- and
19-cm burner data for natural gas, and may also depend on the temperature of the
ambient gas. For example, extinction limits for natural gas decrease as burner size
increase. For these three tests, the initial momentum flux of the fuel decreased by a
factor of about 12 and thus the limits obtained were not a sensitive function of the
momentum flux. Other fluid dynamic parameters which changed as the diameter is
changed were the fluid velocity and the radiant heat transfer to the burner surface,
which may also playa role by influencing the burner temperature and hence the initial
buoyancy of the fuel.

Comparisons of the measurements of the present study to those of other investiga-
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tions are presented in Tables 2 and 3 for methane and ethylene fuels, respectively. The
limiting oxygen measurements are expressed in terms of mole fractions and correspond
to the most fuel-rich conditions which continued to support the combustion process.
Assuming that under limiting conditions the fuel and oxidant meet in stoichiometric
proportions in the reaction zone of a diffusion flame, a limiting flame temperature can
be approximated by the adiabatic flame temperature for a stoichiometric mixture of
fuel and vitiated gases. Experiments by Diedrichsen and Wolfhard [16] have shown
that the error introduced by this approximation is small.

Our limiting oxygen measurements for the methane fires show good agreement
with the other measurements taken in nitrogen diluted environments, and less so when
other diluents are used. This result is reasonable since the composition of the diluent
gases in our vitiated environment was primarily nitrogen (85% N2 , 10% H2 0 , 4% CO2 ,

and 1% Ar for the limiting experiment with the 19-cm diameter burner) and hence the
specific heats of the mixture are not greatly different from that of nitrogen. Differences
in the limiting flame temperatures may be due to the presence of some water vapor
and carbon dioxide in the oxidant supporting the combustion. The results of the
experiments with ethylene fuel agree remarkably well for all of the studies listed in
Table 2, despite the widely varying experimental techniques. Again, differences in the
limiting flame temperatures may be due to the water vapor and carbon dioxide content
of the vitiated environment.

These results suggest that flammability measurements taken in small-scale lami
nar flames can be used as a good first approximation to flammability limits for large
diffusion flames burning in vitiated atmospheres produced in accidental fires. The
extent of the agreement between the measurements of this study and those of other
experimental approaches is encouraging, however, the limited evidence with these sim
ple fuels may not be indicative of more complex fuels and small-scale measurements
for the purposes of predicting large-scale behavior should be used with caution. In
particular the dependence on ambient gas temperature needs to be clarified.

APPLICATIONS TO FIRE MODELS

The three modes of burning identified in the above discussion were steady state
situations which were not influenced by the development of the upper, vitiated layer.
The growth of thickness of the vitiated layer in an enclosure fire, which fixes the times
for transition from modes 1 to 2 and then to 3, depends in detail on the ventilation
of the enclosure, the room geometry, heat transfer to the walls, and the location
and growth rate of the fire. Considerable concentrations of incomplete products of
combustion may be produced when combustion occurs in mode 2 and the simple
picture of extinction, presented by our discussion of the steady state fires, must be
examined to determine whether or not it is applicable to more realistic situations.

For the gaseous fuels we have studied, the production of incomplete combustion
products does not occur in mode 2 until the concentration of oxygen in the upper layer
falls below 0.05 mole fraction where as the extinction limit is reached when the mole
fraction is still above roughly 0.12. Thus, the flame will only continue to burn after the
transition between Regimes 2 and 3 when concentrations of incomplete combustion in
the upper layer are still very small. For these fires the discussion of extinction given
above appears to be valid. Should the concentration of oxygen in the layer be less than
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0.05 mole fraction, products of incomplete combustion will be generated in mode 2, but
the extinction of the flame will occur as soon as the interface passes a short distance
below the base of the flame. Hence, the presence of incomplete combustion products
in the vitiated gas will not affect the extinction process as long as the entrainment of
air from below the interface is stopped by the passage of the interface.

Thus, the key issue concerning extinction is not the presence or absence of incom
plete combustion products in the upper layer, but the interruption of the entrainment
of oxygen from beneath the interface. Preliminary measurements suggest that this
entrainment continues until the interface is one half to one diameter below the base of
the burner. However, this issue is still being investigated.

For some conditions of ventilation, the transition between modes 2 and 3 will oc
cur very slowly and the interface will remain close to the base of the flame rather than
moving rapidly below it. This possibility exists because of the very strong interaction
between the level of the interface relative to the base of the fire and parameters con
trolling the pyrolysis rate of solid or liquid fuels, the heat release rate of the fire, and
the ventilation of the upper layer. Under some conditions, the level of the interface has
been observed to oscillate about the base of the flame without causing extinction. This
condition can cause combustion to occur under the conditions corresponding to mode
2 and large concentrations of incomplete combustion products will be produced. For
these conditions, our model for extinction will not be applicable because the interface
level will not clearly descend below the base of the fire to shut off entrainment from
the lower layer.

CONCLUSIONS

Natural gas (primarily methane) and ethylene fires burning in reduced-oxygen
environments with conditions near the limit of flammability were investigated. De
spite significant changes in the characteristics the flames, the combustion process was
complete even under limiting conditions. As the vitiation of the ambient atmosphere
and its temperature were increased and extinction conditions were approached, flame
heights increased slightly. Near the limit, the radiation from soot particles disappeared
and soot production was apparently suppressed.

Measurements of chemical species produced in fires at the extinction limit showed
that levels of residual fuel and carbon monoxide were always less than 250 parts per
million.

A comparison of experimental measurements of the limiting oxygen concentra
tions for premixed flames, small-scale diffusion flames, and large-scale diffusion flames
suggests that minimum oxygen levels required to sustain combustion are primarily
dependent on the fuel type and diluents present, and are much less sensitive to the
burner configuration. Flammability results obtained in small- scale flames with nitro
gen as a diluent are similar to those obtained here in large-scale tests when air mixed
with combustion products was used as the ambient fluid.

The results obtained here can be used in two-layer room-fire models as long as the
interface, separating the upper vitiated layer and lower unvitiated layer, moves past
the base of the fire far enough to shut off the entrainment of oxygen from the lower
layer into the fire plume.
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