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ABSTRACf

Carbon monoxide concentrations and mixture fractions were measured in the fuel-lean
(overfire) region of turbulent acetylene, propylene, ethylene, propane and methane diffusion
flames burning in still air. Three burners (having exit diameters of 5, 50 and 234 mm) were
used to study conditions ranging from buoyant jet flames to pool-like fires. Carbon monoxide
generation factors (mass of CO emitted per unit mass of fuel carbon burned) were uniform
throughout the overfire region for a given flame condition. Additionally, CO generation
factors of sooting fuels approached asymptotic values for flame residence times roughly an
order of magnitude longer than the normal smoke point residence time, similar to earlier
measurements of soot generation factors for similar conditions. Finally, processes of carbon
monoxide and soot emission appear to be closely related due to the good correlation between
their emission factors in the asymptotic regime: 0.34 (standard deviation of 0.09) kg CO/kg
soot. However, nonsooting methane/air flames still emitted low levels of CO so that there is a
component of CO emissions that is not associated with soot. KEYWORDS: Fire Physics,
Toxic Hazard

INTRODUCTION

The objective of the present investigation was to study the emission of carbon
monoxide from buoyant turbulent diffusion flames representative of overventilated natural
fires, and to examine whether there is a relationship between carbon monoxide and soot
emissions from these flames. There are two main motivations for the work. First of all,
carbon monoxide and soot represent major hazards of fire environments: inhalation of carbon
monoxide is a major cause of fatalities in fires, while the presence of soot obscures fire
fighting efforts and increases flame spread and burning rates due to increased radiation from
soot. Secondly, past studies suggest a correspondence between carbon monoxide and soot
emissions [1-5], that has important implications concerning materials properties for improved
fire safety and a better fundamental understanding of the phenomena causing these emissions.
Thus, the present study of CO emissions was combined with a companion study of soot
emissions for similar test conditions [6] to examine this correspondence.

Gas species and soot concentrations within flames provide the setting for their
emissions. For buoyant turbulent diffusion flames, that generally have modest stretch rates,
this information is most concisely represented by the laminar flamelet concept due to Bilger
[7]. He found that existing measurements of the concentrations of major gas species within
laminar propane and n-heptane flames could be correlated solely as a function of mixture
fraction (or fuel-equivalence ratio) for a particular fuel/air combination over a wide range of
burning rates. He also proposed using these correlations (called state relationships) to
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estimate compositions from mixing levels in turbulent flames - treating them like wrinkled
laminar flames. Subsequent evaluation of the laminar flamelet concept for buoyant turbulent
diffusion flames was reasonably successful, see [8] and references cited therein, while recent
work has found generalized state relationships for hydrocarbon-air flames based on laminar
flame measurements for a wide variety of fuels [9]. These generalized state relationships
show that species concentrations approximate thermodynamic equilibrium for fuel-lean
conditions but that processes of fuel decomposition and soot chemistry yield relatively
universal departures from equilibrium for near-stoichiometric and fuel-rich conditions. This
involves levels of CO significantly higher than equilibrium for fuel-rich conditions, which is
probably the main reason for large CO emissions from underventilated fires [2]. However,
these correlations yield negligibly small concentrations of CO at low fuel-equivalence ratios,
agreeing with equilibrium predictions [9] as well as computations based on relatively complete
chemical mechanisms [10]. Additionally, state relationships for carbon monoxide/air flames
themselves exhibit negligible concentrations of CO for fuel-lean conditions [11].

Notwithstanding the state relationships, it is well known that CO is emitted from
turbulent hydrocarbon/air diffusion flames [1-5]. One reason for this discrepancy is that state
relationships usually are measured using gas chromatography having limited sensitivity so that
the small CO concentrations of emissions are not resolved. However, recognizing the
association between CO and soot emissions [1] provides an explanation accounting for
predictions of low CO emissions [9,10] as well. In particular, state relationships are usually
measured normal to laminar flame surfaces, rather than through the flame tip, to reduce
problems of sampling probe clogging with soot [7-9]. Similarly, computations of flame
structure ignore the presence of soot due to limited understanding of soot chemistry [10].
Thus, the CO emitted from hydrocarbon diffusion flames may simply be accompanying the
soot being emitted from the tips of laminar flames and turbulent flamelets. This is supported
by measurements of soot volume fraction state relationships in laminar flames which show the
presence of a soot layer (or soot spike) just on the fuel rich side of stoichiometric - a region
also involving maximum CO concentrations [8,9]. Then, since CO and soot oxidation are
somewhat similar, e.g., soot generally oxidizes to CO as a first step and OH plays a strong
role in oxidizing both CO and soot, incomplete oxidation of soot implies analogous behavior
for CO. Quenching due to heat losses by continuum radiation from soot may also be a factor.
Correlations between instantaneous temperatures and soot concentrations in turbulent flames
exhibit lower temperatures in the soot layer for fuels having higher soot concentrations [12].
Then reduced rates of oxidation of CO at lower temperatures would help explain the trend of
increased CO emissions with increased soot emissions for turbulent diffusion flames [1-5].

Earlier work in this laboratory examined soot emissions from turbulent diffusion
flames [6]. It was found that the soot generation factor, Tls, defined as the mass of soot
emitted per unit mass of fuel carbon burned (note that this definition differs from soot yield,
which is the mass of soot per unit mass of fuel burned, that has been used by others [2,3]),
was relatively independent of position in the overfire (fuel-lean) region. This indicates both
passive mixing of soot in the overfire region, and uniform conditions in the soot layer when
chemical reactions are quenched at all points along the flame surface. Additionally.vn;
increased with increasing flame residence time but eventually reached asymptotic values for
residence times roughly an order of magnitude longer than the normal smoke point residence
time. Thus, the objective of the present study was to see whether the carbon monoxide
generation factor, nco. defined as the mass of CO emitted per unit mass of fuel carbon
burned, behaved in the same manner as 11s, and whether there was a correspondence between
nco and 11s· The experiments involved the same test conditions as [6] for acetylene,
propylene, ethylene and propane flames burning in air so that information on 11s, was
known. The present study also considered methane/air flames, as a limit, because they
emitted no soot for present test conditions.
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EXPERIMENTAL ME1BODS

Apparatus. The test apparatus is described in [6]. The experiments involved vertically
upward injection of fuel in still air within a large enclosure (2.4 x 2.4 x 3.6 m high) with the
exhaust products removed through a hood at the top. Three water-cooled burners, having exit
diameters, d, of 5, 50 and 234 mm, were used to provide a variety of flame conditions. The
flames attached naturally on the 50 and 234 mm diameter burners but a small coflow of
hydrogen was needed to attach the flames on the 5 mm diameter burner.

Instrumentation. Earlier measurements [6], included: flame heights and residence
times, mean soot volume fractions, mean mixture fractions, and radiative heat loss fractions.
During the present investigation, both CO concentrations and mixture fractions were measured
with a sampling probe. Only the CO measurements will be discussed in the following because
other measurements were identical to [6].

Measurements were made in the far-overfire region (mean fuel-equivalence ratios less
than 0.1 and mean temperatures less than 500 K), where relationships between mean and
instantaneous scalar properties in turbulent flames are the same [6]. Carbon monoxide
concentrations were measured using an NDIR instrument (Beckman, Model 867). The
sample was dried and filtered before entering the analyzer to minimize uncertainties from the
presence of water vapor and particulates. Experimental uncertainties (95% confidence) of the
CO measurements were dominated by limited sensitivity due to overlap of the infrared gas
bands of CO and C02 and finite sampling times. They are estimated to be less than 10% for
concentrations greater than 10 ppm, increasing inversely with concentration for lower values.
Uncertainties of the mixture fraction measurements were the same as [6]: less than 10% for the
concentration of major gas species and less than 20% for mixture fractions.

Test Conditions. Test conditions are summarized in Table 1. Reynolds numbers, Re,
are based on burner exit conditions and will be used to identify particular flames. Flames for
the 5 mm diameter burner were buoyant jet flames; the remainder were highly buoyant and
approximated pool-like fires. All the flames were turbulent, except near their base, in spite of

the low initial Reynolds numbers of the pool-like fires. Heat release rates, Qf, were in the
range 2.3-33.5 kW with flame heights, L, of 165-1050 mm. Residence times, tr, were
measured as the time between ending the burner flow (with a shutter) and the disappearance of
all flame luminosity: additional discussion of these measurements as well as correlations of
flame lengths and residence times for the pool-like fires can be found in [6]. (Note that there
is an error in the tr correlation of [6]: both the ordinate of Fig. 4 and the coefficient of Eq. (4)
should be divided by 1000). Radiative heat loss fractions, qr, normal smoke point flame
lengths, Ls, and normal smoke point residence times, ts, are also given in Table 1 for each
fuel, except for methane where L, and ts are unknown because these flames become turbulent
without emitting soot using existing methods to determine these properties. Typical of
buoyant flames [13], the radiative heat loss fractions of the flames varied with the fuel but not
the flame operating condition. Present values of L, are similar to Schug et al. [14] with slight
differences attributed to somewhat different flame operating conditions [6]. Carbon monoxide
concentrations were measured in the far-overfire region: at the axis and r/x == 0.08, where r is
radial distance and x is height above the burner exit; with x/d in the range 6.65-395.

RESULTS AND DISCUSSION

CO Emissions. Earlier measurements of soot properties using the present 5 mm
diameter burner showed that the hydrogen coflow used to attach the flames at the burner exit
affected soot concentrations [6,8J. Similar behavior was encountered for the CO
measurements. Results illustrating this effect are illustrated in Fig. 1, where soot volume
fractions, fs, and mole fractions of CO, Xeo, a~e plotted as a function of the ratio ~f
hydrogen-to-fuel mass flow rates to the burner, mH:!mf, for propylene and ethylene/air
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flames. Results for finite mH2 have been linearly extrapolated to estimate properties with no
hydrogen coflow while fs and Xeo are normalized by these extrapolated values. Note that
conditions at higher hydrogen flow rates only were used to calibrate effects of hydrogen flow.

TABLE 1. Summary of test conditions''

d(mm) Re Qr(kW) L(mm) tr (ms)

Acetylene (qr =56-61 %, L, =30 mm, ts = 14 ms):
5, 50 105-8770 2.3-18.0

Propylene (qr =40-46%, L, = 36 mm, ts = 16 ms):
5,50,234 190-22800 2.9-33.5

Ethylene (q- =33-40%, Ls = 135 mm, ts =41 ms):
5,50,234 120-15900 2.0-24.5

Propane (qr = 25-28%, L, = 169 mm, ts =48 ms):
50,234 200-1950 3.4-32.7

Methane (q, = 19%):
50,234 105-1060 2.3-23.8

300-550

305-815

265-790

340-1050

230-700

57-295

91-600

89-360

214-660

123-267

aVertical fuel injection in still air at normal temperature and pressure. Measurements along
axis and at r/x = 0.08. Flame length and residence times found from measurements and
correlations of [6].
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FIGURE 1. Effect of hydrogen addition
on CO concentrations and soot volume frac­
tions in the fuel-lean region of propylene
and ethylene/air diffusion flames.

FIGURE 2. CO concentrations in the
fuel-lean region of acetylene and alkene/
air diffusion flames.
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The effect of hydrogen addition on soot and CO emissions seen in Fig. 1 is
remarkably linear with increased mH2 tending to reduce emissions; therefore, linear
extrapolation to mH2= 0 has been used in the following to estimate fs and XeD in the absence
of hydrogen coflow. Another interesting feature of these results is that the effect of hydrogen
addition is virtually the same for fs and XeD for each of the fuels.

Carbon monoxide concentrations (corrected for mH2 for the 5 mm diameter burner) in
the far-overfire region are plotted as a function of mixture fraction, f, in Fig. 2 for acetylene
and the alkenes and in Fig. 3 for the alkanes. Gas temperatures are low in the region where
measurements were made so that passive mixing is indicated by a linear relationship between
XCO and f, see [6] for quantitative evaluation of this approximation. Correlations of this
behavior fitted to match results at long residence times, to be discussed later, are also
illustrated on the figures for reference purposes.
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FIGURE 3. CO concentrations in the fuel­
lean region of alkane/air diffusion flames.

FIGURE 4. CO generation efficiencies
as a function of residence time for turbu­
lent alkane, acetylene andalkene/air dif­
fusion flames.

Carbon monoxide concentrations plotted in Figs. 2 and 3 exhibit more scatter at a
given value of f, as flame operating conditions change, than was observed for fs over the
same range of test conditions [6]. However, the main trends of the results for XeD and fs are
the same. First of all, results at various positions in the overfire region for any given flame
satisfied a linear correlation within experimental uncertainities; as noted earlier, this indicates
passive mixing of CO in the overfire region and that conditions when CO reactions quench are
similar at various points along the wrinkled flame sheet. The last observation is surprising
because it is expected that regions of emission near the base of the flame sheet would have
shorter residence times, and thus different outcomes of finite rate CO chemistry, than regions
near the tips of the turbulent flames. Next, concentrations of CO at particular values of f
progressively decrease with decreasing tendency to soot - in the order acetylene, propylene,
ethylene, propane and methane - implying a correspondence between the phenomena
responsible for these two emissions. Additionally, concentrations of CO at a particular f
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generally increase with increasing flame residence times, eventually approaching asymptotic
values at long residence times. Acetylene flames are an exception to this trend; instead, CO
concentrations tend to decrease, even though fs values tend to increase [6], with increasing
residence times.

The effect of flame residence time can be examined more concisely by computing CO
generation factors, which should be constant for passive mixing and constant quenching
conditions for any given flame. Analagous to the evaluation of f, 11co was found assuming
that HlC ratios were the same as the original fuel in the region where measurements were
made. Then noting that CO and soot concentrations are small in comparison to C02
concentrations in the far-overfire region, 11eo can be found from the measured CO and C02
concentrations as follows:

(1)

where MC and Meo are the molecular weights of carbon and CO. As noted earlier, 11eo
values were relatively independent of position in a flame but varied with fuel type and flame
operating condition. Thus, an average value of nco was found for each flame and associated
with its residence time. The resulting values 'Ileo are plotted as a function of residence time,
normalized by the smoke point residence time, in Fig. 4 for all fuels except methane (which
will be taken up later).

The results illustrated in Fig. 4 indicate that the 'Ileo values correlate quite well with
flame residence times and tend to approach asymptotic values for residence times roughly an
order of magnitude longer than smoke point residence times. The behavior of 'Ileo and 11s for
propylene and ethylene/air flames is qualitatively similar: both tend to increase at small
residence times and then approach their asymptotic values. Earlier measurements showed a
progressive increase of 11s with residence time for propane [6] but retesting yielded asymptotic
behavior (nearly constant "lsover the test range) instead; thus, nearly constant values of 11eo
for propane over the test range is consistent with the findings for propylene and ethylene.
However, the behavior of 11eo and Tls for acetylene differs from the rest with 'Ileo decreasing
and 11s increasing as their asymptotic values are approached.

Results corresponding to Fig. 4 cannot be plotted for methane because its laminar
smoke point residence time is unknown. Additionally, the present turbulent methane flames
did not emit any soot, based on extensive observations using the optical/sampling probe of [6]
and as well as therrnophoretic sampling and observations using TEM. Thus, the nco for
methane are summarized in Table 2, ordering the values with increased residence times. The
results scatter due to large experimental uncertainities, because the Xeo are small for
methane, but the trends are similar to propane with 11eo being relatively independent of
residence time for the present test range. Additionally, 11eo for methane is much smaller than
the rest, cf. Fig. 4, suggesting small emissions of CO that are not associated with soot which
may still contribute to CO emissions from sooting flames.

Correlation of CO and Soot Emissions. Past observations of a relationship between
CO and soot emissions from sooting buoyant turbulent diffusion flames [I], the present
observation that both exhibit asymptotic behavior at long resident ti~es,. and the low-l~vels <;>f
CO emissions from nonsooting methane flames, prompted an exa~mauon of the r~lauonship
between the two emissions. This was done based on the earher soot generation factor
measurements of [6] except for correction of the propane results meI!tioned earlier. T~ese
results involve laser extinction measurements at 632.8 nm, assummg the small particle
(Rayleigh) scattering limit, which were reduced to soot volume frac~ions using the refractive
indices of Dalzell and Sarofim [15] similar to past work [8]. Finally, the soot volume
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fractions were converted to soot generation efficiencies using a soot density of 1100 kg/m3
from Newman and Steciak [16].

TABLE 2. Summary of TlCo for methane/air flamese

d Re tr Tlco d Re tr TlcO
(rom) (ms) (rom) (ms)

50 1060 267 0.0022 234 235 162 0.0009
50 865 249 0.0018 50 200 153 0.0021
50 625 224 0.0016 234 190 150 0.0010
50 345 184 0.0016 50 105 123 0.0020

aResidence times found from correlation of [6].

The correlation between CO and soot generation factors is illustrated in Fig. 5. Similar
to Fig. 4, data only are identified by the fuel and burner size to avoid cluttering the figure. In
addition to the present results, correlations also have been computed from the extensive
tabulation of Tewarson [2], drawn from a variety of sources (these TIs values were based on
extinction measurements using a soot density of 1100 kg/m3, similar to the present values).
Present results involve all residence times, not just the asympotic regime, however, limiting
the data to the asymptotic range yields essentially the same results because measurements for
asymptotic conditions dominate the database. Flame conditions are not specified in [2] but
presumably involve large flames in the long residence time regime; they also involve averages
over the entire plume above the fires. Finally, the CO generation factors for the nonsooting
methane flames are shown at the left of the plot, to suggest a baseline for a soot generation
factor of zero.
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FIGURE 5. Correlation between CO and soot generation efficiencies for turbulent alkane,
acetylene and alkene/air diffusion flames.

The results illustrated in Fig. 5 exhibit a strong correlation between nco and TIs. The
correlation of present measurements can be quantified reasonably well by a linear fit:

nco = 0.34 TIs
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which is also illustrated in the figure. The standard deviation of the fit over the test range is
0.09. The results from Tewarson [2] are seen to be in reasonably good agreement with this fit
as well. The correlation clearly suggests a relationship between mechanisms responsible for
soot and CO emissions in flames, associated with processes in the soot layer as it passes
through the flame sheet. The details of the process should be studied but similarities between
CO and soot oxidation [1], and the tendency of flames having larger soot concentrations to
have lower maximum temperatures due to increased radiative heat losses (see CIr in Table 1 and
Refs. 1-6,8,12 and13) are undoubtedly important factors in the behavior. Additionally, the
fact that the correlation is relatively independent of the HIe ratio of the fuels is consistent with
the similar reductions of Xea and fs with increasing hydrogen coflow seen in Fig. 1. Finally,
use of Eq.(2) for 'Ils less than 0.01 is questionable because results for the nonsooting methane
flames suggest that CO emissions not associated with soot emissions could become
appreciable at these conditions.

Findings concerning CO and soot emissions in the long residence time regime are
summarized in Table 3 for all the fuels. Entries include 'Ilea, 'Ils and their ratio 'Ilea/s
='Iled'lls' which represents the mass of CO per unit mass of soot emitted from the flames.
The table also includes values of these parameters from Tewarson [2] and values of 'Ils from
Newman and Steciak ~16]. All'lls values were based on extinction measurements using a soot
density of 1100 kg/m . Like [2], flame conditions are not specified in [16] but presumably
involve large flames in the long residence time regime with averages obtained over the entire
plume above the fires.

TABLE 3. Summary of CO and soot generation factorss

Fuel Acetylene Propylene Ethylene Propane Methane

'Ilea:
Present 0.036 0.022 0.0048 0.0044 0.0018
Tewarson [2] 0.049 0.023 0.015 0.0060

'Ils:
Present 0.19 0.067 0.018 0.012 0.00
Tewarson [2] 0.14 0.12 0.053 0.031
Newman and 0.063 0.017 0.021

Steciak [16]

nco/s.
Present 0.19 0.33 0.27 0.37
Tewarson [2] 0.35 0.19 0.28 0.20

apresent results for the long residence time regime. All n, estimated from optical measure-
ments using a soot density of 1100 kg/m''.

Present values of 'Ilea and those of [2], generally are in fair agreement. The main
exception is 'Ilea for ethylene where the value from [2] is roughly three times larger than the
present value. There are larger discrepancies between present measurements and those of [2]
for Ils- however, present results are in good agreement with the recent findings of Newman
and Steciak [16] , except for propane where present values are low. Tewarson's [2] value of
'Ils for ethylene is also about three times higher than the rest similar to the ratio for 'Ilea; this
suggests possible underestimation of the mixture fraction for both these determinations.
Finally, the values of'llea/s from [2] and the present study also are similar. Whil~ some fuel­
to-fuel variability of "lco/s is to be expected, the values listed in Table 3 vary In a narrow
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range in spite oflarge variations of sooting tendencies, HlCratios varying in the range 1-2.67,
and a large range of maximum flame temperatures. This tends to support similarities of the
oxidation of CO and soot as a major factor in the correlation between these emissions.
Additionally, a synergism of hazards of CO and soot for gaseous hydrocarbon/air flames
appears to be established. Finally, the close relationship between CO and soot emissions,
which apparently involves material within the soot layer being drawn through the flame sheet,
provides one explanation for the limited success of past attempts to predict CO emissions from
turbulent diffusion flames which ignore the presence of soot [17].

CONCLUSIONS

1. Similar to soot generation factors [6], CO generation factors were uniform throughout
the overfire region for a given fuel and operating condition, implying both passive
mixing in the overfire region and constant soot concentrations, CO concentrations, and
mixture fractions when reactions quench - independent of position within the flame.

2. Similar to soot generation factors [6], CO generation factors of sooting fuels were
largely functions of the flame residence time, increasing or decreasing with increasing
residence times depending on the fuel but approaching asymptotic constant values at
residence times roughly an order of magnitude longer than the normal smoke point
residence time.

3. There is a strong correlation between CO and soot emissions yielding a synergism of the
fire hazards associated with each of these emissions as well as potential similarities
between the mechanisms responsible for their emissions. A reasonable fit of the
con-elation between the generation factors is 11co = 0.3411s over the present test range
(with a standard deviation of 0'()9).

4. Nevertheless, there is a component of CO emissions that is not associated with soot,
based on observations of low level CO emissions from methane/air flames - all of
which were nonsooting for present test conditions.
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