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Abstract
For diffusion flames, the combination of oxygen enrichment and fuel dilution results in an increase in the stoichiometric mixture fraction, Zst , and alters the flame structure, i.e., the relationship between the local temperature
and the local gas composition. Increasing Zst has been shown to result in the reduction or even elimination of
soot. In the present work, the effects of variable Zst on soot inception are investigated in normal and inverse
coflow flames, using ethylene as the fuel. Use of the inverse coflow flame underscores the validity of these concepts, since the convective field in the inverse flame directs particles into the fuel-rich region. Sooting limits based
on particle luminosity are measured as a function of Zst . The sooting limit is obtained by varying the amount of
inert gas until soot appears above a predefined height. For each limit flame, the adiabatic flame temperature is
calculated and the flame temperature at the half-height is measured. The flame temperature at the sooting limit is
found to increase with Zst for both normal and inverse flames. The effects of residence time are also investigated,
and the sooting limit inception temperature is found to be dependent on fuel stream velocity for both the normal
and inverse configurations. A simple model applicable to oxy–fuel combustion is presented which describes how
increasing Zst results in the reduction and ultimately elimination of soot. This model assumes that soot inception
can only occur in a region where critical values for species, temperature, and residence time are met. The soot
inception region is shown to be bounded by two isotherms: a low-temperature boundary that is a function of residence time, and a high-temperature boundary that corresponds to the location of a critical local carbon-to-oxygen
ratio. The effect of increasing Zst is to move the boundaries of the soot inception zone towards each other, until
the zone is infinitely thin and thus the sooting limit is reached. By comparing the model to experimental data,
a critical local C/O ratio of 0.53 and a sooting limit inception temperature of 1640 K (for a characteristic residence
time of 22 ms) were determined for ethylene.
© 2008 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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For a typical fuel/air diffusion flame, it is generally
accepted that soot inception occurs as a consequence
of fuel pyrolysis, which leads to the formation of PAH
and soot particles. Given that the chemistry of soot in-
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ception is high-activation-energy, soot inception will
only occur if the local temperature and residence time
are sufficiently high. The soot inception temperature,
i.e., the temperature at which soot is first observed on
the fuel side of the flame, has been measured in sooting diffusion flames [1–3]. Gomez et al. [1] measured
the inception temperature along the centerline of the
coflow flame for four different fuels and determined
it to be approx. 1350 K, regardless of fuel type or
level of dilution. Dobbins [4] proposed that the inception temperature can be predicted from an Arrhenius
reaction equation, which describes the conversion of
soot precursors to soot particles. Glassman [5] postulated that the distance between the incipient particle formation isotherm and the stoichiometric flame
temperature isotherm controls the soot volume fraction. He further stated that this distance corresponds
to the particle growth time before soot particle oxidation occurs at the flame, and thus the thermal diffusivity of the fuel or fuel additives has a direct effect
on the soot growth time. Counterflow flame studies
have also shown the importance of residence time on
soot formation. For example, it has been observed
that a sooting counterflow flame will become sootfree when the strain rate is increased. The limiting
strain rate that results in a soot-free flame has been
measured by Kennedy [6], Du et al. [7] and Lin and
Faeth [8].
The local gas composition is also an important
criterion for soot formation in diffusion flames. In
the work of Du et al. [9], it was demonstrated that
fuel dilution reduces soot. This effect was separated
from the effects of temperature by using different
inert gases, while maintaining constant flame temperature. Furthermore, it has been demonstrated that
fuel dilution and oxygen enrichment can lead to a
net reduction in soot formation, even at high temperatures. For example, a sooting fuel/air flame can
be made blue (soot-free) by replacing air with oxygen and diluting the fuel while maintaining constant
flame temperature [10]. The relative amounts of oxygen enrichment and fuel dilution can be quantified
by the stoichiometric mixture fraction, Zst , defined
as Zst = (1 + YF,0 WO vO /YO,0 WF vF )−1 , where YF,0
and YO,0 represent the fuel and oxidizer mass fractions at the inlet, WF and WO are the species molecular weights, and vF and vO are the fuel and oxygen stoichiometric coefficients, respectively. The influence of Zst on soot inception has been the subject
of many investigations [8,10–13]. Lin and Faeth [8]
suggested that changes in Zst affect soot formation
through the variation in the velocity and direction of
flow normal to the flame sheet, while Du and Axelbaum [10] and Sunderland et al. [11] have concluded
that soot inception is affected by Zst primarily because of its influence on the relationship between the
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local temperature and the local gas composition in the
soot zone.
In this work emphasis is placed on soot inception, which we consider to be the growth of gas-phase
species culminating in the creation of a luminous soot
particle. We will not consider phenomena occurring
after particle inception, such as particle transport and
surface oxidation. In previous studies, soot inception
limits were measured as a function of Zst in counterflow flames [7], spherical microgravity flames [11],
and normal coflow flames [14]. In each of these studies, the flame temperature at the sooting limit was
found to increase linearly with Zst and this behavior
was attributed to the variation in flame structure with
Zst . In other words, gas composition and its relationship to temperature play a primary role in governing
soot inception. In addition, a theory for predicting the
sooting limit data was evaluated, which assumes that
soot inception can only occur when the local C/O ratio is equal to or above a critical value [11]. Values
for the nonpremixed critical local C/O ratio were recently derived utilizing the normal coflow flame and,
perhaps surprisingly, the sooting limit results agreed
well with published results for the global C/O ratio for
premixed flames for a variety of gaseous fuels [14].
However, these results were obtained with the assumption that the variation in residence time between
flames had a secondary effect on the sooting limits.
The objective of this work is to expand the sooting limit model to include the effects of finite-rate
soot chemistry and the characteristic residence time.
In order to better examine these effects, both normal and inverse coflow flames are utilized. Normal
flames are created by injecting fuel into a surrounding oxidizer stream, while inverse flames are created
by injecting oxidizer into a surrounding fuel stream.
While soot formation in the normal coflow flame has
been well characterized, soot formation in the inverse flame has received less attention [15–20]. In
the inverse flame, soot particles form in the fuelrich region on the outside of the stoichiometric flame
surface and they are not directed into the oxidizer
stream by convection. Thus, the inverse flame is valuable for studying early-stage soot formation, since
formation processes are well separated from oxidation processes [16]. More importantly for this work,
the inverse flame has the added advantage that the
flame height can be varied without varying the fuel
flow rate, enabling one to separate effects from these
parameters. Studies characterizing soot formation in
the inverse flame were performed by Sidebotham and
Glassman [15,16], who utilized gas chromatography,
and Makel and Kennedy [17], who utilized light scattering. Vander Wal [18], Blevins et al. [19], and Oh
et al. [20] performed studies on the early stages of
soot inception in the inverse flame, while Kaplan and
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Fig. 1. Schematic diagram of burner for normal and inverse
coflow flames.

Kailasanath [21] employed numerical simulations to
compare flow-field effects on soot formation in normal and inverse flames.
2. Experimental
The experimental setup consists of a triaxial
coflow burner surrounded by an octagonal stainless
steel chimney with three of the steel panels replaced
by acrylic windows for optical diagnostics as shown
in Fig. 1. The inner, secondary, and tertiary tube diameters are 6.2, 17, and 120 mm, respectively. The third
coannular flow is added to ensure that sufficient fuel
is available within the chimney when it is operated
in the inverse mode and to provide for an overventilated condition independent of the secondary stream
velocity. The gas compositions exiting the outer tube

(tube C) and the intermediate tube (tube B) are kept
identical at all times. The outer flow rate is kept small,
while the exit velocity of the intermediate stream can
be increased as needed. In this way, when operating
in the inverse mode, the velocity of the fuel stream
adjacent to the oxidizer stream can be varied without
introducing significantly more fuel into the system,
which would result in safety concerns associated with
exhausting large amounts of unburned fuel. Honeycomb is used in all streams to produce uniform and
stable flows. The fuel (C2 H4 ) and oxidizer mass fractions are controlled by dilution with nitrogen. Flow
rates are measured with calibrated sonic nozzles. At
the top of the chimney, the exhaust is forced through
six outlet tubes and when operating in the inverse
mode, any unburned fuel is immediately burned in
room air with the aid of pilot flames.
The sooting limit is defined as the flame condition that leads to the disappearance of visible soot
luminosity at a given location as observed using a
cathetometer in a dark room. In a previous study by
this group, the sooting limit as determined by soot
luminosity was compared with the limit determined
by the threshold of Rayleigh scattering of laser light
from particles [7]. The sooting limits based on these
two methods were found to be in good agreement, and
in fact the visible soot luminosity method was found
to be slightly more sensitive than the light scattering
method. Thus, soot luminosity will be used to obtain
the sooting limit. We observe the sooting limit at a
fixed height of 8 mm, measured from the burner exit.
The limit is obtained by varying the total amount of
inert (nitrogen) at constant Zst until yellow luminosity is first perceptible at the 8 mm height. That is,
above this height there is yellow luminosity in the
flame, but below this height there is no yellow luminosity at any radial position in the flame. The adiabatic flame temperature for each sooting-limit flame
is computed using the CEA chemical equilibrium
code [22]. Photographs of both a normal and an inverse flame near the sooting limit are shown in Fig. 2.
While not evident in the photograph, the soot appears
orange to the naked eye in the inverse flame while it
appears yellow in the normal flame. This difference
in emission may be attributed to differences in particle temperature.
The flame temperature is measured in selected
limit flames using a Pt–6%Rh/Pt–30%Rh thermocouple constructed from 50-µm wire. Corrections for radiative heat loss are made using the Nusselt number
correlation for convective heat transfer to a spherical bead, with a measured diameter of 290 µm and
assuming a bead emissivity equal to 0.22. Thermocouple temperatures in excess of approx. 2100 K are
not obtainable due to the limits of the Pt–6%Rh/Pt–
30% wire.
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Fig. 2. Photographs of (a) normal and (b) inverse sooting
limit flames. The sooting limit is observed at a height of
8 mm from the burner lip.

Measurements of the velocity field are taken using laser Doppler velocimetry (LDV). The flows are
seeded with alumina particles manufactured by Alfa
Aesar, which have a nominal size of 0.3 µm.

3. Results and discussion
For the first set of experiments, the flame height
is held constant and the flow rate from the central
tube is varied. In the second set, the fuel flow rate is
held constant, resulting in a variable flame height (for
the normal flame). The input parameters for all of the
limit flames are summarized in Table 1, where Ve,F
and Ve,O are the mean fuel and oxidizer exit velocities, which are determined by dividing the volumetric
flow rate by the exit area, and YF,0 and YO,0 are the
fuel and oxygen mass fractions at the burner outlet,
respectively.
3.1. Constant flame height
For this set of experiments, the flame height is
maintained at 16 ∓ 1 mm. When Zst is varied in the
normal flame configuration, a constant 16-mm flame
height can only be obtained if the fuel stream flow rate
is varied, since flame height is a function of both Zst
and fuel flow rate. For inverse flames, flame height is
controlled by the oxidizer stream flow rate, and thus
the fuel stream flow rate can be held constant for all
stoichiometric mixture fractions. The flow rate of the
oxidizer stream in the inverse flame is found to have
no effect on soot inception in the region of interest for
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the flow rates considered in this study. Since the fuel
flow rate can be held constant and the oxidizer flow
rate does not affect the sooting limit, only buoyancy
should have an impact on residence time for the sooting limit data for the inverse flames.
Since the sooting limit is defined for a height
of 8 mm, these flames may be described as half
blue [14]. In Fig. 3, the adiabatic flame temperature
corresponding to the half-blue condition is plotted as
a function of Zst . In addition, the measured flame
temperature at the flame half-height (8 mm) is plotted. The normal and inverse data are shown together
for comparison. For both normal and inverse flames,
the sooting limit flame temperature increases with Zst
by as much as 500 ◦ C. This is the case for both flame
types despite the fact that the direction of convection
for the normal flame is opposite that of the inverse
flame. The suppression of soot with increasing Zst is
consistent with results in counterflow flames [8,12],
spherical microgravity flames [11] and normal coflow
flames [14]. The results further demonstrate the usefulness of oxygen-enriched combustion in combination with fuel dilution as a tool for optimizing temperature while minimizing soot formation.
As demonstrated in Fig. 3, the limits for the normal and inverse flames are similar for 0.2 < Zst <
0.4. Beyond Zst = 0.4, the limits for the normal
flames deviate from those of the inverse flame. As
shown in Table 1, at Zst = 0.20 the mean fuel stream
exit velocities for the normal and inverse flames are
nearly identical, while for larger Zst the differences
increase by up to 300%.
The increased fuel stream velocity in the normal
flame may reduce the characteristic residence time
for soot formation in coflow flames. Decreasing residence time results in a reduction of soot, as demonstrated by the aforementioned counterflow studies
[7,8]. Thus, the deviation of the normal flame limit
data from the inverse flame data may be a result of
reduced residence time. The flow field and thus the
residence time may be affected by both exit velocity
and acceleration due to buoyancy. The influence of
buoyancy can be assessed from the Richardson number, Ri, defined as


Ri = gL(Tf − T0 )/ T0 V 2 ,
(1)
where g is the acceleration of gravity, and Tf and
T0 are the flame temperature and free stream temperature, respectively. Since we are concerned with
the effects of buoyancy on the soot inception limit,
we choose L = 8 mm (soot inception height) and
V = Ve,F . The Richardson numbers for the extreme
cases (low and high Zst ) are given in Table 2. Indeed,
for most of the flames in this study, Ri  1, indicating
that the flow field is dominated by buoyancy. Thus,
the exit velocity alone is insufficient to characterize
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Table 1
Input parameters of sooting limit flames
Normal coflow
Zst

YF,0

Inverse coflow
YO,0

Ve,F [cm/s]

Ve,O [cm/s]

YO,0

Ve,F [cm/s]

Ve,O [cm/s]

Exp. #1: Constant flame height
17
0.20
0.259
17
0.25
0.215
17
0.30
0.185
17
0.35
0.163
17
0.40
0.148
17
0.45
0.136
17
0.50
0.125
17
0.55
0.118
17
0.60
0.111
17
0.65
0.105

0.222
0.245
0.272
0.301
0.338
0.379
0.429
0.495
0.568
0.668

11
11
11
11
11
11
11
11
11
11

45
42
38
34
31
29
24
18
17
14

Exp. #2: Constant mean exit velocity
43
0.24
0.220
43
0.32
0.179
43
0.39
0.150
43
0.42
0.150
43
0.45
0.145
43
0.47
0.140
43
0.51
0.134
43
0.56
0.128
43
0.61
0.125
0.66
0.122
0.73
0.110

0.244
0.288
0.330
0.364
0.404
0.422
0.480
0.553
0.680
0.800
1.000

0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65

0.259
0.215
0.185
0.163
0.148
0.138
0.133
0.129
0.126
0.126

0.222
0.245
0.272
0.301
0.338
0.387
0.454
0.541
0.648
0.799

11
14
18
21
24
28
31
37
47
48

0.17
0.21
0.24
0.30
0.36
0.42
0.46
0.55
0.59

0.314
0.255
0.232
0.195
0.168
0.154
0.145
0.139
0.133

0.218
0.238
0.249
0.288
0.324
0.377
0.428
0.587
0.647

43
43
43
43
43
43
43
43
43

Zst

YF,0

30
30
30
30
30
30
30
30
30
30
30

Table 2
Selected properties of sooting limit flames
Zst

Ve
[cm/s]

V8 mm
[cm/s]

Ri

τ [ms]

Normal

0.20
0.65

11
48

66
100

32
2

26.1
11.3

Inverse

0.20
0.65

11
11

87
80

32
40

21.8
23.0

results are also summarized in Table 2. Using these
data, the residence time, τ , for soot inception is found
by tracking a parcel of fuel from the burner exit to the
location of soot inception, and is calculated from
8mm

Fig. 3. Sooting limit flame temperature vs stoichiometric
mixture fraction for normal and inverse flames. Case 1: Constant flame height of 16 mm.

the residence time for soot inception in these flames.
The high-Zst normal flame, in which the Ri is on the
order of unity, is an exception to this. In this case,
the exit velocity is sufficiently high so that buoyancy
effects are reduced and the residence time begins to
scale with L/V .
To obtain a more accurate characterization of residence time, the vertical component of velocity in the
region of soot inception was measured by LDV. These

τ=

1/V (z) dz.

(2)

0

It is assumed that the vertical component of velocity increases linearly with height, z. Earlier measurements of the entire flow field taken in similar halfblue coflow flames [23] indicated that this is a good
approximation. As can be seen from Table 2, the residence time in the normal flame decreases dramatically as Zst is increased, while τ is nearly constant
(within 6%) for the inverse flame over the entire span
of Zst . This is strong evidence that the differences between the normal and inverse sooting limits observed
in Fig. 3 can be attributed to residence time.
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time effects demonstrated above with the idea of a
critical local C/O ratio, as proposed by Sunderland
et al. [11].
3.3. Modeling the sooting limit

Fig. 4. Sooting limit flame temperature vs stoichiometric
mixture fraction for normal and inverse flames. Case 2: Constant gas exit velocity.

3.2. Constant exit velocity
Measurements of sooting limits were performed in
a second set of experiments in which the mean exit
velocities of the fuel and oxidizer streams were set
equal and held constant as Zst is varied. While this
causes the flame length to vary, the sooting limit is
still identified at a height of 8 mm from the burner lip
throughout the experiments. The flow rates are kept
large so that Ri = O(1) and the effects of buoyancy
at a height of 8 mm are minimized. In this way, the
residence time is held constant as Zst is varied and velocity gradients normal to the flame surface are minimized. For the normal flames, the mean exit velocity
is 43 cm/s. For the inverse flames, a mean exit velocity of 43 cm/s could not be attained without flame
fluctuations; thus for these flames a mean exit velocity of 30 cm/s is used. Since some of the flames in
these experiments are quite tall, a 12.7-mm stainless
steel tube is placed above the flame at a height of approx. 50 mm from the burner to quench and stabilize
the top portion of the flame and minimize flame fluctuations. The flames were observed with and without
the quenching tube to ensure that the tube caused no
visible effect on the sooting limit. The sooting limit
results for constant residence time are shown in Fig. 4.
In this case, the slope of the best-fit line through
the data for the normal flame is nearly equal to that of
the inverse flame. This implies that the effects of Zst
on soot inception are the same, regardless of the geometric differences, provided that the residence time
is fixed. The intercept of the best-fit line is larger for
the normal flame, and this is attributed to the overall
shorter residence time associated with these flames.
In the following section, we present a simple
model for sooting limits that combines the residence

The region conducive to soot inception in a nonpremixed flame can be considered bounded by two
locations in the fuel side. One is at a low temperature, below which the chemistry of soot inception is
too slow; the other is at a higher temperature, where
the local gas composition is not favorable for soot
inception due to the presence of oxygen-containing
species. This concept of two boundaries has similarities to that proposed in the work of Glassman [5]. In
that work it was assumed that the high-temperature
sooting limit boundary was coincident with the location of stoichiometric flame temperature.
For simplicity, we assume that the onset of soot
can be described by a set of reactions that are overall
first-order in fuel, so that they can be represented by
k

fuel −→ soot.

(3)

The reaction rate coefficient, k, is assumed to be of
Arrhenius form, and the change in soot mass fraction,
Ysoot , due to soot formation is written as


E
dYsoot
= A · exp −
· Yfuel ,
w=
(4)
dt
R·T
where E is the activation energy for soot inception,
R is the gas constant, and Yfuel is the local fuel mass
fraction. The local fuel mass fraction can be related
to the local temperature by imposing the classical
Burke–Schumann assumptions and utilizing coupling
functions. Through this approach, the local soot formation rate can be written as a function of temperature only. Thus for any flame defined by the flame
temperature, Tf , and Zst we can write


E
(T − T ) cp
w = A · exp −
(5)
· f
· ,
RT
Zst
qc
where cp denotes the constant gas specific heat and
qc the heat of combustion. Also note that for given
freestream fuel and oxidizer concentrations, Zst and
Tf are uniquely defined.
We now identify Tkin as the temperature above
which the kinetics are favorable for soot formation.
More specifically, at the location of Tkin there is a
barely detectable luminous quantity of soot, and this
critical soot mass fraction is denoted as Ysoot, c . It is
assumed that the time required to reach Ysoot, c is proportional to the characteristic residence time, τ , and
by considering the mean soot formation
rate over the

soot inception region, W = 1/L w dx, we can write
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the following:
Ysoot, c ∝ τ · W.

(6)

By substituting Eq. (6) into Eq. (5) and lumping the
constants together into a new constant, C0 , we obtain


Zst
E
exp
.
Tf = Tkin +
(7)
C0 · τ
RTkin
Thus for any flame defined by Zst , Tf , and τ , Tkin
can be predicted provided that C0 can be obtained for
one set of conditions.
The boundary on the high-temperature side of
the soot formation zone corresponds to the location
at which the local gas composition is no longer favorable for soot formation, since sufficient oxygencontaining species exist. It has been proposed that
soot formation is no longer favorable when the local
C/O ratio is less than some critical value, (C/O)cr [9].
Sunderland et al. employed the Burke–Schumann approach and derived Eq. (8) below, which relates the
local temperature to the local C/O ratio at the hightemperature boundary,
Tf = TC/O + (TC/O − T0 ) · Zst

m + n/4
· (C/O)cr − 1 ,
· 2·
m

(8)

where TC/O is the local temperature at this soot formation boundary and (C/O)cr is the critical carbonto-oxygen ratio. In Eq. (8), m represents the number
of carbon atoms and n the number of hydrogen atoms
in the fuel Cm Hn , and T0 denotes the inlet temperature.
Based on Eqs. (7) and (8) above, the sooting
limit occurs when the low-temperature boundary and
the high-temperature boundary converge, i.e., TC/O =
Tkin . For a flame at its sooting limit, a decrease in
Zst or an increase in either residence time or flame
temperature will result in the appearance of luminous
soot. We define Tlim as the temperature at the location
where soot is first observed in a limit flame such that
at the sooting limit Tlim = Tkin = TC/O .
For the model to be used, the pre-exponential constant (C0 ) in Eq. (7) must first be determined. Once
this is known, Tkin can be predicted for a given residence time and Zst . The amount of inert in the
freestreams must also be provided as this will affect
the flame temperature. The pre-exponential factor C0
and Tkin in Eq. (7) can be obtained empirically. Since
τ and Tf were measured in the inverse flames of constant flame height, this data can be substituted into
Eq. (7). The overall activation energy for soot inception is available in the literature. Du et al. measured
an activation energy for ethylene of 31 kcal/mol [24].
Equation (7) can then be solved for C0 at each experimental data point by letting Tkin vary until the

standard deviation of C0 is minimized. The best fit
for the constant-flame-height, inverse-flame data was
obtained for C0 = 780 K−1 s−1 and Tkin = 1640 K.
Since these are limit flames, we can write Tkin = Tlim
and thus we conclude that Tlim = 1640 K.
Using a thermocouple, Gomez et al. [1] measured
the inception temperature along the centerline of a
heavily sooting laminar coflow flame and obtained a
temperature of approximately 1350 K for a variety
of fuels. This is in contrast to the work of Glassman et al. [25], who studied heavily diluted ethylene/air coflow flames where soot luminosity was no
longer visible at the tip. They measured the temperature where luminosity last appeared and found it to be
approximately 1600 K. Note that the measurements of
soot inception temperature in these two studies were
obtained using different criterion. Gomez et al. measured the centerline temperature where soot was first
observed in sooting flames, which is consistent with
our definition of Tkin , whereas Glassman et al. measured the temperature where soot appears in a flame
at its sooting limit, or Tlim . The latter is more relevant
to this work and the value of ca. 1600 K corresponds
well with our predicted value of 1640 K.
With Tlim known, Eq. (8) can now be solved for
the critical C/O ratio at each experimental data point.
Letting TC/O = Tlim = 1640 K, we obtain an average
(C/O)cr of 0.53 with a standard deviation of 0.005.
The linear relationship between the flame temperature
at the sooting limit and Zst predicted by the model
is shown together with the experimental data from
the inverse flame in Fig. 5, and the model is a good
representation of the data. Interestingly, the value for
(C/O)cr is similar to, though slightly lower than, the
global critical C/O ratio that is observed in ethylene
premixed flames. Harris et al. [26] observed that for
premixed flames, the critical C/O ratio varies from
0.55 to 0.64 in the temperature range of 1620–1840 K.
The value of (C/O)cr for ethylene obtained in this
work is somewhat lower than the value obtained previously by this group in the study of normal coflow
flames of constant flame height (0.53 compared to
0.60) [14]. This difference is likely due to the fact
that the soot inception model of the previous work
did not address the effects of variable residence time.
The results in Fig. 3 demonstrate that the slope of the
sooting limit line increases with Zst for the normal
flames at constant flame height. As discussed, residence time decreases for these flames and thus the
higher Zst flames are expected to have higher limit
temperatures than they would if residence time were
constant. The increase in slope will in turn result in
an overprediction of (C/O)cr if Eq. (8) is directly fitted to this sooting limit data, as it was in [14], and
thus the value of (C/O)cr = 0.6 in [14] is believed to
be an overprediction.
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Fig. 5. Comparison of measured inverse flame sooting limits and the model (line) obtained with Ea = 31 kcal/mol;
C0 = 780 K−1 s−1 , τ = 22.4 ms and (C/O)cr = 0.53.

Fig. 6. Representation of the collapse of the soot formation
zone with increasing Zst .

Plotting Eqs. (7) and (8) in Zst space provides
valuable insight into the effect of Zst on soot inception. Both Tkin and TC/O are plotted in Fig. 6 as functions of Zst assuming a flame temperature of 2100 K
and a residence time of 22 ms. The residence time
was chosen to be similar to that of the inverse flame
data in Table 2 but is for illustrative purposes only. To
understand how to interpret Fig. 6, first consider the
Tkin curve (solid line). This curve represents simple
Arrhenius kinetics that are first-order in fuel. The abscissa is the temperature on the fuel side of the flame,
and if we consider a given Zst , we see that soot will
not form in the regions where temperature is low on
the fuel side (e.g., below 1450 K at Zst = 0.3). That
is, below the solid line, even though there is a high
concentration of fuel, the kinetics is too slow to form
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soot in the available residence time. As we cross the
solid line, we move into a region where the temperature is sufficiently high to allow soot to form in the
available time. The upper branch of the solid line represents a region very close to the peak temperature
location where soot cannot form because the fuel concentration is too low, approaching zero at the flame.
Of course, multistep kinetics would alter the details
of this description, but this simple description yields
the critical features associated with flame structure.
As we shall show below, the relevant branch on the
Tkin curve is the lower branch, as the upper branch is
not realizable in practice. Consider the dashed curve
that represents TC/O , obtained from Eq. (8). Above
TC/O , soot cannot form because the C/O ratio is too
low, i.e., there is too much oxygen available from oxygen-containing species relative to carbon from carbon-containing species. Also, as can be shown from
Eq. (8), the temperature at which this critical C/O ratio occurs decreases with Zst .
This reduction of TC/O with Zst is critical to understanding why high-Zst flames can be made to be
intrinsically soot free for any strain rate, i.e., they can
be “permanently” blue [8]. It can also be used to illustrate how, for a given residence time and flame temperature, a sooting limit can be achieved by increasing
Zst . To illustrate this, the results from the flame sheet
model are plotted in mixture fraction space in Fig. 7.
These figures correspond to the three flames considered in Fig. 6, which have identical flame temperatures and residence times but distinct stoichiometric
mixture fractions. To begin this illustration, first consider Case 1 (as denoted by subscript 1) in Fig. 6,
which represents a fuel/air flame with Zst = 0.064
and a flame temperature of approximately 2100 K.
Moving vertically from the x-axis to point C1 in
Fig. 6 is equivalent to moving along the temperature
curve from right to left in mixture fraction space in
Fig. 7a. At C1 there are sufficient temperature, time,
and fuel species for soot formation to occur on the
fuel side of the flame, where the local temperature
is approximately 1250 K. At any temperature lower
than C1 soot will not form because the chemistry is
too slow. Moving vertically in Fig. 6 from C1 to B1 ,
we pass through the broad soot zone associated with
the fuel/air flame, until we reach the location in the
flame where sufficient oxygen-containing species are
available so that soot formation is no longer favored.
At point B1 the soot zone ends because the local C/O
ratio is equivalent to the critical C/O ratio. We note
also that the high-temperature soot zone boundary at
B1 is not coincident with the peak temperature location at A1 , although for low-Zst flames the two
are relatively close. Thus, for low Zst flames our results compare well with Glassman’s statement that
soot particles begin forming at the nucleation bound-
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(a)

(b)

(c)
Fig. 7. Flame sheet model results for Cases 1, 2, and 3 from
Fig. 6 showing shrinking of soot formation zone due to convergence of low-temperature (Tkin ) and low C/O ratio (hightemperature TC/O ) boundaries.

ary and are consumed at the location of stoichiometric flame temperature [5]. As Zst increases, however,
the high-temperature soot zone boundary moves away
from the stoichiometric flame temperature location, as
will be shown next. It is also noteworthy that the finite
distance between the peak temperature and the hightemperature soot inception boundary predicted by the
model indicates that a dead space should exist on the
fuel side of the peak temperature, where no soot can
form, as has been observed by Du [27].
Increasing Zst to 0.3 while maintaining the same
flame temperature and residence time is Case 2 in
Fig. 6. As we move up in temperature to point C2 , we
notice that the low-temperature boundary has moved
to a higher-temperature compared with C1 at Zst =

0.064. The increased temperature necessary for the
onset of soot can be explained by the lower fuel concentration at the Z location of C2 , as indicated in
Fig. 7b. Moving vertically from C2 in Fig. 6, we note
that the high-temperature boundary at B2 is found
at a lower temperature than that of the fuel/air case.
This suggests that increasing Zst results in oxidizing species moving farther into the fuel-rich side of
the peak temperature location, where they are available to oxidize potential soot precursor species. Note
that the peak temperatures of these two flames are
the same; however, as seen in Figs. 7a and, 7b, the
location of peak temperature has shifted in mixture
fraction space, as expected.
At Zst = 0.6, we see from Fig. 6 that the low-temperature boundary represented by C3 and the hightemperature boundary represented by B3 have converged, indicating a sooting limit. If we first consider
the low-temperature boundary, which is governed by
finite-rate chemistry, there is sufficient fuel, temperature, and residence time for soot formation at C3 .
However, by considering the boundary governed by
the critical C/O ratio, we see that the increase in Zst
has moved oxygen-containing species farther into the
fuel-rich zone, thereby preventing soot formation at
this location. We also note as before that the magnitude of the peak temperature has not changed, but the
location of the peak temperature has shifted further in
mixture fraction space, as indicated by A3 in Fig. 7c.
This approach to describing the dynamics of soot
inception in nonpremixed flames can be used to understand the controlling mechanisms for the sooting
limits at different values of Zst . In Fig. 8, plots similar to Fig. 6 are shown for flames corresponding to the
inverse diffusion flames in Fig. 3. In Fig. 8a, a limit
flame at Zst = 0.2 with a flame temperature of 1800
K is shown. For this flame temperature and residence
time the model suggests that the sooting limit is controlled by flame temperature, residence time, and fuel
dilution alone, with no supplemental effect from the
critical C/O ratio boundary. This can be seen as the
Tkin and TC/O curves intersect slightly above the point
where Tkin has reached its peak value of Zst . That is,
the model indicates that for a flame with a residence
time of 0.022 s and a flame temperature of 1800 K
the sooting limit is achieved at Zst = 0.2 because
there are insufficient time, temperature, and fuel—
not because of the availability of oxygen-containing
species, as characterized by the TC/O curve. This case
is characteristic of the common case of a fuel/air or
diluted-fuel/air flame. In Fig. 8b the model predicts a
sooting limit at Zst = 0.25 for a flame temperature of
1840 K. At this temperature and residence time the
Tkin and TC/O curves intersect below the point where
Tkin has reached its peak value of Zst , suggesting
that the boundary associated with oxygen-containing
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substantially narrowed due to the critical C/O boundary. Fig. 8d demonstrates the dramatic effect of the
critical C/O ratio boundary when the flame temperature is 2150 K at Zst = 0.65. The Tkin curve clearly
extends beyond the realizable value of stoichiometric mixture fraction, suggesting that if the soot zone
were considered to be strictly governed by pyrolysis
then one would conclude that a sooting limit cannot
exist for this flame temperature and residence time.
On the contrary, a sooting limit is easily obtained for
this flame because of the effect of the critical C/O
ratio boundary. These results dramatically illustrate
that flame structure governs soot inception in hightemperature oxygen-enriched/diluted-fuel (i.e., highZst ) flames.

4. Conclusion

(b)

(c)

(d)
Fig. 8. Representation of the sooting zones of four flames
with varying flame temperatures.

species (the critical C/O boundary) begins to affect
sooting limits when Zst > 0.2. In Fig. 8c the model
predicts a sooting limit at Zst = 0.4 for a flame temperature of 1960 K. Unlike the case in Fig. 8a, now
the TC/O curve does not intersect the Tkin curve until well below the point where Tkin reaches its peak
value of Zst . In other words, the soot region is being

A simple theory for predicting soot inception limits in nonpremixed flames has been presented that
takes into account temperature, residence time, and
gas composition. This model is an extension of previous soot inception models for diffusion flames in
that it is applicable to high Zst combustion. This
model is particularly useful for demonstrating how
oxy–fuel combustion may lead to reduced soot formation without a compromise in flame temperature.
By increasing the stoichiometric mixture fraction via
the combination of oxygen enrichment and fuel dilution, soot formation is reduced and thus the sooting
limit occurs at a higher temperature. This is found to
occur in both normal and inverse flames. The sooting
limit inception temperature is influenced by residence
time, and when the effects of residence time are removed it is clear that increasing Zst affects both the
normal and the inverse flames equally, indicating that
flame configuration does not have a strong effect on
the sooting limit. As demonstrated by the model, the
effect of increasing Zst is to move the two boundaries of the soot formation zone towards each other.
We find that the analysis made by Glassman [5], that
the soot formation region is bounded by the isotherms
corresponding to the incipient particle formation temperature and the stoichiometric flame temperature, is
a good approximation for flames of very low Zst , e.g.,
the typical fuel/air flame. The proposed sooting limit
model reveals, however, that the high-temperature
soot boundary can be moved well into the fuel side
of the peak temperature for flames with higher Zst .
We find that oxygen enrichment begins to affect soot
inception limits when Zst > 0.2. Following the work
of Sunderland et al. [11], the high-temperature soot
boundary is described as the location where the local C/O ratio is equal to a critical value. The results
of this work suggest that (C/O)cr = 0.53 for the case
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of ethylene, which is comparable to the global C/O
ratio associated with premixed flames. It is demonstrated that the soot inception temperature is not a
unique quantity, but rather is dependent upon residence time and Zst . Finally, after comparing various
measurements of soot inception temperature found in
the literature, we find that there is an important distinction to be made between a soot inception temperature that is measured at the low-temperature boundary
of a large soot formation zone (Tkin ) and an inception
temperature measured at the sooting limit, where the
soot zone can be considered infinitely thin (Tlim ).
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