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Abstract

A combined computational and experimental investigation that examines the relationship of soot for-
mation and NO in coflow ethylene air diffusion flames is presented. While both NO and soot formation are
often studied independently, there is a need to understand their coupled relationship as a function of sys-
tem parameters such as fuel type, temperature and pressure. The temperature decrease due to radiative
losses in systems in which significant soot is produced can affect flame length and other temperature-depen-
dent processes such as the formation of NO. The results of a computational model that includes a sectional
representation for soot formation with a radiation model are compared against laser-induced fluorescence
measurements of NO. The sooting characteristics of these flames have been studied previously. Experimen-
tally, a laser near 225.8 nm is used to excite the 7(0,0) band in NO. Spectrally resolved fluorescence emis-
sion is imaged radially, for the (0,0), (0,1), (0,2), (0, 3), and (0,4) vibrational bands, at varying axial heights
to create a two-dimensional image of NO fluorescence. A reverse quenching correction is applied to the
computational results to determine an expected fluorescence signal for comparison with experimental
results. Modeling results confirm that Fenimore NO is the dominant mechanism for NO production
and suggest that for lightly sooting flames (peak soot volume fraction < 0.5 ppm), soot reduces only the
Zeldovich NO formation (by a factor of two). For flames with increased soot levels (peak soot volume frac-
tion ~ 4 ppm), the model indicates not only that Zeldovich NO decreases by a factor of 2.5 through radi-
ation loss, but that non-Zeldovich NO is reduced in the top center of the flame by about 30% through the
oxidation of soot.
© 2009 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

The push for higher combustion efficiency in
propulsion applications that has dominated
much of combustion research in the past few

* Corresponding author. Fax: +1 203 432 6775.
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decades is being replaced by a move towards
cleaner combustion. Increased environmental
consciousness and stricter air quality legislation
is now driving research in the area of pollutant
formation and control to the point where it is
becoming economically indispensable to the
export of combustion-related technologies and
products worldwide.

As emissions legislation becomes more
restrictive, a detailed understanding of pollutant
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formation in flames will become even more criti-
cal for the design of pollutant abatement strate-
gies and for the preservation of the
competitiveness of combustion-related industries.
In particular, it is clear that there will be contin-
uing pressure to lower both NO, emission indices
and soot volume fractions in practical combus-
tion devices. This is in response to the toxicolog-
ical effects that small particles can have on the
body’s cardio-pulmonary system [1,2] and to
the impact, for example, that soot can have on
thermal radiation loads in combustors and on
turbine blades. Moreover, soot emissions can
enhance contrail formation [3] and such “man
made” clouds may have an impact ultimately
on the Earth’s climate [4,5].

The temperature decrease due to radiative
losses in systems in which significant soot is pro-
duced can affect flame length and other temper-
ature-dependent processes such as the formation
of NO. While both NO and soot formation are
often studied independently, there is a desire to
understand their coupled relationship as a func-
tion of system parameters such as fuel type,
temperature and pressure. In this manuscript
we combine a computational and experimental
investigation to examine the interrelationship
of soot formation and NO in coflow ethylene
air diffusion flames. This analysis is performed
excluding any direct NO-soot reactions. Specifi-
cally, the results of a computational model that
includes detailed chemistry for gas-phase pro-
cesses and a sectional representation for soot
formation, along with optically-thin radiation,
are compared against laser-induced fluorescence
(LIF) measurements of NO. The detailed infor-
mation on the temperature and species concen-
trations in the computed flame are combined
with an NO quenching model to predict the
LIF signal from NO that is measured experi-
mentally. Once the modeling technique is quali-
tatively validated against the data sets,
computations are performed to assess the
impact of soot (and related radiation) on the
NO field. In the next section the soot formation
model is outlined. This is followed by the exper-
imental procedure and the solution method. The
paper concludes with a discussion of the
results.

2. Soot formation model

The soot formation model is described in detail
in [6]. The inception model is based on the
sequence of growing naphthalenyl to pyrenyl
through sequential acetylene addition, H-atom
elimination, H-atom abstraction, and acetylene
addition followed by ring closure. Overall, the
reaction can be written C;oH;+ 3CH, <
CisHo + 2H + H,. This sequence is assumed to

continue to form yet larger polycyclic aromatic
hydrocarbons (PAH) structures with the overall
balance of C10H7 + 31’!C2H2 54 C10+6nH7+2n +
2nH + nH,. Quasi steady-state concentrations of
intermediate PAH are assumed, leading to
steady-state expressions for the formation rates
of these high molecular weight condensed PAH.
The computed soot results are relatively indepen-
dent of the number, n, assigned to the inception
species and equal to 21 in this work.

The surface growth model used in the simula-
tions is based on the premixed flame data of Har-
ris and Weiner [7] where we assumed an activation
energy of E, = 31.8 kcal/mole [8] and where we
multiplied the nominal Arrhenius factor by two
(see also [6,9,10]). Surface growth is first order
in acetylene concentration in this model. Oxida-
tion of soot by O, and OH is treated as described
in [9,10]. In the assumed free-molecule, large
Knudsen number regime, surface growth and oxi-
dation rates are proportional to particle surface
area.

The growth of soot particles is modeled as
an aerosol dynamics problem, using the well-
known sectional particle size representation
for spheres [11]. The application of this
approach to soot modeling is described in
[6,9,10,12,13]. The contributions from the
inception processes are incorporated as a
source term in the dynamical equation for the
first sectional bin, whose lower mass boundary
is set equal to the mass of the assumed incep-
tion species. Calculated results were not signif-
icantly sensitive to the number of sections
assumed, with 20 sections used in all the calcu-
lations reported here.

Radiative losses can have a significant influ-
ence on NO levels in flames where soot is pres-
ent compared to nonsooting systems [14-16].
For the small flames computed in this study
with low soot volume fractions, the power radi-
ated from soot and gas bands (CO,, H,O, and
CO) can be computed in the optically-thin limit
using the expressions in [17]. While temperature
changes associated with radiation are not large,
the great sensitivity of soot growth (and NO) to
temperatures makes the incorporation of radia-
tion effects important. In higher soot loading
flames, the optically-thin model tends to overes-
timate the radiation losses and, in principle,
some re-absorption of thermal emissions can
occur, particularly on or near the centerline,
which receives emissions from surrounding
regions of the flame. This optical thickness effect
reduces the net rate of thermal radiation energy
loss and locally raises the temperature. Overall,
however, the soot formation model has given
quite satisfactory agreement with measured
peak soot volume fractions as well as soot spa-
tial distributions and temperatures in the flames
studied (see, e.g., [6,9,10,13]).
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3. Experimental procedure

Atmospheric pressure, axisymmetric, coflow-
ing, nonpremixed laminar diffusion flames are
generated with a burner in which the fuel flows
from an uncooled 4.0 mm inner diameter vertical
steel tube (wall thickness 0.38 mm, parabolic flow)
into a concentric, 74 mm diameter air coflow (plug
flow). The details of the burner used are kept con-
sistent with previous studies [6,13]. The flame is
lifted above the burner surface, preventing heat
transfer from the flame to the burner. The fuel
(ethylene) is diluted with varying levels of inert
(nitrogen) to control the soot loading within the
flame. Two flames with different fuel dilutions
are examined: a 40% ethylene/60% nitrogen flame
and an 80% ethylene/20% nitrogen flame.

The third harmonic of a Nd:YAG laser pumps
a dye laser containing coumarin 450 dye. The
452 nm dye laser output is doubled using a BBO
crystal, producing an ultraviolet (UV) beam near
225.8 nm, which is used to excite transitions in
the 422" — X211 (0,0) band of NO. An excitation
scan over a spectral range from 225.5 to 226.5 nm
was matched with the various spectral features of
NO [18]. The Q,(18) transition (44275.684 cm™")
was selected for this work. This transition is
reasonably well separated from neighboring tran-
sitions and has significant population from room
temperature to the flame temperatures
investigated. Aside from soot interferences, which
possess a broadband spectrum, no significant
spectral interferences were encountered in the
laminar flames investigated [19].

There are two burners in the optical path. A
dichroic mirror steers the UV beam down the
measurement path, and removes the majority of
the laser energy at 452 nm. A beamsplitter steers
~30% of the energy in the UV beam 4 cm above
a premixed reference burner. NO fluorescence
from the center of a lean propane flame is imaged
with a quartz lens onto a 1 mm slit, through an
interference filter at 260 nm (12.5 nm bandwidth)
centered on the (0, 3) vibrational band. The signal
is detected with a PMT (Hamamatsu R166UH)
connected to a digital oscilloscope. This signal is
used to provide a fluorescence normalization that
accounts for variations in laser energy and ensures
that the laser wavelength does not shift off of the
peak of the NO transition being pumped. The UV
beam remaining after the beamsplitter (~60 pJ per
pulse) is directed across the target diffusion flame
burner. Because the remaining energy from the
452 nm beam (~100 pJ) causes interference in
sooty regions of the flame, the two wavelengths
are separated using a quartz prism. The remaining
UV beam still produces unavoidable soot interfer-
ences. A 25 cm focal length quartz lens focuses the
UV beam across the diffusion flame. To ensure
that the fluorescence is in the linear regime, the
measurements are made 10 cm before the focus

of the UV beam, resulting in a beam diameter of
0.5mm in the measurement region. While this
beam diameter sacrifices some spatial resolution
in the axial direction, features of the NO LIF in
the axial direction are observed (both experimen-
tally and computationally) to be larger than the
beam diameter. Finer structures in the NO LIF
occur in the radial direction, where the spatial res-
olution is superior (0.13 mm, using Nyquist sam-
pling criteria). The laser energies at 225.8 nm
and at 452 nm are monitored using two pyroelec-
tric energy meters (LaserProbe RjP-734) con-
nected to a second oscilloscope.

NO fluorescence in the diffusion flame is
imaged onto a 500-um entrance slit of a spectro-
graph (SPEX 270M) using a UV camera lens
(UV-Nikkor 105 mm, f/4.5) and a 10 cm focal
length quartz lens. When taking data in sooty
regions within the flame, a colored glass filter
(Corning 7-54) is placed between the two collec-
tion lenses to suppress the Rayleigh scattering
by the soot, which would otherwise saturate the
detector. Spectral resolution is sacrificed by using
a relatively wide entrance slit to compensate better
for wandering of the beam through the measure-
ment volume. The fluorescence is dispersed with
a 300 groove/mm grating (250 nm blaze angle)
and imaged with an intensified CCD detector (a
gated Gen II intensifier optically coupled to a
Princeton Instruments TE/CCD-512 CCD). The
CCD image contains information in one spatial
and one spectral dimension. Spatially, a line
extending from the centerline to 10 mm in the
radial direction is imaged, and spectrally the
region from 220 to 300 nm is recorded. The spec-
tral region includes Rayleigh scattering (over-
lapped with the (0,0) fluorescence) as well as the
(0,1), (0,2), (0,3), and (0,4) vibrational fluores-
cence bands. The fluorescence signal is integrated
on the detector for 12.8 s (128 laser pulses), cho-
sen to correspond to event sampling on the oscil-
loscopes. The experiment is controlled through a
computer, which records synchronized data from
the CCD camera and the digital oscilloscopes.
Data are acquired both with the laser tuned to
the Q,(18) peak, and with the laser tuned off-res-
onance (near 225.65 nm), to provide a correction
for soot interferences.

The final fluorescence image is obtained by
summing the fluorescence intensity over a 7.5 nm
spectral region centered on the (0,2) transition
[20]. No significant difference is noted when the
detection band is centered on the (0,1) or on the
(0,3) transition. A two-dimensional image of the
NO fluorescence distribution is created by tiling
together a series of spatial/spectral images
recorded at 0.5-mm intervals from 2 to 100 mm
above the burner. Each image is corrected for
detector and soot incandescence backgrounds,
normalized by the reference fluorescence signal
recorded by the PMT, and corrected for
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nonuniform detector gain and optical throughput.
This latter “response” correction is obtained by
imaging the fluorescence from a calibration gas
(45.2 ppm NO in N, mixed with 3% O,, by vol-
ume), which results in a uniform NO concentra-
tion field in the imaged region that also provides
a room temperature signal calibration. The final
corrected fluorescence image has a signal-to-noise
ratio of ~50 in the downstream region, where the
NO signal was highest, and a pixel volume of
0.1 x 0.5 x 0.5 mm”.

For fluorescence in the linear regime, the scat-
tered intensity is dependent on a number of vari-
ables, including the total number density, the
Boltzmann population fraction, and the total col-
lisional quenching rate. For NO, the quenching
term is particularly important, and varies signifi-
cantly with temperature and with quenching part-
ners. Fortunately, a good deal of information is
available on NO quenching, both in the form of
experimental measurements and models [20-22].
Due to the soot within the target flames, it is dif-
ficult to characterize the flame temperature and
major species. Consequently, we cannot apply
the quenching and Boltzmann corrections to the
measured fluorescence signal. Instead, we have
applied a reverse quenching correction [23,24] to
the calculated flame to determine an expected
fluorescence signal for comparison with the exper-
imental results [25]. The model of Settersten et al.
[22]1s used to account for the temperature-depen-
dent quenching by CO,, H,O, O,, N,, and CO.
Both the measured fluorescence and the calculated
fluorescence are normalized using the calibration
gas to provide a quantitative comparison of fluo-
rescence signals.

4. Computational methodology

We consider an unconfined, axisymmetric,
laminar diffusion flame in which a cylindrical fuel
stream is surrounded by a coflowing oxidizer jet.
The full set of elliptic two-dimensional governing
equations — mass, momentum, species, and
energy — are solved in a vorticity—velocity formula-
tion [26], using a flame sheet starting estimate [27],
and the differential operators are discretized on an
adaptively refined mesh. The resulting nonlinear
equations are solved by a combination of time inte-
gration and Newton’s method with several theoret-
ical estimates [28] that help determine when a new
Jacobian should be reformed. The Newton equa-
tions are solved by a preconditioned Bi-CGSTAB
iteration with a Gauss—Seidel preconditioner.
Pseudo time-stepping is used to ease convergence
difficulties associated with the starting estimate.
The size of the time-steps is chosen by monitoring
the local truncation error of the time discretization
process (see also [29]). The binary diffusion coeffi-
cients, the viscosity, the thermal conductivity of

the mixture, the chemical production rates as well
as the thermodynamic quantities were evaluated
using vectorized and highly optimized transport
and chemistry libraries [30].

5. Results

In this section we present the results of a series
of computations and LIF experiments in which
NO formation is examined in sooting, ethylene—
air, coflow diffusion flames where the radiation
field is computed with an optically-thin model.
We consider flames with 40% and 80% (mole frac-
tion) ethylene diluted with nitrogen. The compu-
tations employ the ethylene mechanism in [31]
coupled with the nitrogen chemistry submecha-
nism in GRI 2.11 [32]. We decided on the GRI
2.11 submechanism as opposed to the newer one
in GRI 3.0 [33] as the latter significantly over-pre-
dicts (by a factor of 2.5) NO downstream in our
coflow flames [34]. The result is a reaction net-
work containing 84 chemical species with 578
reactions. The velocity profile of the ethylene fuel
tube was parabolic with an average velocity of
35 cm/s. The air coflow was a plug flow profile
with a velocity of 35cm/s. The gases emerged
from the burner at 298 K. All computations were
performed on a 1.4 GHz AMD Dual Opteron
processor.

NO can be formed in hydrocarbon flames by
several different mechanisms (see e.g., [35-37)).
The Zel’dovich or thermal NO mechanism [38]
as extended by Bowman and Seery [39] is initiated
by the reaction of N, with O. This well-known 3-
step reaction sequence is the dominant NO form-
ing route at temperatures above 1850 K. A second
path consists of reactions involving N,O, which
form NO. NO formed via this mechanism
increases at higher pressures. A third mechanism
responsible for NO formation is (prompt) “Feni-
more NO.” The main steps influencing this reac-
tion sequence are N,+ CH=HCN + N,
N, +CH,=HCN +NH and other reactions
involving N, and hydrocarbon radicals. Lastly,
NO can be formed via the H + N, = NNH, fol-
lowed by O + NNH = NO + NH sequence. GRI
2.11 includes these latter reactions but not with
the higher rates suggested by Bozzelli and Dean
[35]. The NO formation rates of each of these
reaction sequences can be enhanced through
super-equilibrium levels of O-atoms and other
radical species in the flame front.

To assess the Zel’dovich/non-Zel’dovich NO
distribution, additional computations were car-
ried out with only the extended Zel’dovich sub-
mechanism appended to the hydrocarbon
mechanism. We note that in prior work in which
we examined the origins of NO in atmospheric
pressure coflow methane-air diffusion flames
[24], we found that the N,O and NNH submech-
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anisms contributed minimally to overall NO lev-
els. As a result, we will not examine the impact
of these two submechanisms specifically on the
overall NO levels but will assign all NO above
the Zel’dovich mole fraction levels as non-Zel’do-
vich NO (in practice, this is almost totally Feni-
more NO).

In Fig. 1 we illustrate NO mole fractions for
the 40% ethylene/60% nitrogen flame computed
with the extended Zel’dovich submechanism.
When soot is included in the model (Fig. 1a), we
obtain a maximum soot volume fraction of
1.3 ppm with a peak NO of 22 ppm. The peak
temperature is 2006 K. When the computation
was performed without the inclusion of soot
(Fig. 1b), the peak temperature increased to
2055 K and the NO increased to 40 ppm. From
the isopleths in the figure, we note that the region
of NO above 20 ppm is larger in extent in the
nonsooting flame compared to that of the sooting
flame.

The NO mole fractions for the 40% flame com-
puted with the complete NO mechanism are also
illustrated in Fig. 1. When soot is included in
the computation (Fig. 1c), the peak NO increases
to 140 ppm. Most of the 118 ppm increase com-
pared to the Zel’dovich computation is due to
Fenimore NO. If soot is removed from the com-
putation (Fig. 1d), the NO increases to 160 ppm
and again the 120 ppm increase over the Zel’do-
vich computation is due mostly to Fenimore
NO. The spatial distribution of the NO is gener-
ally quite similar for these two computations.
For reference purposes, we point out that the
sooting 40% flame had an overall powerloss of
16.1 W of the total 102 W generated.

As mentioned earlier, due to soot formation
within the flame, we cannot easily characterize
the flame temperature and major species. Hence,
the quenching and Boltzmann corrections cannot
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be applied to the measured fluorescence signal.
Instead, we have applied a reverse quenching
and Boltzmann correction to the computed flame
profiles to determine an expected fluorescence
signal. This simulated signal is calibrated by an
expected fluorescence signal from a gas of the
same composition as in the experiment, to pro-
vide a quantitative comparison. In Fig. 2 we plot
the computed and measured NO fluorescence
signals as a function of the spatial variables for
the 40% flame. Also plotted is the soot volume
fraction measured using laser-induced incandes-
cence (LII). For details on the LII experiment
for both the 40% and 80% flames, as well as
comparison to numerically computed soot vol-
ume fractions, see [13]. The results show good
qualitative agreement overall; for example, the
fairly constant signal level in the regions above
the flames, as well as the lower signal inside
the flame/sooty areas, are captured. We note
that the computed fluorescence signal under-pre-
dicts the measured fluorescence signal by
approximately 30%.

We next performed computations for the 80%
ethylene/20% nitrogen flame. In Fig. 3 NO mole
fractions are plotted for computations with only
the Zel'dovich submechanism. When soot is
included (Fig. 3a), we obtain a maximum soot vol-
ume fraction of 4.4 ppm and a total of 40 ppm of
NO. The peak temperature of 2083 K occurred in
the wings of the flame while the peak centerline
temperature was 1736 K. When the computation
is performed without soot (Fig. 3b), the NO
increases to 110 ppm and the peak temperature
of 2107 K occurs on the centerline. Once again
the spatial extent of the high NO Ilevels is signifi-
cantly larger for the computation in which soot
is not included though the higher region of NO
in the sooting flame extends further down the
wings of the flame.
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Fig. 1. Computational NO mole fractions for the 40% ethylene/60% nitrogen flame generated with: (a) the extended
Zel’dovich submechanism, including soot; (b) the extended Zel’dovich submechanism, neglecting soot; (c) the complete
NO, submechanism, including soot; (d) the complete NO, submechanism, neglecting soot.
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Fig. 2. Comparison of the computed (a) and measured
(b) fluorescence signal from NO for the 40% ethylene/
60% nitrogen coflow flame. The fluorescence signal has
been normalized with respect to a calibration gas for
both the computed and measured plots. Experimentally,
a colored glass filter was added to the input optics in the
region between the arrows to minimize soot interfer-
ences. The soot volume fraction (c) is measured using
LIL

The 80% flame was then rerun with the com-
plete NO mechanism. In the sooting case
(Fig. 3c), the peak NO increased to 170 ppm.
Most of the 130 ppm increase was due to Feni-
more NO. If soot was removed from this compu-
tation (Fig. 3d), the NO increased to 240 ppm and
again the 130 ppm increase over the Zel’dovich
submechanism computation was due mostly to
Fenimore NO. What is striking in these two
results is the change in the spatial orientation of
the NO with or without soot. For the sooting
flame, the highest NO extends in a narrow region
in the wings of the flame. For the case when soot
was neglected, the NO extends much further
downstream with somewhat smaller extent in the

wings. The 80% sooting flame had an overall pow-
erloss of 53.3 W of the total 203 W generated.

In Fig. 4 we plot the computed and measured
NO fluorescence signals and the measured soot
volume fraction as a function of the spatial vari-
ables for the 80% flame. As with the 40% flame,
there is qualitative agreement between the com-
puted and measured fluorescence signals, with
the computed signal approximately 30% lower
overall than the measured signal.

A clear contrast exists in the NO and tempera-
ture levels between the two 80% flames with the
full NO mechanism. In the solution with soot,
the NO levels and temperature are noticeably
depressed along the centerline relative to the off-
centerline conditions in the “wings” of the flame.
Such results not only contrast with the 40% flame
solutions, but also for the 80% flame solutions
without any soot or its radiation. In the latter
case, elimination of soot removes an important
loss of energy from the flame and centerline tem-
peratures nearly recover and peak NO levels occur
on the centerline.

Perhaps the most unusual feature of Fig. 3c is
the depression of NO concentration in the upper
centerline region. (A similar depression did not
exist for the 40% flame depicted in Fig. lc.) The
NO concentration in this upper centerline region
is ~120 ppm vs. the 170 ppm in the side wings
of the flame. Given that the Zel’dovich mecha-
nism gives a large broad contour in this region,
it can be deduced that the Fenimore mechanism
is suppressed in this region. To examine whether
this is soot-related, we have plotted the difference
between panels in Fig. 3c and a, as well as the dif-
ference between panels 3d and 3b. These differ-
ences are shown in Fig. 5a and b, respectively.
These figures provide a qualitative assessment on
the change in Fenimore NO with and without
soot. The depression in the upper centerline region
for the flame with soot is quite significant. Similar
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Fig. 3. Same as Fig. 1 for the 80% ethylene/20% nitrogen flame.
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Fig. 4. Same as Fig. 2 for the 80% ethylene/20%
nitrogen flame.
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Fig. 5. Computational NO mole fractions for the 80%
ethylene/20% nitrogen flame, plotted as differences
between the complete NO, submechanism and the
extended Zel’dovich submechansim to approximate
Fenimore NO: (a) the difference between panels in
Fig. 3c and a, including soot; (b) the difference between
panels in Fig. 3d and b, neglecting soot.

plots for the 40% flame do not exhibit this strong
effect.

As Fenimore NO is weakly dependent on tem-
perature, the results in Fig. 5 are clearly due to the
presence of soot in the flame. To help appreciate
the effect that soot has on NO formation, it is
worthwhile to recognize that in premixed flames
with soot levels of f, =4 ppm and ¢ = 2, about
1/4 of the total fuel carbon is converted to soot.
We propose that some of the difference in the
upper centerline regions between Fig. 5a and b
may be due simply to fewer hydrocarbon fuel
fragments available to form CH or CH, as the
soot oxidizes directly to CO and H after attack
by OH. In addition, soot oxidation along the cen-
terline slightly delays the completion of combus-
tion (relative to that by gas-phase species). The
slower oxidation rate reduces local super-equilib-
rium radical levels that promote NO formation

and reduce the driving force for diffusion of
molecular oxygen to the centerline of the flame,
reducing NO production rates and lengthening
the flame in the process. The relative importance
of each of these phenomena will take additional
computation and analysis.

It is well established that, as we have found,
many practical systems exhibit a reverse trend in
NO and sooting levels. Typically, it is assumed that
this is at least partially a result of local conditions,
with more soot formed in a local fuel-rich environ-
ment and more NO formed in the near stoichiom-
etric regions. The present results from both the
40% and the 80% flames imply a complication of
this interdependency, with mitigation of NO pro-
duction rates directly due to the formation of soot
and local radiation losses. For the 80% flames the
affects are so significant that they alter the NO
profile shape in the flame, shifting the peak NO
from the centerline to the wings of the flame.

6. Conclusions

We have combined LIF measurements and
computations using a detailed chemistry coflow
diffusion flame model with a sectional aerosol
model to examine the effects of soot formation
on NO levels in ethylene—air diffusion flames.
Results indicate that while the dominant route
to NO in these flames is due to non-Zel’dovich
NO (primarily prompt), Zel’dovich NO is more
pronounced in the 80% ethylene flame compared
to the 40% ethylene flame. Moreover, when the
soot field is removed from the model and the solu-
tion recomputed with a new radiation field, Zel’-
dovich NO accounts for nearly 46% of total NO
in the 80% flame and 25% of total NO for the
40% flame which are significantly larger than
24% and 16%, respectively, for the sooting flames.
Furthermore, the results indicate that not only
does soot and accompanying radiation loss (virtu-
ally all from Zel’dovich NO) reduce the levels of
NO throughout the flame, but for heavier sooting
flames, the shape of the NO profile shifts, with
NO levels in the wings noticeably higher than cen-
terline levels. These results imply a coupled rela-
tionship between soot levels and NO that require
a careful application of diagnostics and computa-
tion to help elucidate our understanding of these
flames.
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