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Soot formation modeling in turbulent flames depends on many processes including modeling of the fluid
dynamics, combustion chemistry, soot chemistry, soot particle size distribution, the interaction among
these, as well as turbulent closure models. Recent results of soot formation in a turbulent jet flame
using the one-dimensional turbulence (ODT) model have shown good agreement with direct numerical
simulations and measurements. We present ODT simulations of experimental ethylene jet diffusion
flames and then study the extended parameter space by varying Damkdler numbers. Gas temperature,
soot concentrations, and radiative losses are quantified.

1 Introduction

In hydrocarbon flames, a fraction of the carbon is converted to soot within the flame. Most of that
soot is oxidized as it is advected into the flame, but a fraction is often emitted. In engineered devices
this fraction emitted is small but important because of the significant health hazard posed by fine
particles [1]. In fires, longer residence times lead to increased soot production and a significant
fraction is emitted as smoke.

Soot is also important in radiation heat transfer. The overlap of soot concentrations with high
temperature regions provides a significant source of heat flux in many combustion systems as well
as in fires. At the same time, soot that is emitted or advected into cool regions absorbs radiative
flux and this smoke shielding reduces the radiant flux.

Soot formation and growth are among the slower important processes in hydrocarbon flames, and
quasi-steady state concepts do not apply. For example, a steady-state solution to soot in a coun-
terflow laminar flame does not apply because the mixing rates evolve faster than soot adapts to
the changing state. Soot evolution also differs from the evolution of gas-phase species in that soot
diffusion is negligible in comparison to gas-phase diffusion. It has been observed that the diffusion
of the gas-phase composition, represented by the mixture fraction, past the soot is the significant
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term in moving soot between rich and lean regions of the flame. There are two components to
this evolution, a mean evolution and fine scale fluctuations about this mean. In the past, these fine
scale fluctuations have been represented as a diffusive process based on the rate of mixture fraction
fluctuations [2].

Recently, direct numerical simulation (DNS) has been applied to study the evolution of soot early
in the flame [3—7]. This work has helped to identify some of the long time scales that are unsteady
and the significance of the mixture fraction diffusion. However, the temporal restrictions on these
simulations to date have prevented studies of soot evolution through the entire history of the flame,
limiting our understanding of the significance of turbulence fluctuations in soot oxidation, and ulti-
mately limiting our understanding of soot emissions. In addition, soot radiation plays a significant
role in weakening flames and allowing soot emissions, and DNS has not yet reached time scales
sufficient to study these radiative losses.

In this work we apply a stochastic model to represent the evolution of turbulence referred to as the
one-dimensional turbulence (ODT) model [8-11]. ODT resolves the full range of spatial scales
in a single dimension along with the full range of temporal scales, but it relies on a model for the
nonlinear turbulent advection process that is based on a resolved velocity field evolution. Evolv-
ing a single dimension allows the simulation of differential diffusion and detailed chemistry for
combustion over flame evolution times, and ODT has been used to study processes that depend on
both difusive processes and the full resolution of the chemical time scales like extinction and reig-
nition [12, 13] and soot evolution [2, 14]. The combined single spatial dimension with temporal
evolution makes ODT suitable for studying parabolic flows like jet flames [15, 16], and it also has
been applied to buoyant fire plumes [14].

We describe the evolution of soot in a turbulent jet flame using ODT. The parameter space is
selected to result in significant conversion of fuel carbon to soot and significant radiative enthalpy
losses. There are modest soot emissions in this flame and the chemistry of soot production is
adjusted to vary these emissions. The flame is in a regime where perturbations to the soot loading
significantly alter the radiative losses and this plays a role in emissions.

2 Model description

The ODT model is described in detail in the literature [8—11], and only a summary is provided.
More detailed information on the ODT code used in this study is given in Ref. [11]. Here, we solve
transport equations for mass, momentum, enthalpy, gaseous species mass fractions, and three soot
moments. The ODT code uses a Lagrangian finite volume formulation for the diffusive advance-
ment. Automated adaptive mesh refinement (AMR) approach is used. In the Lagrangian formu-
lation, mass is constant inside grid cells and cell volumes expand or contract due to combustion
dilatation. This diffusive advancement of the transport equations is punctuated by concurrently oc-
curring eddy events that model turbulent advection. Eddies are sampled randomly on the domain,
with a size drawn from a sample distribution (whose form affects only the solution efficiency). A
given eddy of size [ and location x, has an eddy timescale 7 and associated eddy rate 1/7, and
eddies occur in accordance with their given rates as a Poisson process.

Three ODT parameters govern the eddy event process: the eddy rate parameter C, which scales
the rate of occurrence of eddies; the viscous penalty parameter Z, which suppresses small eddies;
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and the large eddy suppression parameter 3, which constrains eddies such that t, > (7, where ¢,
is the elapsed time of the simulation.

The gas chemistry is a 19 species 167 reaction reduced mechanism described in [3]. The soot
model is detailed in [5]. The soot chemistry is that given by Leung et al. [17], and consists of
nucleation, growth, oxidation, and coagulation. The nucleation and growth species is acetylene,
and oxidation is written in terms of molecular oxygen. Three soot moments are transported and the
moment equations are closed using an assumed lognormal size distribution. Soot and gas reactions
are coupled so as to maintain a mass balance due to soot formation or oxidation. Radiative transport
is modeled using a grey, two-flux formulation (Schuster-Schwartzchild approximation) [18] with
temperature-dependent Plank mean absorption coefficients computed for gaseous CO,, H,O, CO,
and CH, [19]. The soot absorption coefficient is computed as in [14].

3 Simulation Configurations

The configuration studied here is a round nonpremixed turbulent ethylene jet flame. The jet is
based on the experiments performed by Zhang et al. [20]. Pure ethylene issues into an air coflow,
both at 294.15 K and 1 atm. The jet is piloted with an annular premixed ethylene-air flame with a
flow rate corresponding to 2% of the heat release of the main jet. The jet diameter is 3.2 mm and
the pilot diameter is 15.2 mm. The Reynolds number of the jet is 20,000, which gives a jet exit
velocity of 53.7 m/s assuming a fuel kinematic viscosity of 8.6E-6 m?/s. The coflow air velocity is
0.6 m/s. The pilot velocity is 6.22 m/s assuming a stoichiometric mixture.

The ODT simulation is a planar, temporally-evolving jet. This ODT configuration has been suc-
cessfully compared to experimental jet flames in Refs. [15, 16], among others. The jet dimensions
and flow velocities were set at those given above. However, initial simulations resulted in excessive
flame extinction and the width of the pilot was doubled to compensate.

The ODT parameters used in all simulations were C' = 8, Z = 400, (s = 0.8. These parameters
are the same as those used in [21] in comparing ODT to DNS of planar temporal ethylene jet flames
with flame extinction and reignition, and were found to give good results for the flame evolution
and scalar dissipation rate profiles. The simulations presented are very similar in configuration
to the recent experiments performed at Sandia National Laboratories and soot results here are
compared to those experimental measurements described in the next section.

Due to uncertainties in soot formation rates, we perform a series of four simulations with soot
nucleation and growth rates divided by factors of 1, 2, 4, and 8. These cases are referred to here as
Cases R, R/2, R/4, R/8, respectively. The variation in soot formation rates can also be thought of
as a variation in the sooting tendency of the fuel as would be found for a similar flame but with a
more or less strongly sooting chemistry. We note here that we have not altered the soot oxidation
rates proportionately for the specific reason that we wanted to understand the effects variations in
the sooting propensity would have on the evolution.

The timescale based on the jet velocity and diameter, d;; / Ujet, 18 0.06 ms, and the simulations
were run for 0.2 s. Simulation times are converted to downstream axial location by transforming
time and space using an axially-varying average velocity computed as the ratio of the integrated ax-
ial momentum flux to integrated mass flux over the domain [15]. In a fully three-dimensional flow,
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there is some difference in the residence time for the central jet and for the near-stoichiometric
regions with lower flow velocities. This can be accounted for in the spatially-evolving ODT for-
mulation, but we have not done so here.

4 Experimental Measurements

Measurements of the given flame configuration [20] are available in [22], and recently we have per-
formed additional measurements. Temperature, oxygen and soot measurements were acquired us-
ing laser diagnostics. The femtosecond/picosecond coherent anti-Stokes Raman scattering (CARS)
scheme described previously [23,24] was used for joint temperature/oxygen measurements on a
single-laser-shot basis at 1-kHz data rate. The CARS measurement volume for these point mea-
surements was well-approximated by an ellipsoid with 50 xm minor-axis and 1.5 mm major-axis
diameters. Measurements in the product gases of premixed ethylene/air flat flames on the McKenna
burner were used to access the accuracy of the temperature measurements at 3% with a precision
of 1-2% [24]. Similarly, the accuracy and precision of measured O2/N5; mole-fraction ratio were
5-10% and 1-2%, respectively, for O5/Ny values of 6-20%. Below Oy/Ny = 6%, measurement
uncertainty degrades as the detection limit for oxygen of Os/Ny ~1-2% is approached. At low
(T < 1000 K) temperatures and oxygen content in excess of O2/Ny = 20%, the oxygen sensitivity
in the present measurements appeared to degrade as well. Measured CARS spectra were fit to the
phenomenological model described in [24]. A threshold on the goodness-of-fit parameter was used
to discard ~25% of spectra that did not yield quality model fits.

Single-laser-shot soot measurements were obtained at 10 Hz in a 2-D measurement plane near the
radial center of the jet flame using planar laser-induced incandescence. Calibration of the LII sig-
nal was performed against light-extinction measurements using the method described in [25]. The
LII field of view was 34-mm x 34-mm, with an in-plane resolution of ~60 pm. The out-of-plane
resolution was dictated by the thickness of the 1064-nm Nd:YAG laser sheet, which varied in the
horizontal dimension from 100-200 pm near 1/D = 0 to ~400-500 pm near the lateral edges of the
field of view. LII was collected in the plateau-level regime [26], with a high laser fluence of 3.5
J/cm?, to minimize the impact of varying laser-sheet thickness on the LII soot calibration. Soot
probability densities were constructed for comparison to ODT model predictions by considering
the data at each pixel as a single point measurement, and binning the results from all pixels ac-
quired over 500 single-laser-shot realizations to build histograms of soot volume fraction. Four
independent soot pdf results were constructed with the LII field of view centered at z/D = 77, 87,
97, and 107. A preliminary estimate of the accuracy and precision in our single-shot soot f, data
of 22% and 15-30%, respectively, was obtained based on previous LII work in our laboratory [25].
This estimate neglects absorption of the LII signal by soot at this stage.

5 Results

The overall ODT flame evolution is depicted by the temperature field in Fig. 1 for the four cases
considered; the mean stoichiometric contour line is also shown. In comparing this with measure-
ments for the full flame of the similar configuration reported in Ref. [22] it is possible that the
ODT prediction is slightly longer than the actual flame. A contour plot for the average soot mass
fraction is shown in Fig. 2 and the effect of the different soot formation rates is clear. In the tem-
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Figure 1: Mean temperature contours for four cases.

perature contour plots differences in the temperature profile are also evident due to soot radiation;
the flames with less soot formation exhibit higher temperatures. The flame is slightly longer when
less soot is produced; flame length is affected by three factors we have not separately quantified (a)
more dilatation due to less radiative losses, (b) less soot formed and emitted requiring more oxygen
to oxidize the carbon and (c) greater viscous dissipation suppressing some turbulent mixing.

In Fig. 3 we provide a scatter plot along with conditional averages showing the CARS measure-
ments (with uncertainties projected on the conditional average) together with the ODT predictions
for Case R/8 at a height of x/d = 175, slightly over half of the flame height. In general results
are in good agreement except at very low oxygen and temperature levels where uncertainties are
higher. We note that ODT predictions in Case R lead to substantially higher radiative emissions,
and the ODT temperature predictions for Case R are well below the measured values plus mea-
surement uncertainty.

LIT measurements described above have also been conducted. Average soot volume fractions and
PDFs of the soot volume fraction have been determined at four heights. These are compared with
ODT predictions for Case R/8 in Fig. 4. For Case R/8 the ODT predictions are in good agreement
regarding the average soot volume fraction, the most important quantity for predicting soot emis-
sions. The ODT predictions show a PDF with a peak at slightly larger values suggesting greater
intermittency. It is difficult to determine the reasons for this at the present, but the ODT predic-
tions with larger soot rates, Case R for example, predict significantly greater soot concentrations
as shown below.

Given the relatively good agreement of the temperature and soot with the measurements for the R/8
production rates, we suggest that this provides the best description of the actual ethene jet flame
described in [20]. It is not clear whether the original rates, R, that were derived for ethene flames
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Figure 2: Mean soot mass fraction contours for four cases.
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Figure 3: Scatter plots and conditional averages for CARS measurements compared with ODT pre-
dictions (Case R/8) for the temperature and O,/N, mole ratio at z/d = 175. CARS measurements are
taken from the flame center to r/d = 9.4 while ODT results are sampled from the full cross-stream
region, but there is little radial variation observed in either measurements or predictions.
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Figure 4: Soot probability density functions for LIl measurements compared with ODT predictions
for Case R/8 in the region =/D = 75 to 110. Average values are indicated in the legend. Images at
right from [22].

under a variety of conditions [17] would be suitable for describing this flame under a different set
of ODT mixing conditions or whether the rates themselves need to be adjusted for these particular
turbulent flames; that is, it is unclear whether the differences are associated with the turbulence
model or with the chemistry model. In recent work comparing ODT prediction to DNS, both using
this same chemistry and soot model, agreement was good, but the mapping between the temporal
DNS and the spatial jet is a potential issue.

As indicated above, a series of four cases is reported with the soot-production rates (nucleation
and mass growth rates) differing by a factor of two between each, for a total variation in the
soot-production rate of a factor of eight. In Figs. 5 and 6 conditional averages (Favre averages
conditional on the value of the mixture fraction) are plotted for these four production rates and
at locations that are very approximately 1/4, 1/2, 3/4 and 1 times the flame height to show the
evolution.

In Fig. 5 the logarithm of the conditional soot volume fraction is shown. Conditional averages
peak in the vicinity of a mixture fraction of 0.15 compared to the stoichiometric value of 0.064.
For a given conditional value of the mixture fraction, the soot volume fraction increases as the flow
evolves downstream as expected, though this is difficult to see in the logarithmic scale. Values
are plotted on the logarithmic scale because a factor of two separation would result with linear
sensitivity, and this is observed over parts of the flame. In particular, for the lower rates (R/4 and
R/8) in the rich regions (Z > Z,) where the enthalpy losses are not too great. When enthalpy
losses are significant (see Fig. 6) the soot reaction rates are reduced as will be indicated below.
Thus, for the higher soot rates (i.e., Case R) the conditional soot is not twice the next lower rate,
especially higher in the flame where radiant losses are more significant.

It is also interesting to note the soot levels to the lean side of the flame, mixture fractions below
0.064. On the lean side the soot levels are substantially reduced, but cases with larger production
rates have disproportionately larger levels on the lean side. Rather than being separated by a factor
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Figure 5: Conditional averages for soot volume fraction at four downstream locations and for four
cases.
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Figure 6: Conditional averages for enthalpy at three downstream locations and for four cases.

of two, the separation is closer to a factor of five, with a factor of 110 between Case R and Case
R/8 (the cube root of that being 4.8 ~ 5) at three-quarters of the flame height.

We also note that conditional fluctuations (not shown here) are large, of the same magnitude as
the conditional means, as has been observed previously [2, 14]. This is related to the intermittent
nature of soot.

The increased soot levels lead to increased radiant emissions that affect both the temperature and
the enthalpy, shown in Fig. 6. The initial enthalpy profile is close to linear with respect to mixture
fraction with the fuel enthalpy being about 1.8E6 J/kg. Enthalpy loss due to radiation is evident in
all profiles including those as low as one-quarter of the flame height (x/d = 81) where soot levels
are still well below their peak values. Interestingly, by the top of the flame (near x/d = 310), the
enthalpy loss by each of the soot rates is of the same approximate magnitude. However, with larger

soot-production rates, the losses occur earlier in Cases R and R/2 as seen at heights = /d = 81 and
156.

To better visualize the soot and enthalpy evolution through the flame, we present here line inte-
grated quantities. These are the integral of various density-weighted quantities (soot, total carbon,
enthalpy) along the ODT line; for example, the line-integrated soot is | fooo pYsdx, with units of kg
m~2 with the area dimension relating to the notional area of the ODT line. In Fig. 7 this quan-
tity is plotted as a function of the height. For reference, the total line-integrated carbon on the
ODT domain is 3.4E-02 kg m~? so that the greatest soot levels (maximum for Case R) represent
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Figure 7: The line integrated masses of soot is plotted (solid) together with dashed lines indicating
the soot mass within the flame and emitted is plotted in the left panel. Here, the emitted soot is
indicated by the combined condition that Z < Z,; and T' < 1400 K. The right panel shows the carbon
in the emitted soot normalized by the total carbon.

approximately one-third of the total carbon in the form of soot.

In addition to the total soot across the domain, we have separated the soot into soot we refer to
as ‘in cool lean regions,” this is soot that satisfies both Z < 0.9Z,; and 7' < 1400 K and is less
likely to be oxidized, and the remainder that is ‘within the flame’ and has a reasonable chance of
oxidation. The line-integrated soot in the lean cool regions as well as that within the flame are also
plotted in the left panel of Fig. 7 where it can be seen that the vast majority of soot can be taken to
be ‘within the flame’ except as the end of the flame is reached (for the given conditions).

In the right panel of Fig. 7 we plot the soot in the lean cool regions normalized by the total carbon
on a logarithmic scale. As in Fig. 5, it is clear in Fig. 7 that increasing the rates by a factor of two
leads to emissions that increase by more than a factor of two. The soot in the lean cool regions is
separated, on average, by a factor of five, though this is closer to a factor of six difference between
Cases R/8 and R/4 and between R/4 and R/2, but only a factor of three difference between Cases
R/2 and R. This is the same separation observed by looking at conditional averages in Fig. 5. The
reduced separation between the emissions in Cases R/2 and R occurs because that flame cools
rapidly enough to reduce soot formation rates before the other cases.

We provide the line-integrated enthalpy deficit in Fig. 8: [*°_p[h — H,4(Z)]dx, with h being the
predicted enthalpy and H,4(Z) being the linear (in mixture fraction) interpolation between the air
and fuel enthalpies. Figure 8 confirms the previous observation around Fig. 6 that the final enthalpy
losses are comparable for the different cases, at least relative to the total enthalpy lost, and that the
higher soot rates lead to earlier reductions of enthalpy but that the trajectory is not dramatically
different, just shifted in flame position.

In the right panel of Fig. 8 we combine the left panel enthalpy and the fraction of the soot mass in
the cool lean regions, plotting the latter as a function of the line-integrated enthalpy. The evolution
up through the flame is to the left and up in this figure. There is an interesting correlation in the
present results between the soot emissions and the enthalpy deficit. This suggests that the soot
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Figure 8: The line integrated enthalpy deficit is plotted in the left panel. In the right panel the fraction
of soot emitted normalized by the current soot mass (both line integrated) is plotted as a function
of the enthalpy deficit.

emissions rise rapidly once a certain enthalpy deficit is reached. Similar results were found by
Ricks et al. [14]. While we expect the magnitude of soot emissions will depend on the mixing rate
history, we think that the correlation between the rapid rise in emissions and the enthalpy deficit
will be found in other highly sooty flames because this represents the enthalpy where the flame is
weakening so that soot oxidation becomes challenging. Further work needs to be done, however,
to actually predict emissions in more global terms.

6 Conclusions

We present ODT predictions of an ethylene jet flame including soot growth and oxidation accord-
ing to a simplified mechanism and including radiation source terms that reduce the enthalpy. ODT
predictions are compared with recent measurements of temperature and O,/N» using CARS and
soot using LII in a flame of the same configuration.

Simulations are presented over a range of soot-production rates with significant differences in the
evolution of the soot mass fractions, the enthalpy and the soot emissions resulting from the different
soot-production rates. Until the radiative enthalpy losses get very large, the rich side soot evolution
is roughly proportional to the soot-production rates that are varied. On the lean side, however, the
interplay of the greater soot levels and the greater enthalpy losses reducing soot oxidation rates
leads to soot emissions that are greater than the difference in the production rates. For a factor of
two difference in the production rates, the soot emissions are between a factor of three and a factor
of six greater.
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