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Relative influence of soot oxidation kinetics and subfilter
soot-turbulence interactions on soot evolution in turbulent
nonpremixed flames
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Abstract

Oxidation of soot is a critical process in determining the evolution of soot in turbulent reacting flows. On the
one hand, the kinetic rates of soot oxidation remain one of the most significant uncertainties in soot models. On
the other hand, turbulent transport plays a significant role in the distribution of soot with respect to the flame
structure so the location of soot in regions where oxidation can actually occur. The objective of this work is to
assess the relative importance of small-scale turbulent transport and oxidation kinetics on the prediction of soot
evolution in turbulent nonpremixed flames. A series of Large Eddy Simulations has been performed in a turbulent
nonpremixed piloted jet flame of ethylene and air using a series of soot subfilter PDF models (with different
assumptions regarding the small-scale turbulent transport of soot) and a series of kinetic rates for soot oxidation
(with differences in kinetic rates for both OH and O3 oxidation). Similar to previous work, the results show that
accounting for the disappearance of soot in lean mixtures due to soot oxidation is extremely important to avoid
excessive “spurious oxidation” of soot otherwise artificially present in lean mixtures. In addition, the sensitivity
to soot oxidation kinetics is found to be significantly less important than this effect. However, once this effect is
taken into account in the soot subfilter PDF, the sensitivity to soot oxidation kinetics becomes rather significant
compared to further refinements to the soot subfilter PDF models. More specifically, the assumption in the soot
subfilter PDF models whether soot oxidation is infinitely fast or finite rate compared to small-scale turbulent
transport is a less significant model sensitivity compared to the sensitivity to the kinetic rates of soot oxidation.
Furthermore, oxidation by OH and O are revealed to play fundamentally different roles in soot evolution.
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1. Introduction

Soot formation, growth, and oxidation in turbu-
lent combustion involve complex chemical kinetics in
both the gas-phase and the particle-phase as well as
complex, nonlinear interactions with turbulent flow.
As aresult, modeling soot evolution in turbulent com-
bustion requires a deep understanding of these phe-
nomena and physics-based models capable of captur-
ing these effects. Numerous modeling efforts have
been undertaken by the soot modeling community
to understand the statistical representation of soot,
the soot physiochemical processes (including incep-
tion, growth, and oxidation), the kinetics of these pro-
cesses, and the transport of soot at different scales.
This study focuses on the small-scale interactions of
turbulent transport of soot with soot oxidation kinet-
ics and their relative sensitivities in soot predictions
in turbulent reacting flows.

The oxidation of soot predominantly happens
through surface reactions with hydroxyl radicals OH
and molecular oxygen O2. The oxidation by OH is
generally modeled using a simple collision efficiency,
first proposed by Neoh et al. [1], and the oxidation by
O3 is generally modeled using some activation bar-
rier without [2] or with [3] a further dependence on
the surface reactivity of soot particles. The specific
form of the kinetic rates and and their values have
been subjected to considerable variation throughout
the literature [4-6] and remain one of the most sig-
nificant uncertainties in soot models. Guo et al. [6]
recently proposed a set of optimized rates for both
OH and O oxidation by fitting rates to twelve ex-
perimental datasets. Compared to state-of-the-art ox-
idation models, these optimized rates suggested a de-
crease in the collision efficiency for OH oxidation
and an optimized activation barrier for Oz oxidation.
These rates have previously been assessed in a tur-
bulent nonpremixed piloted jet flame of natural gas
and air by Schiener and Lindstedt [7] and shown to
be a secondary concern within a RANS-based model-
ing framework using an acetylene-based soot incep-
tion model. However, in this work, the optimized
rates proposed by Guo et al. [6] have been revisited
in the context of Large Eddy Simulation (LES) and a
more detailed PAH-based soot inception model.

Direct Numerical Simulations (DNS) of turbulent
nonpremixed sooting flames [8—10] have suggested
that soot has an intermittent nature due to turbulence.
In LES, this unresolved intermittency has been mod-
eled using a presumed subfilter Probability Density
Function (PDF) model for soot that divides the sub-
filter soot structure into a non-sooting mode and a
sooting mode [11]. At the same time, soot also has
a strong dependence on the mixture fraction Z and its
dissipation rate x. DNS [8-10] and experiments [12]
have both shown that soot is generally confined to
richer values of mixture fraction. This confinement
is due to soot inception and PAH-based growth at
very rich mixture fractions, acetylene-based surface
growth at moderately rich mixture fractions, and ox-

idation at leaner mixture fractions. The time scales
of inception and growth are typically very long, but
the time scales of oxidation can be quite fast. As
a result, the soot formed in rich mixtures is trans-
ported towards leaner mixtures where it is rapidly ox-
idized. Based on these observations, Yang et al. [13]
introduced a dependence on mixture fraction in the
sooting mode of the soot subfilter PDF by assuming
that soot exists only in regions of the flame where
growth is faster than oxidation; functionally, the soot-
ing mode is only activated beyond a cut-off value of
mixture fraction at which the oxidation and growth
rates are equal. Berger et al. [14] extended this model
to account for a more complex structure in the soot-
ing mode but retained the same dependence on mix-
ture fraction. However, since the soot subfilter PDF
model of Yang et al. [13] assumes soot does not exist
in regions where oxidation is faster than growth, the
model implicitly assumes that oxidation kinetics are
infinitely fast compared to turbulent transport. This
assumption would not be justified in cases where ox-
idation kinetics and mixing happen at similar charac-
teristic timescales such as in smoking flames. There-
fore, Maldonado Colmadn et al. [15] proposed an im-
proved subfilter model for finite-rate oxidation where
the sharp cut-off value of the mixture fraction is re-
placed with a gradual transition in mixture fraction,
the width of which is based upon the relative rates of
oxidation and transport, thereby allowing for leakage
of soot into the lean part of the flame. The modeling
efforts by Yang et al. [13] and Maldonado Colmén et
al. [15] have previously shown that accounting for the
dependence of the sooting mode on mixture fraction
is exceptionally important. The original marginal soot
subfilter PDF without accounting for the dependence
on mixture fraction can underpredict soot by at least
an order of magnitude due to “spurious oxidation” of
soot at lean mixture fractions.

Two distinct model components therefore sub-
stantially impact the predicted oxidation rate of soot
in turbulent flames: the soot subfilter PDF and the
kinetic rates of soot oxidation. The objective of this
work is to understand the relative importance of these
two effects and answer a relatively simple question:
‘How significant are the uncertainties in the oxidation
kinetic rates compared to the variation due to the soot
subfilter PDF models?” To address this issue, LES
have been performed for a turbulent nonpremixed
piloted jet flame using two sets of oxidation kinetic
rates and three soot subfilter PDF models. In the
next Section, the modeling framework, including the
soot subfilter PDF models and the oxidation kinetic
rates, are detailed. Then, the test configuration, a
well studied turbulent nonpremixed piloted jet flame
of ethylene and air, is described along with the
computational infrastructure. Finally, the results of
the sensitivity study are presented before drawing
conclusions.



2. Modeling framework

2.1. Combustion and soot models

The Radiation Flamelet/Progress Variable (RFPV)
approach of Mueller and Pitsch [16] has been used to
model combustion. In this model, the detailed flame
structure is decoupled from the turbulent flow field
and is calculated a priori and stored in a database
which is accessed during LES. The reliance of the
combustion modeling framework on a flamelet model
for nonpremixed combustion is an approximation
but sufficiently accurate for laboratory-scale turbu-
lent nonpremixed flames as considerd in this work,
as has been shown by Han et al. [17] compared with
a Transported PDF model. The RFPV database con-
sists of solutions to the steady nonpremixed flamelet
equations with radiative heat losses [13]. The effec-
tive Lewis numbers for each species are modeled with
the Strain Sensitive Transport Approach (SSTA), in
which the species (PAH) with slow chemistry and
confined to small length scales retain their molecu-
lar Lewis numbers [18]. Each flamelet solution in
the database is convoluted with a beta distribution for
the subfilter PDF of the mixture fraction, and the fi-
nal database is tabulated as a function of the filtered
mixture fraction Z, subfilter miNxture fraction variance
Zy, filtered progress variable C, and filtered heat loss
parameter H.

Soot has been modeled using the bivariate (V'S:
Volume-Surface Area) Hybrid Method of Moments
(HMOM) [19-21] using the first-order moments and
the number density of incipient soot particles. The
gas-phase contributions to the soot source terms are
tabulated in the RFPV database, and the soot source
terms are computed during the LES as part of the
solution of the filtered moment transport equations,
which are explicitly solved in LES. To account for
the slow chemistry of PAH, a transport equation is
also solved for a representative lumped PAH to ob-
tain the PAH mass fraction. While the current soot
model does take into account the fractal morphology
of soot aggregates, there are of course other phenom-
ena in more complex soot models (e.g., detailed soot
particle reactivity) that are not considered. These soot
models are more expensive, and their application to
and assessment in turbulent flames is left as an area
for future work.

More details about the combustion and soot models
can be found in previous works [11, 13, 15, 16, 18-
20].

2.2. Soot subfilter PDF models

Small-scale interactions between soot, turbulence,
and chemistry have been modeled using a presumed
PDF approach. A density-weighted filtered quantity
Q@ (for example, a source term) is closed through
convolution against a density-weighted joint subfilter
PDF P of the thermochemical variables & (that is,

the mixture fraction Z, progress variable C, and heat
loss parameter H) and the soot scalars M (that is,
the moments and the number density of incipient soot
particles):

)dérdM,; .

)]
This joint subfilter PDF can be represented by the
product of a thermochemical PDF and a conditional
soot PDF. To represent the intermittent nature of soot,
the conditional soot PDF is divided into a sooting
mode Ps and a non-sooting mode Pys, with the
weight of the non-sooting mode given by the subfilter
intermittency w [11]:

Q(&x, M / Q(&x, M;)P (&, M.

P (M;|¢) = wPns + (1 —w) Ps . )

The non-sooting and sooting modes are represented
by delta functions:

Pxs =8 (M;) , 3)

and _
Ps =6 (M; — Mj), 4

respectively, where M is such that M is obtained
upon convolution against the joint subfilter PDF. The
specific form of M depends on the particular form
of the subfilter PDF, and the following three subfilter
PDF models have been considered in this work.
Marginal: Proposed by Mueller and Pitsch [11],
the marginal model simplifies the subfilter PDF by
assuming that the timescales required for soot are
slow compared to the thermochemical quantities. The
marginal model assumes no dependence of the soot-
ing mode on the thermochemical quantities, and the
conditional PDF is simply the marginal PDF:

P (Mjl¢e) = P (M;) . (5)

Infinitely Fast Oxidation (IFO): In a later work,
Yang et al. [13] argued that, although the timescales
required for soot inception and growth are indeed
slow, the timescales of soot oxidation are not and
instead comparable to that of the gas-phase chem-
istry. Furthermore, the oxidation rate coefficients are
very large for lean mixture fractions. As a result, the
marginal subfilter PDF model results in “spurious oxi-
dation” of soot at very lean mixtures due to an absence
of mixture fraction dependency of the subfilter model.
To account for this, Yang et al. [13] proposed activat-
ing the sooting mode only beyond a cut-off value of
the mixture fraction Zsoot. This cut-off mixture frac-
tion is selected to be the mixture fraction at which the
acetylene-based surface growth rate coefficient ks is
as fast as the soot oxidation rate coefficient kox. This
cut-off mixture fraction varies with the mixture frac-
tion dissipation rate (as well as heat losses), that is,

Zsoot (Xst) - Z(Xst' kox = ksg) (6)



and is implemented using a Heaviside function for the
sooting mode in the soot subfilter PDF as

M} (Zoxw) = My H (2~ Zuow) . (D)

As detailed by Yang et al. [13], M is selected such

that M recovers M ; upon convolution with the joint
subfilter PDF.

Finite-Rate Oxidation (FRO): The IFO model ac-
counts for the absence of soot at leaner mixture frac-
tions, but this inherently assumes that oxidation ki-
netics are infinitely fast compared to turbulent mixing
since the cut-off in mixture fraction is sharp. Mal-
donado Colmadn et al. [15] relaxed this assumption,
replacing the sharp cut-off in mixture fraction with a
gradual transition with a shape g given by

11 Z — Zpor + AZ)2
g(Z7 XSt) - + - tanh ( AZ/Q ) ’

2 2

®

where AZ represents the width of the gradual tran-

sition in mixture fraction space. This width is deter-

mined by comparing the local relative motion of dif-

fusionless soot particles with respect to the flame (us-

ing mixture fraction iso-surface displacement speed
Vz [22]) with the local oxidation rate coefficient:

AZ == VZ |VZ| /kox . (9)

Figure 1 shows the sooting mode (Pgs) for the three
subfilter models, along with the rate coefficients of
oxidation and growth for an ethylene/air nonpremixed
flame at xsc = 10 s~ ! (steady nonpremixed flamelet
equations). Oxidation (kox) is dominant at leaner
mixture fraction values, and the cut-off mixture frac-
tion Zsoot is defined where kox = ksg. The marginal
model does not depend on mixture fraction so has a
significant contribution where the oxidation rate coef-
ficient is very large, leading to “spurious oxidation.”
Both the IFO and FRO models disappear where oxi-
dation is very fast, with IFO having a sudden change
at Zsoot and FRO having a gradual change near Zsoot.-
For these models, this “spurious oxidation” is ab-
sent, and, further, FRO allows for leakage of soot
into leaner mixtures if the local transport rate is fast
enough. As would be expected, the value of Zgoot
increases with an increase in yst.

As a final note on the soot subfilter PDF models,
where soot is present, there is no explicit presumption
of any correlation between soot and mixture fraction.
The soot subfilter PDF models only seek to determine
where soot is absent (oxidized) in mixture fraction
space.

2.3. Soot oxidation kinetics

In the soot model, oxidation occurs via OH and
3. The default oxidation rate coefficients in the
HMOM soot model (kox,1) are those from Blanquart
and Pitsch [5] in which the oxidation rate for OH
(komn,1) is taken from Neoh et al. [1] and the oxi-
dation rate for Oz (ko,,1) is taken from Kazakov et
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Fig. 1: Sooting mode ISS of the three soot subfilter PDF

models along with the rate coefficients of oxidation kox and

surface growth ksg. The conditions correspond to an ethy-

lene/air flame at standard conditions with xst = 10s~1.

al. [23]; for the latter rate, the oxidation rate is propor-
tional to the number of radical sites on the soot sur-
face. The number of radical sites is calculated using a
steady-state assumption for the radical sites assuming
an active site density of 1.7x10**m 2. These default
rates will be compared with the optimized oxidation
rates (kox,2) from Guo et al. [6] based on twelve ex-
perimental datasets. Table 1 summarizes the key at-
tributes and constants for the two sets of oxidation
rates rates considered. To summarize the key differ-
ences, the rates of Guo et al. [6] have a lower col-
lision efficiency (non) for the oxidation rate for OH
(kom,2) and have an oxidation rate for O2 (ko,,2) that
is independent of radical site density and has a higher
activation energy.

These two set of oxidation rates (kox,1 and kox,2)
have been implemented in flamelet calculations and
have been tabulated in the thermochemical database.
Figure 2 (top) shows the total oxidation rate coeffi-
cients (kox = kou + ko, ) along with the constituent
rate coefficients of Oz (ko,) and OH (kogn) in mix-
ture fraction space at a representative dissipation rate.
Figure 2 (bottom) further shows the peak values of the
oxidation rate coefficients in mixture fraction space at
different dissipation rates.

Comparing the two sets of rates, due to a de-
creased collision efficiency (non), kou,2 is slower
than ko m,1, and, except for very lean mixtures, ko, ,2
is faster than ko,,1 and, due to a larger activation
energy, peaks closer to stoichiometric mixture frac-
tion. The differences between the two rates for ox-
idation by Oz are most pronounced at rich mixtures
(Z > 0.15), where ko, 2 is nearly as fast as oxidation
by OH while ko, 1 is negligibly small. Additionally,
the peak oxidation rates have a very different response
to the scalar dissipation rate. For large scalar dissipa-
tion rates, oxidation by OH dominates for both sets of
rates. However, for small scalar dissipation rates, ox-
idation by ko, 2 is actually faster than kom,2, while
the trend is reversed for the other set of rates with



Table 1: Oxidation rate parameters for OH and Oz oxidation in terms of collision efficiency (n) and modified Arrhenius form

(A, n, E), respectively, with units in K, kmol, m3, and s.

Radical Site

k; M5 Aj nj E; Dependence Reference
kon,1 0.13 — — — X [1]
kow,2 0.10 - - - X (6]
ko,n — 22x10° 00 31.38 v [23]
ko, — 11x10* 05 1950 x [6]
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Fig. 2: Top: Oxidation rate coefficients (kox, k0, kOH)
at xst = 10 s—!. Bottom: Peak values of oxidation rate
coefficients at different dissipation rates (xst). Black lines
are rate coefficients from Blanquart and Pitsch [5], and grey
lines are rate coefficients from Guo et al. [6]. The conditions
correspond to ethylene/air flames.

kown,1 faster for all dissipation rates. The behavior
of ko,,2 in particular, makes its effect on soot evolu-
tion in turbulent nonpremixed flames both more sig-
nificant and more nuanced than its ko,,1 counterpart,
which is more or less always negligible. These differ-
ences will be discussed later in the manuscript.

3. Configuration and computational details

The Sandia sooting flame [24] is a turbulent non-
premixed piloted jet flame operating at atmospheric
pressure. The pure ethylene central fuel jet has a jet
Reynolds number Re = 20, 000, with a bulk velocity
of 54.7 m/s and a diameter D = 3.2 mm. The pilot
flame is obtained from an ethylene-air premixture at
¢ = 0.9, with a thermal power equivalent to 2% of
the main jet, and the pilot diameter is 19.1 mm. The
surrounding air co-flow has a bulk velocity of 0.6m/s
to isolate the flame from external perturbations.

LES have been performed using NGA [25, 26],
a finite difference solver for low Mach number tur-
bulent reacting flows. The computational domain is
the same as previous work [13, 15, 18] and consists
of a structured cylindrical grid of 192 x 96 x 32
points in the streamwise, radial, and circumferential
directions, respectively. The dimensions of the do-
main are 300D x 70D in the streamwise and radial
directions, respectively. The velocity profile for the
fuel jet inlet has been obtained from a separate non-
reacting periodic pipe flow simulation, and uniform
velocities are specified for the pilot and coflow. Tur-
bulent transport has been modeled using Lagrangian
dynamic Smagorinsky(-like) models [27, 28].

The RFPV database that is accessed during LES is
generated using FlameMaster [29]. The flamelet com-
putations utilize a detailed chemical mechanism [30,
31] with PAH chemistry up to four aromatic rings.

4. Results

The modeling framework mentioned in Section 2
and Section 3 has been applied to the Sandia sooting
flame for three soot subfilter PDF models (Marginal,
IFO, and FRO) and two sets of oxidation rates (kox,1
from Blanquart and Pitsch [5] and koz,2 from Guo et
al. [6]). The set of oxidation rates kox,2 have been im-
plemented only with the FRO soot subfilter model due
to its superior representation of the small-scale inter-
actions between soot, turbulence, and chemistry and
is referred to as FRO-Ox in the figures, but the influ-
ence of the oxidation kinetics is not expected to dif-
fer significantly with soot subfilter PDF model. The
results shown have been averaged over 200 ms. Fig-
ure 3 shows the mean temperature along the center-
line (left) and for radial profiles at two axial loca-
tions with comparison to experimental measurements
(center and right). Compared to the other models,
the marginal soot subfilter PDF model tends to over-
predict the temperature, while the other soot subfil-
ter PDF models are generally in very good agreement
with one another and with the experimental mea-
surements. The only influence on the temperature
is through the prediction of the soot volume fraction
and associated soot radiation, and, as shown subse-
quently, the marginal model significantly underpre-
dicts the soot volume fraction (consistent with prior
work [13, 15]), and reduced soot results in reduced
heat losses and an overpredicted temperature.

The mean and RMS soot volume fraction along the
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Fig. 3: Mean temperature profile along the centerline (left) and radial profiles at two axial locations (center and right). The
experimental data (symbols) is from Kearney et al. [32]. The default oxidation rates are kox,1, and the ‘-Ox’ indicates the use

of the kox,2 rates.

centerline are shown in Fig. 4. Figure 5 shows quali-
tative results of the mean soot volume fraction fields
using the four models. Mean mixture fraction iso-
lines are also plotted, where the stoichiometric iso-
line corresponds to Z = Zs, = 0.0635. The re-
sults shown for the soot volume fraction are Reynolds
averaged, Reynolds filtered quantities since the soot
volume fraction is already density-weighted. From
Fig. 4, it can be seen that the mixture fraction depen-
dent subfilter models result in a similar order of mag-
nitude of soot compared to the experimental measure-
ments in terms of the maximum (an overprediction
of a factor of a few), while as indicated previously,
the marginal model severely underpredicts the mean
and RMS soot volume fraction (an underprediction
by more than one order of magnitude). This under-
prediction is due to excessive “spurious oxidation” in
the marginal soot subfilter PDF as discussed in detail
by Yang et al. [13].

From Fig. 5, it can be observed that the FRO
model allows for a very slightly wider sooting region
compared to the IFO model. Along the centerline
(Fig. 4), the most significant difference between the
FRO and IFO models for the mean volume fraction
is in the soot inception region (40<x/D<90), where
the mean mixture fraction is relatively close to the cut-
off mixture fraction; in this region, the model predic-
tions are slightly influenced by the effect of the grad-
ual transition in the FRO model on the surface growth
rate, which is more significant at large mixture frac-
tion dissipation rates. See Maldonado Colman et al.
[15] for further discussion as well as a priori analysis
of DNS data that demonstrates the correctness of this
effect. Downstream, where the mean mixture fraction
is leaner than the cut-off mixture fraction, both mod-
els give more or less identical results.

The influence of the soot oxidation kinetics are at
the same time very obvious and very subtle. The most
obvious effect of the the rates of Guo et al. [6] is
the increased maximum mean centerline volume frac-
tion (the increased soot volume fraction in the region
100<x/D<200) compared to the rates of Blanquart
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Fig. 4: Mean (Top) and RMS (bottom) soot volume fraction
(fv) profiles along the centerline. Experimental data is from
Zhang et al. [24]. See Fig. 3 for further commentary on leg-
end.

and Pitsch [5]. The peak is largely determined by the
balance between inception/growth and oxidation, and,
at this location where the mean mixture fraction is rel-
atively lean (Fig. 6) and with a relatively large dissi-
pation rate, oxidation by OH dominates with both sets
of rates. Since the OH oxidation rate is slower with
the rates of Guo et al. [6], the resulting peak mean
centerline soot volume fraction is larger. The reduced
oxidation rate with the rates of Guo et al. [6] is clearly
evident in Fig. 7 (middle) where the radial profile of
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case.

the normalized oxidation rate is shown.

There are two additional subtle effects of the rates
of Guo et al. [6] compared to the rates of Blanquart
and Pitsch [5]. First, as shown in Fig. 4 and Fig. 5,
with the rates of Guo et al. [6], the soot volume frac-
tion is lower in the inception region of the flame. In
this region, as shown in Fig. 7 (left), inception is ac-
tually offset by a faster oxidation rate. In this region,
the mean mixture fraction is very rich Z > 0.2, and,
according to Fig. 2 (top), oxidation by O2 becomes
competitive with oxidation by OH at these very rich
mixture fractions, and its substantially increased rate
acts to reduce the soot volume fraction. Second, as
shown in Fig. 4, with the rates of Guo et al. [6], the
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Fig. 5: Contours of mean soot volume fraction for the four models considered. Also shown are iso-lines of mean mixture
fraction, and stoichiometric mixture fraction corresponding to the value 0.0635.

soot volume fraction is also lower in the far down-
stream region of the flame (z/D>200). In this re-
gion, the dissipation rate is quite low, and, as shown
in Fig. 2 (bottom), oxidation by O2 becomes domi-
nant at such conditions with the rates of Guo et al. [6]
and its faster rate compared to those of Blanquart and
Pitsch [5] increases the oxidation rate, as shown in
Fig. 7 (right), and decreases the mean soot volume
fraction.

Based on the results, two clear conclusions can be
drawn. First, the influence of the marginal soot sub-
filter PDF compared to the soot subfilter PDF models
that account for the dependence on mixture fraction
is the dominant sensitivity, and the influence of the
oxidation kinetic rates is substantially smaller than
the elimination of the “spurious oxidation” in the
marginal soot subfilter PDF model. Second, however,
the influence of the soot oxidation kinetics (FRO ver-
sus FRO-Ox in the figures) is more significant than
the differences between the FRO and IFO models.
In other words, the sensitivity of soot volume frac-
tion predictions to the oxidation kinetics is at least as
important as the finer details of the mixture fraction
dependence in the soot subfilter PDF model. Trans-
lating this conclusion to other combustion modeling
frameworks, this likely means that any models affect-
ing subfilter turbulent transport of soot (e.g., subfilter
mixing models in the Transported PDF approach) are
dominant sensitivities in the prediction of soot evo-
lution in turbulent combustion. Additionally, given
that key phenomena are unresolved, this conclusion
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Fig. 7: Normalized conditional mean soot volume fraction source term for oxidation at three different axial locations.

is likely agnostic to LES versus RANS, and the con-
clusion is also unlikely sensitive to the specific soot
modeling framework (e.g., would also apply to a sec-
tional soot model).

5. Conclusions

Large Eddy Simulations have been performed for a
turbulent nonpremixed piloted jet flame to assess the
importance of subfilter soot PDF models and uncer-
tainties in soot oxidation kinetics. Three soot subfilter
PDF models were considered, specifically a marginal
model (no dependence on mixture fraction), a con-
ditional model that considers the dependence of soot
on mixture fraction but makes an implicit assumption
that soot oxidation is infinitely fast, and a conditional
model that considers the dependence of soot on mix-
ture fraction and can accommodate finite-rate soot ox-
idation. Two sets of soot oxidation kinetic rates, one
baseline set and one with slower oxidation by OH
but faster oxidation by Oz. The results indicate that
the most important sensitivity is the accounting for
the dependence of soot on mixture fraction in some
form to remove excessive “spurious oxidation” that
plagues the marginal soot subfilter PDF model and
leads to a severe underprediction of the soot volume
fraction. However, the influence of the fine details of
the dependence on mixture fraction is relatively less
important, and its sensitivity is at most comparable
to the sensitivity to the uncertainties in the kinetic
rates of soot oxidation. Additionally, the influence
of the soot kinetic rates is not as simple as more soot
or less soot. The reduced rate of OH oxidation rela-
tive to the baseline rates increases the maximum mean
soot volume fraction, but the increased rate of O2 ox-
idation relative to the baseline rates reduces the soot
volume fraction in the inception region (rich mixture
fractions) and in the far downstream region (low mix-
ture fraction dissipation rates) of the jet flame where
O oxidation plays an important role with the alterna-
tive rates considered.

Improvements in the predictive capability for soot
evolution in turbulent reacting flows would there-
fore benefit from not only improved models for the
small-scale interactions between soot, turbulence, and
chemistry but also from the reduction in the uncertain-
ties of kinetic rates for oxidation.
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