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Abstract 

Considering stricter regulations on soot emissions, the detailed soot modeling approaches facilitating pre- 
diction of soot particle size distributions (PSD) are increasingly in demand. In this context, the transient 
evolution of soot is numerically investigated for two high-pressure turbulent sprays from the Engine Com- 
bustion Network (ECN), namely, Spray C (SC) and Spray D (SD). The 900 − K ambient temperature ( T am 

) 
sprays are studied. This is because the two cases tend to produce a similar amount of soot at T am 

= 900 K, de- 
spite the significantly different spray development. To predict the soot formation with information on PSD, a 
discrete sectional method is applied within the large-eddy simulation (LES) framework. The applied modeling 
strategy favorably captures the experimentally observed similar soot mass for SC and SD in the character- 
istic field-of-view (FOV) frustum. Moreover, the transient dynamics of soot within the FOV frustum is well 
captured, and the onset of soot is well predicted. It is observed that for SC and SD, soot formation is more 
prominent in fuel-rich ( 2 < φ< 4 ) and high-temperature ( T > 1500 K) regions. Despite the stronger fuel dilu- 
tion in the downstream area of the spray, soot is predominantly present in the head of the spray during the 
whole combustion progress, corresponding to larger particle sizes and higher soot number density. Although 

the spray development of SC and SD are different, the FOV approach bridges the two cases. The unique cor- 
relation between soot mass and FOV volume recognized in experiments was found to hold for the complete 
quasi-steady sooting region. Moreover, PSD analysis suggests very similar soot size and number density with 

respect to the FOV volume. This is attributed to the similar LOL for SC and SD in the normalized coordi- 
nates, and the same FOV volume corresponding to similar locations in the normalized coordinates. 
© 2022 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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1. Introduction 

The increasingly harsher legislation regarding 
soot emissions motivates the demand for accurately 
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odeling particulate matter with more detail, such
s particle size distributions (PSD). To predict soot
ormation in engines is very challenging owing
o the complex in-cylinder physics. In turbulence,
oot formation is a combination of soot dynamics
hich is dependent on combustion and flow char-
cteristics, such as local fuel-air mixing and turbu-
ence time scales [1] . For the igniting sprays stud-
ed in the present work, soot formation is closely
oupled to spray development and ignition behav-
or [2,3] . This raises computational challenges and
equires high-fidelity models for both the turbu-
ence and combustion. The Engine Combustion

etwork (ECN) [4] provides extensive characteri-
ation of the mixing and combustion processes for
prays at various engine-relevant conditions using
ifferent facilities, and comparisons of the corre-
ponding numerical results. Recently, Spray C (SC)
nd Spray D (SD) were proposed to understand the
ffects of cavitation on soot emissions. 

As expected, soot formation of both SC and SD
re sensitive to the ambient temperature. Specifi-
ally, at around 900 − K ambient temperature (the
onditions studied in the current work), the rela-
ive amount of soot produced for these injectors
hanges [5] . The significant difference observed in
oot formation weakens, despite the significantly
ifferent spray development. This trend was at-
ributed to their similar equivalence ratio distri-
utions at the lift-off length (LOL) [5,6] . From
he perspective of numerical investigation, this
resents a fascinating and more challenging sce-
ario of spray-flame-soot interactions. 

As the current PSD measurements at high-
ressure conditions are mostly intrusive and may

nfluence the detected results, only limited experi-
ental information on the PSD is available [7,8] . To

nable the information on soot PSD, the detailed
oot modeling of turbulent flames mainly relies
n the method of moments or discrete sectional
ethod. In the former, each desired property of 

he PSD is represented by a moment, and usually,
everal moments are transported. However, the
esulting moment model closure remains a math-
matical challenge, which has been the subject of 
everal studies [9–11] . The sectional method, on
he other hand, facilitates a discrete representation
f soot PSD with representative particulate sizes or
ass such that the dynamics of soot particles are

irectly calculated [12] . Numerous investigations
n zero-dimensional reactors [13,14] , and laminar
ames [15,16] proved the high-fidelity of the sec-
ional method. Nevertheless, its accuracy highly
orrelates with the number of sections adopted.
he igniting sprays involve multi-phase flow with
arious spatio-temporal scales associated with mix-
ng, jet breakup, and evaporation. It is preferable to
pply a large-eddy simulation (LES) for its better
escription of turbulent mixing and finer transient
ortical structures when compared to Reynolds-
Averaged NavierStokes (RANS) approach. How-
ever, efforts on the application of sectional models
in turbulent sooting flame within the framework
of LES are relatively scarce [17,18] considering the
high computational cost of LES in conjunction
with the large number of sections required. This
is especially the case when complex chemistry
is involved. In the context of engine-relevant
sprays, the sectional method is mostly applied
in a RANS approach [19,20] . The application
of LES is so far limited to semi-empirical two-
equation-based soot models wherein information
about PSD is absent [21] . Moreover, the fidelity of 
two-equation-based models highly correlates with
the parameters applied and must be tuned depend-
ing on cases. To the authors’ best knowledge, the
sectional method is not yet explored within an LES
framework to predict soot formation in igniting
sprays. 

Against these backgrounds, the present study
first aims to accurately predict the spray develop-
ment and ignition process. The transient evolution
of soot formation for SC and SD are then predicted
with detailed information regarding PSD. The im-
pact of spray characteristics on soot formation is
facilitated. These aims are realized by integrating
the discrete sectional soot model within an LES
framework. 

2. Modeling approach 

2.1. Spray modeling 

The present simulations are performed using
OpenFOAM. The Lagrangian-Eulerian approach
is adopted for spray modeling. The gaseous
phase is described by spatially filtered transport
equations of mass, momentum, and the scalars
required for combustion modeling. The subgrid
scale is closed by the Dynamic Structure LES. Both
temporal- and diffusive terms are discretized by
implicit second-order schemes, while the convec-
tive terms use a Gauss Gamma scheme. The liquid
phase is surrounded by the Lagrangian particle
tracking approach. The primary breakup is de-
scribed by a Rosin-Rammler size distribution, and
the secondary breakup is modeled by the Kelvin-
Helmholtz and Rayleigh-Taylor instabilities. The
droplet evaporation and heat transfer with the
surroundings are employed by the Frossling model
and Ranz-Marshall correlation, respectively. De-
tails of the model implementations are available
from previous work [6] . 

2.2. Combustion modeling 

The Flamelet Generated Manifold (FGM)
method is adopted in the present study for com-
bustion modeling [22] . In FGM, a manifold rep-
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resenting the thermochemical space, parametrized
by suitable controlling variables, is constructed
from solutions of laminar flamelets. Here, archety-
pal igniting counterflow diffusion flamelets are
computed with detailed chemical kinetics using
CHEM1D [23] where a discrete sectional method-
based soot model is coupled [16] . A reduced kinetic
scheme as described by Wang et al. [24] , contain-
ing 100 species and 432 reactions, is adopted
for the computation of flamelets. In turbulent
flames, intermittent soot structures were found to
be strongly impacted by scalar dissipation rates
χ [25] . Therefore, incorporation of χ in FGM is
expected to improve the prediction of soot dynam-
ics. In the igniting flamelet formulation, χ varies in
time, and its progress during ignition depends on
the applied strain rate a . In this investigation, the
evolution of χ is explicitly recorded in the database
for several a values and adopted as an additional
controlling variable besides the standard mixture
fraction Z and reaction progress variable Y . The
selected strain rates range from 50 s −1 to the igni-
tion limit corresponding to SC and SD conditions.
The thermochemical data of the set of computed
unsteady flamelets is tabulated on a uniform mesh
with 300 × 500 × 8 grid points in parameter space
Z × Y × a , respectively. The turbulence-chemistry
interaction is realized via a top-hat filtering proba-
bility density function applied to the mixture frac-
tion. The closure of filtered source terms (including
soot) is accomplished through a transport equa-
tion of mixture fraction variance, where the turbu-
lent scalar dissipation is encountered. The details
of the FGM modeling approach are available in [6] .

2.3. Soot modeling 

The soot model employed in the present study is
based on the discrete sectional method. In sectional
models, soot particle volume ranges are divided
into a finite number of n s sections using an univari-
ate description. Nucleation is modeled based on
PAH (A4 here) dimerization. Surface growth and
oxidation of soot particles are described through
the standard HACA mechanism [26] . PAH con-
densation is modeled as the coalescence of PAH
with soot particles, while coagulation is assumed to
occur through the coalescence between soot par-
ticles. The specifics of the flamelet sectional soot
model can be found in [16] . The retained soot model
has been validated for laminar flames in previous
works [16,27] . 

For the computationally efficient LES applica-
tion of the sectional methods in conjunction with
FGM, the reduction in the sectional dimensions
is achieved by adopting the clustering (grouping)
strategy. Accordingly, 1-D counterflow flamelets
for the database creation are computed with com-
plete soot kinetics using n s =60 by accounting for
the mass exchange between the soot and gas phase.
In LES, however, transport equations are solved for
soot mass fraction in a reduced number, n c , of clus- 
tered sections instead of n s by assuming the preser- 
vation of soot PSD within the clustered section. 
The filtered equations for soot mass fraction ( Y 

c 
s,i ) 

in the i-th clustered section read: 

∂ ̄ρ˜ Y 

c 
s,i 

∂t 
+ 

∂ ̄ρ˜ u j ̃  Y 

c 
s,i 

∂x j 
− ∂ 

∂x j 

[ 

ρ̄C th ̄ν
1 ˜ T 

∂ ̃  T 

∂x j ̃

 Y 

c 
s,i 

] 

= 

∂ 

∂x j 

[ 

ρ̄
νsgs 

Sc sgs 

∂ ̃  Y 

c 
s,i 

∂x j 

] 

+ ρs 
¯̇
 Q 

c 
s,i , (1) 

where ρ, ρs ν, Sc , and T denote the gas density, 
constant soot density, kinematic viscosity, Schmidt 
number, and temperature, respectively. The sub- 
script sgs corresponds to the subgrid scale compo- 
nents. The third term on the left hand side refers the 
thermophoresis of soot particles (with C th =0 . 55 ), 
while molecular diffusion of soot is neglected. 

The mean source term 

¯̇
 Q 

c 
s,i for the correspond- 

ing clustered section accounts for combined con- 
tributions from nucleation, condensation, surface 
growth, oxidation, and coagulation sub-processes. 
The soot source term is tabulated in the lookup 

database as a production rate and a linearized con- 
sumption rate of soot volume fraction and, subse- 
quently, applied in Eq. (1) . In this investigation, 
filtered soot equations are solved for only 6 (90% 

reduction in sectional dimensions) uniformly clus- 
tered sections, and a reconstruction procedure is 
applied to recover the original distribution of soot 
mass for all the 60 non-clustered soot sections. This 
integration of sectional soot method and FGM ap- 
proach has been verified in the laminar diffusion 

flames for its accuracy in soot and PSD predic- 
tion in comparison with detailed kinetics counter- 
parts [28] , and is extended for turbulent combus- 
tion applications in the present study. This soot 
modeling strategy facilitates a drastic reduction in 

the number of transport equations (hence CPU 

cost) with a low memory footprint of the FGM 

database. For instance, in the current simulations, 
doubled number of the clustered sections corre- 
sponds to approximately a 25% increment in com- 
putational time with an additional 30% increase in 

the database size. 

3. Case description and numerical setup 

To validate the turbulence predictions of SC and 

SD, the non-reacting (0% O 2 ) ECN Spray A (SA) 
case is simulated as a comparison. SC and SD are 
simulated for both non-reacting and reacting (15% 

O 2 ) conditions. All cases have the same ambient 
temperature ( 900 K) and density ( 22 . 8 kg/m 

3 ), and 

the same fuel temperature ( 363 K) at 150 MPa in- 
jection pressure. The nozzle diameter D noz and dis- 
charge coefficient C d , however, are different among 
the cases, see Table 1 . Note that the spreading an- 
gles for SA, SC, and SD are set as 21, 21.5, and 
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Table 1 
Case specifications. 

Case O 2 D noz C d d eq t inj 
number [% vol.] [ μ m] [-] [ μ m] [ μ s] 

1 (SA) 0 90 0.89 489 - 
2 (SC) 0 200 0.81 1032 - 
3 (SD) 0 186 0.97 1066 - 
4 (SC) 15 200 0.81 1032 5 
5 (SD) 15 186 0.97 1066 5 
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Fig. 1. Time-averaged mixture fraction distribution of 
non-reacting sprays at three characteristic distances from 

the injection tip, with the coordinates normalized by the 
corresponding equivalent nozzle diameter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

9 degrees, following literature [29,30] . A uniform
tructured mesh with hexahedral elements is ap-
lied for all three cases and validated in previous
ork [6] . Since soot evolution takes significantly

onger than ignition, the mesh length adopted in
he present study is increased to 150 mm to allow for
xtended flame development. The mesh expansion
atio is reduced to 1.005 along the spray direction,
esulting in a more refined mesh in the upstream re-
ion when compared to the previous mesh used in
6] . 

. Model validation 

.1. Non-reacting spray 

The spray modeling approach that was previ-
usly shown to well capture the liquid penetration
LP) and vapor penetration (VP) [6] , is first applied
or non-reacting sprays, i.e. , Case 1, 2, and 3 listed
n Table 1 . The results are quantitatively validated
ia the experiments. In the present study, the pre-
iction of the local mixture fraction Z x , is evalu-
ted. Although spatial Z distributions for SC and
D are not yet available from experiments, the es-
ablished SA measurements allow for an investiga-
ion. It was shown that the vapor fuel distribution
or the three configurations studied in the present
ork collapse when so-called comparable entrain-
ent coordinates are used [31] . The spatial coordi-

ates are thus normalized by the equivalent nozzle
iameter d eq = d e 

√ 

ρ f /ρa for comparison. Here, d e 
s the effective nozzle diameter which takes cavita-
ion into account [31] . ρ f and ρa are fuel and am-
ient densities, respectively. Fig. 1 shows the pre-
icted radial Z distribution (averaged from 1.5 to
 ms) in normalized coordinates with the SA mea-
urements at three characteristic distances from the
njection tip, from spatially upstream of the SA lift-
ff length LOL (the shortest LOL among the three
ases) until approximately two times the SD LOL
the longest LOL). The value at each radial loca-
ion is an azimuthal average of 90 slices of time-
veraged fields along the spray axis. The results sug-
est good agreement to the experiment for both
C and SD. Both the global transient spray devel-
pment and local time-averaged Z distribution are
ell captured. This gives confidence to the soot pre-
dictions, as soot formation is strongly determined
by local mixing. 

4.2. Reacting spray 

Being an important combustion indicator, the
predicted ignition behavior for SC and SD (Case
4 and 5 in Table 1 ) are evaluated. The predicted
ignition delay time (IDT) for SC and SD are 0.538
and 0.544ms, respectively, and compare reasonably
well to the experimental values, 0.561 and 0.563
ms [5] . The predicted lift-off lengths (LOL) for SC
and SD are 23.1 and 26.0mm, respectively. The
simulation reproduces the experimentally observed
trends of both the similar IDT and the different
LOL between SC and SD. Both numerical values
are defined following [6] . The transient flame struc-
ture evolution is depicted in Fig. 2 by sampling the
simulated data on a plane crossing the spray axis
within the flame envelope at several representative
time instances. The most upstream region in which
low-temperature combustion is found, indicated
by the contour of 0.001 times the maximum
C 1 2 H 2 5 O 2 mass fraction during simulation (in
black), for both cases is found to stabilize very
quickly. The spray tip of C 1 2 H 2 5 O 2 , on the other
hand, travels downstream until high-temperature
combustion occurs, coinciding with the con-
sumption of the low-temperature combustion
products. This is consistent with literature [32] . For
both cases, the high-temperature ignition kernels
( T > 1500 K) initialize at the periphery of the flame
and propagate simultaneously both upstream to
the quasi-steady LOL location and downstream
until it reaches the spray tip. 

5. Results and discussion 

In this section, the results of the clustered sec-
tional soot model are discussed given the fact that
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Fig. 2. Temporal evolution of temperature within the 
flame envelope for representative time instances with ad- 
ditional contours identifying: stoichiometry (white dot- 
ted line), 0.1% of the maximum mass fraction thresh- 
old for C 1 2 H 2 5 O 2 (black contour), T = 1500 K (magenta 
contour), LP and VP (grey dashed line), and LOL (red 
dash-dotted line). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the 
web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

both mixing and ignition behavior, being the pri-
mary challenges in modeling igniting soot-laden
flames, are well predicted by the currently used
model. The results are first compared to the avail-
able experimental data on soot mass, followed by
further discussions on local characteristics. 

5.1. Soot mass results 

The experimental soot mass in this section in-
cludes the results obtained by facilities at three dif-
ferent institutions, including a constant-pressure
vessel at the Spray Combustion Laboratory at
Caterpillar (Caterpillar), and two constant-volume
pre-combustion chambers at Sandia National Lab-
oratories (Sandia) and IFP Energies Nouvelles
(IFPEN), respectively. To create an unambiguous
comparison of the soot mass between SC and SD
in different experimental setups (with different win-
dow dimensions) at a range of different ambient
temperatures, a fixed field-of-view (FOV) approach
is introduced in ECN experiments [4,5] . With this
approach, the soot mass is determined in a certain
volume using a conical frustum starting from the 
corresponding soot inception point. 

Fig. 3 (a) compares the simulated evolution of 
soot mass for SC and SD in a 6000- mm 

3 FOV 

frustum starting at the soot inception location 

with corresponding results measured in three 
different facilities. The results of simulations and 

experiments by three institutions are marked by 
four different colors, which also applies in 3 (b) and 

(c). Note that a higher soot mass in the Caterpillar 
experiments is at least partially explained by the ex- 
perimental ambient gas composition without CO 2 
and H 2 O in that case [5] . In the simulations, the am- 
bient gas composition of the Sandia experiments is 
reproduced. The trend of soot mass development 
in the FOV field is reasonably captured, including 
the initialization indicated by τ1 , followed by a peak 

notated by τ2 , and the start of a quasi-steady soot 
mass phase marked by τ3 . In addition to the effects 
caused by CO 2 and H 2 O in the ambient gas, the 
model constants used in [27] for the well-established 

ethylene flame are used without adoption. For the 
current spray flame, the surface growth rate may 
be different. Additionally, the enhanced soot 
aggregation due to a higher pressure [33] , and 

larger particles [8] are not included. Nevertheless, 
capturing the general trend of soot behavior with 

fair agreement of the total soot mass compared 

to the experiments (considering significant differ- 
ences in absolute values between experiments too) 
promotes the application of the current modeling 
approach. The transient soot inception location 

for SC and SD are shown in Fig. 3 (c) and again 

agree well with the experiments. The representative 
colors adopt the legend from Fig. 3 (a). The end of 
the 6000 − mm 

3 FOV frustum for the simulation 

is also marked. At the same time, these panels show 

the radially integrated intensity of soot mass ( Ism ) 
along the spray axis ( x ) in a so-called Ism xt -plot 
(similar to the I xt -plot discussed by Maes et al. [34] ). 
The soot mass production is observed to be con- 
fined by the vapor penetration that is marked by 
yellow cross markers, which agree well to the mea- 
surements indicated by the yellow dashed line with 

standard deviations. It is noted that the inception 

of soot is defined as the location where 0 . 01 − μg
Ism x is observed following the experiments. 

Fig. 3 (b) shows the relationship of the aver- 
aged quasi-steady soot mass between 2.5 and 5ms, 
and the chosen FOV volume. Note, again, how 

a factor of two difference between the soot mass 
here may be explained by the different ambient 
gas composition, and model assumptions discussed 

above. The unique correlation between soot mass 
and FOV volume within the optical area in experi- 
ments was pointed out in [5] , potentially allowing 
for the evaluation of the soot mass in an extend 

FOV through extrapolation. Indeed, the leveling- 
off seen in Caterpillar experimental data is due 
to the end of the FOV at approximately 77mm 

downstream of the injector tip. Here, the simulated 
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Fig. 3. Comparison of global soot behavior between simulation and experiments: (a) evolution of soot mass in a 6000-mm 

3 

frustum, (b) relationship between time-averaged soot mass and FOV volume, (c) Ism xt -plot of simulated soot mass with 
soot inception and the end of the 6000-mm 

3 FOV volume identified by orange lines (1. Spray C, 2. Spray D). Experimental 
soot inception locations are identified by their representative colors from the legend of figure (a). The dashed lines with 
standard deviations mark the experimental VP and LP, while the corresponding simulated values are shown by cross 
markers. The experimental data is taken from [5] . 
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Fig. 4. Temporal evolution of simulated soot mass distributions at selected time instances. First (SC) and third (SD) rows: 
color plots of OH (red), PAH (green), and soot mass fraction ( Y s , blue) on a cross-section along the spray axis. All presented 
species are normalized by their maximum values found on the selected plane. Second and fourth rows: false-color images 
of line-of-sight integrated soot mass with a 6000- mm 

3 FOV field indicated by the cyan lines and projected spray envelope 
marked by the magenta line. Note that the white lines, φ = 2 contours, refer to the φ value on the plane (first and third 
row), and the line-of-sight density-averaged φ within the flame volume in the line-of-sight integrated panels (second and 
fourth row), respectively. The yellow lines refer to φ = 4 contours. The black lines mark 0.1% of the maximum line-of-sight 
soot mass per panel. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

result up to approximately 100mm is shown, where
a correlation still exists. An even larger FOV vol-
ume may not make sense, given that the spray tip
only develops to about 110mm for SD at 2.5ms, and
that the soot mass, as observed in the upper-right
corner of the Ism xt -plot, is oxidized in these down-
stream areas. The low intensity seen in the upper-
right corner also indicates that the 150mm length
adopted in the present study is sufficiently long to
capture the soot development. It was previously
pointed out by Maes et al. [5] that SC generally pro-
duces more soot than SD at higher ambient tem-
peratures, while SC tends to be slightly less sooting
at temperatures of approximately 900 K and below.
Fig. 3 (b) shows a slightly higher soot amount for
SD at 900 K, which coincides with the experimen-
tal observation. Also, the VP and LP penetrations,
defined as the farthest axial distance from the noz-
zle outlet with the gaseous fuel mass fraction of 
0.001 and that where the projected liquid volume of 
0 . 2 × 10 −3 mm 

3 liquid / mm 

2 is found, respectively,
are shown in the Ism xt -plots. The results illustrate
very good agreement between the predictions and
the experiments. 

5.2. Soot formation 

The local soot characteristics within the spray
envelope are analyzed in detail in this section.
The soot formation at three representative time in- 
stances as indicated by τ1 through τ3 in Fig. 3 are 
shown in Fig. 4 from left to right. For visibility, 
the key species mass fraction distribution including 
soot ( Y s ), OH, and PAH on a cross-section on the 
spray axis are colored by blue, red, and green, re- 
spectively. The combinations of three species lead 

to new colors that are indicated in the legend in 

the lower-left corner. The line-of-sight soot val- 
ues at a certain time are normalized by the maxi- 
mum of their values in the panel. This is because 
the magnitude of local soot mass continuously 
increases as the flame develops. Especially at τ1 , 
the soot inception timing, the magnitude of local 
soot mass is extremely low compared to the later 
stage. 

The color plots of species illustrate that soot 
formation is closely related and partially overlap- 
ping with PAH. As expected, PAH hardly coin- 
cides with OH, as coalescing PAH are required 

to initialize nascent soot formation while OH ox- 
idizes the soot and PAH. The prevalence of OH in 

relatively leaner mixtures (around equivalence ra- 
tio φ=1 ) forces the soot to remain in richer mix- 
tures. A quantitative analysis implies that soot is 
mostly bound within the area rendered by 2 < φ< 

4 , which is consistent with observations in litera- 
ture [35] . It is observed that for both τ2 and τ3 , 
the 6000- mm 

3 FOV volume (indicated by the cyan 
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Fig. 5. Particle size distributions for SC (top) and SD (bottom): (a) time-averaged PSD at the spray axis, (b) ensemble- 
averaged diameters of the particles along the spray axis, (c) and (d) distributions of soot number density N and T in 
φ-space with their conditional average with respect to φ at 2.5 ms for two different axial distances from the injection tip. 
As comparisons, results of characteristic steady flamelets are shown in (c) and (d) by dotted lines. 
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ines) does not capture the most intensive soot
egion. 

By introducing the density-averaged equiva-
ence ratio in the second and fourth row (indicated
y the black contours using a criterion of 0.1% of 
he maximum line-of-sight soot mass per panel),
t is confirmed that the soot formation is confined
ithin the φ>2 region. The soot mass is the high-

st in the head of the spray for all time instances,
ltimately limited by the high-temperature flame.
 quantitative analysis on line-of-sight soot mass

uggests that at τ2 , the soot mass in the 6000- mm 

3

OV volume for SC and SD are 16.2 and 15.3 μ g,
espectively, corresponding to 53.2% and 61.0% of 
he instantaneous total soot mass in the domain.
or brevity, this percentage is represented by αFOV .
t τ3 , αFOV for SC and SD reduce to 12.3 and

5.98%, respectively. In general, for both cases,
he value of αFOV starts to decrease when the soot
ead develops to the downstream of the FOV field.
inally, αFOV stabilizes at a value that is lower than
0, i.e. more than 90% of soot mass is located out
f the 6000- mm 

3 FOV volume, for both cases when
he quasi-steady soot formation is reached. The
eriod between the initialization and stabilization
f αFOV change are 1.2 and 0.85ms for SC and SD,
espectively. This can be attributed to the faster
xial spray development of SD. However, the soot
nception for SC and SD spatially follow the LOL
an increased LOL of SD corresponds to a farther
ownstream soot inception location), while their

nitialization times are similar (similar IDT). 

 

5.3. Particle size distributions 

The calculated soot PSD for SC and SD are
analyzed and shown in Fig. 5 . The PSD is first
evaluated at the location of the start and end of 
the 6000- mm 

3 FOV volume for SC and SD, respec-
tively in Fig. 5 (a1) and Fig. 5 (b1). A time-averaged
PSD between 2.5 and 5 ms is adopted. It is seen
that the two cases have similar PSD at the same
location with respect to the FOV volume. This can
be attributed to the similar LOL/ d eq for SC and
SD, meaning that they have similar equivalence
ratio distributions at the LOL and thus similar
soot behavior. The same FOV volume for the two
cases lead to a similar x/d eq . Fig. 5 (b) presents
the ensemble-averaged diameters of the parti-
cles d̄ 63 = ( 

∑ ∞ 

j=0 N j d 6 p , j / 
∑ ∞ 

j=0 N j d 3 p , j ) 
1 / 3 [36] at the

spray centerline between 2.5 and 5ms. It is observed
that the two cases have similar particulate size if 
comparable entrainment coordinates are applied.
Larger particles exist in the farther downstream
region, corresponding to the higher soot mass
observed in Fig. 4 . Here, d̄ 63 is adopted following
[36] rather than the physical mean diameter. This
leads to a relatively smaller particulate diameter
compared to the measurements [8] . Fig. 5 (c) and
Fig. 5 (d) show scatter plots of soot number density
N and T with their conditional means 〈 N| φ〉 at the
planes corresponding to the soot onset, and end of 
the 6000- mm 

3 FOV at 2 . 5 ms , respectively. In Fig. 6 ,
〈 N| φ〉 distribution in φ-space at the two respective
locations are shown for τ , τ , τ . Also, the flamelet
1 2 3 
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Fig. 6. Soot number density N of SC and SD at τ1 , τ2 , τ3 and that of the igniting flamelet results at a representative a . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

results are shown for comparison. Note that at τ1
for both SC and SD the sprays have not yet reached
the end of the 6000 − mm 

3 FOV. Thus, soot does
not exist in Fig. 6 (b) at τ1 . For both locations, lower
values of N are observed at stoichiometric condi-
tions ( φ=1 ). The lowest value of 〈 N| φ〉 decreases
as spray develops in time, and at all times spatially
decreases towards the downstream spray. 〈 N| φ〉
shows a more pronounced soot presence in the
rich mixtures, which is seen in both the turbulent
and flamelet simulations. The soot distribution in
φ-space is narrower in the downstream area of 
the sprays. Also, soot occurs in richer mixtures in
laminar flames compared to the turbulent sprays.
As the spray develops, larger φ values do not
exist because of the mixing. The difference of N
between sprays and flamelets in magnitude mainly
exists in lean mixtures whereas the temperatures
are comparable. This may be attributed to the
difference in time scales. The slowly evolving soot
depends significantly on the local turbulence. 

6. Conclusions 

The present study applied the discrete sectional
method in an LES approach for modeling the soot
formation in ECN Spray C and Spray D flames.
Based on the excellent predictions for non-reacting
spray behavior, the combustion indicators were well
captured. The sectional modeling of soot was then
performed via an ad hoc clustered sectional ap-
proach. Promising agreement to experiments was
given for soot mass in the FOV volume by di-
rectly applying the model constants calibrated for
an ethylene flame. The mean soot mass for the
quasi-steady stage in the FOV frustum was found
to linearly correlate with its volume for both SC and
SD, over a much larger axial distance than mea-
sured by experiments. Analysis on local soot forma-
tion revealed that soot mainly exists when 2 < φ< 4 
and T > 1500 K. The soot formation is the most in- 
tensive in the spray head during the whole combus- 
tion process. Therefore, a decrement in the percent- 
age of soot mass captured by the FOV volume is 
observed. The soot inception location and time, on 

the other hand, are related to the LOL and IDT, re- 
spectively. PSD analysis suggests very similar soot 
size and number density for the two cases with re- 
spect to the normalized coordinates. In general, the 
soot particles for both cases are larger in size in the 
downstream region, while larger soot numbers are 
found in the rich mixtures. 
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