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A novel approach for the prediction of soot formation in combustion simulations within the framework
of discrete sectional method (DSM) based univariate soot model and Flamelet Generated Manifold (FGM)
chemistry, referred to as FGM-CDSM, is proposed in this study. The FGM-CDSM considers the cluster-
ing of soot sections derived from the original soot particle size distribution function (PSDF) to minimize
the computational cost. Unlike conventional DSM, in FGM-CDSM, governing equations for soot mass frac-
tions are solved for the clusters, by using a pre-computed lookup table with tabulated soot source terms
from the flamelet manifold, while the original soot PSDF is re-constructed in a post-processing stage. The
flamelets employed for the manifold are computed with detailed chemistry and the complete sectional
soot model. A comparative assessment of FGM-CDSM is conducted in laminar diffusion flames for its ac-
curacy and computational performance against the detailed kinetics-based classical sectional model. Nu-
merical results reveal that the FGM-CDSM can favorably reproduce the global soot quantities and capture
their dynamic response predicted by detailed kinetics with a good qualitative agreement. Furthermore,
compared to detailed kinetics, FGM-CDSM is shown to substantially reduce the computational cost of the
complete reacting flow simulation with soot particle transport. Primarily, the use of FGM reduces the
overall calculation by about two orders of magnitude compared to detailed kinetics, which is advanced
further with the clustering of sections at a low memory footprint. Therefore, the present work demon-
strates the promising capabilities of FGM-CDSM in the context of computationally efficient soot calcula-
tions and provides an excellent framework for extending its application to the simulations of turbulent
sooting flames.
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1. Introduction to canonical 0-D and 1-D configurations. For multi-dimensional

simulations, MOM-based soot models, which can adequately de-

In view of the detrimental impact of soot on the environment
and health, legislative regulations concerning the amount and par-
ticle sizes of their emissions through practical combustion devices
have become stringent in recent years. Consequently, to facilitate
the accurate description of the dynamics of soot particles and the
evolution of their size distributions, the role of detailed models
predicting soot formation has become pivotal. The state-of-the-art
methodologies for detailed soot modeling primarily include dis-
crete sectional methods [1-4], method of moments (MOM) [5-
7], and stochastic methods such as Monte Carlo (MC) [8,9]. MC-
based models are computationally expensive and therefore limited
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scribe soot morphology at a low computational cost, are often em-
ployed [10,11]. However, the re-construction of PSDF with MOM
approaches necessitates closure models for unsolved higher-order
moments, which increases their mathematical complexity. On the
other hand, DSM-based soot models enable a discretized repre-
sentation of the soot PSDF in the particles’ volume/mass space.
Hence, a complete (discretized) PSDF can be accurately reproduced
through the transport of soot scalars (mass fraction/number den-
sity) for each representative particle size (section). However, DSM-
based models require a large number of sections (typically ranging
from 30 to 100) to resolve the soot PSDF adequately, which makes
them computationally demanding for multi-dimensional calcula-
tions. In general, a large number of chemical species and reactions
need to be included in the kinetic mechanism to describe the evo-
lution of gaseous phase soot precursors. Hence soot modeling with
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detailed kinetics becomes very expensive, and its application in
multi-dimensional simulations is rather impractical.

In the context of computational efficient combustion simula-
tions with detailed chemistry, analytically-reduced, optimized ki-
netic schemes along with systematic automation are attractive.
However, the solution of the soot phase remains an additional
computational challenge, that supersedes the reduction achieved
in the gas-phase description. Despite the progress in multicore ar-
chitectures and CPU accelerators, the application of such reduced-
order kinetic schemes becomes unaffordable for conditions of po-
tential interest [12]. New machine-learning-based models [13] and
virtual chemistry [12] techniques have been recently proposed for
soot formation prediction in laminar and turbulent flames. While
these methods were able to predict the first moments of the dis-
tribution (soot volume fraction and number density), the evolution
of the soot particle size distribution was not examined. On the
other hand, flamelet-based models are popular and often employed
in multi-dimensional sooting flame simulations, to efficiently rep-
resent the combustion chemistry. In particular, tabulated chem-
istry coupled with MOM-based models has been widely applied
in simulations of sooting flames [10,14]. Owing to the limitations
of MOM-based models in capturing the soot PSDs, there have been
efforts in integrating DSM-based soot models with tabulated chem-
istry within the RANS [15] and LES [3] frameworks. However, in
the DSM-based simulations, although a significant reduction in
CPU time can be achieved by employing flamelet-based tabulated
chemistry, a large number of additional transport equations with
the corresponding soot source terms integration are still required
to represent the soot PSDF. In consequence, the reduction in CPU
time achieved by the use of tabulated chemistry is lost if a large
number of sectional transport equations are to be solved. Hence,
for an effective application of DSM-based models in large-scale
simulations, it becomes critical to develop computationally effi-
cient approaches that can facilitate remarkable reductions in CPU
time with minimum compromise on accuracy.

Different subprocesses associated with soot formation involve
non-linear correlations between the gas-phase thermo-chemical
states and soot variables. Hence, while coupling sectional models
with tabulated chemistry, the dependence of soot source terms on
the sectional soot variables is often explicitly accounted for dur-
ing CFD calculation. Owing to the physical consistency regarding
soot source term computation and the overall accuracy of soot pre-
diction, computation of soot reaction rates is prevalent in the lit-
erature [3,15]. The performance of such a method in connection
to FGM chemistry is also studied in our earlier work [16]. In the
method relying on run-time computation of soot reaction rates,
however, the CPU speedup is mainly due to the reduction of gas-
phase kinetics, as soot source term calculation remains computa-
tionally intensive. On the other hand, the tabulation of soot reac-
tion rates in flamelet-based models has been investigated in ear-
lier works [17,18] for semi-empirical soot models. Additionally, the
tabulated soot chemistry approach has recently been applied in
simulations of turbulent spray flames [19], where the model was
shown to effectively capture experimental trends. In the complete
tabulation of soot reaction rates, the non-linear dependence of soot
source terms on local soot variables is neglected, and soot forma-
tion is assumed to follow the characteristics of flamelets. Although
the tabulation of soot source terms presents limitations in terms
of the accuracy of soot prediction, it offers an interesting approach
to reduce the computational cost for sooting flame calculations.

In this context, a new approach of coupling the DSM-based soot
model with FGM tabulated chemistry [16], referred to as FGM-
CDSM (Clustered-DSM), is proposed in this study to reduce the
computational cost (CPU time, memory use) of tabulated source
term based sectional soot modeling approaches. The rationale be-
hind the FGM-CDSM model is to take one step further and assess
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if the complete tabulation of source terms followed by clustering
of soot sections can yield reasonable results in terms of the pre-
diction of global soot quantities, and evolution of soot PSD. This
approach essentially considers a low dimensional representation of
the soot PSDF by employing clustering of sections during simu-
lation run-time, and a re-construction of the detailed PSDF in a
post-processing stage based on PSDFs from the laminar flamelets.
The proposed FGM-CDSM offers a good balance between accuracy
and computational cost, as only a few transport equations are to
be solved, making this model highly suitable for large-eddy simu-
lations.

In the present work, the FGM-CDSM is first introduced and the
clustering of soot sections is explained, followed by the assessment
of its performance concerning the accuracy of soot prediction in
laminar diffusion flames under steady, and unsteady conditions. In
this assessment, first, we validate the FGM-CDSM approach against
numerical results for global soot quantities (volume fraction, num-
ber density) and PSDs using the detailed model and with source
term tabulation, but without clustering. Subsequently, global soot
characteristics predicted by FGM-CDSM with clustering are com-
pared against their no-clustering counterparts for a series of non-
premixed ethylene flames. Here we primarily focus on investigat-
ing the capabilities of the proposed FGM-CDSM strategy in cap-
turing soot formation characteristics and identifying possible defi-
ciencies associated with its application to more general conditions.
The present study is, therefore, limited to laminar flame simula-
tions, as soot prediction in turbulent conditions presents additional
challenges related to the closure of soot-turbulence-chemistry in-
teractions and the sensitivity of the results to different models em-
ployed. Nevertheless, the selected unsteady flame simulations offer
challenging conditions for flow-flame-soot interactions, where soot
is formed, matured, advected, and oxidized in an intermittent way
comparable to the soot evolution in turbulent flames. Moreover,
as a step towards application to more realistic, multi-dimensional
flow configurations, the assessment of the FGM-CDSM is extended
to a two-dimensional laminar coflow diffusion flame. Finally, the
computational performance of the proposed FGM-CDSM method is
evaluated.

2. FGM-CDSM methodology

The FGM method [20,21] is an efficient chemical reduction
technique based on the concept that multi-dimensional flames can
be considered as an ensemble of 1-D flamelets [22]. In FGM, a
manifold representing the thermophysical and chemical space, pa-
rameterized by relevant control variables, is constructed from the
flamelet solutions. The manifold is subsequently coupled to a flow
solver through the transport of controlling variables that describe
the manifold structure in composition space, so a cost-efficient
method for solving multi-dimensional reactive flow simulations is
defined [21].

The FGM-CDSM strategy essentially uses the soot chemistry in-
formation obtained by the flamelets and recovers the original PSD
during run-time (or post-CFD) by transporting only a few clus-
tered sections. The non-linear dependence of different soot sub-
processes with sectional soot mass fractions is not explicitly solved
in CFD calculation but included in flamelet computations. There-
fore, the description of soot formation and PSD in multidimen-
sional flames is assumed to follow their steady flamelet behavior,
as the inter-sectional dependence of soot formation rates is im-
plicitly accounted for in the flamelet stage. On the premise of this
approach, modeling soot formation with FGM-CDSM involves four
key steps:

1. Computation of flamelets including detailed soot kinetics
2. Creation of manifold
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3. Coupling the manifold to a CFD solver
4. Re-construction of the soot PSDF

These steps are explained in the following sections.
2.1. Computation of flamelets including detailed soot kinetics

In the first step, 1-D laminar flamelets suitable for the com-
bustion system under consideration (premixed/non-premixed) are
computed with a detailed gas-phase reaction mechanism and
DSM-based soot model. In the DSM soot model, a range of
soot particle volume is discretized into a finite number of sec-
tions (nsec). Transport equations for soot mass fraction (Y; ;) of sec-
tion i are solved along with equations for the conservation of mass,
momentum, and energy. Under a steady flamelet formulation, the
1-D description of the conservation equations for Y;; read:

a(puys,i) _ 0 . aysj
“ax x|\ PVYsit pDs

+asi— pGYs; 5 Vie[l, el (1)

where p,u, Vr, Ds, wg; denote gas density, velocity, thermophoretic
velocity, soot diffusion coefficient (assumed to be constant for all
particle sizes), and sectional source term, respectively. The strain
field G accounts for the flow component in the direction tangential
to the flame surface. The sectional soot source terms are computed
by considering the contributions of soot nucleation, PAH condensa-
tion, surface growth, oxidation, and coagulation sub-processes [4].
Soot nucleation is modeled from PAH dimerization (pyrene here).
PAH condensation is assumed to occur through the Brownian colli-
sions between soot particles and PAH. The surface growth and ox-
idation of soot particles are described through the H-Abstraction
CyH,-Addition (HACA) mechanism [23,24]. The coagulation model
of Kumar and Ramkrishna [25] is utilized to describe the soot par-
ticle dynamics. A detailed description of the soot model and its
validation can be found in recent works [4,26].

2.2. Creation of manifold

In the second step, a manifold is constructed from the com-
puted flamelets to describe the thermochemical evolution of the
flame and the soot chemistry. Important thermo-chemical param-
eters ¥ (¢;) of the system are then mapped onto the control vari-
ables (¢;) and stored in the flamelet manifold, following the pro-
cedure described in van Oijen et al. [21]. As mentioned earlier, the
FGM-CDSM method relies on the tabulation of soot source terms.
Therefore, the soot source terms for the clusters are stored in the
database as functions of the manifold control variables (typically
mixture fraction and progress variable) in addition to the transport
properties, and relevant gas-phase species.

In the FGM-CDSM method, the number of sections nsec utilized
during the computation of the flamelets are combined into a set of
clusters ngg for the transport of soot in the CFD simulation. The
soot mass fraction (YSUs') in cluster c is, thus, the sum of Y;; from
the original sections that are grouped together in c:

jmax
st = Sy (2)

i=imin

where iM" and iMa* are, respectively, the lower and upper limit of
the sections i that are clustered. The clustering of sections relies
on the assumption that soot particles within the cluster preserve
the intra-sectional distribution of soot mass exhibited by the as-
sociated original sections. In other words, this assumption means
that the evolution of the full soot PSD partially depends on the
CFD (through the transport of soot clusters) and the FGM tabula-
tion (via re-construction).
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For a preliminary assessment of the FGM-CDSM, a uniform clus-
tering of sections is employed. The schematic presentation of the
uniform clustering approach is depicted in Fig. 1. Accordingly, the
sectional limits of cluster c are given by:

iinax = C(Nsec/Ncust) 5 Msec/Melust € N (3a)
i?ﬂn = ién_a]x +1 Vce [1, nayse] (3b)

To parameterize the reduction in sectional dimensions, a clus-
tering factor R is introduced as:

R =1- (Naust/Msec) Re[0,1) (4)

which is zero when no clustering is applied and approaches unity
when all sections are grouped into a single cluster.

Owing to the long characteristic time scales of soot forma-
tion compared to the fuel-oxidation chemistry, the steady-state as-
sumption of soot chemistry can lead to its inaccurate prediction
by flamelet-based approaches [27], yielding non-physical, surplus
consumption of soot. A linear relaxation is applied to the soot
consumption rate term to prevent this. Consequently, the chemi-
cal source terms for the cluster are recast as:

- clust,—

tab
. clust _ [ clust,+ ]3P cust | Ps.c
Wse = [ws,c ] +Ys,c ' (5)

clust
Ys,c

where the superscript tab refers to tabulated quantities. The terms,

@St and @SSt~ for the cluster are given by:
i?'lAX
s clust,+ "
Wsc - Z max(a)s,,-,O), (6&)
jipnin
pust— = 5 min(a;, 0) (6b)
ws,c - j=jmin Ws i, .

The choice of linear relaxation stems from the fact that in the re-
tained soot model, rates of different soot subprocesses scale dis-
tinctly with soot mass fraction, in a linear (condensation, surface
growth, oxidation) and a quadratic manner (coagulation). Since
soot oxidization is the dominant subprocess in overall soot mass
consumption, a linear relaxation model appears to be a reason-
able approximation for soot consumption rates. Note that no re-
laxation model is applied to soot production terms, thus soot for-
mation rates are approximated to be correlated with control vari-
ables only, following their flamelet values. In this approximation,
the non-linear dependence of the soot source term on the soot
variable is fully accounted for in the flamelet calculations, instead
of CFD. This approximation is carefully verified here for its appli-
cability/deficiencies in several conditions, which will be discussed
later. Furthermore, as a modeling choice, in Eq. (5), contributions
of the net soot source term are preferred over individual subpro-
cesses. However, it is also possible to isolate the rates of various
subprocesses in the tabulation. It is worth highlighting that for
slowly evolving species such as PAH, the limitations of the linear
relaxation model in flamelet methods have been identified [28].
Nevertheless, in the context of the tabulated source term approach
applied here, the relaxation models developed for PAH transport
may not strictly hold for the soot mass fractions as PAHs are not
used explicitly in the soot source term computation.

2.3. Coupling the manifold to a CFD solver

During the CFD calculation, transport equations are solved for
momentum, continuity, enthalpy, manifold control variables (¢;),
and the mass fraction of soot in ng, clusters. The transport equa-
tions for control variables ¢; can be expressed in general form as:
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clust clust clust
Ys,l YS,Z SMclust
Cc = 1 - 2 N P Nclust
~min jmax min max rmin jmax
51 1 %) Nclust Nclust|
Ys,l Ys,2 Ys,k
i = 1 2 k k + 1 Zk Tlsec - k nsec
+1

k = ngec/Nelust

Fig. 1. Schematic diagram of the uniform clustering in the FGM-CDSM method.

3(pe))
ot

(7)

where A, cp, d)¢j, D¢j, respectively denote thermal conductivity,

specific heat capacity, source term, and preferential diffusion coef-
ficient. The transport equation for the clustered soot mass fraction
derived from Egs. (1) and (2), can be expressed in a general form
as:

(o)
ot

s clust
Wg ™.

(8)

The source term @SSt is calculated following Eq. (5). The thermo-
chemical variables () required for the solution of Eqs. (7) and
(8) are retrieved from the flamelet manifold as a function of the
control variables.

+ V- (olu+ VYt = V. (pDs VY +

Vce [1, nclust]

2.4. Re-construction of the soot PSDF

After calculation of the chemical states in the CFD simulation,
the distribution of soot mass fraction within the nge. sections is
re-constructed from the tabulated Y;; and the computed YZUSt, via
the expression:

Y5 = [Fi(dp)]™ - Y 9)
with F; the mass fraction of section i in cluster c given by:
Y. :
Fi= (10)
Zi;,‘glin Ys,i

This fraction is assumed to be a function of the control vari-
ables (¢;) only and is provided in the database as a lookup vari-
able for the re-construction of the sectional soot mass fractions
Y;‘;. Subsequently, relevant soot quantities such as number den-
sity, mean particle diameter, and PSDF can be derived from the
re-constructed sectional soot mass fractions using the appropriate
relations (Ref. [4]). Note that the re-construction of soot PSDF can
be achieved in a post-processing step or in run-time. A schematic
of the aforementioned steps is presented in Fig. 2.

3. Assessment of FGM-CDSM for 1-D laminar flames
The performance of the FGM-CDSM approach is first evaluated

in simulations of 1-D laminar counterflow diffusion flames under
steady and unsteady conditions.

3.1. Flamelet tabulation approach

In all the 1-D laminar flames investigated in the present study,
the same strategy is employed for manifold construction. A se-
ries of strained steady flamelets including soot chemistry are com-
puted with nge = 60 using the code CHEM1D [29]. This value for
Nsec pPresents a good compromise between computational cost and
model accuracy based on preliminary sensitivity studies [30]. To
generate a steady branch of the manifold, the applied stain rate
is varied from lower values (close to chemical equilibrium) until
the extinction limit for the corresponding flame. Subsequently, the
composition space between the extinction limit and mixing so-
lution is covered by simulating unsteady extinguishing flamelet,
which is also embedded in the manifold as a continuation of
the steady branch. The detailed kinetic scheme KM2 of Wang
et al. [31], involving 202 species and 1351 reactions, is used for
the gas phase chemistry during the computation of flamelets. The
diffusion transport of species is modeled using a mixture-averaged
approximation [32]. Here we consider non-premixed flames for the
assessment of the FGM-CDSM strategy. Therefore, for FGM simula-
tions, the mixture fraction (Z) and reaction progress variable ()
are selected as suitable control variables. The Z definition follows
the work of Bilger [33], while Y is represented by a linear combi-
nation of suitable species as:
y=>Y ay; (11)

J

where «; and Y; are, respectively, weight factorand mass frac-
tion of the species j. Here, J is defined based on H,0, CO,, CO,
0,, Hy, and A4 species mass fractions with their corresponding
weight factors ay,o = 0.0555, aco, = 0.0228, oy, =0.173, aco =
0.0357, apgq = 0.0988, g, = —3.13 x 10~%. The progress variable
definition is determined using a guess-and-check approach based
on previous experience, and this selection should be taken with
care. This definition has been applied in previous work [16] and
shown to preserve the unique mapping of ) in composition space.
The inclusion of slow chemical species such as A4 in ) is shown
to improve the mapping of its chemical source term evolution in
FGM [16], therefore, the aforementioned ) definition is retained
here. Nevertheless, it is also noticed that in the case of the tabu-
lation of soot source terms (FGM-CDSM), the accuracy of soot pre-
diction is almost insensitive to the inclusion of A4 species in ).
The manifolds are discretized with 400 x 400 equally-spaced grid
points in the Z and Y directions, respectively.

3.2. Steady non-premixed counterflow flames

The FGM-CDSM approach is applied to 1-D steady counterflow
diffusion flames from literature [34-36]. This is generic but a cru-
cial step in the context of identifying the lookup-related errors,
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Fig. 2. An overview of the key steps in the FGM-CDSM method.

Table 1
Investigated counterflow flames.
Flame Fuel Oxidizer Reference
Xepn, | Xn, Xo, | Xn,
CDF-1 1.0/ 0.0 0.25 [ 0.75 Wang et al. [34]
CDF-2 0.8 /0.2 0.25 / 0.75 Wang and Chung [35]
CDF-3 1.0/ 0.0 0.30 / 0.70 Xu et al. [36]

and examining the suitability of control variable definitions. The
details of the target flames considered for the assessment are sum-
marized in Table 1. Owing to the different compositions of reac-
tants, individual flamelet manifolds are created for the different
flames in Table 1.

Comparisons in soot volume fraction (f;) between the exper-
imental measurements, detailed chemistry (DC), and FGM-CDSM
are presented in Fig. 3 for the target flames. The numerical pre-
diction of f, for both DC and FGM agrees well with the experi-
mental measurements on the different cases. The f,, profiles com-

L rs mbols: Fxp.
r Lines: Sim.

- -FGM R=0

fv [ppm]

A J

Fig. 3. Comparison of numerical results of f, with DC and FGM-CDSM against ex-
periments [34-36].

puted with FGM-CDSM favorably reproduce their DC counterparts,
and the change in clustering factor R shows only a marginal im-
pact on the accuracy of FGM-CDSM. To illustrate the merits of the
FGM-CDSM in detail, key global soot quantities computed with DC
and FGM are compared in Fig. 4 as a function of Z for the CDF-1
flame. The profiles of soot number density (N) and average particle
diameter (Dayg) reconstructed through FGM-CDSM exhibit a good
agreement with DC results. The departure from DC solutions for

1 A
. [ CDF-1 |
g I ]
2051 ’
< ]
Ni ]
1013 I
(] 1k ]
1002
=
10° |
100 — T — ; .
— - —DC i
g L ----FGM R=0 |
£ ool FGM R=0.9 B
% i |
_Q i |
O L 1 | 1 1 | 1 1 | 1 1 | 1 J
0 0.2 04 0.6 0.8 1
Z [

Fig. 4. Comparison of global soot quantities f,, N, and D,y predicted by DC and
FGM-CDSM simulations.
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10°

FGM R=0.9
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— 10" [ A R
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< :
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= 10’ 7
= 1
= ]
Z il
rﬁ -
0 1 \l\\HJ \\\\H‘ Ll 1 Ll
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10° 10! 10% 103 104
dp [nm]
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Fig. 5. Comparison of N distributions in Z — d,, space (a), and profiles of soot PSDFs
at Z=10.2, 0.3, 0.4, Zg positions (b) for DC and FGM-CDSM. The position of max-
imum f, in Z—d, space is marked by orange dots in subplot (a) and dashed white
lines correspond to Z locations of PSDFs.

R = 0 (no clustering) essentially highlights the role of FGM chem-
istry. Such discrepancies mainly arise from the progress variable
definition and interpolation-related errors introduced during the
retrieval of manifold quantities, especially the soot source terms.
Note that, the departure from DC results for Z > 0.6 are the result
of a small peak in the PAH predicted by the employed chemical
kinetic scheme [37].

As part of the assessment, it is imperative to verify the assump-
tion of PSD preservation within the soot clusters. To address this,
the Z —d,, distribution of re-constructed soot number density for
R =0.9 is compared against the DC results in Fig. 5(a). As can
be noticed, the FGM-CDSM approach reproduces well the N dis-
tribution of the DC simulations. In addition, the locations of f"#*
in Z—d, space are also well captured by FGM-CDSM. Finally, the
evolution of soot PSDF reconstructed from FGM-CDSM is compared
against DC solutions for different Z positions in Fig. 5(b). The evo-
lution of soot PSDF predicted by the FGM-CDSM approach is in
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CL-1_CL-2

Fig. 6. Distributions of soot number density in Z —d, space (left panel), and the
size limits of sections considered in uniform (CL-1) and non-uniform (CL-2) clus-
tering (right panel).

good agreement with the DC and no-clustering solutions. More-
over, the transition from unimodal to the bimodal shape of PSDF
with increasing Z is well reproduced by the re-constructed soot
sections. It is also clear from the numerical results that the ac-
curacy of soot prediction is only slightly impacted by the applica-
tion of clustering. Overall, the analysis of predicted soot quantities
and size distributions for steady 1-D flames exemplify the favor-
able ability of the clustering approach in reproducing the evolu-
tion of not only the global soot quantities but also the PSDF of the
original sections.

It is important to note that the uniform clustering considered
in the current work is purely an operational choice. Therefore,
it is also interesting to investigate the impact of clustering dis-
tribution on the accuracy of FGM-CDSM. To address this, a non-
uniform clustering of sections is formulated with identical R = 0.9
(6 clusters). The distribution of particle sizes in uniform (referred
to as CL-1 here) and non-uniform (referred to as CL-2) clusters is
shown in Fig. 6. As can be observed, the cluster size is smaller
near the small particle sizes for CL-2 (where soot number density
is typically higher) and progresses approximately with a geometri-
cal fraction.

The profiles of f, are compared in Fig. 7(a) for different cluster-
ing distributions at several strain rates (a). The qualitative predic-
tion of f, response to strain rate variation with FGM-CDSM is en-
couraging. However, discrepancies between FGM and DC solutions
can be noticed for the lowest strain rate. Furthermore, slight dif-
ferences in the f, profiles are apparent for different clustering dis-
tributions. For the CL-2 distribution, the f, profiles are somewhat
underpredicted compared to CL-1 and DC. The sensitivity of FGM-
CDSM to clustering distribution may be attributed to a coarser rep-
resentation of sections, which predominantly contributes to the
overall soot volume fraction. For instance, in the case of CL-2, the
sections corresponding to dp > 10 nm are represented by 2 clus-
ters, while for CL-1, the same range of particle size encompasses
approximately 4 clusters. The difference in cluster sizes may lead
to discrepancies in the retrieval of the net soot source term of the
cluster and, eventually, the soot volume fraction. At lower strain
rates, the soot source terms are primarily concentrated within
larger sections owing to higher residence time and facilitating sus-
tained growth of soot particles. Hence, higher sensitivity of FGM-
CDSM to clustering distribution is found at lower strain rates.
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(PSDF) at peak f, position (b) for CL-1 and CL-2 clustering at a = 50, 100, 200 s~'.
Arrow points in the increasing direction of the strain rate.

In addition to the soot volume fraction, it is also essential to ex-
amine the impact of clustering distribution on the re-constructed
soot PSDF. Hence, the profiles of soot PSDF at maximum f, po-
sition are compared for the two clustering distribution types in
Fig. 7(b). It can be observed that the clustering distribution influ-
ences the prediction of soot PSDF. Under the CL-2 distribution, the
PSDFs show close agreement with DC profiles near the trough of
the PSDF for a range of strain rates as compared to the CL-1 dis-
tribution. As mentioned earlier, the finer distribution of clusters in
the lower particle sizes for CL-2 tends to improve the accuracy of
PSDF prediction within the power-law mode of the PSDF. The anal-
ysis suggests that the accuracy of FGM-CDSM is impacted by the
clustering distribution, especially at lower strain rates. Although
the uniform clustering appears to perform fairly well for differ-
ent R, a more sophisticated non-uniform clustering facilitating fine
cluster sizes within smaller sooting sections might improve the ac-
curacy of the FGM-CDSM. In the context of practical applications,
the qualitative agreement between FGM and DC for different clus-
tering distributions seems reasonable. Hence, a dedicated study on
the optimization of clustering distribution is not considered in the
present work.
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3.3. Unsteady non-premixed counterflow flames

Tabulated chemistry methods are commonly applied to simula-
tions of turbulent flames, which are inherently unsteady and often
manifest strong variations of local strain rates. Therefore, it is im-
portant to investigate the predictive capabilities of FGM-CDSM in
capturing the dynamic evolution of soot in such transient condi-
tions. Two unsteady conditions are considered for this assessment.
These cases are described in the following subsections.

3.3.1. Flames with oscillating strain rates

To represent an important aspect of unsteady flow evolution,
simulations are carried out for non-premixed counterflow flames
subjected to oscillations of strain rate. Such an unsteady configura-
tion essentially mimics the fluctuating flow field through imposed
strain rate oscillations. The sufficiently fast fluctuations of the flow
field lead to an almost instantaneous variation of local stretch rate
in a counterflow burner, and gas-phase chemistry as well as soot
chemistry tend to adjust to the transient conditions. Hence, the
counterflow flame configuration with imposed harmonic oscilla-
tions in the strain rate has been conveniently used to investigate
the effects of hydrodynamic unsteadiness on the soot and PAH for-
mation in previous works [38-40]. Here, this configuration is re-
tained to examine the capabilities of FGM-CDSM in predicting the
dynamic response of soot to flow unsteadiness when a flame that
is in a steady-state is subjected to strain rate fluctuations.

The laminar counterflow flames experimentally investigated by
Li et al. [41] are considered for this assessment. In these flames,
the fuel stream is pure ethylene, and the oxidizer is composed
of 25-75% 0,-N, on a volume basis. The strain rate unsteadiness
is introduced by imposing sinusoidal fluctuations to the fuel and
oxidizer velocities at frequency f with an amplitude A, around a
mean global strain rate. The global strain rate K definition is based
on oxidizer stream velocity u, and nozzle separation distance L
as Cuoci et al. [38]:

Ky = —2. (12)

The velocity fluctuations imposed to the oxidizer stream have the
following form:

Uo(t) = uS[1 + Ay - sin(27 ft)], (13)

where u$! is the steady-state value of the inlet velocity of the ox-
idizer stream. The profile for fuel stream fluctuations is obtained
by fitting their measured values. Initially, the flame is in a steady
state at Kz = 144 s~1, and the corresponding solution presents the
initial condition for the application of the sinusoidal oscillations.
The imposed variations of nozzle exit velocities with time for the
fuel and oxidizer with f =60 Hz, and A, = 50% are shown in Fig. 8
along with experimental measurements from Li et al. [41].

In Fig. 9, the dynamic response of soot volume fraction peak
values (f{"¥) is presented against the dimensionless time (7 = ft)
for DC and FGM simulations. In addition, measured values of un-
steady f;"* and K are plotted for comparison. Consistent with
previous studies [38], for an increase in the imposed frequency,
the amplitude of induced oscillations of soot volume fraction tends
to decrease, while the phase-lag between imposed oscillations and
soot response becomes larger. It can be observed that DC results
show very good agreement with measurements for the transient
soot response. The maximum and minimum values of the induced
soot oscillations quantitatively match well with their experimental
values, although a slight phase-lag can be observed for the simula-
tion. For the first time, the transient response of soot predicted by
DSM is compared against experiments, and the results suggest that
the retained soot model captures the dynamic response of soot
with good qualitative and quantitative agreement. In addition to
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DC, the dynamic response of soot is also reproduced reasonably
well by the FGM-CDSM method. The amplitude and the peak val-
ues of the induced oscillations agree well with the DC and exper-
imental results. It is also evident that the FGM profiles for soot
response with clustering (R = 0.9) are almost identical to the one
achieved without the inclusion of clustering, see Fig. 9. Neverthe-
less, the transient variation of fj"®* for FGM chemistry is found
to be in better agreement with experiments, while DC tends to
overpredict the phase-lag. In FGM simulations, variation in local
flame structure with unsteady strain rate is essentially represented
through the response of control variables to the imposed fluctu-
ations. Since control variables are used to parameterize various
thermochemical parameters from the manifold that is generated
from steady flamelets at different strain rates, (and extinguishing
flamelets) the unsteady phase lag, and soot attenuation is a con-
sequence of the flamelet behavior of soot source terms (through
the progress variable) along with transport. To elucidate this ar-
gument, the transient evolution of the progress variable for the
DC and FGM is shown in Fig. 10. The phase-lagged response of
the progress variable can be noticed in DC results compared to
FGM, which essentially translates into phase-lag in the unsteady
evolution of f"*. In the current FGM-CDSM framework, mani-
folds are constructed through steady and extinguishing flamelets.
An extension of the manifold generated from fluctuating flamelets
with additional parametrization, as proposed in the work of Del-
haye et al. [42], or an unsteady flamelet formulation, introduced
by Pitsch and Imhe [43] can also be considered to improve the ac-
curacy of soot prediction in the unsteady conditions.

To demonstrate the ability of FGM-CDSM in capturing unsteady
soot evolution, the instantaneous profiles of re-constructed PSDF
are compared against DC solutions in Fig. 11. The PSDFs are taken
at the temporal positions denoting the maximum and minimum of
the induced soot response and at the spatial location of the max-
imum soot volume fraction for different imposed frequencies. In
a counterflow configuration, a decrease in strain rate tends to in-
crease the residence time of soot particles, which enhances their
growth through surface reactions and coagulation. Consequently,
the log-normal mode of PSDF shifts towards larger particle diam-
eters while the trough of the PSDF moves toward lower particle
number densities. The opposite occurs for the increase in the strain
rate. It is evident from Fig. 11 that the FGM-CDSM tends to qualita-
tively reproduce the PSDF shape from DC. The application of clus-
tering reproduces well the unsteady PSDF evolution when com-
pared to the case without clustering, which displays the potential
of FGM-CDSM to capture the dynamic evolution of the soot PSDF.
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Fig. 11. Comparison of soot PSDFs for maximum and minimum values of the in-
duced response taken at f{"** locations for DC and FGM chemistry under different
frequencies.

Considering the modest range of frequency (30-80 Hz) em-
ployed in the experiments [41], the attenuation observed in soot
response is relatively small. Hence computations are performed for
higher frequencies of imposed strain rate oscillations. The compar-
ison of peak soot volume fraction response between FGM-CDSM
(R =0) and DC for several frequencies is presented in Fig. 12(a).
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The phase-lag in the response of soot to the imposed fluctua-
tions is prominent at higher frequencies, accompanied by a dras-
tic reduction in the amplitude of the soot oscillations. Such strong
attenuation of soot oscillations at substantially higher frequencies
is captured well by the FGM-CDSM approach. As can be observed
in Fig. 12(b), the amplitude of induced oscillations in peak soot
volume fractions (A fj"¥) obtained with FGM-CDSM agree well
with their DC counterparts, which demonstrate good capabilities of
FGM-CDSM in capturing soot formation under unsteady conditions.
It is worth highlighting that at very high frequencies (e.g., 500 Hz)
the oscillation times are very small. These flow oscillations intro-
duce rapid variations in radical formation due to strain effects but
occur at smaller time scales than those of the soot chemistry. As
the frequency of the perturbations increases, the amplitude of the
response in soot formation reduces to zero. While this tendency
is well predicted, certain discrepancies appear concerning the dy-
namic response to flow oscillations. A phase-lag between DC and
FGM solutions can be distinguished in Fig. 12(b). This response is
associated with the strategy used for flamelet tabulation and man-
ifold generation.

3.3.2. Unsteady soot evolution from gas phase

In the FGM-CDSM approach, the soot source terms are calcu-
lated and stored for soot mass fractions (and other variables) in
steady state. Therefore, the chemical trajectories concerning the
formation of soot from the gas phase to the steady state are not
explicitly retained in the FGM manifold. Hence, it is also interest-
ing to investigate the capabilities of FGM-CDSM in predicting the
unsteady formation of soot from the pure gas phase. The time-
dependent evolution of soot volume fraction from an initial con-
dition pure gas-phase initial solution (i.e., steady solution with
Y;;=0) for R =0 and R = 0.9 are compared against the DC coun-
terparts in Fig. 13(a) for the CDF-1 flame investigated earlier in
Section 3.1. It can be observed that the soot evolution at the early-
stage is not very well captured by the tabulation of the soot source
terms (R = 0). However, the influence of clustering (R = 0.9) on f,
profiles at different time instances is found to be negligible.

At smaller time intervals (0.005 to 0.1 ms), the comparison be-
tween FGM-CDSM and DC profiles in Fig. 13(b) shows a signifi-
cant overprediction (up to a factor of 4) of soot volume fraction
by FGM-CDSM. However, the clustering of sections accurately re-
produces the soot volume fraction profiles of their no-clustering
counterparts. Apart from the quantitative differences, the soot vol-
ume fraction profiles in the region 0.2 <Z < 0.3 are found to be
more skewed for FGM-CDSM than DC. This response can be at-
tributed to the fact that the soot source term is obtained from
steady flamelets, resulting in an overprediction of growth (by con-
densation and surface reactions mainly) within 0.2 <Z < 0.3. In
contrast, for DC, soot inception is more prevalent in earlier times,
resulting in more distributed f, profiles in the mixture fraction
space, with higher f, in 0.2 <Z < 0.3 compared to FGM-CDSM.
This overprediction of soot volume fraction is not unexpected given
the lack of information on the chemical trajectories from the gas
phase to the steady-state soot evolution in the flamelet database.

The departure from DC results for f, is primarily related to the
tabulation of soot source terms. For flame initially at steady state
without soot, the direct look-up of soot production rate in the clus-
tered section (@S¥"*) is overestimated, while the linearized con-
sumption rate (d);l?“") is underestimated. Especially, near Z = 0.5,
the f, values are overpredicted as compared to the DC solutions.
This is because, in a counterflow flamelet, the low residence time
of soot enhances soot particle size (and volume fraction) as particle
approach the stagnation plane (the fuel-rich side for the current
case). As a result, the discrepancy in soot profiles is particularly
evident near higher mixture fractions. The agreement between DC
and FGM-CDSM results for f, tends to be better as the soot forma-
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tion progress toward a steady state. Naturally, an extension of FGM
to incorporate the chemical trajectories of soot formation (from
the gas phase to the steady state) would require computations of
complementary unsteady flamelets (at every level of scalar dissi-
pation rate), which would also require an additional controlling
variable to entirely encapsulate the reaction progress of soot, lead-
ing to a rather complex manifold generation. However, adhering
to the scope of the present work, further investigation is neces-
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Fig. 14. Comparison between DC and FGM-CDSM solutions for temperature fields
(a), and mass fractions of important gas-phase species at y =4 cm (b).
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Fig. 15. Comparison between DC and FGM-CDSM solutions for soot volume fraction fields.

sary to fully address this aspect. Note that the simulation start-
ing from no-soot is a special case considered here to demonstrate
the limitations of the soot source term tabulation approach. Nev-
ertheless, in simulation applications where the unsteady evolution
of soot quantities is not of interest, the no-soot initialization can
be replaced with a steady-state soot initial condition.

4. Application of FGM-CDSM for 2-D laminar flames

As a next (intermediate) step towards real burner configura-
tions, a laminar coflow diffusion flame is considered to evaluate
the performance of FGM-CDSM. The burner configuration is a 2D
planar channel enclosed by adiabatic no-slip side walls and main-
tained at atmospheric pressure. The geometrical aspects can be
seen in Fig. 14(a). The fuel is pure ethylene, and the oxidizer is
composed of O, and N, (25/75 by volume, respectively). The fuel
and oxidizer are injected at 15 ¢cm/s and 300 K temperature. The
sooting flame simulations with both detailed chemistry and FGM-
CDSM are carried out using the multi-physics code Alya [44]. The
code Alya has been successfully applied for the investigation of
laminar and turbulent flames using tabulated and finite rate chem-
istry [45-47], and will be used here as a platform for comparing
the different approaches for FGM-CDSM. The kinetic mechanism
ABF of Appel et al. [24], containing 101 species and 544 elemen-
tary reactions, is employed for the detailed chemistry simulation
and the computation of the diffusion flamelets. The FGM database
is constructed using steady and unsteady quenching counterflow
flamelets following the strategy mentioned in Section 3.1. The
progress variable definition employed in 1-D flame simulations
(presented in Section 3.1) is retained for 2-D simulations. The
ABF mechanism is selected solely to reduce the cost of the de-
tailed flame simulations. To further minimize the cost of calcula-
tions, ngec = 40 sections are considered. The differential diffusion
effects are important in sooting flames as demonstrated in earlier
works [48,49] and can be included, but for the sake of simplicity
in the DC vs FGM comparison, the unity Lewis number assumption
is retained here for diffusion transport of gaseous species. The per-
formance of FGM-CDSM has been investigated for non-unity Lewis
transport in 1-D cases.

1

The steady-state contours of temperature for DC and FGM-
CDSM are compared in Fig. 14(a). A good agreement between
the numerical solutions is shown for the temperature distribu-
tion, which probes the ability of the FGM chemistry to capture
the flame position. In addition, mass fraction profiles of the key
gas-phase species at stream-wise location y =4 cm predicted by
detailed kinetics and FGM are presented in Fig. 14(b). The numer-
ical profiles of different species obtained with the FGM chemistry
are in good agreement with the detailed simulation. The compar-
isons of temperature and gas-phase species, confirm that the flame
structure is fairly well reproduced by the FGM chemistry in this
planar flame configuration.

Subsequent to the verification of the flame structure, the con-
tours of soot volume fraction predicted by DC and FGM-CDSM, are
presented in Fig. 15 for R =0 and R = 0.9. The overall distribu-
tion of f; is well reproduced by FGM-CDSM. Early-stage soot for-
mation near the upstream region is captured well by FGM solu-
tions. However, the FGM-CDSM shows a slight tendency to under-
predict peak f, compared to the DC solution as the flame develops
downstream. The profiles of f, and PSDF at several downstream
positions are compared in Fig. 16 for a more quantitative illus-
tration of the accuracy of FGM-CDSM. The qualitative agreement
between DC and FGM-CDSM for the prediction of f, distribution
in Z-space is encouraging. Furthermore, the evolution of the soot
PSDF along several downstream locations and their bi-modality is
re-constructed with reasonable accuracy by FGM-CDSM. However,
a quantitative deviation between the DC and FGM-CDSM solutions
can still be observed. The f;, profiles predicted by FGM-CDSM tend
to exhibit wider distributions in Z-space compared to DC. How-
ever, the results clearly show, that the introduction of clustering
(R =0.9) only does not impact the overall accuracy of FGM-CDSM
compared to the case transporting all the sections (R = 0). There-
fore, the noticed departure from DC solutions suggests the limita-
tion of tabulated source terms to exactly reproduce the chemistry
of the soot formation.

It is important to highlight that the FGM database here is gen-
erated using steady and unsteady quenching formulations of repre-
sentative counterflow flamelets. In FGM the soot source terms are
calculated and stored for soot mass fractions (and other variables)
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in a steady state, while in the coflow case, the soot mass frac-
tions are initially much lower and slowly increase toward steady-
state values. Therefore, the chemical trajectories concerning the
formation of soot from gas-phase to steady-state are not explic-
itly retained in the FGM manifold. As already noticed in the re-
sults for unsteady soot evolution for 1-D counterflow flame (re-
fer Fig. 13(a)) the early-stage reaction progress of soot is not well
captured by the FGM-CDSM method. Especially, near Z = 0.5, the
fy values are overpredicted as compared to the DC solutions. A
similar trend is also translated near Z = 0.5 for the f, profiles in
the 2-D coflow case. Nevertheless, considering the challenges as-
sociated with the numerical prediction of soot formation in multi-
dimensional flames, the performance of the novel FGM-CDSM ap-
proach in capturing soot formation is remarkable.

5. Computational performance

An important aspect of the FGM-CDSM method is its computa-
tional efficiency. The efficiency is evaluated here from the comput-
ing time required to perform time-dependent simulations of lam-
inar flames for a period of 1 ms. The solutions from FGM-CDSM
and DC are compared in Fig. 17. In CHEM1D, a fully implicit 2nd-
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Fig. 17. Computational speed-up with FGM-CSDM for laminar flame simulations in
CHEM1D and Alya.

order time integration scheme with an adaptive time step strat-
egy is considered for simulations of laminar counterflow flames.
On the other hand, in Alya, an explicit 3rd-order Runge-Kutta time
integration scheme with a constant time step is employed for the
assessment of CPU time.

Figure 17 shows that the FGM-CDSM enables a reduction in
CPU time by two orders of magnitude compared to detailed chem-
istry with the same number of sections (R = 0). Clustering of sec-
tions leads to further reduction of the computational cost. For in-
stance, in 1-D calculations, a factor 10 reduction in the number
of clusters (R = 0.9) leads to speed-up factors of 3 and 215 com-
pared to R = 0 and DC respectively. In the 2-D FGM calculations, a
speed-up of 4.5 is achieved for an increase in the clustering factor
from R =0 to R =0.9.

Understandably, the extensive computational speed-up is pri-
marily the consequence of a drastic reduction in the number of
transport equations needed to be solved for the gas-phase species
(through FGM) and sectional soot mass fractions (through cluster-
ing). In addition, the tabulation of the soot source terms avoids the
computationally intensive calculation of the soot particle dynam-
ics (coagulation process). Although the impact of clustering on the
overall speed-up is somewhat moderate compared to the use of
FGM, it facilitates a significant reduction in the memory consump-
tion of the FGM database and post-processed variables. Therefore,
the FGM-CDSM approach tends to deliver a drastic advantage in
terms of the memory footprint of the CFD simulations besides the
aforementioned reduction in computational cost.

6. Conclusions

A computationally efficient strategy to predict the formation of
soot and the evolution of its PSDF is proposed by integrating the
discrete sectional method-based soot model with Flamelet Gen-
erated Manifold chemistry and is referred to as FGM-CDSM. The
FGM-CDSM comprises clustering of soot sections to enable the low
dimensional description of PSDF and minimize the computational
cost. In this work, FGM-CDSM is applied to simulations of laminar
non-premixed flames for the assessment of its accuracy and com-
putational performance against a detailed kinetics-based sectional
soot model.

Numerical results revealed that the FGM-CDSM tends to repro-
duce the global soot quantities and their dynamic response cap-
tured by detailed kinetics reasonably well. Moreover, the introduc-
tion of clustering demonstrated a minimal effect on the overall ac-
curacy of soot prediction, apart from slight discrepancies in quan-
titative prediction. Computational performance analysis indicated
that the application of FGM-CDSM facilitates the reduction of CPU
time by approximately two orders of magnitude compared to the
detailed chemistry-based simulations.

Although the assumption of soot following its steady flamelet
behavior may not have physical evidence, the current study
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demonstrates it to be a reasonably good approximation to repro-
duce the soot formation in steady and unsteady conditions while
proposing an efficient modeling strategy (clustering) for sooting
flame simulations. The results presented here show certain limi-
tations of the model to capture accurately the soot formation dur-
ing the onset and early stages of the soot process. In fact, when
information on soot evolution from the gas phase to the steady
state is not included in the manifold, the model’s performance is
affected. However, this issue is primarily related to the flamelet
generation rather than the tabulated soot chemistry or the clus-
tering strategy. In this context, the development of a consistent re-
laxation model for soot source terms, and effective treatment of
the chemical history of soot formation in the manifold can be of
interest towards application to multidimensional unsteady flames.
Finally, it was shown that the accuracy of FGM-CDSM is found to
be impacted by clustering distribution. Therefore, further improve-
ments can be sought to establish a more sophisticated distribution
of sections in clustering.

In conclusion, the good predictive accuracy, decent computa-
tional efficiency along with low memory footprint, make the FGM-
CDSM approach a promising candidate for large-scale simulations
of turbulent sooting flames. However, further research is required
to investigate the performance of FGM-CDSM under turbulent con-
ditions and this is left for future work.
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Appendix A. Comparison of FGM-CDSM against run-time source
term computation strategy

The main objective of the present work is to introduce a com-
putationally efficient FGM-DSM coupling through the tabulation of

0.8 T
| _DC -
" --FGM-Full ) 1
0.6 -~ -FGM-CDSM ) 2 i
g i )
.04 C ]
= )
0.2 C ]
0- | ]
0 0.8 1

Fig. A.18. Profiles of unsteady evolution of f, from steady gas-phase solution for
DC, FGM-CDSM (no-clustering R = 0), and FGM-Full approaches. The gray arrow in-
dicates time t = 0.5, 1.5, 2.5, 5, 7.5, 12.5 ms.
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soot source terms followed by the clustering of soot sections. The
limited capability of this method in capturing the chemical history
effects of soot formation is evident from the discussion of the re-
sults presented here. Hence, it is interesting to illustrate the dif-
ferences between run-time source term computation and source
term tabulation (FGM-CDSM) in predicting soot history effects. The
FGM-DSM coupling approach involving run-time soot source term
computation has been introduced in our earlier work [16] under
the term FGM-Full method. In the FGM-Full method, the sectional
soot source terms are computed during the simulation run by us-
ing tabulated gas-phase species mass fractions and thermochemi-
cal parameters relevant to the soot model.

A test counterflow flame configuration (introduced in
Section 3.3.2) describing the unsteady evolution of soot from
the pure gas-phase initial solution toward the steady solution
is retained for this comparative assessment. The instantaneous
profiles of soot volume fraction are compared for FGM-Full and
FGM-CDSM (R =0) in Fig. A.18. As can be noticed, the profiles
of soot volume fraction obtained from DC are well reproduced
with the FGM-Full strategy. Such a favorable unsteady response of
FGM-Full can be attributed to the fact that the separation of soot
formation and gas-phase chemistry time scales (with the former
being much slower than the latter) is effectively achieved during
soot source term computation, as opposed to their tabulation from
steady-state flamelets.

The comparison of FGM-CDSM and FGM-Full strategies for
unsteady flames with oscillating strain rates (introduced in

0.8
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Fig. A.19. Comparison between DC, FGM-CDSM (no-clustering), and FGM-Full solu-
tions for transient evolution of peak soot volume fraction.
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Fig. A.20. Comparison between DC, FGM-CDSM (no-clustering), and FGM-Full solutions for soot volume fraction fields.

Section 3.3.1) is presented in Fig. A.19 for different frequencies.
It can be observed that the dynamic response of peak soot vol-
ume fraction predicted by FGM-Full, shows a close agreement with
DC in terms of phase difference as compared to FGM-CDSM. Since
the intra-sectional dependence of soot source terms on soot vari-
ables is included in the FGM-Full method, the chemical time scales
of soot formation are favorably captured in the FGM-Full method.
On the other hand, FGM-CDSM follows the chemical time scales
of soot formation based on the tabulated source terms, which are
strongly correlated to the dynamic evolution of the progress vari-
able along with soot transport. Despite slight discrepancies when
compared with FGM-Full, the accuracy of FGM-CDSM in capturing
dynamic responses of soot is encouraging, considering several as-
sumptions surrounding its formulation.

The 2-D laminar configuration introduced earlier (in Section 4)
is essentially very similar to this 1-D time-dependent case where
unsteady soot evolution is translated into streamwise spatial evo-
lution. In Fig. A.20, the steady-state soot volume fraction fields ob-
tained with DC are compared against FGM-CDSM (with R = 0) and
FGM-Full solutions. It can be observed that the distribution of f,
within fuel-rich regions is somewhat better reproduced with the
FGM-Full method as compared to the FGM-CDSM method. For a
more quantitative illustration, the f, profiles and PSD (at the peak
fy) obtained with the FGM-Full and FGM-CDSM methods at several

14

downstream positions are compared against their DC counterparts
in Fig. A.21. Compared to FGM-CDSM, the f, profiles in composi-
tion space, as well as PSDs, predicted by the FGM-Full approach
show good qualitative agreement with DC solutions. Moreover, the
diffusion of soot noticed in the fuel-rich region for the FGM-CDSM
case is prevented in the FGM-Full approach, as the chemical tra-
jectories of soot formation from the gas phase are captured well
in the latter approach. From the comparison between soot predic-
tion with the FGM-CDSM and FGM-Full methods, it is evident that
the use of tabulated soot chemistry from steady flamelets for an
essentially unsteady soot formation process will not be very ac-
curate. An alternative approach for FGM-CDSM can be suggested
to isolate time scales associated with different subprocesses which
involve run-time computation for the coagulation process in con-
junction with a priori-tabulation of source terms of other soot sub-
processes. However, the computational speed-up gained with this
approach will be very marginal compared to the FGM-Full method.
The calculation of the 2-D coflow flame showed that compared to
the run-time computation of the soot source term (FGM-Full), the
use of FGM-CDSM yields a speed-up of about 14 (from 40 sec-
tions). This speed-up can be further increased by a factor of 60 ap-
proximately through the clustering level R = 0.9. The present ap-
proach is therefore very useful in the context of the simulation of
practical systems.
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Fig. A.21. Comparison between DC, FGM-CDSM (no-clustering) and FGM-Full solu-
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