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a b s t r a c t 

Discrete sectional method (DSM)-based soot models are computationally demanding since several trans- 

port equations are required to be solved for sectional soot variables using large chemical kinetic mech- 

anisms. In this paper, the sectional soot model is coupled with Flamelet Generated Manifold (FGM) tab- 

ulated chemistry to achieve computationally efficient chemistry reduction for combustion simulations. 

Different approaches are explored for incorporating soot-gas phase coupling with FGM chemistry, and a 

comprehensive assessment of these FGM-DSM approaches is conducted for their predictive accuracy and 

computational performance in simulations of laminar ethylene counterflow flames. The accuracy of soot 

prediction with FGM chemistry is found to be sensitive to the tabulated concentrations of PAH species. 

An unaccounted consumption of PAH originating from PAH-based processes leads to significant overpre- 

diction of soot. In this context, the performance of two strategies (i) solving the transport equation of PAH 

species (ii) including a contribution of soot nucleation during the manifold generation stage is compared. 

The latter approach showed relatively better accuracy and computational efficiency than the former. Nu- 

merical results further reveal that the strategy of including the complete soot model during the manifold 

generation stage reproduces the detailed chemistry solutions most accurately. The influence of unsteadi- 

ness on predictive capabilities of FGM-DSM approaches is also investigated by imposing time-dependent 

strain rates in unsteady simulations. The computational performance analysis indicates that by adopting 

FGM chemistry, up to two orders of magnitude reduction in CPU time can be achieved, based on the 

choice of section number and simulation approach. Promising results obtained for FGM-DSM strategies 

in one-dimensional configuration, provide a good outset for extending the application of FGM for soot 

estimation in turbulent flames. 

© 2021 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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. Introduction 

Clean combustion has become a primary agenda in present 

ombustion research, and stricter regulations have been introduced 

o lower soot emissions, especially from aircraft engines. In addi- 

ion to soot concentration, the central focus of the future emis- 

ion norms will be on regulating the soot particle size and num- 

er density. Hence, to comply with increasingly stringent regula- 

ions on emissions, the role of accurate predictive soot models in 

he design and development of futuristic combustion systems has 

ecome critical than ever. Therefore, in recent years, there is a 

reat interest in the advancement of detailed soot models to cap- 

ure the accurate size distributions of soot particles in combustion 

rocesses. Nevertheless, the complexity of the soot formation pro- 
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ess, and gaps in the present understanding of it, make the de- 

elopment of accurate, computationally-efficient soot models very 

hallenging. 

In particular, the accurate description of the collision phe- 

omenon associated with the soot particles is a critical and com- 

utationally intensive aspect of detailed soot modeling. To effec- 

ively capture particle dynamics, several numerical techniques such 

s the method of moments (MOM) [1–3] , discrete sectional meth- 

ds [4–8] , Monte Carlo (MC) [9,10] have been proposed in the 

iterature. In the discrete sectional method, which is central to 

he present study, a continuous particle size distribution func- 

ion (PSDF) is discretized into a finite number of sections hav- 

ng representative particle sizes. The accuracy of the sectional soot 

odel, thus, can be improved by increasing the number of sec- 

ions used. However, it is obvious that adding more sections also 

ncreases the number of transport equations to be solved for soot 

ariables (mass fraction/number density). Hence, the trade-off be- 

ween computational cost and approximate accuracy becomes an 
Institute. This is an open access article under the CC BY license 
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mportant factor while discretizing particle size distribution in sec- 

ional models. 

Besides particle dynamics, the detailed modeling of soot for- 

ation processes demands accurate predictions of gas-phase 

oot precursors. Therefore, to correctly predict the concentra- 

ions of soot precursors and other the major species associ- 

ted with the soot growth and oxidation processes, detailed 

inetic schemes involving hundreds of species and thousands 

f elementary reactions are required in combustion simulations. 

owever, solving combustion chemistry by transporting such a 

arge number of species poses a principal challenge in terms 

f computational cost. Therefore, the use of detailed kinetic 

echanisms is practically not feasible in large-scale combus- 

ion simulations considering their computational grid require- 

ents. Moreover, a wide range of time scales associated with 

he formation of chemical species and fluid mixing introduces 

dditional complexities in their numerical treatment. Hence, 

everal chemistry-reduction strategies are generally availed to 

ptimize the overall CPU time by replacing the use of detailed 

as-phase chemistry. In this context, the flamelet-based tabulated 

hemistry approaches have proved to be effective and widely used 

trategies to simulate sooting flames in terms of reduced compu- 

ational cost and relatively good precision level. 

Over the past decade, in many of the numerical simulations 

nvestigating soot formation, various approaches of modeling 

amelet-based tabulated chemistry with semi-empirical and de- 

ailed soot models have been proposed [3,11–15] . In an earlier 

tudy, Dorey et al. [11] adopted FPI (Flame Prolongation of ILDM) 

abulated chemistry coupled with a semi-empirical, two-equation 

oot model for estimating soot formation in ethylene premixed 

ames. In their approach, the mass exchange between the soot 

nd gas phase was incorporated by transporting additional equa- 

ions for the species involved in the soot model. Dupoirieux and 

ertier [13] later validated this strategy in LES of the DLR burner 

sed by Geigle et al. [16] . In LES of swirl-stabilized ethylene-air 

ames, Franzelli et al. [17] compared the performance of the 

ull tabulation approach and the hybrid method proposed by 

ecocq et al. [18] , using a two-equation soot model. Besides 

teady flamelet based models, unsteady/interactive flamelet based 

echniques [5,19] have also been explored for modeling sooting 

ames and have shown good agreement with experiments. How- 

ver, many of the existing flamelet-based tabulated chemistry 

pproaches employed for soot modeling, have been examined 

nder turbulent flame conditions. Therefore it is of interest to as- 

ess the performance of tabulated chemistry-based soot modeling 

ethods in more simplified canonical configurations by isolating 

he influence of additional complexities induced by turbulence. 

uch analysis is particularly important to identify the limitations 

f specific approaches and underlying mechanisms behind the 

isparity in the level of accuracy associated with them before 

xtending to turbulent conditions. 

Concerning detailed soot models, Mueller and Pitsch [3,20] ap- 

lied an integrated kinetics-based LES approach with the Hybrid 

ethod of Moments (HMOM)-based soot model, and Radiation 

lamelet Progress Variable (RFPV) tabulated chemistry for soot 

rediction in an aircraft gas turbine combustor. In their strategy, 

n additional transport equation was introduced to model the PAH 

uring the soot formation by assuming a quasi-steady state of PAH 

imers. This lumped PAH transport approach is widely used when 

onsidering tabulated chemistry models for sooting flames. It has 

lso been extended to the sectional methods-based soot model 

y Rodrigues et al. [15] . Recently, Wick et al. [21] conducted a 

ombined a-priori and partial a-posteriori analysis of errors in soot 

redictions associated with the flamelet-based combustion model 

PV [22] , using Direct Numerical Simulation (DNS) data of a tem- 

orally evolving turbulent jet diffusion flame. The quantitative un- 
2 
ertainties in soot predictions were found to be mainly related to 

he accuracy of the chemical mechanism in capturing the PAH for- 

ation and modeling of the PAH source term for PAH-based pro- 

esses (nucleation and condensation). It was further observed that, 

umped PAH transport approach is particularly sensitive to appro- 

riate scaling relations that are applied to the dimer formation 

ate to minimize the errors associated with PAH-based processes. 

Therefore, although many of the flamelet based techniques have 

een applied for modeling sooting flames and even widely used, 

here is still no general agreement about the best approach. Hence, 

t is of interest to devote further efforts in identifying alternate 

trategies to accurately model the contributions of soot-related 

rocesses with somewhat different tabulated chemistry methods. 

n this regard, modeling sooting flames with FGM tabulated chem- 

stry would be of interest. There have been limited studies on 

oupling FGM tabulated chemistry with soot models for applica- 

ions to diffusion flames [23,24] and spray combustion [25] . No- 

ably, Zimmer [24] explored various strategies for storing soot in- 

ormation in the FGM database for application to laminar diffusion 

ames. The approach of storing the rates associated with individ- 

al soot processes showed a good qualitative agreement between 

he FGM and detailed chemistry solutions. However, these stud- 

es were based on semi-empirical soot models and thus, emerge 

s inadequate in terms of capturing particle size distributions. The 

oupling of the FGM tabulated chemistry with a sectional method- 

ased soot model has not been fully explored. The authors are 

ware of the only work by Hoerlle [26] on this subject, which es- 

entially motivates the current study. 

This work aims to present different approaches for coupling 

he FGM tabulated chemistry with the sectional soot model and 

ssess their performance for the accuracy of soot prediction and 

he overall CPU time. In this context, the one-dimensional laminar 

ounterflow flame provides a simplified platform for analyzing 

ontributions of various soot processes at a fundamental level 

y avoiding complexities arising from turbulence-flame interac- 

ions. The soot characteristics obtained from proposed FGM-DSM 

trategies are compared against the experimental measurements 

rom the literature and corresponding detailed chemistry solutions 

o examine their predictive capabilities for the soot formation 

n laminar counterflow flames. Furthermore, the accuracy of 

GM-DSM coupling approaches is evaluated for variations in strain 

ate and reactants composition. In turbulent conditions, flames 

ypically encounter fluctuating strain rates. Hence, to examine 

f the FGM database built from steady-state flamelets can be 

xtended to evaluate the dynamic response of soot formation to 

he unsteady conditions, the counterflow flames are subjected to 

ime-dependent strain rates, and the transient evolution of soot is 

nvestigated for various FGM-DSM approaches. The present study 

hus serves as a preliminary step towards the application of FGM 

or modeling soot formation in complex, unsteady, and turbulent 

ombustion environments. 

The paper is organized as follows. The numerical methodol- 

gy, sectional soot model, and FGM-DSM coupling approaches are 

riefly explained in Section 2 . In Section 3 , the results for the as-

essment of FGM-DSM approaches under the steady conditions are 

resented. In Section 4 , the transient response of soot formation to 

nsteady conditions is studied for different FGM-DSM approaches. 

he computational performance of the FGM-DSM approaches is an- 

lyzed in Section 5 . Conclusions are summarized in Section 6 . 

. Numerical modeling 

.1. Governing equations and sectional soot model 

Numerical simulations are performed by using the in-house 

eveloped fully implicit solver CHEM1D [27,28] . The set of 
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ne-dimensional governing equations representing conservation of 

ass, momentum, energy, chemical species, and transport of soot 

ass fractions are solved. 

The sectional soot model employed in the present study is 

ased on the work of Hoerlle and Pereira [29] . In the soot model,

he continuous soot PSDF is divided into n sec discrete sections with 

epresentative particle sizes [4,5] . In each section i, a standard 

ransport equation for the soot mass fraction ( Y s,i ) is solved along 

oordinate x perpendicular to the flame surface as: 

∂(ρY s,i ) 

∂t 
+ 

∂ 

∂x 
(ρuY s,i ) 

= − ∂ 

∂x 
(ρY s,i V T ) + 

∂ 

∂x 

(
ρD s,i 

∂Y s,i 
∂x 

)
+ ρs ( ˙ Q nuc,i + 

˙ Q cond,i + 

˙ Q coag,i + 

˙ Q sg,i + 

˙ Q ox,i ) i = 1 , 2 , . . . , n sec

(1)

here u is the gas velocity, V T is the particle thermophoretic ve- 

ocity (computed using Friendlander et al. [30] method), D s,i , is the 

olecular diffusion coefficient of soot (assumed to be 1% of the av- 

rage gas diffusivity), ρs is the soot density (equivalent to the den- 

ity of solid carbon). The sectional source terms ˙ Q i are evaluated 

rom the contributions of physical and chemical growth processes 

ssociated with soot particles including soot nucleation ( nuc), PAH 

ondensation ( cond), coagulation ( coag), surface growth ( sg), and 

oot oxidation ( ox ). In the model, a fixed interval of volume from 

.43 ×10 −22 cm 

3 (carbon-equivalent volume of two soot precur- 

ors molecules) to 5.23 ×10 −10 cm 

3 is discretized into 60 sections 

sing a geometric progression specified in Hoerlle and Pereira [29] . 

 constant soot volume fraction density distribution is assumed 

ithin each section [14,31] . 

Nascent soot particles are presumed to nucleate through the 

imerization of two gas-phase PAH species (pyrene molecules (A4) 

ere). The condensation of PAHs on the surface of soot particles is 

odeled through Brownian collisions between PAH and soot par- 

icles following Smoluchowski equation with unity condensation 

fficiency [32] . The particle-particle coagulation process between 

he sections is evaluated using the model proposed by Kumar and 

amkrishna [33] . The soot surface growth is modeled by the stan- 

ard hydrogen-abstraction-C 2 H 2 -addition (HACA) mechanism [34] . 

oot oxidation through surface reactions of OH and O 2 is included. 

he fraction of the surface sites available for chemical reactions, 

is chosen as a function of temperature and particle size follow- 

ng Appel et al. [34] . For simplicity, the radiation effects of soot 

ave not been included in the model. In the case of detailed kinet- 

cs, the consumption of gaseous species as a result of soot forma- 

ion is accounted for in the species conservation equations through 

 two-way coupling. Simultaneously, the contribution of soot into 

he thermodynamic properties of the system ( c p , ρ, h ) is also in-

luded. Details of the soot model and validation can be found in 

oerlle and Pereira [29] . 

.2. Gas-phase modeling 

The FGM approach proposed by Oijen and de 

oey [35,36] based on the classical flamelet concept [37] is 

sed for the tabulated chemistry. In FGM, a low dimensional 

anifold is generated from the solutions of one-dimensional 

amelet equations. The thermo-chemical variables of the system 

re then stored in the manifold as functions of suitable controlling 

ariables. During the numerical simulation, the transport equations 

re solved for these control variables altogether with the fluid flow 

nd state equations, while the thermo-chemical parameters are 

etrieved from the generated manifold [38] . Therefore, conducting 

ooting flame simulations with FGM chemistry involves two major 

teps: manifold generation and coupling with the soot model. 
3 
.2.1. Manifold generation 

The first step consists of building a manifold from flamelets. In 

GM, the choice of representative flamelets and control variables 

epends on the combustion system to which it is being applied. 

herefore, for non-premixed flames, the mixture fraction Z, and 

eaction progress variable Y, are considered as the most relevant 

ontrol variables, describing mixing and chemical reaction pro- 

esses, respectively. The mixture fraction Z is expressed in terms 

f the element mass fractions following Bilger’s [39] definition 

 = 

Z ∗ − Z ∗ox 

Z ∗
f u 

− Z ∗ox 

with Z ∗ = 2 

Z C 
W C 

+ 

1 

2 

Z H 
W H 

− Z O 
W O 

, (2) 

here Z j and W j denote, respectively, the elemental mass frac- 

ions and atomic weights of element j. The subscripts f u and ox 

epresents quantities for pure fuel and oxidizer, respectively. For 

he reaction progress variable Y, the necessary constraint is that 

t should be monotonous from unburned state to chemical equi- 

ibrium state to facilitate an unambiguous mapping of dependent 

ariables. Hence, for the present study, a suitable progress vari- 

ble is chosen as a linear combination of species mass fractions 

 Y ) with 

 = 

Y H 2 O 
W H 2 O 

+ 

Y CO 2 

W CO 2 

+ 0 . 6 

Y H 2 
W H 2 

+ 

Y CO 

W CO 

+ 20 

Y A4 

W A4 

− 0 . 1 

Y O 2 
W O 2 

. (3) 

t is worth noting that, in the FGM simulations, the choice of 

rogress variable is of great importance as it essentially deter- 

ines the soundness of the mapped thermodynamic state of the 

ixture in the manifold. In the present study, the definition of 

rogress variable Y ( Eq. (3) ) is obtained through a guess and check 

ethod, mainly based on previous experience. In general, the stan- 

ard definitions of Y are expressed by the major combustion prod- 

ct species such as H 2 O, CO 2 , CO, H 2 . However, since A4 is the

AH species in the current soot model, the contribution A4 is con- 

idered in the present progress variable definition to improve the 

apping of its chemical source term evolution. Besides, the inclu- 

ion of C 2 H 2 species responsible for the soot surface growth is also 

ested while choosing the Y definition (although not included after 

he assessment) following [26] . The weight factors for H 2 and O 2 

n Y definition are chosen through trial and error approach to re- 

roduce the concentrations of important gas-phase species and the 

hape of soot volume fraction profiles against their detailed chem- 

stry counterparts. The current choice of Y facilitates the unique 

apping of the thermo-chemical variables in the Z - Y space. The 

nfluence of Y definition on the accuracy of soot prediction by 

GM-DSM approaches is highlighted in Section 3.3 . 

The manifold is constructed from the solutions of steady and 

nsteady adiabatic counterflow diffusion flamelets. During this, the 

teady flamelets are simulated by varying the applied strain rate 

 a ) from very low value ( a ≈ 1 s −1 ) representing the composition

tate closer to chemical equilibrium until an extinction limit ( a ≈
800 s −1 ). Since the counterflow diffusion flamelets extinguish be- 

ond the extinction strain rate, the composition space between the 

ost strained flamelet and mixing limit is covered by using an 

nsteady formulation of flamelets. The time-dependent solutions 

f flamelets are thus stored until the solution reaches the mixing 

imit (where there is no reaction). The FGM database is stored us- 

ng a 401 ×401 rectilinear discretization of the Z - Y space. Impor- 

ant thermo-chemical parameters L (Z, Y) of the system are then 

apped on to these two control variables using linear interpola- 

ion. For simplicity and robustness, a bilinear interpolation pro- 

edure is used to lookup the thermo-chemical variables from the 

anifold during simulation run-time. 

.2.2. Coupling with soot model (FGM-DSM) 

After the creation of the manifold, FGM tabulated chemistry is 

inked to the CHEM1D code. During the run-time, first, the FGM 
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Table 1 

Key features of the soot model and chemistry coupling approaches. 

Coupling type Contribution of soot to gas phase Soot processes included in manifold generation Y s,i transport 

Detailed Fully included during the run-time Not applicable Yes 

FGM-Unc Not included None Yes 

FGM-Tran Partially included by transporting PAH None Yes 

FGM-Nuc Partially included in the manifold Contribution from soot nucleation included Yes 

FGM-Full Fully included in the manifold All soot formation processes included Yes 

FGM-Read Fully included in the manifold All soot formation processes included No 
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atabase is loaded into memory. Then, transport equations are si- 

ultaneously solved for the control variables, together with con- 

inuity, momentum, and sectional soot mass fractions. Therefore, 

he application of FGM strategy essentially reduces the total num- 

er of equations by up to N s + 1 , since the governing equations for

ll N s species, and energy can be avoided by transporting two con- 

rol variables ( Z & Y) and tabulating temperature. The transport 

quation for a control variable (φ = 

∑ 

αi Y i ) can be expressed in a 

eneral form as: 

∂(ρφ) 

∂t 
+ 

∂ 

∂x 
(ρuφ) − ∂ 

∂x 

(
λ

c p 

∂φ

∂x 

)
= 

∂ 

∂x 

(
D 

∂�

∂x 

)
+ 

N s ∑ 

i =1 

αi ˙ ω i , 

(4) 

ith 

 = 

[ (
−∑ N s 

i =1 
ραi U i Y i 

)
− λ

c p 

∂φ
∂x 

∂�
∂x 

] 

from flamelets (5) 

here U i , αi , ˙ ω i denote diffusion velocity, weight coefficient (se- 

ected to obtain a unique mapping of control variable), and source 

erm for species i , respectively. The first term on the right-hand 

ide represents the preferential diffusion flux and is only a func- 

ion of the gradient of the main control variable, � (mixture frac- 

ion here). For sooting flame simulations, the concentrations of es- 

ential species involved in soot formation processes, and thermo- 

hemical parameters (e.g. ρ, c p , λ) required for the transport of 

q. (4) are retrieved from the FGM database. The retrieved species 

oncentrations and thermo-chemical parameters are subsequently 

rovided as an input to the soot model for computations of the 

ource terms associated with sectional soot transport equations 

 Eq. (1) ). 

Since the soot particles are formed from the processes involving 

ontributions from various gas-phase species, the concentrations of 

ssociated gas-phase species also get affected as a result of soot 

ormation. Therefore, including this two-way coupling of the soot 

nd gas phase is a critical aspect of soot modeling in combustion 

imulations. In the case of detailed chemistry, transport equations 

or all the gas-phase species are solved. Thus, the exchange of mass 

etween the solid and gas phase associated with the soot forma- 

ion can be straight forwardly incorporated in the chemical source 

erms of their transport equations. On the other hand, in a tabu- 

ated chemistry approach such as FGM, the species data is looked- 

p from a pre-computed manifold. Consequently, a special treat- 

ent is required to include the soot-gas phase coupling, which can 

nfluence the predictive capabilities of the soot model. Concerning 

his, five different approaches of FGM-DSM coupling, listed in the 

able 1 , are investigated for their predictive accuracy and compu- 

ational performance. The key features of these approaches can be 

ummarized as: 

• FGM-Unc : In the FGM-Unc approach, the manifold is gener- 

ated using gas-phase flamelets without soot formation follow- 

ing the procedure discussed in Section 2.2.1 . Concentrations of 

relevant gas-phase species (e.g., A4, C 2 H 2 , H 2 , O 2 , OH, etc.)

are retrieved from the manifold, and transport equations are 
4 
solved for sectional soot mass fractions. However, the coupling 

between the soot and gas-phase for the mass exchange of con- 

cerned species is not considered. It is interesting to note that, 

since the nucleation process is modeled through PAH dimeriza- 

tion, the soot prediction is particularly sensitive to the concen- 

tration of PAH. The unaccounted consumption of gas-phase PAH 

associated with soot nucleation and condensation results in its 

surplus, and can lead to overprediction of soot. 

• FGM-Tran : DNS study of Bisetti et al. [40] revealed that the 

unsteady mixing tends to affect the PAH concentrations sig- 

nificantly. Therefore the dependence of PAH on turbulence- 

chemistry interactions needs to be appropriately modeled. 

Species with slower chemistry, such as PAH, show delayed re- 

sponse to rapid changes in the turbulent flow field. As a result, 

the slower time scales of PAH formation compared to other gas- 

phase species often violate the fast chemistry assumption in 

flamelet-based tabulated chemistry approaches [21] . To model 

the unsteady effects, an additional transport equation is gener- 

ally solved for PAH species following the approach proposed by 

Ihme and Pitsch [41] for NO chemistry. The standard PAH trans- 

port equation is given by: 

∂(ρY T ran 
PAH 

) 

∂t 
+ 

∂ 

∂x 
(ρuY T ran 

PAH ) −
∂ 

∂x 

(
λ

c p Le PAH 

∂Y T ran 
PAH 

∂x 

)
= ˙ ω PAH (6) 

where Le PAH distribution is computed from the mixture- 

averaged diffusivity of PAH species. The chemical source term 

of the PAH transport equation can be generally expressed as: 

˙ ω PAH = ˙ ω 

Gas 
PAH + ˙ ω 

Soot 
PAH (7) 

where the first term on the right-hand side, ˙ ω 

Gas 
PAH 

, indicate the 

contribution from gas-phase reactions, and the second term, 

˙ ω 

Soot 
PAH 

, denotes the consumption of PAH though soot forma- 

tion processes (nucleation and condensation). The ˙ ω 

Gas 
PAH 

term is 

computed by using tabulated production ( ̇ ω 

+ Tab 
PAH 

) and consump- 

tion ( ̇ ω 

−Tab 
PAH 

) rates as per expression: 

˙ ω 

Gas 
PAH = 

[
˙ ω 

+ Tab 
PAH 

−
(

Y T ran 
PAH 

Y Tab 
PAH 

)
˙ ω 

−Tab 
PAH 

]
(8) 

where ˙ ω 

−Tab 
PAH 

is linearized with the tabulated ( Y Tab 
PAH 

) and trans- 

ported ( Y T ran 
PAH 

) values of PAH (A4) mass fraction since A4 con- 

sumption via gas-phase reactions usually scales linearly with 

A4 concentration. The term, ˙ ω 

Soot 
PAH 

, representing contribution 

from soot processes can be treated in different ways. In some 

of the studies [3,15,21] , tabulated rates of dimer formation 

have been used as an additional consumption term in the PAH 

transport equation to include the influence of PAH-based soot 

growth processes. However, in the present study, we compute 

˙ ω 

Soot 
PAH 

during the simulation run-time as done in the detailed 

chemistry case. The ˙ ω 

Soot 
PAH 

term, thus, include the contributions 

from the soot nucleation and PAH condensation processes. Note 

that the number density of PAH required for the computa- 

tions of nucleation and condensation rates is calculated based 

on transported PAH mass fractions. Therefore, the PAH trans- 

port equation is solved to model PAH itself. The linearization is 
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Table 2 

Description of target flames modeled. 

Sr. Name 

Composition (% vol.) 

Remark Reference 
Fuel Oxidizer 

1 WRC15 C 2 H 4 = 100 O 2 = 25, N 2 = 75 a = 120 s −1 Wang et al. [43] 

2 WC16-1 a = 90 s −1 Wang & Chung [46] 

3 WC16-2 a = 150 s −1 

4 WC16-3 a = 180 s −1 

5 XYZ18 O 2 = 30, N 2 = 70 a = 120 s −1 Xu et al. [47] 

6 WC16-N2 C 2 H 4 = 80, N 2 = 20 O 2 = 25, N 2 = 75 Wang & Chung [48] 

 

2

a

s

fl

i

D

M

m

p

t

p

H

s

s

3

3

t

i

a

s

a

s

i

a

s

t

i

not applied for ˙ ω 

Soot 
PAH 

term as it is computed on-the-fly. For the 

FGM-Tran approach, the manifold is built from the gas-phase 

flamelets without soot formation (same as the one employed 

in the FGM-Unc case). 

• FGM-Nuc : Solving additional transport equations to account for 

the soot-gas coupling can lead to increased computational cost. 

Therefore, the FGM-Nuc approach is proposed in this study to 

partially include the effect of gas-phase PAH extraction in the 

soot model. It is observed that the change in PAH concentra- 

tion due to soot processes is substantially higher compared to 

other major species such as C 2 H 2 , O 2 , H 2 O. Hence, to avail

the advantage in terms of model accuracy at a lower compu- 

tational cost, the consumption of PAH through the soot nucle- 

ation process is accounted for in the manifold generation step. 

Accordingly, for the FGM-Nuc approach, the contribution of soot 

nucleation to PAH and H 2 concentrations are included in their 

respective transport equations while simulating flamelets for 

the manifold creation. Subsequently, the resulting PAH mass 

fractions are stored in the FGM table. During run-time, the tab- 

ulated PAH concentration is directly used in the soot model for 

the computations of nucleation and condensation rates. Since 

the soot nucleation source term only depends on gas-phase, 

soot modeling is not required in the manifold generation stage. 

It is to be noted that in addition to nucleation, the condensa- 

tion process also leads to the consumption of PAH. However, 

the condensation rates also depend on soot parameters such 

as soot number density. Its inclusion, thus, increases the du- 

ration of manifold generation, as additional transport equations 

need to be solved during flamelets creation to compute related 

soot parameters. Therefore, the contribution from soot nucle- 

ation alone is considered, for the computational simplicity of 

the manifold generation stage. 

• FGM-Full : In the FGM-Full approach, the contribution of soot 

in the consumption of all the relevant gas-phase species is 

included in the manifold generation step. Therefore, in addi- 

tion to gas-phase species, transport equations for soot mass 

fractions are also solved during the flamelet simulations with 

the same soot model parameters as employed for the detailed 

chemistry simulations. The concentrations of important gas- 

phase species related to the soot formation process are then 

tabulated in the FGM table. Since the soot model is included in 

its entirety during the flamelet generation, the tabulated con- 

centrations of gas-phase precursors species reflect their more 

accurate prediction. During the FGM simulation run, the tab- 

ulated concentrations of these species are looked-up from the 

FGM database and used as an input to the soot model for 

the computations of soot source terms. With the FGM-Full ap- 

proach, the accuracy of soot prediction is expected to improve 

as the gas-phase species concentrations are predicted with a 

higher level of accuracy. However, since contributions from all 

the soot processes are included in the flamelets, the manifold 

generation process becomes computationally intensive to a cer- 

tain extent. 
5 
• FGM-Read : In the FGM-Read approach, flamelets are solved 

with the complete sectional soot model (as done in the 

FGM-Full case), and in addition to relevant gas-phase species, 

the values of sectional soot mass fractions, Y s,i , are stored in 

the manifold. Due to the inclusion of the full soot model in 

the manifold generation stage, the concentrations of gas-phase 

species relevant to the soot model are well predicted in FGM- 

Read, as their consumption through soot formation processes 

is incorporated in the manifold. Moreover, during FGM sim- 

ulation run-time, the values of sectional soot mass fractions 

( Y s,i ) are looked-up directly from the manifold. Since the soot 

mass fraction values are explicitly retrieved from the manifold, 

no additional transport equations are required to be solved for 

sections when the FGM-Read approach is applied. As a result, 

a significant reduction in computational time can be achieved. 

The comparable soot quantities such as soot volume fraction, 

number density, particle size are derived from the sectional 

soot mass fractions in the post-processing step by applying ap- 

propriate relations specified in [29] . 

.3. Flames investigated 

In total, six ethylene counterflow flames are simulated for the 

ssessment of FGM-DSM coupling strategies. The details of the 

tudied flames are summarized in Table 2 . The chosen target 

ames also facilitate the variation of strain rate and the change 

n reactants composition for additional verification of the FGM- 

SM coupling approaches. The detailed kinetic mechanism, KAUST 

echanism 2.0 (KM2) [42] , consisting of 202 species and 1351 ele- 

entary reactions, is used for all the simulations reported in the 

resent study. This mechanism has been validated for modeling 

he soot formation in premixed/non-premixed ethylene flames in 

revious works [29,43,44] . A mixture-averaged approximation of 

irschfelder and Curtiss [45] is used for modeling species diffu- 

ion transport during flamelet generation as well as sooting flame 

imulations. 

. Assessment of FGM-DSM coupling for steady conditions 

.1. Simulations with the detailed chemistry 

Prior to the assessment of FGM-DSM coupling, we investigate 

he predictive capabilities of the soot model with detailed chem- 

stry for the target flames. In Fig. 1 , the measured (LE/LS technique) 

nd computed profiles of soot volume fraction ( f v ), number den- 

ity, and average particle diameter are compared for the WRC15 

nd WC16-1-3 flames. In the experiments by Wang et al. [46] the 

train rate variation for WC16-1-3 flames was achieved by chang- 

ng the nozzle exit velocity. However, in the present simulations, 

ssuming potential flow in the far-field, this variation is repre- 

ented via applied strain rate ( a ), after comparing the simulated 

emperature and velocity profiles reported in the reference [46] . An 

ncrease in strain rate lowers the flame temperature as well as PAH 
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Fig. 1. Measured and computed (detailed chemistry) profiles of soot volume frac- 

tion (a), soot number density (b), and soot particle diameter (c) for the flames 

WRC15, WC16-1-3. 
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Fig. 2. Measured and computed (detailed chemistry) profiles of soot volume frac- 

tion for the flames WRC15, WC16-N2 and XYZ18. 
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oncentration, which leads to reduced soot nucleation rates, and 

onsequently, the overall soot formation is decreased. In Fig. 1 (a), 

 good agreement can be observed for the computed soot volume 

raction profiles against their measured counterparts. Although the 

resent soot model could not capture all the quantitative param- 

ters of soot perfectly, the qualitative trends of number density 

nd particle size with strain rate variation are predicted reasonably 

ell in Fig. 1 (b) and (c). 

Similarly, the computed profiles of soot volume fraction for 

C16-N2 and XYZ18 flames are compared against the experimen- 

al measurements in Fig. 2 . The profiles for WRC15 flame are 

lotted as a baseline case, to highlight the difference in soot con- 
6 
entration as a result of changes in fuel/oxidizer composition. The 

eduction in soot volume fraction for the WC16-N2 flame can be 

ttributed to the dilution effect of N 2 . This is because N 2 dilution 

auses a drop in flame temperature and consequently PAH concen- 

ration, which eventually diminishes the soot formation. On the 

ther hand, soot formation is enhanced for the XYZ18 flame, in 

hich the oxygen concentration in the oxidizer is increased com- 

ared to the WRC15 flame. The enhancement in soot concentra- 

ion stems from the fact that a higher oxygen concentration el- 

vates the flame temperature, which leads to increased levels of 

AH formation, and eventually, higher soot surface growth rates. In 

ig. 2 , the qualitative trends of the soot volume fraction are well 

redicted for WC16-N2 and XYZ18 flames, indicating the encour- 

ging capability of the present soot model to capture thermal and 

ilution effects associated with the variation in reactants composi- 

ion. The detailed validation of soot model can be found in [29,49] . 

.2. Simulations with FGM-DSM coupling 

.2.1. Manifold verification 

Before discussing the results for FGM-DSM coupling ap- 

roaches, the important features of thermo-chemical parameters 

tored in FGM manifolds are illustrated. Figure 3 presents the 

rogress variable source term ˙ ω Y , temperature, C 2 H 2 , and A4 mass 

ractions stored in the manifold as a function of Z and Y for the 

RC15 flame. The contours of temperature and progress variable 

ource terms show peak near the oxidizer side ( Z close to zero), 

hereas the A4 concentration is more prominent near the sooting 

one ( Z ∼ 0 . 3 - 0 . 5 ) for flamelets at very low strain rates. Besides,

he flamelets for the strain rates ranging from 1 s −1 to 10 0 0 s −1 

emonstrates the monotonicity of the progress variable necessary 

or the unique mapping of stored variables in the Z - Y space. The 

igher concentrations of C 2 H 2 within strain rates 1 s −1 to 100 s −1 

enote the composition space pertinent to a higher amount of soot 

ormation. Note that the A4 mass fraction distribution is very nar- 

ow in the FGM composition space, which indicates that the eval- 

ation of PAH-based processes is particularly sensitive to the accu- 

ate retrieval of A4 mass fractions during simulation run-time. 

Furthermore, a-priori analysis is conducted to verify the so- 

utions of control variable transport equations obtained from the 

GM approach. Accordingly, the profiles of mixture fraction ( Z), 

rogress variable ( Y), and temperature obtained from FGM solu- 

ions for WRC15 flame (without soot) are compared against the 

etailed chemistry counterparts in Fig. 4 . It can be observed that 

he FGM simulations reproduce the detailed chemistry solutions 

or the control variables ( Z, Y) and temperature with good accu- 

acy. Only a marginal deviation is observed in detailed and FGM 
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Fig. 3. Manifold visualization for progress variable source term ˙ ω Y (a), temperature (b), A4 mass fractions (c), and C 2 H 2 mass fractions (d) as function of Z and Y for the 

WRC15 flame. Results of Z and Y reconstructed from detailed flamelets are presented for the strain rate of 1 s −1 , 10 s −1 , 100 s −1 and 10 0 0 s −1 . 

Fig. 4. Comparison of solutions obtained from FGM chemistry against the detailed chemistry solutions for mixture fraction (Z) and progress variable (Y) distributions (a), 

and temperature (b) in the WRC15 flame without the soot formation. 
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rofiles of progress variable near x ∼ −0 . 15 cm , as the mixture 

omposition approaches pure fuel conditions ( Z ∼ 1 ). This essen- 

ially underlines the good capability of the FGM in predicting the 

hermo-chemical composition space of the manifold relevant to the 

oot formation. 

.2.2. Comparison of different FGM-DSM approaches 

In this section, we assess the performance of various FGM- 

SM coupling strategies described in Section 2.2.2 for the accu- 

acy of soot prediction in the target flames. First, we evaluate the 

esults obtained through the FGM-Unc coupling approach for the 
7 
RC15 flame. In Fig. 5 , the computed profiles of soot volume frac- 

ion, number density, and particle size for the FGM-Unc approach 

re presented along with the detailed chemistry solution and 

xperimental measurements. It can be observed that the soot vol- 

me fractions are overpredicted by almost an order of magnitude 

ompared to their measured values and detailed chemistry coun- 

erparts. Such a drastic deviation in the predicted soot concen- 

ration is expected since the consumption of gas-phase species 

PAH in particular) due to soot formation is not included in the 

GM-Unc approach. The overpredicted PAH concentration signifi- 

antly increases the soot nucleation rate, number density, and con- 



A. Kalbhor and J.v. Oijen Combustion and Flame 229 (2021) 111381 

Fig. 5. Measured and computed profiles of soot volume fraction (a), soot number 

density (b), and soot particle diameter (c) for the WRC15 flame with the FGM-Unc 

approach. 
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bution of PAH-condensation. 
equently, the overall soot concentration. The obtained results es- 

entially emphasize the need for appropriate treatment of soot-gas 

hase coupling in tabulated chemistry solutions. As evident, the 

GM-Unc approach fails to accurately capture the soot formation. 

enceforth the FGM-Unc results are not discussed further. 

Next, we discuss the FGM-Tran and FGM-Nuc approaches, in 

hich the feedback of PAH consumption to the gas phase is par- 

ially accounted for by solving a transport equation for PAH, and 

ia the inclusion of soot nucleation during manifold generation 

espectively. In Fig. 6 , the computed profiles of soot parameters 

or WRC15 flame with different FGM-DSM coupling strategies are 

ompared with the detailed chemistry results and experimental 
8 
easurements. Both FGM-Tran and FGM-Nuc approaches show 

n overestimation of soot quantities. Besides flamelet induced 

rrors, such quantitative disparity is mainly a consequence of 

ntrinsic differences in strategies employed for including soot-gas 

oupling in them. Note that, in the FGM-Nuc approach, the con- 

umption of PAH, and production of H 2 due to nucleation is ac- 

ounted a-priori during the manifold generation step. On the other 

and, in FGM-Tran, the consumption of PAH through soot nucle- 

tion and condensation introduced during the run-time by solving 

he PAH transport equation. However, the FGM-Nuc approach ap- 

ears to show a better prediction of soot concentration compared 

o the FGM-Tran approach. The important factors responsible for 

uch behavior can be explained through mass fraction distributions 

f A4 and C 2 H 2 species involved in the soot model (refer Fig. 7 ). 

From Fig. 7 (a) it can be observed that the concentration 

f PAH (A4) predicted by FGM-Tran is somewhat higher than 

he one obtained in FGM-Nuc. To identify the extent of dis- 

arity in the PAH concentrations predicted by FGM-Tran and 

GM-Nuc, the results for A4 mass fractions, obtained for de- 

ailed chemistry and FGM-Tran cases without the inclusion of 

AH condensation process, are compared in Fig. 8 . Note that in 

GM-Tran, the contributions of both nucleation and PAH con- 

ensation are included in the chemical source term of the 

AH transport equation ( Eq. (7) ). Therefore FGM-Tran is ex- 

ected to predict the PAH concentration relatively well as 

ompared to FGM-Nuc, wherein only the contribution of soot 

ucleation is included. However, it can be observed from Fig. 8 that 

he concentration of PAH in FGM-Tran after consumption through 

oth the PAH related processes (Nucleation and PAH condensation) 

s slightly higher than the PAH concentration obtained in FGM-Nuc. 

t essentially indicates that solving a transport equation for the 

AH, although provides a partial coupling for gas and soot phase, 

ts accuracy of the PAH prediction is somewhat inferior compared 

o when the entire process of soot nucleation is computed during 

he flamelet generation stage. In addition to the numerical accu- 

acy in the retrieval of various thermo-chemical parameters asso- 

iated with the PAH transport equation under the FGM chemistry, 

he discrepancies in the prediction of PAH for FGM-Tran could be 

ssociated with the following factors: i) In FGM-Tran, the ˙ ω 

Soot 
PAH 

s computed from the transported PAH mass fractions. Therefore, 

he effect of PAH consumption through the soot process on the 

etailed kinetics associated with its formation in the gas phase 

an not be well captured. In other words, the effect of PAH con- 

umption through soot processes on its gas-phase dynamics can 

ot be accurately reproduced with tabulated chemical production 

nd consumption rates. Considering the fact that the consumption 

f PAH also affects its gas-phase kinetics, the proposed FGM-Tran 

hus only ensures partial two-way coupling, which results in the 

verestimation of PAH compared to detailed chemistry results. ii) 

he mere application of the linear scaling approach 

(
Y Tran 

PAH 

Y Tab 
PAH 

)
˙ ω 

−Tab 
PAH 

or PAH consumption rate can not fully reproduce their concen- 

rations as the production rates of large aromatics (such as PAH) 

re found to be proportional to smaller aromatics which exhibit 

ransient effects [50] . Therefore, the assumption of constant pro- 

uction rates for PAH, employed in FGM-Tran during tabulation, 

ay not be entirely appropriate. As a consequence, the simpli- 

ed approach used in the PAH transport equation for modeling the 

hemical source term could not reproduce the correct PAH con- 

entrations. On the other hand, for FGM-Nuc, since the complete 

odel of soot nucleation is solved in the flamelet generation stage, 

he change in PAH species concentration through its detailed gas- 

hase kinetics, and soot-to-gas mass exchange, is well captured. 

he existing overprediction of PAH in FGM-Nuc compared to de- 

ailed chemistry is a direct consequence of neglecting the contri- 
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Fig. 6. Measured and computed profiles of soot volume fraction (a), number density (b), average particle diameter (c), and particle size distribution function (PSDF) (d) for 

the WRC15 flame with different FGM-DSM coupling approaches. PSDF is taken at the maximum f v position. 
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The effect of predicted species concentrations on various pro- 

esses related to soot formation can be elucidated through their 

ate distributions in Fig. 9 . A slightly higher A4 concentration in 

GM-Tran over FGM-Nuc is reflected in enhanced soot nucleation 

ates since the nucleation rate is proportional to the square of A4 

oncentration in the present soot model. The higher nucleation 

ate in FGM-Tran causes an increment in the number density of 

oot particles within the region x ∼ 0 . 05 - 0 . 1 cm in Fig. 6 (b). How-

ver, near the flame stagnation region (x ∼ 0 . 0 - 0 . 02 cm ), the A4

oncentration is found to be higher for the FGM-Nuc approach 

ompared to FGM-Tran. Therefore, the soot number density is seen 

o be overpredicted for the FGM-Nuc approach near the stagna- 

ion region, which is essentially reflected in the deviation of the 

ower-law mode of the PSDF in Fig. 6 (d). The overestimation of 

AH concentration and soot number density, lead to increased con- 

ensation rates for the FGM-Tran approach against the FGM-Nuc, 

s observed in Fig. 9 (b). Furthermore, higher soot surface growth 

ates are observed in Fig. 9 (c) for the FGM-Tran approach com- 

ared to FGM-Nuc. The profiles of C 2 H 2 mass fractions ( Fig. 7 (c))

esponsible for surface growth under the HACA mechanism show 

o substantial deviation for FGM-Tran or FGM-Nuc. Therefore the 

bserved difference in surface growth rates can be attributed to 

he effect of the increased surface area of soot particles as a con- 

equence of increased number density induced by higher PAH 

rediction. In brevity, both FGM-Tran and FGM-Nuc approaches, 

how quantitative discrepancies in the accurate prediction of soot 

haracteristics, due to ad-hoc techniques employed for the inclu- 

ion of mass feedback from soot processes to gas-phase. However, 

he findings discussed above suggest that the proposed FGM-Nuc 

trategy serves equally well (even better) in comparison with the 

GM-Tran approach while predicting the soot concentration. 
9 
We now assess the performance of FGM-Full and FGM-Read 

pproaches. From Fig. 6 it can be observed that the FGM-Full 

pproach shows a good agreement with the detailed chemistry 

olutions for various soot parameters, including PSDF. The accu- 

ate prediction of soot quantities stems from the fact that, for the 

GM-Full approach, a soot model is included in its entirety dur- 

ng the flamelets generation, as discussed in Section 2.2.2 . There- 

ore, the mass exchange between the soot and gas phase, as- 

ociated with the sub-processes akin to the soot formation, is 

mplicitly included in the manifold. As a result, the concentra- 

ion profiles of soot precursor species in Fig. 7 are found to be 

ccurately reproduced by the FGM-Full approach. With the cor- 

ect prediction of gas-phase species, the rates of various sub- 

rocesses associated with the soot formation are also predicted 

ith a great level of accuracy in Fig. 9 , as expected. To that end,

he FGM-Full stands out as a superior strategy in terms of accu- 

acy of soot prediction amongst the FGM-DSM coupling approaches 

nvestigated. 

The FGM-Read approach is the most trivial and the simplest 

f all since no additional transport equations are solved for soot 

ass fractions in the FGM application stage. Instead, the values of 

ectional soot mass fractions are stored in the manifold and re- 

rieved directly during the simulation. Fig. 6 shows that the FGM- 

ead approach captures the trends in soot number density and 

article size considerably well. However, it slightly overpredicts the 

oot formation compared to the detailed and FGM-Full solutions. 

he deviation in the soot volume fraction profile can be attributed 

o flamelet-induced errors in the retrieval of soot mass fractions 

n larger sections. To illustrate this, the values of peak sectional 

oot mass fractions (Y max 
s,i 

) predicted by FGM-Read are compared 

gainst the detailed chemistry results in Fig. 10 . 
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Fig. 7. Computed profiles of A4 (a,b), and C 2 H 2 (c,d) mass fractions for the WRC15 flame under different FGM-DSM coupling approaches. 

Fig. 8. Comparison of the A4 mass fractions predicted by FGM-Tran and detailed 

chemistry with and without (w/o) the inclusion of the PAH condensation process 

against the FGM-Nuc approach. 
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It can be observed that the mass fraction values for higher 

ections ( i > 20) are not very well reproduced. The overestimation 

f soot mass fractions for large-sized sections have a negligible 

nfluence on the soot number density, but, it can directly reflect 

n the overprediction of the overall soot volume fraction. Such dis- 

repancies in the retrieval are commonly encountered for species 

hat evolve at a slower rate when compared to other species in the 

anifold [24] . A close observation of stored sectional mass frac- 

ions in the FGM database showed steep gradients for their val- 

es in the Z - Y composition space, especially for higher sections, 
10 
here soot production is more prominent. Such steep gradients 

n stored values of sectional mass fractions also lead to interpo- 

ation errors during their retrieval. It is further observed that by 

odifying the progress variable definition marginally, the predic- 

ion of soot under FGM-Read, can be improved to some extent for 

ertain flames (Refer Section 3.3 ). However, such improvements in 

he accuracy of FGM-Read are only limited to steady conditions 

nd do not reflect in the dynamics of soot evolution in unsteady 

imulations. Therefore it is reasonable to state that the extremely 

inor difference in Z - Y mapping of the sectional soot mass frac- 

ions influences the accuracy of a direct look-up based approach 

uch as FGM-Read. Hence, solving transport equations for soot 

ass fractions would be the ideal choice to improve the accuracy 

f results, as we noticed in the case of the FGM-Full approach. 

onetheless, soot number density is better predicted by the FGM- 

ead as compared to FGM-Tran or FGM-Nuc approaches, for obvi- 

us reasons. 

.3. Remark on the influence of progress variable on the performance 

f FGM-DSM 

As highlighted in Section 2.2.1 , the definition of progress vari- 

ble Y used in the reported FGM-DSM simulations ( Eq. (3) ) is de- 

ermined based on trial and error approach. Accordingly, an appro- 

riate Y definition has been chosen based on preliminary analy- 

is, which leads to a unique mapping of the thermo-chemical vari- 

bles in the Z - Y space to recover their tabulated quantities. The 

esults for six different progress variable definitions are analyzed 

o examine the influence of the progress variable on the prediction 

f global soot quantities. A general expression for Y, as the linear 
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Fig. 9. Computed profiles of soot nucleation rate (a), condensation rate (b), and 

surface growth rate (c) for the WRC15 flame with different FGM-DSM coupling ap- 

proaches. 
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Fig. 10. Comparison of the maximum sectional soot mass fractions ( Y max 
s,i 

) against 

sections ( i ) for FGM-Read and detailed chemistry simulations in the WRC15 flame. 

Fig. 11. Comparison of the normalized values of maximum soot volume fractions 

for various FGM-DSM coupling approaches against different progress variable ( Y) 

definitions from Table 3 . The dashed red line indicates the 50% overestimation level. 

The maximum soot volume fraction values are normalized with the detailed chem- 

istry results. (Colored symbols are added only for the better visualization.) 

Table 3 

Weight factors for Y definitions under analysis. 

Y αH 2 O αCO 2 αH 2 αCO αA4 αO 2 αC 2 H 2 

Y 1 1 1 1 1 0 1 0 

Y 2 1 1 1 1 20 1 0 

Y 3 1 1 0.4 0.9 20 0 1.2 

Y 4 1 1 1 1 0 0.1 0 

Y 5 1 1 0.35 1 20 0.01 0 

Y 6 1 1 0.6 1 20 0.1 0 

F

p

i

t

a

f

w

F

s

p

t

ombination of species mass fractions, can be given by: 

 = 

N s ∑ 

i =1 

αi 

Y i 
W i 

ith αi as a weight factor for species i . Table 3 summarizes the 

eight factors used for the progress variable definitions selected 

or the analysis. 

To demonstrate the effect of various Y definitions on the over- 

ll soot prediction, the variation of normalized peak soot volume 

ractions for WRC15 flame under different FGM-DSM approaches 

re compared in Fig. 11 . It can be observed that the accuracy of
11 
GM-Tran, FGM-Nuc, and FGM-Full approaches, in which trans- 

ort equations are solved for the soot mass fractions, is insignif- 

cantly affected with the choice of progress variable Y . However, 

he progress variable definition has a substantial impact on the 

ccuracy of the FGM-Read approach in which sectional soot mass 

ractions are directly looked-up from the manifold. Reducing the 

eight factor of O 2 by order of magnitude changes the accuracy of 

GM-Read drastically. 

From the performance of various Y definitions, it can be ob- 

erved that by modifying progress variable definitions to Y 5 the 

rediction for FGM-Read becomes slightly better than compared 

o Y (which is used currently). Therefore, it is noticed that the 
6 
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Fig. 12. Computed and measured profiles of soot volume fraction, number density, and average particle size for different FGM-DSM coupling approaches in WC16-1 (a), 

WC16-2 (b), and WC16-3 (c) flames. 
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ook-up of sectional soot mass fractions is particularly sensitive to 

ts mapping in Z - Y space in the FGM table. Given the fact that 

GM-Read results can be improved with a better Y definition to a 

ertain extent, its applicability is limited only to the steady-state 

ames. For the unsteady conditions, FGM-Read could not capture 

he dynamics of soot evolution for any of the suitable Y choice, as 

ill be discussed in the later sections. 

.4. Assessment of FGM-DSM coupling for variation in strain rates 

nd reactants composition 

We further extend the assessment of FGM-DSM approaches to 

valuate their performance for different flames characterized by 

he variation in applied strain rates and changes in the composi- 

ion of reactants. 

.4.1. Variation in strain rates 

To demonstrate the effect of strain rate variation, WC16-1, 

C16-2, WC16-3 flames are simulated under different FGM-DSM 

oupling approaches. Since the reactant composition in the WC16 

eries flames remains identical to the WRC15 flame, the same 

anifolds generated in the WRC15 flame cases are used for the 
12 
GM chemistry simulations in WC16 flames. In Fig. 12 , the soot 

haracteristics for the WC16 series flames with various FGM-DSM 

pproaches are compared against their detailed chemistry solu- 

ions and measured values. 

It can be observed from Fig. 12 that the qualitative trends of 

eduction in soot volume fraction, number density, and soot parti- 

le size with strain rate are captured considerably well with all the 

GM-DSM approaches. The predictive capability of FGM-DSM cou- 

ling approaches under varied strain rate conditions is, thus, en- 

ouraging. Furthermore, the FGM-Nuc approach shows a relatively 

etter prediction of soot concentration compared to FGM-Tran at 

ll the strain rates, as noticed earlier for the WRC15 flame. The 

GM-Full approach is found to capture the trends in soot quantities 

ith great accuracy, as expected. However, the FGM-Read approach 

hows a significant overprediction of soot in WC16-2 and WC16-3 

ames, whereas, for WC16-1 flame, the distribution of soot volume 

raction is well captured. Such large discrepancies in the predic- 

ion of soot volume fractions essentially suggest that the accuracy 

f the FGM-Read approach is influenced by the strain rates. How- 

ver, it is primarily a consequence of its sensitivity to the mapping 

f sectional mass fractions in the FGM database for a particular 

hoice of progress variable. 
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Fig. 13. Computed and measured profiles of soot volume fraction for different FGM-DSM coupling approaches in XYZ18 (a), and WC16-N2 (b) flames. 
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Fig. 14. Comparison of the simulated ( f Num 
v max 

) and measured ( f Exp 
v max 

) values of maxi- 

mum soot volume fractions for different FGM-DSM coupling approaches in the set 

of simulated flames from Table 2 . Type of FGM-DSM coupling is denoted by colors 

such that; black: detailed chemistry, blue: FGM-Tran, red: FGM-Nuc, purple: FGM- 

Full, green: FGM-Read. The dashed red line indicates the 50% overestimation level. 

(For interpretation of the references to color in this figure legend, the reader is re- 

ferred to the web version of this article.) 
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.4.2. Variation in reactants composition 

Next, to assess the capabilities of FGM-DSM coupling ap- 

roaches for variation in mixture composition, WC16-N2, and 

YZ18 flames are simulated. Separate manifolds are generated for 

C16-N2, and XYZ18 flames as the reactant compositions in them 

re different from of WRC15 flame. In Fig. 13 , the soot volume frac-

ion profiles for various FGM-DSM coupling approaches are com- 

ared against the detailed chemistry solutions and experimental 

alues in WC16-N2, and XYZ18 flames. In the XYZ18 flame, the 

xygen concentration in oxidizer is increased, thus overall soot 

olume fraction is increased compared to WRC15 flame. This in- 

rement is qualitatively captured well by all the FGM-DSM ap- 

roaches. Similarly, in the WC16-N2 flame, ethylene is diluted with 

 2 causing a reduction in soot concentration over the WRC15 

ame. This reduction in soot volume fraction is also captured with 

GM-DSM coupling approaches in Fig. 13 (b). 

As identified earlier, in both the flames, FGM-Tran and FGM- 

uc approaches overpredict the soot concentration, whereas the 

GM-Full approach gives a more accurate prediction of soot pa- 

ameters. In contrast, the FGM-Read approach shows a significant 

eviation in soot prediction for the WC16-N2 flame, while the pre- 

iction is relatively better for the XYZ18 flame. It is important to 

ote that the reported observations for FGM-Read are related to 

he definition of progress variable chosen in the analysis. There- 

ore, the conclusions regarding the level of accuracy for FGM-Read 

an not be generalized. Nevertheless, the modeling results indicate 

hat the FGM-DSM coupling qualitatively captures the trends in the 

istribution of soot volume fractions when the reactive system is 

ubjected to changes in mixture composition, although quantitative 

iscrepancies still exist. 

To quantify the precision levels of the different FGM-DSM cou- 

ling approaches, the values of peak soot volume fractions in 

he target flames obtained from simulations ( f Num 

v max 
), are compared 

gainst their measured ( f 
Exp 
v max 

) counterparts in Fig. 14 . In FGM- 

ran and FGM-Nuc approaches, the peak f v values for the modeled 

ames are overpredicted by approximately 30–50%, with FGM- 

uc being relatively more accurate. The accuracy of FGM-Read is 

ecognized to be susceptible to large deviations for the predic- 

ion of lower values of soot volume fractions ( f v max ∼ 0 . 5 ppm ),

hereas, the same is found to be improved for a higher amount of 

oot concentration ( f v max ∼ 1 . 0 ppm ). However, although not pre- 

ented extensively in the current study, with a somewhat differ- 

nt choice of progress variable, the accuracy of soot prediction 

or FGM-Read can be found improved for flames yielding lower 

oot concentrations. Therefore, the rationale behind better accu- 

acy of FGM-Read at higher soot volume fractions is the result of 

t

13 
he chosen progress variable and may not correspond to a particu- 

ar physical phenomenon associated with the soot formation. Such 

iscrepancies can be recognized as the main drawback of direct 

ook-up based method such as FGM-Read. On the other hand, in 

ll the target flames, the FGM-Full approach showed an excellent 

greement with the detailed chemistry results. The precision level 

f the FGM-Full approach is found to be almost equivalent to the 

etailed chemistry solutions. 

While understanding the quantitative inconsistencies in the 

oot prediction by FGM-DSM approaches against the detailed 

hemistry, it is important to recall that the accuracy of soot pre- 

iction strongly depends on local concentrations of the gaseous 

pecies and soot precursors such as C 2 H 2 , H 2 , A4, etc. Since these

alues are read from a pre-computed manifold, multiple factors in- 

luding choice of progress variables, method of soot-gas phase cou- 

ling, interpolation errors during lookup can influence the overall 

oot prediction in FGM chemistry approaches. Therefore, quanti- 

ative discrepancies between detailed and tabulated chemistry re- 

ults are not surprising. Nevertheless, it is important to highlight 

hat the FGM-DSM approaches can predict the amount of soot 

ithin the factor of 1.5 from the detailed chemistry results, which 

an still be considered as acceptable for many practical applica- 

ions considering the complexities of the soot formation process. 
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Fig. 15. Comparison of computed profiles of soot volume fraction in WRC15 flame at various time instances for unsteady conditions at the constant strain rate with FGM-Tran 

(a), FGM-Nuc (b), FGM-Full (c), and FGM-Read (d) approaches. Solid lines represent a detailed chemistry solution and dashed lines denote FGM solution. Plot colors indicate 

distinct time instances from purple: t = 0 . 5 ms to black: steady-state solution. (For interpretation of the references to color in this figure legend, the reader is referred to the 

web version of this article.) 

4

F

s

l

r

i

s

a

u

f

4

c

c

T

a

F

fl

a

m

i

t

n

t

t

v

fl

l

c

T

d

t

p

s

r

e

T

t

m

d

r

t

e

f

. Assessment of FGM-DSM coupling for unsteady conditions 

Up to this point, we investigated the performance of different 

GM-DSM approaches in predicting soot formation under steady- 

tate conditions. However, the main purpose of employing tabu- 

ated chemistry is to facilitate computationally efficient chemistry 

eduction in large scale turbulent conditions. In turbulent react- 

ng flows, the flamelet structures are subjected to time-dependent 

train rates as they evolve in the flow field. Hence, it is essential to 

ssess the capabilities of FGM-DSM approaches for soot prediction 

nder the influence of unsteady hydrodynamics. To illustrate this, 

our unsteady scenarios are considered as follows: 

• Case 1: Unsteady simulations at a constant strain rate, with 

a steady-state gas-phase flame solution as an initial condition 

( a = a 0 ; Y s,i (t = 0) = 0 ) 

• Case 2: Unsteady simulations at a time-dependent strain rate, 

with a steady-state gas-phase flame solution as an initial con- 

dition ( a = f (t) ; Y s,i (t = 0) = 0 ) 

• Case 3: Unsteady simulations at a time-dependent strain rate, 

with a steady-state sooting flame solution as an initial condi- 

tion ( a = f (t) ; Y s,i (t = 0) = Y ss 
s,i 

) 

• Case 4: Unsteady simulations at a sinusoidally varying time- 

dependent strain rate, with a steady-state sooting flame solu- 

tion as an initial condition ( a = f (t) ; Y s,i (t = 0) = Y ss 
s,i 

) 

.1. Case 1: constant strain rate with steady-state no-soot initial 

ondition 

In the first case, unsteady simulations are carried out at a 

onstant strain rate of 120 s −1 for all the FGM-DSM approaches. 
14 
o capture the dynamics of soot evolution, all the simulations 

re initialized with the gas-phase flame solution without soot. In 

ig. 15 the distributions of soot volume fraction in the WRC15 

ame at different time instants for various FGM-DSM approaches 

re compared against the detailed chemistry solutions. In soot for- 

ation (SF) type flame such as WRC15, the soot particles nucleate 

n the region with higher PAH concentration on the fuel side of 

he flame and are convected by the flow towards the flame stag- 

ation location. During this process, soot particles grow in size 

hrough surface reactions and particle-particle coagulation, such 

hat their number density decreases. As a result, the shape of soot 

olume fraction profiles becomes somewhat skewed towards the 

ame stagnation location. Figure 15 reveals that the temporal evo- 

ution of soot from its inception to the steady-state is qualitatively 

aptured well by FGM-Tran, FGM-Nuc, and FGM-Full approaches. 

he FGM-Full approach predicts the progress of soot formation un- 

er unsteady conditions with great accuracy when compared with 

he detailed chemistry response. The FGM-Tran and FGM-Nuc ap- 

roach on the other hand show quantitative overprediction in in- 

tantaneous soot concentration expected from detailed chemistry 

esults, with the latter being relatively better. All the approaches, 

xcept FGM-Read, predict the correct dynamics of soot formation. 

he FGM-Read approach fails to capture the trends in soot forma- 

ion for obvious reasons. This is because, in FGM-Read, the soot 

ass fractions are directly looked-up from the manifold based on 

istributions of control variables. Therefore, the time-dependent 

esponse of soot formation is not captured well in FGM-Read, as 

ransport equations for their evolution are not explicitly solved. It 

merges as the major limitation of FGM-Read in predicting soot 

ormation under unsteady conditions. 
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Fig. 16. Comparison of computed profiles of soot volume fraction in WRC15 flame at various time instances for unsteady conditions at time-dependent strain rate with 

FGM-Tran (a), FGM-Nuc (b), FGM-Full (c), and FGM-Read (d) approaches. Solid lines represent a detailed chemistry solution and dashed lines denote FGM solution. Plot 

colors indicate distinct time instances from black: t = 0 . 5 ms to green: t = 10 ms solution. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.) 
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Fig. 17. Temporal evolution of peak soot volume fraction for FGM-DSM approaches 

and detailed chemistry under the time-dependent strain rate in WRC15 flame. 
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.2. Case 2: time-dependent strain rate with steady-state no-soot 

nitial condition 

In the second case, a time-dependent variation of strain rate 

s introduced under unsteady conditions. For demonstration, the 

pplied strain rate at the oxidizer boundary is varied from the ini- 

ial value of a 0 to final strain rate a f over a simulation time t f 
sing: 

 = a 0 + (a f − a 0 ) 
[ 

1 − e −5 ( t/t f ) 
3 
] 

(9) 

here a 0 = 120 s −1 , a f = 200 s −1 and t f = 10 ms are chosen. The

nitial strain rate of a 0 corresponds to the strain rate of gas-phase 

ame solution, whereas the value a f is taken arbitrarily for illus- 

ration. The timescales of soot formation are generally in order of 

illiseconds [51] , accordingly, the chosen t f value is expected to be 

easonable to capture the response of soot evolution to unsteady 

train rate variation. The instantaneous distributions of soot vol- 

me fraction for different FGM-DSM approaches are presented in 

ig. 16 along with detailed chemistry results for the WRC15 flame. 

All the cases (Detailed and FGM-DSM) are initialized from the 

as-phase flame solutions without soot formation. From the com- 

uted soot volume fraction profiles, it can be noticed that the soot 

oncentration initially increases as soot begins to form from gas- 

hase species. However, as the strain rate increase with time, the 

rocess of soot formation gets affected, and the overall soot con- 

entration tends to decrease towards the end of the simulation 

ime ( t = t f ). The reduction of soot concentration is evident from 

he soot volume fraction profiles at 7.5 and 10 ms. Moreover, from 

ig. 16 , it can be observed that except for FGM-Read, the qual- 
15 
tative trends of soot evolution are predicted well by the FGM- 

SM approaches. The FGM-Full approach shows a very close quan- 

itative agreement with the detailed chemistry results whereas, 

GM-Tran, and FGM-Nuc somewhat overpredict the peak soot con- 

entration in line with the previous test cases. The FGM-Read 

pproach, on the other hand, fails to capture the unsteady effects, 

s expected. 

For clarity, the temporal evolutions of peak soot volume frac- 

ion in various FGM-DSM approaches are compared in Fig. 17 . The 

ncreasing and decreasing trend of peak soot volume fraction un- 

er strain rate variation witnessed in a detailed chemistry case is 
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Fig. 18. Temporal evolution of peak soot volume fraction for FGM-DSM approaches and detailed chemistry under the time-dependent variation of strain rate with ξ = 0 . 01 

(a), and ξ = 0 . 1 (b) in WRC15 flame. 
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lso captured by FGM-DSM solutions (except for FGM-Read). The 

esults, therefore, indicate that the response of soot formation to 

he unsteady effects associated with the time-dependent strain is 

easonably well captured with the FGM-DSM coupling strategies, 

lthough quantitative discrepancies exist. 

.3. Case 3: time-dependent strain rate with steady-state soot initial 

ondition 

In turbulent flows, the strain rates can change rapidly, and their 

uctuations could vary by order of magnitude [52] . However, the 

oot evolution occurs at a relatively slow time scales. Hence it is 

mperative to investigate the capabilities of various FGM-DSM cou- 

ling approaches in capturing the dynamic response of soot for- 

ation to rapid strain rate fluctuations. For this reason, a time- 

ependent variation is introduced to the applied strain rate in 

ooting flames as per the function: 

 = a 0 + 

(
a f − a 0 

2 

)[
1 + tanh 

(
t − t s 

ξ t f 

)]
(10) 

ith a 0 = 120 s −1 , a f = 720 s −1 , t f = 20 ms , t s = t f / 2 and ξ is

he profile parameter. Two different values, ξ = 0 . 01 and ξ = 0 . 1

re chosen for the profile parameter to mimic the rapid and grad- 

al variation, respectively, in the temporal distribution of the strain 

ate. 

In this case, the steady-state sooting flame solutions corre- 

ponding to the respective FGM-DSM approaches are used as initial 

onditions for unsteady simulations. To understand the overall re- 

ponse of soot formation to temporal variation of strain rate, the 

ime evolution of the peak soot volume fractions in various FGM- 

SM approaches are compared in Fig. 18 . The qualitative trends 

f decrease in the peak soot concentrations for rapid and gradual 

ncrements in strain rates are captured well by FGM-Tran, FGM- 

uc, and FGM-Full approaches. The FGM-Full approach shows a 

ood agreement with the detailed chemistry solutions as expected. 

GM-Read approach, on the other hand, could not reproduce the 

rends in the soot volume fraction evolution well. Note that for 

he ξ = 0 . 01 case, the strain rate increases drastically (within 1ms). 

herefore, the sharp change in the evolution of soot volume frac- 

ions can be noticed at 10ms. Furthermore, relatively slow time 

cales associated with the soot formation cause a lag between the 

esponse of soot to the strain rate variation. FGM-Read approach, 

owever, could not capture this behavior since the trends shown 

y FGM-Read qualitatively follow the course of progress variable 

volution considering that the soot mass fractions are retrieved di- 
16 
ectly from the FGM database as a function of the progress vari- 

ble. The analysis hence justifies that the FGM-DSM approaches 

except for FGM-Read) can qualitatively reproduce the dynamic re- 

ponse of soot formation to the drastic strain rate variations. 

.4. Case 4: sinusoidal strain rate variation with steady-state soot 

nitial condition 

In turbulent combustion systems, under high Reynolds number 

onditions, eddies with a wide range of length and time scales ex- 

st, which can introduce fluctuations in the strain rates. The strain 

ate fluctuations begin to induce unsteadiness on the flame struc- 

ure. The flame unsteadiness further influences the formation of 

oot precursors and affects the overall sooting characteristics. The 

ransient response of non-premixed flames to the unsteadiness is 

ften modeled by imparting harmonic oscillations to the flow field 

n laminar counterflow diffusion flames [51,53] . Following this fea- 

ible approach, sinusoidal oscillations are introduced to the applied 

train rate with varying frequencies and amplitudes. The response 

f flame to the strain rate fluctuations is analyzed in terms of in- 

uced oscillations of the peak soot volume fractions for various 

GM-DSM approaches. The strain rate oscillations are assumed to 

ave the following form: 

 = a 0 + 
a · sin (2 π f t) (11) 

here 
a is the semi-amplitude, f is the frequency of the im- 

osed oscillations and a 0 = 120 s −1 is the strain rate of steady- 

tate flame solution. Since the soot formation is usually a slow 

rocess, the soot field could not respond to the imposed oscilla- 

ions at higher frequencies ( �100 Hz) [54] . Therefore, for illustra- 

ion, at two different values of frequencies ( f = 50 Hz and 100 Hz)

nd semi-amplitudes ( 
a = 20 s −1 and 50 s −1 ) are chosen. Simi-

ar to Case 3, all the cases (Detailed and FGM-DSM) are initialized 

rom their corresponding steady-state solutions at a 0 with soot for- 

ation. The numerical results obtained for the detailed chemistry 

nd FGM-DSM cases in terms of the evolution of peak soot vol- 

me fractions against the number of oscillation cycles are shown 

n Fig. 19 . 

It is evident that when low-frequency oscillations are imposed, 

he induced amplitudes for soot field become large, and the sym- 

etry around their mean value is lost [51] . For the same frequency, 

ith an increase in the amplitude of the imposed oscillations, the 

alue of the observed amplitude in soot volume fractions also in- 

reases. On the contrary, at higher frequencies, the amplitude of 

nduced oscillations is reduced for an identical amplitude of im- 

osed oscillations. These characteristics can be witnessed from 
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Fig. 19. Temporal evolution of peak soot volume fraction for FGM-DSM approaches and detailed chemistry under the oscillating strain rates in WRC15 flame. FGM-Tran (a), 

FGM-Nuc (b), FGM-Full (c), and FGM-Read (d). Time is normalized with the period of oscillations ( τ = 1 / f ). 
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he dynamic response of peak soot volume fractions to the strain 

ate oscillations in Fig. 19 . The FGM-Full coupling shows a good 

greement with the detailed chemistry results, whereas FGM-Tran 

nd FGM-Nuc predict the qualitative trends reasonably well. The 

eparture from the detailed-chemistry values for peak soot vol- 

me fractions follows the sequence: FGM-Tran > FGM-Nuc > 

GM-Full > Detailed. On the other hand, the FGM-Read fails to 

apture the qualitative trends of soot evolution. Besides, a sig- 

ificant phase-lag exists in the temporal evolution of peak soot 

olume fractions. Such a tendency is mainly observed in FGM- 

ead since the soot mass fractions are retrieved directly from 

he table. As a result, time-scales associated with the trans- 

ort of soot mass fractions are not captured, which leads to a 

hase-lag in their temporal evolution for the imposed sinusoidal 

scillations of the strain rates. 

It is interesting to note that, for imposed sinusoidal fluctuations, 

he response of FGM-Full shows a slight phase deviation compared 

o detailed chemistry results. To elucidate this, in Fig. 20 , the tem- 

oral evolutions of normalized maximum progress variable, PAH 

A4) mass fractions, and soot volume fractions are presented for 

he detailed chemistry and FGM-Full simulations. From detailed 

hemistry results, it can be noticed that the phase-lag arises be- 

ween the progress variable and PAH as a consequence of the time 

cales associated with the slower chemistry of PAH formation. In 
17 
ontrast, since PAH mass fractions are directly looked-up from the 

anifold in FGM-Full, the phase difference between the PAH and 

rogress variable can not be captured. Given that the PAH con- 

entration directly influences the overall soot formation process, 

he phase-difference associated with the progress variable and PAH 

lso reflects in the response of soot volume fractions. The time- 

cales associated with soot formation are, however, significantly 

lower than the progress variable transport. 

The present analysis also shows that although the dynamics of 

AH species is slightly slower compared to the progress variable, 

ts influence on the overall dynamics of soot leads to a phase- 

ag of less than 10% of the period for the detailed chemistry and 

GM-DSM approaches (except for FGM-Read). Therefore it is more 

rucial to capture the dynamics of soot evolution compared to the 

ynamics of PAH when the FGM chemistry is employed. Accord- 

ngly, including sectional transport equations for soot prediction in 

GM-DSM approaches is critical (as opposed to FGM-Read). Hence, 

t can be argued that as long as the concentration of PAH is ac- 

urately predicted, the FGM-DSM approaches characterized by the 

ransport of soot mass fractions, can yield considerably good accu- 

acy of quantitative and qualitative soot prediction. 

It is worth mentioning that since the goal of the present study 

s to assess the performance of FGM-DSM coupling approaches, the 

echanism associated with the dynamic response of soot forma- 
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Fig. 20. Temporal evolution of normalized maximum progress variable ( Y max ), peak A4 mass fraction ( Y A 4 max 
), peak soot volume fraction ( f v max 

) for detailed chemistry (a), 

and FGM-Full approach (b) under the oscillating strain rate ( 
a = 50 s −1 , f = 100 Hz ) in WRC15 flame. Time is normalized with the period of oscillations ( τ = 1 / f ). The 

quantities are normalized with their corresponding steady-state values at t = 0 . 

Fig. 21. Variation of CPU time with the number of sections for different FGM-DSM coupling approaches in WRC15 flame under unsteady simulations till 1 ms (a), variation 

of the ratio of CPU time per time-step in detailed ( t Det 
ts ) and FGM ( t FGM 

ts ) chemistry simulations with the number of sections for different FGM-DSM coupling approaches in 

WRC15 flame (b). 
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ion to harmonic strain rate fluctuations is not addressed. Based on 

he presented analysis, it can be argued that the influence of un- 

teady hydrodynamics on soot formation is qualitatively captured 

y FGM-DSM approaches, with FGM-Full being relatively accurate, 

lthough quantitative discrepancies exist. The assessment of FGM- 

SM coupling under a range of unsteady conditions, provide con- 

dence in their relevance for turbulent conditions. 

. Computational performance of FGM-DSM coupling 

pproaches 

The most important aspect of chemistry-reduction methods 

uch as FGM is the computational advantage gained compared to 

etailed kinetics. Hence, it is imperative to analyze the computa- 

ional performance of different FGM-DSM modeling approaches for 

tudied cases. In sectional methods, increasing the number of sec- 

ions for capturing particle size distribution enlarges the CPU time 

ince additional transport equations are required to be solved. In 

his context, the total CPU time needed to perform time-dependent 

imulations for a period of 1 ms is compared in Fig. 21 (a) for a var-

ed number of sections in different FGM-DSM approaches. The sim- 

lations are performed with identical soot model parameters on 

ntel(R) Core(TM) i7-8700 CPU @ 3.20 GHz processor. In the simu- 

ations, a fully implicit time integration with an adaptive time step 

s used. Each of the FGM-DSM cases is initialized with an identical 

as-phase flame solution at a strain rate of 90 s −1 . The initializa- 

ion from a flamelet at a lower strain rate is done intentionally, 
18 
o provide slightly different initial values of thermo-chemical vari- 

bles from their desired final solution. The total CPU time, thus, 

ncompasses two important aspects. First, the transport of sec- 

ional soot mass fractions and second, the adjustment to the flow 

eld strain. The chosen initial conditions, thus, inherently control 

he extent of the computational advantage that can be attained 

ith the FGM-DSM approaches compared to detailed chemistry. 

From Fig. 21 (a), it can be observed that the total CPU time re- 

uces by approximately an order of magnitude when the FGM- 

SM coupling strategy is applied. This speed-up is mainly caused 

y a drastic reduction in the number of transport equations needed 

o be solved for the evolution of gas-phase species. This is be- 

ause, in CHEM1D, the CPU time for matrix factorization gener- 

lly scales with N 

3 , while the overall solution time scales approxi- 

ately as N 

2 for N transported variables. Furthermore, the FGM- 

SM strategy provides the advantage of larger time steps since 

maller time scales associated with the gas-phase chemistry are 

liminated. Therefore, the total computational time of FGM-DSM 

oupling approaches is found to be significantly lower than the de- 

ailed chemistry. 

On comparing different FGM-DSM approaches, relative differ- 

nces can be seen in the evolution of their CPU time with the 

umber of sections. In the FGM-Tran approach, an additional trans- 

ort equation is solved for PAH. As a result, the CPU time for 

GM-Tran is higher compared to FGM-Nuc. The FGM-Tran ap- 

roach is found to be about 10 equivalent sections slower com- 

ared to FGM-Nuc and FGM-Full. This stems from the fact that 
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he simulation time-steps in FGM-Tran become relatively smaller 

s a consequence of the PAH transport equation, leading to an in- 

rement in the number of iterations and CPU time. The results 

lso suggest that simulations with FGM-Full approaches progress 

omewhat comparable to FGM-Nuc. Only a marginal reduction 

n CPU time is observed for a higher number of sections. On 

he other hand, the CPU time for the FGM-Read approach is 

ignificantly lower and hardly affected by an increment in the 

umber of sections. For a higher number of sections, the FGM- 

ead approach gives a faster solution by almost two orders of 

agnitude compared to detailed chemistry. Such a strong re- 

uction in CPU time is expected since no additional equations 

re solved for sectional soot mass transport in the FGM-Read 

pproach. 

The extent of CPU time reduction can be further elucidated 

hrough the analysis of the total time required per time-step. In 

ig. 21 (b) the ratios of CPU time per time-step in detailed ( t Det 
ts )

nd FGM ( t F GM 

ts ) chemistry cases are plotted against the number 

f sections. It is observed that the iteration time of the FGM- 

SM computations (except FGM-Read) can be reduced by approx- 

mately 6 to 40 times depending on the number of sections em- 

loyed. Note that in the present analysis, an implicit time integra- 

ion scheme is used, and the computational advantage is expected 

o improve further for explicit time integration methods [35] . 

It is obvious that constructing an FGM table for one- 

imensional simulations is rather inefficient, considering the total 

ime taken in manifold creation. However, the reduction in CPU 

ime achieved by using FGM in large-scale, multidimensional com- 

ustion simulations, could be orders of magnitude larger than the 

ime required for manifold construction. Moreover, for a given re- 

ctants composition, the manifold needs to be created only once 

nd can be used in multiple simulations. The use of FGM thus fa- 

ilitates design optimization. 

. Conclusions 

To facilitate the use of FGM tabulated chemistry for soot mod- 

ling in turbulent flames, it is important to validate and assess 

he suitable strategies of coupling FGM with soot model over a 

ange of conditions in a canonical, laminar one-dimensional flame 

onfiguration. In this regard, five different approaches for coupling 

GM tabulated chemistry with the sectional model namely FGM- 

nc, FGM-Tran, FGM-Nuc, FGM-Full, and FGM-Read were examined 

n six target flames to evaluate their performance in terms of ac- 

uracy of soot prediction and computational advantage. The main 

onclusions of the present assessment are: 

1. The prediction of soot properties with the FGM-Nuc and FGM- 

Tran approaches is encouraging, considering the expected dis- 

crepancies associated with the lack of full coupling of the gas- 

soot phase. Both FGM-Nuc and FGM-Tran approaches predicted 

soot volume fractions within a factor of 1.3–1.5 against the ex- 

perimental values for investigated flames. However, the FGM- 

Nuc emerged as a superior approach compared to the FGM-Tran 

in terms of accuracy and computational time. 

2. The FGM-DSM coupling approaches recover the distributions of 

the soot parameters with reasonable accuracy against detailed 

chemistry solutions and experimental measurements when 

mass-exchange from the soot processes to gas-phase species is 

appropriately incorporated. Accordingly, the FGM-Full approach, 

in which full soot model solutions were used for the manifold 

generation, showed an excellent agreement with the detailed 

chemistry results. On the other hand, the accuracy of the FGM- 

Read approach, in which soot mass fractions are retrieved di- 

rectly from the manifold, is found to be influenced by the map- 
19 
ping of sectional soot mass fractions in mixture fraction and 

progress variable space. 

3. Numerical results revealed that the FGM-DSM coupling ap- 

proaches predict the qualitative trends in soot formation for 

variations in strain rate and reactant compositions reasonably 

well. Moreover, the proposed FGM-DSM coupling approaches 

(except FGM-Read) can capture the dynamic response of soot 

evolution under unsteady conditions considerably well. The ac- 

curacy of the FGM-Read approach is found to be significantly 

compromised in unsteady conditions, making it unsuitable for 

use in turbulent combustion simulations. 

4. Computational time analysis suggests that the FGM-DSM mod- 

eling strategies can reduce the CPU time by 1 to 2 orders of 

magnitude compared to the detailed chemistry. For unsteady 

simulations under the implicit time integration method, the 

FGM-DSM approaches facilitated up to 40 times reduction in 

the CPU time per time-step, based on the number of sections 

used. 

Even though numerical analysis in one-dimensional flames can 

ot exactly predict the actual performance of FGM-DSM coupling 

n simulations of turbulent flames, it can be concluded that FGM- 

SM is a promising technique for soot prediction in non-premixed 

ames with a reasonable level of accuracy at enormously re- 

uced computational efforts. Especially, for approaches in which 

ransport equations are solved, the unsteady dynamics of soot 

ormation is captured reasonably well. This essentially highlights 

he encouraging capabilities of FGM-DSM approaches to charac- 

erize the flame conditions that are different from the steady 

amelets used for building the FGM database. Therefore, except for 

GM-Read, the FGM-DSM approaches proposed would be suitable 

or predicting soot formation under more complex environments. 

It should be noted that based on the complexity of combus- 

ion phenomena, FGM chemistry relies on user knowledge for the 

uitable choice of the flamelets, and it is sometimes required to 

ncrease the dimensions of the manifold to account for additional 

hysics (e.g., heat loss effects). Therefore, it is reasonable to state 

hat the effectiveness of FGM-DSM approaches for the soot predic- 

ion in more complex cases will also depend on the elements that 

re considered during the manifold generation. 

However, it is unexplored at this point how the FGM-DSM ap- 

roaches can be integrated into the simulations involving subgrid- 

cale modeling (LES, RANS). Therefore the extension of conclusions 

btained for the performance of different FGM-DSM approaches 

nder laminar flame investigations to more complex, turbulent 

onditions is rather intuitive. The comprehensive assessment con- 

ucted in this paper is essentially a preliminary step towards the 

se of FGM in modeling soot formation for turbulent flames, and 

urther research is required to understand the influence of turbu- 

ence on model accuracy. 
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