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ABSTRACT

One of the major concerns in high pressure combustion is its high soot yield. An exact and comprehen-
sive mechanism behind this phenomenon, from a chemical kinetics perspective, is still elusive. In this
study, a series of pressurized (1-16 atm) co-flow ethylene diffusion sooting flames are simulated with
detailed finite-rate chemistry and molecular transport. The experimental maximum soot volume fraction
and its scaling law with pressure are well reproduced by the simulations. To extract kinetic information
from the complex sooting reacting system, a Soot-based Global Pathway Analysis (SGPA) method is de-
veloped to identify the dominant Global Pathways (GPs) from fuel to soot by considering carbon element
flux from gaseous species to soot. Using SGPA, the dominance and sensitivity of soot chemical pathways
at elevated pressures are revealed. It is found that increasing pressure shifts the first ring Polycyclic Aro-
matic Hydrocarbon (PAH) formation from C3H; recombination to reactions involving C;H,. At 1 atm, the
production of C;H; for surface growth is purely controlled by the H-abstraction of C;H4 and C;Hs. In con-
trast, at elevated pressures, the production of C;H, for surface growth is also influenced by many other
reactions including some third body reactions. The SGPA method reveals that the mismatch of predicted
PAH with the experimental data at 12 atm is majorly caused by the rate coefficient uncertainty of the
reaction C;H; + A1CH, = CgHg + H. Based on the analysis by SGPA, the mechanism reduction based on
Directed Relation Graph with Error Propagation (DRGEP) with A2 and C;H; as the target species deleted
significant species such as CoHg, CgH7, incurring inaccurate soot field prediction. It is also found that the
combined dominance of GPs with heavier PAH species (A4-A7) is even greater than the most dominant
GP at the flame wing regions, indicating that heavier PAH species play critical roles for soot nucleation
and condensation, especially at the flame wing regions.

© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

becoming weaker as pressure is further increased (i.e., the trend
is saturated).

Practical engine combustors all operates at elevated pressures
to achieve high efficiency and compact sizes [1]. In recent years,
the concept of supercritical carbon dioxide (sCO,) power cycles,
featuring high thermal efficiency and almost 100% carbon capture,
attracts significant attention but operates at even higher pressures
(e.g., 100-300 bar). The increased pressures in combustion lead
to one major concern: high soot yield. The high soot yield under
elevated pressures was observed and investigated in many lam-
inar sooting flame experiments [2-5]. Most of the experimental
studies attribute this phenomenon to higher temperature, steeper
soot precursor concentration gradients, and increased gas den-
sity. Specifically, the maximum soot volume fraction in flames
increases with pressure, with the dependence of soot on pressure
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To study the underlying physics of soot formation and evo-
lution under elevated pressures, numerical studies have been
conducted for pressurized laminar flames, such as the C;Hy-fueled
pressurized flames in the International Sooting Flame workshop
4 (ISF-4), including the Target Flame (TF) 2 (laminar pressurized
diffusion flames with pressure range from 1 to 16 atm) [6-8],
TF3 (laminar premixed pressurized flames with pressure range
from 0.1-3.0 MPa) [9], and TF4 (laminar premixed pressurized
flames with pressure range from 0.1-0.5 MPa) [10]. One of the
earliest simulation works for TF2 is conducted by Burali et al. [11],
who simulated TF2 with the purpose of assessing the accuracy
of constant Lewis number in laminar flame simulations. Abdel-
gadir et al. [12] conducted another simulation work on TF2 with
pressure range from 1 atm to 8 atm, focusing on the effects of hy-
drodynamics and mixing on soot formation and growth at elevated
pressures, specifically, the sensitivity of soot precursors to mixture
fraction scalar dissipation rate. As reported by Liu et al. [13],
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the flame downstream centerline velocity remains approximately
unchanged with the increased pressures, due to the effect of
lower jet velocity (to keep the same mass flow rate) but nar-
rower flame cross-sectional area (due to the enhanced buoyancy
effect under elevated pressures). Abdelgadir et al. [12] showed
that the scalar dissipation rate field changes regardless the al-
most unchanged velocity, leading to important modifications
to the concentrations of the soot precursors and, in turn, to
the soot yield. They concluded that the variation of scalar
dissipation rate across the pressurized flames is the key to inter-
preting the experimentally observed trends with increasing pres-
sure. Another numerical study by Eaves et al. [14] on TF3 (at pres-
sures from 2 to 15 atm) reveals another mechanism of high soot
yield with increasing pressure. They found that the elevated pres-
sures can increase the rates of soot nucleation, condensation, and
surface growth. After initiation by the increased gas density, the
condensation and surface growth rates increase due to the elevated
Polycyclic Aromatic Hydrocarbon (PAH) and C,H, molar concentra-
tions. As a result, the increased soot surface area in turn allows for
higher condensation and surface growth rates. Hence, a positive
feedback loop is formed and soot formation is enhanced sharply
with elevated pressures. In a following work, Eaves et al. [15] found
that for pressures above 20 atm, PAH condensation instead of sur-
face growth is the dominant mechanism on the flame wings.

Specifically for co-flow diffusion sooting flames, Gulder and
his coworkers [3,16-19] has extensively built a experimental
database at different pressure ranges for different fuels. The work
in Ref. [16] experimentally studies the laminar non-premixed
methane-air flames over the pressure range from 0.5 to 4 MPa.
One simulation work of this methane-air flame was conducted
by Liu et al. [13]. They showed that in the pressure range of 20
- 40 atm, both simulation and experiment exhibit a diminishing
sensitivity of soot propensity to pressure. The decrease of the
predicted sensitivity of soot to pressure is much greater than ex-
perimentally observed. Another numerical study on the n-heptane
flame [17] at pressures of 1 10 atm [20] showed that the soot
formation processes are enhanced with increasing pressure. In
addition, PAH condensation is the soot evolution process most
sensitive to pressure.

With these numerical investigations of pressurized laminar
sooting flames, different aspects are accounted for the mechanism
of increasing soot yield with increasing pressure. First of all, it is
seen that in co-flow diffusion flames, the pressure effect on the
flame shape due to buoyancy decreases the flame cross-section
area. However, the flame centerline velocity and flame height
barely change across the set of flames with different pressures
(and thus the sooting zone, which is fuel-rich and hot, also barely
changes), indicating that the main reason of soot yield increase
is not due to the change of residence time. In addition, other
effects such as the increased mixture density and varied scalar
dissipation rate caused by increasing pressure are also discussed.
However, as pointed out by Karatacs et al. [1], the chemical kinetic
effects on soot precursors formation with increasing pressure is
significant, due to the existence of third body reactions and other
pressure dependent reactions. However, there is no comprehensive
work to investigate the pressure effects on the detailed finite-rate
chemistry and how the change of reaction pathways alter the
formation and evolution of soot.

For this reason, more detailed numerical analysis needs to be
conducted to obtain fundamental understanding on the chemical
kinetics of soot formation and evolution at elevated pressures.
However, realistic chemical mechanisms describing the combus-
tion and PAH formation typically involve hundreds of species and
thousands of reactions [21,22]. Due to their large sizes and com-
plicated coupled relations, it remains a formidable task to extract
kinetic insights from the reacting systems. To the best knowledge
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of the authors, the pressure effect on chemical kinetics of PAH
and soot formation in pressurized laminar flames is only men-
tioned by Liu et al. [13], which only select the reactions that form
benzene for comparison to investigate pressure effect on these
benzene-forming reactions. They showed that the first ring PAH
species formation (e.g., benzene) by acetylene and n-butadienyl
becomes more significant with the increased pressures. In this
sense, systematic diagnostic tools are necessary to obtain useful
information. In the past few years, Gao, Yang, and Sun developed
Global Pathway Analysis (GPA) [23-25], a hierarchical framework
to automatically and quantitatively analyze reacting systems. GPA
identifies important global pathways (GPs), which are the reaction
pathways from a user-defined start species to a user-defined end
species, based on atomic carbon flux analysis. GPA algorithm
is much more powerful than traditional (manual) flux analysis
because it can automatically extract species and reaction relations
in multi-dimensional reacting flow simulations with detailed
chemistry. In addition, compared with the algorithms such as
Directed Relation Graph (DRG) [26] which could underestimate
the importance of certain species due to their small flux and lead
to broken pathways, GPA can well identify the GPs with these im-
portant species with small flux but large combined flux. GPA has
been successfully applied to study both laminar flames [25] and
turbulent flames [24]. In this study, a new soot-based GPA (SGPA)
is developed and applied to understand the complex chemical
kinetics for the sooting process and their pressure dependence.

To sum up, there are three primary objectives in this study. First
of all, a systematic way to analyze detailed chemical kinetics in
sooting flames (i.e., SGPA) is developed. Secondly, a series of pres-
surized co-flow diffusion flames from 1 to 16 atm are simulated.
With the newly developed SGPA, the dominant reaction pathways
from fuel to soot are identified at different pressures, revealing the
pressure effects on the PAH formation and growth, soot nucleation,
condensation and surface growth. Thirdly, based on SGPA, several
deficiencies of the PAH formation reactions in the existing detailed
and reduced chemical mechanisms are found, so that these mecha-
nisms can be improved for future simulation of pressurized sooting
flames.

The remaining paper is structured as follows. The details of
sooting flame modeling and the development of SGPA are pre-
sented in Section 2. In Section 3, a series of pressurized laminar
diffusion sooting flames are simulated, and SGPA are conducted
to illustrate the dominant kinetic pathways in sooting flames.
Conclusions are presented in Section 4.

2. Numerical modeling and analysis methodology
2.1. Transport equations and numerical schemes

In this study, the transport equations of gas-phase species, mo-
mentum and energy are solved with NGA [27], a finite difference
code for low-Mach number laminar and turbulent reacting flows.
Constant Lewis numbers, generated from 1-D flamelet solutions,
are used for species diffusion coefficient calculations. The validity
of constant Lewis numbers method in laminar flames was verified
by Burali et al. [11]. Soret and Dufour effects are neglected for gas-
phase species [28]. To numerically solve these transport equations,
a third-order WENO scheme [29] is used for the convection terms
in the scalar equations. A second-order finite difference centered
scheme is employed for diffusion terms in the scalar equations and
the convection/diffusion terms in the momentum equation. In this
study, radiation is accounted by adding a source term to the en-
ergy equation, based on the RADCAL model of Barlow et al. [30].
Four greenhouse gas-phase species (CO,, H,0, CH4 and CO) are
considered for the radiative heat losses. Soot particle radiation is
calculated by the optically thin model [31], due to the relatively
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low soot concentration in these types of diffusion flames (maxi-
mally around 6 ppm at 16 atm in this study). It is reported by Liu
et al. [32] that the optically thin model in these types of laminar
sooting flames with about 1 ppm soot (the same order of magni-
tude as the soot volume fraction in our study) showed less than
6% discrepancy in terms of soot prediction.

2.2. Soot modeling

For soot modeling, a bivariate parameterization (volume V and
surface area S) of the Number Density Function (NDF) [33] is
used. For high dimensional (i.e., 2D/3D) simulations, the Method
of Moments (MOM) is a computationally tractable technique. In
this approach, instead of directly solving for the NDF of the soot
population [34], MOM solves for the statistical moments Myy of
the NDF. With the bivariate description, joint moments of the NDF

are given by
Mx<y = Z VSX.S%,NS, (1)
s=0

where the summation over s implies summation over the entire
bivariate state space and N; is the number density of particles
with volume Vi and surface area S;. The subscripts x and y denote
the order of the moment in volume and surface area, respec-
tively. Specifically, My o represents the total number density, My o
represents the total volume fraction, and My represents the
total surface area. However, MOM faces the problem of closure:
evaluation of the source term MX,y depends on moments that are
not directly solved for, which requires further modeling. In this
study, the closure is obtained with the Hybrid Method of Moments
(HMOM) [33], which explicitly accounts for the bimodality of the
soot NDF by including an additional transport equation for a delta
function representing the number density of incipient soot parti-
cles Ny. As experimentally observed in Ref. [8], the soot size distri-
bution is not changing much with the increasing pressure, which
justified the usage of HMOM at elevated pressures. In this model,
nucleation, condensation, coagulation, surface growth, oxidation,
and oxidation-induced fragmentation are included. This model
has been widely validated in laminar sooting flames [33,35,36].
Characterized by high Schmidt number, the diffusion for soot
particles are neglected. Thermophoresis, however, is found to be
important in sooting flames [37], thus considered in this study.

2.3. Chemical kinetics

The chemical mechanism used in this study is based on the
mechanism developed by Blanquart et al. [21], which encom-
passes the high temperature combustion of fuels from methane
to isooctane and places emphasis on the formation of soot
precursors up to cyclopentajcd]pyrene (A4R5), including the
PAH species that contribute to dimer formation: naphthalene
(A2), acephenanthrene (A2R5), biphenyl (P2), phenanthrene (A3),
acephenanthrene (A3R5), pyrene (A4), fluoranthene (FLTN) and
A4R5. The light PAH species (e.g., A2 and A2R5) are also included
as soot precursors for dimerization in this study, because it is
reported by Frenklach and Mebel [38] that A2 and A2R5 can
undergo bridge-forming reactions to form dimers. The mechanism
of Narayanaswamy et al. [22] expands this base mechanism to
model the high-temperature oxidation of aromatic species. The
final mechanism contains 158 species and 1804 reactions and is
used in this study (named as NBP mechanism hereafter). To show
the mechanism reduction effect on soot formation in pressurised
flames, a reduced NBP mechanism [37] is also used, which con-
tains 47 species and 290 reactions (named as RNBP hereafter).
Due to the reduction, the PAH precursor contributing to dimers
only include A2 in RNBP.
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We also considered a more detailed mechanism devel-
oped by Selvaraj et al. [39], which contains PAH precur-
sors with higher aromatic rings than A4R5, including chry-
sene, benzo[a]pyrene (BAPYR), benzo[e]pyrene (BEPYREN), pery-
lene, benzo[ghi]perylene (BGHIPER), dibenzo[a,h]anthracene (AN-
THAN) and coronene (CORONEN). This detailed mechanism has 397
species (named as KAUST hereafter). Considering its high compu-
tational cost, we used its reduced mechanism developed by Sel-
varaj et al. [39] (named RKAUST here after) [39], yet without los-
ing generality, to study the high ring PAH precursors’ effects for the
soot formation and evolution in pressurized flames. RKAUST has 99
species and 625 reactions with PAH ranging from A1l to A7. Com-
pared with the detailed KAUST mechanism, P2, A3, A3R5, FLTN,
chrysene, perylene are reduced in RKAUST. As a result, the PAH
precursors in RKAUST include naphthalene (A2), acephenanthrene
(A2R5), pyrene (A4),A4R5, benzo[a]pyrene (BAPYR), benzo[e]pyrene
(BEPYREN), benzo[ghi|perylene (BGHIPER), dibenzo[a,h]anthracene
(ANTHAN) and coronene (CORONEN). In this study, RKAUST is used
to reveal the effects of high ring PAH precursors on soot formation,
in comparison to the NBP and RNBP mechanisms.

2.4. Soot-based Global Pathway Analysis (SGPA)

Global Pathway Selection (GPS) algorithm was firstly proposed
by Gao, Yang, and Sun [23] as a mechanism reduction tool and
then extended to Global Pathway Analysis (GPA) [24,25] to find the
elementary reactions controlling the phenomena of interest in a
complex reacting system and underlying connections among dif-
ferent species. In GPA, the most dominant global pathway (GP)
in the reacting system is firstly selected with the GPS algorithm
(more details in the next paragraph). Then, the radical production
and consumption, heat release and elementary reactions associated
with the most dominant GP can be calculated at all spatial posi-
tions to study the chemical kinetic effects. For completeness, the
basics of the GPA algorithm is reviewed here first, before introduc-
ing the newly developed SGPA in this study.

As the first step, an element flux graph is constructed, where
each node in the graph represents one species while the strengths
of the edges connecting two nodes indicate the element (e.g., C,
H and O in hydrocarbon combustion process) flux from one to
another. The flux is calculated by

Ae,iaj = Z ae.r,iaj,
r

where a, ,;_, ; is the contribution of the rth reaction to the element
flux for element e from the ith species to the jth species, which is
computed by

(2)

Qe risj = max(O, Ce.r,i—»er),

(3)

where R; is the net reaction rate of the rth reaction. Zero value
is used if R, is negative to ensure one direction flux with certain
starting species (i.e., the ith species) and ending species (i.e., the
jth species). Ce ;. ; is the element flux from the ith species to the
jth species contributed by the r-th reaction, which is given by

Ne ri

Ner j Mo r UrjUri < 0;

(4)

Ce,r,i—>j =

0 otherwise,

where 1, ,; is the number of the e-th element transferred out from
the ith species in the rth reaction, n,, ; is the number of the eth
element transferred into the jth species in the rth reaction, ner
is the number of the eth element transferred in the rth reaction,
v, is the stoichiometric coefficient of the ith species in the rth
reaction. The stoichiometric coefficient is positive for products and
negative for reactants. In this way, G, ,;_,; is zero when v, jv;; is
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positive, because the ith and jth species are in the same side in
the reaction, indicating no element flux between them.

To extend this element flux graph construction to include
soot, it is vital to build the relations from the gas-phase species
element flux to/from soot. Following the way in Ref. [40], the
soot unit is defined as a carbon cluster consisting of two carbon
atoms. Note that this is only a unit for convenience to represent
soot aggregates and it does not affect the following modeling
and computation. We propose different ways to account for the
carbon flux from PAH precursors and acetylene to soot (via con-
densation, nucleation and surface growth) and from soot to CO
(via oxidation). In this way, the equations aforementioned need
to be rearranged to include element flux due to the incorporation
of soot in the edge flux graph. In Eq. (3), the net reaction rate
of soot relevant reactions are considered by three types. Firstly,
the carbon flux from PAH precursors to soot is introduced by
the nucleation and condensation processes. In HMOM |[33], the
nucleation source term for the moments is
Mnucl _ 1 2yxQy

Ny = jﬂN[DIMER] Vi'S,. (5)
where Vp and Sy are the volume and surface of the smallest
soot particles, respectively, [DIMER] is the molar concentration of
PAH dimers, and By is the collision rate of the dimers, which is
calculated by

167kT ,
By =22, b,

where mp and dp are the dimer mass and diameter, respectively. k
is the Boltzmann constant and T is the temperature. The smallest
soot volume is given by

(6)

Vo = 2WcCaimer/ Psoot (7)

where W is the molecular weight of carbon, Cyjye, is the av-
erage carbon atoms per dimer, and psoor iS the density of soot
(1800 kg/m?3). The smallest soot surface is thus given by

So = (36m) '3 V2. (8)

With Eq. (5), the soot molar concentration changing rate due to
nucleation can be given by

(9)

A factor of 2 with W is used here because the unit of soot
is defined as two carbon atoms. In this study, condensation is
defined as the collision of a soot particle with a PAH dimer. The
moment source term due to condensation is calculated by

Rnucl = M?l:)d ,Osoot/ZWO

MM = 57 Be[(Vs + 8V)*(Ss + 8S)Y — VXS |[DIMERIN;,
s=0

(10)
where S, is the condensation rate of dimers with Vi as the soot
particle size, which is given by

kT
2un

(dD + dc5)27

B = (11)

D

where up, is the ratio of a dimer mass to a soot particle mass
PsootVs. de, is the diameter of a soot particle. §V and &S are the
volume and surface area changes of the particle contributed by
condensation. Hence, the soot molar concentration changing rate
contributed by condensation is expressed by

Rcond = Mg%ldpsoot/zwo (12)
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Corresponding to Eq. (3), the carbon flux from PAH precursors
to soot is given by

(13)

where ac pucivcond PAH, - soot Nere is similar to a,,;.; in Eq. (3),
implying the carbon flux from the p-th PAH precursor to soot
contributed by nucleation and condensation. «p is the weight co-
efficient accounting for the contribution from p-th PAH precursor
to the nucleation and condensation, which will be shown in Eq. 15.
ncp is the carbon atom number in PAH,. It is worthy mentioning
that only carbon flux is considered here from PAH to soot due
to the composition of soot. Typically, PAH precursors are ranging
from naphthalene to cyclopenta[cd]pyrene, depending on the
chemical reaction mechanisms used. To directly calculate carbon
flux from PAH to soot, the assumption of steady-state dimerization
is imposed: the dimer formation from PAH are balanced by dimer
consumption from nucleation and condensation. In this way, the
dimer formation rate wpyyeg is given by

@piver = By[DIMER]? + =2 Bc, Ns[DIMER].

Rnucl + Rcond

0c,nucl+cond, i—soot = C¢pIMaX (0» CCnucl+c0nd‘PAH,,asoot nc
p

(14)

Also taking advantage of this assumption, the weight coefficient
ap is calculated based on the corresponding dimerization rate of
the p-th PAH:

dimer
ydimer
ZP RP

where Rgimer is the dimerization rate due to PAHp,, which is given
by [41]

Rf,imer =¥p (47TkT/mp)]/2 (6mp/7rp500t)2/3[PAHp]2, (16)

where y;, is the sticking coefficient of PAH, and is also de-
tailed in Ref. [41]. mp is mass of PAHp, and [PAHp] is the molar
concentration of PAH).

Secondly, the carbon flux from C;H, to soot, which is charac-
terized by the surface growth process, is also calculated by the
surface growth contribution to soot concentration:

op (15)

D ksgx Ss[ (Vs + 8V)*(Ss + 8S)Y — VS| [DIMER]N;,
s=0

My = (17)
where kgg is the surface growth reaction rate, which is calculated
based on the surface reactions with the gas-phase species via the
H-Abastraction C,H,-Addition (HACA) mechanism [42]. To better
reproduce the experimental soot volume fraction at different pres-
sures, it is reported in Refs. [14,43] that the empirical parameter
o (representing the ratio of the actual active soot surface radical
sites to the theoretical maximum soot surface radical sites) should
be tuned. In this study, due to the uncertainty of rate constants
for the reaction of the addition of C,H, to soot radical sites (i.e.,
Soot-* + CoH, — Soot-H, where Soot* is radical sites while Soot-H
refers to hydrogenated sites on soot surface), the Arrhenius pre-
exponential coefficient for this reaction is tuned to be 3.15 x 108
(units in cm, mol, s, K and kJ) following Ref. [41]. x is the number
of active sites per unit area on soot particles (1.7 x 10~19 m=2),
Similarly, the soot molar concentration changing rate due to sur-
face growth is Ryg = M%’Opsoot/ZWC. The carbon flux from CyH, to

soot is thus given by
Ryg
5 )

where the rate of surface growth is divided by a factor 2 because
there are two carbon atoms in C;H,. For soot oxidation where the

ac,sg,C,Hy—soot = MaX <07 Cc s¢,CoH,—soot (18)
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carbon flux from soot to CO, the oxidation rate of soot is calcu-
lated based on the surface reactions with O, and OH, namely, Soot*
+ 0, — Soot* + 2CO and Soot-H + OH — Soot-H + CO. Differ-
ent from the typical treatment for soot oxidation, the contributions
from OH and O, are split because of the different carbon flux num-
bers in these two reactions. The moment source term due to soot
oxidation by O, is given by

SV 85\, reyet
(X%+y&>\@55 Ns,
(19)

where ko, is a kinetic parameter calculated based on the soot sur-
face reaction with O,. Similarly, the contribution by OH oxidation
is calculated by the same way as Eq. (19), but the kinetic param-
eter now is koy. The soot molar concentration changing rate con-
tributed by O, and OH is then estimated by Roy = M%) 0so0t/2Wc

and Ro, = M%;psoot/2We, respectively. Hence, we have

. 8V ad
Mf?j, = —ko, X V—OVS‘S{)+1N0 - Z ko, x

s=1

(20)

After the construction of the element flux graph, hub species
is then identified to form pathways from fuel to hub species and
from hub species to soot. In this study, the PAH precursor or CoH,
with the largest value of normalized total element flux to soot is
enforced as the hub species. In this way, every selected GP in the
system has to pass through a PAH precursor or C;H, and stop at
the sink “species” soot, enabling us to see how carbon flows from
fuel through PAH precursors or C,H, to soot. The identification of
GP after selecting the hub species is the same as the way intro-
duced by Gao et al. [23], which is searching for the fastest (i.e.,
shortest time needed to transfer an unit atom from one node to
another through a flux, based on the flux rate) path from the pre-
scribed source species to the hub species and from the hub species
to the sink species. The dominance of the GPs is then calculated by

aC,ox.sootaCO = maX(O’ CC,Oz,sootaCOZRoz + CC.Sg.SOOt%COROH)

DGRe = Dsource,eDGP/source,e: (21)

where Dgp, is the ratio of the e-th element number in the source
species to the total number of the e-th atom in all the initial
species in the system. D¢psource e 1S the fraction of the e-th atoms
that are going from the source species to sink species through this
specific GP, which is given by

(1/ngp)

A . .
el , (22)

DGP/source,e = ZT
ijegp —k ei—k

where A,;,; is defined in Eq. (2), ngp is the number of con-
version steps in this GP. The soot relevant flux is shown in
Egs. (13), (18) and (20).

Having identified the most dominant GPs, we can get a sim-
plified representation of the reacting system, yet reflecting the key
information of species conversions. With the SGPA method, we can
identify the GPs that controls the carbon flux from fuel to soot, and
subsequently extract the significant conversion steps and the in-
volved elementary reactions for soot formation and evolution (see
the schematic of SGPA in Fig. 1).

3. Pressurized co-flow diffusion sooting flames
3.1. Configuration

In this study, the ISF-4 Target Flame 2 [6-8] cases in the pres-
sure range of 1-16 atm are simulated. This set of co-flow flames
are fueled with ethylene diluted in nitrogen, which is surrounded
by air co-flow. The fuel/air stream feeds through a central nozzle
with an inner diameter of 4 mm and an outer diameter of 6 mm.
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Complex
Reacting system

Global Pathways (GP) *\ _
« C,H, - C,H; - C,H, — soot

Phenomenon of interest
— Soot formation

Which is dominant for soot

Conversion steps *—_ \
hy —~_ How does each step control
,’/’ Cotly ~ Gofl, carbon flux from fuel to soot?
't CH,y - G,
C,H, — soot \

\
¢ Elementary reactions + Key reactions controlling
. PAH and Soot formation

CH,+M=CH,+H+M \ : .

Fig. 1. Soot-based Global Pathway Analysis (SGPA): a hierarchical method to ana-
lyze complex chemical kinetics for sooting flames.

Fuel Stream o)

Fig. 2. Schematic of the configuration for the pressurized co-flow diffusion flames.

The total mass flow rate of the premixed ethylene (17.6% by mass)
and nitrogen (82.4% by mass) stream is 7.78 mg/s. The Reynolds
number for all the flames is 153 to keep them laminar. The con-
figuration schematic is shown in Fig. 2. The inlet temperature is
300 K. More details on the flame configurations and operating con-
ditions could be found in Refs. [6-8].

Two-dimensional (2D) direct numerical simulations of these
flames with detailed finite-rate chemistry and molecular transport
are carried out. A structured mesh is used with the domain size
59 mm axially and 15 mm radially, featuring 450 grid points along
the axial direction and 80 grid points along the radial direction. In
the region from fuel exit to the outlet boundary axially and from
the central axis up to 10 mm radially (where the flame is sup-
posed to locate), the mesh is homogeneous with a mesh size of
100 m. This mesh size is able to resolve the flame structures [12].
In other regions, the grid size is stretched radially with a rate of
1.3% for smooth transition. Boundary conditions of velocity, tem-
perature and species mass fractions for the inlet are considered
with uniform profiles. Isothermal with T,,,; = 400 K is set for the
nozzle walls (to take the heat loss into account), while adiabatic
boundary conditions are used for the other walls (which are far
away from the flame). No-slip boundary conditions are used for all
the walls but not the top boundary, which is imposed with a free
convective outflow condition.

3.2. Effect of pressure on soot and PAH formation

In this section, the pressure effect on soot formation and evolu-
tion in the pressurized flame are analyzed and discussed with the
NBP mechanism. The experimental soot volume fraction is shown
in Fig. 3, and qualitatively good agreement between the predicted
and measured soot field is achieved, but also note that the agree-
ment is better for lower pressures than higher pressures. More im-
portantly, Within the pressure range from 1 to 8 atm, the peak soot
volume fraction is located at the flame centerline, as measured
in the experiment. However, the experimental maximum soot
volume fraction is located the flame wings at 12 atm and 16 atm.
This phenomenon is also well captured by the current simulations.

To further validate the numerical model, a quantitative com-
parison is given in Fig. 4, which shows the maximum soot volume
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Fig. 4. Simulation (Sim.) and experiment (Exp.) maximum soot volume fraction fy
as a function of pressure. The maximum volume fraction values in simulations are
5.45 x 1074, 0.0176, 0.208, 1.357, 4.037, 5.93 ppm at 1, 2, 4, 8, 12 and 16 atm,
respectively. Experimental data is from Refs. [6-8]..

fraction f, at different pressures. As seen, the scaling law of the
maximum fy as a function of the pressure, reported in many
studies [2-5], is well captured by the current predictions.

On the other hand, the simulations still under-estimate the
maximum soot yield. As discussed in Ref. [12], this could be due
to the uncertainty involved in the complex physical processes from
the gas-phase species chemical mechanisms to soot particle mod-
eling. In order to separate these uncertainties and obtain in-depth
understanding on the uncertainty of chemical kinetics, the pre-
dicted mole fractions of acetylene (C;H;) and several PAH species
including A1, A2, and A3 are compared with the measured data, as
shown in Fig. 5.

As seen in Fig. 5, the trend and order of magnitude of PAH
species are again well reproduced by the simulations. However,
the discrepancies at higher pressures are rather obvious, which
indicates larger uncertainty of the gas-phase chemical kinetics at
higher pressures. Specifically, the simulations over-predict A1 and
CyH,, but under-predict the PAH species with multiple aromatic
rings (e.g., A2 and A3), especially at higher pressures. Similar phe-
nomena were observed in Ref. [12] with the same chemical mech-
anism, which suggests that although the NBP mechanism [22] is
widely validated, the conversion rates from C,H, and A1l to higher
PAH rings species are somehow underestimated at elevated pres-
sures.
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Table 1

List of species and their chemical formulas in the GPs in this study.
Species name Formula
benzene Al
phenyl radical Al-
ethynylbenzene A1C,H
phenylvinyl A1CyH;
2-ethynylphenyl A1CHY
Indene CoHg
Indenyl CoH7
napthalene A2
napthyl A2-
2-napthylvinyl A2C2H2A
acenaphthylene A2R5
phenanthrene A3
pyrene A4
anthanthracene ANTHAN
pyrenyl radical A4-
ethynyl-pyrene radicals PYC2H-4
benzo[e]pyrenyl radical BEPYREN]
benzo[ghi]perylenyl radicals BGHIPEJS

To scrutinize the pressure effect on the chemical kinetics, a
single-point SGPA is conducted at the maximum A2 location in
the domain, because the large discrepancy of the predicted A2 at
high pressures is observed at this position. A spatially SGPA for the
whole domain to identity dominant global pathways (GPs) at dif-
ferent locations in the sooting flames will be conducted later in
this section. The single-point SGPA is intended to show how A2 is
formed from fuel, thus identify the key GPs that dominates the for-
mation of A2. In this sense, we can further understand the uncer-
tainty of specific conversion steps and elementary reactions. The
single-point SGPA method shows that with the increased pressure,
the dominant GP from fuel to A2 shift from C;H4 — C;H3z — CyH,
— PC3H4 — C3H3 — A1 — Al- - CgHg — CgH; — A2 at 1 atm,
to C(GHy —» CGH3 — GHy — A1GH; — A1GH — A1GHY — A2-
— A2 at 4 atm and to C2H4 — C2H3 i CZHZ d CgHg - C9H7 d
A2 at 8 atm and 12 atm (a list of the species in the GPs in this
study is given in Table 1).

At 1 atm, the first ring A1 formation is dominated by C3Hs
recombination reactions, which finally goes through A1 + C3Hs3
= CgHg, hydrogen abstraction of CgHg to form CgH;, and then
forms A2. The reactions involved in these conversion steps at 1
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Fig. 5. Simulation (Sim.) and experiment (Exp.) maximum mole fractions of C;H,, A1, A2 and A3, at different pressures. The experimental data is from Refs. [6-8]. A2 and

A3 measurements are not available at 12 and 16 atm.

atm should be with less uncertainty, due to its good predictabil-
ity for A2 in comparison to the experimental data. It is interesting
to note that A2 is also formed through CgH; and CqHg reactions
at 8 atm and 12 atm, but large discrepancy for A2 prediction is
observed at 8 atm (although lack of experimental data, the large
discrepancy at 12 atm can be expected as presented by the trend
in Fig. 5). Since CyH, is also accurately captured by the prediction
at 8 and 12 atm (as shown in Fig. 5), we can then draw a reli-
able conclusion that the largest uncertainty is from the conversion
step C;Hy — CgHg. A closer look at the relevant elementary reac-
tions indicates that the reaction C;H, + A1CH, = CgHg + H is the
only reaction involved in this conversion step. Based on the NBP
mechanism development process [22], the rate of this reaction is
estimated by analogy based on the reactions of cyclopentadienyl
(c-CsHs) [44]. As a result, this reaction, as identified in this study,
merits further investigation experimentally or through statistical
theory calculations to reduce its rate coefficient uncertainty. The
4 atm case also shows obvious discrepancy, which could be due to
the conversion steps between C,H;, to A2. However, the identifica-
tion of specific reactions with large uncertainty is hindered by the
lack of experimental data for the involved intermediate species.

We then employed SGPA to analyze the soot formation and evo-
lution dominant GPs at all the spatial locations in the flames. As
shown in Fig. 6, different GPs dominate the conversion from fuel
to soot at different locations. With SGPA, we can clearly observe
how fuel pass carbon element to soot through different species
and conversion steps. The nucleation and condensation regions co-
incide with GP3, GP4 and GP5 positions (see Fig. 6(b)(c)), where
the final conversions steps involves A2 and A2R5, while the sur-
face growth regions spatial positions agree well (see Fig. 6(d)) with
the GP6 positions with C,H, in the final conversion step. To better
illustrate the GPs in the following, the conversion steps: C;Hy —
CyH3 — CyH, are lumped as “CV1”.

At 1 atm, as shown in Fig. 6(b), the nucleation are mainly con-
trolled by GP3 (CV1 — PC3H4 — C3H3 — Al — Al- — CgHg
— CgH; — A2R5 — soot) and GP4 (CV1 — A1C,H, — A1GH
— A1GHY — A2- — A2C,H,A — A2R5 — soot). Specifically,
the maximum nucleation near the flame centerline is mainly con-
trolled by GP3 and GP4, in which the major PAH precursors is
A2R5. Although the same PAH precursor shared (i.e., A2R5), GP3
forms A2R5 by the reactions through A1- + C3H3 = CqHg, hydro-
gen abstraction of CgHg and CgH; + C3H3 = A2R5 + 2H, while GP4
involves the HACA mechanism for PAH growth to form A2RS5. It
is also noted that the formation of the first ring A1 from the C3Hj
recombination (i.e., C3H3 + C3H3 = A1 in GP2 and GP3) plays a sig-
nificant role, which is also observed in the study of Liu et al. [13].
As shown in Fig. 6(c), condensation is mainly dominated by GP4
and GP5 (CV1 — C3H3 — Al — Al- — CgHg — CgH; — A2 —
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Fig. 6. The spatial distribution of dominant GPs from fuel (i.e., C;H,) to soot at 1
atm. (a) Soot volume fraction, (b) nucleation source term, (c) condensation source
term and (d) surface growth source term are also shown for comparison. C;Hs —
CHs — GoH; is lumped as CV1. GP1: CV1 — A1CH,; — A1CGH — A1GHY — A2-
— A2 — soot; GP2: CV1 — C3H; — A1 — Al- —» CgHg — CgH; — A2 — soot; GP3:
CV1l — PC3Hy — C3H3 — A1 — Al- — CgHg — CoH; — A2R5 — soot; GP4: CV1
— A1GH; — A1CGH — A1GHY — A2- — A2CHyA — A2R5 — soot; GP5: CV1 —
C3H; — Al — Al- - CoHg — CoH; — A2 — A2- — A2C,H,A — A2R5 — soot;
GP6: CV1 — soot. The olive green solid line indicates the stoichiometric mixture
fraction location. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

A2- — A2C,H,A — A2R5 — soot). In GP5, C3Hs; recombination
and reactions through CoHg and CgH7 are also significant, which is
similar to GP2 and GP3. As seen in Fig. 6(d), surface growth is only
dominated by the fuel H abstraction to form C;H,, which then re-
acts with the soot surface active sites (i.e., GP6 (CV1 — soot)).



D. Zhou and S. Yang

(a) 4 atm
GP
S [ppm] ]
0 005 01 015 02
[ — I
(b)
GP
= —
-
Nucleation [ppnvs|
0 6 12 18
U —
(©
GP 1
H S
Cond [ppms] |
0 10 20 30 40 50
Dot b ol—
(d)
GP

Surface growth [ppm/s|
0 3.4 6.8 10.2 13.6

| —— i+ © —

Fig. 7. The spatial distribution of dominant GPs from fuel (i.e., C;H4) to soot at 4
atm. (a) Soot volume fraction, (b) nucleation source term, (c) condensation source
term and (d) surface growth source term are also shown for comparison. C;Hy —
C,H; — CyH; is lumped as CV1. GP1: CV1 — CgHg — CoH;7 — A2 — soot; GP2: CV1
— A1GH; — A1GH — AIGHY — A2- — A2GH,A — A2R5 — soot; GP3: CV1
— A1GHy; — A1GH — Al- — CoHg — CoH; — A2R5 — soot; GP4: C,Hy — H,C,
— CyH, — soot; GP5: C;H4 — CH3 — SCH,— C3H; — PC3Hy — GoHy; — soot;
GP6: C;Hy — CH3 — SCH;— C3H3 — C3H; — CGH, — soot; GP7: CV1 — soot.
The olive green solid line indicates the stoichiometric mixture fraction location. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

The spatial distribution of SGPA-identified most dominant GPs
at 4 atm is shown in Fig. 7. As seen in Fig. 7(b), the nucleation
process is controlled by GP1 (CV1 — CgHg — CgH; — A2 — soot)
and GP2 (CV1 — A1C,H — A1CGHY — A2- — A2C,H,A — A2R5
— soot). Similar to the 1 atm case, the HACA mechanism (i.e., GP2)
still plays a significant role in the PAH growth. However, the major
difference is that the first ring PAH (i.e., A1) formation is no more
dependent on C3H3 recombination, because the carbon fluxes do
not flow to C3Hs in GP1 and GP2. The pressure effect also alter
the PAH growth through CgHg and CgH;, where CgHg is formed
by A1CH, + C;H, = CgHg + H instead of the reaction through
C3Hs and A1 at 1 atm. GP2 prevails in the condensation regions
as shown in Fig. 7(c), where CgH; and CgHg play important roles
again. As for surface growth, the major dominant pathway GP7
(CV1 — soot) is the same as the 1 atm case at the centerline. How-
ever, it is seen that the flame wing surface growth regions now is
controlled by other GPs (GP4+GP5+GP6). The major difference of
GP4+GP5+GP6 from GP7 is the pathway to form C,H,, caused by
the pressure effect in the third body reaction CobH; + H+ M = CyHy
+ M which suppressed the generation of C;H; at high pressures
(CyH3 goes to C;H, by CV1). As a result, the reactions of fuel to
other products such as H,C, in GP4, CHs in GP5 and GP6 become
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Fig. 8. The spatial distribution of dominant GPs from fuel (i.e., C;H4) to soot at 12
atm. (a) Soot volume fraction, (b) nucleation source term, (c) condensation source
term and (d) surface growth source term are also shown for comparison. C;Hy —
C,H; — C3H; is lumped as CV1. GP1: CV1 — CgHg — CoH7 — A2 — soot; GP2: CV1
— A1CGH,; — A1GH — A1GHY — A2 — soot; GP3: CV1 — A1CH; — A1GHY —
Al — Al- — CgHg — CgH; — A2 — soot; GP4: CV1 — A1C;H, — A1CHY — A2-
— A2 — soot; GP5: CV1 — soot; GP6: C;H4 — CH3; — SCH, — C3H3 — PC3Hy —
CyH; — soot. The olive green solid line indicates the stoichiometric mixture fraction
line. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

significant to form C;H, (H,C, — CyH, in GP4, CH3 — SCH,—
C3H3 i PC3H4 i C2H2 in GP5 and CH3 i SCH2—> C3H3 = C3H2
— CyH, in GP6) for soot surface growth. In addition, although the
surface growth peaks at the flame wing, the soot volume fraction
still show its maximum values at the flame centerline. This is due
to the fact that nucleation and condensation still dominate the soot
formation and evolution at 4 atm, as shown in Fig. 7.

At 12 atm, the dominant GPs with nucleation, condensation and
surface growth are still well represented by certain GPs (i.e., GP1
(CV1 — CgHg — CgH; — A2 — soot), GP4 (CV1 — A1C;H,; —
A1C,HY — A2- — A2 — soot) and GP5 (CV1 — soot) in Fig. 8).
Due to the narrow flame, the nucleation and condensation regions
is also narrow, where GP1 in Fig. 8 dominates the nucleation and
it is the exact same GP as the 4 atm case for nucleation. Although
the rates of nucleation and condensation increase at 12 atm com-
pared with 4 atm, the dominant chemical kinetics are similar, in
which HACA, CgHg and CgH; are significant. The surface growth
is also similar to the 4 atm case, in which GP6 (CbHy; — CH3 —
SCH,— C3H3 — PC3H4 — CyH, — soot) prevails at the wing. The
major difference found in the 12 atm case is the condensation start
to compete with surface growth at the flame wing (GP4 (CV1 —
A1C;H, — AIGHY — A2- — A2 — soot) in Fig. 8). This was also
found by Eaves et al. [15], which indicates that condensation could
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Fig. 10. Conditional soot oxidation rates (dfy /dt|Z) normalized by conditional mean
volume fraction (fy|Z) at 1, 4 and 12 atm. The vertical black line indicates the sto-
ichiometric mixture fraction Zs = 0.28.

extend to the flame wing at high pressures. As noted in soot source
term values, surface growth at the wing is dominant over nucle-
ation and condensation, leading to soot volume fraction peaks at
flame wings instead of centerline as in the lower pressure cases.
Since soot is very sensitive to the gas-phase composition, it is
critical to understand the roles that the most dominant GPs in the
mixture fraction space. The most dominant GPs as identified in
Figs. 6-8 at different pressures are plotted in the mixture fraction
(Z) space, with the conditional mean dominance values of GPs. The
conditional mean values of surface growth, condensation, nucle-
ation and oxidation source terms in the Z space are also discussed
here. The conditional mean values of surface growth and oxida-
tion rates (dfy/dt|Z) in the Z space are normalized by the con-
ditional mean volume fraction (fy|Z), and are plotted in Fig. 9(a)
and Fig. 10, respectively. It is seen that in Fig. 9(a), the normalized
surface growth source term has only trivial change with increas-
ing pressure, indicating that the surface growth increase is mainly
due to the high soot volume at high pressures instead of the sur-
face growth coefficient. However, the normalized oxidation source
terms still scales with increasing pressure significantly, as shown in
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tion Zy = 0.28.

Fig. 10. As seen, the saturated trend of maximum soot volume frac-
tion with increasing pressure is due to the significantly increased
oxidation rate over the slightly increased surface growth. The con-
ditional dominance of GPs relevant to surface growth, defined in
Eq. (21), are presented in Fig. 9(b). For the 1 atm case, H abstrac-
tion of C,H,4 to CyHs, with the following generation of C,H, is the
most dominant pathway to generate C;H,, which promotes soot
surface growth through the HACA mechanism. At 4 and 12 atm,
the other CyH, generation mechanism starts to play a role, due to
the third body reactions (i.e.,, C;Hs + H + M = C,Hy + M) discussed
above. However, it is seen here that these reactions are still not as
signiﬁcant das C2H4 — C2H3 — C2H2.

Soot nucleation and condensation are mainly controlled by the
PAH dimer concentrations. Considering the increased gas density
and thus increased PAH concentration, nucleation and condensa-
tion rates should increase at higher pressures. The 1 atm condi-
tional nucleation and condensation (dfy /dt|Z) in the mixture frac-
tion (Z) space is presented in Fig. 11(a), showing that at 1 atm, nu-
cleation is dominant over condensation, in terms of both its mag-
nitude and support width in Z space. The dominance of nucle-
ation and condensation related GPs (D¢p|Z) are shown in Fig. 11(b).
It is seen that 1atm-GP4 (i.e., GP4 in Fig. 6: CV1 — A1CGHy, —
A1CGH — A1CGHY — A2- — A2C,H,;A — A2R5 — soot) where
PAH growth is controlled by the HACA mechanism, is the most sig-
nificant GP, although the other GPs have comparable dominance
magnitude.

As for 4 atm, the condensation process now dominates over the
nucleation both spatially in the Z space and numerically in magni-
tude, as shown in Fig. 12(a). The dominance of the identified GPs
in the Z space showed that at 4 atm, the most dominant GP is
4atm-GP2 (i.e., GP2 in Fig. 7: CV1 — A1C,H, — A1C,H — A1C,HY
— A2- - A2C,H;A — A2R5 — soot), which is exactly the same
as the most dominant GP at 1 atm (i.e., 1Tatm-GP4). This indicates
that with the increasing pressure from 1 to 4 atm, although the
increased soot yield enhances the condensation process, the most
dominant GPs to form the nucleation/condensation precursor (i.e.,
A2R5) are the same. At 12 atm (see Fig. 13), the dominance of the
GPs did not show obvious difference. Note that the global path-
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Fig. 13. (a) Conditional soot nucleation and condensation rates (dfy/dt|Z) at 12
atm; (b) Conditional dominances of nucleation and condensation related global
pathways (D¢p/dt|Z) at 12 atm. The vertical black line indicates the stoichiomet-
ric mixture fraction Zy = 0.28.

way 12atm-GP4, which dominates at the flame wing (see Fig. 8),
showed equivalent dominance compared with other GPs, implying
that at high pressures, condensation contribute significantly to the
flame wing soot evolution.

3.3. Effect of mechanism reduction

In this section, we employ the reduced mechanism RNBP
[37] and analyze the diffusion flame data with the SGPA method.
In their reduction [37], the NBP mechanism was reduced firstly
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by deleting all the species with higher aromatic rings than
A2 manually. Directed Relation Graph with Error Propagation
(DRGEP) [45] and isomer lumping were then used to automati-
cally reduce the mechanism. The automatic DRGEP mechanism re-
duction ad hoc chose CyH, and A2 as the target species to re-
tain its soot prediction capability. As seen, the major difference of
this reduced mechanism from NBP is that it only contains A2 as
the PAH precursor for dimerization. A2R5, CgH; and CgHg, which
were identified as significant species in the previous section for the
pressurized sooting flames with NBP, were all deleted in RNBP.
First of all, the spatial distribution of dominant GPs is shown
in Fig. 14, together with the soot volume fraction f,, field. The GPs
at different spatial locations showed the same chemical kinetics as
the full NBP mechanism for the first ring (i.e., A1) formation re-
actions. In addition, the nucleation and condensation process also
appears at the flame wing at 12 atm (see GP2 in Fig. 14(c)). Com-
pared with the detailed NBP mechanism, the reduced mechanism
predict slightly higher peak f, than the detailed NBP mechanism.
However, the spatial distribution of soot is very different from the
results predicted by NBP, especially for the 4 atm case. NBP pre-
dicted the maximum fy at the flame centerline (see Fig. 3 for com-
parison), while with RNBP, f, peaks at the flame wing. As the re-
sults by RNBP are different from the experimental observation, the
mechanism reduction process for RNBP must have incurred critical
inaccuracy for soot prediction, especially at elevated pressures.
Because both NBP and RNBP predict the peak soot volume
fraction correctly at 1 and 12 atm and RNBP tends to overpre-
dict the flame wing soot at 4 atm, we focus at 4 atm here
to analyze the underlying reasons leading to the prediction dis-
crepancy by RNBP. A comparison of the soot source terms be-
tween NBP and RNBP at 4 atm are shown in Figs. 15 and
16 for nucleation (nucl.)/condensation(cond.) and surface growth
(SG)/oxidation (ox.), respectively. As seen, nucleation and conden-
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Table 2
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GPs identified by SGPA for RNBP at different spatial locations at 1, 4 and 12 atm (see Fig. 14). CbH4 — CyH3 — CyH; is lumped as CV1.

1 atm GP1: CV1 - C3H; — Al — Al- — A1GH; — A1GH — A1GHY — A2- — A2 — soot
GP2: CV1 —» A1GH; — A1GH — A1GHY - A2- — A2 — soot
GP3: CV1 — C3H; — A1l — Al- - A1GH; — A1GH — A1GHY — A2 — soot
GP4: CV1 - A1GH, — A1GH — A1GHY — A2 — soot
GP5: CV1 — C3H; —» Al —» Al- - A1CH, — A2 — soot
GP6: CV1 —» PC3Hy — C3H3 - A1 - Al- - A1CH, — A2 — soot
GP7: CV1 — soot
4 atm GP1: CV1 — A2- —» A2 — soot
GP2: CV1 - A1GH, — A1GH — A1GHY — A2- — A2 — soot
GP3: CV1 —» PC3H4 — C3H3 — A1 — Al- - A1CG,H, — A1C,H — A1GHY — A2- - A2 — soot
GP4: C;Hy - CH3 — SCH, — C3H3 — CyH, — soot
GP5: CV1 — PC3H4 — C3H3 — A1 — Al- — A1CH, — A2 — soot
GP6: CV1 — soot
12 atm GP1: CV1 — CsHs — A1CH, — A2 — soot
GP2: CV1 —» A2- — A2 — soot
GP3: CV1 - A1CH; — A1GH — A1GHY — A2- — A2 — soot
GP4: CV1 — A1CH; — A2 — soot
GP5: CV1 — soot
GP6: C;Hy - CH; - PC3Hs — C3H3 — CGH; soot
GP7: CH4 — CH3 — SCH,; — C3H3 — C,H; soot
GPS: CHy — CH; — C3H; — CoH, — soot
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Fig. 15. Comparison of nucleation (Nucl.) and condensation (Cond.) rates for soot
volume fraction between RNBP and NBP at 4 atm. The olive green solid line indi-
cates the stoichiometric mixture fraction location. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article.)

sation with NBP extend more upstream. In addition, for both NBP
and RNBP, the maximum nucleation, condensation, and oxidation
rates locate at the flame centerline while surface growth peaks
at the flame wing. Although the surface growth and condensation
rates predicted by RNBP are at the same order of magnitude (both
are dominant over nucleation), the oxidation at the leaner position
(i.e., downstream) compensate the condensation, such that surface
growth dominates at the flame wing and finally result in the peak
soot volume fraction at the flame wing (see Fig. 14(b)).

For a better illustration, we plot the source terms as functions
of mixture fraction at the flame centerline in Fig. 17. It is seen that
the condensation at 0.33 < Z < 0.42 by NBP, where the condensa-
tion by RNBP is nearly zero, is majorly contributed by GP1 (CV1 —
CgHg i C9H7 — A2 - SOOt) and GP2 (CVl — A1C2H2 — AlCZH
— A1CHY — A2- — A2CH,A — A2R5 — soot) in Fig. 7 (the
green and blue region, respectively). It is then clear that the dis-
crepancies caused by mechanism reduction is the improper dele-
tion of some significant species, which contributes significantly to
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Fig. 16. Comparison of surface growth (SG) and oxidation (Ox.) rates for soot vol-
ume fraction between RNBP and NBP at 4 atm. The olive green solid line indicates
the stoichiometric mixture fraction location. To show the peak SG position, a sub-
figure with different color levels are shown.. (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. The soot source terms, including nucleation, condensation and oxidation at
the flame centerline as a function of mixture fraction (Z). NPB-GP2-4atm and NBP-
GP1-4atm indicate that the highlighted mixture fraction ranges are dominated by
the GPs of GP1 and GP2 in Fig. 7 (GP1: C;H4 — C;H3; — C3H, — CgHg — CoH7 —
A2 — soot; GP2: C;Hy — CH3 — CoHy; — A1GHy — A1CGH — A1GHY — A2- —
A2C,HyA — A2R5 — soot).
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Fig. 18. The dominant GPs from fuel (i.e. C;H,) to soot at different spatial positions
at (a) 1 atm, (b) 4 atm and (c) 12 atm, calculated with the RKAUST mechanism. The
GPs details are shown in Table 3. Soot volume fraction field with the maximum
soot volume fraction are also shown in the figure. As a comparison, the experi-
mental peak soot volume fractions are 149 ppm and 16.8 ppm at 4 and 12 atm,
respectively. The olive green solid line indicates the stoichiometric mixture fraction
location. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

the carbon flux for soot formation at 0.33 <Z < 0.42. From GP1
and GP2 in Fig. 7, we then know that CqH;, CgHg and A2R5 are
the missing species in RNBP, which play significant roles for nucle-
ation and condensation at 0.33 <Z < 0.42 in NBP.

To sum up, although the reduced mechanism well capture the
maximum volume fraction, it showed very different soot spatial
distribution and tends to give higher soot formation on the wing
with increasing pressure. The important species CgH;, CgHg and
A2R5 are missing in RNBP, leading to the under-predicted nucle-
ation and condensation at 0.33 < Z < 0.42. Using only A2 as the
precursor for dimerization could thus lead to large error. Our fu-
ture work could apply SGPA as an automatic mechanism reduction
tool for soot-related mechanisms, which could retain the important
species in the GPs from fuel to soot but minimize the mechanism
sizes.

3.4. Effect of PAH species with higher aromatic rings

In this section, the reduced KAUST (RKAUST) mechanism, with
heavier PAH precursors for dimerization (i.e., BAPYR, BEPYREN,
BGHIPER, ANTHAN and CORONEN), is examined. As stated in
Ref. [39], the heavier PAH species significantly affect the soot vol-
ume fraction prediction. In this study, we employ SGPA method
to study how these heavier PAH species influence the soot evolu-
tion in pressurized flames. The 1 atm, 4 atm and 12 atm soot field
prediction together with their spatial GPs distribution are given in
Fig. 18, where the maximum soot volume fraction is also indicated.
Overall, the soot field is well captured by RKAUST and the maxi-
mum soot volume fractions are also in good agreement with the
experimental data. Note that due to the existence of CgH;, CgHg
and A2R5 in RKAUST, the maximum soot volume fraction positions
at 4 atm is well reproduced. In fact, the centerline upstream re-
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Fig. 19. Comparisons between the combined dominance of GPs that involve PAH
species with high aromatic rings (High PAH GPs) and the dominance of the most
dominant (Dominant GP) at (a) 1 atm, (b) 4 atm and (c) 12 atm. The most dominant
GPs are GP4 at 1 atm (GP4: C,Hy — CH3 — CoH; — A3-4 — A2R5- — A2R5 —
soot), GP7 at 4 atm (GP7: C;H; — C,H; — C,H,; — soot) and GP 6 at 12 atm (GP6:
C;Hy — CH3; — CyHy — soot). The GPs involving PAH species with higher rings at
different pressures are listed in Table 4, 5 and 6. The olive green solid line indicates
the stoichiometric mixture fraction location. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 20. Temperature profiles as a function of distance to fuel nozzle (x) at differ-
ent 1, 4 and 12 atm, calculated with and without radiation. Available experimental
data [6-8] at 1 and 4 atm are also shown.

gions are dominated by the GPs with CgH;, CgHg and A2R5, which
is inline with our conclusions in the previous section.

To study the roles of the PAH species with higher rings play-
ing in the soot evolution, we identified the GPs that pass through
those PAH species with higher rings than A4 at the high soot vol-
ume fraction regions, which are all listed in Table 4-6. Although
not shown in this study, their separate dominance values for these
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Table 3
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GPs identified by SGPA for RKAUST at different spatial locations at 1, 4 and 12 atm (see Fig. 18). C;Hy — C;H3 — C3H; is lumped as CV1.

1 atm

4 atm

12 atm

GP1: CV1 — CgHg — CoH7; — A2R5 — soot

GP2: CV1 - Al — Al- - A1GH — A1C2H* — A1C4H3 — A1C4H3u — A2-1 — A2C,H; — A2R5 — soot

GP3: CV1 — C3H; — A1 — Al- - A1GH — A1GH* — A1C4H3 — A1C4H3u — A2-1 — A2C,H, — A2R5 — soot
GP4: CV1 — A3-4 — A2R5- — A2R5 — soot

GP5: CV1 — C3H3 — A2R5 — soot

GP6: CV1 — C3H3 — Al- - A1C;H — A1GH* — A1C4H3 — A1C4H3u — A2-1 — A2C,H; — A2R5 — soot

GP7: CV1 — A1C4H3 — A1C4H3u — A2-1 — A2C,H, — A2R5 — soot
GP8: CV1 — soot

GP1: CV1 - CoHg — CoH; — A4 — soot

GP2: CV1 — C3H3 — A2R5 — soot

GP3: CV1 — CgHg — C9H; — A2R5 — soot

GP4: CV1 — C3H; — Al- - A1G,H — A1CGH* — A1C4H; — A1C4Hsu — A2-1 — A2C,H, — A2R5 — soot

GP5: CV1 — C3H4-P — C3H3 — A2R5 — soot

GP6: CV1 — C3H4-P — C3H3 — Al- - A1CGoH — A1GH* — A1C4H3 — A1C4Hsu — A2-1 — A2C,H, — A2R5 — soot
GP7: C;Hy — GoH; — CyHy — soot

GP1: CV1 — A1CH; — C9Hg — C9H; — A4 — soot

GP2: CV1 - CgHg — CoH; — A4 — soot

GP3: CV1 - C3H; — Al- - A1CG,H — AICGH* — A1C4H3; — A1C4Hsu — A2-1 — A2C,H; — A2R5 — soot
GP4: CV1 — C3H3 — A2R5 — soot

GP5: CV1 — CgHg — CoH7; — A2R5 — soot

GP6: CV1 — soot

Table 4

Important GPs with higher aromatic ring PAH species at 1 atm.

CyHy — GyH;3
CyHy - CyH;3
CyHy — CyHs
C;Hy — GyH3
CyHy — CyH;3
C,H4 - CyH3
CHy — CyH3
CoHy — CGyH;3
C,H4 - CyH3
CyHs — CGoH3

—_ = O 00N UT A WN =

- o

N A

C,H, — ANTHAN — soot
C,H, - A3-4 - A4 - A4- —» PYC2H-4 — PYC2H4JS — BEPYREN] — BGHIPER — soot

C,H, — BAPYRJS — BAPYR — soot

CyH; — A3-4 — A4 — A4-4 — PYC2H-4 — PYC2H4JS — BEPYREN] — BGHIPER — BGHIPEJS — CORONEN — soot
C;H, — A3-4 - A4 - A4-4 — PYC2H-4 — PYC2H4]S — BEPYREN] — BEPYREN — soot

CyH,
GHy
GHy
CyH,
- GH,
CoHg — CoHs — CoHy

— ANTHAN — BAPYRJS — BAPYR — soot

BAPYRJS — ANTHAN — soot

CORONEN — soot

BGHIPER — soot

BGHIPER — BGHIPEJS — CORONEN — soot

— ANTHAN — BAPYRJS — BAPYR — PYC2H-2 — A4-2 — A4 — A4-4 — PYC2H-4— PYC2H4JS — BEPYREN] — BGHIPER

-
-
-
-

— BGHIPE]JS — CORONEN — soot

Table 5

Important GPs with higher aromatic ring PAH species at 4 atm.

CyHy
CoHa
CoHa
CyHy
CyHy
CoH,
CoHa
CyHy
CHsg

GHs
CHs
CGHs
CGHs
CGHs
CGHs
CGHs
CHs
CGHs
CGHs
GHs
CHs
CGHs
CGHs
CHs
CGHs

OO U A WN =

R N R R

€}
G
G
G
G
G
G
G
G
G
€}
G
G
G
G

R R R IR

C,Hs - GH,

Hy
H,
Hy
Ha
H,
Hy
Ha
Hy
Hy
Ha
Hy
H,
Hy
Ha
H,
Hy

— A3-4 - A4 — A4-4 — PYC2H-4 — PYC2H4JS — BEPYREN] — BEPYREN — soot

— A3-4 - A4 — A4-4 — PYC2H-4 — PYC2H4JS — BEPYREN] — BGHIPER — BGHIPEJS — CORONEN — soot

— A3-4 — A4 — A4-4 — PYC2H-4 — PYC2H4JS — BEPYREN] — BGHIPER — soot

— ANTHAN — BAPYRJS — BAPYR — PYC2H-2 — A4-2 — A4 — A4-4 — PYC2H-4 — PYC2H4JS — BEPYREN] — BEPYREN — soot
— ANTHAN — BAPYRJS — BAPYR — soot

ANTHAN — soot

BAPYRJS — BAPYR — soot

BEPYREN] — BEPYREN — soot

BGHIPER — soot

C9H8 — C9H7 — A4 — A4-1 — BAPYR — soot

C9H8 — C9H7 — A4 — A4-2 — PYC2H-2 — PYC2H2JS — BAPYRJS — ANTHAN — soot

C9H8 — C9H7 — A4 — A4-2 — PYC2H-2 — PYC2H2JS — BAPYRJS — BAPYR — soot

C9H8 — C9H7 — A4 — A4-4 — BEPYREN — soot

C9H8 — C9H7 — A4 — A4-4 — PYC2H-4 — PYC2H4JS — BEPYREN] — BEPYREN — soot

C9H8 — C9H7 — A4 — A4-4 — PYC2H-4 — PYC2HA4]S — BEPYREN] — BGHIPER — BGHIPEJS — CORONEN — soot
C9H8 — C9H7 — A4 — A4-4 — PYC2H-4 — PYC2HA4JS — BEPYREN] — BEPYRER — soot

CORONEN — soot

I R A A N

Table 6

Important GPs with higher aromatic ring PAH species at 12 atm.

CoHa
CHy
C2H4
CoHa
CoHy
CHy
C2H4
CoHa
9 GH,
10 CHy4
11 CHay
12 GHy
13 GHy
14 CHy

ONOU A WN =

S A T 2 R

GH;
CHs
CGHs
GH;
CyHs
CGHs
CGHs
CyHs
CHs
CGHs
GH;
CHs
CGHs
GH;

S T 2 R

C,H, — ANTHAN — BAPYRJS — BAPYR — soot

CH, — ANTHAN — soot

C,H, — BAPYRJS — ANTHAN — soot

C,H, — BAPYRJS — BAPYR — soot

C,H, — BAPYRJS — BEPYREN — soot

C,H, — BGHIPER — soot

CH, - CoHg — CoH; — A4 — A4-1 — BAPYR — soot

C,H; — CoHg — C9H; — A4 — A4-2 — PYC2H-2 — PYC2H2JS — BAPYRJS — ANTHAN — soot
CyH, — C9Hg — CoH; — A4 — A4-2 — PYC2H-2 — PYC2H2JS — BAPYRJS — BAPYR — soot
C;H; — C9Hg — CoH; — A4 — A4-4 — BEPYREN — soot

C,H, — CoHg — CoHy — Ad — Ad-4 — PYC2H-4 — PYC2H4JS — BEPYREN] — BEPYREN — soot
CyH, — CgHg — CgH; — A4 — A4-4 — PYC2H-4 — PYC2H4JS — BEPYREN] — BGHIPER — BGHIPEJS — CORONEN — soot
CH; — C9Hg — CoH; — A4 — soot

C,H; — CORONEN — soot
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Fig. 21. Soot volume fraction nucleation and condensation rates at 1, 4 and 12 atm, calculated with and without radiation.
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Fig. 22. Soot volume fraction surface growth and oxidation rates at 1, 4 and 12 atm, calculated with and without radiation.

GPs are low, indicating that the stand-alone contribution of these
species to soot nucleation/condensation are not significant. Their
dominance values calculated with Eq. (21) are summed up for
these GPs and are shown in Fig. 19. Their counterparts of the most
dominant GP at the similar positions (i.e., GP4 at 1 atm, GP7 at 4
atm and GP6 at 12 atm) are also calculated and shown in Fig. 19.
As clearly seen from Fig. 19, although these GPs passing through
PAH species with higher rings is not dominant at a certain region,
the sum of the higher PAH GPs is with greater values, implying the
combined important contribution of these PAH species with higher
rings. It is also noted that these higher aromatic ring PAH species
are mainly formed through C,H,, and contribute significantly to
the soot formation at the flame wing. The increasing pressure does
not alter the significance of these species in soot evolution.

3.5. Effect of radiation

Note that all the results before this section consider the
radiation effect. In this section, the effects of radiation on soot for-
mation and evolution are discussed, via turning off the radiation.
The temperature along the flame centerline is shown in Fig. 20.
The radiation significantly reduce the temperature especially at
the positions with high soot volume fraction. Though not shown
here, the radiation from the greenhouse gas-phase species only
induce negligible temperature drop, indicating that soot radiation
is playing the dominant role. The temperature measured in the
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experiment for 1 atm and 4 atm cases are also shown here. A good
agreement is achieved, compared with the experimental data.

The soot source terms at 1, 4 and 12 atm along the flame cen-
terline are shown in Figs. 21, 22. We can see that at 1 atm, the
influence of radiation on the soot source terms is rather minor,
because of the low soot volume fraction f;, and thus the trivial ra-
diative heat loss at 1 atm. In contrast, when the pressure increases
to 4 and 12 atm, the soot formation rates are all weakened by ra-
diation (see Figs. 21,22). At elevated pressures, the increased soot
yield enhances the radiative heat loss and thus reduces the tem-
perature in the flame, leading to the reduced soot formation rates.

4. Conclusion

In this study, a series of ethylene-air co-flow diffusion sooting
flames are simulated to study the soot formation and evolution at
elevated pressures. The soot evolution is modeled by the bivariate
Hybrid Method of Moments (HMOM). The simulation data of the
maximum soot volume fraction and PAH species are in good agree-
ment with the measured values, although increasing discrepancies
are observed with increasing pressure.

A soot-based global pathway analysis (SGPA) method is devel-
oped to identify the pressure effects on the chemistry kinetics of
soot and PAH formation. In SGPA, the carbon element flux graph
from fuel to soot are directly constructed by considering one of
the PAH precursors or C;H, with the largest carbon flux to soot as
the hub species. The pathways with carbon flux from fuel to hub
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species and from hub species to soot then form the global path-
ways (GPs) that control the kinetics of PAH and soot formation and
evolution. In this way, the most dominant GP controlling the car-
bon flux from fuel to soot can be selected to automatically extract
valuable chemical kinetic information in multi-dimensional com-
plex sooting reacting systems with detailed chemistry. In addition,
SGPA is also able to identify the GPs controlling PAH and soot for-
mation without missing key species in the GPs due to neglecting
single species with small flux (such as DRGEP algorithms).

With the newly developed SGPA, it is seen that the dominant
chemical GP is able to correctly reflect the soot evolution and for-
mation regions. With these identified GPs, the pressure effects on
the chemical kinetics of PAH and soot formation are revealed. The
major findings include:

1. The increasing pressure shifts the first ring PAH formation from
C3H3 recombination to the reactions of C,H,. At 1 atm, the PAH
growth from benzene to naphthalene is dominated by the reac-
tions through the formation of indene (CgHg) and its reaction
with C3Hs. At elevated pressures (4 and 12 atm), this growth
process is dominated by the reaction of indene with CyH,.

. Nucleation and condensation at the very fuel rich regions are
controlled by the reactions related to CgH;, CgHg and A2RS5.
At 1 and 4 atm, the outer flame wing is only controlled by
surface growth, while at 12 atm, the condensation GP with
large dominance values at the outer flame wing indicates that
condensation also becomes significant at the outer flame wing.

. At 1 atm, the soot surface growth by C,H, is only controlled by
the H abstraction of C;H4 and CyHs. With the increased pres-
sures, it is found that other GPs become significant to produce
CyH, for soot surface growth at the flame wing, due to the
third body reaction C;H; + H+ M = C;Hy + M.

. The over-predicted C;H, and Al and under-predicted A2 and
A3mole concentrations at elevated pressure are mainly due to
the uncertainty of the reaction rate constants of C;H, + A1CH,
= CgHg + H.

. Mechanism reduction (e.g., DRGEP) without considering the
global carbon flux improperly deletes several important species
such as CgH; and CgHg, which incurs incorrect soot spatial dis-
tribution at higher pressures compared with the experimen-
tal and predictions from the detailed mechanism. The SGPA
method could be developed into an automatic mechanism re-
duction tool for chemical mechanisms with soot considerations
in future work.

. The PAH with high aromatic rings (e.g., A4-A7) are important in
sooting flames, especially at the flame wing regions in co-flow
diffusion flames. Increasing pressure does not alter the signifi-
cance of the combined effects of those PAH species with high
aromatic rings.

. Radiation tangibly reduces the flame temperature and thus
changes the soot source terms at elevated pressures, due to the
higher soot yield and its caused higher radiative heat loss.
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