ing

AlIP
lﬁ_ Publish

Large eddy simulation of soot formation in a turbulent lifted flame with a
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This article presents simulations of a turbulent lifted flame using the large eddy simulation (LES)-transport probability
density function (pdf)- discretised population balance equation (PBE) approach. This approach takes into account the
interaction between turbulent reacting flow and soot particle formation. A reduced chemical kinetics mechanism in-
cluding a series of Polycyclic Aromatic Hydrocarbons (PAHs) species linked to soot formation is generated employing
the approach of the Directed Relation Graph Error Propagation (DRGEP), and is tested on a perfectly stirred reactor
under varying equivalent ratio conditions and premixed flames. The soot kinetics model includes the PAH-based nucle-
ation and surface condensation, the Hydrogen Abstraction Acetylene Addition (HACA) surface growth and oxidation
mechanism, and the size-dependent aggregation. The soot morphology considers the surface area and other geometrical
properties for both spherical primary particles and fractal aggregates. The simulation results show, in general, reason-
ably good agreement with experimental measurements in terms of lifted height, flame shape, flow-field velocity, the
hydroxyl radical (OH), and soot volume fraction. A discussion of micromixing and its modelling in the context of the
Interaction by Exchange with the Mean (IEM) model is also presented. To investigate the effect of the soot micromixing
frequency factor on soot particles, an additional simulation is conducted where this factor is reduced by a factor of 10
for the soot particles. The maximum soot volume fraction is observed to increase slightly. However, compared with the

impact of kinetics on soot soot modelling, this effect is a minor one.

l. INTRODUCTION 55

Soot particles, produced during the combustion of hy-
drocarbons, can lead to detrimental effects such as deposi-
tion on combustor walls or turbine blades, resulting in fric-
tional losses or damage. Furthermore, soot emissions pose a ®
threat to both the atmosphere and human health. With major
economies globally endorsing clean energy initiatives, the de-
velopment of advanced internal combustion engines, gas tur-
bines, and commercial aeroengines that can efficiently con-
trol or eliminate soot emissions becomes imperative. Con- s
sequently, accurately predicting soot formation in turbulent
combustion has emerged as a significant scientific inquiry for
engineers and researchers.

This complex issue involves various physical phenom-
ena interacting with one another, including turbulent flow, 7
exothermal chemical reactions, and soot formation. Macro-
scopic continuum equations, particularly from an Eulerian
perspective, are predominantly used as governing equations
for engineering applications. Direct Numerical Simulation
(DNS) using the Navier-Stokes (NS) equation requires solv-
ing an extensive cascade of temporal and spatial scales of
turbulent flow down to the Kolmogorov scale, making it vir-
tually impossible for engineering applications. As mean or
integral quantities are of primary interest, solving turbulent
flows with a turbulence model is not only sufficient but also s
cost-effective. Two major approaches are Reynolds Averaged
Navier-Stokes (RANS) equations, which apply a time average
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on the NS equation, and Large Eddy Simulation (LES), which
applies a spatial filter on the NS equation to remove sub-grid
vortices. Reynolds average stress and sub-grid stress, derived
in RANS and LES, respectively, share a similar mathemati-
cal form but are obtained by treating the momentum equation
differently: using time-average or spatial filter, respectively.
These unknown terms, representing the effects of turbulence,
have to be modelled. Currently, RANS is the most widespread
approach in industrial applications, but LES offers increased
solution fidelity and potential applicability.

In recent decades, provided that the thermochemical prop-
erties and reaction rates are accurate, DNS has shed light
on the dynamics of turbulence-chemistry interaction, thereby
contributing to the validation of existing turbulent combus-
tion models. From laboratory-scale to industrial-scale, RANS
simulations remains widely useful, while LES stands as a very
promising technique for turbulent combustion. The Reynolds-
average or sub-grid filter operations are also implemented
in the transport equations regarding the reactive scalars, re-
sulting in a broad range of unknown quantities for mod-
elling. In RANS, for example, such unknown quantities are
the Reynolds-averaged scalar-flux and the mean chemical re-
action rates'. The Reynolds-averaged / sub-grid scale (sgs)
scalar fluxes are usually modelled in a way analogous to the
Reynolds stress / sgs stress and the respective parameters are
obtained from experiments or DNS results. Due to the non-
linearity of the Arrhenius law describing the reaction rates, the
mean reaction rate would become inaccurate if the routine ap-
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proach using the mean temperature and species concentrations
was considered. In fact, the majority of turbulent combustion
models primarily concern the closure of mean reaction rates.
For example, an early model, Bray-Moss-Libby model (BML)
for premixed turbulent flame, recovers the mean reaction ratesia
Wy from the scalar dissipation rate %> of the progressive vari-
able ¢ or the flame surface density X3. Several methods offer
solutions for the closure of the mean reaction rate. These in-
clude the flamelet model*%, CMC (Conditional Moment Clo-
sure) method’~ and the transported pdf approach!®!!, amongiso
many others. The last one solves the equations of the joint pdf
of reactive scalars, instead of the equations of reactive scalars,
thus mathematically eliminating the terms of mean reaction
rates. A comprehensive review of more methods can be found,
for example, in Veynante and Vervisch . 155

Typically, soot is considered as a particulate phase that is
polydispersed concerning the particle size. As soot particles
are of nanoscale dimensions, they have high Knudsen num-
bers and behave non-inertially in response to changes in a car-
rier flow field. Therefore, soot particles in reacting flows arets
not modelled using multiphase flow schemes. The key physic-
ochemical processes are common to the formation of soot and
other kinds of nanoparticles, such as metallic oxides, includ-
ing nucleation, surface growth, coagulation and aggregation,
oxidation and sintering!>!3, These processes are described
by a general population balance equation (PBE)'3>~'> which
has been widely used in many processes involving polydis-
persed entities such as aerosols, crystallisation, metallurgy,q
polymerisation and biochemical processes. Several methods
such as moment, discretisation (sectional) and Monte Carlo
can be used to solve the PBE, and a review of such methods
can be found in the aforementioned references.

The population balance in turbulent flow is unclosed, dueizo
to the effect of fluctuations on nonlinear terms such as nu-
cleation, growth and aggregation, in addition to the usual un-
closed term associated with turbulent transport!®. In order to
model soot formation in turbulent combustion, therefore, clo-
sure is needed to account for these terms. Table I summarises
different combinations of methods for turbulence-chemistry-
soot particle interaction in various simulation studies in the
literature. Sewerin and Rigopoulos 7, Sun and Rigopoulos '8
have proposed the LES-PBE-PDF framework where a discre-
tised PBE (DPBE) is used to describe the soot particle size
distribution. This is the approach that will be employed in the
present work and has the advantage of having the PBE source
term in closed form, although an unclosed term related to mi-
cromixing appears.

There are also various physicochemical submodels de-
scribing the soot formation processes. For instance, the
nucleation rate is linked to C2H246, benzene?’, large-sized's
polycyclic aromatic hydrocarbons (PAHs)*** or other hy-
drocarbon molecules®®. The dimerisation of PAHs is now
commonly accepted for the nucleation modelling, but dif-
ferent PAH molecules are used based on different chemi-
cal mechanisms*$4%31,  For the surface growth rate, sim-ies
ulation studies have used the semi-empirical C,H,-based
model*®, the HACA (Hydrogen Abstraction Acetylene Addi-
tion) model’2, the enhanced-HACA model* or the aromatic-

&

g

&

175

site model’>>*. The morphology of soot is accounted for

in different ways, with models ranging in complexity from
the spherical particle assumption®%, to identical primary
particles®, and polydisperse primary particles’®0. The sin-
tering process is only considered by a few simulation studies
using the coupled PBE approach (e.g.*%’) and Monte Carlo
methods (e.g.0"92.)

In the present paper, we employ the LES-PBE-PDF ap-
proach to model the soot formation in turbulent flames to-
gether with a comprehensive mechanism that includes de-
tailed gas-phase kinetics including PAH formation*® and
chemistry reduced with the directed relation graph error prop-
agation (DRGEP) approach. The PBE is solved with a re-
cently proposed conservative finite volume method that em-
phasises accuracy and conservation of moments for the ag-
gregation term>"93, With this approach, we simulate a turbu-
lent non-premixed sooting flame, the DLR lifted flame Koh-
ler et al. % and compare our predictions with experimental
data. One of the main points of the study is to investigate
the modelling of the soot micromixing term and the impact
of the micromixing frequency parameter that appears in the
modelled PBE-PDF equation.

IIl. NUMERICAL FRAMEWORK FOR LES-PBE-PDF
APPROACH

To investigate the turbulent lifted sooting flame, the discre-
tised PBE approach for modelling the particle size distribu-
tion of soot particles, is coupled with the LES-pdf approach
for turbulent combustion. The implementation of the LES-pdf
framework is along the same lines as in Jones and Prasad °°.
The details of the LES-PBE-PDF approach are presented in
Sewerin and Rigopoulos '7-26-7  For reference, the main ele-
ments of the approach are briefly described below.

A. Equations of species transport and population
balance in turbulent reacting flows

For soot formation modelling in turbulent combustion, the
gas phase scalars are described by the species transport equa-
tions.

Y ApY)  aJ;

W-‘r 8)(,— =_8x,-+ﬂ (1)

where the gas phase reactive scalars Y(z,f) =
1,¥2,--,¥n,h]T t are concentrations for each species
and the total enthalpy. The mass flux is denoted as
Ji = [jiisJj2,r--->JNgis Jn,i] and the reaction source terms
Q=[o,0m,...,0, a)h]T are required to be closed turbulent
reaction flows.

In reacting flow at low Mach numbers, the mixture den-
sity is often computed in terms of the reactive scalars Y(a, 1)
based on the ideal-gas law:

p=p(Y(x,1)) (3]
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TABLE I. Literature review of the numerical frameworks for modelling soot formation in turbulent flames

Method for turbulence-chemistry-soot interaction Reference
DNS /HMOM 1920 h_heptane (N,) / Air counterflow non-premixed flame
DNS /MOMIC 21 p-heptane (N,) / Air planar jet flame

LES / flamelet / two-moment method

RANS / CMC / two-moment method

RANS / transport PDF / two-moment method
LES / transport PDF / HMOM

LES / transport PDF / DPBE

RANS / BML flamelet / Monte Carlo

RANS / Eddy dissipation model (EDM) / two-moment method
LES / flamlet/ HMOM

LES / transport PDF / HMOM

LES / radiation flamelet & progress variable (RFPV) / HMOM
LES / flamelet/ DQMOM

LES / RFPV / HMOM

RANS / flamelet / two-moment method

LES / RFPV / HMOM

LES /RFPV / CQMOM

RANS / flamelet / MOM

RANS / transport PDF / Monte Carlo method
RANS /EDM / MOM (One moment)

RANS / flamelet / MOM (One moment)

RANS / flamelet / MOM

DNS / CMC / two-moment method

RANS / flamelet / two-moment method

DNS / Monte Carlo method

RANS / transport PDF / Monte Carlo method
RANS / finite-rate chemistry / sectional method
LES / finite-rate chemistry / sectional method

22 ethanol / heptane jet non-premixed flame

2 CH, /air non-premixed flame

24 an n-dodecane spray flame (Sandia Spray A)
2 Delft 1T

17.26 Delft 1T

27 Direct Injection Spark Ignition (DISI)

2 CH, /air non-premixed flame

29 DLR Gas Turbine Combustor

30 Delft / Adelaide flame

31 Sandia ethylene/air non-premixed flame
32 ethylene-based DLR aircraft Combustor
33 DLR lifted C,H,/air jet non-premixed flame

34 Delft combustor

35 DLR lifted C,H,/air jet non-premixed flame
36 etylene/air jet flames

37 CH4-H2/air coaxial jets

38 CH,/air swirl-stabilised non-premixed flame

3 n-heptane spray jet non-premixed flame

40 C2H4/air jet flame

41 n-heptane jet non-premixed flame

42 p-dodecane spray flames (ECN Spray A)

43 DLR C,H, lifted flame

4445 DLR C,H, lifted flame/ DLR pressurised swirlling combustor

The population balance equation describes the evolution of
the soot particle size distribution as a result of the transport
and aerosol process. A space-dependent distribution is intro-
duced, n(v,x,t), to consider the number density of particles
per unit of mixture mass. A discretised form is introduced
by applying a sectional method. Here, the continuous func-
tion of the particle volume, can be represented by an array of
N, scalar, each of which denotes the number density of par-
ticles within a section k of the volume in the range [vg_1, ],
k=1,---,Np. Therefore, the discretised population balance

200

S(YN) == 1o (GY.) + C(¥ )|

Vi—1

equation is presented,

d [png(x,1)] n d [puimy(x,t)] 78Kk,i(m,t)
ot axi B 6xi

+5i(Y.N)
3)

The diffusive flux, K ; in the sectional volume range [vx_, v],

Kii(@.1) = mi@,nw

“
and the finite volume discretisation in the v space of the source
term s (Y,N) is

[ BY)S(r—vo)dv

V-1

surface growth & condensation
1
Avy . Vi

nucleation

/Vkl [% '/Ovpzﬁ(w, v—w)n(w,t)n(v—w,t)dw — '/OM 2B (v,w)n(v,t)n(w,t) 5)

coagulation source & death

A conservative discretisation method with respect to the coag-zos
ulation process was proposed in Liu and Rigopoulos®’. For
the surface growth and condensation, which is a convective
term in the volume space, with a total variation diminishing

(TVD) scheme is employed®®.
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B. LES/ Eulerian pdf method

Our in-house code BOFFIN-LES is adpoted to study the
turbulent lifted sooting flame. In this present pressure-based
compressible LES scheme, the sub-grid stress tensor 77" =

a0 p(ujuj — ;ity) is formulated with the standard Smagorinsky?'s
model:

T[?jgs _ zusgsgv; 6y
—~.1

W = P(CAP (25,5, (@)
J

a[pPw)| o [pur(¥)|

— 1 /dd;
S’] - 2 <8x,- + an> (GC)
where the ~ operator denotes the density-weighted Favre-
averaging. Due to difficulties encountered in evaluating the
filtered values of the chemical source terms in the species
transport equations and population balance equations, a joint
filtered pdf of reactive and particle number scalars is em-
ployed. An exact equation describing the evolution of the
joint pdf can be derived by standard methods, e.g. Gao and
O’Brien®®, and Brauner, Jones, and Marquis ’° added the re-
solved part of the convection and the molecular mixing to both
sides of the equation so that the modelled form of the joint pdf
equation becomes:

I N o o [ ore®)
Gt =y [PO(P®)] - T [peP(R) —pwp(®)| - TS
1.reaction IL.sgs—convection m

Ny+Np+1 Ns+Np+1 5 o) —
y Y AJL—{GQW ”|Y:w>mwﬂ )
aml B alﬂ/aal[/ﬁ ax,- aX[

IV.micromixing  .Z(¥;x,t)

where the fine-grained joint probability density functionzso
(PDF) of reactive scalars P(®;x,1) is set the delta functions
225 for the convenience of mathematical transformation.

ren=sfo- () )] oo
(8

where ¥ = [W] Y2, UNG WNG - - - s WNs+Np+1]T is the
composition domain of the scalar array Y(x,7) and N(z, 7).
In Eq. 7, term I represents the chemical reaction term,

which now appears in a closed form and does not require any
220 modelling. Term II represents the residual convection term at

the sgs level, which is analogous to the sgs stress tensor in Eq.24s

6, modelled as

—_— —— JIP(T)

puiP(¥) —pu;P(¥) = - ———= )
Bxl-

250
with a consistent form with term III, the molecular diffusion
of the pdf. Term IV .# (¥; z,r) demonstrates a filtered condi-

235 tional pattern of ’scalar dissipation rate’ and can be explained
as a sgs micromixing. In this research, the Interaction by Ex-
change with the Mean (IEM) model was proposed by Viller-
maux and Devillon”!, Dopazo and O’Brien 7%, Dopazo 73.

5 NetNpt1 5 o
awan =t Yo [(va—val@.n) P(¥)]

(10)

where 7°¢° is the sgs mixing time scale, and its inverse, the sgs

mixing frequency is given by Jones and Prasad %
ppe
prorl A2 an

and the sgs micromixing constant Cp = 2.0 follows the pre-

vious applications of LES-transport sgs on turbulent flames,
i, 66,74
.i.e%%

The equation describing the evolution of the pdf (Eq. 7)
is solved using the Eulerian stochastic field method. P(®) is
represented by an ensemble of M stochastic fields for each of
the Ny + 1 scalars ¢ (z,t) = [gfl,...,g,;’,g+Np+l]7m: 1,...M.
Now, substitute the stochastic samples for the pdf in the trans-
port pdf equations (Eq. 7). After some algebraic manipulation
(see Valifio ) and identifying the drift and diffusion coeffi-
cient of Ito sde’®. The final differential equation is

—em__ =954 sos) 950
pdgy _—pu,a—XidH—a—x’_ [(F+F )Tx,- dr

5gS m
+ﬁ¢u:;r )%%dww

_ P
2Tsgs

(& = o) dt + pdrg (¢™)dr (12)

where dW/" represents increments of a (vector) Wiener pro-
cess, different for each stochastic field but independent of the
spatial location .
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lll. CHEMICAL KINETICS, SOOT MECHANISM AND THE
COMPUTATIONAL SETUP

A. Chemical kinetics reduction using DRGEP
310

The original chemical reactions are adopted from Ref.*8
and comprise a total of 148 species and 928 reactions. This
mechanism, developed based on the GRI 3.0 mechanism, in-
cluding the chemistry of soot precursors such as acetylene,
different isomers of C;H, isomers, and benzenel. It encom-*'*
passes all major pathways of PAHs formation up to pyrene
(C,6H,() and cyclopentapyrene (C;sH,,). Extensive valida-
tion of this mechanism has been performed for the combustion
of various fuels, ranging from methane to iso-octane and one-
ring aromatics, across different configurations such as homo-**°
geneous auto-ignition, laminar premixed flames and diffusion
flames. This mechanism has been used in modelling incep-
tion and growth of soot in laminar ethylene diffusion flames’”.
Thermodynamic properties of the species are obtained from
the sources presented in Blanquart, Pepiot-Desjardins, and
Pitsch*®. In the case of turbulent flames, consistent molecular
mass diffusivity is considered instead of differential diffusion.
The Schmidt number, Sc, is assumed to have a value of 0.7,
and is utilised for both the molecular mass diffusivity I" and
the sgs mass diffusivity 5.

u

=2 1
Sc (13a)
e — ’“;—g REDE
C

However, the real-time computation of the complete chem-
ical kinetics at each spatial grid node, time step and stochas-
tic field is prohibitively expensive in the turbulent combustion
simulation employing the pdf approach. To address this issue,
the aforementioned mechanism is reduced using the directed
relation graph error propagation (DRGEP) method to decrease
the computational load. In order to gather data samples for,
DRGEP analysis, an ensemble of perfectly stirred reactor
(PSR) simulations were performed with varying initial tem-
peratures, equivalence ratios and pressure. For each collected
data sample, the interaction coefficient of each species to the
target species were calculated, which indicates the contribu-
tion of the selected species to the production/consumption of
the target species, and then the coefficients were averaged
over all collected samples. In this work, major species (e.g.
C,H,,H,0, CO and CO,) and species related to soot forma-
tion, including PAHs species in the nucleation and condensa-’
tion processes, gas chemical species used in the HACA mech-
anism (see Section IIIB) are selected as the target species.
Species with small interaction coefficients to the target species
are removed from the mechanism. More details of the DRGEP
method can be found in Refs’®7°. The size of the original
chemical kinetics has been reduced by around 1/3. The sim-
plified kinetics includes 101 species and 652 steps of chem-
ical reactions. The reduced mechanism was tested on PSR
(perfectly stirred reactor) with those obtained using completess
mechanism (shown in Fig. 1), with two equivalence ratio
conditions, namely ¢ = 1.0, 5.0 and two initial temperature

40

conditions, T = 1400K and 1800K. The results show that
both the profiles of temperature, major species and minor PAH
species in the DRGEP condensed mechanism are in excel-
lent agreement with the complete mechanism. Note that these
species are all linked to soot formation modelling. The only
discrepancy is that species A, are overpredicted by approx-
imately 10% when the initial temperature is 1800 K and in
lean combustion conditions (¢ = 0.5 and 1.0). Another test
case is on 1D laminar premixed flame with two equivalence
ratio conditions ¢ = 1.0 and 1.4 (shown in Fig. 2 of the
supplementary materials). The profiles of temperature, ma-
jor species and minor PAH species are accurately predicted
by the DRGEP mechanism. Therefore, the validated DRGEP
condensed mechanism will be applied in the following soot
formation simulations.

B. Soot formation mechanism

The processes of soot formation involve the nucleation, sur-
face growth, condensation and coagulation of spherical parti-
cles and fractal aggregates. The model for soot nucleation
and condensation in this work are referenced from Blanquart
and Pitsch80. In this model, the self-collision of two PAHs
forms a dimer, which is an intermediate state between the
gaseous PAHs and the particulate soot. The dimers are then
consumed either by self-coalescence to form soot nuclei or by
condensation onto the surface of soot particles. Eight types
of PAHs for dimerisation, from naphthalene (C,,Hg) up to
cyclopenta[cd]pyrene (C,gH ), are listed in the Table II. The
self-collision rate, Wpay ; is given by the following expression:

4nRyT
WPAH,i = %\/Td]%AH.i[PAH]%N/i (14

where N denotes Avogadro’s number, Ry is the gas constant
(unit [kmol-K/kJ]) and M; is the molar mass of PAH;. d;
indicates the mean diameter of the molecules PAH;.

Assume that the consumption of dimers by the nucleation
and condensation sub-processes and the production of dimers
are in a quasi-steady state, resulting in a quadratic equation

8
anue[dimer]? + beong[dimer] = Y wpani (15)
=

The positive root of Eq. 15 is accepted as the concentration
of dimers. The coefficients apye and beopg are determined by
the nucleation and condensation rates, respectively. The nu-
cleation rate, wp,c, takes the following form,

1
3\ [6kgT 1 ..
— <H) ;: 4v2v8  [dimerl’N3  (16)

where Er = 2.2 is the Van der Waals factor®! and p; =
1800kg/m? is the density of soot particle. An average vol-
ume of dimers vgimer is used to represent the different volume
of dimers produced by the self-collision of the eight PAHs.
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FIG. 1. Application of the DRGEP reduced mechanism to the 0D perfectly stirred reactor: (a) Equivalence ratio ¢ = 1.0; (b) ¢ =0.5
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FIG. 2. Application of the DRGEP reduced mechanism to the 1D laminar premixed flame
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Species Molar mass M; [kg/kmol] Name

Collision efficiency ¥

C,oHg 128.17 Naphthalene 0.0010
C,,Hyg 152.20 Acenaphthylene 0.0030
C,Hy 154.21 Biphenyl 0.0085
C4Hyp 178.24 Phenathrene 0.0150
Ci¢Hyo 202.26 Pyrene 0.0250

Acephenanthrylene 0.0250

Fluoranthene 0.0250
CisHyp 226.28 Cyclo[cd]pyrene 0.0390

TABLE II. List of PAH species of dimerisation for the nucleation and surface condensation sub-processes

Thus, the nucleation source term in Eq. 5 is written as 375
. 2v4i
B = wnue dimer (17)
voAvy

indicating that two dimers are coalesced to form a soot nu-
cleus and Avy is the interval covers the volume of nuclei. The,g,
condensation rate is modelled as,

C(Y~ V) = ﬁdimer,vNA [dlmer] * Vdimer (]8)

Therefore, the coefficients anyc and beong in Eq. 15 are deter-
mined as

2Wnue
[dimer]?
bc(md = ﬁdimer‘VNA (19b)

Anue =

(19a)

Soot surface growth and oxidation are modelled via the
H-abstraction/C,H, addition (HACA) mechanism, originally
proposed by Frenklach and Wang®?. The reaction rates are
calculated based on the parameters of Table 2 and 3 in Ref.%.
In the HACA mechanism, a hydrogen atom is abstracted fromases
the C-H bond (Cso-H) and the C,H, molecule is added to an
active site (Cgoor-). The number density of (Cgooi-H) is esti-
mated to be Ysoot = 2.3 X lolssites/cmz, based on the diam-
eter of a benzene ring and the distance between PAH layers
of soot particles®?. The concept of surface reactivity was in-
troduced with the parameter &, which is the main uncertainty®®
in the HACA mechanism. Constant values were proposed in
early research, but later it was considered to be dependent on
the local temperature®>3*, particle size®>3¢ or the residence

time37-38. In this work, the a value is taken from the soot

formation modelling for Santoro flames’”. 395
9000

a = 0.0037exp (T) (20)

The net surface growth rate (including oxidation) is calculated
as follows, 400

A .
G(v,Y) = ﬂR(HACA), 1)

s

where R(HACA) represent the surface-specific soot growthuos
rate, which is a function of @, Yoo, the reaction rates as-
sociate with the HACA mechanism®. A(v) is the volume-

dependent surface area of a soot particle.

The collision kernel 8 for the coagulation and aggregation
sub-processes takes different forms depending on the Knud-
sen number Kn = 2Ay/d, where A is the gas mean free path
and d is the particle diameter. Three regimes are identified,
namely the free molecule regime (Kn < 0.1), the continumm
regime (Kn > 10) and the transition regime (0.1 < Kn < 10),
with the expressions below, respectively,

iy ) = _ kTN L (e ))?
B (vi,vj) =22 psvi+v)) (dvi)+d(v;))", (22a)
etn) = i (G + i) ).
(22b)
m (v, v)) B (vi, v
B (uivy) = g i) (220

B (v, vy) + Be(viyv))

where the Cunningham slip correction factor Cu(v) = 1+
1.257Kn, and d(v) represents either the spherical particle di-
ameter or the collision diameter of an aggregate. The frac-
tional dimension Dy = 1.8 and the fractal prefactor kf = 1.94
for all aggregates in this work.

The description of soot morphology is detailed in Liu
et al.”’. This study refers to morphological parameters, in-
cluding the surface area A¢(v), the diameter of gyration dg(v)
and the hydrodynamic diameter dj(v)), concerning primary
soot particles and fractal-like aggregates. Based on experi-
mental data, soot particles are modelled as spherical nanopar-
ticles if their size is smaller than 30.8 nm in diameter. For
larger sizes, soot particles are considered to be fractal ag-
gregates composed of primary particles with a diameter of
30.8 nm. This soot model and parameters are the same as in
the studies of”” in ethylene laminar co-flow flames and III in
the Sandia turbulent flame'®).

Due to the significant difference in size between soot parti-
cles and gaseous molecules, the molecular diffusivity of soot
particles is excluded from consideration. In the context of tur-
bulent flames, a consistent molecular mass diffusivity is con-
sidered rather than differential diffusion. The Schmidt number
Sc, is assumed to have a value of 0.7, and it is utilised for both
the molecular mass diffusivity I" and the sgs mass diffusivity
Cogs.
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IV. FLAME CONFIGURATION AND COMPUTATIONAL
SETUP

The flame to be simulated is the DLR lifted ethylene jet
flame®%5. The fuel burner consists of a circular nozzle with
an inner diameter of 2.0mm. The co-annular dry air is sup-
plied through a contoured nozzle that converges from an in-
ner diameter of 280 mm to 140mm over a vertical distance of
310 mm. The air flow rate is flows is 320 g/min, providing a
homogeneous co-flow of oxidiser. To shield the flame from
laboratory-induced air currents, the burner is mounted within
an optically accessible casing. Ethylene at room temperature,
295K, is injected centrally through a tube with a bulk veloc-
ity Viuel of 44 m/s, corresponding to a flow rate of 10.4 g/min.
The jet-exit Reynolds number is thus 10000 and the resulting
flame is lifted and exhibits a visible flame length of 400-500
mm. The experiment was conducted at atmospheric pressure.

The computational domain is a rectangular parallelepiped
with dimensions of 600 mm, 220 mm and 220 mm in the axial-
x direction, as well as the y and z directions, respectively. The
domain is discretised into a grid with 260, 145, and 145 vol-
ume cells in the X, y, and z directions, respectively. The grid
is stretched by a factor of 1.013 axially to enhance resolution
near the burner. Radially, 12 cells are allocated within the
inner burner region to capture the fuel jet with a high resolu-
tion of 0.1 mm, while the grid is progressively stretched with*°
factors ranging from 1.05-1.10 towards the lateral boundaries.
At the inflow boundaries, the mean axial velocity of the jet
fuel is prescribed with power-law profiles using an exponent
of 1/6. The co-flow air is set with a constant axial inflow ve-
locity. The turbulence intensities for all flows are specified as
6%. For the fuel jet, the root mean square (RMS) inflow ve-
locity varies quadratically: it reaches four times the nominalsss
centreline value at the jet rim and remains constant along the
co-flow. The lateral boundaries are treated using an entrain-
ment/outflow condition with zero gradient for the velocity and
scalars. At the exit plane, a convective outflow condition is ap-
plied to the velocity field, while the scalar fields are subjectedazo
to a condition of zero gradient. Previous studies on the eule-
rian stochastic-pdf method have shown that the use of eight
stochastic fields is adequate for achieving convergence of the
means and RMS values of the reactive scalars. In accordance,
eight fields are employed in this work. The grid sensitivityass
analysis is also conducted by refining the mesh with a dou-
bled volume cell number. Information of the coarse and fine
grid mesh is displayed in Table III. A comparison between the
simulation results showing using the original and refined mesh
is presented in the profiles of axial velocity, temperature andsso
soot volume fraction (see Figs. 4(a), 5 and 8) in Section V,
proving the consistency of predicted results along the flame
centreline between the coarse and fine meshes. Therefore, the
simulation results with the original mesh are presented and
analysed in other results figures in Section V. 485

FIG. 3. Photographs of the turbulent lifted jet flame and the grid of
the computational domain: (a)The burner schematic; (b) a snapshot
of the lifted jet flame; (c) jet burner in optical housing for defined
boundary conditions; (d) the grid in a cut plane through the centre-
line; (e) the grid for the burner. Image (a- ¢) from Appl. Phys. B.
104, 409 (2011). Copyright 2011 Springer Nature

V. RESULTS AND DISCUSSION

A. Simulation prediction of the flame shape,
temperature statistics and soot formation

Figure 4 compares the calculated temperature profiles with
experimental results. The mean axial velocity profiles ob-
tained from the simulation and the experimental measure-
ments show excellent agreement along the flame centreline,
as depicted in Fig. 4(a). Figure 4(b) presents the comparison
of radial profiles of the mean axial velocities at four differ-
ent heights as well as the RMS of velocities at the three of
those heights. The LES simulation resutls of the mean axial
velocities match well the PIV data, except for a slight under-
prediction at distances greater than 10 mm away from the cen-
treline at the downstream height of 363 mm. The LES simula-
tion also show excellent agreement in predicting the velocity
RMS, except for a slight underprediction by approximately
half in the flame centre region at a height of 213 mm. The
LES simulation results also show good agreement in the ve-
locity RMS prediction except the underprediction by half in
the flame centre region at the height 213 mm. This is likely
due to the stronger turbulent dissipation at downstream region.

Figure 5 compares the present LES simulation work with
the CARS (Coherent Anti-Stokes Raman Scattering)) mea-
surement for the axial profiles of the mean and RMS tem-
perature along the flame centreline. It should be noted that
our LES simulation overpredicts the mean centreline temper-
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Mesh Domain name

Domain size

(length x width x height)

Total element No.

Element No. in Domain F

Coarse Domain C

110 x 110 x 600 mm?

Fine

Domain F

88 x 88 x 550 mm?

145 x 145 x 260
165 x 165 x 325

137 x 137 x 248 = 4,465,000
165 x 165 x 325 = 8,848,000

TABLE III. Information of domain size and element number for the coarse and fine grid mesh

50 T T T T T
O Experiment Kéhler 2011 [74]
This work, Coarse mesh -

- - Vi , Fine mesh

490

[m/s]

mean

Axial velocity U

0 100 200 300 400
Height above burner [mm]

(a) Axial profile along the flame centreline

Simulation  EXperiment
| Thiswork  Kélher 2011 [74]

1 O HAB = 63mm 720
L E— e) /| 113mm _
e A | 213mm

@gl Joo/l \363mm 416 @
£ E

2 n &

x £
Sl —112 >
%)
E I £ 7 %
> 3
T 4r 8 >
° ©
2 : E:
s
= 4

-10 0 10 20 30
Radial position [mm]
(b) Radial profiles for selected heights: RMS (left) and mean (right)

FIG. 4. Comparison of the simulated and measured profiles of the
mean axial velocities: the simulation results are compared from the
experimental PIV data and the RANS simulation results by Kohlerags
etal.®3: (a) axial profile along the flame centreline; (b) radial profiles
for selected heights
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ature, with a maximum difference of 300 K up to a height of
250 mm HAB. On the other hand, the LES simulation shows
good agreement with the CARS measurement for the temper-
ature RMS profile, except for a significant underprediction ob-
served between 90-160 mm HAB. It is noticeable that simula-
tions conducted on the both coarse and fine meshes exhibit a
consistent overprediction of temperature on the flame centre-
line prior to 250 mm HAB above the burner.
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FIG. 5. Axial profiles of temperature on the flame centreline: (a)
mean; (b) RMS

Figure 6 provides a more detailed comparison of the pre-
dicted radial temperature profiles for different heights, with
the nTLAF measurements by Kohler ef al. ®* and Gu et al. %
Note that the nTLAF measurement datasets from different ref-
erences show some discrepancy, such as the maximum tem-
perature difference of 400 K of Tipean at 213 mm HAB and the
discrepancy of radial positions for peak temperatures. The
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simulated and experimental maximum mean temperatures at
63 mm HAB are located at the wings of the flame, but furthersso
downstream the temperature difference between the centreline
and wings of the flame decreases, until at 310 mm HAB, the
two wings merge and the maximum temperatures are on the
centreline. Consistent with the prediction on the flame centre-
line (Fig. 5), our LES simulation also overpredicts the meanss
temperature around the flame centreline at each height. How-
ever, for hot regions (5-10 mm away from the flame centre-
line), the LES simulation performs more accurately. There-
fore, we may conclude that the heat release in the flame front
regions is adequately captured. Additionally, the overpredic-s;
tion of mean temperature along the flame centreline suggests
enhanced thermal diffusion, which can be attributed to the
stronger turbulent mixing in our prediction. Regarding the
temperature RMS profiles, our LES simulation aggres well
with Kéhler’s measurements®, except for an underpredictions;s
at 113 mm HAB. However, at 310 mm HAB, our LES simu-
lation underpredicts the measured temperature RMS profile®’
by approximately half.

Figure 7 compares the radial profiles of the predicted nor-
malised OH mole fractions with the normalised intensitysso
signals obtained from OH-planar laser-induced fluorescence
(OH-PLIF) measurements®*, using the respective maximum
values of the entire field. It should be noted that OH-PLIF
measurements exhibit slight asymmetries and a radial shift,
resulting in scattered points from two wings that do not formsss
smooth profiles. From the mean normalised OH profiles, two
notable strengths of our LES simulation emerge. Firstly, the
predicted peak normalised OH values match well with the
OH-PLIF measurements at all selected heights. Secondly,
the radial positions of the peak OH values demonstrate bettersso
agreement with the measurements, particularly at heights of
113 mm, 160 mm, and 213 mm HAB. It is interesting to note
that our work reveals a lack of alignment between the radial
positions of peak OH mole fraction and those of peak tem-
perature. In diffusion flames, the peak OH zone is known toses
occur in the flame front, where the temperature is lower than
the maximum. The maximum temperature, in turn, can oc-
cur closer to or further away from the fuel source, depending
on various factors such as the specific fuel and oxidiser mix-
ture, flow rate, and flame geometry. Additionally, shape andg,,
magnitude of RMS profiles agree well between the simula-
tion and measurements, providing confidence in the predicted
flame shape.

Figure 8 compares our LES simulations in terms of the
mean and RMS of soot volume fraction along the flame cen-6os
treline with the laser-induced incandescence (LII) measure-
ments. One important finding is that, despite the significant
disparity in temperature (see Figure 6), the two experimen-
tal sources show substantial agreement in terms of mean soot
volume fraction (Figure 8(a)). We performed our LES simu-6t0
lations with two different soot micromixing frequency factors
k = 1.0 and k = 0.1, these factors slightly affect soot predic-
tion. One main drawback of our simulations is that they pre-
dict soot formation starting too early in the flame, with peaks
occurring prior to the measured location at 294 mm. How-61s
ever, our LES simulation with a soot micromixing frequency

10

factor of k¥ = 0.1 does accurately predict the peak soot vol-
ume fraction, which matches the measured value of 0.5 pmm
and is larger than the cases with k¥ = 1.0. For the calculated
RMS profiles of the soot volume fraction in Fig. 8(b), our LES
simulation underpredicts the RMS especially in the upstream
region.

In addition, we also present the mean and RMS of the soot
volume fraction along the flame centreline obtained from the
LES-PBE-PDF simulations using different meshes and differ-
ent soot micromixing frequencies in Fig. 8. The simulation
conducted on the fine mesh achieves a similar peak magni-
tude of soot volume fraction, which aligns well with the ex-
periment measurement. Simulations using different meshes
also predict an earlier onset of soot formation, with the peak
soot volume fraction occurring 50 - 60 mm upstream of the
measured data. However, in the refined mesh, the change in
the soot volume fraction by adjusting the soot micromixing
frequency is less significant. This can be attributed to the fact,
with a finer mesh, the importance of micromixing term de-
creases.

Figure 9 illustrates the radial profiles of soot volume frac-
tion for five heights, comparing to LII measurements. Both
LII datasets exhibit the same trend of a narrow two-peak ra-
dial distribution of f; at a height of113 mm. As the flame pro-
gresses downstream, this distribution broadens and becomes a
one-peak profile with the maximum value on the centreline.
The present LES simulation roughly reproduces this trend.
Note that Gu’s LII dataset has a narrower f, than Kohler’s
measurement, and our LES simulation agrees well with Gu’s
LII data in shape and magnitude from 113-263 mm. The tran-
sition from a two-peak to a single-peak profile is also visible in
the measured f,-RMS and is confirmed by both LES sources.
Similar to the centreline profile (see Fig. 8(b)), our LES sim-
ulation underpredicts the radial RMS values and also exhibits
a narrower RMS distribution downstream.

Figure 10 compares the simulated primary particle size, D,
at the flame centreline and radial profiles at three different
heights, with experimental data provided by Kéhler er al. %
and Gu et al.%. The simulated results consistently show an
overprediction of 30% - 50% in the primary particle size com-
pared to the experimental measurements.

Figure 11 (a-b) show the contours of instantaneous and
time-averaged temperature from the simulation. The tempera-
ture fields exhibit a sharp gradient at a height of approximately
20 mm, which is also consistent with the lift-off-height de-
fined by half of the maximum OH mole fraction (refer to Fig.
11(d-e)). This finding aligns well with the lift-off height of
22.34 1.5 mm in the experimental results of Kohler et al. 3.
The statistics were derived from 500 OH chemiluminescence
images, defining the position of half of the maximum OH-
PLIF intensity as the the lifted height, representing the steep
gradient of OH concentration. A RANS simulation by Koh-
ler et al. ** revealed that ignition occurred at the lift-off height
of approximately 25 mm. Accurately predicting the lift-off
height in turbulent flames is a highly challenging task due to
the intricate interplay between turbulent diffusion and chem-
istry.

Figure 11(c-n) present contours of the instantaneous, time-
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averaged and root-mean-square (RMS) of soot volume frac-
tion, as well as the mole fraction of OH, A2 (naphthalene)g;s
& A3 (phenanthrene), A4 (pyrene) species from the simu-
lation. These contours are compared with matching signals
obtained from laser diagnostic measurements, such as OH-
PLIF, LII and PAH-PLIF**%*, shown in Fig. 11(o-w). Same
properties from the simulation and optical measurements aregs,
aligned in the same column of Fig. 11. The modelling re-
sults of the OH mole fraction show a high level of consistency
with the OH-PLIF measurements, as demonstrated by con-
tour plots of the instantaneous shot, RMS, and time-averaged
values in Fig. 11(c-e) and (0-q). The only notable differences,s
is that the averaged OH mole fraction exhibits a wider dis-
tribution downstream in the flame compared to the OH-PLIF
measurements. The OH radical is often considered as an inter-
mediate species in combustion for visualising the flame front,
as it is formed in the reaction zone and rapidly converted atgs,

malised OH-PLIF signal intensity for selected heights: RMS (left);
mean (right)

lower temperature.

The instantaneous concentration mappings of soot vol-
ume fraction predicted by the simulation (Fig. 11(c)) show a
smaller and narrower shape and distribution than the random
collage of the LII measurement (Fig. 11(r)). The LII signals
visualises the emergence of soot particles from 50 mm HAB
and their extension towards the upper region of the flame. The
optical image also demonstrates the swirling dynamic mo-
tions of the vortices and the breakup into secondary scales.
In contrast, the RMS and averaged contours of soot volume
fraction (Fig. 11(g-h)) show more positive aspects, despite
still exhibiting narrower distributions than the optical mea-
surements. These contours emerge from 55-60 mm HAB and
extends downstream toward the upper region. The predicted
positions of the RMS maxima are consistent with the LII mea-
surement, while the maximum averaged values are predicted
to be approximately 50 mm upstream. The absolute range of
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FIG. 8. Comparison of the simulated and measured profile of the
soot volume fraction on the flame centreline. Simulations with the
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the soot micromixing frequency: (a) mean; (b) RMS

the averaged soot volume fraction matches that of the LII mea-
surement.

PAHs are recognised as important soot precursors, as theysmo
contain fused aromatic rings that form the building blocks of
soot. In the PAH-PLIF measurements*? (Fig. 11(u-w)), a de-
tection filter bandpass of 305-325 nm was chosen to include
PAH species with the carbon number estimated to be between
10-14, like naphthalene (A2, C,,Hg) and phenanthrene (A3,67s
C,4H,,). However, the modelled contour plots of A2 and A3
(Fig. 11(i-k)) do not match the PAH-PLIF signals because the
PAH-PLIF signals emerge from 20-30 mm HAB and extends
downwards into the upper range of the flame, while the pre-
dicted A2 & A3 mole fraction disappear at around 300 mmsso
HAB. In contrast, the modelled mole fraction contours of
pyrene (A4, C,¢H,,) drawn in Fig. 11(I-m) show better con-
sistency with the PAH-PLIF signals, as the A4 species still
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FIG. 9. Comparison of the simulated and measured radial profiles of
the soot volume fraction for selected heights: RMS (left) and mean

(right).

exists at the flame top. In general, the PAH-PLIF signals over-
lap with the LII (soot volume fraction) signals in the measure-
ment, and the soot volume fraction contours are spatially con-
sistent with the distribution of A4 species rather than A2 & A3
species in the simulation. In fact, the concentrations of A2 &
A3 is around 100 times larger than the A4 species, contribut-
ing significantly to the production of soot dimers in the nucle-
ation process occurring at the early stage of the flame. How-
ever, the increase in soot volume fraction is primarily due to
the particle surface growth process, in which the hydrocarbon
species (C,H,) is absorbed onto the surface of nascent soot
particles. Therefore, contours of soot volume fraction should
be downstream than the A2 & A3 mole fraction distribution.
Figure 12 illustrates the profiles of the nucleation, surface
growth and condensation processes at the centreline and two
selected heights. The centreline profile reveals that the nucle-
ation rate dominates the soot formation process, with a over-



AIP
ﬁé_ Publishing

685

690

695

40 T T T T T
O  Experiment Kohler 2011 [74]
| ---- Simulations This work x = 1.0 i
E— n This work x = 0.1
g 30 i
k=4
o
Q L 4
(o)
N
@ TN 700
S 201 B
] Mo
Q.
) r o -
] (]
E °
a 10 o° o | 705
° =
0 I I I
0 100 200 300 400 0
Height above burner [mm]
(a) Centreline
30
715
10 4 F
x/d = 155 (HAB=310 mm) 000 =
30— a®
x/d = 105 (HAB=210 mm) 4
B 720
20 - 4 o
b k]
10 gpo0 B0y, 4 8
o
©0 0000 g
30 LA A e e £
x/d = 67 (HAB=134 mm) © Experiment Gu 2017 [99] o 72
20 - - - - Simulations x = 1.0
—_— I k=01
10 W%%
0 I I I I I 730
0 10 20 30 40

Radial position [mm]
(b) Radial profiles at different heights

FIG. 10. Simulated primary particle size: (a) on the flame centreline
(b) different heights

735

whelming contribution than the condensation process and the
surface growth process [unit: m?(soot)/m3(mixture)---] invo
the early stage (HAB < 220 mm). As the micromixing correc-
tion factor decreases from 1.0 to 0.1 in the peak-value region
(125 - 175 mm HAB), both the nucleation rate and condensa-
tion rate increase, resulting in enlarged soot formation. The
surface growth process becomes the dominant contributor toss
soot volume fraction from 220 - 260 mm HAB, although its
peak value is considerably smaller than the nucleation pro-
cess. Subsequently, the oxidation process plays a major role
in reducing soot. However, no evident effect of the micromix-
ing frequency factor is observed on the surface growth andrso

oxidation processes in the downstream region.

B. Discussion on the modelling of the micromixing term
in the LES-PBE-PDF equation

The results shown so far have demonstrated the effect of
the micromixing timescale, which is the most important un-
closed parameter in the LES-PBE-PDF formulation with the
IEM model. Changing it by an order of magnitude had a rel-
atively small effect on the results. In addition, by refining the
mesh and adjusting the soot micromixing frequency, the vari-
ation in the soot volume fraction becomes less significant. In
this section, we provide some further comments on the physi-
cal reasons behind this effect.

In high Reynolds and Peclet number turbulent flows, the
scalar interfaces will be stretched and distorted by the en-
ergetic turbulent motions, down to scales comparable to the
Batchelor length scales. At these scales, the scalar gradients
and interfacial area will be sufficiently large for significant
diffusive mixing to occur. In these circumstances, consistent
with Batchelor - Kolmogorov - Oboukhov arguments®*—3, the
scalar diffusive mixing rate will be dominated by the rate at
which the scalar is transported across the inertial-convective
subrange, which can be parametrised by the resolved motions
and their timescales. This description is widely used but re-
lies on an underlying assumption of local isotropy. However,
recent DNS evidence®*% on small-scale passive scalar statis-
tics at high Schmidt numbers indicates that they deviate from
those of velocity and are not isotropic. The consequence of
this on the characterisation of scalar mixing at high Schmidt
numbers is unknown. In the absence of any further informa-
tion, we have adopted the IEM model. While this has some
known deficiencies related to the the evolution of pdf shape,
this does not seem to have a dominant influence in LES. The
model involves the resolved time scale Vg, / AZ consistent with
the mixing description above. Given the basis of the IEM
model, it is difficult (if not impossible) to justify trying to ac-
count for the low diffusivities of soot particles by modifying
the mixing time scale. If high Schmidt number scalar trans-
port is found to have a direct effect on the mixing model and
consequently one-point scalar statistics, then new modelling
is required.

The direct numerical simulation of high-Schmidt number
flows in principle could provide modelling information but
this requires resolving scales smaller than the Kolmogorov
scale, down to the Batchelor length scale. The length scale
of the latter is related to that of the Kolmogorov scale, 7, as
N = N/Sc so that, for e.g. Schmidt number = 1000, 7, is
4/1000 times smaller than the Kolmogorov scale; thus 313 =
29,791 times more cells are required to resolve 7m.. While
some studies of transport at high Sc have appeared®®'0!,
mainly on passive and inert scalars, such simulations are be-
yond the capability of present-day computing power for react-
ing flows and soot.

Most importantly, the uncertainties in the kinetic param-
eters (most notably the surface reactivity) are certainly of a
higher order than the effect of micromixing. Establishing a
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and (k) averaged plots. (i) Instantaneous naphthalene (A2) & phenanthrene (A3) (pyrene) mole fraction with (j) the corresponding RMS and
(k) averaged plots. (1) Instantaneous pyrene (A4) mole fraction with (m) the corresponding RMS and (n) averaged plots. (o) Instantaneous
OH-PLIF image representing the OH distribution with (p) corresponding RMS and (q) averaged 2D-PLIF images. (r) Instantaneous LII image
representing the soot distribution with (s) corresponding RMS and (t) averaged 2D-LII images. (u) Instantaneous PAH-LII images with (v)
corresponding RMS and (w) averaged 2D-PLIF images. The contour plots in the same column positions show the same properties from both
the simulation and experimental measurements, respectively. The legend on the right bottom displays the scales of the contours.

firm basis in the kinetics of soot formation should therefore
be considered a higher priority, before the issues related toso
particle micromixing can be properly evaluated.

VI. CONCLUSIONS

765

In this article, we applied the LES-PBE-PDF approach, to-
gether with the stochastic field method, to model the evolution
of soot formation. This method provides closure for the un-
closed terms arising from the interaction of turbulence, chem-

istry and soot formation processes, although unclosed terms
remain, most notably the micromixing term. To reduce the
computational load of reactive scalars, the detailed chemical
mechanism of 149 species developed by Blanquart, Pepiot-
Desjardins, and Pitsch *® has been condensed into 104 species
with a series of PAHs remaining via the DRGEP (direct rela-
tion graph error propagation) approach and the level of chem-
ical detail is still impressive. The reduced mechanism has
been validated by data from the zero-dimensional perfectly
stirred reactor and has shown good agreement with the orig-
inal complete mechanism at different equivalent ratios, par-
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ticularly in terms of temperature profiles, major species andsos
the minor PAHs species linked to soot formation. The soot
kinetics model includes the PAH-based nucleation and sur-
face condensation, the HACA surface growth and oxidation
mechanism, and the size-dependent aggregation. The soot
morphology estimates the surface area and other geometrical
properties differently for spherical primary particles and frac-
tal aggregates.

The modelling results show, in general, reasonably goodsio
agreement with experimental measurements from the DLR
turbulent lifted flame. The lift-off height, flame shape and
flow-field velocity are correctly predicted. The temperature on
the centreline is overpredicted by 100 — 300 K below 150 mm
HAB, but well predicted on the flame wings with peak tem-s's
peratures. The spatial distribution of OH species, the soot vol-
ume fraction and the concentration of pyrene correspond rea-
sonably well to the OH-PLIF, LII signal and PAH-PLIF sig-
nals. Regarding the spatial distribution of soot volume frac-szo
tion, soot is predicted to occur and disappear earlier in the up-
stream and downstream regions of the flame. However, better
results are attained with respect to the magnitude of soot vol-
ume fraction. The present LES simulation also exhibits goodgzs
predictions of the RMS values, including those of the velocity,
temperature, OH species and soot volume fraction.

In the framework of the LES-PBE-PDF approach, the mi-
cromixing term for soot properties was modelled with the IEMszo
model, initially by using the same timescale as for gas-phase
species and subsequently by decreasing the soot micromixing
frequency by 1/10. In the latter case, the soot volume fraction
only increases by a little. The value of the soot micromix-sss
ing frequency parameter was discussed in light of turbulence
theory and the assumptions inherent in the IEM model. The
effect of changing this parameter is considerably smaller than
the present uncertainties in soot kinetics, hence establishingg,,
a basis in kinetics should be considered a priority before this

issue can be properly evaluated.
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