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Nomenclature

Latin Symbols

AG, AO Soot growth and oxidation terms for method of moments

Ap Soot surface area in m2/particle

As Soot surface area in m2/m3-mixture

a Strain rate

aP,i Planck mean absorption coefficient of species i

bij Anisotropy tensor

C RADCAL model constant

Ca Van der Waals enhancement factor

C1, C∗1 , C2, C3, Reynolds stress closure constants (see Table 2)

C∗3 , C4, C5, CS Reynolds stress closure constants (see Table 2)

CSε, Cε1, Cε2 Dissipation rate equation constants

Cφ, C∗φ Dissipation rate closure constants

Ci Cunningham slip correction factor of size class i

Cmin Minimum number of carbon atoms

Df Fractal dimension of soot aggregates

dc, dc,i Fractal aggregate diameter

di Particle diameter for size class i

dp Mean particle diameter

dp,min Incipient particle diameter

dprim Diameter of primary particles (largest spherical particles)

f Mixture fraction

f̃φ Density-weighted PDF

fLFL, fRFL Mixture fraction at lean and rich flammability limits

fs Geometric spacing factor for soot sections

fst Stoichiometric mixture fraction

fv Soot volume fraction

f (x,y)
l Grid function

H Enthalpy

II Anisotropic tensor invariant

Ji,a Molecular diffusion flux vector

Kc, Kc
′, Kf Continuum and free molecular regime coagulation constants

k Turbulence kinetic energy
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kB Boltzmann constant

kf
i Forward rate constant for reaction i

kG(T), kG Soot growth reaction rate constant (see Table 5)

kN , kN
′, kN,i Soot nucleation reaction rate constants (see Table 4)

kOH,i, kO,i, kO2,i Soot oxidation reaction rate constants (see Table 5)

kr
i Reverse rate constant for reaction i

M0, . . ., Mr Moments of the soot particle size distribution function

MS Molar mass of soot

mA Aggregate mass

mi Mass per particle in section i

mM,i Mass per particle in section i in number of carbon atoms

mprim Mass of primary particles (largest spherical particles)

NA Avogadro’s number

Nbin Number of soot sections

Np Number of primary particles per soot aggregate

Ns Soot particle number density in (particles/kg-mixture)

Ni Number concentration of particles in section i

Pkk Reynolds stress production term

P0, . . ., Pr Moments of the size distribution of primary particles per aggregate

pi Partial pressure of species i

QRAD Volumetric radiative heat loss rate

R0, . . ., Rr Coagulation/aggregation terms for method of moments

RG, RG,i Soot growth source terms

RN , RN
′, RN,i Soot nucleation source terms

RO, RO,i Soot oxidation source terms

RC/A, RC/A,i Coagulation/aggregation source terms

Sij Mean strain tensor

Sα Mean reaction rate of species α

T , Tb Temperature, background temperature

TWSR Temperature in the well-stirred reactor

t Time

Ũ Favre mean axial velocity

ui Velocity vector

uL Laminar burning velocity

ũi′′uj′′ Reynolds stress tensor

u′′, v′′ RMS of axial and radial velocity

uη Kolmogorov velocity scale
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vi Volume per particle in section i

Wij Mean vorticity tensor

x, xi Cartesian coordinate vector

x Axial coordinate in axisymmetric system

Y, Yi Species mass fractions

Ys Soot mass fraction

y Radial coordinate in axisymmetric system

Greek Symbols

αs Soot surface reactivity parameter

βj,k, β Particle collision rate

δ Jet half-width

δij Kronecker delta

ε Turbulent kinetic energy dissipation rate

ηi,j,k Coagulation mass distribution coefficient

λ Gas mean free path

µL Laminar dynamic viscosity

µr Normalised moments Mr/M0

µt Turbulent eddy viscosity

ν Kinematic viscosity

πr Normalised moments Pr/P0

ρ, ρ̄ Density, mean density

ρs Density of soot

ρu Density of unburnt reactants

σt Prandtl number

σSB Stefan-Boltzmann constant

τ–1
T Turbulence time scale

τ–1
φ Scalar mixing time scale

Φ Equivalence ratio

φ, φα Scalar random variable

χs PAH analogy model term

χs–h Number of active sites per unit area on the soot surface

ψ, ψα Scalar sample space of φ, φα
ω Normalised stream function coordinate

Subscripts

α Scalar field index

a2 Secondary air co-flow
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f Fuel jet

Superscripts

∼ Density-weighted average
′′ Favre fluctuation

A Aggregation

C Cogulation

c Continuum regime of coagulation/aggregation

f Free molecular regime of coagulation/aggregation

t Transition regime of coagulation/aggregation

Abbreviations

Kn Knudsen number

Re Reynolds number

1. Introduction

The improvement of soot predictions in turbulent flames remains important for the reduc-

tion of particulate emissions in practical applications. Historically, most soot models have

relied on numerical solutions with different degrees of simplification of some form of the

transport equation for the particle number density function (NDF), e.g. a population bal-

ance equation (PBE), evolved from Smoluchowski’s master equation describing particle

coagulation [1]. One approach to solving the PBE is the discretisation along an internal

variable of the NDF into sections. The internal variable used is commonly describing the

particle size only, e.g. via volume or mass [2], although other internal variables such as

surface area or chemical composition may be taken into account [3]. The approach ren-

ders the solution of the PBE numerically feasible and the development of such methods

and their application to soot modelling has been pursued by Smooke et al. [4] amongst

others. Kumar and Ramkrishna [5] developed a fixed sectional model preserving mass and

number density, offering both numerical accuracy and speed. Bhatt and Lindstedt [6] and

Lindstedt and Waldheim [7] developed the approach to model soot in a well-stirred/plug
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flow reactor configuration [8, 9] and for premixed laminar flames [10–12]. The stability

of surface growth and oxidation terms was addressed via the ’two-point’ and ’three-point’

methods by Park and Rogak [13].

Instead of attempting to solve an approximation of the NDF directly, moment methods

[14] transport a finite set of moments [3], making such approaches computationally less

expensive. The method of moments with interpolative closure (MOMIC) [15] is using

an interpolation approach based on the transported moments for closure of the moment

equation. Quadrature based moment approaches reconstruct the NDF to solve the clo-

sure problem and a number of strategies for discrete (quadrature [16], direct quadrature

[17], hybrid [18] and conditional quadrature [19] methods of moments) and continuous

(extended conditional quadrature method of moments [20]) reconstruction have been de-

veloped. In two-equation type soot models [21, 22], equations for soot mass and particle

number density are solved. The method is functionally equivalent to a moment approach

solving for the zeroeth and first moments of the particle size distribution function only.

A particular issue with soot formation and oxidation in turbulent flames is that the

chemistry tends to be slow compared to the majority of gas phase reactions. Accordingly,

the need arises to solve additional transport equations for soot related properties (e.g. soot

mass and number density) with, for example, soot treated as a perturbation upon the gas

phase chemistry combined with a presumed PDF approach [23, 24]. Such approaches fail

when a significant proportion of the available carbon is converted to soot and also present

problems due to the radiative heat loss effects typically associated with soot formation.

Transported probability density function (PDF) methods offer the principal advantage of

treating the highly non-linear chemical source terms occurring in turbulent combustion

modelling without approximation [25], can be extended to Large Eddy Simulations (LES)

[26], provide a direct coupling between gas and soot chemistries and can readily include

enthalpy as part of the solved scalar space [27, 28]. In the current work, a transported PDF
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approach closed at joint-scalar level is adopted requiring closure approximations only for

turbulent transport in physical space and molecular mixing in composition space.

The Delft III / Adelaide flame ("Delft flame") [29] is a piloted turbulent non-premixed

flame burning natural gas, and has been designated a target flame of the International

Sooting Flame (ISF) workshop [30] series. It remains relevant for the validation of soot

models under turbulent conditions particularly due to the use of a methane-based fuel and

the extensive measurements performed. The experimental dataset available for this flame

includes laser-Doppler anemometry (LDA) velocity measurements reported by Stroomer

et al. [31], data on mean and variance of scalars, the PDF of mixture fraction and joint

measurements of mixture fraction and scalars by Nooren et al. [32, 33] using Raman-

Rayleigh-LIF (RRL) and laser-induced incandescence (LII) soot measurements by Qamar

et al. [34]. Calculations of soot statistics in this flame have been carried out by Mueller and

Pitsch [35] and Donde et al. [36] using LES with a flamelet / progress variable approach

and a hybrid method of moments model [18] for particle dynamics. Good agreement was

reported for velocity and scalar fields, while the location of the peak mean soot volume

fraction was predicted 30–40 nozzle diameters upstream of the experimental location with

maximum soot levels overpredicted by factors of 3–5.5 [35] and 6.5 [36]. The disagree-

ment was attributed to uncertainties in the sub-filter dissipation rate model and the PAH

chemistry, with the computed early soot onset attributed to the latter. Further computa-

tional studies investigating the non-sooting aspects of the Delft flame have been carried

out [37–42]. Merci et al. [38, 39] used conserved scalar presumed PDF and joint-scalar

transported PDF approaches. For the latter, the applied pilot model was found to have a

strong influence on the flow field close to the nozzle exit, while the effect on the global

flame shape was small [38]. The performance of three different micromixing models was

also assessed [39]. Global flame extinction was observed with the interaction by exchange

with the mean (IEM) model and local extinction was found to be underpredicted with the
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Euclidean Minimum Spanning Tree (EMST) model. The Curl’s coalescence/dispersion

model was used to investigate the sensitivity to (i) the thermal power introduced by the

pilot and (ii) to the model constant Cφ affecting the mixing frequency. It was found that

either increasing the pilot power by 50 % or the value of Cφ to 3.0 was required for flame

attachment to the burner. Ayache and Mastorakos [42] modelled the flame using LES with

a conditional moment closure (CMC) sub-grid model and successfully captured local ex-

tinction and re-ignition close to the burner.

The current investigation extends past efforts to model the Delft flame using a joint-

scalar transported PDF modelling approach [28] with soot particle dynamics treated via

two-equation (e.g. [21, 22]) and method of moment with interpolative closure (MOMIC)

[15] based models. The approach, in principle, eliminates uncertainties associated with

the influence of turbulence-chemistry interactions. The sensitivity to soot nucleation rates

is assessed by comparing computed soot particle size distributions (PSDs) in the NIST

combined well-stirred (WSR) and plug flow (PFR) reactor configuration of Manzello et

al. [8, 9]. Updated rates that are consistent with both the experimental data and pyrene

nucleation rates, obtained using detailed chemistry [7], are derived and subsequently ap-

plied in computations of the Delft flame. A sensitivity analysis is performed to elucidate

the impact of nucleation rate uncertainties on the location of the peak soot concentration

and possible causes analysed. Soot oxidation rates are also updated with recent recom-

mendations and the impact assessed in both configurations.

2. Computational Model

2.1 General Model

The computational approach applied to the turbulent Delft III / Adelaide natural gas flame

is based on that of Lindstedt and Louloudi [28, 43] and features a two-dimensional im-
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plicit parabolic flow solver, based on the x–ω transformation [44], coupled with a La-

grangian particle implementation for the transported PDF method. The governing equa-

tions including the transport equation for the joint-scalar PDF and the Reynolds stress

turbulence closure are shown in Table 2. The velocity field is obtained via the Speziale,

Sarkar and Gatski (SSG) second order closure [45] and the generalized gradient diffu-

sion assumption [46]. The scalar mixing term in the transported PDF equation is mod-

elled using the modified Curl’s model of Janicka et al. [47] with standard and extended

closures for the scalar dissipation rate as discussed below. The gas phase chemistry is

that previously used by Lindstedt and Louloudi [28, 43] and features 144 reactions, 15

solved (H, O, OH, HO2, H2O, H2, O2, CO, CO2, CH3, CH4, C2H2, C2H4, C2H6, and

N2) and 14 steady-state species (C, CH, 1CH2, 3CH2, CHO, CH2OH, CH3O, C2, C2H,

C2H3, C2H5, C2HO, C2H2O, and CH2O, including methylene in singlet and triplet spin

states). Soot is included using two alternative methods: The solution of two additional

equations [21, 22, 28] for soot mass (Ys) and number density (Ns), and the alternative

treatment of soot particle dynamics via the method of moments with interpolative closure

(MOMIC) [15]. For the two-equation model the joint-scalar PDF may be expressed as

f̃φ = (ψ; x, t), where ψ is the sample space of the random vector φ = (Y, H, Ys, Ns, f ),

whereas for the latter case the first four moments (M0 – M3) of the soot particle size

distribution function (PSDF) and the first two moments (P1 – P2) of the size distribu-

tion of primary soot particles per aggregate are included, such that the vector becomes

φ = (Y, H, M0, M1, M2, M3, P1, P2, f ). The mass fractions of species are denoted Y and

enthalpy (H). The mixture fraction (f ) is also included for post-processing purposes only.

Radiative heat losses from gas phase species H2O, CO, CO2 and CH4 and soot are ac-

counted for by means of an optically thin model [48, 49],
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QRAD = 4σSB ×
(∑K

i=1 piaP,i

(
T4 – T4

b

))
+ 4σSBCfv

(
T5 – T5

b

) (1)

where σSB is the Stefan–Boltzmann constant (5.669× 1018 W m–2 K–4), pi is the partial

pressure of species i in atmospheres, aP,i the Planck mean absorption coefficient of species

i in [m–1 atm–1], T the local temperature, Tb = 295 K is the background temperature, C =

1.307× 103 m–1 K–1 [43], and fv is the local soot volume fraction.

2.2 Soot Models

Analytical solutions to Smoluchowki’s master equation [1] for the dynamics of soot par-

ticles do not generally exists and the direct numerical integration is prohibitively expen-

sive [14, 50, 51]. The use of moment based [15] or sectional [6] models for the determi-

nation of the particle size distribution is comparatively affordable. To elucidate the role

of the applied soot nucleation and oxidation rates, predictions of soot particle size dis-

tributions in the combined WSR/PFR reactor configuration of Manzello et al. [8, 9] are

presented below. In particular, the calculations provide an alternative evaluation of the

impact of simplified soot nucleation rate expressions.

2.2.1 Sectional Model

The soot mass and number density preserving fixed sectional approach of Bhatt and Lind-

stedt [6], based on that by Kumar and Ramkrishna [5], is combined with the detailed

chemical mechanism by Lindstedt and Waldheim [7] featuring 357 species up to pyrene

and 1789 reactions. The sectional bins are distributed geometrically using a a spacing

factor fs (= 1.5) as

mi+1 = fsmi. (2)

The approach is computationally efficient with soot mass assigned as the representative
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size variable. For a number of Nbin representative sizes, the corresponding population

balance equations for coagulation/aggregation are given by,

dNi
dt

=
k≤j≤i∑

j,k
mi–1≤(mj+mk)≤mi+1

(
1 –

δjk

2

)
ηi,j,kβj,kNjNk – Ni

NBin∑
k=1

βi,kNk (3)

where Ni is the number concentration of the ith size class, βj,k the rate of collision of

particles of size class j with class k and δjk is the Kronecker delta. Newly formed particles

are assigned to two adjacent bins, conserving any two general properties if new particles

do not match any of the representative sizes exactly. The parameter ηi,j,k is the fraction

of a newly created particles assigned to size class i when two particles of classes j and k

collide, hence assigning new particles to two adjacent bins as

ηi,j,k =


mi+1–(mj+mk)

mi+1–mi
, mi ≤ (mj + mk) ≤ mi+1

mi–1–(mj+mk)
mi–1–mi

, mi–1 ≤ (mj + mk) ≤ mi.

(4)

Coagulation and aggregation of particles are considered in the limits of the free molec-

ular regime with a Knudsen (Kn) number � 1 and the continuum regime Kn � 1, as

well as the transition regime [51]. The transition regime is here assumed to be within the

boundaries 0.1 ≤ Kn ≤ 10, with values of the Knudsen number above or below corre-

sponding to the limit cases. The Knudsen number Kn = 2λ/di is evaluated in terms of the

gas mean free path λ and the particle diameter di. The rate constants for spherical particles

in the three regimes are then given by Eqs. (5)–(7) [15, 52], where the collision frequency

in the transition regime is approximated by the harmonic average of the limiting cases.

β
C,f
i,j = Ca

(
3

4π

)1/6(6kBT
ρs

)1/2
(

1
vi

+
1
vj

)1/2 (
v1/3

i + v1/3
j

)2
(5)

βC,c
i,j =

2kBT
3µL

 Ci

v1/3
i

+
Cj

v1/3
j

(v1/3
i + v1/3

j

)
(6)
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βt
i,j =

β
f
i,jβ

c
i,j

β
f
i,j + βc

i,j

(7)

The superscript C denotes coagulation into spherical particles, f , c and t the free, con-

tinuum and transition regimes, respectively, vi is the volume of a particle of size class i

and di its diameter, ρs = 2000 kg/m3 is the density of soot, kB = 1.38 · 10–23 J/K the

Boltzmann constant, T the temperature, µL the laminar dynamic viscosity of the fluid, Ci

the Cunningham slip correction factor given by Eq. (8) [52] and Ca = 3 [7] is the van der

Waals enhancement factor.

Ci = 1 + 1.257 Kn (8)

Aggregation (or agglomeration) is characterised by the creation of chain-like structures

after collision of similarly sized primary particles, replacing coalescent growth in the

limit of large mean particle diameters. There exists no satisfactory model describing the

transition from coalescent growth to aggregation, and in the current work the mean particle

diameter at which aggregation replaces coagulation is set to 27.5 nm following Kazakov

and Frenklach [51] who used values in the range 25 – 30 nm. The diameter of the fractal

aggregates follows from Eq. (9) based on the primary particle diameter (dprim) and the

number of primary particles per aggregate (Np) with a fractal dimension Df = 1.8 [53].

dc = dprimNp
1/Df (9)

Assuming identical mobility and collision diameters, aggregation rates in the two limiting

regimes are taken as [54],

β
A,f
i,j = Ca

(
πkBT

2

)1/2
(

1
mi

+
1
mj

)1/2 (
dc,i + dc,j

)2
(10)

βA,c
i,j =

2kBT
3µL

(
Ci
dc,i

+
Cj

dc,j

)(
dc,i + dc,j

)
(11)



April 10, 2018 Combustion Theory and Modelling ResearchArticle

Combustion Theory and Modelling 13

where the superscript A denotes aggregation involving chain-like fractal aggregates. Both

terms are combined in the transition regime via Eq. (7).

Growth and oxidation in the sectional model are treated via the ’two-point’ fixed sec-

tional approach by Park and Rogak [13]. The corresponding reaction rates and the treat-

ment of soot nucleation are discussed in Section 2.3. The soot mass and particle number

density are linked directly via the properties of the soot sections.

2.2.2 Two-Equation Model

The above approach is used to evaluate the impact of simplified soot nucleation and re-

vised oxidation rates. However, soot PSDs for turbulent flames are scarce and in the cur-

rent work simplifications for the particle dynamics are introduced while retaining the rates

of reaction. In two-equation approaches to soot modelling [21, 22] a single mean particle

size is adopted and the evolution of the soot particle number density is calculated by inte-

gration of Eq. (12), corresponding to the equation for the zeroeth moment of the PSDF in

method of moment type approaches.

d[ρNs]
dt

= RN
′ – RC/A (12)

The total number density (particles/kg-mixture) is denoted by Ns (i.e. the sum of all

particles across all size classes). The nucleation term (RN
′) is discussed below with coag-

ulation/aggregation (RC/A) defined as,

RC/A =
1
2

∞∑
i=1

∞∑
j=1

βi,j[ρNi][ρNj] (13)

=
1
2
β[ρNs]2 (14)

where [ρNi] is the number density (particles/m3) of particles of size class i and βi,j the

collision frequency with Eq. (13) simplified via Eq. (15) under the assumption of a nearly
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monodisperse and sufficiently diluted system [55].

Ns =
∞∑
i=1

Ni (15)

A separate equation for the soot mass fraction (Ys) is solved fully coupled with the gas

phase. The source term for soot mass is calculated via a Newton linearisation procedure,

with all soot reactions considered irreversible [56], taking into account nucleation (RN),

surface growth (RG) and oxidation (RO), as discussed in Sections 2.3.1–2.3.3,

ρSYs =
[
2RN + 2RG – RO

]
·Ms (16)

where the molar mass of soot (Ms) is taken to be that of carbon (12.019 kg kmol–1).

The equations for soot mass and number density are linked via the mean particle diam-

eter dp, calculated from Eq. (17) as a function of the soot mass fraction Ys, the number

density Ns and the gas (ρ) and soot (ρs) densities [22].

dp =

(
6
π

ρ

ρs

Ys[
ρNs
])1/3

(17)

Similar to the sectional model, the collision frequency β in Eq. (14) is obtained in

the limits of the free molecular and continuum regimes, and in the transition regime via

Eq. (7). The superscript notation from Eqs. (5)–(7) and (10)–(11) is retained, with the

subscript i, j omitted due to the assumption of a single mean particle size. Under the as-

sumption of monodispersity, Eq. (5) can be written as

βC,f = Ca

(
3

4π

)1/6(6kBT
ρs

)1/2( 2
vi

)1/2 (
2v1/3

i

)2

= 4Ca

(
6kBT
ρs

)1/2( 6
π

vi

)1/6
.

(18)

Writing the mean particle volume as vi = Ys/(ρsNs) and assuming spherical particles, the

collision frequency in the free molecular regime (Kn > 10) is obtained via Eq. (17),
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βC,f = 4Ca

(
6kBT
ρs

)1/2( 6
π

Ys
ρsNs

)1/6

= 4Ca

(
6kBT
ρs

)1/2
dp

1/2

(19)

where the value Ca = 9 was retained to provide continuity with previous work [28, 43] to

reproduce the measured evolution of the (mean) soot particle number density in a set of

laminar diffusion flames [21, 22]. Similarly, Eq. (6) can be rewritten for a monodisperse

PSD, giving the collision frequency in the continuum regime (Kn < 0.1) as

βC,c =
2kBT
3µL

(
2Ci

v1/3
i

)(
2v1/3

i

)
=

8kBT
3µL

Ci .

(20)

Likewise, rates of aggregation in the free molecular and continuum regimes can be ob-

tained for a monodisperse system from Eqs. (10)–(11) as

βA,f = Ca

(
πkBT

2

)1/2( 2
mA

)1/2 (
2dc
)2

= 4Ca
(
πkBT

)1/2 dc
2

mA
1/2 ,

(21)

βA,c =
2kBT
3µL

(
2Ci
dc

)(
2dc
)

=
8kBT
3µL

Ci .

(22)

The diameter (dc) of fractal aggregates is defined by Eq. (9). Primary particles (dprim =

27.5 nm) are the largest spherical particles formed via coagulation. In the context of the

moment methods calculations, the mass of a primary particle is directly obtained from

dprim by assuming a spherical shape.

mprim =
π

6
ρsdprim

3 (23)

As for spherical particles, soot aggregates are represented via a mean particle size, ex-

pressed as the aggregate mass mA (in kg/particle). It is directly deduced from the soot mass
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fraction Ys (in kg-soot/kg-mixture) and the number density Ns (in particles/kg-mixture),

as shown in Eq. (24). The relation is independent of the particle shape, and also implicitly

used in the calculation of the diameter of spherical particles in Eq. (17).

mA =
Ys
Ns

(24)

The number of primary particles per aggregate Np may then be calculated as the ratio of

the aggregate and primary particle masses:

Np =
mA

mprim
. (25)

The collision rate for coagulation and aggregation in the transition regime is obtained via

harmonic averaging.

2.2.3 Method of Moments with Interpolative Closure

In addition to the integration of Eq. (12), the particle dynamics in the Delft flame are

also modelled via the method of moments with interpolative closure defined by Frenklach

[15] and as used by Lindstedt and Louloudi [28, 43]. In this approach, Smoluchowski’s

equation is rewritten in terms of the r-th order moment of the PSDF defined as [50],

Mr =
∞∑
i=1

mr
M,i
[
ρNi
]

(26)

where mM,i is the mass in number of carbon atoms and Ni the number density

(particles/kg-mixture) of the soot particles of size class i. The resulting set of equations

may then be extended to account for nucleation, oxidation and coalescence or aggregation,

such that the evolution of the moments is obtained as [28, 50],
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dM0
dt

= RN,0 – RC/A,0

dM1
dt

= RN,1 + RG,1 – RO,1

dM2
dt

= RN,2 + RC/A,2 + RG,2 – RO,2

. . .

dMr
dt

= RN,r + RC/A,r + RG,r – RO,r

(27)

where the subscript N indicates nucleation, C/A coagulation and aggregation, G mass

growth and O oxidation. The solution obtained for the first four moments (M0 – M3) is

here used as an alternative to the two-equation model, with the terms in Eq. (27) as defined

by Lindstedt and Louloudi [28, 43]. The equations for the zeroeth (M0) and first (M1)

moments correspond, respectively, to the soot number density and soot mass equations.

As for the sectional and two-equation models described in previous sections, particle

collisions are considered as coagulation of small spherical particles or as aggregation of

fractal aggregates, in either the free molecular (Kn > 10) , the continuum (Kn < 0.1), or

the transition regime 0.1 ≤ Kn ≤ 10. In the free molecular regime of coagulation, the

terms RC/A,r = RC,f
r in Eq. (27) are expressed as [14],

RC,f
0 =

1
2

Kf M2
0 f (0,0)

1/2 , (28)

RC,f
r =

1
2

Kf M2
0

r–1∑
k=1

(
r
k

)
f (k,r–k)
1/2 for r = 2, 3, . . . (29)

with

Kf = Ca

(
6kBT
ρs

)1/2( 3Ms
4πρsNA

)1/6
. (30)

The general definition of the grid function f (x,y)
l is given by Eq. (31), and f (k,r–k)

1/2 in Eq. (29)

is obtained by Lagrange quadratic interpolation as outlined by Frenklach [15] and is here

included for completeness.
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f (x,y)
l =

∞∑
i=1

∞∑
j=1

(
mM,i + mM,j

)l
mx–1/2

M,i my–1/2
M,j

(
m1/3

M,i + m1/3
M,j

)2
NiNj (31)

f (k,r–k)
1/2 =

(
f (k,r–k)
0

)3/8 (
f (k,r–k)
1

)3/4 (
f (k,r–k)
2

)–1/8
(32)

Coagulation terms RC/A,r = RC,c
r in the continuum regime also follow Franklach [15],

RC,c
0 = Kc

[
1 + µ1/3µ–1/3 + Kc

′ (µ–1/3 + µ1/3 + µ–2/3
)]

M2
0

(33)

RC,c
r =

1
2

Kc

r–1∑
k=1

(
r
k

)[
2µkµr–k + µk+1/3µr–k–1/3

+ µk–1/3µr–k+1/3 + Kc
′(µk–1/3µr–k + µkµr–k–1/3

µk+1/3µr–k–2/3 + µk–2/3µr–k+1/3
)]

M2
0 for r = 2, 3, . . .

(34)

with
Kc =

2kBT
3µL

(35)

Kc
′ = 2.154λ

(
πρsNA
6Ms

)1/3
(36)

and where µr = Mr/M0 denotes the normalised moments. For aggregation in the free

molecular regime, the terms RC/A,r = RA,f
r are defined analogously to Eqs. (28)–(29), with

a correspondingly modified grid function as shown by Kazakov and Frenklach [51].

RA,f
0 =

1
2

Kf M2
0 f (0,0)

1/2
(37)

RA,f
r =

1
2

Kf M2
0

r–1∑
k=1

(
r
k

)
f (k,r–k)
1/2 for r = 2, 3, . . . (38)

f (x,y)
l =

l∑
k=0

(
l
k

)(〈
mx+k+1/6

A N
2/Df –2/3
p

〉
µy+l–k–1/2

+ 2
〈

mx+k–1/6
A N

1/Df –1/3
p

〉〈
my+l–k–1/6

A N
1/Df –1/3
p

〉
+ µx+k–1/2

〈
my+l–k+1/6

A N
2/Df –2/3
p

〉)
(39)

Similarly, for aggregation in the continuum regime RC/A,r = RA,c
r , with
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RA,c
0 = Kc

[
1 +
〈

m1/3
A N

1/Df –1/3
p

〉〈
m–1/3

A N
1/3–1/Df
p

〉
+ Kc

′
(〈

m–1/3
A N

1/3–1/Df
p

〉
+
〈

m1/3
A N

1/Df –1/3
p

〉〈
m–2/3

A N
2/Df –2/3
p

〉)]
M2

0

(40)

RA,c
r =

1
2

Kc

r–1∑
k=1

(
r
k

)[
2µkµr–k

+
〈

mk+1/3
A N

1/Df –1/3
p

〉〈
mr–k–1/3

A N
1/3–1/Df
p

〉
+
〈

mk–1/3
A N

1/3–1/Df
p

〉〈
mr–k+1/3

A N
1/Df –1/3
p

〉
+ Kc

′
(〈

mk–1/3
A N

1/3–1/Df
p

〉
µr–k + µk

〈
mr–k–1/3

A N
1/3–1/Df
p

〉
+
〈

mk+1/3
A N

1/Df –1/3
p

〉〈
mr–k–2/3

A N
2/3–2/Df
p

〉
+
〈

mk–2/3
A N

2/3–2/Df
p

〉〈
mr–k+1/3

A N
1/Df –1/3
p

〉)]
M2

0 for r = 2, 3, . . . .

(41)

The terms
〈

mr
ANr′

p

〉
in Eqs. (39)–(41) require knowledge of the joint PDF of mass and

number density, and the following approximation [51] is adopted,

〈
mr

ANr′
p

〉
≈
〈
mr

A
〉〈

Nr′
p
〉

= µrπr′ (42)

where the normalised primary particle moments are defined by πr′ = Pr′ /P0. The frac-

tional order moments µr and πr′ appearing in the source terms above are computed via

the whole order moments using Lagrange logarithmic interpolation [15, 43].

As in the sectional and two-equation models, the terms in the transition regime of ei-

ther coagulation or aggregation are obtained via harmonic averaging of the expressions

corresponding to the limit. The expression for aggregation is given below.

RA,t
r =

RA,f
r RA,c

r

RA,f
r + RA,c

r
(43)

A separate set of equations for the moments of the size distribution of primary particles

is solved, with an explicit equation for P0 = M0 omitted.
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dP1
dt

= RN,0,

dPr
dt

= RN,0 + Hr for r = 2, 3, . . .

(44)

A two-moment model for primary particles (P1, P2) is considered to be sufficiently accu-

rate, following Kazakov and Frenklach [51]. The coagulation term is represented by Hr,

and is computed in the different regimes similarly to Eqs. (29)–(41) [15, 43].

The treatment of the nucleation (i.e. RN,r) is discussed in Section 2.3.1. The source

terms for growth and oxidation were obtained under the assumption of spherical particles

and a linear dependency on the surface area [14, 15],

RG,r = AGNAπd2
p,minM0

r–1∑
k=0

(
r
k

)
2r–kµk+2/3 (45)

RO,r = AONAπd2
p,minM0

r–1∑
k=0

(
r
k

)
(–2)r–kµk+2/3 (46)

where the terms AG and AO provide the coupling to the gas phase chemistry as discussed

in Section 2.3 below. To reflect the change of particle surface area for aggregates [15], the

terms are modified in the aggregation regime (e.g. [28]):

RG,r = AGNAπd2
p,minM0

r–1∑
k=0

(
r
k

)
2r–k

〈
mk+2/3

A N1/3
p

〉
(47)

RO,r = AONAπd2
p,minM0

r–1∑
k=0

(
r
k

)
(–2)r–k

〈
mk+2/3

A N1/3
p

〉
(48)

2.3 Soot Formation and Oxidation

2.3.1 Nucleation

The transported PDF method provides the full turbulence-chemistry interactions associ-

ated with the applied chemical mechanism. Accordingly, simplifications to the nucleation

step are highly desirable as the PAH chemistry inevitably leads to a significant increase in
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the size of the scalar space. Past work [21, 22, 28] has featured nucleation steps formulated

as first order in the acetylene concentration via Eqs. (49)–(50),

C2H2−→ 2 Csoot + H2 (49)

RN = kN(T)
[
C2H2

]
(50)

where Csoot denotes carbon atoms contributing to the soot particle mass. The reaction is

assumed irreversible with a reduction in soot mass caused by oxidation and in the particle

number density caused by coagulation/aggregation. Equation (49) also gives rise to the

source term RN
′ in the number density equation of the two-equation model (Eq. (51)) and

the terms RN,r in the context of the method of moments with interpolation (Eqs. (27) and

(44)), where Cmin is the number of carbon atoms in an incipient soot particle.

RN
′ = 2NAkN

′(T)
[
C2H2

]
= RN,r for r = 0, 2, 3, . . . (51)

kN
′(T) = kN(T)/Cmin (52)

The parameter Cmin (= 60) can be interpreted as providing a scaling for the source term

in the particle number density equation that improves consistency of predictions of both

soot mass and number density within the framework of simplified models. The link to the

soot mass equation is via the particle size in the growth and oxidation rate expressions.

Modelling nucleation in the absence of reliable compact reduced models for PAH

molecules relies upon a correlation between PAH and C2H2 concentrations. Sunderland

et al. [57], Lin et al. [58], and Sunderland and Faeth [59] measured soot nucleation and

growth for laminar diffusion flames across a wide range of conditions and fuels and

proposed nucleation rates based on a first order correlation with the acetylene concen-

tration. Fuels considered included ethane, propane, n-butane, ethylene, propylene and

1,3-butadiene, and it was shown that nucleation correlates with acetylene concentration
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largely independently of the fuel used [59]. Louloudi [43] and Lindstedt and Louloudi

[28] modelled nucleation in the turbulent ethylene diffusion flames of Kent and Honnery

[60] and Coppalle and Joyeux [61] using a reaction step previously validated in laminar

non-premixed methane, ethylene, propane flames [21, 22]. The current work compares

these nucleation rates with a more accurate formulation based on computed pyrene con-

centration using the detailed chemistry of Lindstedt and Waldheim [7]. The impact on

the evolution of the PSD is assessed against the experimental data obtained by Lenhert

and Manzello [9] in a WSR/PFR reactor configuration by using a sectional model [6, 7].

In sectional models, the particle number density and soot mass are intrinsically linked

via the particle mass assigned to each section. The nucleation step accordingly represents

both a source of soot mass and particle number density in the smallest section. For con-

sistency, soot nucleation is treated via Eq. (53) with the incipient soot particles assigned

the molecular mass and thermodynamic properties of pyrene.

8C2H2 −→ C16H10 + 3H2 (53)

For a given nucleation rate, reactions Eqs. (49) and (53) yield approximately the same

mass of soot per mole of C2H2 (2MC ≈ MC16H10
/8). By contrast, in the two-equation

model, the reaction rate constant in the number density source term is scaled relative to

that of the mass source term via kN
′ = kN /Cmin and the different stoichiometric coeffi-

cients in Eq. (49) and (53) are not balanced by the difference in molar mass of soot. As a

result, for any given rate of reaction, the number density source term in the two-equation

model yields 2/Cmin moles of soot per mole of C2H2, whereas in the sectional model

Eq. (53) gives 1/8 moles of incipient soot particles, an increase by approximately a factor

of 3.75. The nucleation rates in the sectional model calculations have been scaled ac-

cordingly to ensure consistency with the two-equation and method of moments models in

terms of the soot particle number density source term. The acetylene based first-order cor-
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relation of the soot nucleation rate is harmonised with a pyrene-based nucleation model

[7] and experimental data from the premixed ethylene/air WSR/PFR system [9]. However,

it can not a priori be assumed to describe soot nucleation in non-premixed systems with

different fuels [62] and the sensitivity is explored below.

2.3.2 Surface Growth

Particle growth due to the adsorption of C2H2 on the soot surface is the dominant mecha-

nism for increasing soot mass and is modelled via a one-step reaction [21, 22, 28].

C2H2−→ 2 Csoot + H2 (54)

Soot mass growth via acetylene is approximately a first order reaction [63] and a propor-

tionality to the total external surface area of soot As is assumed.

RG = kG(T)As
[
C2H2

]
(55)

The total surface is calculated under the assumption of spherical particles and, disre-

garding any effect of soot porosity [64, 65], from the particle number density via the sur-

face area of an individual particle Ap(= πd2
p) (m2) via Eq. (56) and Eq. (17). The approach

is consistent with that used in the sectional model.

As = Ap
[
ρNs
]

(56)

In the context of the method of moments, the treatment of the particle surface area is

included in Eqs. (45)–(48), and the term for one-step growth given below.

AG = kG(T)
[
C2H2

]
(57)

The soot mass growth step discussed above can be augmented to approximately take into

account the effects of the chemical environment of the soot particle, e.g. via the ubiquitous
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hydrogen-abstraction/acetylene-addition (HACA) sequence first introduced by Frenklach

and Wang [66]. The current work features a closed, systematically reduced, analogy of

the soot surface chemistry [28, 43] based on naphthalene, previously evaluated in the

context of a plug flow reactor [67] and for the turbulent diffusion flames of Kent and

Honnery [60] and Coppalle and Joyeux [61]. The expression for growth including surface

chemistry effects is analogous to Eq. (55) and given by Eq. (58), where kf
X(T) is the

acetylene addition rate and χs expresses the number of sites available for reaction on the

surface of soot particles. Appendix A contains a full description of the model.

RG = kf
X(T)χsAs

[
C2H2

]
(58)

For the sectional model, growth is calculated via Eq. (58) with the soot surface area de-

fined as a function of the particle size class, rather than calculated via Eq. (56).

2.3.3 Oxidation

The oxidation of soot is assumed to take place via irreversible reactions with OH, O and

O2 as described by Eqs. (59)–(61).

Csoot + OH −→ CO + H (59)

Csoot + O −→ CO (60)

Csoot + O2 −→ CO + O (61)

Guo et al. [68] examined twelve experimental studies [69–81] reporting soot oxidation

rates, temperature, OH and O2 concentration, comprising a total of 160 measurements

of soot oxidation rates in premixed flames, diffusion flames, thermogravimetric analyzers

(TGAs) and flow reactors for a wide range of conditions. Optimized reaction rate expres-

sions for oxidation of soot by OH and O2 were developed, featuring a collision efficiency

of 0.10 for soot oxidation by OH and an activation energy of 195 kJ/mol for oxidation by
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O2. The latter value is much higher than that suggested by Roth et al. [82], but compar-

atively close to the value of 164 kJ/mol used by Lindstedt [22]. In the current work, the

reaction rate constants of Lindstedt and Louloudi [28, 43] are compared with the updated

suggestion for the collision efficiency of OH from Guo et al. [68] and the rate with the

higher activation barrier [22]. The combined reaction rate is given by Eqs. (62)–(63), with

AO representing the method of moments oxidation term in Eqs. (46) and (48). The form

given by Eq. (63) corresponds to the source term in the two-equation and sectional mod-

els, with oxidation being considered proportional to the total soot surface area As, or, for

the sectional model, the area associated with a particle size class.

AO =
(

kOH,1(T)
[
OH
]

+ kO,1(T)
[
O
]

+ kO2,1(T)
[
O2
])

(62)

RO = AOAs (63)

2.4 Dissipation Rate Closure

The standard expression for the scalar mixing time scale τφ is related to the ratio of the

turbulence kinetic energy k̃ and its dissipation rate ε̃,

τ–1
φ =

Cφ
2
ε̃

k̃
=

Cφ
2
τ–1

T , (64)

assuming a uniform ratio of the local turbulence time scale τT and the local mixing time

scale τφ in the whole domain. The parameter Cφ has been the subject of parametric studies

and, in conjunction with Curl’s mixing model, Lindstedt et al. [27, 83] proposed a value of

2.3. For the current set-up, values in the range 2.3 ≤ Cφ ≤ 6.0 were explored to facilitate

sustained ignition. In the context of premixed turbulent flames, an extended closure for

the scalar time scale was derived by Kuan et al. [84],
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τ–1
φ =

Cφ
2

[
1.0 + C∗φ

ρu
ρ̄

uL
uη

]
τ–1

T , (65)

where the ratio ρu/ρ̄ expresses the ratio of the density of the unburnt reactants to the local

mean density, uL is the local laminar burning velocity, a function of the mixture fraction

(or equivalence ratio), and uη = (νε̃)1/4 is the local Kolmogorov velocity scale, defined

by the local kinematic viscosity ν and the turbulence dissipation rate ε̃. The formulation

leads to a local increase of the scalar mixing frequency in regions with equivalence ra-

tios corresponding to flammable mixtures. The closure has been validated for a range of

conditions [84–87]. Lindstedt et al. [86] assessed the impact of different scalar dissipation

rate closure approximations for a set of piloted partially premixed CH4/H2/air turbulent

jet flames at Re ≈ 60,000 and 67,000, and the extended closure was subsequently applied

to turbulent diffusion flames by Gkagkas et al. [87]. The parameter values Cφ = 2.3 and

C∗φ = 1.2 are retained from previous work. Laminar burning velocity data was obtained

from premixed laminar flame calculations with a strain rate of a ≈ 100 s–1 and is shown

in Fig. 1. A sum-of-sines fit to the data in the range 0.35 ≤ Φ ≤ 1.95 was applied and

implemented into the turbulent flame calculations with uL = 0 elsewhere. The sensitivity

of the model to the formulation of dissipation rate closure used is discussed in Section 4.

3. Case Configuration

3.1 WSR/PFR configuration

The WSR/PFR reactor configuration of Manzello et al. [8, 9] features a plug flow reactor

connected to the outlet of a well-stirred reactor. The setup has been used to study growth of

polycyclic aromatic hydrocarbons (PAHs) and soot inception by measuring soot particle

size distributions (PSDs) [8, 9] under fuel-rich conditions. The resulting data is suitable

for the validation of soot models aimed at reproducing PSDs under premixed conditions.

Calculations are here carried out under sooting conditions for an ethylene/air mixture at
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Φ = 2.0, an air flow rate of 175 SLPM, and with a temperature of 1723 K in the WSR, as

reported by Lenhert et al. [9]. The temperature profile imposed in the subsequent PFR is

based on the interpolation of experimental data [88].

3.2 Delft III / Adelaide Flame

The Delft burner is shown in Fig. 2 and features a concentric layout of a central fuel

jet at Re = 9,700 with a diameter d = 6 mm at the exit plane, an annular rim of 4.5 mm

width holding the pilot flame, and an annular air co-flow at Re = 8600 with inner and

outer diameters of 30 and 45 mm in the fuel exit plane [31]. The burner is placed in an

octagonal burner chamber in which a forced secondary air co-flow prevents recirculation.

The pilot burns a mixture of acetylene, hydrogen and air, with the same elemental carbon-

to-hydrogen ratio as the main fuel jet at an equivalence ratio of Φ = 1.4, and is supplied

by twelve individual pilot holes of diameter 0.5 mm embedded into the rim around the

fuel jet on a circle of radius 7.5 mm. It accounts for about 1 % of the total power of the

flame. The mean exit velocity of the cold pilot flow is reported by de Vries [89] to be Ũp =

12 m s–1. The rim separating fuel jet and primary air co-flow, and holding the pilot flames,

creates a recirculation zone near the nozzle, providing an additional flame stabilisation

mechanism. The conditions lead to a flame with strong turbulence-chemistry interactions

at the burner exit with some local extinction and re-ignition further downstream. The

composition of the main fuel varies slightly between experiments as shown in Table 3. The

RRL scalar and temperature field measurements by Nooren et al. [32, 33] were obtained

using diluted Californian natural gas. As higher hydrocarbons are not included in the

current chemical mechanism, their mole fractions were added to that of ethane ("Model

1") shown in Table 3. The Dutch natural gas composition used for the LDA velocity

measurements by Stroomer et al. [31] is very similar. The "Model 1" composition was

therefore used for all comparisons with either of these experimental datasets. The diluted
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Adelaide natural gas used for the LII soot measurements by Qamar et al. [34] is modelled

in the same way ("Model 2") and used in calculations for this dataset. The sensitivity of

the computations to the gas composition is further discussed in Section 4.2.

Merci et al. [38] assessed the use of rigorously constructed inlet conditions in com-

parison to the simpler variants derived from experimental mass flow rates and LDA

measurements near the inlet used by Nooren [32]. As no significant advantage was re-

ported, the simpler conditions were used in the present case: flat profiles for velocity,

turbulence kinetic energy and turbulence dissipation rate in the fuel jet (Ũf = 21.9 m s–1,

k̃f = 2.2 m2 s–2, ε̃f = 500 m2 s–3), and secondary air co-flow (Ũa2 = 0.4 m s–1, k̃a2 =

4× 10–4 m2 s–2, ε̃a2 = 2× 10–4 m2 s–3), and the profiles in the primary air co-flow were

based on a fully developed annulus flow calculation with bulk velocity Ũa1 = 4.3 m s–1.

Across the pilot rim, the axial velocity profile in the inlet plane drops linearly from

21.9 m s–1 at the edge of the fuel jet to 1 m s–1 at a radial position y = 3.7 mm and remains

at this value for y ≤ 7.5 mm. The inlet axial velocity profile in the primary air co-flow

is flattened by a factor of 0.96 to account for the additional momentum introduced in the

computation. The turbulence kinetic energy k across the rim is taken to vary linearly from

the value in the fuel jet to zero at the outer edge of the rim. The turbulence dissipation rate

is approximated from a dimensional argument as εmax =
√

2/3k3/2l–1
t , with the turbulence

length scale lt set to the rim width (9 mm).

The pilot of the Delft flame is modelled by introducing a volumetric enthalpy source

in a region close to the burner exit, while omitting the pilot flow, as chosen by Merci et

al. [38] for the same flame. The pilot flame being responsible for only about 1 % of the

burner’s total power output, omitting its mass flow is not expected to alter downstream

results considerably. The volume occupied by the heat source is defined by an annulus

located at the inner boundary of the pilot rim in the exit plane of the burner and with an

axial extension x as 3.0 ≤ y ≤ 4.5 mm, 0 ≤ x ≤ 7.5 mm.



April 10, 2018 Combustion Theory and Modelling ResearchArticle

Combustion Theory and Modelling 29

The computations featured 465 distributed radial control volumes with 275 in the core

jet, 70 in the pilot and 120 in the coflow. The cells were dynamically redistributed during

computation based on the evolution of the stream function in physical space, ensuring suf-

ficient resolution in the main reaction zone as the jet expands. The computations featured

a minimum of 200 stochastic particles per cell and were performed using 20 cores.

4. Results and Discussion

4.1 WSR/PFR configuration

Measured [9] and predicted soot particle size distributions (PSDs) obtained with the sec-

tional model in the well-stirred reactor and at ports 1 and 3 of the plug flow reactor are

presented in Fig. 3, with the rate parameters for the nucleation steps shown in Table 4, and

for other reaction steps, including soot oxidation, in Table 5. Soot oxidation was modelled

via the updated rates (kO, kOH,2, kO2,2). The modes of the measured and calculated PSDs

in the WSR and at Ports 1 and 3 of the PFR are shown in Table 6. The measured modes

in the PFR are almost identical, while the computations show an evolution towards larger

particles. For a surface reactivity parameter αs = 0.85, the pyrene based nucleation model

by Lindstedt and Waldheim [7] agrees well with measurements. Nucleation rate kN,1 re-

sults in calculated modes that are more than double the experimental data. This is con-

sistent with the observations of Sunderland et al. [57, 59] and Lin et al. [58] who report

the rate used by Leung et al. [21] (≈ 1.6× kN,1) to be excessively high. The discrepancy

is related to scarcity of experimental data and uncertainties in the interpretation of opti-

cal measurements used to evaluate primary particle sizes at the time [57]. Results from

calculations using kN,2 [59] show better agreement. The modes in the WSR and at PFR

Port 3 are overpredicted by around 30% and 40%, respectively. Acceptable agreement

with the acetylene based nucleation model is obtained using kN,3 and kN,4, with the for-
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mer matching the predictions from the pyrene based model closely. The pre-exponential

factors for kN,5 and kN,6 were further reduced by factors of 2 and 4, compared to kN,4, to

explore the sensitivity. The modes in the WSR are similar for kN,3 to kN,6 and overpredict

the measured value by 14%. At PFR Port 3, the measured value is overpredicted by 6%

for pyrene-based nucleation. For the acetylene-based model, kN,3 and kN,4 underpredict

the experiment by 8%. A further reduction in the nucleation rate leads to deteriorating

agreement with the predicted modes being 19% (kN,5) and 29% (kN,6) lower than the ex-

periment. Figure 4 shows PSDs obtained using the rates kN,3 and kN,4 and the alternative

oxidation rates (kOH,1, kO2,1). The results are virtually identical to those of Fig. 3.

4.2 Delft III / Adelaide Flame

The sensitivity of computed results for the Delft III / Adelaide flame due to the pilot

power and the dissipation rate closure was explored. For the latter, calculations using the

standard scalar dissipation rate closure (Eq. (64)) were performed with 2.3 ≤ Cφ ≤ 6.0

and the unchanged extended closure (Eq. (65)). Each case was calculated with a pilot

power corresponding to the experimental value of 196 W and increased by factors of 1.25

(245 W) and 1.50 (294 W). For the standard closure, global flame extinction was observed

at x/d ≤ 17 for Cφ = 2.3 for the above pilot powers. For Cφ = 4.0, flame extinction

was observed for 196 W and 245 W with the point of extinction shifting downstream

to 17 ≤ x/d ≤ 25. Global extinction was not observed for Cφ = 6.0. The behaviour is

consistent with the excessive flame extinction found by Lindstedt et al. [86] for partially

premixed flames. By contrast, the extended closure was found to generally avoid global

extinction. Merci et al. [38, 39] and Roekaerts et al. [40] also observed excessive local

extinction with the Curl’s model and the standard dissipation rate model (Cφ = 2.0) and

increased the pilot power by 50%. Given the small contribution (≈ 1 %) of the pilot to

the total thermal power of the flame, an increase in pilot power to 245 W is considered
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reasonable to aid flame stability in the stochastic calculations. However, results obtained

with the experimental value of 196 W are also presented. Unless otherwise stated, all

results presented were obtained using the extended closure for the scalar dissipation rate

and a pilot power of 245 W. To match the experimental conditions, the diluted Californian

natural gas defined in Table 3 ("Model 1") was used for calculations of velocity and scalar

fields shown in Fig. 5–7 and 18 and the Adelaide gas composition ("Model 2") is used

for comparisons with measured soot data in Fig. 13–17 and 19–20. The impact of the gas

composition on soot predictions is further discussed in the context of Fig. 13–14.

Figures 5–7 show radial profiles of Favre mean axial velocity (Ũ), RMS of axial (u′′)

and radial (v′′) velocities, mixture fraction (f ) and temperature (T) in the Delft flame.

The agreement between computations and experiments is overall arguably fair, although

there is a tendency to over-predict v′′ throughout and u′′ far downstream from the burner

exit. The correspondence between the computed and measured mixture fraction statistics

is generally good, although f ′′ is over-predicted in the jet centre near the nozzle and the

variance peaks in the jet flanks at x/d = 412
3 are somewhat too low. Further, the tempera-

tures at the outer edges of the core jet are predicted to be higher as shown, for example, at

x/d ≤ 81
3 and x/d = 412

3 . The peak temperature is also overpredicted, while the location is

in reasonable agreement. The discrepancies can in part be attributed to the boundary con-

ditions across the pilot rim, in conjunction with the parabolic CFD solver, not correctly

reflecting the downstream effect of the small recirculation zone. By comparison, the ve-

locity and scalar fields reported by LES simulations [35, 36] show improved agreement

for velocity and temperature statistics.

The prediction of the H2O mass fractions mirrors the temperature data to some extent

as shown in Fig. 8 with reduced accuracy in the jet flanks at x/d = 331
3 and x/d = 412

3 .

Computed mass fractions of H2 suggest too high peak values close to the burner exit

with improved agreement further downstream (Fig. 9). The inaccuracies in the jet flanks,
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noted for temperature and water, are not present for hydrogen. This suggests that the reac-

tion zone structure is comparatively well reproduced. The computed CH4 mass fractions

shown in Fig. 10 appear to support this suggestion. The observation is important as soot

formation is expected to occur in fuel rich mixtures towards the fuel jet and not in the

leaner mixtures in the jet flanks. Computed CO mass fractions show a tendency to over-

predict the mean at the peaks for x/d ≤ 162
3 and also in the centre of the jet further

downstream as shown in Fig. 11. The computed mass fraction statistics for OH are pre-

sented in Fig. 12. The RMS fluctuations are of the same order as the mean and the data is

hence presented separately for clarity. The peak location is well reproduced along with the

extent of the reaction zone with peak values showing a tendency to being over predicted

as expected from the computed temperatures.

From a soot nucleation chemistry point of view, the change of fuel from C2H4 to (effec-

tively) CH4 presents a significant step. Calculations of the Delft flame were accordingly

obtained for nucleation rates kN,3, kN,4 and kN,6, based on (i) matching of the PSD data

for ethylene in the WSR/PFR geometry and (ii) a potentially reduced rate for methane.

The influence of the fuel composition, the pilot power and the dissipation rate closure

on the calculated mean soot volume fraction at the centreline is shown in Fig. 13–14.

The two-equation model with the additional PAH analogy for surface growth (Eq. (58)),

combined with oxidation rates kO, kOH,2, kO2,2, is used as the base case for comparisons

with the experimental data from Qamar et al. [34]. In Fig. 13, the predicted Favre mean

soot volume fraction (̃fv) at the centreline using the "Model 2" gas composition in the

fuel jet, the experimental pilot power (196 W) and the extended scalar dissipation rate

closure provides a reference (green lines). The value of the surface reactivity parameter

αs = 0.85 is kept consistent with the WSR/PFR calculations, and the nucleation rate kN,6

is used. The peak value of the soot volume fraction at the centreline is approximately

in agreement with the experimental data, while its locations is predicted approximately
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40 nozzle diameters upstream. The location is consistent with the LES (combined with a

flamelet / progress variable approach and a hybrid method of moments model) calcula-

tions by Mueller and Pitsch [35] and Donde et al. [36]. The soot volume fraction displays

little sensitivity to the gas composition (left panel), confirming that the minor variations in

the fuel compositions are not important. The influence of the pilot model is shown in the

centre panel. An increase in the peak soot value is observed if the pilot power is increased

from the experimental value, along with a marked overprediction of soot far upstream at

x/d ≤ 50. Lindstedt and Louloudi [28, 43] obtained ignition for the turbulent diffusion

flames of Kent and Honnery [60] and Coppalle and Joyeux [61] using a presumed PDF /

flamelet approach in the region close to the nozzle and increased soot levels far upstream

were not observed. This points to a high sensitivity of the surface growth model to the

locally elevated temperature and radical concentrations caused by the pilot. The standard

scalar dissipation rate closure with Cφ = 6.0 (right panel) increases mixing in the whole

flow domain, resulting in a slightly increased peak values of soot.

As discussed above, calculations of PSDs in the WSR/PFR system using kN,6 under-

estimate the soot formation, while kN,3 and kN,4 yield similar agreement as the detailed

chemistry calculation with pyrene nucleation. In Fig. 14, the sensitivity of soot predictions

to different model parameters is shown for the higher nucleation rate kN,4 and the surface

reactivity parameter reduced to αs = 0.50. The calculated peak soot value with a pilot

power of 245 W is similar to that discussed above. However, the use of αs = 0.85 with the

higher nucleation rate (kN,4) results in an overprediction of the peak soot by a factor of 3.

The sensitivity discussed in the context of Fig. 13 is approximately reproduced with peak

soot values only moderately increased with pilot power. The corresponding sensitivity to

the particle dynamics, growth models, oxidation and nucleation rates is shown in Fig. 15–

17. Predictions obtained with the two-equation model and one-step growth are shown in

Fig. 15. The upstream shift in peak soot location discussed above is reproduced. The same
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phenomenon was observed in the LES calculations by Mueller and Pitsch [35] and Donde

et al. [36] was attributed the cause to uncertainties in the PAH chemistry. However, the

nucleation rate in the current model was chosen to be consistent with that of pyrene in the

WSR/PFR geometry, as discussed above, and found to reasonably predict the soot PSD.

Furthermore, while the peak soot volume fraction increased by a factor of approximately

30 with the use of kN,1 = 167 · kN,4, the axial location of the soot peak only moves in

the range x/d ≈ 77.2 to x/d ≈ 80.1 (for the two-equation model and kOH,2, kO2,2) and is

hence broadly independent of the nucleation rate. The calculated soot volume fraction is

virtually identical for either set of soot oxidation rates (kOH,1, kO2,1 or kOH,2, kO2,2) and

kN,3, while peak soot is moderately reduced for kOH,2, kO2,2 and kN,4. A corresponding

data set for the soot volume fraction obtained with the method of moments by solving for

the first four moments (M0 – M3) of the soot PSDF is presented in Fig. 16. The agreement

with experimental data is similar to that obtained with the two-equation model, albeit with

a tendency to lower peak values.

Figure 17 shows computations using the two-equation model with the additional PAH

analogy model for soot surface growth (Eq. (58)). As for the calculations presented in

Fig. 13–14, soot levels are increased for x/d ≤ 50 due to the sensitivity of the extended

growth model to the pilot treatment. Again, no strong sensitivity to the oxidation rates is

observed, with moderately reduced soot levels obtained for kOH,2 and kO2,2. As for the

method of moments calculations, the sensitivity to the nucleation rate appears reduced

in comparison to the two-equation model calculations without the PAH analogy model

for soot growth, and the measured peak soot volume fraction at the centreline is approx-

imately matched for kN,4. The LES simulations by Mueller and Pitsch [35] and Donde

et al. [36] provide overall superior flow field predictions. However, the peak soot levels

were found to be (strongly) influenced by the subfilter dissipation rate model with over-

predictions by factors of 3–5.5 [35] and 6.5 [36] reported. It can also be noted that despite
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the very different computational methods applied, the centreline peak soot location varies

approximately in the range 72 ≤ x/d ≤ 80, compared to the experimental location of

≈ 116. In this context, the current results are encouraging and the compatibility of the

simplified nucleation rate across different fuels and devices perhaps surprising with the

optimal nucleation rate for each case differing by around a factor of 4.

Figure 18 shows the downstream evolution of the computed and measured Favre mean

mixture fraction at the centreline. The black line corresponds to the case shown in the

bottom right panel of Fig. 17. No effect of the fuel stream composition on the mixture

fraction profile was observed and the results are omitted here. The influence of the pilot

source term and the dissipation rate closure is shown in Figs. 18(a) and 18(b), respectively.

The experimental data is reasonably well reproduced. A change in the pilot power from

196 W to 294 W or the use of the standard dissipation rate closure (Cφ = 6.0) result in

minor variations in the calculated mean mixture fraction. The locations of the computed

and measured soot peaks are also indicated.

Figure 19 shows the measured and calculated values of the mean soot volume fraction

against the calculated mixture fraction on the centreline. The computations shown were

obtained with the two-equation model with the growth step given by Eq. (54) and with

the PAH analogy for the soot surface chemistry with αs = 0.50 via Eq. (58). The data

is compared to the lean (fLFL) and rich (fRFL) flammability limits of methane, and the

stoichiometric mixture fraction fst of the Adelaide natural gas, calculated as fst ≈ 0.073

via the formula of Bilger et al. [90]. The peak mean soot is predicted on the rich side of

stoichiometry at f ≈ 0.11, with no soot present below fLFL and some transported soot at

f > fRFL. On the other hand, the peak of the measured mean soot is located at f ≈ 0.05,

below the stoichiometric mixture fraction, with some soot present below the lean flamma-

bility limit. The absence of experimental mixture fraction data for this part of the flame

introduces uncertainties in the mapping of the measurements to the computed mixture
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fraction space. Predictions of the mean mixture fraction at the centreline for x/d ≤ 412
3

agree reasonably well with the experimental data though a slightly lower value is noted at

the final measurement point. It may be speculated that the decay of the calculated profile

is exaggerated further downstream and this would result in a shift towards leaner compo-

sitions. However, it appears unlikely that the apparent discrepancy of the soot location in

mixture fraction space can be attributed to such an effect as this would require an essen-

tially constant value of the mean mixture fraction in the range 82 ≤ x/d ≤ 116. Further-

more, the LES of Mueller et al. [35] and Donde et al. [36] report a slight overprediction

at the final position while the axial peak soot locations remain broadly consistent with the

current work. Caution therefore appears to be required when attributing the misaligned

peak soot locations to specific model aspects.

Radial profiles of the Favre mean soot volume fraction are presented in Figure 20. In

order to be able to compare the calculated radial distribution of soot to the measurements,

given the different peak soot location, the experimental data is compared to predicted

profiles at locations further upstream by using a normalisation of the radial coordinate

accounting for the rate of spread of the jet. Hence, the radial positions (y) are normalised

by the half-width of the jet (δ). The latter value is calculated from the profile of the pre-

dicted mean mixture fraction f̃ at any given axial position (x) as δ = 2 · yhalf , where

f̃ (yhalf )
∣∣
x = 0.5 · f̃max

∣∣
x. It therefore corresponds to the radial location where the mixture

fraction takes a value of half the maximum f̃max
∣∣
x. The normalisation of the measured

profiles of soot volume fraction is effected via the calculated mixture fraction. The calcu-

lations were obtained via the two-equation model with oxidation rates kOH,2 and kO2,2,

and correspond to the cases shown in the bottom right panels of Fig. 15 (using kN,4 with

one-step soot growth, red lines) and Fig. 16 (kN,4 with PAH analogy surface growth and

αs = 0.50, blue lines), and the reference case presented in Fig. 13 (kN,6, αs = 0.85, orange

lines). While the comparison is clearly approximate, it illustrates that the radial distribu-
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tion of soot generally agrees with experimental data with a tendency to lower values of

f̃v in the jet flanks. In addition, the calculated oxidation of soot appears to be somewhat

over-predicted.

5. Conclusions

A sectional approach [6, 7] was used to determine an approximate acetylene based soot

nucleation rate that is broadly consistent with experimental data for the evolution of the

soot PSD in the WSR/PFR configuration of Manzello et al. [8, 9] and that computed using

pyrene as the nucleating species [7]. The rate was then applied directly to the modelling

of the Delft III / Adelaide turbulent natural gas flame using a transported PDF based ap-

proach combined with two-equation and method moment based methods [15] for the soot

particle dynamics. The sensitivity of computed soot levels was assessed for both geome-

tries. Results show that the derived nucleation rate provides broadly consistent results for

both cases despite parent fuels (CH4 and C2H4) with very different sooting character-

istics in very different experimental geometries. While the generality of such simplified

descriptions remains conjectural, the current results suggests that it may be possible to

derive simplified descriptions of greater applicability than expected. It is further shown

that while the magnitude of the soot concentration in the flame is dependent on the nucle-

ation rate, the physical downstream location where soot appears is broadly unaffected. It

was also confirmed that previous rates for the acetylene based nucleation model [21, 22]

are too high as suggested by Sunderland et al. [57, 59] and Lin et al. [58]. An update of

the soot oxidation model used in previous work [6, 28], to reflect the recent evaluation

by Guo et al. [68], was found to have only a minor impact on the predicted soot PSDs in

the WSR/PFR configuration and a moderate influence in the Delft flame. The agreement

obtained for the latter for velocity, temperature and the mass fractions of major species

with measurements by Stroomer et al. [31] and Nooren et al. [32, 33] was found to be
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fair with some discrepancies close to the nozzle attributed to the pilot model. Acceptable

quantitative agreement with experimental soot measurements by Qamar et al. [34] was

found, with the maximum soot volume fraction at the centreline approximately matched

for the two-equation and the method of moments based approaches. The computed radial

profiles of soot were compared with experimental data by accounting for the rate of spread

of the jet by tracking the location where the mixture fraction reaches 50% of its maximum

value at a each radial location. The resulting comparisons are tentative, but show arguably

good agreement between computations and measurements. The impact of the inclusion

of the PAH based analogy for soot surface reactions by Lindstedt and Louloudi [28] was

also evaluated. For a value of the surface reactivity parameter αs = 0.85, consistent with

the WSR/PFR calculations, a further reduction of the nucleation rate by approximately a

factor of 4 is required to match soot levels in the Delft (methane) flame. The application of

the unadjusted rate results in an overprediction of the peak soot level by around a factor of

3. The values 0.50 ≤ αs ≤ 0.85 compare to 0.75–1.0 used by Lindstedt and Louloudi [28]

for turbulent non-premixed ethylene flames and 0.2–0.6 reported by Kazakov et al. [91]

for laminar premixed ethylene flames.
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Appendix A. PAH analogy model for soot surface growth

The soot surface chemistry model by Lindstedt and Louloudi [28, 43] based on naphtha-
lene is shown in Eqs. (I)-(X), and the rate constants are presented in Table A1.

C10H7 + H −−⇀↽−− C10H8 (I)

C10H7 + H2 −−⇀↽−− C10H8 + H (II)

C10H8 + O −−⇀↽−− C10H7O + H (III)

C10H8 + OH −−⇀↽−− C10H7 + H2O (IV)

C10H7 + O2 −−⇀↽−− C10H7O + O (V)

C10H7 + O2 −−⇀↽−− C10H7OO (VI)

C10H7OO −−⇀↽−− C9H7 + CO2 (VII)

C10H7OO −−⇀↽−− C10H6O2 + H (VIII)

C10H7O −−⇀↽−− C9H7 + CO (IX)

C10H7 + C2H2 −−⇀↽−− C12H8 + H (X)

Reaction (X) corresponds to the soot mass growth step expressed in Eq. (A1).

RG = kf
X(T)

[
C10H7

][
C2H2

]
(A1)

The concentration
[
C10H7

]
in Eq. (A1) is obtained via the application of truncated steady-

state approximations involving reactions (I)-(X) [43], giving the ratio of concentrations
KPAH =

[
C10H7

]
/
[
C10H8

]
shown in Eq. (A2).

KPAH =
K1K7 + K2K6

K4K7K9 – K2K5K9 – K3K7K8
K9 (A2)

K1 =kr
I + kr

II
[
H
]

+ kf
IV

[
OH
]

(A3)

K2 =kr
V
[
O
]

(A4)

K3 =kr
VI (A5)

K4 =kf
I

[
H
]

+ kf
II

[
H2
]

+ kr
IV
[
H2O

]
+ kf

V

[
O2
]

+ kf
VI

[
O2
]

+ kf
X

[
C2H2

]
(A6)

K5 =kf
V

[
O2
]

(A7)

K6 =kf
III

[
O
]

(A8)

K7 =kr
III
[
H
]

+ kr
V
[
O
]

+ kf
IX (A9)

K8 =kf
VI

[
O2
]

(A10)

K9 =kr
VI + kf

VII + kf
VIII (A11)

The emerging naphthalene concentration term is approximated as a function of the max-
imum number of active sites on the soot surface χs–h ≈ 2.32× 1019 sites / (m2 soot
surface) [22, 50] and the soot surface area As (via Eq. (56)) as[

C10H8
]

= αsAs
χs–h
NA

, (A12)

where NA = 6.022× 1026 kmol–1 is Avogadro’s number and αs is a modelling parameter
expressing the fraction of sites available for reaction, for which a strong sensitivity has
been found in previous work [22, 28, 50]. The final expression for growth via the surface
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chemistry model is hence given by Eq. (A13).

RG = kf
X(T)χsAs

[
C2H2

]
(A13)

χs = KPAHαs
χs–h
NA

(A14)

Table A1. Reaction rate constants for the PAH analogy of soot surface chemistry [67] presented in the form AiαiTβi exp(–Ei/RT). Units
are in K, kmol, m3 and s.

Step Ai αi βi Ei/R
I 7.83× 1010 1 0 0
II 4.44× 101 1 2.43 3,158
III 2.5× 1010 1 0 2,347
IV 1.7× 105 1 1.42 729
V 2.15× 1010 1 0 3,076
VI 2.5× 109 1 –0.15 80
VII 2.272× 108 1 0 0
VIII 2.272× 108 1 0 0
IX 1.8× 1011 1 0 22,062
X 3.57× 1021 1 –3.176 7,471
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Tables and Figures

Table 2. Governing equations (in order): Reynolds stress closure, turbulent kinetic energy dissipation closure, joint-scalar PDF transport
equation, and turbulent transport closure.

∂ρ̄ũ′′i u′′j
∂t

+
∂ρ̄ũ′′l ũ′′i u′′j

∂xl
= Tijl + Pij + φij – ρ̄δij

2
3
ε̃ (15)

Tijl =
∂

∂xk

Csρ̄
k̃
ε̃

ũ′′k u′′l
∂ũ′′i u′′j
∂xl

 (16)

Pij = –ρ̄
[

ũ′′i u′′l
∂ũj

∂xl
+ ũ′′j u′′l

∂ũi

∂xl

]
(17)

φij = –
(
C1ε̃ + C∗1 Pkk

)
bij + C2ε̃

(
bikbkj –

1
3

bmnbmnδij

)
+
(

C3 – C∗3 II0.5
)

k̃Sij

+ C4k̃
(

bikSjk + bjkSik –
2
3

bmnSmnδij

)
+ C5k̃

(
bikWjk + bjkWik

) (18)

bij =
ũ′′i u′′j

ũ′′k u′′k
–

1
3
δij, II = bijbji, Sij =

1
2

(
∂ũi

∂xj
+
∂ũj

∂xi

)
, Wij =

1
2

(
∂ũi

∂xj
–
∂ũj

∂xi

)
(19)

C1 = 3.4, C∗1 = 1.8, C2 = 4.2, C3 = 0.8 (20)

C∗3 = 1.3, C4 = 1.25, C5 = 0.40, CS = 0.22 (21)

∂ρ̄ε̃

∂t
+
∂ρ̄ũlε̃

∂xl
=

∂

∂xk

[
CSερ̄

k̃
ε̃

ũ′′k u′′l
∂ε̃

∂xl

]
– Cε1

ε̃

k̃
Pkk – Cε2

ε̃

k̃
ε̃ (22)

CSε = 0.18, Cε1 = 1.44, Cε2 = 1.80 (23)

∂ρ̄f̃φ
∂t

+
∂ρ̄ũl f̃φ
∂xl

+
N∑
α=1

∂

∂ψα

[
ρ̄Sα f̃φ

]
= –

∂ρ̄〈u′′l
∣∣ψ〉f̃φ

∂xl
+

N∑
α=1

∂

∂ψα

〈 1
ρ

∂

∂xl
Jl,α

∣∣∣∣∣ψ
〉
ρ̄f̃φ

 (24)

–
∂ρ̄〈u′′

∣∣ψ〉f̃φ
∂xl

= –
∂

∂xl

µt

σt

∂ f̃φ
∂xl

 (25)

Table 3. Composition of Delft flame main fuel jet in percent mole fraction in experiments and model: Dutch natural gas, Californian natural
gas diluted with N2, Adelaide natural gas diluted with N2, and modified compositions of the latter two (Model 1 and 2).

Component Dutch [31, 89] Californian [33] Model 1 Adelaide [34] Model 2
CH4 81.29 81.70 81.70 79.89 79.89
C2H6 2.87 3.00 3.10 3.72 3.92
CnHm 0.62 0.10 0.00 0.20 0.00
N2 14.32 14.60 14.60 13.97 13.97
O2 0.01 0.00 0.00 0.00 0.00
CO2 0.89 0.60 0.60 2.22 2.22
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Table 4. Reaction rate constants for soot nucleation via Eq. (49) presented in the form kN,i = Ai exp(–Ei/RT). Units are in K, kmol, m3 and
s.

ki Ai αi βi Ei/R Source
kN,1 6.30× 103 1 0 21,000 Lindstedt [22]
kN,2 3.79× 101 1 0 17,500 Sunderland and Faeth [59]
kN,3 6.30× 101 1 0 21,000 Current work
kN,4 3.78× 101 1 0 21,000 Current work
kN,5 1.89× 101 1 0 21,000 Current work
kN,6 9.45 1 0 21,000 Current work

Table 5. Reaction rate constants for soot growth and oxidation in Eqs. (54) and (59)-(61) presented in the form AiαiTβi exp(–Ei/RT)
[22, 43, 82]. Units are in K, kmol, m3 and s.

ki Ai αi βi Ei/R
kG 7.50× 102 1 0 12,100
kO 9.09 0.20 1/2 0
kOH,1 8.82 0.05 1/2 0
kO2 ,1 6.43 0.723 1/2 11,250
kOH,2 8.82 0.10 1/2 0
kO2 ,2 6.43 116 1/2 19,680

Table 6. Modes of the measured and calculated PSDs in the WSR and at Ports 1 and 3 of the WSR/PFR configuration of Manzello et al. [8].
Measurements by Lenhert and Manzello [9]. Units in nm.

WSR PFR Port 1 PFR Port 3
Measurements 4.2 7.6 7.7
A4 nucleation 4.8 6.2 8.2
C2H2 nucleation, kN,1 9.4 14.1 21.1
C2H2 nucleation, kN,2 5.5 8.2 10.7
C2H2 nucleation, kN,3 4.8 6.2 7.1
C2H2 nucleation, kN,4 4.8 5.5 7.1
C2H2 nucleation, kN,5 4.8 5.5 6.2
C2H2 nucleation, kN,6 4.8 4.8 5.5
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Figure 1. Laminar burning velocity of natural gas obtained from laminar premixed flame calculations with strain rate
a ≈ 100 s–1 (◦) with a sum-of-sines fit for 0.35 ≤ Φ ≤ 1.95 (—).

Figure 2. Top and side view of the Delft burner head. Measurements in mm.
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Figure 3. Calculated soot particle size distributions in the WSR and at PFR Ports 1 and 3 of the WSR/PFR setup of
Lenhert and Manzello [9] with C2H4air at Φ = 2.0 and TWSR = 1723 K. Comparison of measurements and computations
using pyrene (A4) and acetylene based nucleation models with reaction rate coefficients kN,3, kN,4, kN,5 and kN,6 from Table
4. The updated oxidation rates kOH,2 and kO2 ,2 were used.
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Figure 4. Calculated soot particle size distributions in the WSR and at PFR Port 3 of the WSR/PFR setup of Lenhert and
Manzello [9] with C2H4/air at Φ = 2.0 and TWSR = 1723 K. Comparison of measurements and computations using pyrene
(A4) and acetylene based nucleation models with reaction rate coefficients kN,3 and kN,4 from Table 4. The oxidation rates
kOH,1 and kO2 ,1 were used.
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Figure 5. Radial profiles of Favre mean axial velocity Ũ and RMS of axial (u′′) and radial (v′′) velocity in the Delft III /
Adelaide flame at axial positions 8 1

3 ≤ x/d ≤ 41 2
3 . Comparison of calculations (lines) to experimental data (symbols) by

Stroomer [31]. The fuel composition is "Model 1" defined in Table 3.
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Figure 6. Calculated radial profiles of Favre mean mixture fraction (̃f , black lines) and its RMS (f ′′, red lines) in the Delft
III / Adelaide flame at axial positions 8 1

3 ≤ x/d ≤ 41 2
3 . Comparison to mean (closed symbols) and RMS (open symbols)

from experimental data by Nooren et al. [32, 33]. The fuel composition is "Model 1" defined in Table 3.
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Figure 7. Calculated radial profiles of Favre mean temperature (T̃ , black lines) and its RMS (T′′, red lines) in the Delft
III / Adelaide flame at axial positions 8 1

3 ≤ x/d ≤ 41 2
3 . Comparison to mean (closed symbols) and RMS (open symbols)

from experimental data by Nooren et al. [32, 33]. The fuel composition is "Model 1" defined in Table 3.
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Figure 8. Calculated radial profiles of Favre mean H2O mass fraction (̃yH2O, black lines) and its RMS (y′′H2O, red lines) in

the Delft III / Adelaide flame at axial positions 8 1
3 ≤ x/d ≤ 41 2

3 . Comparison to mean (closed symbols) and RMS (open
symbols) from experimental data by Nooren et al. [32, 33]. The fuel composition is "Model 1" defined in Table 3.
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Figure 9. Calculated radial profiles of Favre mean H2 mass fraction (̃yH2 , black lines) and its RMS (y′′H2
, red lines) in the

Delft III / Adelaide flame at axial positions 8 1
3 ≤ x/d ≤ 41 2

3 . Comparison to mean (closed symbols) and RMS (open
symbols) from experimental data by Nooren et al. [32, 33]. The fuel composition is "Model 1" defined in Table 3.
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Figure 10. Calculated radial profiles of Favre mean CH4 mass fraction (̃yCH4 , black lines) and its RMS (y′′CH 4, red lines)

in the Delft III / Adelaide flame at axial positions 8 1
3 ≤ x/d ≤ 41 2

3 . Comparison to mean (closed symbols) and RMS (open
symbols) from experimental data by Nooren et al. [32, 33]. The fuel composition is "Model 1" defined in Table 3.
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Figure 11. Calculated radial profiles of Favre mean CO mass fraction (̃yCO, black lines) and its RMS (y′′CO, red lines) in
the Delft III / Adelaide flame at axial positions 8 1

3 ≤ x/d ≤ 41 2
3 . Comparison to mean (closed symbols) and RMS (open

symbols) from experimental data by Nooren et al. [32, 33]. The fuel composition is "Model 1" defined in Table 3.
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Figure 12. Radial profiles of Favre mean OH mass fraction (̃yOH , left) and its RMS (y′′OH , right) in the Delft III / Adelaide
flame at axial positions 8 1

3 ≤ x/d ≤ 41 2
3 . Comparison of calculations (lines) to experimental data (symbols) by Nooren et

al. [32, 33]. The fuel composition is "Model 1" defined in Table 3.
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Figure 13. Centreline profiles of Favre mean of soot volume fraction in the Delft III / Adelaide flame, showing the influ-
ence of the gas composition (left), the increase in thermal power of the pilot model compared to the experimental value of
196 W (center), and the scalar dissipation rate closure (right). The two-equation model including the PAH analogy model
for soot surface chemistry with αs = 0.85 and rates kN,6, kOH,2, kO2 ,2 is used. Comparison to experimental data (·) by
Qamar et al. [34].
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Figure 14. Centreline profiles of Favre mean of soot volume fraction in the Delft III / Adelaide flame, showing the influ-
ence of the gas composition (left), the increase in thermal power of the pilot model compared to the experimental value of
196 W (center), and the scalar dissipation rate closure (right). The two-equation model including the PAH analogy model
for soot surface chemistry with αs = 0.50 and rates kN,4, kOH,2, kO2 ,2 is used. Comparison to experimental data (·) by
Qamar et al. [34].
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Figure 15. Centreline profiles of Favre mean of soot volume fraction in the Delft III / Adelaide flame. Comparison of
predictions (—) from the two-equation model to experimental data (·) by Qamar et al. [34]. The fuel composition is
"Model 2" defined in Table 3, αs = 0.50 and the pilot power 245 W.
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Figure 16. Centreline profiles of Favre mean of soot volume fraction in the Delft III / Adelaide flame. Comparison of
predictions (—) from the method of moments model with M0–M3 included to experimental data (·) by Qamar et al. [34].
The fuel composition is "Model 2" defined in Table 3, αs = 0.50 and the pilot power 245 W.
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Figure 17. Centreline profiles of Favre mean of soot volume fraction in the Delft III / Adelaide flame. Predictions (—)
from the two-equation model including the PAH analogy model for soot surface chemistry with αs = 0.50. Comparison to
experimental data (·) by Qamar et al. [34]. The fuel composition is "Model 2" defined in Table 3, αs = 0.50 and the pilot
power 245 W.
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Figure 18. Centreline profiles of calculated Favre mean mixture fraction in the Delft III / Adelaide flame, illustrating the
influence of (a) the pilot source term and (b) the scalar time-scale closure. Results calculated using the extended time-scale
closure with a pilot source term corresponding to 1 (green line), 1.25 (black lines) and 1.5 (red line) times the experimental
pilot power (196 W) are shown, as well as predictions using a pilot source term of 245 W the standard time-scale closure
and Cφ = 6.0 (magenta line). Soot peak locations from the calculations shown in black at x/d ≈ 82 and measurements at
x/d ≈ 116 and the corresponding calculated mixture fraction are shown as (· · ·). Comparison to experimental data (�) by
Nooren et al. [32, 33]. The fuel composition is "Model 1" defined in Table 3.
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Figure 19. Favre mean soot volume fraction at the centreline in mixture fraction space in the Delft III / Adelaide flame.
Predictions from the two-equation model with kN,4, kO, kOH,2, kO2 ,2. (a) The standard growth step and (b) the PAH analogy
for soot surface chemistry were used. Comparison to experimental data by Qamar et al. [34], where the mapping to mixture
fraction was obtained from the respective calculations. The lean and rich flammability limits of methane fLFL, fRFL and the
stoichiometric mixture fraction for the Adelaide natural gas fst are shown for comparison. The fuel composition is "Model
2" defined in Table 3..
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Figure 20. Radial profiles of Favre mean of soot volume fraction in the Delft flame. Comparison of computations featuring
the two-equation model with experimental data (black lines) by Qamar et al. [34]. The oxidation rates kOH,2, kO2 ,2 are used
for calculations. Results for kN,4 and one-step soot growth (red lines), kN,4 and the PAH analogy to surface growth with
αs = 0.50 (blue lines) or kN,6 with PAH growth and αs = 0.85 (orange lines) are shown. A pilot power of 245 W for the two
former calculations and 196 W for the latter is used. The axial locations of the measured profiles are shown with the radial
locations normalised to account for the rate of spread of the jet. The fuel composition is "Model 2" defined in Table 3.


