20

25

30

Population balance modelling and laser diagnostic validation of soot particle
evolution in laminar ethylene diffusion flames
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Abstract

Laminar diffusion flames present an elementary configuration for investigating soot formation and validating ki-
netic models before these are transferred to turbulent combustors. In the present article, we present a joint experimental
and modelling investigation of soot formation in a laminar co-flow burner. The diffusion flames are analysed with the
aid of laser diagnostic techniques, including elastic light scattering (ELS), planar laser-induced fluorescence of OH
(OH-PLIF) and line-of-sight attenuation (LOSA), to measure the spatial distribution of soot, gas phase species and
the line-of-sight integrated soot volume fraction (ISVF), respectively. The experimental dataset is supplemented by
location-specific TEM images of thermophoretically sampled soot particles. The simulation of the sooting flames is
carried out with a recently developed discretisation method for the population balance equation (Liu and Rigopoulos,
2019, Combust. Flame 205, 506-521) that accomplishes an accurate prediction of the particle size distribution, cou-
pled with an in-house CFD code. By minimising numerical errors, we ensure that the discrepancies on the modelling
side are mainly due to kinetics and are able to carry out an investigation of alternative models. We include a complete
set of soot kinetics for PAH-based nucleation and condensation, HACA-based surface growth and oxidation as well
as size-dependent coagulation and aggregation, and consider three different gas phase reaction mechanisms (ABF,
BBP and KM2). Based on predictions of the gas phase composition and particle size distribution of soot, modelled
counterparts of the laser diagnostic signals are computed and compared with the experimental measurements. The
approach of directly predicting signals circumvents the difficulties of explicitly representing the OH concentration in
terms of the measured OH-PLIF data and avoids using ‘hybrid’ modelled and measured values to approximate the OH
concentration. Moreover, the LOSA signal is directly converted to the line-of-sight ISVF instead of a measure of local
soot volume fraction to avoid tomographic inversion errors. Lastly, the predicted ELS signal is computed in terms
of the particle size distribution resolved by the population balance model, thus circumventing the approximation of
an integral soot property using a presumed size distribution. While we cannot obtain quantitative agreement between
experiments and simulations, the accuracy of the numerical approach and the direct prediction of experimental sig-
nals allow us to conduct sensitivity analyses of key empirical parameters and investigate the importance of the PAH
chemistry and its influence on the competition between nucleation, condensation and surface growth.

Keywords: Soot formation, Planar laser-induced fluorescence (PLIF), Elastic light scattering (ELS), Line-of-sight
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1. Introduction

Soot is composed of polydispersed particles that form in the process of hydrocarbon combustion. Soot is a major
air pollutant with severe impacts on human health and, furthermore, affects combustion efficiency and safety as
it can accumulate inside combustors or their components. On the other hand, soot particles enhance the radiative
heat transfer and are thus sought after in equipment such as furnaces. The impact of the smaller soot particles on
human health is being increasingly acknowledged (see, e.g., Reference [1]]) and new regulations are imposed on the
number and size of emitted soot particles, thus placing increasing emphasis on the prediction and control of the soot
particle size distribution. The spatial and temporal evolution of the distribution can be described by the population
balance equation (PBE). For a review of the PBE with emphasis on its application to soot modelling, we refer to
References [2H4]]. Models of soot formation in flames must combine the PBE with computational fluid dynamics
(CFD) and models for gas phase chemistry and soot formation processes, which include nucleation, condensation,
surface growth, oxidation, coalescence and aggregation.

In the past two decades, our physical understanding of the fundamental mechanisms of soot formation has consis-
tently increased. In a first step, macro-molecular PAHs are thought to coalesce into soot precursors and nascent soot
particles [S]]. Second, acetylene (C,H,) plays an important role in increasing the hydrocarbon content of soot particles
and driving surface growth. These acetylene-based descriptions [659], including the Hydrogen-Abstraction-C,H,-
Addition (HACA) mechanism [10-135]], are extensively applied and well-established by now. Third, the hydroxyl
radical (OH) and molecular oxygen (O,) are the most effective species for oxidising soot particles. Despite agreement
on these general features, a number of controversies remain regarding the model formulation for particle inception
and the calibration or adjustment of kinetic parameters. For example, nucleation is commonly related to the colli-
sion of PAH species [[11H13] [15], but since nascent soot can display various different morphologies [, [16], several
PAH dimerisation models have been proposed [11} 12, [15| [17| [18]. However, detailed kinetic descriptions of PAH
growth prior to inception involve many parameters which cannot be measured directly and need to be identified based
on a limited number of measured integral quantities. As a second example, we mention the fraction of active sites
a in the HACA mechanism which is often taken as constant for a particular flame configuration [14} [19]. Since
experimental observations on particle surface ageing point towards a decrease in the fraction of active sites, « has,
alternatively, been represented as a function of particle size [11]], local flame temperature [20, 21]] or particle residence
time [22]. However, the coefficients in the kinetic expressions for « that were calibrated based on experimental data

from different flames and for use with different reaction mechanisms vary widely.
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Future efforts for successfully modelling sooting flames rely on a moderately detailed physical description, an
accurate numerical solution method and a careful and well-coordinated validation step at a clearly defined interface of
predicted and measured quantities, minimising the mutual amplification of experimental uncertainties. In the present
article, we aim at contributing to these aspects in three main ways. First, by solving the discretised PBE using a new
and very accurate discretisation method [23]], the cancellation of numerical and modelling errors is avoided, preparing
the ground for an analysis of different kinetic models. Second, by predicting directly the experimental signals, we
circumvent several uncertainties and implicit assumptions related to the conversion of signals. Third, by virtue of
the above two points, a parametric study of the influence of gas phase and soot kinetics on the soot formation and
distribution in laminar diffusion flames is conducted.

Concomitantly, we report on a new set of laser diagnostic measurements on a laminar co-flow diffusion flame,
supplemented by the thermophoretic sampling of soot particles. In particular, planar laser-induced fluorescence of
OH (OH-PLIF) is used to provide data for validating chemical kinetics, elastic light scattering (ELS) provides insight
into the spatial distribution of soot and line-of-sight attenuation (LOSA) measurements allow us to determine the
integrated soot volume fraction (ISVF). Location-specific samples are extracted with the aid of a thermophoretic
sampling device according to Dobbins and Megaridis [24]], shedding light on the morphology of soot aggregates.

The method employed for the numerical solution of the PBE is a recently published finite volume method for the
direct solution of the PBE [23]]. The objective of this method is to accomplish an accurate prediction of the particle size
distribution on an arbitrary non-uniform grid in the particle volume domain, while conserving the soot mass fraction
during particle coalescence and aggregation. By minimising numerical errors, we ensure that the uncertainties on the
modelling side are mainly of a physical nature, relating to gas phase and soot formation kinetics, thus supporting a
systematic investigation of alternative kinetics. The method is coupled with our in-house CFD code BOFFIN [25];
the coupling of the method with CFD has been previously tested and validated [23].

In order to minimise the accumulation of experimental uncertainties, we adopt the calibration/validation paradigm
advocated by Connelly et al. [26] and compare experimental laser diagnostic signals with predicted signals computed
from the modelled gas phase composition and soot particle size distribution. This approach is advantageous as it
circumvents several assumptions that are commonly made in converting experimental laser diagnostic signals into
physically meaningful quantities. One of these assumptions is related to the experimental OH-PLIF signal, which is
determined not only by the local OH concentration, but also by temperature and by collisional quenching owing to the
presence of other species. When inferring the OH concentration from an OH-PLIF signal, the temperature and concen-
trations of other species are often approximated by predicted values and the dependence of the collisional quenching
rate on OH is omitted, leading, strictly, to OH concentration reports that are a mixture of measured and modelled
data. The spatial distribution of soot volume fraction, moreover, is often reconstructed from LOSA measurements
using a tomographic inversion which incurs an error accumulation in-between the flame edges and the centreline [27].
In a signal-based comparison, by contrast, the experimental and predicted data remain strictly separate, whence the
signals constitute an apt interface for calibration and validation. The prediction of the ELS signal presents another
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challenging case because it constitutes a statistical property of the particle size distribution. In comparisons with
model predictions, the ELS signal is typically converted into a measure of mean particle size by assuming a particular
shape of the soot size distribution. Since, in our PBE-based approach, the size distribution is accurately resolved, the
ELS signal can be directly computed without such an assumption.

Drawing on a signal-based comparison, the influence of the gas phase reaction mechanism and the corresponding
soot nucleation/condensation kinetics is evaluated for three well-established reaction mechanisms (ABF, BBP and
KM?2). Here, we include a complete set of soot kinetics for PAH-based nucleation and condensation, HACA-based
surface growth and oxidation as well as size-dependent coagulation and aggregation. Sensitivity analyses in terms of
key empirical parameters in the soot nucleation, condensation and surface growth kinetics are undertaken to elucidate
potential causes for the observed discrepancies and deduce practical guidelines for tuning the soot model. While it
must be acknowledged that quantitative agreement between simulations and experiments for all soot variables is not
possible at the moment, we hope that the analysis in this article will contribute to an understanding of the issues
underlying the discrepancies.

This article is organised as follows. In Section[2] we briefly summarise the flame configurations investigated here
and relay details on the experimental measurement techniques. Subsequently, in Section [3] the physical model for a
reacting multicomponent gas is presented and the PBE-based soot model is discussed. Here, we provide details on the
evaluation of the kinetic rates which affect the soot particle size distribution and lay emphasis on an account of soot
morphology. The computation of laser-diagnostic signals in terms of the gas phase composition and soot particle size
distribution is addressed in Section[d} before we assess the physical model by comparing predicted and measured laser-
diagnostic signals in Section[5] Concomitantly, the influence of the gas phase chemistry on the spatial distribution of
soot precursors and key kinetic rates is elucidated. This is followed by a summary of the main observations in Section

6]

2. Experimental approach

The Santoro flame [28]] constitutes a geometrically simple and reproducible standard configuration for investi-
gating soot formation and for model validation. The co-flow diffusion burner consists of a nozzle with an internal
diameter of 11.1 mm protruding 4 mm above a 101.6 mm diameter co-flow tube (Figure [I). The flame is shielded
from ambient air currents by a 400 mm tall chimney. Following Santoro et al. 28 [29]], we investigate the same ‘non-
smoking’ and ‘incipient-smoking’ cases with fuel flow velocities of 3.98 cm /s and 4.75 cm /s, respectively, and an air
flow velocity of 8.90 cm/s for both. Mass flow controllers (Bronkhorst EL-FLOW series, nominal accuracy 1.0 %)
are used to meter the gases to match Santoro’s conditions within experimental error. The accuracy of the mass flow
controllers was also verified by cross-checking against all such meters available in the laboratory. Three non-intrusive
laser diagnostic techniques are employed: ELS, OH-PLIF and LOSA. In addition, soot particles are thermophoreti-

cally sampled from the flame and their morphologies are analysed using transmission electron microscopy (TEM).
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For the ELS measurements, a Q-switched frequency-doubled Nd:YAG laser with four independent heads is used
in conjunction with sheet-forming optics to illuminate a 23 mm x 400 pm region across the burner centreline (Figure
[2). The ELS signal is collected using a CCD camera with a 105 mm /2.8 lens placed perpendicular to the laser beam
with an exposure time of 1 us. A narrow bandpass filter centred around 532 nm is used to reject light originating from
inelastic processes. The laser pulse energy is approximately 0.5 mJ and the repetition rate is 10 Hz. Each image frame
is based on 600 instantaneous exposures from which the mean and standard deviation are computed. Measurements
at different heights are obtained by translating the burner vertically using a micrometer stage.

The Nd:YAG laser is further used to pump a frequency-doubled Rhodamine 6G dye laser tuned to 283.6 nm to
excite the Q1(8) (v = 1 < 0) transition in the A% < X?2II electronic system of the OH radical. This transition
has been chosen in order to reduce the sensitivity of the LIF signal to temperature. The fluorescence signals from
the (v = 0 < 0) and (v = 1 < 1) branches are collected in the wavelength range from 309 nm to 315 nm with
an intensifier (80 ns gate) and a CCD camera. A long-pass filter is used to suppress the 283 nm incident Rayleigh
wavelength (in addition to gating out the incident pulse). Strong broadband fluorescence attributed to PAH species is
detected in addition to fluorescence from the OH radical. The two fluorescence signals are separated by subtracting
the signal detected when the laser is detuned from the OH spectral line from the signal recorded when the laser is
tuned (SOH = Gigtal  SEAH ). The UV laser sheet is 700 m thick and 58 mm tall to avoid exceeding the
OH saturation intensity (10 mJ/cm? [30]) with a shot energy of no more than 3.5 mJ, thus ensuring operation within
the linear LIF regime. In an unrelated experiment using the same set-up [31], the OH-PLIF signal was found to
correlate linearly with the concentration of silane doping (0-3000 ppm) added to a vitiated co-flow burner with an R?
coefficient of 0.9994, further confirming linearity.

The ELS and LIF signals are post-processed as follows. First, a dark image obtained immediately prior to the
experiment is subtracted. Subsequently, relative intensity variations along the vertical axis are corrected using a
measurement of the beam profile recorded immediately prior to the experiment. Normalised beam profiles are obtained
by imaging a quartz cuvette placed on the optical path above the burner, containing a dilute solution of milk in water
(green beam) or acetone vapour (UV beam). Next, the intensity of each individual image frame is scaled according
to shot energy measurements from a PEM-45K energy meter (green beam) and a LaVision energy monitor (UV
beam) acquired during the experiment for each laser shot. The spatial coordinate transformation between image and
experiment was established by imaging a double-sided dot target (1 mm diameter, 2.5 mm pitch) that attaches to the
burner nozzle and applying the de-warping algorithm available in the LaVision DaVis package. A script was used to
discard any image in which the sooty wings of the flame were detected to be displaced by more than +450 pm, e.g.,
due to an air draft.

The LOSA data are obtained by scanning a 635 nm diode laser across the flame in increments of 250 pm with a
power of 1.2mW and focussed down to a diameter of 0.5 mm over the burner. The transmitted power is measured
with a 0.8 mm? Si photodetector. A digital oscilloscope is used to read voltage from the photodetector and obtain
measurements averaged over one second. The extinction coefficient is calculated using as reference the voltage corre-
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sponding to an unobstructed beam and subtracting the voltage obtained when the beam is fully obstructed. Extinction
due to air and laser power variations were both found to be negligible over the path length and the duration of the
experiment, respectively.

Furthermore, we employ a thermophoretic sampling device to extract soot particles from the flames. The device
consists of a double-action pneumatic cylinder that introduces a 3 mm diameter holey carbon TEM grid into the
flame, retracting after a pre-set residence time of 120 ms. The grid is held vertically during sampling in order to keep
disruption of the flow to a minimum. Samples are imaged in a Jeol 2100+ TEM at an acceleration potential of 200 kV.
Quantitative data on the size of primary particles is obtained from the analysis of a collection of 435 TEM images.
The distinction between individual particles in TEM images is difficult because several particles may be on top of each
other. In order to avoid errors from an automated algorithm, a total of 762 primary particles were manually measured
with Image-J, using the scale bar on the image as calibration. The mean particle diameter, standard deviation and a

rough particle size distribution were then computed for each case and height above the burner.

3. Physical model

3.1. Gas phase transport and chemistry

Figure [1| schematically depicts the axisymmetric, two-dimensional domain we consider for modelling the dif-
fusion flame on the Santoro burner. A symmetry boundary condition is applied along the flame centreline, while
homogeneous Neumann boundary conditions are applied along the lateral domain boundary and the outlet. At the
inflow cross-section, Dirichlet boundary conditions hold. Initially, the domain contains only air at ambient pressure
and temperature; starting from this initial condition, the governing equations are temporally evolved into steady-state.
The spatial grid encompasses 200 x 100 cells in the axial and radial directions, respectively, and is refined towards
the jet exit and the interface between the fuel and air streams. Following common practice, we describe the gas phase
in terms of n + 1 reactive scalars Y (x) = (Y1(x), ..., Y,(x),Y,+1(x)), representing n species mass fractions and
the mixture enthalpy. Within the flow, the reactive scalars evolve according to the species transport equations and the
energy conservation equation, respectively, and obey the constitutive relations for a multicomponent ideal gas. The
flow field, moreover, is governed by the continuity and momentum conservation equations for a Newtonian fluid.

In order to support the PAH-HACA framework for soot formation, three different chemical reaction mechanisms
are considered. The first one is the ABF mechanism which encompasses 101 species and 544 chemical reactions
[[L1} 132]]. Here, the chemistry for small hydrocarbons is based on the GRI 1.2 mechanism which contributes most
C, species and a skeletal mechanism for C; and C, species. The ABF mechanism includes polycyclic aromatic
hydrocarbon (PAH) species up to pyrene (C,4H,, or A,), in particular, benzene, naphthalene, phenanthrene and pyrene
(A;—A,). The ABF mechanism also serves as a reference for other reaction mechanisms [14} 33| used in modelling

soot formation .
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The second chemical reaction mechanism we consider is provided by Blanquart et al. [34] (BBP), involving 149
species and 928 reactions, and accounts for all major pathways of PAH formation up to cyclopentapyrene (C,gH;).
The BBP mechanism has been developed based on GRI 3.0 [35] with an emphasis on the chemistry of soot precursors
such as acetylene, the C;H, isomers (allene and propyne), propene, butadiene and benzenel. The complete mechanism
has been validated for a large set of fuels ranging from methane to iso-octane and one-ring aromatics for configurations
including homogeneous auto-ignition, laminar premixed flames and diffusion flames.

The final reaction mechanism is the KAUST PAH Mechanism 2 (KM2) [33]] which includes species up to coronene
CyH,, and comprises of 202 species and 1351 reactions in total. The reactions for small chemical species up to
benzene were adopted from the USC II mechanism. Predictions of PAH concentrations were validated in several
premixed flames. In addition, Lee et al. [36] compared predictions of large PAH species with signals from a laser-
induced incandescence (LII) experiment, indicating that it is well suited for modelling large PAH molecules that serve
as soot precursors.

The thermodynamic and transport properties of the species are obtained from the ABF, BBP and KM2 mech-
anisms, respectively, and a mixture-averaged diffusion coefficient is employed [37)]. In the momentum equation,
moreover, buoyancy effects are accounted for. In order to account for the reduction of mixture enthalpy due to radia-
tion by gas phase molecules and soot, we include a radiation model based on the assumption of optical thinness [38].

Here, the temperature dependence of the Planck mean absorption coefficients is approximated by polynomials [39].

3.2. Population balance model for soot

In a continuum approach, soot is commonly described in terms of the number of particles per unit of volume
in physical space whose characteristic properties take on particular values. Here, we specifically consider particle
volume v as the single defining property; the number density n(v, x, t) dv then corresponds to the number of particles
with volume in [v, v + dv] at the location x and time ¢ per unit of physical space. Formally, the population balance
equation (PBE) is a statement on the balance of number density in (v, X)-space, respecting source and sink processes
for the creation and removal of number density [40]. At (x,t), n(-,x,t) is often referred to as the particle size

distribution. Considering soot nucleation and coagulation as source/sink processes, the PBE is given by

On(v,x,1 i (U0 ) | 2(G(0 Yt _ I SRS BT

ot ov Oz

Jj=1

/ Blw,v —w)n(w,x, t)n(v —w,x,t) dw — /Oo B(v,w)n(v,x, t)n(w,x,t)dw, (1)
0

where G(v,Y) is the combined surface growth and oxidation rate, B represents the nucleation rate, v is the nuclei

volume and (v, w) denotes the coagulation kernel. K;(v,x,t), moreover, represents the diffusive flux of number
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density along the jth coordinate direction in physical space,

on(v,x,t)

K;(v,x,t) = —Dp(v,x,1) £
j

; 2

and D, (v, x, t) represents the kinematic diffusivity of a particle with volume v [41]. D}, (v,x, ) is controlled by the
diameter d,(v) of spherical particles, or the hydrodynamic diameter dj, (v) for aggregates, as indicated in investiga-
tions on the dynamic properties of polymers suspended in a solvent [42].

In the spatial convection term of Eq. (I), UT (v,x,t) represents the thermophoretic velocity that a particle im-
mersed in a flow with temperature gradients experiences. Depending on the Knudsen number Kn, the thermophoretic
velocity is computed for the free-molecular (Kn > 10), transitional (0.1 < Kn < 10) or continuum regimes

(Kn < 0.1) [43.43],

3v 10T 10 < K
—_— n
4(1+752) ?3% )
2C.w (ke + C;Kn
Ul =5 _ * 101 , 3)
J o T 9w 0.1 <Kn<10
(14+2CuKn) (1+ ot 2CKn J
0, Kn < 0.1

where the accommodation factor oy, is set to 0.9. k, represents the thermal conductivity of the ambient gas and
kp, = 0.26 W/m — K is the thermal conductivity of a soot particle [46]. Cp, = 1.14 and C; = 2.18, moreover,
are model parameters [44]. Toda et al. [47] conducted accurate measurements of thermophoresis in microgravity

conditions and introduced a correction parameter Cs based on the diameter dj, of a spherical particle
Cs = 2.72 x 10° (d,, — 2.7 x 107°) + 3.19. 4)

For fractal aggregates, d,, in Eq. () is replaced by the diameter of gyration d,, see Section

The governing equations are discretised in (x, v) using a standard finite volume scheme [48]] and incorporated into
our in-house research software BOFFIN [25]]. In order to allow for the application of tailored time integration schemes,
the PBE in Eq. is solved in two fractional steps [49, Section 6.3]. The first step involves convection and diffusion
in physical space, using a Crank-Nicolson scheme, while the second fractional step encompasses convection and
source/sink processes in particle volume space, employing the fifth order accurate Runge-Kutta scheme DOPRIS [50].
For the cell face fluxes in v-space, we adopt the high resolution formulation of Koren [51], also see Qamar et al. [52].

The double integrals that occur in the coagulation source terms, moreover, are evaluated using the approach
recently developed by Liu and Rigopoulos [23]. This approach is advantageous because of (a) its accurate prediction of
the distribution for a small number of finite volume cells, (b) the conservation of the first moment (or any other single

moment) during coagulation, (c) the applicability to an arbitrary non-uniform grid and (d) its speed and robustness
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when coupled with CFD. Liu and Rigopoulos [23] tested the approach on the original Santoro experiments [28] and
found 60 finite volume cells in v-space to be sufficient for obtaining converged results. For this reason, 60 finite

volume cells are also employed for the v-discretisation in the present work.

3.3. Soot kinetics

3.3.1. Nucleation

Frequently, the coalescence of two PAH molecules is considered as the main soot particle inception step [[11} 12}
15]. Contrary to acetylene-based models, PAH dimerisation constitutes an intermediate stage between the gaseous
phase and the mature solid phase. In the present article, we consider the dimerisation of PAHs with two or more
aromatic rings as a newly formed soot nucleus. For the BBP and KM2 mechanisms, the dimerisation rate is computed
by assuming a Maxwell velocity distribution in the kinetic theory of molecular collisions such that the nucleation rate

(in[1/ m?]) is given by the collision frequency of two PAH molecules, PAH; and PAH,

87TRJT
My,

B(PAH;;) = CyvjuNad3), [PAH;][PAH,], 5)
where N denotes Avogadro’s number, Ry is the gas constant (in [kmol — K /kJ]) and d,, indicates the mean diam-

eter of the molecules PAH; and PAH;,. M, moreover, represents the equivalent molar mass of PAH; and PAH,,

M, M,

Mjj, = —3=F
M+ My,

(6)

and square brackets indicate molar concentrations (in [kmol/ m?]). The PAH species and the associated dimerisation
efficiencies +; are chosen based on the original articles by Blanquart and Pitsch [12] and Wang et al. [[15]. We maintain
the custom that only the self collisions of a series of PAH molecules are considered in the BBP chemistry, whereas also
heterogeneous collisions involving different PAHs is accounted for in the KM2 chemistry. The collision efficiencies
~vji for the heterogeneous dimerisation rates are computed as the geometric means of the associated single species

collision efficiencies,

o7 ifj=k

Vik = ! - (7

ViV otherwise j # k
The correction constant C, in Eq. (3)) is set to 1.0 for the BBP mechanism [12] and to 0.127 for the KM2 mecha-
nism [[15]. As reference, Table |l|summarises the PAH molecules that are included in the dimerisation step for either
reaction mechanism along with the molar masses M; and the single species collision efficiencies ;. This table also in-
cludes the PAH species and properties for the ABF mechanism. For consistency with the BBP chemistry and contrary
to Appel et al. [11] who only included the dimerisation of pyrene, we base the ABF nucleation rate on the dimerisation

of all those PAHs which the ABF and BBP mechanisms have in common.

In the finite volume discretisation along v, the contribution of nucleation to the temporal rate of change of number



Collision efficiency 7;

Species  Molar mass M; [kg/kmol] Name
ABF  BBP[12] KM2 [15]
CioHg 128.17 Naphthalene 0.0010 0.0010 —
C,,Hg 152.20 Acenaphthylene 0.0030 0.0030 -
Ci,Hy 154.21 Biphenyl 0.0085 0.0085 —
Ci,Hy 178.24 Phenathrene 0.0150 0.0150 -
CisHjp 202.26 Pyrene 0.0250 0.0250 0.006
Acephenanthrylene — 0.0250 -
Fluoranthene — 0.0250 —
CisHyo 226.28 Cyclo[cd]pyrene 0.0390 0.0390 -
1-Ethynyl pyrene — - 0.010
2-Ethynyl pyrene — — 0.010
4-Ethynyl pyrene - — 0.010
CyHj» 252.31 Benzo(a)pyrene — — 0.011
Benzo(e)pyrene — - 0.011
Cy»H,, 276.34 Benzo(ghi)perylene — - 0.014
C,4H,, 300.36 Coronene - - 0.020

Table 1: List of PAH species that are involved in dimerisation and surface condensation for three chemical reaction mecha-
nisms.

density in the ith finite volume cell [v;_1, v;] with width Av; = v; — v;_1 is evaluated as

. 1 vi
Bi=3.>. Av, /v_l B(PAH;x)d(v — v(PAH 1)) dv, ®)

J k<j

where v(PAH,y,) is the volume of a dimer formed from PAH; and PAH, [17]] and ¢ indicates Dirac’s delta-distribution.

3.3.2. Surface growth and condensation

According to the HACA mechanism [L1], surface reactions occur at specific sites that are distributed across the
surface of a particle. These sites may either be associated with hydrogen atoms bonded to carbon atoms or radical
sites on dehydrogenated carbon atoms. The number density of the first type of sites (Cgo0t — H) is estimated constant
at 2.3 x 10 x 10'® sites/cm? based on the diameter of a benzene ring and the distance between PAH layers in soot
[19]. The number density of radical sites (Cgo0t-), On the other hand, is rationalised by assuming that both types of
sites are in steady state. Besides the H and OH radicals, Hwang and Chung [53]] and Wang et al. [[15] emphasised that

CHj;, C;H; and C,H also play an important role in hydrogen abstraction.

Csoot — H + CH3 < Cyootr + CH4 )
Csoot —H+C3H; & Cyoor + C3Hy (10)
Csoot —H + CQH & Ceootr + CQHQ an

A complete list of the enhanced HACA mechanism including surface reaction rates can be found in Reference [15]].

In order to model the experimentally observed dependence of reactive sites on particle size [54}155] and temperature

10
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Coefficients in a(T) = Bu exp(Tw/T)

Reaction mechanism Cy

Bu Tu
ABF 1.0 0.0095 9000
BBP 1.0 0.0037 9000
KM2 0.127  0.0025 9000

Table 2: Correction constant C: in the PAH-based nucleation and condensation rates (Eqs. (5) and (I2)) and temperature
dependency of the fraction of active surface sites & = «(7') in the HACA mechanism for the three different chemical
reaction mechanisms considered here. The coefficient 8, was adjusted to approximately match the experimental profiles of
the line-of-sight integrated soot volume fraction along the flame centrelines.

[I56L157], Frenklach and Wang [19] introduced the fraction « of active surface sites, which has been used to adjust the
soot growth rate at high temperatures; Veshkini et al. [22]] summarised values and submodels for . In this article, we
consider « to be temperature dependent and adopt the functional form proposed by Guo et al. [21]. The coefficients
in this representation are determined by manual adjustment in such a way that the experimental measurements of the
line-of-sight integrated soot volume fraction are well reproduced in the ethylene flames, see Table

Particularly at low temperatures, soot surface growth is also enhanced by the condensation of PAHs onto the
particle surface. Unlike the chemical surface reactions in the HACA mechanism, PAH condensation is the physical
collision of a PAH molecule and a soot particle that is independent of active surface sites. In our model, all PAH
molecules which contribute to the nucleation step can condense onto the surface of a soot particle with the same
collision rate +; and correction factor C; (Tables [T] and [2). The rate of increase in soot mass per surface area (in

[kg/m? — m?]) due to PAH condensation is computed according to

R(PAH) = C, Z%,/ PAH JMe;, (12)

where M¢; (in [kg/kmol]) denotes the carbon weight per mole for PAH;.

The cumulative volumetric growth rate encompasses contributions from the enhanced HACA mechanism for

oxidation and acetylene-based growth as well as the PAH condensation process

As(v)
Ps

Gv,Y) = R(HACA) + R(PAH)} : (13)

where R(HACA) represents the surface-specific soot growth rate of the enhanced HACA mechanism and ps =
1800 kg /m? is the density of solid soot. The formulae for the volume-dependent surface area A4(v) of a soot particle
are discussed in detail in Section and summarised in Table [3] If the growth rate G(v,Y) in Eq. is negative,

then the oxidising species O, and OH dominate the soot surface reactions.
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25 3.3.3. Particle coagulation
The collision kernel in the coagulation term for the free molecular and continuum regimes, respectively, may be

described according to [38]]

FkBT
ps(vi + Uj)
2]€BT C(’Ui) C(Uj)

3 (d(w) " d(wy)

B (vi,v;) = 2.2 (d(vi) + d(vy))?, (14)

5C(Uivvj) =

) (d(w) + d(vy)) as)

where kp denotes Boltzmann’s constant, d(v) represents either the diameter of a spherical particle d,(v) or the
diameter of gyration of an aggregate dgy(v) (Egs. and below) and C'(v) is a function that encapsulates the
Knudsen number dependency

C(v) =14 1.257 x Kn(v). (16)

The diameter of gyration d is a parameter used to measure the mass distribution in a fractal aggregate. We employ the
free-molecular coagulation kernel 8™ for min(Kn(v;), Kn(v;)) > 10 and the continuum kernel for max(Kn(v;), Kn(v;)) <
0.1. In-between these two conditions, the transition kernel 3% is used [59],

B (vi, v5) B (vi, vj)

B (vi,v5) = Bim (vi, v5) + B(vi, vj) o

3.4. Soot morphology

As previous research on soot morphology [60-63] and our TEM observations indicate, soot particles tend to as-
semble into aggregates of fractal ‘grape-like’ shape, consisting of many connected spherical primary particles. In
order to account for fractal shapes while maintaining a one-dimensional particle property space, we assume a soot
particle to be spherical in shape if its volume is less than a critical value v.;. On the other hand, it is assumed to be an
aggregate consisting of several primary particles with identical volumes v.; if the volume of this aggregate is greater
than another critical value v.o. In-between these two limiting cases, soot particles may possess an intermediate shape
whose morphological characteristics are detailed at the end of this section. Based on TEM images of thermophoret-
ically sampled soot particles (Figure , we determined an average primary particle size of d, . = 30.8 nm which
agrees well with the average size of 29 nm reported by Tian et al. [60]. For this reason, the first critical size is defined
as the average size of primary particles v.; = vp,2; concomitantly, the second critical size is taken as veo = 10vp 5

[64]. The number of primary particles in a fractal-like aggregate can be estimated from the power law [41]

Np(v) = —— =k (dg(”)>m, (18)

Up,a dp,a

where v represents the volume of an aggregate, dy(v) denotes the diameter of gyration, kf = 1.94 is the fractal

prefactor [62]] and Dy = 1.8 is the fractal dimension [64]. For large non-spherical or elongated aggregates, the

12



diameter of gyration and the hydrodynamic diameter are related according to [65]]

ds _ o775, (19)
dn

Within an aggregate, neighbouring primary particles are assumed to be in point contact such that the surface area

Ag(v) of an aggregate is estimated as [64]

Ay(v) = Ay aN, (0) (1 —6Chs (1 - Npl(v)» . 20)

Here, A, , represents the surface area of a spherical particle with diameter dy, ., Cov = 0.15 is an overlapping
parameter for neighbouring primary particles and ¢ is defined as the coordination number (number of contacts per
primary particles), approximated as 1.3 for large Ny, (v).

The shadings of the particles imaged in Figure [3|indicate that soot particles are initially liquid-like and carbonise
progressively, in agreement with the recent results of Kholghy et al. [5]. At heights above the burner of 20 mm in
the non-smoking flame and 30 mm in the incipient-smoking flame, the liquid-like particles are generally larger than a
primary particle and appear to possess a shape that is intermediate between a spherical particle and a fractal aggregate.
Assuming that the volumes of these particles range in [vc1, V2] = [Up,a; 10U 5], We treat the associated morphological
diameters dy, (v) and dg(v) in a special way. For example, rather than using the statistically empirical expressions in
Eqgs. (I8) and (T9), the diameter of gyration and the hydrodynamic diameter in the size range [vp, o, 40 o] are computed
based on the theoretical expressions for primary particles, dimers, trimers and tetramers derived by Sandkiihler et al.
[66] and fitted as cubic polynomials. For the size range [4vp, a, 10vp, 5], by contrast, linear interpolations based on the

values at the two boundaries are used to maintain continuity over the whole size domain.

0u(0) dpa - [—0.1067N3 4 0.6787N2 — 1.0219N,, + 1.45] , 1 < N, <4 en
V) =
* dy.o - (0.1819N, — 4 + 0.6655) 4< N, <10
dp, - [0.1701N3 + 1.086N2 — 1.6828N,, + 1.77], 1< N, <4
dh(’U) _ P, [ p p p } p (22)
dp.a - (0.2798N,, + 0.41) 4< N, <10

In addition, the surface area of a particle in this intermediate size range is also fitted based on the two boundary values

and the 2/3 power of its volume, thus,
Ay(0) = Apa [1L72x Np(@)F 072|050 <0 < 1000, 23)

As reference, the morphological parameters of primary soot particles, aggregates and particles with an intermediate

shape are summarised in Table 3]

2Here, the diameter of gyration dg and the hydrodynamic diameter dy, are distinguished. dg plays an important role in the collisional kinetics
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Geometrical parameter Symbol v < vpa Upa <V < 100pa 100pa <wv

Diameter of gyration dg (6v/m)Y*  Eq. @) dp,a(kev/vp )/ P1
Hydrodynamic diameter  dp, dg Eq. dg/0.775
Surface area As wd; Eq. 23) Eq. 20)

Table 3: Summary of the geometrical parameters we employ to describe the morphology of soot particles over a range of
particle volumes v.

4. Modelling of LIF, ELS and LOSA signals

The central aspect of our model validation in Section[3]is to compare ‘predicted laser diagnostic signals’ computed
from model predictions of major chemical species and the soot size distribution with laser diagnostic measurements,

as advocated by Connelly et al. [26]. The intensity of the LIF signal, for instance, may be estimated according to [67]
SOMHE o LnenonoaQy, (24)

where [, is the intensity of the incident laser beam with wavelength A and noy represents the number concentration
of OH molecules. Additionally, o and @)y denote the molecular absorption cross section and the quantum yield,
respectively. Since both oo and QQy are functions of A and the local temperature 7', their product is modelled in terms
of the normalised Boltzmann fraction of electrons in the ground level f,, ;(T') for a transition of quantum numbers
v, J at temperature 7" and corrected by the collisional quenching of OH radicals by other major species (N,, O,, H,O,
H,, CO,, CO, H and OH) using the quenching rates w;(7") of Tamura et al. [68]. Assuming that spontaneous emission

is negligible compared with quenching, we hence calculate the normalised OH-LIF signal as

SOH-LIF o (O] f;é? (25)

For our purposes, the temperature dependence of the Boltzmann fraction is determined approximately with the aid of

LIFBASE [69]

oa (T) ~ 1.206 x 1071973 — 9.163 x 10~ 772 + 2.146 x 10~°T — 0.586 (26)
and the local quenching rate is obtained as
w(T) =Y Xawi(T), 27)
i

where X; denotes the mole fraction of the colliding species ¢ and w;(T') is the corresponding quenching rate.

of soot and is defined as the mass weighted average distance between the centre of a molecule and its mass elements. dy,, by contrast, controls the
spatial diffusion of particles and is defined as the diameter of a hard sphere that diffuses at the same rate as the molecule under consideration. In
general, the values of dg and d}, are of the same order of magnitude.
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While the OH-LIF signal SOH~LIF is primarily proportional to the concentration of OH, we emphasise that it
also depends on the concentrations of other species (including OH) via the quenching rate w(7T) and on temperature.
Strictly, the dependency of w(T') on [OH] renders SOH—FF o [OH]g([OH], [N,], [O,], ..., T), which is nonlinear
and cannot be directly interpreted as a normalised OH concentration. Yet, even if the dependency of the quenching
rate on [OH] were omitted, we would require estimates of temperature and other species involved in the quenching
rate, for example, from an existing physical model, to infer the normalised OH concentration. By consequence, the
OH concentration estimated from Eq. (23)) is subject to a combination of modelling and experimental uncertainties.
In order to circumvent this entanglement of physical modelling and measurement, we decided to directly compare the
experimental OH-LIF signal with its modelled counterpart SO ~F in Section 5.2}

The ELS signal intensity SF-S

is modelled according to the Rayleigh-Debye-Gans theory of light scattering by
fractal aggregates. Since we consider molecular light scattering to be negligible, S5 is proportional to both the
number density and the scattering cross-section o(v) of soot particles. The scattering cross-section may be computed
according to [62]

KF(m) (42)° for primari
m) (=5 or primaries

os(v) = ky , (28)

6
kE*F(m)S(q)Np(v)? (%) for aggregates

where k; is the fractal prefactor, k denotes the wavenumber of the incident light and F'(m) = |(m? —1)/(m? + 1)|?
is a function of the complex refractive index of soot (m = 1.61 — 1.74i [70]). S(g), moreover, represents a structure
factor which adopts different expressions for the Rayleigh, Guinier and power-law scattering regimes [71] depending
on the size parameter ¢,
1 ifgR; < 0.1
S(g)oc{ 1- B 01 <gRr, <1 . (29)

(qRy)~P1  otherwise

Here, ¢ = 2ksin(6/2) is the norm of the scattering wave vector, § is the angle of observation and R, is half of the
diameter of gyration. The relative ELS signal is thus calculated based on the soot particle size distribution according

to
SELSO(/ n(v,x,t)os(v) dv. (30)
0

Since our PBE-based model resolves the soot particle size distribution, the laser-diagnostic signals can be recov-
ered without any assumption on the shape of the size distribution. This is important because it may not always be
clear which shape is appropriate; monodispersed is most simple, log-normal is common [62] and a combination is
sometimes employed [[72]].

The Beer-Lambert law describes how a laser beam is attenuated as it travels through a flame for a distance L due

to a combination of absorption and scattering by soot particles. Based on this law, the line-of-sight integrated soot
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volume fraction (ISVF) may be expressed in terms of the experimental LOSA signal I/, according to

L A I

where ) is the laser wavelength, f,(s) represents the soot volume fraction (spatial coordinate s € [0, L]) and E(m)

denotes the absorption function

E(m) =1Im (m2_1> . (32)

Here, Im(+) indicates the imaginary part of a complex number.

5. Results and Discussion

In the present section, model predictions are compared with experimental measurements on a signal-basis and
characteristic traits in the spatial distribution of soot as well as their sensitity to changes in the gas phase and soot
kinetics are elucidated. To assist interpretation, we briefly summarise the key differences in the soot models of the
three mechanisms at this point. For both the ABF and BBP mechanisms, the nucleation and condensation rates are
based on A2 to A4 and feature identical collision efficiencies (see Table|l]) such that differences in the ABF and BBP
nucleation/condensation rates are solely due to the gas phase chemistry. This is in contrast to the KM2 chemistry,
which includes higher PAHs and for which the nucleation/condensation rates are based on the concentrations of A4 to
A7. The coefficient 3, in the HACA-based surface growth rate, moreover, is adjusted in Section (see also Table
such that the predictions of the line-of-sight ISVF obtained for the three model formulations match, approximately,
the counterpart deduced from the LOSA measurement by Eq. (1)) (see Figure[5|below). This calibration was found to
be necessary to level up the amount of soot formed in each of the three simulations and, thereby, establish a basis for
assessing relative deviations in predicting soot formation. The kinetics for soot coagulation, aggregation and oxidation

are identical for all three reaction mechanisms.

5.1. Gas phase chemistry in the absence of soot formation

Figure[]depicts the radial profiles of the key gas phase variables driving soot nucleation, condensation and surface
growth in the absence of soot formation for the ABF mechanism (based on GRI 1.2) and the BBP and KM2 mech-
anisms (both based on GRI 3.0). As reference, we also include the corresponding profiles for the non-PAH-baseline
mechanisms GRI 1.2 and GRI 3.0. While the ABF, BBP and KM2 mechanisms yield consistent predictions for
the spatial distribution of temperature and C,H, (apart from minor downstream deviations), the two non-PAH-based
mechanisms (GRI 1.2 and GRI 3.0) differ noticeably. This indicates that the addition of PAH chemistry has a large
impact on the overall reaction progress and the non-PAH composition. Since C,H, is the main driver for HACA-
based surface growth, soot growth may contribute similarly to increases in soot volume fraction in the three model

formulations if the HACA-kinetics are kept consistent. On the other hand, Figure [(b)] indicates no consensus on the
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PAH profiles. Compared to the ABF chemistry, the BBP mechanism yields an almost order-of-magnitude increase in
the A, mole fraction as well as much wider A, profiles, eliciting more vigorous nucleation and condensation. Indeed,
in Section [5.2] consistency of the overall amount of soot in the ABF and BBP simulations is reestablished by decreas-
ing the HACA growth coefficient (3, for the BBP mechanism and, in this way, altering the relative contributions of

nucleation/condensation and surface growth.

5.2. Laser diagnostic signals

In this section, we compare the measured OH-PLIF, ELS and LOSA signals with the corresponding model pre-
dictions. The line-of-sight integrated soot volume fraction (ISVF) is related to the LOSA signal according to Eq.
(31). Figure[5]depicts both the measured and predicted line-of-sight ISVF along the centreline for the non-smoking
and incipient-smoking flames. The solid red line represents the measured ISVF for a constant value of E(m) = 0.32
based on a complex refractive index of m = 1.61 — 1.74i [70]. The uncertainty in the ISVF is mainly due to the wide
range of values reported for E'(m), see Appendix Following Chang and Charalampopoulos [73]] and Kelesidis and
Pratsinis [74], F(m) is mainly affected by the laser wavelength A, but may also be influenced by the type of fuel
and soot maturity. Tian et al. [27] reported values of the absorption function E(m) in the range from 0.21 to 0.37
for A =~ 632nm, while Kelesidis and Pratsinis [[74] mentioned that, for nascent soot, E(m) may be as low as 0.17
and increase as the soot particles mature. For this reason, we assume 0.17 < E(m) < 0.37, corresponding to an
uncertainty in the ISVF of over 50 % as indicated by the shaded area in Figure Since soot precursors and small soot
particles attenuate much less laser energy than mature particles, the experimental ISVF computed from the LOSA
signal may be underestimated by taking E/(m) = 0.32. Correspondingly, the dashed red line in Figure |3 indicates
a guessed ISVF profile obtained using a minimum E(m)-value for small particles and a maximum value for mature
aggregates.

In order to level the predictions of the amount of soot formed for the three reaction mechanisms, we adjusted the
coefficient /3, in the HACA surface growth model manually and approximately matched the predicted ISVF profiles
with the experimental one for E(m) = 0.32. Despite this one-parameter tuning, the ISVF predictions continue to
show qualitative deviations. For example, the ISVF peak is underpredicted and the ISVF decays about 5 mm to 15 mm
further downstream than the experimental profile. If the 3, -values in Table [2|are further increased or decreased, then
either of these discrepancies is aggravated. A reduction in 3, for instance, results in an upstream shift of the decaying
branch of the profile, but also causes the maximum ISVF value to decrease significantly. If the experimental ISVF
is corrected for the change of F/(m) with size (dashed red line in Figure , then the qualitative discrepancies in the
predicted ISVF profiles appear to be slightly less severe, corroborating the impact of soot polydispersity on E(m).

Complementary to Figure 5} Figure [6] depicts the predicted and measured radial profiles of the line-of-sight ISVF
for both flames. As above, the LOSA measurements are endowed with the uncertainty range detailed in Appendix [A]
In line with our previous observations, the radial ISVF peaks at the axial distances of 30 mm and 50 mm for the non-

smoking and incipient-smoking flame, respectively, are lower than the values computed from the experimental LOSA
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signal (for E(m) = 0.32). The experimental ISVF profiles indicate two sooty flame wings which are also present in
the signals predicted by the ABF-based model. Quantitatively, however, the distance between the two sooty wings is
overpredicted by about 2 mm in the ABF simulations. For the BBP and KM2 reaction mechanisms, by contrast, the
radial increase in the line-of-sight ISVF away from the centreline and the subsequent drop are less pronounced and
the radial profiles appear to be much smoother.

The left panels in Figure[7)show the radial profiles of the measured and predicted normalised ELS signal at several
downstream positions for the two flames. The radial locations at which the ELS signal peaks are correctly reproduced
by the BBP and KM2 mechanisms, while the maxima are displaced radially outwards for the ABF signals, echoing
our observation in Figure [6] Additionally, the experimental ELS signal indicates that a significant amount of light
is scattered close to the centreline in-between the sooty flame wings. This is also reflected in the BBP and KM2
predictions, but seems to be absent in the ABF simulation. For a different reaction mechanism, Dworkin et al. [[14]
and Eaves et al. [75] obtained predictions of the centreline soot volume fraction in the same order of magnitude as the
corresponding measurements. They argued that PAH-based nucleation dominates on the centreline and found their
reaction mechanism to lead to much larger centreline PAH concentrations than the ABF mechanism. The focus on
PAH chemistry is also evidenced by previous observations on the underprediction of the soot volume fraction near the
centreline for purely acetylene-based nucleation models [7, 76} [77].

The right panels in Figure [/| depict measured and predicted radial profiles of the OH-LIF signal. Throughout
the flames, the radial peaks of the predicted normalised OH-LIF signals are slightly narrower than the experimental
observations. As the axial distance increases, the OH-LIF peaks migrate towards the centreline until they partially
overlap with the sooty flame wings. For both flames, the measured OH-LIF profiles are slightly more skewed towards
the centreline at the downstream distances than the predicted profiles and OH is also detected near the flame centre.
Physically, soot forms and grows on the rich side of the flame and is oxidised, mainly by OH, in the vicinity of
stoichiometric conditions. This rationale is corroborated by the observation that the predicted ELS and OH-LIF
profiles in Figure[/|are mainly non-overlapping, except by a small amount at the furthest downstream location.

Further to Figure[7] Figures [ and [9] show contour plots of the predicted and measured normalised ELS and OH-
PLIF signals in the non-smoking and incipient-smoking flames. The white gaps in the experimental ELS contour
plot indicate regions for which ELS data was not obtained. OH-PLIF data, by contrast, was collected in a series
of overlapping stripes as a function of height. The rightmost panels in Figures [§] and [9] therefore provide an honest
illustration of experimental reproducibility; some minor discontinuities can be observed at the ‘seam’ between stripes,
caused by residual flame ‘meandering’ despite the presence of a shrouding chimney. The experimental records show
that the two sooty wings appear approximately 15 mm above the nozzle exit plane and disappear at axial distances of
about 60 mm and 95 mm, respectively. Although the sooty wings are also prominent in the predicted ELS signals, the
three different gas phase mechanisms lead to qualitative differences. For the BBP and KM2 mechanisms, for instance,
soot formation seems to commence further upstream than in the experimental records and soot persists until the wings
converge on the centreline near the flame tip. Additionally, the sooty wings are thicker, eliciting a strong ELS signal

18



375

380

385

390

395

400

from the centreline upstream of the flame tip. This is quite in contrast to the ELS contours obtained from the ABF
mechanism. Here, the sooty wings are almost as sharp as indicated by the experimental measurements; however, as in
Figure[7] the wings are shifted radially outwards and there does not seem to be any light scattering near the centreline.
The increase in thickness of the sooty wings in the BBP and KM2 predictions compared to the experimental ELS
signal may be due to differences in the sensitivity towards the presence of soot nuclei. In our PBE-based model, PAH
dimers appear as soot nuclei and are accounted for in the soot particle size distribution and the predicted ELS signal.
These dimers are, however, too small to bear an influence on the measured ELS signal or to be sampled intrusively.
By consequence, the experimental ELS signal and the soot size statistics obtained from the TEM images are biased
towards larger particle sizes. At the same time, we surmise that the sooty wings in the ABF predictions inherit their
sharpness from the upstream profiles of the nucleation rate (Figure [[0(c)|below).

Apart from the downstream tails, the experimental OH-PLIF signals almost completely envelop the ELS signals.
The experimental measurements indicate that the OH-PLIF wings emanate from the edges of the fuel tube and convene
on the centreline about 70 mm and 100 mm above the burner exit plane, respectively. By contrast, the downstream
tip of the predicted OH-PLIF contours is located approximately 10 mm to 15 mm further downstream than in the
experimental records, echoing the delay in soot oxidation of Figures [5|to[9]

In summary, some discrepancies persist between our model predictions and experimental laser diagnostic signals
despite the calibration to the experimental ISVF profile on the centreline. In terms of the location and intensity of soot
production, the PBE-based soot model relies on the outcome of the reaction mechanism used to describe the gas phase
chemistry and pool of soot precursors. In particular, the predictions obtained from the BBP and KM2 mechanisms
reproduce the distance between the sooty flame wings very well. On the centreline, the experimental measurements
indicate that a small amount of soot is produced, but this is overestimated by the BBP and KM2 mechanisms and

completely absent in the predictions obtained with ABF chemistry.

5.3. Radial profiles of key variables controlling soot formation

In the present section, we turn to the analysis of the spatial distribution of key gas phase variables along with the
nucleation, surface growth, condensation and oxidation rates they control. For brevity, model predictions are shown
only for the incipient-smoking flames, but we emphasise that the corresponding predictions for the non-smoking flame
share similar features.

Figure depicts radial profiles of temperature and of the C,H, mole fraction at different heights above the
burner exit in the presence of soot formation. Beyond an axial distance of about 30 mm, the temperature profiles
obtained from the ABF mechanism fall below the BBP and KM2 profiles by up to 200 K, although the three mech-
anisms yielded coincident temperature profiles in the simulations without modelling of soot formation (Figure [4(a)).
This seems to indicate that the ABF results are much heavier influenced by soot radiation and species scavenging than
the BBP and KM2 predictions. Since the line-of-sight ISVF along the centerline has been approximately matched for

the three mechanisms, but the sooty wings are located further away from the centreline for the ABF mechanism than
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for BBP or KM2, the flame area and the cross-sectional ISVF are larger in the ABF case, eliciting intenser radiative
heat losses.

The C,H, profiles obtained from the three reaction mechanisms, by contrast, match for a larger axial range, up
until about 50 mm above the burner exit. Further downstream, the C,H, profiles obtained from the ABF mechanism
extend slightly further away from the centreline than the BBP and KM2 profiles, reflecting the radial shift in the sooty
wings we observed with the ABF predictions in Figures [6] and[9(a)] By an axial distance of 90 mm, C,H, has
completely disappeared for the ABF and BBP mechanisms, whereas the KM?2 profiles still indicate a small amount
of C,H, here. This may explain why the ELS signals predicted by the KM2 mechanism vanish further downstream
(Figure O(a)). Interestingly, the C,H, profiles extend further downstream than in the predictions obtained without a
soot formation model (Figure (a)), potentially because the temperature drop due to soot radiation has a retarding
effect on the hydrocarbon reactions.

Since A2 serves as the main species for PAH dimerisation and condensation in the ABF and BBP mechanisms,
Figure shows profiles of the A2 mole fraction along with A4. In the early to middle stages of soot formation
(from 10 mm to 50 mm above the burner exit), the A2 mole fraction predicted by the BBP mechanism is about one
to two orders of magnitude larger than the one obtained from the ABF mechanism. The A4 mole fraction, on the
other hand, is orders of magnitude lower than the A2 mole fraction in both the ABF and BBP simulations. This is at
odds with the KM2 results, where the A4 mole fraction takes on similar values as the A2 mole fraction, supporting
the selection of higher PAHs (A4 to A7) as soot precursors in the KM2 nucleation process following Wang et al. [[15].
Physically, these large PAHs are thought to play an important role in soot nucleation [} [17].

Figure moreover, depicts radial profiles of the nucleation and growth rates in the incipient-smoking flame.
Here, the profiles of nucleation rate correspond well with the spatial distribution of the PAHs in Figure[I0(b)] while the
growth rate peaks in regions of high temperature and large C,H, concentration. Despite the same nucleation model, the
nucleation rates computed from the ABF and BBP mechanisms differ by one to two orders of magnitude (in line with
differences in the corresponding PAH profiles in Figure [[0(b)), leading to significantly different spatial distributions
of soot. This is at variance with the BBP and KM2 simulations, which are characterized by similar nucleation rates
and lead to similar spatial soot distributions, although the respective nucleation models differ. Commensurate with
the adjustment of the parameter 3, in the HACA model (Table [2), the maximum surface growth rates at 15 mm and
35 mm above the burner exit slightly decrease from the ABF to the BBP and KM?2 mechanisms despite the similarities
in the C,H, profiles.

Finally, Figure shows the specific surface oxidation rate due to OH and O, alongside the PAH surface
condensation rate. The oxidation profiles coincide for the three different reaction mechanisms almost up to the flame
tip, indicating that the spatial distributions of OH and O, are only slightly affected by a change in gas phase chemistry.
The condensation rate is shown on the same scale as the surface growth rate and we observe that PAH addition occurs

predominantly near the centreline, while C,H, addition is stronger in the sooty flame wings.
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Case Abbreviation C, a

Original OR 1.0 0.0037 x exp(9000/T)
Adjusted I ADI 0.1  0.0062 x exp(9000,/T)
Adjusted2  AD2 0.01  0.0105 x exp(9000/T) ~ 1.0

Table 4: Summary of the parameter sets (C;, a) considered for a sensitivity analysis with respect to the rates of nucleation
and surface growth.

5.4. Sensitivity analysis on nucleation and growth rates

In the present section, we explore the sensitivity of the predicted line-of-sight ISVF and ELS signals with respect
to the nucleation and growth rates. In Egs. (5) and (12), the dimerisation and condensation rates are scaled by a
correction factor C,. Similarly, the HACA surface growth rate is parameterised by the fraction of active sites c.
In order to maintain the experimental levels of the line-of-sight ISVF, the changes in C; and « are coordinated as
indicated in Table 4] As base test case, we consider the incipient-smoking flame using the BBP reaction mechanism
because of the broad PAH profiles it yielded (Figure and otherwise reasonable predictions.

The (Cy, ) parameter sets in Table |4| indicate that soot formation is much less sensitive to the nucleation and
condensation rates than the growth rate. For example, a ten-fold reduction of the nucleation/condensation rate is
accompanied by a less than two-fold increase in the growth rate if the axial profile of the experimental line-of-
sight ISVF should be maintained. As the relative contributions of nucleation/condensation and growth change, the
qualitative shape of the predicted profile remains almost intact. One slight improvement occurs in the nearfield (height
< 20mm) where the reduction of the nucleation rate causes the line-of-sight ISVF on the centreline to decrease.
However, the main limitations which we identified in Section[5.2|remain; the maximum line-of-sight ISVF is severely
underpredicted and the downstream decay is delayed.

Figure |12|shows the influence of the (C\, «)-set on the radial profiles of key variables which control soot forma-
tion. Although the line-of-sight ISVF remains very similar to the original profile for the case AD1, the corresponding
spatial distribution of the ELS signal changes noticeably. Up to an axial distance of 35 mm, the ELS intensity is almost
halved, echoing the slight backward shift of the line-of-sight ISVF profile in Figure[TI} Concomitantly, the nucleation
rate decreases by less than an order of magnitude and the ten-fold reduction of C;. seems to be counterbalanced by the
increase in PAH mole fractions caused by reduced species scavenging. The increase in the surface growth rate, on the
other hand, takes effect about 2.5 to 5 mm away from the centreline and causes the sooty flame wings to shift radially
outwards by a small amount.

As the nucleation and condensation rates are further reduced to a fraction of C, = 0.01, we find that the predicted
ELS profiles are qualitatively more similar to those obtained from the ABF mechanism than the BBP base case. In
particular, the sooty wings are displaced in the radial direction. However, as a positive side effect and contrary to the
ABF results, some soot remains in-between the wings on the centreline and the ELS signal emitted here appears to
be quantitatively more accurate than the base BBP results. In summary, we observe that low levels of PAHs, small
PAH-dimerisation and condensation rates and a strong surface growth rate result in a radial displacement of the sooty
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wings for ethylene diffusion flames along with a reduction in soot formation near the centreline. This finding is

commensurate with the physical picture that the centreline soot mainly originates from PAH-based nucleation [14]].

6. Conclusions

In this article, we presented a combined experimental and modelling investigation whose objective was to study
the gas phase chemistry and soot formation in a laminar diffusion flame and to provide guidance on kinetic model
adjustments. Planar OH laser-induced fluorescence (OH-PLIF), elastic light scattering (ELS) and line-of-sight at-
tenuation (LOSA) measurements were used to characterise the flame structure and spatial distribution of soot and
to quantify the line-of-sight integrated soot volume fraction (ISVF). The experimental dataset was supplemented by
location-specific TEM images of soot particles extracted with the aid of a thermophoretic sampling device.

Our physical model integrates the population balance equation governing the soot particle size distribution into a
reactive flow solver for multicomponent ideal gases. Besides detailed gas phase chemical kinetics, the model incor-
porates a complete set of PAH-based nucleation, condensation, HACA-based surface growth and oxidation kinetics
as well as size-dependent coagulation and aggregation. Based on morphological considerations, the surface areas and
geometrical properties of soot particles were estimated separately for primary particles and aggregates. A particu-
lar feature of the simulation framework is a recently developed method for solving the population balance equation
that combines accuracy in the prediction of the distribution with conservation of the soot volume fraction during
coagulation [23].

Following the methodology advocated by Connelly et al. [26], the experimental measurements were compared
with modelled signals based on predictions of the local gas phase composition and soot particle size distribution.
On part of the OH-PLIF signal, this had the advantage that the experimental data could be kept distinct from the
physical model; for example, temperature and the concentrations of species other than OH are commonly estimated
when inferring the OH concentration from the OH-PLIF signal. Furthermore, the LOSA signal was converted to a
line-of-sight ISVF instead of a local or cross-sectional ISVF, thus avoiding additional errors owing to tomographic
inversions. Finally, the ELS signal was predicted by our PBE-based model, rather than being converted into a measure
of mean particle size by assuming a particular shape of the size distribution.

Three well-established PAH-based chemical reaction mechanisms (ABF, BBP and KM2) were employed to model
the inception of soot precursors and oxidants. An empirical parameter in the HACA mechanism, the fraction of ac-
tive sites, had to be adjusted to qualitatively level up the model predictions for the three reaction mechanisms and,
approximately, match the experimental line-of-sight ISVF profile on the centreline. This calibration reflects the limi-
tations of present PAH kinetics and soot formation models. Despite the calibration, the comparison of the predicted
and measured laser-diagnostic signals revealed several qualitative discrepancies. In particular, the maximum amount
of soot was underpredicted and the downstream decay of soot was delayed. For the BBP and KM2 mechanisms,

the radial distance between the sooty flame wings was accurately reproduced, while the centreline soot was slightly
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overestimated. Incorporation of the ABF mechanism, by contrast, led to a radial outward shift of the flame wings and

a disappearance of soot near the centreline. This was, possibly, caused by the difference in gas phase chemistry and

mediated by the PAH pool fuelling nucleation and condensation. Our sensitivity analyses indicated that the spatial

distribution of soot is mainly controlled by the balance between nucleation/condensation and HACA-based surface

growth. For example, a reduction of the nucleation/condensation rate and a coordinated increase in the surface growth

rate cause a depletion of precursors and soot in the nearfield along with a radial outward shift of the sooty flame wings.
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Appendix A Uncertainty analysis of the LOSA measurements and line-of-sight ISVF evaluation

The uncertainty in the line-of-sight ISVF computed from the LOSA signal by Eq. comprises of two sources.
The first one encompasses random errors that are attributed to the LOSA measurement system, including instrumen-
tation precision and flame meandering. The second one is a systematic error incurred by the value of the absorption
function E(m) in Eq. (31). The instrumentation error originates from the intrinsic uncertainty in the measurement of
light intensity. The instrumentation precision is +0.05 mV relative to a signal of 22.3 mV, leading to a +0.24 % error
in the determination of the extinction coefficient. Since flame fluctuations affect the local soot volume fraction, the
signal was averaged over a time period of 1s for each measurement, resulting in a signal stability that is better than
+0.05mV.

The energy absorption F(m) is a function of the complex refractive index m of soot. Tian et al. [27] collated
values of m and E(m) from previous investigations on smoking flames with various laser wavelengths and fuels. For
a wavelength of about 632 nm, the values of E(m) are reported to range from 0.17 to 0.37, whence we adopted, for a
baseline calculation of the line-of-sight ISVF, E(m) = 0.32.

By applying an analytical error propagation technique to Eq. (3I)), the mean square error AISVF? in the line-of-
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sight ISVF computed from the LOSA signal can be estimated according to

s (£ () () + (2

Based on Eq. (33), the relative uncertainty reads

Goe) -El @]

If the error in the incident laser signal Alj is taken as 0.05mV following our argument above for a nominal I of

. (33)

22.3mV, then the relative error Aly/Iy amounts to < 2.2 x 1072, Since the strength of the received laser signal
varies depending on the absorption intensity by soot, the ratio AI/I is generally larger than Aly/I, for a similar
systematic error of Al = 0.05mV. The value for —AE(m)/E(m), by contrast, ranges from —0.16 to 0.50 and
constitutes the main bias in AISVF/ISVF. The largest relative error of 0.5 is indicated by the shaded areas in Figures
Bl [Eland [TT}

An alternative approach to postprocess the LOSA signal consists in a tomographic inversion based on the Abel
transform, resulting in an estimate of the local soot volume fraction. Since this introduces an additional algorithmic

error, we restricted the consideration to the line-of-sight ISVFE.
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Figure 1: Schematic illustration of the computational domain (left) and photograph of the non-smoking flame on Santoro’s
co-flow burner without the shrouding chimney (right).
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Figure 2: Schematic of the laser diagnostic setup. The 532 nm and 283.5 nm beams are coincident above the laminar co-flow
burner (LCB).
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Non-smoking flame  Incipient-smoking flame

Figure 3: TEM micrographs of thermophoretically sampled soot particles on the centreline in the non-smoking and incipient-
smoking flames. Each image covers approximately 1.5 X 2 pum and soot particles are supported on a holey carbon film.
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The white stripes in the ELS experimental data correspond to regions where data is not available.
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Figure 10: Radial profiles of key variables controlling soot formation at different downstream locations in the incipient-
smoking flame.
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Figure 11: Comparison between experimental measurements and line-of-sight ISVFs predicted by the three parameter sets
listed in Table 4]

10 —BBPOR) 107 107" 10°
_ —BBP(OR)
— — —BBP(ADY) z=90mm | 1074 1022 |- — —BBP(ADY) z=90mm {103
(U] il vetio IR/ A R N { i BBP(AD2)
ol {110° 10383 F|— — -ABF 10
0.0
110 1092} z=70mm {10
05}
110° 10} . 10
— B RN —
® 0.0 = L e
T o = =
- () o
I 110¢ § E 1092} z=50mm {103 €
R 05T © 5 ;o33 4 D
S 110° 2 2 10%y 10 2
£ £ 8 £
5 0.0 ‘ ‘ < 35 s
(oY o
P4 < Z 3 LG
{110 1074} 10
0.5
110° 1033 | 104
0.0
7
110 10732} z=15mm, 103
05}
{10° 108 107
0.0 . e~ ‘ ‘ ‘ 10 10734 f 10
10 75 5 25 0 25 50 75 10 10 75 5 25 0 25 50 75 10
Radial position [mm] Radial position [mm]
(a) ELS signal (left) and A, mole fraction (right) (b) Nucleation rate (left) and HACA surface growth rate (right)

Figure 12: Radial profiles of key variables for the sensitivity analysis in terms of nucleation/condensation and growth rates
based on the parameter sets in Table El
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