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Abstract

Soot production (including formation and oxidation) is studied in the transient, high-pressure
and turbulent n-dodecane Spray A flames from the Engine Combustion Network (ECN) using
computational fluid dynamics (CFD) simulations. A two-equation soot-in-flamelet modeling
approach is applied within the framework of the Unsteady Flamelet Progress Variable (UFPV)
model and results are validated against experimental data. Equations for soot mass fraction and
soot number density derived in the mixture fraction space are solved in the context of detailed
flamelet calculations. Source terms for the different steps in the soot chemistry are tabulated
and incorporated in the flamelet manifold. For the reference condition, the modeling approach
based on the tabulated flamelet manifold reduces the computational cost of a CFD calculation
by approximately 40 times compared to a non-tabulated well-mixed (WM) modeling approach.
The soot-in-flamelet approach is then extended to study the effect of ambient oxygen

concentration, ambient mixture composition and ambient temperature on soot production.
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Results show that the modeling approach is able to capture the experimental trends for the soot

volume fraction (SVF) with good quantitative agreement, especially in the soot ramp-up region.
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1 Introduction

Despite recent initiatives to gradually ban the use of internal combustion engines (ICEs), there
are solid arguments pointing out to diversity as the key for the future in the transportation sector
in which the development of ICEs is still much needed [1,2]. The ICE is the most suitable
technology for many applications that demand functionality in a wide range of regimes and
loads. Such is the case of heavy-duty applications in which the ICE is the primary choice. The
high-energy density of fuels used in ICEs is the essence of its suitability in contrast to battery-
based systems. For instance, the energy density in a lithium-ion battery is approximately two
orders of magnitude lower than that of gasoline [3]. Unquestionably, the highly suitable ICE
has its own share of challenges to be addressed. In compression ignition (CI) engines, the most
relevant type of ICEs for the present work, flexibility and fuel efficiency come at the expense
of the trade-off between NO, and soot emissions. In particular, soot has attracted increased
attention over the past years as it poses a thread on the environment and human health. On one
hand, soot has been reported to contribute to the change in global surface air temperature as
part of carbonaceous aerosols in the atmosphere [4-6] or by deposition on snow [7,8]. On the
other hand, the inhalation of soot particles may cause cardiopulmonary diseases [9-12]. In
response, stricter legislation on particle matter emissions has been introduced. In Europe, for
example, the allowed particle emission for Diesel passenger cars dropped from 1.4 X
107* kg/km in the early 90’s to 0.045 X 10~* kg/km and 6 x 10! particles/km with

the current legislation [13].

Combustion in a CI engine is naturally a highly complex, multi-physical process. Thus, the
study of idealized configurations which yet possess rich physics is a more approachable path to
understanding fundamental phenomena in CI engines. One representative configuration is the
optically accessible, high-temperature, high-pressure vessel [14,15] which allows using single-
hole nozzle spray experiments to study a range of engine-relevant phenomena. Many
institutions around the world have come together within the Engine Combustion Network

(ECN) by performing experiments at engine-relevant conditions. As a result, a rich



experimental database is available [16] thus enabling model validation for predictive
computational fluid dynamics (CFD) simulations. Among different conditions available in the
ECN, Spray A is a well-documented experiment in which liquid n-dodecane is injected into a
quiescent environment under operating conditions representative of Diesel combustion in light-
duty applications. Experimental and modeling soot contributions under the Spray A
configuration were reviewed by Skeen et al. [17] that compiled the results from several
institutions. Among different modeling contributions, five out of six relied on the use of two-
equation soot models [18-20]. In this type of models, soot production is accounted for on the
basis of a phenomenological description of nucleation, surface growth, oxidation and
agglomeration. In addition to an equation for soot mass fraction (Yy), one more equation for

soot number density (N) is solved to model surface-related phenomena.

In a broader sense, soot modeling approaches can be categorized based on the number of soot-
relevant quantities to be solved: one-equation models, the aforementioned two-equation
models, and detailed models. In the first group, models rely on a single equation for the amount
of soot produced (Y;) based on a simple description of soot formation and oxidation. One of the
widely used one-equation models is the Hiroyasu-NSC model, which is based on the
formulation proposed by Hiroyasu et al. [21] and the oxidation model by Nagle and Strickland-
Constable [22]. The simplicity of the model formulation favors its use in RANS-based engine
simulations over a wide range of operating conditions [23] and/or high fidelity LES-based
turbulent spray flame simulations [24]. On the other side of the spectrum, detailed models not
only describe the amount of soot and the number of particles produced but also account for
particle size distribution. In this group, the sectional method [25-30] and the method of
moments [31-34] are among the most commonly used approaches for turbulent flame

applications.

In addition to the modelling results reviewed by Skeen et al. [17], results targeting the Spray A
configuration by means of two-equation soot models have been reported with several type of
combustion modeling approaches. These include well-mixed (WM) [35-37], conditional
moment closure (CMC) [38] and transported probability density function (TPDF) [39,40]
approaches. More related to the modeling methodology in this work, flamelet-based, tabulated
chemistry approaches have also been used for Spray A soot modeling [27,41]. Akargun et al.
[41] reported results for the flamelet generated manifold (FGM). In that work, detailed flamelet
calculations were used to compute Y; and N and results, neglecting turbulence and chemistry

interaction (TCI), were tabulated for a single flamelet with strain rate a = 500 1/s. Aubagnac-



Karkar et al. [27] modeled soot production with a sectional model and an approximated
diffusion flame (ADF) approach for several strained flamelets in conjunction with a presumed
probability density function (PDF) approach to account for TCI. These flamelet-based,
tabulated chemistry approaches have the advantage of reduced computational cost as chemistry

is solved a priori and decoupled from the CFD solver.

Recently, the suitability of the flamelet/progress variable (FPV) approach for soot modeling
was assessed using large-scale direct numerical simulation (DNS) data from a turbulent jet
diffusion flame by Wick et al. [42]. They analyzed the uncertainty originating from the coupling
of the FPV combustion model and the method of moments based detailed soot model. Errors
associated with the accuracy of the rate coefficients in the H -abstraction- C,H, -addition
(HACA) mechanism were found comparable to those introduced by flamelet tabulation. It was
also found that for soot processes driven by polycyclic aromatic hydrocarbon (PAH), the largest
uncertainties are related to the accuracy of the chemical mechanism and the PAH-related source

term in the soot model.

Set against this background, the objectives of this work are two-fold. The first objective is to
extend the Unsteady Flamelet Progress Variable (UFPV) model [43-45] to include soot
modeling through a two-equation soot-in-flamelet approach. The second objective is to validate
the implementation under the Spray A configuration while assessing the effect of ambient gas
oxygen concentration, ambient temperature and ambient mixture composition on soot

production.

In Section 2, the computational setup and model formulation are presented followed by the
target spray flame setup in Section 3. The validation of the UFPV model for the reference
condition in terms of soot temporal evolution and soot characteristics at the quasi-steady state
is reported in Section 4. Results on the effect of ambient gas oxygen concentration, temperature
and composition are presented in Section 5 followed by the summary and concluding remarks

in Section 6.

2 Methodology

A two-equation soot model based on the work by Vishwanathan and Reitz [20] has been
implemented in the context of detailed flamelet calculations. The capabilities of the flamelet
solver presented in the work by Kundu et al. [46] have been extended to account for soot
production with two-way coupling between soot and the gas phase. The chemical mechanism

by Narayanaswamy et al. [47] with 257 species and 1521 reactions is used to describe the



oxidation of n-dodecane as well as PAH chemistry needed for soot modeling. The detailed soot-
in-flamelet calculations are then used within the UFPV framework, constituting a soot modeling
approach in turbulent spray flames. This implementation is also an extension of the capabilities
of the UFPV framework. Desantes et al. [48] demonstrated the suitability of this approach in
Diesel-like spray flames by assessing the effect of the nozzle diameter on ignition and flame
stabilization, while Garcia-Oliver et al. [49] extended the study to an ambient temperature
sweep. The following subsections outline the computational setup and the model formulation.

2.1 Computational setup

Simulations are carried out using CONVERGE [50] CFD solver in a 102 mm long cylindrical
domain of radius 50 mm that is discretized with a Cartesian mesh. Refinement is achieved
through near-nozzle fixed embedding and gradient-based adaptive mesh refinement (AMR). A
10 mm long truncated cone of base radius 1 mm and top radius 5 mm is used for the fixed
embedding. AMR is triggered based on local gradients of velocity, temperature and mixture
fraction. A minimum cell size of 125 um was chosen in AMR to better predict the liquid length

based on a gird convergence study for the reference inert condition.

Turbulence is approached with the Reynolds averaged Navier-Stokes (RANS) standard k — ¢
turbulence model accounting for round jet correction [51,52] with C,; = 1.55. A Lagrangian
parcel, Eulerian fluid approach is used to simulate the multi-phase flow. Table 1 shows a
summary of the mesh setup and details on the turbulence model, spray model and numerical
schemes [53].

Table 1. Computational setup.

CFD code CONVERGE v2.4

Base grid size 2mm

Minimum cell size through fixed embedding | 0.25 mm

Minimum cell size through AMR 0.125 mm

Turbulence model Standard xk — & with C,; = 1.55

Breakup model Modified  Kelvin-Helmholtz ~ Rayleigh-
Taylor (KH-RT)

Droplet collision model No time counter (NTC)

Droplet drag Dynamic model

Evaporation Frossling correlation




Spatial discretization Second-order central with first-order upwind

for turbulence

Time discretization Pressure implicit with splitting of operators
(P1SO) algorithm
Time step Variable time step ~0.2 us

The sub-grid flame structure is modeled based on a flamelet-based manifold approach, UFPV,
with TCI accounted for through presumed-PDF integration, as will be further described in
Section 2.3. For comparison, results obtained using the well-mixed model are also included in
the analysis for the reference condition. The WM model uses a detailed chemical kinetics solver
[54] build-in within CONVERGE, where the species chemical source terms are computed at
every time step for groups of computational cells (grouped in zones with bins of 5 K for
temperature and 0.01 for the equivalence ratio) as a function of the mean species mass fraction
and mean temperature in a given group. It is useful in the context of RANS to analyze the results
from the WM model which neglects TCI in contraposition to the UFPV model which accounts
for TCI.

2.2 Soot model formulation
The two-equation soot model formulation is based on the work of Vishwanathan and Reitz [20]
which is an extension of the model proposed by Leung, Lindstedt and Jones [19]. In this soot

model, two transport equations need to be solved in CFD according to Eqg. (1).
DM u_ (M
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where M is either the soot number density N or the soot species density pY;. The source term
Wy 1S a combined contribution from various soot subprocesses controlling the soot mass
(nucleation, surface growth and oxidation) and the number of particles (nucleation and
agglomeration) produced. The specifics of the soot model implementation in the context of the

UFPV model are detailed as follows.

The soot formation and oxidation mechanisms are shown in Table 2 following the same
formulation in [20]. Additionally, an oxidation step through atomic oxygen (O) has been

included based on the work of Guo, Liu and Smallwood [55]. Although 0, and hydroxy! radical



(OH) remain as the major contributors to soot oxidation, O can also play a non-negligible role

as reported in [56].

Table 2. Soot chemistry mechanism. Molar concentration and molar fraction of species k are
denoted by [k] and X,,, respectively. Reaction rate units are of kmol/(m3 - s).

Step Reaction Reaction rate
Nucleation CroHio(As) 23 16C(S) + SH, n = Knld]
Surface growth C(S) + CH, 283C(S) + H, g = ky[CyH,]

Oxidation through 0, NSC model [22]

@o,
C(S) +0.50, —3 CO

Oxidation through OH Wop = 0.13kouXon

WoH
Cc(S)+ 0OH — CO + 0.5H,

Oxidation through 0 C(S) +0 “2 co wo = 0.5kp X,

For the UFPV model, default values are used for nucleation [20] and oxidation through OH and
O [55] while the pre-exponential factor for surface growth is reduced by a factor of six from
the reference value [20], to target experimental soot volume fraction at the quasi-steady state.
For the WM model, default values are used for all soot subprocesses. Finally, the net source
term for the soot mass density and soot number density can be computed according to Eq. (2)
and Eqg. (3):

@y, = (166, + 24, — dp, — Don — Do )Ms, (2)

d)NS = d)n,Ns - d)aggr (3)
where w, y, and wgqg4, accounts for the effect of nucleation and agglomeration on the number
of particles produced. A more detailed description of the soot chemistry mechanism including

soot reaction rate constants is reported in the Supplementary Material.

2.3 Soot-in-flamelet model approach

Detailed laminar strained flamelet calculations are carried out using an in-house solver
developed at Argonne National Laboratory by Kundu et. al [46]. The use of a sparse stiff
LSODES solver and an analytic Jacobian [57], which is derived a priori, significantly reduces
the computational cost compared to a more traditional approach that uses a VODE solver [58]
and a numerical Jacobian. For chemical mechanisms with less than 2000 species, such as the

one used in this work, the computational cost has been shown to be proportional to the square



of the number of species when a VODE solver and a numerical Jacobian are used in contrast to
the linear proportionality reported with a sparse stiff LSODES solver and an analytic Jacobian
[46]. In the context of CFD simulations, the computational cost can be further reduced by
decoupling chemistry integration from CFD and pre-tabulating the solutions of chemical
species. In particular, chemistry is solved a priori based on the flamelet concept and the
description of the fuel-air mixing state through mixture fraction (Z). The species net production
rate wy, is solved for local chemical systems through ordinary differential equations. A two-
way coupling is used for the interaction of the gas phase and soot production such that w, =

@™ + @3°°". Note that d»;°°" is non-zero only for the species participating in soot chemistry

as shown in Table 2.

To predict soot production, the two-equation model outlined in Section 2.2 has been
implemented within the flamelet solver. The flamelet equations for soot number density and
soot mass fraction derived in mixture fraction space, neglecting the effect of molecular diffusion

compared to thermophoretic forces, are presented in Eq. (4) and Eq. (5).

—_—

oN, [1f{opx x 0 X |90
P ot Z(ﬁJrBﬁ(pD) *20P%| a7
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In Eq. (4) and Eq. (5), D accounts for diffusivity in mixture fraction space, N; = In(Ng + 1)
is a change of variable needed for numerical stabilities and V, =
—0.5(u/pT)(x/2D)°> AT /0Z is the thermophoretic velocity. Detailed derivation of the soot-
in-flamelet equations, i.e., Eq. (4) and Eq. (5), and corresponding assumptions can be found in
[59] and [60].

The intensity of the soot transport processes is governed by the scalar dissipation rate (). In
order to decouple chemistry and fluid, a steady profile for y is assumed according to Peters [61]

as shown in Eq. (6).

x(a,Z) = exp [—Z(erfc"l(ZZ))z] a/m. (6)



The profile described by Eq. (6) is a function of the strain rate a and mixture fraction Z, but a
more convenient expression, independent of the strain rate, can be derived by normalizing Eq.

(6) by the scalar dissipation rate at stoichiometric conditions (x,:) such that y(xs, Z) =
Xst F(Z)/F(Zsy).

In the context of the UFPV model, the unsteady laminar flamelet solution is re-parametrized
from a temporal basis to a progress variable basis. The progress variable (Y,) is normalized
yielding to a normalized progress variable (c), ¢ = (Y, — Yirert) /(v *e4% — yjnert), which
bounds between O at inert state and 1 at fully burned state. The re-parametrization depends on
the existence of a bijective relationship between time and the progress variable [43]. This is
accomplished through a linear combination of key species mass fractions relevant to
combustion and soot production, that is Y, = 0.75Y¢o + Y¢o, + Yu,0 + 650Y,4g5. The choice
of species is based on the extensively used definition Y, = Yo + Y¢0, [62-65]. The weighting
factor for carbon monoxide and the inclusion of water ensure that Y, monotonically increases
with time while the inclusion of cyclopenta[cd]pyrene (A4R5) ensures enhanced resolution for

high Y, values at which PAH chemistry and thus soot production take place.

Turbulence-chemistry interaction is accounted for through a presumed-PDF approach assuming
statistical independence between mixture fraction and the scalar dissipation rate [66]. Under the

presumed-PDF approach, mean values () can be obtained according to Eq. (7).

© ~Z
lﬁ(z' S!)?St! f) = f f lp(Z:Xstﬁ E)PZ(Zﬂ Z'S)P)((Xst;)?stﬂo-)dZdXst' (7)
0 0

where S = 272/(2(1 — 7)) is a segregation factor which is a function of the mean mixture
fraction (Z) and its variance (ZTZ). Mean values are then tabulated in a turbulent flamelet
manifold {(Z, S, %, V) where ¥, = Y.(Z, S, %5, €). In Eq. (7), a f-PDF is used for mixture
fraction in PZ(Z; Z, S). For the scalar dissipation rate, a log-normal function is used assuming
that o = 2°5 [43] in P, (Xst; Xst, o). Mean scalar dissipation rates are computed in accordance

to Eq. (8) where J is used to relate ¥ and j;.

7= ( j“’;(sth(xst;)?st, O')d)(st> <F(Zst)_1 J F(2)P,(Z; Z, S)dZ) = #.J(2,5). (8)
0 0



Ultimately, the turbulent flamelet manifold is composed of lookup tables discretized with 41
points for Z, 17 points for S, 27 points for ¥, and 51 points for & These lookup tables contain
results for the mean source term of the progress variable (5YC is generic nomenclature for
aY./at), mean key species mass fraction (¥,), mean nucleation reaction rate (@,,) and mean
specific reaction rates for surface soot subprocesses, namely, surface growth (5)5) and oxidation
through 0, (@p,), OH (@py) and O (wp). The asterisk superscript is used to indicate that these
soot reaction rates are specific to soot surface area (Ag) such that 5; = fog /AL, 5)32 =
@o,/As, oy = @ou/As and @ = @,/ As. Unlike gaseous species, for soot the tabulation of
mean reaction rates is preferred over the tabulation of mean soot mass fraction and number
density. This approach aims at avoiding the unphysical process by which soot might appear at
non-existing fuel-rich conditions as reported by Carbonell, Oliva and Perez-Segarra [59].
Because the unphysical process is induced by diffusion in mixture fraction space associated
with the second term on the left-hand-side of Eq. (4) and Eqg. (5), Carbonell, Oliva and Perez-
Segarra [59] proposed to solve the mean soot mass fraction and number density using the

tabulated soot source terms.

A schematic of the coupling between the UFPV model and the main CFD code is shown in Fig.
1. The flamelet manifold is queried at runtime with mean values from the CFD solver to retrieve

mean tabulated values &(Z, S, Xstr 17;) where ¥, is correlated to the mean scalar dissipation
rate y = CXZ7Ze/k through the value of J as described in Eq. (8).

In terms of combustion, the coupling is achieved through the mean source term for the transport

of key species computed according to Eq. (9)

Bi = (T (2,8, oo Vet + 80)) = 7o) ) (©)

where the mean progress variable at the next time step is calculated as Y. (t + At) = Y.(t) +
5YC (Z S, Xstr ?C(t)) At. Only 15 key species are transported to save computational cost. These

species are C,,H,¢, C,H,, CH,0, CO, CO,, H, H,0, O, 0,, OH, A4 and A4R5 in addition to 3
sink species (C;H4, H, and a virtual species O, . ) used to account for the atomic element

mass (C, H and 0) of the species that are not transported.

10



In terms of soot production, the coupling is established through the mean source terms, 5ys and

(TJNS, for soot species density and soot number density transport equations:

@y, = (160, + 204" — (0p, + Gpy + @) As)Ms, (10)

5NS = djn,Ns - 5agg- (11)
The Supplementary Material includes the definition of the soot surface area A and the terms
describing the contribution of nucleation (a)"vn,Ns) and agglomeration (5agg) to the soot number

density.

3 Target spray flame setup

Data used for model validation is from the experimental measurements in high-temperature,
high-pressure vessels within the ECN [16]. Table 3 summarizes the reference fuel injection and
thermodynamic conditions for Spray A, while variations in thermodynamic conditions for the
assessment of the effect of ambient gas temperature and composition on soot production are
reported in Table 4.

Table 3. Reference fuel injection and ambient thermodynamic conditions.

Fuel n-dodecane
Nozzle diameter 89.4 um
Nozzle reference number #210675
Injection pressure 150 MPa
Fuel temperature 363 K
Ambient density 22.8 kg/m?3

The assessment of the effect of ambient conditions on soot production includes changes in
ambient oxygen concentration, i.e., “13%X,,” condition vs. “Ref CO, + H,0” condition, and
in ambient temperature, i.e., “Ref” condition vs. “1000 K condition. The effect of ambient
composition is also assessed by comparing the “Ref” condition and the “Ref CO, + H,0”
condition. As indicated by the labels, these different cases allow us to study the role that the
presence of carbon dioxide (C0,) and water (H,0) plays on soot production. This is of
particular relevance within the ECN in which two types of experimental facilities have been

used. Constant-pressure vessels are operated with an ambient composition of pure oxygen (0,)

11



and nitrogen (N,) while constant-volume vessels operate with an ambient composition of 0,,
N,, CO, and H, 0. In constant-volume vessels, CO, and H,0 are products of a pre-burn event
used to achieve the desired thermodynamic conditions for experiments. With evidence from
dedicated experiments showing that the presence of CO, and H,0 reduces the amount of soot
produced [67], it is of significant relevance to numerically investigate soot production processes
with different ambient compositions.

Table 4. Ambient thermodynamic conditions for the study of the effect of ambient conditions
on soot production.

Condition Temperature Xo, X, Xco, Xn,0
13%X,, 900 K 0.13 0.7709 0.0626 0.0364
Ref CO, + H,0 | 900 K 0.15 0.7515 0.0622 0.0363
Ref 900 K 0.15 0.85 0 0

1000 K 1000 K 0.15 0.85 0 0

Experiments for the “13%X,,” and “Ref CO, + H,0” conditions in Table 4 were carried out in
constant-volume vessel at Sandia National Laboratory [16] using nozzle #210370 (nozzle
diameter of 91 um). The experiments for the reference condition “Ref” and the high-
temperature condition “1000 K” were conducted at CMT-Motores Térmicos [68] in constant-

pressure vessels using nozzle #210675.

4 Analysis of the reference condition

The analysis of results throughout this section is focused on the reference condition (i.e., “Ref”
in Table 4). Fuel injection and thermodynamic conditions correspond to those in Table 3.
Validation results for global combustion indicators, including ignition delay (ID) and quasi-
steady lift-off length (LOL), are reported in the Supplementary Material, showing a good
agreement of model predictions and experimental data. As for soot, results from the two-
equation soot-in-flamelet modeling approach described in Section 2 are compared to those from
the WM model. In the WM model, one-way coupling between the gas phase and soot is used.
Soot source terms in Eg. (1) are computed at runtime using the two-equation soot model

formulation by Vishwanathan and Reitz [20].

The validation of the temporal evolution of soot is carried out in terms of its optical thickness

(KL). Experimentally, KL is directly linked to the integral value of the soot volume fraction
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(SVF) along the line-of-sight of the extinction path. To compare CFD results to experimental
data, the mean optical thickness from the simulations was computed according to KL =
[ k,A"1SVFdL, where the incident illumination wavelength (1) is set as 460 nm and the
dimensionless extension coefficient (k,) is set as 7.59 in accordance to the experimental data
used for validation [68]. Fig. 2 shows KL results from the experiment and the two CFD
simulations. For the two CFD cases, the stoichiometric iso-contour is represented with a dashed
gray line. For further validation, the spray tip penetration (defined as the axial distance to the
furthest location where the mean mixture fraction reaches a value of 0.001) at each time
snapshot in the temporal sequence is marked with a pink dotted line.

The sequence depicted in Fig. 2 comprises the temporal evolution of mean soot KL from its
early detection (around 0.8 ms) in the experiment up to 3.6 ms after the start of injection. CFD
results seem to lag in time, as at 0.8 ms there is virtually no soot formed yet in contrast to the
signal recorded in the experiment. At this early time instant, 365 us have passed since the
ignition delay time in the experiment, but only 174 us and 255 us have passed since their
respective ignition delay times for WM and UFPV results, respectively. This over-prediction in
ID is in line with the delayed appearance of soot in the simulation, which is accompanied by a
slightly shorter tip penetration in the subsequent time instants depicted in the figure. It has been
experimentally shown that autoignition triggers an acceleration of the reacting spray [69]. The
delayed autoignition in the simulation is then consistent with a delayed acceleration of the spray
and a shorter spray tip penetration in comparison to the experimental observation. In terms of
soot structure, the soot cloud originally forms at the fuel-rich head of the spray (0.8-1.2 ms)
and then evolves into a mushroom-shaped structure while mean KL peak values continue to
increase. In the experiment, the head of this mushroom-shaped structure seems to be detached
from the main cloud (at around 2.4 ms) and then quickly dissipated, as the main part of the
reacting front runs into a quasi-steady state. As a result, the soot cloud is constituted into an

ellipse-shaped structure that barely changes beyond 2.8 ms.

Qualitatively, both WM and UFPV models, reproduce the temporal evolution described for the
experimental data. First, the soot cloud is seen to be formed at the fuel-rich head of the spray.
Then it transitions into a mushroom-shaped structure followed by the detachment and
dissipation of its head. At that point, the ellipse-shaped soot structure eventually becomes quasi-
steady. This temporal evolution in the simulations is slower compared to the experiment as
already indicated by the delayed appearance of the initial soot cloud. In fact, while measured

KL seems to reach quasi-steady state at 2.8 ms, at 3.6 ms the predicted soot cloud is still
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transitioning towards this quasi-steady state. In terms of spatial distribution, the measured KL
distribution seems to fall between WM and UFPV results in the radial direction while both
models over-predict the extension of the soot cloud. At 3.6 ms the WM model predicts a narrow
soot structure contained within the stoichiometric surface while the UFPV model predicts a
broader soot structure beyond the limit of the stoichiometric surface.

Validation of results at quasi-steady state is carried out in terms of the mean SVF field. Several
mean SVF profiles are shown in Fig. 3 for the experiment, WM and UFPV models.
Experimental data is obtained by deconvolution of the mean KL field averaged between 3.4 and
5.4 ms [68]. The panel to the left shows mean SVF profiles along the spray axis with the LOL
location marked with vertical lines at the upper left corner. Subpanels to the right of the figure

show radial profiles at several downstream locations from the nozzle exit (50 to 75 mm).

Axially, the mean SVF onset location for the WM model lags in comparison to the UFPV and
experimental profiles. Considering that the ID predictions are not significantly different
between WM (ID = 626.1 us) and UFPV (ID = 545.1 us), as reported in the Supplementary
Material, the spatial shift for the WM model is mainly due to the over-prediction of LOL (LOL
= 28.26 mm for the WM model vs. LOL = 17.17 mum for the UFPV model). Radially,
simulation profiles are narrower (compared to the experiment) with an abrupt drop to near-zero
values at around r = 5 mm indicative of fast soot oxidation in the vicinity of this location.
Previous studies focusing on the effect of TCI on soot predictions comparing WM and TPDF
formulations [39,40] have suggested that soot radial profiles are narrower when turbulent
fluctuations are not taken into account. This feature is the result of higher oxidation rates and
the fact that contributions from other mixture fractions are neglected under a WM assumption
for a given location in the spray [38,40]. UFPV results match the axial SVF profiles in the ramp-
up region up to 55 mm in line with the good LOL agreement compared to the experimental
observation. Mean SVF profiles at 50 and 55 mm from the nozzle show that UFPV results are
also in good agreement with experiments in terms of radial width in the ramp-up region despite
the over-prediction observed at further downstream locations. In fact, it is clear from the axial
profile that both WM and UFPV models over-predict the length of the SVF structure at the
quasi-steady state. It is interesting though that the decreasing slope (variable m obtained
through linear fitting) in the axial profile is similar for both modeling approaches. Given the
differences among the two modeling approaches in terms of sub-grid flame structure, TCI
treatment and even soot model formulation, the observation of a similar decreasing slope in the

mean SVF axial profile suggests that the extension of the soot structure is heavily controlled by
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the mixing process and hence the air entrainment rate. The spray mixing process has been
reported to be as relevant as soot kinetics in the Spray A configuration [71]. In this sense, the
slightly higher slope in experiments might be indicative of a stronger entrainment process

compared with simulations.

To further analyze soot spatial distribution, Fig. 4 depicts the measured and predicted mean
SVF fields accompanied by the lift-off length location (vertical line), the spray radius
(outermost solid line), the stochiometric iso-contour (dashed line) and mixing trajectories (inner
solid lines). The mixing trajectories are obtained by integrating the equation dx/(u + ug;r) =
dr/(v + Vaif) where ug;r and vg;; are the diffusive components [72] of the mean velocity
field induced by mixture fraction diffusion. A more detailed description of the mixing trajectory
concept is reported in a previous study by the authors [48]. In Fig. 4, the starting points of
references mixing trajectories, labeled as 1 and 2, are placed at 70% of the spray tip penetration

in the axial direction and at 5% and 25% of the spray width in the radial direction.

Mean SVF profiles in Fig. 3 show an over-prediction of the soot structure length which is clearly
seen in Fig. 4. Radial profiles also show an abrupt decrease to near-zero values around 5 mm
for the WM model, a location that matches the location of the stoichiometric mixture fraction
iso-surface. This abrupt decrease in the SVF radial distribution contrasts with the smoother
distribution observed in the experimental data and the UFPV prediction. From Fig. 4, it is also
clear that soot is mostly confined between mixing trajectories 1 and 2. The two mixing
trajectories are slower, in terms of the mean residence time, compared to more radially
displaced trajectories. Fig. 5 shows the integrated mean residence time that a “gas particle”
would experience at each equivalence ratio traveling along mixing trajectories 1 and 2. When
comparing mixing trajectories, the longer mean residence time in mixing trajectory 1 suggests
that mixing trajectories closer to the axis are slower and hence more prone to produce soot. As
for the investigated modeling approaches, differences between WM and UFPV results are
mostly negligible for either mixing trajectory, with the exception of equivalence ratios in the
vicinity of the LOL (¢ around 2-4 or 1.5-3, depending on the trajectory). Therefore, the local

mean residence time is largely independent of the TCI approach.

It is worth noting that the computational cost of running a WM simulation is in the order of
50.8 x 103 core hours while the cost of running a UFPV simulation drops down to
1.2 X 103 core hours (approximately 40 times speedup), thus confirming the expected

reduced computational cost suggested in throughout Section 2.
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5 Effect of ambient conditions on soot production

To study the effect of changes in ambient conditions on soot production, the analysis is focused
on the effect of ambient oxygen concentration (“13%X,,” condition vs. “Ref CO, + H,0”
condition), ambient CO, and H,0 concentration (“Ref CO, + H,0” condition vs. “Ref”
condition) and ambient temperature (“Ref” condition vs. “1000 K condition). In total, four
cases (including the reference condition case from Section 4) are the subject of study with the

thermodynamic conditions summarized in Table 4.

The effect of the aforementioned changes in thermodynamic conditions on the flame structure
at quasi-steady state is described through the analysis of the mean transverse integrated mass
(TIM) results. These are obtained for a given species k by plotting [ Y, (x,7)p(x, 7)2mrdr
along the axial direction. Fig. 6 show mean TIM results for formaldehyde (CH,0), hydroxyl
radical (OH) and acetylene (C,H,). These three species constitute a tracer for low-temperature
reactions, a tracer for high-temperature reactions and crucial species for the formation and
growth of PAHSs [73,74], respectively. In addition to CH,0, OH (which is scaled up by a factor
of 5) and C, H,, results for the soot precursor A, (scaled up by a factor of 150) are also included

in Fig. 6.

A first noticeable feature from mean TIM results is that the peak point for CH,0 is located in
the vicinity of the onset location for OH as the flame spatially transitions from the low- to the
high-temperature chemistry and hence the appearance of OH comes with the consumption of
CH,O0. It is also interesting to note that the LOL location is shifted upstream from the peak
mean TIM for C H, 0 with the change in mixture reactivity. Moreover, this change in reactivity
attributed to the different evaluated ambient conditions can be inferred from the production of
CH,0 and OH. The decrease in LOL goes in line with a clear drop in peak C H,O values and a
general increase of OH all over the axial direction when either ambient oxygen concentration
or temperature are increased. Also, in line with the minor change in LOL comparing the “Ref
CO, + H,0” condition and the “Ref” condition, changes in mean TIM results are more subtle

between those cases.

As for C,H, and A,, both species are located downstream of the LOL. It is interesting to note
that the peak and onset locations (onset based on a threshold of 2% of the peak value) of these
species are closer to each other with the increase in ambient gas reactivity. For instance, in the
low-oxygen concentration case (top panel) the onset locations for C,H, and A, are around 20

and 31 mm, respectively, while these are around 13 and 16 mm in the high-temperature case
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(bottom panel). Similarly, peak values of C,H, and A, are located around 44 and 63 mm for
the low-oxygen concentration and around 33 and 41 mm for the high-temperature case,
respectively. This observation supports the choice of A, over C,H, as soot precursor species
suggested by Vishwanathan and Reitz [20] based on the experimental results in [75]. According
to that, an under-estimation of soot onset location would be expected if C,H, were used as soot
precursor, particularly in low-reactivity conditions. With a similar flame structure, the most
significant difference, among the cases studied, is the LOL location. An increase in either
ambient oxygen concentration or temperature leads to a clear reduction in the LOL. In contrast,
the presence of CO, and H,0 in the ambient gas composition produces just a minor increase

compared to the case where only 0, and N, (“Ref” condition) are present in the ambient gas.

To validate soot results, Fig. 7 compares the axial mean SVF profiles from a constant-volume
vessel [16] (top panel), where CO, and H,0 in the ambient gas are produced in a pre-burn

combustion, and a constant-pressure vessel [68] (bottom panel).

Results in the top panel show that the modeling approach is able to reproduce the increase in
mean SVF when mean X,, goes from 13% (“13%X,,”) to 15% (“Ref CO, + H,07). The good
agreement in the ramp-up region, previously observed for the reference condition (“Ref” case
in the bottom panel), is also seen for the two cases with CO, and H,0 in the ambient gas
although the LOL (vertical line) is slightly over-predicted for these cases. On the contrary,
sensitivity to ambient temperature is not as good, despite capturing the trend in soot production
for the high-temperature condition (“1000 K” condition in the bottom panel), suggesting a low
sensitivity to temperature in the soot model formulation. Previous studies also reported an
insufficient dependency on ambient temperature for the Spray A configuration varying from
900 to 1000 K with a similar soot chemistry formulation to the one used in this work [38,40].
Finally, the effect of the ambient residual gas composition is seen when the “Ref CO, + H,0”
condition in the top panel is compared with the “Ref” condition in the bottom panel. At 60 mm,
the predicted mean SVF for the first case is around 5 ppm while it is slightly above 10 ppm

for the second case showing an inhibiting effect of CO, and H,0 on soot production.

It is worth highlighting that in comparison to the "Ref" condition, the decrease in soot
production with the decrease in ambient oxygen concentration or its increase due to higher
ambient temperature is linked to the trend in LOL location, i.e., longer LOL for the low-oxygen
concentration condition and shorter LOL for the high-temperature one. Nevertheless, the

presence of CO, and H,0 in the ambient gas does not affect dramatically the LOL location
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although a reduction in SVF is observed. These soot production trends induced by the change
in ambient oxygen concentration, composition and temperature can be further explained

through the analysis of key variables along the reference mixing trajectory 1 in Fig. 8.

Mean residence time results (dotted line in the bottom panel) are virtually the same for all four
cases. The slightly longer mean residence time for the low-oxygen concentration case can be
explained based on the state of mixing. With lower oxygen concentration, where the mean
mixture fraction distribution is essentially the same but mean equivalence ratio values shift
away from the nozzle orifice, it takes longer for a “gas particle” on the mixing trajectory to
reach the same mean equivalence ratio compared to any of the cases with higher oxygen
concentration. Similarly, mean temperature results (solid line in the bottom panel) show just
small variations with the change in ambient oxygen concentration and composition while the
increase in ambient temperature induces a richer onset mean equivalence ratio consistent with

shorter LOL and increased mixture reactivity for this condition.

In terms of mean species mass fractions (middle panel), enhanced ambient gas reactivity with
higher mean X,,, comes with increased production of both C,H, and A,. That is not the case
when the ambient gas composition is changed. The “Ref” and “Ref CO, + H,0” conditions
show similar C,H, profiles while the mean mass fraction of the soot precursor is clearly lower
for the latter case pointing at a strong effect of CO, and H,0 on the PAH species but not on
C,H,. Differences in mean mass fraction of the soot surface growth and precursor species are
also crucial in the high-temperature case in which the onset point (based on a threshold of 2%
of the peak value) takes place at mean equivalence ratios as rich as ¢ = 4.9 for C,H, and ¢ =
4 for A, while the reference condition shows leaner onset mixtures (around ¢ = 3.9 and ¢ =
3.3 for C,H, and A,, respectively) as well as lower peak values consistent with decreased soot
production. Lastly, mean soot mass fraction results (solid line in the top panel) confirm the
trend already seen for mean SVF along the spray axis. Moreover, the increase in soot production
with any of the ambient gas variations is accompanied by an increase in mean soot particle
diameter (dotted line in the top panel).

In summary, taking into account that there are virtually no changes in the residence time results,
it is clear that soot production trends in this study are the result of changes in the spray mixture
reactivity, meaning that the onset mean equivalence ratio at which the high-temperature region
appears and the concentration of soot precursor and surface growth species are the most relevant

variables.
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6 Summary and conclusions

A two-equation soot-in-flamelet modeling approach has been applied to the study of soot

production under Spray A conditions. The two-equation soot model used in this work has been

implemented in the context of detailed flamelet calculations with two-way coupling between

the gas phase and soot. Laminar flamelet results were integrated with a presumed-PDF approach

to account for TCI and then tabulated in a turbulent flamelet manifold that was later used in the

UFPV model. Tabulated soot source terms were used in soot transport equations within CFD

simulations. Various Spray A thermodynamic conditions were simulated to assess the effect of

ambient gas conditions on soot production. For the reference condition, a WM modeling

approach was further used for comparison.

Key findings are summarized as follows:

Both UFPV and WM models reproduce soot temporal evolution that is characterized by
an initial mushroom-shaped soot structure in the fuel-rich head of the spray and its
transition into an ellipse-shaped structure at quasi-steady state. Soot temporal evolution
has been shown to be slower in simulations compared to experimental KL
measurements. At the quasi-steady state, UFPV results show good quantitative
agreement in the ramp-up region in the axial and radial mean SVF profiles. In the region
further downstream, both WM and UFPV modeling approaches over-predict the
extension of the mean SVF structure. A similar decreasing slope in the mean SVF
profile along the spray axis suggests that the length of the soot structure is mainly
controlled by the rate of mixing. Lastly, the computational cost was reduced by a factor
of around 40 using the developed UFPV model compared with the WM model.

The production of soot is favored along mixing trajectories close to the spray axis.
Residence times along these mixing trajectories are higher compared to those in radially
displaced locations. Moreover, in the ¢ — T coordinate, mixing trajectories enclosing
most of the soot structure are confined in a narrow band of high-temperature, rich-fuel
mixtures. From a combustion point of view, soot is observed to be a slow species that
is mainly found at ¢ levels above 0.9.

Variations in ambient oxygen concentration, composition and temperature show that,
with virtually the same mean residence time, the high-temperature mean equivalence
ratio onset and concentrations of A, and C,H, are the key variables controlling soot

production. Increasing ambient oxygen concentration or temperature promotes the
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combustion of richer mixtures and results in higher concentrations of soot-related key
species. The presence of CO, and H,0 as part of the ambient gas lowers the
concentration of A, and consequently soot production rate. CFD results were validated
against SVF measurements with good quantitative agreement in the ramp-up region
with the exception of the high-temperature case for which the soot model does not seem

to be sensitive enough to temperature.
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Fig. 1. Schematic of the coupling between the UFPV model and the CFD code.
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Fig. 2. Soot optical thickness temporal evolution for the experiment, WM and UFPV models.
Stoichiometric iso-contour and spray tip penetration are included with a gray dashed line and a
pink dotted line, respectively. Experimental data is from [68].
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Fig. 3. Mean soot volume fraction axial and radial profiles at quasi-steady state for the
experiment, WM and UFPV models. Vertical lines in the upper left corner mark the lift-off
length location. Radial profile locations from the nozzle are included in the subpanels upper
right corner. Experimental soot data from [68] and lift-off length data from [70].
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Fig. 4. Mean soot volume fraction field at quasi-steady state for the experiment (top), WM
model (middle) and UFPV model (bottom). Vertical dotted line marks the LOL location. For
simulation results, the spray radius, mixing trajectories and the stoichiometric iso-contour are

also included. Experimental data from [68].
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Fig. 5. Mean residence time for the WM and UFPV models integrated over reference mixing

trajectory 1 (solid lines) and 2 (dotted lines).
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Fig. 6. Effect of ambient conditions on CH,0, OH, C,H, and A, mean transverse integrated

mass. A vertical dotted line marks the LOL location.
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Fig. 7. Mean soot volume fraction axial profile at quasi-steady state. Top panel: effect of
ambient oxygen concentration. Bottom panel: effect of ambient temperature. Lift-off length
location marked with a vertical line in both panels. Experimental data from [16] (top panel) and
[68,70] (bottom panel).
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Fig. 8. Effect of ambient conditions on soot production key variables along reference mixing
trajectory 1. Top panel: mean soot mass fraction (solid line) and mean soot particle diameter
(dotted line). Middle panel: C,H, (solid line) and A, (dotted line) mean mass fraction. Bottom
panel: mean temperature (solid line) and mean residence time (dotted line).
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