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Abstract

Numerical simulations are used by engineers to design robust and clean indus-
trial combustors. Among pollutants, soot control is an urgent societal issue
and a political-industrial priority, due to its harmful impact on health and en-
vironment. Soot particles size plays an important role in its negative effect. It
is therefore important to predict not only the total mass or number of emitted
particles, but also their population distribution as a function of their size. In
addition, soot particles can play an important role in thermal radiation. In
confined configurations, controlling heat transfer related to combustion is a key
issue to increase the robustness and the life cycle of combustors by avoiding
wall damages. In order to correctly determine these heat losses, radiative and
wall convective heat fluxes must be accounted for. They depend on the wall
temperature, which is controlled by the conjugate heat transfer between the
fluid and solid domains. Heat transfer impacts the flame stabilization, pol-
lutants formation and soot production itself. Therefore, a complex coupling
exists between these phenomena and the simulation of such a multi-physics
problem is today recognized as an extreme challenge in combustion, especially
in a turbulent flow, which is the case of most industrial combustors. Thus,
the objective of this thesis is to develop a multi-physics modeling enabling the
simulation of turbulent sooting flames including thermal radiation and wall
heat transfer. The retained methods based on Large-Eddy Simulation (LES),
a soot sectional model, conjugate heat transfer, a Monte Carlo radiation solver
are combined to achieve a state-of-the-art framework. The available compu-
tational resources make nowadays affordable such simulations that will yield
present-day reference results. The manuscript is organized in three parts. The
first part focuses on the definition of a detailed model for the description of
soot production in laminar flames. For this, the sectional method is retained
here since it allows the description of the particle size distribution (PSD). The
method is validated on laminar premixed and diffusion ethylene/air flames be-
fore analyzing the dynamics of pulsed diffusion flames. In the second part, an
LES formalism for the sectional method is developed and used to investigate
two different turbulent flames: a non-premixed jet flame and a confined pres-
surized swirled flame. Predicted temperature and soot volume fraction levels
and topologies are compared to experimental data. Good predictions are ob-
tained and the different soot processes in such flames are analyzed through the
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study of the PSD evolution. In these first simulations, wall heat losses rely
on experimental measurements of walls temperature, and a coarse optically-
thin radiation model. In the third part, to increase the accuracy of thermal
radiation description, a Monte Carlo approach enabling to solve the Radiative
Transfer Equation with detailed radiative properties of gaseous and soot phases
is used and coupled to the LES solver. This coupled approach is applied for
the simulation of the turbulent jet flame. Quality of radiative fluxes predic-
tion in this flame is quantified and the nature of radiative transfers is studied.
Then, a whole coupled modeling of turbulent combustion accounting for soot,
conjugate heat transfer and thermal radiation is proposed by coupling three
dedicated codes. This strategy is applied for a high-fidelity simulation of the
confined pressurized burner. By comparing numerical results with experimen-
tal data, the proposed approach enables to predict both the wall temperature
and the flame stabilization. The different simulations show that soot formation
processes are impacted by the heat transfer description: a decrease of the soot
volume fraction is observed with increasing heat losses. This highlights the
requirement of accurate description of heat transfer for future developments of
soot models and their validation.



Résumé

Les simulations sont utilisées pour concevoir des chambres de combustion indus-
trielles robustes et peu polluantes. Parmi les polluants, ’émission de particules
de suies constitue une question sociétale et une priorité politico- industrielle,
en raison de leurs impacts néfastes sur la santé et I’environnement. La taille
des particules de suies joue un réle important sur ces effets. Il est donc im-
portant de prévoir non seulement la masse totale ou le nombre de particules
générées, mais également leur distribution en taille (PSD). De plus, les suies
peuvent jouer un roéle important dans le rayonnement thermique. Dans des con-
figurations confinées, la prédiction des transferts de chaleur est une question
clé pour augmenter la robustesse des chambres de combustion. Afin de déter-
miner correctement ces transferts, les flux radiatifs et de conducto-convectifs
aux parois doivent étre pris en compte. Enfin, la température pariétale est aussi
controlée par les transferts conjugués de chaleur entre les domaines fluides et
solides. L’ensemble de ces transferts thermiques impactent la stabilisation de
la flamme, la formation de polluants et la production de suies elle-méme. Il
existe donc un couplage complexe entre ces phénoménes et la simulation d’un
tel probléme multiphysique est aujourd’hui reconnu comme un important défi.
Ainsi, 'objectif de cette thése est de développer une modélisation multiphysique
permettant la simulation de flammes suitées turbulentes avec le rayonnement
thermique et les transferts conjugués de chaleur associés aux parois. Les méth-
odes retenues sont basées sur la Simulation aux Grandes Echelles (LES), une
description en taille des suies, des transferts conjugués et un code Monte Carlo
pour le rayonnement. La combinaison de telles approches est réalisable grace
aux ressources de calcul aujourd’hui disponibles afin d’obtenir des résultats de
référence. Le manuscrit est organisé en trois parties. La premiére partie se
concentre sur le développement d’un modéle détaillé pour la description de la
production de suies dans les flammes laminaires. Pour cela, la méthode sec-
tionnelle est retenue ici car elle permet la description de la PSD. La méthode
est validée sur des flammes laminaires éthyléne/air. Dans la deuxiéme partie,
un formalisme LES spécifique a la méthode sectionnelle est développé et utilisé
pour étudier deux flammes turbulentes : une flamme jet non-prémélangée et
une flamme swirlée pressurisée confinée. Les champs de température et de frac-
tion volumique de suies sont comparés aux données expérimentales. De bonnes
prédictions sont obtenues et ’évolution des particules de suies dans de telles
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flammes est analysée a travers 1’étude de I’évolution de leur PSD. Dans ces pre-
miéres simulations, les pertes de chaleur aux parois reposent sur des mesures
expérimentales de la température aux parois, et un modéle de rayonnement
simple. Dans la troisiéme partie, une approche Monte Carlo permettant de
résoudre I’équation de transfert radiatif avec des propriétés radiatives détail-
lées des phases gazeuse et solide est utilisée et couplée au solveur LES. Cette
approche est appliquée a I'étude de la flamme jet turbulente. La prédiction
des flux thermiques est comparée aux données expérimentales et la nature des
transferts radiatifs est étudiée. Ensuite, une modélisation couplée de la com-
bustion turbulente prenant en compte la production de suies, les transferts
conjugués de chaleur et le rayonnement thermique est proposée en couplant les
trois codes dédiés. Cette stratégie est appliquée pour la simulation du briileur
pressurisé confiné. L’approche proposée permet a la fois de prédire la tem-
pérature des parois et la bonne stabilisation de la flamme. Les processus de
formation de suies se révélent étre affectés par la modélisation des transferts
thermiques. Ceci souligne I'importance d’une description précise de ces trans-
ferts thermiques dans les développements futurs de modéles de production de
suies et leur validation.
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Introduction

Global context

Today, 81,1 % of the world’s total energy supply is based on fossil resources
(Fig. 1(a)). While, use of other resources for primary energy supplies grow (as
observed between 1973 and 2014 in Fig. 1(b)), fossils and therefore combustion
processes represent the major resource for world’s energy supply. It can also be
observed in Fig. 1(a), that the total demand on energy is still increasing. This
implies strong issues on both ability of producers to respond to this demand
and their capacity to provide such energy while preserving environment. It is
then necessary to face the uncertain availability of hydrocarbon resources, and
to avoid the harmful emissions of their combustion processes.

It is well known that CO,, one of the main combustion products, has a strong
impact on global warning. However, it is not the only one: incomplete combus-
tion products, such as carbon monoxide, nitrogen oxides, unburned hydrocar-
bons and soot particles have also an important impact on global warning, but
also in a more general way, on environment and health diseases. That is why
mastering the different processes leading to the formation of such pollutants is
an important issue.

In this thesis, we focus on the study of soot particles formation. These par-
ticles are generally issued from incomplete fuel rich combustion. They can be
responsible of high radiation fluxes in combustors, which can be desired or not
depending on the industrial applications. Then, radiative heat transfer is also
studied in details in this thesis.

Next paragraphs detail first the different issues linked to negative impacts of
soot particles emission as a pollutant, but also their applications in some in-
dustries where their high radiative contributions are used in order to enhance
industrial processes.
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(a) World total primary energy supply from 1971 to 2014 by fuel (Mtoe)
including international aviation and international marine bunkers.
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(b) 1973 and 2014 fuel shares of total primary energy supply.

Figure 1: Total primary energy supply by fuel. The "Other" category includes
geothermal, solar, wind, and heat primary supply (from IEA (2016)).

Negative impacts of soot particles emission

Impact on health

One of the main issues of soot particles emission is human health. Figure 2
illustrates the different risks associated to the size of deposited particles. Ex-
position to soot particles can lead to multiple health effects (EPA 1999):
e Changes in lung function and increased respiratory symptoms,
Changes in lung tissues and structure,
Altered respiratory defense mechanisms,
Aggravation of respiratory and cardiovascular diseases,
Premature mortality.
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Particle size, in micrometers
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» Decreased lung function
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Figure 2: Health risks according to particle size (extracted from Briining (2006)).

The thinest particles, named PM 0.1, corresponding to particles with a diameter
lower than 100 nm, and which can infiltrate deep into the lungs (Donaldson
et al. 2005), can lead to cardiovascular diseases. Tumors can be enhanced
from PM 1 (particles with diameter lower than 1 pum) exposition, skin and eye
diseases from PM 2.5 (particles with diameter lower than 2.5 pm) exposition
and decreased lung function from PM 10 (particles with diameter lower than
10 pm) exposition. A recent study from O’Connor et al. (2008) has also shown
that risks of asthma and other pulmonary diseases are enhanced when exposing
children to PM 2.5.

Impact on atmospheric pollution and global warming

Soot particles also largely contribute on atmospheric pollution, soiling, visibil-
ity degradation, but also safety effects for aircraft from reduced visibility (EPA
1999). Numerous worldwide agencies track such soot particles emissions, such
as Air Parif which tracks particles emissions of different sizes in the Ile-de-
France region arround Paris, France. Figure 3 illustrates the evolution of the
mean PM 10 concentrations over one year, for 2007, 2010, 2013 and 2016.

While recent regulations (detailed hereafter) have enabled a large reduction of
such particles emission along years, pics of PM 10 concentration are still ob-
served (Fig. 4). Indeed, such particles are small enough to be transported in
the atmosphere through the different meteorological events, instead of being
deposed on the ground due to their weight. Then, when meteorological condi-
tions do not transport and disperse such particles, they stay in suspension near
their emission point. They are also responsible for part of the stratospheric
ozone damage (Kamm et al. 1999; Shiraiwa et al. 2011).
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Figure 3: Fvolution of mean PM 10 concentrations over one year in the Ile-de-France
region (data from AirParif (2017))
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Figure 4: Recent pics of PM 10 concentrations in Ile-de-France region (data from
AirParif (2017))

Soot particles also contribute in a more general manner to global warming
(Jacobson 2002). To illustrate this, the radiative forcing caused by aviation
operations can be analyzed. Radiative forcing corresponds to the difference
between energy absorbed by the Earth and energy radiated back to space.
When Earth receives more incoming energy that it radiates to space, a positive
radiative forcing is observed and increases Earth warming. Figure 5 quantifies
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such effects on total radiative forcing based on 2005 emissions and forecasts for
2020 and 2050 with contribution of sulfate, CH,, CO,, O, contrails, H,O and
black carbon (soot). Soot plays then also a role on general global warming.
Indeed, black carbon aerosols absorb sunlight and then warm the atmosphere.
They contribute also to clouds dissolution due to global warming. The global
atmosphere temperature increase due to black carbon emissions is estimated to
0.14 K between 1957 and 2006 (Quaas 2011).
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Figure 5: Aviation Radiative Forcing components for 2005, 2020 and 2050 forecast
for four different scenarios A1(t1), A1(t2), B1(t1), and B1(t2) (not detailed here)
(extracted from Lee et al. (2009)).

Soot particles and industry

Automotive and aeronautical industries

In automotive industry, internal combustion engines reactions between fuel and
air provide the power supply, but also generate pollutants. The way this com-
bustion is realized classifies the cars in three different categories: Diesel, Gaso-
line Direct Injection (DI) and Gasoline spark engines. For a spark engine,
ignition is generally triggered by a spark plug, and the propagation of a pre-
mixed fuel/air flame is obtained. For a Diesel or a DI engine, auto-ignition
is realized at high temperature and pressure and a diffusion flame between a
very fuel rich region near fuel spray and air is obtained. The efficiency of spark
engines is limited by the possible auto-ignition of the mixture: low compression
ratio has to be considered. In diesel or DI engines however, as auto-ignition is
used to control the combustion process, high pressure can be used. Then, in
general, Diesel and DI engines are more efficient than classical spark engines.
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Diesel has also a higher heating value compared to gasoline. All these reasons
made Diesel engines widely used in European Union during the last decades.
Figure 6 illustrates these trends in several countries of the Western Europe with
the proportion of Diesel powered cars among the new cars sales. An important
increase of Diesel powered cars can be noticed from 1990 to 2012 in Western
Europe, from 14 % until 56%, with even some countries as France, Portugal,
Spain and Ireland, where pic values of respectively 77%, 69%, 71%, and 73%
have been attained.
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Figure 6: Percentage of Diesel powered cars among the new cars sales in Western
Europe, France, Portugal, Spain, Ireland and Germany from 1985 to 2016 (Source:
ACEA (2017)).

Non-premixed combustion process implies regions with very poor and very rich
equivalence ratios. Pollutants formation is indeed very sensitive to equivalence
ratio and temperature. Figure 7 illustrates the evolution of CO, NO, and soot
emissions according to the mixture equivalence ratio and local temperature.
Locally rich mixtures lead to soot formation whereas near-stoechiometric and
lean mixtures at high temperatures lead to NO, formation. At the same time,
low temperatures lead to CO formation. Then, appropriate burning conditions
need to be set up in order to minimize such pollutants emissions.

As mentioned previously, the European union and other controlling agencies
increase the control of such emissions with more and more drastic norms. Fig-
ure 8 presents the evolution of EURO norms (European emission standards) for
diesel and gasoline engines that manufacturers must comply. HC corresponds
to hydrocarbons (such as soot aromatic precursors), PM corresponds to partic-
ulate matter, PN corresponds to particles with a diameter larger than 23 nm,
THC corresponds to total hydrocarbons emission and NMHC correspond to
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non-methane hydrocarbons. In particular, norms on particulate matter (soot)
have been divided by respectively 28 and 19 between 1992 and 2014 for diesel
and spark ignition engines. From Euro 5 norms (respectively Euro 6), norms
on particle number have also been introduced for Diesel (respectively Gasoline)
engines. Therefore, understanding of soot formation processes and soot parti-
cles size distributions mechanisms are crucial in order to correctly comply with
these new regulations.
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Figure 7: Evolution of pollutants formation according to local burning conditions.
Left: Influence of primary-zone temperature on CO and NO_ emissions (extracted
from Lefebure (1998)).

Right: Equivalence ratio and temperature effects on soot and NO, formation (extracted
from Kamimoto and Bae (1988)).

These increasingly restrictive norms, especially for diesel engines, lead recently
some manufacturers to not respect law. This has been the case with the Diesel-
gate in 2015, where the Volkswagen group was convicted of having intentionally
programmed more than eleven million diesel engines to emit less NO, during
their emissions testing than during their real-world driving (EPA2015 ). In
a political context, several cities, such as Rome or Paris, plan to ban diesel
engines from city centre by 2025. That is why, since 2015, as it can be clearly
observed in Fig. 6, the percentage of Diesel powered cars among the new cars
sales is decreasing.

In USA, similar regulations have been instaured by the United States Environ-
mental Protection Agency (EPA). In 2011, McCubbin (2011) estimated that
such standards have avoided per year, 35700 premature deaths, 2350 heart
attacks, 23 290 hospital and emergency room visits, 29 800 cases of acute bron-
chitis and 1.4 million of aggravated asthma cases, proving then the efficiency
of such regulations.

The same issues appear in the aeronautical industry. As the RPK (revenue
passenger-kilometers calculated as the sum of the number of passengers times
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the number of kilometers traveled for each flight) grows faster and faster, the
fuel consumption in aeronautical industry increases too, as well as aviation CO,
emissions (see Fig. 9). Indeed, impact of aviation in total CO, emissions is not
negligible and it continues growing: it constituted 2.5% of total CO, emissions
in 2007.
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Figure 8: FEuro standards for each pollutant type and colored by standard for diesel
and gasoline engines

This more and more frequent use of airplanes implies also changes in atmosphere
composition for several species: CO,, NO,, H,O, SO,, HC and soot, partici-
pating to pollution but also climate change. Figure 10 represents schematically
such changes on atmospheric pollutant concentrations.
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Then, in order to face these increases in pollutants emissions from aviation
operations, and in the context of the COP21, the 21*" Conference Of Parties
of the United Nations Framework Convention on Climate Change (UNFCCC)
organized in Paris in 2015, ICAO has adopted in 2017 new CO, emissions stan-
dard for aircraft. NO, emissions standards have also been adopted in 2012 by
ICAO. Emissions standards for particulate matter emissions are also planned.
Development of methodologies for predicting soot emissions have been recently
enhanced by the aeronautical industry: as an example, the SOPRANO Euro-
pean project, that gathers several European laboratories and industrials, aims
at boost investigation efforts about understanding of soot formation processes.

Aviation Fuel Use and RPK

K A A A ———— S ¥ : 3
Fuel Use a 3
[ = Sausen and Schumann (2000) SARS-l 4 4 X
250 —— IPCC Scenario Fa1 WTC attack 14 1 8
s L e International Energy Agency (IEA)  Asian crisis 3 )] - 0.6 3
. C 1 1 )
> 200 == RPK ; 1 E &
ey L e RPK annual change Sulf crsle) 3 d3 % 4 S
B ok oo 12 043
% 150 2 Oil crisis L;;nss-; 84 : %
© - N o
Z 100 ~ 0.2 =
: B
50F 1 =
; E ¥ ] 700%
0 nnllAnlnnlnnlln:lnnllnnlnnlnnlnn|nn|l||n|?n|lnnl- 0 i ol
1940 1950 1960 1970 1980 1990 2000 2010
Year
Aviation CO, Emissions
BRAIAAAL LA L LA L LA S L b st b wit b T AN
30F 4
o [ o= Anthropogenic CO, 46.0
Y sk — Aviation CO, (x10) ’ >
= SR Aviation CO, fraction <.
ek 120 B
© 20 o 1 o
o C =}
- - -14.0 8
c C
S 15 430 "=
K] E S s cmal g
E S T Q
E 10F e oo 8
ON S G ’3\
O 5: ............... x10) Ao §
[
Laaaalesastasaalasastasaalaossataaaalasaatoasalanial

1940 1950

o wutiusd 0.0
1960 1970 1980 1990 2000 2010

Year

Figure 9: (Top) Aviation fuel usage beginning in 1940 from Sausen and Schumann
(2000) and extended with data from IEA (2007) and the IPCC Fal scenario of Baugh-
cum et al. (1999). The arrows indicate world events that potentially threatened global
aviation use. Also shown is the growth in air passenger traffic from 1970 to 2007 in
billions (1012) of revenue passenger kilometers (RPK) (near right hand axis) (source:
ICAO, 19 Sept. 2007) and the annual change in RPK. (Bottom) Growth in CO,
emissions in Tg CO2-yr*1 for all anthropogenic activities and from aviation fuel burn
(left hand azis), and the fraction of total anthropogenic CO2 emissions represented by
aviation CO2 emissions (%) (right hand axis).

(extracted from Lee et al. (2009)).
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Aircraft emissions and climate change

l Fuel: CoHy, + S Complete combustion products:
CO2 + H0 +Nz + 02 + SO,

Engine fuel AT N
combustion Nas O Actual combustion products:
2+ 02

CO; + Hy0 + Ny + Oy + NOy
+ CO + HC + soot + SOy

R

Q s
o Atmospheric Ocean Chemical ; ;
% processes uptake S aitions Microphysical processes
>
= !
e .
g ST G EDED @D
2 radiative forcing
8  components
D
£
7]
(]
o
2
= Climate change Changes in temperatures, sea level, ice/snow cover, precipitation, etc.
Im Agriculture and forestry, ecosystems, energy production and consumption,
pacts ;
human health, social effects, etc.
Damages I Social welfare and costs |

Figure 10: Principal emissions from aviation operations and the atmospheric pro-
cesses that lead to changes in radiative forcing components (extracted from Lee et al.
(2009)).

Syngas production via methane auto-thermal reforming

The industrial Chair and ANR OxyTec between Air Liquide, CNRS and Cen-
traleSupelec deal with the better understanding of the different phenomena and
their interactions inside oxygen-enriched combustion configurations, and more
precisely for the numerical part of the Chair, the development of numerical
tools to simulate such interactions.

Indeed, in Air Liquide applications, oxy-ombustion processes are especially in-
volved in methane auto-thermal reforming (ATR) for production of syngas from
natural gas. This process can be described through two global chemical reac-
tions (Pena et al. 1996):

CH, + H,0 — CO + 3H, (1)
CH, + goz — CO + 2H,0 (2)

The basic idea of auto-thermal methane reforming (ATR) is to use the energy
released by the exothermic oxidation reaction of methane (chemical reaction
(2)) to favor reforming reaction (chemical reaction (1)), which is highly en-
dothermic.
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Figure 11 illustrates the principle of an ATR reactor. Natural gas and oxygen
are preheated and mixed with water vapor. The two resulting gas flows (CH, +
H,0 and O, + H,0) are injected separately from the top of the reactor where
the methane reacts mainly with O, via partial oxidation (chemical reaction (2)).
When all the oxygen has been consumed the reforming reactions of methane in
the presence of water (chemical reaction (1)) takes place and is predominant
(Caudal 2013).

*02 + HyO

CHy+ H,O —>

Homogeneous
reactive zone

Catalyst bed

Syngas (CO + Hy)

Figure 11: ATR reactor principle (extracted from Caudal (2013)).

The O,/CH, volume ratio of the input gases is generally between 0.55 and 0.60,
which corresponds to an equivalence ratio @ = 2XCH4 /Xo2 of the chemical
reaction (2) of the order of 3.5, where Xcn, and Xo, are the methane and
oxygen molar fractions, respectively. Adjusting this ratio, and the H,O/CH,
ratio at the reactor inlet, it is possible to modify the composition of the syngas
at the outlet of the reactor, in particular the H,/CO ratio, depending on the
type of desired application.

It is then important to notice that the high equivalence ratio @ leads to large
production of soot (see Fig. 7). This production of soot particles leads gener-
ally to a decrease of the catalyst bed efficiency. By adding O,, and therefore
decreasing the equivalence ratio, soot particles are oxidized and total soot vol-
ume fraction is reduced. However, this leads to a higher production of CO,
and therefore a decrease of H,/CO ratio, which can be incompatible with the
desired final syngas application. That is why soot formation and oxidation
processes must be well known in such industrial application processes.
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Furnaces industry

By contrast with automotive and aeronautical applications where soot produc-
tion is undesired, soot particles are widely used in industrial furnaces such as
in glass melting industry. Indeed, these industrial furnaces involve radiative
heat transfer in order to improve the melting of the glass bath. High thermal
efficiency and high uniform incident heat flux are required in order to obtain
good glass bath quality. Soot plays an important role on such applications,
largely increasing the radiative heat transfer. Indeed, Fig. 12 compares the
spectrographs of radiation from clear (non-sooty flame) and luminous (sooty
flame), illustrating CO,, H,O and soot contributions to the total spectral inten-
sity. In such industrial applications, temperature can range from 1400 to 1900
K, then, the wavelengths participating to radiative exchanges are comprised
between 0.75 pm and 15 pm. For low wavelengths of interest, soot particles
present an intense wide-band spectrum (not overlapping with CO, and H,O
gaseous bands), largely increasing the total radiative flux of luminous flames
compared to non-luminous ones.
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Figure 12: Spectrographs of radiation from clear and luminous flames. Nonluminous
flame (top graph) are blue; luminous flames (lower graph) are yellow and emit soot
particle radiation (extracted from Trinks et al. (2004)).

Soot particles production has therefore to be well understood in order to be able
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to predict such participation of soot particles in radiative transfers. Moreover,
the incident radiative fluxes on the refractories used in such furnaces have to
be well mastered in order to prevent material damages. In order to meet these
two competing objectives, a good understanding of combustion, soot formation
and radiative processes is then necessary to accurately predict combustion and
radiative transfers.

In oxy-combustion applications, in which oxygen is used instead of air for
combustion, higher temperatures are attained increasing then the low-spectral
range of interest and then soot contribution in total radiative exchanges. Such
interrogations match also the goal of the ANR OxyTec, in which the present
thesis is involved.

Objectives of the thesis

Considering all the different aspects presented in the previous sections, the
main objectives of this thesis are defined as:

1. Developing a detailed model based on a sectional method for soot particles
size distributions predictions in laminar canonical flames,

2. Proposing a formalism to transpose this detailed modeling for the simula-
tion of turbulent sooting flames,

3. FEwaluating the capacity of a detailed multi-physics framework in predict-
ing radiative thermal fluzes from sooting flames and wall temperatures of
confined pressurized sooting burners and their reciprocal effects on soot
formation.

Organization of the manuscript

The manuscript contains three parts:
e Part I is dedicated to laminar sooting flames modeling.

In Chapter 1, the different physical and chemical mechanisms of soot
particles evolution in flames are presented. The complexity and uncer-
tainties of such processes are discussed. Then, the different numerical
methodologies proposed in literature in order to predict soot formation
are presented: from simplified empirical and semi-empirical models based
generally on fitted coefficients, towards more detailed and sophisticated
models enabling to describe more precisely the different evolution pro-
cesses. These different numerical methodologies are compared regarding
their cost, quality of description, and capacity to describe soot parti-
cles morphology but also the particles size distribution (PSD) evolution.
Then, the choice of the selected method is justified.

In Chapter 2, the selected models in this work and their correspond-
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ing equations are presented for the different phenomena involved in soot
production. The different equations of the selected numerical method-
ology, the sectional method, enabling to solve the particles size distri-
bution are introduced and detailed. Then, the models and numerical
methodology are validated by comparing numerically predicted evolution
of soot volume fraction and particles size distributions with experimental
measurements in 1-D laminar premixed flames. Quality of soot volume
fraction predictions with the proposed model is also assessed in other con-
figurations, such as counterflow laminar diffusion flames and pressurized
laminar premixed flames. Finally, this detailed sectional method is ap-
plied to the study of transient dynamics of soot production in 1-D flames
submitted to unsteady harmonic strain rate oscillations. This canonical
academic study is representative of fluctuations encountered in turbu-
lent configurations, enabling then to identify and model soot production
response in such complex applications. Parameters governing this pro-
duction response are identified and a global model for soot production
response in such canonical cases is proposed.

In Part II, the development and implementation of an Large Eddy Sim-
ulation (LES) formalism for describing soot production in turbulent con-
figurations in the solver AVBP is presented in Chapter 3. The LES for-
malism is based on a classical tabulation technique coupled with a 5-PDF
model for the gaseous phase description.

An "intermittency" subgrid model for soot from the literature is extended
to the sectional method, allowing the investigation of the soot particles
size distribution in turbulent flames.

The LES formalism is then applied to two different turbulent sooting
flames: an atmospheric ethylene-air sooting jet diffusion flame in Chap-
ter 4 and a confined pressurized sooting ethylene-air swirled flame in
Chapter 5. For both cases, soot production mechanisms and particles
size distributions dynamics are analyzed in details.

Part III deals with multi-physics coupled simulations. First, state-of-the-
art of gaseous and soot radiative properties models as well as methodolo-
gies for the resolution of radiative transfer equation (RTE) are detailed
in Chapter 6. The proposed methodology is based on ck modeling of
gaseous radiative properties, RDG theory without scattering for particles
radiative properties and Monte Carlo resolution of the RTE. The code
RAINIER gathering this methodology is presented. Improvements done
in this methodology during this thesis in order to increase the efficiency
of such approach are also presented.

Then in Chapter 7, this approach is coupled with the LES solver with
the formalism detailed in Chapter 3 for the simulation of the turbulent
jet diffusion flame presented in Chapter 4. Capacity of the proposed
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coupled methodology to predict radiative fluxes from luminous radiation
is investigated.

However, in confined pressurized flames, temperature at walls must also
be predicted in order to account correctly for heat losses. The wall tem-
perature field is the result of the coupling between heat transfer from
the flow in the combustion chamber and heat conduction within the solid
parts of the combustor. This so-called conjugate heat transfer must be
taken into account to predict the wall temperature. Then, in Chapter
8, the conjugate heat transfer modeling strategy with the coupling of
AVBP and AVTP codes is presented. It is further applied for the coupled
simulation of the pressurized confined burner of Chapter 5 and its capac-
ity to predict wall temperatures accounting while neglecting radiation is
investigated.

Finally in Chapter 9, in order to account for both radiative and wall heat
losses, a whole AVBP/AVTP/RAINIER coupled approach is presented
and applied to the simulation of the pressurized burner accounting for
detailed radiation modeling, conjugate heat transfer and soot production.
Soot production prediction, wall heat fluxes, radiative transfers inside the
combustion chambers and wall temperatures are analyzed in details and
compared with experiments. Impact of heat losses on soot production are
also assessed by looking at impact of radiative energy transfer and wall
heat losses.
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Introduction

Soot particles production process can be decomposed in very complex phe-
nomena. Study of sooting flames requires adequate detailed models of these
phenomena in order to correctly assess soot particles formation and consump-
tion. The main formation steps, their impact on soot particles geometrical
characteristics and their different models in literature are presented in Chap-
ter 1. A focus is also given on all the uncertainties that remain today in the
understanding of the different physical and chemical processes.

Description of particles size distributions is also a key point for prediction of
soot particles in such turbulent flames. Simplest models generally assume a
mean particle volume size at each control volume. Advanced models, such
as method of moments, solve moments of particles volume (and potentially
surface) space distribution for each control volume. Sectional approaches aim
at discretizing the volume space distribution in order to provide full particles
size distributions. Finally, Monte Carlo methods do not assume any shape of
the particles size distribution and solves stochastically the volume and surface
distributions for each control volume.

Morphology of a soot aggregate is also a key point to be described in order to
correctly evaluate the different physical phenomena underlying soot particles
evolution. Some of the previous numerical methods enable to describe such
morphological aspects of soot particles. All these methods are described in
Chapter 1. Finally, the pros and cons of the different methods are discussed
and the choice of the sectional method in this manuscript is justified.

The physical and chemical processes and the state-of-the-art sectional method
describing the particles size distribution retained in this thesis are detailed in
Chapter 2. The proposed strategy is then validated through the simulation of
laminar premixed flames at atmospheric and elevated pressure. The quality of
soot prediction in counterflow diffusion flames is evaluated. Then, this model is
applied to the study of unsteady behavior of soot production when submitted
to strain rate oscillations. Such effects give some indications of soot produc-
tion behavior in turbulent flames where high fluctuations of strain rate over a
wide range of frequencies can be encountered. Response of the different mech-
anisms involved in soot production are analyzed in details and compared to
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the response of classical burnt gases but also with the flame response behavior.
Finally, quality of soot production predictions are discussed regarding the vari-
ability of sectional models and uncertainties that remain in soot modeling.



Chapter 1

(Generalities on soot and its
modeling

In this chapter, generalities about soot production and its modeling are
discussed.

First, the terminology used to describe a soot particle is intro-
duced.  Then, the soot particles formation mechanisms and their

corresponding impact on soot particles geometrical characteristics are
detailed.

Second, the different numerical methods from the literature for
soot particles evolution predictions are described. Then, the selected
one, the sectional method is briefly introduced and the pros and cons of
this method compared to other methods are presented and discussed.
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1.1 Soot particles geometrical description

Figure 1.1 presents two examples of soot particles extracted from atmospheric
jet flames. The first one corresponds to a soot aggregate extracted at the
bottom of an atmospheric ethylene/air flame. It is composed of few spheri-
cal particles, called primary particles. The second one corresponds to a soot
aggregate extracted more downstream of a propane/air jet flame. Compared
with the first one which as a characteristic dimension length of several hundreds
of nanometers and is composed of several hundreds of primary particles, this
soot aggregate is composed of several thousands of primary particles and as a
characteristic dimension length of several micrometers.

In fact, a soot particle can be generally considered as either a spherical particle
or an aggregate composed of primary particles.
In this manuscript, a soot particle will be described through its volume v and
its surface s, and they will be classified in two classes:
e spherical particles with a diameter d = (6v/7)'/3 = (s/m)'/2.
e aggregates composed of n, non-interpenetrating primary particles with
the same primary particle d,. These quantities are schematically repre-
sented in Fig. 1.2, and can be expressed as a function of the volume v
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and surface s of the soot particle as:

5 (1.1)
S
"7 3602

Then a spherical particle can also be described as an aggregate with n, = 1
and d, = d.

EHT= 1.00KV  Signal A= InLens Date :12Mai 2014
o WD=30mm  Photo N° = 2996 ECP

(a) Soot aggregate extracted at the bottom of  (b) Scanning Electron Microscopy

an atmospheric ethylene/air flame, where the = (SEM) observation of a soot aggregate

first soot aggregates are formed (extracted from  sample collected from an atmospheric

Xu et al. (2003)) propane/air flame (extracted from
Okyay (2016))

Figure 1.1: FEzamples of soot particles extracted from flames.

Aggregate composed of
n, = 14 primary particles

Figure 1.2: Schematic of a soot aggregate composed of n, = 14 primary particles
with the same diameter dp.

In their work, Jullien and Botet (1987) and Samson et al. (1987) have intro-
duced the notion of fractality of soot particles by demonstrating that for a soot
aggregate, n, and dj, are generally linked through the following relationship:

ny d;Df (1.2)



26 CHAPTER 1 - GENERALITIES ON SOOT AND ITS MODELING

where Dy is the fractal dimension of the soot particle.

Table 1.1 presents a literature review of the values of the fractal dimension
computed or measured in literature. A good consistency between the different
experimental values can be observed with a global variation between 1.6 and
2.0. In numerical modeling of combustion, the most common value used for the
fractal dimension is Dy = 1.8 and this value will be retained in this manuscript.

Publication Type Combustible and comburant Dy |-]
Meakin (1983) Simulation - 1.82
Samson et al. (1987) 3-D TEM Acetylene and air 1.4
Samson et al. (1987) 2-D TEM Acetylene and air 1.47
Jullien and Botet (1987) Simulation - 1.78 £+ 0.04
Mountain and Mulholland (1988) | Simulation - 1.7t01.9
Zhang et al. (1988) TEM Methane and oxygen 1.72 + 0.10
Mulholland et al. (1988) Simulation - 1.89 to 2.07
Megaridis and Dobbins (1989) 2-D TEM Ethylene and air 1.62 £ 0.04
Megaridis and Dobbins (1989) 2-D TEM Ethylene and air 1.74 £ 0.06
Jal et al. (1993) ALS Methane and air 1.74
Puri et al. (1993) ALS . 1.4
Wu and Friedlander (1993) Simulation - 1.84
Koyl and Faeth (1994) ALS Acetylene and air 1.86
Koylii and Faeth (1994) 2-D TEM Acetylene and air 1.67
Koyl and Faeth (1994) ALS Ethylene and air 1.75
Koylii and Faeth (1994) 2-D TEM Ethylene and air 1.66
Cai et al. (1995) 2-D TEM Methane and air 1.74
Cai et al. (1995) 3-D TEM Methane and air 1.74
Sorensen and Feke (1996) 2-D TEM Acetylene and air 1.8
Colbeck et al. (1997) TEM Diesel and air 2.04
Colbeck et al. (1997) TEM Butane and air 1.97
Brasil et al. (2000) Simulation - 1.82
di Stasio (2001) 2-D TEM Acetylene and air 1.8
Onischuk et al. (2003) Simulation Propane and air 1.7+ 0.1
Hu et al. (2003) TEM Ethylene and air 1.74+ 0.11
Hu et al. (2003) TEM Acetylene and air 1.77 to 1.88
Wentzel et al. (2003) 3-D TEM Diesel and air 1.70
Chandler et al. (2007) 3-D TEM Diesel and air 1.80
Okyay (2016) Tomography Propane and air 1.79
Okyay (2016) Tomography Propane and air 1.93

Table 1.1: Summary of measured and computed values of the fractal dimension Dy
in literature (extracted and completed from Maugendre (2009)). ALS corresponds to
Angular Light Scattering and TEM corresponds to Transmission Electron Microscopy.
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In order to describe soot collisional phenomena of such aggregates (described in
details in Section 1.3.3), the collisional diameter d. must be introduced. This
collisional diameter is expressed as a function of the number of primary particles
np, the primary particles diameter dy, and the fractal dimension Dy of the soot
aggregate:

D
d. = dpn,l,/ I (1.3)

1.2 Formation of soot precursors

The first step of soot particles formation is the formation of gaseous soot pre-
cursors. Due to numerous uncertainties that remain in this process, numerous
models exist in literature. The most common one is linked to the H-Abstraction-
C,H,-Addition (HACA) mechanism proposed by Frenklach and Wang (1994)
and is described below.

It starts from the degradation of hydrocarbons by pyrolysis which leads to the
formation of smaller carbon species, such as acetylene (C,H,) and benzene
(C¢Hg=A,), which is the first aromatic ring. The repetitive assembly of this
elementary ring leads to the formation of a large diversity of large flat molecules
called Polycyclic Aromatic Hydrocarbon (PAH), as pyrene corresponding to
four aromatic rings (C,4H,,=A,) or coronene corresponding to seven aromatic
rings (Cy H 5,=A.). These PAHs grow via the addition of acetylene which is
described by the HACA mechanism (Frenklach and Wang 1994). The successive
steps of this mechanism are illustrated in Fig. 1.3 in the case where the addition
is done on benzene.

+ C2H2 c
O - Hz [ ]

Step Step (II
() l+CzH2 Step (I1I)

— +C2H2 .
(XX ] -

Step (IV)

Figure 1.3: H-Abstraction-C,H,-Addition pathway of PAH growth (from Frenklach
and Wang (1994)).

The HACA mechanism consists of a first step (I) where the acetylene molecule
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reacts with the benzene radical by radical addition process. Step (II) creates a
new radical by extracting a hydrogen atom out of the carbon molecule. This
extraction is produced by the attack of another hydrogen atom present in the
medium. It is this same reaction that provided the initial free radical benzene.
In step (III), another molecule of C,H, reacts with the new radical to form a
new ring. In this case, the cyclization induces the delocalization of the radical
site of step (II). Finally, step (IV) consists of a new cyclization, and the loss
of the radical site. These steps are then repeated to form PAH of larger and
larger size.

PAHs grow through this mechanism until they reach a characteristic size where
nucleation occurs. The nature of these particles is still poorly known and the
boundary between the gas-phase macro-molecule and the "solid particle" is
difficult to establish. It is generally considered that between these two steps
(gas-phase macro-molecule and a solid particle), a dimerization process (colli-
sion of two PAHs) occurs (Schuetz and Frenklach 2002). Then, the collision of
two dimers is supposed to imply the inception of a solid soot particle (Blan-
quart and Pitsch 2007; Mueller et al. 2009b). The expressions governing this
collision process will be described in Section 1.3.3.

1.3 Soot particles dynamics & reactivity

1.3.1 Global quantities & population balance equation

At the macroscopic level, the two quantities of interest for soot particles are
their total number N and their total mass ML, .
In the following, and as generally assumed, we will consider that the soot par-
ticles density is constant and equal to ps = 1.86 - 10® kg/m®. Then, the total

mass of soot particles M and the total volume of these particles VI are
linked through the following relationship:
Moy = PsVaont (1.4)

We will focus here in obtaining the total number of particles NI, and their
total volume V20

Theses quantities are obtained through their corresponding quantities per unit
volume: the particles number density Npart and the soot volume fraction fy .
For a given volume V' of the considered system, the following relations are

obtained:
vish = [ feav
1%

Nt = /V NpasedV
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In this thesis, one of the objective is to be able to describe the evolution of the
particles size distribution (PSD) in all the computational domain. Moreover,
as soot particles surface growth, oxidation, condensation and coagulation phe-
nomena are strongly linked with their own size, describing the PSD enables to
increase the description fidelity of these phenomena. To do so, two quantities
are introduced:
e the soot volume fraction distribution ¢(v) over the volume space v de-
scribed by soot particles,
e the particles number density function (NDF) n(v) over the volume space
v described by soot particles’.

fv and Npart can then be calculated as:

fv = /0+oo q(v)dv

oo (1.6)

Npart = /0 n(v)dv
A relationship between n(v) et g(v) can be obtained. Indeed, considering an
elementary volume dv of the soot particles volume space, the infinitesimal part
of soot particles volume fraction g(v)dv having a volume belonging to the in-
terval [v, v + dv] is equal to the product of the number density of soot particles
n(v)dv belonging to the interval [v, v+ dv] by the volume of these soot particles
v:

n(v)vdv = q(v)dv < n(v) =q(v)/v (1.7)

Table 1.2 summarizes the nomenclature of the different quantities and their
unity.

Quantity L Unity L Description
14 [m?] Volume of the system
NZot, -] Total number of soot particles in the volume V'
Vtot, [m3] | Total volume of soot particles in the volume V'
fv [-] Soot volume fraction
Npart [m—3] Particles number density
v [m?] Volume of a soot particle
_3 Volume distribution (over the volume space
9(v) =] described by soot particles) of fy
n(v) m~9) Volume distribution (over the volume space
described by soot particles) of Npare

Table 1.2: Nomenclature of the different quantities used for the soot particles de-
scription

'In this thesis, the NDF will be considered as mono-variate, i.e. only function of the of
the soot particles volume v.



30 CHAPTER 1 - GENERALITIES ON SOOT AND ITS MODELING

The volume distribution n(v) of the particles number density follows the pop-
ulation balance equation (PBE) governing its temporal and spatial evolution:

on T
N + V- -(un)—-V- <Cthvan> =V - (DsVn) + nsg

& + V- ((u+vr)n) =V - (Ds;Vn) + ns

ot
where:
e Vv = —Cthy% is the thermophoretic velocity,
e 1 is gas kinematic viscosity,
e Dy is the particles soot diffusion coefficient,
e 7 is the source term of the volume distribution n(v). It accounts for par-
ticles dynamics (nucleation, condensation and coagulation) and particles
reactivity with the gaseous phase (surface growth and oxidation).

1.3.2 Transport phenomena for soot particles

Molecular Diffusion

Soot particles diffusion coefficient Dy has been studied by Epstein (1924) where
the diffusion force Fpr applied over a spherical particle of diameter d is expressed
by considering the particle as a perfect thermal conductor:

™ _
*NT)’LCdQ’Upart,gas = M fUpart,gas (19)

OzTﬂ')
3

Fr= (145
R + 3
with:
e m the mass of gas particle,

e N the gas particles number density,
c = 8;”:, the brownian velocity of the gas particles where kj is the
Boltzmann constant,
® Upart,gas the velocity of the particle is the gas referential,
e 4y the equivalent friction coefficient,
e a7 the thermal accomodation factor expressing the fraction of heat flux
exchanged between the particle surface and the surrounding gas molecules.
This constant is usually taken equal to a7 = 0.9 (Waldmann and Schmitt
1966; Blanquart and Pitsch 2009; Yapp et al. 2015).
Using the Einstein relation linking the equivalent friction coefficient py to the
diffusion coefficient Dy of the soot particle, one obtains:

kT

(1.10)

Then, for a soot particle with a diameter d, the soot diffusion coefficient Dy of
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this particle writes:

1
( aTﬂ)—l i ka
d? 8k, T (1.11)
m s

mm

3 ormyt L [T L
B 2\ 2mn N

With the relations p = Nm and m = Wgas/N4 where Wy, is the gas molar
weight and N4 is the Avogadro number, Dy can finally be expressed as:

3 oT -11 W, aska
D, =— (1 —) 2 1.12
T2 8 A2\ 27wN4 (1.12)
Thermophoresis

For soot particles, the thermophoretic velocity v is opposed to the temperature
gradient and consequently particles are transported from hot regions towards
low temperature regions. The thermophoresis phenomenon is then not negligi-
ble in the presence of important temperature gradient.

The expression of the thermophoresis velocity for soot particles comes from
the works of Waldmann and Schmitt (1966) and Derjaguin et al. (1966). The
thermophoretic velocity is formulated in the case of a free molecular regime of
particles (small particles verifying Knudsen number Kn = 2Ag,s/(d) > 1, with
Agas the gas mean free path):

VT
v = —Cthl/T (113)
with:
C —§(1+@>_1~0554 (1.14)
th =7 3 ~ 0.554. ,

1.3.3 Soot particles collision dynamics

Three collision phenomena are involved in soot particles evolution:

e The nucleation of the soot particle described here through the collision
of two dimers. It implies a gain in the soot volume fraction fir and the
particles number density Npart. For the corresponding nascent particles,
the number of primary particles n, is equal to 1 and the primary parti-
cles diameter d, depend on the soot precursor involved in the nucleation
process.

e The condensation phenomenon which corresponds to the collision of a
soot particle with a gaseous dimer. The number of primary particles
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np per aggregates and the particles number density Npart are unchanged
through this mechanism and it implies an increase of the primary particles
diameter d;,, and the soot volume fraction fy .

e Coagulation and agglomeration which are two analogous phenomena. Co-
agulation corresponds to the formation a bigger soot spherical particle
from the collision of two smaller soot spherical particles. Agglomera-
tion corresponds to the formation of a soot aggregate by collision of two
smaller aggregates (no sphericity of the particles is assumed). Since two
soot particles are necessary for the formation of a larger soot particle,
these phenomena imply a decrease of the total particles number density
Npart but the soot volume fraction fy remains unchanged. Coagulation
and agglomeration differ on their impact on the primary particle diameter
dp, and number n,. For the coagulation process, the particle is considered
spherical after collision. Then, d, increases and n, remains unchanged.
For the agglomeration process however, a point-to-point contact is con-
sidered between the two smaller aggregates. Then, d;, remains unchanged
and n, increases. However, no distinction is generally considered between
these phenomena in literature. That is why in the following, agglomera-
tion and coagulation will be always considered as equivalent.

All these phenomena are described by the Smoluchowski equation, presented
in the following paragraph.

Smoluchowski equation

The Smoluchowski equation (Smoluchowski 1916) expresses the gain n¢(v) of
distribution of particles number density due to particle collisions. For a particle
of size v, this source term is expressed through the collision frequencies £, , of
the particles of size v with all other particles of any size u (resulting in a loss
of particles with size v), and the collision frequencies 5, of all particles of
size u with any other particle of size v — u (resulting in a gain of particles with
size v). n(v) can then be expressed as:

né(v) = ;/OD Bo—uun(u)n(v —u)du — /000 Bupn(uw)n(v)du. (1.15)

The Smoluchowski equation is only function of the size of the different particles
and not their nature. Then, in order to express the source terms for a soot par-
ticle of size v for each phenomena (nucleation, condensation and coagulation),
several types of particles with size u and v — u have to be considered:

e both in the gaseous state (dimers) for nucleation,

e one in the gaseous state (dimer) and the other one in the solid state for

condensation,
e both in the solid state for coagulation.
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Expression of the collision frequency of collision between two parti-
cles

The collision frequency [, between a particle of size v and a particle of size v
depends on the value of the Knudsen number of the considered particles. The
Knudsen number (Kn,,) is defined for a particle of size u as follows:

2)\ as
Kn, = 8% (1.16)

u
dc,u

where d., corresponds to the collisional diameter of the considered particle

1/D

of size w: dey = dpunpy ’. If the soot particle is considered spherical, then
npu = 1 and dey = dpu = dy, Where d,, is the spherical particle diameter.

Agas 1s the gas mean free path expressed as:

RT

1.17
TV2d2, NoP (1.17)

)\gas =

where R is the perfect gas constant, T the temperature, N4 the Avogadro num-
ber, P the pressure and dg,s the diameter of a gas particle, considered constant
and equal to 0.2 nm.

Collision regimes
Three different physical regimes can be identified according to the value of the
Knudsen number (Kazakov and Frenklach 1998):

e If the pressure is sufficiently low or if thermal agitation is low or if the
particles are small enough (corresponding to Kn, >10), the regime is con-
sidered as "molecular". The collision frequency (3, , between particles
of size v and particles of size v is expressed as:

3\ [6k,T [1 1

/Bu,v /Bu,v €uv <47r> s u + ’U
T\ 1/3 2
<<6) (dc,u + dc,v))

with €,, a sticking coefficient taking into account the interactions be-
tween particles (Van der Waals interactions). Its value depends on the
considered soot particles collision phenomena and will be discussed in the
next paragraph.

(1.18)

e If the pressure is sufficiently high or if the particles are large enough
or if thermal agitation is important (Kn,<0.1), the collision regime is
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"continuous". The collision frequency S, between particles of size u
and particles of size v is expressed as:

B = Bl = g o o) (24 G (1.19)
with:
01T3/2
e the dynamic gas viscosity,
Cu, =1+ 1.257Kn, the corrective Cunningham coefficient for a particle of size u
(1.20)

e For 0.1<Kn <10, the collisional regime is called "intermediate". The
collision frequency (3, . is expressed as a harmonic mean of the molecular

collision frequency 657} and the continuous collision frequency £y ,:

B _oatr /81];71711 z,v (1 21)
u,v — Muwy T :
oo+ B

Van der Waals ¢, , amplification factors for a free molecular regime
In the case of a free molecular regime, Van der Waals interactions involve an
amplification factor €,, in the expression of the collision frequency (equation
(1.18)).

The amplification factor is calculated for spherical particles with a radius a =

(%)1/3 and a radius b = (2—;)1/3 through the following equation (Alam 1987):
_1/”‘5 g &’ _ L (rdE o\ 4] dr
U S+ 02k T Jy ar a2 ) P\ kT \2ar "1

(1.22)

with E(r) the Van der Waals potential, expressed as (Alam 1987; Pailthorpe
and Russel 1982):

where A is the Hamaker constant.

Therefore, these amplification factors are dependent on the volumes of the
colliding particles and no universal values of these amplification factors can be
determined for each phenomenon.

Marchal (2008) proposed to determine these values through an asymptotical
analysis. The corresponding values are:
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® €, = 2.5 for nucleation,

® ¢, = 1.3 for condensation,

® ¢y, = 2.2 for coagulation.
Although they are not universal, these values will be considered through this
manuscript.

Limitations and uncertainties of soot particles collision dynamics de-
scriptions

Many uncertainties remain in the description of collision dynamics descriptions
related to soot particles formation:

e Nucleation phenomenon is the process with the major uncertainties nowa-
days. Even if dimerization process is today recognized as the major pro-
cess involved in soot particles nucleation, numerous other hypotheses exist
in literature, as the polymerization by acetylene process which has been
considered in the work of Aubagnac-Karkar et al. (2015). Moreover,
some studies have shown that nucleation process can be reversible and
this reversibility should be taken into account in our models (Eaves et al.
2015). Finally, sticking coefficients of this process are also unknown and
a lot of different models have been proposed in the literature (Yapp et al.
2015; Wang et al. 2015).

e Condensation and coagulation processes have also their part of uncer-
tainties through their collision regime modeling and the corresponding
collision efficiencies for which numerous different values can be found in
literature (Marchal 2008; Mueller et al. 2009b; Saggese et al. 2015).

e Even if coagulation and agglomeration do not have the same impact of
the primary particles diameter d, and number n,, no distinction of these
phenomena in their description is generally considered.

1.3.4 Soot particles surface reactions

Soot particles interact at their surface with the surrounding species in the gas
phase through two main mechanisms:

e The surface growth phenomenon is responsible for an increase of the to-
tal mass. It acts through carbon addition at the surface of soot particles.
Acetylene (C,H,) is considered as the main species involved in this carbon
addition phenomenon. The number of primary particles n, per aggregates
and the particles number density Npart are unchanged through this mech-
anism and it implies an increase of the primary particles diameter d, and
the soot volume fraction fy .

e The oxidation phenomenon is responsible for the decrease of the total soot
mass. It acts by extracting carbon atoms on the surface of the primary
particles. The two main known oxidants are dioxygen O, and the OH
radical. Atomic oxygen O and the CO, and H,O species have also been
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identified as potential oxidants, but with a much less important effect (Xu
et al. 2003). The number of primary particles n, per aggregates and the
particles number density Npar¢ are unchanged through this mechanism
and it implies a decrease of the primary particles diameter d, and the
soot volume fraction fy .

Different mechanisms have been proposed to describe this reactivity and are
described below.

The HACA mechanism

In their study, Frenklach and Wang (1994) proposed an analogy between chem-
ical reactions taking place on the PAHs surface and those occurring on the soot
particles surface. The chemical mechanism involved in surface growth mech-
anism is then supposed to be similar as the Hydrogen-Abstraction/Carbon-
Addition (HACA) mechanism used generally for the PAHs evolution modeling
and described in Fig. 1.3. It corresponds to reactions (a) to (d) presented in
Table 1.3, where C, H represents a soot particle with ns carbon atoms, and
C;“lc the associated radical. C;"IC is first created by the abstraction of a hydrogen

atom at the surface of the soot particle by another hydrogen atom (reaction
(a)). Reaction (b) is the associated deactivation reaction. As for PAHs, the
key species responsible for growth is acetylene (C,H,). It reacts at the surface
of a soot particle radical Cl*lc via reactions (c) or (d). Reaction (c) leads to
the deactivation of an active site particle, which is assumed to occur at high
temperature (Frenklach and Wang 1994), whereas reaction (d) conserves the
active site at the surface of the soot particle, which is assumed to occur prefer-
entially at low temperatures (Wang et al. 1996). Finally the reactions (e) and
(f) represent the oxidation of soot particles due to the presence of respectively
O, and OH molecules.

Num. Reaction Ref.
o = (a) CHCH +H= C;‘lc + H, Frenklach and Wang (1994)
“§ %’ (b) CEC +H— CHCH Frenklach and Wang (1994)
& & (o C;C + C,Hy — Cnc+2H + H | Frenklach and Wang (1994)
(d) C;‘lc + CyHy, — C;CJFQ + H, Wang et al. (1996)
& 'S (e) Cflc + Oy — products Frenklach and Wang (1994)
o E (f) C;’;C -+ OH — products Frenklach and Wang (1994)

Table 1.3: HACA mechanism: Reactions and references in literature.
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The HACA-RC mechanism

Reactions and Arrhenius law parameters
In their study, Mauss et al. (1994) proposed a modified version of the HACA
mechanism: the Hydrogen-Abstraction/Carbon-Addition Ring-Closure (HACA-
RC) mechanism. Table 1.4 presents the reactions and Arrhenius law parame-
ters of the HACA-RC mechanism proposed by Mauss et al. (1994). Two main
changes can be noticed:

e Reaction 2 which accounts for the radical consuming influence of H,O,

e Reaction 3 is here reversible (which was considered irreversible before) to

account for the limitation of surface growth at high temperatures.

This mechanism will be used in the present manuscript.

E

Num. Reaction k A B [kJ /;101]
ke ki | 1.000-10™ [ 0.0 0.0
1 CocHHH = G +H, ki | 1.439-10'3 | 0.0 | -37.63

ko kay | 1.630-10° | 1.4 6.10

2 CocH+OH = €+ Hy0 ko | 1.101-108 | 1.4 | 31.14
. kag ks; | 1.000- 107 | 0.0 0.0
3 Cho THZ CaH kw | 0000 | 00| 00
. kae kar | 3.500-10% | 0.0 0.0

4 Chc + Gy = G Col, ka | 3.225-10' | 0.0 | 181.69
. ks ks¢ | 1.000 - 101 | 0.0 20.0

5 ChcCally Koy CocroH+H ks, | 8.770-10 | 0.0 74.44
6 Cr +0, % Cr__, +2C0 ke; | 1.000-10'2 | 0.0 8.4

kg/
6’ C: CoH, +0, ¥ C1_ +2HCO | ke | 1.000-10' | 0.0 8.4
[T .

7 C,,H+OH = Cho_o + CH+HCO | kry Efficiency : vy = 0.13

Table 1.4: HACA-RC mechanism: Reactions and Arrhenius law parameters

The values of the Arrenhius laws parameters are taken from Mauss et al. (2006)
and the reaction rate of oxidation by OH molecules (reaction 7) has been up-
dated based on the works of Siegla et al. (1981); El-Leathy et al. (2002); Xu
et al. (2003). Details on the expression of the source terms for this mechanism
are presented below.

Expression of surface growth and oxidation source terms

Surface growth results in an increase of mass at the soot particles surface: as
described by the HACA-RC mechanism, a C,H, molecule is added to the sur-
face of a soot particle by surface kinetic reactions. Oxidation, on the contrary,
results in a loss of soot particles mass. The oxidation reactions presented in the
HACA-RC mechanism describe the withdrawal of two carbon atoms and one
or two H atoms at the soot particles surface. We consider here only a reduction
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of the soot particle by vc,, the volume of two carbons.

The reaction rates corresponding to surface growth (gsg) and oxidation (qox)
phenomena can be expressed as a function of the reaction rates of the HACA-
RC mechanism. The following expressions are obtained:

Asg = Ay = kye[C}_J[CoHy] — Ky [CF_CoHy]
Ao, = ds + dg = ker[Oo]([C}_] + [C},_CoHy))
don = d7 = kz[C, H|[OH]

Qox = QO2 + don

(1.24)

In order to evaluate these source terms, it is necessary to evaluate not only the
species concentrations (OH, C,H,, O,, ...) obtained from gas phase kinetics,
but also, the radical sites concentrations of C;"lc, C]’["lCCQH2 and CHCH. The
two first quantities correspond to the radical active sites concentration at the
surface of soot particles. The number of these radical active sites is considered
at equilibrium during the reactions characteristic time scales. These species
are therefore considered in a quasi-stationary state and the detailed derivations
necessary to obtain the expressions of these concentrations are given in Ap-
pendix A.1.1.2.

[CHCH] corresponds to the active sites concentration at the surface of a soot

particle. This quantity can be evaluated knowing i) the number of active sites
per unit surface of soot particle (Asoot), ii) the proportion « of these sites which
are actives, iii) the surface distribution of the soot particles s and iv) the volume
distribution of the particles number density n(v):

T2 A \so0t51(V)

The number of active sites is obtained assuming that each active site occupies
a surface corresponding to the surface of C,H, molecule (Netzell 2006): sc, =
s(vc,). Then the number of sites per unit surface verifies:

>\soot502 =1 (1.26)

If the particles are spherical, one may consider the following relation between
the volume of a particle v and its corresponding surface s:

2/3

S v

R B 1.2
- () (127)

Now, using Eq. (1.26), one can write:

2 2
3 3
v v
AsootS = )\sootSCZ <'UC> = <UC ) (1.28)
2 2
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As it will be discussed later, the proposed model takes into account the impact
of the soot particles fractal properties, and therefore the increase of their surface
for a same volume. To do so, the function 6(v) is introduced and defined in
order to verify:

@
- ( v ) (1.29)

Then, this hypothesis implies that one given soot particle volume corresponds
to one given soot particle surface.
[CHCH] can finally be evaluated as:

T n(v v ’
C, H] :a/vo A(,A) <UC> dv (1.30)

Limitations and uncertainties in the HACA mechanisms

Even if the HACA mechanism is today considered as the reference mechanism
for soot surface process, many uncertainties remain:

e In some studies, it has been shown that particles aging has an influence
on surface mechanism. A decrease of the number of active sites at the
surface of soot particles has been noticed, decreasing then the reactivity
of the particles surface. Liu et al. (2006) and Frenklach and Wang (1991)
explained this reactivity decrease by the graphitization of soot particles,
corresponding to carbon atoms rearrangement in order to form a more
ordered structure. Then, the number of active sites on which the addition
of acetylene is carried out preferentially decreases. Several studies have
proposed a way to model this effect adding a correction factor « (constant
(Dworkin et al. 2011; Chernov et al. 2012; Veshkini et al. 2014) or
function of local gas temperature (Appel et al. 2000)) to the surface
growth rate corresponding to the proportion of site which are actives (see
Eq. (1.25)). Exhaustive analysis of the impact of this parameter has
been also realized by Keita (2017) but no universal formulation has been
determined today and it is still an open topic.

e Other studies (Hwang and Chung 2001; Wang et al. 2015), based on
initial studies of Frenklach and Warnatz (1987); Pitsch (1996) for PAHs
have proposed that H abstraction from soot particles can also occur via
reactions with methyl (CH;), ethynyl (C,H), and propadienyl (C3Hj;) rad-
icals. They have modified the HACA mechanism by adding the following

reactions:
CHCH +C,H — CEC + C,H,
CHCH + CH, — Cflc + CH, (1.31)

C, H+CHy — C, +C3H,
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These modifications lead to better results for the prediction of soot par-
ticles evolution in counterflow diffusion flames compared to the classical
HACA mechanism, which tends to underpredict soot production.

e Finally, the constant of reactions involved in the HACA mechanism are
uncertain and many differences can be observed in literature, even in the
constants of the HACA mechanism of the kinetic scheme used for the
PAHs growth.

1.3.5 Summary of the main steps of soot particles evolution

The main evolution steps considered in this manuscript for describing soot par-
ticles during their growth, oxidation and collisional processes are schematically
summarized in Fig. 1.4.

Gaseous phase Intermediate Solid phase
| state |
I , Oxidation
Fuel + C0 C.H, Hy | | ’(()IF)(;ZH)—F ‘
. 7. P HCO H20‘2 02 .
Oxidizer | I smaller
H OH ‘ S00t
| | particle
I — I - Surf. growth
Y | Dimerization Nucleation TR
Products and . [ Parpam | ! [DoER + pnvmr | b 22
intermediate ces | > bigger
species + T / Smallgst Il ' pSPt?&c
DIME 500
R | ‘ particle Coagulation
Polycyclic : €€
yeyclic 1 bigoer
Aromatic | d ‘ 500t
> Hydrocarbons particle
(PAHs) I : Condensation
|
| | || DIMER + @
- bigger
! I ¢ 'S0t
| I particle

Figure 1.4: Schematic representation of soot formation processes

From a description of the gaseous phase, six main phenomena are then consid-
ered and have to be modeled:
e Dimer formation,
Nucleation,
Condensation,
Coagulation and agglomeration,
Surface growth,
and Oxidation.
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1.4 Methods for the numerical modeling of soot par-
ticles evolution

In the previous sections, the different phenomena governing soot particles evo-
lution were described. In order to describe soot particles evolution, different
numerical methodologies have been developed in literature: empirical/semi-
empirical models, kinetic models, sectional methods, methods of moments or
stochastic methods.

The general principle of each methodology is described in the present section.
Then, the different pros and cons of these methodologies are discussed and the
choice of the sectional method in the present manuscript is justified.

Finally, details of different existing models for each one of these methodologies
can be found in Appendix A, Section A.2.

1.4.1 Empirical/semi-empirical models

These methods are generally based on empirical and ad-hoc formulation of soot
formation processes and simple transport equations (Tesner et al. 1971; Moss
et al. 1989; Kennedy et al. 1990; Said et al. 1997; Zhubrin 2009; Leung et al.
1991; Brookes and Moss 1999). Generally, a maximum of two transport equa-
tions are considered in order to describe soot particles evolution in terms of
mass and/or number density.

The main advantage of such methods is their very low cost. However, they
present many drawbacks:
e Transport equations source terms are generally based on unphysical-based
expressions,
e They are not universal: case-dependent fitted parameters are used in the
transport equations source terms,
e They do not provide access to the soot particles size distribution (PSD)
or number density function (NDF) evolution,
e They do not enable to describe the morphology of soot particles in terms
of surface/volume ratio evolution.

1.4.2 Kinetic models

Kinetic models are based on detailed kinetic schemes of soot formation pro-
cesses. According to their size, particles are gathered in classes, generally
called "BINs", which are part of the global kinetic schemes (Richter et al.
2005; Saggese et al. 2015). Then, soot particles classes are considered as chem-
ical species and their evolution are solved together with the other chemical
species of the kinetic scheme.
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The main advantages of this method are:

e They provide access to the PSD particles evolution,

e They are based on detailed description of the chemical and physical pro-
cesses and interactions with the gaseous phase can be easily handled.

Its main drawbacks are:

e The method is expensive as it requires the combined resolution of the
global kinetic scheme which generally involves, accounting for the soot
particles classes, more than 200 species and 1 000 reactions,

e The NDF is generally mono-variate and is considered only function of
the soot particles volume. However, morphology can be accounted for by
imposing a surface-volume relationship depending on the soot particles
size, as proposed by Saggese et al. (2015).

1.4.3 Methods of moments

The methods of moments are based on the description of the particles size
distribution (PSD) or number density function (NDF) through their statistical
moments (Frenklach and Harris 1987; Marchisio and Fox 2005; Blanquart and
Pitsch 2009; Mueller et al. 2009a; Yuan et al. 2012; Madadi-Kandjani and
Passalacqua 2015; Salenbauch et al. 2015; Nguyen et al. 2016; Selvaraj et al.
2016). Moments can be univariate (in the particles volume or surface space) or
multi-variate.

For a uni-variate description of the particles size distribution (in the particles
volume space), the moment M, of order x is generally formulated as:

+oo
M, = / n(v)v*dv. (1.32)
v=0

For a bi-variate volume-surface description of the PSD, the moment of order x
in the volume space and y in the surface space can be formulated as:

+oo +oo
M, = / / v¥sYdvds. (1.33)
v=0 Js=0

It can then be observed that the first moments Moo, Mio and Mp 1 charac-
terize respectively the particles number density, the total soot volume (and
therefore the soot volume fraction) and the total soot surface. Determining
all the moments for (z,y) € [0, 4+o00[x[0,+00[ is equivalent to define all the
particles size distribution without any assumption. In practice, only the first
moments are considered and the description of the PSD is considered as precise
enough. Transport equations are solved for each one of the selected moments.
The source terms depend on the different moment weights, gas phase param-
eters, the transported moments but also unknown moments which need to be
closed.

The main advantages of this method are:
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e They are based on detailed description of the different physical and chem-
ical phenomena,

e Mono-variate (in the particles volume or surface space) or bi-variate
volume-surface description of the PSD can be considered enabling to de-
scribe the soot particles morphology.

Its main drawbacks are:

e They present a high mathematical complexity. Indeed, the different mo-
ment source terms are generally function of non-transported moments,
and closure problems need to be solved,

e Most of the methods of moments do not provide access to the PSD (or
NDF). The PSD can be reconstructed based on the values of the trans-
ported moments but the reconstruction is generally expensive.

1.4.4 Sectional methods

The sectional approach consists in dividing the PSD into different classes of
particles with neighboring size (Gelbard and Seinfeld 1980). These classes are
generally called "sections". To delimit the volume space occupied by these
sections, different solutions are possible. The one proposed by Netzell et al.
(2007) describes a power law for the volume space occupied by each section i.

max of a particle

For a discretization with Ngeet sections, the maximum volume v;

size of the section ¢ verifies the following relation:

'UMAX /L'/Nsect
Uzmax — UMIN < UMIN ) (134)
where vMIN and vMAX correspond respectively to the smallest and biggest soot

particle.

Then, in a mono-variate description of the soot particles size distribution the
PSD is solved by solving one or several moments of the soot particles size dis-
tribution inside each section 7, depending on the description of the soot volume
fraction density inside each section.

The main advantages of this method are:

e They are based on detailed description of the different physical and chem-
ical phenomena,

e Mono-variate (in the particles volume or surface space) or bi-variate
volume-surface description of the PSD can be considered enabling to de-
scribe the soot particles morphology. For mono-variate description of the
PSD, the morphology can be accounted for by imposing a surface-volume
relationship depending on the soot particles size.

Its main drawbacks are:

e The method is expensive and is generally considered as unaffordable when

bi-variate surface-volume description of the PSD or NDF is considered.
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e The numerical accuracy depends on the number of sections used for the
PSD or NDF discretization. More than 20 sections are generally required
in order to have a correct numerical accuracy for a mono-variate descrip-
tion.

1.4.5 Stochastic methods

In order to avoid any assumption on the PSD shape, Monte Carlo techniques
have been applied to the solution of soot population balances (Mitchell and
Frenklach 1998; Balthasar and Kraft 2003; Celnik et al. 2007). The soot
particles are represented through a discrete list of particles and their evolution
is solved using an explicit Monte Carlo technique.

However, due to its extremely high cost and the large number of shots needed
for the convergence, this methodology is not affordable in practical complex
configurations. Nevertheless, the Monte Carlo approach is generally employed
in order to validate the development of other models for PSD prediction, such
as the sectional methods or methods of moments in academic configurations.

The main advantages of this method are:
e No assumption is realized on the PSD or NDF shape,
e Detailed description of physical and chemical soot processes can be taken
into account,
e Bi-variate volume-surface description of PSD or NDF can be considered,
e The corresponding solutions can be considered as reference solutions of
the soot population balance equation.
Its main drawbacks are:
e Its coupling with gas phase chemical kinetics description requires specific
numerical methods (Celnik et al. 2007),
e Its expensive cost due to the large number of shots required for numerical
convergence.

1.4.6 Comparison between the different categories of numeri-
cal methods

Table 1.5 compares the different categories of numerical methods in terms of
quality of soot evolution process description, PSD/NDF description, soot par-
ticles morphology description, universality and cost.

Empirical and semi-empirical methods present the lowest cost but are generally
based on coarse description of the different soot particles evolution processes,
without morphology description and description of the PSD. Moreover, their
tuned parameters are highly case dependent. Methods of moments present also
a low cost but depending on their formulation, they often do not provide access
to the PSD and they can present high complexity in terms of mathematical
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closure.

In this thesis, the main goal is to describe the PSD evolution in 3-D turbulent
simulations. Kinetic, sectional and stochastic methods are the methods en-
abling to describe it without expensive reconstruction methods. Kinetic mod-
els require the transport of the corresponding kinetic scheme together with
the BINs, which is unaffordable in 3-D simulations. Stochastic methods are
intrinsically expensive methods and can not be selected in 3-D simulations.
The sectional method can be easily coupled with tabulation techniques for the
gaseous phase description. That is why this method can be considered as the
method providing access to this PSD at the lowest cost, and will be consid-
ered in this manuscript. Details on the corresponding sectional model will be
presented in Chapter 2, Section 2.2.

Method Soot evolutl.on. PSD/'N]-:)F Morpl.lol-ogy MathemaFlcal Cost
processes description | description | description complexity

(Semi-) B ] ]

empirical

Kinetic | -
Methods of

Jr — J - - .

moments

Sectional | | -
Stochastic - 4+ ++ - -

Table 1.5: Comparison between the different categories of numerical methods. Green
crosses correspond to advantages and red dashes corresponds to drawbacks.

1.5 Conclusion

In this chapter, geometrical characteristics of soot particles have been intro-
duced.

Then, soot particles dynamics and reactivity processes and their impact on
soot particles geometrical characteristics have been presented. Six main pro-
cesses are involved in soot particles formation: PAHs dimerization, nucleation,
condensation, surface growth, oxidation and coagulation. The numerous un-
certainties on the state-of-the-art description of these processes have been dis-
cussed.

Then, the different methods for predicting soot particles evolution have been
presented and the sectional method has been chosen for its capacity to predict
the particles size distribution at a reasonable cost: next chapter will present
the different equations governing the developed sectional model in this thesis.







Chapter 2

The Sectional Method

The sectional method developed and employed in this thesis is presented
in details. Then, its validation for premized flames at atmospheric and
elevated pressures is presented. Its accuracy in counterflow diffusion
flames configurations is also investigated.

Then, the wunsteady behavior of soot production is analyzed in
laminar configurations by studying the response of soot production to
strain rate fluctuations. Unsteady laminar counterflow diffusion flames
with an tmposed oscillating strain rate are investigated both analytically
and numerically. An analytical linearized model is developed in order
to predict the identified unsteady response of soot production.

Finally, wvariability and wuncertainties that remain in numerical
modeling of sooting flames are discussed.
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2.1 Gas phase and soot precursors description

Although the sectional model only describes the solid phase, its performance
is strictly related to the selected gas phase description and it is therefore nec-
essary to present the sectional model as a package combining both a gas phase
description and the equations related to the solid phase. Indeed, any modi-
fication of the gas phase leads to modifications in the description of the solid
phase. Thus, the models selected for the gaseous and solid phases are described
in this Chapter and no modification of the models and their parameters will be
considered for all the following chapters of the manuscript.

For the prediction of soot particles evolution in flames, in addition to the global
gas properties (temperature, flame speed, ...), soot precursors and gaseous
species participating to the soot surface reactivity (CyH,, OH, O,, ...) must be
predicted as a first step.

2.1.1 Flame general properties description

Several kinetic schemes have been considered here to select the most optimized
for the objectives of our study. We want at least to verify the correct prediction
of ethylene-air flame general properties (laminar flame speed S, temperature,
etc..). Details of the mechanisms considered are listed in Table 2.1.

Nb. of | Nb. of Largest
Name . . Reference
species | reactions | hydrocarbon
ABF 101 544 CcHy Appel et al. (2000)
MARCHAL 154 850 CeHyp Marchal (2008)
MAUSS 82 457 Ci6Hyp Mauss (1998)
CHERNOV 102 831 CyoHyy Chernov et al. (2014)
SLAVINSKAYA 94 719 CyoHys Slavinskaya et al. (2012)
POLIMI 170 5465 CigHyp Richter et al. (2005)
USC-II 111 784 CHg Wang et al. (2007)
KM2 202 1351 Cy Hyo Wang et al. (2013)

Table 2.1: Studied kinetic schemes

First, prediction of laminar flame speeds of ethylene-air premixed flames at 1
atm, cold gas temperature of 298 K and for different equivalence ratios are pre-
sented in Fig. 2.1. Results are compared to experimental data of Egolfopoulos
et al. (1991); Hassan et al. (1998); Jomaas et al. (2005).

It can be observed that five mechanisms predict well the laminar flame speed:
USC-II, KM2, POLIMI, CHERNOV and SLAVINSKAYA. In order to deter-
mine the reference mechanism that will be used for all soot simulations in this
thesis, next section compares their predictions for polycyclic aromatic hydro-
carbons (PAH) with experiments in literature.
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2.1.2 Prediction of PAHs

Figure 2.2 presents a comparison of the prediction of several species for the flame
experimentally studied by Castaldi et al. (1996). It corresponds to a burner
stabilized C,H,(21.3%)/ 05(20.9%)/ Ar(57.8%) premixed flame (¢ = 3.06, 7.56
L/min gas flow rate, cold gas temperature of 298 K, pressure of 1 atm). USC-II
scheme is not considered here as it only contains the smallest polycyclic aro-
matic hydrocarbon: the benzene (C;Hg). Soot production is not considered in
these calculations. Then, it is important to remind that as PAHs are consumed
for soot production, it is expected that PAHs are slightly overestimated by the
different mechanisms.

100 7
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Laminar flame speed (cm/s)
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Figure 2.1: Comparison of ethylene flame speeds for different schemes (ABF (Appel
et al. 2000) : (), Marchal et al. (Marchal et al. 2009) (==), Mauss et al. (Mauss
1998) (==), Chernov et al. (Chernov et al. 2014) (=), Slavinskaya et al. (Slavinskaya
et al. 2012) (), USC-II (Wang et al. 2007) (=-=), Richter et al. (Richter et al.
2005) (==), KM2 (Wang et al. 2013) (=) ). Comparison with experiments (Egol-
fopoulos et al. (Egolfopoulos et al. 1991) (x ), Hassan et al. (Hassan et al. 1998)
(0 ), Jomaas et al. (Jomaas et al. 2005) (+)). Results for the schemes USC-II and
KM2 are superposed.

Concerning major species, a good agreement is obtained for the different mecha-
nisms. For PAHs, better predictions are obtained by the KM2, SLAVINSKAYA
and CHERNOV mechanisms. It should be noted that only the KM2 scheme
predicts the concentrations of PAHs larger than pyrene (A4). Then, for the
A, R; concentration, only the result with this kinetic scheme is presented and
good predictions are overall obtained.
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Figure 2.2: Species profiles in a C,H, /O, /Ar premized flame. Numerical predictions
with the KM2, POLIMI, CHERNOV and SLAVINSKAYA mechanisms are compared
with experiments from Castaldi et al. (1996).
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Figure 2.3 presents a comparison of the prediction of several soot precursors for
the flame experimentally studied by Ciajolo et al. (1996); Ciajolo et al. (2001).
It corresponds to a burner-stabilized premixed flame C,H,(44.4%)/ O,(55.6%)
(¢ = 2.40, cold gas velocity ug = 2 cm/s, cold gas temperature of 298 K, pres-
sure of 1 atm), retained for the International Sooting Flame (ISF) workshop
(ISF3 2017). For this flame, it can be observed that a better agreement is ob-
tained for the KM2 kinetic scheme compared to the other mechanisms.

Moreover, in their study, Wang et al. (2013) have shown that a good agreement
in PAHs evolution prediction is obtained in ethylene-air counterflow diffusion
flames. For all these reasons, we choose the KM2 mechanism for all simulations
presented in the present work.
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Figure 2.3: Gaseous soot precursors numerical predictions obtained by KM2,
POLIMI, CHERNOV and SLAVINSKAYA mechanism compared with experiments
data of Cliajolo et al. (1996); Ciajolo et al. (2001).
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2.1.3 Supplementary validations of the kinetic scheme
2.1.3.1 Methane-air and propane-air mixtures

Prediction of laminar flame speeds for the chosen scheme has also been studied
in the case of ethylene-air, methane-air and propane-air mixtures (see Fig. 2.4).
Results are compared to experimental data of the literature and a good predic-
tion of the flame speeds for the three studied fuels is obtained with the selected
scheme.

80—

N W A~ O o N
o O o o o o

Laminar Flame Speed (cm/s)

[N
o

| ‘0.6‘ - ‘0.8‘ - ‘1‘ B ‘1.2‘ - ‘1.4‘ - ‘1.6‘ B ‘1.8‘ ‘2‘ - ‘2.2
Equivalence Ratio ®

Y

Figure 2.4: Laminar flame speeds for methane (==), propane (==) and ethylene
(=) flames for the scheme KM2. Comparison with experiments for methane (Van
Maaren et al. (Van Maaren and De Goey 1994) (O)), propane (Vagelopoulos et al.
(Vagelopoulos and Egolfopoulos 1998) (N )) and ethylene (Egolfopoulos et al. (Egol-
fopoulos et al. 1991) (o), Hassan et al. (Hassan et al. 1998) (x ), Jomaas et al.
(Jomaas et al. 2005) (%)) .

2.1.3.2 Laminar flame speed for ethylene-air mixtures at higher
pressures

Figure 2.5 compares the prediction of the ethylene-air mixture flame speed at
different pressures (1 bar, 2 bar and 5 bar) and for an inlet temperature of 298
K with experiments. A good prediction for all these pressures is obtained for
the selected mechanism. The predicted laminar flame speed at 3 bar is also
added to the plot, as it is the pressure considered in Chapters 5, 8 and 9.
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Figure 2.5: Fthylene-air flame speeds at 1, 2, 3 and 5 bars obtained with the KM2
scheme. The experimental data are from Egolfopoulos et al. (1991); Hassan et al.
(1998); Jomaas et al. (2005)

2.2 Equations of the sectional model

2.2.1 Particles size distribution discretization

As previously explained in Chapter 1, the sectional approach consists in di-
viding the PSD into Ngect different classes of particles with neighboring size
(Gelbard and Seinfeld 1980), called "sections". Each section i represents par-
ticles with a volume between vzmin and v;"%%.

Here, the PSD is assumed constant in each section. Then, only one moment
inside each section is solved, i.e. the total soot volume fraction ()s; of the
section 7, defined as:

max

Qs;i = /le qi(v). (2.1)

min
i

Inside each section ¢, the soot volume fraction density g(v) is considered con-
stant and equal to g; = ¢(v"**") with v"*" = (" 4 u?*) /2. Figure 2.6 illus-
trates the corresponding discretization of the particles size distribution (PSD).

The volume particle number density n(v) for each section is then evaluated for
v € [vfM", X as:

n(v) = qi/v (2.2)
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Figure 2.6: Discretization of the soot volume fraction density q(v).

Then the soot volume fraction @)s; and the particles number density N; relative
to the section 7 writes:

max

v
Qs,i — / Q(’U)d’U =g (U;nax _ U%rnm)
v

min

:flax max (2-3)
Ui 'UZ» d,U ,Umax
N; = / n(v)dv = qi/ — = gln < Zmin>
Uzmin U;nin v Ui

The total soot volume fraction fy, and particle number density Npart are eval-
uated as:

sect Nsect

fv = /0 Tado =3 Qui=S g (o — pmin)
i=§v i=1 (2.4)

sect max

. N
Npart = / n(v)dv = Z N; = Z%‘ln (Ulmin>
0 i=1 i=1 Yi

)

The particles size distribution discretization is done as follows:

e The first section is defined so that it contains all the nascent particles
generated from the collisions of two dimers of different sizes, depending
on the number of PAHs considered,

e For i € [2, Ngect — 1], the volume intervals of the sections follow a geo-
metrical progression, as proposed by Netzell et al. (2007):

i—1

(’UMAX> Nsect_2
max __ , max

max
Uy

(2.5)
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e The last section can be considered as a "trash" section which contains
very big unexpected soot particles from vMAX to vBIG and guarantees
soot mass conservation. The value of vBC is chosen as an unattainable
soot particle volume. The value of ¥MAX corresponds to a characteris-
tic volume of the expected biggest soot particles and is chosen as the
maximum soot particle volume resolved accurately.

This constructed discretization ensures that the volume interval [vfn, ymax]
described by each section i is bigger than the sum of all the volume intervals
of the smaller sections, enabling an easier handling of coagulation source terms
for each section.

2.2.2 Discretized equations

Discretizing Eq. (1.8) for each class of particle i, the PBE for each section
writes:

on;
ot

where u is the gas velocity, vt is the thermophoretic velocity and ng; is the
source term for the section 1.

+ V- ((u+vr)n) =V - (DsiVn;) + ng (2.6)

Then, multiplying this equation by v, the volume of each particle, and inte-
grating this equation for v € [vlmm, Uzmax], one obtains:

max max
v

% (/vmn m‘(v)vdu> + V- ((quVT)/v;n TLi(U)UdU)

pmax ymax

=V (Ds,iv (/ Z ni(v)vdv>> +/ Z s, 0V (2.7)

& ag;’z +V-((u+ vr)Qsi) =V - (Ds;VQs,i) + Qs’i

Moreover, noting Vioot,i (Msoot,i) the total volume (the total mass) of soot
particles belonging to the section i, and V' (M) the total volume (the total
mass) of the considered system, one can write Msoot,i = psVsoot,i and M = pV.
Now we use the relations Yy ; = Msoot,i/M and Qs = Vioot,i/V respectively for
soot mass fraction and soot volume fraction relative to the i section. Then,
Qs,; can be expressed as a function of a mass fraction relative to the section 4,
Y., the gas density p, and the density of soot particles ps:

Msoot,i _ }/s,zM _ 1Y

Qs,i = —Ys . 2.8
psV psV Ps ( )
Eq. (2.7) can be rewritten as:
OpYs.i ~
£V (pu+ve)Yas) = V- (D (pY)) + puQu (2.9)

ot
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In a similar way to the Fick’s law for the gaseous species, the following assump-
tion is done:

V- (Ds,iV(pYs,i)) = V- (pDs,iV (Ysyi)) (2.10)

It is however important to notice that this assumption has a negligible impact,
as molecular diffusion transport is generally negligible for soot particles.

Finally, the soot mass fraction Ys; of the section 7 follows the transport equa-
tion:

a/)Ys,i

24T (plut ve)Yig) = V- (0D (Vi) + Qo (2.11)

Qs’i = pqs,; is the production rate (in s_l) of the soot volume fraction for the
" section. The production rate gds,i of the soot volume fraction for the ith
section accounts for:
e nucleation (subscript ny), considered as the coalescence of two dimers,
e condensation (subscript conq), considered as the coalescence of a dimer
at a soot particle surface,
e surface growth (subscript ) and oxidation (subscript o), describing
the surface reactivity of soot particles,
e coagulation (subscript coag), corresponding to the collision of two solid
particles resulting in a bigger soot particle.
s; (in m3.kg=t.s71) can then be expressed as:

st,i = Qnu,i + Cjcond,i + QSg,i + QOx,i + q.coag,i (212)

With the final goal of the use of this method in an LES simulation (Parts II
and III of this manuscript), it is convenient to rewrite all the source terms as
a product of two contributions, in order to highlight their dependence on the
gaseous and solid characteristics:

Guusi = il

Goond,i = Goond,ifeond,i

Gsgyi = Qo yGCot (2.13)
Gox,i = o idosns.

Gooagi = Qoony eong.i T Geonss Geongs + Georsseongi

where the superscripts % and °d respectively correspond to the gaseous

and soot dependence parts of each soot source term, which will be detailed in
Section 2.2.5. It should be noted that the gaseous contribution parts depend
only on T, p, the dynamic viscosity u, the pressure P, and the HACA-RC
mechanism-involved species concentrations.
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2.2.3 Morphological description

Compared to the classical sectional models, in the present approach a soot
particle is not always considered as spherical but its morphology depends on
its size. For this, a soot particle of a given volume v and surface s is here
considered as an aggregate composed of n, = s3/(367v?) primary spherical
particles with a diameter d,, = 6v/s. The evolution of the particle surface s is
provided as a function of its volume v as:

(s/s¢,) =

(v/vc2)2/3 for v < vy,

(v/0e,)"" o

for v > 1
with:

(log(v/v1)) +2/3 - <log(v1/vcz)>
log(v/vc,)

0(v) = 3.0- (2.15)

where v; = 10%% nm? denotes the volume beyond which a soot particle is no
longer considered as spherical. s¢, and vc, are respectively the surface and
volume of a spherical molecule composed of two carbon atoms. Quantities
0(v), dp(v) and n,(v) are supposed constant for each section ¢ and their values
0;, dp; and n,; are evaluated at v = (pMit 4 Max) /2 This relation has
been derived in Rodrigues et al. (2017) by fitting numerical results available
in literature (Mueller et al. 2009a; Salenbauch et al. 2015) and it impacts not
only surface reactions descriptions but also collisional phenomena via the value
of the collisional diameter d., function of the primary particles diameter d, and
the number of primary particles n,. Figure 2.7 illustrates this correlation and
its comparison with literature data.

It should be noticed that for v < vq, particles are spherical, so that n, = 1 and

dy = (6v/m)\/5.

Finally, it is important to notice that this empirical law is not universal and is
case dependent. However, it enables to not discretize both volume and surface
space of soot particles, and therefore, it is a good compromise between CPU
cost and accuracy for a sectional method.

2.2.4 PAHs, dimers and soot precursors

Dimer, an intermediate state for the polycyclic aromatic hydrocarbons (PAH)
between the gaseous and the solid phases, is here obtained from the collision
of two PAHs (Blanquart and Pitsch 2007; Mueller et al. 2009b). As suggested
by (Blanquart and Pitsch 2007), these dimers are considered as the soot pre-
cursors. In the presented model, the dimerization of seven PAHs (Npag = 7)
having four or more aromatic rings are considered, from the pyrene (A4) up to
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coronen (AT7).
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Figure 2.7: Presumed relationship between soot particle surface and soot particle
volume. Data from the literature (Mueller et al. 2009a; Salenbauch et al. 2015)

obtained with bi-variate moments resolution on one laminar premized ethylene/air
flame are also presented.

The dimerization production rate QdPAHk for a PAH; is given by:

47‘('ka

. 1/2
QPan, = 20PAH, Tk < ) dpan, [PAH]* NG (2.16)

where dPAHk is the diameter of a PAHy, particle (supposed spherical), N4 the
Avogadro number, k; the Boltzmann constant, T' the gas temperature, and mj
the mass of the particle PAH. UPAH, is the volume of a PAH, evaluated as

UPAH, = nCPAHk 1)02/ 2 where nCPAHk is the number of C atoms of the PAH,.

v =C Nmi is the sticking coefficient factor for PAH, with C'y a constant equal
to 1.5 - 107 11g=* (Blanquart and Pitsch 2007).

The seven PAHs involved in the dimerization process, their chemical formula,
their name in the KM2 kinetic scheme (Wang et al. 2013), their molar mass
and their corresponding dimerization sticking coefficient are listed in Table 2.2.
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PAH PAH name in Chemical Molar Molecular
name the KM2 scheme | formula | mass [g/mol] Tk organization
Pyrene (A4) A4 CieHy, 202 0.0250 O“O
Chrysene (A5) CHRYSEN CsHy, 228 0.0406 O‘O‘
Benzo(a)pyrene (A5) BAPYR CyoHy, 252 0.0606 A O‘O‘
Benzo(e)pyrene (A5) BEPYREN CyoHy, 252 0.0606 Oé"
Perylene (A5) PERYLEN C,oH,, 252 0.0606 O‘O
Benzoperylene (A6) BGHIPER CyHy, 276 0.0871 &‘
Coronene (A7) CORONEN C,,H,, 300 0.1216 O“OQ

Table 2.2: Involved PAHs considered for the dimerization process modeling.

To account for these multiple PAHs involved in dimerization process, an equiv-
alent lumped PAH with mass fraction of Ypay is considered. Its mass fraction
and total dimerization source term are evaluated as:

NPA H

Yoau = »_ Ypan,
k=1

NPAH

Qpiv = Z QdPAHk

k=1

(2.17)

This lumped equivalent PAH leads to an equivalent dimer with a volume vq
evaluated as:

NPA H

5d
. @pan,
k=1

vg=2- (2.18)

NPAH d
kzl Qpan, /(2vpan, )
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It will vary in the calculation depending on the local PAHs concentration.

For the calculation of the dimers number density Ny, a quasi-steady-state as-
sumption is considered between their production from the gaseous phase and
their consumption by nucleation and condensation (Blanquart and Pitsch 2007,
Mueller et al. 2009b):

sect

Qoiv = p Y (Guui + Geond.s) - (2.19)
i=1
2.2.5 Soot source terms
2.2.5.1 Nucleation

Coalescence of two dimers is considered for the formation of the smallest soot
nuclei (Blanquart and Pitsch 2007; Mueller et al. 2009b) through the Smolu-
chowski equation (Smoluchowski 1916). The source term for nucleation is:

Goui = vaPBaNGoi /p (2.20)

where (B4 corresponds to the collision frequency of dimers occuring in a free
molecular regime:

3\ [6k,T
B4 = em (477) p’; 42}/ (2.21)

where e,, = 2.5 is the amplification factor due to Van der Waals interactions
(Marchal 2008). The Kronecker delta factor d;1 in Eq. (2.20) enables the
nucleation source term to be considered only in the first section of the particles
size distribution.

2.2.5.2 Condensation

It is considered as the coalescence of a dimer at a soot particle surface. The
condensation source term of a section ¢ is expressed as:

.gas—i ci—1—1 ~i—i+1

QCond,i = qcond,i + qcond,i - qcond,i (222)

where g5t qéonld_i and ¢’ 7 respectively correspond to the rate of mass

of dimer particles that will condensate on particles of section 4, to the rate of
particle mass that will enter into section ¢ due to condensation with particles
of section 7 — 1, and to the rate of particle mass that will move from section
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to section ¢ 4+ 1 due to condensation. They are respectively evaluated as:

max __

wassi | Ng U
et =t [ Baan(w)d
p " Jymn
1. Ny Ui
Geondy = — / Ba,i—1n(w)(w + va)dw (2.23)
p v vy

max

g1 Na [T
Qeond;i — — /Bdﬂ'n(w) w dw
v

P e —y

where the collisional frequency of a dimer with a soot particle has been consid-

ered constant by section and evaluated at vj"¢*":

3\ [6k,T
Bd,i =€cond | 7
Ps

4
1 1 s m\3 2
L (7 ()"

7

(2.24)

where €c.ong = 1.3 is the amplification factor due to Van der Waals interactions
(Marchal 2008). For each section i, the collisional diameter d.; is considered
constant and evaluated as a function of ny;, dy; and the fractal dimension Dy
of particles (considered equal to 1.8):

1/D
deji = dpiny,; 7. (2.25)

2.2.5.3 Surface growth and oxidation

Soot particle surface growth and oxidation occur at its surface.
As for condensation and keeping the same notations of Eq. (2.22), the corre-
sponding source terms for a section ¢ write as:

. .gas—i si—1—1 it

Qsg,i = qsg,i + qsg,i qsg,i (2 26)
. .i—gas 4 gt giviel '
Qox,i = —lox,; Qox,i Qox,i

Based on Eq. (A.11) of Appendix A, Section A.1.1.3 and Eq. (1.30) of Chap-

o B AR Ppe
ter 1, qsggai ’ Gt 17" and q;;i”l can be expressed as:
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' ‘ K Ug&x 3
G = e 1 (w) n(w)(w + ve, )dw (2.27)
Yo

ymax_ vc

7

K max 3
q;;erl sg /max ( ) n(w) w dw

zﬁgas Z+14>7, i—i—1 - .
and doxi Qo and dox ~ can be expressed as:
9;
max 3
z—)gas K n(w)dw
qOX Z
m1n+v 'U 2

9i—1

K . ;nll]_i_,u 3
qéj;t%l — Hox / +1 Co < > n(w)(w _ UCQ)dw (228)
2

min

7.+1

N

i

K m1n+,U 3
i =t [ ( ) n(w) w dw
2

where K¢ and Koy are reaction constants obtained with the HACA-RC mech-
anism.

From now and for all next chapters, the proportion of sites which are active at
the surface of a particle o will be considered as equal to 1.

2.2.5.4 Coagulation

The coagulation corresponds to the collision of two solid particles resulting in a
bigger soot particle. When particles from a section j and a section k collide, the
resultant particle has a volume comprised in the interval [vmm,j +Umin, k3 Vmax,j +
Umax k). Let us note by NZEZ" the particle number rate of particles received by
the section ¢ from the collision of particles from sections j and k, and by ij“t
the particle number rate of particles from section 7 which collide with particles

of another section j:

Nj Jk—i

toag = // Bj.knj(v)ng(w)dvdw

el s 229
NOllt / / Bi ini(v)n;(w)dvdw
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It is important to note that Ngo’;g” is non-zero only if it exists a particle of

volume v € [v;m“,v;nax] and a particle of volume w € [V, v8X] respecting
v 4w € [pmin ymax],
The global coagulation source term then writes:
. 1 [Vmax, : 75, k—>i ol out
eoni = D NZES =N N | vdv (2.30)
v

min,i j,k:l j=1

In these equations, the collision frequency 3; ; between a particle of section 4
and a particle of section j is evaluated at v;"**" and v Here, a transition
regime between the free molecular regime (superscript ™) and the continuum
regime (superscript ¢) has been chosen for the description of collisions. For the
collisions between a particle of section 7 and a particle of section j, 3; ; is then

expressed as:

pimpe "
/B)] /3:‘? +/8,LC’] (ﬁ ,] ,]) ( )
with:
V6 Jekr [ 1 1
fm €coa, i 0 b + (dC’L + dc ')2
2] g A Ds pmean pmean ) 2]
i ; (2.32)
kaT Cui Cu,
Pi= = dci dc 1 - J
ﬁl,] 3“ ( ) + 7.]) <dc’i + dc’j>

where €coag = 2.2 is an amplification factor due to Van der Waals interactions
(Marchal 2008), p is the gas dynamic viscosity, and Cu; is the Cunningham
corrective coefficient for a particle of section j (Cunningham 1910):

2)\gas

c?j

Cu; =14 1.257TKn; =1+ 1.257 (2.33)
where Kn; and d.; are the Knudsen number and collisional diameter of a
particle of size j.

2.3 Validation on laminar steady flames

2.3.1 Soot prediction in premixed atmospheric configurations

For the model validation in premixed configurations, the 1-D premixed laminar
flame of Abid et al. (2009) is retained since it presents the most complete mea-
surements of the particles size distribution function among the flames selected
by the International Sooting Flame (ISF) workshop (ISF3 2017). Other pre-
mixed atmospheric configurations have also been studied and the corresponding
results are gathered in Appendix A, Section A.1.2.
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The retained configuration consists of a burner stabilized premixed ethylene/oxygen /argon
flame with an equivalence ratio @ = 2.07. The corresponding composition in

terms of mass and molar fractions is shown in Table 2.3. The fresh gas velocity

at 298 K and 1 atm is 8.0 cm/s.

LCH, | O, | Ar |
Mass fraction 0.1268 | 0.2097 | 0.6635
Molar fraction 0.1630 | 0.2370 | 0.6000

Table 2.3: Premized composition of the studied premized flames.

It is important to notice that several techniques exist in order to measure
the particles size distribution of soot particles. The tubular-probe sampling
technique used by Zhao et al. (2003), Zhao et al. (2005) and Abid et al. (2008)
was one of the first to provide detailed particles size distributions at any point
above laminar flames. Its principle is presented in Fig. 2.8.

tubular probe

—
cold N,

orifice local stagnation point

porous plug porous plug

Figure 2.8: Tubular-probe sampling technique : Measurement principle (extracted
from Abid et al. (2009)).

flame sheet

However, it was demonstrated that the presence of the tube clearly perturbs
the flow around it and therefore the lifetime of soot particles (Abid et al. 2009;
Saggese et al. 2016; Xuan and Blanquart 2016). In addition, due to multi-
dimensionality of the flow, boundary conditions were not very well defined and
rigorous comparisons with detailed 1-D resolutions were therefore not possible.

The other approach initially developed by Abid et al. (2008) enables to ob-
tain a configuration that can as a first approach be modeled by an quasi 1-D
set of equations based on a burner-stabilized stagnation (BSS) approach. In
order to have the most rigorously-defined boundary conditions for numerical
simulations, the soot particles removal is integrated into the stagnation plate
positioned at a well defined height above the burner. A schematic diagram of
this technique is presented in Fig. 2.9.

The burner used in Abid et al. (2009) has a diameter equal to 5 cm and the
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flames are isolated from the ambient air by a concentric nitrogen flow with a
speed of 25 cm/s (298 K & 1 atm). The temperature profiles are measured
using a thermocouple.

Flame side view

cooling assembly
stagnation plate/sample probe (T,)
X - — p—

Plate Facing
Burner

N,at 30 LPM

(b) Bottom view

Figure 2.9: BSS flame approach : Measurement principle (extracted from Abid et al.
(2009)).

For the removal of soot particles, a 8 cim diameter disk per 1.3 cm thick is used
and acts as a stagnation plan. The position of the plate above the burner, H, is
measured with an accuracy of £0.025 cm. The temperature of the stagnation
plate T is also measured using a thermocouple of type K. The orifice through
which the soot particles are taken has a diameter of 127 um. When the soot
particles are removed, they are immediately diluted in a cold nitrogen flow with
a volume flow rate of 30 L/min (at 298 K & 1 atm). The dilution ratio (DR) is
quantified by measuring the pressure drop AP through the orifice. PSD of soot
particles are finally obtained through a scanning mobility particle sizing. Based
on this PSD and Eq. (2.4) , soot volume fractions fiy and particles number
density Npart are experimentally determined.

It should be noted that from a numerical point of view, for each height of the
stagnation plate, H, a different flame is calculated with well-defined boundary
conditions at the outlet of the burner and at the level of the stagnation plane.
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The Table 2.4 summarizes the studied configurations (data from Camacho
et al. (2015)).

H [cm] LTb K] LTS K] L DR
0.40 473 500 712
0.45 473 499 712
0.55 473 497 712
0.60 473 495 615
0.70 473 492 615
0.80 473 490 615
1.00 473 488.7 | 615
1.20 473 486 615

Table 2.4: Premized flame case: details on the different studied configurations.
H: plate height above the burner, Ty: temperature of the burner, Ts: stagnation plate
temperature, DR: dilution ratio.

2.3.1.1 Experimental dataset

Several experimental results are available:
e the Particles Size Distribution (PSD) of soot particles at each height
above the burner,
e the total soot volume fraction fir and the particles number density Npart
at each height,
e the temperature profiles for each one of the different flames (i.e. for each
plate height above the burner).
These data will be compared with numerical predictions in Section 2.3.1.4.

2.3.1.2 Numerical modeling: axisymmetric stagnant flow

2.3.1.2.1 Hypothesis and notations
Since the flow is axisymmetric, the cylindrical coordinates (r, 6, =) are used
in the following. Thus, the velocity field u is expressed as:

u(r,z) = u(r,z)é, + v(r, z)ey. (2.34)

On the other hand, invariance according to the 6 coordinate of the problem
implies that the different physical quantities (7', p, u, Y) and Y ;) depend only
on the radial coordinate r and on the axial coordinate .

The problem is thus an axisymmetric 2-D problem. Nevertheless, Robert J.Kee
(2003) proposed a formulation of the problem that enables the resolution of this
problem in a 1-D formulation, over the axi-symmetry axis. The code REGATH-
1D-CF (Darabiha 1992) which is used here is based on this formulation.
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The only hypothesis in this formulation is to consider that at the vicinity of the
jet axis the fields of temperature, species (and consequently the mass fractions
of the different sections of soot) are functions only of the axial coordinate x.
Then, the corresponding transport equations are:

Energy conservation:
K K
ar o (.oT ar
= =2 (A=) - YiVicoh— — > hpWiop + PR 2.35
pvcpdx 833( (93:) ;p F kcpkax ; kWt ( )

Species mass fractions conservation:

oY, 0
— = ——(pY Vi Wi 2.36
PV 5g PYiVE) + Wiy (2.36)
Soot section mass fractions Ys; conservation:
O0Ysi 0 10T 0 :
pv 8; % (0-554MT(%Y5,2'> = %(PDs,iVYs,i) + psQs,i (2.37)
The momentum must also be function of only the axial coordinate x :
pv = (pv)(x) (2.38)
so that the mass conservation in cylindrical coordinates writes:
Opv  10rpu Jrpv  Orpu
— + - =0 & —— =0 2.39
o 7 or o | or (2:39)
We define then a stream function ¥ (7, x), satisfying the mass conservation:
?;f =rpv
(2.40)
—gy = TPu

On the other hand, based on Eq. (2.38), the stream function (r,z) can be
expressed as:

=) e T =U)
& ng =rU(z) (2:41)

= Yz = 7’2U(m)

with U a function depending only on the axial coordinate x.

The velocity fields v and v can then be expressed as a function of the quantity
U:

(2.40), (2.41) = P (2.42)
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2.3.1.3 Final resolved system of equations

It can then be demonstrated (Robert J.Kee 2()(')8Q that the set of equations
can be rewritten as a function of the variables (v, U), with U a function of the
coordinate z defined by:

U=--" (2.43)

The corresponding set of equations writes:

e Mass conservation:

d(pv)

290 = 2.44
i T2U=0 (2.44)

Radial moment equation:
v~ d [ dU
A 219

Axial moment equation:

dv dp 4d [ dv  ~ dU
— =ty p—— 2p— 2.4
PV dz + 3dz (,u dz MU) e dx (246)

e FEnergy conservation:

vcd—T—i )\d—T
ppdazidx dx

. R
> - kE_l kachpk% — kE_l hpWiwy, + P (2.47)

Species conservation:

dYs d )
- Y. Vi) + Wew 2.4

Soot section mass fractions Y ;:

y dYs; d vT ‘ d
dzr dx o

0.554p—5-Yoi | = ——(pDsiVY5i) + psQsi  (2.49)

Equation of state (perfect gas):

p=pRT> —* (2.50)
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where J is an unknown of the problem and corresponds to the radial pressure
gradient %%, which is constant throughout all the domain:

1 0p oJ
J = o constant = o 0 (2.51)

It is important to note here that the equation of the axial moment is decoupled
from the other equations. Generally, this equation is not solved since it is not
necessary in order to obtain the variables of interest. Solving this equation
allows to obtain the axial pressure gradient.

In Eq. (2.47), PR corresponds to the radiative source term. Here, radiation
from CO, CO, and H,O gaseous species is taken into account through the Sta-
tistical Narrow-Band (SNB) model (see Chapter 6, Section 6.2.1.4). For the
soot particles, they are considered as aggregates of non-overlapped spherical
primary particles and the RDG/RDG-FA theory is applied to these primary
particles without considering scattering (see Chapter 6, Section 6.2.2.7).

Boundary conditions

The burner is considered here at x = 0, and the stagnation plane at x = H.
e Boundary conditions at = 0:

PV = PpUy

u=0=0U=0

T=T, (2.52)
pYiVi, = pyup(Yiep — Yi)

Ysi=0

where:
— pyup corresponds to the mass flow rate per unit surface at the burner
exit,
— Ty corresponds to the gas temperature at the burner exit,
— V} is the diffusion velocity of species k, calculated at the first grid
point,
— Y} is the mass fraction of species k at the burner inlet.

e Boundary conditions at x = H:

pv =20
u=0=0U=0
T=T (2.53)
pYi Vi =0
dYs;
\ dr 0



72 CHAPTER 2 - THE SECTIONAL METHOD

It is then important to notice here that a zero-velocity condition is applied
at the stagnation plane, increasing the residence time of soot particles.
This is not representative of the experiments as the particles are extracted
through a hole so that they do not see this zero-velocity region before as-
piration. The impact of this boundary condition will be discussed in the
following section.

2.3.1.4 Numerical results

In order to compare our numerical model for each of the heights where the
stagnation plate has been positioned experimentally for sampling, it is there-
fore necessary from a numerical point of view to carry out a simulation for
each burner height. The obtained results are presented in the following para-
graph and compared with experimental measurements from Camacho et al.
(2015) and numerical results from Saggese et al. (2015) obtained with a ki-
netic scheme method for soot prediction through BINs (see Section A.2.3 of
Appendix A).

2.3.1.4.1 Temperature profiles

The temperature profiles obtained for each of the heights analyzed are presented
in Fig. 2.10 and compared with the experimental values (symbols). For all these
flames, a very good agreement is obtained between experimental measurements
and numerically-predicted temperatures, validating therefore the gaseous phase
description.

2.3.1.4.2 Comparison of soot predictions with literature and exper-
iments

In this section, results obtained using the 1-D classical formulation presented in
Section 2.3.1.3 are initially discussed. However, as shown in literature (Cama-
cho et al. 2015; Saggese et al. 2015; Xuan and Blanquart 2016), aspiration of
particles at the stagnation plane impacts the flow and, consequently, the soot
particles residence time at the measured position. Different techniques enabling
to take into account these effects are here proposed and the corresponding re-
sults are also presented.

Global quantities: soot volume fraction and particles number density

Figure 2.11 presents the global quantities (soot volume fraction, left, and par-
ticles number density, right) obtained with the 1-D classical formulation, com-
pared with experimental measurements (orange circles) and numerical results
(black dashed lines) of Saggese et al. (2015). It can be observed that soot
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volume fraction tends to be over-predicted and particles number density are
under-predicted (red dashed lines) compared to experiments.
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Figure 2.10: Comparison between numerical and experimental temperature profiles
(Camacho et al. 2015) for the different positions of the plate above the burner.
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Figure 2.11: Comparisons between numerical soot volume fraction and particles num-
ber density evolution (with and without a shift of 0.2 ¢cm in numerical results) with
the experimental measurements from Camacho et al. (2015) and the numerical results
obtained in literature by Saggese et al. (2015) (with and without a shift of 0.2 ¢cm in
numerical results).

This may be due to the zero-velocity boundary condition at the stagnation
plane, which increases the residence time of soot particles in the simulation
artificially modifying their history (Camacho et al. 2015; Saggese et al. 2015;
Xuan and Blanquart 2016). In order to take into account this effect, it has
been proposed by Camacho et al. (2015) and Saggese et al. (2015) to shift the
results by 0.2 cm and to compare the soot volume fraction, particles number
density and particles size distributions at this distance of the stagnation plane.
The corresponding results (-0.2 cm) are presented in solid lines, and a better
agreement is obtained compared with experimental measurements.

Particles Size Distributions

Figure 2.12 presents the numerical predictions for the particles size distribution
(PSD) at each height above the burner (at the stagnation plane in dashed
lines and shifted by 0.2 cm in solid lines). A comparison with the three sets
of measurements presented in Camacho et al. (2015) and numerical results
obtained in literature are also presented. Three set of measurements (named
"Stanford 1", "Stanford 2" and "Stanford 3" in the figures) have been realized
in order to demonstrate the reproducibility of these measurements.
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Figure 2.12: Comparison between numerical predicted soot particles size distributions
at x = H and x = H — 0.2 c¢m with the experimental measurements from Camacho
et al. (2015) and the numerical results obtained in literature by Saggese et al. (2015)
(atx=H and z = H — 0.2 cm).

It can be observed that for the two last heights above the burner (H = 1.00
cm and H = 1.20 cm) good results are obtained compared with experiments
by shifting the results by 0.2 cm. Good quality of results was also obtained in
literature by Saggese et al. (2015). However, for smaller distances between the
burner and the stagnation plane, the experimental PSD seems to correspond
to intermediate states between the PSD at the stagnation plane and the PSD
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shifted by 0.2 cm from the stagnation plane. This can be due to some modeling
errors but it may also indicate that a simple shift is not sufficient to correctly
treat the aspiration effects for all distances. Alternative methods to correct the
aspiration effect will be proposed in Section 2.3.1.6.

2.3.1.5 Analysis of soot production in premixed flames

Figure 2.13 presents a typical view of the BSS flame for a burner to stagnation
plane distance H = 1.0 cm. As observed in the profiles of Fig. 2.11, soot volume
fraction increases up to the stagnation plane, whereas particles number density
is maximum at the beginning of the sooting zone due to nucleation process,
and then decreases with the coagulation process (the oxidation process of small
particles may contribute to the decrease of Npart, but it is negligible for this
configuration).
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(b) Particles number density Npart

Figure 2.13: Representative view of the BSS flame for a burner to stagnation plane
distance H = 1.0 cm.

Figure 2.14 presents the evolution of the particles size distribution and the
different volume source terms for each sections at the six heights represented
in dashed lines in Fig. 2.13.
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Figure 2.14: Ewvolution of the particles size distribution (PSD) and nucleation, con-
densation, surface growth, oxidation and coagulation volume source terms at different
positions above the burner for the flame with a burner to stagnation plane distance of

H=1.0 cm.
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Looking at these evolutions, one can observe that nucleation process is initially
predominant so that a first peak of the PSD is observed for small diameters at
2z = 0.2 cm. Then, these first nucleated particles grow through surface growth
process until x = 0.35 cm. From z = 0.5 ¢cm to x = 0.8 cm, coagulation and
nucleation become the major phenomena in soot particles evolution. The per-
manent nucleation combined with the coagulation process of bigger particles
change the shape of the PSD, from a one-peak PSD shape to a two-peaks PSD
shape. The contribution of surface growth decreases in this region due to a
decrease of temperature. Near the stagnation wall, at * = 0.95 cm, coagula-
tion and condensation are the two major processes involved in soot particles
evolution.

2.3.1.6 Methods for treating the aspiration effects

In order to take into account the aspiration effects, the best approach would
be to consider 2-D detailed calculations, as the one proposed by Xuan and
Blanquart (2016). However, due to prohibitive computational costs when us-
ing a detailed description for both the gas and solid phases, two alternative
approaches are here proposed:

1. The first one, called "Iso-conv1", consists of calculating the real con-
vective time of soot particles and looking at the PSD at this convective
time.

Indeed, the aspiration dilution ratio DR can be expressed as:

L T
DR = ( 0 ) ( 0 ) ( al ) (2.54)
Lsample Tsample Hm sample

where:

o L (at 298 K & latm), is the nitrogen volume flow rate used for the
immediate dilution of aspired soot particles,

® Leample (298 K & 1 atm), is the volume flow rate sampled through
the orifice,

e T the diluent temperature,

® Tiample the gas temperature of the flow sampled through the orifice,

® /im sample (respectively ji) the dynamic viscosity of the sampled flow
(respectively of the diluent)

Based on data from Camacho et al. (2015), the following data are re-

tained:
e Lop=30L/min
o Th =298 K

® [sample = 555 K
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'u’m,sample — 1 6
Ho ’

Moreover, the sampling volume flow rate gsample at the sampled gas tem-
perature (555K) can be expressed as a function of Lgample through the
following relationship:

. _ [ P28 K I
(sample — sample
P555K

- (57) (o) () Gt
B To DR ) \ Tsample ) \ Hm sample
= (o) (i)
- \DR Mm,sample

In addition, the orifice diameter is equal to deriice = 127 pm. Then,
aspiration velocity vaspimax at the orifice position is equal to:

(2.55)

4qsample
i = — 2.56
Vaspi,max 2 ( )

orifice

Assuming that the aspiration velocity near the wall vaspinw(f) is only
function of the distance 7 separating the particles and the orifice, mass
conservation implies:

psample(jsample = P(f) (2777:2Uaspinw (7:) )
. Psample QSample
=4 i = o 5
Vaspi, , (T) p(f)(?ﬂ?ﬁ) (2.57)
~ (jsample
2772

Considering the results obtained in Eq. (2.56) (velocity at the orifice posi-
tion) and (2.57) (aspiration flow near the stagnation plane), the aspiration
velocity vaspi(7) can be approximated as:

'Uaspi(f) = min(vaspinw (F), 'Uaspi,max)

. 4(jsample QSample (2 : 58)
= min 5 ) 2
7Tdoriﬁce r

Then, one may consider that an effective velocity vegect(2) of the particles
can be defined over all the flame:

Ueffect(z) = vsolved(z) + Uaspi(z)

4@sample QSample (2 : 59)
nd? .. T2m(H —2)2)°

orifice

= Usolved(z) + min (
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The effective convective residence time (7conv_.(2)) and the resolved one

Teony z)) can then be expressed as:
solved p

z dZI
7'convmcf(z) = /0

Veffect ( k4 )

z dZ/
Tconvsolved (Z) = /0 Usolved(z/)

Then, taking the value ziso-cony for which TconveH<H )= Teonv,,, 4 (Ziso-conv)
enables to retrieve the particles state at the same residence time as the
one obtained in experiments. Soot volume fraction, particles number den-
sity and soot particles size distributions are then plotted for z = ziso-conv-

(2.60)

2. The second one, called "Iso-conv2", consists of modifying the resolved
equations by adding the velocity vaspi(2) in the convective terms of the
equations presented in 2.3.1.3, then solving these equations and plotting
the results at the point corresponding to the stagnation plane.

Next paragraphs present the obtained results for both methods.

Figure 2.15 presents the obtained global quantities (soot volume fraction and
particles number density) for the two correction techniques, compared with ex-
perimental measurements and numerical results of Saggese et al. (2015). A
good agreement is now obtained with the "Iso-conv" correction method when
comparing with experiments, and the impact of soot particles aspiration on the
quality of soot predictions can clearly be seen.

Figure 2.16 presents the obtained results for the particles size distribution
(PSD) using the two proposed correction techniques, compared with experi-
ments and results in literature. Again, it can be observed that the results
obtained with the "Iso-conv" correction technique are very well predicted for
burner-to-stagnation plane distances between 0.55 cm and 1.20 cm. For smaller
distances (H = 0.40 cm and H = 0.45 cm), the PSD is still shifted towards
bigger soot particles. At these distances, the impact of aspiration is even more
important, and one can suggest that even the proposed correction is not suffi-
cient to model this impact.
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Figure 2.15: Comparison between numerical soot volume fraction and particles num-
ber density with the two corrections techniques obtained the experimental measurements
from Camacho et al. (2015) and the numerical results obtained in literature by Saggese

et al. (2015).

2.3.1.7 Impact of the number of sections on results

The sensitivity of the model to the number of sections in laminar flames is
studied here. Fig. 2.17 presents the impact of this number of sections on the
calculated soot volume fraction fy,, particles number density Npar¢ and parti-
cles size distribution (PSD) at the stagnation plane for the flame with a height
above burner H = 1 cm.

The previous calculations have been performed with 50 sections. It can be
observed in Fig. 2.17 that this number of sections is good enough to obtain a
precise estimation of the three considered quantities. However, for 3-D simu-
lations purpose (Parts IT & III), 25 is considered as the minimum number of
sections needed to correctly reproduce the soot volume fraction. For this quan-
tity, negligible errors on global quantities are observed when comparing the
results with calculations based on more sections, whereas some discrepancies
are observed on the PSD.
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Figure 2.16: Comparisons between numerical predicted soot particles size distribu-
tions obtained using the two corrections techniques with the experimental measurements

from Camacho et al. (2015) and the numerical results obtained in literature by Saggese
et al. (2015)
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Figure 2.17: Impact of the number of sections used in the sectional method for the
prediction of soot volume fraction fy, particles number density Npqre and the particles
size distribution (PSD). The considered case corresponds to the flame with a height
above burner H =1 cm.

2.3.2 Soot prediction in pressurized premixed configurations
2.3.2.1 Experimental data

The experimental configuration investigated in Tsurikov et al. (2005) consists
of laminar ethylene/air premixed sooting flames at 3 bar and 5 bar. Figure
2.18 presents the corresponding burner. In order to stabilize the sooting flame
of interest, the flame is surrounded by a nonsooting "shielding flame". Both
flames are stabilized with water-cooled matrix. This outer flame enables also
to reduce oxidation and heat losses at the flame edges, and to shield the inner
flame from the cold surroundings. The flames are surrounded by an air coflow
and the burner/coflow assembly is installed in a water-cooled steel pressure
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housing with optical access. Evolution of the soot volume fraction as a func-
tion of the height above burner (HAB) are measured through Laser-Induced
Incandescence (LII) technique.

Table 2.5 summarizes the different studied configurations. The pressure varies
from 3 bar to 5 bar and the equivalence ratio ¢ from 2.05 to 2.50. The volume
flow rates are expressed in standard liters per minute, and the corresponding
mass flow rate per unit surface pu is calculated based on the values of these
volume flow rates.

Flame # | P [bar] | ¢ | Qc u, [slpm| | Quir [slpm] | pu [g/cm?/s]
3 3 2.30 1.71 10.67 0.01983
4 3 2.50 1.86 10.67 0.02006
5 5 2.05 1.91 13.31 0.02439
6 5 2.40 2.19 13.07 0.02444

Table 2.5: Tsurikov et al. (2005) experimental database of soot volume fraction
measurements in pressurized laminar ethylene-air flames.

2.3.2.2 Numerical modeling and results

These flames are computed with the 1-D-freely-propagating formulation of the
REGATH code, with burner-stabilized type boundary conditions. The selected
kinetic scheme (KM2) which has been validated for the prediction of laminar
flame speed of ethylene-air mixtures at elevated pressure (see Section 2.1.3.2) is
used for the prediction of the gaseous phase and the presented sectional model
is used for the prediction of the solid phase. As for the previous calculations,
radiation from soot particles, CO,, H,O and CO species are taken into account
in the energy equation.

- Coflow Ring flame Central flame
ir
supply [{ C2Hs e

Coflow air FC

Methane FC
Ring air FC

Central fuel FC

Central air FC

Figure 2.18: Burner used in Tsurikov et al. (2005) experiments.
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Figure 2.19 presents the comparison between the experimental measurements
(and their corresponding uncertainties) and the obtained numerical results for
the four studied cases. A good agreement with experimental measurements is
obtained, except for the flame # 5 (P = 5 bar, ¢ = 2.05) where soot volume
fraction is over-predicted by a factor two.
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Figure 2.19: Comparison between LII experimental data (Tsurikov et al. 2005) and
numerical predictions of fy for the four studied cases at 3 and 5 bar. The corresponding
flame # are presented in Table 2.5.

2.3.3 Diffusion configurations
2.3.3.1 Experimental configuration

The flames studied here have been experimentally investigated by Decroix and
Roberts (1999); Decroix and Roberts (2000); Welle et al. (2003); Xiao et al.
(2005), and correspond to counterflow diffusion flames pure fuel /air. Stationary
soot production behavior has been studied as function of the global strain rate
for three different fuels: methane, propane and ethylene. Four global strain
rates (GSR) haven been investigated: 15 s7!, 30 s7!, 60 s~! and 90 s~!. This
global strain rate GSR (K) is defined as:

K =GSR = % (2.61)
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where ug is the air velocity at the nozzle and L = 12.7 mm corresponds to the
distance separating the two nozzles.

The cold temperature for both fuel and air is Ty = 294 K. Table 2.6 summarizes
the characteristics of the different studied configurations.

| Global strain rate [s™] | [ 15 ] 20 [ 30 | 40 [ 50 [ 60 |
[ Air inlet velocity [em/s] | [ 9.525 [ 127 [19.05 ] 254 [ 3175 | 381 |
Methane inlet velocity [cm/s] 21.175 42.35
Propane inlet velocity [cm/s] 7.7 10.267 | 15.4 | 20.253 | 25.667 | 30.8
Ethylene inlet velocity [cm/s] 12.1 24.2

Table 2.6: Laminar counterflow diffusion flames studied by Decroiz and Roberts
(2000)

2.3.3.2 Numerical results

Figure 2.20 presents the comparison between the predicted evolution of the
maximum soot volume fraction as a function of the applied global strain rate
for the three different fuels studied by Decroix and Roberts (2000).
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Figure 2.20: Comparison of the predicted mazimum soot volume fraction as a func-
tion of the applied global strain rate with experiments of Decroix and Roberts (2000)
for the three studied fuels: methane, propane and ethylene.

Good predictions are obtained for methane and propane fuels with discrepancies
lower than a factor of two. However, ethylene predictions are lower by a factor
of five compared with experiments.
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2.3.3.3 Analysis of soot production in diffusion flames

Figure 2.21 presents the normalized profiles of gaseous and soot quantities for
the ethylene counterflow diffusion flame at a global strain rate of 30 s~!.
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volved in soot production.

Figure 2.21: Normalized profiles of gaseous and soot quantities for an ethylene coun-
terflow diffusion flame at a global strain rate of 30 s~1.

Soot volume fraction maximum is placed near the stagnation point (null ve-
locity at = 4.85 cm). It is slightly shifted to the left due to thermophoretic
effect that transports the particles to cold regions leading to a null velocity for
soot particles at = 4.65 cm. Particles nucleate in rich regions on the oxidizer
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side (right side) where aromatics start to be present (A, Aa, A3, A4 ...). Then,
particles are transported towards richer zones and grow through surface growth
and condensation phenomena until the stagnation plane. In this regions of high
residence time, even if Yo u, is still present and one can expect an important
role of surface growth process, the two main phenomena involved in soot pro-
duction are coagulation and condensation phenomena, in analogy with what
has been observed closed to the stagnation plane of the premixed configuration.

Figure 2.22 presents the evolution of soot volume fraction profile and the nu-
cleation, condensation, surface growth and oxidation source terms. It can be
observed that the most important source term is surface growth, followed by
condensation and nucleation process. Finally, oxidation is the lower volume
source term in this flame.
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Figure 2.22: Profiles of soot volume fraction, nucleation, condensation, surface
growth and oxidation volume source terms for an ethylene counterflow diffusion flame
at a global strain rate of 30 s~1.

Figure 2.23 presents the soot particles size distributions and volume source
terms at different positions of this flame. The corresponding positions are plot-
ted in dashed lines in Fig. 2.24 with a representation of the soot volume fraction
and particle number density fields.

At x = 0.75 cm, the particles nucleate and a one-peak PSD shape is observed.
Then, from x = 0.70 cm to x = 0.65 cm, particles growth through surface
growth phenomenon and the one-peak PSD shape is conserved. With surface
growth, particles diameter increases and therefore their collision probability
increases. At the same time, particles are near the stagnation plane and their
residence time increases. Then, coagulation and condensation processes are
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predominant from x = 0.6 cm and until the stagnation plane. The coagulation
process combined with the persistent nucleation process lead to a two-peak
PSD shape as it can be observed for £ = 0.55 cm and = = 0.5 cm.
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Figure 2.23: Evolution of the particles size distribution (PSD) and nucleation, con-
densation, surface growth, oxidation and coagulation volume source terms at different
positions of the ethylene-air counterflow diffusion flame with a GSR=30 s~1.
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Is is important to observe that condensation and coagulation processes are two
phenomena that are involved in regions where residence time scales are high.
This observation will be retrieved in next section by the analysis of characteris-
tic time scales. These long time scales are responsible for the unsteady response
of production dynamics in the pulsed flames that will be detailed in the next
section.
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Figure 2.24: Representation of the soot volume fraction and particles number density
fields in an ethylene-air counterflow diffusion flame for a global strain rate of 30 s~'.

2.4 Application to the study of pulsed laminar flames

This section presents results presented in a publication in the journal Proceed-
ings of the Combustion Institute (Rodrigues et al. 2017).

Most of the combustion facilities are characterized by high Reynolds number
flames where turbulent eddies are expected. The local strain rate usually fluctu-
ates in a wide amplitude range and with random fluctuation frequencies (Attili
et al. 2014). These turbulent eddies are also responsible for variable length
scale recirculation zones, introducing a wide range of residence times for soot
particles, strong intermittency and dynamics features in soot production (Xin
and Gore 2005; Franzelli et al. 2015).

One of the most popular approaches used to simulate turbulent non-premixed
flames is the flamelet approach, based on a quasi-steady response of the flame
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characteristics to the local strain rate fluctuations (Peters 1984; Veynante and
Vervisch 2002).

The development of such models being motivated by the application to nu-
merical simulations of turbulent flames, the response of soot to strain rate
fluctuations is here investigated by looking at unsteady laminar counterflow
diffusion flames (Cuenot et al. 2000; Haworth et al. 1989; Candel 2002).
Specifically to soot context, previous experimental works have been performed
in a diffusion laminar flame by introducing sinusoidal velocity variations at both
opposed nozzles (Decroix and Roberts 2000; Santoianni et al. 2001) . They
showed that soot production response to these fluctuations was phase-lagged
and damped when increasing the oscillation frequency. A particular hierarchi-
cal behavior was observed: soot volume fraction response is more phase-lagged
and damped compared to soot precursors response, which are also more phase-
lagged and damped than the temperature response (Xiao et al. 2005). Cuoci et
al. (Cuoci et al. 2009) numerically investigated these flames with good predic-
tion of unsteadiness soot dynamics, confirming the experimental observations.
Nevertheless, a lack of knowledge remained on the origin of soot response to
unsteady strain fluctuations. Moreover, when computing counterflow diffusion
flames with unsteady velocities at the nozzle exits, a phase lag exists between
the global strain rate and the local strain rate (Cuoci et al. 2009), increasing
the complexity of the phenomena. In the other hand, other studies (Xuan and
Blanquart 2014) also studied the transient behavior of PAHs production by
studying their response to one-step variation of the strain rate. The objective
was to derive tabulation methods relative to PAHs in a turbulent combustion
modeling context, but no specific study of the soot particles hierarchical re-
sponse to unsteady fluctuations completed these works.

The objective of this section is the characterization of soot response to strain
rate oscillations and to identify the physical phenomena underlying the phase
lag and damping observed in soot production. In order to avoid the phase lag
between the global and the local strain rate, a strain-imposed formulation is
considered in this work and unsteadiness is introduced by varying the imposed
flame strain rate a(t) with time for a given pulsation w, an initial strain rate
Ap and fluctuation amplitude aAg:

a(t) = Ao + aApsin(wt) = Ao [1 + asin(2n ft)]. (2.62)

Both analytical and numerical approaches are considered here to study the evo-
lution of the soot precursors and of the particles size distribution (PSD) with
the strain rate a(t).

This section is organized as follows. First, an analytical model is proposed in
Section 2.4.1 in the limit of a linear behavior, i.e. small oscillation amplitudes.
This model predicts the unsteady response on the basis of steady flame results.
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Then, soot production in unsteady laminar flames is numerically studied us-
ing the detailed sectional model discussed in the present Chapter. The flame
response is then investigated for the configuration described in Section 2.4.2.1.
The unsteady behavior is analyzed in Section 2.4.2.2 for different frequencies at
small amplitude in terms of global quantities and PSD. Analytical results will
be compared to the numerical ones in Section 2.4.3.1 to prove their validity.
The causes of phase lag and damping in soot production will then be identi-
fied by combining information from numerical and analytical results. Finally,
numerical simulations at high amplitudes are analyzed in Section 2.4.3.2 to
completely characterize the soot response to unsteady strain rate oscillations
and to discuss the limits of the analytical model.

2.4.1 Analytical model for pulsed sooted flames

In order to investigate the response of soot production to strain rate fluctu-
ations, a linearized analytical model is developed in the following to predict
the response of the maximum of a flame variable 6 to strain rate oscilla-
tions at a given pulsation w. The complex form of the fluctuating strain rate
a1(t) = a(t) — Ag is denoted by a;(w) = adee’@*7/2) The corresponding
response of the maximum value of 6, namely 0™*(t) = 65 + 67"**(t) with
07 (t) = 07" (w)sin(wt — pgmax(w)), is represented by the complex number
O (W) = O ()l WiHm/2=Pgmax (@) - This response is fully characterized by
the transfer function Tymax(w) = 0 (w) /a1 (w).

Starting from the previous works (Cuenot et al. 2000; Haworth et al. 1989;

Candel 2002), the transfer function is split into two terms: the transfer function
finite,0
T

st (w), introducing an equivalent steady strain rate Ay seen by the quantity

emax‘Ae

#, and the transfer function 7. (w), describing the response of 6™#* to the

steady
equivalent steady strain rate Ag.

2.4.1.1 Equivalent steady strain rate

The 1-D steady strained flames can generally be parametrized as a function of
a mixture fraction z. In the z-space, the steady strained flames are described
by the following equations (Poinsot and Veynante 2012):

0z 0 [ X0z
0 .

where 0 = Y}, or T, wy its source term, x is the scalar dissipation rate at the
position x; of the flame, u the axial velocity, x the axial coordinate, ¢, the
mixture heat capacity and A the mixture thermal conductivity.
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The velocity field is parametrized by the strain rate a and verifies then:

pu(z) = —pras(a) (2.65)

with £(z) representing the variation of density along the flame axis:

e = [ (/oo +ay (2.66)
s
The general solution of Egs. (2.63) and (2.64) are of the form:
z(x) = erf(n(zx)) (2.67)
with:
§(x)

e

k=1/1/2a (2.69)
Now, we consider a flame characterized by an infinitely fast chemistry where

we apply a varying strain rate a(t). Then, the unsteady evolution of this flame
is characterized by the following equations:

(2.68)

Unsteady diffusion zone: pgi + pua(t)g; = ai <;gj}) (2.70)
. : *0 .
Quasi-steady reaction zone: ~Xfgm =W (2.71)
2

To solve these equations, as for the steady strained flame case, we find a solution
of the form z = erf(n) with n(x,t) = £(x,t)/K(t). Then, noting that:

9 _ Py x_»r
ot ox
pr pr (2.72)
M _ v  mOK O p
o prK Kot 0r ppK
the following equation for z can be obtained:
Pz n ( 0K 0z
=t K+atK2>:0 2.73
o pey, Mo TOORT) 5y (2.73)

As z = erf(n), K(t) satisfies the following differential equation:

2
aKat(t) + 2a(t)K3(t) = 4 <A>f (2.74)

PCp




94 CHAPTER 2 - THE SECTIONAL METHOD

The solution of this equation is (Haworth et al. 1989; Cuenot et al. 2000):

ft Zamt(t dt/
K2(t) =4 2.75
) = (P%) f O (2.75)
where ajnt (t fo a(t")dt'.
Finally, solving Eq. (2.73), one finally obtains z(x,t) = erf(n(x,t)) with
n(z,t) = % k(t) verifes:
2/~c(t)</\/pcp)f

N\ 1/2
G

Then, comparing Eqgs. (2.69) and (2.76), under the assumption of infinitely
fast chemistry, the unsteady flame acts at each time ¢ as an equivalent steady
counterflow flame at constant strain rate equal to the instantaneous strain rate
A(t) verifying (Haworth et al. 1989; Cuenot et al. 2000; Candel 2002):

62 1nt(t)
Aty = —> " (2.77)
2f e () qy!

Differentiating this equation, A(t) verifies:

% — _2A42(1) + 2A(t)alt). (2.78)

Assuming a linear response of A(t) = Ag + Ai(t) with a(t) = Ao + a1(), i.e.
small fluctuations of a(t) around Ag, the transfer function T (w) between

Aj(w) and @;(w) in the case of infinitely fast chemistry is given by:

inf — Al(w) = !
Tunst( ) - al(w) - 1 —|-jw/(2A0).

(2.79)

When finite-rate chemistry is considered, the following equation must be solved
for the species and temperature (6 = Yy or T'):

06 ol

Por ~ X o2

As z verifies the same equation as before, x ¢ is here a linear function of A(t)

previously determined. The idea is here to find for each quantity 6, an equiva-

lent steady strain rate Ap(t) such that 6 verifies the following steady equivalent
equation:

= Gy (2.80)

%0
—Xfﬂ@ = wy (2.81)
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with x ¢ a linear function of Agy(t).

This analysis can already be found in literature (Cuenot et al. 2000), and the
equivalent strain rate Ay(t) verifies the following equation as a function of A(t):

0Ag _ Ag(t) —A(t)  Dp(t) _ A(t) — Ag(t)
ot Ag(t)  (d8/dA)gp Yolt)

(2.82)

where 2y = W% /(pc,) for § = T and 2y = W /p for § = Yy. p and ¢,
are evaluated at the position where wy is maximum. (df/dA) ) represents the
variation of 6 where wy is maximum with a steady strain rate. y(t) is defined

as 7g(t) = —(d0/dA) o Ag(t)/126(t).

To find the linearized response of Agy(t), Ag(t) and () are written as: Ag(t) =
Ao+ A, (t) and vp(t) = v, +70, (1), where Ag, g , are the values of respectively
Ap(t), and ~yp(t) for the initial steady flame. By linearizing Eq. (2.82), one
obtains:

0Ap, .
= (Al(t) ~ 4y, (t)) Tl (2.83)
Combining the Fourier transform of Eq. (2.83) and Eq. (2.79), the following
transfer function Tfr?sl,:e’e (w) between Agl (w) and a;(w) is obtained:
. Ag w 1 1
Tt (w) = = ) (2.84)

ap(w) T + jwyg, 1+ jw/(240)

2.4.1.2 Steady response of the maximum value

The objective is here to obtain an analytical model for the response of the
maximum value ™ of a quantity 6 € {Y%,T}. No general procedure exists in
literature. Here as the response of the equivalent steady strain rate Agy(t) has
been determined in the previous section for each quantity, the flame response
is analyzed by looking at steady conditions.

For § € {T,Y}}, it has been observed that in the neighborhood of a given strain
rate Ag, the dependency of §™?* for a steady flame with strain rate A is given
by (Huijnen et al. 2010):

(6™(A) /6™ (Ao)) = (A/Ao)" (2.85)

with py a characteristic constant. Linearizing Eq. (2.85) with 6™**(t) = 65" +
O (1) gives 07 (t) = = Ag(t).

However, the forthcoming comparison with the detailed computation demon-
strates the requirement to introduce an additional delay in the response to
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the unsteady strain rate oscillations. Linking this delay to the chemical time
seems particularly relevant for soot precursors and particles, whose chemistry
is mainly sequential so that all the reactions necessary for the formation have
to respond before getting the response of §™#*. This delay is then assumed to
be equal to the characteristic chemical time scale 7y of the quantity of interest
6 defined hereafter: 6™#*(t) reacts then at the equivalent strain rate Ay (t — 7p).
The validity of this hypothesis will be verified in Section 2.4.3.1. The response
of 07"**(¢) is therefore expressed as:

07 (t) = pefy™* Ag(t — 19) /Ao

Tsteadlr ’ (w) = pGGBnaXe I«To /AO
where T:,:::ZLAG (w) = 07 (w)/ 12191 (w) represents the transfer function between

07 (w) and Ay (w).

The characteristic time scale 73, for the k" species is defined as (IM et al. 1999):

T = [XR]™ @™ = (pYR)™™ / (Wiw™) (2.87)

where [Xg], Yi, Wi and wy, are the molar concentration, the mass fraction, the
molecular weight and the molar production rate of the k™" species.

This definition is appropriate when considering stable species, which is the case
for the considered PAHs. When considering radicals or very fast species, the
definitions proposed in Xuan and Blanquart (2014) based on consumption or
production chemical rates should be preferred.

In the same way, the characteristic time scale 77 of the flame can be defined as
1 = (pep )™ Jwi®* | with ¢, the mixture mass specific heat capacity and wp
the heat release rate.

As for the species, a time scale 75; for the soot particles in the ith section can

be defined as:

i = (i)™ (p(Qui)™™) (2.89)

2.4.1.3 Transfer function Tymax(w)

From the definitions of vy and 7y, Yg, can be rewritten as Yo, = T9lp with
I'y = —(df/dA) )-(Ag/0™**(Ap)), a dimensionless parameter characterizing the
steady response of the quantity 6 to strain rate. Then, by combining Eqs. (2.84)
and (2.86), the transfer function Tymax(w) between 6% (w) and a;(w) is given

by Tpmax (w) = 7" A (w)TH0ite6 ) Gain and phase lag of 6™ are expressed

steady unst

respectively by Ggmax(w) = 20log10(|Tpmax (w)] / |Tpmax (w = 0)]) and @gmax(w),
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where:

max

_ |a1pe0} 1 1

2
o T [
@y

@gmax (w) = tan™" (n(w)) + tan~" (2n(w)Iy/Dag)
+ 2n(w)/Dagy

[ Tgmes (w)]

)2 (2.89)

with n(w) = w/(24p) = 7f/Ap the Stokes number and Day = Aj'7, " the
Damkohler number associated with 6. From Eq. (2.89), it can be deduced
that three non-dimensional parameters are responsible for the phase lag and
damping of the response of 6:

e 1 compares the characteristic time associated to the strain rate Ag to
the imposed frequency f and is responsible for the filtering of the flow
structure. The damping response of all the quantities increases when 7
increases.

e Day is directly responsible for the phase lag and damping response due
to the low chemical time scale of the analyzed quantity 6. The lower Day
is, the more the response of 6™#* is phase-lagged and damped.

e [}, which represents the steady response of the quantity 6 to strain rate,
also contributes to the damping response of # with unsteady strain fluc-
tuations. For high values of Iy, the damping response will be high.

This identified behavior is valid for all the quantities but is more significant in
the case of species with large chemical characteristic time scales (Day < 1),
which is the case of soot precursors and particles. Equation (2.89) allows the
predictions of the unsteady response of 6 from information on steady flames.
Its validity will discussed, in particular for soot production, in Sec. 2.4.3.1.

2.4.2 Detailed simulations of soot production in unsteady lam-
inar diffusion flames at imposed strain rate

2.4.2.1 Numerical configuration

A counterflow propane/air diffusion flame is considered here by varying the
imposed strain rate a(t) from an initial flame at Ay = 60 s~!. Ten frequencies
and three amplitudes have been considered. Pure propane and pure air stream,
both at 294 K are supplied through the two opposed nozzles at a distance L =
12.7 mm, discretized with more than 400 points. This configuration corresponds
to the configuration experimentally studied by Decroix and Roberts (2000)
and Santoianni et al. (2001). For each studied frequency, ten signal periods
are computed. Once the permanent regime is attained, the response of each
variable is studied in terms of gain and phase lag.
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2.4.2.2 PAH and soot particles response

Results for small strain rate fluctuations (v = 10%) are first considered here.

Figure 2.25 (left) presents the unsteady response of the soot maximum volume
fraction and pyrene (A4) maximum mass fraction (the smallest considered soot
precursor) to the unsteady imposed strain rate during two oscillating cycles.
Quantities have been normalized with their respective steady values at the
lowest and highest strain rates for three frequencies. The higher the frequency,
the more fi’** and Y}** fluctuations are dumped and phase-lagged. Looking
at the results in the a-space (Fig. 2.25, right) enables a clear comparison with
the quasi-steady solution (grey line). A quasi-steady response is observed at
low frequency (f = 0.1Hz), while for higher frequencies, solutions step aside

from the steady results.

20— | — Steady
oo f=0.1Hz
A~ f=30Hz
¥—¥ f=60Hz

54 66

60
a(t) s

1

1

o—e f=0.1Hz

T =

1 o= f=30Hz | 5 0.5
1 =

. ¥—y f=G60Hz ~ 0.0
J

6.5 7.0 7.5 8.0 ’ 54 691 66
Number of oscillations cycles a(t) (s)

Figure 2.25: Normalized response of soot mazimum volume fraction (f{**), pyrene
mazimum mass fraction (Y5*) to the unsteady imposed strain rate (a(t)).

The temporal evolution of the PSD is also studied here by looking at the four
instants A. B.,C. D. of Fig. 2.25 separated by 90° in one pulsation period.
Results for three frequencies are presented in Fig. 2.25 together with the quasi-
steady state at the spatial position z5°°*, where soot volume fraction is maxi-
mum, close to the stagnation point. At each time, the PSD shows a bi-modal
nature with one peak for small particles (generated by nucleation) and another
for large aggregates (due to condensation and coagulation). In the quasi-steady
case, from point A. to C. the characteristic flow time decreases (since a(t) in-
creases), so that particles have less time to coagulate. The position of the
aggregates peak translates then towards smaller diameter values: the higher
the strain rate, the smaller are the aggregates composing the soot popula-
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tion. Inversely, from point C. to A., the strain rate decreases, particles have
the time to coagulate and bigger aggregates populate the PSD. The unsteady
PSDs follow such dynamics, but their response is affected by the phase-lag al-
ready observed on the global fiy. Indeed, at f = 5Hz, the PSD responds in
a quasi-steady way, whereas the phase-lag effect is more and more evident on
PSD for higher frequencies. The response of the PSD is also more and more
damped so that at f = 60Hz only small PSD fluctuations are observed between
the four instants. For high oscillation frequencies, the PSD is observed to not
oscillate anymore since the oscillations are completely damped.
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Figure 2.26: Unsteady variations of the PSD at f{;'*" position.

2.4.3 Unsteady dynamics of PAH and soot particles in laminar
counterflow diffusion flames

2.4.3.1 Comparison with analytical predictions

In order to understand the processes governing the PSD evolution, results for
the different sections are now investigated.

Lines in Fig. 2.27 presents the response in terms of gain and phase lag of
maximum temperature, Y5, Y I# maximum soot mass fraction of two sec-
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tions (sections 12 and 16, whose mean diameter are indicated in Table 2.7) and
fir®*. The response of precursors and soot is more phase-lagged and damped
than temperature. Moreover, phase-lag and damping increases with their size
(not shown for all precursors). Big particles are the main contributions to
soot volume fraction, so that fi response is mainly governed by the last soot
sections.
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Figure 2.27: Comparison between analytical model predictions (lines) and numerical
results (symbols) of amplitude gain and phase lag for maxzimum temperature, naphtal-
ene (A2) and pyrene (A4) mazimum mass fractions, mazimum mass fractions of the
12", the 16™ soot sections and mazimum soot volume fraction. Analytical results for
T and Y5 are superposed.

A good agreement is obtained between the numerical results (lines) and the an-
alytical model (symbols) described in Section 2.4.1.2. Discrepancies are mainly
observed at high frequencies but the hierarchical behavior between tempera-
ture, soot precursors and soot sections is well predicted. This confirms that
soot dynamics are mainly governed by the three parameters identified with the
analytical model. In particular, soot response is mainly due to its slow chem-
istry compared to the flame.

To identify the main physical processes contributing to such a long chemical
time, the characteristic time scales for nucleation (), condensation (7cond),
surface growth (7sg) and coagulation (7coag) have been estimated for different
sections from the steady flame at Ag.

Indeed, by perturbing each volume fraction production rate relative to each
phenomenon (ph) by a small value (typically 1%), the characteristic time scales
Tnu,i for nucleation, Tcong,; for condensation, 7y ; for surface growth, 7ox; for
oxidation and Teoag,; for coagulation can be expressed as:

Tphi = A[(pYsi/ps)"™] /A {(Qph,i)max} (2.90)

where A [<Qph7i)max} corresponds to the variation of the peak volume fraction
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production rate of the phenomenon for the i*" section.

Table 2.7 presents these characteristic time scales normalized by the flame time
scale (77 = 0.31 ms) for five soot sections. All the characteristic time scales
increase with the soot particle size, in particular for 7.onq and 7eoag that depend
on the collisions rate. The particle number density of the last sections being
smaller than for small particles sections, the number of particles available for
collision is lower so that the characteristic time scales of collisional phenomena
increases with the particle size.

The long characteristic time scale of f{7**, governing the phase-lag and damping
of the unsteady response, is then mainly due to condensation and coagulation
phenomena of the biggest particles.

Section dg}fan (nm) TT“—T“ TCTO—;d %” TC:%
1 1.2 34| 3.2 | 3.6 -
8 2.6 - 42 |44 2.3
12 4.2 - 6.5 57| 4.6
16 6.6 - 12 77| 8.1
20 10 - 17 8.3 13

Table 2.7: Comparison of normalized characteristic time scales of nucleation, conden-

sation, surface growth and coagulation. dI'¢*" represents the mean collisional diameter

of a soot particle in the i section.

In order to study the validity of the assumption on the induced delay time due
to slow chemistry presented in Section 2.4.1.2, Fig. 2.28 presents the obtained
numerical phase lag due to this delay time as a function of the expected one.
This phase lag Ay is obtained by substracting to the obtained numerical phase
lag hmax (w) the theoretical phase lag of the equivalent steady strain rate Ag
of the variable of interest 6:

Ap = it (w) — tan™ ! (n(w)) — tan"(2n(w)Ip/Dag) (2.91)

Good results are obtained for all the species and temperature, which confirms
the representativity of the chosen variable (79). Nevertheless, some discrepan-
cies exist and future investigations are still needed in order to define in a more
precise way this delay time.
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Figure 2.28: Numerical results of the induced phase lag due to the delay time imposed
by slow chemistry as a function of the expected ones.

2.4.3.2 Numerical results at high amplitudes

In order to study the soot dynamics at higher amplitudes, computations have
been performed for amplitudes « of 30% and 60%. Table 2.8 compares the nu-
merical results for the phase lag and amplitude gain of Y }** and f{7** for three
amplitudes and three frequencies. The phase lag increases with the frequency
in a similar way for all the amplitudes. The gain remains almost the same for
a = 10% and o = 30%, but decreases for « = 60%. The difference of the
numerical behavior between o = 30% and a = 60% highlights the non-linear
effects for such amplitudes, which cannot be described by the linear analytical
model whose predictions do not depend on the perturbation amplitude.

f 1o a=10%| a=30% | a=60%
(Hz) G gmax pgmak Ggmax Pgmat Ggmax Qgmax
30 | A4|| -4 54 -4 53 -5 56
30 | fv -4 146 | -4 158 | -13 142
60 | A4 || -9 87 -8 91 | -10 87
60 | fy ||l -14 269 | -14 287 | -24 256
120 | A4]| -16 126 | -16 134 | -18 130
120 | fy || -33 460 | -33 524 | -41 497

Table 2.8: Numerical analysis of the impact of the strain fluctuation amplitude («)
on the pyrene mazimum mass fraction and soot mazimum volume fraction gain (G in
dB) and phase lag (¢ in deg).
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2.4.4 Conclusion on unsteady soot production behavior in pulsed
laminar flames

Response of sooting propane-air counterflow diffusion flames to imposed strain
rate harmonic oscillations have been numerically investigated with a detailed
description for the gas and the solid phases. The unsteady behavior of soot
particles and precursors production, as well as the PSD evolution, were stud-
ied both analytically and numerically. It has been observed that the higher
the oscillation frequency is, the more PAHs and soot particles fluctuations are
damped and phase-lagged so that unsteady solutions are farther and farther
away from the quasi-steady state. The phase-lag and damping increase with
the size of PAHs and soot particles.

An analytical model has been proposed to predict the observed phase lags and
dampings assuming a linear behavior. Three non-dimensional parameters (7,
Day and Iy) govern the unsteady response. Soot particles are characterized
by long time scales mainly due to condensation and coagulation phenomena.
Indeed, compared to the gas species, their dynamics, particularly the additional
identified phase lag, are mainly governed by the Dag parameter.

Therefore, models developed for numerical simulations of soot production in
turbulent flames have to correctly reproduce these observed features in order
to represent unsteady behaviors such as soot intermittency. On the one hand,
these behaviors highlight the limits of flamelet regime assumption based on
quasi-steady hypothesis, implying major complexities in modeling for turbu-
lent calculations. In this sense, the presented results support the need for
specific techniques (Xuan and Blanquart 2015) to account for PAHs response
to unsteady strain rate fluctuations. On the other hand, the reduced models
have to provide a good prediction of 1, Dag and Iy for PAHs and soot. As
an example, representative soot precursors have to be chosen in terms of these
three parameters in order to obtain the good unsteady behavior of soot pro-
duction: large precursors dynamics (such as pyrene and coronen) have to be
reproduced. The proposed analytical model will be very useful for the devel-
opment of models that reproduce the dynamics of soot and their precursors in
turbulent flames.

2.5 Discussion of the results

In this chapter, a sectional model enabling to describe soot particles size dis-
tribution in laminar flames has been developed. However, high variability of
sectional methods exist in literature. Moreover, numerous uncertainties remain
about the different processes governing soot particles evolution. Challenges in
describing with a high accuracy the soot particles size distribution evolution
are then discussed in this section.
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Coupled with a detailed gas chemistry, the sectional approach has recently been
widely used to study laminar 1-D or 2-D academical configurations (Colket et al.
1994; McEnally et al. 1998; Smooke et al. 1999; Wen et al. 2005; Netzell 2006;
Marchal 2008; Dworkin et al. 2009; Echavarria et al. 2011; Sirignano et al.
2011; Blacha et al. 2012). The sectional model has also been used for the
description of PAHs growth in some recent studies (Blacha et al. 2012; Eberle
et al. 2015; Eberle et al. 2017). It has also been used in 3-D RANS calculations
(Netzell et al. 2007; Aubagnac-Karkar et al. 2015) coupled with flamelet-based
models for the gaseous phase.

Due to high uncertainties in physical and chemical processes description, these
models can differ on several points:

e The gas phase chemistry used for the prediction of PAHs. Indeed, PAHs
prediction remains an important challenge and no reference kinetic scheme
is today recognized as the one enabling to correctly predict these aromat-
ics concentrations in all kind of flames.

e The model used for nucleation (based on polymerization or dimerization
assumptions, PAHs considered for the nucleation, ...). The exact chemical
process of particles nucleation is not well understood, even if dimeriza-
tion process is today recognized as the major process involved in soot
particles nucleation. Some studies have also shown that this process can
be reversible and this reversibility should be taken into account in our
models (Eaves et al. 2015). Finally, sticking coefficients of this process
are also unknown and a lot of different models have been proposed in the
literature (Yapp et al. 2015; Wang et al. 2015).

e The collision regime and the corresponding collision efficiencies considered
for describing condensation and coagulation phenomena.

e The chemical-based mechanism for surface growth and oxidation (HACA,
HACA-RC,...). Indeed, the chemical mechanism for surface growth and
oxidation processes is still not well defined and the impact of others rad-
icals, like the methyl (CH;) and ethynyl (C,H) should be taken into
account based on recent studies (Hwang and Chung 2001; Wang et al.
2015). Moreover, the modeling of the proportion of active sites parame-
ter « is also still unknown.

e The description of soot particles geometry (spherical or fractal). For this
point, very few studies have proposed a modeling of soot particles fractal
geometry. In the work of Marchal (2008), a modification of the law gov-
erning the surface-volume relationship for a classical spherical particle has
been proposed. This methodology is retained and improved in our study
and the proposed model has been detailed in Section 2.2.3. However,
Table 2.9 presents an overview of several studies that have investigated
the value of the mean value of the primary particle diameter d,, in flames.
High variability of the value of d, can be observed from 5 to 60 nm. In-
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deed, this value depends on multiple parameters as the flame type, the
considered or the history of the soot aggregates. Numerous investigations
are then required in order to correctly reproduce the evolution of this

quantity.
Publication Combustible and comburant Flame regime d, [nm]
Lee et al. (1962) C,Hg/C,H,/C,H, and air Laminar diffusion flame 20 - 40
Prado et al. (1977) Kerosene and air Turbulent diffusion flame | 19 — 30
Prado et al. (1981) Propane and Oxygen Laminar premixed flame 15 - 26
Harris and Weiner (1984) Toluene/Ethylene and air Laminar premixed flame 20 — 25
Samson et al. (1987) Acetylene and air Laminar diffusion flame 20 - 30
Zhang et al. (1988) Methane and oxygen Laminar premixed flame 20
Megaridis and Dobbins (1989) Ethylene and air Laminar diffusion flame 30 - 37
Koyl and Faeth (1994) Acetylene and air Turbulent diffusion flame 47
Koyl and Faeth (1994) Propyléne Turbulent diffusion flame 41
Koyli and Faeth (1994) Ethylene and air Turbulent diffusion flame 32
Koyli and Faeth (1994) Propane and air Turbulent diffusion flame 30
Faeth and Kéylii (1995) Toluene and air Turbulent diffusion flame 51
Faeth and Ké&ylii (1995) Benzene and air Turbulent diffusion flame 50
Faeth and Koyli (1995) N-heptane and air Turbulent diffusion flame 35
Faeth and Koylii (1995) Isopropanol and air Turbulent diffusion flame 31
Koylii et al. (1997) Ethylene and air Flamme diffusion laminaire | 18 — 32
Krishnan et al. (2000) Butadiene and air Turbulent diffusion flame 42
Krishnan et al. (2000) Cyclohexane and air Turbulent diffusion flame 42
Zhu et al. (2002) Ethene and air Laminar diffusion flame 37
Zhu et al. (2002) Acetylene and air Laminar diffusion flame 51
Hu et al. (2003) Ethylene and air Turbulent diffusion flame | 19 - 35
Hu et al. (2003) Acetylene and air Turbulent diffusion flame | 17 — 34
Zhao et al. (2005) Ethylene and air Laminar premixed flame 20
Williams et al. (2007) Ethylene and air Laminar diffusion flame 36
Williams et al. (2007) Kerosene and air Laminar diffusion flame 41
Jensen et al. (2007) Kerosene JP-8 and air Pool fire 64 - 74
Sachdeva and Attri (2008) Kerosene and air Laminar diffusion flame 23
Sachdeva and Attri (2008) Hexane and air Laminar diffusion flame 42
Abid et al. (2009) Ethylene and air Laminar premixed flame 10-30
Li et al. (2011) Diesel and air Diesel engine 18-29
Bladh et al. (2011) Ethylene and air Laminar premixed flame 5-15
Kook and Pickett (2011) m-xylene/n-dodecane and air | Turbulent diffusion flame 13
Kook and Pickett (2011) Jet-A and air Turbulent diffusion flame 16
Menkiel et al. (2012) Diesel and air Diesel engine 20-45
Bescond et al. (2016) Propane and air Laminar diffusion flame 15-36
Bescond et al. (2016) Ethylene and air Laminar diffusion flame 35

Table 2.9: Summary of primary particles diameter measurements in literature (ex-
tracted and completed from Maugendre (2009)).

To conclude, because of the large uncertainties that remain in each soot for-
mation sub-model, it is very difficult to compare the results obtained with
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different soot sectional models and it can not be expected to exactly reproduce
the experimental measurements for all possible configurations. However, the
tendencies can be compared and discussed.

2.6 Conclusion

The sectional model used in this thesis has been presented.

Correct gaseous phase modeling is needed in order to correctly predict global
flame parameters, but also soot gaseous precursors and the species involved in
surface growth and oxidation phenomena. The KM2 kinetic scheme, describing
soot precursors formation until seven aromatic rings, has been identified as the
one satisfying these criteria at a reasonable cost.

Then, the equations governing the developed sectional approach have been pre-
sented. In particular, an extension of the sectional method has been proposed
in order to take into account fractal properties of soot particles, based on a
assumed S — V relationship for soot particles.

This model has then be validated with a good agreement in premixed laminar
configurations at atmospheric and elevated pressures. In counterflow diffusion
configurations, good predictions have been obtained for propane and methane
fuels, but under-prediction by a factor five is obtained for ethylene-air configu-
rations.

Important numerical models uncertainties still remain in soot particles forma-
tion modeling and the different origins of these uncertainties have been dis-
cussed in details. In particular, impact of different radicals have been proposed
in literature in order to improve soot particles formation prediction in counter-
flow configurations.

Then, based on this sectional method, the unsteady behavior of soot particles
and precursors production, as well as the PSD evolution, were studied both an-
alytically and numerically. Three non-dimensional parameters, characterized
mainly by the time scales involved in soot production, have been identified as
the one governing the unsteady response of soot production.

Finally, an improvement of the understanding of soot particles formation pro-
cesses and soot particles properties are required in order to both improve the
quality and precision of modeling predictions.
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Introduction

As explained in the first part of the manuscript, the prediction of soot emission
is extremely challenging due to its complex nature, characterized by a strong
coupling between flow parameters, flame characteristics and soot properties.
This is even more difficult when studying soot production in turbulent flames,
where the chemical scales underlying soot production compete with the turbu-
lence scales (Xin and Gore 2005; Bisetti et al. 2012; Attili et al. 2014).

Therefore, the numerical prediction of soot requires adequate and precise mod-
els for the characterization of the turbulent behaviour of the flame as well of
the different phenomena involved in soot production. Different strategies have
been proposed in literature as a compromise between accuracy and computa-
tional cost.

On the one hand, Direct Numerical Simulations (DNS), providing a full de-
scription of all the temporal and spatial scales, and Large Eddy Simulations
(LES), resolving only the most energetic scales, have been used to investigate
turbulent soot production in academic configurations (Lignell et al. 2008; Attili
et al. 2014; Arias et al. 2015) or more realistic flames (El-Asrag and Menon
2009; Mueller et al. 2013; Franzelli et al. 2015; Eberle et al. 2015; Koo et al.
2016), respectively. However, due to their high computational cost, these simu-
lations rely on simplified description for the soot evolution, i.e. semi-empirical
models (Leung et al. 1991; Lindstedt 1992) or methods of moments (Frenklach
and Wang 1994; Blanquart and Pitsch 2007; Salenbauch et al. 2015; Wick et al.
2017), which usually do not provide access to the soot particles size distribu-
tion (PSD). Therefore, these approaches allow an adequate description of the
spatial and temporal evolution of the flow and the flame, but not of the soot
PSD. Nevertheless, method of moments can provide an accurate description
of soot fractality at a low cost, by using bi-variate moments of the soot PSD
in particles surface and volume spaces (Blanquart and Pitsch 2007; Mueller
et al. 2009a; Mueller and Pitsch 2012). On the other hand, due to their high
computational cost, the use of sectional methods such as the one presented in
Chapters 1 and 2 has been limited to Reynolds Averages Navier Stokes (RANS)
computations (Netzell et al. 2007; Fraioli et al. 2011; Aubagnac-Karkar et al.
2015). This RANS-sectional approach provides access to more details in soot



particles size distribution spatial evolution while loosing information on the
flow and the flame, for which only ensemble-average statistics are available.

Here, we propose to employ the whole potential of both strategies, by combin-
ing an LES approach with a sectional model for the prediction of soot particles
evolution.

In this context, the LES formalism is introduced in Chapter 3, by presenting
the models for all unclosed terms of the filtered equations for the solid phase de-
scription. Then, a first application of the proposed LES formalism is presented
in Chapter 4 in the study of an atmospheric turbulent jet ethylene-air flame.
In Chapter 5, soot production in a confined pressurized ethylene-air flame is
investigated. In both applications, soot particles size distributions evolutions
are analyzed and physical and chemical processes leading to identified particles
size distributions shapes are discussed.



Chapter 3

LES formalism for sooting
turbulent flames based on a
sectional approach

Large-Eddy Simulation (LES) of sooting turbulent flames requires the
resolution of transport equations for both gaseous and solid phases. In
this section, the novel features, mainly concerning the solid phase treat-
ment will be provided, since the description of the reactive gaseous phase
relies on a classical LES formalism.

This formalism has been presented in the paper (Rodrigues et al. 2018)
accepted for publication. The proposed formalism has been implemented
into the AVBP code (Schonfeld and Rudgyard 1999), the solver retained
in this thesis for all LES simulations as described in Appendiz B.
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3.1 Filtered soot sectional equations

3.1.1 Separation of gaseous and solid contributions on the soot
sectional source terms

Nucleation

The LES formalism will be presented in Sec. 3.1.2. However, in order to high-
light the source terms dependency on the gaseous and solid characteristics, it is
convenient to rewrite them as a product of two contributions. For nucleation,
it writes:

. 1
Gnu,1 = qlglisl q;?l 1{17 (3-1)

where:

T /6 Jek
qrglisl fnu\/p> (3> 6 b4\/§v(§/ﬁNg

47 Ps (3.2)
qsohii 1
nu -
Condensation

As for nucleation, the gaseous and the solid contributions for the condensation
source term have to be separated as:

. -gas  -solid
Gcond,i = dcond ZQcond i (3'3)
.gas _ s lid
with Gong; = VTNgvg/p. Combining Eqs. (2.22) and (3.3), Goond ; 1S expressed
as:
.solid __ .gas—i,solid .i—1—1,s0lid -i—i+1,solid
qundl — Ycond,i + cond,i " Ycond,i (34>
with:
.gas—i,solid __ gas—n/ .gas
cond,i = bcond,i qcond i
.i—1—i,s0lid 7, 1—i / -gas
cond,i = 4eond K /qcond K (35)
.i—i+1,solid 7,—>z+1/ - gas
cond,i = Geond,i qcond i

lid .i—1—i,s0lid 1,solid
Therefore, quizz sond. zon;f’sm and qz;grz SN only depend on the gaseous

phase through vg;. As a first approxnnation for the computation of the fil-

tered quantities that will be presented in Sec. 3.1.2, ¢85 450lid gi—lzisolid o) g

condz » 4cond,i
Z;S;l Solid il be computed considering vy equal to vy, defined by simplifica-

tion of Eq. (2.18) as equal to:

PAH

P Qbam,

oy =2- (3.6)

NPA

ZIH QIdDAHi/ (2vpaH,)
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Surface growth and oxidation

In Eqgs. (2.27) and (2.28), ksg = Ks/p, kow = Kox/p depend only on the
gaseous phase. Then, as for nucleation and condensation, the source terms for
surface growth and oxidation can be written as:

__ ~gas .solid
qs& qsg 1qsg7 3.7
__ -gas -.solid ( ’ )
qOX % qox 1Qox i

with q'sggsi = kg, qusl = kox. From Eq. (2.26), qgglid and qSOhd are expressed as:

-solid _ .gas—i,solid + qi—l—n',solid i qi—n‘—l—l,solid
sg,t T dsg Sg,% sg,t
.solid __ .i—gas,solid .i4+1—i,s0lid .i—i—1,s0lid (38>
Qox,i = “Yox,i + 0X,i ~ Hox,i
with:
.gas—i,s0lid __ .gas—i / .gas .i—gas,solid __ .i—gas ; .gas
Sg,1 - sg,' sg,1? [O>'&)  Hox,u ox,1?
.i—1—i,s0lid —1—i / -gas .i+1—i,s0lid 7,+1—>7, gas
Sg,% - sg, /qsg,z7 OX,1 - ox % /qox X (39>
<i—i+1,s0lid ﬁ\z+1 gas .i—i—1,s0lid _ .i—i—1 / .gas
sg,% - qs K /qsg 27 [O'&) - qox 7 /qox 7"
Coagulation

Equations (2.32) can be written as:

fm __ Bfm,gasﬂfm,solid

nJ — Mg i,j
B‘C o 5cl,gasﬁcl,solid + BCQ,gasBCQ ,solid (310)
%] - 7/7] Zv]
where:
Bfgl,gas _ \/f
Bfm sohd e i 1/6 671%
i.j coag . s
1 1
X U;nean t —mean U;nean (dCZ +d ,])
T
B = 3.11
G ; (311)
; 2k 1 1
cl,solid b
J = —(d.: d. : J— R
Bij 7 (e + dej) (dc,i +- ’j)
Bc2,gas o T>\gas
,J o
I
c2,solid 5.028 - kb 1 1

Biﬂ" = - a0 (dc,i + dc,j) dT + dT
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with Bfm 825 5,1{Ugas nd BC2 % depending only on the gaseous phase quantities
(, P and T).
The source term geoag,; is expressed as:

. -fm -C -fm -cl -c2
Gcoag,i = Gcoag,i + Gcoag,i = Geoag,i + Gcoag,i + Gcoag,i (312)

with qcoag ; the part of the coagulation source term which relies on a free molec-
ular regime and g, ; the part of the coagulation source term which relies on
a continuum regime:

.fm,gas .fm,solid

QCoag, = qcoag i 1coag,i
_ .cl,gas .cl,solid
QCOag,i — Ycoag,i coag,z‘ (3.13)
__ .c2,gas .c2,solid
qcoag,’i — HYcoag,i 1coag,i
with:
.fm,gas \/T .fm,solid __ / .fm,gas
coag,i 0 ) coag,i quagz qcoagz
.cl,gas z .cl,solid __ / cl,gas (3 14)
coag,i — ) coag,i coag,z coag, ’
f1p
.c2,gas T)\gas .c2,s0lid __ c2,gas
qcoag7 - Lp ’ coag,t qcoag,l/qcoag,

3.1.2 Filtered transport equations

In the LES formalism, the filtered equation for i'" section soot mass fraction is
obtained by applying a spatial filter to the Eq.(2.11):

IpYs,
ot

=-V. <ﬁuYs,z’ - ﬁflﬁ;> + Pst,i

+ V- (piYs) + V- ( pCt s VTY5Z>
(3.15)

where ~ and ~ denote the filtering and the density-weighted filtering operations,
respectively.
Several terms in Eq. (3.15) are unclosed:
o I:J!, = ﬁl/l_Y\:i — ﬁﬁ/}—{:i which represents the subgrid-scale it" section
soot flux. This flux is modeled using a gradient assumption:

Jt,=—pDL,; VY., (3.16)

where Dg =18/ ScSg is the i*" section soot turbulent diffusivity, v/%8° is
the turbulent V1S(3051ty obtained from the Wale model (Nicoud and Ducros
1999), and Sc®’ is the subgrid Schmidt number taken equal to 0.6.
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o II: Eth = —pCn7 VTYs; which represents the filtered thermophoresis
flux closed as:

— vT
Toi'" ~ —pCypv—= =Y (3.17)

)

o III: @ = ﬁqu which will be closed through the subgrid model presented
after in Sec. 3.1.2. Following Eq. (2.12), it writes:

—_~ Y — —~—

QS,i = q'nu,i + QCond,i + stg,i + QOx,i + QCoag,i (318>

The filtered equation for i*" section soot mass fraction finally reads as:

OpY. vT

& +V- (ﬁﬁi/;/’l> + V- ( ,OCthU ~ YSZ)
ot
(3.19)

58S —~
= v . (psvxfs,l> + psﬁq‘&i
Ct

3.2 Subgrid model for soot source terms

In order to close the filtered soot source terms, the subgrid model developed
for the hybrid method of moments (HMOM) in (Mueller and Pitsch 2011) is
here derived for the sectional method.

In this model, a filtered quantity ¢ (;,0;), where &; and o; are gaseous and
soot scalars (Y;; for instance) respectively, is written with a joint subfilter
PDF P(¢;,0,):

DEj00) = / / D&, 00) P&, 01)de o

N (3.20)

= [ [ 6(6.00P) Pl )ity o,
As presented in Eq. (2.13), the soot source terms ¢, of a section k can be
written as a product of a first function depending only on the gaseous phase
and a second function depending on the solid phase, such that the filtered soot
source term is given by:

ina6,0) = [ [ &G 00 P& Pl deydo, (3.21)

where the subscript |, represents any subscript nu, cond, sg; ox; Erélag, g})ag or

c2
coag*

Following Mueller and Pitsch (2012), under the independency assumption be-
tween gaseous and soot quantities, this conditional soot distribution can be
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modeled by the corresponding marginal distribution:

v = [ EROPEE [ 45200 P (3.22)

@'gas q;;‘soot
This assumption is valid if the time scales for the evolution of the thermo-
chemical state are largely smaller than those of soot production source terms
(Mueller and Pitsch 2012).
Then, the filtered soot source term reads:

quk = ank’gaquak’soot (323)

where the thermo-chemical and soot parts need to be completely independent.
The formulation of soot source terms into gas and solid contributions is provided
in Sec. 3.1.1.

The gaseous phase contribution q';,/k\gas can be modeled with any approach
classically developed for purely gaseous flames (Veynante and Vervisch 2002),
which will be presented in Sec. 3.3.

The solid phase contribution is modeled through a double-delta distribution
function including a "non-sooting" mode and a "sooting" mode (Mueller and
Pitsch 2011):

P(o;) = wd(oi) + (1 —w)d(o; — 07) (3.24)

where w is the subgrid soot intermittency and o the value of o; for the sooting
mode of the considered quantity. The filtered value of o; is given by:

o; = /O'Z‘P(O'i)dgi =0;/(1—-w)

& of =6/(1-w)

(3.25)

Then, the solid phase contribution can be expressed as:

0 klsoor (1) = (1 = w) %" ()

— -z

Equation (3.25) yields the following expression for the subgrid soot intermit-
tency w:

1—w

5 ) (3.26)

—2
roF
w=1- =

i (3.27)
7

As in (Mueller and Pitsch 2011), the particles number density Npar¢ is here
chosen for the evaluation of w:

2
Npart

2
N part
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Then, in order to evaluate w, the filtered equations for Npa¢ and N 2 ot are

added to the solid phase system of equations. The filtered equation for NV,

pa'rt
is given as in (Mueller and Pitsch 2011):
9 2 2
8t (Npart> + V- (uNpart)
= QEmNNpart — Ngartv -u */]_V\S_a/rtv - VT (329>
N2 N2
_|_V( VTNart>_v' U Part_fﬁ part
p p

with my = Npart/p and Npart the particles number density source term. This
equation is closed here in analogy with Eq. (3.19) as follows:

N2 N2
* I J N?’art N p<uppart> pu( p’lrt>7 With:

- N2
JSN2 tt stN2 V(part)
> "par part
P (3.30)
N?2
part
pDS Nsartv ( p )
. t Sgs Sg —
with D N2 = = 1% /Sc Ve[S and Sc Ngm = 0.6.
o I1: J; 2 tth = vrN? part With:
par
——th vT part | VT part
Js,Ngart _pcthl/T< P ) == —pCthl/? ﬁ (331)
e III: N2,V -u closed as in (Mueller and Pitsch 2011):
Ngartv ‘u = Ngartv ‘u (3.32)
o IV: partV SV R partV vt in the same as for the term III. V - vy
is modeled by:
— VT

—_—~—

e V: mNNpart which is closed with Eq. (3.20).
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The final equation is given by:

oNZ,, o
B o () - i -
vT vT
7 _
Npartv <_Cthy’_f> + V- (CthV f Npart> (334)
sgs N2
LV, pl/ V< part)
Scy P

The filtered equation for Npart can be derived similarly:

6N YL Vpart
ot

v ( VSgSV<Npart>>
Sct p

The source term Npar¢ is decomposed into five source terms, one for each phe-

. VT
+V- (UNpart) = Npart +V- <Cthyj_;Npart>
(3.35)

nomenon involved in soot production:

Npart — Nnu + Ncond + ng + Nox + Ncoag (3'36)

where for each phenomenon p (nucleation, condensation, surface growth, ox-
idation or coagulation), as the soot volume fraction density g(v) is assumed
constant inside each section, the corresponding source term is evaluated as:

sect pmax Q 1
i
Ny = E / — P "y
rnax . rnm v

min

Nsect Q i vmax
i .
— § p, _ ln < 2 _ >
ma.X . mln vmln

i=1 Ui Yi 1

(3.37)

3.3 Subgrid models for gaseous quantities

In this section, the subgrid models for the filtered gaseous quantities are de-
tailed. They concern both the purely gaseous quantities as well as the gaseous
contribution to the filtered soot source terms highlighted in Eq. (3.22).

Concerning the different subgrid fluxes, they are modeled with classical gradi-
ent assumptions, based on the Wale model (Nicoud and Ducros 1999) for the
turbulent viscosity, and fixed values of 0.6 for both the subgrid-scale Schmidt
Sc®®® and Prandtl Pr®°® numbers.
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Every gaseous thermochemical state is here described with the Flamelet/ Progress
Variable (FPV) model (Pierce and Moin 2004), whose details are summarized
for completeness. When neglecting heat losses, any gaseous thermochemical
variable ; is obtained from solutions of steady non-premixed flamelet equations
solved numerically for different strain rates allowing to describe the S-shape
curve with both stable and unstable branches. Following the FPV approach,
the different variables are then parametrized as a function of the mixture frac-
tion Z and a normalized progress variable C:

b = F(2,0), (3.38)

where F represents the relationship obtained from the solution of the steady
flamelet equations.

Radiative heat losses are accounted for by following the procedure of [hme and
Pitsch (2008a), who have extended the classical FPV model to account for
heat losses due to radiation (radiation FPV model). The flamelet database is
then augmented with solutions of unsteady flamelets computed by imposing the
radiative source term to steady initial flamelets. To parametrize these unsteady
flamelets, a heat loss parameter H is added to the parametrization:

b = G(Z,C, H) (3.39)
where G represents the relationship obtained now with this new database.
The previous relationship is recast in terms of two quantities that uniquely
identify each flamelet solution of the database: A = C(Zy) and ¢ = H(Zy),
where Zg corresponds to the stoichiometric mixture fraction. Each gaseous
thermochemical quantity can then be retrieved as:

b = G(2,C, H) = G*(2,4,9). (3.40)

~tab
Each gaseous filtered scalar quantity &; * is then expressed by:

& / @b (7. A, @)P(Z, A, &)dZdAdD (3.41)

with ﬁ, the density-weighted joint PDF. Equation (3.41) is then used to deter-
mine the gaseous part a;|gas of Eq. (3.22).

As done by Thme and Pitsch (2008a), we assume that the progress parame-
ter A, the heat loss parameter @ and the mixture fraction Z are statistically
independent. The joint PDF can then be expressed in terms of the marginal
distributions of each parameter:

P(Z,A,®) = Pz(Z)P7(A)Pgp(P). (3.42)
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A (B-PDF is used to model the mixture fraction distribution, implemented fol-
lowing the second-order numerical approach of Lien et al. (2009). The statis-
tical distributions of the reaction progress and heat loss parameters are rep-
resented by a Dirac function. Then, the joint subfilter gaseous PDF can be
expressed by:

P(Z,A,®) =8 (Z; Z, SZ> 5 (A - 71) 5 (@ - 5) , (3.43)

where Sz is the mixture fraction segregation factor.

Except for the PAH concentration that requires a special treatment presented
in Sec. 3.4, each gaseous thermochemical variable can then be retrieved in a
precomputed 4-D table, and can be expressed as:

~tab ~tab  ~ ~ ~ ~tab  ~ — —
fj :fj (Z,Sz,A,@)Efj (Z,Sz,C,H). (3.44)

To retrieve the variables of the table, 7 is directly transported together with
the other radiation FPV-state-variables: the variance of the mixture fraction

Z"2, the enthalpy Kl and the progress variable % Then, Sz, C and H are
evaluated as:

i
Z(1—7)

o 7 _ prad VA

H= Nh hred( ﬁZ) (3.46)
hadiab(Z7 SZ) _ hrad(Z’ SZ)

_ Yo - YA(Z.8

o Yo-Yo(Z52) (3.47)

Y54 (Z,87) - %(Z, Sz)

where h2d12b is the enthalpy of the adiabatic flamelet, A" is the enthalpy of the
flamelet presenting the maximum of radiation heat losses (which corresponds
to the flame at the lowest strain rate in the stable b