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 NOMENCLATURE 

AC-LII: Auto-compensating LII  - 

AFM: Atomic force microscopy  - 

Ai: Peak integration  - 

Aj’j”: Einstein coefficient spontaneous emission (s
-1

) 

BC: Black carbon  - 

Bj’j”: Einstein coefficient stimulated emission (m
3
.J

-1
.s

-2
) 

Bj”j’: Einstein coefficient absorption (m
3
.J

-1
.s

-2
) 

CARS: Coherent anti-Stokes Raman scattering - 

c: Speed of the light (m.s
-1

) 

CEM: Controlled evaporation and mixing system  - 

CN: Cetane number  - 

CPC: Condensation Particle Counter  - 

CRDE: Cavity ring-down extinction  - 

cs: Soot specific heat (J.(g.K)
-1

) 

Df: Fractal dimension  - 

DMA: Differential Mobility Analyzer  - 

Dp: Particle diameter (nm) 

E: Photon energy (eV) 

E(mλ): Absorption function - 
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EC: Elemental carbon  - 

Eg: Optical band gap (eV) 

En”,v”,j”: rovibronic energy (m
-1

) 

F(mλ): Scattering function  - 

F: Laser fluence (J.m
-2

) 

fb: Boltzmann factor  - 

fv: Soot volume fraction - 

GC: Gas chromatography  - 

h: the Planck constant (J.s) 

HAB: height above burner  - 

HACA: Hydrogen-Abstraction Carbon-Addition  - 

HIM: Helium-ion microscope  - 

HRTEM: High-resolution transmission electron microscopy  - 

Ibb(λi,T): Monochromatic emittance (W.m
-2

) 

IR: Infrared  - 

j: Rotational number  - 

Kabs: Absorption coefficient  - 

kb: Boltzmann constant (J.K
-1

) 

Kext: Extinction coefficient  - 

kf: Dimensional prefactor  - 

Ksca: Scattering coefficient  - 
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kλ: Imaginary part of the refractive index  - 

LD-PI-TOF-MS : Laser desorption, Phoyon Ionization and Time-Of-Flight Mass 

Spectrometry 
 - 

LIF: Laser induced fluorescence  - 

LII: Laser induced incandescence - 

LMMS: Laser microprobe mass spectrometry - 

M: Primary particle mass (g) 

MAC: Methyl addition/cyclization - 

MBMS: Molecular beam mass spectrometer - 

mg: Ambient gas molecule mass - 

Mv: Mean molecular weight of the sublimated species (g.mol
-1

) 

mλ: Refractive index  - 

nCNC: Nano Condensation Nucleus Counter  - 

NOC: Nanoparticles of organic carbon  - 

Np: Number of primary particle  - 

nPb: n-propylbenzene  - 

Nvj: Population at vibrational level v and rotational j  - 

nλ : Real part of the refractive index  - 

OC: Organic or volatile carbon  - 

p(Dp): Distribution function of the primary soot particle diameter  - 
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p(Np): Distribution function of the aggregate size  - 

PAC Phenyl addition/cyclization  - 

PAH Poly aromatic hydrocarbon  - 

pg: Ambient pressure (atm) 

Pinj i Injection pressure  - 

PSDF : Particle size distribution function  - 

pv: Sublimation pressure (atm) 

q(t): Normalized laser power temporal profile  - 

Qabs: Absorption efficiency  - 

Qe: Electronic partition function  - 

Qem: Emissivity efficiency  - 

Qj´j´´: Quenching rate (s
-1

) 

Qr: Rotation partition function  - 

Qv: Vibrational partition function  - 

REMPI Resonant multiphoton ionization  - 

�̇�𝑎𝑏𝑠: Absorption rate (W.s
-1

) 

�̇�𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛: Conduction rate (W.s
-1

) 

�̇�𝑠𝑢𝑏𝑙𝑖𝑚𝑎𝑡𝑖𝑜𝑛: Sublimation rate  (W.s
-1

) 

�̇�𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛: Thermal radiation rate (W.s
-1

) 

RET Rotational energy transfer  - 

Rg Radius of gyration   - 
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Ru: The universal gas constant (J.(mol.K)
-1

) 

SANS: small angle neutron scattering  - 

SAXS: small angle X-ray scattering  - 

SEM: Scanning electron microscopy  - 

SG: Surface growth  - 

Si: Sensitivity coefficient  - 

SLII (λi, T(t)): LII signal: Power emitted (W) 

SMPS : Scanning mobility particle sizer  - 

T: Soot temperature (K) 

TC: Total carbon numbers  - 

Teff: Effective soot temperature (K) 

TEM: Transmission electron microscopy  - 

TEW-LII: Two-excitation wavelength LII  - 

Tg: Local gas temperature (K) 

TSI: Threshold sooting index  - 

u: Unified atomic mass unit  - 

UV: Ultra violet  - 

Uν: Spectral laser density (J.s.m
-3

) 

�̇�𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙: The rate of change of the energy stored by the particle (W.s
-1

) 

v: Vibrational number  - 

VET: Vibration energy transfer  - 
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x: Size parameter  - 

Xi: Mole fraction of the species  - 

α: Proportion of active sites on soot surface  - 

αac: Thermal accommodation coefficient  - 

αd: Dispersion coefficient  - 

β: Effective sublimation coefficient  - 

η: Collision efficiency parameter  - 

γ*: Averaged specific heat ratio  - 

ΔHv: Enthalpy of formation of the sublimed carbon species (J.mol
-1

) 

η: Quantum yield  - 

λ: Wavelength  - 

λabs: Absorption wavelength  - 

λem: Emission wavelength  - 

ρs: Soot density (g.cm
-3

) 

τp: Pumping time  (s) 

Φ: Equivalence ratio  - 
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 INTRODUCTION 

Soot particles are formed during the combustion of hydrocarbon/air mixtures in domestic and 

industrial burners and most combustion devices related to transport. Particles emissions of vehicles are 

restricted by emission standards which have significant variations depending on the country.  They are 

regulated for Diesel engines, spark-ignition engines and gas turbines. They will concern not only the 

soot mass emission, but also the number of particles and finally the number of the smallest ones. To 

ensure a better emission monitoring the use of portable emission measurement systems (PEMS) 

mounted onboard vehicles will be generalized. To date, the legislation focuses on solid particles larger 

than 23 nm in diameter [1] mainly because of the current limitations of the commercial granulometers. 

But, thanks to the availability of new powerful commercial instruments, legislation is expected to be 

more stringent. Indeed several studies [2] have revealed that an important part of solid particles in the 

modern gasoline vehicle exhaust can be below this particle size limit. Particulate filters equip Diesel 

engines, but their efficiency related to ultrafine particles is mostly unknown. Thus there is still a strong 

interest in reducing soot emission at the source for engines because this would allow improving the 

fuel efficiency and reducing the high cost of after-treatment systems. In the aeronautics domain, 

reduction at source is the unique way to reduce soot emissions. 

In this context, the integrated research project ASMAPE “Advanced Soot Models for Aeronautics and 

Piston Engines”, led by IFP Energies Nouvelles, has been one of the laureates of the call ANR 2013 

“green vehicles” for the period 2013-2017. The objective of ASMAPE is to develop validated 

predictive Computational Fluid Dynamics models for the formation and evolution of soot during the 

turbulent combustion processes, in both piston engines and gas turbines. The ambition is to address the 

three main commercial fuels (CF) relevant for a present usage: Gasoline, kerosene and Diesel fuel. 

The predictive capability of the models to be developed will concern both the soot volume fraction fv 

and particle size distribution function PSDF. The implication of PC2A in this project partly concerns 

the acquisition of databases in well defined sooting laminar flames, burning fuels representative of CF, 

and with a focus on the formation of the first soot particles (nucleation). The experiments rely on 

sensitive and selective advanced diagnostics (optical diagnostics and sampling-based techniques). The 

experimental results are expected to gain detailed insight into the chemistry of polycyclic aromatic 

hydrocarbons (PAH) and especially on soot nucleation.  

The soot nucleation designates the transition from the gaseous soot precursors to the first solid 

particles designed as soot. This mechanism is not understood although many advances have been 

attained these recent years. Experimentally identification of the nucleation zone relies on the detection 

of the first soot particles, through their number Np (the number of primary particle), their size Dp or 
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soot volume fraction fv (𝑓𝑣 = 𝑁𝑝 𝜋 𝐷𝑝
3/6 ). The most sensitive techniques are to date the ex-situ 

scanning mobility particle sizing (SMPS) and the in-situ laser induced incandescence (LII) technique. 

In atmospheric premixed sooting flames, nucleation occurs along the flame. However at the beginning 

of the soot onset a very thin region of the flame can be isolated dominated by nucleation beyond it 

other processes like surface growth, condensation and coagulation occur leading to an important 

growth of the particle size (and fv). Soot particles are expected to be very small and in low 

concentration in the nucleation zone making their detection very challenging. 

To investigate experimentally the nucleation in this PhD, we took advantage of recent advances 

reached at PC2A laboratory. The progresses rely on the refinement of the LII technique to improve 

significantly the signal to noise ratio (SNR). Knowing that the incandescent radiation is proportional 

to the soot volume fraction fv, any improvement in SNR translates into a better detection limit of fv and 

into a smaller size Dp. These efforts led to the discovery of flames called nucleation flames by the 

conjunction of obtaining a better SNR and the finding that decreasing gradually the equivalence ratio 

of premixed sooting flames led to a significant diminution of soot growth along the height above the 

burner (HAB) until a threshold equivalence ratio is reached, at which soot particles do not exhibit 

growth anymore. Size of soot particles in nucleation flames was estimated to be around 1.5 nm from 

the modelling of the LII time-decays. This behaviour has first been highlighted in low pressure 

methane flames [3] and later in an ethylene atmospheric flame [4].   

As defined by the ASMAPE project, the main objective of this thesis is to provide an extensive 

experimental database containing gaseous species mole fraction profiles and soot volume fraction 

profiles in atmospheric sooting flames, with fuels of interest for automobile and aeronautics. This 

database aims to further improve kinetics modelling of sooting flames with a focus on the soot 

nucleation. In order to better investigate the soot nucleation, the strategy relying on studying 

nucleation flames was adopted. Four flames have been analyzed including two nucleation flames as 

detailed below. 

 However since the writing of the project, an important phase of validation concerning - (1) soot 

definition (2) assignment of the laser-induced emission signal to LII and (3) attribution of the behavior 

identified in nucleation flames (absence of soot growth) to the behavior of particles defined as soot - 

turned out to be indispensable. Indeed part of the recent literature on this subject is sceptical about the 

existence of very small soot particles as detected previously and in this work [3], [4]. The assignment 

of the measured radiation to soot particles (or not) being indispensable for further kinetics mechanism 

development, an important part of the work has finally been devoted to this crucial question. This was 

made possible thanks to the freedom of action which has guided this contract, supported by ANR and 

Labex CaPPA. 

 



Introduction 

 

19 

 

Considering the above discussion, the thesis is organized in four chapters as follows: 

Chapter 1 describes briefly the soot formation processes after giving a definition of a soot particle. 

Then the chapter describes the knowledge on the ultrafine soot particles, later named “just nucleated 

soot particles”: their formation, their identification and their properties. Finally recent literature on 

nucleation flames is presented to introduce the strategy followed in this PhD.  

Chapter 2 aims to definitely assign the laser induced emission signal from just nucleated soot particles 

to LII, i.e. to very small soot particles. This has been realized by stabilizing a nucleation flame of n-

butane making easier the investigation of just nucleated particles and by deploying the most relevant 

granulometry technologies: LII, nano SMPS and HIM (helium ion microscopy) to detect and measure 

just nucleated soot particles. New knowledge about some properties of these nascent soot particles is 

derived. This chapter details the implemented experimental set-up and techniques for LII, nano SMPS 

and HIM. 

Chapter 3 describes the experimental procedure implemented to obtain quantitative soot volume 

fraction in n-butane flames. It includes a calibration by cavity ring-down spectroscopy extinction 

(CRDE) technique. In addition an original procedure based on the coupling of LII and CRDE has been 

implemented to gain insight about the optical properties of the just nucleated soot particles, which is 

currently subject of debates. This knowledge is indispensable to translate the measurement of 

extinction into soot volume fraction. 

Finally chapter 4 provides an extensive database for further improvement of kinetics modelling of 

sooting flames with a focus on the soot nucleation in flames of interest for automobile and aeronautics. 

Concerning the fuels, two kinds of fuels have been selected: n-butane and a mixture of n-butane and n-

propylbenzene. For each fuel two flames have been investigated: a nucleation and a standard sooting 

flame. The database consists of species profiles obtained by gas chromatography (GC), temperature 

profiles measured by LIF thermometry on NO species, soot volume fraction profiles obtained by LII 

calibrated by CRDE and particle size distribution function (PSDF) obtained in n-butane flames by 

SMPS, HIM and LII. From this database effect of equivalence ratio and fuel composition is analyzed. 

The manuscript ends by a summarizing of the gained experimental results, analyses the advances and 

derives some perspectives. 
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 CHAPTER1: SOOT FORMATION PROCESSES 

 INTRODUCTION 

The objectives of this chapter are: (1) give general information about the definition of soot, (2) 

summarize the current comprehension of the soot formation processes and (3) review the knowledge 

on just nucleated soot particles. 

I. What is soot? 

I.1 Definition 

Definition of soot particles is complex. The consensual position is that these particles are formed 

during the incomplete combustion of hydrocarbon fuels. Soot are composed mainly of carbon, but 

there is also significant hydrogen content. The current state of terminology concerning carbon and 

carbonaceous particle material is discussed in detail in [5]–[7]. 

It is conventionally assumed in atmospheric science, that there are two kinds of carbon or 

carbonaceous particles [5], [6]. These particles are referred as the black carbon (BC) and the “brown 

carbon”. BC has a unique combination of properties. These properties are strong visible light 

absorption with a wavelength-independent refractive index across the visible spectrum, vaporization 

temperature near 4000K, aggregate morphology of primary individual particles and insolubility in 

water and common organic solvents. BC is exclusively formed during an incomplete combustion of 

hydrocarbon fuels [6]. Brown carbon is a complex mixture of organic compounds which can be 

formed in atmosphere from BC (i.e. secondary organic aerosol) or directly from the incomplete 

combustion of hydrocarbon fuels [6]. Its light absorption cross-section is smaller than BC. Brown 

carbon has a strong wavelength dependence in the ultraviolet (UV) spectrum [8]–[11]. This spectral 

dependence causes the material to appear brown (or yellow) [5]. Unlike BC, brown carbon is soluble 

in some organic compounds. Brown carbon and BC particles are similar in size [6]. 

In combustion science, soot is an aerosol produced by the incomplete combustion of hydrocarbon 

fuels. It displays different physicochemical properties according to its maturity. Thus, the evolution 

from young to mature soot is characterized notably by a progressive dehydrogenation with an 
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increasing C/H ratio from [12]. Their size evolves into a nearly spherical with the maturity in the range 

1 nm [4], [13] for the incipient particles to 50 nm [14]. The ability of these particles to absorb 

radiation from UV to infrared (IR) spectrum is also used to define soot. This ability increases with soot 

maturity. Based on the ability to absorb radiations from UV to IR and the soot size, two definitions of 

soot are somewhat opposed in the combustion community: 

- The first defines two classes of particles, the incipient particles (soot precursors) with a mean 

diameter of 3 nm and soot with a diameter larger than 10 nm. These two classes are 

distinguished by their abilities to absorb radiations in the visible and IR spectrum, the 

incipient particles being transparent to these radiation [13], [14] (see subsectionIII.4.1). 

- The second considers soot as particles able to absorb from UV to IR. They can be as small as 

1 nm. In other words this definition defines soot as particles able to emit blackbody radiations 

naturally at flame temperature or induced by laser absorption (laser induced incandescence 

[3], [4], [15]. This is the definition of soot considered in this work. 

I.2 Soot morphologies 

At the microscopic scale, a soot sample is composed by near-spherical primary particles which 

aggregate into fractal structures of tens to hundreds of primary particles (Figure 1).  

 

Figure 1. Transmission electron microscopy (TEM) image of Diesel soot aggregate composed of 

spherical primary particles [16](a) and scanning electron microscopy (SEM)  image of soot aggregate 

from biomass fire [17] (b). 

The morphology of soot agglomerates is described by a power-law relationship (equation (1)) [18]. 

This relationship results from the integration of the autocorrelation function [19], which expresses the 

decreasing probability of primary particles to exist at a distance of the center of gravity of the 

agglomerate, for increasing distance. 



Chapter1: Soot formation processes 

 

23 

 

𝑁𝑝 = 𝑘𝑓 (
𝑅𝑔

𝐷𝑝 2⁄
)

𝐷𝑓

 
(1) 

In equation (1), Np is the number of primary particles, kf is the dimensional prefactor, Rg is the radius 

of gyration of the agglomerate which is the root mean square of the distances from the primary particle 

center of masses and the aggregate center of mass, Dp is the diameter of the primary particles and Df is 

the fractal dimension. 

The fractal dimension corresponds to the “openness” of the aggregate. Its value varies from 3 for 

spherical aggregate to unity for a linear chain. Figure 2 displays soot aggregates with various fractal 

dimensions. 

 

Figure 2. TEM images of soot aggregate with different fractal dimension from: Diesel cylinder [20] 

(a), propane diffusion flame [21] (b), Diesel engine [16](c) and ethylene diffusion flame [22](d). 

The observation of the primary particles by high-resolution transmission electron microscopy 

(HRTEM) has allowed to reveal that primary particles have two distinct parts with different structures 

[23], [24]. Thus Ishiguro et al. [23] describes the structure of primary particles of Diesel soot as 

composed by: an outer shell and an inner core (Figure 3). The outer shell is composed of 

microcrystallites with turbostratic structure of carbon layers. The crystallites are planar in shape and 

are oriented perpendicular to the radius of the primary particle. The inner core (~ 3 – 4 nm) which 

corresponds to the central region of the primary particle, displays several fine particles (~ 1– 2 nm) 

with a disordered structure. This disordered structure could be an aromatic core of polyaromatic 

hydrocarbons (PAHs) cluster [25] (see following subsection). 
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Figure 3. A schematic model of microstructure of diesel soot particle described by Ishiguro et al.  [23] 

(a) and HRTEM images of primary soot particles of:  jet aircraft [26]and Diesel engine [27]. 

This structure has been observed in numerous studies [24], [28], [29] particularly by HRTEM images 

[26], [27], [29]–[33] (Figure 3.b,c).  

The above description is observed in mature soot. Based on HRTEM, Hurt et al. proposes another 

class of primary particles: the nascent soot, with a similar structure than the inner core of mature soot 

i.e. a disordered structure and a fine layer of crystallites [24]. Ishiguro et al. notifies that the inner core 

is dissolved in nitric acid, by contrast to the outer shell. This indicates that the outer shell composed of 

graphitic crystallites is of rigid structure, while the inner core is easy to oxidize due to its 

thermodynamic instability [23]. Camacho et al. observed that the surface of nascent soot is 

considerably more reactive than that of mature graphitized soot [34]. 

Inspired by the work of Hurt et al. [35], Kholghy et al. [36] proposes to schematize the different 

internal nanostructures of nascent and mature soot particles (Figure 4). According to these authors, 

nascent soot present a physical equilibrium configuration of PAHs clusters known as PAH edge-on-

surface (Figure 4.a). On the contrary mature soot consist of a chemical equilibrium configuration of 

PAH clusters known as PAH face-on-surface. In this configuration, surface PAHs are connected to 

each other and form a graphitic shell (Figure 4.b). To illustrate this description the authors use 

HRTEM images of soot produced by pyrolysis of ethanol at 1250°C for a nascent soot with a 

disordered structure (Figure 4.c) and at 1650 °C for a mature soot with an ordered structure and an 

inner core (Figure 4.d) [29]. 
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Figure 4. Illustration of the different internal nanostructures of nascent and mature soot particles 

[36]and HRTEM images of soot produced by pyrolysis of ethanol at 1250°C (c) and 1650°C (d) [29]. 

These studies highlight that the microstructure of soot is very dependent on the temperature and the 

residence time. The detailed mechanisms which lead to a given microstructure are not fully 

understood. 

II. Soot formation processes 

The wide variety of soot particles observed in flames is related to the complexity of the soot formation 

process. Several detailed reviews cover this subject[14], [25], [37]–[40].  

The soot formation in flame is strongly dependent on the gas-phase chemistry leading to soot 

precursors formation. The evolution of the gaseous species profiles along the flame which determines 

the flame chemical structure, may be viewed as constituted of three steps [41]: 

- Fuel decomposition. 

- First rings formation. 

- PAHs formation and growth reactions. 
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Figure 5. Illustration of soot formation mechanisms in premixed flames. Created with different 

pictures extracted from [25], [26], [42]–[46]. 

The solid-phase dynamics, which describes the evolution of the soot particle ensemble, can be divided 

by three major processes reported on Figure 5. This figure displays a schematic representation of these 

processes through the evolution of the soot particle size density (dN/dlogDp) as a function of their 

mobility diameter (~ size see chapter 2) at different reaction times. 

Thus, three zones are identified: 

- Zone I characterizes the nucleation process leading to the formation of the first soot particles 

with a size below 5 nm. 

- Zone II in the size range 5 – 20 nm illustrates the soot growth processes: surface reactions 

(growth and oxidation) and particle coagulation of the just nucleated particle coming from 

zone I. 

- Zone III highlights the soot particles agglomeration of the primary soot particle of Zone II. 
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II.1 Gas phase 

The following description is limited to the case of alkane decomposition (the main fuel used in the 

current work). Other description can be found notably in [41]. 

Polycyclic Aromatic Hydrocarbons are considered as the main soot precursors. They are reaction 

intermediates of combustion. Their growth is usually based on single ring species such as benzene 

(C6H6), phenyl (C6H5) and cyclopentadienyl (C5H5). The formation of these aromatic species depends 

on species issued from the fuel decomposition. Only a brief description of the main reaction pathways 

is given below. 

II.1.1 Fuel decomposition 

Stable hydrocarbons primarily are decomposed by three pathways in fuel-rich flames [41]: 

- (1) H-atom abstraction, which corresponds to the removing an H-atom of the fuel by of  a 

chain-carrying radical X (O, OH, etc.). 

- (2) Simple fission, which is defined as the breaking of one bond (C-C or C-H bond) to 

produce two radical fragments. 

- (3) Complex fission, which involves multiple bonds break (C-C and C-H bond) and formation 

production of two stable hydrocarbons. 

These pathways are followed by the dissociation of most hydrocarbon radicals in flames. It usually 

takes the form of β-scission which corresponds to the breaking of the weakest bond on the C-atom 

adjacent to the C-atom that contains the radical site. The carbon–carbon bond that connects these two 

C-atoms increases of one bond. These dissociation reactions form one stable and one radical product 

[41]. Figure 6 resumes fuel decomposition for alkane. 
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Figure 6. Fuel decomposition and first ring formation pathways for large alkanes adapted from [41]. 

 

II.1.2 First rings formation 

The understanding of the first ring formation is a crucial step towards PAHs formation. Three main 

pathways have been identified in the literature to lead to the first benzene ring [37]: 

The C4 + C2 → C6 reactions: 

A first way to create a benzene ring (C6H6) was proposed by Cole et al. [47] and Frenklach et al. [48]: 

C2H3 + C2H2 → C4H5 

C4H5 + C2H2 → C6H6 + H 

However, Miller and Melius [49] have shown that these reactions cannot explain the amount of 

benzene measured experimentally in some cases. 

The C3 + C3 → C6 reactions: 

Kern and Xie [50] proposed a second way to form a benzene ring from smaller hydrocarbons. This 

reaction, also mentioned by Miller and Melius [49], is the recombination of two propargyl radicals 

(C3H3) into a benzene ring: 

C3H3 + C3H3 → C6H6 

The C5 + C1 → C6 reactions: 
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Another reaction has been proposed later by Melius et al. [51] and also validated by Ikeda et al. [52]. 

This reaction is the addition of a methyl group on cyclopentadiene: 

C5H5 + CH3 → C6H6 + 2H 

All these pathways are involved in benzene formation. The balance between these reactions depends 

on the fuel and on the flames conditions [41]. 

II.1.3 PAHs formation and growth reactions 

Few mechanisms explain the PAHs formation and their growth. The most used is the Hydrogen-

Abstraction/ethylene-addition (HACA) mechanism [53] which describes the formation of the PAHs 

from benzene and their growth to larger PAHs. The HACA mechanism described by Frenklach and 

co-workers [48], [53]–[55] is based on two reactions occurring repetitively which are the abstraction 

of an hydrogen atom from aromatic (Ai) by gaseous H atom to create a radical site (Ai + H = Ai
·
 + H2) 

followed by the addition of gaseous acetylene to the radical site Ai
·
 + C2H2 = molecule. Figure 7 shows 

a version of the HACA reaction mechanism starting from benzene, extracted from [25]. 

 

Figure 7. A version of HACA reaction mechanism extracted from [25]. 

Although the HACA mechanism can be considered as dominant [56] other pathways are reported in 

the literature [57] such as the “phenyl addition/cyclization” (PAC) and the “methyl 

addition/cyclization” (MAC) [58]. 
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II.2 Solid phase 

II.2.1 The nucleation: soot particle inception 

The nucleation step corresponds to the transition from the gas phase to the solid phase which gives the 

first solid particles. This crucial step is still speculative. Soot nucleation or inception is not yet 

understood despite the large number of studies on this subject [13], [14], [25], [38]. Based on abundant 

experimental studies, polycyclic aromatic hydrocarbons (PAHs) are widely accepted to be the 

precursors of soot. Wang [25] summarizes the three conceptual pathways postulated for soot 

nucleation (Figure 8): 

- Path A is depicted by the growth of two-dimensional PAHs into curved, fullerene-like 

structures [59]. 

- Paths B involves the physical coalescence of moderate and large-sized PAHs into stacked 

clusters [37], [53]. 

- Path C implies light and moderate PAHs into crosslinked three-dimensional structures [60], 

[61]. These structures can be produced via a “chemical” coalescence mechanism [60], [62]–

[65] involving reactions between aromatic molecules with an aryl radical. 

 

Figure 8. Conceptual mechanisms of soot particle nucleation. Extracted and adapted from [42], [43]. 

The path A is considered too slow to account for the rates observed for soot nucleation. Paths B and C 

are the most supported path in the literature [25], [66]. Some theoretical and experimental research 

works dedicated to the study and understanding of the nucleation step are developed in section III. 
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II.2.2 Soot particle surface reactions: growth and oxidation 

Once the soot particles formed under standard conditions (see chapter 2), they grow by surface 

reactions and coagulation. 

The surface growth is mostly assumed to be governed by the HACA mechanism. The surface of soot 

particles is looked like the edge of a large PAH molecule, covered with C–H bonds. Abstraction of 

these H atoms activates the sites, forming surface radicals. The latter react with incoming gaseous 

species: hydrocarbons that propagate the growth and oxidizing agents that remove the carbon from the 

surface. The surface growth is counterbalanced by the oxidation of soot particles, which occurs 

predominantly by O2 molecules, OH radicals and O atoms. These reactions remove hydrogen or 

carbon atoms [56], [67]. This approach is commonly used to represent soot surface chemistry [15], 

[36], [67]–[72]. 

Experimental observations on soot formation in flames show that the surface growth rate of soot 

particles decreases with the extent of particle growth (see chapter 2). This phenomenon can be 

attributed to different factors: 

- a decline of the H atoms concentration. 

- a decrease in the number of active sites on the soot particle surface characterized by an 

increase of the C/H ratios on the primary soot particles [73], [74] 

- an effect of the flame maximum or local temperature [75]–[77] 

The evaluation of soot surface composition is a major aspect of soot surface modeling [25]. 

Additionally, the condensation of PAHs onto soot surface [25] contributes to soot mass growth. 

II.2.3 Soot particle coagulation 

Coagulation between particles occurs immediately after nucleation and simultaneously with surface 

reactions. The coagulation forms primary particles with slightly aggregated structures. Surface 

reactions act on these aggregated structures, smooth the surface and produce spherical or nearly 

spherical particles. This description is supported by TEM studies of mature soot which show inner 

core with multiple fine soot particles with a disordered structure (Figure 3.b, and Figure 9). 
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Figure 9. HRTEM images of soot extracted from [78]. Withe arrows indicate the position of the fine 

soot particles in the inner core. 

Coagulation is introduced in the modelling notably through the Smoluchowski coagulation equation 

which describes the time evolution of the particles number density [79]. 

II.2.4 Soot particle agglomeration 

At some point in the flame, soot particles are observed to agglomerate, i.e., stick to each other forming 

aggregates of primary particles. The experimental data show that this process does not happen early in 

the flame where particle inception takes place (Chapter 2), but occurs later when soot particles become 

more mature and less reactive. Several theoretical approaches aim to reproduce the characteristics of 

aggregates particles in flames [44], [75], [80]–[82]. 

III. Knowledge on just nucleated soot particles  

During these four last decades many theoretical studies and experimental data have been devoted on 

the just nucleated soot particles. This section reviews briefly a part of this knowledge using few 

selected examples extracted from the literature. 

III.1 Theoretical studies 

In order to accurately predict the soot volume fraction for a wide range of conditions, soot models 

must be able to model the soot nucleation amongst others processes. In most case, the soot inception is 
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defined as the dimerization of two PAHs. Dimerization occurs upon physical collision of PAHs with 

empirical sticking efficiency based on different physical processes [83]. Thus the nucleation is 

commonly initiated by the collision between two pyrene (C16H10) with creditable results [74], [74], 

[75], [84]–[87] or larger PAHs as coronene (C24H12) or ovalene (C32H14). However it has been shown 

experimentally [88] and from theoretically studies [25], [89]–[92] that the dimerization of two pyrene 

or even ovalene PAHs were not thermodynamically favored at flame temperatures. These conclusions 

rely on different works [25], [89]–[93] where the authors have studied the stability of homo-molecular 

clusters of PAHs formed via nucleation paths B and C (defined in subsection II.2.1) as a function of 

the cluster size (number of monomer in a cluster) and temperature, from naphthalene (C10H8) to 

circumcoronene (C54H18). Figure 10 summarizes the ability of PAHs to grow into incipient soot 

particles as a function of the temperature and nucleation paths.  

 

Figure 10. Nucleation mechanisms of PAHs in homogenous systems. The closed red squares, black 

stars and blue circles represent physical nucleation, no nucleation and chemical nucleation, 

respectively. The open olive diamonds and triangles are issued from previous studies on the PAH 

boiling/sublimation temperatures [94] and equilibrium temperatures for PAH dimerization [25], 

respectively. Soot nucleation mechanisms can be roughly divided into three regions according to PAH 

masses and temperatures, (i) physical nucleation: path B (white), (ii) no nucleation (light grey) and 

(iii) chemical nucleation: path C (dark grey). Adapted from [92]. 

At high temperatures (~ 2400 K), all PAHs are thermodynamically unstable [95] and react to give 

incipient soot particles via path C (chemical nucleation). 

At low temperatures 400 K, the physical nucleation (path B) of incipient soot particles is applicable to 

all the six types of PAHs through step-wise addition of monomers or clusters and forming incipient 

soot particles comprised of stacks in different orientations. With the increase of temperature, the 

ability to form incipient soot particles decreases with the decrease of PAH mass. Thus, naphthalene 

(A2), anthracene (A3) and pyrene (A4), with 2-, 3- and 4- aromatic rings, cannot grow into incipient 

soot particles at temperatures above 800 K. When the temperature rises to 1200 K and above, 

coronene (A7) with 7- aromatic rings can no longer form incipient soot particles. A similar 
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phenomenon happens for ovalene at temperatures above 1600 K. Only circumcoronene (A19), with 

19- aromatic rings, is able to form incipient soot particles even at 2000 K. 

These studies show that at flame temperature PAHs much larger than ovalene can play a role in 

nucleation. However, the peak concentrations of PAHs in premixed sooting flames drop by roughly 

one order of magnitude with the increment of two pericondensed rings [25]. In other words, the 

existence of PAH monomers with carbon numbers larger than 60 should be in extremely low 

concentration. 

Furthermore, these studies demonstrate that the physical nucleation of incipient soot is strongly 

dependent on the temperature as well as the PAH mass. This feature has been highlighted 

experimentally by studing the influence of the peak temperature on the soot particles size distribution 

function (PSDF) [96], [97]. Figure 11 displays the evolution of the PSDF generated by ethylene 

pyrolysis in a laminar-flow reactor at different temperatures and residence times. It is clear regarding 

the evolution of the soot PSDFs that the nucleation rate increases with the temperature which 

according to the authors is due to a decrease of large PAHs formation rate [96]. 

 

Figure 11. Evolution of the soot PSDF generated by ethylene pyrolysis in laminar-flow reactor at 

different temperature and residence time adapted from [96]. 
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III.2 Mass spectroscopy studies 

In order to characterize the materials produced during the nucleation, many investigations have been 

performed based on the chemical analysis of samples collected by probe sampling. Depending on the 

sampling procedure, gaseous species, condensed products, species adsorbed onto solid particles and 

light particles can be analyzed. 

Gas phase 

Gas chromatography (GC) is traditionally used to analyze quantitatively low-mass molecules (up to 

300 u) [98], [99]. However, the detection of large species or species adsorbed onto the soot surface 

remains a hard task because it requires that these species are extracted using a solvent which increases 

the complexity of the analysis. Another powerfull diagnostic for on line detection of large mass 

gaseous species in a molecular beam extracted from the flame relies on mass spectrometry (MBMS) 

with an ionization provided by resonant multiphoton ionization (REMPI) [100] or by single-photon 

ionization using tunable vacuum ultraviolet radiation provided by synchrotron sources [101]. This 

technique is much more complex than GC but can offer detection for high mass species. It is limited to 

weakly sooting flames 

Other approaches analyze are based on the analysis of species extracted from the flame and deposed 

on a filter. Thus, using the LD-PI-TOF-MS technique (Laser desorption, Photon Ionization and Time-

Of-Flight Mass Spectrometry) which is generally used to study the mass of absorbed species on soot 

surface, Faccinetto et al. [102] analyzed the mass content of the high-mass gaseous materials from a 

low pressure sooting premixed methane flame. In order to differentiate the species issued from the gas 

phase on the adsorbed species on soot surface, the authors have collected several samples at different 

HAB, before and after the nucleation zone, on borosilicate filters on which soot is preferentially 

collected and filters covered by a layer of activated carbon in order to trap the combustion products 

whatever their physical state. From the comparison between the two series of mass spectra, gas 

contribution could be qualitatively determined. Fragment-free mass spectra were obtained by selecting 

appropriate desorption and ionization laser fluences on activated carbon filters (Figure 12). The 

detected PAHs constitute a regular sequence from 78 u (benzene, C6H6) up to about 792 u (C64H24), 

which varies along the HAB. 
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Figure 12. Gas phase mass spectra obtained in a low pressure sooting premixed methane flame 

(Φ=2.32) (left side) and H/C ratio vs carbon number of the mass spectra (right side) at different HAB. 

Adapted from [102]. 

Figure 12 displays the evolution of the gas phase mass spectra obtained in a low pressure sooting 

premixed methane flame (Φ=2.32) (left side) and the corresponding H/C ratio vs carbon number of the 

mass spectra (right side) before the nucleation (HAB =10 mm) and after the nucleation (HAB > 10 

mm). Before soot inception, the mass spectrum reveals the PAHs presence with mass below 400 u and 

less than 30 carbons. After the nucleation, a second group of PAHs with higher mass (450-800 u) and 

more than 60 carbons are detected. 

According to the authors, these large PAHs might originate from high-mass PAHs formed via growth 

reaction, possibly via the HACA mechanism or from the clustering of light PAH in which the nascent 

soot particles may act as reaction intermediates. The absence of high masses just before the soot 

inception region suggests that the nucleation process is led by relatively small PAHs (<400 u: 

Ovalene). Similar observations were found in  [103]–[107]. 

Species on soot surface and small particles 

The MBMS, REMPI or single photo ionization techniques combined with a desorption-based 

technique provide useful information on the species adsorbed on the soot surface [102], [108]–[113]. 
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Indeed, their combination leads to the desorption of the most volatile species from the underlying 

nanoparticle matrix without destruction of the matrix itself. Several combination of these techniques 

are reported in the literature. 

Thus, Dobbins and co-workers [110], [111] analyzed soot precursor particles collected from a 

diffusion flame by laser microprobe mass spectrometry (LMMS). They identified the mass sequence 

as dominated by benzenoid PAHs stabilomers with mass as large as 472 u, which was attributed to the 

molecule C38H16 with 12 hexagonal rings. Dobbins interpreted the frequent occurrence of masses 252–

276–300 u as evidence that the PAHs in the mass range 200–300 u are those involved in the formation 

pathway of carbonaceous soot. Conversely, the absence of higher-mass PAHs was interpreted as an 

evidence that they do not play a role in the formation of carbonaceous soot. 

Important advances have been achieved through photoionization mass spectrometry (PIMS), which 

allows to study the mass spectra from heavy PAHs and light particles up to 1 Mu [107]. Thus, 

Grotheer et al. [114] have investigated using PIMS the evolution of the mass spectra up to 90 Ku  in 

atmospheric sooting premixed ethylene flames as a function of the HAB. The authors have converted 

the mass spectra into PSDF assuming a density of 1 g.cm
-3

. The results are displayed in Figure 13. 

 

Figure 13. PSDFs of nascent nanoparticles as a function of HAB in atmospheric sooting premixed 

ethylene flames using PIMS [114]. 

The authors show that the nano particles distribution occur in two modes, called A and B. This feature 

is most pronounced at low heights above the burner. With regards to mass the mode B seems to 

remain essentially unchanged whereas the first mode becomes heavier and heavier with increasing 

HAB and the bimodal feature is less and less accentuated. 

According to their observations, the authors analyze these results through two hypotheses: 

- First, the mode A is identified as “D’Alessio particles” with a mass ~30 Ku (see subsection 

III.4.1), and the mode B as “Dobbins particles”, i.e. micro-crystallites exhibiting a minimum 
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of edge sites and showing rigidity as well as periodicity and a mass ~60 Ku. The resulting 

stability is also reflected by the relatively high fragmentation threshold ~ 2.3 mW.cm
-2

. 

- Secondly, they propose to interpret the mode B as corresponding to the inner core of the soot 

particles described by Ishiguro et al. [23] and the mode A to the fine particles encapsulated in 

the inner core (Figure 3). This suggestion is supported according to the authors by a smooth 

and continuous transition from B particles to soot. 

The detection of these heavier structures notably by Stirn et al. [115], Siegmann et al. [103] and 

Grotheer et al. [106], [107], [114] lead to the question of the size and morphology of the nascent 

particles. 

III.3 Particles size distribution function 

The experimental determination of the PSDFs from nascent to mature soot particles and their 

evolutions along the flame are very useful for the development of accurate soot formation models. 

Several experimental techniques are able to measure the PSDFs with various size resolutions:  

- ex-situ techniques are the scanning mobility particle sizer (SMPS), helium-ion microscopy 

(HIM), transmission electron microscopy (TEM), atomic force microscopy (AFM)  

- in-situ techniques are the small angle X-ray scattering (SAXS) [116]–[118], small angle 

neutron scattering (SANS) [119], [120], elastic light scattering and laser induced 

incandescence (LII). 

It should be noted that three of these techniques (LII, SMPS and HIM) are used and developed in 

chapter 2 in order to identify the just nucleated soot particles. 

The widespread technique used in the combustion community to measure the PSDFs is the SMPS 

technique since the pioneer work of Kasper and Siegmann et al. [121]. This technique can provide the 

PSDF from 1 nm to few micrometers [25]. In general, PSDFs in sooting flames consist of a bimodal or 

in an apparent unimodal feature which is persistent along the flame. The first mode attributed to the 

nascent particles, is measured in the lower size range (down to 5 nm) and the second mode in the 

upper size range (> 10 nm) is attributed to soot primary particles and coagulated soot particles as 

discussed notably in [13], [25]. 
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Figure 14. PSDFs measured at various heights along the burner axis in atmospheric ethylene 

premixed flames. Extracted from [97]. 

Figure 14 shows a typical example of PSDFs measured here by Gu et al. [97] in atmospheric ethylene 

premixed flames at different heights and equivalence ratios. In these premixed flames, small soot 

particles just a few nanometers in size form a nucleation tail that appear to exist at all stages of growth. 

The persistence of first mode leads to a bimodal PSDF even in the later stage of soot growth (i.e. high 

heights). These observations are evidences that all the soot processes (nucleation, growth processes 

and aggregation) happen nearly simultaneously in sooting premixed flames. It is noteworthy that the 

PSDFs become narrower when the equivalence ratio decreases. 

The persistence of the nucleation along the flame and the decrease of the mean diameter of the 

primary soot particles with decrease equivalence ratio have been highlighted also by Stirn et al. [115] 

in an atmospheric ethylene premixed flame. The authors compare the evolution of the mean particles 

diameters obtained by LII, SMPS and PIMS technique at fixed height for various equivalence ratios. 

They observed the persistence of a first zone around 3 nm for all equivalence ratios attributed to the 

soot precursors. A second zone is assigned to the primary soot particles with a mean diameter which 

increases with the equivalence ratio.  
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Figure 15. PSDFs obtained at heights of 0.5, 0.8, and 1.2 cm and imaged by helium-ion microscopy 

(HIM), showing representative primary and aggregate structures. Particles shown in the hexagons are 

in the apparent size range of 4–8 nm, and those in the squares are 14–18 nm. Particles shown in the 

circles are apparent aggregates. Adapted from [122]. 

Schenk et al. [122] showed that helium-ion microscopy (HIM) technique allows to measure the PSDFs 

and visualize the nascent particles as small as 2 nm and assigned to soot. Example of such PSDFs 

obtained at different heights in atmospheric ethylene premixed flames and representative HIM images 

are displayed in Figure 15. The HIM images reveal clearly the presence of nascent soot particles with 

a size of 4 nm and several soot primary particles alone or agglomerated at each height which is in 

agreement with the literature. This observation highlights the experimental difficulty to study the just 

nucleated soot particles free from other processes. It is also noteworthy that the bimodal feature is less 

pronounced than for SMPS measurements (see overhead).  
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Figure 16. Particle size distribution function measured by DMA (triangle), and AFM (empty square) 

in various flames: C/O = 0.56 (a), C/O = 0.61 (b), and C/O = 0.65 (c). Full square report the AFM 

size distribution corrected for sticking efficiency γ. Extracted from [123]. 

Similarly, Sgro et al. [123] compare the PSDFs measured by AFM (physical diameter) and SMPS 

(mobility diameter see chapter 2) in atmospheric premixed flames. Figure 16 shows the comparison of 

the PSDFs measured in the nucleation zone of two sooting flames with a C/O of 0.65 and 0.61 and in 

flame with a C/O leading to a flame qualified as non sooting. A first mode below 1.5 nm is detected 

for flames with C/O of 0.65 and 0.61. This mode is attributed to the ions generated by the neutralizer 

(see chapter 2) of the SMPS [124]–[126]. The PSDFs measured by the SMPS (DMA-PDF) in all 

flames are in the size range 2-5 nm and in a good agreement with the AFM measure without (AFM-

PDF) and with adhesion efficiency correction (AFM-PDF γ). The authors note the absence of soot 

particle absorption in the visible radiation range and mentioned that LII cannot be detected for these 

particles. The particles are qualified as nanoparticles of organic carbon or also called transparent 

particles (see subsection III.4.1). 

These different studies based on different techniques demonstrate that nascent soot particles or so 

called transparent particles have a mean diameter around 3 nm. Furthermore in premixed flames, they 

show that the nucleation process is persistent all along the flame. 

III.4 Spectroscopic studies 

Several experimental investigations have been devoted to the spectroscopic characterization of species 

issued from the “materials” contained in the nucleation zone of flames. After summarizing the pioneer 
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investigation of the combustion group of Naples, the recent results obtained at PC2A laboratory are 

described. Both groups brought to light the existence of nanoparticles in the size range of 1-5 nm using 

different experimental techniques whose assignment seems to differ.  

III.4.1 Transparent nascent particles 

The term “transparent” particles has been used for the first time by D’Alessio et al. in [127] and 

widely used later in [14], [36], [128]–[133] and also called nanoparticles of organic carbon (NOC) 

[123], [124], [134]. These “transparent” particles defines particles which do not absorb in the visible 

and IR spectrum  and are able to fluoresce in the UV spectrum [135]. It is to be noted that Dobbins et 

al. [136], two years later D’Alessio [127], used a similar term to mention the existence of particles 

with a typical size of 3-5 nm in diffusion flames using high resolution electron microscopy. The 

authors note that these particles are more transparent to the electron beam than mature soot. 

These particles were discovered first in atmospheric ethylene flames stabilized on porous burner. The 

group noticed that at the beginning region of the sooting zone, the scattered intensity remained 

persistent, although weak, 2 mm upstream the sooting zone (Figure 17.a). They investigated more 

deeply this flame zone and observed that the absorption coefficient gradually decreased with increase 

of the wavelength down to 2.10
-3 

cm
-1

, a value below which absorption could not be discernible 

anymore. In addition, they collected a fluorescence signal in the range 250 – 450 nm upon 266 nm 

laser excitation (Figure 17.b). They concluded that the excess of scattering signals, the absence of 

absorption in the visible spectrum and the fluorescence signals were due to a new kind of particles. 

Their properties differ from those of soot particles. They called them “transparent” particles, a 

denomination which is still used in the literature. 
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Figure 17. Scattering signals along an ethylene premixed flame (C/O=0.77) (a); absorption ans LIF 

spectra measured at Z = 4 mm.  Adapted from [128]. 

From this discovery, they could determine consistently the size of this particles between 2-6 nm 

(Figure 16) using a wide arsenal of experimental technique as time-resolved fluorescence polarization 

anisotropy [127], [129], [137], [138], atomic force microscopy (AFM) and SMPS [123], [124], [139]. 

In order to improve the knowledge on the chemical composition of these particles, this research group 

has notably performed measurements of the optical band gap (Eg) which depends on the absorbance 

 𝐾𝑎𝑏𝑠 and photon energy (E) for amorphous carbon  through the Tauc equation , √ 𝐾𝑎𝑏𝑠. 𝐸 𝛼 (𝐸 − 𝐸𝑔) 

[140], [141]. The band gap can be obtained by plotting √ 𝐾𝑎𝑏𝑠. 𝐸  𝑣𝑠 𝐸, the value of Eg is obtained by 

extrapolation to zero of the linear trend. It is noteworthy that for a hybrid material several Eg can be 

determined. The evolution of the band gap allows to follow the stage of graphitization of soot [142]. 

Eg is decreasing when soot particle is more and more graphite-like and trends to have an aromatic 

composition. Thus the graphite has an optical band gap close to 0 eV and the diamond one of 5.5 eV 

[140]. 
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Figure 18. PSDFs measured by SMPS in ethylene premixed flame at HAB = 12 and 7 mm (left side) 

and the corresponding Tauc plots (note: Abs is the measured absorbance and E is the photon energy) 

and related energy gap values (right side). Adapted from[143]. 

Figure 18 displays an example of optical band gap determination in an ethylene premixed flame at 

HAB = 12 and 7 mm in Commodo et al. [143]. At HAB = 7 mm the PSDF measured by SMPS shows 

a unimodal feature (Mode I) in the size range 1.8-4 nm. These particles are named just nucleated 

particles since this recent paper [144]. At HAB = 12 mm, the PSDF presents two modes, a mode I 

which attests the persistence of the nucleation and a mode II corresponding to more mature soot 

particles. At high HAB, the value of Eg decreases down to 0.5 eV which is the typical value of 

graphite like soot composition. On contrary just nucleated particles have an Eg around 1.6 eV. This 

value indicates that these particles are less graphitic than mature soot. Note that this value is consistent 

with the most recent values obtained ex-situ  1,4 eV [145] and 1.3 eV [144] while much higher Eg 

values (3 eV) determined in situ are reported in [130], [142]. Thus, it appears that the difference of the 

optical gaps between the mature and just nucleated particles is smaller than in the earlier mentioned 

studies. 

III.4.2 Incandescent nascent soot particles and nucleation flames 

Due to the potential of LII to detect soot particles, this technique has been considered to detect soot 

particles in the nucleation zone. Thus, the group of Lille has undertaken measurements of soot 

particles by LII, with the objective to scrutinize the nucleation zone and to detect the lowest soot 

volume as possible. 

As it will be developed in chapter 2 and 3 of this work, two main quantities can be derived from LII 

measurements [146]: 
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- The soot volume fraction (fv), which can be determined from the measured LII temporal peak 

signal. The LII intensity strongly depends on the soot absorption function E(mλ) and of the 

laser fluence. 

- the primary particle diameter, which can be evaluated by modeling the LII signal time decay. 

This decay time is related to the cooling time of the laser heated particles and thus to the size 

of the incandescent particles. 

Refinement of the experimental procedure was progressively achieved by the Lille group to improve 

the limit of detection notably in very weak sooting flames [3], [4]. By decreasing gradually the 

equivalence ratio at the occurrence threshold of the characteristic yellow soot luminosity (see insert 

Figure 19.c and .d), it was found that the equivalence ratio decrease was also accompanied by a 

gradual decrease of the LII decay time until a constant value is reached. This decay time is associated 

to a very small size of the soot particles. It is interesting to note here that using SMPS, a similar 

behavior was found for the PSDFs which become narrower with decreasing equivalence ratio (Figure 

14 [97] and Figure 16  [123]). 

The LII measurement for detecting very small particles was performed in low pressure methane flames 

(Figure 19.a and .c) [3] and in atmospheric ethylene premixed flames at Lund in collaboration with 

Lund group (Figure 19.b and .d) [4]. Existence of flames producing nascent soot particles that do not 

show a measurable diameter increase along the HAB was highlighted. This feature was interpreted 

based on the fact that the cooling time of the laser-heated particles is constant along the whole HAB 

range. Figure 19 shows the evolution of the LII decay time as a function of the HAB and equivalence 

ratio as well as photographs of flames probed in these studies. 
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Figure 19. Peak-normalized time-resolved LII signals as a function of the HAB obtained in low-

pressure methane premixed flames at ф=2.32 (a), Φ=1.95(c) and atmospheric ethylene premixed 

flames at Φ=1.90 (b) and Φ=1.77(d). Extracted and adapted from [3], [4], [147]. 

These flames were named nucleation flames to highlight that the soot mass increase does mainly result 

from an increase of the number of nuclei along the flame and not from surface growth.  

From LII time decay modeling (see chapter 2), the diameter of nascent particles was estimated around 

1-3 nm [4]. Figure 20 displays the evolution of the evaluated average primary particle diameters by 

LII modeling as a function (performed by H. Bladh) of the HAB in flames of [3], [4].  
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Figure 20. Evaluated average primary particle diameters, Dav, as a function of height for (a) the low-

pressure flames and (b) the atmospheric flames. The shaded areas visualize the variation obtained in 

the result when allowing both the absorption function, E(m), and the thermal accommodation 

coefficient, to vary by ±20%. Extracted from [4]. 

Then in order to deepen the understanding of the processes which are involved in the apparent steady 

state of the particle diameter in the nucleation flame kinetics modeling has been performed in the two 

low pressure methane premixed flames [15]. 

The gas phase mechanism used is based on the mechanism published in El Bakali et al. [148] with two 

sub-mechanisms of PAHs oxidation [149] and of the first aromatic ring oxidation [150], [151]. The 

mechanism was modified to reproduce in both flames the experimental profiles of pyrene and 

fluoranthene measured by jet-cooled laser-induced fluorescence (JCLIF) in [3], [152]. Figure 21.a 

displays the results in the nucleation flames.  
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Figure 21. Results of experimental and calculated profiles of fluoranthene and pyrene (a) computed 

diameter (b) and soot volume fraction (c) profiles in the nucleation flame of methane at low pressure 

Φ = 1.95. Extracted from [15]. 

A soot model based on the method of moments [153] was applied. It takes five processes into account: 

particle inception, condensation, coagulation, surface growth (C2H2 addition) and oxidation (OH 

oxidation). The nucleation is initiated by the collision between two pyrene molecules controlled by the 

collision efficiency parameter γ. The parameter α represents the proportion of active sites among all 

reaction sites on soot surface. Thus, α and γ have been adjusted with two constraints in the nucleation 

flame: the particles diameter should be constant along the HAB (α = 0.04) and the fv profile must give 

a satisfying comparison with the experimental profile (γ = 0.02) (more details are available in [15]). In 

the sooting flame, γ is set to 0.02 and α is adjusted to match with the particle diameters determined by 

LII modeling along the HAB.  

The selected parameters lead to reproduce satisfactorily the soot volume fraction profiles and the 

evolutions of the soot particle diameter for the nucleation flame (Figure 21.b and c) and the sooting 

flame (see in [15]). The output of the modeling can be used to analyze the differences of soot 

formation processes in these flames. Particularly, the concomitant contributions of soot surface growth 

modeled by acetylene addition and surface oxidation due to OH have been examined. Figure 22 

displays the evolution of these processes in both flames. 
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Figure 22. Profiles of the soot surface growth due to acetylene and of the soot oxidation rate due to 

OH radical in Flame2.32 (a) and Flame1.95 (b). Extracted from [15]. 

A contrasted behavior is clearly shown. While growth due to C2H2 addition is dominant in the richer 

flame, the contributions of acetylene surface growth and OH oxidation are much more balanced in the 

nucleation flame. Even if this analysis is based on a simplified soot model it draws credible 

explanation of the experimental observations i.e a balanced competition between growth and oxidation 

processes. This interpretation has recently been confirmed using a more sophisticated soot modelling 

based on a sectional approach [154].These results underline that the nucleation flames are of great 

interest for the development of soot formation models. Soot surface growth and coagulation processes 

being limited, these flames give a unique opportunity to investigate the nucleation pathways by 

comparing soot modeling with experimental results. 

In spite of the consistency of the results obtained in the nucleation flames and in the nucleation zone of 

sooting flames, part of the “soot community” is sceptical on the assignment of the laser induced 

emission signal to LII. Indeed the popular believe is that the nascent soot particles are not able to emit 

a LII signal [14], [155]. Thus, the following statement in the most recent literature can be found 

“Disordered incipient particles do not absorb at typical LII laser wavelengths in the visible and IR and 

are not capable of generating quasi-blackbody radiation because (1) they do not absorb enough energy 

to reach sufficiently high temperatures to incandesce and (2) their absorption spectrum is inconsistent 

with black- body emission” [14]. 

In this context the objectives of this thesis are twofold: 

(1) Definitely assign the laser induced emission signal from just nucleated soot particles to LII, 

i.e. to very small soot particle. 

- This has been realized by: 
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a) Stabilizing a nucleation flame making easier the investigation of just 

nucleated soot particles. 

b)  Deploying the most relevant granulometry technologies LII, nano SMPS and 

HIM to detect and measure just nucleated soot particles 

- From the intercomparison of the experimental results obtained in different flame conditions 

supported by LII modelling, derive macroscopic information on the nascent soot particles 

properties.  

(2) Provide an extensive database for further improvement of kinetics modelling of sooting flames 

with a focus on the soot nucleation in flames of interest for automobile and aeronautics. 

Concerning the fuels: two kinds of fuels have been selected as explained in Chapter 4: n-

butane and mixture of n-butane and n-propylbenzene. For each fuel two flames have been 

investigated: a nucleation and a standard sooting flames. The database consists of species 

profiles obtained by GC, temperature profiles measured by LIF thermometry, soot volume 

fraction profiles obtained by LII calibrated by cavity ring-down extinction (CRDE) and PSDF 

obtained in n-butane flames by SMPS and HIM. From this database, effect of equivalence 

ratio and fuel composition is analyzed.  
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CHAPTER 2: IDENTIFICATION OF THE JUST NUCLEATED SOOT 

PARTICLES IN PREMIXED SOOTING AND NUCLEATION FLAMES 

 INTRODUCTION 

In this chapter, a comprehensive arsenal of techniques have been combined to probe just nucleated 

soot particles formed in two premixed n-butane flat flames at atmospheric pressure: standard sooting 

flame and nucleation flame. Laser induced incandescence modeling was carried out to derive the 

particle size distribution function (PSDF) of nascent soot particles also called just nucleated soot 

particles based on the experimentally detected time-resolved LII signals at two wavelengths and the 

effective soot temperature at different laser energies. Model parameters were either chosen based on 

the best available knowledge in the literature or determined by fitting the model results to the LII data 

obtained at a particular set of conditions. To confirm that the detected signals are indeed attributable to 

LII, i.e., the continuous emissions from the laser-heated soot particles in the nucleation flame follows 

Planck law, spectrally resolved detection in the visible spectrum was also performed. Finally, to 

validate and compare the PSDFs derived using LII, complementary experiments were also performed 

using 2-nm scanning mobility particle sizer (2nm-SMPS) and helium-ion microscopy (HIM) to 

provide independent PSDFs.  

The objectives of this work are (1) to unambiguously establish that the time-resolved signals detected 

at 532 and 650 nm and the spectrally resolved signals detected in the visible spectrum are due to 

thermal emissions from the laser heated incipient soot particles (2) to explore the potential of using LII 

for measuring PSDF of just nucleated soot particles, (3) to validate the soot particle size derived from 

LII using the results of HIM and 2nm-SMPS and (4) to gain improved understanding of the thermal 

and radiative properties of nascent soot. 

I. Identification by Laser induced Incandescence 

The Laser induced incandescence (LII) technique is a powerful laser diagnostics for the study of soot 

formation. Its potential has been demonstrated for the first time by Eckbreth and then Melton in [156], 

[157]. Since, LII has been used to measure soot volume fraction in many applications in fundamental 

and applied combustion experiments, such as laminar and turbulent flames, exhausts of automobiles 

and aero engines [158], [159]. Many efforts have been realized to understand the phenomena which 
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occur during the LII process [146]. In addition, LII models and techniques have been elaborated to 

retrieve physicochemical soot properties as the absorption soot properties [160] and particles size 

distribution notably with the time-resolved LII signals. As mentioned in chapter 1 this technique has 

also been used for the first time to identify and characterize the size of just nucleated soot throughout 

the flame at various experimental conditions i.e., in standard sooting flame and nucleation flames [3], 

[4]. This section.I is dedicated to the LII characterization of a standard sooting and nucleation 

premixed n-butane flames. 

I.1 LII: Fundamental understanding 

The purpose of this subsection is to provide a complete understanding of the LII signal equation 

(subsection I.1.2) and the elemental information to interpret the evolution of the intensity and decay 

rate of the LII signal (subsection I.1.3). Finally, the methodologies to derive the effective soot 

temperature from LII measurement is presented in subsection I.1.4. 

I.1.1 LII processes 

The objective of the subsection I.1.1 is to give a non-exhaustive description of the processes which 

occur during the interaction between the soot particles and the incident laser irradiation. 

LII consists to heat soot particle with a pulsed or continuous laser. The soot particle absorbs a part of 

the laser radiation which induces an increase of its internal energy and temperature. The heated soot 

temperature is generally in the range 2500 K- 4000 K (≈ 4000 K, i.e. around the sublimation 

temperature of carbon). Then the soot particle cools down by conduction to the surrounding gases, 

sublimation of carbon clusters and thermal radiation (LII signal) (Figure 23).  
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Figure 23. Illustration of the main processes influencing the temperature and mass of particles 

during LII signal. 

To extract the soot temperature temporal history, it is essential to have an accurate LII model as 

initiated by Eckbreth [156] and Melton [157]. Such a model requires a detailed understanding of the 

experimental parameters and the physical-chemical mechanisms that control the LII signal [146], 

[161]. This model must solve the energy-balance equation (2) and mass-balance equation (3) which 

include both the optical and thermal properties of the particle.  

𝑑𝑈𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙

𝑑𝑡
= �̇�𝑎𝑏𝑠 − �̇�𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 − �̇�𝑠𝑢𝑏𝑙𝑖𝑚𝑎𝑡𝑖𝑜𝑛 − �̇�𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 − �̇�𝑜𝑡ℎ𝑒𝑟 𝑙𝑜𝑠𝑠𝑒𝑠 

(2) 

Where each of the terms represents a rate of energy loss or gain for the following processes 

respectively internal energy, laser absorption, conduction to the surrounding gases, soot sublimation, 

thermal radiation and other losses as annealing of the particles and non-thermal photodesorption of 

carbon clusters. 

Since the initial work of Melton, LII models have been improved. The main differences between the 

current models come from the number of additional terms considered (included here in other losses). 

A more detailed description of the existing LII model can be found in [161].  

I.1.1.1 Internal energy term 

The internal energy term represents the rate of the energy stored by the particles. It depends on the 

specific heat, density, volume, and rate of change of the particle temperature (equation (3)). 

𝑑𝑈𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙

𝑑𝑡
= 𝜌𝑠𝑐𝑠

𝜋

6
𝐷𝑝

3
𝑑𝑇

𝑑𝑡
 

(3) 
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Where ρs and cs are respectively the density and the specific heat of the soot, Dp is the particle 

diameter and T is the soot temperature. 

The temperature dependence of the specific heat and density of the soot are unknown. Some models, 

[162] and [163], use a specific heat and density formulation for solid graphite based on the works of 

Fried and Howard [164]. These parameters contribute to the uncertainties in LII modelling. 

I.1.1.2 Absorption term 

Absorption is the most important process for LII. It is the primary step during which the soot particles 

absorb the incident laser light and are heated. The particle laser energy absorption rate can be 

expressed with equation (4) for a spherical particle in the Rayleigh regime with absorption efficiency 

Qabs (equation (10)) and cross-sectional area (
𝜋𝐷𝑝

2

4
). 

�̇�𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 𝜎𝑎𝑏𝑠𝐹𝑞(𝑡) =  
𝜋2𝐷𝑝

3

𝜆𝑙𝑎𝑠𝑒𝑟
𝐸(𝑚𝜆𝑙𝑎𝑠𝑒𝑟

)𝐹𝑞(𝑡)  
(4) 

Where σabs is the absorption cross section, F is the laser fluence and q(t) the normalized laser power 

temporal profile. 

The value of the refractive-index absorption function E(mλlaser) is a crucial parameter for the 

calculation of the particle laser energy absorption rate. It is related to Qabs as detailed later (equation 

(10)). E(mλlaser) is generally assumed to contribute significantly to the uncertainties in LII models, in 

the calculation of the soot particles temperature and in the soot volume fraction calibration. 

I.1.1.3 Conduction term  

Heat conduction is in general the dominant particle cooling mechanism occuring after the laser pulse. 

The understanding of the heat transfers by conduction is critically important for inferring primary 

particle sizes from the LII signal decay rates. Its expression depends on the regime of heat conduction. 

This regime is defined thanks to the dimensionless Knudsen number (Kn) which is the ratio between 

the mean free path of gaseous molecules and the particle size. The Knudsen number determines three 

regimes:  

 Kn number > 10: free molecular regime.  

 Kn number <0.01: continuum regime. 

 0.1 <Kn number < 10: transition regime. 
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The free-molecular regime is typically the case of LII experiments conducted in flames at atmospheric 

or lower pressures. The soot conduction heat loss rate can be calculated using the free-molecular 

equation (5) [165]. The reader can refer to [166] for a better understanding of the heat conduction from 

a spherical nanoparticle in LII applications. 

�̇�𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝛼𝑎𝑐𝜋 (
𝐷𝑝

2
)
2 𝑝𝑔

2
√

8𝑘𝑏𝑇𝑔

𝜋𝑚𝑔

𝛾∗ + 1

𝛾∗ − 1
(

𝑇

𝑇𝑔
− 1) 

(5) 

Where αac is the thermal accommodation coefficient, pg the ambient pressure, kb the Boltzmann 

constant, mg the ambient gas molecule mass, Tg and γ
*
 respectively the local gas temperature and the 

averaged specific heat ratio. 

The thermal accommodation coefficient (αac) is a key parameter when conduction is the dominant 

cooling process. αac controls the soot temperature decay rates of the particle and  plays a central role 

for the modelling of LII signal decay rate. Snelling et al. proposed a method to derive the value of  

E(mλi) and αac [160]. This method requires the knowledge of the experimental local gas temperature 

(Chapter 4), the LII decay rate and the peak soot temperature. 

I.1.1.4 Sublimation term 

The sublimation process is endothermic and occurs at high laser fluence i.e., when the soot 

temperature reaches the sublimation temperature leading to mass loss and particle diameter decrease. 

It produces gas-phase carbon atom clusters, the most abundant species formed are C, C2, and C3 [163]. 

The common LII models represent the sublimation rate with the equation (6). 

�̇�𝑠𝑢𝑏𝑙𝑖𝑚𝑎𝑡𝑖𝑜𝑛 = 
∆𝐻𝑣

𝑊𝑣
(
𝑑𝑀

𝑑𝑡
)
𝑠𝑢𝑏𝑙𝑖𝑚𝑎𝑡𝑖𝑜𝑛

 
(6) 

Where ΔHv is the enthalpy of formation of the sublimated carbon species, Ws is the average molecular 

weight of the sublimated carbon species. 

The mass-loss rate due to the sublimation can be expressed using the equation (7) as proposed in 

[167]. 

(
𝑑𝑀

𝑑𝑡
)
𝑠𝑢𝑏𝑙𝑖𝑚𝑎𝑡𝑖𝑜𝑛

= 𝜋𝐷𝑝
2𝛽𝑝𝑣√

𝑀𝑣

2𝜋𝑅𝑢𝑇
 

(7) 

Where β is the effective sublimation coefficient, also called the mass accommodation coefficient 

[161], pv  is the sublimation pressure, Mv is the mean molecular weight of the sublimated species and 

Ru is the universal gas constant. 
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The thermal properties required to model the sublimation/vaporization of young soot, such as the 

vapor pressure, the enthalpy of sublimation, the mean molecular weight of the sublimated species, and 

the effective sublimation coefficient, are essentially unknown. The values of these properties 

commonly used for mature soot are summarized in the study of Michelsen [161]. 

Experimentally the sublimation induced a fast decrease in the first ten nanosecond of the LII signal 

due to the mass loss. 

I.1.1.5 Radiative and other losses terms 

The radiative loss rate is expressed for single soot particle via equation (9) integrated on the whole 

electromagnetic spectrum. This term is significantly smaller at atmospheric pressure than the 

conduction and sublimation terms.  

 

In practice all models consider the absorption, conduction, sublimation and radiative terms to 

resolve the energy-mass balance equation and thus to obtain the soot temperature decay. More 

sophisticated models include other processes. Michelsen in [163] added in her model: oxidation, 

melting, and annealing of the particles (experimental evidences of these processes can be found in 

[168], [169]) and the non-thermal photodesorption of carbon clusters from the particle surface. These 

processes are rarely considered due to their less important impact on the energy-mass balance 

equation. 

The ability of the LII models to reproduce the LII signal has been useful in number of studies to obtain 

information about optical soot properties: the refractive-index absorption function E(mλi) and the 

scattering function F(mλi), as discussed in chapter 3 [160], [170].  

The time-resolved-LII (TIRE-LII) is a widespread technique to obtain the particle size distribution 

combined or not with particle size measurement obtained by microscopy [171]–[177]. This technique 

is used in this work and described in the subsection I.3 to obtain E(mλ), β and PSDF in our nucleation 

flame of n-butane. 

 

I.1.2 Laser induced incandescence signal expressions 

The laser induced incandescence signal (LII signal) for a single particle is derived from the Planck’s 

law (equation (8)) at a wavelength (λi). This equation quantifies the radiations emitted by a blackbody 

using the quantum theory and supported by experiments (the full story of the Planck’s law can be read 
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in [178]). A blackbody is an ideal isotropic absorber and emitter of energy. A blackbody absorbs and 

emits all radiations with an efficiency of one. This property is valid on the whole electromagnetic 

spectrum. 

𝐼𝑏𝑏(𝜆𝑖, 𝑇) =
2𝜋ℎ𝑐²

𝜆𝑖
5 [𝑒𝑥𝑝 (

ℎ𝑐

𝜆𝑖𝑘𝑏𝑇
) − 1]

−1

 
(8) 

Where Ibb(λi,T) is the monochromatic emittance (W.m
-2

) at λi, the emission wavelength, i.e. the Planck 

function, h is the Planck constant (J.s), kb the Boltzmann constant (J.K
-1

), c the speed of the light (m.s
-

1
) and T the body temperature (K). 

A soot particle is not a perfect blackbody, i.e. it absorbs and emits radiations with an efficiency 

inferior to one. This deviation from a perfect blackbody is corrected by the emissivity efficiency Qem. 

The power emitted by the surface of a spherical soot particle with a diameter Dp during the cooling 

process can be expressed at any time and emission wavelength (λem) by equation (9). 

𝑆𝐿𝐼𝐼(𝜆𝑒𝑚, 𝑇(𝑡)) = 𝑄𝑒𝑚 𝜋𝐷𝑝
2  𝐼𝑏𝑏(𝜆𝑒𝑚, 𝑇(𝑡)) 

↓ 

𝑆𝐿𝐼𝐼(𝜆𝑒𝑚, 𝑇(𝑡)) =  𝑄𝑒𝑚  
2𝜋²ℎ𝑐²

𝜆𝑒𝑚
5 [𝑒𝑥𝑝 (

ℎ𝑐

𝜆𝑒𝑚𝑘𝑏𝑇(𝑡)
) − 1]

−1

𝐷𝑝
2 

(9) 

Where SLII(λem,T(t)) is the LII signal collected at λem. 

The emissivity efficiency for a spherical particle is given by equation (10) taking into account the 

Rayleigh approximation (when the dimensionless size parameter x=πDp / λ << 1 )[179] and the 

Kirchhoff’s law expressed 40 years before the Planck’s law: “For a body of any arbitrary material 

emitting and absorbing thermal electromagnetic radiation at every wavelength in thermodynamic 

equilibrium, the ratio of its emissive power (SLII(λi,T(t))) to its dimensionless coefficient of absorption 

or emissivity is equal to a universal function (the Planck’s Law) only function of radiative wavelength 

and temperature. That universal function describes the perfect blackbody emittance.”[180] . 

𝑄𝑎𝑏𝑠 = 𝑄em = 4𝜋 𝐸(𝑚𝜆)
 𝐷𝑝

λ
 

(10) 

Where mλ is the complex index of refraction at wavelength λ and E(mλ) is the refractive-index 

absorption function. More details about mλ and E(mλ) are given in Chapter 3. 

The LII signal emitted by soot particles ensemble (Np) having the same diameter can be expressed by 

equation (11) (in which Qem has been substituted by its expression) based on the results from RDG-

PFA theory ( Ryleigh-Debye-Gans Polydisperse Fractal Aggregate) [181] (equation (10)). The RDG-

PFA theory assumes soot particles to be comprised of mass-fractal aggregates of monodisperse 
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primary particles in point contact. Soot particles absorb light volumetrically and independently, i.e., as 

if they were isolated particles. 

𝑆𝐿𝐼𝐼(𝜆𝑒𝑚, 𝑇(𝑡)) = 𝐸(𝑚𝜆𝑒𝑚
)
8𝜋²ℎ𝑐²

𝜆𝑒𝑚
6 [𝑒𝑥𝑝 (

ℎ𝑐

𝜆𝑒𝑚𝑘𝑏𝑇(𝑡)
) − 1]

−1

𝑁𝑝𝜋𝐷𝑝
3 

(11) 

Further, it is noteworthy in equation (11) that the LII signal depends of the number of primary 

particles (Np) and the cubic particle diameter (Dp
3
). It is also possible to introduce the soot volume 

fraction (fv) expression of equation (12) in equation (11) and obtain equation (13): 

𝑓𝑣 = 𝑁𝑝 𝜋 𝐷𝑝
3 /6 (12) 

𝑆𝐿𝐼𝐼(𝜆𝑒𝑚, 𝑇(𝑡)) = 𝐸(𝑚, 𝜆𝑒𝑚)
48𝜋2ℎ𝑐2

𝜆𝑒𝑚
6 [𝑒𝑥𝑝 (

ℎ𝑐

𝜆𝑒𝑚𝑘𝑏𝑇(𝑡)
) − 1]

−1

𝑓𝑣 
(13) 

Where fv is the soot volume fraction and represents the volume occupied by soot per volume unit. 

The equation (13) shows the proportional relation between the LII signal and the soot volume fraction. 

The intensity of the LII signal is generally calibrated by single-pass light extinction or cavity ring-

down extinction (CRDE) measurements. This is the subject of the chapter 3. 

The above equation (11) holds for monodisperse distribution of soot particles. Strictly speaking, as 

shown in Chapter 1, soot particles at a given height present a polydisperse distribution of primary 

particle and aggregate size (when aggregation occurs). The LII signal must be expressed with a more 

complex equation (equation (14)) taking into account polydisperse distribution of primary particles 

and aggregate size.  

𝑆𝐿𝐼𝐼(𝜆𝑒𝑚, 𝑇(𝑡)) = ∫ ∫ 𝑝(𝑁𝑝) 𝑝(𝐷𝑝) 
8𝜋2ℎ𝑐2

𝜆𝑒𝑚
6 [𝑒𝑥𝑝 (

ℎ𝑐

𝜆𝑒𝑚𝑘𝑏𝑇(𝑡)
) − 1]

−1
∞

0

∞

1

 

×   𝐸(𝑚𝜆𝑒𝑚
) 𝑁𝑝 𝜋 𝐷𝑝

3 𝑑𝑁𝑝 𝑑𝐷𝑝 

 

(14) 

Where p(Np) and p(Dp) are respectively the distribution function of the aggregate size and the primary 

soot particle diameter.  

From equation (15) is defined an effective soot temperature which corresponds to the average 

temperature of the polydisperse distribution of primary particle and aggregate sizes. 
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[𝑒𝑥𝑝 (
ℎ𝑐

𝜆𝑒𝑚𝑘𝑏𝑇𝑒𝑓𝑓(𝑡)
) − 1]

−1

= ∫ ∫ 𝑝(𝑁𝑝) 𝑝(𝐷𝑝) [𝑒𝑥𝑝 (
ℎ𝑐

𝜆𝑒𝑚𝑘𝑏𝑇(𝑡)
) − 1]

−1
∞

0

∞

1

𝑑𝑁𝑝 𝑑𝐷𝑝 

 

(15) 

Finally the equation (14) can be rearranged in equation (16) using equations (15) and (12). 

𝑆𝐿𝐼𝐼 (𝜆𝑒𝑚, 𝑇𝑒𝑓𝑓(𝑡)) = 𝐸(𝑚𝜆𝑒𝑚
)
48𝜋2ℎ𝑐2

𝜆𝑒𝑚
6 [𝑒𝑥𝑝 (

ℎ𝑐

𝜆𝑒𝑚𝑘𝑏𝑇𝑒𝑓𝑓(𝑡)
) − 1]

−1

𝑓𝑣 
(16) 

 

I.1.3 LII signal decay rate 

The particles and aggregates size distributions have a direct impact on the effective soot temperature 

decay. Indeed, particles of different sizes cool down at different rates. Liu et al. in [182] illustrated 

using simulation the impact of the particles and aggregates size distribution on the effective soot 

temperature decay (Figure 24). This study showed that polydispersity of the aggregates size has a little 

impact on the effective soot temperature decay. On the contrary, the polydispersity of primary 

particles diameter in general is always important and should be considered in LII model. 

 

Figure 24. Relative influence of Np and Dp distributions on the effective soot temperature decay 

[182]. 

As a consequence, the LII decay rate relying on the effective soot temperature decay (equation (14)) is 

affected by the particles and aggregate size distribution. The influence of the primary particle size 

distribution on the LII decay rate will be demonstrated in this work (subsection IV). 
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The influence of the aggregate size on the LII decay rate has been put in evidence experimentally in 

[171]. In this study, the authors show that for the same primary particles size distribution and an 

increase of the aggregation level, the LII decay rates are clearly different (Figure 25.a). 

In [22], [183], the authors demonstrated that for the same particle and aggregate size distributions and 

different fractal dimension, the LII signal decay rate are different (the reader can refer at [184] for 

more explanation about aggregates properties) (Figure 25.b). This phenomenon is called shielding 

effect. 

  

Figure 25. Normalized LII signal decay rate (a) for the same primary particle size distribution and 

with an increase level of aggregation from case A to C based on TEM measurements [171] and (b) for 

aggregates with the same mean number of primary particles and different aggregate morphologies 

with an average fractal dimension of ~1.9 (solid line) and of ~2.4 (dotted line). Particles were heated 

to the same peak temperature at 1064 nm. Example TEM images for these particles are shown as 

insets. Adapted from [22], [183]extracted from [185]. 

This section demonstrates the complex relation between the LII signal decay and the relative soot 

temperature decay which depends on the particles and aggregate size distribution and on the 

morphology aggregate fractal dimension. 

I.1.4 Effective soot temperature measurements 

As shown in the previous subsection I.1.1, it is highly desirable to know the soot temperature temporal 

evolution during the laser heating and the subsequent cooling to gain insights into heat and mass 

transfer processes during LII and bring valuable data to validate a LII model. 
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Figure 26. Variation of the blackbody spectrum with temperature. 

Figure 26 shows the evolution of the blackbody spectrum with temperature. These spectra present a 

strong variation of intensity and a shift towards shorter wavelengths with the temperature increasing. 

From these basic observations, two experimental techniques are able to provide the peak and the 

temporal variations of the temperature: the two-color LII (2C-LII) (subsection I.1.4.1) and spectrally-

resolved LII measurements (subsection I.1.4.2). It is important to remind that the soot temperature 

measured in the case of a polydisperse particles size distribution is an effective soot temperature 

defined by equation (15). 

I.1.4.1 Two-color LII 

In two-color LII (2C-LII), the LII signals are detected simultaneously at two different wavelengths λ1 

(equation (17)) and λ2 (equation (18)) to derive the effective soot temperature. The LII signals 

collection is operated with narrow bandwidth filters. It is assumed that the measurements are in the 

Rayleigh approximation when the size parameter is smaller than 0.3. 

𝑆𝜆1
(𝑇(𝑡)) = 𝜃𝜆1

 𝐸(𝑚𝜆1
)
48𝜋2ℎ𝑐2

𝜆1
6 [𝑒𝑥𝑝(

ℎ𝑐

𝜆1𝑘𝑏𝑇𝑒𝑓𝑓(𝑡)
) − 1]

−1

𝑓𝑣 
(17) 

𝑆𝜆2
(𝑇(𝑡)) = 𝜃𝜆2

 𝐸(𝑚𝜆2
)
48𝜋2ℎ𝑐2

𝜆2
6 [𝑒𝑥𝑝 (

ℎ𝑐

𝜆2𝑘𝑏𝑇𝑒𝑓𝑓(𝑡)
) − 1]

−1

𝑓𝑣 
(18) 

Where θλi the detector efficiency at λi. 

Using the Wien’s approximation: exp (ℎ𝑐/ (𝜆 𝑘𝑏𝑇𝑒𝑓𝑓(𝑡))) ≫ 1, the signal ratio R (equation (19)) 

can then be written as: 
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R =
𝑆𝜆1

(𝑇𝑒𝑓𝑓(𝑡))

𝑆𝜆2
(𝑇𝑒𝑓𝑓(𝑡))

= 𝐶
𝐸(𝑚𝜆1

)

𝐸(𝑚𝜆2
)
(
𝜆2

𝜆1
)
6

𝑒𝑥𝑝 (
ℎ𝑐

𝑘𝑏𝑇𝑒𝑓𝑓(𝑡)
(
1

𝜆2
−

1

𝜆1
)) 

(19) 

Where C is a constant taking into account the efficiency detection at λ1 and λ2: C=
𝜃𝜆1

𝜃𝜆2

. 

For a known signal ratio R, the soot temperature can be calculated with equation (20). 

𝑇𝑒𝑓𝑓(𝑡) =
ℎ𝑐

𝑘𝑏
(

1

𝜆2
−

1

𝜆1
) [𝑙𝑛 (𝐶−1

𝐸(𝑚𝜆2
)

𝐸(𝑚𝜆1
)
(
𝜆1

𝜆2
)
6

𝑅)]

−1

 (20) 

The error sources affecting the effective soot temperature determination has been analyzed in [186]. 

The authors concluded that to minimize the uncertainty linked to the spectral dependence of the 

absorption function ratio in the visible spectrum, the two wavelengths must be chosen not so far from 

each other. Other considerations on the wavelengths choice must be taken into account to prevent 

spectral inferences from fluorescence induced by Laser excitation (up to 680 nm) [187] and from C2-

Swan and C3-Swings emission induced by laser fluence (Table 1).  

 

Table 1. Fluence threshold for characteristic phenomena occurring during laser-irradiation of soot 

generated using a Santoro burner at 532 and 1064-nm laser irradiation reproduced from Goulay 

[188]. 

I.1.4.2 Spectrally-resolved technique  

This technique consists to collect the spectrally-resolved LII signals with a spectrograph combined 

with a detector.  

According to the detector used, this methodology allows to retrieve the effective soot temperature by 

two ways. The first way consists to use of a photomultiplier detector to measure the prompt LII signal 

(temporal peak) and the temporal evolution of the LII signal. The effective soot temperature can be 

deduced following the methodology described in subsection I.1.4.1. 

 

532-nm irradiation 1064-nm irradiation

C2-Swan emission 0.225  J.cm
-2

0.5  J.cm
-2

C3-Swings emission 0.5 J.cm
-2

0.6 J.cm
-2

Laser-fluence threshold
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Figure 27. Schematic representation of LII spectrum acquisition, figure (a) presents the temporal 

evolution of the LII signal (blue line) and the gate widths of detector i.e. the acquisition time of LII 

spectrum symbolized by rectangle and on figure (b) their corresponding spectra with their fitted 

temperatures. 

The second method consists to use a gated CCD camera. This detector measures the signal intensity 

during its gate width (Figure 27.a). The temporal evolution of the LII spectrum can be recorded by 

collecting the signal at different gate position with respect to the laser pulse (Figure 27.b). The soot 

temperature is obtained thanks to equation (21) derived from equation (16) by fitting MSLII with the 

Planck function as shown in Figure 38. This methodology allows to reduce the errors on soot 

temperature determination induced by the linearization of equation (13) with Wien’s approximation 

(1.7% for T=4500K) [189]. 

𝑀𝑆𝐿𝐼𝐼
= 𝑆𝐿𝐼𝐼(𝜆𝑖, 𝑇𝑒𝑓𝑓(𝛥𝑡))

𝜆𝑖

𝐸(𝑚𝜆𝑖
)

= C𝑓𝑣  𝐼𝑏𝑏(𝜆𝑖, 𝑇𝑒𝑓𝑓(𝛥𝑡)) (21) 

Where Cfv is a constant proportional to the soot volume fraction, Teff(Δt) is the average temperature 

during Δt and Ibb(λi,Teff(Δt)) is the Planck function intensity at the wavelength λi and the average 

temperature Teff(Δt). 

Finally, it is important to remind that for a better accuracy of the effective soot temperature 

measurements and LII in general, the soot particles must be heated with a uniform fluence in the probe 

volume; i.e. with a top-hat laser profile insuring that particles have been heated similarly. 
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I.2 LII experimental setup 

 

Figure 28. Schematic representation of the time- and spectrally resolved LII set-up. 

This section is dedicated to the description of the LII set-up (Figure 28) and the experimental 

methodologies developed to achieve the objectives of this work which are multiple. This set-up is able 

to provide experimental data on a wide range of experimental conditions from primary particles as 

small as 2 nm: 

 the time resolved LII signal collected in a narrow spectral bandwidth 

 the soot volume fraction (between 0.01 ppb and 400 ppb) 

 the peak and temporal soot temperature evolution 

 the spectrally-resolved LII signal 

This section is divided in two subsections. The subsection I.2.1 gives a description of the burner used 

for this thesis and the flames conditions investigated in this chapter. The following subsection I.2.2 

describes each part of the time- and spectrally-resolved LII set-up. 

I.2.1 Burner and flames conditions 

All premixed flames of this study are stabilized on a commercial Holthuis (McKenna) burner at 

atmospheric pressure. The burner has a central bronze porous plug (60 mm diameter). It is surrounded 

by a co-annular porous to protect the flame from external perturbation and to prevent the formation of 

a diffusion flame between the unburnt fuel and the surrounding air. A stainless steel disk (60 mm 
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diameter, 30 mm thick) is placed at 16 mm above the burner surface called stabilization plate (Figure 

29). A water cooling circuit allows to keep the burner temperature at 70 °C during the experiments. 

The burner can be translated vertically with a spatial resolution better than 50 µm.  

 

Figure 29. Schematic representation of a McKenna burner. 

This burner is a very useful tool for chemical flame structure analysis at various pressures [190]. The 

premixed flames stabilized on the McKenna burner are supposed to be one-dimensional i.e., with a 

uniform distribution of temperature and species concentration in the radial direction. This 1D feature 

has been investigated in few papers including studies on the radial profile of soot obtained by LII. 

Migliorini et al. in [191] found an annular soot distribution, with a deep hollow in various ethylene/air 

flames stabilized on a stainless steel porous burner. Our n-butane sooting flames can also exhibit a 

strong inhomogeneity depending on flow rates conditions. This is described in Annex B. The flow 

rates have been selected in this work to minimize this effect. 

 

Table 2. Flame conditions. 

Two atmospheric n-butane flames have been investigated in this chapter: a standard sooting flame at Φ 

= 1.95 (Flame1.95) and the so-called nucleation flame at Φ = 1.75 (Flame1.75). 

 The absolute uncertainty on the equivalence ratio has been estimated to ±2.10
-2

, considering the mass 

flowmeters precision.  

Flame1.95 Flame1.75

Φ 1.95 1.75

C/O 0.60 0.54

Xn-butane 10.30% 9.46%

XOxygen 34.31% 35.22%

XNitrogen 55.39% 55.32%
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The gas flow rate of oxygen/nitrogen/n-butane mixture was 6.71 SLPM (standard liter per minute, T = 

273 K and P = 1013 hPa) and controlled by three flow meters. The shielding co-flow of nitrogen was 

20 SLPM. 

I.2.2 Time- and spectrally-resolved LII set-up 

This subsection is devoted to the description of the time- and spectrally-resolved LII set-up (Figure 

28). This set-up is composed of two parts: the excitation system (I.2.2.1) and the collection system 

(I.2.2.2). The set-up (excitation and collection) has been optimized in order to increase the signal to 

noise ratio and make easier the LII signal interpretation. This last condition is reached by selecting a 

collection volume where soot are heated similarly. It  takes advantage of the 1D feature of the sooting 

flame leading to choose a collection volume increase in the direction (y axis) where the soot 

concentration is supposed to be homogenous. 

I.2.2.1 Excitation system 

LII experiments have been carried out by using a 1064 nm laser excitation wavelength generated by a 

Nd: YAG laser (Quantel Brilliant) at 10 Hz with a FWHM pulse duration of 5 ns. This wavelength is 

the most appropriate to avoid spectral interferences with PAHs absorption transitions [38], [192]. 

 

Figure 30. Schematic representation of the excitation system with the distance A≈2f3. 

The excitation system has been improved to heat soot particles with a high spatial resolution and thus 

maximize the signal-to-noise ratio in collection by optimizing the laser shape and size in three 

directions. First, the laser beam was expanded in a horizontal plane (x,y) using cylindrical lenses (f1 = 

-40 mm, f2 = 200 mm). Then, the laser beam passes through a rectangular slit relay imaged by means 
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of a lens (f3 = 300 mm) (Figure 30) on the burner axis where a nearly top-hat beam (0.48 mm z axis 

and 7.23 mm x axis) is obtained. The homogeneity of the top-hat beam was monitored with a beam 

profiler (Gentec Beamage) (Figure 31). 

 

Figure 31. Spatial distribution of the laser beam energy on the burner axis (average over 10 laser 

shots) with x=7.23mm and z=0.48mm. 

The fairly top-hat fluence distribution ensures to heat the particles with nearly the same laser fluence 

along the burner axis. The laser energy monitored with a power meter can vary between 0 and 0.4 

J/cm
2
 in this configuration thanks to an optical attenuator. 

I.2.2.2 Collection system 

I.2.2.2.1 Time-resolved 2C-LII system 

The time-resolved 2C-LII system has been designed to collect simultaneously the LII signals at two 

wavelengths (two colors) with narrow bandpass filters (centred at 532 and 650 nm) issued from the 

collection volume (Figure 32). This system allows to measure the effective soot temperature temporal 

evolution and the soot concentration in all flames presented in this work. 

The LII signal issued from the collection volume was collected at right angle with two achromatic 

lenses (f4=250mm f5=200mm) and focused on the collection slit (0.3 mm z axis and 5.6 mm y axis). 

The collection slit allows to define precisely the collection volume dimensions yp and zp. The 

dimension xp is assumed to be the laser width xp but can be limited by the optical depth of f4. After the 

collection slit, the LII signal is relayed through lens (f6=100mm) and split with a dichroic mirror 

(Semrock FF596-DI01) in two beams. This dichroic mirror transmits all radiations upper 596 nm and 

reflects at 45° the radiations below 596 nm. The two photomultipliers tubes (PMT) (Hamamatsu 

R2257), which have a rise time of 2.6 ns and are equipped with interference filters centred respectively 

at 532 nm with FWHM 8.6 nm and at 650 nm with FWHM 10 nm. These filters have been selected 
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with narrow bandwidths regarding the recommendations in subsection I.1.4.1 for soot temperature 

measurements. 

 

Figure 32. Schematic representation of the time-resolved 2C-LII system. 

The dimension of the collection volume were selected to get the highest signal to noise ratio while 

fulfilling a good vertical resolution and ensuring the persistence of the top-hat profile along yp. 

Considering the magnification due to the lenses, the collection volume in the flame was estimated to 

0.375 (z) x 7.00 (y) x 7.23 (x) = 19.0mm
3
. In the previous studies on this subject [3], [4]worked with 

markedly different collection volumes (respectively 4.6mm
3 

and 77mm
3
) and vertical spatial 

resolutions (respectively 1mm and 0.2mm).  

A chopper (Oriel Electronic Shutter 76994) placed in front of the collection system with an opening 

time of 20 ms and a repetition rate of 10 Hz was used to reduce the continuous light emission from the 

flame on the PMTs. This partial rejection of the flame emission improved significantly the signal-to-

noise ratio. A delay generator (Stanford DG535) allowed the synchronization of the chopper aperture 

with LII signals. 

The LII signals were recorded by an oscilloscope (LECROY 6050A, 8 bit, 500 MHz bandwidth, 5 

GS/s sampling rate), which was triggered by a photodiode (Hamamatsu S1722-02) measuring the 

transmitted laser radiation and placed after the burner. 
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I.2.2.2.2 Spectrally-resolved LII system 

The spectrally-resolved LII system has been used to record the laser-induced emission spectra in 

Flame1.95 and Flame1.75 at different HAB and fluences. This system is based on the one used by 

Mouton in [3].  The collection volume has been expanded to increase the collection efficiency (ours: 

14.6 mm
3
, Mouton: 2.9 mm

3
). 

Two achromatic lenses (f7 = 400 mm, f8 = 200 mm) were used to image the LII signals onto the 

spectrograph entrance slit (0.1 mm z axis and 5 mm y axis, Figure 33). LII spectra were recorded with 

an imaging spectrograph (Acton SP 2300) with a 50-grooves/mm 600-nm blazed grating and a gated 

ICCD camera (Princeton PiMAX Gen III). The camera was triggered by the Q-switch output of the 

laser. The exposure time (GW: gate width) was fixed to 10 ns starting with the peak of the laser for all 

experiments. 

 

Figure 33. Schematic representation of the spectrally-resolved LII system. 

The calibration of the detection systems and the bandpass filters was performed using an integrating 

sphere (SphereOptics CSTM-LR-6-M) which emits calibrated blackbody radiations for different 

temperatures. The spectrograph wavelength was calibrated using spectral lines of mercury (Oriel 

6035). 

I.3 TIRE-LII modelling 

The modeling of the 2C-LII results has been realized by Dr. Fengshan Liu from Measurement Science 

and Standards, National Research Council Canada at Ottawa.  
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The LII modelling consists to determine the temporal evolution of the effective soot temperature by 

solving the unsteady energy and mass conservation equations (equations (2) and(3)). This 

methodology requires a LII model which considers processes described in subsection I.1.1. 

This subsection provides a brief description of the LII model of this study (subsection I.3.1), the input 

parameters used (subsection I.3.2) and the procedure used to derive the absorption function E(m) at 

1064 nm, the effective sublimation coefficient β and the PSDFs (subsection I.3.3). 

I.3.1 LII model 

The model formulation has been described in previous studies [161], [167], [193] therefore, only a 

summary is given here. 

The processes considered in the LII model take into accounts only the commonly accepted heat and 

mass transfer processes, i.e., laser energy absorption (equation (4)), soot particle internal energy 

change (equation (3)), heat conduction and thermal sublimation (equation (6)). Thermal radiation 

from soot particles contributes negligibly to particle heat loss at atmospheric pressure and was not 

included in the energy equation. Under the flame conditions of the present study, heat conduction 

between a soot particle and the surrounding gas occurs in the free-molecular regime. Therefore, the 

soot conduction heat loss rate can be calculated using the free-molecular expression (equation (5)). 

The model does not consider the soot particle aggregation and was used in the region of the flames 

where the aggregation is negligible based on the HIM images described later.  

The PSDF was taken into account by assuming that it follows a log-normal distribution given as: 

p(Dp) =
1

Dp√2π ln(σg)
exp 

[
 
 
 
 

−

(

 
ln (

Dp

Dg
)

√2 ln(σg)
)

 

2

]
 
 
 
 

 
(22) 

Where Dg and σg are the geometric mean primary particle diameter and the geometric standard 

deviation of Dp, respectively. 

This assumption is correlated with the HIM and SMPS measurements which display a log-normal 

function (see subsection II and III).  

Further details of the LII model calculations can also be found in [194]. 
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I.3.2 Input parameters 

As pointed in subsection I.1.1, a few key parameters are required for TIRE-LII modeling as the soot 

density (ρs), the soot specific heat (cs) and the thermal accommodation coefficient (αac). This 

subsection resumes the key input parameters used in this study (Table 3). 

 

Table 3. Input parameters of the LII model used to simulate the temporal evolution of soot 

temperature, the LII decay rates and Dg the geometric mean primary particle diameter . 

It is assumed in this study that the newly formed young soot have a constant mass density of 1.3 

g/cm
3
. The specific heat (cs), mean molecular weight of the sublimated species (Mv), sublimation 

pressure (pv) and sublimation enthalpy (ΔHv) of mature soot are used in this study due to a lack of 

better information. Mv, pv and ΔHv are deduced from fits to data in [195] for gaseous carbon species 

until C7. 

𝑐𝑠(1200 − 5500𝐾)

= 2.9497 × 10−1 + 2.9614 × 10−3𝑇 − 2.1232 × 10−6𝑇2 + 8.1901

× 10−10𝑇3 − 1.7516 × 10−13𝑇4 + 1.9628 × 10−17𝑇5 − 8.9817

× 10−22𝑇6 

(23) 

𝑀𝑣 = 14.179 + 6.8654 × 10−4𝑇 + 2.9962 × 10−6𝑇2 − 8.5954 × 10−10𝑇3 + 1.0486

× 10−13𝑇4 

(24) 

𝑝𝑣 = 𝑒𝑥𝑝(−122.96 + 9.0558 × 10−2𝑇 − 2.7637 × 10−5𝑇2 + 4.1754 × 10−9𝑇3

− 2.4875 × 10−13𝑇4) 

(25) 

𝛥𝐻𝑣 = 2.05398 × 105 + 7.3660 × 102𝑇 − 0.40713 𝑇2 + 1.1992 × 10−4𝑇3 − 1.7916

× 10−8𝑇4 + 1.0717 × 10−12𝑇5 

(26) 

The thermal accommodation αac was estimated by matching the modeled effective soot temperature 

decay rate with the experimental one. The time-resolved effective soot temperature was 

experimentally determined based on the ratio of the LII signals detected at 532 and 650 nm at HAB = 

Flame1.95 Flame1.75

Gaz temperature (Tg)

Density (ρs)

Specific heat  (cs)

Thermal accommodation (αac)

Mean molecular weight of the 

sublimated species (Mv)

Sublimation pressure (ps)

Sublimation enthalpy (ΔHs)

Geometric standard deviation (σg) 1.3 → 1.15 1.15

NO-LIF thermometry

Equation 24

1.3 g/cm
3

Equation 24

Equation 25

0.35

Equation 26
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7 mm in Flame1.75 and for E(m532) = E(m650). Doing so, the fitted lognormal distribution based on the 

measured soot particle size distribution by 1 nm-SMPS (Dg = 3 nm and σg = 1.13) presented in [194] 

and the measured gas temperature at HAB = 7 mm in Flame1.75 were used as input to the LII model 

only to estimate αac. Thus, the estimated αac is 0.35, which falls in the uncertainty range of the 

literature values (~0.2 to 0.4) for mature soot, and was used throughout this study, i.e., at other heights 

in both flames. 

Only Dg and E(mλ) can be derived using the present model. Based on experimental observations, σg 

was assumed to be equal to 1.15 (very close to experiments) for just nucleated soot particles and 1.3 

for more mature soot. 

I.3.3 Solving procedure 

The absorption function E(m) at 1064 nm, the effective sublimation coefficient β of just nucleated soot 

and PSDF are allowed to vary with HAB or with flame conditions. They were determined by matching 

the experimentally derived Teff from spectral measurements (subsection I.4.1.2) and detected LII time-

decays over a fairly wide range of laser fluences using an iterative approach described in Figure 34. 

 

Figure 34. Iterative approach for E(m) at 1064 nm, Dg and β of just nucleated soot. 

First, E(m1064) and Dg was deduced using the effective soot temperature and time-resolved normalized 

LII signal for known inputs parameters (laser fluence, local flame temperature) assuming the absence 
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of soot sublimation. Then at high laser fluences, where soot sublimation is significant, (Teff > 3600 K) 

β was deduced using the known E(m1064) and Dg derived from the effective soot temperature at low 

laser fluences. 

I.4 Results and discussion: LII measurements and TIRE-LII modeling 

This subsection is divided in two parts. The first part is devoted to the analysis of two flames: the 

nucleation and sooting flames (subsection I.4.1). The second part displays the results of TIRE-LII 

modeling: E(m1064), β and PSDF of the two selected flames (subsection I.4.2). 

Both studied flames display a yellow/orange luminous color appearance, characteristics of blackbody 

emission at flame temperature as shown in Figure 35, though the luminosity of the nucleation flame 

due to particle emissions above the blue zone is quite faint (Figure 35.b).  It must be noticed that the 

faint red-color appearance could still be observed with naked eyes down to an equivalence ratio of 

1.70 ; however, this flame, i.e., Φ = 1.70, was not selected for LII measurements because of the very 

low LII signal in comparison with the background signal. This color is a useful clue to identify a 

premixed nucleation flame whatever the fuel or the pressure. 

 a  b 

Figure 35. Photographs of premixed n-butane/oxygen/nitrogen flames: (a) Flame1.95 and (b) 

Flame1.75, showing their visual aspect (with the same camera settings). 

I.4.1  Experimental characterization of nucleation and sooting flames using LII 

This section provides the LII experimental results needed for the LII modelling obtained in a premixed 

nucleation flame (Flame1.75) and a sooting flame (Flame1.95) of n-butane at atmospheric pressure.  

The time-resolved LII signals and fluence curves measured with narrow spectral bandwidth are 

presented for the nucleation flame and compared to those obtained in the sooting flame (subsection 

I.4.1.1). The subsection I.4.1.2 provides evidences that the just nucleated soot particles are able to emit 

thermal radiation in the visible spectrum. The effective soot temperatures were determined with both 

methodologies described in subsection I.1.4. Finally comparisons between the just nucleated soot 

particles in the nucleation flame and incipient soot in early soot formation region of the sooting flame 

are presented in subsection I.4.1.3. 



Chapter 2: Identification of the just nucleated soot particles in premixed sooting and nucleation flames 

74 

 

I.4.1.1 Time-resolved LII signal and fluence curves 

Figure 36 shows the fluence curves normalized arbitrarily at the highest used fluence and peak-

normalized time-resolved LII signals for the Flame1.95 and 1.75. In both cases the normalization is 

used to make easier the comparisons and interpretations of the experimental results. 

Figure 36.a and b display the fluence curves for different HAB measured using prompt LII detection at 

532 nm in Flame1.95 and 1.75. The shape of the fluence curves changes with the equivalence ratio. 

For the Flame1.95, the behavior is similar to previous studies [3], [4] in sooting flame where the soot 

growth processes occur along the HAB i.e. the fluence curves present a S-shaped curve tending 

towards a plateau at higher fluences. This shape is reached whatever the HAB even if the needed 

energy is different. It is noteworthy that the fluence curves for lower HAB are shifted to the higher 

laser energies. It means that younger soot particles absorb laser energy with less efficiency than the 

mature ones. This observation is an indicator of the variation of the physicochemical properties of the 

soot particles with the HAB in Flame1.95 [196], [197]. 

On the contrary, the fluence curves of the Flame1.75 are very similar at the two investigated HABs. 

The signal to noise ratio was too low at lower HAB to obtain a fluence curve. These experimental 

observations presume that the particles formed in Flame1.75 have nearly similar optical and physical 

properties along the HAB at least between HAB = 10 and 7 mm. This is one characteristic of a so 

called nucleation flame [3], [4]. It is noteworthy that the fluence curves of the Flame1.75 show a 

beginning of inflection at high laser energy, meaning that sublimation of nascent soot particles may 

occur. By contrast Mouton et al. and Bladh et al. found quasi linear fluence curves in nucleation flame. 

In those studies LII measurements were obtained by collecting the whole broadband radiation from 

their nucleation flames. Considering the important variation of the spectral sensitivity of the detectors, 

it is possible that these fluence curves based on the broadband LII signal had a “biased” shape 

Note that the measurements at 650 nm (not presented here) have the same behaviors as at 532 nm.  
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Figure 36. Normalized fluence curves detected at 532 nm at the maximum fluence (a,b) and peak-

normalized time-resolved LII signals obtained using a laser fluence of 0.35J/cm
2 
and detected at 532 

nm (c,d) as a function of HAB for Flame1.95 and Flame1.75. 

Peak-normalized time-resolved LII signals obtained in Flame1.95 and 1.75 using a laser fluence of 

0.35 J/cm
2
 measured with a narrow spectral bandwidth and averaged on 2000 laser shots are presented 

in Figure 36.c and d. These settings have been chosen to ensure a good signal-to-noise ratio. As 

explained in subsection I.1.3 the relationship between the temporal decay and the soot size distribution 

is complex and requires the use of LII modelling to interpret the signals in terms of primary particle 

size distribution determination (subsection I.1.3). As later shown in subsection IV.1, the weak soot 

aggregation observed on HIM picture below HAB=6 mm in Flame1.95 allows to consider the LII 

decay rate as an indicator of the mean primary particle diameter.  

For the Flame1.95, the LII decay times increase with the HAB which means that soot particles grow 

along the HAB. It is consistent with the soot formation growth (Chapter 1) in sooting flames. For the 

Flame1.75, the LII decay times present a weak evolution with the HAB. This weak evolution in 

Flame1.75 is used to define a nucleation flame, in which particles undergo a very limited growth along 

the HAB. 
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To make easier the qualitative understanding of Figure 36.c and d, the decay times measured at 1/e of 

the peak-normalized time-resolved LII signal are plotted as a function of HAB for Flame1.95 and 

Flame1.75.  

  

Figure 37. LII decay-times measured at 1/e of the peak LII signal as a function of the HAB in 

Flame1.95 (a) and Flame1.75 (b). The arrows schematize the spatial location of the nucleation step 

(blue arrow), growth processes (coagulation, surface growth: reaction, condensation, red arrow) and 

aggregation of primary particles (black arrow). Laser fluence set at 0.35 J/cm
2
. 

Figure 37.a allows to identify three main processes beginning in Flame1.95. The first decay times are 

constant for HAB between 3 and 3.5 mm, it marks the beginning of the nucleation i.e., the formation 

of the first incandescent soot particles. Then the LII decay-times increase faster with the HAB until 

HAB= 8 mm. This second zone highlights the growth processes (i.e., condensation, surface growth 

and coagulation) of the primary soot particles along the flame axis. Finally a third zone beyond HAB= 

8 mm can be observed and is described by the absence of evolution of the decay times. This zone 

corresponds to the end of growth of the soot particles formed upstream. Aggregation of mature 

primary particles is active. 

In Flame1.75, a weak evolution of the decay times is notified (Figure 37.b, note the change of vertical 

scale). The average of decay time measured at 1/e is 21.2 ± 1.4 ns. This time corresponds to the ones 

measured in the nucleation zone of Flame1.95. It means that soot particles formed in the Flame1.75 

have probably a mean diameter close to the incipient soot particles formed in Flame1.95. 

Furthermore, it is noteworthy that the shortest decay times measured with the same fluence at any 

equivalence ratio tend towards this value. This experimental observation leads to consider that the 

particles formed during the nucleation phase, whatever the equivalence ratio have the same size. 

As mentioned in subsection I.1.1, the accuracy of the TIRE LII modelling requires other experimental 

information as the effective soot temperature. The subsection I.4.1.2 shows the emission spectra and 

gives from which the temperature reached under different fluences and HAB is derived in Flame1.95 

and Flame1.75. 
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I.4.1.2 Spectrally-resolved LII measurements and effective soot temperature 

The spectrally-resolved emission signals have been measured for different fluences over 10 ns starting 

at the laser peak. The gate width of 10 ns was constant for all acquisition whereas the exposition 

number was adjusted for each HAB investigated to ensure the best signal-to-noise ratio. 

Figure 38 displays the measured spectra corrected for the background (i.e. flame emission) in 

Flame1.95 and Flame1.75 at 0.35 and 0.24 J/cm
2
 for different HAB. The natural emission of the 

flames, i.e. blackbody radiation from both flames is also plotted in figure for comparison. The signal-

to-noise ratio is found higher in Flame1.95 due to the higher number density and larger soot size. The 

spectrally-resolved emission signals highlight that mature and incipient soot particles formed in the 

rich premixed flames investigated in this study, with and without laser heating, are capable of 

producing a continuous blackbody like emission in the visible spectrum. 

C2 emission can be identified at a fluence threshold of 0.3 J/cm
2
 in both flames whatever the soot 

maturity in flame1.95 and at HAB=10 mm in Flame1.75. At HAB = 7 mm Flame1.75, the fluence 

threshold for C2 emission is 0.41 J/cm
2
. These fluence thresholds appear lower than those summarized 

in table 1 by [188]. However, Goulay notified that C2 emission appears for soot temperature upper 

than 4000K which is well concordant with our measurements where the temperature threshold for C2 

emission is 4200 ±250 K.  
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Figure 38. LII emission spectra collected over 10 ns starting at the peak of the laser transformed using 

equation (21) and E(mλi) is constant:(a) Flame1.95 at HAB = 10, 7 and 5 mm and (b) Flame1.75 at 

HAB = 10 and 7 mm. Symbols stand for experimental data at different laser fluences: Black Δ, F = 

0.35 J/cm²; grey x, F = 0.24 J/cm²; blue ○ (right vertical axis), F = 0 J/cm², i.e., natural flame 

emission without laser heating. Red lines represent the Planck function fit used to obtain the effective 

soot temperature (Teff). 

The effective soot temperature have been measured using both techniques described in section I.1.4, 

i.e. the spectral technique (Figure 39) and the 2C-LII method. 

Concerning the spectral technique, the effective soot particle temperature over 10 ns from the peak of 

the laser was determined by fitting the Planck function to the experimental LII spectra on a chosen 

wavelength range (see subsection I.1.4.2). The experimental spectra were fitted between 450 and 800 

nm for E(mλi) constant on this range. When C2 emission is clearly visible, the spectral ranges 
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considered for the fitting are reduced to two narrower spectral ranges, i.e., [450 nm-500 nm] and [525 

nm-800 nm] to limit the interference of C2 emission. This determination is illustrated for two laser 

fluences and different HAB in Flame1.95 and in Flame1.75 (Figure 38). 

Then the effective soot temperature has been derived from two-color optical pyrometry (subsection 

I.1.4.1) using the peak LII signals measured at 532 and 650 nm (Figure 39). The uncertainties 

affecting the measurements by 2C-LII have been estimated to 4% in Flame1.95 and 4.4% in 

Flame1.75 taking into account all uncertainties (efficiency detection C and ratio of LII signals R, 

equation (20)). 
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Figure 39.Comparison of the effective soot temperatures obtained by Planck function fit (red ○) and 

by 2C-LII (Black Δ) considering E(mλi) is constant in Flame1.95 and 1.75 for different HAB. 

Figure 39 plots the comparison of the effective soot temperatures reached under laser irradiation 

obtained from 2C-LII or by fitting the whole spectrum with the Planck function. A very good 

agreement is found between the two approaches in the nucleation flame (Flame1.75) and in Flame1.95 

at HAB = 5 mm while a discrepancy reaching 150 K at high fluences is found in Flame1.95 for higher 

HAB. The temperature obtains with the fitting method would have been expected to be lower because 

of the longer integration time imposed by the camera gate with incorporated the beginning of the 

cooling. Actually the inertia of the heat transfer leads to a heated soot temperature which is roughly 
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constant within 5 – 15 ns depending on the HAB and flames. Thus the differences between the 

methods appear comprised within the experimental accuracy.   

Contribution from second-order reflections from the grating could affect the soot temperature 

determined with the spectral method in this present work. Goulay in [198] noted that this contribution 

can lead to a temperature higher by 60K for T = 4300K and by a smaller difference at lower 

temperatures meaning that the intensity second-order reflections decreases with the soot temperature. 

In this work, the contributions from second-order are negligible. Indeed, the intensity of the LII signal 

below 400 nm represents less than 4% of the intensity measured at 600 nm in Flame1.95 at HAB = 10 

mm (for a laser energy 0.41 J.cm
-1

). 

The effective soot temperatures in both flames increase rapidly with the laser fluence up to 0.30 J/cm
2
 

and tend to level off between 0.3-0.4 J/cm
2
. The obtained plateau appears earlier at higher HAB i.e., 

for mature soot (HAB = 10 mm Flame1.95). It means that the mature soot does not require as high 

laser fluence as nascent soot to get heated. The temperature is evaluated in the region 4000-4400K. A 

good agreement is found with other studies where the reported temperature is given between 4100-

4600K [199]–[201]. 

It is noted that the maximum temperature was reached for much lower laser fluence in our nucleation 

flame (Flame1.75): 0.35 J/cm
2
 compared to 1.55 J/cm

2
 by Bladh [4]. This discrepancy does not find 

any explanations in the light of the good agreement of the effective soot temperatures results obtained 

by Planck function fit and 2C-LII.  

These results demonstrate that just nucleated soot particles are able to be heated and reach temperature 

higher than 4000K. However caution must be taken regarding the evaluated temperature. Indeed a 

possible dependence of E(mλi) with the wavelength and soot maturity could have a huge influence on 

the evaluated effective soot temperature. There are studies that suggest such an effect for nascent soot 

particles [199]. This possibility is investigated in Chapter 3. 

I.4.1.3 Experimental comparison between just nucleated soot particles in the 

nucleation flame and incipient soot in the early soot formation region of the 

sooting flame 

The behavior of the soot particles to the laser heating has been analyzed for just nucleated soot 

particles in nucleation flame (Φ = 1.75) and for nascent soot particles in the early sooting zone of 

Flame1.95 (HAB between 3.5 mm and 5 mm). 

Figure 40 displays the fluence curves, emission spectra, effective soot temperature and peak-

normalized time-resolved LII signals. A very good agreement is found between the fluence curves and 
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emission spectra. That implies that the young soot in early soot formation region of Flame1.95 and 

soot particles in Flame1.75 have similar physicochemical properties (Figure 40.a and b). Besides the 

smaller size of soot particles in Flame1.75 than young particles in Flame1.95 (Figure 40.c), this 

particles are able to reach the same temperature (Figure 40.d). 

 

Figure 40. Behavior of soot particles to laser heating for: just nucleated soot particles (Flame1.75) 

and nascent soot in the early soot formation region of sooting flame (Flame1.95). The normalized 

fluence curves (a) and the peak-normalized time-resolved LII signals measured at 0.35J/cm
2
 (c) 

detected at 532 nm, emission spectra collected for F = 0.36 J/cm
2
 (left axis) and F = 0.13 J/cm

2
 (right 

axis) at HAB = 5 mm in Flame1.95 (line) and at HAB = 10 mm in Flame1.75 (circles) (b) and the 

effective soot temperatures obtained by Planck function fit (d). 

 

I.4.2 Determination of E(m1064), β and PSDF by TIRE-LII modeling in nucleation 

and sooting flames 

The LII modelling has been used to derive E(m) at 1064 nm, the effective sublimation coefficient β 

and the particle size distribution function in Flame1.95 and 1.75 where the particles aggregation is 

neglected following the model described in subsection I.3 and using the experimental data presented in 

subsection I.4.1. The Table 4 summarized the LII data available for TIRE-LII modeling.  
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Table 4. Available experimental LII data for LII modeling. 

This subsection presents the modeling results of the effective soot temperature and fluence curves over 

a wide range of laser fluence (subsection I.4.2.1). The modeled TIRE-LII and PSDFs results are also 

displayed. 

I.4.2.1 Modelled effective soot temperature and fluence curves 

Figure 41.a compares the modeled effective soot temperature (fitted temperature) over 10 ns starting 

from the laser peak with those derived from LII experiments over a wide range of laser fluence in 

Flame1.75 at HAB = 7 and 10 mm. Fairly good agreement is observed between modelled and 

experiment results for both Teff and the fluence curves. This agreement is somewhat expected since the 

modeling results are based on the E(m1064) and β values derived by following the procedure described 

in I.3.3. Nevertheless, the modeled effective soot temperatures at the intermediate laser fluences also 

agree well with the experimentally derived effective soot temperatures at both heights.    

Concerning the fitted parameters E(m1064) and β, it appears that their variation is weak. E(m1064) ϵ [ 

0.23, 0.26], a slight increase is observed in Flame1.75 between HAB = 7 mm and 10 mm. β is found 

constant (~ 0.02) excepted at HAB = 7 mm in Flame1.75. The consistency of the parameters seems to 

indicate that the soot particles investigated in these two flames have similar properties. The variation 

of β is unexplained. 

Flame 1.95 Flame1.75

HAB HAB

10 mm 10 mm

7 mm 7 mm

5 mm -

10 mm 10 mm

7 mm 7 mm

5 mm -

Time resolved LII signal at 532 

and 650 nm for different laser 

fluence

Teff for different laser fluence

Time resolved LII signal at 532 

and 650 nm and Teff for  laser 

fluence : 0.35 J/cm²

12-3.5 mm 12-5 mm
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Figure 41. Comparison of the modeled effective soot temperatures (fitted temperature) with 

experiment ones (a and b) and modeled fluence curves (a and b) collected at 532 nm in Flame1.75 

(left column) and in Flame1.95 at HAB= 5 mm (right column). 

The measured and modeled normalized fluence curves measured at 532nm in Flame1.75 and at HAB 

= 5 mm in Flame1.95 are compared in Figure 41.c and d. The fluence curve is an important aspect to 

evaluate the performance of a LII model. The agreement between the measurements and modeling is 

considered fairly good, especially at HAB = 5 mm in Flame1.95. The measured fluence curves in 

Flame1.75 are close and quite similar to each other, and their behavior is close to the one obtained in 

Flame1.95 for the young soot at 5 mm. The normalized peak LII signals at fluences 0.25 J/cm
2
 are 

somewhat lower than the measured normalized values. Nevertheless, the modeled fluence curves 

reproduce the measured ones reasonably well in both flames 

I.4.2.2 Soot particle size distribution from TIRE-LII modelling 

Figure 42 displays a comparison between the measured and modelled time-resolved normalized LII 

signal (at 532 nm for a laser fluence of 0.35 J/cm
2
) using the previous value of E(m1064), β and PSDFs 

derived by the model in Flame1.75 at HAB = 10 and 7 mm (Figure 42.a) and in Flame1.95 at HAB = 

5 and 3.5 mm (Figure 42.b). The parameters of the lognormal distribution Dg and σg derived from the 

model are given in the caption of the figure. 
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In Flame1.75, the model predicts an increase of the mean diameter from 2.5 to 3 nm between HAB= 7 

and 10 mm as expected by the weak increase of LII decay times (Figure 37.b). It is noticed that the 

fairly good agreement between the LII derived geometric mean particle diameter at HAB = 7 mm in 

Flame1.75 (Dg = 2.5 nm) with that inferred from the experimental size distribution is expected, since 

the latter was used to infer αac. Overall, the agreement between the modeled and measured time-

resolved normalized LII signals at 532 nm is considered fairly good in Flame1.75. 

 

Figure 42. Comparison of the measured and modeled time-resolved normalized LII signals at 532 nm 

for a laser fluence of 0.35 J/cm
2 
at HAB = 7 and 10 mm in Flame1.75 (a) and at HAB = 3.5 and 5 mm 

in Flame1.95 (b). 

The fitted Teff at HAB = 3.5 mm in Flame1.95 was not available to derive E(m1064), β, and PSDF. 

However, it was found that the measured time-resolved normalized LII signal at 532 nm HAB = 3.5 

mm in Flame1.95 is nearly the same as that at HAB = 10 mm in Flame1.75 (Figure 40.c). Therefore, it 

is reasonable to assume that the just nucleated soot particles at HAB = 3.5 mm in Flame1.95 and at 

HAB = 10 mm in Flame1.75 have the same particle size distribution and similar thermal and optical 

properties, i.e., Dg= 3 nm, σg = 1.15, E(m1064) = 0.26, and β = 0.02. The agreement between 

modeling and measurement is excellent at HAB = 3.5 mm in Flame1.95, suggesting once again 

that the soot particles at HAB = 3.5 mm in Flame1.95 possess the same properties and size 

distribution as those at HAB = 10 mm in Flame1.75. 

 

The conclusion of this first part is that significant work has been realized to improve the sensitivity of 

the LII detection with narrow spectral bandwidth compared with the previous studies in nucleation 

flames [3], [4]. Thus, the different improvements detailed in subsection I.2 have permitted the 

measurements in premixed standard sooting and nucleation n-butane flames of the: 

 Spectrally resolved LII signals. 

 Time-resolved LII signals at 532 and 650 nm. 
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 Effective soot temperatures.  

These results provide evidences that the just nucleated soot formed in the rich premixed flat flames are 

capable of producing continuous thermal emissions in the visible spectrum as mature soot despite the 

common belief [14]. 

Furthermore, TIRE-LII modeling of the present LII results has been achieved by Dr. Fengshan Liu and 

added valuable information on just nucleated soot in Flame1.75 and 1.95. The results confirm that 

these particles in Flame1.75 have a E(m1064) in the narrow range of 0.23-0.26 as soot particles in the 

early soot formation region of Flame1.95. The absolute values of E(m1064) are highly needed for 

quantitative soot volume fraction measurements (Chapter 3). The PSDFs obtained by TIRE-LII 

modeling for both flames show that just nucleated soot particles have a mean diameter of around 2.5-3 

nm.  

The LII potential as an in-situ sizing technique for the just nucleated soot requires to be compared with 

others experimental techniques able to measure particles as small as 2 nm. Thus, the PSDFs 

measurements have been realized using HIM and 2nm-SMPS in order to compare these three 

techniques. 

II. Identification by Helium Ion Microscopy  

The technique of thermophoretic sampling followed by transmission electron microscopy (TEM) 

image analysis has been widely used to study the size and morphology of flame-generated soot with 

success after the pioneering work of Dobbins and Megaridis [202]. However, this technique is not 

suitable to investigate the size of just nucleated soot particles for the following reasons. First, these 

particles may be liquid-like at the very early stage of inception and could tend to splash upon 

deposition on the TEM grids [120], [203]. Second, the TEM images of the just nucleated particles 

have poor contrast and the particle structure is prone to be damaged by the electron beam [120], [122]. 

Due to these limitations, only a few studies using TEM have reported particles as small as 5 nm [204], 

[205]. 

Recently, nascent particles with structures as small as 2 nm could be detected by HIM, a technique 

which involves much lower beam-sample interaction than TEM. Therefore, HIM seems to be a 

reliable alternative to TEM to image the size of just nucleated soot particles [122]. Direct comparisons 

of PSDFs of nascent soot obtained by HIM and SMPS in ethylene-oxygen-argon premixed flames 

showed that there is generally good agreement in the results of the two techniques at high distances 

from the burner exit, where soot particles become more mature and larger [122], [206]. 
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In the light of these observations, HIM has been chosen as a complementary technique to measure the 

size and morphology of just nucleated soot particles in Flame1.95 and in Flame1.75. Thus, the 

complete burner set-up was brought to Bielefeld University and combined with their sampling set-up. 

The work presented in this subsection has been realized with the Chemistry and Physics group of 

Bielefeld University with the financial support of COST Action CM1404 Chemistry of Smart Energy 

Carriers and Technologies. 

The subsection II.1 is dedicated to the description of the sampling procedure and its limits. The second 

subsection II.2 describes the HIM images analysis to get the soot particles size. 

II.1 Sampling set-up 

For the HIM detection in Bielefeld, samples were collected thermophoretically [207] by insertion of a 

silicon wafer into the flame. The silicon wafer was connected to a stepper motor allowing a repetitive 

swing movement across a horizontal plane (x, y) parallel to the burner surface (Figure 43). The mean 

insertion velocity was 0.1 m/s. The spatial resolution along the flame height is estimated to ± 1 mm (z 

axis) due to the thickness of the wafer and the vibration accompanying the sweep movement into the 

flame.  

 

Figure 43. Schematic representation of the sampling set-up for HIM measurements in Bielefeld. 

The main limits of this sampling system for monitoring the particles size evolution along the HAB are: 
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 The low spatial resolution which is critical when soot growth occurs along HAB.  

 The potential splash effect on the wafer due to the amorphous nature of the soot particles as 

illustrated in [122], [206]. This effect can enlarge the measured particle size.  

 Due to the lateral swing movement, soot are preferentially collected on the edges of the flame. 

It is expected to slightly affect the PSDF in comparison with the PSDF existing on the burner 

axis. Indeed,  it has been shown that premixed flat sooting flames may have some distortions 

at the boundary of the flame, or radial inhomogeneity of the flame temperature and soot 

volume fraction [191], [208]. 

The total residence time of the wafer inserted inside the flame was optimized for each flame and HAB 

by changing the number of sweeps in order to get satisfying HIM images. The samples were collected 

at 3.5, 6 and 10 mm in Flame1.95. In Flame1.75, the soot concentration is very low and the sampling 

was taken at 12 mm only. The collected samples and blanks were analyzed by a helium-ion 

microscope (Carl Zeiss Orion Plus). This microscope focuses helium ions onto the specimen and scans 

the beam over the sample. Similar to a scanning electron microscope (SEM), secondary electrons are 

recorded to generate an image that offers higher resolution, contrast and surface sensitivity compared 

to an SEM [209]. The images were recorded at beam energy of 35 keV and a beam current of 0.4 pA. 

Note that the collected samples were stored under argon until they were analyzed few hours after their 

collections. 

II.2 HIM images analysis for PSDF measurements 

The HIM images were processed to improve the contrast quality and so the particle size measurements 

using the free software ImageJ. ImageJ has several options to process the images. In this case, the 

options Gaussian blur and despeckle were chosen to reduce the noise. The brightness and contrast 

were used to enhance the definition of the particles. The sharpen option increases contrast and 

accentuates details in the image. This image processing is similar as one reported in [210] and applied 

systematically before any measurements procedures (Table 5). 
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Table 5. Examples of the images obtained before and after the image processing step for Flame1.95 

HAB=10mm and Flame1.75 HAB=12mm. The images were recorded at a beam energy of 35 keV and 

a beam current of 0.4 pA. The presented images have the same scale. 

In all cases, the size of individual primary particles was measured using the tools available in the 

software. Only the recognizable primary particles were measured and aggregates were not taken into 

consideration in this study. It is noteworthy that all HIM PSDFs in this work can be fitted by a log-

normal function (equation (22)).  Two different techniques have been used for the particle size 

measurements after the image processing. 

The first method, called “manual method”, consists to measure manually each particle by drawing a 

line from side to side and obtaining the length which corresponds to the particle diameter. The size 

determination on the images is affected by uncertainties linked to the quality of the contrast and to the 

human estimation of the contour of the primary particles. By studying several samples obtained in the 

same flame conditions and the same images by different users (Dr. Maurin Salamanca, university 

Bielefeld and the author), the peak of the size distribution is estimated to be affected by ± 0.6 nm in 

Flame 1.95 at HAB=10 mm. Considering this uncertainty the results are binned with a bin size of 1nm. 
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The particles collected at HAB = 12 mm in Flame1.75 are very small, making the size measurement 

more difficult. Thus a second method has been used by the Dr. Maurin Salamanca to measure the 

particle size and called Automatic method. This method is based on the particle sizing method in 

ImageJ which requires black-and-white images. The transformation of the gray-scale images, obtained 

by HIM, was done using a threshold method. In this case, the used threshold method was the max 

entropy. This procedure was done after the images processing. Then the option “Analyze Particles” 

calculates the area and the diameter of the particles assuming as spherical particle. 

The automatic method has the advantage of rapidly measuring the diameter of a higher number of 

particles and minimizing human errors. The incipient soot particle size distributions measured by the 

manual and automatic methods at HAB = 12 mm in Flame1.75 are compared in Figure 44. It is seen 

that the automatic method identified a large number of smaller particles below about 3.5 nm, which 

were largely missing in the manual measure. Consequently, the manual method yields a geometric 

mean particle diameter of 4.4 nm and the automatic one produces a smaller geometric mean particle 

diameter of 3.1 nm. 

 

Figure 44. Soot particle size distributions from HIM image analysis using the manual and automatic 

methods for the sample collected at HAB = 12 mm in Flame1.75. The dashed lines are fits to data 

using a lognormal distribution function and the corresponding fitting parameters are shown in the 

figure. 

III. Identification by SMPS 

The potential of the SMPS technology to measure the PDSF in sooting premixed flames has been 

widely demonstrated by Wang and co-workers in [97], [120], [203], [211], [212], Maricq et al. in 

[213], and Stirn et al. in [115]. Very recently, Tang et al. [214] have demonstrated that incipient soot 
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particles as small as about 1.5 nm can be measured with a diethylene glycol (DEG) SMPS. It is 

noticed that Sgro et al. and D’Anna et al. in [124], [215] also measured particles with sizes below 2 

nm in rich premixed and diffusion flames. Thus, the SMPS technology has been chosen as a 

complementary technique to measure the size of just nucleated soot particles in Flame1.95, 1.75 and 

1.70. 

This section proposes the description of the experimental systems which allow the online PSDFs 

measurement of the extracted soot from premixed n-butane flames (Table 2) in the range 2.5-64 nm. 

The subsection III.1 is dedicated to the description and characterization of the probe system used for 

all PSDFs measurements. The subsection III.2 describes the particle sizer analysis (2 nm-SMPS) used 

in this work. It is to be noted that other measurements were first performed with 1nm SMPS provided 

by TSI in collaboration with Torsten Tritscher (TSI). This set-up was successfully tested in the n-

butane nucleation flame [194]. Here the report results were obtained latter with a 2nm-SMPS available 

at PC2A. The time of investigation was much longer with this set-up thus the choice have been made 

to present only the 2nm-SMPS results in this manuscript. 

III.1 Extraction system 

III.1.1 Soot extraction 

In order to extract soot from the flame, a probe sampling system featuring high dilution ratio to quench 

post sampling chemical reactions and to avoid nanoparticle coagulation and aggregation, was 

developed by Dr. A. Faccinetto from PC2A laboratory. 
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Figure 45. Schematic representation of the probe (a) and its working modes (b). 

The soot extraction system used consists of a sampling probe coupled to an automatic pressure 

regulation system to achieve a high dilution ratio while minimizing flame perturbations. The probe is 

made of two co-annular quartz tubes. The outer tube ends with a long thin tip with a 300 µm orifice. A 

nitrogen dilution flow (8L.min
-1

 in our conditions) enters the probe through the side port and flows 

between the two quartz tubes up to the probe tip (Figure 45.a). A sample flow from the flame enters 

through the probe tip orifice by applying a controlled pressure difference (ΔP = Pf - Ps) between the 

flame pressure (Pf) i.e., atmospheric pressure and the pressure in the line (Ps) 

The sample flow is immediately diluted by the cold nitrogen dilution flow, and both of them are 

pumped through the inner tube. Thus the larger is the differential pressure (ΔP) the more efficient is 

the extraction from the flame (soot and gas concentration in the sampling line increase) (Figure 45.b), 

but also the larger is the particle aggregation and vapor condensation rates (see subsection III.2.2). The 

dilution efficiency as a function of ΔP has been characterized experimentally (see subsection III.1.2). 

The probe was fixed and introduced axially in the perforated stabilization plate. The soot extraction 

was performed along the flame axis thanks to the vertical burner translation with a spatial resolution of 

± 0.5mm (Figure 46). The extracted soot flow was introduced in a buffer volume (1L). The buffer 

volume allowed a better stability of ΔP in the line which is only 4.5 mbar in working conditions. This 

ΔP was maintained thanks to an automatic regulation valve (Pfeiffer EVR 116) and a pressure gauge 

(Pfeiffer 1000 Torr). The automatic regulation valve uses a proportional–integral–derivative (PID) 

connected feedback. Finally a third independent outlet was connected to the buffer volume and allows 

the pumping by the online instruments (SMPS, subsection III.2) 
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Figure 46. Schematic representation of the soot extraction system. 

III.1.2 Dilution ratio calibration  

This subsection describes the experimental set-up (Figure 47) and the procedure used to measure the 

dilution efficiency of our extraction system as a function of ΔP. The dilution ratio (DR) is defined as 

the ratio of the total particle number (NT) at the inlet of the probe to the particle number sampled (NS) 

by the probe (equation (27)). The dilution ratio has been calibrated for a nitrogen dilution flow rate of 

8 L.min
-1

. 

𝐷𝑅 =
𝑁𝑇

𝑁𝑆
 

(27) 

The first step consisted to generate a stable and known aerosol. This aerosol, ammonium sulfate, was 

generated thanks to an atomizer (3076 TSI). The atomizer operated with a solution of ammonium 

sulfate in pure water and a nitrogen atomizer flow of 3L.min
-1

. This generates a stable sulfate 

ammonium aerosol concentration (3.10
5
 particles.cm

-3
). Then the generated aerosol entered through a 

liquid droplet trap and dryers using silica gel to remove all water in the flow until the buffer volume 

(1L).  A particle counter (CPC 3775 TSI) was connected to the buffer with conductive silicon tubing 

and allowed the monitoring of the total particles concentration (NT) in the buffer volume. The 

extraction system was connected to the buffer volume and sampled the aerosol. Finally the sampled 

aerosol concentration (NS) was measured as a function of ΔP thanks to a second particle counter (CPC 

3776 TSI) connected to the probe. The third access was connected to a HEPA filter and allowed the 

exit of the excess flow. 
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Figure 47. Schematic representation of the experimental set-up for the dilution ratio calibration. 

The probe allows a dilution ratio up to 10
4 

in our experimental conditions. Figure 48 presents the 

evolution of the dilution ratio (DR) as a function of ΔP according to equation (28) as defined by 

Camacho in [211]. The uncertainty on the dilution ratio was estimated to be ±20% considering the 

repeatability measurements.  

𝐿𝑂𝐺(𝐷𝑅) = 𝑎 +
𝑏

𝐿𝑂𝐺(𝑐. 𝛥𝑃)
 

(28) 

Where a, b and c are constants. 
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Figure 48. Evolution of the dilution ratio as a function of the differential pressure, the symbols 

represent the experimental data and the line is the fitted function according to equation (28) with 

a=0.756, b=1.336 and c=0.568. 

III.2 Granulometer – Particle sizer analyzer  

The 2 nm-SMPS of PC2A laboratory is described in subsection III.2.1. It has been used for PSDFs 

measurements in all n-butane premixed flames in this chapter. Additional measurements were 

obtained using very recent commercial set-up provided by TSI (1 nm-SMPS), the results for 

Flame1.75 are reported in [194]. 

III.2.1 Scanning Mobility Particle Sizer systems 

III.2.1.1 SMPS working principle 

The SMPS technology allows to measure the particle concentration as a function of the particle size 

i.e., electrical mobility. A SMPS is a combination of different components: an electrostatic classifier (a 

neutralizer, a Differential Mobility Analyzer (DMA)) and a Condensation Particle Counter (CPC). 
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Figure 49. Schematic representation of SMPS working principle. 

Figure 49 displays the working principle of a SMPS. First the polydisperse sampled soot with an 

unknown charge distribution goes through neutralizer. The neutralizer produces high concentration of 

bipolar ions thanks to a soft X-ray source. These ions charge the soot particles with a positive or 

negative and a simple or multiple charges as a function of their diameters. The charge distribution as a 

function of the soot particles diameter is calculated according to a theoretical model developed in 

[216], [217] in SMPS technology.  

The neutralization step is essential for the PSDF measurements. However, the neutralizer efficiency 

i.e., the effective number of charged particles is very weak and decreases with the particle size. Thus 

only 0.9 % of the particles with a diameter of 2.2 nm are charged with a negative charge. This step is 

an important limitation for particle size distribution below 5 nm. 

Then the charged polydiperse soot transit from the neutralizer to the main portion of the DMA. The 

DMA contains two concentric metal cylinders maintained with opposed charged and creates an 
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electric field between the two cylinders. The DMA can select a particle size by scanning its electric 

field and provide a monodisperse soot distribution. 

Then, the monodisperse soot distribution is drawn in CPC where supersaturated vapor of the CPC 

working fluid condenses on the soot particles and produces droplets. The obtained droplets reach a 

size of several micrometers. The formed droplets are finally counted thanks to an optical counter. The 

smallest particles size detected by a CPC depends of the working fluid and saturated conditions. 

The range of particle diameters detected by the SMPS depends of the size resolution of the DMA and 

the CPC. Thus the cut-off diameter is defined as the particle diameter at which 50% of particles are 

detected. 

III.2.1.2 2 nm-SMPS set-up 

 

Figure 50. Schematic representation of soot size distribution by the 2 nm-SMPS set-up. 

The 2nm-SMPS has been used in the study to measure the PSDFs in Flame1.95, 1.75 and 1.70 at 

various HABs. This SMPS is composed by a Nano DMA (3085 TSI) and an Ultrafine CPC (3776, 

TSI) (Figure 50). The Nano DMA is designed to minimize the particles diffusion losses and allows to 

scan a mobility diameter between 2 and 64 nm. The Ultrafine CPC uses n-butanol as working fluid 

and detects particles as small as 2.5 nanometers the cut-off diameter and a particle number up to 3.10
5
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particles/ cm
3
. Thus, the 2 nm-SMPS allows in this configuration the PSDF measurement in the range 

2.5 to 64 nm. Figure 51 displays examples of PSDFs measured with 2nm-SMPS. 

During the measurements to minimize diffusional losses in the DMA the sample flow and sheath flow 

in the classifier were set to 15 L/min and 1.5 L/min, respectively. 

  

Figure 51. Particle size distribution function (without correction for diffusion losses) measured at 

HAB=10 mm in Flame1.95 (a) and in Flame1.75 (b). The red lines represent the lognormal fit 

according to equation (22) and the corresponding fitting parameters are shown in figure. 

III.2.2 Correction of PSDF measurements   

This subsection presents the impact of the dilution ratio on PSDFs measurements (subsection 

III.2.2.1). The different possible data post-processing and their impact on PSDFs are discussed as the 

correction of diffusion losses (subsection III.2.2.2) and the transformation of the mobility diameter in 

geometric diameter (subsection III.2.2.3). 

III.2.2.1 Impact of the dilution ratio 

The particle-particle coagulation is one of the major issues in the sampling line. The extent of this 

process should decrease as the dilution ratio increases as mentioned in [212]. The dilution ratio is 

considered sufficient when the PSDF is independent of its value [97]. Thus in this work, the influence 

of the dilution ratio on PSDFs has been investigated at HAB=10 mm for mature soot in Flame1.95 

(Figure 52.a) and incipient soot in Flame1.75 (Figure 52.b). 
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Figure 52. Normalized PSDFs measured for different dilution ratios (DR) at HAB=10 mm in 

Flame1.95 (a) and in Flame1.75 (without correction for diffusion losses). 

As expected the PSDF is sensitive to the dilution ratio for mature and young soot. The PSDF for 

mature soot appears independent of the DR above 1.2 10
3
. It is noteworthy that the PSDF for the just 

nucleated soot particles are more sensitive to the DR than mature soot even for a DR greater than 10
4
. 

In the conditions shown in Figure 52.b, the PSDF becomes narrower and its peak moves towards 

smaller size when DR increases. However the stationary condition is not fully reached. This indicates 

that nascent soot are more prone to coagulate than mature soot during the sampling regarding PSDFs 

evolution. Thus all PSDFs measured in this work have been measured with a dilution ratio around 10
4
 

which is the limit of our sampling system. It is expected to be sufficient whatever the soot maturity. 

Influence of the dilution ratio on PSDF is rarely reported in the literature despite its crucial importance 

for accurate measurements. 

The scan time of 120 s has been used for each PSDF and the probe has been cleaned in lean flame 

conditions between each scan to prevent its clogging. During this cleaning procedure, a blank was 

measured in the sampling conditions (to assure that none particles stayed in the line). 

The wall deposition and diffusion losses can have an influence on the PSDF shape. The diffusion 

losses are important, especially for particles below 10 nm. The TSI software (AIM) proposes a 

correction function of the particle concentration as a function of the particle diameter which has a 

significant impact on the PSDF shape. This impact will be discussed below (subsection III.2.2.2). 

III.2.2.2 Diffusion losses correction 

The diffusion is the primary transport mechanism for particles smaller than 100 nm. The smaller is the 

particle, the faster is the diffusion. The diffusion losses occur when particles collide with a surface, 

they cling to the surface due to van der Waals force, electrostatic force and surface tension. Diffusion 
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losses are unavoidable during the soot sampling. Their quantification is complex considering all loss 

sources along the sampling line. 

Diffusion losses are frequently characterized in terms of penetration (P) through a tube: 

𝑃 =
𝑛𝑜𝑢𝑡

𝑛𝑖𝑛
 

(29) 

Where nin is the inlet particle number and nout is the outlet particle number. 

Thus, the TSI “Aerosol Instrument Manager” software (AIM) suggests a correction function for 

diffusion losses which occurs in the SMPS. This function considers the following sources of losses in 

the SMPS, through: 

- the impactor inlet (determined experimentally) 

- the bi-polar neutralizer and internal plumbing (determined experimentally) 

- the tubing to the Differential Mobility Analyzer (DMA) and CPC calculated using Gormley 

and Kennedy’s equations for penetration through a circular tube. 

- the DMA using published data [218]–[220]. 

- the CPC which are already included in the counting efficiency of the CPC and includes 

penetration inside the CPC, activation efficiency and optical detection efficiency. 

The TSI manual highlights that each diffusion correction functions had been determined in particular 

SMPS configuration as tubes length and the DMA position i.e., vertical or horizontal and so it cannot 

be used in other configuration without bias. Furthermore, TSI manual underlines that their correction 

functions are upgraded for each AIM version. Figure 53 displays the diffusion losses correction 

function as a function of the particle diameter proposed by two versions of the AIM software for the 2 

nm-SMPS. 

The two functions show a similar tendency but the correction amplitude is significantly different. 

These differences did not receive any explanations from the TSI company. 
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Figure 53. Diffusion losses corrections functions for 2 nm-SMPS by two AIM versions: AIM 9.0 (black 

line) and AIM 10.2 (red line). 

Numerous papers used as default the diffusion losses correction functions available in AIM TSI 

software despite the high uncertainty and the TSI recommendations for its use [97], [125], [203], 

[221], [222]. Indeed, these papers provide no information about their AIM software version and the 

setup configuration (tube length and DMA position, etc.).  

Figure 54 and Figure 55 display the impact of the diffusion losses correction on PSDF in Flame1.95 

and 1.75 for different HAB using the available option in AIM softwares (version 9.0 and 10.2). 

 

Figure 54. Effect of the particles losses correction functions on PSDFs measured with 2nm-SMPS in 

Flame1.75: black squares with AIM 9.0 TSI software, red circles with AIM 10.2 TSI software and blue 

triangles without correction. 

As expected, the diffusion losses corrections have remarkable impacts on the PSDFs shape. 
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Firstly, this correction transformed a unimodal distribution in bi-modal distribution when the PSDF is 

in the range size 2.5-64 nm i.e., upper HAB=6 mm in Flame1.95. The bi-modal distribution is a 

widespread behavior for PSDFs measurements in sooting premixed flames [97], [125], [203], [221], 

[222] where two modes can be observed in various premixed flames and fuels. However, these last 

authors did not provide the TSI diffusion losses correction function or the raw PSDFs or any 

information which allowed to conclude, if the bi-modal behavior is induced or not by TSI correction. 

The second notifiable effect of this correction is that PSDFs are shifted towards lower size ranges. 

This effect is particularly important in the early soot formation region in Flame1.95 (HAB=4.5 and 

3.5mm) and in the nucleation flame (Flame1.75).  

 

Figure 55. Effect of the particles losses correction functions on PSDFs measured with 2nm-SMPS in 

Flame1.75, black square with AIM 9.0 TSI software, red circle with AIM 10.2 TSI software and blue 

triangle without correction. 

Considering the current uncertainties for diffusion losses correction applied to very small particles and 

since the determination of the absolute concentration was not required in the current work, the PSDFs 

in this work have not been corrected and post-processed for diffusion losses. 

III.2.2.3 Impact of the Mobility diameter correction 

In this work, it is noteworthy that the diameter measured by SMPS (Dp) is not the real diameter (Dreal 

i.e., geometric diameter) of the primary particle but the diameter of a sphere leading to the same 

electrical mobility. This value is close from real diameter in the case of individual particle but far in 

the case of aggregate of primary particles. 
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The literature informs [223] that mobility measurements can overestimate the physical size of particles 

smaller than 10 nm because traditional SMPS software used the empirical Cunningham slip correction. 

This correction does not account [224], [225] for (a) the transition from diffuse to specular scattering, 

and (b) the van der Waals gas–particle interactions; both effects are expected to be important for 

nanoparticles. Thus a nanoparticle transport theory where these interactions are accounted for, gives a 

mobility diameter correction function for soot in Abid et al. [125] as follows: 

𝐷𝑟𝑒𝑎𝑙 = 𝐷𝑝 × tanh(1.4566 + 0.010892𝐷𝑝) × (1.0721 −
0.4925

𝐷𝑝
) 

(30) 

Figure 56 displays the evolution of the real diameter according to equation (30) and the size 

overestimation made by SMPS measurements as a function of the mobility diameter. This correction is 

particularly important for mobility diameters below 10 nm. For example, a mobility diameter of 3 nm 

overestimates the real diameter by 22 %. 

 

Figure 56. Evolution of the real diameter (Dreal) according to equation (30) (red line) and the size 

overestimation made by SMPS measurements (blue line) as a function of the mobility diameter. 

The application of this correction function will have an important impact on the PSDFs measured in 

the range below 10 nm. Figure 57 shows that the combination of single or multiple correction 

functions induces a significant shift to the lower rang size.  

In this work, the PSDFs have not been corrected using the equation (30). But the conclusion which 

can be drawn is that the SMPS measurements of the nascent soot particles are certainly overestimated 

in sire.   
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Figure 57. Effect of the multiple correction functions on PSDF measured with 2nm-SMPS in 

Flame1.75 at HAB = 12 mm. 

 

IV. Results and discussion: comparison of particles size distributions by 

LII-HIM-SMPS 

In this section, the results obtained independently by ex-situ HIM of particles sampled 

thermophoretically and by online size distribution analysis of microprobe-sampled particles using a 2 

nm-SMPS are presented and compared with those by LII to assess the potential of using LII as an in-

situ particle sizing technique for nascent soot particles (subsection IV.1 and IV.2). Finally, the 

sensitivity of the SMPS technique is compared with the LII technique (subsection IV). 

Some considerations must be taken before comparison of PSDFs obtained by different techniques as: 

 Sampling methodology. 

 Vertical spatial resolution.  

 Application or not of correction on measurements. 

 Physical meaning of the diameter value (i.e., geometric or mobility diameter) 

Thus, the Table 6 resumes the sampling conditions for particle size measurements techniques used in 

this work. 
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Table 6. Remind of sampling conditions for PSDFs measurements obtained by LII, HIM and SMPS. 

 

IV.1 Flame1.95 

Figure 58 shows representative HIM images obtained for different samples, in Flame1.95. Thus very 

small particles are observed in the nucleation zone at HAB = 3.5 mm, larger particles and small 

aggregates (formed by a few particles: between 2 and 4) are present in the early mass growth zone at 

HAB = 6.0 mm, and larger aggregates are formed subsequently at HAB = 10 mm. This behavior is 

consistent with soot growth and aggregation processes expected in a sooting premixed flame [25].  

 

Figure 58. HIM images obtained for the samples in Flame1.95 

Figure 59 displays a comparison of the particles size distributions obtained by HIM, SMPS and LII for 

different flame locations. The PSDFs measured by HIM and SMPS can be fitted using a lognormal 

function (equation (22)). The lognormal parameters are reported in the figure. 

The PSDFs measured by HIM are well concordant with the soot formation process in a standard 

sooting flame. The particle sizes increase from the nucleation zone (HAB = 3.5 mm) to the surface 
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1.95 5 & 3.5
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1.95 10, 6 & 3.5

1.75 12
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12, 10, 8 & 6
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Flame center
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growth and aggregation zones at higher HABs. The nucleation zone (HAB = 3.5 mm) highlights soot 

particles with the smallest mean geometric diameter of 4.7 nm. This diameter increases up to 7.2 nm in 

the early mass growth at HAB = 6 mm and to 10.6 nm in the aggregation region at HAB = 10 mm. 

These distributions may have been broadened by the sampling procedure that relied on a swing 

movement of the sample across the flame and the low vertical spatial resolution (see Table 6). 

In the same way, the mean mobility diameter obtained by SMPS increases from the nucleation zone up 

to the aggregation zone. Thus at HAB= 3.5 mm, the PSDF is narrow with a mean mobility diameter of 

3 nm. Then, this diameter increases up 7 nm at HAB= 4.5 mm and the distribution becomes wider. At 

HAB= 6 mm, this diameter is 11.3 nm and the distribution is significantly larger. Then, the mean 

mobility diameter continues to evolve between 18.5 and 24.8 nm for HAB between 8 and 10 mm 

where the aggregation becomes important. 

The PSDFs derived from LII modelling at HAB = 5 and 3.5 mm are compared with the PSDFs 

obtained by SMPS. The comparisons display a good agreement. However, the LII PSDFs are narrower 

than SMPS PSDFs. Similar observation can be done for HIM PSDFs which are larger than LII and 

SMPS measurements. 

These differences can be attributed to: 

- (1) the difference of vertical spatial resolution. Indeed LII measurements allow in the current 

work the best spatially resolved measurements and describe more accurately the relative 

evolution of soot particles size. It is important to note that the evolutions of the LII decay 

times are reported for the three zones, considering the vertical spatial resolution of the HIM 

and SMPS measurements. For example the HIM PSDF at 6 mm corresponds to the LII decay 

time between 7 and 5 mm. 

- (2) the physical diameter measured: geometric diameter for HIM and mobility diameter for 

SMPS.  

However, the agreement between the three techniques is pretty good considering the differences of 

sampling methodology and vertical spatial resolution. Especially for HAB below 6 mm where the 

aggregation is negligible the agreement between HIM, SMPS and LII modeling is very good. In the 

nucleation zone the PSDFs are in the range 2 – 4 nm as the ones reported for rich premixed sooting 

flame in [139], [143], [203], [211], [226]. 

These results show that LII is sensitive enough to resolve the primary particles size distributions for 

mean diameter between 2 to 15 nm. 
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Figure 59. HIM and SMPS measurements are displayed as a function of HAB in Flame1.95. The 

doted lines on HIM and SMPS are fits to data using a lognormal distribution function (equation (22)) 

and the corresponding fitting parameters are shown in the figure. The normalized time-resolved LII 

signals at 532nm are reported considering the spatial resolution of the HIM and 2nm-smps. 

IV.2 Flame1.75 

Figure 60.a shows the HIM image measured in the Nucleation Flame (Flame1.75) where the particles 

can still be well identified. This image is similar to the HIM image in the nucleation zone at HAB= 3.5 

mm (Figure 56). Furthermore, the close resemblance between HIM images and primary particles size 

distributions obtained at HAB = 3.5 mm in Flame1.95 and at HAB = 12 mm in Flame1.75 indicates 

that the nascent soot particles identified in the nucleation flame have very similar characteristics as 

those found in the nucleation zone of the sooting flame. It is consistent with the similarity of LII 
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behavior for particles found in the nucleation zone of Flame1.95 and in the nucleation flame 

(Flame1.75) as shown in I.4.1.3. This finding is important to refine soot formation modeling. 

Unfortunately, for now the microstructure of these particles cannot be resolved with HIM or HRTEM.  

The particles size in Flame1.75 is found in the 2-7 nm range which is broader than the size range 

obtained with LII measurements (Figure 60. b and c). This discrepancy is certainly due to the HIM 

sampling technique and the amorphous nature of these particles as mentioned previously. 

 
 

Figure 60. HIM images obtained in Flame1.75 (a) and the comparison of the normalized particle size 

distributions measured automatically (b) and manually (c). The dots are fits to data using a lognormal 

distribution function and the corresponding fitting parameters are shown in the figure. The solid lines 

are PSDFs obtained with LII model. 

A direct comparison of the particle size distributions measured by 2nm-SMPS and the derived PSDFs 

from LII measurements is displayed in Figure 61 for different HAB in Flame1.75. A weak evolution 

of the mean diameter (< 5 nm) measured by SMPS is observed consistently with the observed small 

increase of the LII decays times in Flame1.75 (Figure 37.b). The fitted parameters of the LII model 

were adjusted to obtain the best compromise with the LII decay behaviors. A very good agreement is 

found between the techniques. For the LII model, it is found a weak evolution of soot properties with 

the HAB i.e., E(m1064) ϵ [0.27; 0.25] and β ϵ [0.01; 0.02]. These data are highly needed for the 

determination of the absolute soot concentration (see chapter 3). 
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Figure 61. The measured particle-size distribution functions (PSDFs) by 2nm-SMPS at HAB = 12, 10, 

8 and 6mm in Flame1.75 (symbols). The dots lines are fits to data using a lognormal distribution 

function and the corresponding fitting parameters are shown in the figure. The solid lines are PSDFs 

obtained with LII model. 

Figure 62 compares the geometric mean diameters of soot particles obtained with the three techniques 

as a function of HAB in the nucleation flame (Flame1.75) and highlights the very good agreement 

between the results obtained by LII, HIM, 2nm-SMPS and 1nm-SMPS [194]. This agreement is 

noteworthy considering the different ways of soot sampling and different nature of the techniques, i.e., 

in-situ, ex-situ, and online. Finally, all measurements confirm that there is only a very slight increase 

of the particle diameter with HAB in the nucleation flame (Flame1.75). These results support the 

conclusions of previous studies on nucleation flames [3], [4], [15] based only on LII measurements, 

i.e., a nucleation flame is defined by a non-evolution of its soot PSDF along the burner axis. 
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Figure 62. Variation of the geometric mean diameter of the incipient soot particles with HAB in the 

nucleation flame measured by the three techniques. 

The good agreement between the particle size distributions measured by the three techniques indicates 

that the LII model gives satisfying description of the LII behavior of just nucleated soot particles in the 

range 2-5 nm with the model parameters (some were selected from the literature and some were 

determined based on the present LII measurements).  Thus the soot properties which are derived from 

LII modelling will be used in the following chapter. 

IV.3 Sensitivity comparison between LII and SMPS techniques 

As mentioned subsection I.4, the faint red-color appearance could still be observed with naked eyes 

down to an equivalence ratio of 1.70 i.e., Flame1.70 (35.45% oxygen / 55.30% nitrogen / 9.25% n-

butane, 6.71 SLPM). However, this flame was not selected for LII measurements because of the very 

low signal-to-noise. Considering that the faint red-color is a useful clue to identify a premixed 

nucleation flame or at least a good indicator of the presence of incandescent particles in flame, SMPS 

measurements have been carried out in Flame1.70 with the aim to put in evidence that this flame is a 

nucleation flame too i.e., a flame which produces particles with a constant PSDF along the flame. 

Figure 63 shows the PSDFs measured in Flame1.70 using the 2nm-SMPS. The SMPS measurements 

display constant PSDFs in the sub-5 nm range along the flame. These particles distributions are similar 

to the ones measured in Flame1.75 (Figure 61) and characterize another nucleation flame of n-butane. 

It is noteworthy that the equivalence ratio 1.70 is the threshold value where the faint red-color is 

observed and for which SMPS measurements were possible. These results demonstrate the ability of 

the SMPS technique to identify a nucleation flames below the sensitivity of the present LII set-up.  



Chapter 2: Identification of the just nucleated soot particles in premixed sooting and nucleation flames 

 

111 

 

 

Figure 63. The measured particle-size distribution functions (PSDFs) by 2nm-SMPS at HAB = 10, 8 

and 6 mm in Flame1.70 (symbols). The dots lines are fits to data using a lognormal distribution 

function and the corresponding fitting parameters are shown in the figure. 
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 CONCLUSION CHAPTER 2 

Laser-induced incandescence measurements were conducted using a 1064 nm laser pulse in two 

laminar flat premixed n-butane flames at equivalence ratios of 1.75 and 1.95. The equivalence ratio of 

1.75 corresponds to the nucleation flame condition where the flame only displays faint red color above 

the blue zone and just nucleated soot particles undergo nearly negligible surface growth. On the 

contrary the richer flame of equivalence ratio 1.95 is much more luminous and soot particles undergo 

significant surface growth and aggregation. Time-resolved LII signals were detected at 532 and 650 

nm and spectrally resolved signal detection in the visible spectrum between 450 and 800 nm was also 

performed over 10 ns at the peak of the laser. A multivariable optimization procedure was proposed to 

simultaneously retrieve the absorption function, the effective sublimation coefficient, and particle size 

distribution of incipient soot by matching the modeled time-resolved normalized LII signals and the 

effective soot temperatures for a range of laser fluences to the measurements. To validate the LII 

inferred soot particle size distributions in flame conditions where particle aggregation is negligible and 

the particle size distribution is unimodal, additional particle size measurements were carried out using 

HIM and a 2 nm-SMPS. This work represents the first effort to explore the capability of LII as an in-

situ sizing technique for nascent soot produced in either the nucleation flame or early soot formation 

region of sooting flames.  

The following conclusions can be drawn based on the present experimental and numerical studies:  

- Just nucleated soot particles in the 2-4 nm range can be detected independently using LII, 

HIM and 2nm-SMPS and the particle size distributions measured by these three techniques show good 

agreement. 

- The good agreement between the measured particle size distributions in the nucleation flame 

(Flame1.75) and the nucleation region of the sooting flame (Flame1.95) and the continuous signals in 

the visible spectrum, without or with laser heating, are clear indications that incipient soot particles as 

small as 2 to 4 nm are capable of absorbing laser energy to emit LII signals. 

- Just nucleated soot particles formed in the nucleation flame (Flame1.75 and 1.70) undergo 

only minor growth along the flame with a mean diameter around 3 nm. This feature confirms the 

kinetic interest of such flames for a better understanding of the soot nucleation process. 

- The just nucleated soot particles at HAB = 3.5 mm in Flame1.95 have very similar optical and 

thermal properties as those at HAB = 10 mm in Flame1.75. This indicates that the nucleation process 

in different flames may involve similar nascent soot particles. This finding deserves further studies. 

- The absorption function of just nucleated soot at 1064 nm was determined around 0.245. 
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The next chapters describe the methodologies developed to obtain quantitative data concerning the 

solid phase and the gas phase for constituting an extensive database for modeling the soot formation 

process particularly the nucleation steps including the just nucleated soot particles identified in this 

work. 
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CHAPTER 3: SOOT VOLUME FRACTION PROFILES IN N-BUTANE 

PREMIXED FLAMES BY COMBINING LII AND CRDE 

 INTRODUCTION 

The objective of this chapter is to convert the LII signals intensity in soot volume fraction by 

combining LII and cavity ring-down extinction (CRDE) at 1064 nm in n-butane premixed flames. 

These combined methods minimize the errors on (1) the value of the absorption function at 1064 nm 

E(m1064) and (2) the wavelength dependence of E(mλ) with the soot maturity. 

I. Optical soot properties 

The soot optical properties are a key parameter for quantitative interpretation of optical measurements 

of soot, notably for LII or light extinction. The absorption function E(mλ) is of particular importance in 

the auto-compensating LII (AC-LII) measurements, where emission at two or more wavelengths is 

used to determine the effective soot temperature [199] and concentration [227], [228]. As it will be 

reviewed in subsection I.2, E(mλ) of soot particles has undeniably been shown to depend on the type of 

fuel, flame (premixed or diffusion), reaction time (HAB), etc., which makes its determination 

challenging. A method to approximate the E(m1064) is proposed in subsection I.3. 

I.1 Soot-light interaction: basic concepts 

When light interacts with soot particle, a part of the transported energy is absorbed and another is 

scattered. This phenomenon is called extinction and characterized by the extinction coefficient 

𝐾𝜆
𝑒𝑥𝑡 𝑠𝑜𝑜𝑡 (m

-1
). Thus, 𝐾𝜆

𝑒𝑥𝑡 𝑠𝑜𝑜𝑡 is the sum of the absorption coefficient 𝐾𝜆
𝑎𝑏𝑠 𝑠𝑜𝑜𝑡 (m

-1
) and of 

the scattering coefficient 𝐾𝜆
𝑠𝑐𝑎 𝑠𝑜𝑜𝑡 (m

-1
). 

𝐾𝜆
𝑒𝑥𝑡 𝑠𝑜𝑜𝑡 = 𝐾𝜆

𝑎𝑏𝑠 𝑠𝑜𝑜𝑡 + 𝐾𝜆
𝑠𝑐𝑎 𝑠𝑜𝑜𝑡 

(31) 

In addition to the soot extinction, absorption from molecular species present in the probe volume must 

be taken into account [229]. Thus, the measured extinction coefficient can be considered as an 

effective extinction coefficient and may be written as: 
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𝐾𝜆
𝑒𝑥𝑡 = 𝐾𝜆

𝑒𝑥𝑡 𝑠𝑜𝑜𝑡 + ∑𝐾𝜆
𝑎𝑏𝑠 𝑖 

(32) 

Where 𝐾𝜆
𝑎𝑏𝑠 𝑖 is the individual absorption coefficient for each molecular species i present in the probe 

volume. 

The interaction between a spherical particle and incident radiation can be described through light 

scattering regimes: geometric optics (Snell-Descartes law), Mie and Rayleigh scattering (Mie theory). 

These regimes are discriminated using a dimensionless parameter: the size parameter 𝑥  (equation 

(33)). 

𝑥 =
𝜋𝐷𝑝

𝜆
 

(33) 

It is noteworthy in this work that according to the PSDFs measured by HIM (chapter 2) the primary 

soot particles in n-butane premixed flames have a diameter within the range 2 - 17 nm. Thus, their size 

parameters at 1064 nm are in the range 0.006 – 0.05 for which the soot-light interaction is described 

by the Rayleigh scattering regime for spherical particles (Figure 64).  

 

Figure 64. Light scattering regimes as a function of the wavelength and particles radius reproduced 

from [230]. 

However, soot are usually aggregates of spherical primary soot particles in sooting flames. Thus, the 

RDG-PFA theory (Ryleigh-Debye-Gans Polydisperse Fractal Aggregate) extends the Mie theory to 

aggregates of primary particles. The RDG-PFA theory assumes soot to be comprised of mass-fractal 

aggregates of monodispersed primary particles in point contact with each other with primary soot 

particles which absorb light volumetrically and independently. Aggregates are treated as clusters of 

independent scatters. The validity and limits of the RDG-PFA theory have been notably explored in 

[231], [232]. 
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In the Rayleigh regime, the absorption and the scattering coefficient for a monodisperse distribution of 

primary particles are defined by the following equations: 

𝐾𝜆
𝑎𝑏𝑠 𝑠𝑜𝑜𝑡 = 𝑁𝑝𝜋2

𝐷𝑝
3

𝜆
 𝐸(𝑚𝜆) (34) 

𝐾𝜆
𝑠𝑐𝑎 𝑠𝑜𝑜𝑡 = 𝑁𝑝

2𝜋5

3

𝐷𝑝
6

𝜆4
𝐹(𝑚𝜆) (35) 

Where Np is the particle number per volume units (m
-3

), λ is the incident wavelength (m), Dp is the 

particle diameter (m), E(mλ) is the absorption function (equation(36)) and F(mλ) is the scattering 

function (equation (37)) and mλ is the refractive index. nλ and kλ are respectively the real and 

imaginary part of the refractive index. 

𝐸(𝑚𝜆) = −𝐼𝑚 (
𝑚𝜆

2 − 1

𝑚𝜆
2 + 2

) (36) 

𝐹(𝑚𝜆) = |
𝑚𝜆

2 − 1

𝑚𝜆
2 + 2

|

2

 (37) 

𝑚𝜆 = 𝑛𝜆 − 𝑖𝑘𝜆 (38) 

The equation (34) can be reformulated using equation (12) (chapter 2) in equation (39) and shows the 

relation between the absorption coefficient 𝐾𝜆
𝑎𝑏𝑠 𝑠𝑜𝑜𝑡 and the soot volume fraction fv:  

𝐾𝜆
𝑎𝑏𝑠 𝑠𝑜𝑜𝑡 =

6𝜋 𝐸(𝑚𝜆)

𝜆
𝑓𝑣 (39) 

Regarding, the small size of primary soot particles measured in both flames in chapter 2 and the weak 

aggregation in Flame1.95 at HAB = 10 mm, the scattering losses can be neglected at 1064 nm. At 

1064 nm none absorption from molecular species formed in flame is known therefore 𝐾1064
𝑎𝑏𝑠  from the 

gas species is considered negligible. Thus, the 𝐾1064
𝑒𝑥𝑡 𝑠𝑜𝑜𝑡 measured by CRDE in subsection II.2 is equal 

to 𝐾1064
𝑎𝑏𝑠 𝑠𝑜𝑜𝑡 and the equation (39) will be used to determine the soot volume fraction. 

As it will be shown, the value of E(m1064) evolve with the soot maturity [173], [196], [197], [199]. Its 

absolute determination is required for the determination of fv. 
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I.2 Soot absorption function in literature: E(mλ) 

As mentioned in the review of Bond and Bergstrom [7], the study of the light absorption by soot 

particles is not a new field. A wide dispersion of the refractive index values have been presented in the 

literature for soot particles generated by combustion systems. This dispersion impacts the accuracy of 

the determination of the soot volume fraction measured by optical techniques. This problem has been 

pointed out notably by Smyth et al. in [233]. 

 

Figure 65. Ratio of soot volume fraction to the extinction coefficient (in units of meters) for various 

empirical expressions [234]–[239] and the two most cited indices of refraction at visible wavelengths. 

Extracted from[233]. 

The authors show that depending on the choice of E(mλ) the determined fv can differ by around a 

factor 2.5 (Figure 65). Furthermore as it will be seen in subsection I.2.2, E(mλ) can display a 

dependence with the wavelength and soot maturity i.e. HAB. In this context, the determination of 

E(m1064) as a function of the soot maturity and fuel is needed in this work. 

Thus, the next subsection reviews the most common techniques used to infer the optical soot 

properties in the literature and their potential application in this work (subsection I.2.1). A focus is 

made on the absorption function E(mλ) in literature, notably on its wavelength dependence with the 

soot maturity (subsection I.2.2).  

I.2.1 Method of determination of optical soot properties  

The aim of this section is to list the most common techniques used in the literature to retrieve the soot 

refractive index mλ (equation (38) or the absorption function E(mλ) equation (36)). The fundamental 

principles of each theory are not detailed here (excepted for the two excitation wavelengths LII 

technique) as well as their inherent uncertainties. 
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The refractive index is always inferred by assuming a theory and applying it to optical measurements. 

Among these optical techniques, three classes can be distinguished: 

- Reflectometry technique which is exclusively ex-situ [236], [239]–[242]. 

- Extinction technique which can be ex- and in-situ [234], [237], [243]–[245]. 

-  LII technique at one or several excitation wavelengths [170], [173], [196], [197], [199], 

[246]–[250]. 

The reflectometry and extinction measurements have a similar inversion process to retrieve refractive 

index. They use theories which link the measurements to the real (nλ) and imaginary (kλ) part of the 

refractive index: Fresnel Law for reflectometry measurements and Mie or RDG-PFA [251] theories 

for extinction measurements. These theories give one equation with two unknown parameters (nλ and 

kλ). They solve this problem using the empirical Lorentz-Drude law or also called dispersion model. 

This model expresses nλ and kλ of the refractive index with a number of parameters extracted from the 

literature or fixed. More details on dispersion model can be found in [236]–[238] or more recently in 

[7], [245]. Then, they fit the experimental measurements using these two equations to obtain nλ and kλ 

and so the refractive index mλ. The absorption and scattering functions can be derived from equation 

(34) and (35). 

Reflectometry: 

For the reflectometry technique, the soot particles are extracted from the flame and compressed into 

pellet to obtain a specular surface i.e. in absence of voids. However, the formation of such surface 

appears difficult due to the nature of soot particles [241] and corrections must be applied to predict a 

correct refractive index [252]. The application of this method in the case nascent soot appears difficult 

because it supposes to be able to collect enough nascent soot material to form the soot pellet. 

Furthermore, the gas phase can condense during the sampling on soot surface during the sampling and 

interfere. 

Extinction: 

For the extinction techniques, two experimental approaches are detailed in the literature: the in-situ 

notably  in [237], [253] and the ex-situ measurements, examples of which can be found in [244], [245]. 

The extinction coefficient measured by in-situ measurements becomes an effective extinction 

coefficient (equation (32)). Indeed until 700 nm, these measurements account for the extinction 

relative to soot particles and the absorption relative to the gas phase (notably PAHs or gaseous soot 

precursor). The accurate determination of the optical soot properties supposes to be able to remove the 

absorption contribution of the gas phase for which the absorption cross sections at high temperature 

are mostly unknown.  
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The extinction coefficient measured by ex-situ measurements allows to neglect the absorption 

contribution of the gas phase. Indeed, the dilution of the samples and the decrease of the temperature 

before its introduction in extinction cell allow to neglect the influence of the gas phase on the 

extinction coefficient. This technique uses the Mie or RDG-PFA theory to determine the refractive 

index from extinction coefficient required prior knowledge of several morphological parameters: the 

PSDFs for the Mie theory and PSDFs, mass concentration and bulk density [243], [244], [254]–[256] 

for RDG-PFA theory. The measurement of such parameters for nascent soot particles is challenging 

regarding the difficulties to characterize their PSDFs in chapter 2. 

The last most common technique to investigate the optical soot properties is the LII. Two approaches 

can be distinguished to retrieve the absorption function: the LII modeling (see chapter 2) and the 

two-excitation wavelengths LII method (TEW-LII). 

The two-excitation wavelengths LII method: 

The TEW-LII method allows to derive the E(mλ) ratio at different excitation wavelengths [170], 

[246]–[249]. This technique implies to heat the soot in the same way using two different laser 

excitation wavelengths. Particular operating conditions must be selected, as for example the 

appropriate selection of the collection wavelength, to remove the interferences from the gas phase.  

The principle of this method has been previously reported in the literature [245], [247] for any couple 

of excitation wavelengths at a given soot maturity (i.e. same height). The principle of the method is the 

following: considering two LII signals 𝑆𝐿𝐼𝐼𝜆𝑖
 𝑜𝑟 𝜆𝑗

(𝜆𝑒𝑚, 𝑇𝑒𝑓𝑓𝑖 𝑜𝑟 𝑗
) collected with the same optics, it is 

possible to heat the soot particles at the same Teff by playing on the absorbed laser energy, i.e., on the 

incident laser energy at each wavelength λi / λj. Consequently, the LII signals become identical 

(equation (16)), i.e. the equation (40) and (41) are verified:   

𝑇𝑒𝑓𝑓𝑖
= 𝑇𝑒𝑓𝑓𝑗

 

↓ 

𝑒𝑥𝑝 (
ℎ𝑐

𝜆𝑒𝑚𝑘𝑏𝑇𝑒𝑓𝑓𝑖

) = 𝑒𝑥𝑝(
ℎ𝑐

𝜆𝑒𝑚𝑘𝑏𝑇𝑒𝑓𝑓𝑗

) 

↓ 

(40) 

𝑆𝐿𝐼𝐼𝜆𝑖
(𝜆𝑒𝑚, 𝑇𝑒𝑓𝑓𝑖 

) = 𝑆𝐿𝐼𝐼𝜆𝑗
(𝜆𝑒𝑚, 𝑇𝑒𝑓𝑓𝑗

)  (41) 

Then, considering that the absorbed energy Eabs λi by soot volume fraction fv at the laser wavelength (λi) 

is: 
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𝐸𝑎𝑏𝑠 𝜆𝑖 =
𝐸(𝑚𝜆𝑖

)

𝜆𝑖
  𝑞𝜆𝑖(𝑡) fv 𝐹𝑙𝑎𝑠𝑒𝑟 𝜆𝑖 (42) 

Where qλi(t) is the laser temporal profile, it can be shown that in absence of sublimation, for identical 

spatial laser profile at λi and λj and if the initial effective temperatures are identical, the equality of the 

absorbed energies leads to: 

𝐸(𝑚𝜆𝑖
)

𝐸 (𝑚𝜆𝑗
)

=
𝜆𝑖

𝜆𝑗
 
𝐹𝑙𝑎𝑠𝑒𝑟 𝜆𝑗

𝐹𝑙𝑎𝑠𝑒𝑟 𝜆𝑖
 (43) 

Thus, the ratio of the incident laser energies and excitation wavelengths is a direct measurement of the 

ratio of E(m). 

While the principle of the method is simple, its application requires some cautions: 

- First as already mentioned, the spatial profiles must be identical. 

- The second problem relies on the presence of additional signals especially laser induced 

fluorescence signal. Indeed, for the excitation wavelength in the visible spectrum (below 700 

nm) fluorescence from PAHs or gaseous soot precursor can interfere with the measured LII 

signal. The strategy to avoid these interferences, is (1) to collect the LII in a wavelength range 

greater than 700 nm or after the laser onset with a delay of 50 ns (typical duration of LIF 

signal) [187] or (2) to apply the technique in a zone of the flame where the precursors are 

absent (for example in diffusion flames) 

Figure 66 displays an example of the measurement of E(m266)/E(m1064) and E(m533)/E(m1064) in a 

turbulent spray flame of diesel at HAB fixed [245]. In this work, the authors first show the fluence 

curves for the different excitation wavelength 266, 532 and 1064 nm as a function of the laser fluence 

(Figure 66.a). Then, they transformed the abscissa in terms of Flaserλi / λi to take into account the 

difference of excitation wavelengths and visualize only the variation of the E(m266)/E(m1064) and 

E(m532)/E(m1064) (Figure 66.b). They found: E(m532)/E(m1064) = 1 and E(m266)/E(m1064) = 1.375. 
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Figure 66. Normalized fluence curves obtained in a turbulent spray flame of diesel at HAB= 110 mm 

as a function  laser fluence (J.cm
-2

) (a) and as a function of the ratio Flaser λi / λi ((J.cm
-2

.nm
-1

) (b), 

adapted of [245]). 

The advantage of this technique is to provide the determination of the E(mλ) ratio using a non-

intrusive laser-based method. However, this technique does not provide directly the absolute value of 

E(mλ).  

I.2.2 Evolution of E(mλ) with soot maturity and λabs 

The knowledge of E(mλ) variations as a function of soot maturity and wavelength is needed for the 

determination of fv by extinction measurements at 1064 nm. 

Only a limited number of publications provide the spectral evolution of E(mλ) [234], [236], [237], 

[239], [240], [243], [245]. They are almost always obtained by using extinction or reflectometry 

techniques. 

I.2.2.1 Variation of E(mλ) with absorption wavelength 

Figure 67 displays selected evolution of E(mλ) as a function of the wavelength for soot generated by 

different propane combustion systems (premixed flames and miniCAST) [234], [237], [243]. The 

variations of E(mλ) show a common feature with a decrease in the UV spectrum and a weaker 

evolution from the visible to the infrared. However, the absolute value of E(mλ) displays important 

variations. For example, in the case of soot generated by propane premixed flames, reported in Figure 

67.a, the values of E(mλ) show at 1064 nm a difference as large as 60 %. The origin of these variations 

is difficult to explain in absence of knowledge of the maturity of the investigated soot particles. 
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Maturity is linked to the residence time of the soot particle in flame and so its chemical composition. It 

will be shown below that if the absorption capacity is well correlated with the residence time in 

premixed flames, its link with the chemical composition is not well understood. 

 

Figure 67. Absorption function according to the wavelength, for soot particles generated by propane 

premixed sooting flames (a, extracted from[234], [237]) and by a miniCAST with different ratios of 

organic or volatile carbon (OC) to the total carbon number (TC)(b, adapted from [243]. 

In [243], Bescond et al. have generated particles defined as soot with different ratios of organic or 

volatile carbon (OC), PAHs-like, to the total carbon number (TC) using a miniCAST. The total carbon 

number is the sum of the organic carbon (OC) and the elemental carbon (EC) [257]. A miniCAST is a 

soot generator which offers experimental stability and reproducibility. It is well suited for studying the 

optical properties of soot at room temperature in the laboratory. This is an enclosed laminar diffusion 

flame burner that can produce either overventilated or underventilated diffusion flames. For this 

reason, the miniCAST can produce soot of varying compositions [258]–[261]. They demonstrate that 

the presence of organic compounds enhances the spectral variation of the optical properties in the 

near-UV spectrum, causing a decrease in the absorption function for increasing wavelengths (Figure 

67.b). This study highlights that the organic or volatile carbon on the surface of soot particles or its 

chemical composition can have a strong influence on E(mλ). However, this study does not provide the 

evolution of E(mλ) with the soot maturity. Indeed, it is difficult to link these observations to nascent 

soot, even though it has been shown that the chemical composition of nascent soot, which contain 

more organic compounds [13], [137], could have a weaker E(mλ). 

I.2.2.2 Variation of E(mλ) with the soot maturity at 1064 nm 

The studies which investigate the evolution of E(mλ) with the soot maturity are based quasi 

exclusively on LII modeling and often limited at 1064 nm [173], [196], [197], [199]. 
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Figure 68 compares the evolution of E(m) value at 1064 nm with the HAB obtained in different 

sooting premixed flames by LII modeling. The E(m1064) is shown to increase with increasing HAB in 

all studies. The amplitude of the E(m1064) variation may be due to the maturity stage of the soot. The 

smaller variation of E(m1064) with HAB observed in the work of Maffi et al. [197] is because they 

limited their investigation to the flame zone where soot has become fairly mature, and therefore, the 

E(m1064) value does not vary significantly with HAB. These studies confirm that the value of E(m1064) 

changes as soot particles undergo surface growth, coagulation and aggregation and so probably 

structural and/or compositional changes. They highlight too that the variation of E(mλ) with soot 

maturity must be considered in optical diagnostics of soot. 

 

Figure 68. Soot absorption function E(m) at 1064 nm derived from LII modeling in different premixed 

flames as a function of the HAB. Adapted from [173], [196], [197], [199]. 

 

I.2.2.3 Variation of E(mλ) with soot maturity and wavelength 

The knowledge of the wavelength dependence of E(mλ) with soot maturity is also required for the 

calculation of the effective soot temperature (Teff) is determined using the pyrometry principle which 

has been described in chapter 2. 

TEW-LII combined with LII modeling: 

The TEW-LII allows to follow the evolution of the ratio of E(mλ) at different excitation wavelengths 

and as a function of the soot maturity but not the absolute value of E(mλ). In Cléon et al. [247], the 

ratio of E(m532) /E(m1064) has been measured to vary between 1.3 in burnt gases to 2 for a nascent soot 

in a low pressure premixed methane flame. In [246] at atmospheric pressure this ratio was found 
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constant around 1 whatever the soot maturity and increases with soot maturity for shorter wavelength 

than 532 nm. 

Combining the TEW-LII and the LII modeling, it is possible to obtain the absolute value of E(mλ). 

Yon et al. [250] propose values of E(m) at 266, 355, 532 and 660 nm measured in methane premixed 

flame as a function of the soot maturity using the ratio E(mλ)/E(m1064) obtained by TEW-LII in [246] 

and the E(m) value determined at 1064 nm in [196] by LII modeling corrected for the multiple 

scattering. Figure 69 reports the spectral dependence of the E(m) values at different wavelengths from 

266 to 1064 nm and at different HABs. It is shown that the soot absorption function varies 

significantly with HAB in the near-UV region and is almost constant between 532 and 1064 nm. 

Furthermore, the E(m) values decrease with the soot maturity whatever the wavelength. 

 

Figure 69. Variation of E(m) with wavelength at different heights above the burner in methane 

premixed flames adapted from [250]. 

Multiwavelengths extinction measurements: 

Using another approach, Simonsson et al. investigate the spectral dependence of E(mλ) as a function of 

the HAB [262]. The authors used 12 laser diodes in the wavelength range from [405 - 1064 nm] and 

measure the single path extinction through the flame diameter with a sensitivity as low as 10
-6

 cm
-1

 in 

the ethylene premixed flame (Φ= 2.1). Then neglecting the scattering, they assumed that 𝐾𝜆
𝑎𝑏𝑠 ∝ 𝜆−𝛼𝑑 

, where αd is a dispersion coefficient accounting for a deviation from the pure inverse relationship with 

λ (equation (44). This deviation from a pure inverse relationship with λ is a common founding in 

combustion science [14], [198], [263], [264] but also in atmospheric aerosol science [265].  Finally 

considering fv constant at a given HAB, they fit α d in the range 685 – 1064 nm to avoid PAHs 

interference. α d was found to reach a value as high as 4 in the nucleation zone and 1 at high HAB. The 

authors propose to express E(mλ, αd) as a function of α d and E(m)ref the absorption function at one 
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specific reference wavelength (equation (44), λ is in µm although not specified in [262]). This law is 

extrapolated to the wavelength range from [405-685 nm]. It is to be noted that they do not validate this 

extrapolation with experimental measurements of the ratio E(mλi)/E(m1064) determined by TEW-LII. 

However according to the authors, it is possible to calculate E(mλi) at any wavelength. 

𝐸(𝑚𝜆, 𝛼𝑑) =
 1

𝜆𝛼𝑑−1
𝐸(𝑚)𝑟𝑒𝑓 (44) 

Using the equation (44), the dispersion coefficient provided by Simonsson et al. [262] and the value 

E(m)ref = 0.29 (value of E(mλ) at 1064 nm for mature soot in [245]), E(mλ) could be calculated in their 

ethylene premixed flame (Φ=2.1). Figure 70 displays the evolution of E(mλ) as a function of the 

wavelength and soot maturity. According to this law, the value of E(mλ) of nascent particles show a 

strong wavelength dependence to finally become almost wavelength independent for mature soot. It is 

noteworthy that the difference of E(m1064) at 1064 nm between mature and young soot is around 20% 

while at 532 nm, the difference is higher. Moreover such wavelength dependence for nascent and 

young soot particles will have a strong impact on the soot volume fraction profiles measured by LII. 

This approach will be considered and discussed in II.5.2. 

 

Figure 70. Evolution of E(mλ) as a function of the wavelength in a premixed ethylene/air flame 

(ф=2.1) using equation (44) and the dispersion coefficient measured by Simonsson et al. [262] and 

E(m)ref ≈ 0.29 (at 1064 nm for mature soot [245]). 
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I.3 In-situ approximation of the E(mλ) ratio as a function of HAB at 1064 nm 

I.3.1 Principle 

The application on the TEW-LII technique is not possible to determine the E(mλ) ratio as a function of 

the HAB. Indeed as seen overhead, this technique requires two conditions which are (1) the equality of 

the exponential part of the Planck law, i.e. a same effective soot temperature (Teff) and (2) the equality 

of the LII signal in the low laser fluence regime. This last condition cannot be satisfied between 

different HAB due to the evolution of E(mλ) and fv along the flame height.  

However in the low laser fluence regime at a given incident laser fluence, the difference of Teff 

between two soot maturity is directly linked to the soot ability to absorb the incident wavelength 

i.e. the E(mλ) value. 

Thus, if the evolution of Teff as a function of the laser fluence is measured with the same optical set-up 

for different soot in the low laser fluence regime, similarly to TEW-LII technique, it must be possible 

to heat the soot particles at equally Teff by playing on the absorbed laser energy, i.e., on the incident 

laser energy. In this case, the value of E(mλ laser) ratio between these soot may be approximatively 

determined with this technique. 

I.3.2 Application  

This method presented below is drawn from the TEW-LII method. It has been transposed in this work 

to get information about the relative evolution of the absorption function at 1064 nm as a function of 

the soot maturity and between flames. The Table 7 summarizes the available data obtained as a 

function of the laser fluence for the determination of the E(m1064) ratios. 
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Table 7. Available experimental data obtained as a function of the laser fluence: Teff soot temperature 

as a function of the laser fluence measured using the two color pyrometry principle (noted 2C-LII) and 

Planck function fit (noted Planck fit) of emission spectra (chapter 2) and local gas temperature 

obtained by LIF-NO (chapter 4). 

The method is first applied in the Flame1.95 using the evolution of Teff obtained by two experimental 

techniques. Two examples of its application between flames of different fuels are also displayed. 

Finally the absolute values of E(m1064) are proposed using the value of E(m1064) determined by LII 

modeling in chapter 2. 

It must be noted that the variation of the initial soot temperature is not considered in this work. Its 

impact is expected to be low. Indeed the maximal temperature difference is only of 150 K (see chapter 

4). 

Fuel Name φ HAB (mm)
Soot initial temperature 

(K) ± 80K

Effective soot temperature 

** obtained by

Flame1.95 1.95 10, 7 & 5 1566, 1620 & 1673

Flame1.75 1.75 10 & 7 1573 & 1620

Flame1.9520% 1.95 10 & 5 1526 & 1690

Flame1.7520% 1.75 10 & 7 1587 & 1660

100 %n-

butane

80% n-

butane                                         

&                                                                          

20% n-pb *

* n-propylebenzene ** Cf Chapter 2

2C-LII & Planck fit

2C-LII
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Figure 71. Determination of the E(m1064) ratio as a function of HAB using the evolution of the effective 

soot temperature with laser fluence at 1064 nm before adjustment (a, b) and after adjustment (c, d) in 

Flame1.95. 

Figure 71 displays the evolution of Teff obtained by 2C-LII and Planck function fit of emission spectra 

as a function of the laser fluence at 1064 nm for different HAB. In both cases in the low fluence 

regimes, the effective soot temperatures are highest for mature soot (HAB = 10 and 7 mm) than for 

young soot (HAB = 5 mm). By applying a shift of these curves with respect to the curve obtained at 5 

mm (similarly to TEW-LII method), the temperature curves can merge in the low fluence regime into 

one curve.  The shift indicates the variation of absorbed energy required by the soot particles to reach 

a same temperature depending on its maturity. Its qualitative evolution is consistent with the literature 

results presented overhead. The ratios determined using Teff measured by two experimental techniques 

are identical. This observation accredits the relative evolution of E(m1064) found in Flame1.95. 
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Figure 72. Examples of determination of the E(m1064) ratio between Flame1.9520% (a) and 

Flame1.7520% (b) at HAB =10 mm in comparison with HAB = 5 mm in Flame1.95. 

The same approach has been followed to compare the absorption efficiency at 1064 nm in different 

flames. Figure 72 displays examples of the determination of the relative evolution of E(m1064) between 

soot generated by the n-butane and the mixture of n-butane and n-propylbenzene (respectively 80% 

and 20%, noted Flame1.9520%). Thus, it is shown that soot at HAB = 10 mm in Flame1.9520% have a 

higher E(m1064) ~30 % than in Flame1.95 HAB = 5 mm, while the E(m1064) is equivalent between 

Flame1.7520% at HAB = 10 mm and in Flame1.95 at HAB = 5 mm (Figure 72.b). 

I.3.3 Comparison of E(m1064) as a function of HAB for different flames 

Finally, the absolute values of E(m1064) for each flame are calculated using the value of E(m1064) = 0.25 

in Flame1.95 at HAB = 5 mm determined by LII modeling in chapter 2. Figure 73 displays the 

absolute values of E(m1064) as a function of the HAB and fuel. The maxima and minima values of 

E(m1064) determined by LII modeling [173], [196] in atmospheric ethylene and methane premixed 

flames are also reported for comparison. The deduced values of E(m1064) are in the range of the 

available data at 1064 nm depending of the soot maturity in the literature. 
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Figure 73. Evolution of E(m1064) as a function of the HAB for the flames of this work. The maxima and 

minima value of E(m1064) determined by LII modeling [173], [196] in atmospheric ethylene and 

methane premixed flames are also reported for comparison. The error bars take in account the 

uncertainty on E(m1064) determined by LII modeling (Annex B). 

The E(m1064) values are reported for more convenience in Table 8. 

 

Table 8. E(m1064) values as a function of the HAB for the flames of this work. 

In Flame1.95 and 1.9520%, the E(m1064) shows an increase with HAB as reported in previous works 

(subsection I.2.2). This increase may be linked to the more important size evolution of the soot 

diameters (Figure 74.a) and probably of their physicochemical properties. 

At the opposite the absorption function E(m1064) in nucleation flames (Flame1.75 and Flame 1.7520%) 

displays no variation as a function of the HAB. This observation can be linked to the nearly constant 

size of the soot particles and their maturity. Indeed the LII decay time in Flame1.7520% was found close 

to the ones measured in Flame1.75 which corresponds to a soot mean diameter of around 3 nm (Figure 

74.b). 

Thus, the concordance of E(m1064) between these two nucleation flames let suppose that just nucleated 

soot particles with close diameters and formed with different fuels have close physicochemical 

properties. More experimental works is still needed to confirm this observation. 

Flame1.75 Flame1.95 Flame1.9520% Flame1.7520%

10 mm 0.25 0.30 0.325 0.25

7 mm 0.25 0.275 - 0.25

5 mm - 0.25 0.30 -E
(m

1
0
6
4
)
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Figure 74. LII decay-times measured at 1/e of the peak LII signal as a function of the HAB in 

Flame1.95 and Flame1.9520% (a) and in Flame1.75 and Flame1.7520% (b). 

 

II. Soot volume fraction profiles by combining LII and CRDE 

Experimentally and theoretically, the prompt LII signal (i.e. the LII signal measured at the peak) has 

been shown to be nearly proportional to fV [266]. However, its amplitude is strongly dependent on Teff 

(expressed via Plank function (Ibb)) and, at a lesser degree, on the variation of E(mλ). The advantages 

to use the LII for fV measurement compared to other techniques are its high spatial resolution and 

sensitivity as shown in chapter 2 and its non-intisuvity. 

There are two prevalent strategies to achieve the calibration of the LII measurements in terms of fV. (1) 

The auto-compensating LII (AC-LII) procedure [189] based on the determination of each parameter of 

equation (16). The method employs two color pyrometry (2C-LII) to resolve Teff [227], [228]. The 

accuracy of the technique relies on accurate knowledge of the LII probe volume and the wavelength 

dependences of E(mλ). As seen in the previous section E(mλ) can display different wavelength 

dependence with the soot maturity. (2) The second method combines LII and extinction technique. 

Soot are heated at the threshold of the sublimation temperature with a given laser fluence. Thus, fv is 

quasi-linearly related to the LII signal intensity [146]. Then, the LII signal intensity is calibrated using 

a reference flame in which absolute value of fv has been achieved with single-pass light extinction or 

CRDE [192], [267], [268]. However the accuracy of this technique is also relying on the knowledge of 

the wavelength dependence of E(mλ). 

In this work, to minimize the error on the soot volume fraction which is essentially due to the 

uncertainties on the E(mλ) wavelength dependence with the soot maturities, the LII signal intensities 

have been collected at two different wavelengths (532 and 650 nm) to resolve Teff variations. The 
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extinction coefficients are measured for two maturity stages in premixed n-butane flames in order to 

retrieve fv. 

The objectives of this section are (1) to detail the experimental procedure to measure the LII signals 

intensities in Flame1.95 and Flame1.75, (2) to describe the CRDE extinction measurements, (3) to 

detail the methodology used to minimize the error on fv calibration due to the E(mλ) wavelength 

dependence with the soot maturity. 

II.1 LII profiles 

The first step consists to measure the LII profiles which represent the variation of the LII signal as a 

function of the HAB. In this work, the LII profiles have been measured in Flame1.95 and Flame1.75 

using a laser fluence of 0.35 J.cm
-2

. This laser fluence has been chosen to heat the soot particles at the 

sublimation temperature threshold (i.e. just before the plateau region of the fluence curves, chapter 2) 

to limit the variation of the effective soot temperature along the flames. Furthermore, this fluence was 

found necessary to ensure a good signal to noise ratio especially in Flame1.75. 

Figure 75.a displays the relative LII profiles measured in Flame1.95 and Flame1.75 collected at 532 

nm with a fluence of 0.35 J.cm
-2

. An important dynamic of the LII signal intensity is observed 

between both profiles while the shapes are similar. Figure 75.b reports the evolution of Teff calculated 

using equation (20) and E(m650)/E(m532) = 1 as a function of the HAB in both flames. These results 

show that Teff is nearly constant along the flames which is expected except at small HAB in 

Flame1.95. It is noteworthy that the mean Teff between HAB = 12 and 4 mm in Flame1.95 is 4250 K 

and 4110 K along the Flame1.75. 

 

Figure 75. LII profiles measured in Flame1.95 and Flame1.75 collected at 532 nm (a) and the 

effective soot temperature calculated using equation (20) and E(m650)/E(m532) = 1 (b) as a function of 

the HAB at 0.35 J.cm
-2

. 
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II.2 Extinction measurements by CRDE 

The second step consists to determine the soot volume fraction in both flames by extinction. The use 

of a single-pass light extinction at 1064 nm requires the capacity to measure laser intensity attenuation 

across the flame. Recently Simonson et al. [262] have demonstrated single path absorption as low as 

10
-6

 cm
-1

. In our conditions, we are not able to measure laser attenuation below 5%. Thus, the 

measurements were done using CRDE (previously called CRDS extinction). This technique takes 

advantage of the enormous increase of the path length due to the use of an optical resonant cavity. Its 

use for fv measurement has been demonstrated for the first time in [269]. An attenuation down to 10
-4

 

cm
-1

 due to soot is measurable by CRDE [267], [270]. The limit of detection for soot is determined by 

the background noise originating from the flame [271]. 

II.2.1 Principle and experimental set-up 

The CRDE principle consists to inject a laser beam in an optical cavity which is formed by two 

identical planoconcave mirrors and to follow the evolution of the transmitted light as a function of the 

time. The absorbing medium is placed into the cavity. 

The CRDE measurements have been carried out by using a 1064 nm laser wavelength generated by a 

Nd: YAG laser (Quantel Brilliant) at 10 Hz. This wavelength allows a selective absorption of soot in 

flame and avoids any interference with gaseous species [187]. 

The laser beam with a gaussian shape and a diameter of 6 mm is shaped to match approximately the 

TEM00 transverse mode of the cavity. The first converging lens (f1 = 10 cm) focuses the beam on a 

pinhole (Ø = 100 µm) placed at a distance upstream the focus point to optically clean the laser beam 

and provide a gaussian laser beam. Then, this spot acts as a light source and can be correctly injected 

in the cavity thanks to second converging lens (f2 = 10 cm). The relative positions between the 

pinhole, the second lens f1 and the fist mirror of the cavity  are calculated using the mathematical 

approach described in [271] (d1 = 13.1 cm and d2 = 29.8 cm , Figure 76).  

The CRDE cavity consists of two identical 25 mm diameter plano concave mirrors (radius of 

curvature: 25 cm, separated by 40 cm, coated at 1064 nm (R = 99.96%)). This configuration formed a 

near concentric cavity which enables the best spatial resolution for measurements along the 

flame[272]–[275].  The waist diameter in the present configuration was estimated to be around 300 

μm and nearly constant along the flame diameter. The fluence within the cavity is around 6.10
-5 

J.cm
-2

 

which eliminates any perturbations of LII or photochemical effects. 
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Figure 76. Schematic representation of CRDE experimental set-up for fv measurements. 

The light transmitted by the second mirror of the cavity is slightly focused with a lens (f3 = 10 cm) and 

collected by a photomultiplier (Hamamatsu, R5108) at 1064 nm. The signal is recorded by an 

oscilloscope (Lecroy HDO4000, 12-bit vertical resolution, 1GHz bandwidth, 1.25 GS/s). A longpass 

filter, with a cut-on wavelength at 850 nm, is placed in front of the PMT to suppress the background 

emission from the flame.  

The experimental signal is exponentially fitted by a homemade Labview routine from which the decay 

time of the pulse is determined.  

In the absence of soot (i.e., in a non-sooting flame). The decay time of the cavity τ0 only due to the 

mirrors is expressed as follows:  

𝜏0 =
𝑑

𝑐
 

1

(1 − 𝑅)
 

(45) 
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In presence of soot, the measured decay time is reduced, due to the supplementary losses from the 

soot: τsoot (on resonance decay time). The decay time τ expressed as follows [271]: 

𝜏𝑠𝑜𝑜𝑡 =
𝑑

𝑐
 

1

(1 − 𝑅) +⎰𝑙𝑠 𝐾𝜆
𝑒𝑥𝑡  𝑑𝑥

=
𝑑

𝑐
𝐿−1 (46) 

Where L is the total loss per pass in the cavity, d the length of the cavity, c the speed of light, R the 

reflection coefficient of the mirrors, ls the diameter of the flame and 𝐾𝜆
𝑒𝑥𝑡 the extinction coefficient. 

By rearranging equation (46) and (45) with both τ0 and τsoot decay times, it is possible to determine 

𝐾𝜆
𝑒𝑥𝑡 𝑠𝑜𝑜𝑡 (equation (47)). 

𝐾𝜆
𝑒𝑥𝑡 𝑠𝑜𝑜𝑡𝑙𝑠 =

𝑑

𝑐
(

1

𝜏𝑠𝑜𝑜𝑡
−

1

𝜏0
) 

(47) 

Thus, the measurements of ls, τ0 and τsoot allow to determine the soot extinction coefficient 𝐾𝜆
𝑒𝑥𝑡 𝑠𝑜𝑜𝑡.  

II.2.2 CRDE measurement in premixed n-butane flame at HAB = 10 mm 

CRDE measurements have been performed in Flame1.95 and Flame1.75 at HAB = 10 mm for the 

measurements of τsoot. To determine τ0, the decay time is measured firstly in a non-sooting flame just 

below the equivalence ratio threshold at which particles are detected using LII or SMPS techniques 

and secondly without flame. τ0 measured in the absence of soot in Flame1.60 was found constant 

along the burner axis and equal to the cavity decay time measured without flame. It means that the 

laser beam propagation was not perturbed by the temperature gradient or additional absorptions. 

Figure 77.a displays the CRDE signals measured at HAB = 10 mm averaged on 10 laser shoots in 

Flame1.95, Flame1.75 (with soot) and in Flame1.60 in absence of soot. It is clear regarding this figure 

that the decay time decreases in presence of soot particles in both flames and that just nucleated soot 

particles in Flame1.75 are able to absorb at 1064 nm.  

Figure 77.b shows the measurements of the decay times as a function of the time (one measure each 

second). These results attest the high stability of the CRDE cavity in the time and thus the stability of 

the flames. 
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Figure 77. CRDE signals recorded at HAB = 10 mm in sooting Flame1.95 and 1.75 and non-sooting 

Flame1.60 (a) and the corresponding decay times as a function of the time (b). 

Then, the decay times are converted in terms of 𝐾1064
𝑒𝑥𝑡 𝑠𝑜𝑜𝑡  at 1064 nm using equation (47) and ls 

measured at 1/e using the radial LII profiles at HAB = 10 mm (see Annex B): 

- Flame1.95: 𝐾1064
𝑒𝑥𝑡 𝑠𝑜𝑜𝑡   = 7.6 x 10

-4
 cm

-1
 and ls = 6.12 cm. 

- Flame1.75: 𝐾1064
𝑒𝑥𝑡 𝑠𝑜𝑜𝑡   = 5.9 x 10

-6
 cm

-1
 and ls = 5.60 cm. 

The low 𝐾1064
𝑒𝑥𝑡 𝑠𝑜𝑜𝑡  in both flames underlines the interest to measure extinction by CRDE in this work. 

𝐾1064
𝑒𝑥𝑡 𝑠𝑜𝑜𝑡  at measured HAB = 10 mm along diameter in both flames is converted in soot volume 

fraction using equation (39) and the approximated value of E(m1064) determined in subsection I.3.3: 

- Flame1.95: fv ≈ 14.31 ppb for E(m1064) = 0.30 

- Flame1.75: fv ≈ 0.13 ppb for E(m1064) = 0.25 

II.3 Calibration of LII signal methodology 

The last step consists to calibrate the LII signal intensity along the flames knowing the soot volume 

fraction in a given flame at one position. This subsection details the methodology to calibrate the LII 

signal in soot volume fraction. The LII signal collected by a detector in the flame (Φx) at a HABx can 

be expressed by equation (48) where ϴλem is the efficiency detector at λem. 

𝑆𝐿𝐼𝐼(𝜆𝑒𝑚, 𝑇𝑒𝑓𝑓 (𝑥)) = 𝛳𝜆𝑒𝑚

2𝜋

𝜆𝑒𝑚
 𝐸(𝑚𝜆𝑒𝑚

)
(𝑥)

 𝐼𝑏𝑏(𝜆𝑒𝑚, 𝑇𝑒𝑓𝑓 (𝑥))𝑓𝑣 (𝑥) 
(48) 

Knowing the soot volume fraction fv (x) and the LII signal intensity at HABx and HABy, it is possible to 

determine the soot volume fraction fv (y) at HABy using equation (49): 
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𝑓𝑣 (𝑦)

𝑓𝑣 (𝑥)
=

𝑆𝐿𝐼𝐼(𝜆𝑒𝑚, 𝑇𝑒𝑓𝑓 (𝑦))

𝑆𝐿𝐼𝐼(𝜆𝑒𝑚, 𝑇𝑒𝑓𝑓 (𝑥))
  
𝐸(𝑚𝜆𝑒𝑚

)
(𝑥)

𝐸(𝑚𝜆𝑒𝑚
)
(𝑦)

 
𝐼𝑏𝑏(𝜆𝑒𝑚, 𝑇𝑒𝑓𝑓 (𝑥))

𝐼𝑏𝑏(𝜆𝑒𝑚, 𝑇𝑒𝑓𝑓 (𝑦))
 

(49) 

The determination of fv(y) requires to be able to determine each terms of the equation (49) with respect 

to a given position x. The  
𝐼𝑏𝑏(𝜆𝑒𝑚,𝑇𝑒𝑓𝑓 (𝑥))

𝐼𝑏𝑏(𝜆𝑒𝑚,𝑇𝑒𝑓𝑓 (𝑦))
 ratio is often neglected in LII measurements at one color by 

chosen the laser energy close to the plateau region of the fluence curves for each HAB [146] and 

assuming that Teff(x) = Teff(y). However using 2C-LII measurements, the effective soot temperature (Teff) 

variation can be corrected. In this work Teff has been measured (chapter 2) and calculated using the 

equation (20) where Teff depends on two variables: the ratio of the absorption function in emission 

𝐸(𝑚𝜆2)

𝐸(𝑚𝜆1)

1
 and the ratio of the LII signal R at the two collection wavelength (λ1 and λ2): 

𝑇𝑒𝑓𝑓(𝑡) =
ℎ𝑐

𝑘𝑏
(

1

𝜆2
−

1

𝜆1
) [𝑙𝑛 (𝐶−1

𝐸(𝑚𝜆2
)

𝐸(𝑚𝜆1
)
(
𝜆1

𝜆2
)
6

𝑅)]

−1

 (20) 

If R can be easily measured experimentally, the ratio  
𝐸(𝑚𝜆2)

𝐸(𝑚𝜆1)
 may evolve with fuels and soot maturity. 

This ratio is often considered in literature equal to one or to a constant value [197], [198], [276], [277]. 

Nevertheless, an evolution of the ratio  
𝐸(𝑚𝜆2)

𝐸(𝑚𝜆1)
 with the soot maturity is a possible option. In 

their work, Olofsson et al. in [199] have compared the value of Teff obtained by considering 
𝐸(𝑚𝜆2)

𝐸(𝑚𝜆1)
=

1 and the wavelength dependence of E(m) with soot maturity proposed by their coworkers in [262] 

(equation (44)). For mature soot, for which the E(m) ratio is closed to one, they observed a slight 

difference of Teff around 100K. However, for young soot taking  
𝐸(𝑚𝜆2)

𝐸(𝑚𝜆1)
= 0.83, they obtain on Teff a 

discrepancy greater than 700 K. 

Thus, accuracy of the calibration of the LII signal intensity depends on the knowledge of the ratios 

𝐸(𝑚𝜆𝑒𝑚)
(𝑥)

𝐸(𝑚𝜆𝑒𝑚)
(𝑦)

 and  
𝐸(𝑚𝜆2)

𝐸(𝑚𝜆1)
 which may evolve with the soot maturity as a function of the wavelength 

dependence. To date there is a lack of accurate knowledge of these values mainly because of the 

difficult determination of these quantities (experimentally or theoretically). 

                                                      
1
 Reminding ; Actually the initial expression of the LII signal implies Qem(λem) which is transformed into 

Qabs(λabs) using kirchhoff’s law (equation (9)). Thus, it is important to remind that E(mλem) in equation (49) 

actually refers to the emissivity. 
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II.4 Comparison of LII and CRDE measurements 

The objective of this subsection is to detail the methodology employed to minimize the impact of the 

ignorance of E(mλem) variation with wavelength and soot maturity in n-butane premixed flames on 

soot volume fraction determination. 

The approach relies on the joint measurement of LII and CRDE in two flames: the sooting flame and 

the nucleation flame i.e. flames containing soot with different characteristics. It takes advantage on the 

different dependence of the two techniques on E(mλ). 

 

First, the ratio of the axial soot volume fractions measured by LII and CRDE at HAB = 10 mm 

in Flame1.95 and Flame1.75 are used. These ratios are then interpreted using different 

hypothesis on the wavelength dependence of E(mλem). 

- The ratio of axial soot volume fractions  obtained by CRDE (equation (50) is only function of the 

ratio of E(m1064) in absorption at 1064 nm corrected by a factor Ci =∫ (fvls
(x)/fv

i)dx, (C1.95 = 0.083 and 

C1.75 = 0.084) which takes into account the radial inhomogeneity of fv (fv
i  being the axial soot volume 

fraction in flame (i) following the same approach than Mercier et al. in [270], [278] and using the 

radial LII profiles in Annex B), equation (50): 

 

𝑅𝑓𝑣
𝐶𝑅𝐷𝐸 = (

𝑓𝑣
1.95

𝑓𝑣
1.75 )

𝐶𝑅𝐷𝐸

=
∫ 𝐾1064

𝑒𝑥𝑡
𝑙𝑠

𝑑𝑥
1.95

∫ 𝐾1064
𝑒𝑥𝑡

𝑙𝑠
𝑑𝑥

1.75 ×
𝐸(𝑚1064)

1.75

𝐸(𝑚1064)
1.95  ×

𝐶1.75

𝐶1.95
 

(50) 

-  The ratio of axial soot volume fractions obtained by LII (equation (49)) is function of 𝑇𝑒𝑓𝑓 =

𝑓 (
𝐸(𝑚650)

𝐸(𝑚532)
, 𝑅) and of the ratio of E(m532) (532 nm is emission wavelength) equation (51): 

𝑅𝑓𝑣
𝐿𝐼𝐼 = (

𝑓𝑣
1.95

𝑓𝑣
1.75 )

𝐿𝐼𝐼

=
𝑆𝐿𝐼𝐼

1.95 (𝜆532, 𝑇𝑒𝑓𝑓)

𝑆𝐿𝐼𝐼
1.75 (𝜆532, 𝑇𝑒𝑓𝑓)

×
𝐼𝑏𝑏𝑇𝑒𝑓𝑓(ф=1.75)

𝜆𝑒𝑚

𝐼𝑏𝑏𝑇𝑒𝑓𝑓(ф=1.95)
𝜆𝑒𝑚

×
𝐸(𝑚532)

1.75

𝐸(𝑚532)
1.95    

(51) 

- Comparison of LII and CRDE measurements at HAB = 10 mm 

Making the ratio of these two equations leads to: 
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Rfv

LII/CRDE
=

𝑅𝑓𝑣
𝐿𝐼𝐼

𝑅𝑓𝑣
𝐶𝑅𝐷𝑆

=
𝐶1.95

𝐶1.75
×

∫ K1064
ext

ls
dx

1.75

∫ K1064
ext

ls
dx

1.95
×

𝑆𝐿𝐼𝐼
1.95 (𝜆532, 𝑇𝑒𝑓𝑓)

𝑆𝐿𝐼𝐼
1.75 (𝜆532, 𝑇𝑒𝑓𝑓)

×
𝐼𝑏𝑏𝑇𝑒𝑓𝑓(ф=1.75)

𝜆𝑒𝑚

𝐼𝑏𝑏𝑇𝑒𝑓𝑓(  ф=1.95)
𝜆𝑒𝑚

× (
𝐸(𝑚532)

𝐸(𝑚1064)
)

1.75

× (
𝐸(𝑚1064)

𝐸(𝑚532)
)

1.95

 

(52) 

This ratio contains 5 terms (ratios): the two first represent the direct ratios of CRDE and LII signals. 

The three last ratios depend on the optical properties of soot, indirectly in 𝐼𝑏𝑏𝑇𝑒𝑓𝑓

𝜆𝑒𝑚  in which the effective 

temperature assumes a given evolution of E(m) with wavelength, and directly through the ratios of 

E(m) at 532 and 1064 nm in each flame. 

Only the LII signals collected at 532 nm are used in this section. However, the same conclusions are 

obtained using the LII signal collected at 650 nm. 

It is expected that the total ratio 𝑹𝒇𝒗

𝑳𝑰𝑰/𝑪𝑹𝑫𝑬
 tends towards 1. In the following, the ratios 𝑅𝑓𝑣

𝐿𝐼𝐼 and 

𝑅𝑓𝑣
𝐶𝑅𝐷𝐸 will be calculated by making different assumptions. 

II.4.1 Case 1: E(mλem) is not dependent of the wavelength for a given soot in the 

range [532-1064 nm] 

In this case the ratio 𝑅𝑓𝑣

𝐿𝐼𝐼/𝐶𝑅𝐷𝐸
 is reduced to: 

𝑅𝑓𝑣

𝐿𝐼𝐼/𝐶𝑅𝐷𝐸 =
𝐾1064

𝑒𝑥𝑡 𝑠𝑜𝑜𝑡1.75

𝐾1064
𝑒𝑥𝑡 𝑠𝑜𝑜𝑡1.95 ×

𝑆𝐿𝐼𝐼
1.95 (𝜆532, 𝑇𝑒𝑓𝑓)

𝑆𝐿𝐼𝐼
1.75 (𝜆532, 𝑇𝑒𝑓𝑓)

×
𝐼𝑏𝑏𝑇𝑒𝑓𝑓(4186 𝐾,ф=1.75)

𝜆𝑒𝑚

𝐼𝑏𝑏𝑇𝑒𝑓𝑓(4307 𝐾,ф=1.95)
𝜆𝑒𝑚

×
𝐶1.95

𝐶1.75
 

(53) 

The effective temperature introduced into 𝐼𝑏𝑏𝑇𝑒𝑓𝑓

𝜆𝑒𝑚  is the one previously determined in chapter 2 

Two cases are considered: 

(1) Variation of Teff is not taken into account. It means that the ratio 𝐼𝑏𝑏𝑇𝑒𝑓𝑓

𝜆𝑒𝑚 in equation (53) is 

equal to 1. 

 In this case, only the uncertainties on the LII signal ratio (13%) and the 𝐾1064
𝑒𝑥𝑡 𝑠𝑜𝑜𝑡 ratio are considered 

(3%): 
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- 
𝑆𝐿𝐼𝐼

1.95 (𝜆532)

𝑆𝐿𝐼𝐼
1.75 (𝜆532)

= 162 ± 21 

- 
∫ K1064

ext
ls

dx
1.75

∫ K1064
ext

ls
dx

1.95 = 140 ± 4 

Thus, the ratio 𝑹𝒇𝒗

𝑳𝑰𝑰/𝑪𝑹𝑫𝑬
  is equal to 1.14. The LII signal ratio is ~14% higher than the CDRE one. 

This difference can be explained by a difference of Teff. 

(2) Variation of Teff is taken into account in equation (53) 

Calculation of Teff is detailed in chapter 2 with the hypothesis of E(m650)/E(m532) = 1. Teff is equal to 

4307 K in Flame1.95 and 4186 K in Flame1.75. For these Teff, the ratio 𝐼𝑏𝑏𝑇𝑒𝑓𝑓

𝜆𝑒𝑚  is equal to 0.83. 

- 𝑅𝑓𝑣
𝐿𝐼𝐼 = 

𝑆𝐿𝐼𝐼
1.95 (𝜆532,𝑇𝑒𝑓𝑓)

𝑆𝐿𝐼𝐼
1.75 (𝜆532,𝑇𝑒𝑓𝑓)

×
𝐼𝑏𝑏𝑇𝑒𝑓𝑓(ф=1.75)

𝜆𝑒𝑚

𝐼𝑏𝑏𝑇𝑒𝑓𝑓(  ф=1.95)
𝜆𝑒𝑚

= 134 ± 23  

In this condition, the ratios of the soot volume fractions obtained by LII or CRDE are in excellent 

agreement since 𝑹𝒇𝒗

𝑳𝑰𝑰/𝑪𝑹𝑫𝑬
  = 0.95. 

From the approach shown above it turns out that LII and CRDE are able to reproduce the dynamic of 

soot volume fraction increase greater than 100 from just nucleated soot particles (with size around 2.5 

- 3 nm) to more mature soot in the Flame 1.95 (with size around 10 nm). The unique approximation, 

which has been made, is that the optical properties of soot do not vary between 532 and 1064 nm. In 

our conditions, we are confident that this assumption is valid.  

II.4.2 Case 2: E(mλem) is dependent on wavelength and of soot maturity 

In this part the approach of Simonson et al. [262] described in subsection I.2.2.3 is considered here. 

For that purpose the ratio 𝑅𝑓𝑣

𝐿𝐼𝐼/𝐶𝑅𝐷𝐸
   is rearranged as follows to express the ratio of E(m) at a given 

wavelength for soot particles of different maturities. 
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𝑅𝑓𝑣

𝐿𝐼𝐼/𝐶𝑅𝐷𝐸
=

𝑅𝑓𝑣
𝐿𝐼𝐼

𝑅𝑓𝑣
𝐶𝑅𝐷𝑆

=
𝐶1.95

𝐶1.75
×

∫ K1064
ext

ls
dx

1.75

∫ K1064
ext

ls
dx

1.95 ×
𝑆𝐿𝐼𝐼

1.95 (𝜆532, 𝑇𝑒𝑓𝑓)

𝑆𝐿𝐼𝐼
1.75 (𝜆532, 𝑇𝑒𝑓𝑓)

×
𝐼𝑏𝑏𝑇𝑒𝑓𝑓(ф=1.75)

𝜆𝑒𝑚

𝐼𝑏𝑏𝑇𝑒𝑓𝑓(  ф=1.95)
𝜆𝑒𝑚

×
𝐸(𝑚532)

1.75

𝐸(𝑚532)
1.95

×
𝐸(𝑚1064)

1.95

𝐸(𝑚1064)
1.75

 

(54) 

 

To simulate the wavelength dependence of E(mλ) with the soot maturity, the equation (44) proposed 

by Simonsson et al. [262] (reminded below with λ in µm) is used to calculate the fv ratios by LII and 

CRDE considering that at HAB = 10 mm : 

- In Flame1.95, the soot are mature soot, so αd = 1 and E(mλ) is constant between 532 and 1064 

nm. 

- In Flame1.75, the soot are simulated with different stages of maturity and αd evolves from 1 

(mature soot) to 4 (nascent soot). 

𝐸(𝑚𝜆, 𝛼𝑑) =
 1

𝜆𝛼𝑑−1
𝐸(𝑚)𝑟𝑒𝑓 (44) 

In this case, the two last terms in equation (54) are expressed as a function of αd: 

- The E(m) ratio at 1064 nm is substituted by 
𝐸(𝑚1064)1.95

𝐸(𝑚1064)1.75 =
1.064αd 1.75−1

1.064αd 1.95−1 = 1.064αd 1.75−1 . 

- The E(m) ratio at 532 nm is substituted by  
𝐸(𝑚532)1.75

𝐸(𝑚532)1.95 =
0.532αd 1.95−1

0.532αd 1.75−1 = 
1

0.532αd 1.75−1. 

- The ratio 
𝐸(𝑚650)

𝐸(𝑚532)
 to calculate Teff in equation (20) is substituted by (

532

650
)
αd−1

.  

It is notified that once αd  is equal to 1 in both flames, the calculated ratios correspond to the Case 1 

(subsection II.4.1). 

Including the above expressions of the ratio of E(m) in ratio 𝑅𝑓𝑣

𝐿𝐼𝐼/𝐶𝑅𝐷𝐸
   allows to study its evolution 

with wavelength and maturity. This dependence can also be represented directly through the ratio of 

the soot volume fractions (equations (50) and (51)) as function of αd 1.75, shown in Figure 78. In this 

figure the ratio of the  𝐼𝑏𝑏𝑇𝑒𝑓𝑓

𝜆𝑒𝑚  in equation (51) includes also the calculation of the effective 

temperature for the selected alpha. 
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Figure 78 displays the evolution of the fv ratio as a function of the dispersion coefficient αd 1.75 in 

Flame1.75 calculated using the conditions described overhead. Thus, the discrepancy between the fv 

ratios measured by CRDE and LII increases with αd 1.75. The best agreement is found when E(mλ) 

displays the same wavelength dependence in both flames i.e. αd 1.75 = αd 1.95 = 1. 

 

Figure 78. Evolution of fv ratio at HAB = 10 mm in Flame1.95 and Flame1.75 measured by CRDE at 

1064 nm (blue line) and  LII collected at 532 nm (red line) as a function of the dispersion coefficient 

αd1.75 in Flame1.75 . The dash lines represent the uncertainties on the fv ratio: ± 13% for LII and ± 3% 

for CRDE. 

Considering that a good agreement between LII and CRDE fv ratio is a necessary criterion, this leads 

to conclude that in our conditions E(mλ) has the same wavelength dependence whatever the soot 

maturity and that the ratio E(m532)/E(m1064)=1 is the best approximation to establish the soot 

volume fraction profiles. Only the absolute value of E(mλ) may evolve with soot maturity. For this 

consideration, the value of E(m1064) determined as a function of the HAB in subsection I.3 can be used 

to calibrate the LII profiles. 

II.5 Validation of the wavelength dependence of E(m) with soot maturity 

II.5.1 Comparison of the fv profiles measured by LII and CRDE using the previous 

conclusion on the wavelength dependence of E(m) with soot maturity  

The aim of this subsection is to compare the fv profiles by LII and CRDE using the conclusion of the 

previous subsection:  
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- The wavelength dependence of E(mλ) dependence is not function of the soot maturity and the 

ratio E(m532)/E(m1064)=1  

- The value of E(m1064) (Table 8) determined as a function of the HAB in subsection I.3 using 

the evolution of Teff as function of the fluence can be used to calibrate the LII profile . 

The fv profiles are determined by LII and CRDE considering the parameters summarized in Table 9 

for CRDE measurements and in Table 10 for LII measurements. Note that the CRDE profiles are 

available only at HAB where the LII radial distributions have been measured.  

 

Table 9. Parameters used to determine the soot volume fraction profiles by CRDE in Flame1.95 and 

Flame1.75. 

 

 

Table 10. Parameters used to determine the soot volume fraction profiles by LII in Flame1.95 and 

Flame1.75. 

Figure 79 displays the fv profiles measured by CRDE and by LII in Flame1.95 and Flame1.75. The 

raw LII profiles are also reported. The fv profiles measured by CRDE represent the fv profiles on the 

burner axis. They have been calculated for spatial inhomogeneities (Annex B). The LII profiles have 

been converted in fv profiles using equation (49) for which Teff has been calculated using equation 
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(20) with 
𝐸(𝑚650)

𝐸(𝑚532)
= 1 and the value fv measured by CRDE at HAB = 10 mm in Flame1.95. The 

E(m1064) values obtained in subsection I.3 (Table 8) are used in both cases. 

 

Figure 79. fv profiles in Flame1.95 (a) and in Flame1.75 (b) measured by LII and CRDE. 

The fv profiles measured by CRDE and LII are in good agreement considering the error bars in both 

flames. The raw fv profiles show that the soot volume fraction is underestimated when the variations of 

E(mλ) and Teff are neglected for the calibration of the LII signal. This observation underlines the need 

to take into account these variations to reduce the uncertainties on the fv profiles.  

In both cases the choice of E(mλ) constant in the range 532 – 1064 nm gives a satisfying 

comparison between LII and CRDE measurements and validates the previous conclusions.  

II.5.2 Effect of the wavelength dependence of E(m) with the soot maturity 

Finally to emphasize the previous conclusions, the evolution of the normalized soot volume fraction 

measured in Flame1.95 at 0.35 J/cm
2
 and collected at 532 nm is calculated using equation (49) in four 

cases: 

- Case A, the profile is established using the conclusion of the previous subsection and 

validated by CRDE measurements. The ratio of E(mλem) follows the same wavelength 

dependence whatever the HAB 
𝐸(𝑚532)𝐻𝐴𝐵 10 𝑚𝑚

𝐸(𝑚𝜆532)
𝐻𝐴𝐵 𝑖

=
𝐸(𝑚1064)𝐻𝐴𝐵 10 𝑚𝑚

𝐸(𝑚𝜆1064)
𝐻𝐴𝐵 𝑖

  and 
𝐸(𝑚650)

𝐸(𝑚532)
= 1 

- Case B corresponds to the raw LII profile without assumption on E(mλem) and a constant 

effective soot temperature along the flame. 

- Case C and D use a wavelength dependence of E(mλem) with soot maturity similar to the one 

proposed in [262] (equation (44)). E(mλem) follows a variation in 1/λ(αd-1)
. In case C a moderate 
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evolution between mature and nascent soot is applied (αd ϵ [1, 2]) and in case D αd ϵ [1, 4] an 

important variation of  E(mλem) with the soot maturity. 

The Flame1.95 has been chosen because of the evolution of the physicochemical soot properties which 

have been characterized by an evolution of the particles size distribution (Chapter 2) and an evolution 

of E(m1064) (subsection I.3). Indeed, the shape of the soot volume fraction profile measured by LII is 

more sensitive to the variation of Teff and E(mλem) in a standard sooting flame than in a nucleation 

flame where physicochemical soot properties undergo a smooth evolution with the residence time. 

The Table 11 reports the different parameters used for each case. 

 

Table 11. Parameters used to obtain the soot volume fraction profiles displayed in Figure 81. 

Figure 80 displays the evolution of the different parameters which are involved in equation (49) to 

determine fv along the Flame1.95 normalized at HAB = 10 mm according to case A, B, C and D. It 

appears that the variations of the absolute value of E(mλem) with soot maturity induce less corrections 

than the variations of the effective soot temperature in all cases (Figure 80.a and b). However in case 
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C and D, the variations of the ratio 
𝐸(𝑚650)

𝐸(𝑚532)
 with the soot maturity have a strong impact on Teff (Figure 

80.c) which leads to higher corrections than in the case B with 
𝐸(𝑚650)

𝐸(𝑚532)
 = 1 whatever the maturity.  

 

Figure 80. Evolution as a function of HAB of the correction factors due to: the variation of the 

absorption function E(mλem) (a) and of the difference of Teff (b) in Flame1.95 depending of the case 

reported in Table 11. The effective soot temperature is plotted for each case (c). 

The combination of these different corrections has different effects on the relative fv profiles. Figure 

81 shows the relative evolution of the normalized fv profile in Flame1.95 for case A, B, C, and D.  
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Figure 81. Soot volume fraction profiles determined using the conditions in Table 11 for case A, B, C, 

and D in Flame1.95. 

The fv profile in the case B does not change the shape of the raw LII profile (case A) only the absolute 

value of fv increases. While the cases C and D, the shape of the fv profiles is strongly modified and 

display evolutions which strongly contrast with the standard evolution of fv in premixed sooting 

flames.  Therefore it means that the introduction of the wavelength dependence with soot maturity is 

not adequate in this work as expected regarding the previous conclusion. 

 

 

This section has shown the methodology used to determine the fv profile from the LII profile and the 

effects of a wavelength dependence of E(mλ) with soot maturity on Teff  and on the fv profiles. Then, a 

methodology based on the comparison of the fv ratios measured by CRDE and LII has been 

successfully used appreciate the wavelength dependence of E(mλ) with soot maturity. These 

comparisons have allowed to conclude that the spectral dependence of E(mλ) with soot maturity is 

negligible in n-butane premixed flames. The small variation of its absolute value with the soot 

maturity, found on the basis of the shift of Teff curves as a function of the fluence (subsection I.3), has 

revealed consistent in the analysis developed in this chapter.  This conclusion is indeed supported by 

the good agreement of fv profiles measured by CRDE at 1064 nm and LII collected at 532 nm. This 

conclusion could be interestingly confirmed by the complementary measurements of the ratio 

E(m532)/E(m1064) using the TEW-LII a 532 and 1064 nm. 
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 CONCLUSION CHAPTER 3 

The objective of this chapter was to obtain quantitative profiles of soot volume fraction in the flames 

investigated in this work. To this aim a double effort has been undertaken (1) by performing a direct 

calibration of the soot volume fraction profiles obtained by LII using the highly sensitive CRDE 

technique and (2) by developing an original approach aiming to estimate the dependence of E(mλ) with 

wavelength and soot maturity under our flame conditions. The following conclusions can be drawn 

from the present experimental study: 

- The variation of E(m1064) with soot maturity has been estimated by developing an original 

approach based on the evolution of the effective soot temperature (reached upon laser heating) as a 

function of the laser fluence at 1064 nm.  It is shown that the curves Teff = f(fluence) can overlap one 

to each other by applying a fluence shift representative of the ratio of the absorption functions between 

flames. By taking as a reference the E(m1064) value issued from LII modeling in Flame1.95 (E(m1064) = 

0.25) we could derive all other values of E(m1064) which reaches 0.325 in Flame1.9520%. It is noted that 

E(m1064) increases with the size of  the primary particle in the investigated range and that E(m1064) is 

found constant along the two nucleation flames. 

- The extinction coefficients at 1064 nm have been measured by CRDE in Flame1.95 and 

Flame1.75. Extinction as low as 5.10
-6 

cm
-1

 could be measured in the nucleation flame thanks to the 

high sensitivity of CRDE leading to a soot volume fraction of 0.12 ppb for E(m1064) = 0.25 while it 

reaches 13.63 ppb for E(m1064) = 0.30 in Flame1.95 (HAB = 10mm). 

- By combining LII and CRDE measurements in the investigated flames, the effect of the 

dependence of E(mλ) with wavelength could be analyzed by taking advantage of the different 

dependence of these techniques with E(mλ). It has been shown that the absorption function of a given 

soot particle does not vary in the spectral range 532-1064 nm. This is also confirmed by the excellent 

consistency between fv profiles obtained from CRDE and LII measurements. It is to be noted that the 

correction of LII measurements for effective temperature variations is required and that the variation 

of E(m1064) has been taken into account. 

- Finally the recent method proposed in the literature which introduces a strong variation of 

E(mλ) with wavelength and soot maturity has been evaluated in our conditions. It turns out that the 

resulting corrections of the LII profiles were inconsistent. Therefore this approach was found 

inadequate in our conditions. 

. 
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CHAPTER 4: EXPERIMENTAL MEASUREMENTS FOR CHEMICAL 

STRUCTURE ANALYSIS IN PREMIXED FLAMES 

 MOTIVATIONS: TARGET FUELS AND FLAMES 

As mentioned in the introduction of this thesis, its topic takes place in the context of the ANR (Agence 

Nationale pour la recherche) project ASMAPE (Advanced soot models for aeronautics and piston 

engines). The ASMAPE objective is the development of validated predictive computational fluid 

dynamics models for the formation and evolution of soot during the turbulent combustion processes, 

in both automotive piston engines and aeronautical gas turbines. The ambition is to address the three 

main relevant commercial fuels: gasoline, kerosene and Diesel fuel. However, the development of 

detailed chemical mechanisms for the chemistry related to soot nucleation, surface growth and 

oxidation is very difficult, particularly in the case of commercial fuels which are blends of hundreds of 

chemical compounds (linear paraffin, branched paraffin and aromatic). Thus the use of synthetics fuels 

called “surrogates” is very useful to simplify the kinetic mechanisms. Indeed the composition of 

surrogate is limited to few pure species. Surrogates allow well controlled and reproducible 

experiments and help in the development of computational codes for combustion chemistry of more 

complex commercial fuels. Few surrogates are proposed in literature being able to represent the 

reactivity and tendency to form soot.  

Within ASMAPE, three species: iso-octane (iso-parafin), n-decane (n-parafin) and n-propylbenzene 

(aromatic) have been used to formulate these chemical surrogates. Their chemical formulation were 

chosen of the base of two global parameters as proposed in [279]: the cetane number (CN) and the 

threshold sooting index (TSI). The fractions of components in the surrogate mixture are provided in 

Table 12 and are listed in [280]. N-decane and iso-octane were chosen to represent n- and iso- parafins 

which are massively present in all liquid transportation fuels [281], [282]. Aromatic compounds are 

also present in commercial fuels [281], [282] and have to be included in the blend to predict correctly 

soot volume fraction produced in fossil distillates combustion. N-propylbenzene was chosen as a good 

trade-off between light and heavier aromatics (from benzene to methylnaphthalene).  During the final 

internship of my master degree, the peak soot volume fractions measured by LII in spray flames fed 

with these three surrogates were found very well correlated with the calculated TSI. This agreement 

validates their compositions following the procedure described in [159]. 
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Table 12. Surrogate formulation to represent commercial fuels. 

A first deliverable of ASMAPE has been obtained within the PhD of Mr. Mamady KEITA in which a 

detailed chemical mechanism has been developed using notably these surrogates [280]. The current 

PhD concerns the acquisition of an extensive experimental database aimed to improve the prediction 

of the models especially the soot nucleation step with representative surrogates fuels. This database 

includes: 

- The species implied in the formation of the first aromatic ring i.e. benzene (Chapter 4). 

- Some key PAHs i.e. pyrene and naphthalene (realized by Dr. Xavier MERCIER using jet 

cooled LIF technique [15], [283] in working progress). 

- The temperature profiles (Chapter 4). 

- The soot volume fraction profiles and PSDFs (Chapter 2 and 3). 

Although the surrogates composition of Table 12 mimics satisfactorily the main characteristics of 

commercial fuels, it has been decided in the frame of ASMAPE to limit the surrogates at two 

components: along-class alkane and an aromatic. Indeed, the controlled vaporization of three 

components mixtures is a complex task. Thus, to facilitate the experimental work, n-butane has been 

used as the main fuel instead of n-decane. Indeed, the n-butane is the last gaseous alkane at 

atmospheric pressure and its decomposition can be used to describe the decomposition of heavier 

alkanes [41]. Second, 20% of the volume of n-butane has been substituted by 20% of vapor of n-

propylbenzene to study the impact of the direct addition of aromatic species on soot formation. As 

already demonstrated in [284] in flames doped with n-propylbenzene, PAHs are expected to be formed 

in relatively larger concentrations than in n-butane flames for which the first aromatic ring (benzene) 

and then larger PAHs are formed from fuel decomposition products according to a sequence of 

elementary reactions in lower concentrations. 

The Table 13 displays the different flames studied in this work with the objective of better analysis the 

soot nucleation process. To this aim the criteria were focused on the establishment of the flame 

conditions satisfying the stabilization of “good” nucleation flames based on the LII measurements 

(chapter 2). The selected flames are classified in three classes: 

Diesel surrogate (%vol.) Jet-A1 surrogate (%vol.) Gasoline surrogate (%vol.)

n-decane 61.6 53.2  5.0

iso-octane 0.3 21.6 75.0

n-propylbenzene 38.1 25.2 20.0

Diesel Diesel surrogate Jet-A1 Jet-A1 surrogate  Gasoline Gasoline surrogate

CN 49.0 53.7 46.0 48.3 17.0 15.9

TSI 28.0 26.9 21.4 20.0 16.0 17.3
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- Standard sooting flames in which incandescent particles are formed and undergo the 

concomitant processes of soot surface growth, condensation and coagulation. 

- Nucleation flames in which incandescent particles are formed with only marginal surface 

growth and coagulation along the flame. 

- Non-sooting flame in which no signal of incandescence is detected by LII and no particles can 

be measured by SMPS.  

These different flames will allow to highlight the effects of equivalence ratio and fuels on the gas 

phase and soot formation process. However as shown later, they are stabilized relatively close to the 

burner surface which leads to an important reactivity in this region. 

 

Table 13. Flame conditions. 

The gas flow rates of oxygen/nitrogen/n-butane mixture and oxygen/nitrogen/n-butane/n-

propylbenzene were 6.71 SLPM (standard liter per minute, T = 273 K and P = 1013 hPa). 

Flame1.95 Flame1.75 Flame1.60

ф 1.95 1.75 1.60

C/O 0.60 0.54 0.49

Xn-butane 10.30% 9.46% 8.83%

XOxygen 34.31% 35.22% 35.86%

XNitrogen 55.39% 55.32% 55.32%

Class
standard sooting 

flame
nucleation flame non-sooting flame

Total flow rate

Flame1.9520% Flame1.7520% Flame1.7020%

ф 1.95 1.75 1.70

C/O 0.64 0.58 0.56

Xn-butane 7.3% 6.69% 6.53%

Xn-propylbenzene 1.82% 1.67% 1.63%

XOxygen 35.56% 36.32% 36.52%

XNitrogen 55.32% 55.32% 55.32%

Class
standard sooting 

flame

close to 

nucleation flame 

(limited SG**)

nucleation flame

Total flow rate

n-butane premixed flames

Mixture of n-butane and nPb*

* nPb:n-propylbenzene / ** SG: Surface growth

6.71 SLMP

6.71 SLMP
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Oxygen/nitrogen/n-butane flows are controlled by three flow meters and n-propylbenzene by a 

controlled evaporation and mixing system (CEM-System, see subsection I.2.1). The shielding co-flow 

of nitrogen was 20 SLPM. 

This chapter (1) gives the experimental conditions for a chemical flame structure analysis by gas 

chromatography, (2) explains the approach for the gas temperature measurements by multiline NO-

LIF thermometry and (3) analyzes the effects of the equivalence ratio and of the n-propylbenzene 

addition on gaseous flame structure and on the soot formation on the basis of the experimental 

database obtained in standard sooting flames and in nucleation flames. 

I. Chemical flame structure analysis by gas chromatography 

The chemical flame structure analysis consists to measure quantitatively the species mole fraction 

profiles from the lightest species to the larger species (PAHs). For this experimental analysis the gas 

chromatography has been chosen to measure simultaneously for each flame conditions, the major 

products of reaction (H2, O2, N2, CO, CO2, H2O) and with a good efficiency the hydrocarbon species 

([285]–[287]). 

This section is divided in two subsections. First, the choice of the species studied is explained 

(subsection I.1). Then, the gas chromatography set-up and species profiles measurements procedure 

are described in subsection I.2. 

I.1 Target species 

The development of a detailed soot model requires the understanding of the formation of the first 

aromatic rings (benzene and phenyl). These aromatic species are considered as the main precursors of 

the PAHs notably through the HACA (H-abstraction-C2H2-addition) [288] and PAC (phenyl 

addition/cyclization) mechanism [289], [290] (see chapter 1). 

According to the literature [37], [41], [47], [291], the formation of these species is mostly driven by 

gas phase reactions involving hydrocarbon species from C2 to C5. The most important reactions 

pathways depicted in the literature have been reported in Figure 82. The predominance of a reaction 

path depends on the fuel and experimental conditions (temperature, pressure …). 
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Figure 82. Schematic diagrams of three important reactions that form single-ring aromatic 

hydrocarbons from aliphatic hydrocarbons. Extracted from [41]. 

Thus, experimental measurements for species from C2 to C5 are required to determine which reactions 

are most important in the formation of the first rings for specific fuel structures. 

In the case of atmospheric n-butane premixed flames, a previous work [292] reveals that the first 

aromatic ring (benzene) is controlled by C4 + C2 (nC4H5 + C2H2 = C6H6 + H, Figure 82.b) and C3 + C3 

(self-combination of C3H3 radicals , Figure 82.c ) reactions paths. C4 + C2 reaction path predominates 

in the reaction zone while C3 + C3 path tends to predominate in the post flame region.  

Thus, in order to characterize the first aromatic rings formation a pool of species from C2 to C4 have 

been selected (Table 14) to be quantitatively measured by gas chromatography (GC, see subsection 

I.2.2.2). Note that the reagents (oxygen, n-butane) as well as CO and N2 have been also measured. 

Concerning n-propylbenzene, its detection would have required a third GC column. In the 

configuration of the current GC, it would have double the experiment duration. For time constraints, 

the detection of nPb has not been performed. This choice is also comforted by the fact that, as shown 

in Figure 86, the proximity of the flame to the porous burners leads to strong reactivity in the vicinity 

of the porous. As shown later a reactivity as high as 70% is observed for n-butane. Similar reactivity is 

expected for nPb. Thus in these conditions experimental profiles for n-butane and nPb are of limiting 

interest for further kinetics modelling improvement. On the contrary, the measurements are focused to 

intermediates species which peak around HAB = 3 mm and which may take part to the soot formation 

process and benzene formation. 
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Table 14. Species quantified by GC in our flames. 

I.2 Experimental set-up for chemical flame structure analysis 

I.2.1 Generator of n-propylbenzene vapor 

The n-propylbenzene (nPb) used in the mixture of n-butane and n-propylbenzene is liquid at 

atmospheric pressure. A new set-up has been used in this work to vaporize the nPb (Figure 83). This 

set-up is composed by three units: 

- A mini cori-flow (M12, Bronkhorst) to measure the nPb flow. 

- A gas flow controller to control the flow of the carrier gas in this case nitrogen. 

- The controlled evaporation and mixing system (CEM, W-202A, Bronkhorst) to regulate the 

nPb flow, insure the mixing between nPb and N2 in a mixing chamber and evaporate the 

mixture. 

Group Name Formula Group Name Formula 

C2 

Ethylene  C2H4 

C4 

But-1-ene 
 

C4H8 

Acetylene  C2H2 But-1-yne 
 

C4H6 

C3 

Prop-1-ene 
 

C3H6 But-1,3-diene 
 

C4H6 

Prop-1-yne 
 

C3H4 
But-1-en-3-

yne  
C4H4 

 

Name Formula 

Benzene 

 

C6H6 
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Figure 83. Schematic representation of the experimental system to vaporize the n-propylbenzene. 

The mini cori-flow is linked to the tank of nPb pressurized at 6 bars with nitrogen. This pressure 

ensures the flow of nPb through the particle filter and the mini cori-flow until the control valve. The 

control valve controls the required nPb flow rate and is a part integrated to the CEM. 

Then, the pressurized nPb enters in the mixing chamber at atmospheric pressure through an orifice of 

200 µm. In the mixing chamber the nPb is nebulized thank to the nitrogen, the carrier gas and then 

vaporized in the heat exchanger. The temperature of the heat exchanger is controlled by a temperature 

controller which is part of the readout and control unit.  
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The optimal temperature for an efficient evaporation process in the CEM is adjusted as a function of 

the required nPb flow and the flow of the carrier gas. This temperature can be easily calculated using 

the program Bronkhorst Fluidat
®
. This program calculates the dew point temperature of the biphasic 

mixture considering the pressure in the mixing chamber, the physicochemical properties and the flows 

of the each compound as well as the characteristics of the CEM model. Then, 10°C are added to the 

set point by the program to ensure an optimal evaporation of the mixture and stability of the flow. 

The set-point temperature for the premixed flame of the n-butane and n-propylbenzene are:  

- 75.2°C Flame1.9520% 

- 73.4°C Flame1.7520% 

- 72.8°C Flame1.7020% 

This technology has the advantage to generate rapidly a stable flow of nPb vapor at low temperature in 

a short time depending on the required flow and thermal stability. A stable nPb flow is obtained after 5 

minutes in these experimental conditions. 

Finally, the nPb vapor is carried by nitrogen and mixed with oxygen and n-butane to the burner. The 

line is heated at 80°C from the CEM output to the burner chamber to prevent condensation. 

I.2.2 Online gas chromatography set-up 

The GC experimental set up is reported in Figure 84. 
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Figure 84. Schematic representation of the gas chromatography experimental set up. 

I.2.2.1 Probing system 

As can be seen on this figure, the gas phase is sampled by a quartz probe along the burner axis. The 

probe can be moved vertically through the stabilization plate with a resolution of 100 µm. The gas 

phase is carried until the GC in a heated line (100°C) and kept at sub-ambient pressure (400 - 500 

Torr) to reduce water and high molecular weight compounds wall condensation and adsorption. A 

pressure gauge is mounted on the sampling line to control the injection pressure in the GC. 

The probe has been selected experimentally to minimize the flux perturbation and the probe surface 

reaction according to a procedure consisting to control the reactivity of the fuel at HAB = 0 mm. To 

this aims the flame is successively shut on - off and the n-butane is quantified in both cases. The 

difference between the off and the on characterizes the global reactivity, i.e. the probe surface reaction 

and the reactivity at the burner surface. Four different probes have been tested in Flame1.95 on n-

butane. The results show that whatever the probe the n-butane reacts at ~ 70%. Thus, the n-butane 

consumption is mainly due to a high reactivity at the burner surface. All measurements have been 

realized with the same probe which has a tapered shape and a tip diameter equal to 200 µm. 

The sampling process is realized in four steps, (1) the valve 1 is closed to do a high vacuum in the 

sampled line, (2) the valve 2 is closed and 1 opened to circulate the sampled gas through the probe, (3) 

the valve 3 is closed and 2 opened, the sampled gas fills the line until the required pressure (~400 – 
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500 Torr) and (4) the valve 2 is closed and 4 opened, the sampled gas is injected in the GC at the 

measured injection pressure. This procedure requires less than 30 seconds whatever flame conditions 

and is repeated for each sampled HABs (0 to 12 mm) in the flame. During the GC analysis (~35 

minutes), the flame is in lean condition to oxidize soot deposition on the probe and the sampled gas is 

removed of sampled line. 

I.2.2.2 Gas chromatography system 

The samples of the reacting mixtures are analyzed by gas GC analyzer (Varian CP-3800). This GC 

allows to measure simultaneously: 

- C1-C7 light hydrocarbons (C1-C7 from methane to toluene) separated with a HP-Plot Al2O3 

capillary column (Ø 0.32 mm) and a flame ionization detector (FID). 

- The permanent gas H2, O2, N2, CO separated in a molecular sieve 5A column (Ø 0.53 mm) 

and detected with a thermal conductivity detector (TCD). 

Helium is used as a carrier gas. Then, a temperature program (Table 15) optimized in previous work 

[292] has been used to obtain a resolved chromatogram of the target species. 

 

Table 15. Experimental conditions of analyzed by GC. 

Figure 85 shows an example of a chromatogram obtained for an injection pressure around 500 Torr in 

Flame1.9520% at HAB = 2.2 mm using the temperature program. This chromatogram shows that peaks 

of target species are well discriminated as a function of the retention time (see subsection I.2.2.3). This 

program requires 35 minutes of analysis for one height in the flame. 

Specie Column 
Carrier 

gas 
Temperature program Detector 

O2, N2, CO 
molecular 

sieve 5A 
N2 

10 min at 40 °C then 

10°C/min until 180°C 

TCD 

Hydrocarbons 

from C2 to C6 

capillary HP-

Plot Al2O3 
FID 
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Figure 85. Chromatogram obtained for an injection pressure of around 500 Torr in Flame1.9520% at 

HAB = 2.2 mm. 

I.2.2.3 Identification and quantification  

Each species has a specific retention time in the column i.e. the time between the injection and the 

detection by the detector. The retention time of each species has been determined using calibrated gas 

cylinders (Air Liquide). 

Once the species identified on the chromatogram, their quantification can be done. The advantage to 

use a TCD or a FID detector is their linear response with the species concentration. Thus, it is possible 

to define a sensitivity coefficient (Si) of a species knowing the injection pressure (Pinj i), the peak 

integration (Ai) and the mole fraction of the species (Xi) in the calibrated gas cylinder. 

𝑆𝑖 =
𝐴𝑖

𝑃𝑖𝑛𝑗 𝑖𝑋𝑖
 

(55) 

Then, knowing the calibrated sensitivity coefficient of the target species and the injection pressure, it 

is possible to determine the mole fraction of a species in a flame by measuring its peak integration and 

using the equation (55).  

The threshold of detection of most species has been experimentally determined around 0.5 ppm. The 

Table 16 reports the uncertainties on quantitative measurements as a function of the species. These 

errors take into account the experimental repeatability, the uncertainties on the calibration and of the 

pressure correction. 
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Table 16. Uncertainty on GC measurements as a function of the species. 

Figure 86 displays an example of a benzene mole fraction profile measured in Flame1.95 by GC. As 

mentioned in subsection I.2.2.1, the flames stabilized in this work present a high reactivity at the 

burner surface. This reactivity is characterized by the formation of products in non-negligible 

quantities at the burner surface. Thus, the benzene profiles starting from HAB = 0 mm (~50 ppm) 

describes a maximum at HAB = 3 mm and trends to a stable mole fraction in the burnt gas. This trend 

is similar to the benzene profiles measured in sooting atmospheric n-butane premixed flames in [292].  

 

Figure 86. Benzene mole fraction profile measured in Flame1.95 

 

II. Gas temperature measurements by multiline NO-LIF thermometry 

The measurement of temperature profiles is a crucial information required for kinetic modelling. Its 

knowledge allows to solve the Navier-Stokes equations [293] in numerical combustion study of the 

fuel oxidation. Moreover, within the frame of this work, the temperature profiles were also necessary 

for the LII modeling. 

Different techniques exist to measure temperature profiles in sooting flames. The most widespread 

technique is the use of a thermocouple with a small junction. Recent developments use fast insertion 

of the thermocouple in sooting flames [143], [203], [294]. A complete description of the method can 

 ±ΔXi  ±ΔXi  ±ΔXi 

Ethylene 2% Acetylene 3% Prop-1-ene 2% 

Prop-1-yne 3% But-1-ene 3% But-1-yne 13% 

But-1,3-diene 10% But-1,3-diene 14% Benzene 10% 
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be found in [132]. This method provides the benefit of a low cost. However, this method is intrusive 

and need to be corrected for radiation losses and soot deposition. This can be the source of important 

uncertainties. 

The temperature measurements based on laser diagnostics allow to measure the temperature with 

minimal perturbation and in most combustion systems with optical access. The coherent anti-Stokes 

Raman scattering or CARS is considered as the technique which provides the highest accuracy of the 

temperature measurements [295], but requires a complex set up and analysis. Thermometry using laser 

induced fluorescence on a tracer species is simpler to implement and has been chosen in this work. 

This method requires only a tunable laser and provides a satisfying accuracy. 

The LIF thermometry technique used in this work is the multi-line thermometry technique 

implemented previously at PC2A [296], [297]. This technique consists to probe selectively in the LIF 

linear regime several rotational populations of selected tracer (OH, CN, NO…) linked to each other by 

the Boltzmann distribution, being itself strongly dependent on the temperature. The measurements of 

LIF intensity signal issued from each rotational population (within a LIF excitation spectrum) allows 

the deter termination of the temperature.  

This section is divided in three parts. The first part gives a detailed background of LIF thermometry. 

Then, the experimental set-up developed for this work is described in subsection II.2 and finally the 

experimental and computational approaches for temperature measurement in sooting flame is 

explained in subsection II.3. 

II.1 Background on laser induced fluorescence thermometry 

II.1.1 LIF principle: simple model at two levels 

LIF involves excitation of an atom or molecule from the ground state to an excited state by laser 

radiation absorption and observing the subsequent spontaneous radiation emission (fluorescence 

signal) from the directly excited state or from nearby states which have been indirectly populated by 

collisions (i.e. by vibrational energy transfer (VET) and rotational energy transfer (RET)).  

During the LIF process, a fraction of a population 𝑁𝑗′′  in a rovibronic state (v”, j”) at temperature Tg 

absorbs the laser radiation, reaches an excited state (v’, j’) and then relaxes to the ground state 

following three different processes: 

- Quenching characterizing non-radiative relaxations of species by collision processes. 
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- Stimulated emission occurring in the presence of a radiation field that forces the species to 

transit back to ground state. Consequently, the stimulated emission ceases when the laser 

radiation is turned off. 

- Fluorescence or spontaneous radiation.  

The letters v and j represent respectively the vibrational and rotational quantum numbers. 

To describe the response of species to laser excitation, it is possible to use a simplified model 

considering two rovibronic states: a ground state (v”, j”) and an excited state (v’, j’) (Figure 87). 

 

Figure 87. Simplified two-level model for induced fluorescence. N´´and N´ stand for the populations 

of respectively the ground and excited state. 

II.1.1.1 Rate equation 

In this simplified model the species can occupy only two states (ground or excited). A pulsed laser at 

frequency ν and with a spectral density Uν (J.s.m
-3

) is applied to the initially populated ground state 

𝑁𝑗′′
0  (molecule.m

-3
). The population of the excited state 𝑁 𝑗′(𝑡) increases while the population of the 

ground state 𝑁𝑗′′(𝑡) decreases with the following population balance: 𝑁𝑗′′
0 = 𝑁𝑗′′(𝑡) + 𝑁 𝑗′(𝑡) . The 

rate equation of the excited population (𝑁 𝑗′(𝑡)) can be expressed by equation (56) considering: 

- The absorption rate expressed using the Einstein coefficient for absorption Bj”j’ (m
3
.J

-1
.s

-2
) and 

the spectral laser density Uν (J.s.m
-3

). 

- The stimulated emission rate expressed using the Einstein coefficient for stimulated emission 

Bj’j” (m
3
.J

-1
.s

-2
) and Uν . 

- The fluorescence rate expressed using the Einstein coefficient for the spontaneous emission 

Aj’j” (s
-1

). 

- The quenching rate expressed by Qj’j” (s
-1

). 

𝑑𝑁 𝑗′(𝑡)

𝑑𝑡
= 𝑁𝑗′′  (𝑡)𝐵j”j’ 𝑈𝜈 − 𝑁 𝑗′(𝑡)𝐵j’j” 𝑈𝜈 − 𝑁 𝑗′(𝑡)𝐴j’j” − 𝑁 𝑗′(𝑡)𝑄j’j”  

(56) 
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The equation (56) can be solved considering that t0 is the beginning of the laser pulsed, 𝑁𝑗′′
0 =

𝑁𝑗′′(𝑡0)  and 𝑁𝑗′′
0 = 𝑁𝑗′′(𝑡) + 𝑁 𝑗′(𝑡) (see overhead): 

𝑁 𝑗′(𝑡) = 𝑁𝑗′′
0 𝐵j”j’ 𝑈𝜈𝜏𝑝 (1 − 𝑒

−
𝑡
𝜏𝑝) 

(57) 

Where the pumping time τp is defined using equation (58); 

𝜏𝑝 =
1

(𝐵j”j’ + 𝐵j’j” )𝑈𝜈 + 𝐴j’j” + 𝑄j’j” 
 

(58) 

It is to be noted that other LIF models and expressions to calculate 𝑁 𝑗′(𝑡) can be found in [298]. 

II.1.1.2 Regimes of fluorescence 

  

Figure 88. Schematic representation of the evolution of the relative population as a function of time 

(a) and the evolution of the excited population in the steady state regime as a function of the laser 

energy (b). 

Thus, according to the equation (57), the time-history of excited population 𝑁 𝑗′(𝑡) evolves between 

two borderline cases (Figure 88.a): 

- Linear regime in time, i.e. laser pulse duration is smaller than the pumping time, 𝑁 𝑗′(𝑡) 

follows a linear variation with the time (equation (59)). 

𝑁 𝑗′(𝑡) = 𝑁𝑗′′
0 𝐵j”j’ 𝑈𝜈𝑡 

(59) 

- Steady state regime, i.e. the laser pulse duration is longer than the pumping time, 𝑁′ (𝑡) is 

independent of the time, 
𝑑𝑁

𝑗′
(𝑡)

𝑑𝑡
= 0  (equation (60)). 
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𝑁 𝑗′
𝑠𝑠 = 𝑁𝑗′′

0 𝐵j”j’ 𝑈𝜈𝜏𝑝 (60) 

Then, 𝑁𝑗′
𝑠𝑠 is expressed using equation (61) in which a saturated spectral laser density 𝑈𝜈

𝑠𝑎𝑡 is defined 

by equation (62). 

𝑁 𝑗′
𝑠𝑠 = 𝑁𝑗′′

0 𝐵j”j’ 

(𝐵j”j’ + 𝐵j’j” )

1

(1 +
𝑈𝜈

𝑠𝑎𝑡

𝑈𝜈

)

 
(61) 

𝑈𝜈
𝑠𝑎𝑡 =

𝐴j’j” + 𝑄j’j” 

𝐵j”j’ + 𝐵j’j” 
 

(62) 

Regarding the equation (61), two others regimes can describe the dependence of 𝑁𝑗′
𝑠𝑠  with the spectral 

laser density 𝑈𝜈  (Figure 88.b): 

- A saturated regime, i.e. 𝑈𝜈 ≫ 𝑈𝜈
𝑠𝑎𝑡, 𝑁𝑗′

𝑠𝑠 is independent of 𝑈𝜈  (equation(63)) 

𝑁𝑠𝑎𝑡
 𝑗′
𝑠𝑠 = 𝑁𝑗′′

0 𝐵j”j’ 

(𝐵j”j’ + 𝐵j’j” )
 

(63) 

- A linear regime, i.e. 𝑈𝜈 ≪ 𝑈𝜈
𝑠𝑎𝑡, 𝑁𝑗′

𝑠𝑠 follows a linear variation with 𝑈𝜈  (equation (64)). 

𝑁𝑠𝑎𝑡
 𝑗′
𝑠𝑠 = 𝑁𝑗′′

0 𝐵j”j’ 

(𝐵j”j’ + 𝐵j’j” )

𝑈𝜈

𝑈𝜈
𝑠𝑎𝑡 = 𝑁𝑗′′

0 𝐵j”j’ 

𝐴j’j” + 𝑄j’j” 
𝑈𝜈  

(64) 

The linear regime is preferred for quantitative measurement of species [297] and LIF thermometry 

[196], [299]–[301]. 

II.1.1.3 LIF signal in the linear regime of fluorescence 

The LIF signal issued from a volume (V) and collected with a solid angle Ω can be expressed as 

follows: 

𝑆𝐿𝐼𝐹
𝑣’v"(𝑡) =

𝐺𝑉𝛺

4𝜋
 𝑁𝑗′ 𝐴j’j” 

(65) 

Where G characterizes the efficiency of the collection system. 

In the linear regime of fluorescence and steady state, 𝑁𝑗′  is substituted by the equation (64) and the 

LIF signal is expressed as follows: 



Chapter 4: Experimental measurements for chemical structure analysis in premixed flames 

 

167 

 

𝑆𝐿𝐼𝐹
𝑣’v"(𝑡) =

𝐺𝑉𝛺

4𝜋
𝑁𝑗′′

0 𝐴j’j”

𝐴j’j” + 𝑄j’j” 
𝐵j”j’  𝑈𝜈  

(66) 

The equation (64) relying the excited population 𝑁𝑗′   in the linear regime of fluorescence to the initial 

one 𝑁𝑗′′
0  is a simplified equation within the approximation of two levels model. In fact, RET and VET 

occur which lead to distribute the excited population to the neighboring levels. In order to take into 

account these transfers, it can be shown that the equation (66) can be transformed into equation (67): 

𝑆𝐿𝐼𝐹
𝑣’v"(𝑡) =

𝐺𝑉𝛺

4𝜋
𝑁𝑗′′

0 𝐵j”j’  𝑈𝜈

∑ 𝐴j’j”
𝑣’𝑣"

𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛

∑ (𝐴j’j”
𝑣’𝑣" + 𝑄j’j”

𝑣’𝑣")𝑡𝑜𝑡

 

↓ 

𝑆𝐿𝐼𝐹
𝑣’v"(𝑡) =

𝐺𝑉𝛺

4𝜋
𝑁𝑗′′

0 𝐵j”j’  𝑈𝜈  𝜂 

 

(67) 

Where ∑ 𝐴j’j”
𝑣’𝑣"

𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛  considers the collection of the radiation on a given spectral range in which 

several rotational emissions (j´j´´) may occur and the ratio 
∑ 𝐴j’j”

𝑣’𝑣"
𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛

∑ (𝐴j’j”
𝑣’𝑣"+𝑄j’j”

𝑣’𝑣")𝑡𝑜𝑡

 represents the quantum yield 

noted η. 

II.1.2 LIF thermometry technique 

According to equation (67), the fluorescence signal measurement leads to the determination of its 

initial rotational population 𝑁𝑗′′
0 . 

The principle of the LIF thermometry technique relies on the measurement of the fluorescence signals 

issued from a wide range of rotational levels in the ground state whose populations are related with the 

temperature dependent Boltzmann distribution. This distribution characterizes the probability of a 

given state v, j for a given energy and temperature of the system (equation (68)). 

𝑓𝑏(j, 𝑣, 𝑇) =
𝑁 j

𝑣

𝑁𝑡𝑜𝑡
= 

(2j + 1)

𝑄𝑒𝑄𝑣𝑄𝑟
 𝑒𝑥𝑝 (−

ℎ𝑐

𝑘𝑏𝑇
𝐸𝑛,𝑣,𝑗) 

(68) 

With 𝑓𝑏(j, 𝑣, 𝑇) is the Boltzmann factor (the probability). Qe, Qv and Qr are respectively the 

electronic, vibrational and rotational partition functions. En,v,j is the rovibronic energy, T is the 

temperature of the medium and Ntot the total population. 

Thus considering the Boltzmann law and the non-radiative transfers (VET and RET), the LIF signal at 

the peak the linear regime of fluorescence is expressed as followed: 
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𝑆𝐿𝐼𝐹
𝑣’v"(𝑡) =

𝐺𝑉𝛺

4𝜋
𝑓𝑏(j”, 𝑣", 𝑇) 𝑁𝑡𝑜𝑡 𝐵 j”j’

𝑣"𝑣’ 𝑈𝜈 η 
(69) 

Two different approaches can be used to determine the flame temperature by using the multi-line 

thermometry: the multi-line Boltzmann plot or the comparison with a simulated excitation spectrum of 

the tracer. 

II.1.2.1 The multi-line Boltzmann plot 

Using the expression of the LIF signal (equation (69), measured at the peak LIF signal) and the 

Boltzmann factor defined by equation (68), it is possible to obtain an expression relating the 

temperature to the LIF signal for each rovibronic transition (equation (70)). 

𝐿𝑛 (
𝑆𝐿𝐼𝐹

𝑣’v"

𝐵 j”j’
𝑣"𝑣’𝜂𝑈𝜈

) = 𝐾 −
ℎ𝑐

𝑘𝑏𝑇
 𝐸𝑛",𝑣",𝑗" 

↓ 

𝐿𝑛 (
𝑆𝐿𝐼𝐹

𝑣’v"

𝐵 j”j’
𝑣"𝑣’𝑈𝜈

∑ (𝐴j’j”
𝑣’𝑣" + 𝑄j’j”

𝑣’𝑣")𝑡𝑜𝑡

∑ 𝐴j’j”
𝑣’𝑣"

𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛

) = 𝐾 −
ℎ𝑐

𝑘𝑏𝑇
𝐸𝑛",𝑣",𝑗" 

(70) 

Where K is a constant. 

The multi-line Boltzmann plot consists to plot the logarithm of 
𝑆𝐿𝐼𝐹

𝑣’v"

𝐵 j”j’
𝑣"𝑣’𝑈𝜈

∑ (𝐴j’j”
𝑣’𝑣"+𝑄j’j”

𝑣’𝑣")𝑡𝑜𝑡

∑ 𝐴j’j”
𝑣’𝑣"

𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛
 as a function of 

the rovibronic energy (equation (70)). Knowing the quantum yield (η) and the transition energies one 

obtains a straight line characterized by a slope 
ℎ𝑐

𝑘𝑏𝑇
 . This method requires at least to probe two isolated 

rovibronic transitions. A better accuracy of the temperature determination needs to probe several 

rovibronic transitions. 

It is to be noted that in this case, it requires to make a wide excitation spectrum which makes this 

method time consuming.   

Figure 89 displays an example of a multi-line Boltzmann plot extracted from [302]. The authors 

determine the temperature by exciting several rovibronic transitions in the band D
2
Σ

+
← AΠ

2
 (0-1) of 

NO (the spectral range from 193.0 to 193.9 nm) and collecting the LIF signal in the band (0-3) free 

from spectral interferences in a sooting propane diffusion flame at the different heights. 
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Figure 89. Temperature determination using the multi-line Boltzmann plot by exciting several 

rovibronic transitions of NO in a sooting propane diffusion flame at different heights extracted from 

[302]. 

II.1.2.2 Simulated excitation spectrum method 

This method is based on the fitting of the experimental excitation spectrum, including non-resonant 

background. This method supposes to be able to simulate the excitation spectrum of the tracer as a 

function of the temperature considering several experimental parameters: 

- the pressure 

- the spectral linewidth of the laser i.e. spectral resolution and its line shape 

- the baseline  

- the collisional broadening 

In order to get a proper temperature determination, it is recommended to use a laser providing a 

sufficient spectral resolution to limit the spectral overlap of close transitions. It is also requested to 

choose the probed transitions with rotational numbers sufficiently different to optimize the accuracy of 

the temperature measurement. 

Different programs can be used to simulate excitation spectra of few species as a function of the 

temperature: 

- LIFSim [303] for NO and O2. 

- LIFBASE [304] for OH, NO, CH, CN, CF, SiH and N2+. 
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Figure 90 illustrates the temperature determination using the fitting method on the excitation spectrum 

of NO A-X (0, 0) band. In Bejaoui et al. [196], the authors measured in a sooting methane premixed 

flame several rovibronic transitions (j”= 11.5 to 43.5) in the range 225.43 and 225.75 nm using a laser 

with a spectral resolution of 1 cm
-1

 (Figure 90.a). They determined the temperature by fitting the 

experimental spectrum (black line) with a simulated one calculated with LIFBASE. In Denisov et al. 

[300], the authors measured the temperature in a sooting ethylene diffusion flame stabilized on a 

counterflow burner. They took advantage of the use of a laser featuring by a narrower a spectral 

resolution of 0.3 cm
-1

. This narrow band allows to reduce the length of the excitation spectrum by 

probing rovibronic transitions (j”= 15.5 to 36.5) in the range 225.30 and 225.35 nm (Figure 90.b). 

Then, they determined the temperature by fitting the experimental spectrum (black line) with LIFSim. 

 

Figure 90. Comparison of the experimental excitation spectra of NO A–X(0,0) band with the 

simulated  spectra in a sooting premixed methane flame (a) [196] and in a sooting ethylene diffusion 

flame (b) [300]. 

These examples illustrate well that this method allows to measure the temperature on a reduced 

spectral range where the transitions are not necessary isolated especially when the laser bandwidth is 

narrow. 

In this work, the fitting method has been used to measure the temperature profiles considering the 

advantage offered by a narrow laser (0.2 cm
-1

) recently acquired by the laboratory. 
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II.1.2.3 Measurement procedure 

The application of this technique requires some experimental cautions to determine accurately the 

temperature. This subsection describes the experimental procedure used to measure the temperature 

using the multiline LIF thermometry whatever the tracer used.  

Firstly, for accurate temperature measurements, it is necessary to probe several rovibronic transitions 

on a wide range of rotational energies in the linear LIF regime. The linear regime is checked by 

following the variation intensity of an intense transition (Q line) as a function of the laser energy. 

Then, the collection bandpass must be chosen to prevent spectral interferences from laser scattering, 

flame emission, soot incandescence, LIF from other species present in the flame. Figure 91 displays an 

example of possible spectral interferences between NO and O2 fluorescence [305].  

 

Figure 91. Fluorescence spectrum exciting the transitions A–X(0,0) of NO in absence of NO in lean 

flame diluted with argon (red line) and in absence of O2 interference in a stoichiometric flame diluted 

with nitrogen (blue line)[306]. 

The authors have shown that O2 fluorescence (Schumann-Runge bands) can interfere with the 

fluorescence bands (0, 1) and (0, 3) of NO. This may be important in the flame front of rich premixed 

flames where O2 is still present. 

Finally, it is important to remind that the LIF signal is dependent on the fluorescence quenching which 

also has to be taken into account in the temperature determination. 
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II.1.2.4 Choice of the tracer  

The choice of the tracer for LIF thermometry influences the accessible temperature range as well as 

the experimental approach and spectroscopic evaluation procedure. The use of very different tracers 

for LIF thermometry measurements in flames are reported in the literature: 

- atomic fluorescence tracers like indium [307], [308]. 

- diatomic tracers like OH [301], [309]–[311],NO [299], [301], [312]–[318], O2 [319]–[321], 

iodine [322], CH [323] and C2[323]. 

- molecules tracer like ketones [324], [325].  

The choice of the tracer must be done considering its availability in the reactive system. For instance 

the tracers CH and C2 are present in the flame front and so are not adapted to determine the 

temperature in burnt gases. Then, the spectroscopy of the chosen tracer must be widely investigated 

and well understood to provide accurate data which is the case for OH and NO. Finally the 

fluorescence quenching of the tracer must be preferentially insensitive to the rotational quantum 

number of the excited transition. 

Thus, among the species used for thermometry, NO has been chosen in this work because this 

molecule can be seeded as a tracer in the reactive mixture, allowing the measurement of the complete 

temperature profile from the burner surface to the burnt gases [301] including the sooting zone. In 

order to improve the signal-to-noise ratio, especially in sooting flames, a small quantity of NO is 

usually seeded in the reactive flow. It has been shown that a low seeding concentrations (∼ 100–1000 

ppm) does not influence the flame temperature profile [312], [326]. The main advantage of NO in 

contrast to OH, is that its the fluorescence quenching is insensitive to the rotational quantum number 

[327]–[329]. The multi-line technique on NO was applied in many different combustion systems, at 

low pressure [301], [330], [331], atmospheric pressure [317], [332] and high pressure flames [318] and 

also in premixed [196] and diffusion sooting flames [299], [300]. Furthermore, its application has been 

validated and compared with the CARS (coherent anti-Stokes Raman scattering) considered as the 

most accurate technique available to for temperature measurements, on a wide range of temperature 

(300 – 3000 K) [299], [300] in a sooting diffusion flame by exciting the A–X (0, 0) transition band 

and collecting the (0, 2) band. 

II.2 Thermometry experimental set-up  

The experimental set-up for thermometry is reported in Figure 92. 
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Figure 92. Schematic representation of the LIF experimental set-up for multi-line thermometry. 

The laser system consists of a frequency-doubled Nd: YAG-seeded laser (SLM Q-smart 850) pumping 

a dye laser (Quantel TDL+). Wavelength around 225 nm is obtained by mixing the residual infrared 

radiation of the YAG laser with the doubling of the fundamental dye radiation. The dye used is a 

mixture of rhodamine 590 and 610. The 6-ns duration pulse has a spectral bandwidth at 225 nm 

around 0.2 cm
−1

.  

The laser energy can be attenuated using a laser attenuator which allows to control the LIF energy 

regime. Its fluctuations are monitored by a photodiode located after the burner. Then, the laser beam is 

introduced unfocused parallel to the burner surface and shaped using a horizontal slit of 0.5 mm (z 

axis) positioned in front of the burner. 

The LIF signal is collected on the burner axis with a two-lens system (f1 = 30 cm and f2 = 35 cm) and 

focused on the entrance slit (0.25 mm z axis and 7.5 mm x axis) of a monochromator (Acton 

Spectrapro 2500i) with a 1200-grooves/mm 300-nm blazed grating. The output slit is adjusted to 
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provide a 9.7 nm top-hat bandpass adapted to collect the A–X(0, 2) fluorescence band (see subsection 

II.3.1) with a 1.5-ns rise time Philips XP2020Q photomultiplier tube. The fluorescence and laser 

intensity signals are stored by a digital scope (LECROY 6050A, 8 bit, 500 MHz bandwidth, 5 GS/s 

sampling rate). The whole fluorescence spectrum is collected using a gated ICCD camera (Princeton 

PiMAX Gen III). 

Finally, to compensate the NO consumption which occurs mainly in the flame-front, 500 ppm of NO 

is seeded into the flame. This quantity is found sufficient to guarantee a good signal to noise ratio even 

in the burnt gases of the sooting flames and is considered as not disrupted the temperature profile of 

the unseeded flames [312], [326]. 

II.3 Temperature measurements 

This subsection describes the experimental approach used in this work to measure the NO excitation 

spectra in sooting premixed flames (subsection II.3.1). Then, the computational approach to generate 

the synthetic spectra with the LIFBASE program, the methodology to get the temperature from 

experimental spectra and the accuracy of measurements are exposed in subsection II.3.2.  

II.3.1 Experimental approach  

The experimental approach applied in this work follows four steps which are, (1) the choice of the 

vibrational band of fluorescence free from spectral interferences, (2) the adjustment of the collection 

bandpass, (3) the determination of the LIF regime of NO, and (4) the choice of the excitation scan 

range.  

The first step consists to choose a vibrational band of fluorescence to collect the LIF signal free from 

spectral interferences. The fluorescence spectrum consists to collect the emission spectrum on a wide 

wavelength range with a grated spectrograph. Thus, two spectra are collected: 

- A first fluorescence spectrum is collected “on resonance”. It corresponds to the excitation of a 

selected rovibronic transition of NO. This spectrum allows to visualize the vibrational band of 

fluorescence of NO as well as potential interferences. 

- A second is collected off resonance. This spectrum allows to identify eventual spectral 

interferences such as laser scattering, flame emission, Raman scattering, soot incandescence 

and PAHs LIF in the collected band. 

Figure 93 displays the fluorescence spectra measured on (resonant with Q2(27) transition of NO A–

X(0, 0)) and off resonance in a standard sooting flame (Flame1.95) and in the nucleation flame 

(Flame1.75). These spectra have been measured at three different heights above the burner (2, 7 and 
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10 mm), i.e. in absence and presence of soot with different maturities. Figure 93.a and .b show the on 

resonance spectra while Figure 93.c and .d display the off resonance spectra. As can be seen on these 

figures, these spectra demonstrate the absence of interference in the experimental conditions along the 

flames. The only observed perturbation comes from the laser scattering due to the soot particles 

scattering in the burnt gases. 

 

Figure 93. Fluorescence spectra measured on resonance not corrected from apparatus transfer 

function (with the Q2(27) transition) in Flame1.95 (a) and in Flame1.75 (b) and emission spectra 

measured off resonance in Flame1.95 (c) and in Flame1.75 (d). 

In this work, the fluorescence of the (0, 2) band has been chosen to collect the fluorescence signal. The 

output slit has been adjusted to provide a 10 nm top-hat bandpass adapted to collect the whole (0, 2) 

A–X fluorescence band under investigation (Figure 93.a and .b). 

After the adjustment of the collection bandpass, the fluorescence regime is checked at HAB = 10 mm 

in presence of mature soot in Flame1.95 and young soot in Flame1.75. Figure 94 displays the 

evolution of the intensity of the transition Q2(27) as a function of the laser energy at HAB = 10 mm in 

Flame1.95 (a) and in Flame1.75 (b). These results show that whatever the soot maturity and the soot 
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volume fraction the linear regime of fluorescence is ensured between 0 and 50 µJ. All excitation 

spectra have been measured with a laser energy of 40 µJ. 

 

Figure 94.Variation of intensity of the transition Q2(27) as a function of the laser energy at HAB = 10 

mm in Flame1.95 (a) and in Flame1.75 (b). 

In previous works at PC2A [196], [296] the temperature profiles were determined in the range 225.43 

and 225.75 nm using a laser with a spectral resolution of 1 cm
-1

. This range was optimized to get 

enough resolved transition considering the laser spectral resolution (1 cm
-1

) and for an acquisition time 

of the excitation of around 30 minutes per spectrum. In this work, the higher spectral resolution of the 

laser allows to improve the separation of NO lines. Following Denisov et al. and Bessler et al. [299], 

[300], the spectral range of the excitation spectrum needed for the temperature measurement can be 

significantly reduced to [225.30; 225.35] nm. This range corresponds to the excitation of rovibronic 

transitions with j” numbers comprised between 15.5 and 36.5 and has been validated by the authors for 

the measure of temperatures in sooting conditions comprised between 300 and 3000 K [299], [300]. 

This leads to a reduction of the acquisition time of the excitation spectrum of 3 minutes per spectrum 

which is experimentally more convenient. 

Figure 95 displays two examples of excitation spectra measured at the beginning of the soot formation 

(HAB = 3 mm, the inception zone) and in the burnt gases (HAB = 12 mm, the aggregation zone) in 

Flame1.95. The two spectra show the evolution of the LIF signal as a function of the excitation 

wavelength. The different evolutions of intensity of each transition between spectra clearly highlight a 

difference of temperatures between these two regions of the Flame1.95.  

The excitation LIF spectra are recorded with the PMT and a scan rate of the fundamental dye 

wavelength of 0.35 pm/s, averaged over 12 laser pulses. The value of the baseline is determined for 

each spectrum around 225.3 nm and subtracted to the recorded spectrum. A post-treatment consisting 

of a Savitzky–Golay smoothing filter with a moving window of six points is applied for each spectrum 

to improve the signal to noise ratio. 
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Figure 95. Experimental excitation spectra of NO A-X(0, 0) band in Flame1.95 at HAB = 3 mm (a) 

and at HAB = 12 mm (b). 

 

II.3.2 Computational approach 

To determine the temperature using the fitting method described in subsection II.1.2.2, it is necessary 

to generate a library of simulated spectra. The LIFBASE program has been chosen to obtain the 

database. The following computational approach is applied to simulate the NO excitation spectra: 

- The spectral width of NO rotational lines is defined by the collisional broadening which 

depends on the pressure and on the cross section of collision with the different partners. 

Nitrogen has been assumed as the only collisional partner. The value of the collisional 

broadening coefficient has been taken from [333]. 

- The laser spectral line which also determines the resolution of the spectrum, has been defined 

as a voigt line shape with a linewidth of 0.2 cm
-1

 (10 % Lorentzian). This value gives the best 

agreement for simulation of the NO spectra between 225.30 to 225.35 nm. 

Using these parameters, the library of simulated spectra has been generated from 800 to 2200 K with a 

step of 20K. Then the experimental LIF excitation spectrum is compared to the simulated ones. The 

“best” temperature corresponds to the least mean square of the residual signal between the 

experimental and theoretical spectra. In fact the method is complicated by a default affecting the laser 

wavelength scan. The gap between the exact wavelength and the wavelength effectively restored by 

the laser software is not constant during a wavelength scan. Therefore two options have been 

considered: either an a posteriori wavelength-correction of the experimental spectrum followed by a 

comparison with the library or a comparison of the line peaks determined experimentally of 

theoretically from the library.  Thus, whatever the case the temperature is determine when the best 

agreement between the experimental and simulated spectra is found , i.e. when the sum of the squares 
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of the residuals which describe a parabolic curve as a function of the temperature, trends to zero as can 

be seen in Figure 96.a and .b. The accurate determination of the temperature is obtained by reversing 

these curves. The temperature corresponds to the maximum of the curve and the uncertainty is taken at 

the FWHM and noted ΔTg as reported in Figure 96.c and .d. 

According to this method the temperatures determined are 1700 K and 1380 K respectively at HAB = 

3 and 12 mm in Flame1.95. 

The value of ΔTg corresponds to ± 50 K of the determined temperature for both heights which is 

representative of all measurements done in this work. This uncertainty is assimilated to the 

thermometry method ones. The mean standard deviation of the measured temperature is ±1.75%. 

 

Figure 96. Example of temperature determination in Flame1.95 at HAB = 3 mm (right column) and 

12 mm (left column) using the sum of the squared residual between the peaks determined 

experimentally of theoretically from the library (a, b) and its reverse (c, d).  

Figure 97 provides comparison between the experimental excitation spectra and the simulated spectra 

obtained for a temperature determined using the method described overhead. The good agreement 

between the measurements and the simulations demonstrates the suitability of the NO-LIF 

thermometry for sooting flames. 
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Figure 97. Comparison of the experimental (symbols) and fitted simulated (line) excitation spectra in 

Flame1.95 at HAB = 3 mm (a) and HAB = 12 mm (b).  

This method has been used to measure the temperature profiles in all premixed flames of this work 

from HAB = 1 to 12 mm while the temperature at HAB = 16 mm has been measured using a 

thermocouple (Pt/Pt-Rh) inserted through the stabilization plate.  

Temperature profiles have been measured: 

- For n-butane in Flame1.95 and Flame1.75. 

- For the mixture of n-butane and n-propylbenzene in Flame1.9520% and Flame1.7020%. 

An additional profile has been measured in Flame1.60 (non-sooting flame). Figure 98 displays the 

temperature profiles measured in the premixed flames of n-butane (left column) and mixture of n-

butane and n-propylbenzene (right column). 
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Figure 98. Experimental temperature profiles measured in premixed flames of n-butane (Left column) 

and mixture of n-butane and n-propylbenzene (right column). 

 

III. Results and discussion: impact of equivalence ratio and fuel 

composition on gas phase and soot profiles 

In this section the results obtained by GC, NO-LIF thermometry (gas temperature profiles) and by 

TIRE-LII (soot volume fraction profiles) in premixed flames of n-butane and mixture of n-butane and 

n-propylbenzene are used to study the effects of: 

- The equivalence ratio on the gas phase and on soot volume fraction (subsection III.1). 
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- The substitution of 20% of n-butane in volume by n-propylbenzene on the gas phase and on 

the soot formation process (subsection III.2). 

Table 17 resumes the experimental data available in this work.  

 

Table 17. Available data base measured in premixed flames of n-butane (FlameΦi) and of mixture of 

n-butane and n-propylbenzene (FlameΦi20%). *A: Available, SSF: standard sooting flame, CNF: close 

to nucleation flame, NF: nucleation flame and NSF: non sooting flame. 

III.1 Impact of equivalence ratio on soot formation 

This subsection explores the effect of the equivalence ratio on the mole fraction of hydrocarbons 

species and soot volume fraction in n-butane and nPb-doped premixed flames.  

 

Figure 99. Gas temperature profiles measured in premixed flames of n-butane (a) and of mixture of n-

butane and n-propylbenzene (b).  

Upon inspection of temperature profiles in Figure 99, it appears that the temperature profiles are very 

close for all the studied flames between 4-12 mm. The main difference concerns the flames Φ = 1.95 

which are stabilized farther from the burner surface because of the lower burning velocity. The near 

equivalent temperature profiles above 4 mm make easier comparison of species profiles variation 

between flames. 

Φi 1.95 1.75 1.70 1.6 1.95 1.75 1.70

Soot volume fraction profile A A A A A

Temperature profile A A A A A

PSDFs A A A

Mole fraction profiles: C2 to 

C6

A A A A A A

Flame Class* SSF NF NSF SSF CNF NF

Flame Φi Flame Φi20%
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III.1.1 Impact of equivalence ratio on gaseous flame structure 

In Figure 100, mole fraction profiles of ethylene, acetylene, prop-1-ene and prop-1-yne are presented 

as a function of the equivalence ratio. As already mentioned all species profiles show an important 

mole fraction value in the vicinity of the porous burner due to the reactivity. Therefore caution must be 

undertaken in the interpretation of the profiles below 3 mm. It is noteworthy that all these species 

persist in the burnt gases and that their concentration increases with the equivalence ratio except for 

the prop-1-ene. 

 

Figure 100. Comparison of mole fraction profiles of ethylene, acetylene, prop-1-ene and prop-1-yne 

measured in n-butane premixed flames as a function of the equivalence ratio. 

Figure 101 displays the mole fraction profiles of C4 species which highlight similar trends to C2 and C3 

species, except for the but-1-ene and but-1-en-3-yne for which the mole fractions in Flame1.95 are 

lower than in Flame1.60 in the burnt gases. 
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Figure 101. Comparison of mole fraction profiles of but-1-ene, but-1-yne, but-1,3-diene and but-1-en-

3-yne measured in n-butane premixed flames as a function of the equivalence ratio. 

In Figure 100 and Figure 101, it is to be noted that the consumption of intermediate species, ethylene, 

prop-1-ene but-1-ene and but-1,3-diene occurs upstream the peak of formation of acetylene, prop-1-

yne but-1-yne and but-1-en-3-yne. This observation is consistent with the reactions of transformation 

of alkene in alkyne species. 

Figure 102 shows the mole fraction profiles of the benzene in the n-butane premixed flames as a 

function of the equivalence ratio. The profiles exhibit trends consistent with the equivalence ratio i.e. 

the mole fractions increase with the richness. It is also interesting to highlight that the benzene profiles 

peak at the same position than the profiles of acetylene (C2), prop-1-yne (C3), but-1-yne (C4) and but-

1-en-3-yne (C4). This observation could show the involvement of C2 , C3 and C4 in the benzene 

formation through the reactions C2 + C4 and C3 + C3. 
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Figure 102. Comparison of mole fraction profiles of benzene measured in n-butane premixed flames 

as a function of the equivalence. 

To prevent overload, mole fraction profiles obtained in nPb-doped flames are in Annex C and for 

which similar comments can be done. 

As proposed first by Musick et al. [334] and used then by Melton et al. [287], [335], the effect of 

equivalence ratio on the concentrations of various chemical species can be analyzed using the 

empirical formula: 

𝑋𝑖
𝑚𝑎𝑥 = 𝐴𝑖ф

𝑛𝑖 
(71) 

In this equation, 𝑋𝑖
𝑚𝑎𝑥 is the maximum mole fraction of species i and Ai and ni are the correlation 

parameters.  

The sensitivity of species mole fraction i to equivalence ratio is represented by the parameter ni. The 

values of Ai and ni determined from the linear regression of the data obtained in the flames are 

presented in Table 18. As can be seen from this table, the experimental results are well represented by 

the above empirical relationship with R
2
 close to 1 for all species. 
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Table 18. Calculated values of parameters Ai and ni of equation (71) for C2, C3, C4 and benzene 

species. 

Analysis of the Table 18 reveals that the mole fractions of aliphatic species for both fuels composition 

are lightly sensitive to the variations of the equivalence ratio. The rank order of the sensitivity factor ni 

is almost the same for both fuels: but-1-en-3-yne > but-1-yne > prop-1-yne > acetylene > but-1-3-

diene > ethylene > but-1-en > prop-1-ene, except for but-1-en-3-yne in nPb-doped flames. It appears 

that alkene species are less sensitive than alkynes to variation of the equivalence ratio except for but-1-

3-diene in n-butane flames. 

It is to be noted that for nPb-doped flames, the aliphatic species appear globally less sensitive to the  

variation of the equivalence ratio than for the n-butane flames. This tendency is accentuated for 

benzene. Indeed the benzene sensitivity drops of 78% in premixed flames of the mixture of n-butane 

and nPb premixed flames because the benzene is formed directly from the decomposition of the nPb 

contrary to the n-butane flames. However in the burnt gases at HAB = 10 mm, the sensitivity for both 

flues is much higher and closer where ni a values between 16 and 18 (see lase row of Table 18). 

III.1.2 Impact of equivalence ratio on soot volume fraction 

To study the sensitivity of the soot volume fraction, a variation of equation (71) proposed of Melton et 

al. in [335] is used: 𝑓𝑣
𝑚𝑎𝑥 = 𝐴𝑖ф

𝑛𝑖 . In their work [335], they report soot measurements in standard 

sooting flames of methane, i.e. flames in which soot particles undergo growth processes. A value of ni 

equal to 13 is reported. 

n A R
2 n 1 R

2

Ethylene C2H4 2.17 2.48 x 10
-3 0.99 2.18 2.03 x 10

-3 1.00

Acetylene C2H2 3.77 2.22 x 10
-3 1.00 3.53 2.48 x 10

-3 1.00

Prop-1-ene C3H6 1.28 8.17 x 10
-4 1.00 1.14 6.36 x 10

-4 0.91

Prop-1-yne C3H4 4.19 1.85 x 10
-5 1.00 3.79 2.39 x 10

-5 0.98

But-1-ene C4H8 1.42 4.87x 10
-5 1.00 1.69 2.75 x 10

-5 1.00

But-1-yne C4H6 5.97 1.85x 10
-6 1.00 4.02 8.90 x 10

-6 0.99

But-1.3-diene C4H6 3.38 8.29 x 10
-6 1.00 3.38 8.05 x 10

-6 1.00

But-1-en-3-yne C4H4 6.13 1.68 x 10
-7 1.00 2.89 1.12x 10

-6 1.00

Benzene C6H6 11.00 4.58 x 10
-8 1.00 2.43 1.26 x 10

-4 0.99

A
t 

H
A

B
 =

 1
0

 m
m

Benzene C6H6 16.46 6.86 x 10
-10 1.00 18.12 1.15 x 10

-10 0.98

A
t 

X
im

ax
n-butane

Mixture of n-butane and n-

propylbenzene
Species
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 In the current work, the soot volume fraction at HAB = 10 mm has been measured for different 

equivalence ratios between 1.70 and 1.95 for both fuels in two classes of flames: 

- Standard sooting flames for Φ = 1.80 to 1.95 

- Nucleation flames for Φ = 1.70 and 1.75 

  

Figure 103. Evolution of the soot volume fraction measured at HAB = 10 mm for various equivalence 

ratios in premixed flames of n-butane (red diamonds) and doped in n-propylbenzene (blue circles). 

The lines represent the experimental data fits using equation (71)and ni the sensitivity factor. 

Figure 103 displays the evolution of the soot volume fraction measured at HAB = 10 mm on which 

two zones can be distinguished: 

- A first zone corresponding to equivalence ratios comprised between Φ = 1.70 and 1.80 for 

which the nucleation is likely to be dominant. In these flames fv is highly sensitive to the 

variation of the equivalence ratio (ni = 72 for n-butane and ni = 55 for the mixture of n-butane 

and nPb). 

- A second zone corresponding to equivalence ratios greater than 1.80 for which the surface 

growth processes are dominant. fv is two times less sensitive to the variation of the 

equivalence ratio ( ni = 36 for n-butane and ni = 29 for the mixture of n-butane and nPb). 

It is interesting to point out that similarly to the gas phase, the soot volume fraction appears less 

sensitive to the equivalence ratio in nPb-doped flames than in n-butane premixed flames. Furthermore, 

the presence of nPb enhances the soot formation whatever the equivalence ratio.  Refinement of the 

analysis needs the support of kinetics modelling currently in progress. 
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III.2 Impact of the substitution of 20% of n-butane in volume by n- propylbenzene 

This subsection presents the effect of the substitution of 20% of n-butane by nPb (subsection III.2.1) 

on the flame structure and the soot formation (subsection III.2.2). The comparisons are made at iso-

richness: 

- Flame1.95 (standard sooting flame) vs Flame1.9520% 

- Flame1.75 (nucleation flame) vs Flame1.7520% 

 

Figure 104. Comparison of gas temperature profiles measured in standard sooting flames (a) and 

nucleation flames (b). 

Figure 104 displays the comparison of the gas temperature profiles measured in the standard sooting 

flames and the nucleation flames. This comparison shows that the temperature profiles of standard 

sooting flames are nearly similar along the burner axis and that these flames are located at the same 

distance from the burner surface (Figure 104.a). Similar observations can be done for the nucleation 

flames (Figure 104.b). Note that the temperature profile of Flame1.7520% is not available. However, it 

is considered in the following that this flame has the same temperature profiles than Flame1.7020%. 

Regarding these results, the temperature variation at iso-richness can be neglected in the following. 

III.2.1 Impact on gaseous flame structure 

Figure 105 compares the mole fraction profiles of the aliphatic species measured at iso-richness in the 

n-butane and the nPb-doped premixed flames (all comparisons can be found in Annex C). These 

comparisons show that the substitution does not affect the maximum positions and the trends of the 

aliphatic species. Only the mole fractions are affected. 
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Figure 105. Comparison at iso-richness of acetylene and but-1-yne mole fraction profiles measured in 

n-butane and mixture of n-butane and n-propyl benzene premixed flames. 

However, the substitution has a strong impact on the benzene mole fraction profiles (Figure 106), 

which seems to highlight that the production of benzene in nPb-doped flames mainly comes from the 

n-propylbenzene decomposition. 

This observation is also coherent with the fact that the substitution has a higher impact on the benzene 

production in the flame front at equivalence ratio 1.75 than 1.95 whereas in the burnt gases the 

benzene profiles follow the same trend. 
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Figure 106. Comparison of benzene mole fraction profiles in n-butane and mixture of n-butane and n-

propylbenzene premixed flames.  

It is obvious that a modeling work is needed to understand the real impact of the substitution on the 

flame chemistry. 

III.2.2 Impact on soot formation process 

In standard sooting flames 

Figure 107 shows comparisons between the soot volume fraction profiles and LII decay-times 

(measured at 1/e of the peak LII signal) obtained in Flame1.95 and Flame1.9520%. As it can be seen the 

incipient soot particles can be detected earlier in Flame1.9520% (HAB = 2 mm) than in Flame1.95 

(HAB = 3 mm). In addition, based on the LII decay time, the nascent particles detected at the 

beginning of the soot profiles have a close mean diameter (Figure 107.b). Then, the soot volume 

fraction rapidly increases until HAB = 6 mm in Flame1.9520% and HAB = 8 mm in Flame1.95. 

According to the evolution of the LII decay-times in these two zones, the soot particles undergo an 

important increase of their size by surface growth reactions. It is noteworthy that in Flame1.9520% soot 

growth happens faster than in Flame1.95. Beyond these zones, fv increases by ~30% in Flame1.95 and 

by ~40% in Flame1.9520% until HAB = 12 mm while the mean particles diameter do not evolve 

anymore. These observations will be valuable information to drive modelers in individuating 

controlling steps in the soot models for the modeling of these flames. 

It is noteworthy that the profiles of intermediate aliphatic species are very similar in both flames. Thus 

the observed differences are attributed to the decomposition of nPb leading first to benzene, Figure 

106. This excess of benzene is certainly the source of the faster soot formation from HAB = 2 mm in 

nPb-doped flame and may lead to precursor which activate the surface growth. Further works are still 

needed to clarify this speculation. 
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Figure 107. Comparisons of the soot volume fraction profiles (a) and LII decay-times measured at 1/e 

of the peak LII signal (b) in Flame1.95 and Flame1.9520%. *SG: surface growth. 

In the nucleation flames 

Figure 108 displays the comparison of fv and LII decay time profiles for the Flame1.75 and 

Flame1.7520%. As in Flame1.9520%, the incipient soot particles are detected earlier in Flame1.7520% 

(HAB = 3 mm) than in Flame1.75 (HAB = 5 mm). LII decay times profiles show that the nascent soot 

particles size is constant and equal in both flames, until HAB = 9 mm, around 2.5-3 nm (chapter 2). 

Thus in this region of both flames, the fv increase is attributed to an increase of the soot nuclei only. 

This nuclei increase is much more important in Flame1.7520% than in Flame1.75. Above 9 mm soot 

growth is activated according to the slight increase of LII decay time. This increase is faster in 

Flame1.7520%. 

Similarly to the observation made in standard sooting flames, it is noteworthy that the gaseous 

intermediate aliphatic species profiles measured in both flames are nearly identical. The observed 

differences are certainly attributable to the large excess of benzene issued from nPb oxidation, Figure 

106. Further experimental and modelling work is necessary to analyze the pathways leading to soot 

precursors from benzene. 
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Figure 108. Comparisons of the soot volume fraction profiles (a) and LII decay-times measured at 1/e 

of the peak LII signal (b) in Flame1.75 and Flame1.7520%.*SG: surface growth. 

 

This subsection shows that the substitution of 20% of n-butane by n-propylbenzene induces an 

increase of the soot volume at iso-richness. This substitution has different effects on the soot formation 

process according the kind of flame. In standard sooting flame, the nPb seems to firstly enhance the 

surface growth, while in the nucleation flame, the nPb enhances the nucleation process. 
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 CONCLUSION CHAPTER 4 

Chemical structure analysis and temperature measurements were conducted in non sooting and sooting 

premixed flames of n-butane (at equivalence ratio of 1.60, 1.75 and 1.95) and in sooting premixed 

flames of mixture of n-butane and n-propylbenzene (at equivalence ratio of 1.70, 1.75 and 1.95). The 

mole fraction profiles of aliphatic species (ethylene, acetylene, prop-1-ene, prop-1-yne, n-butane, but-

1-ene, but-1-yne, but-1.3-diene and but-1-en-3-yne), benzene, oxygen, nitrogen and carbon monoxide 

were measured by GC. The temperature profiles were measured by multiline NO-LIF thermometry. 

The variation of the aliphatic species, benzene mole fraction and of soot volume fraction with the 

equivalence ratio was analyzed using an empirical formula 𝑋𝑖
𝑚𝑎𝑥 = 𝐴𝑖ф

𝑛𝑖 where ni corresponds to the 

sensitivity factor. The impact of the substitution of 20% of n-butane by n- propylbenzene on the 

sooting flames structures was studied be comparing at iso-richness the mole faction profiles as well as 

the soot volume fraction profiles and corresponding LII decay-times. 

The following conclusions can be drawn based on the present experimental results: 

- The aliphatic species are lightly sensitive to the variation of the equivalence ratio for both 

fuels. While the peak benzene mole fraction in premixed flames of n-butane displays a sensitive factor 

of 11.0, this factor is only 2.4 in premixed flames of mixture of n-butane and nPb. On the contrary the 

sensitive factor of benzene in the burnt gases at HAB = 10 mm is respectively 16.4 and 18.1 for n-

butane and nPb-doped flames 

- The soot volume fraction is highly sensitive to the variation of the equivalence ratio for both 

fuels. In n-butane premixed flames, the sensitivity factor ni reaches 72 for nucleation flames which is 

about 2 times higher than in standard sooting flames 

- The substitution of 20% of n-butane by n-propylbenzene induces an increase of the soot 

volume at iso-richness. The substitution has different impact depending on the flame. In standard 

sooting flames, the nPb enhances the surface growth while in the nucleation flames the nPb enhances 

the nucleation process. These observations are related to the important increase of benzene in nPb-

doped flames. The transformation of benzene in soot precursors is expected to be the source of fv 

increase. 

Further modelling and additional species measurements are necessary to interpret this important 

impact. To this aims JCLIF measurements of naphthalene and pyrene are in working progress. It is 

also noteworthy that LII has been found as a crucial tool to interpret the data. Not only to get the fv but 

also to describe zones of the flame where nucleation is the dominant process. For these LII decay 

times measurements converge towards the fact that in n-butane or nPb-doped flames the LII decay 
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time in nucleation flames is identical which tends to indicate that those incandescent just nucleated 

soot particles have a similar size.  
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 CONCLUSION AND PERSPECTIVES 

The comprehension of soot formation mechanisms in combustion processes represents a hot topic for 

the combustion community, involving a lot of challenging tasks. One of these, certainly the crucial 

one, concerns the identification of the physico-chemical processes leading to the nucleation of soot 

particles. To try to answer this question, the PC2A laboratory has engaged for many years the 

implementation of sophisticated experimental setups dedicated to the study of the soot formation. The 

aim of this thesis was to participate to these developments by providing a large amount of new 

experimental data capable to serve as a database for the development of kinetic models of soot 

formation.  

For this work, we have taken advantages of the specificity of the nucleation flames, which is a 

laboratory tools specifically developed for the study of the nucleation step. This kind of flames has 

been the subject of different previous studies in the PC2A and presents the specificity to provide some 

sooting flames for which no or only very limited growth of the particles are observed, which enables 

to focus our work on the nucleation process. This work being guided by the ANR ASMAPE, that is, in 

the frame of fuels of interest of automobile and aeronautics, the choice of the fuel has been ended on 

the n-butane or mixtures of n-butane and n-propylbenzene. 

The first task of this work has been to clearly establish the link between the LII signal and the laser 

induced emission coming from the particles formed in the nucleation flames, which was still under 

debate on some papers in the literature. This demonstration has been done based on the coupling of 

different experimental setups gathering the LII technique, the HIM and the SMPS methods applied in 

nucleation and standard sooting flames. The crossing of these data led no doubt about the particulate 

nature of the species responsible for this emission as well as the size of these particles estimated 

around 2-4 nm. In parallel to this measurements, a specific and deepen work of characterization of the 

optical and thermal properties of these "just nucleated particles", has been carried out. This work has 

been essentially done thanks to LII measurements coupled with CRDE experiments. From these 

experiences, it results that the absorption function E(mλ) of a given soot particle does not vary in the 

spectral range 532-1064 nm. This absence of variation has been demonstrated by using an original 

approach based on the evolution of the effective soot temperature (reached upon laser heating) as a 

function of the laser fluence at 1064 nm. Moreover, a special attention has been paid to the estimation 

of the evolution of E(mλ) according to maturity of the soot particles also by combining LII and CRDE 

measurements in the studied flames. This question is considered a hot topic in combustion as there is 

only very few information in the literature. What comes from this work is that E(m1064) increases with 
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the size of the primary particle in the investigated range measured in our so called standard flame. 

However, this variation is much more smaller than the one recently proposed in the literature [262] 

which would have provided inconsistent results if such corrections were applied to our LII profiles. 

This specific work has finally enabled the calibration by CRDE of the LII profiles into soot volume 

fraction leading to concentrations of 0.12 ppb and 13.63 ppb respectively for the nucleation and the 

standard sooting flame at HAB = 10mm. 

The last part of the thesis was devoted to the study of different premixed flames and more specifically 

to the characterization of the impact of the equivalence ratio and the addition of n-propylbenzene on 

the soot formation. To this aim, premixed flames of n-butane (at equivalence ratio of 1.60, 1.75 and 

1.95) and of mixtures of n-butane and n-propylbenzene (at equivalence ratio of 1.70, 1.75 and 1.95) 

have been studied. An important effort has been done to obtain the most accurate temperature profiles 

for all the studied flames by using LIF-NO thermometry. To optimize the accuracy of these 

measurements, a specific care has been paid to the choice of the excited transitions and a sophisticated 

treatment of the data has been implemented. These measurements highlighted only a small variation of 

the temperature profiles for all the studied flames. 

Aliphatic species from C2 to C4 and benzene mole faction profiles have been quantified by GC. Soot 

volume fractions profiles have been obtained by LII calibrated by CRDE. These experiments reveal 

that the main impact, both on the aromatic compound and the soot formation is provided by the 

addition n-propylbenzene. Concerning the variation of the equivalence ratio, it results that the aliphatic 

species are only lightly sensitive to this variation for both fuels while the benzene formation is a bit 

more promoted by the increase of the equivalence ratio. Soot formation is found 2 times higher 

sensitive to the variation of equivalence ratio in the nucleation flames than in standard sooting flames. 

However, the substitution of 20% of n-butane by n-propylbenzene induces a much stronger increase of 

the soot volume fraction at iso-richness depending on the flame. In standard sooting flames, the n-

propylbenzene enhances the surface growth while in the nucleation flames the n-propylbenzene 

enhances the nucleation process, certainly correlated to the important increase of benzene in the doped 

flames.  

All these data, that is, fv profiles, PSDFs, aliphatic species and benzene mole fraction profiles, soot 

volume fraction profiles and the future naphthalene and pyrene profiles (currently working progress) 

measured in all these flames constitute an very large amount of data for the combustion community. 

We hope this data will enable to gain insights on the processes governing the soot formation processes 

and more specifically the nucleation step which appears as the most crucial step. The effective 

exploitation of this work will necessary pass by the comparison of these experimental measurements 

with detailed chemical kinetic mechanisms, which has already been initiated during the PhD of Mr. 

Mamady KEITA using this database among other ones.  
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 ANNEX A: DETERMINATION OF THE UNCERTAINTIES 

I. CRDE measurements 

The soot volume fraction is determined by CRDE using equation (39) at 1064 nm. If the scattering 

loses are neglected at 1064 nm. 

𝐾𝜆
𝑎𝑏𝑠 𝑠𝑜𝑜𝑡 =

6𝜋 𝐸(𝑚𝜆)

𝜆
𝑓𝑣 (39) 

 

Thus, the uncertainties on fv measured by CRDE are expressed using equation (72): 

∆𝑓𝑣𝐻𝐴𝐵𝑖

ф𝑖

𝑓𝑣𝐻𝐴𝐵𝑖

ф𝑖
=

∆ 𝐾1064
𝑒𝑥𝑡 𝑠𝑜𝑜𝑡

𝐻𝐴𝐵𝑖

ф𝑖

𝐾1064
𝑒𝑥𝑡 𝑠𝑜𝑜𝑡

𝐻𝐴𝐵𝑖

ф𝑖
+

∆𝐸(𝑚1064)𝐻𝐴𝐵𝑖

ф𝑖

𝐸(𝑚1064)𝐻𝐴𝐵𝑖

ф𝑖
 

(72) 

 

The uncertainty on 𝐾1064
𝑒𝑥𝑡 𝑠𝑜𝑜𝑡 is determined from the measurement of the CRD decay times 𝜏𝑠𝑜𝑜𝑡  and 

𝜏0: 

𝐾𝜆
𝑒𝑥𝑡 𝑠𝑜𝑜𝑡𝑙𝑠 =

𝑑

𝑐
(

1

𝜏𝑠𝑜𝑜𝑡
−

1

𝜏0
) 

(47) 

The best accuracy of 𝜏  determination is estimated at 0.2 % and 1% for the flame diameter 𝑙𝑠 . 

Considering the experimental standard deviation for the decay-time of around 1%, the uncertainty on 

K
ext

 deduced from CRDE measurements is estimated ±2.5% 

E(m) at 10 mm is deduced in Flame1.95 from the E(m) value at 5 mm issued from LII modeling. The 

uncertainty has been evaluated at ± 10 %.  

From the method based on the shift of the soot temperature curves presented in Chapter 3 (1.3.2), the 

values of E(m) at 10 mm were estimated to 0.3 in Flame1.95 and 0.25 in Flame 1.75. The accuracy of 

the shift is considered better than ± 8 %. 

Finally considering the uncertainty linked to the determination of the axial fv from the line-of-sight 

extinction measurements the uncertainty on fv measured by CRDE is estimated to be around ± 25 % in 

both flames at 10 mm.  
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II. Uncertainty on relative soot volume fraction measurement 

determined by LII 

In this work, the fv profiles measured by LII are calculated using equation (49). 

𝑓𝑣 (𝑦) =
𝑆𝐿𝐼𝐼(𝜆𝑒𝑚, 𝑇𝑒𝑓𝑓 (𝑦))

𝑆𝐿𝐼𝐼(𝜆𝑒𝑚, 𝑇𝑒𝑓𝑓 (𝑥))
  
𝐸(𝑚𝜆𝑒𝑚

)
(𝑥)

𝐸(𝑚𝜆𝑒𝑚
)
(𝑦)

 
𝐼𝑏𝑏(𝜆𝑒𝑚, 𝑇𝑒𝑓𝑓 (𝑥))

𝐼𝑏𝑏(𝜆𝑒𝑚, 𝑇𝑒𝑓𝑓 (𝑦))
𝑓𝑣 (𝑥) 

(49) 

The uncertainties on fv measured are expressed in general case using equation (73). 
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(73) 

Considering the experimental standard deviation of the ratio  
𝑆𝐿𝐼𝐼(𝜆𝑒𝑚,𝑇𝑒𝑓𝑓 (𝑦))

𝑆𝐿𝐼𝐼(𝜆𝑒𝑚,𝑇𝑒𝑓𝑓 (𝑥))
 , the uncertainty on this 

ratio is estimated ± 10 %. 

The 
𝐸(𝑚𝜆𝑒𝑚)

(𝑥)

𝐸(𝑚𝜆𝑒𝑚)
(𝑦)

 is deduced from the method based on the shift of the soot temperature curves 

presented in Chapter 3 (1.3.2). The accuracy of the shift is considered better than ± 8 %. 

The uncertainty on 
𝐼𝑏𝑏(𝜆𝑒𝑚,𝑇𝑒𝑓𝑓 (𝑥))

𝐼𝑏𝑏(𝜆𝑒𝑚,𝑇𝑒𝑓𝑓 (𝑦))
 is estimated at 4 %. 

Thus, the relative uncertainty on 
𝑓𝑣 (𝑦)

𝑓𝑣 (𝑥)
 is estimated to be around ± 22 %. 
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 ANNEX B: 1D LII IMAGING: RADIAL LII PROFILE 

Atmospheric premixed sooting flames are stabilized using a stainless steel circular plate placed 

parallel to the burner surface in the burnt gases. They are generally surrounded by a nitrogen or air 

shielding coflow to prevent perturbation from ambient air. Their temperature and species profiles are 

supposed to be flat. These homogeneity feature has been studied in sooting flames. Olofsson et al. 

[336] measured radial temperature profiles in various atmospheric sooting ethylene/air flames by 

coherent anti-Stokes Raman spectroscopy. They found that the temperature was flat over the central 

part of the flame but they showed that it was strongly affected at its outer edge by the kind of shielding 

which was selected.  

Several works report on radial soot volume fraction profiles measured by LII imaging. Different 

degrees of soot homogeneity were found. While the radial soot profile was found nearly flat within 

about 20 % in low pressure methane/O2/N2 flames [267] and in atmospheric ethylene/air flames [336], 

Migliorini et al. [191] found an annular soot distribution, with a deep hollow in various ethylene/air 

flames stabilized on a stainless steel porous burner. By contrast this annular feature disappears when 

flames are stabilized on porous bronze plugs. 

In this thesis the selection of the n-butane flame conditions was done jointly with the check of their 

homogeneity. 

I. 1D LII imaging experimental set-up 

1D LII imaging was carried out in order to obtain the radial LII profiles at different HAB in Flame1.95 

and 1.75. 

LII experiments have been carried out by using a 1064 nm laser excitation wavelength generated by a 

Nd:YAG laser (Quantel Brilliant) at 10 Hz with a Gaussian beam of 6 mm. In order to get an adequate 

vertical resolution and a weak beam divergence, the laser is reduced in size by a factor 5 using two 

converging lenses (f1= 50 cm and f2 = 10 cm) in a telescope configuration (Figure 109). The resulting 

Gaussian beam (around 1.1 mm at 1/e) is parallel to the burner surface. Its diameter is checked thanks 

to a beam profiler and found constant along the flame diameter. The LII trace is imaged thanks to an 

objective on an ICCD camera (Princeton PiMAX Gen III). The camera was triggered by the Q-switch 

output of the laser. The exposure time (GW: gate width) is fixed to 10 ns starting with the peak of the 
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laser for all experiments. All radial LII profiles shown in this work are corrected for flame emission 

and performed with the laser fluence set at 0.35 J/cm
2
 to reach the plateau region. 

 

Figure 109. Schematic representation of LII experimental set-up for radial soot distribution. 

II. Radial LII measurements 

The radial LII profile was found to exhibit a strong inhomogeneity depending on the total flow rates. 

Figure 110 displays the evolution of the radial LII profile as a function of the total flow rates for a 

constant dilution (~55%) and equivalence ratio (Φ=1.95). The highest flow rates seem to increase the 

perturbation on the central part. This observation can have different sources as a local variation of the 

temperature, perturbation in the flow field, etc. Thus, a total flow rate of 3.96 cm.s
-1

 has been chosen 

for all flames in this thesis to minimize these perturbations on the burner axis where the LII profiles 

are performed, i.e. in the collection volume for axial LII measurements (chapter 2). 
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Figure 110. Evolution of the radial LII profile as a function of the total flow rates for a constant 

dilution (~55%) and equivalence ratio (Φ=1.95), the red square localized the axial LII collection 

volume. 

Then, the radial LII profiles have been performed at different HAB for the flames selected by LII in 

chapter 2. Figure 111 shows the evolution of the radial LII profile as a function of the HAB in 

Flame1.95 and 1.75. These profiles display an annular fv distribution in both flames similar at 

Migliorini et al. who found a deep hollow in various ethylene/air flames stabilized on a stainless steel 

porous burner [191]. This feature is more pronounced in Flame1.75 (Figure 111.b). It is noteworthy 

that the signal to noise ratio decreases faster with the HAB in Flame1.75 due to the important decrease 

of fv. The fv distribution issued from axial LII profiles can be considered constant in the selected LII 

collection volume. 

 

Figure 111. Evolution of the radial LII profile as a function of HAB in Flame1.95 (a) and Flame1.75 

(b), the red square localized the axial LII collection volume. 

Thus, these results are used in chapter 3 to compare with a better accuracy the fv ratio on the burner 

axis measured by CRDE (integrated measurement) and LII (local measurements). 
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 ANNEX C: COMPILATION OF MOLE FRACTION PROFILES 

This annex compiles the different figures commented in chapter 4. These figures compare the mole 

fraction profiles of species measured in premixed flames of n-butane and mixture of n-butane and n-

propylbenzene: 

- As a function of the equivalence (section I). 

- At iso-richness as a function of fuel (section II). 
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I. Comparison of mole fraction profiles of species measured in 

premixed flames as a function of the equivalence. 

I.1 In n-butane premixed flames 

 

Figure 112. Comparison of mole fraction profiles of ethylene, acetylene, prop-1-ene and prop-1-yne 

measured in n-butane premixed flames as a function of the equivalence ratio. 
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Figure 113. Comparison of mole fraction profiles of but-1-ene, but-1-yne, but-1,3-diene and but-1-en-

3-yne measured in n-butane premixed flames as a function of the equivalence ratio. 

 

 

Figure 114. Comparison of mole fraction profiles of benzene measured in n-butane premixed flames 

as a function of the equivalence ratio. 
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Figure 115. Comparison of mole fraction profiles of n-butane, oxygen, nitrogen and carbon monoxide 

measured in n-butane premixed flames as a function of the equivalence ratio. 

I.2 In mixture of n-butane and n-propylbenzene premixed flames 
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Figure 116. Comparison of mole fraction profiles of ethylene, acetylene, prop-1-ene and prop-1-yne 

measured in mixture of n-butane and n-propylbenzene premixed flames as a function of the 

equivalence ratio. 
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Figure 117. Comparison of mole fraction profiles of but-1-ene, but-1-yne, but-1,3-diene and but-1-en-

3-yne measured in mixture of n-butane and n-propylbenzene premixed flames as a function of the 

equivalence ratio. 

 

 

Figure 118. Comparison of mole fraction profiles of benzene measured in mixture of n-butane and n-

propylbenzene premixed flames as a function of the equivalence ratio. 
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Figure 119. Comparison of mole fraction profiles of n-butane, oxygen, nitrogen and carbon monoxide 

measured in mixture of n-butane and n-propylbenzene premixed flames as a function of the 

equivalence ratio. 

II. Comparison of mole fraction profiles of species measured in 

premixed flames at iso-richness as a function of the fuel. 
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II.1 At Φ = 1.95 

 

Figure 120. Comparison at iso-richness of mole fraction profiles of ethylene, acetylene, prop-1-ene 

and prop-1-yne measured in premixed flames of n-butane and mixture of n-butane and n-

propylbenzene premixed flames. 
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Figure 121. Comparison at iso-richness of mole fraction profiles of but-1-ene, but-1-yne, but-1,3-

diene and but-1-en-3-yne measured in premixed flames of n-butane and mixture of n-butane and n-

propylbenzene premixed flames. 

 

 

Figure 122. Comparison at iso-richness of mole fraction profiles of benzene measured in premixed 

flames of n-butane and mixture of n-butane and n-propylbenzene premixed flames. 
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Figure 123. Comparison at iso-richness of mole fraction profiles of n-butane, oxygen, nitrogen and 

carbon monoxide measured in premixed flames of n-butane and mixture of n-butane and n-

propylbenzene premixed flames. 

 



Annex C: Compilation of mole fraction profiles 

 

235 

 

II.2 At Φ = 1.75 

 

Figure 124. Comparison at iso-richness of mole fraction profiles of ethylene, acetylene, prop-1-ene 

and prop-1-yne measured in premixed flames of n-butane and mixture of n-butane and n-

propylbenzene premixed flames. 
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Figure 125. Comparison at iso-richness of mole fraction profiles of but-1-ene, but-1-yne, but-1,3-

diene and but-1-en-3-yne measured in premixed flames of n-butane and mixture of n-butane and n-

propylbenzene premixed flames. 

 

 

Figure 126. Comparison at iso-richness of mole fraction profiles of benzene measured in premixed 

flames of n-butane and mixture of n-butane and n-propylbenzene premixed flames. 
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Figure 127. Comparison at iso-richness of mole fraction profiles of n-butane, oxygen, nitrogen and 

carbon monoxide measured in premixed flames of n-butane and mixture of n-butane and n-

propylbenzene premixed flames. 
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 RÉSUMÉ 

Les particules de suie émises lors de la combustion incomplète de carburants fossiles et biosourcés 

sont reconnues comme étant un problème environnemental et sanitaire majeur. Il est essentiel 

d'acquérir une compréhension fondamentale de leur formation, en particulier l'étape de nucléation qui 

donne naissance aux premières particules de suie appelées nucléis, afin de développer des modèles 

capables de prédire leur formation et d'aider à la conception de dispositifs de combustion plus 

efficaces et plus propres.  

Ce travail démontre en combinant différentes techniques expérimentales: l’incandescence induite par 

laser (LII), la granulométrie SMPS et la microscopie à faisceau d'ions d’hélium (HIM) que ces nucléis 

sont bien des suies, ont une taille comprise entre 2 et 4 nm et sont capables d’émettre un rayonnement 

de type corps noir. Ces nucléis ont été étudiés dans deux types de flammes prémélangées l’une dite de 

nucléation dans lesquelles les particules de suie  formées par nucléation ne subissent aucune  

croissance de surface et l’autre appelée standard où ces nucléis grossissent par croissance de surface et 

par coagulation. Les résultats obtenus offrent une base de données expérimentale très originale pour 

l’amélioration des modèles cinétique de formation des suies notamment pour la phase de nucléation et 

ce dans différents carburants: n-butane et un mélange de n-butane et n-propylbenzene. Pour chaque 

carburant une flamme de nucléation et une flamme standard sont étudiées. La base de données 

comprend des profils d’espèces obtenus par chromatographie, profils de température mesurés par 

fluorescence induite par laser sur NO, les profils de fraction volumique de suies mesurés par LII et 

calibrés par extinction multi passage et les distributions de taille des particules de suie obtenues par 

SMPS et HIM. A partir ce ces données, l’effet de la richesse et de la nature du carburant est analysé. 

Mots-clefs: Combustion, pollution, Nucléation, Particules de suies, Diagnostiques laser, 

Incandescence induite par laser, fluorescence induite par laser, Cavité extinction multi passage, 

Ganulomètre SMPS, Microscopie. 
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 ABSTRACT 

Emission of soot formed from incomplete combustion of fossil fuels, biofuels and biomass is a serious 

concern due to harmful impact of soot on human health and environment and due to its radiative 

forcing on climate. Gaining fundamental understanding of soot formation, particularly the nucleation 

step leading to the formation of the nascent soot particles, is critical to develop reliable predictive soot 

models and to help the design of more efficient and cleaner combustion devices. 

This work demonstrates by combined Laser Induced Incandescence (LII), scanning mobility particle 

sizer (SMPS) and helium-ion microscopy (HIM) that nascent particles of soot in the size range of 2-4 

nm exist and are able to emit a black body radiation. These nascent soot particles are investigated in 

nucleation premixed flames in which soot particles are essentially formed by nucleation, without 

growth by soot surface processes and in standard sooting premixed flames in which growth processes 

occur. This work provides an extensive database for improvement of kinetics modelling of sooting 

flames with a focus on the soot nucleation in flames. Two kinds of fuels have been selected: n-butane 

and mixture of n-butane and n-propylbenzene. For each fuel two flames have been studied: a 

nucleation flame and a standard sooting flame. The database consists of species profiles obtained by 

online gas chromatography, temperature profiles measured by Laser induced fluorescence 

thermometry, soot volume fraction profiles obtained by LII calibrated by cavity ring-down extinction 

and particles size distributions obtained in n-butane flames by SMPS and HIM. From this database 

effect of equivalence ratio and fuel composition is analyzed. 

Keywords: Combustion, Soot particles, Nucleation, Nucleation flame, Laser diagnostics, Laser 

induced incandescence; Laser induced fluorescence thermometry, Cavity ring-down extinction 

Scanning mobility particle sizer–SMPS, helium-ion microscopy. 
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