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Abstract 

Soot emitted by combustion engines is a dangerous environmental pollutant and it must be kept as low 

as possible also to meet emission limit regulations. PM reduction strategies include reformulation / 

modification of existing fuels by the use of fuel additives. The principle goal of the present work is to 

isolate and comprehend the effect of fuel’s additives on particulate emission. During this study a self-

designed burner has been implemented and optimized to obtain a laminar diesel flame. Subsequently, 

the combustion of pure diesel fuels and diesel fuels additised with different ether compounds 

(oxymethylene dimethyl ethers, OMEs, and tripropylene glycol methyl ether, TPGME), inserted in 

increasing concentration, has been investigated by optical methods, namely laser-induced incandescence 

(for evaluation of soot volume fraction), elastic light scattering (for the characterization of soot 

aggregate size) and two-color pyrometry (for temperature estimation). The optical diagnostics have been 

combined with a non-optical one, the scanning mobility particle sizer that was employed for particles 

diameter evaluation. The role of the additives during the soot formation process was investigated on the 

burner set-up and on spray flames generated in a constant volume combustion chamber (the latest was 

employed only for soot concentration analysis). The results found show that the production of soot (i.e. 

soot volume fraction) is inhibited by the addition of oxygenated additives, especially OME with longer 

molecular chain. The reduction of soot concentration observed, compared to the pure diesel, goes up to 

a maximum of 36% for the long chain OME-diesel blend and 27% for the TPGME-diesel blend, in the 

laminar flame conditions. This trend has been confirmed by the measurements on spray flames where 

the conditions are more similar to a realistic diesel engine. In this case the amount of soot produced by 

the diesel additised with the oxygenated species decreases up to 88% for OME-diesel blend and 84% 

for the TPGME-diesel blend, compared to the neat diesel (in both cases the maximum soot drop was 

observed at higher temperature/pressure conditions). Soot aggregate size is also found to be affected by 

additives addition. In particular, the soot aggregate size obtained for OME-diesel blend is ~20% smaller 

than the one obtained for the pure diesel, while TPGME decreases aggregate size of ~13% compared to 

pure diesel. The same trend has been obtained from scanning mobility particle sizer measurements. On 

the contrary, soot temperature does not seem to vary significantly when additives are inserted. Overall, 

the burner implemented and the laminar flame obtained allowed a successful characterization of soot 

properties by using optical and non-optical diagnostics. Generally, the additive’s effect on soot 

concentration and morphology results to be in most cases proportional to the additive’s concentration 

and the number of C-O bonds in the additive’s molecule. Furthermore, the results of this study show 

that, although the effect of additives is observed during the whole combustion, the maximum reduction 

of soot concentration and size is achieved at the end of the combustion process. The additives seem to 

enhance the oxidation process due to their molecular structure that can release oxygen. 
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Kurzfassung 

Der von Verbrennungsmotoren ausgestoßene Feinstaub (PM), der auch als Ruß bezeichnet wird, ist ein 

gefährlicher Umweltschadstoff und wird so gering wie möglich gehalten, um die Emissionsgrenzwerte 

einzuhalten. Zu den Strategien zur Reduzierung von PM gehören die Neuformulierung/Modifizierung 

bestehender Kraftstoffe durch den Einsatz von Kraftstoffadditiven. Das Hauptziel der vorliegenden 

Arbeit ist es, die Wirkung der Kraftstoffadditive auf die Partikelemission zu isolieren und zu verstehen. 

Im Rahmen dieser Arbeit wurde ein selbst entworfener Brenner implementiert und optimiert, um eine 

laminare Dieselflamme zu erhalten. Anschließend wurde die Verbrennung von reinen Dieselkraftstoffen 

und Dieselkraftstoffen, die mit verschiedenen Etherverbindungen (Oxymethylendimethylether, OMEs, 

und Tripropylenglykolmethylether, TPGME), die in zunehmender Konzentration zugesetzt wurden, mit 

optischen Methoden, nämlich laserinduzierter Inkandeszenz (zur Auswertung des Rußvolumenanteils), 

elastischer Lichtstreuung (zur Charakterisierung der Rußaggregatgröße) und Zweifarb-Pyrometrie (zur 

Temperaturabschätzung) untersucht. Die optische Diagnostik wurde mit einer nicht-optischen 

kombiniert, dem Scanning Mobility Particle Sizer (SMPS), der zur Auswertung des 

Partikeldurchmessers eingesetzt wurde. Die Rolle der Additive während des Rußbildungsprozesses 

wurde an der Brennereinrichtung und an Sprühflammen, die in einer Brennkammer mit konstantem 

Volumen erzeugt wurden, untersucht (letztere wurden nur für die Analyse der Rußkonzentration 

verwendet). Die gefundenen Ergebnisse zeigen, dass die Rußbildung (d.h. der Rußvolumenanteil) durch 

die Zugabe von sauerstoffhaltigen Additiven, insbesondere OME mit längerer Molekülkette, gehemmt 

wird. Die beobachtete Verringerung der Rußkonzentration im Vergleich zum reinen Diesel geht unter 

den laminaren Flammenbedingungen bis zu einem Maximum von 36% für die langkettige OME-

Dieselmischung und 27% für die TPGME-Dieselmischung. Dieser Trend wurde durch die Messungen 

an Sprühflammen bestätigt, wo die Bedingungen einem realistischen Dieselmotor ähnlicher sind. In 

diesem Fall sinkt die Rußmenge, die von dem mit der sauerstoffhaltigen Spezies versetzten Diesel 

erzeugt wird, im Vergleich zum reinen Diesel um bis zu 88% für OME-Dieselgemische und 84% für 

das TPGME-Dieselgemische (in beiden Fällen wurde der maximale Rußabfall bei höheren Temperatur-

/Druckbedingungen beobachtet). Es wird auch festgestellt, dass die Rußaggregatgröße durch die Zugabe 

von Additiven beeinflusst wird. Insbesondere ist die für OME-Dieselgemisch erhaltene 

Rußaggregatgröße ~20% kleiner als die für reinen Diesel, während TPGME die Aggregatgröße um 

~13% im Vergleich zu reinem Diesel verringert. Der gleiche Trend wurde aus den SMPS Messungen 

erhalten. Im Gegenteil scheint die Rußtemperatur nicht signifikant zu variieren, wenn Additive 

eingesetzt werden. Insgesamt ermöglichten der eingesetzte Brenner und die erzielte laminare Flamme 

eine erfolgreiche Charakterisierung der Rußeigenschaften durch optische und nicht-optische Diagnostik. 

Im Allgemeinen ist die Wirkung des Additivs auf die Rußkonzentration und Morphologie in den meisten 

Fällen proportional zur Konzentration des Additivs und der Anzahl der C-O-Bindungen im Molekül des 

Additivs. Darüber hinaus zeigen die Ergebnisse dieser Studie, dass, obwohl die Wirkung von Additiven 

während der gesamten Verbrennung beobachtet wird, die maximale Reduktion der Rußkonzentration 

und -größe am Ende des Verbrennungsprozesses erreicht wird. Die Additive scheinen aufgrund ihrer 

Molekularstruktur, die Sauerstoff freisetzen kann, den Oxidationsprozess zu fördern. 
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0. Symbols and abbreviations 
 

Latin letters 

Notation Parameter Unit 

a monomer radius m 

B(t) laser irradiance W/m2 

c speed of light m/s 

C Cunningham factor - 

Cp,air heat capacity of air at constant 

pressure 

J/Kg·K 

Cv heat capacity of air at constant volume J/K 

D distance between two electrodes m 

Df fractal dimension - 

dae aerodynamic diameter m 

di inner electrode diameter m 

do outer electrode diameter m 

dp primary particle diameter m 

E electric field V/m 

e elementary unit of charge C 

E(m) refractive index function for 

absorption 

- 

En heat energy  J 

f focal length m 

FE electrostatic force N 

fV volume fraction ppm 

h Planck’s constant J⋅s 

Hv energy for evaporation  J 

I radiation intensity W/m2 

k refractive index of soot, imaginary part - 

kb Boltzmann’s constant J/K 

ko proportionality constant of order unity - 

K constant for non-idealities of bath gas - 

Kλ extinction coefficient m-1 

l path length of the beam in the flame m 

Le electrodes’ length m 

Lz cylinder length m 

m complex refractive index of soot - 
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MLP spectral emission of the lamp W/m2 

n refractive index of soot, real part - 

N number of monomers per aggregate - 

Nc number of elementary charges - 

nd number density of clusters - 

Nm total number of monomers - 

pv vapour pressure Pa 

q scattering vector magnitude m-1 

𝑄̇abs heating rate due to absorption W 

𝑄̇ann heating rate due to annealing W 

𝑄̇cond cooling rate due to conduction W 

𝑄̇ox heating rate due to oxidation W 

𝑄̇rad cooling rate due to radiation W 

𝑄̇sub cooling rate due to sublimation W 

𝑄̇therm cooling rate due to thermionic 

emission 
W 

rpos radial position where the electric field 

is calculated 

m 

R gas constant - 

Rg radius of gyration - 

Rg,eff effective radius of gyration m 

S(qRg) structure factor - 

t time s 

T temperature K 

U voltage V 

Uint soot particle’s internal energy J 

𝑉̇a aerosol volume flow m3/s 

𝑉̇air air volume flow m3/s 

𝑉̇in /𝑉̇out total volume flow in / out m3/s 

vp particle’s velocity m/s 

vvol velocity of the total volume flow m/s 

W molecular weight  g/mol 

xdis distance covered by the particle in the 

x-direction from the moment of its 

ejection to its deposition 

m 

Z electrical mobility m2/V⋅s 
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Greek letters 

Notation Parameter Unit 

αT thermal accommodation coefficient - 

αM mass-accommodation coefficient - 

β evaporation coefficient - 

γ heat-capacity ratio - 

ε Soot emissivity - 

η dynamic viscosity kg/m⋅s 

θ scattering angle ° 

κa thermal conductivity W/m·K 

λ wavelength m 

λL laser wavelength m 

µg,eff median effective radius of gyration m 

σ standard deviation - 

σabs absorption cross section m2 

τ detection system sensitivity - 

Φ equivalence ratio - 
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Abbreviations 

Notation Meaning 

CCD Charged Coupled Device 

CHRCR Clustering of hydrocarbons by radical-chain 

reactions 

CPC Condensation Particle Counter 

CW Continuous Wave 

DI Direct injection 

DMA Differential Mobility Analyser 

DME Dimethyl ether 

DMM Dimethoxymethane 

ELS Elastic Light Scattering 

EOI End of injection 

FWHM Full Width at Half Maximum 

HAB Height above the burner 

HACA Hydrogen abstraction carbon addition 

IDI In-direct injection 

IR Infrared 

LIF Laser-induced fluorescence 

LII Laser-induced incandescence 

NTP Normal Temperature and Pressure 

OME2 Oxymethylene dimethyl ether with two CH2-O 

groups 

OME3-5 Mixture of Oxymethylene dimethyl ethers containing 

three to five CH2-O groups 

OMEs Oxymethylene dimethyl ethers 

PAH Polycyclic Aromatic Hydrocarbons 

PM Particulate Matter 

POMDME Poly oxymethylene dimethyl ethers 

RDG-FA Rayleigh-Debye-Gans theory for fractal aggregates 

ROI Region of interest 

RSR Resonance-stabilized radical  

SMPS Scanning Mobility Particle Sizer 

TDC Top dead center 

TPGME Tripropylene Glycol Methyl Ether 

UV  Ultraviolet 

WALS Wide-Angle Light Scattering 



 

 
 

Subscripts 

Notation Meaning 

a Aerosol 

abs Absorption 

ann Annealing 

agg Aggregates 

c Charges 

cond Conduction 

crit Critical 

dis Distance 

E Electrostatic 

e Electrode 

eff Effective 

g Gyration 

gas Gas 

i Inner 

L Laser 

LP Lamp 

m Monomers 

o Outer 

ox Oxidation 

p Particle 

pos Position 

rad Radiation 

s Soot 

therm Thermionic 

V Volume 

vol Volume flow 

z Cylinder 
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1. Introduction 

Diesel engines are largely employed in the commercial transportation industry because of their 

reliability, thermal efficiency, durability, and, consequently, their economical advantage 

compared to gasoline engines [1]. Furthermore, diesel engines have shown to emit a lower 

amount of carbon dioxide (known to be a greenhouse gas) [1]. However, diesel engines have 

several major drawbacks such as the higher emission of particulate matter (PM) and nitric 

oxides (NOX). In particular, PM emissions, mainly constituted by soot particles, are a serious 

concern due to their harmful impact on climate change (soot particles strongly absorb in the 

visible light influencing cloud formation and accelerating snow and ice melting) and public 

health. Different studies have shown that diesel exhaust gases are associated with acute 

inflammation of the lungs and chronic lung function deterioration, lungs cancer, asthma, eye 

irritation, heavy breathing and wheezing [2-4]. Consequently, public institution in charge of 

environment and health protection have issued strict PM emission limit regulations, which are 

going to become even more restrictive in future years. Deeper understanding of PM formation 

is necessary for fuel engineers and engine designers to develop better fuels and technologies 

which can reduce emission levels and consequently meet future emission regulations. Soot 

formation in engines is a complex process which is influenced by various elements such as 

chemical composition of the fuel, atomization, air-fuel mixture proportion, turbulence level, 

pressure, injection time and ignition delay [5]. 

The three main strategies adopted for limiting diesel engine emissions are the reduction of soot 

directly in-cylinder, the post-treatment of the exhaust (filtering), and fuel modification. 

Regarding the modification of the fuel, different methods, from complete replacement of the 

diesel fuel to the insertion of small amounts of additive, have been explored [6, 7]. One of the 

most effective approach found is the insertion of oxygenated species into the diesel fuel. Indeed, 

several studies show that a growth of the fuel’s oxygen content causes a direct decrease of soot 

emissions, probably due to the suppression of C-C bonds [8, 9]. The influence of the additive 

molecular structure on the carbonaceous particulate emitted by engines is also significant. For 

instance, it has been noted that ethers have a lower sooting tendency than alcohols [10]. 

The overall objective of this work is the investigation of the effect of oxygenated additives on 

soot production from diesel combustion. In order to better understand chemical effects of 

additives, it is necessary to separate the impact of the fuel’s chemical composition on soot 

formation and oxidation processes from other physical factors which could at the same time 

influence soot emissions. For this purpose, a novel burner for diesel pre-vaporization and 
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combustion was implemented during this work. The pre-vaporization of diesel allowed to 

bypass the physical effects mainly connected to the vapour-liquid phase of the spray. The burner 

implemented generates a diesel laminar diffusion flame where the key steps of soot formation 

can be examined in simplified conditions by using in-situ optical techniques. Accordingly, the 

flame obtained was characterized by Laser-Induced Incandescence (LII) and Wide-Angle Light 

Scattering (WALS) which were employed for the determination of soot volume fraction and 

radius of gyration of soot aggregates, respectively. Following the characterization of the system, 

the effect of highly-oxygenated additives on diesel combustion was investigated by LII, WALS 

and other complementary techniques such as a Scanning Mobility Particle Sizer (SMPS), for 

particle’s diameter characterization, and Two-color pyrometry, for temperature investigation. 

After a review of the literature concerning oxygenated fuel additives, three ether compounds 

were selected as additive: Tripropylene Glycol Methyl Ether (TPGME), chemical structure 

CH3-OC3H6-(OC3H6)2-OH, and two poly oxymethylene dimethyl ethers (POMDME or OMEs, 

chemical structure CH3-O-(CH2-O)n-CH3), specifically OME2 (meaning two CH2-O groups) 

and OME3-5 (a mixture of OMEs containing 3, 4 and 5 CH2-O groups). 

The present thesis will first review the state of the art about soot formation and oxidation 

processes, the properties of soot, its development during diesel combustion and the effect of 

additives on soot emissions from diesel engines. A detailed description of the novel diesel 

burner, the spray flame chamber and the in-situ techniques and set-ups employed for soot 

characterization follows. Finally, the most significant results will be presented. This work 

shows how the chemical structure of the fuel affect the properties of the soot produced during 

diesel combustion. Furthermore, this work presents experimental results concerning the 

influence of highly-oxygenated species on the change of soot concentration and aggregate size 

in diesel flames, relevant for soot formation models and for developing emission reduction 

strategies. Moreover, a comparison between the results achieved from experiments on the 

laminar diffusion flame and measurement data collected in a constant volume combustion 

chamber (diesel engine-like conditions) are provided. To conclude, an overall comparison 

within the additives investigated and their effect on soot production are performed and the major 

outcomes of the study are summarized. 
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2. State of the art 

 

2.1 Soot 

 

2.1.1 Soot formation and oxidation processes 

 

In order to understand the effect of diesel additives on soot emissions it is necessary to have a 

closer look into the soot formation process. Soot is produced by incomplete combustion of 

organic substances. In urban areas the production of soot mostly derives from the fuel-rich 

combustion of engines. The formation of soot can be described as a gaseous-solid phase 

reaction which converts hydrocarbon molecules into carbonaceous particles. This process is 

extremely complex. It has been widely discussed in several papers [8, 11-17]. A schematic 

diagram illustrating the main steps of the soot formation process is shown in Figure 1. Although 

many details concerning the chemical-physical interactions behind soot formation are still 

unclear, there are some main steps generally accepted: 

- Nucleation of particles from precursors 

Large aromatics rings or Polycyclic Aromatic Hydrocarbons (PAH) are commonly recognised 

as soot precursors [8]. PAH are generally formed through addition of acetylene molecules, 

originated from fuel’s degradation, to single ring aromatics. Subsequently to the formation of 

precursors, particle inception occurs. The transition from gas-phase hydrocarbons to soot is not 

well understood and still controversial. Mainly two paths are suggested that can lead to soot 

inception: a) PAH molecules interact by van der Waals forces to form clusters and b) PAHs 

join into covalently bound clusters [16]. As for the first mechanism, soot inception usually 

begins around 1450 K (± 250 K) [16], at which temperature PAHs are mainly constituted by 

two to five aromatic rings; this means that their volatility is too high to consent nucleation by 

van der Waals forces. A chemical mechanism that yields to covalent bonds within PAHs is 

consequently more reasonable. In a recent work Johansson et al. [18] hypothesize a reaction 

pathway involving radicals. The radicals, by reacting with others hydrocarbons through 

hydrogen-abstraction and hydrogen-ejection, lead to the formation of covalently bound clusters 

of PAH. According to Johansson et al. [18] the process is triggered by resonance-stabilized 

radical (RSR) species. These species have an unpaired electron and consequently high 

reactivity. First, the RSR’s dimension enlarges through acetylene (C2H2) or vinyl (C2H3) 

addition, maintaining the unpaired electron. Because of the unpaired electron these species 

combine easily with others radicals as well as with closed-shell hydrocarbons extending in this 
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way the conjugation. This foster radical-chain reactions leading to regenerate RSRs. Lastly, a 

“pool” of resonance stabilized radicals is formed, any of them can generate a 1 nm – 5 nm 

incipient soot particle. The reaction of radicals on the incipient particles’ surface with others 

hydrocarbons promotes molecular growth and can develop into 10 nm - 50 nm soot particles. 

This mechanism has been called clustering of hydrocarbons by radical-chain reactions 

(CHRCR). The nascent soot has a molecular mass of about 2000 atomic mass units (u) [11].  

- Mass growth 

Soot nuclei enlarge by surface reactions with gas species such as acetylene and PAH molecules 

as well as radicals. It is believed that the reactions develop via hydrogen abstraction carbon 

addition (HACA) process [15]. The HACA mechanism is promoted by reactive sites originated 

from soot interaction with H and OH radicals which in turn interfere with C-H bonds located 

on the soot surface. Consequently, the mass growth is highly influenced by surface properties. 

Johansson et al [18] proposed that the CHRCR mechanism can also contribute to particle-

surface growth under high-temperature conditions. Indeed, larger carbonaceous particles 

display surface-radical sites similar to RSRs ones. 

- Coagulation 

Another mechanism which significantly contributes to particle growth is coagulation. During 

this process two or more small particles, by mean of sticking collisions between them, join to 

form a larger one. The coagulation process significantly increases the particle size while the 

total mass stays the same. Particle coagulation occurs immediately after particle formation. Two 

mechanisms mainly contribute to particle growth: aggregation and agglomeration. Primary 

particles can combine by chemical bonds, in this case aggregates are formed. Both primary 

particles and aggregates can in turn link via physical bonds maintaining their original shape but 

creating a larger group of particles; this phenomenon is called agglomeration. Agglomerates 

are characterized by Van der Waals / physical bonds between particles/aggregates. 

- Oxidation process 

The chemical reaction which converts soot particles’ carbon into gaseous species such as CO 

and CO2 is called oxidation. This process decreases the mass of soot. Under fuel-rich conditions 

OH, O and, in less amount, O2, act as oxidizing elements. On the other hand in fuel-lean flames 

other species, i.e. H2O, CO2, NOx, could potentially be oxidants. Oxidation takes place on 

particle surfaces. Consequently, the surface area, together with the concentration of oxidants, 

affect the oxidation rate [19]. 
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Figure 1. Schematic diagram of the main steps of the soot formation process. Figure  after[20] 

with additions. 

 

2.1.2 Influence of fuel chemical composition on soot formation 

 

Several fuel properties are related to particulate emissions from engines: cetane number 

(indicator of ignition characteristics), fuel density, boiling point, viscosity, etc. Among them, 

the fuel chemical composition is one of the principal factors governing the sooting tendency of 

fuels [21]. Starting from pure hydrogen, which does not emit any soot during combustion, as 

the ratio of carbon to hydrogen increases (C/H ratio), the tendency of a fuel to generate 

particulates grows. In general, sooting tendencies of hydrocarbons rise following the order: n-

paraffins < isoparaffins < naphthenics < aromatics [22]. Moreover, it has been observed that 

under diffusion flame conditions the trend of aliphatics to generate soot isalkynes > alkenes > 

alkanes. Indeed, it has been found that during the combustion alkanes are rapidly converted into 

alkenes. These species are transformed later on to alkynes [23]. The main chain length, the 

number, position, and length of side chains have secondary effects on soot production. Takatori 

et al. [24] studied the effect of molecular structure of paraffins on soot formation; they carried 

out experiments on isomers of hexane and octane (including the ring structure) in a flow reactor 

(1000 K–1300 K) and in a shock tube (2000 K–2500 K).  They noticed that sooting tendencies 

increase in the order: n-paraffin < 1-branched paraffin < 2-branched paraffin < cycloparaffin. 

The double bond of carbon (C=C) strongly influences the sooting tendency. It has been 

observed that cyclohexane (saturated ring) generates more soot than hexane (open chain), but 

less than benzene (unsaturated ring) [24]. Ultimately, polycyclic aromatic hydrocarbons have 

shown to be the most prolific sooters. A single-ring aromatic fuel such as benzene expands 

directly to multiple-ring aromatics by the HACA mechanism.On the other hand an alkane, for 

example heptane, will produce aliphatic products that must grow to single-ring molecules 

before they can enlarge to two-ring aromatics. Therefore aromatics have much greater sooting 

tendencies than alkanes [25]. 
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Consequently, the focus of the majority of the studies on fuels has been related to the role of 

aromatics. Aromatic fuels are characterised by elevated density and small cetane numbers 

which in turn affect the liquid length of the injected spray and the ignition delay. It is therefore 

challenging to decouple the effects of fuel chemical composition from the ones due to physical 

parameters and engine geometry parameters. Miyamoto et al. [26] studied the effects of the 

fuel’s molecular structure on the exhaust emissions. They inserted various aromatic additives 

into a mixture of n-tetradecane and heptamethylnonane. The fuels were investigated in both 

direct injection (DI) and in-direct injection (IDI) single-cylinder engines. The results achieved 

from the two types of engines were similar. Soot emissions increased linearly with the fuel C/H 

ratio. The ignition delay and equivalence ratio were constant. Furthermore, the authors observed 

that di-aromatic fuels had a stronger tendency to produce particulate than mono-aromatic fuels. 

Accordingly, Tsurutani et al. [27] found that the tendency of aromatics in enhancing PM 

emissions was mono < di- < tri-aromatics. Bertoli et al.[28] also observed that particulate 

emission was significantly impacted by di- and tri-aromatics. Bryce et al. [29] measured 

elevated soot concentrations in diffusion flames and in an IDI engine with increasing amounts 

of aromatic additive. 

Soot production has also been found to be strongly dependent on the ratio of carbon-to-oxygen 

atoms in the fuel.  Böhm et al. [30] estimated that the soot volume fraction in C2H4-air flames 

is proportional to (C/O – (C/O)crit)
n with n ranging from 3.5–4. Data in the literature 

demonstrates that an increased oxygen content in the fuel abates soot particulates [6]. Hallgren 

and Heywood [31] in their study calculated that soot decreases in a logarithmic way with 

increasing percentage of oxygen. Indeed, a higher oxygen content in the fuel increases the 

combustion efficiency and the burn rates as indicated by the reduction of  HC, CO and other 

exhaust pollutants [32]. Mueller and Martin [33] investigated the behaviour of two oxygenated 

fuels, dibutyl maleate and tri(propylene glycol) methyl ether, in a DI optical engine.  The fuels 

had the same oxygen content but different structure. Flame luminosity was used to compare 

soot production. The spatially integrated luminosity for dibutyl maleate was higher than the 

luminosity of tri(propylene glycol) methyl ether, meaning that not only the amount of oxygen 

but also the molecular structure of the oxygenated fuel influences flame luminosity. 

Finally, the presence of sulphur in the fuel increases particulate mass. Sulphur is usually 

oxidized to SO2. This specie can combine with unburned hydrocarbons and be absorbed by 

neighboring soot particles yielding to more soot.  
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In conclusion, most investigators agree that a higher number of C-C bonds, C=C double bonds 

and aromatic structures enhance the sooting tendency of the fuel. At the same time, a high 

percentage of oxygen in the fuel composition generally leads to a reduction of soot formation. 

 

2.1.3 Soot properties 

 

At the end of the combustion process, soot is constituted by roughly eight parts of carbon and 

one part of hydrogen with a density of about 1.85 g/cm3[34]. Primary soot particles are nearly 

spherical. They have diameters ranging from 20nm to 50 nm [35]. These primary particles join 

to form aggregates which acquire various shapes, from relatively straight chains to more 

compact clusters. The aggregation process depends on the system itself and how it develops 

[36]. Consequently, it is of great interest to investigate the properties of the clusters formed. In 

this study we apply scattering diagnostics to infer morphological properties, and therefore a 

basic mathematical description of aggregates properties is necessary. Quantifiable parameters 

that can be utilized to describe aggregates are the radius of gyration Rg, which represents the 

radius of the overall aggregate (different from the monomer radius and the primary particle 

diameter dp), and the fractal dimension Df [37-39]. In a fractal aggregate the number of 

monomers per aggregate N can be expressed as 

 

𝑁 = 𝑘0 (
𝑅g

𝑎
)

𝐷f

,                                                             (1)  

 

where k0 is a proportionality constant, a is the monomer radius. From equation (1) it is clear 

that the mass of the aggregate increases (or scales) by increasing the overall size of the 

aggregate to the Df power. If, during the formation process, the clusters encounter other clusters 

through random walk and they link together with almost unity probability, Df ranges between 

1.75 and 1.8 [40]. When the motion of the clusters is limited to be a straight line Df arise to ≃ 

1.9 [41]. Finally, when the sticking probability falls drastically, Df is found to be between 2.1 

and 2.2 [42]. 

Furthermore, to perform quantitative measurements of soot mass or volume fraction by optical 

techniques, it is necessary to know or assume physical and optical properties of soot. The most 

important parameter that describes soot optical properties is the soot emissivity ε. The 

emissivity ε of the particle is defined as the ratio between the thermal energy radiated by the 

particle and the thermal energy radiated by a perfect blackbody at the same temperature. Ε is 
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dependent on the wavelength λ. Assuming that the emission/absorption of the soot particles is 

equivalent to the emission/absorption of a comparable volume of isolated primary particles with 

a primary particle diameter dp<< λ, the emissivity can be written as [43-45] 

 

𝜀 =
4𝜋𝑑p

𝜆
𝐸(𝑚, 𝜆),                                                          (2) 

where E(m) is a function of the complex index of refraction m = nm − kmi and is expressed as 

 

𝐸(𝑚) =  −Im (
𝑚(𝜆)2 − 1

𝑚(𝜆)2 + 2
).                                                  (3)  

 

2.2 Diesel combustion 

 

2.2.1 Combustion and soot formation processes in direct-injection (DI) diesel engines 

 

The combustion taking place in a conventional direct-injection diesel engine can be assimilated 

to a spray flame combustion. Diesel combustion is typically divided in three phases [46]: 

First, a combustion of air-fuel mixed after the ignition delay. This phase is characterized by 

high reaction rate and steep pressure rise. 

Second, the mixing controlled combustion phase, where the heat release is controlled by the 

fuel injection system (in classical setups the injector needle is in fully open/maximum lift 

position and the injection rate is constant; nevertheless, in modern applications the system is 

more complex). 

Third, in the late phase the expansion comes into play and the reaction rate is controlled by the 

temperature after the so called top dead center (TDC). A sketch of the heat release rate  for 

typical conventional diesel combustion [47] is displayed in Figure 2. 
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Figure 2. Schematic draw of the apparent heat release rate for typical conventional diesel 

combustion. Figure  after [47]. 

 

Coming to a more detailed description, the liquid fuel is injected into the cylinder (typically, an 

engine has six–eight reacting jets in each cylinder) at injection pressures between 35 MPa and 

250 MPa. Injection starts close to the end of the compression stroke. Here, temperature and 

pressure typically range between 850 K –1100 K and 2.4 MPa –12.6 MPa, respectively, 

corresponding to gas densities of 10 kg/m3–40 kg/m3 [48]. As the fuel jet penetrates into the 

cylinder, it expands into a narrow cone shaped spray entraining the surrounding hot air.  The 

entrained hot air triggers the vaporization of the spray cone. The length of liquid penetration is 

called the liquid-length [49]. In passenger car applications this value is approximately 20 mm 

for diesel fuel under the conditions stated above. Beyond the liquid-length there is a vapour 

region, where no fuel is in the liquid phase. When the fuel/air mixture reaches the ignition 

temperature, a fuel-rich (in comparison to the globally lean fuel air ratio in the cylinder) 

combustion reaction occurs. The locally fuel-rich reaction creates soot precursors – poly-

aromatic hydrocarbons (PAHs), C2H2 – which subsequently yield to the formation of soot. This 

is the beginning of the quasi-steady phase combustion [47]. In this phase a diffusion flame 

surrounds the hot products and, after the end of injection (EOI), it moves upstream quickly 

leaving only some unburned fuel. At this point the jet expands and its structure evolves into a 

pocket of rich reaction products. The jet reduces in size and breaks into smaller spots as 
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combustion continues. At the end of the expansion process the temperature decreases until the 

combustion is quenched.  

The distance between the fuel injector and the point where the diffusion flame stabilizes in the 

stationary phase is called lift-off length. A sketch of the conventional diesel combustion, 

illustrating the lift-off length, is shown in Figure 3. 

 

 

 

Figure 3. Sketch of the conceptual model elaborated by Dec et al. [47] for conventional diesel 

combustion during the quasi-steady period. Figure  after[47] with additions. 

 

The lift-off length is an important parameter for the soot formation process. Fuel and air mix 

upstream of the lift-off length and react downstream of the lift-off length. The fuel/air mixture 

formation process, crucial for the subsequent combustion, has been deeply investigated by Riess 

et al. and Peter et al. [50, 51]. A rich premixed reaction takes place downstream the lift-off 

length. This premixed reaction releases a significant amount of heat while products like 

acetylene and ethylene (known as soot precursors) from the unburned or partially burnt fuel are 

generated. The temperatures in this region range between 1600 K and 1700 K. Radicals like 

vinyl (C2H3), propargyl (C3H3), allyl (C3H5) and methyl allyl (C4H7) are also present 

[52].Several authors have shown that soot derives partially from this first fuel-rich combustion 

zone [46, 47]. The lift-off length increases linearly with injection pressure and the percentage 

of ambient air taken in. Siebers et al. [53] inferred that the flame lift-off length is inversely 

proportional to the ambient oxygen concentration and dependent on the injection orifice 

diameter, ambient gas temperature and density. 

Other factors which contribute to the creation of soot emissions are the amount of fuel released 

at the end of the injection, which does not mix completely with air [47], and the quenching of 
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the final stage of the combustion that yields to incomplete soot oxidation[46, 54]. Two 

additional mechanisms permit the soot to survive the combustion process: 1) wall and crevice 

deposition and subsequent removal 2) escape of soot through extinguished regions of the overall 

diffusion flame [46]. 

Finally, four parameters emerge as most critical for controlling soot formation in diesel 

combustion: 1) the lift-off length which is connected to the entrainment of oxygen and therefore 

the fuel/air ratio in the combustion zone 2) the mass fraction of oxygen in the fuel, 3) the number 

of C-C bonds (single, double and triple bonds) in the fuel and 4) the temperature in the soot 

formation region. In particular, the first two parameters control the local equivalence ratio in 

the fuel-rich premixed zone and appear to influence soot formation massively.  It is still unclear 

if oxygen from the surrounding air is more effective at suppressing soot than fuel bound oxygen 

or vice versa. 

 

2.2.2 Relevant laboratory diesel flame set-ups 

 

Several works have been carried out on the sooting behaviour of liquid diesel-like fuels, fossil 

fuel surrogates and biodiesel surrogates under various conditions. The set-ups employed 

include shock tubes [55, 56], diffusion flames [57-59] and premixed flames [60, 61]. The 

studies on soot formation in neat diesel flames are restricted to mainly spray flames. Recently, 

Solero [62] published a study on soot formation in diesel sprays generated by a gas atomizer; 

diesels were additised with metal oxides nanoparticles such as Al2O3. Lemaire et al. [6, 63] in 

their work compared soot produced by diesel and diesel surrogates. Both authors utilized an 

atomizer which generated a fuel spray directly vaporized in the flame. Du et al. [64] investigated 

the influence of injection pressure and nozzle orifice diameter on soot formation. The effect of 

gas density was also studied [64]. The measurements were performed on a turbulent diffusion 

diesel flame created in a high-pressure/high-temperature spray chamber where a continuous gas 

flow was generated. In the study of Matti Maricq [65] a diffusion spray flame for soot 

investigation from biodiesel and diesel surrogates was achieved by using a syringe pump (for 

fuel supply) and an injection nozzle. Lemaire et al. [66] implemented a McKenna-Hybrid 

burner where the classical McKenna burner set-up was coupled with a high efficiency nebulizer 

for hydrocarbons atomization. The hybrid burner generated a high-speed spray of micro-sized 

fuel droplets which was subsequently injected in the burner. Recently Tian et al. [67] studied 

the production of soot from biofuels and biodiesel-diesel blends by employing Laser-Induced 
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Incandescence (LII) and laser extinction methods. The combustion of the fuels was performed 

in several co-flow stabilized laminar pool flames. 

To specifically investigate only the chemical mechanisms which govern soot production, it is 

necessary to develop strategies that permit to avoid the effects due to fuel´s physical properties. 

Within the physical properties of the fuel, the density, viscosity and surface tension of droplets 

significantly affect the atomization and evaporation time of the gas-liquid aerosol and 

consequently the combustion itself. One possible solution is to complete pre-vaporize the diesel 

before the combustion. Nevertheless, due to the high-temperature boiling point of diesels, i.e. 

around 370 °C, the complete pre-vaporization of this fuel is challenging, considering the low 

self-ignition temperature (at 210 °C for commercial diesels). Very few examples of non-spray 

diesel flames have been studied in literature. Gertsmann et al. [68] designed a vaporizing diesel 

burner for camp stoves and military field kitchens. In the set-up presented the diesel is first 

vaporized in a vertical tube. Afterward, the diesel is headed toward a super-heater tube. Finally, 

the fuel is burned on a cylindrical screen flame holder. The flame obtained is not 

controllable/reproducible, i.e. it cannot be used for soot quantification or morphological studies. 

The flame is therefore limited to practical applications. Bryce et al. [69] performed 

measurements on a ∼13 mm high diesel flame. The combustion set-up is shown in Figure 4. It 

is constituted of a vaporizer vessel, a connecting heated tube and a co-flow burner. The 

vaporizer chamber is kept at 300 °C temperature. The fuel is injected into the burner by means 

of a needle valve that controls the height of the flame. This system produces a steady flame. 

However, the injection is not continuous and requires to be monitored to preserve stationary 

flame conditions. 
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Figure 4. Sketch of the set-up utilized by Bryce et al. to generate a diffusion diesel flame for 

quantitative soot investigation. Figure after[69] with additions. 

 

2.2.3 Effect of additives on soot formation from diesel fuels 

 

The insertion of an additive in the diesel fuel is one of the most used strategies to reduce 

particulate emissions from combustion [70]. The term “fuel additive” indicates any substance 

inserted in the fuel that modifies the fuel´s physical and chemical properties [70]. The effect of 

different kinds of additives on diesel injector flow, spray and soot formation has been 

investigated in many works [6, 7, 71-73]. Various species have been employed as additives, 

from water to metal-based additives, detergents and lubricants [72, 73]. For example, detergents 

(i.e. polyether amines, imidazolines, fatty acid succinimides, polyether amines, etc.) are able to 

suppress the formation of deposits on the injector and thus decreasing the injector ageing with 

a consequent reduction of soot formation during long-term operation [73, 74]. Recently, it has 

been noted that oxygenated species such as mono-alkyl esters, long-chain fatty acid, n-butanol, 

methanol, etc. have a lowering effect on soot emissions [6, 75, 76]. In fact, numerous studies 

indicate that an increment of the number of oxygen atoms in the fuel’s molecular structure/blend 

composition suppresses soot emissions [8, 9]. This phenomenon is probably connected to the 

reduction of C-C molecular bonds which leads to a drop of soot precursors. Moreover, a growth 

of oxygen supplies more oxidants for carbon oxidation. On the other hand, the insertion of 
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biodiesel or in general different alcohol and esters structures seem to slightly increase the 

amount of NOx emissions [77, 78]. Imtenan et al. [79] correlated the additive’s oxygen content 

with PM/smoke production. They estimated that the correlation between the additive’s 

capability of decreasing particulate and its oxygen content is up to 95%. Hallgren and Heywood 

[31] inserted several oxygenated agents to an ultra-low sulphur diesel fuel in a DI diesel engine. 

They observed that the species added were able to lessen soot. The reduction depended on the 

percentage of oxygen as well as the type of functional group. Many studies have shown that 

besides the amount of oxygen inserted, the chemical structure of the additive plays an important 

role on the overall emissions. The impact of oxygenated additives with various molecular 

structures or functional groups on soot formation from diesels has been topic of a number of 

studies. A general overview of the works performed on the effect of oxygenated additives is 

given here following a classification based on the type (i.e. molecular structure) of additive 

used. 

a) Esters 

Ester groups are typically present in biodiesel fuels. The influence of a rapeseed methyl ester, 

employed as additive, on particulate matter was studied by Lemaire et al. [6]. By using optical 

methods they measured soot emission from a low sulphur diesel where the methyl ester was 

inserted in different concentrations (from 10 % vol. to 100 % vol.). The results showed that the 

insertion of the ester leads to a significant drop of soot amount as well as soot precursors 

quantity. Tian et al. [67] investigated, by using optical diagnostics, soot emissions of three 

biodiesels containing methyl esters. The measurements were compared with the pure diesel. 

They found that particulate matter from pure biodiesels decreased up to 67% compared to the 

total amount of soot produced by pure diesel. They also observed that the quantity of soot 

produced correlates directly with the degree of unsaturation of the additised diesels. Several 

works show that the ester structure of biodiesel-diesel blend leads to relatively higher smoke 

emissions than alcohol-diesel or ether-diesel blends [71, 80]. 

b) Alcohols 

Various researches report significant PM reduction when ethanol-diesel and dimethylglyoxime-

ethanol-diesel blends are employed [71, 81-84]. Also alcohol fumigation into the inlet manifold 

was proved to be a good soot suppression strategy [85-87]. Cheng et al. [88] traced carbon 

isotopes in ethanol and demonstrated that carbon from ethanol is about 50% less likely to 

contribute to soot formation with respect to the carbon from diesel fuel.  

c) Ethers 
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Two-color measurements for temperature estimation in a DI diesel engine by Donahue and 

Foster [32] displayed that both oxygen enhancement of the intake air as well as oxygenation of 

the fuel with a ether compound decreased pyrolysis and enhanced oxidation, shortening the 

combustion duration and reducing particulate matter production. PM reduction effects on 

exhaust emissions were also found by Beatrice et al. [89] who tested three blends of diglyme-

diesel (10 %, 20 % and 30 % in volume) in a commercial DI diesel engine.  

Liotta and Montalvo [90] compared PM emissions from ethers and alcohols finding that ethers 

were more effective than alcohols in reducing PM. A substantial drop of PM emissions was 

observed in the case of dimethyl ether (DME)-diesel blend combustion[91, 92]. DME 

performances were tested under different engine operating conditions. In all cases PM 

emissions were lower. The decrement was correlated to the chemical structure of DME which 

does not contain any C-C bonds. Many others works followed to that. Ether-based species with 

raised oxygen content, less C-C bonds and longer C-O chain(s) have been investigated as 

additives leading to promising results [93, 94]. In particular, two ethers-based species emerged 

as powerful soot reducer, i.e. Tripropylene Glycol Methyl Ether (TPGME) and poly 

oxymethylene dimethyl ethers (POMDME or OMEs). OMEs and TPGME were selected in the 

present study as additives for investigations in a laminar diffusion flame. They will be further 

described in sections 2.2.3.1 and 2.2.3.2. 

Finally, many insights about how the chemical structure of the additive influences the soot 

produced can be achieved through soot formation models. Kinetic modeling concerning 

methanol, ethanol, dimethyl ether, dimethoxymethane and methyl butanoate, employed as 

additives to n-heptane, showed that these compounds lower the concentrations of ignition 

products (and soot precursors) such as acetylene, ethylene, 1,3-butadiene and propargyl and 

vinyl radicals [52]. Calculations by Flynn et al. [46] suggested that the formation of particulate 

precursors is almost completely inhibited at an oxygen-to-fuel mass ratio of 25%. The addition 

of oxygenated species, beside reducing the production of soot precursors in the fuel-rich 

premixed zone, increases the concentration of O, OH and HCO, which promotes the oxidation 

of hydrocarbons to CO and CO2.  Furthermore, higher concentrations of OH in the post-

premixed flame region also suppress soot particle inception by oxidizing aromatics and limiting 

PAH growth.  

Lastly, it should be considered that oxygenated compounds, when inserted into diesel fuel, not 

only modify the oxygen content but also other properties like the cetane number, density or 

viscosity. All these parameters could affect the fuel ignition time and the distribution of the 

injected fuel into the chamber which could in turn have an influence on PM emissions.  
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2.2.3.1 Tripropylene glycol methyl ether 

 

A recent work by Mueller et al. [93] explores soot precursor characteristics and soot emitted by 

various oxygenated fuels. The study was conducted by carrying out numerical simulations and 

experiments. The experiments were performed in a constant-volume combustion chamber and 

in a single-cylinder DI diesel engine. The outcomes of this work highlighted that some 

oxygenated species were able to lower PM emission. In particular, one of the species 

investigated, tripropylene glycol methyl ether or TPGME, displayed a significant capability of 

decreasing soot that was higher compared to other oxygenates. The chemical structure of 

TPGME is shown in Figure 5. A chemical kinetic model released by Westbrook et al. [95] 

further investigated the mechanism behind particulate reduction by oxygenated additives. The 

compounds studied, at diesel engine conditions, included TPGME. The model revealed that the 

soot drop is due to the decrement of soot precursors. Indeed, the authors showed that adding 

oxygenated species in the diesel blend causes an abatement of hot products in the fuel-rich 

diesel ignition zone. 

 

 

Figure 5. Molecule of Tripropylene glycol methyl ether (TPGME). Figure from [96]. 

 

2.2.3.2 Poly oxymethylene dimethyl ethers 

 

The chemical structure of OMEs (also called POMDME) is displayed in Figure 6. In general, 

OMEs species have a formula CH3-O-(CH2-O)n-CH3, where n can range between 1 and 6. 

Starting from dimethoxymethane or DMM (molecule CH3–O–CH2–O–CH3) all the other 

molecules of this class are obtained by adding-CH2-O- groups. The mass fraction of oxygen in 

OMEs can go up to 50%. Kenney et al. [97] and Sirman et al. [98] report results concerning 

PM emissions measured in a direct injection diesel engine where 15% DMM-diesel blend was 

burned. They show that the insertion of DMM suppresses soot emissions considerably at any 
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speed/load condition tested and at the exhaust. Nevertheless, they state that the replacement of 

diesel with DMM is not advisable because of the different physical properties between DMM 

and normal diesel. In fact, DMM has a lower boiling point (42°C), cetane number (=30) and 

viscosity than a standard diesel. Therefore, a complete substitution would entail a modification 

of the fuel system of the existing engine. A suitable alternative is the utilization of 

oxymethylene dimethyl ethers with longer chain. Indeed, long-chain OMEs have properties 

similar to diesels i.e. a higher boiling point and viscosity. For example, the molecules CH3-O-

(CH2-O)n-CH3, where n varies between 2 and 5 and it is written OME2-5, can be employed for 

diesel blending in any percentage without modification of the engine’s injection system. 

According to Pellegrini et al. [99], who estimated the PM concentration of neat OMEs and 

OMEs-diesel blends in a Euro-2 diesel passenger car engine, the particulate emitted by a 10% 

OMEs-diesel blend is 18% less than pure diesel. In the case of neat OMEs, soot production 

drops by about 77% compared to that from pure diesel. They remarked though that the neat 

OMEs caused an increase of CO, NOx and formaldehyde emissions. Iannuzzi et al. [100] 

investigated soot production from pure OMEs, DMM and several OMEs-diesel blends. They 

carried out measurements in a constant-volume cylindrical cell by using optical diagnostics. 

The results obtained show that the soot concentration falls during the soot formation dominated 

phase and the early start of oxidation. Subsequently, they studied the emission performance of 

5% and 10% OMEs-diesel blends [101] in a single-cylinder heavy duty diesel engine. These 

further measurements revealed a reduction of soot emissions compared to commercial diesel of 

more than 10% for the 5% OMEs-diesel blend. Furthermore, the suppression of soot for the 

10% OMEs-diesel blend was up to 35%. 

 

Figure 6. General chemical structure of OMEs. Figure from [96]. 
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2.3 Objectives 

 

The principal objective of the present study is the investigation of the effect of diesel additives, 

specifically oxygenated additives, on soot formation and soot properties. From the review above 

the importance of discerning the impact of the fuel’s chemical composition on soot formation 

from the physical properties connected to spray and engine characteristics comes to light. 

Consequently, this work has three main objectives:  

- An initial milestone is the implementation of a burner that permits to isolate the influence of 

the fuel chemical composition on soot formation. The system developed should completely 

vaporize the fuel in order to avoid a liquid-vapour mixture whose characteristics significantly 

affect PM emissions. A laminar flame, easy accessible for in situ measurements, is also 

desirable. Basically the novel burning system should have the capability of a) highlighting the 

role played by fuel additives during soot formation and b) being suitable for the application of 

optical techniques (further discussed in section 3.). 

- A second milestone is the investigation of the impact of TPGME and OMEs, selected as 

additives, on soot concentration and particle size. On this purpose optical diagnostics will be 

employed while the novel burner realized will be used as combustion system. In particular, the 

aggregate size of the particles emitted governs the uptake of aerosols by the human respiratory 

system and thus has a major influence on health hazards. The size of the aggregates generated 

from additive-diesel blends has not been widely explored yet. The investigation of the additive’s 

effect on soot temperature will also be carried out. The knowledge of the temperature has a key 

role because additives could affect the flame’s temperature which can in turn influence soot 

production. 

- A final milestone is the comparison between the results obtained in the laminar flame and the 

ones achieved on spray flames in a constant volume chamber where the overall conditions are 

more similar to real engines. This comparison will help to comprehend whether the additive’s 

effect is insignificant, the same or enhanced under engine-like conditions.  Furthermore, these 

measurements will underline the effect of the fuel’s chemical composition within the whole 

physical, chemical and mechanical effects.  
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3. On-line techniques used for soot investigation 

 

For the investigation of particulate matter numerous off-line and on-line analytical techniques 

are used. Within the off-line techniques we can mention electronic microscopy, X-ray 

diffraction, Raman spectroscopy, and thermogravimetric analysis. Also infrared spectroscopy, 

soot reactivity towards O2 and NO, UV–Visible spectroscopy, size exclusion chromatography 

and fluorescence spectroscopy are off-line techniques commonly employed for soot 

characterization [102]. During the combustion itself, soot development is mostly studied by on-

line techniques which avoid particle sampling and the directly connected perturbation of the 

combustion conditions (i.e. the flame). Within the on-line techniques, laser-based techniques 

are preferred due to the possibility of in situ measurements [103]. Furthermore, these techniques 

have the desirable capability of a temporally and spatially resolved visualization of soot. In the 

present work we chose to utilize two well-established laser-based methods: Laser-Induced 

Incandescence (LII) for the investigation of the soot concentration and Elastic Light Scattering 

(ELS) for the characterization of the aggregate size of the particles. The background of these 

techniques is described in paragraphs 3.1 and 3.2. Furthermore, two non-laser based methods 

are employed for further soot characterization, namely Scanning Mobility Particle Sizer 

(SMPS) analysis, for the measurement of particles’ mobility diameter, and Two-color 

pyrometry, for the evaluation of the soot particles temperature. These two techniques are 

described in the paragraphs 3.3 and 3.4. 

 

3.1 Laser-Induced Incandescence 

 

For the Laser-Induced Incandescence (LII) technique a high-power laser (either constant wave, 

CW, or pulsed) is employed to heat (usually) carbonaceous particles up to a temperature high 

enough to have sufficient radiation signal, which often corresponds to the temperature of 

sublimation (i.e. beyond 3000 K). The absorption of the laser energy by the soot particle and 

the consequent rapid temperature rise causes the emission of enhanced thermal radiation, i.e. 

the Planck radiation or incandescence. Theoretical and experimental studies have demonstrated 

that the LII signal peak, detected right after the laser pulse, is roughly proportional to the soot 

concentration while the signal’s decay time leads to the estimation of the primary particle’s size 

[104]. The typical LII signal decay over time after the laser pulse, together with the temperature 

development, is shown in Figure 7.  
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Figure 7. LII signal and temperature decay over time after the laser pulse. 

 

When the laser pulse hits the soot particle, different phenomena occur: absorption, radiation, 

conduction, sublimation, annealing, thermionic emission are some examples. Accordingly, the 

particle’s internal energy Uint changes as described by 

 

𝑑𝑈int

𝑑𝑡
= 𝑄̇abs +  𝑄̇rad +  𝑄̇cond +  𝑄̇sub + 𝑄̇ox + 𝑄̇ann +  𝑄̇therm.                (4) 

 

In this relation the change in internal energy Uint over time t is equal to the sum of the heating 

rate due to absorption 𝑄̇abs,the cooling rate due to radiation 𝑄̇rad, the cooling rate due to 

conduction 𝑄̇cond, the cooling rate due to sublimation 𝑄̇sub, the heating rate due to oxidation 

𝑄̇ox, the heating rate due to annealing 𝑄̇ann and finally, the cooling rate due to thermionic 

emission of electrons 𝑄̇therm. The Eq. 4 represents the energy balance of the soot particle during 

irradiation with laser light and allows to infer the time evolution of particles temperature. 

Considering Eq. 4, it becomes clear that different competitive processes contribute to influence 

the particle’s internal energy during the laser irradiation. Since the incandescence signal derives 

from the radiative emission generated by the heated particle, the most relevant step for the LII 

process is the initial absorption of the laser light by the particle and the consequent heating. The 

absorptive-heating rate can be easily calculated by 

 

𝑄̇abs = σabs𝐵(𝑡),                                                                (5) 
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where B(t) is the time dependent irradiance of the incident laser with wavelength λL (much 

bigger than the particle diameter) and σabs is absorption cross section expressed as 

 

σabs =
𝑑p

3𝜋2𝐸(𝑚)

𝜆L
.                                                              (6) 

 

σabs takes into account the area of the particle (π· dp
2), which is assumed to be spherical, and the 

absorption efficiency (dp· E(m)). 

Particle heating is balanced by the cooling process. The radiative-cooling rate of the particle 

can be formulated as [104] 

 

𝑄̇𝑟𝑎𝑑 =
198.97𝜋3𝑑p  

3 (𝑘b ∙ 𝑇)5 ∙ 𝐸(𝑚)

ℎ(ℎ𝑐)3
                                           (7) 

 

where h is Planck’s constant, c is the speed of light, kb is the Boltzmann constant. In this 

expression appears the refractive-index function E(m) which is dependent on the incident 

wavelength. Since lasers operate on a fixed wavelength, we could use a constant value for E(m) 

(in our case the value selected was 0.3 [105, 106], see below). If other incident sources of 

radiation are employed (non-laser sources with different wavelengths), more complex equations 

need to be used [107]. Furthermore, two other phenomena limit the temperature rise of the 

particles: heat conduction and, especially at high fluences, sublimation. 

If we want to describe the conductive-cooling rate during LII we have to introduce first the 

thermal accommodation coefficient αT. This parameter describes the thermal energy exchanged 

between the soot particle surface and a colliding gas molecule. It can be expressed as 

 

𝛼𝑇 =
𝑇gas,0 − 𝑇gas

𝑇s − 𝑇gas
=

𝐸n,gas,0 − 𝐸n,gas

𝐸n,s − 𝐸n,gas
,                                             (8) 

 

in Eq. 8 Ts is the soot particle temperature, Tgas is the temperature of the colliding gas stream, 

Tgas,0 is the initial temperature of the bath-gas and En,s, En,gas and En,gas,0 are the corresponding 

energies. The value of the thermal accommodation coefficient has been widely investigated and 

found to lie between αT = 0, 24 and αT = 0, 44 [108]. The uncertainty concerning αT makes the 

modelling of the conductive-cooling rate quite challenging. A typical expression employed to 

describe 𝑄̇cond is [109] 
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𝑄̇cond =
2𝜅𝑎𝜋dp

2

𝑑𝑝 + 𝐺𝐿
(𝑇 − 𝑇0),                                                        (9) 

 

where T0 is the ambient temperature, κa is the thermal conductivity of surrounding gas, L is the 

mean free path of the molecules and G is a function of the heat-capacity ratio γ = Cp,air/Cv, (Cp,air 

is the heat capacity of air at constant pressure while Cv is the heat capacity of air at constant 

volume). G contains the term αT as can be seen in the following 

 

𝐺 =
2(9𝛾 − 5)

𝛼𝑇(𝛾 + 1)
.                                                               (10) 

 

The particle cooling due to conduction is still under investigation. In particular, the impact of 

polydispersity, bridging between primary particles, aggregate size and morphology and particle 

maturity on LII-signal decay rates are still under study [104, 110-112]. 

A critical phenomenon for the modelling of the particle energy and mass balance during LII, 

especially at high fluences, is the sublimation process, as the mass loss results in a decrease of 

LII signal. This process is still to be fully understood, nevertheless various models for the 

estimation of the cooling rate due to sublimation have been developed[113, 114]; one way to 

assess 𝑄̇sub is [114]: 

 

𝑄̇𝑠𝑢𝑏 =
∆𝐻𝑣

𝑊𝑣
∙ (

𝑑𝑀

𝑑𝑡
)

𝑠𝑢𝑏
 ,                                                       (11) 

 

Here Wv denotes the average molecular weight of soot vapour, ΔHv is the energy required to 

evaporate a mole of carbon and (
d𝑀

d𝑡
)

sub
 can be expressed as: 

 

(
d𝑀

d𝑡
)

sub
=

𝜋𝑑𝑝
2𝑊𝑣𝛼𝑀𝑝𝑣

𝑅𝑇
(

𝑅𝑇

2𝜋𝑊𝑣
)

𝐾

.                                          (12) 

 

Eq. 12 describes the loss of mass over time due to sublimation (
d𝑀

d𝑡
)

sub
. Here R is the gas 

constant, pv is the vapour pressure of soot, αM is the mass-accommodation coefficient while K 

is a constant that accounts for the non-idealities of bath gas and it ranges between 0.4 and 0.5 

[104].  
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When soot reaches its maximum temperature during laser irradiation, the maximum LII signal 

detected in the visible wavelength range allows the determination of the soot volume fraction 

fV  [104]. For the evaluation of fV the system needs to be calibrated. The calibration is usually 

performed by laser extinction on a sooting “reference” lab flame [115] or directly on the flame 

under investigation [116].  

By measuring the ratio between the beam intensity before (I0) and after (I) passing the flame, 

and knowing the path length of the beam in the flame l, it is possible to calculate the extinction 

coefficient Kλ by: 

 

𝐾𝜆 = ln (
𝐼0

𝐼
)

1

𝑙
.                                                              (13) 

 

With Kλ we have all the parameters for the determination of the soot volume fraction fV: 

 

 

𝑓𝑉 =
𝐾𝜆𝜆

6𝜋𝐸(𝑚)
.                                                               (14) 

 

where E(m) is a function of the complex index of refraction already seen in the section 2.1.3. 

The value for E(m) has been investigated in several studies [106, 117, 118] and it is still under 

discussion in the scientific community. In this study the value 0.3, typically used [105, 106, 

118], has been selected. The value of E(m), and consequently the absolute value of fV, is 

influenced by soot particles characteristics which might be slightly different between the burner 

used for calibration and the diesel burner (as well as within the diesel burner itself). 

Consequently, when we compare soot properties in the diesel burner some minimal differences 

due to the influence of soot type and composition are expected although the formation 

conditions are similar [104]. Furthermore, the measurements may be affected by the scattering 

process. When a light beam passes through a soot volume, its intensity will diminish due to 

both absorption and scattering. Sorensen [36], by using the albedo, that is the ratio of scattering 

to total extinction, showed that the scattering process in case of aggregates > 200 nm usually 

accounts for 20%-25% of the total attenuation (monomer size 20 nm – 40 nm).  

Furthermore, it should be taken into account that the LII signal is nonlinear with laser fluence 

[104]. At low fluences the signal increases by increasing the fluence until it reaches a plateau; 

at this point a further increment of the fluence does not cause an increment of the signal but, on 

the contrary, the signal slightly decreases because of mass loss due to sublimation. Ideally, the 
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fluence used for the measurements should be adjusted in order to be at the beginning of the 

plateau region; in this way it is barely affected by the laser’s energy fluctuations and, at the 

same time, the sublimation effects are limited (although they are already present). 

Consequently, a fluence optimization should be carried out before [104]. Another application 

of LII (not used in the present study) is the evaluation of the soot primary particle size. Particles 

cooling after irradiation exhibits a size-dependent signal decay behaviour. This can be exploited 

for the determination of primary particle size [119]. The signal decay rate depends on a variety 

of influencing parameters. The major ones are the local gas temperature and composition which 

strongly influence the heat transfer from the laser-heated nanoparticles and thus the resulting 

particle cooling [120].  

Since soot absorbs in a large spectral region (from ultraviolet to infrared) many laser 

wavelengths for LII measurements can be chosen. However, IR wavelengths are usually 

preferred to avoid interference from laser-induced fluorescence of polycyclic aromatic 

hydrocarbons and C2-radicals resulting from photo-fragmentation of molecules. 

LII is suitable for soot characterization and it has been employed for the evaluation of soot 

concentration in different types of flames. In particular, laminar premixed [119], laminar 

diffusion [121, 122] and jet-diffusion flames [123] have been deeply studied by LII. For jet-

diffusion flame investigations two-dimensional LII is usually selected. The influence of 

buoyancy and fuel type on the soot produced in premixed and non premixed laminar diffusion 

flames has been also explored by using Laser-Induced Incandescence [124, 125]. Finally, the 

application of LII has been extended to particle characterization inside the cylinder of a diesel 

engine, at the exhaust and in a combusting diesel jet [126-128]. 

 

3.2 Elastic Light Scattering 

 

Primary soot particles tend to coagulate/aggregate into bigger clusters. The aggregation process 

significantly affects the LII signal [36]. Aggregate size and morphology can be expressed by 

two parameters, namely radius of gyration Rg and fractal dimension Df. The root mean square 

of the lengths between each primary particle and the mass centre of the aggregate corresponds 

to Rg while Df describes the morphology of the aggregate and its typical value ranges between 

1.5 and 1.9 [129-131]. The values of Rg and Df can be determined by elastic light scattering 

(ELS) measurements [36]. 

In the ELS technique the intensity of the light scattered by the soot aggregates after laser light 

irradiation is used to achieve information about aggregates size. The ELS experimental set-ups 
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can be of two types: in the first kind of set-up a scanning goniometer is employed [132]. This 

approach allows for two-dimensional measurements [133], nevertheless a major drawback is 

that the sequential measurement procedure is too slow for the investigation of moving samples, 

limiting the application to only stationary objects. In the second approach the scattering signal 

is collected by several detectors [134-136]. It is therefore possible to acquire the scattering light 

at diverse angles simultaneously. The limited number of detectors yields to a reduction of the 

angular resolution. An implementation of ELS was employed by Oltmann et al. [137]. The 

novel method presented is called wide-angle light scattering (WALS). Oltmann et al. were able 

to achieve a high angular resolution, coupled with a fast measurement procedure, by using an 

ellipsoidal mirror. Basically, the aggregates are first irradiated with polarized light. The light 

scattered within a plane is collected by the ellipsoidal and imaged onto a planar detector. The 

intensity of the scattering signal varies depending on the detection angle and the size of the 

particles. From the image on the detector a scattering diagram with high resolution (<1°) can 

be obtained. The theory of Rayleigh-Debye-Gans for fractal aggregates (RDG-FA) is usually 

utilized for the estimation of aggregate size from WALS data [36]. If we assume that primary 

particles scatter independently, the intensity of the scattered light Isca in case of monodisperse 

aggregates is directly proportional to the structure factor S(qRg). Here q represents the 

magnitude of the scattering vector. The scattering vector 𝑞⃗ stands for the difference between 

the incident and the scattered wave vector. The magnitude of q can be calculated by  

 

𝑞 =
4𝜋

𝜆
sin (

𝜃

2
)                                                              (15) 

 

where λ is the wavelength and θ  the scattering angle. The scattering intensity signal varies with 

q as depicted in Figure 8: 
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Figure 8. Double logarithmic plot of the scattered light intensity I(q) versus q. Figure after 

[36]. 

From Figure 8it is possible to observe that the functional behaviour of the structure factor S(qRg) 

can be described for the regimes [36]: 

 

𝑆(𝑞𝑅g) ≈ 1, 𝑞𝑅g ≪ 1 Rayleigh regime (16) 

𝑆(𝑞𝑅g) ≅ 1 − 𝑞2𝑅g
2/3, 𝑞𝑅g ≤ 1 Guinier  regime (17) 

𝑆(𝑞𝑅g) ≅ 𝐶(𝑞𝑅g)
−𝐷f

, 𝑞𝑅g ≫ 1 Power law regime. (18) 

    

Rg is inferred from the Guinier regime. This leads to: 

 

𝐼sca(0)

𝐼sca(𝑞)
=

𝑆(0)

𝑆(𝑞𝑅g)
≅ 1 +

1

3
𝑞2𝑅g

2.                                              (19) 

 

The radius of gyration is obtained by plotting the inverse scattering intensity Isca
-1(q) against q2. 

The Rg calculated in this way will be an effective value which depends on size distribution since 

real particles ensemble are polydisperse. Rg obtained is strongly dominated by large aggregates. 

Sorensen et al. [132, 138] explored the influence of polydispersity on the measured radius of 

gyration while Huber et al. [131] derived size distribution parameters from WALS-
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measurements. WALS technique has been implemented for non-stationary flame studies as well 

as for investigations on premixed laminar flames [137, 139]. 

 

3.3 Two-color pyrometry 

 

The two-color pyrometry (2-CP) technique has been widely employed for soot temperature 

measurements in different types of flames (laminar, diffusion, co-flow diffusion, turbulent 

flames) and in engines [140-145]. In this technique the soot temperature is obtained from the 

ratio of the spectral radiance of soot acquired at two different wavelengths. The intensity of the 

soot radiation Isλ emitted at a certain wavelength λ is expressed by Planck’s law: 

 

𝐼𝑠𝜆(𝜆, 𝑇s) = 𝜀(𝜆)
2𝜋ℎ𝑐2

𝜆5 (𝑒
ℎ𝑐

𝜆𝑘b𝑇𝑠 − 1)

.                                               (20) 

 

In the equation above ε is the soot emissivity, already described in paragraph 2.1.3, h is Planck’s 

constant, c is the speed of light, kb is the Boltzmann constant and Ts is the soot temperature. 

The detection system has to be calibrated previously. This can be made by measuring the 

radiation emitted by a calibrated tungsten lamp in the same spectral range of acquisition of the 

two-color pyrometry measurements. The emission intensity of the calibrated lamp, ILPλ can be 

expressed as: 

 

𝐼LP𝜆(𝜆, 𝑇LP) = 𝜏(𝜆)𝑀LP(𝜆, 𝑇LP).                                              (21) 

 

In Eq. 21, MLP (λ, TL) describes the spectral emission of the lamp (known) at the lamp 

temperature, while τ(λ) is an optical parameter specific of the detection system and represents 

the detector sensitivity at the detection wavelength selected. This parameter takes into 

consideration the collection efficiency and solid angle. The relative sensitivity τ1/2 is calculated 

from the ratio 𝐼LP𝜆1
𝐼LP𝜆2

⁄ :  

 

𝜏1/2 = (𝐼LP𝜆1𝑀LP𝜆2) (𝐼LP𝜆2𝑀LP𝜆1)⁄ .                                  (22) 

 

Soot temperature can be evaluated, for example, by applying Wien’s law [143] or by using a 

spectral radiance-temperature look-up table. In this work the second method mentioned was 
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employed. It must be pointed out that the detected emission ISλ results from the soot emission 

radiation integrated over the thickness of the sample facing the detection system. In the case of 

flames, the soot is usually not uniformly distributed, meaning that the values of temperature 

calculated are an average of the overall soot present along the thickness of the flame. The use 

of tomographic methods allows the evaluation of local soot temperature values [146-148]. On 

the other hand, for axially symmetric flames, the radial distribution of soot radiation is 

determined through an Abel inversion procedure [142, 145]. 

 

3.4 Scanning Mobility Particle Sizer 

 

The Scanning Mobility Particle Sizer performs a size selection of charged particles depending 

on the particles electrical mobility (i.e. mobility of charged particles in a electric field). This 

property depends mostly on particle size and charge. It follows that the particles have to be as 

uniformly charged as possible. The homogenization of the charges is done by a neutralization 

source. The neutralization source consists of a radioactive conditioner where ions are created 

by radioactive decay of Krypton-85. When Krypton-85 decays to the non-radioactive 

Rubidium-85 it emits electrons by a process called beta-minus decay. The electrons emitted 

carry high kinetic energy, capable of ejecting electrons out of other atoms within the aerosol. 

As a result, the atoms impacted by the free electrons lose in their turn an electron, acquiring a 

positive charge. In addition, the electron emitted as a consequence of the beta-minus decay may 

be absorbed by another atom, which charges negatively. This bipolar ionic environment allows 

the soot to charge and discharge itself through Brownian molecular movement. After enough 

time, the particles will reach an equilibrium charge state, called the Boltzmann equilibrium. The 

bipolar diffusion charge distribution is described by Wiedensohler et al. [149].  

The particles, after being uniformly charged thanks to the neutralization source, are guided 

through a cylindrical tube, called Differential Mobility Analyzer (DMA), where an electric field 

is applied. The DMA includes an inner and an outer electrode (the inner electrode is constituted 

by a wire along the cylindrical tube axis). The velocity of the particles (vertical and radial 

directions) changes depending on the electrostatic force FE, 

 

𝐹𝐸 = 𝑁𝑐𝑒𝐸,                                                           (23) 

 

where Nc is the number of elementary charges, e is the elementary unit of charge and E is the 

electric field intensity. The electric field strength E inside the cylindrical tube can be described 
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by [150] 

𝐸 =
𝛥𝑈

rpos𝑙𝑛 (
𝑑0

𝑑i
)

                                                              (24) 

 

With ΔU the difference in voltage between the electrodes, do/di the diameter of the outer 

electrode divided through the diameter of the inner electrode and rpos the radial position where 

the field is calculated. Generally, the electrical mobility describes the ability of charged 

particles (in this case soot) to move through a fluid (in this case air) in response to the force 

applied by the electric field. The velocity of the particles vp with a diameter dae is then calculated 

by Eq. 25: 

 

𝑣p =
𝑁𝑐𝑒𝐸𝐶

3𝜋𝜂𝑑ae
.                                                               (25) 

 

In this expression η is the dynamic viscosity of air (the fluid through which the particles are 

moving) and C is a correction factor experimentally determined called Cunningham factor [151] 

that depends on particle surface and fluid characteristics [152].  Knowing the intensity of the 

electric field E and the particle velocity vp, the electrical mobility Z is obtained by: 

 

𝑍 =
𝑣p

𝐸
=

𝑁𝑐𝑒𝐶

3𝜋𝜂𝑑ae
.                                                           (26) 

 

In Eq. 26 is clear that the particle diameter has a direct influence on the electrical mobility. If 

the electrical mobility of the particle is known, the voltage can be adjusted in order to control 

the particle’s trajectory. In this way, particles with a selected diameter can be guided outside 

the cylinder to a detector. On the other hand, particles with a different diameter will have a 

different trajectory which leads them to impact on the wall of the cylinder. Figure 9 shows a 

sketch of a capacitor (similar to the one usually employed in the SMPS technique), which acts 

as a simple electrical mobility analyser. 
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Figure 9. Side view of the two dimensional cut-out of the capacitor or electrical mobility 

analyser. The trajectory of a positively charged soot particle inside the capacitor section is 

displayed. 

 

In Figure 9, 𝑉̇a is the volume flow of the aerosol, 𝑉̇air is the volume flow of air, and vvol is the 

velocity of the resulting volume stream 𝑉̇in= 𝑉̇a+ 𝑉̇air.The dashed line is the trajectory of the 

soot particle, xdis is the distance covered by the particle in the x-direction from the moment of 

its ejection to its deposition, D is the distance between the two electrodes and Le is the length 

of the electrodes.  

Finally, the voltage corresponding to a specific electric mobility can be expressed as: 

 

𝑈 =
𝑉̇in𝐷

𝐿𝑒𝑍xdis
,                                                                (27) 

 

which relates voltage, electric mobility, and volume flow. 

Finally, the size classification is followed by the particles counting performed by the 

Condensation Particle Counter or CPC. In the CPC the nanoparticles are transported by a carrier 

gas saturated with butanol to a condenser. Here the butanol condenses on the nanoparticles and 

forms µm-sized droplets which are detectable by optical light scattering. Finally, after this 

process, the particles reach the optical sensor for the concentration measurement. 
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4. Experimental apparatus and approach 

 

4.1 Novel vapour diesel burner design and implementation 

 

The implementation of a system capable to completely pre-vaporize and combustion of diesel 

fuels in a laminar flame is quite challenging due to the prompt self-ignition of diesel. The 

temperature required for complete pre-vaporization of all diesel components is 633 K, while 

the self-ignition temperature of diesel is 483 K. Pei et al. [153] and Roubaud et al. [154] studied 

the auto-ignition behaviour of different aromatic compounds with chemical characteristics 

similar to the diesel’s components or used as diesel surrogates. As shown in Figure 10 from 

Roubaud et al. [154] at the temperature of diesel’s complete vaporization (red circle) the self-

ignition delay time is less than 150 ms, meaning that if the hot diesel vapours, heated up to 

633 K for fostering the vaporization, mix with air, the combustion will immediately start. If this 

happens already inside the vaporization system, an uncontrollable combustion will begin with 

obvious safety risks.  

 

 

 

Figure 10. Auto-ignition delay-times of n-butyl benzene. Measurements carried out in a rapid 

compression machine at pressure above 14 bar, equivalence ratio Φ = 1, [O2]/[inert] = 0.37. 

Figure after Roubaud et al. [154] with additions. 
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Consequently, the vaporization must be carried out only using nitrogen as carrier gas and the 

system has to be impenetrable to air. Moreover, the system should perform a uniform heating 

of the diesel while the fuel-nitrogen ratio, and consequently the flow, has to be adjusted in a 

way that allows a laminar diffusion combustion at the exit of the system. A laminar diffusion 

flame is desirable because it is easy accessible by the laser beam, it ensures steadier flame 

conditions than a turbulent flame and, above all, it prevents from self-ignition of diesel inside 

the vaporization-burning device (as mentioned above) since the blending between the diesel 

fuel and the air occurs outside the vaporization-burning system (the ambient surrounding air is 

involved in the combustion reaction, no air is inserted before like in pre-mixed combustion). 

Furthermore, it should be taken into account that an elevated percentage of nitrogen inhibits the 

combustion. Starting from these considerations and after a deepened literature review [64, 69, 

154], the novel burner has been designed. 

A first concept of the burner, shown in Figure 11, considered a modular structure composed of 

a vaporization zone, positioned in the lower part of the construction, and a mixing zone. In the 

vaporization zone the fuel is inserted and heated up to the diesel vaporization temperature. After 

this first section the fuel passes through a metallic porous set that facilitates the vaporization 

and enters in the mixing zone where it is diluted with pre-heated nitrogen. The mixing zone is 

constituted of five units forming a cylinder. The units can be easily assembled and disassembled 

making the system easy to clean when the fuel has to be changed. The mixing zone includes 

five thermocouples for temperature monitoring. The thermocouples measure the temperature of 

the flow in the centre of the cylinder. A ceramic porous set combined with a flow homogenizer 

is inserted in the final part of the burner for better blending and homogenization. This first 

prototype exhibits some disadvantages, for example high heat loss due to the flanges between 

the units. This disadvantage was solved by employing a single unit as mixing section. 

Furthermore the position of the fuel inlet above the heating elements is not optimal because the 

fuel does not have enough time for vaporization; This shortcoming has been overcome by 

placing the inlet downward within the heating elements. In this way the fuel crosses the entire 

vaporization zone, spending more time in this section. 
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Figure 11. Liquid fuel burner for Diesel study application, first concept. 

 

A second prototype, which was finally adopted, is described in [155] and it is shown in Figure 

12 (details in [155]). The second burner considers again different zones for vaporization and 

mixture. The vaporization zone, 100 mm in length, is similar to the previous one, but in this 

case the fuel inlet is moved down in the centre of the lower surface. Here the fuel is inserted 

and pumped upward by a gear pump (Manufactured by HNPM, type mzr®-2921). The diesel is 

simultaneously pre-vaporized thanks to five heating elements which surround the inlet tube (4 

mm diameter). The five heating elements allow a constant inner temperature of 653 K. The 

temperature set is slightly higher than the diesel vaporization temperature, ensuring the 

complete vaporization of all diesel components and, at the same time, minimizing pyrolysis 

[156]. The accuracy of the thermocouple, namely the measurement error on the temperature, is 

±1.5 K. After leaving the vaporization zone, the vapour fuel passes through a metallic grid 

coupled with a metallic porous set and finally reaches an intermediate zone where it merges 

with N2. N2 is pre-heated up to 653 K before entering the intermediate zone. The N2 flow is 

0.3 l/min at 653 K. For homogenization purposes the carrier gas is introduced radially from 

opposites sides of the burner, in the area between the vaporization zone and the mixing section, 

creating a swirling flow. At this point, the vapour fuel, 0.175 l/min gas volume flow at 653 K 
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corresponding to 0.45 g/min, diluted with nitrogen, enters the mixing chamber (180 mm total 

length). The flow rates of the fuel and N2have been chosen taking into account the stability of 

the flame, the flow meter sensitivity and the N2 percentage (in volume) in the blend; since a 

percentage of N2 > 80% would not have allowed the ignition of the flame at the burner outlet, 

the N2 percentage was kept at ~ 60 % vol. Around the mixing section a heating jacket is placed 

that keeps the temperaturebetween 643 Kand 653 K. Also in this case the temperature range is 

selected in order to guarantee the complete evaporation of every diesel component while the 

pyrolysis, which mainly occurs between 673 K and 1073 K [156], is suppressed. At the end of 

the mixing section prior to the flame zone, a flow homogenizer as well as a ceramic porous set 

are inserted to better homogenise and stabilise the flame. The inner flow temperature is 

constantly monitored by two thermocouples positioned at the end of the vaporization and 

mixing sections. The diameter of the inner tube of the mixing section is 45 mm; this diameter 

permits, due to the large area and the increased diffusion time of the blend, a uniform mixture 

of the N2 – fuel blend. Finally, at the end of the mixing zone, a conical nozzle is positioned to 

stabilize the flame; the conical nozzle reduces the diameter up to 2.5 mm. The Reynolds number 

at the burner outlet is approximately 100. Furthermore, a co-flow of air, 20 l/min volume flow, 

is added in order to efficiently shield the flame from external perturbations due to draughts. 

Also in this case the air is pre-heated up to 653 K and introduced from both sides in a cylinder 

around the nozzle. To obtain a homogeneous distribution of the co-flow air, the co-flow 

cylinder, which surrounds the nozzle, is filled with glass spheres of 5 mm diameter. The burner 

implemented during this work produces a laminar flame with height of about 95 mm and a 

width of 8 mm. A summary of the burner’s working settings is displayed in Table 1. 
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Figure 12. Final design of the vapour diesel burner implemented. (Figure from[155]). 

Table 1. Diesel burner working parameters. 

Diesel (vapour) volume flow 0.175 l/min 

N2 volume flow 0.3 l/min 

Diesel + N2 flow rate 170 cm/s 

Air (Co-flow) volume flow 20 l/min 

Outlet diameter 2.5 mm 

Reynolds Number ~100 

 

4.2 Constant volume chamber 

 

The effect of oxygenated additives on soot production was studied also under (similar) diesel 

engine conditions (i.e. high pressure and temperature) for comparison with the results obtained 

from the burner’s set-up. In this case the flame investigated was a diffusion spray flame. The 

spray flame measurements were carried out in a high temperature and high pressure injection 

and combustion chamber called “OptiVeP” (Figure 13) [50]. The chamber consists of a 
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constant-volume vessel with an inner volume of 10 litres. A gas flow, with composition variable 

from air to pure nitrogen, is introduced in the chamber from the top corners (after being heated 

electrically) and reaches the bottom corners; here the gas cools down thanks to water cooler 

jackets. The gas temperature and pressure inside the chamber can be adjusted independently up 

to 1000 K and from 30 kPa to 10 MPa, respectively. The gas flow velocity is approximately 

30 mm∙s-1 (in the measurement plane, namely the plane where the laser sheet lies). Although 

the gas flow is fast enough to scavenge the injected fuel before the next injection, during the 

measurements the spreading velocities of the fuel spray is much higher than the ambient gas 

flow in the chamber so that it can be considered static compared to the spray velocity. The 

chamber is constituted of a cubic metal body. It houses five window flanges where quartz glass 

windows with an optical accessible diameter of 125 mm are installed. Only the bottom side 

does not contain a window but instead a flange with the injector and an intercooler system. The 

injector employed in all the experiments was a piezo-driven servo hydraulic common rail 

injector equipped with a special research nozzle. The nozzle has three holes at an elevation 

angle of 45° arranged equidistantly (in terms of angle) around the nozzle axis. This allows to 

observe a single fuel jet isolated (if the nozzle had more than 3 holes, for example 4, there 

would be more than one plume in the measurement plane, which means that, for example, a 

nozzle with 4 holes would produce 4 plumes, 2 of them would be along the path of the laser 

sheet since the laser sheet lies in the measurement plane). The hole diameter is 115 µm with a 

length-to-diameter ratio of 6.5. The fuel’s injection frequency is 1 Hz, therefore it is possible to 

assume that there is no shot to shot influence affecting consecutive injection events. The 

temperature of the fuel in the nozzle tip is varied between 243 K to 373 K by a thermostat while 

the injection pressure can be increased up to 250 MPa in a common rail system. Finally, a fully 

programmable electronic drive unit is used for triggering and injection timing. 

 

 

 

Figure 13. The high temperature - high pressure injection and combustion vessel “OptiVeP”. 
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4.3 Laser-Induced Incandescence set-ups 

 

The LII technique was employed to measure soot production on both laminar diffusion flame 

(at normal temperature and pressure, NTP, which corresponds to 293.15 K and 1 atm) and spray 

flame (high temperature and pressure, see section 4.2). The LII set-up used was basically the 

same for both combustion devices, the only difference was the detection system. Figure 

14shows the one used for the measurements carried out on the self-designed burner set-up. For 

heating up the soot particles we utilized a Q-switched pulsed Nd:YAG laser (Quantel, Q-smart 

850), with a repetition rate of 10 Hz and a pulse width of 5 ns. The fundamental wavelength, 

1064 nm, was chosen to avoid interferences with laser-induced fluorescence (LIF) which is 

emitted by polycyclic aromatic hydrocarbons after excitation with shorter wavelengths (i.e. 

typically 266 nm, 355 nm and 532 nm). Shortly behind the laser exit a half-wave plate and a 

thin film polarizer are placed for adjusting the laser energy. To perform two dimensional LII 

measurements, a laser sheet is created by using a combination of three cylindrical lenses. The 

first lens, f1 = -50 mm, expands the beam vertically while the second lens, f2 = 200 mm, 

collimates it. The last lens, f = 1000 mm, focuses the beam into the flame. Finally, right before 

the burner (or the chamber), a 30 mm aperture is arranged. The aperture is used to cut the beam 

edges which are usually not uniform. The thickness of the aperture, 20 mm, is much larger than 

the laser sheet thickness (0.6 mm), therefore diffraction effects are largely avoided. In this way 

a top hat beam profile is achieved. The final laser sheet results to be 30 mm high and has a 

thickness of 0.6 mm. The laser sheet exhibits a homogeneous profile, as shown in Figure 15; 

the strong dips in the vertical direction are due to intrinsic characteristics of the laser employed. 

The image displayed in Figure 15 has been collected by the beam profile camera SP620U 

Spiricon, OPHIR Photonics. Regarding the burner measurements, for the detection of the LII 

images an intensified CCD camera (Andor USB iStar model DH334T-18F-E3, 16 bit) with a 

resolution of 354 x 301 pixels (maximum resolution 1024 x 1024 pixels) and a repetition rate 

of 10 Hz was used. The gate width of the intensifier has been adjusted in order to detect the 

maximum LII signal intensity (while avoiding to saturate the camera’s chip), and finally set to 

20 ns. In front of the objective lens of the camera a band-pass filter at 425 nm with 50 nm 

FWHM is placed. This wavelength was selected in accordance with the camera’s spectral 

sensitivity as well as to reduce the soot luminosity signal that increases by increasing the 

wavelength in the visible region. Furthermore, the band-pass filter at 425 nm  50 nm allows 

to avoid interference from Swan bands. 
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Figure 14. Laser-Induced Incandescence set-up used for investigation of the diesel burner 

flame. (Figure from [155]). 

 

 

Figure 15. Beam profile of the laser sheet (30 mm high, 0.6 mm thick) used for 2D LII 

measurements on the laminar diffusion flame, collected by the beam profile camera SP620U 

Spiricon, OPHIR Photonics. (Figure from [96].) 
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The calibration of the LII signal for soot quantification was performed by extinction 

measurements. On this purpose, the beam intensity of a CW laser at 532 nm wavelength was 

measured before and after passing a premixed ethane flat flame produced by a McKenna burner. 

Figure 16 shows a single shot extinction image of the ethene flame. 

 

 

Figure 16. LII-signal image of the McKenna burner flame used for calibration of LII 

 in which extinction effects can be observed.  

 

The LII set-up employed for the measurements on spray flames is illustrated in Figure 17. As 

mentioned before, it is similar to the one utilized for the burner measurements, i.e. same laser 

type, attenuation system and set of lenses (only the height of the aperture was increased to 

50 mm), but it differentiates in the detection system. 

The visualization system in this case is composed of a PCO DiCam Pro camera (12 bit, 

1280x1024 pixel) equipped with a band-pass filter (425 nm with 50 nm FWHM). The recording 

frequency and exposure time, adjust with respect to laser and injection, are set at 1 Hz and 20 

ns, respectively. 
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Figure 17. Laser-Induced Incandescence set-up used for investigation of spray flames. 

 

4.4 Wide-Angle Light Scattering set-up 

 

Apart from LII, all the other techniques, including WALS, have been employed only for the 

measurements on the diesel burner which is easy accessible to complex optical objects such as 

the ellipsoidal mirror. The most important element of the WALS set-up, illustrated in Figure 

18, is the ellipsoidal mirror. This is basically a slice cut out of a 32 mm height spheroid. The 

mirror consists of an aluminium body covered with a reflective surface, used to collect the 

scattered light, where an amorphous nickel plating has been applied. The mirror has two focal 

points at a distance of ∆f = 600 mm. The focal points lie in a plane of 250 mm diameter, i.e. the 

diameter of the slice. At the two opposite sides of the mirror two slits of 10 mm width are cut, 

facing each other, in a way that permits the beam to pass through. The light source is a 

continuous wave (CW) laser (Qioptiq Nano-250) at 532 nm wavelength and 200 mW power 

(only 35 mW are used for measurements). The beam polarization is filtered by a Glan-Taylor 

prism to achieve a clean vertically polarized light relatively to the mirror plane. Afterward the 

beam is focussed into the flame by a f=300 mm lens. The focal point of the lens coincides with 

the measurement volume; this corresponds in turn to the first focal point of the ellipsoidal 

mirror. The laminar diffusion flame is specifically located in the first focal point of the 

ellipsoidal mirror (the mirror structure is positioned above the burner, as depicted in Figure 19). 
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The scattered light from the first mirror’s focal point is collected and imaged by the mirror itself 

onto the CCD-camera (AV PIKE F-100B, 1000 x 1000 pixels, 16 bit). In front of the camera’s 

lens a bandpass filter at 535 nm wavelength is positioned. This wavelength was chosen to 

compensate the blue-shift of the tilted illumination under 12.5°. The filter serves to minimize 

ambient light and light from soot luminescence. The aperture of the camera coincides with the 

second focal point of the mirror. The size of the measurement volume is therefore defined by 

the camera’s aperture and the laser beam’s diameter in the focal point. The camera’s aperture 

is f/5.6. The exposure time of the camera used for the measurements is 43 µs while for 

calibration the exposure time is raised to 3 s. The mirror, together with the camera, is installed 

in a flexible construction capable of gyrating. Consequently, the mirror-optics-camera system, 

as it is shown in Figure 19, can be rotated by 15° angle with respect to the vertical axis of the 

burner which has a fixed position. In this manner the signal is not blocked by the burner (without 

the tilt of the mirror-optics-camera system the scattered light collected by the whole mirror 

would be reflected on the burner which would be placed exactly between the ellipsoidal mirror 

and the camera). Thanks to the tilt the scattered light acquired by one half of the mirror can be 

imaged into the camera, meaning that we are able to collect the scattering light intensity at every 

angle from 0° to 180°. The image of the other half of the mirror cannot be detected by the 

camera, nevertheless, this data is redundant since one half of the mirror carries the same 

information of the other half (the intensity of the scattered light from 0° to 180°). 

 

Figure 18. Optical set-up used for WALS measurements, side-view.(Figure from [155].) 
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Figure 19. Burner inserted in the rotatable camera-mirror system tilted by 15° with respect to 

the vertical axis of the burner. (Figure from [155]). 

 

In order to take into consideration the measurement volume size dependence (1/sin(θ)) and the 

aberrations due to the mirror’s surface it is necessary to calibrate the optical set-up. The 

calibration has been performed by detecting the scattering signal of nitrogen gas molecules. N2 

typically scatters in the Rayleigh regime, hence the scattering is expected to be isotropic in the 

scattering plane. The calibration with nitrogen required an increment of the laser-power and 

exposure time that were set to 200 mW and 3 s respectively. These settings guarantee sufficient 

scattering signal as well as constant conditions during a single camera exposure preventing 

from signal blurring. A ring shaped calibration image generated from the scattering of nitrogen 

molecules is shown in Figure 20. 
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Figure 20. Ring shaped scattering calibration image of nitrogen molecules. 

 

4.5 Scanning Mobility Particle Sizer set-up 

 

The Scanning Mobility Particle Sizer set-up (PALAS GmbH) is constituted of three principal 

components: a neutralisation source, a Differential Mobility Analyser (DMA), and a counting 

unit, the Condensation Particle Counter (CPC) (See section 3.3 for more details on the 

background mechanisms). The SMPS set-up is depicted in Figure 21. Furthermore, a sampling 

probe has been used to suck the aerosol out of the burner flame. The sampling probe is based 

on the principle of the Venturi nozzle. The particles in the flame are sucked through a 1 mm 

diameter glass capillary (50 mm long). One extremity of the capillary is placed directly into the 

flame while on the other extremity, the glass capillary is connected to a nozzle. The diameter 

of the nozzle is 1 mm at the connection with the glass capillary and increases up to 3 mm 

moving away from the glass capillary connection (basically the nozzle presents a decreasing 

diameter moving towards the glass capillary connection).A stainless steel case surrounds the 

nozzle. On one side of the stainless steel case there is a inlet through which compressed air free 

of soot particles is inserted; the compressed air moves through the case and enters inside the 

nozzle. The compressed air serves to create the vacuum at the point where the glass capillary is 

connected to the nozzle. In addition to this, the compressed air also dilutes the aerosol. A 

dilution is strictly necessary to operate the SMPS since the DMA employed may only be 
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operated with a maximum particle concentration of 107 particles per cubic centimetre. Particle 

concentrations may vary depending on fuel or pressure, however, in an ethylene flame for 

example, the concentration is typically above 1010 particles per cubic centimetre [157]. In 

addition, the dilution quenches chemical reactions within the aerosol, preventing the particles 

from further size growth after sampling [157]. 

 

 

 

Figure 21. Scanning Mobility Particle Sizer set-up (PALAS GmbH). Figure after Zhao et al. 

[157]. 

 

Following to the sampling, soot particles have to be uniformly charged (as already mentioned, 

the SMPS technique relies on the classification of particles that, when subjected to an electric 

field, have different trajectories according to their size and charge.); this is done in the 

radioactive conditioner, i.e. the neutralization source (see section 3.3). The radioactive 

conditioner is placed between the sampling probe and the DMA-pillar and it is connected to 

both by a plastic tube. As this tubing may alter the charge distribution of the particles, which is 

especially critical after the radiation source, a minimal length of the tube (20 cm) has been 

employed. 

After the uniformly charged particles leave the neutralization source, they enter the DMA-pillar 

(PALAS GmbH, type DEMC 2000, column SN5470), that is where the actual size classification 

of the soot particles takes place. Immediately before the entrance of the DMA an impactor is 

placed to discard the particles which are too large to be sorted based on their electrical mobility. 
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The aerosol is then guided downwards the DMA pillar by a laminar air flow. In the path inside 

the DMA pillar the aerosol passes through the electrical field formed between an inner 

electrode, where the voltage is applied, and the walls of the cylinder that constitute the outer 

electrode. This accelerates the particles towards the outlets with different velocities depending 

mainly on the size (since the charge is uniform). The voltage of the inner electrode is varied in 

order to select the size of the particles that will exit through the exit of the pillar connected to 

the CPC, while the others will exit through the “waste” outlet. In the present study both up-

scans voltage (the voltage starts low and then rises) and down-scans (the voltage starts high and 

then falls) have been performed. The selected nanoparticles enter the CPC where they are 

counted. The CPC used in this study is the UF-CPC 200 model. The UF-CPC 200 is able to 

detect up to 2 · 106 particles/cm3. 

 

4.6 Two-color pyrometry set-up 

 

In the two-color pyrometry experiments two images of the flame taken at the same time but at 

different wavelengths are collected on a CCD. The set-up is very simple and comprises an 

intensified CCD camera (Andor, model iStar sCMOS18F63, 16 bit), with a resolution of 1024 

x 1024 pixels (2 µs gate width, 8 Hz repetition rate) and an image doubler (LaVision GmbH). 

The image doubler is basically a stereoscope that projects an image pair onto the camera. Two 

band-pass filters at 600 nm and 750 nm, with 50 nm FWHM, are mounted in front of the image 

doubler. We selected these two wavelengths because of 1) the higher emissivity of soot in this 

region of the visible spectra with respect to the soot emissivity at lower λ and 2) a good spectral 

sensitivity of the camera employed. We chose the detection wavelengths as far away as 

possible, within the limit imposed by the condition stated above (higher soot emissivity and 

high camera sensitivity), to increase the accuracy of the measure [158]. Furthermore, since we 

collected on the CCD two images at different wavelengths, the depths of field could vary 

slightly, namely the two images could be focussed on different planes. Nevertheless, 

considering the small difference between the wavelength regions and the quite high f-number 

used (f/5.6), the variation of the depth of field was negligible.  

For the calibration of the detection system a tungsten-ribbon spectral calibration lamp (Ocean 

Optics, model HL-3-CAL), was employed. The calibration lamp was placed exactly at the same 

position of the flame, therefore the optical path lengths from the flame to the camera and from 

the lamp to the camera were exactly the same (100 cm).  
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5. Results 

 

5.1 Diesel burner characterization 

 

The diesel burner implemented has been initially characterized by using two reference diesels, 

CEC RF-06-03 and CEC RF-79-07, which have known chemical composition. In the present 

work the fuel CEC RF-79-07 will be called “baseline” while we will refer to the other one, 

diesel CEC RF-06-03, by calling it “reference” for simplicity. The two fuels selected are 

typically employed for laboratory investigations of emission performances. In particular, the 

fuel CEC RF-79-07, “baseline”, is used as base fuel for insertion of additives. These two diesels 

have a similar chemical composition which differs slightly for the content of aromatic species, 

as displayed in Table 2. The fact that the concentration of aromatic species differs slightly 

between the two fuels is desirable because in this way we can verify whether we are able of 

measuring a different soot concentration when the chemical composition of the fuel changes 

lightly (this is, for example, the case of additives insertion).In fact, as already reviewed in 

chapter 2.1.2, the polycyclic aromatic hydrocarbons are the species that most increase the 

amount of soot produced; consequently, only a small increment of these species in the fuel will 

enhance soot emissions. The sooting behaviour just described was verified by carrying out LII 

and WALS measurements on the burner’s laminar diffusion flame; this allowed to reveal 

differences in soot concentration and size between the two fuels. It should be remarked that, 

although the flame obtained from the novel burner is laminar and sufficiently stable for soot 

characterization, it has minor fluctuations of ±0.7 mm from the central position in the radial 

direction, which implies that a considerable number of LII and WALS images have to be 

collected to have meaningful results. 
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Table 2. Comparison of the chemical composition of the two reference diesels tested, i.e. CEC 

RF-79-07, “baseline”, on the left, and CEC RF-06-03, “reference”, on the right[159]. The 

total aromatics content is highlighted with red colour. 

       BASELINE DIESEL (CEC RF-79-07) REFERENCE DIESEL (CEC RF-06-03) 

Feature Units Results Limits 

Minimum 

Limits 

Maximum 

 Results Limits 

Minimum 

Limits 

Maximum 

Cetane 

number 
- 53.3 52.0 54.0  52.4 52.0 54.0 

Density at 

15°C 
kg/m3 833.8 833.0 837.0  834.0 833.0 837.0 

Flash 

point 
°C 84 62 -  87 55 - 

Viscosity 

at 40° 
mm2/s 2.9 2.3 3.3  2.8 2.3 3.3 

Aromatics, 

total 
% w 21.6 - -  24.4 - - 

Aromatics, 

Mono 
% w 16.9 - -  20.2 - - 

Aromatics, 

Poly (2+3) 
% w 4.7 3.0 6.0  4.2 3.0 6.0 

Sulfur mg/kg < 1.0 - 10  1.8 - 10 

 

 

5.1.1 Volume fraction 

 

During LII measurements, 5000 images were collected for every fuel under study; nevertheless, 

due to the flame’s fluctuations, some of the images collected could not be considered during 

the evaluation process. A Matlab filter was specifically implemented to select the images which 

were suitable for evaluation. The selection was based on a symmetry criterion, i.e. in a diffusion 

flame the soot formed is usually uniformly disposed in the external layer of the flame, called 

annular region. Therefore, in a two-dimensional LII image the soot should be equally visible 

on both external sides of the flame, while the central part does not display a strong soot region 

(therefore is darker). However, when the flame is tilted the soot is not equally visible on both 

external sides (sometimes, also the central part of the flame displays high soot concentration) 

as shown in Figure 22. The Matlab filter implemented check the distance between the two 

external layers of soot along the flame’s height (especially within the first seven centimetres); 
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if the distance within the soot layers is between 6 mm and 8 mm (the width of the flame) in the 

first 7 cm height, the images pass the filter, otherwise they are rejected. To distinguish between 

the “dark” pixels (no soot/very low soot concentration, i.e. the dark region between the soot 

layers) and the “bright” pixels (high soot concentration, i.e. the soot layers) the Matlab filter 

scans the entire image for the area that contains the 10 (neighbour) pixels with the highest value 

(that corresponds to the maximum LII signal intensity) and calculates the average value of these 

pixels. Subsequently, the filter scans the image a second time checking the pixels’ value. All 

pixels which have the value lower than 1/10 of the average value calculated before (the 

maximum LII signal) are considered as “dark” and will be set to “0”, while all the others are 

considered as “bright” and are set to “1”. Subsequently, the filter scans the entire binary image 

line per line counting the “0” and “1” values. When the filter detects a sequence of “0” values 

between two sequences of “1” values it recognizes the dark region between the two bright soot 

layers. The pixels are then converted into millimetres to find the width of the dark region 

between the soot layers; this is finally compared with the threshold set for the layers’ distance, 

i.e. 6 mm - 8 mm. Eventually, around 1000 - 1200 LII images for every measurement condition 

were selected and used for soot distribution quantification. Furthermore, before every 

measurement set 100 background images of the flame were collected and averaged; during the 

recording of the background images the laser was turned off so that the averaged background 

image obtained accounted for the natural background flame luminosity, ambient light and 

thermal noise of the camera. 

Some examples of LII single-shot images of the flame (selected by the Matlab filter), baseline 

and reference diesel, are shown in Figure 23.  

 

 

 

Figure 22. LII single-shot image of the tilted laminar diffusion flame which does not pass the 

Matlab filter. The image shows the flame (baseline diesel) between 30 mm and 60 mm height 

above the burner (HAB). 
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Figure 23. 2D LII single-shot images of the laminar diffusion flame (which passed the Matlab 

filter), baseline (on the left) and reference (on the right) diesel. The lower images show the 

flame between 30 mm  and 60 mm HAB while the upper images show the flame between 60 mm  

and 90 mm HAB. Recording two different images, one for the lower part of the flame and one 

for the upper part, was necessary due to 1) the fixed distance between the camera and the flame, 

dictated by the focal length of the objective lens (we could not move the camera backward to 

detect a larger portion of the flame) 2) the limited Region of Interest (ROI) of the camera 

employed. (Figure from [155]). 

From the ~1000 images selected by the filter an averaged image was created and used for the 

determination of soot volume fraction after calibration. The averaged images of the baseline 

and reference flame are shown in Figure 24. 
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Figure 24. 2D LII images, average of ~1000 single-shot images (selected by the filter), of the 

laminar diffusion flame. On the left: resulting images of the LII measurements on the baseline 

diesel; On the right: resulting images of the LII measurements on the reference diesel. (Figure 

from [155]). 

 

Before starting the measurements, the laser fluence has to be optimized to minimize effects of 

fluence fluctuations. For pulsed LII applied on flames, typically LII signal rises by rising the 

fluence until it saturates when the sublimation temperature is reached [160] (see section 3.1). 

The measurements for the LII peak signal-fluence curve were carried out in the burner diesel 

flame at 50 mm height above the burner; the curve is shown in Figure 25. In this case around 

500 single shot images were filtered and evaluated for a fluence range between 0.05 J/cm2 and 

0.3 J/cm2. After the visualization of the LII signal-fluence curve, the value 0.15 J/cm2 was 

selected for being used for the following quantitative soot measurements. At this fluence, 

corresponding to the start of the plateau region of the curve, the LII signal is barely dependent 

on the fluence. 

 

Baseline Reference
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Figure 25. LII peak signal-fluence curve. The standard deviation of the laser fluence fluctuation 

is used to determine the horizontal error bars while the vertical error bars result from the 

standard deviation of the selected LII single shot images (1000). (Figure taken from [155]). 

 

The radial profiles of the soot volume fraction distribution were estimated from the 2D LII 

images (average of ~1000 single-shots) shown in Figure 24. Although the full image could be 

used for soot quantification, the evaluation of soot fV at specific HAB for both fuels simplifies 

the comparison between them and consequently the comprehension of the effects of fuel 

chemical composition on soot. The data were evaluated from 30 mm to 90 mm height above 

the burner (HAB), in steps of 10 mm.  The soot volume fraction fV found at 30 mm, 50 mm, 

70 mm and 90 mm above the burner surface is shown in Figures 26 and 27 for the baseline and 

reference diesel flames respectively. 
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Figure 26. Soot volume fraction (fV) trend over the radial profiles at 30 mm, 50 mm, 70 mm and 

90 mm HAB for the baseline diesel. (Figure taken from [155]). 

 

 

 

Figure 27. Soot volume fraction (fV) trend over the radial profiles at 30 mm, 50 mm, 70 mm and 

90 mm HAB for the reference diesel. (Figure taken from [155]). 
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Generally, from 30 mm to about 75 mm above the burner the soot radial profile of the diffusion 

flame exhibits two side areas where the soot volume fraction is higher, corresponding to the 

flame’s annular region. In the central part of the flame the soot volume fraction drastically 

drops. This trend is characteristic of diffusion flames [161]. The reason of this peculiar 

behaviour is the diffusion of the air’s oxygen from outside toward the middle of the flame. 

Accordingly, two different regions are formed: a fuel-rich area where soot is generated and a 

stoichiometric region. After 75 mm HAB the two soot peak regions spread horizontally and 

join, covering also the centre of the flame. 

Moreover, from Figures 26 and 27, as well as from Table 3 (below), emerges that soot 

concentration grows with increasing HAB until ~80 mm HAB, due to the continuous soot 

formation, while at 90 mm the soot volume fraction decreases again. Indeed, higher in the flame, 

in this case above 80 mm HAB, soot oxidation, which is always present during the combustion, 

becomes dominant, yielding a reduction of the amount of soot produced. The trend just 

described is observable for both baseline and reference diesel and it is in agreement with other 

works in literature [161-163]. 

For a better comparison between the fuels, the mean and maximum fv of every HAB along the 

radial line (sampling points every 10 mm steps) were calculated for every single-shot image. 

The values were subsequently averaged. They are reported in Table 3 with the standard 

deviation calculated taking into account the variation within the single-shot images. The 

maximum fv is observed at 80 mm HAB and is about 1.8 ppm for the reference diesel and about 

1.5 ppm for the baseline diesel.  

 

Table 3. Maximum fv estimated along the flame’s height and the corresponding standard 

deviations. (Table from [155]). 

 BASELINEDIESEL (CEC RF-79-07) REFERENCEDIESEL (CEC RF-06-03) 

HAB  

/ mm 

fv,max 

/ ppm 

σ (fv,max) 

 / ppm 

fv,mean 

/ ppm 

σ (fv,mean) 

 / ppm 

fv,max 

/ ppm 

σ (fv,max) 

/ ppm 

fv,mean 

/ ppm 

σ (fv,mean) 

/ ppm 

30 0.54 0.02 0.17 1.3·10-4 0.73 0.04 0.30 4.9·10-3 

40 0.52 0.01 0.19 3.3·10-4 0.69 0.02 0.31 2.1·10-3 

50 0.68 0.02 0.24 1.5·10-4 1.02 0.05 0.43 3.0·10-3 

60 0.67 0.02 0.29 1.5·10-3 1.09 0.09 0.50 4.9·10-3 

70 0.87 0.03 0.41 9.0·10-4 1.45 0.14 0.72 6.8·10-3 

80 1.47 0.09 0.77 2.5·10-3 1.76 0.11 0.84 3.7·10-3 

90 1.06 0.08 0.15 9.0·10-3 1.27 0.11 0.28 2.0·10-2 
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The maximum soot volume fraction found at every HAB for the reference and the baseline 

diesel are compared in Figure 28. It is noticeable that the combustion of the reference diesel 

generates significantly more soot than the baseline diesel. Specifically, the baseline diesel emits 

between 17% and 40% (depending on the HAB) less soot compared to the reference diesel. 

This data is meaningful also when we take into account the error bars (in average 9%). The 

error bars are calculated from the standard deviation of the single-shot images. The higher 

content of aromatic hydrocarbons in the reference diesel, about 3% (mainly mono-aromatics), 

might be the reason of the different sooting behaviour of the two fuels investigated. A further 

explanation can be inferred when we consider the phenomenological models of soot formation 

[15]. According to the model the formation of soot from hydrocarbons is controlled mainly by 

the rate of incipient soot nucleation. The nucleation of a soot particle can occur by three major 

paths: 1) cyclization of straight chain molecules into rings 2) dehydrogenation of aromatic rings 

and consecutive formation of polycyclics (it usually takes place at low temperatures) and 3) 

breakup and subsequent recyclization of rings, usually at higher temperatures. Consequently, 

an higher amount of aromatic hydrocarbons in the fuel causes a growth of the number of soot 

nucleation paths yielding to more soot particles.  

 

 

Figure 28. Comparison of fv maximum between reference and baseline diesel. (Figure taken 

from [155]). 
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5.1.2 Radius of gyration 

 

We performed WALS measurements along the flame’s height every 10 mm from 30 mm to 80 

mm above the burner surface. The point-wise measurement volume was situated in the flame’s 

annular region, in correspondence with the fv maximum. The position of the measurement 

volume was chosen according to the following procedure: WALS images along the radial 

profile of the flame were collected; the measurement volume was then set in the point where 

the scattering signal was higher along all the mirror (for all the angles). Because of flame’s 

flickering, especially in the upper part, at 90 mm HAB the signal-to-noise ratio was too low, 

not allowing the evaluation. Therefore, this point was not considered. For every measurement 

point, 5000 images of the WALS mirror were captured by the CCD camera. The angular 

resolution of the scattering data was 1°. Figure 29 shows one single-shot ring shaped scattering 

image (calibrated) flanked by the corresponding normalized (by the maximum) intensity – angle 

chart. The intensity – angle chart was obtained by integration of the scattering intensity over 

the radial thickness of the mirror, for every degree. Figure 29 clearly depicts that the forward 

scattering, i.e. between 10° and 90°, is predominant over the backward scattering, between 90° 

and 170°. Consequently, calibrated scattering data from fractal aggregates plotted over the 

angle typically exhibit a monotonous negative slope when the angle increases (that is what 

occurs in Figure 29). In this study the data with positive slope were discarded by a self-made 

Matlab filter. The positive slopes were caused by the flickering of the flame. As mentioned, the 

position of the measurement volume was set on the fV maximum. Nevertheless, if the flame 

slightly moves during the measurement, the region where soot is more concentrated moves 

away from the measurement volume and it is replaced by a zone where soot is less concentrated. 

Sometimes, in the flame zone that accidentally replaces the one chosen for measurements, the 

soot aggregates are very low concentrated and their scattering signal is not detectable (it is too 

weak). This leads to an image that is either black or has some random illumination from the 

flame. Consequently, the intensity-angle curve achieved from these images shows both rising 

and decreasing slopes. Although we implemented the burner system in order to minimize 

fluctuations, some minor movements of the flame could not be avoided, therefore the Matlab 

filter for images selection was required. Furthermore, to guarantee measurements conditions as 

uniform as possible, the size of the measurements volume was reduced by decreasing the 

camera’s aperture to f/5.6. The filter rejected the scattering data that displayed growing 

normalized intensity over the angle. Since the forward scattering influences predominantly the 

Rg-evaluation, between 10° and 90° a very rigid criterion was used, allowing only five data-
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point to be slightly higher than the previous one. For the backward scattering a larger number 

of non-decaying data-points (i.e. ten) were permitted. 

 

 

 

 

Figure 29. Left: Ring shaped WALS scattering data, generic calibrated single-shot image of 

half (0° -180°) of mirror acquired at 50 mm HAB (baseline diesel). Right: Normalized 

scattering intensity over the angle obtained from the image on the left. (Figure taken from 

[155]). 

 

About 200 images out of the 5000 single-images detected passed the filter. The data were 

evaluated in the Guinier regime. The effective radius of gyration Rg,eff  has been obtained from 

the intensity I(q) of the acquired scattering data through the formula [36]: 

 

1

𝐼(𝑞)
=

1

𝐼(0)
+ 𝑞2

𝑅g,eff
2

3𝐼(0)
.                                                      (28) 

 

For the determination of Rg,eff,1/I(q) is fitted linearly against q2 (within the limit of the Guinier 

regime I(q)/I(0) ≤ 2 [36]). This yields to the estimation of I(0) and the slope 𝑚 = 𝑅𝑔,eff
2 3𝐼(0)⁄  

is used for the subsequent calculation of the effective soot aggregate size. The I(q)/I(0)-qRg,eff 

curves (single-shots) for different heights in the flame (baseline diesel) are displayed in Figure 

30. 
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Figure 30. Single-shot scattering data as a function of qRg,eff. (Figure taken from [155]). 

 

The statistical distribution of the radii of gyration, extrapolated from the evaluation of WALS 

data at every flame’s height, are shown in Figures 31 (baseline diesel) and in Figure 32 

(reference diesel). The Rg,eff distribution has a lognormal shape; the same was found by Oltmann 

et. al [139] in barely turbulent flames. From the Rg,eff distribution a median value symbolized 

by µg,eff was determined with the aim of comparing the corresponding measurement points of 

the two fuels. Considering the median µg,eff for the different heights, a general slight increment 

of the median radius of gyration with increasing HAB is noticeable. The slight increment 

probably occurs because of the increasing aggregation time of the particles. The median µg,eff 

estimated for the baseline diesel ranges between 168 nm at 30 mm above the burner and 207 nm 

at 70 mm HAB. In the case of the reference diesel, the variation of µg,eff between the lowest 

height measured (178 nm) and the upper one (211 nm) is approximately 33 nm. 
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Figure 31. Rg,eff distribution from 30 mm to 70 mm HAB for the baseline diesel. (Figure taken 

from [155]). 
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Figure 32. Rg,eff distribution from 30 mm to 70 mm HAB for the reference diesel.(Figure taken 

from [155]). 

A direct comparison of the median µg,eff values between the two diesels (at various heights) is 

shown in Figure 33. The error bars are determined from the standard deviation of the 200 images 

that passed the Matlab filter. This leads to an averaged measurement error of about 7 nm. The 
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median radii of gyration of the baseline appear to be slightly higher compared to the ones of the 

other fuel under study. Nevertheless, when we consider the statistical uncertainty of the results, 

it is not possible to infer whether the soot aggregate size between the reference and the baseline 

diesel actually differs.  

Overall, on one hand LII measurements allowed to detect a reduction of soot concentration 

when the amount of aromatics content was lower; on the other hand the soot aggregation 

process itself, as WALS measurements have shown, does not seem to vary during the 

combustion of the two fuels. Eventually, the combustion system was characterized; it allowed 

to highlight the impact of the fuel’s chemical composition of soot properties. 

 

 

Figure 33. Comparison of µg,eff over the height above the burner. (Figure taken from [155]). 

 

5.2 Additive effect on soot properties 

 

LII and WALS were employed for investigation of fuel’s chemical composition effects on soot 

formation. For the study of additives’ impact on soot properties besides LII and WALS, which 

were used as main detection tools, two supporting techniques, i.e. SMPS and two-color 

pyrometry, were applied. In particular, two-color pyrometry was used to evaluate soot 

temperature changes. Indeed, additives could affect the flame’s temperature which can in turn 

influence soot production. The additives investigated are TPGME, OME2 and OME3-5; the 

OME2 has n=2 (n is the number of -CH2O- groups in the molecule) while the OME3-5 is a 
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mixture of OMEs with n varying from 3 to 5, specifically the blend used contains about 10 % 

of OME3, 80 % of OME4 and 10% of OME5 (percentage in m/m). The additives are inserted in 

the neat baseline diesel (CEC RF-79-07) in three different concentrations, i.e. 1%, 3% and 9% 

in volume. The data obtained for the additised fuels are always compared with the baseline’s 

ones. All the measurements were carried out in the annular region of the flame as displayed in 

the false colour soot luminosity image (average of 200 single shot images collected with 750 

nm band-pass filter, 50 nm FWHM) in Figure 34. In Figure 34 the 2D-LII and two-color 

pyrometry measurement areas are indicated with red rectangles (the red rectangles correspond 

to a 2 mm x 2.4 mm area i.e. 20 pixels x 24 pixels), while the WALS measurement points are 

symbolised by the grey dots. 

 

 

 

Figure 34. Soot luminosity image of the laminar diffusion flame (baseline diesel), false colour. 

The red rectangles stand for the LII and two-color pyrometry evaluation area while the grey 

dots symbolize the WALS measurement points. (Figure from [96].) 

 

5.2.1 Volume fraction 

 

The same evaluation procedure already employed for the burner’s characterization, which 

implies the acquisition of 5000 single-shot LII images subsequently filtered and averaged to 

obtain a final one used for fV determination, was applied to the additised diesel data. The soot 
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volume fraction can be estimated in the full 2D LII image (see Figure 24), nevertheless, these 

2D data cannot be correlated to the point-wise data achieved by WALS and SMPS; 

consequently, for comparison purposes, only the area shown in Figure 34 (red rectangles) were 

considered for evaluation. For the comparison of the soot vertical trend between the various 

blends, the averaged fV (obtained after calibration by extinction) of every measurement area (2 

mm x 2.4 mm area) was considered. The comparison is shown in Figure 35 a, b and c. The soot 

volume fraction over the height above the burner for OME2-, OME3-5- and TPGME-diesel blend 

is always flanked by the baseline data measured at the same conditions. Generally, the fV - 

height trends reflect the one already seen in Figure 28, i.e. a growth of soot concentration until 

70 mm-80 mm HAB followed by a reduction in the oxidation zone. From Figure 35 the 

following observations can be made (the following remarks take into consideration the error 

bars which derive from the standard deviation of the 1000 LII images obtained after filtering): 

1) a significant decrease of fV results from the insertion of OME additives in the neat diesel. 

While OME2 provokes a minimal reduction of soot volume fraction, the effect of OME3-5, 

especially upper in the flame, is slightly more accentuated. Furthermore, the reduction effect of 

both additives increases by increasing the additive’s concentration, i.e. the OMEs inserted in 

3% vol. and 9% vol. in the baseline show higher soot abatement compared to the 1% blends. 

2) TPGME exhibits a slight decreasing effect only at higher concentrations and in the higher 

part of the flame where a little drop of soot volume fraction for the 9% TPGME-diesel at 70 

mm HAB and the 3% TPGME-diesel at 90 mm HAB is detected. Nevertheless, overall this 

additive has no significant impact on soot formation especially during the initial stages of the 

combustion and in the case of low additive concentration (i.e. lower than 3% vol.). 
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a. 

 

 

 

b. 
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c. 

 

 

Figure 35. fV -HAB curves for pure baseline and a. OME2-baseline blends (1% vol, 3%vol and 

9% vol) b. OME3-5-baseline blends (1% vol, 3% vol and 9% vol) and c. TPGME-baseline blends 

(1% vol, 3% vol and 9% vol). The error bars were calculated from the standard deviation of 

the 1000 LII images which passed the Matlab filter. (Figure from [96].)  

5.2.2 Radius of gyration 

 

The soot aggregates’ medium radius of gyration µg,eff was evaluated for all the additised diesels 

and also in this case compared with the µg,eff found for the baseline. The charts in Figure 36 a, 

b and c display the µg,eff vertical trend of OMEs- and TPGME-diesel blends. Generally, the 

increasing aggregation time by moving upper in the flame yields the generation of larger 

aggregate assembles at the end of the combustion process (see section 5.1.2). The comparison 

in Figure 36 reveals that the addition of OME2 and OME3-5 causes a slight reduction of µg,eff, 

particularly evident for the additive’s concentrations of 3% and 9%. We observe such a size 

diminution, compared to the baseline’s soot aggregates, particularly between 60 mm and 80 

mm HAB. Similarly, the soot aggregates produced by the 9% TPGME-diesel blend are smaller 

with respect to the baseline; this confirms the tendency of TPGME to be more effective on soot 

properties mainly at higher concentration (the same behaviour was observed for the effect of 
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TPGME on soot volume fraction). Nevertheless, no significant effect of the 1% and 3% 

TPGME-diesel blend on aggregates’ size is detected. 

 

a. 

 

 

b. 
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c. 

 

c. 

 

Figure 36. µg,eff vertical trends for neat baseline and a. OME2-baseline blends (1% vol, 3%vol 

and 9% vol) b. OME3-5-baseline blends (1% vol, 3%vol and 9% vol) and c. TPGME-baseline 

blends (1% vol, 3% vol and 9% vol). (Figure from [96].)  

 

5.2.3 Aerodynamic diameter and temperature 

 

Two non-laser based methods were applied to complete the characterization of the particulate 

matter produced by the additised diesels: Scanning Mobility Particle Sizer (SMPS) and Two-

color pyrometry. SMPS, the first technique considered, performs a scan of soot particles with 

different aerodynamic diameters (dae) and subsequently counts them. The size measured by 

SMPS is not the same physical quantity obtained by WALS. Indeed by WALS measurements 

the median value and the geometric standard deviation of the effective radii of gyration (Rg,eff) 

distribution (which usually exhibits a lognormal shape) is determined. The Rg,eff results from 

the scattering signal generated by a multitude of aggregates (with a broad distribution of sizes) 

where larger aggregates influence more on the overall signal than smaller aggregates. The 

particle size found with WALS and SMPS experiments cannot be compared directly (the 

comparison could be possible only by taking into account some assumption [164]). 

Nevertheless, the general particle size trend in the flame as well as the tendency of an additised 

fuel to generate smaller/larger particles with respect to the neat diesel, which is of interest for 
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the purposes of the present study, is detectable by both methods. The aim of the application of 

both WALS and SMPS is to compare the particle size trend and the changes of particle size 

between the fuels. SMPS was basically applied to support the information achieved by WALS 

measurements and to complete the flame characterization by investigation of additive effect on 

initial soot formation. 

In particular, the SMPS was employed for the investigation of the effect of OME2,3% in volume 

in the baseline, on soot particle diameters. The measurements were carried out between 10 mm 

and 40 mm above the burner outlet. Due to flame’s fluctuations, above 50 mm the sampling 

was inaccurate and, consequently, the measurements were not reliable. At every height of the 

flame three up- and down-scans (i.e. from smaller diameters to bigger diameters and the 

contrary) were performed and subsequently the number of particles found for every diameter 

was averaged. The glass capillary used for particles sampling was cleaned before and after 

every scan (i.e. in between the up/down scans) to remove the soot that accumulated on the 

capillary’s walls and therefore obstructed the capillary. In Figure 37 the number of particles 

over the scanned particle’s diameter for the baseline (Figure 37a.) and for the diesel-OME2blend 

(Figure 37b.) is reported. At a first glance, considering initially the curves maxima, a shift to 

larger particle’s diameter occurs when the height above the burner increases. Simultaneously, 

by increasing the height above the burner, the total number of soot particle decreases. This 

behaviour is expected as, according to WALS results (Figure 36 a.), soot particles 

agglomeration exhibits a significant progress between 10 mm and 40 mm HAB, leading 

contemporaneously to a lower number of (larger) particles. Furthermore, it is noticeable that 

the insertion of 3% vol. of OME2 causes a significant reduction on particle diameters and a 

significant diminution of soot particles’ quantity, i.e. the number of particles halves itself. 
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a. 

 

 

b. 

 

 

Figure 37. Particle aerodynamic diameter (average) distribution from 10 mm to 40 mm HAB 

for a. neat baseline and b. OME2-baseline blend (3% vol). 

The effect of OME2 on particle size can be clearly visualized in Figure 38 where the median 

particles’ diameter of the neat baseline and the one of the baseline-OME2 blend are compared 

over the height above the burner. While at 10 mm HAB the size of the particles seems to not 

vary considerably between the fuels, higher in the flame (at 20 mm, 30 mm and 40 mm above 

the burner) the median aggregates’ diameter of the OME2-baseline blend is between 38 nm and 
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45 nm smaller compared to pure baseline. Precisely, the median diameters of the OME2-

baseline blend at 20 mm, 30 mm and 40 mm HAB are 160 nm, 172 nm and 184 nm respectively 

while the ones of the neat baseline are 198 nm, 213 nm and 229 nm respectively. The variation 

of the values may be partially due to measurement error. Errors are mostly caused by 

electromagnetic hysteresis, a typical high number of multiply charged particles in the aerosol 

(mainly corrected by the SMPS itself after the measurement) or a slight shift in the horizontal 

position of the probe after cleaning the glass capillary in between measurements. These 

phenomena are represented by the error bars (calculated from the standard deviation of the up- 

and down-scan performed at the same measurement point) shown in Figure 38. We find that 

the measurement error never exceeds 9%, therefore the size difference between the two fuels 

can be considered significant.  

 

 

 

Figure 38. Comparison of the average particles aerodynamic diameter (dae) over the height 

above the burner for pure baseline and OME2-baseline blend (3% vol). 

 

Regarding the temperature measurements, we simultaneously acquired, for every fuel, 200 

600 nm-750 nm couple of images of the flame. First, soot temperatureof every pair of images 

was determined from the ratio of the calibrated soot radiance detected at the two wavelengths. 

The temperature profiles achieved from the 200 couple of images were averaged in turn. The 

measurement point at 90 mm HAB did not show uniform flame conditions, due to flame 

flickering, therefore the data at this height was discarded. Figure 39 shows the temperature 

profiles of the pure baseline and the baseline additised with TPGME and OMEs. Soot 
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temperature generally rises smoothly by increasing the HAB until 60 mm HAB. Above 60 mm 

HAB the temperature drops slightly. Similar trends for diffusion flame have been found in 

literature [142].  

If we compare the neat baseline soot temperature with the additives temperature profile, a 

minimal cooling effect of the additives can be noticed. The 3% OME3-5 – diesel blend and the 

3% TPGME – diesel blend exhibit the highest soot temperature reduction which corresponds, 

in average, to 40 K and 45 K respectively. OME3-5 and TPGME have a major impact in the 

higher part of the flame, especially at 50 mm and 60 mm HAB where the difference between 

the baseline and the blends goes up to 70 K. Nevertheless, if we consider the error bars, 

calculated from the standard deviation of the 200 temperature values obtained from every pair 

of images, the measurement error corresponds to 20 K - 40 K (mainly due to the flame 

flickering). Since the error bars are comparable to the differences between the temperatures of 

the various additised and not additised fuels, a clear impact of the additives on soot temperature 

cannot be inferred. 
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b. 

 

 

c. 

 

 

 

Figure 39. Temperature vertical trends for neat baseline and a. OME2-baseline blends (1% vol, 

3%vol and 9% vol) b. OME3-5-baseline blends (1% vol, 3%vol and 9% vol) and c. TPGME-

baseline blends (1% vol, 3% vol and 9% vol). (Figure from [96].) 
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5.3 Spray flame 

 

The measurements performed in the constant volume chamber aimed to investigate the effect 

of diesel additives on soot production in the case of high (ambient) pressure and temperature, 

conditions more similar to real engines. The fuels studied were, beside the pure baseline, the 

OME2-diesel blend 3% vol. and the TPGME-diesel blend 3% vol. The injection pressure and 

temperature were set to 120 MPa and 363 K, respectively. The ambient gas in the chamber was 

pure dehumidified air. The spray is constituted of three plumes with identical properties (only 

one plume was considered for the experiments). The measurement ambient conditions are listed 

in Table 4. For every pressure/temperature condition we collected ~ 1200 LII images during 

the entire soot visibility time, meaning ~ 150 LII images every 100 µs / 200 µsand precisely at 

1200 µs, 1300 µs, 1400 µs, 1500 µs, 1700 µs, 1900 µs, 2100 µs and 2300 µs after start of 

injection. The 150 LII images were averaged afterwards. The laser fluence was adjusted to 

0.35 J/cm2 by following the same procedure described in paragraph 5.1.1. The laser sheet (50 

mm height) intersected the entire plume for the whole soot luminosity time during the spray 

development and was positioned in the centre of the optical window that corresponds to the 

centre of the plume. For every measurement point, meaning every pressure/temperature/time 

after injection condition, 100 background images with the laser turned off, accounting for the 

soot luminosity, were collected. The averaged background image was subtracted to the 

corresponding averaged LII image. The soot luminosity signal resulted to be ~ 60% less intense 

than the maximum LII signal. In Figure 40 the development of the LII signal (representing the 

soot distribution in the spray flame) over time can be observed. The Figure shows the averaged 

images, obtained from the 150 collected, during the entire soot visibility time (1200 µs – 

2300 µs after start of injection). In the images only the soot region is observable, i.e. the area 

where the LII signal was detected. This area is part of the plume but it does not correspond with 

the whole spray plume. In fact, the plume’s external layer of soot, the one facing the window 

where the laser sheet comes from, is more visible than the internal ones. Since the soot in the 

external layer is hit earlier by the laser sheet, this layer absorbs the laser energy causing a strong 

extinction in the direction of the spray core, as shown in Figure 41. 
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Table 4. Ambient pressure and temperature conditions of the constant volume combustion 

vessel “OptiVeP” during the LII measurements of the neat and additised baseline. 

 

Ambient Pressure / MPa Ambient Temperature / K 

4 923 

4 973 

6 873 

6 923 

6 973 

 

 

 

 

 

Figure 40. Time development of the spray flame (averaged LII signal) in the combustion 

chamber during the soot visibility time (1200 µs to 2300 µs after injection), false colors image, 

6 MPa, 923 K ambient conditions, baseline diesel.  
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Figure 41. Spray flame at 6 MPa, 973 K ambient conditions, 1700 µs after injection. The light 

green curve represents the contour of the plume while the white region is the LII signal from 

the soot. 

 

For evaluation of the LII signal the entire plume was considered. The area where the signal is 

evaluated is called region of interest (ROI). Basically, all the pixels of the plume (averaged 

image) containing the LII signal were summed up. The total intensity of the ROI versus the 

time after injection is reported in Figure 42 a-e. The charts in Figure 42 are grouped according 

to their measurement conditions. The comparison between the fuels during the soot visibility 

time is reported. The incandescence signal over time, which displays soot increasing from 

1300 µs to ~ 2100 µs and decreasing afterward, reflects the spray flame development in the 

chamber involving flame ignition, expansion and quenching. This process is anticipated when 

the ambient temperature increases because the flame ignition starts earlier. Furthermore, it 

should be taken into account that a gain of the ambient temperature causes an increment of the 

LII signal, while by increasing the ambient pressure the incandescence signal decreases. The 

impact of OME2 and TPGME depends on the time after injection and on the chamber ambient 

conditions. Generally, the LII signal of the different fuels exhibits comparable intensity/a 

minimal difference right after the flame ignition, at ~ 1200 µs - 1300 µs after the injection. 

When the combustion proceeds, the gap between the neat baseline and the additised ones 

increases significantly leading the curves to diverge. If we consider Figure 42 a., 4 MPa and 

923 K ambient condition, in the initial part of the combustion process, i.e. between 1400 µs - 

1700 µs, the soot suppression performed by the additives ranges between 10% and 35%, while 

later, from 1900 µs after injection, the soot reduction goes up to 55% -70%. At higher 

temperature (Figure 42 b.) the soot decreasing effect of additives is about 20% - 40% at the 

beginning of the combustion process (until 1700 µs) and around 70% at the end of the 

combustion. Moving to higher pressure, for example Figure 42 d. (same ambient temperature 



 

75 
 

of Figure 42 a., but ambient pressure 2 MPa higher) the initial soot reduction due to the additives 

is less than 30%; at the end of the process the additives are able to lessen soot up to 70% again. 

In some cases, like the measurements at 6 MPa and 873 K and the ones at 6 MPa and 973 K, 

during the first half of the combustion process the insertion of the additives seems to cause an 

increment of soot.  

If we compare TPGME and OME2, the last one results to be the most effective soot inhibitor, 

which is in agreement with the results found on the diesel burner at atmospheric pressure. The 

maximum soot drop is observable at 4 MPa, 973 K, 2100 µs after the injection: at this 

measurement point the LII signal of the baseline additised with 3% of OME2is78% lower than 

the neat baseline’s signal. 

These results indicate that both OME2 and TPGME are good soot reducers, especially in the 

later stages of the spray combustion, when mainly the soot oxidation takes place. In particular, 

we observe that OME2 has the higher decreasing effect on soot emitted by spray flames. These 

findings are in agreement with the literature [6, 101, 165, 166] demonstrating that oxygenated 

additives play an important role in reducing soot emissions, most likely by enhancing the 

oxidation of soot.  
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d. 

 

 

e. 

 

 

 

Figure 42. Comparison of averaged LII signal intensity development over time after injection 

for pure baseline, OME2-baseline blend (3% vol) and TPGME-baseline blend (3% vol) at  a. 

4 MPa and 923 K b.4 MPa and 973 K c. 6 MPa and 873 K d. 6 MPa and 923 K e. 6 MPa and 

973 K. The error bars are obtained from the standard deviation of the 150 images of the plume 

collected. 
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5.4 Overall comparison 

 

Looking back to the initial purpose of this study, the principal questions we want to answer are: 

which is the actual influence of the oxygenated additives on soot emissions and which one of 

them is the most effective in soot reduction? Will the effect of fuel’s chemical composition on 

soot, observed on the diesel burner, occur similarly under real engine conditions? Considering 

the measurements on the laminar diffusion flame first, to better quantify the impact of the 

additives, the percentage of reduction of the soot volume fraction displayed by the additised 

diesel was calculated with respect to the fV determined in the pure baseline (Figure 43). In the 

same way, we calculated the percentage of reduction of the aggregate size induced by the 

additives with respect to the neat baseline (Figure 44). The capability of the OMEs, in particular 

OME3-5, to lower soot concentration along all the flame is particularly evident in Figure 43.a. 

The diesels additised with just 1% of OME2 and OME3-5 show a significant reduction of the 

soot emitted, which ranges between 15% and 25% especially in the upper part of the flame. In 

the same Figure (43.a) it is observable that TPGME leads to an increment of soot fV at 20 mm, 

30 mm, 80 mm and 90 mm HAB, while for the others measurement points at different flame’s 

heights the soot decreases. The changes observed have the same size of the measurement errors 

(see Figure 35), i.e. about 7% in the lower part of the flame and 11% in the upper part of the 

flame, meaning that the increment/decrement observed can be caused by a variation of the 

measurements’ conditions. Consequently, the effect of TPGME 1% vol. in diesel cannot be 

stated clearly. If we have a look at Figure 43.b (3%), the OMEs’ capacity to abate soot 

production is especially noticeable; a significant example is the measurement point at 90 mm 

HAB: here the soot produced by the diesel additised with 3% OME3-5 is 36% less compared to 

the pure baseline. Regarding TPGME, this compound has, also in this case, a controversial 

behaviour. It shows a significant lowering effect only at 90 mm above the burner, where the 

soot is 20% less than the baseline, while for all the other heights the decreasing effect is not 

relevant or absent. In contrast, TPGME, like OMEs, exhibits a positive reduction effect on soot 

emission at 9% additive-diesel concentration (at all heights), as shown in Figure 43.c. About 

this last figure, we can observe that the soot decrement is higher in the upper part of the flame 

and the most effective additive is OME3-5, although in this case the drop caused by TPGME 

goes up to 27%, therefore the additives’ effect is quite comparable. The better performance of 

OME3-5 compared to OME2 and TPGME could be due to the presence of more CH2-O groups 

inside the molecule, that means more oxygen content and therefore an enhancement of the 

oxidation process. This is confirmed by one detail: the additives’ tendency to decrease soot 
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volume fraction mainly in the upper part of the diffusion flame where indeed the soot oxidation 

process is dominant. Nevertheless, more investigations are required, also involving soot 

precursor measurements, in order to ascertain the additive complete mechanism. Moreover, the 

results obtained underline another important aspect: while TPGME has an increasing effect by 

increasing the concentration, the OMEs show the highest soot reduction performance at the 

concentration of 3%. Several studies [88, 167-169] have already pointed out that OMEs’ 

reduction performance does not increase when the concentration of the additive increases. Song 

et al. and Kocis et al. found that 2% and 4% OME1 – diesel blends were able to lessen soot by 

46% and 57%, respectively [168, 169]. In the same conditions 30% OME1-diesel blend 

decreased PM of only 35% [88, 167].   
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b. 

 

c. 

 

Figure 43. Comparison of TPGME, OME2 and OME3-5effect on fV with respect to the neat 

baseline with a.1% of additives, b. 3% of additives and c. 9% of additives. (Figure from [96].) 

 

OME2 and OME3-5 affect slightly also soot size as shown in Figure 44. The change of soot 

aggregate size in the OME-diesel blends, compared to the neat baseline, ranges between 10% 

and 20% (measurement errors, obtained from the standard deviations, vary between 5% and 
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8%) depending on the compound’s concentration and on the height above the burner. Indeed, 

the OMEs impact on Rg increases by increasing the concentration and the height above the 

burner. OME2 exhibits a considerable decreasing effect on Rg at 3% and 9% vol. in baseline. 

Specifically, at 80 mm HAB the reduction shown by OME2-diesel blend (9% concentration) on 

aggregate size, in percentage, is 16% (maximum reduction found for the OME2 on aggregate 

size). Overall, also in this case OME3-5 show the best performance in decreasing soot aggregate 

size: the maximum size drop is observable for 9% OME3-5-diesel blend at 80 mm above the 

burner. It corresponds to 20% reduction compared to the baseline diesel. Considering TPGME, 

it appears to affect the size of soot particles; namely it seems to increase particle size up to 6% 

at the concentration of 1% and 3% vol. Nevertheless, the growth is contained inside the 

measurement errors which goes up to 8%. The aggregate size (percentage reduction) trend of 

the 9% TPGME-diesel is comparable to OMEs. The effect of additives on soot aggregate size 

seems to be much lower than the one on soot volume fraction. We have to consider that, while 

by LII technique we estimate a volume (3D), by WALS technique we obtain the radius of 

gyration of the aggregates, that is a 1D value. When we want to draw a parallel between Rg and 

fV we have to consider the “Rg
3” value or, better, we can use the fractal dimension. If we assume 

a fractal dimension of 1.8 [36] the reduction in aggregate size is comparable to the decrease of 

soot volume fraction. An example is the case of 3% of OME3-5-diesel blend at 70 mm HAB: 

the additive induces a downsizing of ~ 16 % of µg,eff, with respect to the baseline. This leads to 

a drop of aggregate mass of about 29% (supposing constant primary particle sizes), consistent 

with the fV reduction under these conditions (31%). 
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c. 

 

 

Figure 44. Comparison of TPGME, OME2 and OME3-5 effect on µg,eff  with respect to the pure 

baseline with a.1% of additives, b. 3% of additives and c. 9% of additives. (Figure from [96].) 

 

Overall, regarding the laminar diffusion flame, it is clear that oxygenated additives play a 

meaningful role during the soot formation process by abating particles concentration and by 

lowering particles size. It arises from both LII and WALS measurements that OMEs cause the 

major soot concentration drop. For instance, both OME2 and OME3-5, 3% vol., are able to 

suppress about 20% more soot than TPGME, while the aggregates emitted are 10 % - 15 % 

smaller. The efficacy of OMEs is confirmed by SMPS measurements, concerning the particles 

dimensions. SMPS experiments showed that, in the lower part of the flame (20 mm - 40 mm 

HAB), OME2, 3% vol., has the capability of decreasing particles diameter of ~ 15% - 18% 

compared to the neat diesel, similarly to the downsizing effect found by WALS measurements 

between 40 mm and 80 mm HAB. On the contrary, none of the additives has a significant 

impact on soot temperature in the laminar diffusion flame. Indeed, Two-Colour Pyrometry 

measurements show that the diesels additised with 3% of OMEs and TPGME exhibit a 

temperature reduction that ranges between 10 K and 45 K with respect to the neat baseline. 

These values are contained within the measurement error and correspond to 1 % - 2 % of 

reduction with respect to the pure baseline. This leads to the conclusion that, according to our 
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findings, the oxygenated molecules tested have mainly a chemical effect, i.e. they act as 

oxidizer, while physical effects on temperature are not relevant.  

Finally, concerning the measurements performed in the constant volume chamber, the results 

obtained from the LII experiments on spray flame support the results achieved from LII 

measurements on the laminar diffusion flame, meaning that we observe the same trends, i.e. 

also in spray flames OME has more effect in decreasing soot than TPGME. The higher tendency 

of OME2 (3% vol.) of decreasing soot concentration is observed at almost every 

temperature/pressure condition. Specifically, OME2-diesel blend (3% vol.) emits between 10% 

and 40%less soot than TPGME-diesel blend, depending on the temperature/pressure condition. 

For instance, the soot produced by the OME2-diesel blend at 6MPa, 923 K,1700 µs ignition 

delay, is about 30% less than the one found for the TPGME-diesel blend and about 40% less 

than the one measured for the neat diesel. These outcomes are in agreement with the results 

found in literature [94, 100, 101, 170]. Iannuzzi et al. [101] observed that OME2 is a good soot 

suppressor and specifically 5%-10% OMEs-diesel blends suppress between 10% and 35% more 

soot with respect to commercial diesel (measurements carried out in a single cylinder heavy-

duty diesel engine), that is comparable to our results. From our findings it seems that the 

reduction effect caused by OME2 in spray flames is slightly enhanced (more evident) compared 

to the laminar diffusion flame. The additive effect can be enhanced by the ambient condition of 

the constant volume chamber, the spray structure, the fuel/air mixture, etc. more studies are 

required to understand this phenomenon.  
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6. Conclusion and outlook 

 

The present dissertation aimed to investigate the impact of additives on soot emissions. To 

isolate chemical effects from the physical effects connected to spray’s efficiency of 

nebulisation, liquid/vapour mixture, high pressure effects, etc. a novel combustion system was 

designed and manufactured. The new implemented diesel burner performs the complete 

vaporization of high boiling temperature liquid fuel at atmospheric pressure and the subsequent 

combustion in a laminar diffusion flame. The flame produced by the novel prototype has been 

initially characterised by using two different diesels, namely CEC RF-06-03 (called “reference” 

for simplicity) and CEC RF-79-07 (called “baseline”). These two fuels have similar properties 

but they slightly differ for the content of aromatic species. The concentration of soot produced, 

expressed as volume fraction fV, and the size of the aggregates, expressed as radius of gyration 

Rg, have been studied by applying Laser-Induced Incandescence (LII) and Wide-Angle Light 

Scattering (WALS) technique respectively. 

The diesel burner characterization proved the capability of the combustion system to efficiently 

vaporize and burn fuels with high boiling point at ambient conditions. The complete 

vaporization was guaranteed by the temperature at which the burner was operated, namely 

between 643 K and 653 K (higher than the diesel boiling point, 453 K – 633 K). Furthermore, 

self-ignition of diesel was avoided by using N2 as carrier gas instead of air. The diesel complete 

vaporization allowed to limit the manifestation of physical effects. The creation of a stable 

laminar diffusion flame (diesel volume flow: 0.175 l/min, N2 volume flow: 0.3 l/min, air co-

flow: 20 l/min), with Reynolds Number ~ 100, facilitated the use of laser-based techniques for 

the investigation of soot properties.  

The initial flame’s characterization shows that soot is mainly distributed along the annular 

region of the flame, while the central part presents much less soot particles. Between 30 mm 

and 80 mm HAB soot concentration rises by increasing the height above the burner. After 

80 mm HAB the soot volume fraction decreases because of oxidation processes. Although the 

behaviour just described is common to both diesels, the amount of soot emitted varies, resulting 

to be higher in the reference diesel. The maximum volume fraction measured for the reference 

is 1.76 ppm (80 mm HAB) while the maximum value found in the baseline flame, at 80 mm 

HAB, is 1.47 ppm. The minimum amount of soot was detected at the beginning of the 

combustion and corresponds to ~ 0.7 ppm for the reference and around 0.5 ppm for the baseline. 

The WALS measurements show a general, clear trend: the size of soot aggregates enlarges 

slightly by increasing the height above the burner, due to the increasing aggregation time. For 
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the reference the median Rg,eff  reaches its maximum at 70 mm HAB with a value of  

µg,eff  = 211 nm; the maximum µg,ff for the baseline amounts to 207 nm. We found that the 

smallest radii of gyration were µg,eff = 178 nm and µg,eff = 169 nm, for the reference and baseline 

respectively, which were measured at 30 mm HAB. Overall, it can be stated that on one hand 

the soot concentration is clearly lower in the baseline diesel flame, while on the other hand, the 

particles’ size does not change significantly between the two fuels. The reduction of soot 

volume fraction observed in the baseline, with respect to the reference, can be explained by the 

different chemical composition of the diesels: the reference contains about 3% more aromatic 

species, which are known as soot precursors. This promotes soot particle inception and 

consequently causes an increment of fV; however, the aggregation process in not influenced. 

The characterization of the flame showed that we could isolate the impact of minor changes of 

the fuel chemical composition on soot, therefore the burner implemented can be applied to the 

study of additives’ effects.  

The work proceeded to the next phase, the study of soot produced by oxygenated-diesel blends. 

After review of the dedicated literature, three promising soot reducer additives were chosen: 

the Tripropylene Glycol Methyl Ether abbreviated TPGME (chemical structure CH3-OC3H6-

(OC3H6)2-OH), the poly oxymethylene dimethyl ether OME2 (chemical structure CH3-O-(CH2-

O)2-CH3) and the poly oxymethylene dimethyl ether OME3-5 (a mixture of poly oxymethylene 

dimethyl ethers with chemical structure CH3-O-(CH2-O)3-5-CH3). These ether compounds are 

highly oxidized and contain very few/no C-C direct bond; these characteristics, according to 

the literature, make these molecule good soot reducer. 

The additive’s behaviour was investigated by four different techniques, i.e. Laser-Induced 

Incandescence, Wide-Angle Light Scattering, Scanning Mobility Particle Sizer and two-color 

pyrometry. The oxygenated compounds were inserted in the pure baseline with increasing 

concentration from 1%, 3%, up to 9% vol. and the effect of concentration changes was 

investigated. The results obtained from the measurements on the blends were compared with 

the ones of the neat baseline. 

The LII experiments on the burner show that OME additives decrease soot at every 

concentration and height above the burner; their effect increases by increasing the height above 

the burner and moving from 1% vol. to 3% vol. The reduction effect of OMEs on soot is 

maximum at the concentration of 3% vol. in baseline, while the 9% OMEs-diesel blends exhibit 

lower or almost comparable reduction effect of the 3% OMEs-diesel blends, in agreement with 

the trends found in literature [168, 169]. OME2 and OME3-5 are able to lower the soot volume 

fraction by up to ~ -28% and ~ -37% respectively (3% vol., 90 mm HAB) compared to the pure 
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baseline. TPGME shows a negligible decreasing effect on soot concentration at 1% vol. and 

3% vol. in baseline while at 9% vol. in baseline this additive reduces soot fV significantly. Also 

in this case the reduction effect increases by increasing the height above the burner. The 

maximum soot reduction caused by TPGME is ~ -24% when the additive is 9% concentrated 

(70 mm HAB). 

Besides the influence on soot volume fraction, OME2 and OME3-5 play a secondary role on the 

aggregation process. Indeed, the medium Rg,eff measured for the OME2-diesel blend is about 

15% smaller than the one found for the pure baseline. For OME3-5 the decrement of Rg,eff goes 

up to 18%. The effect on aggregate size rises by increasing the additive’s concentration. For the 

TPGME-diesel blend (TPGME in a concentration lower than 9%) the medium Rg,eff observed 

does not vary significantly compared to the pure baseline. The blend 9%TPGME-baseline 

exhibits a particles downsizing up to about 13%. A non laser-based device, SMPS, was 

employed to recheck the dimensional trend as well as the effectiveness of the OMEs. We found 

again that the particles’ diameter enlarges by increasing the height above the burner and, in 

agreement with WALS measurements, the OME2 was capable of reducing particle’s size up to 

20%. 

Finally, two-colors pyrometry measurements have not highlighted a significant effect of the 

oxygenated additives on temperature. Although soot from additised diesel seems to be between 

20 K and 50 K colder than the one emitted by the baseline, the measurements are affected by 

20 K – 40 K standard deviation that makes the difference not significant.   

The capability of the additives to decrease soot concentration was tested at high temperature 

and pressure, more similar to engine’s conditions. LII was applied to study the soot produced 

by the same additive-diesel blends investigated on the burner (TPGME and OME2, 3% vol.), 

this time on spray flames. The outcomes of these measurements confirmed that oxygenated 

additives reduce soot formation, in this case of about 60% - 80%, especially in the later phases 

of the combustion, supporting the theory that both TPGME and OMEs promote the formation 

of oxidant species enhancing the oxidation process of soot/soot precursors. Furthermore, the 

experiments on the spray flames displayed a higher efficiency of OME2, with respect to 

TPGME, to reduce soot, in agreement with the measurements on the burner flame. 

The results achieved in the present study lead to the major conclusions that: 

- Tripropylene glycol methyl ether (TPGME) restrains soot emissions with increasing 

strength when its concentration increases. The influence on the aggregate size is also 

dependent on the amount of additive inserted. 



 

88 
 

- Long-chain oxymethylene dimethyl ethers (OMEs) have been proven to be the most 

effective compounds for soot abatement, both at normal temperature/pressure and high-

temperature/pressure conditions. In particular,OME3-5 is capable to significantly lower 

soot concentration and aggregates size even when it is present in minimal concentration, 

i.e. 1% (in the laminar diffusion flame). To a less extent, but still with high efficacy, 

OME2 also decreases soot emissions.  

OME3-5 is a mixture of hydrocarbons characterized by three to five CH2-O groups, i.e. a 

considerable quantity of oxygen (OME2 and TPGME contain only 2 and 3 CH2-O groups 

respectively). Generally, soot models indicate that soot formation and oxidation are correlated 

to the flame temperature and to the concentration of the reagents. In our experiments, soot 

temperature does not change significantly when an oxygenated agent is present in the 

combusting blend. Consequently, the reduction effect of OMEs and TPGME can be associated 

with the oxygen content of the additives: more oxygen in the molecule enhances the generation 

of oxidizing species such as OH, O and O2 which yields to an acceleration of the oxidation 

process. The oxidation occurs during the entire combustion and influences also the soot 

formation process (we find that additives decrease soot also in the initial part of the flame). 

Both soot precursors (C2H2, benzene, PAH, etc.) and already formed soot could be oxidized. 

Our results suggest that the additives play an important role during the whole combustion, and 

their effect is more accentuated in the final stage of the combustion, i.e. the oxidation of already 

formed soot. Obviously, for a better comprehension of the mechanism behind soot formation 

from diesels and the role of oxygenated species in this process, further investigations, involving 

soot precursors and different combustion products are required.  

Finally, this study has several applications, for example the results presented can constitute a 

database for validation of soot formation models from diesel’s surrogates where usually the 

chemical structure of the fuel is a crucial input parameter. The outlook of the present work is 

wide and can include burner system applications and additives effect investigation. The burner 

system designed and implemented in the present study can be employed for online 

measurements of soot emitted by different kind of petroleum-based fuels with high boiling point 

(from gasoline to diesel and biodiesel) and their blends. The impact of various additive 

compounds, from organomettallic species to oxygenated organic species like detergents, esters 

or alcohols, can be also investigated in the laminar diffusion flame produced by the burner. The 

three oxygenated compounds studied in the present work (TPGME, OME2, OME3-5) showed a 

significant reduction effect on soot volume fraction, especially the OMEs additives. Further 

investigations can involve the development of soot precursors during the combustion of OMEs- 
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and TPGME-diesel blends, coupling optical /no optical/spectroscopic techniques. The research 

on additives can be also extended to different species, for example OMEs with longer chain, 

and the selection can be based on the results reported in the present study. 
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