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Not everything that can be counted counts, 
 and not everything that counts can be counted. 

 
Albert Einstein 
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Introduction 

Due to their potential adverse health effects, nanoparticles (smaller than 50 nm in 

diameter) emitted by vehicles have received increasing attention by the scientific 

community [1-4]. Several studies indicate that the toxicity of particles increases as their 

size decreases [5-7] and that inhaled nanometric carbon particles pass rapidly into the 

systemic circulation, causing pulmonary diseases [8]. For these reasons, as reported in 

the draft proposal for Euro 5/6 emissions standards, the upcoming normative will 

introduce number based Particulate Matter (PM) limits [9].  

In recent years, a strong reduction of particulate mass concentration was obtained at the 

exhaust of diesel engines thanks to the new efficient injection systems and to the 

introduction of after treatment devices (diesel particulate filters). Nevertheless, the 

filters still enable a high number of ultrafine particles to pass in the engine exhaust [10]. 

Particles emissions from spark ignition (SI) engines are negligible if compared to diesel 

ones in terms of mass concentration; this is why the attention has traditionally been 

focused on the characterization and control of particulate from diesel vehicles. The 

gasoline vehicles have been exempted from PM standards through the Euro 4 standard. 

On the other hand, as reported in recent studies, under high load with rich mixture 

conditions, including cold starts and acceleration, SI engines emit high number 

concentration of particles in the sub-50 nm size range comparable to those from diesel 

engines [11-16]. Thus, Euro 5/6 regulations will introduce PM mass emission standards, 

numerically equal to those for diesels, for gasoline cars but only for those equipped with 

direct injection engines [9].  

Although a sizing procedure is indicated in the draft Euro 5/6 legislation, at the present 

time the choice of a suitable method able to detect nanoparticles and to give information 
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about their mass, their number concentration and chemical properties appears very 

difficult. 

Standard particle-collection methods require dilution systems and a sufficient period to 

obtain an adequate sample and an accurate measurement. Nevertheless, during the 

collection time, particles could change their composition [17]. Some particle collection 

instruments for determination of size distributions, are based on the motion of particles 

with respect to gases and are biased toward measuring the total mass of particles 

collected, not the number of particles [18]. The potential consequence of this is that a 

few large particles foreign to the internal combustion engine exhaust source may bias 

the results, obscuring the more important small-particle concentration.  

Recent advances in diagnostic techniques make possible the characterization of particle 

in real time in engine exhaust using optical methods [19]. The optical techniques result 

a very powerful sizing methodology: they are real time, “in situ” and non-intrusive and 

they allow the characterization of primary particles in terms of size distribution and 

chemical nature. 

In this thesis, optical techniques and commercially available instruments were used at 

the exhaust of a Common Rail diesel engine and of a Port Fuel Injection Spark Ignition 

engine in order to characterise the nanoparticles emissions in view of the upcoming new 

normatives. The engines used for the experiments were equipped with aftertreatment 

devices and they were representative of highest number of vehicles present on the 

Italian roads until the last year [20]. The nanoparticles at the engines exhausts were 

characterized in terms of number size distribution and chemical and physical properties.  

Two different optical techniques were used: Laser Induced Incandescence (LII) and 

Broadband Ultraviolet–Visible Extinction and Scattering Spectroscopy (BUVESS). 



 7

LII is a laser-based technique that is able to measure the mass and mean diameter of 

primary particles with a large measurement range, not limited by aggregate size and by 

complex retrieving procedure [21]. BUVESS is based on ultraviolet–visible 

multiwavelength extinction and scattering spectroscopy. It overcomes the intrinsic 

limitations of single wavelength techniques by using several spectral information to 

retrieve particle size distribution [22]. The analysis of BUVESS data gives information 

about particles chemical nature and their physical structure [23]. The optical results 

were compared with those obtained by Electrical Low Pressure Impactor (ELPI). It is a 

real-time measurement device, which enables to obtain number size distribution and 

mass concentration for particles in the size range 7 nm - 10 µm. All the measurements 

were completed by diagnostics of engine fundamental parameters and PM mass and 

gases concentrations measured by conventional instrumentations. 
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Chapter 1: 

PARTICULATE MATTER AND PARTICLES 

 

1.1. Particulate matter and particles 

The term “particulate matter” (PM) is used to describe any substance, except pure 

water, that exists as a liquid or solid in the atmosphere under normal conditions and is 

of microscopic or sub-microscopic size but larger than molecular dimensions (about 2 

Ǻ) [24]. Among the atmospheric constituents, particulate matter is unique in its 

complexity since it is composed of solid and liquid particles of various nature and size. 

A full description of atmospheric particles requires specification of not only their 

concentration but also their size, chemical composition, phase and morphology. 

U.S. EPA (Environmental Protection Agency) [25] reports the following classification 

of atmospheric particles: 

• Ultrafine: Particles with an aerodynamic diameter lower than 0.1 µm  

• Fine: Particles with an aerodynamic diameter in the range 0.1 – 2.5 µm 

• Coarse: Particles with an aerodynamic diameter in the range 2.5 – 10 µm 

• Supercoarse: Particles with an aerodynamic diameter higher than 10 µm 

In addition to the above provided terminology, the EPA also categorizes particles as 

follows:  

• Total Suspended Particulate Matter (TSP): Particles ranging in size from 0.1 

micrometer to about 30 micrometer 

• PM10: particulate matter with an aerodynamic diameter less than or equal to 10 

micrometers. 
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• PM2.5: particulate matter with an aerodynamic diameter less than or equal to 2.5 

micrometers. 

• Nanoparticles: particles with diameters below 50 nm 

Figure 1.1 displays a typical size distribution of atmospheric particulate matter that 

combines the two classification schemes discussed above.  
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Figure 1.1. Typical size distribution of atmospheric particulate matter 
(U.S. EPA classification of particles four size categories) 

 

Particulate matter in the atmosphere is of current interest because of its association with 

adverse health effects and its impact on the earth’s radiation balance, visibility 

impairment and atmospheric chemistry.  

Particles affect climate by changing the flow of radiant energy from the sun to the 

Earth's surfaces and within the atmosphere. They are able to do this both directly, by 

scattering and absorbing solar radiation, and indirectly, by changing cloud properties, 

rain, snow, and atmospheric mixing.  
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Moreover, evidence accumulated over the past decades suggests that increased levels of 

particulate air pollution in the urban area are associated with increased respiratory and 

cardiovascular mortality and morbidity as well as worsening of asthma [26]. 

Specifically ultrafine particles contribute to the PM health effects for several reasons. 

Compared with larger particles on a mass basis, ultrafine particles have a higher 

predicted pulmonary deposition, greater potential to induce pulmonary inflammation, 

larger surface area, and enhanced oxidant capacity. Ultrafine particles also have the 

potential to cross the epithelium and enter the systemic circulation [27]. 

There are both natural and human sources of atmospheric particles. The major natural 

cause is represented by dust, volcanoes, and forest fires. Sea spray is also a large source 

of particles though most of these fall back to the ocean close to where they were 

emitted.  

The main human sources of particles are combustion processes, mainly the burning of 

fuels in internal combustion engines and power plants, and wind blown dust from 

construction sites and other land areas where the water or vegetation has been removed. 

Some of these particles are emitted directly to the atmosphere (primary emissions) and 

some are emitted as gases and form particles in the atmosphere (secondary emissions). 

In this scenario, the mass fractional contributions of motor vehicles to ambient PM are 

estimated to be in the range from 20 to 76% and from 35 to 92% for PM2.5 and PM10, 

respectively [28]. 

 

1.2. Particulate and Particles from Internal Combustion Engines 

As source of ultrafine particles and nanoparticles in the urban environment, internal 

combustion engines have attracted large interest by the scientific community. In Figure 
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1.2 is reported the Italian situation in terms of contribution of different internal 

combustion engine vehicles on particulate emission. 
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Figure 1.2. Typical distribution of particulate exhaust emission in Italian urban 
area evaluated for 2005 [29]. 

 

Both diesel and gasoline exhausts contribute to the emission of particulate in the urban 

area, nevertheless, the nowadays normative regards diesel engines as the main source of 

combustion aerosols emissions.  

In the last 20 years the optimization of the diesel combustion process and the 

application of after-treatment devices reduced the particles mass concentration at diesel 

vehicles exhaust but it led to a significant reduction in particles size, thus high number 

concentration of nanoparticles is detectable [30-32].  

Several experimental investigations demonstrated that also spark ignition engines emit 

high number concentration of particles in the sub-50nm size range [15, 16, 33]. The 

presence of nanoparticles was also observed at the exhaust of Port Fuel Injection Spark 

Ignition (PFI SI) engines [13, 34, 35] that are considered a sort of clean engine with 

respect to PM emission. 
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In July 2005 the European Commission published a draft proposal for Euro 5/6 

emissions standards: Euro 5 standards will become effective from September 2009 for 

new type approvals, and from January 2011 for all models. Euro 6 standards will 

become effective from September 2014 for new types, and from September 2015 for all 

models. 

The draft Euro 5/6 legislation adopts a new PM mass emission measurement method 

developed by the UN/ECE Particulate Measurement Programme (PMP). The PMP 

program had the objective to develop and select PM measurement methods for EU type 

approval testing and development of future emission standards for light- and heavy-duty 

vehicles. For particle number measurement the program recommended a method using a 

condensation particle counter (CPC), a selected size range (23 nm - 2.5 µm), and sample 

pre-conditioning at 300°C in an evaporation tube. The procedure has been designed to 

count solid particles only, and to eliminate volatile particles 

The PM mass emission limit will be changed to 3 mg/km: this change accounts for 

different results using the existing and the new measurement method. The particles 

number emission limit at the Euro 5/6 stage will be 11110*5 −km , in addition to the 

mass-based limits. 

Gasoline vehicles have been exempted from PM standards through the Euro 4 stage. 

Euro 5/6 regulations will introduce PM mass emission standards, numerically equal to 

those for diesels, for gasoline cars but only with DI engines. 

At the time of adoption of the Euro 5/6 regulation, its mass-based PM emission limits 

could only be met by closed particulate filters. Number-based PM limits would prevent 

the possibility that in the future open filters are developed that meet the PM mass limit 

but enable a high number of ultra fine particles to pass [36, 37]. 
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1.2.1. Diesel engine 

Diesel particulate matter, as defined by the EPA regulations and sampling procedures 

(the mass collected on a fibre filter from exhaust that has been diluted and cooled to 

52°C or below [38]), is a complex aggregate of solid and liquid material. It is mainly 

composed by carbonaceous particles generated in the engine cylinder during the 

combustion. The primary carbon particles form larger agglomerates and they combine 

with other components of diesel exhaust, both organic and inorganic. Generally, the 

diesel PM is divided into three basic fractions: 

• Solids - dry carbon particles, commonly known as soot,  

• SOF - heavy hydrocarbons adsorbed and condensed on the carbon particles, 

called Soluble Organic Fraction,  

• SO4 - sulphate fraction, hydrated sulphuric acid.  

The actual composition of diesel PM depends on the particular engine and its load and 

speed conditions. "Wet" particulates can contain up to 60% of the hydrocarbon fraction 

(SOF), while "dry" particulates are comprised mostly of dry carbon. The amount of 

sulphates is directly related to the sulphur contents of the fuel [39]. 

A small amount of inorganic ash is composed by metal compounds in the fuel (if 

metallic additives are present) and lubrication [1, 40]. 

Diesel particles are very fine. The primary carbon particles have a diameter of 10 – 80 

nm, while the agglomerated particles diameter is in the 80 nm to 1 micron range. Thus, 

diesel particulate matter is almost totally inhalable and has a significant health impact 

on humans [41]. 
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A significant amount of particulate matter (e.g. 90 % of the number and 30% of the 

mass) is formed during exhaust dilution from particle precursors that are in the vapour 

phase in the tailpipe (e.g., sulphuric acid, fuel and oil residues). The gas to particle 

conversion process involves homogeneous nucleation, adsorption and absorption and is 

highly nonlinear [42]. 

 

1.2.2. Spark Ignition engine 

Historically, gasoline engines have been attempt from the requirement to meet the 

particulate emissions standard for diesel engines. The justification has been that the 

gasoline engines produced particulate emissions that were on the order of 1% of diesel 

engines ones [43]. This was certainly the case during the development of recent 

legislation on diesel particulate. Present studies indicate that current gasoline SI engines 

often emit an increased fraction of nanoparticles especially during transient operation 

[43]. The number concentration of particles emitted by gasoline Ported Fuel Injection 

(PFI) engines has also been shown to increase significantly under high load, transient 

and cold start conditions. 

Unlike PM emissions from diesel engines, the Spark Ignition engines ones are very 

variable. With reference to PFI engines, a typical baseline concentration of engine out 

PM emissions is on the order of 105 particles/cm3, however a spike is occasionally 

observed [34]. These spikes are found to be composed mainly of volatile particles. 

Analyses of particulates from PFI engines reveal that the bulk of the mass is ash with 

the second largest fraction of unburned lubricating oil. Carbon emissions are found to 

be significant only at high speed and load with mixture enrichment. The large ash 

fraction of gasoline PM includes a large percentage of metal compounds with calcium 
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and sodium evident at low load without EGR, and copper and magnesium predominant 

for operation with EGR [44].  

 

1.3. Carbonaceous particles formation 

The soot formation is often observed during combustion of hydrocarbon fuels. Soot 

consists of carbonaceous particles and it can be identified in flames and fires as yellow 

luminescence. 

Individual soot particles vary in shape from clusters to chains of spherules, where a soot 

cluster may contain as many as 4000 spherules. The spherules are called primary 

particles, their size varies in diameter from 10 to 80 nm, but mostly lies between 15 and 

30 nm. The cluster or chain-like soot aggregates are defined as secondary particles [45]. 

The hydrogen and carbon ratio in soot ranges between 1:8 to 1:10. 

Soot formation is a complex process, which involves many chemical and physical steps, 

it can be outlined as follows: 

 

The main steps of soot formation are reported in Figure 1.3.  

 

Pyrolysis of fuel molecules 

Formation of aromatic structures and heavy hydrocarbons  

Nucleation of primary particles 

Surface growth reactions  

Coagulation and agglomeration 

Gas 
phase 

Solid 
phase 
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Figure 1.3. Formation of carbonaceous nanoparticles from combustion systems, 
adapted from [46]. 

 

A detailed kinetic model of soot formation usually contains two general parts, gas-phase 

chemistry, initiating the soot precursors, and solid-phase model [54]. 

 

1.3.1. Gas phase 

The carbonaceous particles formation starts with fuel pyrolysis reactions and formation 

of the precursors. Starting, e. g., with an aliphatic fuel, the fuel molecules are first 

broken down into smaller hydrocarbon molecules and free radicals either by pyrolysis 

or oxidation reactions. Then the key step occurs, the formation of the first aromatic ring 

in the system, usually benzene or phenyl. This first ring appears as the nucleus for the 

formation of PAHs which are the most probable soot precursors as stated in recent 

studies [47-54]. Then the PAH growth takes place. The most popular mechanism of 

PAH growth is the HACA pathway developed by Frenklach and Wang [55, 56].  

The model proposes a repetitive reaction sequence of two principal steps,  
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1. Abstraction of an H atom from the reacting hydrocarbon;  

2. Addition of a gaseous 22HC  molecule to the radical formed. 

A process parallel to the aromatics growth is their oxidation. Haynes and Wagner [45] 

and Neoh et al. [57] considered the hydroxyl radical as the primary oxidising agent. 

 

1.3.2. Solid phase 

The formation and evolution of soot particles includes processes like soot particle 

inception, surface growth and oxidation, coagulation, and agglomeration which are 

briefly described in the following:  

The soot particle inception is a homogeneous process occurring in the gas phase 

environment. According to different investigations, it takes place at molecular masses 

between 500 a.m.u. [58], 300-700 a.m.u. [59], 1600 a.m.u. [60] and 2000 a.m.u. [61]. 

Above this values the PAH can be interpreted as solid particles rather than molecules. 

These first soot particles are roughly spherical in shape and have a C/H ratio of about 2. 

Upon aging, they can coalesce into larger spherical particles, undergo surface reactions, 

dehydrogenation, oxidation and coagulation. The soot that is emitted from combustion 

devices typically has a C/H ratio of approximately 10 and consists of agglomerates of 

spherical particles with an underlying graphitic-like structure. 

Soot particle growth. The greater part of soot (> 95 %) is formed by surface growth 

rather than soot inception [62]. It is assumed that particle growth is similar to the 

formation of PAH, and acetylene and PAH are accepted to be the two main potential 

agents responsible for soot surface growth. It is a heterogeneous process, where 

adsorption and desorption processes at the surface have to be considered. 
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Soot particle coagulation. The coagulation is usually expressed as a process of sticking 

of two particles, which are glued together by a common outer shell generated by 

deposition similarly to surface growth. Coagulation takes place only for relatively small 

particles, which are characterised by high rates of growth (up to a diameter of 10 nm in 

low pressure premixed systems). 

Soot particle oxidation. The process of soot particle oxidation is parallel to the surface 

growth. In fact, oxidation is also a surface reaction, which in principal should be treated 

as catalytic combustion [62]. 

Soot agglomeration. Soot agglomeration takes place in the late phase of soot formation 

when, due to lack of surface growth, coagulation is no longer possible [62]. As a result, 

open structured aggregates characterised by a log-normal size distribution are formed 

[62]. 

 

1.4. Particles Size 

A particle can be characterized by its geometric or physical diameter. If the particle is 

spherical the meaning of this parameter is obvious, otherwise it does not have a precise 

meaning.  

As reported in literature [63], soot aggregates are non-spherical particles.  

When particles are non-spherical, contain void spaces, or when their material density is 

not known, the concept of size requires definition by one or more parameters. It often is 

most convenient to discuss particle size in terms of equivalent diameters, defined as the 

diameter of a sphere, which with a given instrument would yield the same size 

measurement as the particle under consideration [64]. 
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In this section a classification of the most commonly used equivalent diameters is 

reported. 

 

1.4.1. Equivalent Diameters 

Volume Equivalent Diameter ( ved ). The volume equivalent diameter, also known as 

envelope equivalent diameter ( ed ), is defined as the diameter of a spherical particle of 

the same volume as the particle under consideration [65]. For an irregular particle ved  is 

the diameter that the particle would have if it were melted to form a droplet while 

preserving any internal void spaces. ved  is equal to the geometric diameter pd  for 

spherical particles [66]. 

 

Mass Equivalent Diameter ( med ). The mass equivalent diameter is similar in concept 

to ved  but with the difference that med  does not include internal voids. Therefore, for a 

particle with no internal voids veme dd = . If the particle contains internal voids, 

meve dd > . 

 

Electrical Mobility Diameter ( md ). The electrical mobility diameter is the diameter of 

a sphere with the same migration velocity in a constant electric field as the particle of 

interest [67]. Instruments such as the DMA and the SMPS measure dm. This 

measurement is obtained via a force balance between the electrical force of a constant 

electric field on the net charges on the particle and the drag force experienced by the 

particle. The electrical force on the particle is: 

EnF eelec =   (1.1)  
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Here n  is the number of charges on the particle, e  is the elementary unit of charge, and 

E  is the strength of the electric field. 

 

Aerodynamic diameter ( ad ). In air pollution control, it is necessary to use a particle 

size definition that directly relates to how the particle behaves in a fluid such as air. The 

term "aerodynamic diameter" has been developed by in order to provide a simple means 

of categorizing the sizes of particles having different shapes and densities with a single 

dimension. The aerodynamic diameter is the diameter of a spherical particle having a 

density of 1 g/cm3 that has the same. terminal settling velocity in the gas as the particle 

of interest. Terminal settling velocity is a measure of the aerodynamic properties of the 

particle, and the aerodynamic diameter depends on the flow regime. Instruments such as 

the ELPI measure ad . 

For irregular particles of standard density, avem ddd >> . Highly irregular particle 

populations, such as soot, will show significant differences in the size distributions 

measured simultaneously by mobility and aerodynamic techniques. These are not real 

discrepancies; instead, they merely capture the different dependence of both equivalent 

diameters on the fundamental particle properties. This phenomenon has been observed 

in several investigations [68, 69]. 

 

1.4.2. Fractal Aggregates 

There are two common types of “aggregate particles” described in the literature [70]. 

The first type is a compact aggregate, whose external envelope is not far from spherical 

shape. The second type is represented by aggregate particles for which the external 

envelope is highly non-spherical. They are often termed fractal and have been studied 
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extensively, both theoretically and experimentally. Combustion emissions such as soot 

are a large source of fractal particles in the environment. A typical Transmission 

Electronic Microscope (TEM) image of diesel particulate collected at the exhaust of 

Common Rail Diesel Engine is reported in Figure 1.4.  

 

Figure 1.4. Typical TEM image of diesel particulate collected at the exhaust of 
Common Rail Diesel Engine 

 

Fractal Dimension 

Fractal dimension ( fD ) is a parameter that is often used to describe aggregate particles. 

The parameter, fD , is defined from a relationship between the number of primary 

particles in an aggregate to a characteristic radius, R, typically the radius of gyration, by 

the following power law: 

fD
PP RN ≈   (1.2) 

Here PPN  is the number of primary particles in the aggregate. The fractal dimension can 

vary between 1 and 3. For spheres 3=fD , compact agglomerates 3≈fD , and in the 

limit of infinitely long straight chain agglomerates 1→fD .  
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A range of intermediate values has been reported both for laboratory generated 

combustion aerosol and also for ambient aerosol [71]. The fractal dimension can be 

estimated via the mass mobility relationship [72] based on the scaling laws developed 

by Schmidt-Ott et al. [73]. In the mass-mobility relationship, it is assumed that the 

number of the primary particles is proportional to the particle mass Pm , which requires 

the primary particle size distribution to be constant for all values of PPN  as well as the 

assumption that the primary particle density is constant (which may not be strictly true 

if the aggregate is coated by a second species). The mass-mobility relationship is 

expressed as: 

fD

PP

m
P d

dCm 







= '  (1.3) 

Here 'C  is a constant and PPd  is the diameter of the spherules comprising the aggregate. 

Only the assumption of a constant primary particle size distribution is required to state 

that the particle volume is directly proportional to PPN . Equation (1.3) can then be 

rewritten as 

fD

PP

m
ve d

dCd 







= ''3  (1.4) 

Since md  can be measured and ved  and can be estimated as a function of PPN  (for a 

given PPd ), then Equation (1.4) can be used to estimate a fractal dimension based on the 

mass-mobility relationship with known values of PPd  and PPN  [64]. 
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Chapter 2: 

THEORETICAL BACKGROUND 

 

2.1. Multiwavelength Extinction and Scattering Spectroscopy 

The interaction of light radiation with matter can cause redirection of the radiation 

and/or transitions between the energy levels of the molecules. A transition from a lower 

level to a higher level with transfer of energy from the radiation field to the molecule is 

called absorption. Redirection of light due to its interaction with matter is called 

scattering, this phenomenon is strictly related to the heterogeneity of the sample. The 

extinction is the attenuation of an electromagnetic wave by scattering and absorption. 

Extinction and scattering spectroscopy can provide qualitative and quantitative 

information about the composition of a sample in terms of molecules and nanoparticles. 

The measured scattering signals obtained from a probe volume at a fixed scattering 

angle θ and at wavelength λ can be expressed, through a calibration procedure, in terms 

of the angular scattering coefficient βλ (θ). This quantity is defined as the energy 

scattered at the angle θ from a unit volume, per unit solid angle, for an incident beam of 

unit intensity. 

When the incident light comes from an unpolarised source, as in our case, scattering 

coefficient βunp,λ(θ) is: 

 

( ) ( )k n,,,,, pscaunp DCN θθβ λλ ⋅=  (eq. 2.1) 

 

Where Csca,λ is the angular cross section for unpolarised scattering [74].  



 24

The extinction coefficient can be written as: 

 

( ) ( )λλ extiiext CNK ,⋅=  (eq. 2.2) 

 

Where λ is wavelength of the incident beam, Ni and Ci,ext are the number concentration 

and the extinction cross section of ith compound, respectively. Whereas most of 

molecule extinction (or absorption) cross-sections in the ultraviolet-visible range are 

known by literature, the extinction cross-section of particle is a complex function of the 

chemical and physical properties. It can be interpreted in the framework of 

electromagnetic theory of light by: 

 

( ) ( )k n,,, pextext DCNK λλ ⋅=   (eq. 2.3) 

 

Where N is the number density of the particle, Dp is the particle diameter and n and k 

are the real and the imaginary part of complex refractive index m=n-ik, respectively. 

Assuming that the particles are spherical and constitute polydispersed system, scattering 

at fixed angle and extinction coefficients depend on particle diameter and they can be 

written according to Mie theory as:  

 

( ) ( ) ( ) pp

D

D
scasca dDDn,mC

max

min

⋅⋅α=λβ ∫
  (eq. 2.4) 

( ) ( ) ( ) pp

D

D
extext dDDn,mCK

max

min

⋅⋅α=λ ∫
  (eq. 2.5) 
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Where  

λ

π
=α pD

 

α is the dimensionless size parameter and n(Dp) is the number distribution. 

It is possible to calculate the mass M, according to the relation: 

 

( ) pp
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D

p dDDn
D
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max

min

⋅⋅
π

ρ= ∫ 2

2

  (eq. 2.6) 

 

where ρ is particle-density. 

The mean diameter Dm can be calculated as: 

 

N

dD)D(n
D

pp

m
∫ ⋅

=
   (eq. 2.7) 

 

2.1.1. Numerical procedure for the retrieving of Multiwavelength Extinction and 
Scattering data. 
 
In order to retrieve the multiwavelength extinction and scattering data, a numerical 

procedure was used; it allowed the evaluation of the number distribution of the particles 

and to characterize their chemical nature [75].  

The procedure consisted in an iterative research of the particles size distribution and of 

their optical properties; it was based on the minimization of the difference between the 

experimental and the theoretical Lorenz-Mie scattering spectra. The same procedure is 

applicable also to the extinction spectra after the subtraction of the gas absorption 
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contributions. In Fig. 2.1 is reported a simplified block diagram illustrating the 

numerical procedure developed in LabView™  environment.  
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Figure 2.1. Block diagram of the procedure for retrieving the optical data. 

 

In order to build up the scattering and extinction theoretical spectra, the refractive index 

was a necessary input for the procedure. An external database of optical properties 

accessible by the program was made up using literature data [1, 76]. For each refractive 

index given in input, the procedure selected the size distribution that minimised the 

difference between the theoretical and the experimental data. A log normal model was 

used for the particles size distributions in good agreement with the literature [77, 78], 

both unimodal and bimodal size distributions were considered. The central diameter of 

the log normal distribution was varied in a wide range (5 to 500 nm) in steps of 2 nm. 

Moreover different values for the distribution width were taken into account, in 

particular sigma was varied over a range of 0.1 – 0.3 in steps of 0.05.  

At the end of the iterations, the size distribution and the optical properties 

corresponding to the lowest error achieved by the procedure were chosen as the final 

result. 
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With respect to carbonaceous matter, the database includes the refractive indices 

reported in Figure 2.2. They are listed according to the level of graphitization from the 

highest (a) to the lowest one (e). 
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Figure 2.2. Selection of the optical properties reported in the database accessible 
by the numerical procedure for retrieving the optical data. 
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Taft and Phillip, have investigated the optical properties of carbon in a natural graphite 

crystal, a pyrolytic graphite sample and mechanically polished glassy carbon sheet [79]. 

The curve for natural graphite and pyrolytic graphite is nearly identical and it is shown 

in Figure 2.2a. 

The refractive index reported in Figure 2.2b was obtained from the results reported by 

Di Nardo and Goland [80], they studied the optical properties of a 6 to 7 µg/cm2 carbon 

foil prepared on potassium hydroxide as parting agent in the wavelength range 220 nm - 

580 nm [81]. 

Chang and Charalampopoulos [82] determined the soot refractive index reported in 

Figure 2.2c by ex situ reflection coefficient measurements using compressed soot 

samples collected from flames.  

D’Alessio et al. obtained carbon nanoparticles-optical properties in laminar premixed 

flat flames through the measurements of the UV-visible extinction coefficients and light 

scattering [83]. The imaginary part of soot and Nanoparticles of Organic Carbon (NOC) 

refractive indices are shown in Figure 2.2d and Figure 2.2e. The real part used for NOC 

index is reported in ref. [84]. 

In the retrieving of optical data, the simultaneous presence of different compounds in 

the same particle was considered. In particular, the optical property corresponding to a 

combination of various materials in “volume mixture configuration” could be the input 

of the numerical procedure [85]. In this case the refractive index mmixture of the particle 

was computed by averaging the refractive index mi of a single compound with respect 

to its volume fraction Xi according to the relation [86-88]: 

∑ ⋅=
i iimixture mXm

 (eq. 2.8) 
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In the numerical procedure, different volume fractions Xi of the compounds in the 

particle were considered. 

When the particles size distribution was obtained, the mass concentration was calculated 

by the equation (eq. 2.6) taking into account the densities associated to different 

materials according to the relation: 

∑ ⋅=
i iimixture X ρρ  (eq. 2.9) 

 

2.2. Laser Induced Incandescence  

The basic principle of laser induced incandescence measurements is to heat up the 

carbonaceous particles by a highly energetic laser pulse from ambient temperature and 

to analyse the enhanced thermal radiation [89, 90]. Carbonaceous particles absorb the 

laser light and emit a black body radiation that can be detected. 

A time-dependent model for the particle energy loss can be developed, but it needs 

some hypothesis. First of all, the aggregates are idealized as composed by particles with 

the same diameter and touching at one point [91]. Although a soot particle is usually 

regarded as an agglomerate of primary spherical particles, a model for LII technique can 

be based on energy and mass balances for one spherical particle rather than for the 

whole aggregate. This viewpoint requires that all the particles in an aggregate have the 

same temperature; in addition, they have to be considered small enough to neglect 

internal temperature gradients. In this approach, individual monosized primary particles 

are considered.  

The energy balance can be written as follows: 
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The various terms represent, respectively: 

1.  the absorption rate of laser energy where 

o absK  is the absorption coefficient of soot 

o a is the particle radius 

o )t(q  is the temporal profile of the laser pulse; 

2.  the rate of heat transfer to the ambient by conduction where 

o Λ is the particle thermal conductivity toward the surrounding gases 

o T is the particle temperature 

o 0T  is the ambient gas temperature; 

3.  the energy expended in vaporization of soot carbon where 

o vH∆ is the heat of vaporization of carbon 

o sW is the molecular weight of carbon vapour species 

o 
dt

dM is the rate of mass vaporization; 

4. qrad the rate of energy loss by black body radiation; 

 

5.  the rate of internal energy raise where 

o sc is the specific heat of carbon 

o sρ  is the soot density. 

The mass conservation equation is: 

vss Ua
dt
daa

dt
dM

⋅ρ⋅π=ρ⋅π= 22 44   (eq. 2.11) 

where vU  indicates the thermal velocity [92]. 
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(eq. 2.10) and (eq. 2.11) are a set of coupled differential equations numerically solvable 

in order to obtain particle’s dimension )t(a  and temperature )t(T  time depending at 

specific exciting wavelength, ambient gas temperature oT  and particle’s initial radius 

oa . 

Finally the LII signal must be calculated taking into consideration the density of 

primary particles, and the spectral bandwidth of detection, λ∆  around a central 

wavelength 0λ  (eq. 2.12). 
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Where 1C and 2C are the first and second Planck constant, PN  is the primary particles 

number density equal to the product between N (aggregates number density) and Pn  

(average number of nanoparticles per aggregate).  

The LII signal at the maximum temperature, also called “prompt LII”, is proportional 

to: 

x
PpdNLIIprompt ∝  

Where Pd  is the particle diameter and the exponent x is: 

0

1543
λ

nmx +=
 

For 0λ  in the visible, this exponent is about 3 and the prompt LII signal is proportional 

to the soot volume fraction [91]. If values of particles number concentration are needed, 

an accurate calibration must be performed.  
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In order to obtain information on primary particles size, the temporal decay of the LII 

signal has to be evaluated. At some time after the laser excitation, the dominant cooling 

mechanism for the particle becomes conduction to the surrounding gas. So, the equation 

(eq. 2.10) becomes: 

)(4
3
4

0
23 TTa

dt
dTca pp −Λ⋅=⋅ πρπ   (eq. 2.10a) 

The difference between the particle surface temperature and the ambient gas, 

)( 0TTT −=∆ , decays steadily in an exponential manner according to the equation: 

teAT ∆−⋅=∆ *τ  (eq. 2.13) 

where A is a constant. With determination of τ, the primary particle diameter may be 

inferred from the expression [93]: 

 

τρλ
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=

ppMPF

g
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k
d

12
 (eq. 2.14) 

 

where kg is the thermal conductivity of the ambient gas, α is the accommodation 

coefficient, G is a geometry-dependent heat transfer coefficient, λMFP is the mean free 

path in the ambient gas, and cp and ρp are the specific heat and density of the particle, 

respectively. 

In this work a LII-based method for particle sizing concerned with the decay rate 

(cooling rate) of the LII signal was used. A typical ensemble decay curve detected by 

ICCD is shown in Figure 2.3. 
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Figure 2.3.  LII signal decay curve detected by the ICCD. 

 

From the LII signal decay curve, the temperature decay was determined and it was fit to 

an equation of the form (eq. 2.13). The characteristic T∆  decay time, τ , was obtained 

and the primary particle diameter was calculated from the expression (eq. 2.14).  

As reported in ref. [94], the primary particle size determined from the cooling rate is 

proportional to specific surface area available for conduction. Due to shielding and 

bridging of particles in an aggregate, the available specific surface area is substantially 

reduced, resulting in an apparent primary particle size that is significantly larger than 

the size one would measure with other techniques such as transmission electron 

microscopy (TEM) [95]. 



 34

Chapter 3:  

EXPERIMENTAL APPARATUS 

 

3.1. Introduction 

In this thesis, commercial instruments were used and non-conventional optical 

techniques were applied at the exhaust of a Common Rail diesel engine and of a Port 

Fuel Injection Spark Ignition engine in order to evaluate the effect of the operating 

conditions on the particles emission. The engines used for the experiments satisfied the 

European normative on emissions “Euro 3” and they were representative of highest 

number of vehicles moving on the Italian roads until the last year [96]. 

Table 3.1 reports a summary of the instruments and techniques at the exhaust of the IC 

engines. The regulated gaseous and solid emissions were measured by conventional 

systems. 

In figure 3.1, the general sketch of the experimental setup is reported. An Electrical 

Low Pressure Impactor (ELPI) was employed to determine particles size distributions in 

the range 7 nm-10 µm. ELPI is an instrument based on electrical detection of inertially 

classified charged aerosol particles. Nowadays this kind of instrument is widely applied 

for automotive/engine exhaust measurements [97-100] since its rapid time response 

makes it and ideal tool for studying unstable concentrations and for the estimation of 

size distributions evolution. ELPI is a robust detector that can be applied to even rough 

environments, on the other hand for its functioning it must be coupled to a dilution 

system and this may induce strong modifications to chemical and physical structures of 

the particles. Moreover, ELPI has some limitation: in literature [101-103] a list of 
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nonideal behaviour of ELPI is presented, as particle bounce, wall or interstage loss, 

overloading or surface build-up, and losses due to electrostatic effects and to charger 

nonideal efficiency. In some experimental works [104], using a steady state speed, a 

continual decrease of small particles and a continual increase of bigger ones was 

observed: ELPI seemed to underestimate the apparent size of particles and, as a result, 

to overestimate their number. 

In order to characterise the particles at the engines undiluted exhaust in terms of number 

size distribution and chemical nature, two optical techniques were applied. The first one 

was based on the Laser Induced Incandescence (LII). It was able to measure soot 

primary particles diameter. The second one was based on Broadband Ultraviolet-Visible 

Extinction and Scattering Spectroscopy (BUVESS); it took advantage of data at several 

wavelengths to retrieve primary particles size distributions. Moreover, BUVESS gave 

information about particles chemical nature. The optical techniques nowadays result a 

very skilful tool for the detection of particles. They are powerful “in situ” and non-

intrusive techniques; on the other hand, they often need a retrieving procedure.  

Until now, it is not recognised a univocal methodology for the measurements of 

particles size distribution and number concentration at the engines exhaust. Nowadays 

the European legislation on emissions indicates mass based limits for the particles but 

the standard methods of measuring exhaust particles (gravimetric measurements) have 

various shortcomings that can result in inaccurate data. Particles filter collection 

methods require complex and suitable dilution systems and a sufficient period of time to 

obtain an adequate sample and then an accurate measurement. Nevertheless, during the 

collection time, particles could change their composition.  
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In this thesis, the combination of different measuring methodologies with different 

sensitivities and operating principles was considered the best way for a wide range 

particles characterisation at the engines exhausts.  

Gaseous and 
solid 

emissions 
Devices for measurement Measured quantity 

NOx 
O2 

Electrochemical Sensors Concentration 

HC 
CO 
CO2 

NDIR 
(No-Dispersive Infrared Detectors) Concentration 

Particulate Opacimeter Mass concentration 
Particles 

 
Commercial 
instrument 

ELPI 
(Electrical Low Pressure Impactor)

Aerodynamic diameter in the 
range 7 nm-10 µm 

Extinction and Scattering UV-
visible 190-600nm 

Size distribution 
 

Chemical nature 
Particles 

 
Optical 

techniques Laser Induced Incandescence 
Mean Diameter 

 
Numeric Concentration 

 
Table 3.1. Summary of the instruments and techniques and of the measured 

quantities. 
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Figure 3.1. General sketch of the experimental setup 
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3.2. Engines 

3.2.1. Compression Ignition Engine  

A four-stroke Common Rail (CR) diesel engine, with four in-line cylinders 16 valves, a 

displacement of 1910 cc and a compression ratio of 17.5:1, was used. It was equipped 

with a CR injection system, which allows two injections (pilot and main) for each cycle 

(Unijet). The mean injection pressure reaches the maximum value of 1350 bar. The 

Engine Control Unit (ECU) has a PC interface that permits to control all engine 

parameters. More details about the engine are reported in Table 3.2. 

The engine was provided with an Exhaust Gas Recirculation (EGR) cooled system. The 

basic element of the EGR circuit is an electro-valve mastered by the electronic control 

unit. The electro-valve receives an electrical signal (duty-cycle) and orders a pressure 

reduction to the mechanical valve (EGR valve) placed between the outlet and the inlet 

pipes. When the depression is applied, the EGR valve allows the addition of an exhaust 

gases fraction to the airflow. The whole process is controlled by the electronic control 

unit by means of characteristic diagrams saved in its memory. The effective EGR 

percentage can be obtained measuring the aspired air ( m& ) with and without EGR and 

using the following relation: 

oEGRw

wEGR

wEGR

oEGRw

oEGRairw

airwEGR

T
T

p
p

m
m

EGR
/

/

/

1% ⋅⋅−=
&

&

 

in order to get the exact EGR percentage values, corrections of pressure and temperature 

are necessary. The presence of exhaust gases in the inlet manifold does not imply the 

same reduction of the aspired fresh air. This is due to the contribution of exhaust gases 

thermal energy. It leads to an increase of the aspired fluid temperature and therefore to 

its expansion [105]. 
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In this work, the expression “EGR%” in the experimental results indicates the duty-

cycle value.  

The engine exhaust was equipped with a 5.66” x 6” silicon carbide Catalysed DPF 

(known as CDPF, Catalysed Diesel Particulate Filter) coated with CeO2 (400 g/ft³) and 

Pt (75 g/ft³). The catalyst coated directly the ceramic walls of the filter material to 

achieve spontaneous regeneration of collected PM at lower temperature with respect to 

non-Catalysed DPF. Typical regeneration temperatures were around 300-350 °C. The 

main features of the CDPF are summarized in Table 3.3. 

Two specific sensors for temperature were installed upstream and downstream of the 

CDPF, and one for pressure drop was used to monitor the filter loading process. 

Specific investigations were performed on the engine test bed to verify the functionality 

of the CDPF.  

All the measurements were carried out using standard diesel fuel whose properties are 

reported in Table 3.4. 

 

Engine 1910 JTD 

Engine Design 4 Cylinders, in-line 

Bore/Stroke/Displacement 82 mm / 90.4 mm / 1910 cm³ 

Max Torque 251 Nm / 2000 rpm 

Max Power 77.2 kW / 4000 rpm 

Compression Ratio 17.5 : 1 

Max Speed 5000 rpm 

Injection System Common Rail Unijet ™ (Bosch) 

Max Injection Pressure 1350 bar 

 
Table 3.2. Compression Ignition Engine specifications. 
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Material Volume 
Cell 

density 

Wall 

thickness 

Silicon carbide 4.0 dm³ 200 cpsi 0.36 mm 

 
Table 3.3. Catalysed Particulate Filter specifications 

 

Formula CnH1.8n 

Cetane Number 51 

Density @ 15°C (kg/m3) 834 

150 2 % 

250 64 % Distillation (°C) 

350 85 % 

Sulphur (ppm) < 50 

Carbon (% wt) 86 

Hydrogen (% wt) 14 

Aromatics (%v) 25 

 
Table 3.4. Diesel fuel properties (standard diesel) 

 

3.2.2. Spark Ignition Engine  

A four-stroke 16 v – 1242 cc Port Fuel Injection (PFI) Spark Ignition engine, with four 

in-line cylinders, a compression ratio of 10.6:1 and a multipoint electronic injection 

system was used. More details about the engine are reported in Table 3.5. The engine 

was equipped with a three-way catalyst. Two lambda meters were used: the first one 

was located upstream of the catalyst in order to control the Air-Fuel ratio; the second 

one was placed downstream in order to check the catalyst operation. The exhaust 

temperature was monitored in real time by two thermocouples set along the pipe. 
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Engine type Port Fuel Injection 

Engine Design 4 Cylinders, in-line 

Bore/Stroke/Displacement 70.8 mm / 78.9 mm / 1242 cm³ 

Max Torque 114 Nm / 4000 rpm 

Max Power 59 kW / 5000 rpm 

Compression Ratio 10.6:1 

Max Speed 6000 rpm 

 
Table 3.5. Spark Ignition Engine specifications. 

 

All the measurements were carried out using commercial gasoline fuel whose 

specifications are reported in Table 3.6.  

Before starting the measurements, a warming procedure was carried out in order to 

avoid condensation and to activate the catalyst. Each engine operative condition was 

maintained for 10 minutes in order to guarantee the engine stability. For each test point 

the temperature of catalyst was higher than activation one (around 300°C). 

For both engines, the in-cylinder pressure signals were measured for every cycle with a 

piezoelectric pressure transducer located in the engine head. A high precision Crank 

Angle Encoder was used for angle-based measurements. Flywheel generated trigger and 

crank angle degree marker pulses were produced at 0.05 crank angle degree (CAD) 

resolution. 150 cycles of pressure data were recorded on 0.1° crank angle resolved basis 

for each operating condition using a multi-channel analogical system. Integrated 

combustion parameters (e.g. heat release, IMEP) were calculated from the in-cylinder 

pressure data [106] using thermodynamics-based algorithms.  
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Aromatics (% v/v) 37.8 

Benzene (% v/v) 0.94 

Oxygen (% m/m) 2.7 

Oxygenates: 

MTBE+ETBE (% v/v) 
15 

Density @ 15 °C (kg/m3) 750 

N° Octane (MON) 85.2 

N° Octane (RON) 95.2 

Acidity (mg KOH/g) 0.04 

Stability (min.) 360 

Lead (g/l) 0.005 

Sulphur (mg/kg) 150 

 
Table 3.6. Gasoline specifications. 

 

 

3.3. Commercial Instruments 

In order to carry out the characterization of the engines regulated emissions, commercial 

instruments were used. In particular NOx, HC, CO CO2 and particulate matter were 

measured. 

 

3.3.1. Gaseous emissions measurement 

The gaseous emissions were measured using fast analysers. The revealed species are: 

CO, CO2 and HC by means of infrared analyser NDIR (No-Dispersive Infrared 

Detectors) and NOx O2 by means of electrochemical sensor. 
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3.3.2. Particulate mass measurement  

The particulate mass concentration was evaluated by Opacimeter, it is a partial-flow 

system that measures the visible light attenuation (550 nm) from the exhaust gases, its 

probe was placed along the optical measurements pipe. 

From the opacity N, mass concentration of particulate matter can be calculated 

according to the empirical equation: 

c = k * ln(100/(100-N)) 

with 

c = mass concentration [g/m³] 

k = calibration factor [g/m³] 

N = opacity [%] 

By a comparison between opacity data and thermo-gravimetric results, a calibration 

factor k = 0.2381 was proposed [107]. 

 

3.3.3. Particles measurement: Electrical Low Pressure Impactor (ELPI) 

ELPI is an electrical impactor working at low pressure; its sketch is reported in Figure 

3.2. It is able to measure real time aerosol size distribution evaluating the aerodynamic 

diameter of particles in the range 7 nm-10 µm [100]. The exhaust sample first passes 

through a unipolar positive polarity charger where the particles are electrically charged 

by ions produced in a corona discharge. After the charger, the particles pass in a low-

pressure impactor where they are classified according to their aerodynamic diameter. 

The stages of the impactor are electrically insulated and each stage is individually 

connected to an electrometer current amplifier. The charged particles collected in a 
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specific impactor stage produce an electrical current, which is recorded by the 

respective electrometer channel.  

The current value of each channel is proportional to the number of particles collected, 

and thus to the particle concentration in the specific size range. The current values are 

converted to an aerodynamic size distribution using particle size dependent relations 

describing the properties of the charger and the impactor stages. The correspondence 

between each impactor stage and its cut diameter is reported in Table 3.7. 

Charger

Impactor

ElectrometersElectrometers

Vacuum 
Pump  

Figure 3.2. ELPI scheme. 

Elpi 
Stage 1 2 3 4 5 6 7 8 9 10 11 12 13 

Cut 
Diameter 
[nm] 

7 28 54 91 154 261 381 611 946 1590 2380 3980 9890

 
Table 3.7. Correspondence between each impactor stage and the cut diameter 

of stored particles. 
 

ELPI software provides values of mass concentration, mean diameter and volume of 

particles.  
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Particulate mass concentration can be directly obtained by ELPI software using the 

relation (3.1): 

( )
3

12

16 i
ii

ELPI d
X
RDM ⋅⋅⋅= ∑

= ρ
ρπ    (3.1) 

Where X(ρ) is the current vector revealed by the system; 

 RD is the dilution ratio; 

 ρ is the mean mass density of the particles. 

Particles mass concentration can also be evaluated utilizing the equation (3.2): 

∑
=

⋅⋅⋅=
12

1

3)(
6 i

iELPI dNdM ρπ       (3.2) 

Where  d  is the particles mean diameter; 

 dNi is the particles concentration on the ith stage; 

 ρ is the mean mass density of the particles. 

Equation (3.2) gives more reliable results than equation (3.1). In fact, in the equation 

utilized by ELPI software, small contributions due to noise, oscillations or errors of 

correction on particles make the upper stages more relevant in the mass evaluation 

supplying imprecise values. 

Equation (3.2) overcomes this problem calculating particles volume using the numeric 

density not affected by upper stages. However, sometimes the use of the formula (3.2) 

underestimates the real value of mass [108]. 

Before the ELPI a two steps dilution device named Fine Particle Sampler (FPS) is 

placed. FPS allows to sample and control dilution ratio and temperature of exhaust gas. 

Primary dilution temperature is set around 250°C and the second one around 150°C.  
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3.4. Optical experimental set up 

The schematic drawings of the optical experimental setup are shown in Figures 3.3 (a-

b). For the diesel engine the section for the optical measurements was placed at 100 cm 

downstream the exhaust valves. For the spark ignition engine, a distance of 150 cm was 

chosen from the exhaust valves since the higher temperature of the exhaust gases could 

affect the optical devices operation. The above distances resulted as the best 

compromise to reduce the speed of the exhaust flow and to avoid coagulation effects 

caused by the increase of the permanence time in the test section. 

Considering the low concentration of particles in the EURO 3 engines exhaust [9], an 

optical path length of 150 cm was chosen for both engines. The integration of the 

optical measurements over this path was sufficient to have a good signal to noise ratio. 

The exhaust temperature was monitored in real time by two thermocouples set along the 

pipe, in order to evaluate possible condensation phenomena. A still plug valve permitted 

to the gas exhaust to flow and/or not in the optical measurement volume. 
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Figure 3.3. Optical set up for BUVESS (a) and for LII measurements (b). 

 

3.4.1. BUVESS experimental apparatus 

Broadband ultraviolet-visible extinction and scattering (BUVESS) measurements were 

carried out using a broadband pulsed light source. It was generated by the emission of a 

laser induced optical breakdown. [109] The breakdown spark was obtained focusing a 

Q-switched Nd:YAG laser beam, operating at the wavelength of 1.064 µm, with max 

energy 390 mJ/pulse, 5 ns pulse duration and 8 mm beam diameter. The laser pulse was 

focused in air by Ultraviolet plane-convex lenses (10 cm focal-length) in order to avoid 

spurious sparks due to reflected light. The use of a beam splitter and two prisms allowed 

deviating the laser beam and performing the scattering measurements at 90° along an 

optical path of 15 cm. 

BUVESS signals were collected and focused with an UV-grade fused silica biconvex 

lens (15 cm focal length) on the entrance slit (200 µm) of a spectrograph (f/3 with 15 

cm focal length). It was equipped with a grating of 300 g/mm, blazed at 300 nm, with a 

dispersion of 19 nm/mm at 500 nm. The spectral image formed on the spectrograph exit 
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plane was detected with a gated intensified CCD (ICCD) camera (512 x 512 pixels) 

with every pixel of 19x19 µm2. In this work, all the items were collected in order to 

obtain a single item with a high signal/noise ratio. 

The measurements were performed in the spectral range UV-visible from 190 to 600 

nm. A Mercury-vapour lamp was used to calibrate the wavelength of the spectrograph. 

The spectral efficiency of optical set-up was evaluated in the UV and visible region by a 

Deuterium lamp and Tungsten lamp, respectively. The absolute values of scattering 

coefficient were determined by measuring a flow of CO2 at ambient pressure and 

temperature. CO2 has a scattering cross section higher than air of about an order of 

magnitude [74] and is not flammable in presence of spark. The extinction coefficient 

measurements did not need any calibration. 

In order to reduce the statistical uncertain, the scattering and extinction measurements 

were carried out over 100 consecutive exhaust cycles, using laser shots at a frequency 

repetition of 20 Hz. 

Synchronization between the engine, ICCD and light source was controlled by the unit 

delay with the signal coming from the angle shaft encoder. 

 

3.4.2. LII experimental apparatus 

The schematic drawing of the experimental apparatus for LII measurements is shown in 

Figure 3.2 b. The measurements were carried out exciting by the first harmonic of Q-

switched Nd:YAG laser previously described, with 0.45 J/cm2 laser fluence [110, 111]. 

This level of fluence was chosen in order to avoid photo-fragmentation phenomena. In 

the literature, radiative emissions from the C2 Swan Bands [112] have been reported to 

interfere with the LII signal at high laser power densities especially with non uniform 
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beam profiles that provide high local fluence [113] (0.5 J/cm2 at 1.064 µm). These 

interferences are one of the main problems that need to be addressed to make LII 

measurements. In this work the detection wavelength was fixed at 430 nm with a 

bandwidth of 10 nm FWHM in order to assure the absence of C2 emission.  

The LII signal was acquired at 90° angle to the direction of the incident beam using the 

gated intensified camera (ICCD); a 15 cm focal length lens was used. 

In this experiment, the ICCD received an external timing signal from the Nd:YAG 

pump laser and it detected the LII signal just 10 ns after the laser pulse, delayed signal 

was detected because scattering interferences are generally short-lived relative to the LII 

signals. The ensemble decay curve was obtained by moving the gate via software. 

The implementation of LII as a diagnostic technique required attention to excitation and 

detection conditions. The choice of excitation wavelength is mainly conditioned by 

avoiding the creation of photochemical interferences. High intensity ultraviolet laser 

pulses can produce undesirable emissions such as fluorescence from aromatic species 

and photofragment fluorescence. The near infrared wavelength of 1.064 µm, the 

fundamental of the Nd:YAG laser, has proven advantages in the generation of LII [114]. 

The binning of pixels on the x and y location was used to improve ICCD sensitivity. In 

this process, a number of pixels corresponding to the optical access were read out as a 

single pixel, this increased number of photons collected per binned pixel. Full Binning 

allowed using the ICCD chip as a Linear Image Sensor. 
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Chapter 4: 

EXPERIMENTAL RESULTS: DIESEL ENGINE 

 

4.1. Engine Operating Conditions 

In this work, all the experiments were performed in steady state conditions at different 

engine speeds and loads (bmep). Each point was maintained for 10 minutes, allowing 

the stabilization of the engine operating conditions. The characterisation of the engine 

exhaust was performed in the conditions reported in Table 4.1. 

The EGR percentages listed in the Table 4.1 are the optimised EGR values stored in the 

Common Rail ECU. They correspond to the best trade off between NOx and particulate 

emitted by the engine. 

 

rpm bmep 
[bar] EGR% p rail 

[bar] 
pilot vs 
TDC [°]

Q pilot 
[mm3] 

main vs 
TDC [°] 

Q main 
[mm3] 

1000 2 56 335 -14.2 1.7 -6.5 6.8 
1000 3 50 365 -14.3 2.0 -6.2 8.2 
1500 2 46 480 -17.0 2.7 -6.2 7.0 
1500 3 40 500 -17.0 2.9 -6.5 7.2 
1500 5 0 570 -18.0 3.1 -5.7 11.5 
1500 7 0 690 -21.7 3.9 -4.2 19.0 
1500 9 0 760 -23.8 5.1 -3.3 23.0 
2000 2 50 620 -19.5 3.6 -6.5 6.3 
2000 5 0 710 -19.0 4.0 -5.8 11.9 
3000 2 35 830 -25.4 2.4 -6.9 10.2 
3000 5 0 915 -25.6 2.5 -7.2 14.9 
3000 7 0 985 -26.1 2.7 -7.7 19.1 
3000 9 0 1040 -27.7 2.8 -8.1 21.1 
3000 12 0 1290 -30.9 3.1 -9.7 27.2 

Table 4.1. Engine operating conditions 
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Then, in order to investigate the effect of the exhaust gas recirculation on the 

nanoparticles emission, the EGR percentage was varied in the range 0-60 for all the 

conditions listed in table 4.1 except for the highest speed. For these conditions the fuel 

injection strategies were maintained unchanged. 

Finally, the effect of a catalysed diesel particulate filter (CDPF) on the nanoparticles 

emission was analysed. The filter loading phase and the regeneration were investigated.  

 

4.2. Exhaust Gas Recirculation 

The effect of EGR percentage on soot primary particles and aggregates was investigated 

at low engine speeds and loads.  

The system of valves controlling the gas recirculation does not take advantage of whole 

duty-cycle dynamics, but only of a narrow range of values between 30% and 70% 

approximately. Thus, duty cycle from 0 to 30%, were not considered. 

 

4.2.1. Effect on engine parameters, NOx and Particulate emission 

In Figure 4.1 the pressure signals detected in the combustion chamber at 1500 and 2000 

rpm and BMEP=2bar are reported. When the EGR percentage increased, the maximum 

pressure signal of the cycle was reduced. In fact, the exhaust gases didn’t take part in 

the combustion process and they only acted as thermal diluters. A temperature reduction 

was observed; therefore a decrease of thermodynamic performance and of the pressure 

peak was obtained [1]. 

Figure 4.2 reports the percentage deviation of the maximum pressure evaluated for each 

cycle with respect to the maximum value of averaged pressure calculated over 150 
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consecutive cycles at 1500 rpm – 2 bar for two EGR values (0 and 47%). Since the 

deviations were always lower than 3%, it’s possible to state that the in-cylinder pressure 

signal was not influenced by cycle-to-cycle variation and the engine worked in high 

stability conditions. 
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Figure 4.1. Pressure in the combustion chamber for different EGR% at 1500 
and 2000 rpm and BMEP=2bar. 
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Figure 4.2. Percentage deviation of the maximum pressure evaluated for each 
cycle with respect to the maximum value of averaged pressure. 
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The indicated mean effective pressure (IMEP) was evaluated on an individual cycle 

basis and/or averaged on 150 consecutive cycles from the cylinder pressure data using 

conventional interpretation models [106]. Figure 4.3 reports the IMEP calculated on the 

whole power stroke and averaged on 150 consecutive cycles as function of EGR%. The 

percentage variation of IMEP was less than 3% for all the engine conditions. As a 

consequence the limits of driveability were maintained even with respect to the feeling 

of the driver. 
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Figure 4.3. IMEP for different EGR% at 1500 rpm and BMEP=2bar. 

 

The smooth evolution of IMEP was in contrast to the gas emission and Particulate 

Matter behaviours measured at the raw engine exhaust. In Figure 4.4 Nitrogen Oxides 

(NOx) and PM concentrations for different EGR% values are reported. NOx 

concentration suddenly decreased when EGR reached the value of duty cycle activation 

(30%). At the same value, an increase of particulate concentration was observed [107, 

115] as expected due to the trade off NOx-particulate [116-119]. Such effect was caused 

by the introduction in the combustion chamber of a gaseous mixture composed by air 

and exhausted gases. Due to the reduced availability of oxygen, the probability of a rich 
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combustion and soot particle formation increased. Even if diesel engines operate in air 

excess conditions, in the fuel side of the flame front it is always possible to find regions 

characterised by oxygen deficiency [120], this explains the occurrence of soot 

formation. 
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Figure 4.4. Nitrogen Oxides (NOx) and Particulate Matter concentration for 
different EGR% for BMEP=2bar. 

 

4.2.2. Effect on particles size distribution by ELPI measurements  

In Figure 4.5 particles size distributions obtained by ELPI at 1500 and 2000 rpm are 

reported for different loads. Particles number concentration increased with the EGR: the 

peak concentration rose until one order of magnitude for the highest load and speed. For 

almost all the engine conditions, the size distributions showed a maximum at the third 

impactor stage, corresponding to a cut diameter equal to 54 nm. Moreover, the emission 

of a little fraction of particles larger than 300 nm at highest EGR, was the reason of the 

sharp raising of mass concentration that is a function of particle volume.  

To analyse the effect of EGR on the different size classes of particles, the ratio between 

the number of particles collected on each ELPI stage and the total number of particles 

was calculated as it can be observed in Figure 4.6. 
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Figure 4.5. Particles size distributions obtained by ELPI. 

 

For both speeds and loads, the number concentration of particles bigger than 54 nm with 

respect to the total number increased. On the other side, the fraction of particles 

impacted on the ELPI first and second stages (D=7-54nm) was reduced at higher EGR. 

This result was partially due to the reintroduction of smaller particles contained in the 

exhaust gases into the cylinder. These particles represented nuclei for the agglomeration 

of particles in the accumulation mode. 
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Figure 4.6. Effect of EGR on the number of particles size collected by ELPI in 
the first stages. 

 

4.2.3. Effect on primary particles size and chemical nature by LII and BUVESS 
measurements 
 
In order to evaluate the effect of EGR on soot primary particles, Laser Induced 

Incandescence (LII) was applied at the raw exhaust. In Figure 4.7 the LII mean 

diameters are reported. For all the engine conditions, it can be noted that no primary 

particles smaller than 20 nm were measured.  

With respect to EGR variation, for all the conditions from 30% of EGR the diameters 

gradually increased. The trends obtained by LII and ELPI are similar; this means that an 
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increase of primary particles diameter corresponded to aggregates mean size growth. 

This effect was probably due to the introduction of soot in the combustion chamber.  

0 20 40 60
EGR [%]

0

20

40

60

80

D
ia

m
et

er
 [n

m
]

BMEP = 2bar
1500 rpm
2000 rpm

0 20 40 60
EGR [%]

0

20

40

60

80

D
ia

m
et

er
 [n

m
]

BMEP = 5bar
1500 rpm
2000 rpm

 

Figure 4.7. Particles diameter measured by LII for different EGR. 

 

Particles in the combustion chamber can go by two different routes: the first one 

consists in a complete oxidation with CO2 and H2O formation. The second one is 

characterised by a not complete oxidation. In this case, soot is partially oxidised [121] 

and the resulting structures can become nuclei for the following superficial growth. At 

this point particles can be emitted directly at the exhaust or follow the coagulation 

process. The results obtained by LII measurements, seem to state that the second path 

predominates on the first one; as a consequence, bigger primary particles are formed 

[55]. A sketch of the possible primary particles formation mechanism is reported in 

Figure 4.8. However, the increasing in primary particles diameter could also be caused 

by the low oxidation rate of soot at high EGR% due to a reduction of oxygen 

concentration. Unfortunately, the numerical analysis of these phenomena is very 

complex due to the coexistence of gaseous-vapour-liquid and solid phases. 
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Figure 4.8. Evolution of soot primary particles in the combustion chamber as 
effect of EGR. 

 

To evaluate the effect of EGR on chemical nature of particles and on their size 

distributions, Broadband UV–Visible Extinction and Scattering Spectroscopy 

(BUVESS) technique was applied [75]. Particle size distributions obtained by the 

numerical procedure previously described are reported in Figure 4.9.  

For all the engine operating conditions, the best agreement between experimental and 

theoretical BUVESS spectra was obtained using soot optical properties reported in ref. 

[82]. In particular, the emitted material showed a refractive index similar to flame-soot 

one, with low level of graphitisation. For both engine speeds, at BMEP=2 bar and no 

exhaust gas recirculation, a unimodal size distribution with mean diameter around 20 

nm was measured. These particles were produced by the chemical interaction of soot 

precursors formed in the combustion chamber. At increasing EGR% value, a bimodal 

distribution was observed. The second mode was due to the particles reintroduced in the 

combustion chamber together with the exhaust gases; they represented nuclei for the 

further growth. These results agree with LII measurements. At BMEP=5 bar and no 

exhaust gas recirculation, a bimodal size distribution was evaluated. The accumulation 

mode in the absence of EGR, could be due to the overall mixture richness that promoted 

the surface growth, coagulation and coalescence of the nucleation particles reintroduced 
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in the combustion chamber. At increasing EGR%, a strong increase of number 

concentration and mean size of accumulation particles was observed.  
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Figure 4.9. Particles size distributions obtained by BUVESS for the selected 
operating conditions. 

 

In conclusion the recirculation of exhaust in the combustion chamber didn’t modify the 

chemical properties of the particles. On the other hand, the EGR had a physical effect 

on the emitted nanoparticles; in fact it induced the formation of an accumulation mode 

in the size distribution [122, 123].  
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4.3. Catalysed Diesel Particulate Filter  

4.3.1. Loading phase 

Catalysed Diesel Particulate Filters remove the particulate matter from engine exhaust 

collecting it on the filter layers. If the temperature inside of the filter is below the 

regeneration one, the catalyst is not active and the CDPF acts as a physical filter 

(loading phase). During the loading phase the backpressure increases and the filtering 

efficiency can be higher than 90% in terms of mass concentration as well known by 

literature [124]. On the other hand, poor information about the effect of the CDPF can 

be found on the nanoparticles emitted during the loading phase in terms of size 

distribution and chemical nature. To improve the knowledge of this effect, BUVESS 

measurements were carried out upstream and downstream of the filter for the optimised 

engine operating conditions and at different EGR values. 

Figure 4.10 shows the effect of the filter on the particles size distribution at 2000 rpm - 

2 bar at different EGR. The particle number concentration was reduced by 

approximately 2 orders of magnitude by the filter, but the shape of the distribution 

remained approximately the same. Moreover, the best agreement between experimental 

and theoretical BUVESS spectra was obtained using soot optical properties both 

upstream and downstream of the filter. No change was observed in the nanoparticles 

chemical nature during the crossing of the CDPF since the catalyst was inactive and the 

filter had only a physical effect. 
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Figure 4.10. Particles size distributions obtained by BUVESS. 
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Figure 4.11. Particles size distributions obtained by ELPI. 

 

In figure 4.11 the size distributions obtained by ELPI measurements upstream and 

downstream of the CDPF at 2000 rpm - 2 bar and EGR = 50% (optimised value) are 

reported. The ELPI results showed a reduction of the particles number concentration 

through the filter by approximately 2 orders of magnitude in good agreement with 

BUVESS. These measurements confirmed that the filter during the loading phase didn’t 

affect the particles distribution shape but it acted only on the number concentration.  
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4.3.2. Regeneration Phase 

In order to analyse the process of CDPF regeneration [10], the accumulation of 7 g of 

particulate matter was carried out starting from the empty filter. The CDPF was 

regenerated fixing the engine speed at 3000 rpm and the load at 12 bar (corresponding 

to 54 kW). During the regeneration, the engine remained stable in terms of O2 

concentration at the exhaust (8% vol) and equivalent air-fuel ratio (1.6). 
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Figure 4.12. Pressure drop of CDPF and temperatures measured upstream and 
downstream the CDPF. 

 

In Figure 4.12, temperature values measured upstream and downstream of the CDPF 

and the pressure drop during the regeneration process are reported. When the 

temperature upstream of the CDPF reached 350°C, regeneration phase took place and 

the pressure drop (∆P) started decreasing. The regeneration stopped when a steady 

value of ∆P was reached. When filter was empty the measured pressure drop was 60 

mbar for the selected operating condition. 

Mass concentration of particulate matter upstream and downstream of the CDPF is 

reported in Figure 4.13a. The mass filtering efficiency, defined as: 
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resulted negative approximately from 10 minutes after the beginning of the regeneration 

until the end. Thus the filter seemed to emit a fraction of the previously stored 

particulate matter. This result was probably due to the opacimeter sensitivity not only to 

particles, but also to several gaseous hydrocarbons. This hypothesis was confirmed by 

HC and mass concentration trends, shown in Figure 4.13. 
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Figure 4.13. Evolution of particulate mass concentration (a) and HC 
concentration (b) during the regeneration phase. 

 

In order to have information about particles number concentration and the chemical 

nature of emitted particulate, broadband extinction and scattering measurements were 

carried out upstream and downstream of the CDPF.  

A comparison between a spectrum detected upstream of the filter and the theoretical one 

obtained using soot optical properties is reported in Figure 4.14a. The average 

discrepancy is lower than 10%. The corresponding number size distribution is unimodal 

(Figure 4.14b) with particles mean size around 20 nm, it is in agreement with the results 

reported in literature [125]. 
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Figure 4.14. Experimental and theoretical spectral scattering coefficients (a) and 
particle number concentration (b) upstream of the CDPF. 

 

Analogous optical investigation was realized downstream of the filter at 10 minutes 

during the regeneration. A unimodal size distribution was obtained considering soot 

optical properties. The number concentration was higher than upstream and the mean 

diameter was around 10 nm (Figure 4.15a). In this case, high number of nanoparticles 

smaller than 10 nm was revealed. They could come from the fragmentation of the 

micronic external layer of the soot cake. As a consequence the numerical filtering 

efficiency was negative in the size range sub-30 nm.  

1 10 100 1000
Diameter [nm]

0.0x100

1.0x1010

2.0x1010

3.0x1010

N
um

be
r C

on
ce

nt
ra

tio
n 

[#
/c

m
3 ] t = 10 min

a)
1 10 100 1000

Diameter [nm]

0.0x100

4.0x105

8.0x105

1.2x106

N
um

be
r C

on
ce

nt
ra

tio
n 

[#
/c

m
3 ] t = 35 min

b) 

Figure 4.15. Particle number concentration downstream of the CDPF at 10 
minutes (a) and 35 minutes (b). 
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Until 30 minutes, unimodal distributions were measured. After this time, at 35 minutes, 

two particles modes were observed as reported in Figure 4.15b. The bimodal size 

distribution pointed out two classes of particles with mean diameters of 15 nm and 30 

nm respectively. The best agreement between theoretical and experimental scattering 

spectra was obtained using a volume mixture [85] of NOC and soot for the first mode, 

and soot optical properties for the second one. At this point of regeneration, the number 

of particles resulted lower than upstream by 3 orders of magnitude. The particles stored 

in the filter were burnt and consumed so the result was a small number of particles and 

high concentration of hydrocarbons. 

An analysis of number filtering efficiency weighted on particle size showed negative 

values with respect to diameters smaller than 10 nm for the whole regeneration phase, 

as reported in Figure 4.16. The effect of this drop is the emission in the atmosphere of 

very high number concentration of nanometric particles. Due to the low sticking 

coefficient of nanoparticles they remain in atmosphere for long time with negative 

effects on human health [126]. 
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Figure 4.16. Number size efficiency of the CDPF during regeneration. 
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Chapter 5: 

EXPERIMENTAL RESULTS: SPARK IGNITION ENGINE 

 

5.1. Engine Operating Conditions 

Several experimental techniques were applied at the exhaust of a Port Fuel Injection 

Spark Ignition (PFI SI) engine equipped with a three-way catalyst (TWC) in order to 

characterise the particles emission. The engine was operated in steady state conditions 

at different speeds and loads. Each operating condition was maintained for 10 minutes, 

allowing the stabilization of the engine. Table 5.1 reports the details of engine operating 

conditions and the value of λ (air-to-fuel ratio value with respect to the stoichiometric 

one). 

 

Speed 
[rpm] 

Load 
[%] 

Bmep 
[bar] 

Fuel 
[kg/h] λ 

1500 50 8.7 3.6 1.0 
1500 100 8.9 3.7 1.0 
2000 50 8.5 4.8 1.0 
2000 100 9.2 5.3 0.9 
3000 50 9.1 7.5 1 
3000 100 9.5 7.8 0.9 
4000 50 9.5 11.8 0.9 
4000 100 10 12.1 0.9 

Table 5.1. Engine operating conditions.  
 

To gain further insights into the particles formation and emission mechanisms, the 

measurements were performed both upstream and downstream of the catalytic 

converter.  
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5.2. Three way catalyst effect on engine emissions 

The effect of the three-way catalyst on the engine emissions was evaluated by means of 

conventional measurements of gas concentration and opacity and by means of the 

Electrical Low Pressure Impactor (ELPI). The exhaust gas concentrations were obtained 

by fast analysers. NOx was measured by an electrochemical sensor, HC and CO by 

infrared analysers NDIR (No-Dispersive Infrared Detectors).  

The three-way catalytic converter has three simultaneous tasks: 

Reduction of nitrogen oxides to nitrogen and oxygen: 222 NxONOx +→  

Oxidation of carbon monoxide to carbon dioxide: 22 22 COOCO →+  

Oxidation of unburned carcinogenic hydrocarbons (HC) to carbon dioxide and water: 

OyHxCOyxHC yx 222
2

22 +→





 ++

 

In the figures 5.1 - 5.3 the NOx, HC and CO concentrations upstream and downstream 

of the three way catalyst are reported. As expected [127], a very high conversion 

efficiency was measured as shown in Figure 5.4. 
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Figure 5.1. NOx concentration upstream and downstream of the TWC. 
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Figure 5.2. HC concentration upstream and downstream of the TWC. 
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Figure 5.3. CO concentration upstream and downstream of the TWC. 
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Figure 5.4. NOx, HC and CO conversion efficiency through the TWC for the 
selected operating conditions. 
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Figure 5.5. Opacity of the exhaust gases upstream and downstream of the TWC. 

 

In the selected engine conditions the opacity of the exhaust was measured using an 

opacimeter. The results are reported in Figure 5.5. A value of opacity different from 

zero upstream of the TWC was evaluated at 3000 and 4000 rpm and at 2000 rpm 100% 
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load. In all these conditions, the measurements performed downstream the TWC 

showed a reduction in opacity. 

The opacimeter is widely used for the particulate mass concentration measurements 

[128] especially at the exhausts of diesel engines; nevertheless this instrument shows 

several limits. Its operating principle is the visible light (green) attenuation in the 

exhaust stream. Among the particulate matter components, soot is recognized as the 

main substance responsible for the opacity, and therefore, opacimeters usually convert 

their measurements into soot concentrations [129]. On the other hand, some 

hydrocarbons (SOF) adsorbed on the particles surface or simply emitted as liquid 

droplets are able to absorb light at the same wavelength. In addition, other emitted 

gases, such as NO , 2NO , 4
2
−SO  and OH 2  vapour, participate in the light absorption, 

leading to an extra light extinction as reported in literature [130, 131]. Moreover the 

opacimeter shows low sensitivity to small particles. As demonstrated by the 

electromagnetic theory, particles of 200 nm in diameter or greater block green light in 

proportion to their cross-section surface area. Nevertheless, particles of 50 nm in 

diameter block only about 15% of their surface area. This means that opacity data 

depend on particle sizes and they will underestimate the number concentration if smaller 

particles are present [132]. 

Since xNO  and HC  concentrations were strongly reduced by the TWC, the interaction 

between opacity and those gases was slight in the “downstream flow”. On the other 

hand, the results achieved upstream of the TWC could be biased from the gas 

composition. In any case, the opacimeter is able to give information only about 

particulate mass concentration and it shows several limits as above explained. Thus, a 

further investigation was necessary to obtain information on the TWC effect on the 
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particles emission. For this reason, ELPI measurements were carried out, the results are 

reported in Figure 5.6  
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Figure 5.6. Particle number concentration measured by ELPI upstream and 
downstream of the TWC. 

 

The exhaust particles in the “upstream flow” constituted a single mode size distribution 

with highest number concentration at the first impactor stage in the range 7-28 nm.  

It is possible to observe an overall reduction in number concentration of 1-2 orders of 

magnitude when the exhaust gas passes through the TWC.  



 71

The primary mechanism for the “removal” of these particles is probably catalytic 

stripping of volatile hydrocarbon particle precursors (diffusive particle loss within the 

catalyst is low for particles larger than 10 nm) which are still in the gas phase at exhaust 

temperatures [133]. By stripping these gas phase hydrocarbons, the catalyst is removing 

material which would have otherwise nucleated to form volatile particles during the 

dilution process [34]. 

The effect of particle precursor removal by the catalyst is clearly seen through the size 

distributions presented in Figure 5.6. When compared with the upstream particle size 

distribution, the downstream size distribution shows a stronger decrease in the number 

of particles smaller than 30 nm. This reduction in small particles is expected if the main 

mechanism for particle reduction by the catalyst is the volatile precursor stripping. In 

fact the particles formation through nucleation of volatile gas phase precursors tends to 

produce small particles. 

The nucleating gas phase heavy hydrocarbons can come from the break-up of intake 

valve and combustion chamber deposits. As these deposits break up, the hydrocarbons 

which had been adsorbed upon them are released and volatilized. This produces a 

localized region of hydrocarbon supersaturation, resulting in nanoparticles formation 

through homogeneous nucleation [15]. 

Figure 5.6 shows that the number of larger particles is decreased downstream of the 

catalyst as well. The most likely mechanism for removal of these larger particles (which 

due to their size and probable composition are likely to be in a solid particulate phase in 

the exhaust) is inertial impaction at the catalyst channel faces [34].  

Even if the TWC reduced the number concentration of approximately two orders of 

magnitude, high number of nanoparticles was measured at the engine exhaust. Due to 
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their small mean volume, the corresponding mass was very low and within current 

normative [134]. On the other hand, they could represent a problem in order to respond 

to future stringent emission legislation. 

 

5.3. Characterisation of the particles downstream of the TWC 

5.3.1. Optical techniques (BUVESS and LII) 

As observed from ELPI results, low particles number concentrations were detectable at 

PFI SI engine exhaust downstream of the three-way catalyst. In this condition the 

optical techniques result a very powerful sizing methodology: they are real time, “in 

situ” and non-intrusive techniques and they allow the characterization of primary 

particles in terms of size distribution and chemical nature also at very low number 

concentrations. 

Laser Induced Incandescence (LII) and Broadband UV–Visible Extinction and 

Scattering Spectroscopy (BUVESS) were applied at the undiluted exhaust of the engine, 

downstream of the TWC. Laser Induced Incandescence measurements were performed 

to detect and size carbonaceous particles. A well resolvable LII signal with respect to 

noise was revealed only at high speeds (3000 and 4000 rpm).  

According to the relations reported in the LII theoretical background, carbonaceous 

particles mean diameters resulted in the range 30-60 nm, in good agreement with 

literature [135]. (Figure 5.7). The presence of this kind of particles at the port fuel 

injection spark-ignited engine exhaust concurs with recent studies [136]. In port fuel 

injection spark-ignited engines, thin films of liquid fuel can form on the valves surface 

and on the cylinder walls [137-141]. Once formed, the fuel films develop dynamically 

under the influence of gas flow and valve movement and they affect the complexity of 
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the combustion process. In particular, film vaporization and fire near the valves can 

reduce the flame speed and the complete flame propagation creating locally rich-zones. 

During the fuel film-evolution process, it is possible to achieve gas temperature and 

mixture strength conditions that lead to fuel film ignition, creating a diffusion-

controlled flame that can persist well after the normal combustion event. Just before the 

opening of the exhaust valves, this flame produces soot which cannot be completely 

oxidized due to the too low temperatures in the cylinder. Chamber locations where the 

fuel-air mixture is too lean to burn are a particular concern for unburned hydrocarbon 

emissions. Thus, the fuel film burning leads to increased smoke and hydrocarbons 

emissions [142]. 
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Figure 5.7. Mean diameters of carbonaceous particles obtained by LII. 
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Figure 5.8. Spectral extinction coefficients measured at (a) 2000 rpm and (b) 
3000 rpm at 50% and 100% load. 

 

In order to investigate the whole range of engine operating conditions and to evaluate 

the chemical-physical nature of particles also at low engine speeds, BUVESS 

measurements were performed.  

Figure 5.8 shows the spectral extinction coefficients measured at (a) 2000 rpm and (b) 

3000 rpm. As previously discussed, at low engine speed LII didn’t detect carbonaceous 

particles; this occurred only for engine speed higher than 2000 rpm. In all the 

investigated cases, the coefficients show an increasing intensity at increasing load. 

Moreover, a broad and less intense band in the range 300 - 400 nm was observed. It 

could be due to the presence of 3-4 rings aromatic hydrocarbons [143].  

For all the conditions except for low engine speeds and low load, the extinction spectra 

show a strong UV band below 220 nm. It can be related to the simultaneous presence of 

carbonaceous material and one-two rings aromatic hydrocarbons [143]. In the same 

conditions the spectra present a continuous contribution that decreases with wavelength 

dependence like λ-1. This spectral behaviour can be considered a marker of 

nanoparticles according to Mie theory in the Rayleigh approximation [74]. 
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In Figure 5.9 the spectral scattering coefficients measured at the selected operating 

conditions are reported. At higher speed (Figure 5.9 b) scattering coefficients with 

analogous spectral behaviours were detected, they differed in terms of intensity. This 

results indicates the similar chemical-physical nature of the emitted particles. In these 

conditions scattering coefficients increased with λ-4 wavelength dependence in the deep 

UV, below 300 nm. This spectral feature is typical of very small carbonaceous particles 

in Rayleigh regime [74].  

At 1500 and 2000 rpm, the scattering coefficients were lower in intensity than higher 

speed conditions and they showed different spectral behaviours. In particular, the 

spectra seem to change from 1500 rpm – 50% load to 2000 rpm –100 % load until a 

spectral behaviour comparable with that measured at 3000 rpm – 50% load. For all the 

spectra reported in Figure 5.9a, an intense band below 300 nm was observed. This band 

cannot be correlated with the scattering of carbonaceous particles even if a very small 

diameter (<15 nm) is considered. At increasing speed and load, the band is included in a 

continuous broad band that simultaneously rises and covers the whole spectral range. 

This band seems to indicate an evolution of the chemical nature of particles until the 

carbonaceous ones in Rayleigh regime observed at higher speeds. 
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Figure 5.9. Spectral scattering coefficients measured at the selected operating 
conditions. 

 

In order to achieve information about the size distributions and the properties of the 

particles from the optical measurements, the retrieving procedure described in the 

theoretical background was applied.  

A comparison between the experimental and theoretical Mie scattering spectra at 3000 

rpm and 50% load and at 4000 rpm and 100% load is reported in Figure 5.10. The 

agreement was obtained by the size distributions reported in Figure 5.11. 
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Figure 5.10. Experimental and theoretical spectral scattering coefficients. 
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Figure 5.11. Particles size distributions obtained by BUVESS. 

 

Two particles modes were evaluated by the numerical procedure: the first one was 

composed by particles with 30 nm mean diameter and the soot optical properties 

reported in ref [82]. The Mie scattering spectrum related to this class of particles 

reached an agreement with the experimental data in the range 300 nm – 380nm with a 

mean discrepancy lower than 10%. The numerical procedure identified a second mode 

in order to improve the agreement between experimental and theoretical spectra 

especially for wavelengths below 300 nm. This mode was characterised by particles 

with mean diameter below 10 nm and the optical properties of NOC reported in ref [83]. 

Its contribution to the Mie scattering spectrum was very small if compared to the other 

mode and it allowed reducing the discrepancy of 3-5%. 

In order to better understand the nature of all the species emitted at the exhaust, the 

residue obtained by the difference between experimental and theoretical spectra was 

evaluated for all the selected conditions. A residual scattering below 260 nm was well 

resolvable as reported in Figure 5.10 and comparable results were attained for 3000 

rpm-100% load and 4000 rpm-50% load. This signal has a spectral behaviour similar to 
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that observed for the scattering at low speed and low load (Figure 5.9). This suggests 

the presence of an unidentified scattering species in all the engine operating conditions. 

At high speed conditions the numerical procedure reached an agreement between 

experimental and theoretical data with an overall mean discrepancy lower than 30%. At 

1500 and 2000 rpm, on the other hand, the agreement between experimental and 

theoretical spectra was poorer and it was not possible to obtain a satisfactory result 

using BUVESS technique.  

 

5.3.2. ELPI and SMPS measurements. 

In order to complete the experimental investigation, Electrical Low Pressure Impactor 

(ELPI) and Scanning Mobility Particle Sizer (SMPS) were used. The sketch of the 

experimental setup for the simultaneous measurements with ELPI and SMPS is reported 

in Figure 5.12.  
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Figure 5.12. Experimental setup for the simultaneous measurements with ELPI 
and SMPS. 
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As described in the Chapter 3, ELPI allowed to obtain real time particle size distribution 

and concentration measurements in the size range 7 nm -10 µm. The ELPI results for all 

the selected operating conditions are reported in Figure 5.13.  
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Figure 5.13. Particle number concentration measured by ELPI at the selected 
operating conditions. 

 

At 1500 and 2000 rpm, the highest particles number concentration was measured at the 

first ELPI stage that covers the 7 – 28 nm size range. The size distributions show an 

asymmetrical shape that suggests the presence of maximum for diameters smaller than 

ELPI lowest size limit. At 3000 and 4000 rpm the size distributions were characterised 
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by a maximum at the third impactor stage, corresponding to a cut diameter equal to 54 

nm. This size distribution reminds of the second mode measured by BUVESS technique 

due to soot particles. Moreover, it is closed to the typical size distribution of 

carbonaceous particles detected by ELPI at the exhaust of the common rail diesel engine 

as reported in Chapter 4.  

For all the engine conditions, a little fraction of particles larger than 300 nm was 

detected and it was always possible to observe an increasing in number concentration at 

increasing load. According to literature [34] these particle can be produced by lube oil 

blow-by. 

In order to obtain more information about particles smaller than 60 nm, SMPS 

measurements were carried out [144]. The SMPS operates on the principle of the 

mobility of a charged particle in an electric field. Particles entering the system are 

neutralized using a radioactive source. They then go into a Differential Mobility 

Analyser (DMA) where the aerosol is classified according to electrical mobility, with 

only particles of a narrow range of mobility exiting through the output slit. In this case a 

Nano DMA selecting the particles in the range 2–60 nm was used. The monodisperse 

distribution then goes to a Condensation Particle Counter (CPC), which determines the 

particle concentration at that size [145]. 
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Figure 5.14. Particle number concentration measured by ELPI and SMPS at the 
selected operating conditions. 

 

A comparison between the results obtained by ELPI and SMPS is shown in figure 5.14. 

At 1500 rpm - 50% load, a mode of nanoparticles smaller than 10 nm was detected by 

SMPS; it showed a central diameter around 8 nm and it overlapped with ELPI first 

stage. A good agreement between ELPI and SMPS size distributions in the overlapping 

size range was measured at 3000 rpm 50% load, too. Moreover, SMPS detected a size 

mode below the ELPI detection limit. 

Recent experiments carried out by optical methods and AFM (Atomic Force 

Microscopy) measurements [83] widely applied on flames and on a narrow set of 

passenger cars, suggest the presence of NOC (Nanoparticles of Organic Carbon) with 

equivalent diameter around 3 nm. With respect to the vehicles, authors outlined that 

these nanoparticles were formed in the combustion chamber; then some of them could 

survive to oxidation in the combustion chamber and in the tree-way catalyst and then 

they could be emitted at the exhaust. On the other hand, other research results [34] 

suggest that these particles can be volatile ones resulting from the nucleation of gas 

phase hydrocarbons during the dilution process. 
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Thus it is possible to propose that a great number of particle smaller than 15 nm are 

obtained by the combination of NOC and volatile ones. 

It must be observed that the results from different techniques, which are based on 

different physical/chemical particle properties, are difficult to relate. In particular, the 

instruments employed in this thesis yield different sizes: mobility diameter for SMPS 

and aerodynamic diameter for ELPI. Thus, the difference in the measurements between 

the two systems can be mainly ascribed to the different measuring principle and 

detection limits. 
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Conclusions 

Optical techniques and commercially available instruments were used at the exhaust of 

a Common Rail diesel engine and of a Port Fuel Injection Spark Ignition engine to 

characterise the particles emission in terms of chemical and physical properties with 

regard to the engines operating conditions. 

Two “in situ” optical techniques were applied at the engines undiluted exhaust: Laser 

Induced Incandescence (LII) and Broadband Ultraviolet-Visible Extinction and 

Scattering Spectroscopy (BUVESS). LII is able to measure soot primary particles 

diameter. BUVESS takes advantage of data at several wavelengths to retrieve primary 

particles size distributions and it gives information about particles chemical nature.  

A commercial instrument, Electrical Low Pressure Impactor (ELPI), was used to 

measure real time particles size distributions in the range 7 nm-10 µm. ELPI evaluates 

the particles aerodynamic diameters without distinction between primary particles and 

aggregates. 

The diesel engine employed for the experiments was a four-stroke 1910 JTD equipped 

with a Common Rail injection system, with an Exhaust Gas Recirculation (EGR) cooled 

system and with a silicon carbide catalysed Diesel Particulate Filter (CDPF). Optical 

techniques and commercial instruments were applied at the engine exhaust for different 

operating conditions. In particular, the effects of the EGR and of the aftertreatment 

device on particles emission were analysed.  

EGR allows the reduction of thermal-Nitrogen Oxides but it also influences particles 

emissions. For this reason, its effect on the balance between the primary particles and 

the aggregates was evaluated.  
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By LII, the increasing of the soot primary particles diameters at increasing EGR 

percentage was revealed for all the engine-operating conditions. This was probably due 

to the partial oxidation of soot recirculated in the combustion chamber and the 

successive superficial growth. However, the increasing in primary particles diameter 

could also be caused by the low oxidation rate of soot at high EGR% due to a reduction 

of oxygen concentration. 

BUVESS measurements showed the evolution of size distributions and number 

concentrations of the primary particles. They were constituted by low-graphitic carbon 

and no change in the chemical nature of particles was observed for all tested conditions 

even at high EGR%. On the other hand, the EGR had a physical effect on the emitted 

nanoparticles; in fact it induced the formation of an accumulation mode in the size 

distribution. 

The ELPI measured the particle size distributions with the highest number concentration 

in the range 54-91 nm showed. At increasing EGR%, the number of accumulation 

particles increased with respect to the total number, while nucleation particles fraction 

was reduced. This was due to the agglomeration effect caused by the introduction of 

particles contained in the exhaust gases into the cylinder.  

In conclusion, an increase in primary particles mean size with EGR% is coupled to an 

increase in aggregates aerodynamic diameter and all the methods also revealed an 

increase in particles number concentration. 

Moreover, with respect to diesel engine exhaust, the effect on the nanoparticles 

emission of the CDPF filter-loading phase and regeneration were investigated. During 

the loading phase according to BUVESS measurements, the particle number 

concentration was reduced by approximately two orders of magnitude by the filter, but 
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the shape of the distribution remained approximately the same. Moreover, no change 

was observed in the nanoparticles chemical nature during the crossing of the CDPF 

since the catalyst was inactive and the filter had only a physical effect. 

Two phases of the regeneration process were recognized. The first one could be 

considered the fragmentation of the stored particulate; it was characterized by the 

emission of high number of nanoparticles smaller than 30 nm, low HC concentration 

and negative numeric filtering efficiency. The second phase consisted in the 

consumption of the particles sticked on the filter internal surfaces: a reduction of 

nanoparticles number concentration was revealed for diameters higher than 7 nm. An 

evolution in terms of size and optical properties of the emitted particles was observed, 

they showed a carbonaceous nature with different levels of graphitisation depending on 

the time during the regeneration. 

To investigate the nature of particles emitted by gasoline engine, a four-stroke 1242 cc 

Port Fuel Injection (PFI) Spark Ignition (SI) engine, equipped with a three-way catalyst 

(TWC) was used. 

First, the effect of the TWC on the engine particles emissions at different engine 

operating conditions was evaluated by means of the ELPI. A reduction in number 

concentration of 1-2 orders of magnitude when the exhaust gas passed through the TWC 

was observed for the particles in the first ELPI stage (7 – 28 nm). The primary 

mechanism for their “removal” probably was the catalytic stripping of volatile 

hydrocarbon particle precursors. In addition, the number of larger particles was 

decreased downstream of the catalyst possibly by inertial impaction at the catalyst 

channel faces. In spite of the number concentration reduction due to the TWC, high 

number of nanoparticles remained at the engine exhaust. Therefore, the characterisation 
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of particles emitted by the spark ignition engine was carried out downstream of the 

TWC for different operating conditions. 

LII revealed carbonaceous particles with 30-60 nm mean diameters in the range at high 

speeds. These particles could be due to the diffusion-controlled flame produced by the 

ignition of fuel film deposition on the intake valves surface and on the cylinder walls, 

typical of PFI engines.  

In order to investigate a wider range of engine operating conditions and to evaluate the 

chemical-physical nature of particles also at low engine speeds, BUVESS 

measurements were performed.  

Two particles modes were evaluated by the numerical procedure based on Mie theory 

for spherical particles: the first one was composed by particles with 30 nm mean 

diameter and soot optical properties. The second mode was characterised by particles 

with mean diameter below 10 nm and the optical properties of NOC.  

At low speeds, it was not possible to obtain a satisfactory result in terms of size 

distribution and optical properties using BUVESS technique because the agreement 

between experimental and theoretical spectra was poor. Thus, further investigation 

should be carried out for these conditions. 

In order to complete the experimental investigation, ELPI and Scanning Mobility 

Particle Sizer (SMPS) were simultaneously used. At low speed, asymmetrical size 

distributions with a maximum at the first ELPI stage (7 – 28 nm) suggested the presence 

of maximum for diameters smaller than ELPI lowest size limit. At high speed the size 

distributions were characterised by a maximum at the third impactor stage, 

corresponding to a cut diameter equal to 54 nm. This size distribution reminds of the 

typical size distribution of carbonaceous particles detected by ELPI at the exhaust of the 
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common rail diesel engine. For all the engine conditions, a little fraction of particles 

larger than 300 nm was detected, they could be produced by lube oil blow-by. 

A good agreement between ELPI and SMPS size distributions in the overlapping size 

range was measured for all the conditions even if these instruments yield different sizes: 

mobility diameter for SMPS and aerodynamic diameter for ELPI. SMPS detected a size 

mode below the ELPI detection limit. It is possible to propose that a great number of 

particles smaller than 15 nm are obtained by the combination of Nanoparticles of 

Organic Carbon (NOC), formed in the combustion chamber and survived to oxidation; 

and volatile particles, resulting from the nucleation of gas phase hydrocarbons during 

the dilution process. 

In conclusion, the results reported in this thesis show that, in spite of internal 

combustion engine improvements, further efforts will be necessary to satisfy the 

particulate number based limits of the upcoming normative. With respect to diesel 

engines, the introduction of alternative combustion modes, as HCCI, and high 

efficiency after-treatment devices could be the first positive answers. 

About the spark ignition engines, the turbocharged engines can allow the reduction of 

fuel consumption with respect to an increase of engine performances but make more 

critical the problem of particles emission, especially in the case of direct injection 

engines. Thus, a more accurate analysis of the particles formation mechanisms is 

necessary to better understand the chemical structures of emitted nanoparticles. 
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