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Abstract

This article reviews work on aerosols originating from internal combustion en-
gines with an emphasis on soot formation during in-cylinder combustion. Mathe-
matical models of particle formation in engines and remaining modeling challenges
are also discussed. Aerosols are formed during combustion in the cylinder, in the
exhaust system and after the tailpipe. Specific mechanisms include the injection
of fuel, formation and oxidation of particles during combustion, exhaust gas recir-
culation (EGR) and condensation of semi-volatiles. The role of fuels is discussed
with respect to their ignition behavior as a consequence of mixture preparation in
the cylinder and with respect to their sooting propensity. Models for the formation,
growth and oxidation of soot particles are presented and the most popular mathe-
matical approaches for simulating particle emissions are introduced. Solid and semi-
volatile nucleation mode particles are also discussed in some detail. Key drivers in
the formation of these particles are lubricating oil metals and sulfur in the fuel and
oil. Particle emissions of different types of gasoline engines with and without af-
tertreatment are also mentioned and compared with diesel engine emissions. Some
of the short comings of the current models and future research areas are highlighted
at the end.
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1 Introduction

Aerosols form in almost any type of internal combustion engine (Kittelson [44]; Eastwood
[17]) and have been identified as a potential health risk (Stone and Donaldson [78]). In
particular exhaust from older technology diesel engines was shown to be human carcino-
gen (Benbrahim-Tallaa et al. [8]). Legislators around the world have reacted to the adverse
health effects of particles by introducing an ever more stringent set of regulations; see for
example REGULATION (EC) No 715/2007 for compression ignition (diesel) and positive
ignition (gasoline, NG, LPG, ethanol, etc.) vehicles. There is now considerable pressure
on original equipment manufacturers (OEMs) and suppliers to develop engines that are
able to meet these more stringent standards while minimizing cost and fuel economy
penalties. The present approach to meeting these standards with diesel engines generally
involves the use of diesel particulate filters which reduce exhaust particle matter (PM) to
very low levels. But even when filters are used it is necessary to reduce engine out par-
ticulate matter to the lowest practical level in order to avoid fuel consumption penalties
associated with excessive backpressure and frequent regeneration. In order to be able to
do this it is necessary to understand what processes cause the formation of particles dur-
ing engine operation and what role fuels play. In the last decade, considerable progress
has been achieved using better injection and air handling systems and better engine con-
trol. The increasing use of biomass derived fuels like biodiesel (fatty acid methyl ester or
FAME) adds another dimension to the problem.

Engine aerosols are more complex than those formed in laboratory flame studies because
the intermittent nature of engine combustion, complex flow patterns and wall interactions,
and the presence of lubricating oil which contributes organic carbon (OC) and metal com-
pounds to the exhaust aerosols. The presence of sulfur in the fuel and lubricating oil is a
further complication. Sulfur is not present at sufficiently high levels to influence the main
combustion processes but it influences the formation of the exhaust aerosol as it cools
and dilutes in the atmosphere. The roles of lubricating oil and sulfur compounds will be
considered separately from soot formation.

The purpose of this article is to provide an overview of how aerosols form in engines and
what happens to them as they dilute and cool in the atmosphere. The nature of aerosols is
described and specific mechanisms of their formation are discussed. These mechanisms
include injection of fuel, combustion, the formation and oxidation of particles. The role
of fuels will be discussed with respect to their ignition behavior and with respect to their
sooting propensity. Formation, growth and oxidation of carbonaceous particles will be
studied in more detail and the most important mathematical modeling approaches will be
introduced. Finally, particles that are not formed by the primary combustion process are
considered. These include ash particles and semi-volatile particles formed from partially
burned lubricating oil and fuel and sulfur compounds. Particle emissions of different types
of gasoline engines with and without aftertreatment will be also mentioned and compared
with diesel engine emissions. Some of the current short comings and future needs will be
highlighted at the end.
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2 Aerosols in Engines

2.1 What are aerosols from engines made of and where do they form?

Whitby and Cantrell [87] were the first to identify three different modes observed in en-
gine aerosols. These modes are comprised of a "nucleation mode", an "accumulation
mode" and a "coarse mode" all displayed in Fig. 1. The nucleation mode consists of
aerosols of diameters ranging between about 3 to 30 nm composed mainly of volatile or-
ganic and sulfur compounds that form as exhaust dilutes and cools. It typically contains
less than 10% of the particle mass but more than 90% of the particle number. The ac-
cumulation mode ranges from about 20 to 500 nm and consists mainly of carbonaceous
agglomerates and adsorbed material. This mode contains most of the particle mass. The
coarse mode, typically 5-20% of particle mass, consists of accumulation mode particles,
which deposited on the surfaces of the cylinder and exhaust system and re-entrained at a
later stage, and atomized lubricating oil from the crankcase. The size ranges and bound-
aries of the modes may shift and overlap with changes in engine, fuel, and operating
conditions, but the fundamental structure remains. The distinction between the modes
is not size but formation mechanism. Even aircraft gas turbine engines exhibit a simi-
lar modal structure in the submicron region, although the particle diameters are typically
smaller than for diesel or spark ignition engines. It is important to note that the transition
between the modes, the modal diameter and concentration may vary based on dilution and
sampling condition as sulfur and organic compounds are generally in the vapor phase in
the tailpipe and only undergo the gas-to-particle formation as the exhaust is diluted and
cooled. Figure 1 also shows some standard definitions of atmospheric particles: PM10,
fine particles, ultra-fine particles and nanoparticles for comparison. TEM images of parti-
cles originating from the submicron modes are displayed in Fig. 2: carbonaceous agglom-
erates that contribute most of the mass in the accumulation mode, semi-volatile droplets
that usually comprise most of the number in the nucleation mode, and tiny ash particles
that may either decorate existing particles as shown or form separate solid particles in the
nucleation mode size range (Jung et al. [35]).

Figure 3 shows the processes responsible for the formation of particles during combustion,
dilution and cooling. These conditions are representative of a heavy duty diesel engine
under typical cruise conditions. In an early stage carbonaceous particles are formed dur-
ing combustion and most of them are oxidized. In addition lubricating oil is entrained
into burning fuel jets and may also form carbonaceous particles as combustion products.
There is also evidence that metallic additives in the lube oil such as Ca and Zn may be
converted to gas-phase compounds, and then undergo gas-to-particle conversion as prod-
ucts of combustion expand and cool. Most of the resulting particles end up decorating
accumulation mode particles, but separate ash nucleation may form when the ratio of ash
to carbonaceous accumulation mode particles is sufficiently high (Abdul-Khalek et al.
[3]; Jung et al. [35]; Lee et al. [53]). Upon exit from the tailpipe, dilution and cooling
leads to gas to particle conversion of semi-volatile materials, mainly hydrocarbons (in the
volatility range of lubricating oil) and sulfuric acid leading to homogeneous and hetero-
geneous nucleation and adsorption/condensation on existing particles (Tobias et al. [82];
Ziemann et al. [91]; and Sakurai et al. [68],[69]). During dilution and cooling there is a
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Figure 1: Typical engine exhaust particle size distribution by mass, number, and surface

area. Dp is the aerosol particle diameter (adapted from Kittelson [44]).

competition between nucleation and adsorption onto existing particles. Fast dilution and
low concentrations of accumulation mode soot particles relative to materials undergoing
gas to particle conversion favor nucleation over adsorption onto existing particles. Under
light load and idle condition the temperature in the exhaust system may be low enough
for nucleation of volatiles to occur there (Kittelson et al. [47]).

The processes in Fig. 3 will now be considered in greater detail. The first steps of par-
ticle formation shown highlighted in the bold oval, i.e. the formation of carbonaceous
particles and their oxidation will be considered first. Then the fate of these particles and
semi-volatile particle precursors as the exhaust dilutes and cools in the atmosphere will
be described in more detail.

2.2 Fuel injection, combustion and soot formation

In both compression ignition engines as well as in direct injection spark ignition engines,
fuel is injected into the cylinder in form of a spray. The interaction of the spray with the
in-cylinder gases is very complex and influences the local composition of gases which in
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Figure 2: Engine exhaust particles are very diverse in size, shape, and composition
(adapted from Jung et al. [35] and Miller et al. [61]).

turn influence the formation of particles and other combustion products. The liquid fuel
jet often exceeds the thermodynamic critical point of the liquid and at present there exist
no first-principles model which is able to describe this mixing process. The break-up of
the jet, local gas mixture composition and wall impingement have strong influence on
engine performance and engine emissions.

Although there is no first-principles quantitative model available, optically accessible en-
gines have provided some insight into this complex process of injection of the fluid, spray
formation and the resulting combustion followed by soot formation. The seminal paper
by Dec [16] and further publications by the Sandia group, e.g. (Flynn et al. [19]) have
put forward a conceptual model of the processes occurring in the cylinder shortly after
injection of the fuel (See Auto120 for more details).

Following this model the physical and chemical processes taking place in a fully de-
veloped burning plume in the cylinder of a diesel engine is shown in Fig. 4. A cold fuel
jet and entrained hot air enters a diffusion flame sheath at a local temperature of around
825 K. As the fuel/air mixture travels through the plume it reacts under rich premixed
conditions to form products of rich combustion, for example CO and species that can be
classified as unburnt hydrocarbons (UHC) but in particular acetylene and probagyl rad-
icals. At temperatures higher than 1300 K latter species triggering fast polymerization
reactions leading to polycyclic aromatic hydrocarbons (PAHs) that are considered to be
the building blocks for particulates in flames. As these small particles travel down the
plume they grow in mass through condensation of PAHs, further polymerization reac-
tions and agglomeration to form particles of the size and shape emitted from an engine’s
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Figure 3: History of particle formation in a compression ignition engine (adapted from
Kittelson et al. [47]).

tailpipe. However, as these particles and UHC pass through the very thin diffusion flame
sheath fuel fragments and particles are converted to CO2 and water vapor during rapid
heat release. As a consequence the temperature in this region is high and can lead to con-
siderable NOx formation. Diesel soot particles are the result of quenching this final phase
of oxidation.

The time evolution of the plume was also studied using an empirical combustion and soot
model implemented into a CFD code by Kazakov and Foster [39]. Figure 5 shows a sim-
ulation of the time evolution of temperature and soot formation during the injection of the
fuel. After ignition, the flame forms a three dimensional plume-like structure which com-
prises different kinds of combustion modes. The flame propagating along the outermost
region of the plume reaches, the tip of the liquid spray, and then reaches the tip of the
plume. The highest temperatures are found along the stem and the border of the cup like
structure. Inside the stem there is a zone of intensive droplet evaporation. Although this
model is unable to predict the existence of a premixed combustion zone inside the stem
due to the simplified chemical model, the initial location of the soot cloud and its tempo-
ral evolution are in qualitative agreement with the schematics introduced by the Sandia
group ([19]). This soot cloud will then impinge on the bowl wall and follow around the
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 Figure 4: Structure of the sooting plume after injection and ignition (adapted from Flynn
et al. [19]).

cylinder boundaries while undergoing continuous oxidation. Soot travelling to the low
temperature regions close to the cylinder walls will not be oxidized and will remain as a
combustion product in the exhaust.

2.3 The role of exhaust gas recirculation (EGR)

Many engines recirculate part of the exhaust to modify charge composition and temper-
ature aiming to reduce emissions in general and NOx emissions in particular. Exhaust
gas recirculation (EGR) can also have a significant effect on the particle size distribution.
Although most of the particles in the EGR that re-enter the cylinder will be oxidized and
transformed into CO2 some of the particles may survive and can grow substantially. The
mechanism by which this happens has been studied in an SI engine converted for single-
cylinder HCCI operation (Mosbach et al. [62]) using n-heptane as fuel, at an equivalence
ratio of ϕ = 1.93. Particle-laden in-cylinder gases were extracted through snatch sampling,
accumulated over a number of cycles in steady-state operation. The captured aggregates
were analyzed through a Scanning Mobility Particle Sizer (SMPS) and a High-Resolution
Transmission Electron Microscope (HRTEM). Figure 6(a) shows the time evolution of
the aggregate size distribution between 5 and 65 CAD ATDC. In a later stage of the cycle
the distribution turns bimodal, since inception is present throughout and large aggregates
collect the small particles. In Fig. 6(b) aggregate size distributions at 10 CAD ATDC are
plotted for ten consecutive cycles. The first cycle starts without any soot present in the
residual gases. Within ten cycles the distribution has stabilized and the statistical noise
has decreased substantially. The consecutive growth of aggregates in each cycle can be
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Figure 5: Temporal sequence of temperature and soot in a fuel jet after injection (adapted
from Kazakov and Foster [39]).

clearly identified from this figure. In fact aggregates larger than about 20 nm are recir-
culated for possibly several times before being emitted from the engine. As mentioned
above in a diesel engine most of these large aggregates will be oxidized but the surviving
particles act as sponge collectors for other particles, remaining fuel droplets and engine
oil. These particles often cause fouling of other engine components such as swirl flaps
found in modern diesel engines.

3 Fuel Effects

3.1 Mixture preparation and ignition delay

The choice of fuel and its resistance to ignition plays an important role in the process
of particle formation as it also influences the local mixture. This is demonstrated in
Kalghatgi et al. [37] and Smallbone et al. [75] in a Partially-Premixed Compression Ig-
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Figure 6: (a) Time evolution of the size distribution with aggregates present in the trapped
residual gases. (b) Size distribution at 10 CAD ATDC for ten consecutive cy-
cles. The recirculated aggregates can be clearly identified as the ones larger
than about 20 nm (adapted from Mosbach et al. [62]).

nition (PPCI) engine by increasing the resistance of fuel to ignition and observing the
transition from mixing controlled to kinetically-controlled combustion. Using the srm 6.1
(Stochastic Reactor Model) engine code (srm [76]) it is shown that the difference in ig-
nition behavior leads to different local equivalence ratios, which has a strong impact on
particle formation. Figures 7(a)-(g) show the in-cylinder composition at different crank
angles in an equivalence ratio-temperature diagram also called ϕ-T or Kamimoto diagram
(Kamimoto and Bae [38]). Two different model fuels are used: n-heptane which was cho-
sen as a diesel surrogate and 84 PRF as a gasoline fuel surrogate with higher resistance
to ignition. Each fuel is injected in a single pulse at -8.0 CAD ATDC. Each point on
the ϕ -T diagram represents a zone in the engine with the corresponding ϕ-T composi-
tion. Two regions are highlighted which are known as soot and NOx islands. Shortly after
injection the distribution of both fuels are almost identical exhibiting both lean and rich
regions. Rich regions have lower temperatures due to charge evaporation. The subtle dif-
ference between the two fuels on the rich side is caused by low temperature heat release
(cool flame) of n-heptane. This results in an earlier ignition of n-heptane and leads to the
formation of particles as the rich zones traverse the soot island. Figure 7(h) shows the
computed particle size distribution at different CADs for n-heptane. As the particle laden
zones become leaner through mixing oxidation reduces the total number of soot particles
over time. The gasoline-like 84 PRF fuel ignites later in the cycle allowing more time for
mixing and ignition occurs at a lower equivalence ratio in both the lean and rich directions.
As the overall mixture is burnt at leaner conditions, regimes associated with excessive PM
formation are avoided. However, both fuels lead to significant NOx emissions.
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(a) -4 CAD aTDC  (b) -2 CAD aTDC 

 
(c) -1.4 CAD aTDC 

 
(d) TDC 

 

3.2 Sooting propensity practical fuels

So far reference fuel models have been designed to mimic ignition behavior which has a
strong influence on soot formation as this has implication on the mixing of cylinder charge
as demonstrated in Smallbone et al. [75]. However, practical fuels consist of many more
chemical compounds which contribute to different degrees to the formation of particle
matter. This sooting propensity is tested in a standardized procedure using a smoke point
lamp. The smoke point is the height of the flame at which soot can be observed with the
naked eye. The first studies trying to relate the molecular structure of hydrocarbons with
the smoke point were published by Hunt [30] and Schalla and McDonald [71]. The results
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Figure 7: In-cylinder local equivalence ratio versus temperature (adapted from Small-

bone et al. [75]).

indicated that the rate at which hydrocarbons produced soot increased as follows:

paraffins < isoparaffins < mono-olefins < naphthenes < alkynes < aromatics.

While this statement is qualitatively true, the inequality signs are not of equal weight (Cal-
cote and Manos [11]). In general one can say the more compact the molecular structure
for the same number of carbon atoms, the greater the tendency to soot. Therefore iso-
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meric or cyclic alkanes and alkenes have a higher sooting propensity. However, this effect
is small compared with the increase in sooting tendency if the fuel has aromatic character.
The difference in sooting propensity has been explained by the difference in formation
of soot precursors during pyrolysis of the fuel as the result of a dehydrogenation process
of fuel molecules (Schalla and McDonald [71]). Alkylated aromatics show complex be-
havior as increasing the number of side chains increases the sooting tendency, whereas
lengthening the chain has the opposite effect. The chances of dehydrogenation increase
with the stability of the carbon structure, facilitating the removal of hydrogen atoms in
comparison with the breaking of carbon bonds. The more readily the hydrogen atoms are
removed as compared to the breaking of carbon bonds, the greater is the probability of
smoke formation. How these findings translate to the combustion in a diesel engine is not
entirely clear as the temperature and pressure histories of the air fuel mixture experienced
in an engine are different to those experienced in the smoke point lamp.

4 Soot

Although experiments reveal the sooting propensity of different fuels it is far less clear
how soot particles actually form, grow and oxidize. The current understanding of these
processes is displayed in Fig. 8 (Sander et al. [70]).

 

 
Figure 8: Important processes in soot growth (adapted from Sander et al. [70]).
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4.1 Formation and growth

The analysis of soot particles suggest that Polycyclic Aromatic Hydrocarbon (PAH) molecules
play an important role in the formation of soot as they are considered to be a key precursor
molecule in the study of soot formation (Homann [29]). Pericondensed PAHs consist of
six-membered rings and have been found in flames with typical temperatures ranging from
1500-2000 K as they are thermodynamically more stable than many other PAHs (Stein and
Fahr [77]). Important examples of pericondensed PAHs are naphthalene (C10H8), pyrene
(C16H10) and coronene (C24H12). The smallest PAH and building block is benzene which
can form through a number of channels (Frenklach et al. [22]; Frenklach and Wang [21]).
The addition of C4 species to acetylene and combination of C3 species are thought to be
the most important reactions in the formation of the first aromatic ring but many other
pathways exist. This PAH building block grows further by an entropy driven process of
acetylene addition and hydrogen abstraction reaction called the HACA mechanism (Wang
[86]). This means that although the growth of larger aromatics is slightly endothermic the
abstraction of hydrogen leads to an increase in entropy and reduces the overall Gibbs free
energy, which drives the growth. The transition from chemical species to a condensed
phase particle is still not quite understood, however it is recognized that both physical and
chemical processes play a role. The extent to which each process contributes depends
on local species composition and temperature. Three pathways have been hypothesized.
The first pathway assumes two-dimensional growth leading to fullerene type structures
(Homann [29]). Pathway two assumes physical clustering upon collision of PAHs by
dispersive forces (Frenklach and Wang [21]). Pathway three assumes that PAHs form
chemical bonds after or during dimerization (Violi et al. [84]). Although pathway one
exists and in low-pressure premixed flames can lead to substantial formation of fullerenes
the bi-modal nature of the Particle Size Distribution Function (PSDF) requires that incep-
tion and growth process is of second order, i.e. two molecules forming the first particle.
Since pathway three requires the presence of aryl radicals this mechanism can only be
significant in the flame zone but cannot explain the formation of soot in the post flame
region. Therefore most detailed soot models are based on the second pathway in which
the dimerization of PAHs lead to the first soot particle. HRTEM images of small soot par-
ticles and theoretical calculation based on energy minimizations of PAH clusters support
this view. Figure 9(a) shows a TEM-style projection of 50 coronene molecules assuming
a low energy position (Totton et al. [83]) clearly revealing PAH stacks which can also be
identified in HRTEM images of small soot particles in Fig. 9(b) (Mosbach et al. [62]).

These soot particles grow through further condensation of PAHs, continuing carbon addi-
tion by the HACA mechanism but most importantly by coagulation. In addition, photoion-
ization aerosol mass spectrometry (PIAMS) measurements of soot in laminar premixed
ethylene flames also indicate the presence of a sizable amount of aliphatic components.
The presence of aliphatic components is consistent with the liquid-like nature observed
by TEM and the low C/H ratio calculated from the mass spectrum (Wang [86]).

In the early phases of particle growth the PAH mobility plays an important role. PAHs of
adjacent small particles are mobile and coalesce into bigger primary particles (Neer and
Koylu [63]; Chen et al. [13]). This sintering process becomes less important as the size of
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 Figure 9: (a) TEM-style projection of a cluster of 50 coronene (Totton et al. [83]) and (b)

experimental HRTEM images of small soot particles sampled from an engine
(Mosbach et al. [62]).

the particles increases. Then collisions of such primary particles form aggregates, which
can change their fractal dimension by further carbon addition through PAH condensation
and HACA growth. The large particles act as "vacuum cleaners" and collide with many
small particles, which then sinter into the larger aggregate. The collision rate at which
this happens is dependent on the size of the colliding particles, local pressure and tem-
perature. The two limiting cases are the free molecular regime (Knundsen number Kn >
10) in which particles are small enough to not constantly collide with the bath gas and the
other limiting case is the continuum regime (Kn<1) in which the particles move in the bath
gas as in a continuous fluid. In the high pressure - high temperature environment of an
internal combustion engine most of these coagulation events take place in the continuum
regime. The higher the pressure the more coagulation events take place and the larger the
particles that form.

4.2 Soot oxidation

Most of the soot particles, under normal circumstances, are ultimately oxidized. Detailed
oxidation mechanisms are not available as the composition of soot is not known in detail.
In a review Lighty et al. [55] suggested that the reactions with molecular oxygen (O2),
oxygen radical (O), and hydroxyl radical (OH) are the main pathways of soot oxidation.
The OH pathway has been identified to be predominant. From 10%-30% of collisions
between a soot particle and OH radicals lead to oxidation. The rates for O2 oxidation are
derived from pyrolytic graphite. The most popular model based on graphite oxidation is
Nagle-Strickland-Constable (NSC) model, which is fitted to a temperature range of 1273
K to 2673 K.

As a result of oxidation the structure of soot particles changes and can lead to fragmen-
tation. This will lead to a substantial increase of particle number. It has been suggested
that particles not only shrink but also burn from the inside hollowing particles, which
eventually leads to fragmentation (Lighty et al. [55]). However, there is no quantitative
understanding of these processes and some findings in the literature are contradictory and
fragmentation may not occur at all. Higgins et al. [27], and Jung et al. [35], [36] studied
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the oxidation of soot from flames, diesel and bio-diesel as well as the role of metals using
electron microscopy and tandem differential mobility analysis (TDMA). They report that
the values of activation energies for O2 vary widely depending on temperature and origin,
i.e. composition of soot. Diesel soot shows significantly lower activation energies com-
pared to flame soot. Typical values for the activation energy in the O2 reaction rate for the
temperature range of 800 oC to 1000 oC is 170 KJ·mol−1 for flame soot and 110 KJ·mol−1

for diesel soot. This difference is attributed to the presence of metals in the diesel fuel,
possibly coming from lubricating oils. In separate studies of Lall and Zachariah [52] in
which cerium and iron was added to diesel fuel it could be demonstrated that the activation
energy was found to be significantly lower than non-doped soot particles, which supports
the assumption that indeed metal particles are responsible for the faster oxidation of en-
gine derived soot. A further increase of the oxidation kinetics was observed from soot
originating from bio-diesel.

5 Mathematical Models of Soot

Soot models can be characterized in terms of the type and state space they use (Kraft [49]).
The type space defines how many quantities are used to represent individual soot particles,
e.g. mass, mass and surface, or mass, detailed aggregate structure, and molecular com-
position. The state space tells how the entirety of particles is mathematically described.
For example, the (multivariate) particle size distribution can be described in terms of its
statistical moments, approximated by "sections" or by an empirical distribution as a set
of discrete measures also called stochastic particles, which represent soot particles. The
detail of the soot model is limited by the detail of the gas-phase chemistry model as some
of the detailed soot models require an accurate knowledge of the gas-phase species that
surround them.

Many simplistic models represent only the total mass of soot particles, i.e. soot is rep-
resented by one number. The most prominent example of such a model is the Hiroyasu
(Hiroyasu and Kadota [28]) and the Hiroyasu/Nagle and Strickland-Constable (Jung and
Assanis [34]) model. These models represent a mainly empirical approach in which soot
is formed either directly from vaporized fuel or from an inception species which in most
cases is acetylene. However this requires a detailed chemical model. The most widely
used chemical models are based on the work of Frenklach, Wang and co-workers (Fren-
klach and Wang [21]; Appel et al. [6]). However neither model includes PAH chemistry
larger than pyrene and PAH oxidation chemistry. PAH growth and oxidation is an active
area of research and a number of more complete models have been published (e.g. Mos-
bach et al. [62]).

The model in Kazakov and Foster [39] is also of empirical nature but represents soot
by two numbers, soot mass fraction and particle number. The underlying assumption is
that all particles have the same size, i.e. the particle size distribution is monodisperse.
Assuming particles are only represented by the mass of carbon contained in a particle,
one can use statistical moments to describe the particle size distribution. This was done
successfully by Frenklach and co-workers and is now widely used in the combustion com-
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munity (Frenklach and Wang [21]; Frenklach [20]). Another widespread approach is to
classify the particle sizes into bins or sections and describe the time evolution of each
section, for example D’Anna and Kent [14] and Lindstedt and Waldheim [56]. An alter-
native is to represent the particle size distributions by individual stochastic particles and
use a Monte Carlo method to simulate their growth and oxidation (Balthasar and Kraft
[7]). Both moment and sectional models cannot easily be used in higher dimensional type
spaces, i.e. when more properties of a particle are of interest. Typical examples are mod-
els where the chemical composition and the particle surface are included (Mosbach et al.
[62]). Employing some additional simplifications also moment (Blanquart and Pitsch [9])
and sectional models have been used.

Tiny carbon or ash nuclei have been observed in engine exhaust and may act as nucle-
ation sites for semi-volatile nanoparticles of mixed composition. Tiny carbonaceous soot
precursors are formed early in the combustion process as shown in Figs. 6(b) and 7(h) but
it is unclear if and under what conditions these particles survive the expansion and exhaust
processes. None of the current soot models take ash nuclei into account. Formation of
nucleation mode particles is discussed in more detail below.

6 Other Processes and Particles

Referring back to Fig. 3 we see that ash particles are formed relatively early in the com-
bustion process. The air shown being entrained into the burning fuel jet shown in Fig. 4
also contains any particulate matter that penetrated the air cleaner, atomized and evapo-
rated lubricating oil, and material blown off from in-cylinder surfaces or left over from
previous cycles. Particle formation from metals in engines has been examined by a num-
ber of investigators (Abdul-Khalek et al. [2]; Jung et al. [35]; Lee et al. [53]; Miller et al.
[61]; Gidney et al. [24]; Gidney et al. [25]; Mayer et al. [59]). Following Abdul-Khalek
et al. [2] in order to illustrate the possible fate of a lube oil metal, the chemical equilibrium
distribution of Ca compounds from the oil at the edge of the burning fuel jet has been cal-
culated and the results are plotted against temperature in Fig. 10. These calculations were
done for oil with 5000 ppm Ca, oil consumption 0.1% of fuel consumption and a diesel
fuel with 10 ppm sulfur burning at an equivalence ratio of 1 and pressures of 1 atm and
30 atm. At the highest temperatures most of the Ca is found as gaseous hydroxides, but as
products of combustion cool equilibrium shifts first to CaO and then at lower temperature
to CaSO4. The exact distribution of Ca compounds will depend on actual reaction rates
but these equilibrium calculations suggest that gas to particle conversion is likely to take
place as the cylinder gases cool below about 1300 oC. Whether the resulting materials
are emitted as individual nucleation mode particles or are scavenged by soot particles in
the accumulation mode depends on the rate of cooling and the concentration of soot. Fast
cooling and low soot concentrations favor nucleation. This means that engines with very
low soot emissions will emit ash as very small particles in the nucleation mode range
(Gidney et al. [24]; [25]). Engine wear generates coarse particles containing metals like
Fe and Cu that may be directly emitted or accumulate in the oil. Atomized oil will in-
troduce these metals back into the combustion chamber and a fraction may vaporize and
subsequently form nanoparticles (Mayer et al. [59]).
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Figure 10: Equilibrium distribution of Ca species for conditions expected during engine

expansion stroke. ULSD, 10 ppm sulfur, equivalence ratio = 1, oil consump-
tion 0.1% of fuel consumption, oil composition, mass fraction Ca, S, P. 5000,
5000, and 1000 ppm, respectively.

In engines fitted with exhaust filters, ash particles are removed from the exhaust but ac-
cumulate in the filter and necessitate periodic cleaning. However engines that produce
sufficiently low particle emissions to meet emission standards without filters will emit
these particles into the atmosphere. As shown in Fig. 3, semi-volatile nucleation mode
particles form as the exhaust cools and dilutes. Semi-volatile particle precursors, mainly
sulfuric acid and hydrocarbons, become supersaturated and undergo gas-to-particle con-
version. Except under very light load and idle conditions, temperatures in the tailpipe are
too high for nucleation to occur and most of the nucleation and growth takes place as the
exhaust mixes with ambient air, not in the tailpipe. Nucleation is an extremely nonlin-
ear process so that dilution conditions, for example, temperature and dilution rate, may
change the concentration of semi-volatile particles in the nucleation mode by an order of
magnitude or more. On the other hand, solid particles, mainly carbon agglomerates and
ash, are formed in the engine itself and are thus not influenced by dilution conditions.

6.1 Influence of sampling and dilution conditions on particle forma-
tion and growth

A number of early studies examined the influence of dilution conditions on nucleation
mode formation (Abdul-Khalek et al. [2]; [3]; [4]) and found that most of the nucleation
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mode formation and growth took place at dilution ratios between about 5 and 20 where the
saturation ratio of the semi-volatile particle precursors reaches a maximum. A two-stage
sampling and dilution system (VRTDS) was developed consisting of primary dilution, a
variable residence time aging chamber where nucleation and growth occurs under con-
trolled conditions, and then secondary dilution to freeze subsequent formation, growth,
and coagulation processes. Figure 11 shows the influence of dilution and sampling con-
ditions on the size distributions measured using the VRTDS and an SMPS to measure
particle size and concentration (Abdul-Khalek et al. [4]). The results shown are for a
medium-duty diesel engine running at medium speed and load. The nucleation mode is
strongly influenced by dilution conditions. Increasing residence time in the primary di-
lution chamber from 230 ms to 1 s increases the number concentration in the nucleation
mode by two orders of magnitude. Decreasing the temperature in the primary dilution
chamber from 66 oC to 32 oC increases the number concentration in the nucleation mode
by about one and a half orders of magnitude.

 
 
 Figure 11: Influence of dilution conditions on nucleation mode formation. The left panel

shows the influence of aging time at fixed dilution ratio, temperature, and
humidity. The right panel shows influence of primary dilution temperature at
fixed residence time, dilution ratio, and humidity (Adapted from Abdul-Khalek
et al. [4]).

Unlike the nucleation mode, accumulation mode does not appear to be significantly in-
fluenced by these changes. However, most of the semi-volatile mass emitted by a diesel
engine is typically in the accumulation mode size range, adsorbed on soot particles. Com-
monly used particle sizing instruments like the TSI Inc. SMPS and Engine Exhaust Parti-
cle Sizer (EEPS) and the Cambustion Differential Mobility Spectrometer (DMS500) size
particles based on electrical mobility diameter, which depends on the drag of the external
envelop of the particle. Particles in the accumulation mode range are generally soot ag-
glomerates with an external area that does not depend strongly on the amount of adsorbed
material. Thus, the relative insensitivity of the mobility diameter of accumulation mode
particles to dilution conditions does imply that the amount of adsorbed mass is indepen-
dent of dilution conditions. Sakurai et al. [68], [69] heated size selected particles in the
accumulation mode and found that volume changes calculated from changes in mobility
diameter were much smaller than mass changes measured with an aerosol centrifuge.
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6.2 Diesel exhaust particles in the atmosphere

Concerns about sampling and dilution led to the CRC E-43 program (Kittelson et al. [45]);
in which measurements made in the laboratory and under real-world, on-road conditions
were compared. A mobile emissions laboratory (MEL) was constructed to determine the
relationship between nucleation mode formation under real-world roadway conditions and
typical laboratory test conditions. The MEL was used to collect gaseous and aerosol data
while following heavy-duty trucks on rural roadways. The sample intake, located in front
of the MEL, was set at a height of 4 m to sample the plume of heavy-duty trucks. The
primary instrument used to determine the number, surface, and volume size distributions
was a TSI 3071 SMPS. It was configured to measure particles in the size range from 8
to 300 nm. A TSI 3025A Ultrafine Condensation Particle Counter (UCPC) (Kesten et al.
[40]; Wiedensohler et al. [88]) was used to determine the total number concentration for
particles ranging in size from about 3 to 1000 nm. This UCPC has a maximum concen-
tration of 100,000 particles cm−3. Leaky-filter dilutors with dilution ratios ranging from
220:1 to 350:1 were used with the UCPC to prevent overranging. Onboard gas analyz-
ers measured CO2, CO, and NOx in the diluted exhaust plume and roadway background.
Sensors in the exhaust of the trucks being chased measured CO2 and NOx simultaneously
and allowed on-road dilution ratios to be calculated. Further details on the MEL and the
instruments and systems used are available elsewhere (Kittelson et al. [43]; [45]). The
same trucks were tested on chassis dynamometers at the engine manufacturer’s facility.
Sampling and dilution conditions were optimized to match roadway size distributions as
closely as possible (Kittelson et al. [47]).
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 Figure 12: On-road and laboratory size distributions operating on 350 ppm S EPA fuel,

left pane, and 50 ppm S CA fuel, right pane (Adapted from Kittelson et al.
[45]).

Figure 12 shows on-road chase and chassis dynamometer measurements of size distri-
butions for a truck powered by a heavy-duty diesel engine with full electronic engine
management and meeting the 0.1 g bhp−1hr−1 particulate matter (PM) standard that was
in effect from 1994 through 2006. Since 2007 all heavy-duty trucks in the U.S have been
fitted with diesel particle filters (DPF) so that this engine is representative of modern pre
DPF engine technology. The results shown are a composite of loaded and unloaded high-
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way cruise under moderate summer conditions. Results are shown for a CA fuel with
about 50 ppm sulfur and an EPA fuel with about 350 ppm sulfur. The CA fuel produced
a smaller nucleation mode than EPA fuel. A volatile nucleation mode was present both
on-road and in the laboratory. A two-stage, porous tube/ejector dilutor system was used
in the laboratory tests on the chassis dynamometer. It could reasonably simulate on-road
nucleation mode formation under appropriate test conditions. The size of the nucleation
mode relative to the accumulation is more significant than the absolute levels due to un-
certainty in on-road dilution ratios. These results and similar ones for other engines tested
in the E-43 program show that it is possible to simulate nucleation mode formation for
carefully defined on-road conditions. However, at present, it is unclear as to which on-
road conditions should be simulated. There are many variables, including temperature,
previous operating history, road speed, exhaust system design, and others.

Rönkkö et al. [66] did a similar comparison of exhaust particle size distributions from
a heavy-duty diesel engine measured under laboratory and on-road conditions. Dilution
was done in the laboratory using a two stage dilution system consisting of a porous wall
dilutor followed by an ejector dilutor. On-road size distributions measured in chase ex-
periments stabilized within about 5 m of the exhaust stack. Concentration and size of
particles in the accumulation mode agreed well between on-road and laboratory dilution
and although the size of particles in the nucleation mode was similar in laboratory and
on-road measurements, concentrations were higher in on-road measurements. Low tem-
perature and high humidity increased nucleation mode formation. A similar dependence
upon temperature was observed in the E-43 study but humidity effects were less clear.

6.3 Physical and chemical properties of diesel aerosols

A variety of physical and chemical methods were used to characterize the composition and
size of diesel particles from contemporary diesel engines without aftertreatment as part of
the CRC/DOE E-43 program (Tobias et al. [82]; Ziemann et al. [91]; Sakurai et al. [68],
[69]; Kittelson et al. [47],[48]). Particle size distributions were measured for a variety of
engines, test conditions, and fuels. Figure 13 shows some representative measurements.
The first panel shows the influence of operating conditions on the formation of solid and
volatile nucleation modes. At idle and light load large volatile nucleation modes form
under normal sampling and dilution conditions. When a catalytic stripper (CS) (Kittelson
et al. [46]; Swanson and Kittelson [81]) is used to remove volatile material, a solid nucle-
ation mode remains, especially at idle. For the higher load condition there is no evidence
of either a solid or volatile nucleation mode. As the load is increased, the size of the ac-
cumulation mode increases, providing surface to scavenge materials that would otherwise
form a nucleation mode.

The other three panels, b, c, and d, in Fig. 13 show the influence of fuel sulfur con-
tent and operating conditions on the formation of a nucleation mode. Results are shown
for fuel sulfur levels varying from 1 to 325 ppm with and without a thermal denuder (TD)
that, like the CS, was used to remove volatile material. The TD measurements show a
unimodal aerosol with no evidence of a solid nucleation mode. At the two lighter load
conditions significant volatile nucleation modes are present at all sulfur levels and their
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concentrations increase with the fuel sulfur content. At the highest load condition, no nu-
cleation mode is formed except for the highest fuel sulfur content. This test condition also
led to the formation of the largest concentration of accumulation mode particles which act
as a sink for semi-volatile materials and suppress nucleation.

 

 

Figure 13: Influence of operating conditions and fuels on solid and volatile particles.
Panel (a) influence of operating conditions on solid and volatile, heavy-duty
engine, 50 ppm S fuel, CS denotes catalytic stripper. Panels (b)-(d) (adapted
from Kittelson et al. [47]) illustrate the influence of fuel sulfur content on
formation of the nucleation mode, heavy-duty engine, zero S fuel doped to S
levels from 1 to 325 ppm S, TD denotes thermal denuder.

A thermal desorption particle beam mass spectrometer (TDPBMS) was used to measure
the volatility and mass spectra of the volatile fraction particles in selected size ranges
between 15 and 300 nm. Three different engines were tested with fuels of sulfur content
ranging from 0 to 360 ppm. The engines were tested under steady state conditions at mod-
erate speeds and loads. For these engines and fuels, the organic component of diesel par-
ticles in both the nucleation and accumulation modes appeared to be mainly unburned lu-
bricating oil. The major organic compound classes found were alkanes, cycloalkanes, and
aromatics. Low-volatility oxidation products and polycyclic aromatic hydrocarbons that
have been found in previous GC-MS analyses (Rogge et al. [65], Schauer et al. [72]) were
only a minor component of the organic mass. Unlike traditional methods, the TDPBMS
analyzes all of the material that can be thermally desorbed instead of the organic mass that
is amenable to speciated analysis that typically constitutes only 5 to 10% of the elutable
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organic particulate matter and is thus less sensitive to low concentration species. Small
amounts of sulfuric acid could be detected in nanoparticles formed with 360 ppm sulfur
fuel, but those formed with less than 100 ppm sulfur fuel showed no evidence of sulfuric
acid; these nanoparticles were nearly pure heavy organics.

The physical properties of the particles were studied using Tandem Differential Mobil-
ity Analysis (TDMA) originally developed by Rader and McMurry [64]. These experi-
ments allowed size-resolved measurements of volatility to be made. The particles were
heated and the diameter decrease measured. These measurements showed that the parti-
cles consisted of an external mixture of "more volatile" and "less volatile" particles. At 30
nm, roughly the boundary between the nucleation and accumulation modes, both "more
volatile" and "less volatile" particles were found. For smaller sizes, "more volatile" par-
ticles like those found in the nucleation mode dominated; for larger sizes, "less volatile"
particles like the carbonaceous agglomerates found in the accumulation mode dominated.
The "more volatile" particles evaporated in TDMA like C24-C32 normal alkanes. These
heavy alkanes are much more prevalent in lubricating oil than in fuel. Taken together,
the size distribution, TDPBMS, and TDMA measurements lead to several conclusions
about the formation and composition of the nucleation mode. The size distribution mea-
surements show that, in general, increasing the fuel sulfur increases the magnitude of the
nucleation mode. On the other hand, the TDPBMS and TDMA measurements show that
the nucleation mode consists mainly of heavy hydrocarbons, with a significant amount
of sulfuric acid found only in the smallest particles with the highest amount of fuel sul-
fur. Thus, it would appear that the presence of sulfur in the fuel facilitates the nucleation
and growth of nucleation mode particles that consist mainly of heavy hydrocarbons. This
same hypothesis was postulated based solely on size distribution measurements and phys-
ical arguments by Khalek et al. [42] and later by modeling the physics of nucleation mode
formation (Vouitsis et al. [85]).

In most cases, the nucleation mode contains less than 1% of the particle mass. Since
diesel particulate matter often contains 10% or more sulfate and water and 20% or more
OC, most of the sulfate and OC mass must reside in the accumulation mode, presumably
adsorbed on the carbonaceous agglomerates formed by combustion. The nonvolatile ma-
terial found in the nucleation mode at idle and light load conditions is likely to be ash
formed from metallic additives in the lubricating oil, although the presence of tiny solid
carbonaceous particles cannot be ruled out.

6.4 Formation and growth of the nucleation mode

The relative importance of homogeneous and heterogeneous nucleation and the role of
solid nucleation sites in the formation of the nucleation mode are still unclear. In this
paper we have focused on engines without exhaust aftertreatment that were run mainly
on relatively high sulfur fuels, often in the 350 ppm S range. Kittelson [44] suggested
that for engines without aftertreament running on such fuels the primary nucleation step
was binary sulfuric acid water nucleation. Khalek et al. [42] argued that although the pri-
mary nucleation step was binary sulfuric acid water, the sulfuric acid concentration in the
exhaust was insufficient to explain observed growth rates, that heavy hydrocarbons were
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the likely growth species. This explanation is consistent with the observation by Tobias
et al. [82] that the nucleation mode consisted of mainly heavy hydrocarbons with a small
amount of sulfate. Lemmetty et al. [54] modeled binary sulfuric acid water nucleation in
a diluting exhaust plume. They included coagulation and condensation sinks associated
with existing soot particles and examined different rates of dilution and cooling. Their
model predicted that the sulfuric acid concentration associated with 100% conversion of
the sulfur in a 5 ppm sulfur fuel would produce a nucleation rate sufficient to explain
observed nucleation mode formation, even when coagulation and condensation sinks cor-
responding to soot concentrations characteristic of older engines were included. The same
sulfuric acid concentration would be produced with a 350 ppm S fuel with a 1.4% conver-
sion rate, a reasonable value for and engine without aftertreatment. This work suggests
that homogeneous nucleation of sulfuric acid and water could provide the nucleation sites
necessary to explain nucleation mode formation by engines without aftertreatment run-
ning on higher sulfur fuels at moderate and higher loads, but not for conditions where the
product of the sulfur content of the exhaust and the conversion rate to sulfuric acid is low.
Such conditions include light loads with higher sulfur fuels and all load conditions with
very low sulfur fuels. Under these conditions other nucleation sites consisting of solid
particles or very low volatility hydrocarbons may be important.

The engine studies described above found little evidence of a solid core in nucleation
mode particles except at a few light load conditions where a solid ash mode was observed,
but in most cases the instruments used in these studies could not resolve particles smaller
than 8 nm. However, Ziemann et al. [91] and Sakurai et al. [68] examined particles as
small as 3 nm and found some evidence of a solid residue when "more volatile" particles
were heated in the TDMA system. Pure lubricating oil particles also produced a solid
residue and there was a suggestion of a solid residue when pure normal alkane particles
were heated. Thus the solid residue associated with the "more volatile" particles might
either represent some type of charring or a true solid residue although Sakurai et al. [68]
suggested that diesel nanoparticles are mainly alkanes and would not be expected to char.

Other work has suggested that a solid core might be important. Lähde et al. [51] ar-
gued that for engines without catalyzed diesel particle filters (CDPF) but with modern
low sulfur fuels, binary homogeneous nucleation of sulfuric acid would be unable to pro-
vide sufficient nucleation sites for formation of the nucleation mode. They also examined
and ruled out the possibility of ionic nucleation. However they found a small fraction
of nucleation mode particles, about 1-2% were charged, suggesting that these particles
were formed by heterogeneous nucleation on tiny solid particles formed by combustion,
which would be expected to be charged. They also directly measured tiny solid particles
with concentrations nearly the same as the nucleation mode particles providing further
evidence that the nucleation mode was formed by heterogeneous nucleation.

De Filippo and Maricq [15] also found evidence of a solid core in nucleation mode par-
ticles emitted by engines without a CDPF. They tested three different light duty engines
and measured the charged fraction as a function of particle size and size distributions with
and without a thermal denuder (TD) to remove volatile particles. At idle, one of the en-
gines showed little evidence of a solid nucleation mode but the other two engines, based
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both the charged fraction and TD measurements, gave results consistent with formation of
nucleation mode particles by heterogeneous nucleation on solid particles formed by com-
bustion. They also examined the morphology of the nucleation mode particles by electron
microscopy and found that they exhibited a diffuse amorphous structure similar to soot
precursor particles observed in some flame studies.

Rönkkö et al. [67] tested a heavy-duty Euro IV engine without aftertreatment under vari-
ous dilution and sampling conditions with and without a TD. Their results were essentially
independent of fuel sulfur content and suggest that the nucleation mode consisted mainly
of heavy hydrocarbons that had undergone heterogeneous nucleation on a solid core. The
engine they tested had very low soot emissions relative to OC emissions, which were as-
sumed to derive mainly from partially burned lubrication oil. This led to the formation
large concentrations of nucleation mode particles because soot levels were insufficient to
adsorb the hydrocarbons and thus suppress nucleation. The high oil to soot ratio would
make it more likely that lubricating oil ash particles form a separate nucleation mode as
suggested earlier in the discussion of Fig. 3. Thus nucleation mode particles formed from
lubricating oil ash may have provided sites for nucleation of heavy hydrocarbons.

A different nucleation path is suggested by Inoue et al. [31]. They used time of flight sec-
ondary ion mass spectrometry (TOF-SIMS) and metal assisted SIMS to analyze volatile
nanoparticles formed by a light duty diesel engine under idle and deceleration conditions.
They suggest that at under these lighter load conditions low volatility hydrocarbon species
are the nucleating materials: oxygenated hydrocarbons at idle and high molecular weight
hydrocarbons >C35 during deceleration.

Thus, available studies suggest that for engines without aftertreatment different primary
nucleation steps may be involved, depending on engine conditions and fuel. An important
unresolved question is the presence of a solid core. Most modern engines are equipped
with CDPFs which are very efficient in removing solid particles, especially in the nanome-
ter range where diffusion is a very effective removal mechanism. However improved
combustion may make it possible to meet emission standards without aftertreatment (see
Auto131 particulate matter aftertreatment discussions). Then any extremely tiny particles
present will be emitted to the atmosphere with possible negative health impacts.

7 Particle Emissions from Gasoline Engines

The previous sections focused on particle emission in diesel engines. However most of
the light duty vehicles operate either port fuel injected (PFI) or direct injected gasoline
engines (DISI). Although modern, well maintained PFI engines emit very little PM in
certification driving cycles, older and worn engines and engines operating under high
load or cold start conditions can emit significant amounts of PM. For example, Storey
et al. [80] tested a pristine 1967 (pre emission control vehicle, designed for leaded fuel) in
the standard US FTP cycle and found it emitted 41 mg/mi when operated on modern un-
leaded fuel and 140 mg/mi when operated on leaded fuel. More recently the Kansas City
Light-Duty Vehicle Emission Study (Fulper et al. [23]) was initiated because of ongoing
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uncertainty about the relative contributions of diesel and gasoline vehicles to PM2.5. Ve-
hicles were tested on a portable chassis dynamometer under outdoor ambient temperature
conditions using the LA92 Unified Cycle. Tests were conducted in a summer phase in
2004 with a fleet consisting 80 light trucks and 181 passenger cars, and a winter phase
in 2005 with a fleet consisting of 119 light trucks and 116 cars. PM emissions ranged
over three orders of magnitude with a downward trend for newer vehicles. The median
PM emissions for cars in the summer tests were 45, 7, 5, and 2 mg/mi for the pre 1981,
81-90, 91-95, and post 1996 model years, respectively. To put this into context, the emis-
sion standards for 1992-95, 96-99, and 2000-04 European diesel passenger cars were 220,
130 and 80 mg/mi. While these results indicate much higher PM emissions from diesels,
in-use and certification tests are not strictly comparable because PM emissions from PFI
engines are much more dependent on operating conditions than those from diesel engines.
The dramatic drop in emissions between pre-1981 cars and later years is likely associated
with the introduction of three-way catalysts and associated closed loop fuel-air ratio con-
trol. PM emissions from PFI engines have been shown to increase significantly on cold
starts and to be strongly fuel-air ratio and load dependent (Abdul-Khalek and Kittelson
[1], 1995; Graskow et al. [26]; Maricq et al. [57]; Kittelson et al. [47]; Schauer et al.
[73]). The fuel system on a 3-way catalyst equipped PFI vehicle delivers an essentially
chemically correct homogeneous mixture to the cylinder under normal driving conditions
leading to very low PM emissions. However, much richer mixtures are used under cold
start and some high load conditions leading to local inhomogeneities associated with in-
complete fuel evaporation, wall wetting, pool burning and much higher PM emissions.

More recently PFI technology is being replaced by gasoline direct injection (GDI) (Kume
et al. [50]; Iwamoto et al. [32]; Yi et al. [89]; McMahon et al. [60]; CARB [12]) in which
the gasoline is directly injected into the cylinder rather than into the inlet manifold. These
engines have been available in Japan and Europe since the 1990s and started entering the
US market in 2003. EPA projects that they will account for 50% of the gasoline vehicle
market in the U.S by 2020 (CARB [12]).

While GDI technology can lead to improved fuel economy, particle emissions often ex-
ceed that of PFI engines. GDI engines may operate in a stratified charge, lean mode or in a
homogeneous charge, stoichiometric mode. In the stratified lean mode the fuel is injected
late in the compression stroke and the diluting fuel jet is transported toward the spark plug
by in-cylinder motion. Like a diesel, combustion takes place in and around the diluting
fuel jet, but gasoline is much more volatile than diesel fuel so evaporation and mixing are
faster. Unlike a diesel, ignition occurs at a spark plug rather than by autoignition. In the
homogeneous stoichiometric mode, fuel is injected early in the intake stroke so that there
is sufficient time for mixing and formation of a homogeneous mixture. Lean GDI engines
generally use late injection for stratified lean operation at light load and early injection for
homogeneous charge stoichiometric at heavier loads, while stoichiometric engines use
early injection throughout their operating range. Another important characteristic of GDI
engines is the means of obtaining and controlling charge stratification. The mixing and
motion and the fuel jet may be, wall-guided, spray guided, or air guided. Most early GDI
engines used a wall guided mixing while more recently spray guided systems are becom-
ing more common. Few attempts have been made to model particle emissions in GDI
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engines using a detailed soot model. For example, Etheridge et al. [18]) simulates the
soot particle sized distribution in a GDI engine with early injection. Although the model
was able to reproduce qualitative trends it uses an empirical model for flame propagation
which has to be calibrated.

Two mechanisms have been identified to contribute to the formation of soot formation
in GDI engines. Firstly, stratification of the charge leads to rich-burning zones in the fuel
jet that produce soot particles and secondly fuel spray that strikes the piston will form
liquid films and pools and the resulting pool fires produce significant amounts of PM and
HC. In lean GDI engines, lean mixtures and minimized throttling lead to better fuel econ-
omy but both stratification of the charge and pool burning lead to soot formation. Gaseous
emission control is complex utilizing both a lean NOx trap in lean operation and a three-
way catalyst in stoichiometric operation. Stoichiometric GDI engines use early injection
to minimize stratification but large droplets and spray impingement still lead to more soot
formation than in PFI engines. While PFI engines also form soot related to large droplets
and pool burning, fuel is generally injected against closed intake valves where it evapo-
rates and any remaining liquid is effectively atomized by shearing action of air flowing
over the intake valves early in the intake stroke. Stoichiometric operation allows a 3-way
catalyst to be used for CO, hydrocarbon and NOx control.

Andersson et al. [5] tested a range recent diesel and gasoline passenger cars as part of
the EU PMP program: 6 DPF equipped diesel, 6 conventional diesel, 3 PFI, 3 lean GDI,
and 1 stoichiometric GDI. Number (PN) emissions for the lean GDI vehicles were about
one and a half orders of magnitude higher than PFI vehicles and one and a half orders of
magnitude lower than conventional diesel. The stoichiometric GDI vehicle PN emissions
were about a factor of 4 lower than lean GDI vehicle. As a group DPF equipped diesels
produced the lowest emission, slightly lower than PFI gasoline. The cleanest of the lean
GDI engines used spray guided combustion systems and produced PM emissions in the
range of 2-2.5 mg/km, easily meeting the Euro 6 PM emission standard of 4.5 mg/km.
On the other hand PN emissions ranged from 2 to 4 x 1012 particles/km, 3 to 7 times the
Euro 6 PN standard of 6 x 1011 particles/km that applies the diesel vehicles. Braisher et al.
[10] found that a lean GDI vehicle produced PN and PM emissions about half and order
of magnitude higher than a stoichiometric GDI vehicle which in turn produced PN and
PM emissions about an order of magnitude higher than a PFI vehicle when tested over
the New European Driving Cycle. The cleanest GDI vehicle used a stoichiometric wall
guided combustion but produced PM emission slightly above the Euro 6 standard and PN
emissions 10 times the diesel standard. These high particle emissions have prompted sev-
eral studies on the effects of engine operating parameters and fuel composition on particle
characteristics. Khalek et al. [41] tested a 2009 stoichiometric GDI engine on 3 com-
mercially available fuels. Emissions ranged from 0.7 to 3.2 mg/km and 2 to 5.9 x 1012

particle/km on the FTP cycle and 1.3 to 12.8 mg/km and 4.2 to 15.9 x 1012 particle/km on
the more aggressive US06 cycle. Somewhat surprisingly the highest emitting fuel was the
only one containing ethanol (E10 or 10% ethanol by volume) which usually reduces parti-
cle emissions. However, other properties of the fuel were also different. Maricq et al. [58]
tested the influence of engine calibration and ethanol content of the fuel on the gaseous
and particle emissions from a current technology stoichiometric GDI vehicle. With neat
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gasoline (E0) PM emissions ranged from 1.9 to 4.3 mg/km depending on engine calibra-
tion. E10 and E17 produced roughly 20% reductions in PM but the changes were within
experimental uncertainty. Higher blends, E32 and E45 produced a statistically significant
decrease in PM of about 45% compared E0. Storey et al. [79] examined the influence of
ethanol blends on particle emissions from a Euro 4 lean spray guided GDI vehicle and a
2007 US stoichiometric GDI vehicle. Tests were run for a variety of conditions including
US FTP and US06 cycles, steady state, and step transient tests. Fuels tested included E0,
E10 and E20. In the FTP cycle emissions of PM with the E0 fuel were 2 and 2.8 mg/km
for stoichiometric and lean, respectively, while in the US06 cycle PM emissions for the
two vehicles were similar at about 3.3 mg/km. Ethanol blends led to significant PM re-
ductions in the range of 50% for E20 blends. Zhang and McMahon [90] tested a fleet
of 9 2007 to 2010 stoichiometric GDI light duty vehicles, 7 with wall guided and 2 with
spray guided mixing. A 2009 PFI vehicle was also tested. The test fuel was a standard
California summer blend containing 6% ethanol. The vehicles were tested on the FTP
cycle and PM emissions ranged from 1 to 5.3 mg/km for the GDI vehicles and 0.4 mg/km
for the PFI vehicle. As a group the spray guided GDIs were cleaner than the wall guided
with PM of 1.5 compared to 2.7 mg/km but the PM emissions from the best spray and
wall guided were essentially the same at 1.0 mg/km. PN emissions from the best spray
and wall guided vehicles were 2.8 and 1.9 x 1012 particles/km, so that for PN the wall
guided system was actually better. The authors attribute this to very high emissions dur-
ing the cold start but low emissions subsequently with the spray guided system while the
wall guided system did not produce such high cold start emissions but continued to emit
at moderate levels throughout the cycle.

The bulk composition of GDI particles was examined in several of these studies (An-
dersson et al. [5]; Khalek et al. [41]; Storey et al. [79]; and Maricq et al. [58]). The
composition of particles from lean GDI is similar to diesel, a mix of organic carbon (OC)
and elemental carbon (EC) with typically more EC than OC. Stoichiometric GDI engines
have high exhaust temperatures and a 3-way catalyst that oxidizes most of the OC leaving
mainly EC. With stoichiometric engines OC does not depend very much on the fuel and is
likely associated with high molecular weight components associated the lubricating oil. In
lean engines the addition of ethanol to the fuel reduces the EC and slightly reduces the OC
while in stoichiometric engines it strongly reduces EC but has little impact on OC. This
suggests EC is fuel derived and some OC is fuel derived in lean engines, but OC is largely
fuel independent in stoichiometric engines, presumably derived mainly from heavy ends
of the lube oil that pass through the catalyst. Earlier work on the performance of three-
way and oxidizing catalysts on high molecular weight organic components showed that it
is diffusion limited so that high molecular weight, low diffusion coefficient components
may pass through a catalyst that is otherwise very effective (Johnson and Kittelson [33];
Graskow et al. [26]).

The morphology of particles from a stoichiometric GDI engine was examined by Seong
et al. [74] using high resolution transmission electron microscopy. Particles were sampled
using a thermophoretic sampler upstream of the three-way catalyst. Fractal analysis of the
aggregates showed that the compactness was intermediate between those from light-duty
and heavy duty diesel engines. The primary particles in the aggregates had graphitic struc-
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tures but were less ordered than typical of diesel particles. Primary particles under 10 nm
diameter were observed under some conditions.

GDI particle emissions are sensitive to many factors, lean vs stoichiometric, spray vs
wall guided, calibration details and fuels. The response to ethanol containing fuels illus-
trates the complexity of the problem, Storey et al. [79] showing large reductions in PM
with E20, Maricq et al. [58] showing a much more modest decreases, and Khalek et al.
[41] showing an increase with E10, although in this case other fuel properties were also
different. Particle emissions from GDI engines, both in terms of PM and PN fall between
those from diesel and those from PFI gasoline. GDI engines have less soot forming ten-
dency than diesel because the fuel is more volatile and more resistant to autoignition so
that the fuel jet mixes to a leaner mixture before ignition occurs, but more of a tendency
to form soot than PFI because although the fuel jet is better mixed at combustion than in
a diesel, it is still not as homogeneous as the charge formed by vaporization in the intake
port and atomization by the shearing flow over the intake valve that takes place in a PFI
engine. The GDI fuel spray is also more prone to wall wetting and pool burning especially
on cold starts where vaporization is slow.

Progress is being made in reducing both PM and PN emissions from GDI vehicles but
significant challenges remain. Most of the vehicles tested recently would meet the Euro
6 PM standard of 4.5 mg/km and the cleanest could already meet the proposed 2017 Cal-
ifornia LEV III standard of 1.9 mg/km. However, none of them could meet the Euro 6
diesel PN standard of 6 x 1011 particles/km. A PN standard for GDI vehicles goes into
effect in September 2014, but to allow time for further development the EU will allow
GDI vehicles to emit 6 x 1012 particles/km, 10 times the diesel level until September 2017
when the standard drops to the diesel level. At present there are no plans for a PN standard
in the US.

8 Challenges and Future Research Needs

All processes which lead to particle formation as they have been described above are still
not understood well enough to create a truly predictive overall model of particle formation
in internal combustion engines. In the following an attempt is made to highlight the most
important needs in different areas.

Spray: For the development of better spray models it is necessary that the flow of the
liquid in the nozzle, the influence of the nozzle geometry and the breakup of a spray of
varying composition is better understood. This will require high resolution direct numer-
ical simulations and experiments to extract statistics of droplet distributions as a function
of injector geometry, injection pressure and composition of the fuel.

Combustion chemistry: The prerequisite of a detailed soot model is a detailed under-
standing of the combustion chemistry. Combustion chemistry models of the future need
to be able to account for realistic fuels using surrogate species which not only reproduce
the correct heat release but also include the most important soot precursor reactions to
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represent the sooting propensity of practical fuels. For these models to be usable in en-
gine simulation software they have to be sufficiently small, which requires good reduction
techniques. To model particulate emission in general the combustion chemistry of the in-
organic components needs to be developed.

Soot: None of the existing soot models have predictive power as most of the steps which
form, grow, restructure and oxidize soot are not understood. In future computational
chemistry, such as molecular modeling and kinetic Monte Carlo studies will guide the
model development. It is clear that at least in the first instance very detailed type-space
models will be required to understand the restructuring and fragmentation of soot parti-
cles. This means that the composition as well as the aggregate structure of the particles
needs to be included in a soot model.

Mixing and flow: The flow in an engine is highly turbulent and this will have a pro-
found effect on the speed at with which chemical reactions can occur. The development
of LES codes and suitable reaction rate closures may lead to more robust models.

Other particles: Other than soot, three main types of particles emitted are by engines
without aftertreatment: (1) metal compounds from additives in the lubricating oil and fuel
and from engine wear; (2) semi-volatile hydrocarbons from incomplete combustion of the
lubricating oil and fuel - these species consist mainly of alkanes, cycloalkanes, and aro-
matics, along with smaller concentrations of low-volatility oxidation products and PAHs;
and (3) sulfates from fuel and lubricating oil sulfur. As improved combustion processes
lead to reduced soot emissions these other particle type will become more important. Lu-
bricating oil is an important source of these other particles and efforts should be made to
reduce lubricating oil consumption and metal content. When soot is reduced, less surface
area is available to scavenge ash nuclei and more solid ash nanoparticles are likely to be
emitted. In engines without particle filters this may become an issue in the future. So
far, very little progress has been made to account for these processes in current engine
emission models.

Data: As the capabilities to store data have increased, the calibration methods, which
have been used so far, need to be developed further to exploit the wealth of available
information. In particular, techniques developed for calibrating the control unit, may be
used to develop semi-empirical models, which can then be used to improve overall engine
performance employing mathematical optimization techniques.

9 Conclusions

Modern experimentation and increasing computing power have contributed much towards
the understanding of particle formation in internal combustion engines. In this article we
have reviewed work in this area with an emphasis on soot formation during in-cylinder
combustion for both diesel and gasoline engines. Aerosols are formed during combus-
tion, in the exhaust duct and post-tailpipe. Specific mechanisms, which play an important
role in the formation of aerosols, are injection of fuel, formation and oxidation of parti-
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cles during combustion, exhaust gas recirculation (EGR) and condensation of volatiles.
The physical and chemical properties of fuels play an important role as they influence
ignition behavior as a consequence of mixture preparation in the cylinder and through
their different sooting propensity. The mechanisms of formation, growth and oxidation of
carbonaceous particles have been discussed in detail and the most popular mathematical
modeling approaches were outlined. Solid and semi-volatile nucleation mode particles
have been treated in some detail. Except for sulfate particles these particles are effec-
tively controlled by modern catalyzed diesel particle filters, but without filter they will
continue to be an issue. Key drivers in the formation of these particles are lubricating oil
metals and sulfur in the fuel and oil. Emissions from GDI engines fall in number and
mass of particles emitted in between PFI gasoline and diesel engines. Without particle fil-
ter technology current GDI engines fall short of the Euro 6 diesel PN standard. Although
substantial progress has been made, further model improvement and experimental work
is necessary to fully understand the complex processes that lead to aerosol emissions and
to improve current technology.
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