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Abstract

To achieve cleaner combustion and higher efficiency in compression ignition
(CI) engines, many new combustion strategies have been developed. Among these
new concepts, partially premixed combustion (PPC) attracts a lot of attention, be-
cause of its possibility to achieve low soot and NOx simultaneously. Compared to
homogeneous charge compression ignition (HCCI) combustion, charge stratifica-
tion in PPC can lead to increased soot emissions. This thesis deals with questions
related to soot emissions in PPC. The objective is to gain information and better
understand the soot particle characteristics from diesel, gasoline and ethanol fuels
with varied in-cylinder emission control parameters.

By means of injection timing, it is possible to have combustion from HCCI
into PPC mode with the assistance of intake temperature. PPC shows benefits of
higher engine efficiency and lower UHC and CO emissions than HCCI. However,
it can also face the challenges of higher soot emissions. The study carried out with
altered dilutions and different kinds of fuels illustrates that NOx emissions can
be suppressed by increasing exhaust gas recirculation (EGR) or reducing intake
pressure, but at the expense of increased soot emissions with diesel and gasoline
fuels. The significant soot increase and largely reduced engine efficiency in sto-
ichiometric operations also indicated low possibility for clean PPC with simple
three-way catalyst with these fuels. On the contrary, ethanol emitted close to zero
level soot emissions regardless of the variations in engine operating parameters.
This has made it an attractive fuel for PPC study.

To be compliant with future stringent exhaust gas legislations for CI engines,
soot exhaust after-treatment system may need together with new fuel strategies in
PPC operations. Hence, information of the corresponding soot particle character-
istics, including particle number and size, is necessary. Ethanol, high-octane and
low-octane gasoline were used to perform PPC soot emissions investigations, with
diesel fuel as a comparison. In-cylinder emission control parameters, such as in-
jection timing, intake temperature, EGR and injection pressure were selected and
tested to find their effects on soot emissions. Retarding injection timing increased
fuel stratification, which resulted in increased soot emissions of larger particle size
and higher number density. Variations of other engine parameters led to two quite
different trends of soot emissions with fossil fuels and ethanol fuel. When EGR
increased, first soot mass emissions increased with higher particle number and
larger size. After reaching a peak value at a certain level, soot mass decreased
with smaller particles and lower particle number concentration upon more EGR.
Increasing intake temperature or reducing injection pressure promoted soot pro-
duction with larger particle size and higher particle number concentration. Com-
pared to diesel, gasoline showed great improvements in soot emission levels due to



lower particle number concentrations and smaller particle sizes, particularly with
high octane gasoline fuel. On the other hand, ultra-low soot mass and particle
number emissions were found with ethanol fuel in all condition. Consequently it
requires less engine efficiency compromises to comply with the legislation stan-
dards. In the mean time, the exhaust after-treatment system can be simplified.
Very slight soot emission change in response to the variations of engine conditions
also increases the robustness.

In addition to the findings in the exhaust, an in-cylinder soot particle analysis
was done via in-cylinder gas fast sampling technique and on-line aerosol instru-
ments. The results revealed that during combustion, EGR reduced both soot
formation and soot oxidation, but the more reduced soot oxidation was the main
reason for increased soot mass emissions with EGR. Comparison of soot processes
with gasoline and diesel indicated that much lower soot formation was the main
reason for lower exhaust soot emissions from gasoline PPC operation. Diesel parti-
cle size distributions appeared to have only an accumulation mode, while gasoline
particle size distributions had a nucleation mode that was always present and
dominated, and a soot/accumulation mode presented only when soot mass was
simultaneously detected.
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Populärvetenskaplig sammanfattning

Analys av verkningsgrad och partikelutsläpp med delvis förblandad
förbränning (PPC) med diesel, bensin och etanol

Slutsatsen från arbetet är att nya bränslestrategier för att komplettera mo-
torns styrparametrar kan vara ett kraftfullt verktyg för fortsatt minskning av par-
tikelutsläpp i dieselmotorer. De förändrade partikelegenskaper som syntes från de
olika bränslena kan få konsekvenser för effektiviteten av efterbehandlingssystem.
Tillsammans med rätt avgasefterbehandling har PPC stor potential som en ren
motor med hög verkningsgrad.

PPC-förbränning är ett nytt förbränningskoncept för kompressionständning
/ dieselmotorer. Med det här konceptet blandas bränsle och luft mer än vid die-
selförbränning, innan blandningen självantänds. Blandningen brinner snabbare
än med konventionell dieselförbränning. Genom att använda mycket luft eller
avgasåtercirkulation (EGR) sänks förbränningstemperaturen. Den snabba för-
bränningen och låga förbränningstemperaturen resulterar i att värmeförlusterna
minskas. Motorns verkningsgrad är högre än vid konventionell dieselförbränning,
följaktligen kan man uppnålägre bränsleförbrukning. Koldioxidutsläppen (CO2)
är proportionella mot bränsleförbrukningen. Genom att öka verkningsgraden, kan
CO2-utsläppen minskas vilket minskar påverkan på den globala uppvärmningen.
Dieselmotorns höga motoreffektivitet behålls, samtidigt som utsläppen av partik-
lar och kväveoxider minskas på grund av bättre bränsle-luftblandning och sänkt
förbränningstemperatur. Dessutom, vid användning av biobränslen såsom etanol,
är det möjligt att ytterligare reducera utsläppen och minska vårt oljeberoende.

I det här arbetet presenteras analys av hög verkningsgrad och låga utsläpp av
partiklar med PPC genom att utföra experiment i en dieselmotor av lastbilstyp.
Etanol och bensin används för jämförelse med konventionell diesel.

Genom att ändra motorns driftsparametrar såsommängden luft och recirkuler-
ade avgaser, kunde motoregenskaper och energiförluster analyseras och jämföras
mellan de olika bränslena. Etanol gav hög verkningsgrad och nästan inga partike-
lutsläpp. Bensin gav högre partikelutsläpp, men gav stora förbättringar jämfört
med diesel, både för motorns verkningsgrad och partikelutsläpp.

För att kunna utforma ett effektivt efterbehandlingssystem för avgaserna, är
det önskvärt att få kunskap om partiklarnas egenskaper, inte bara partikelmassa,
som vanligtvis är vad som studeras. Partikelantal och partikelstorlek från för-
bränning med etanol, bensin och diesel presenteras. Resultaten visar att partiklar
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från etanol var mycket små, i storleksordningen 5- 20 nm. Bensin och dieselpar-
tiklar var mycket större än så. Bensin gav lägre partikelantal och mindre storlek
påpartiklarna än diesel.
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SI Spark ignition
CI Compression ignition
GHG Green house gases
CO2 Carbon dioxide
PM Particulate matter
UHC / HC Unburned hydrocarbon
CO Carbon monoxide
NOx Oxides of Nitrogen
DPF Diesel Particulate Filter
SCR Selective Catalytic Reduction
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PPC Partially premixed combustion
PAH Polycyclic aromatic hydrocarbons
EGR Exhaust gas recirculation
PN particle number
TDC Top dead center
LTC Low temperature combustion
HCCI Homogeneous charge compression ignition
PCCI Premixed charge compression ignition
MK Modulated kinetics
UNIBUS Bulky combustion system
RCCI Reactivity controlled compression ignition
IMEPg Gross indicated mean effective pressure
FSN Filter Smoke Number
ISPM Indicated Specific Particulate Mass
ISPN Indicated Specific Particle Number
GMD Geometric mean diameter
rBC refractive black carbon
CA50 Crank Angle at 50% completion of heat release
aTDC After the firing top dead center
CAD Crank angle degree
λ Air – fuel equivalence ratio
RON Research octane number
MON Motor octane number
CN Cetane number
A/Fs Ratio Stoichiometric air/fuel ratio
LHV Low heating values
MK1 Environmental Class 1 Swedish diesel
EATS Exhaust after-treatment system
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Chapter 1

Introduction

1.1 Background

Internal combustion engines have a long history, which can date back to year 1876
when Otto first developed the spark-ignition (SI) engine and year 1892 when Diesel
invented the compression-ignition (CI) engine [1]. The internal combustion engines
are designed to convert the chemical energy contained in the fuel into mechanical
power. Since they are invented, combustion engines have been widely applied in
transportation and power generation. Commercial vehicles have been the most
important power source for decades.

CI engines or diesel engines have found wider applications than SI engines
because of general higher engine efficiency and correspondingly lower specific fuel
consumption. They dominant in the heavy-duty sector, both on land and at sea.
Despite its long history and wide applications, the demand for the engine im-
provements are still high. One of the main challenges of today’s diesel engines
is the negative effect of pollutants on the climate and human health. Nowadays,
the global emissions of Green House Gases (GHG) are increasing. The emission
of CO2 from transport sector is considered as a big contributor [2] as the CO2
emissions are proportional to the consumption of crude oil. In addition to the
global impact, diesel engines also pose local threats due to exhaust gaseous and
particle emissions. The legislated emissions from diesel engines are: Particulate
Matter (PM), nitrogen oxides (NOx), Unburned HydroCarbons (UHC), and car-
bon monoxide (CO), among which, NOx and PM are the two primary pollutants.
Nitrogen dioxide (NO2), a compound of NOx, has a strong capacity to absorb
infrared rays and is about 250 times more threatening to global warming than
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1.2. RESEARCH MOTIVATIONS
CO2 at the same concentration [3]. The reaction of NOx with sunlight produces
photochemical smog. PM emissions, can inhale deeply into the lungs where it can
be absorbed into the bloodstream or remain embedded in the lung parenchyma.
In particular, the possible carcinogenic character of polycyclic aromatic hydrocar-
bons (PAH) included in a soluble organic fraction is the major cause for the health
risk fears of nano particle emissions from diesel engines [4].

Another challenge with diesel engine is the consumption of conventional petroleum
fuels, which is relevant to the energy security as a result of the dependency on oil
import. Oil resources are gathered only in a few countries, mainly in the Middle
East, which is recognized as a politically unstable region [5]. Large dependence on
crude oil can lead to unsustainable energy supply and price.

Recently hydrogen fuel cell driven vehicles and pure electric vehicles have at-
tracted a lot of attentions in an effort to reduce the reliance on fossil fuel and the
engine-out emissions. However, technical challenges exist for hydrogen fuel cell
systems, including cost, durability, and hydrogen storage capacity [6]. Battery
systems face challenges in battery cost, performance, life, and tolerance to abuse
[7]. Before those batteries and fuel cell techniques are improved further more and
implemented on heavy-duty commercial transport, it is still necessary to continu-
ously improve the efficiency of conventional fossil fuel fed engines and reduce their
emissions. The potential reward of that and the potentials to increase the market
penetration are still large.

Diesel Particulate Filter (DPF), Selective Catalytic Reduction (SCR) or Lean
NOx Catalyst (LNC) are commonly used to reduce particulate matter and NOx
emissions. However, those devices increase the engine cost. On the other hand,
engine efficiency might be compromised to meet strict emissions regulations. It is
thereby desirable to reduce the emissions already inside the cylinder with advanced
combustion concepts, towards cleaner combustion with higher fuel efficiency.

1.2 Research Motivations

Partially Premixed Combustion (PPC) is a new combustion concept and it pro-
vides the potential of significant reduction of NOx and soot emissions for diesel
engines. Simultaneously it maintains high thermal efficiency. The goal of this
work is to understand the PPC combustion related questions, with the focus of
the engine-out particulate matter emissions from diesel fuel in comparison to that
from gasoline and ethanol.

Unlike traditional diesel combustion, PPC combustion relies on a prolonged
mixing time to get sufficient premixing between air and fuel prior to the auto-

2



1.3. METHOD
ignition. It is therefore necessary to understand the effect of charge stratification
on soot emissions. Given the engine operating conditions, soot formation strongly
depends on air entrainment in the fuel jet as well as the oxygen in the fuel, reflect-
ing the importance of fuel properties. Diesel is well-known as a sooty fuel while
other fuels like gasoline produces less soot. Thus, in the investigation presented in
this thesis, a big effort was made to sort out the different particulate characteris-
tics between diesel fuel and gasoline, as well as the oxygenated fuel like ethanol.
In-cylinder emission control parameters, such as inlet temperature, exhaust gas
recirculation (EGR), injection pressure and boost level can affect the fuel-air mix-
ing process and soot oxidations. Thereby, there is a need to get the corresponding
influence on exhaust soot emissions to give a more complete picture in response
to different fuel strategies. The results are expected to give implications for the
efficiency of soot after-treatment systems.

1.3 Method

This work is based on experimental measurement conducted from a single cylinder
engine operated in PPC mode. The in-cylinder pressure data, is used as the main
source of information to calculate combustion events, such as the heat release,
combustion phasing and gross indicated mean effective pressure as well as engine
efficiencies. Different engine operating conditions were achieved by adjusting the
inlet conditions and injection events. Emission measurement was also performed.
In-cylinder soot process with diesel and gasoline fuel in PPC combustion was
evaluated by extracting gas from the cylinder into on-line aerosol measurement
instruments. In particular, soot particle mass, number and size were measured in
the exhaust as well as inside the cylinder.

1.4 Thesis Contributions

The main contribution of the research presented in this thesis is the complementary
knowledge of particulate characteristics in PPC combustion with diesel, gasoline
as well as ethanol. The main contributions of this work are listed below.

• It has been demonstrated that changing the time delay between fuel injection
and start of combustion can largely affect soot output, which sees more sen-
sitivities when EGR is applied. Both particle size and number concentration
increase with increased charge stratification. This indicates that injection
timing, assisted with intake temperature, can be one useful emission control
strategy.
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1.4. THESIS CONTRIBUTIONS
• Compared to diesel, in general, gasoline emits lower soot emission of lower
particle number density and smaller sizes. The lower sensitivities of soot
emissions to the change of EGR, stoichiometry, injection pressure or inlet
temperature makes gasoline PPC more attractive.

• The in-cylinder gas sampling results reveal that compared to diesel PPC,
gasoline PPC forms much lower soot mass and organic during combustion.
The much lower soot formation was the main reason for lower exhaust soot
emissions in gasoline PPC.

• Ultra-low soot particle mass and number emissions are observed in ethanol
PPC in response to the change of engine operating conditions, such as inlet
temperature, inlet pressure, EGR and injection pressure. Very slight change
in soot emissions also increases the engine robustness to the variations of
operating parameters. More importantly, the non-existent soot-NOx trade
off requires less engine efficiency compromises to comply with the legislation
standards while the exhaust after-treatment system can be simplified.

• The results suggest that fuel strategies to complement engine in-cylinder
emission control strategies may be powerful tools for continued particle emis-
sion reduction in CI engines. The soot size and number properties obtained
from different fuels and engine operating conditions could have implications
for exhaust after-treatment systems design.
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Chapter 2

Diesel Particulates and
Advanced Combustion
Concepts

2.1 PM Emissions from Diesel Engines

Due to their adverse effects on environment and health, in particular in urban
areas, diesel particles have been of great concern in the past years [8]. Great
efforts in engine design are taken to reduce the emissions and the regulations are
becoming stricter. An example of the lower and lower European limits on PM
for heavy-duty engines [9] can be seen in Table 2.1. Since the first stage in 1992,
there has been a significant reduction in PM emissions, by approximately 97%
from Euro I to Euro VI. In Euro VI stage, a limit value for particle number (PN)
was additionally introduced.

The definition of diesel particulate matter is determined by the PM measur-
ing technique that is used. In PM sampling, exhaust gas sample is drawn from
the vehicle, diluted with air and filtered through sampling filters. The mass of
particulate emissions is then measured based on the weight of PM collected on the
sampling filter. Any changes in the procedure, such as a different type of sampling
filter or different dilution parameters, may lead to different results [10]. PM is
generally composed of three fractions, a solid fraction (soot particles and ash), a
soluble organic fraction (derived products from engine oil and fuel) and a last frac-
tion of sulfate particles. For diesel engines, typically, the fraction of soot is higher
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2.1. PM EMISSIONS FROM DIESEL ENGINES

Figure 2.1: EU emission standards for heavy-duty diesel engines (steady-state
testing)

than 50%. Other particulate matter constituents include: un/partially burned
fuel/lubricant oil, bound water, wear metals and fuel-derived sulfate [11]. The
structure is illustrated schematically in Figure 2.2 to the left. The idealized diesel
exhaust particle number and mass weighted size distributions are presented in
the same figure to the right. Particles size distributions usually show two modes,
named nucleation and accumulation mode according to the particle equivalent
diameter. The nucleation mode are made of particles which have equivalent diam-
eters less than about 50 nm. This mode usually consists of volatile organic and
sulfur compounds that form during exhaust dilution and cooling, and may also
include solid carbon and metal compounds [10]. The accumulation mode is com-
posed of particles which have equivalent diameters ranging from approximately 50
nm to 1000 nm. The particles are generally formed via agglomeration and may
associate with adsorbed materials. The nucleation mode typically contains very
low fraction of the particle mass but more than 90% of the particle number, while
the accumulate mode contributes to the most of the particle mass [10].

Figure 2.2: Typical composition and schematic structure (left) [12] and both mass
and number weighted size distribution (right) of diesel engine exhaust particles
[10].
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2.1. PM EMISSIONS FROM DIESEL ENGINES
Although soot particles comprise large portion of particulates from engine,

there is not a clear definition of it. But in general terms, "soot is a solid substance
consisting of roughly eight parts carbon and one part hydrogen" [11]. Soot is
formed in fuel-rich regions in burning diesel jets, where unburned fuel nucleates
from the vapor phase into solid phase. Hydrocarbons or other available molecules
may condense on, or be absorbed by soot depending on the surrounding conditions.
Mechanisms behind soot formation are very complex. It can happen from liquid- or
vapor-phase hydrocarbons to solid soot particles and possibly back to gas-phase
products again. This process involves six commonly identified steps: pyrolysis,
nucleation, coalescence, surface growth, agglomeration, and oxidation [11], the
first five of which composes the soot formation process as shown schematically
below in Figure 2.3.

Figure 2.3: Schematic diagram of the steps in the soot formation process from gas
phase to solid agglomerated particles. Reproduced from [11].

Firstly, as a result of the fuel pyrolysis, soot precursor molecules like PAH
form from unburned hydrocarbons in locally fuel rich regions [13]. Pyrolysis re-
action rates depend on both temperature and concentration. Then the next step,
nucleation or soot particle inception, is the formation of particles from gas-phase
reactants. In surface growth, the hot reactive surface of the soot particles read-
ily accepts gas-phase hydrocarbons, leading to an increase in soot mass while the
number of particles maintains constant. At last, particles collide and combine with
each other in coalescence and agglomeration. Number of particles decrease as two
roughly spherically shaped particles combine to form a single spherically shaped
particle in coalescence. Soot aggregates are formed from individual primary parti-
cle collisions and they grow by cluster–primary particle and cluster–cluster particle
collisions. The primary particles maintain their shape but chain-like structures can
be formed [11, 14].

The sixth process, oxidation, is to convert hydrocarbons to CO, CO2 and H2O.
This can happen at any point in the soot formation process shown in Figure 2.3.
Soot oxidation depends on the state of the mixture including the temperature and
species. It is stated to occur at a temperature higher than 1300 K [15]. The
most active oxidation species are reported to be OH radicals under fuel-rich and
stoichiometric conditions while under lean conditions, soot is oxidized by both OH
and O2 [16].
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2.2. PM EXHAUST AFTERTREATMENT
The so named term "net soot formation" is the combination of soot formation

and oxidation. As shown in Figure 2.4, the in-cylinder soot mass history is a re-
sult of competing processes to form and oxidize soot. If soot formed from fuel-rich
pockets does not have time to mix and burn before exhaust valve opens, or the ox-
idation rate is rather low, soot particles then survive after the combustion process
and exit in the exhaust. In diesel combustion, soot formation has been found to
be strongly dependent on air entrainment upstream of the lift-off length of the fuel
jet [17], the oxygen presence in the fuel [18] and the combustion temperature. The
rate of soot oxidation depends mostly on turbulence, temperature and available
oxygen during combustion. Higher temperatures at the end of combustion enhance
the burnout of soot, while high temperatures at the time of injection reduce air
entrainment and increase soot formation.

Figure 2.4: General behavior of in-cylinder soot mass history for spray controlled
combustion from CFD simulations [19].

2.2 PM Exhaust Aftertreatment

The PM exhaust after-treatment is required to meet the PM emission limits that
are getting glower and lower. One preferred approach is the diesel particulate filter
(DPF), placing downstream of a diesel oxidation catalyst (DOC). Several types
of ceramic and sintered metal DPF have been developed. The most successful
and the most commonly used is the design shown schematically in Figure 2.5.
A wall-flow monolith is packaged into a steel housing and the porous walls of the
monolith are coated with the catalyst. Adjacent channels are alternatively plugged
at each end. This forces the exhaust gas flow through the porous walls and traps
the particulates in accumulation mode efficiently. In this regard, the DPF can
substantially lower PM mass emissions. On the other hand, however, its effect on
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2.3. LOW TEMPERATURE COMBUSTION (LTC)
particle number is ambiguous. This is because the mass is dominated by the soot
accumulation mode, but the number can largely depend on nucleation particles
which is very sensitive to engine operating conditions [20].

Figure 2.5: Catalyzed Diesel Particulate Filter and the wall-flow monolith [21, 22].

2.3 Low Temperature Combustion (LTC)

Exhaust after-treatment system increases the engine cost meanwhile fuel efficiency
might be compromised to meet strict emissions regulations. It is thereby necessary
to reduce the emissions already inside the cylinder. In an effort to reduce NOx
and soot emissions while maintaining high thermal efficiency in CI engines, many
advanced combustion concepts have been developed over the years. Most these
can be classified as low temperature combustion (LTC) [23]. It is very common
and easy to illustrate the principles of LTC on the local equivalence ratio (Φ) ver-
sus local temperature (T) diagram relating to soot and NO formation, as shown
in Figure 2.6. In a classic diesel combustion without EGR, a simplified description
of the path is shown and indicated by the blue line. After being injected, the fuel
spray starts at low temperature and high equivalence ratio and then it mixes with
air. Ignition occurs shortly after the start of fuel injection and there can be fuel ele-
ments into the soot-formation area (high equivalence ratio and high temperature).
As the fuel consumes, the mixing of fuel and air continues and the equivalence
ratio decreases further meanwhile temperature increases, resulting in NOx forma-
tion [24]. Since soot is mainly formed in fuel-rich zones, all LTC concepts strive to
enhance premixing of fuel and air to avoid the formation of local zones with high
equivalence ratio. However, over premixing of fuel and air should be avoided as it
can result in too low equivalence ratios and local combustion temperature. The
fuel efficiency is compromised due to the high levels of hydrocarbon and carbon
monoxide emissions [25]. NOx forms at high temperature, thus in LTC concepts,
a globally dilute environment is also required to keep combustion temperature low
thereby avoiding NOx formation.
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2.3. LOW TEMPERATURE COMBUSTION (LTC)

Figure 2.6: Regions of NOx and soot formation in local equivalence ratio (Φ) versus
local temperature space [23], NOx and soot islands calculated from n-heptane
chemical kinetic simulations [18].

In LTC strategies, high dilution with either air or EGR is commonly used as
the key factor to reduce NOx emissions. In terms of the large reduction in partic-
ulate matter emissions, most of the concepts have been focused on the restraint
of in-cylinder soot formation. The soot emission control inside the cylinder is
very complex. Soot emissions depends on temperature, fuel-air mixing and avail-
able oxygen (both in the fuel and in the charge surrounding) during combustion.
Thereby, low soot levels can be realized by controlling those parameters. One way
to do is to lower the combustion temperature below the levels that are required
to form soot. A second way is to improve the mixture formation process, to pro-
long ignition delay thus sufficient fuel-air premixing to avoid soot formation. As
pointed out in [18], the size and shape of the soot formation region in Figure 2.6 is
strongly fuel dependent [18]. Therefore, another way is to change and control the
reactivity of the fuel by reformulating the fuel composition, such as fuel reactiv-
ities, oxygen content and C/H atomic ratio. This is from a chemical standpoint.
Most LTC strategies have covered all the three aspects but can have one focus to
some extent.
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2.3. LOW TEMPERATURE COMBUSTION (LTC)
2.3.1 Temperature Control

Smokeless rich combustion [26] has been examined by utilizing a large amount of
cooled EGR. The results showed that the smoke suppression was realized as com-
bustion took place below temperatures that are required to generate the soot par-
ticles. Smokeless conditions can be obtained regardless of fuel-air mixing quality.
However, this concept is limited to relatively light loads. It has been reported that,
with increased engine load, the overall excess air ratio fell below the stoichiomet-
ric range for smokeless low temperature combustion, meanwhile the combustion
efficiency deteriorated to unacceptable levels [27]. This somehow can be improved
by utilizing oxygenated fuels [18].

2.3.2 Fuel-Air Premixing

Soot can be reduced by improving the mixture formation process, to achieve either
a homogeneous or a stratified charge condition throughout the combustion cham-
ber prior to autoignition. It can avoid the soot formation in mixing controlled
combustion. This is based on the dependence of soot particle formation on the
equivalence ratio.

HCCI

Homogeneous Charge Compression Ignition (HCCI) concept is based on compres-
sion ignition of a fully premixed fuel and air [28–31]. Fuel is injected in the port
or very early before compression. With high EGR rates, HCCI combustion has
the potential to achieve the near-zero NOx as well as smoke emissions [32]. Never-
theless, there are challenges associated with combustion efficiency (i.e. UHC and
CO emissions), narrow operable load range, high pressure rise rates. Particularly,
in HCCI, it is hard to control combustion timing as the initiation of combustion
is governed by the chemical kinetics [33, 34]. As a result, there is a need of low
temperature combustion that allows some degree of control on the combustion
phasing through fuel injection events while having low emissions.

PCCI

Premixed Charge Compression Ignition (PCCI) is considered as a variant of HCCI.
It is capable of controlling combustion phasing while still producing HCCI-like
emissions [35]. There is a separation in time of the fuel injection and combustion
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2.3. LOW TEMPERATURE COMBUSTION (LTC)
events. In practice, this enables prolonged ignition delay, which can be realized
via various methods.

Kimura et al.[36] have suggested a low-temperature premixed combustion
by using the combination of a large amount of cooled EGR and late injection,
named modulated kinetics (MK) combustion. In the concept, with high swirl and
EGR level but retarded injection after TDC, a sufficient mixing time is achieved
by prolonging the ignition delay. In order to expand the load range, reduced
compression ratio was induced with cooled EGR [37]. On the other hand, however,
retarding of the injection timing to TDC or after TDC can result in the reduction of
the engine efficiency and operating range even with all kinds of injection strategies
and increased turbocharger boost pressure.

A relatively early (i.e. at roughly two thirds of the compression stroke) fuel
injection strategy can be applied to PCCI combustion [38, 39]. At such early di-
rect injection timings, the gas temperatures and pressures are typically too low to
support autoignition, but can facilitate fuel vaporization [35]. Nevertheless, the
significant amount of premixing can result in a decoupling of the injection and
combustion events [40]. Hasegawa and Yanagihara [41, 42] proposed the concept
of Uniform Bulky Combustion System (UNIBUS) with stratified charge compres-
sion ignition. In this two-stage injection diesel combustion, a first injection was
introduced early during the compression stroke to form premixed mixture and low
temperature combustion. The second injection before TDC was used to trigger
the combustion. In these approaches with early injections, however, the formation
of homogeneous mixture without fuel-wall interaction is the biggest challenge for
achieving high efficiencies and reducing UHC emissions.

PCCI performance can be improved by using a less reactive fuel with a lower
Cetane Number (CN) [43, 44]. Dual-fuel PCCI has been widely investigated.
Reactivity Controlled Compression Ignition (RCCI) concept was developed by
Reitz and utilizes at least two fuels differing greatly in reactivities [45–48]. The
process is characterized by an early port fuel injection during the intake stroke and
a direct injection during the compression stroke. The former one usually employs
a low reactivity fuel like gasoline, to create a well-mixed charge of fuel, air and
EGR. The latter direct injection with a high reactivity fuel like diesel, allows the
ignition of the premixed charge. By changing the ratio between the low- and hig-
reactivity fuels, the combustion events can be controlled.

The decoupling of the injection and combustion events and high UHC emis-
sions in PCCI with early injection strategy can be improved also by a relatively
late injection before TDC. By utilizing fuel that is more resistant to autoigni-
tion than diesel, a much earlier injection is possibly without early combustion.
Gasoline Partially Premixed Combustion (PPC) has got great attention because
of significant reduction of NOx and soot while maintaining high thermal efficiency

12



2.3. LOW TEMPERATURE COMBUSTION (LTC)
simultaneously [49–55]. Fuel is injected near TDC during compression stroke and
combustion phasing is highly coupled with fuel injection timing. By using low
compression ratio, large amount of EGR and different types of fuels, combustion
occurs with proper stratified mixture. Adequate but not over premixing of fuel
and air results in low soot and low combustion temperature suppresses NOx for-
mation. CO and UHC emissions are improved in the meantime [51]. The problem
with diesel in PPC is the difficulty to achieve a premixed charge at high load
conditions even with a high level of EGR. On the other hand, gasoline, due to
higher resistance to auto-ignition, can be injected earlier, which allows longer time
for fuel to mix with air. Meanwhile, gasoline is a fuel that is less prone to soot
formation than diesel. It was observed by Kalghatgi et al. that the engine could
be run with gasoline in PPC mode at conditions where it could not be run with
early injection in HCCI mode either because of failure to autoignite or because of
excessive pressure rise rates [49, 50]. Sellnau et al.[56, 57] also reports that com-
pared to diesel, higher efficiency and much lower soot emissions has been achieved
with 91 RON pump fuel gasoline in a single cylinder light duty engine with the
Gasoline Direct-injection Compression Ignition (GDCI) strategy. Manente et al.
[53, 54] at Lund University developed a gasoline PPC strategy using a variety of
gasoline fuels with different octane numbers in a single cylinder heavy-duty en-
gine. Results show that gasoline fuels especially those with high octane number
generated close to zero level of soot emissions in a engine load sweep wherein soot
increased rapidly with diesel fuel. Recent research indicates that soot emissions
can be further reduced by utilizing ethanol and different surrogate fuels with or
without oxygen content [58–60].

Despite lower soot mass emissions in PPC with gasoline than diesel, high soot
emissions can be produced, especially under high engine load and high EGR con-
ditions [54, 61, 62]. To get a ultra-clean engine over the whole operating range, it
is still necessary to have some simple exhaust soot after-treatment system. Con-
sequently, particulate characteristics, not only the particle mass as is usually mea-
sured, needs further studies. The main work of the thesis is then devoted to provide
informations of particle size and number, as well as soot mass concentration, with
different kinds of fuels under various engine conditions.
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Chapter 3

Combustion Diagnostics

This chapter gives an overview of the diagnostic techniques used for extracting and
analyzing data in the studies presented in this thesis. Several diagnostic techniques
were used to analyze the data collected during experiments to understand the
behavior of the in-cylinder combustion and the engine-out emissions. It begins
by discussing the efficiency of various stages through converting fuel energy into
mechanical work, based on the measured cylinder pressure, fuel flow and emissions
in the exhaust. The second diagnostic technique presented is the in-cylinder heat
release analysis. The calculation is also based on the measured cylinder pressure.
All these calculations refer to the fundamentals of a reciprocating type engine
operating on a 4-stroke cycle in [13]. Finally, the methods for evaluating particle
emissions are briefly discussed.

3.1 Efficiency Parameters

In an internal combustion engine, fuel chemical energy is converted into mechan-
ical work in several stages which is depicted in a Sankey diagram in Figue 3.1
below. The flow of energy through each of these stages and the energy losses are
described in the text below the figure, both presented as Mean Effective Pressure
(MEP) which is defined as the work or energy per cycle normalized by the engine’s
displacement volume. Since in all the studies presented in the thesis are done on
a modified single-cylinder engine, the evaluation stops t gross indicated efficiency
and the rest of the efficiency calculations are left out of the thesis.
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3.1. EFFICIENCY PARAMETERS

Figure 3.1: Sankey diagram of mean effective pressures

Effective energy or work:

• FuelMEP : Energy contained in
the fuel

• QhrMEP : Chemical energy re-
leased in the combustion chamber

• IMEPgross: Work delivered to
the piston over compression and
expansion strokes only

• IMEPnet: Work delivered to the
piston over the entire four-stroke
cycle

• BMEP : Mechanical work deliv-
ered at the output shaft

Energy losses:

• QemisMEP : Chemical energy
lost due to incomplete combustion

• QhtMEP/QexhMEP : Energy
(heat) lost by heat transfer and
exhaust

• PMEP : Energy (mechanical
work) lost in pumping work

• FMEP : Energy (mechanical
work) lost in overcoming mechan-
ical friction

3.1.1 Combustion Efficiency

The conversion starts with the combustion of fuel during which the the sup-
plied fuel energy (FuelMEP ) is released as heat in the combustion chamber
(QhrMEP ). The energy lost (QemisMEP ) in this stage is due to incomplete
combustion, which can be estimated from the measured emission species like UHC
and CO etc. in the engine exhaust. The efficiency of this stage reflects how much
of the fuel energy is converted into heat, therefore is named Combustion Efficiency
and can be calculated by Equation 3.1.

16



3.1. EFFICIENCY PARAMETERS

ηc = QhrMEP

FuelMEP
= 1 −

(
QemisMEP

FuelMEP

)
(3.1)

where, FuelMEP value is calculated by normalizing the fuel energy by the engine
displacement volume as expressed in Equation 3.2. The combustion efficiency can
be estimated from the incomplete combustion products in the exhaust by Equation
3.3. Hence, the combustion efficiency, ηc, can be calculated as shown in Equation
3.4, where all variables can be measured experimentally.

FuelMEP = mf ·QLHV,f

VD
(3.2)

QhtMEP =

n∑
i=1

mi ·QLHV,i

VD
(3.3)

where mf is fuel mass flow per cycle, QLHV,f is the lower heating value of the
fuel, n is the number of combustion products, mi is the mass flow of the individual
combustion product per cycle, QLHV,i is the corresponding lower heating value
and VD is the engine’s displacement volume.

ηc =

n∑
i=1

mi ·QLHV,i

mf ·QLHV,f
(3.4)

3.1.2 Thermodynamic Efficiency

The second stage is the conversion of heat released in the combustion chamber
(QhrMEP ) into mechanical work delivered to the piston during the expansion
phase of the cycle. The biggest energy loss in the entire process can be found
during this process. As also shown in Figure 3.1, energy loss during this stage
is due to heat transfer (QhtMEP ) in the cylinder and heat of exhaust gases
(QexhMEP ).

The measured cylinder pressure P and the cylinder volume V are used to
calculate the mechanical work transfer to the piston. IMEPg indicates the work
delivered to the piston during the compression and expansion stroke while that
transferred over all four - strokes is expressed as IMEPn, as shown in equations
3.5 and 3.6, respectively.

IMEPg =
∫ 180

−180 P · dV
VD

(3.5)
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3.2. HEAT RELEASE ANALYSIS

IMEPn =
∫ 360

−360 P · dV
VD

(3.6)

Now, using these definitions shown above, the thermodynamic efficiency can
be calculated as equation 3.7.

ηth = IMEPg

QhrMEP
= IMEPg

ηc · FuelMEP
= 1 −

(
QhtMEP +QexhMEP

FuelMEP

)
(3.7)

3.1.3 Gross Indicated Efficiency

The indicated efficiency is the efficiency of conversion of fuel energy into mechanical
work, by calculating values of IMEP and FuelMEP , which can be expressed as
Equation 3.8. With experimentally measured variables, it can be expressed in
Equation 3.9.

ηg,i = IMEPg

FuelMEP
= ηc · ηth (3.8)

ηg,i =
∫ 180

−180 P · dV
mf ·QLHV,f

(3.9)

3.2 Heat Release Analysis

Heat release analysis is a useful diagnostic tool to understand the rate and extent
of energy converted from chemical energy into heat released by combustion. As
combustion generally happens during the period when all valves are closed, the
combustion chamber can be considered as a closed system, assuming that mass
flow across system boundaries due to blow-by etc. is negligible. Considering it as
a thermodynamic system with uniform pressure and temperature, the first law of
thermodynamics can be used to calculate the rate of energy addition to the system
based on a single zone model. More details and discussions can be found in [13],
and the final heat release equation can be expressed as Equation 3.10. It should
be noted that this equation deals with the energy release excluding the losses due
to heat transfer, thereby it presents the net/apparent heat release.

dQnet

dθ
= γ

γ − 1 · P · dV + 1
γ − 1 · V · dP (3.10)
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3.2. HEAT RELEASE ANALYSIS
where Qnet is the energy released, γ is the instantaneous ratio of specific heat of
the system of gases, P is the cylinder pressure and V is the cylinder volume.

To calculate gross heat release, the heat transfer is modeled as convection heat
transfer from gas to a solid surface and the heat flux is expressed by Equation 3.11.

dQht

dt
= hc(Tg − Tw) (3.11)

where hc is the heat transfer coefficient, Tg is the instantaneous cylinder gas tem-
perature which can be estimated from the ideal gas law, and Tw is the cylinder wall
temperature. Several models exist for estimating the heat transfer coefficient and
the model proposed by G. Woschni [63] was adopted for all calculations presented
in this thesis. The heat transfer coefficient according to Woschni’s model is given
by Equation 3.12.

hc = 3.26 ·B−0.2 · P 0.8 · T−0.55 · w0.8 (3.12)

where B is the cylinder bore expressed in m, P is the instantaneous cylinder
pressure expressed in kPa, T is cylinder temperature in K and w is the average
cylinder gas velocity [m/s] which can be expressed by Equation 3.13

w =
[
C1 · S̄p + C2 · VD · Tr

pr · Vr
· (P − Pm)

]
(3.13)

where S̄p is the mean piston speed, VD is the engine’s displacement volume, pr, Vr,
Tr are the working fluid pressure, volume and temperature respectively at some
reference state (intake valve closing), and Pm is the motored cylinder pressure
at the same crank angle as P . C1 and C2 used in equation are constants taking
different values during different periods of the cycle as given below 3.13.

Gas exchange period: C1 = 6.18 + 0.417 · vs

S̄p
C2 = 0

Compression period: C1 = 2.28 + 0.308 · vs

S̄p
C2 = 0

Combustion and expansion period: C1 = 2.28 + 0.308 · vs

S̄p
C2 = 3.28 · 10−3

where vs = B·ωp

2 is the swirl velocity which is a function of ωp, the rotation angular
velocity of the paddle wheel used to measure the swirl velocity (see Equation 3.14,
Rs is the swirl ratio which is a known parameter for all the experimental engines.).

ωp = Rs · (2 · π ·N) (3.14)
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3.3. EVALUATIONS OF PARTICULATE MATTER EMISSIONS
Finally, including the heat transfer calculation, the gross heat release in the

main combustion chamber can be expressed as in the Equation 3.15 below.

dQ

dθ
= γ

γ − 1 · p · dV + 1
γ − 1 · V · dp+ dQht

dθ
(3.15)

3.3 Evaluations of Particulate Matter Emissions

Particulate matter emission, as one of the combustion product, can be measured
and sampled from exhaust as well as during combustion process. Both samplings
and measurements give indication of the degree of completeness of the combustion
and soot particle formation for a given operating condition. The studies in this
thesis focus on the exhaust particle mass concentration, which is usually measured,
and size distributions. However, an effort was also made to evaluate in-cylinder
soot characteristics with on-line aerosol mass spectrometry.

PM is difficult to measure due to its multi-phase constituents. A simplified
and indirect way to quantify it is through Filter Smoke Number (FSN) that can
be further related to soot mass fraction with empirical correlations [64]. This
measurement was used mostly in early stage of the studies with AVL 415 smoke
meter. Figure 3.2 to the left illustrates the measurement principle employed in
paper filter smoke meters [65]. First, a volume of exhaust gas is drawn and filtered
through a paper filter which is then optically evaluated. The reflectance of the filter
paper is reduced by the collected soot. The fractional reduction of filter reflectance
is the smoke number, as expressed in Equation 3.16. In the studies, the smoke
number from the utilized instrument was normalized on a linear scale from 0 to
10. Zero corresponds to the original reflection of the white paper and 10 to the
absence of light reflection. However, it is argued that the relationship of FSN to
PM mass is empirical and content dependent (size distribution, composition etc.).
Therefore the FSN measurement is only qualitatively useful. When exhaust gas
and particle compositions change under unusual conditions, the measurement can
be less valid.

FSN = 1 −

(
E
E0

)
(

Eclean

E0

) = 1 − E

Eclean
(3.16)

Lately in the studies, photoacoustic soot sensor (micro soot sensor) was uti-
lized parallelly. It is based on the photoacoustic principle [66]. The sample gas
with strongly absorbing soot particulates, is exposed to modulated light. The pe-
riodical heating and cooling and the resulting expansion and contraction of the
carrier gas can generate pressure waves (acoustic), which are recorded by a micro-
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3.3. EVALUATIONS OF PARTICULATE MATTER EMISSIONS

Figure 3.2: Principle of smoke number measurement [65] and photoacoustic soot
sensor operation [67].

phone, as depicted in Figure 3.2 to the right. The instrument has fast response
with detection limit of around 5 µg/m3 BC and works well with low level soot
detection. However, particle properties may vary between different forms of soot,
and the organic coating on BC as well as gaseous species can affect the light ab-
sorption. Therefore, there is a need to choose an appropriate wavelength for the
specific application. With measured particulates mass, the gross Indicated Specific
Particulate Mass (ISPM) presented in Chapter 5 can be calculated by Equation
(3.17). The ISPM can be used as a way to compare the particle production per unit
of work hence can be correlate to the actual relative on-road particle emissions.

ISPM = Mmtotal

ρW
(3.17)

where M is the mass concentration, mtotal is the total mass flow rate out of the
engine, W is the indicated power of the engine and ρ is the density of the sample
exhaust gas at the instrument measurement conditions and can be calculated as:

ρ = Pm

Rexh · Tm
(3.18)

where Pm and Tm are the pressure and temperature at the inlet of the measurement
instrument, and Rexh is the exhaust gas constant calculated using the average
molecular weight of the engine exhaust gas.

To obtain further information of particle properties such as size and number,
a Differential Mobility Spectrometer (DMS) was employed in the exhaust measure-
ment and a Scanning Mobility Particle Sizer (SMPS) was utilized for in-cylinder
soot evaluation. The former can detect and provide particle diameter size in the
range of 5 - 1000 nm. As pictured in Figure 3.3, prescribed charge on each particle
proportional to its surface area is placed and the charged aerosol is then intro-
duced into a electrical field inside a classifier column. Particles drift through a
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3.3. EVALUATIONS OF PARTICULATE MATTER EMISSIONS
sheath flow to the electrometer detectors and are detected depending upon their
electrical mobility [68].

Figure 3.3: Particle detection in DMS [68].

An SMPS (Figure 3.4) can consist of an electrostatic classifier, a Differential
Mobility Analyzer (DMA) and a condensation particle counter. It is based on the
physical principle that the ability of a particle to traverse an electric field (electrical
mobility) is fundamentally related to particle size [69]. In DMA, an electric field is
created, and the airborne particles drift in the DMA according to their electrical
mobility. Particle size is then calculated from the mobility distribution. More
details can be found in [70].

Figure 3.4: Particle detection in SMPS [69].

The geometric mean diameter (GMD) can bes calculated from the particle
size distributions assuming lognormal distributed data with a unimodal shape
following Equation (3.19).

GMD = exp[ 1
Nt

M∑
i=1

(Niln(Dpi))] (3.19)
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where Nt is the total particle number, i is the size bin, M is the total number of
size bins in the measuring instrument, Ni is the particle number in the size bin i
and Dpi is the midpoint diameter of the size bin.

Similar to the calculation of ISPM, the Indicated Specific Particle Number
(ISPN) in the exhaust can be calculated with particle number and engine power,
as expressed in Equation (3.20).

ISPN = Nmtotal

ρW
(3.20)

where N is the total number concentration, mtotal is the total mass flow rate out
of the engine, W is the indicated power of the engine and ρ is the density of the
sample exhaust gas also calculated by Equation 3.18.

To quantify the detailed particle chemical composition, an aerodyne soot-
particle aerosol mass spectrometer (SP-AMS) was utilized. The SP-AMS can be
run in single or dual (particle) vaporization modes [71]. In the single vaporization
mode, non-refractory species can be quantified by impacting and vaporizing the
particles on a heated Tungsten plate. The vapor is then drawn into the mass
spectrometer. In the dual vaporization mode, refractory species can be quantified.
The refractive black carbon (rBC) is vaporized, then ionized and detected in a
time-of-flight mass spectrometer. In this way, this provides a powerful tool for the
analysis of organic material.

By performing gas sampling in exhaust and in the cylinder using the com-
mercial particle analyzer or the on-line aerosol measurement techniques, more and
fundamental information on particle mass, size and chemical compositions can be
provided, enhancing the understanding of combustion conditions and soot forma-
tion.
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Chapter 4

Experimental Apparatus

This chapter gives an overview of the experimental setups used for extracting and
analyzing data in the studies presented in this thesis. The first half part of the
chapter briefly describes the experimental setup. It was mainly made up of an
internal combustion engine in single cylinder configuration and the exhaust emis-
sions systems. A brief introduction to the in-cylinder particle fast sampling system
is also included. All these components were operated under flexible laboratory con-
ditions, which was facilitated by precise control of various operating parameters.
This was realized through a computer based control and data acquisition system,
which is discussed in the second half of the chapter. In the end, properties of all
the fuels used in the research are listed.

4.1 Experimental Setups

The schematic diagram of the mostly used experimental setup can be seen in
Figure 4.1 and the main components in further details are described in the follow-
ing sections. In-cylinder gas sampling system, which includes a sampling valve,
dilution and on-line aerosol instruments, were only employed in the study of in-
cylinder soot. Also, the exhaust soot measurement instruments can be more than
the smoke meter as shown in the diagram.
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4.1. EXPERIMENTAL SETUPS

Figure 4.1: Schematic diagram of the experimental setup.

4.1.1 The Engine

The engine is a 13 lite, 6-cylinder heavy duty diesel engine from Scania which was
modified to operate with one active cylinder of 2.12 L displacement volume. Non-
fired cylinders were motored without compression. The engine was equipped with
a production XPI common rail injection system with a wide range of rail pressure
that could be achieved easily. Two sets of pistons and injectors were used. The first
combination was an original production diesel piston assembled with the original
diesel injector. The compression ratio of the piston was 17.3:1. Lately the piston
used was a modified piston with a compression ratio reduced to 15:1, assembled
with an injector having narrow spray angle. The specifications of the engine and
injectors are summarized in Table 4.1 while the pistons are pictured schematically
in Figure 4.2.

Figure 4.2: The two engine piston used in the experiments (the original one to the
left and the modified one to the right).
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4.2. EMISSION MEASUREMENT SYSTEM

Table 4.1: Geometrical properties of the engine and injectors.
Engine specifications

Displaced volume 2124 cc
Stroke 160 mm
Bore 130 mm
Connecting Rod 255 mm
Number of Valves 4
Swirl Ratio 2.1
IVC -141 CAD ATDC
EVO 137 CAD ATDC

Injector specifications
Injector model XPI
Injector type Solenoid
Included spray angle 148 /120
Orifices 8
Flow rate 207 pound per hour

4.1.2 Fuel Mass-Flow

Fuel mass flow was measured by a fuel balance (Sartorius CPA 62025) and each
operating point was sampled for at least two and half minute. The time difference
between each fuel balance reading was recorded by the control system and used to
calculate the fuel mass flow. A linear correlation between the fuel injector opening
duration and the calculated fuel flow was assumed which was found to be in close
agreement with the measured fuel flows.

4.2 Emission Measurement System

The mostly used emission measurement system consisted of the commercial instru-
ments for gas emissions and soot mass. More soot particle analyzers were employed
when detailed particulate studies were performed. The sub-sections below discuss
those in further details.

Each analyzer was calibrated with an appropriate calibration gas before every
set of measurements. When the engine was started and warmed, a stabilization
time of 20 minutes was applied prior to each measurement. After this stabilization
time, a continuous measurement of at least 2 minutes were carried out for each
operating point.
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4.2. EMISSION MEASUREMENT SYSTEM
4.2.1 Exhaust Gaseous Emissions

Steady-state measurements of CO, CO2, O2, UHC and NOx in the raw exhaust and
CO2 in the intake were performed by commercial analyzers Horiba measurement
system (MEXA-9100EGR) in Paper I -III. In the rest of the papers, this was done
with an AVL AMA i60 which was an update in the measurement instruments.

The EGR fraction is measured as the ratio between carbon dioxide volume
concentration in the intake gas and exhaust gas respectively as calculated by
Equation4.1. The EGR gas was cooled down before blending with air and in-
troduced into the intake.

EGR = CO2Inlet

CO2Exhaust
(4.1)

4.2.2 Exhaust Particulate Matter Emissions

Soot FSN emission was measured with an AVL415S smoke meter [72] which has
a measurement range of 0 to 10 FSN (filter smoke number). Zero corresponds to
the original reflection of the white paper and 10 to the absence of light reflection.

Soot mass concentration was measured by an AVL micro soot sensor [73]
which can measure the mass concentration from 0.001 to 50 mg/cm3 with diluted
exhaust gas. Clean and dry pressurized air was used to vary the dilution ratio to
ensure the measurement values in the proper range.

A DMS550 (differential mobility spectrometer) was employed to determine
particles size distribution in the range 5 nm to 1000 nm. It combines electrical
mobility measurements of particles with sensitive electrometer detectors, to give
outputs of particle size, number and mass in real time. Particles are characterized
by their aerodynamic drag/charge ratio [74].

4.2.3 In-cylinder Particle Sampling System

The total in-cylinder particle sampling system has been presented schematically
in Figure 4.1. Simply speaking, by controlling the opening of the fast sampling
valve (FSV, VOLVO, pat.nr. SE 9002548-7), precise amount of in-cylinder gas
could be extracted at the desired crank angle timing. Then the gas was analyzed
by different aerosol instruments after being properly diluted.

The gas sampling valve tip was mounted directly into the cylinder head, re-
placing one of the exhaust ports, as presented in Figure 4.3 below. The gas
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4.2. EMISSION MEASUREMENT SYSTEM
samples were taken between two injection jets in the cylinder. With an anticlock-
wise swirl, the below spray close to the probe will come to the sampling system
first.

Figure 4.3: Gas sampling location (top view).

Fast Sampling Valve The valve was actuated by a solenoid unit which was
controlled by a voltage signal through a computer program and triggered by the
crank angle signal. This electronic unit allowed the control of the start time of
sampling and sampling flow rate. In the studies, the gas flow was kept constant
at 1 lpm (lite per minute) (at ambient atmospheric pressure and temperature) for
each sampling point, which corresponds to approximately 0.05% of the total gas
in the cylinder before combustion.

Dilution system The sampled in-cylinder gas was diluted in three steps in
Figure 4.1. In the first step of the dilution, the extracted gas was diluted with
N2 to ensure a significant decrease of particle coagulation and condensation rates
and reduce the risk of particle oxidation as early as possible in the sampling line.
After that, the gas was further diluted at a high ratio of 1:100 with air that was
filtered by a high-efficiency particulate arrestance (HEPA) filter and activated
carbon filters to strip of particles and vapors.

On-line Particle Analysis To quantify the soot or black carbon (BC) mass,
a filter based seven-wavelength optical technique was used (Aethalometer, model
AE33, Magee Scientific) [75]. A scanning mobility particle sizer (SMPS) [76],
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4.3. CONTROL AND DATA ACQUISITION SYSTEM
consisting of an electrostatic classifier (model 3071, TSI inc) and a condensation
particle counter (CPC) (model 3010, TSI inc), was used to measure the particle
mobility size. To quantify the particle chemical composition, an Aerodyne soot-
particle aerosol mass spectrometer (SP-AMS) [71] was utilized. Refractive black
carbon (rBC) which were grouped into low-carbons (C1-C5), mid-carbons (C6-
C31) and fullerene-carbons (C32-C58), organic species condensed on to the soot
particles and PAHs were obtained from it.

To get a result independent from the influence of cyclic variations in the
combustion process, each sampling point was taken over 10 minutes or approxi-
mately 6000 fired cycles at an engine speed of 1200 rpm. Variations in soot particle
concentration and composition were therefore smoothed and less affected by cycle-
to-cycle variations than from e.g. total cylinder-gas extraction measurements.

4.3 Control and Data Acquisition System

The control and data acquisition tasks were handled by three computers and one
data logger switch unit which interacted with the test engine via different com-
munication channels. A general layout of the control system setup can be seen in
Figure 4.4. A standard desktop PC running Windows with a graphical user in-
terface (GUI) was used where target values and running conditions are defined. A
target PC from National Instruments, running LabVIEW real-time operating sys-
tem with a PXI FPGA Multifunction RIO (Reconfigurable Input/Output) card,
was used for engine control and data collection. The two separate computers were
controlled from the same LabVIEW project. The real-time target PC handled
high speed (crank angle resolved) data acquisition from a piezo-electric pressure
transducer for in-cylinder pressure, absolute pressure sensors for fast intake and
exhaust manifold pressure, and lambda sensor for air-fuel ratios etc. Command
signals to various controllers for fuel injection, air heater, pressure regulators and
valve positions were also set via GUI and sent to actuators in the test bench. Infor-
mation of various sensors for coolant temperature, lubricating oil temperature and
pressure, intake air flow rates etc came from the data logger (Agilent Technologies’
34970A Data Acquisition Unit). This data acquisition unit communicated directly
with the control computer (host computer) via a TCP/IP communication protocol
and data was directly read by the main measurement and control program. The
third channel was with the emission system which fed data about concentration of
CO, CO2, UHC, NOx and O2 in the engine’s exhaust gas and CO2 in the intake
charge through an intermediate server (emission computer) to the host computer.
Additionally, signals from fuel balance, soot analyzers etc. were recorded through
low speed channels directly from the engine side to the host PC.

From the GUI, geometrical data of the engine and parameters used in the
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combustion and engine efficiency calculation can be specified. When the calcula-
tions are performed, together with all the control and feed back informations from
the engine can be seen and read from the GUI. Combustion process and engine
conditions are monitored and controlled in this way. All the hardware and supple-
ments together with the precise control enabled some extreme operating points,
which are otherwise not possible on a production engine.

Figure 4.4: General layout of experimental setup.

4.4 Fuels

In total, five fuels, Swedish diesel MK1 (ultra-low sulfur content < 1.0 mg/kg),
three gasoline fuels with corresponding octane number RON 89, RON 87 and RON
69 and ethanol were used in the studies. Table 4.2 summarizes the fuel properties.
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Table 4.2: Fuel specifications

Fuel RON MON CN H/C O/C LHV [MJ/kg] A/Fs Ratio
Diesel - - 54 1.87 0 43.15 14.9
Gasoline 1 89 80 - 1.88 0 43.50 14.53
Gasoline 2 87 80 - 1.92 0 43.50 14.60
Gasoline 3 69 66 - 1.98 0 43.68 14.68
99.5% Ethanol 108 89 - 3 0.5 26.64 9.0
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Chapter 5

Results and Discussions

This chapter presents the observations regarding the particulate matter emissions
from PPC with diesel, gasoline and ethanol fuels. The main focus is on the exhaust
emissions under varied engine operating parameters. In addition, in-cylinder par-
ticulate emission evaluations were performed to investigate the difference in soot
formation histories with diesel and gasoline fuel respectively.

5.1 Soot Emission in PPC

By changing the start of injection, it is possible to have combustion from a rel-
atively homogeneous HCCI mode to partially stratified PPC mode with RON89
gasoline fuel, with the assistance of varied inlet temperature, see Figure 5.1. The
double-injection strategy was employed to reduce pressure rise rate. The start of
the 2nd injection timing was set at -4 CAD aTDC and the injection ratio (fuel
energy in the first injection / total fuel energy) was 70%. As shown in the figure,
when start of injection is retarded from -120 to -80 CAD aTDC, the required in-
take temperature is stable, particularly with single injection strategy. It implies
that, the fuel/air mixture is fully homogeneous due to the early injection and com-
bustion is similar to traditional HCCI combustion. When injection is later than
-45 CAD aTDC, the required intake temperature decreases rapidly. Along with
that, HC emissions in Figure 5.3 also decreases rapidly. This indicates that large
portion of fuel is likely injected into the piston bowl, and the local fuel-air rich
zones promotes the reaction rate and high local temperature. Combustion with
injection timing within this time zone is considered as PPC type of combustion.
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Figure 5.1: Required intake temperature for varied injection timing with single-
and double- injection strategies. CA50 (determined by the location of 50% energy
conversion) 3 CAD aTDC, input fuel energy FuelMEP 10.5 bar with a constant
ambient intake pressure, injection pressure 700 bar and engine speed 1200 rpm.

Compared to HCCI combustion with very early injections, PPC shows a clear
advantage of higher combustion efficiency and thermodynamic efficiency, which
can be seen in Figure 5.2. Another benefit of PPC over HCCI is the much lowered
UHC and CO emissions, as presented in Figure 5.3.
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Figure 5.2: Combustion and thermodynamic efficiency for varied injection timings.

To suppress NOx formation, it is common to utilize high amount of EGR
to reduce combustion temperature. However, in PPC, as charge stratification
increases with late injections, there is a possibility of increased soot emissions,
which can be seen in Figure 5.4. Hence soot generation control in PPC is needed.
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Figure 5.3: UHC and CO emissions for varied injection timings with single and
double injections.
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5.2 Effect of EGR and Intake Pressure

Previous results have shown that the combination of high boost pressure and EGR
is essential for the efficient implementation of PPC strategies [77]. The boost
pressure sets the total dilution levels and EGR can indicate oxygen availability.
In PPC, generally, high amount of EGR is applied to get ultra-low NOx [54]. To
find the effect of EGR and intake pressure on combustion and soot formation, a
study was done at two intake pressure levels (Figure 5.5), with 48%, 32% and 30%
EGR ratios. Ethanol, RON69 gasoline and Swedish diesel MK1 fuels were utilized
to get the effect of fuel properties on combustion and emissions.

Figure 5.5 presents the averaged cylinder temperature, heat release rate and
injector current signal with diesel, gasoline and ethanol fuel in PPC, with varied
EGR at a low intake pressure and a higher intake pressure respectively. The
corresponding NOx and soot emissions are shown in Figure 5.6. EGR tends to
prolong the time delay between fuel injection and start of combustion, meanwhile
reduce the combustion temperature. As input fuel energy flow rate FuelMEP was
kept constant, thus, at high intake pressure, combustion is leaner and the effect of
EGR becomes less visible. Using the same amount of EGR, higher intake pressure
can shorten ignition delay and reduce the combustion temperature as a result of
higher dilution.

Soot and NOx emissions with varied EGR and intake pressure can be found
in Figure 5.6. As a general trend, increasing EGR can suppress NOx, however,
higher soot is emitted for diesel and gasoline. Although fuel-air mixing prior to
combustion can be enhanced with EGR, this improvement is minor as there is still
a large portion of diffusion combustion (Figure 5.5). Meanwhile, lowered oxygen
concentration in the intake and lower temperature in the cylinder reduces soot
oxidation, resulting in more soot emissions. This soot increase is more significant at
lower intake pressure, where there is more reduction in λ or intake O2 concentration
while turbulence level is lower.

Big difference of soot output is noticed by altering the fuel properties, partic-
ularly at low intake pressure. Gasoline fuel has lower soot emissions than diesel,
while ethanol emits ultra-low soot emissions regardless of engine condition varia-
tions. Those results suggest that utilizing fuels other than diesel can give more
possibility with respect to soot reduction.
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Figure 5.5: Averaged cylinder temperature, heat release rate and injector current
for EGR variations at high and low boost (dash line: cylinder temperature, solid
line: heat release rate, dotted line: injector current signal), FuelMEP 20.4 bar,
CA50 4 CAD aTDC, injection pressure 1200 bar and engine speed 1200 rpm.
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Figure 5.6: NOx and soot emissions for varied intake pressure and EGR.

5.3 Stoichiometric PPC

The results regarding the different fuel performance suggest possibility for low soot.
In this regard, the possibility of extremely low emissions exists for diesel engines
in stoichiometric operation with the addition of a three-way catalyst. Then the
challenge is to have low particle emissions and to maintain engine efficiency. By
utilizing fuel that has little tendency for soot formation, clean stoichiometric PPC
is viable if efficiency penalty is low at the same time. The following test was done
from lean to stoichiometric combustion with diesel, gasoline of low octane number
RON 69 and ethanol. Figure 5.7 shows the engine efficiencies and Figure 5.8
presents the corresponding soot emissions.

As illustrated in Figure 5.7, although λ is down to close to unity, all the fuels
show a combustion efficiency that is always higher than 98%, which means that in
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Figure 5.7: Combustion and thermodynamic efficiency as a function of λ from lean
till stoichiometric, FuelMEP 20.4 bar, EGR 38%.

general, not much energy is lost through incomplete combustion. However, there
is a considerable decrease of gross indicated efficiency, especially with diesel fuel.
Gross indicated efficiency is over 52% for all the three fuels when λ is greater
than 1.5. In stoichiometric PPC mode, while gasoline shows comparable level of
efficiency with ethanol in the range of 47-49%, diesel has a gross indicated efficiency
down to 36.0%.

For soot emissions in Figure 5.8, similarly to the trend of gross indicated effi-
ciency, all fuels show promising soot emissions in lean combustion (λ above 1.5).
Ethanol maintains the low soot emission then even in stoichiometric operation.
However, soot emission for diesel fuel increases to an unacceptable level around
9.5 FSN at close to stoichiometric ratio. Gasoline produces soot emission nearly
half of what diesel fuel generates but the soot level for gasoline is still high. De-
spite the fact that there can be more fuel-air premixing as λ reduces, the even
more reduced soot oxidation due to reduced oxygen and intake pressure, are likely
the key factors for high soot emissions. High soot formations can result in high
radiation during combustion [78], which leads to high engine gross indicated ef-
ficiency reduction. Compared to the conventional fuels, the close to zero level of
soot and relatively high gross indicated efficiency in stoichiometric operations can
be a great advantage of ethanol fuel.
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Figure 5.8: Exhaust soot emissions as a function of λ from lean to stoichiometric,
FuelMEP 20.4 bar, EGR 38%.

Additional test at varied engine load reveals the same trends of soot emissions
from diesel, gasoline and ethanol fuels, see Figure 5.9. Ethanol maintains ultra-
low soot emission in all stoichiometric operating conditions. At low engine load,
much lower soot penalty is obtained and diesel gives similarly low soot as gasoline.
As engine load increases, gasoline emits half amount of soot as that from diesel
stoichiometric operation, and eventually similar level of soot is found with low
octane gasoline as diesel. This agrees with findings in [61, 62], that as engine load
increases, high soot emissions can be also produced with gasoline.

Particulate number emissions together with mass concentration have been in-
corporated into PM emission regulations recently for internal combustion engines
[79], thereby, the needs of providing particulate matter characteristics other than
mass concentration arises. Beside soot mass concentration, which is usually mea-
sured and widely used, the emphasis in this thesis will be on showing the particle
size distributions. Results in Section 5.2 and 5.3 reveal that significant difference
in soot mass emissions exists between diesel, gasoline and ethanol. Intake pressure,
EGR and fuel-air ratio could affect soot output and induce even more significant
difference between fuels when those parameters vary. Hence, another focus here
would be the fuel behavior in response to changes in engine operating conditions.

There are various engine parameters that could affect engine-out soot emis-
sions. Among these, bowl shape, injector optimizations, multiple injections, injec-
tion timing and pressure, intake pressure, etc. play a role by improving fuel and
air mixing. Other parameters, such as intake temperature and cooled EGR, could
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Figure 5.9: Exhaust soot emissions as a function of λ from lean till stoichiometric
at varied engine loads, EGR 38%.

affect in-cylinder temperature thus also influence soot emissions. As an early stage
of PPC particulate emission study, based on the observations from all the sections
above, the effect of injection timing in a single injection event, inlet temperature,
EGR and injection pressure were selected to obtain the corresponding effect on the
soot emissions from diesel, gasoline and ethanol fuels, to provide a more complete
picture.

5.4 Exhaust Particle Size Distribution

5.4.1 Injection timing

As showed in the beginning of this chapter, with the assistance of inlet temper-
ature, it is possible to vary injection timing in a large range to get relatively
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homogeneous and stratified charges, which could result in varied exhaust particle
emissions. Thereby, the effect of injection timing on soot particle size distribution
was studied first. RON89 gasoline was used and CA50 was kept constant at 4
CAD aTDC.

Figure 5.10 shows the particle size distribution results obtained in the study,
with no EGR applied. Under this engine operating condition, unlike the traditional
bimodal shape of the diesel exhaust particle size distribution [10], a unimodal
particle size distribution can be observed in most cases. The nucleation mode
highly dominates the particle size distribution. At all injection timings except
the earliest one, the size distribution peaks around 15 nm with quite comparable
number concentrations.
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Figure 5.10: Particle size distributions with early to late injections, 0% EGR,
IMEPg 6 bar, engine speed 1200 rpm and injection pressure 700 bar. Injection
timing is shown in the legend (aTDC).

When the engine is operated with 30% EGR, particle size distributions of
early injections show a similar trend as in none−EGR case, as seen in Figure
5.11.a. At well premixed HCCI conditions (injection timing in the range of -120 to
-80 CAD aTDC), size distributions shift to smaller side with retarded injections.
However, a noticeable high particle number is seen with injection timing at -120
CAD aTDC and -100 CAD aTDC in 0% and 30% EGR cases respectively. This
can be attributed to spray impingement and fuel on the cylinder liner after the
end of injection, which may lead to the formation of greater amounts of liquid
film and consequent pool-fire during combustion [80]. EGR likely shortens fuel
penetration due to increased gas density and then pushes fuel spray impingement
towards later injection timing.
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Retarding injection from -65 to -45 CAD aTDC, the corresponding particle

size distribution shifts to the smaller size and particle number reduces. This is
expected to be related to less fuel into the crevice [81].
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Figure 5.11: Particle size distribution with early to late injections, 30% EGR, 6bar
IMEPg, 1200 rpm and 700 bar injection pressure. Injection timing is shown in the
legend (aTDC).

In PPC regime with late injection (-45 to -15 CAD aTDC) in Figure 5.11.b,
unlike the none−EGR case, particle size distribution changes from a unimodal
shape eventually into a bimodal shape as injection retards. Firstly, relatively
slight change of a decreased nucleation mode particle number concentration is
observed on the unimodal shape particle size distribution. The slight change also
indicates that fuel targets at the piston top-land area. Retarding injection timing
to -17 CAD aTDC, the presence of large particles in accumulation mode makes
the size distribution into a bimodal shape. It indicates an increased portion of
fuel into the bowl. Upon further injection retard, particle number in accumulation
mode rapidly increases and dominates the size distribution in the end. Along with
this increase, the size distributions are shifted to bigger size for both nucleation
mode and accumulation mode, leading to a rapid increase in soot emissions. In
this stratified charge mode, the charge heterogeneity and the diffusive combustion
of fuel droplets that are not yet vaporized [82–84] are expected to be the main
sources of particle formation.

Most injection timings in gasoline PPC operations are relatively late, with
the entire or most of the fuel spray injected into the bowl. In this strategy, com-
bustion phasing is mainly controlled by start of injection and almost decoupled
from inlet temperature [85]. A particle size distribution in PPC mode with varied
injection timing at constant intake temperature is depicted in Figure 5.12. Retard-
ing injection timing increases particle numbers in smaller size; meanwhile, more
accumulation mode particles are formed. This can lead to an increase in exhaust
soot mass emissions. The main reason for that is the shorter ignition delay and
lowered late oxidation temperature with retarded injections.
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Figure 5.12: Particle size distribution for varied injections in PPC, 44% EGR,
IMEPg 10 bar, engine speed 800 rpm, injection pressure 700 bar. Injection timing
is shown in the legend (aTDC).

5.4.2 EGR/Intake Oxygen Concentration

In previous discussions in Section 5.2, EGR effect was investigated within a nar-
row range wherein combustion temperature is still above the temperatures to form
soot. This study presented here utilizing with a much wider EGR range com-
bustion temperatures were largely reduced. Throughout the measurement, with
increased EGR, intake oxygen concentration reduced down to approximately 9%
and stoichiometric combustion was achieved at 10% O2 concentration.

The results of heat release rate at a few selected intake oxygen rates are pre-
sented in Figure 5.13. Diesel fuel shows the classic two-phase diesel combustion
except at stoichiometric and rich ratio, where premixed burn dominates the com-
bustion process. On the contrary, most gasoline and ethanol PPC combustion
processes are dominated by premixed burn with one spike and short/no tails in
heat release rate curves. Adding EGR first prolongs ignition delay and results in
a rapid combustion and higher peak heat release rate. Further increasing EGR,
combustion is moderated and heat release rate curves become wider with decreased
peak heat release rate, indicating that lower combustion temperature is reached.
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Figure 5.13: Heat release rates at selected intake oxygen rates, IMEPg 6 bar,
engine speed 1200 rpm and injection pressure 1200 bar.

Soot mass concentration, injection timing and soot particle size distributions
in response to the intake O2 are shown in Figure 5.14. For all the fuels, two op-
posite trends are visible as the intake O2 reduces. Ultra-low soot mass is emitted
with ethanol in all conditions while a soot bump is found in response to the intake
oxygen variations with diesel and gasoline fuels. As the O2 fraction is lowered
from 21% to 9%, the engine-out soot mass increases from a value of close to zero,
reaches a peak that occurs between 11 and 12% O2, and then it decreases down to
ultra-low level again at approximately 9% O2. In lean combustion cases (21% to
18% O2), soot forms fast in local fuel-rich zones with locally high gas temperature.
However, it decreases considerably as it is oxidized after mixing with oxygen-rich
charge in the piston bowl [86]. With continued reduction of O2 down to 11%, a
greater amount of premixing has occurred as earlier injection timing is employed
to maintain constant combustion phasing, see Figure 5.14). This can possibly re-
duce soot formation. However, because of reduced oxidizers like OH radicals and
reduced combustion temperature, soot is even less prone to be oxidized [87, 88].
Consequently, soot mass increases rapidly. Thereby, on the increasing side of
the soot bump, soot emission is mainly oxidation-controlled. Soot mass starts
to decrease in stoichiometric combustion as a result of much lowered combustion
temperature that suppresses soot formation. In rich combustion, smokeless condi-
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tions are achieved because combustion occurs place below temperatures that are
required to generate the soot particles [26]. Thus, on this increasing side of the
soot bump, soot emission changes into formation-controlled [89].

In size distributions, at high oxygen rates, such as 21% to 18% O2, particle
numbers are relatively low and more particles are in nucleation mode other than
in accumulations mode. Increasing EGR until 11% O2, a high number of new
accumulation mode particles are produced and the size distributions shift to larger
size, indicating high agglomeration rates during combustion. In this range of O2,
the increased residence time of the soot area in the cylinder [90] is likely one of
the reasons. Further upon reducing O2, on the decreasing side of the soot bump,
both size and number decrease due to reduced soot formation rate and decreased
residence time of the soot area in the cylinder [90].

On the other hand, with ethanol fuel, the soot concentration measurements
indicate that when oxygen reduces, soot mass has a slight variation but mostly
close to zero levels. The big change in combustion temperature or injection timing
does not affect much. Soot formation is largely governed by the fuel property. Re-
garding the size distribution, a unimodal particle size distribution can be observed
at all conditions. It is composed mainly of the characteristic high nucleation mode
particles and almost none in accumulation mode. Particle size is in the range of
5-10 nm, which almost does not contribute to soot mass.
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Figure 5.14: Injection timing, particle mass (red solid lines are the fitted curves)
and size distributions for varied intake oxygen concentrations.
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Figure 5.15 shows the gross indicated specific particulate mass ISPM, and

indicated specific particle (larger than about 23 nm) number ISPN of all the fuels.
With gasoline and diesel, similarly low soot emissions (both ISPM and ISPN) are
generated until 18% O2. In smokeless rich combustion (9% O2), soot emissions
with diesel are higher than gasoline but at relatively comparable levels. Neverthe-
less, in between, gasoline fuels show great improvements in soot reduction because
of smaller particle size and lower number density. The two gasoline fuels show sim-
ilar levels of soot emissions through the O2 variation. On the other hand, slightly
lower particle number emissions are observed with RON87 gasoline than RON69
gasoline. Ethanol emits close to zero soot mass emissions with simultaneous ultra-
low particle number emissions in all conditions.
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Figure 5.15: Soot mass concentrations, number densities of particles equivalent
diameters greater than about 23 nm for varied intake oxygen.

5.4.3 Intake temperature

The results of the experimental analysis of the influence of intake temperature on
particle mass concentration and NOx emissions are shown in Figure 5.16. Soot
mass increases as intake temperature rises with diesel and gasoline fuels, while
ethanol maintains ultra-low soot mass emissions. The results also indicate the
different sensitivity of each fuel to the change of intake temperature. The easier
the fuel auto ignites, the more sensitive the soot mass becomes. For instance, diesel
soot emission increases rapidly while RON87 gasoline emits close to zero level of
soot mass emissions until intake temperature increases to 120 ◦C. Very little
change can be noticed with ethanol in response to increased intake temperature.

As a general rule in diesel combustion, an increase in temperature will enhance
the soot generation by decreasing the lift-off length [91]. Soot formation rate
increases, however, on the other hand, higher temperature also favors the soot
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Figure 5.16: Soot mass concentration and NOx emissions for varied intake tem-
perature, 13% intake oxygen concentration (solid lines: soot mass concentrations
[mg/m3], dash lines: NOx [ppm]).

oxidation and improves soot burnout. Hence, the engine-out soot mass would
be governed by one of the two competing processes. As shown in Figure 5.16,
intake temperature tends to increase soot mass emissions with diesel and gasoline
fuels. The increase in NOx emissions indicates an increased temperature that
promotes soot formation. More soot is likely formed as combustion can move
into the soot islands [87], which can be estimated from the Φ - T diagram in
Figure 2.6. Meanwhile, later injection was employed at higher intake temperature
levels to keep combustion phasing constant. Less time for fuel-air premixing can
also lead to local fuel rich zones.

Measured soot particle size distributions are presented in Figure 5.17. A uni-
modal particle size distribution is observed with ethanol and diesel, but dominated
by nucleation mode and accumulation mode respectively. On the other hand, a
bimodal size distribution but highly dominated by accumulation mode particles
is found for both gasoline fuels. Generally, regarding all the fuels, increasing in-
take temperature increases both soot particle number density and size. With diesel
and RON69 gasoline fuel, intake temperature tends to increase accumulation mode
particle number and shift the size distributions towards larger size. For high oc-
tane number gasoline, this notable change of particle number and size does not
appears until temperature is above 120 ◦C. By then the particle number is largely
increased and size distribution shifts to larger size at the same time. The corre-
sponding soot mass increases rapidly as shown in Figure 5.16. In ethanol PPC,
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most of the particles are in nucleation mode and the size distribution is centered
around 5 nm. Despite increased particle number and size, no significant increase
in mass concentration can be observed because of the small size.
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Figure 5.17: Particles size distribution for varied intake temperature.

5.4.4 Injection pressure

The influence of injection pressure on particle mass and the number density of
particles larger than 23 nm are shown in Figure 5.18. Similar to the soot emissions
in response to intake temperature, the fuel of highest resistance to auto-ignition
shows lowest sensitivity to injection pressure, both in particle mass and number
emissions. Injection pressure increases the amount of air entrained into the spray
and, as a result, the fuel is better mixed with the surrounding air/charge. Higher
fuel-air mixing rates lead to leaner conditions and reduce soot formation [92].
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Figure 5.18: Soot mass concentrations and particle number density for varied
injection pressure, intake oxygen concentration 14%, IMEPg 6 bar and engine
speed 1200 rpm.

Injection pressure shows two different effects on particle size distributions for
fuels with high reactivity and low reactivity respectively in Figure 5.19. Increasing
injection pressure, the size distributions in diesel PPC shift to the smaller size and
particle number decreases (most particles in accumulation mode). With RON69
gasoline, a characteristic particle mode shift occurs when increasing injection pres-
sure. At low injection pressure, the size distribution consists of a large number
of particles in the range of 40 nm to 100 nm and low number of small particles
in the range of 20 to 30 nm. Increasing injection pressure, firstly accumulation
mode particles are significantly reduced along with an increase in nucleation mode
particles. Then the size distribution turns to mainly consist of nucleation mode
particles and increasing injection pressure tends to increase particle density and
size instead. For high octane gasoline and ethanol, nucleation mode particles dom-
inate the size distributions. Injection pressure tends to mainly cause an increase
in the particle number.
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Figure 5.19: Particles size distribution for the fuels investigated with various in-
jection pressure.

5.5 Evaluation of In-cylinder Soot Formation

The extensive studies of soot particles performed in the exhaust stream only repre-
sents the product of complex soot processes that involve multi-stage formation and
oxidation steps occurring inside the engine cylinder. To get information about the
in-flame soot, soot particles were sampled directly from the combustion chamber to
particle analysis instruments SMPS (scanning mobility particle sizer) and SP-AMS
(soot-particle aerosol mass spectrometer). This study aimed to gain knowledge of
the process of soot formation and oxidation with gasoline and diesel fuel. It was
accomplished by using a fast sampling valve which was used to draw gas samples
from the cylinder at well-defined crank angles. The sampled gas was evaluated in
terms of soot mass, particle size distributions and chemical compositions.

5.5.1 Effect of EGR on Diesel

Figure 5.20 depicts soot mass concentration (Black Carbon) during combustion
and expansion for three EGR levels. It is clear that EGR reduces the peak soot
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mass during combustion. Reduced temperature suppresses soot formation. How-
ever, along with this decrease in soot formation, soot oxidation is even more re-
duced because of reduced oxidizers like OH radicals and lower temperature. As a
result, exhaust soot emissions increases with EGR. Figure 5.20 also shows that soot
oxidation rate decreases drastically in late combustion phase. Then constant levels
are reached at about 50 CAD aTDC and are maintained until the late expansion
stage around 120 CAD aTDC.
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Figure 5.20: In-cylinder soot mass concentrations for varied EGR, 6 bar IMEPg,
2000 bar injection pressure and 1200 rpm engine speed.Error bars represent stan-
dard errors.

Figure 5.21 presents the history of particle size and total particle number
density during combustion. The soot mass increase in the early stage is a result
of increase in both particle number and particle size. In the burnout stage, these
two parameters both decrease and lead to a reduction in soot mass. Relatively
speaking, the highest soot mass peak found without EGR is mainly because parti-
cle size is generally larger despite lower particle number density. With 64% EGR,
the low soot formation is due to both lower particle number density and particle
size.

5.5.2 Diesel PPC vs. Gasoline PPC

The averaged in-cylinder heat release rate traces and temperature, injector current
signal in PPC combustion with diesel and RON89 gasoline are shown in Figure
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Figure 5.21: In-cylinder geometric mean particle mobility diameter and particle
number concentrations for varied EGR. Error bars represent standard errors.

5.22. The fast sampling valve opening timings are illustrated for both combustion
processes on the heat release rate traces, with one before injection, one in late
combustion phasing, one in expansion stroke and a few during combustion. To keep
the combustion phasing similar for both fuels, earlier injection had to be employed
in gasoline PPC as a result of its high auto-ignition resistance. Therefore, there
is a longer time delay between the fuel injection and start of combustion. After
auto-ignition occurs, a fast and rapid premixed combustion takes place, which
leads to a higher combustion temperature as shown in the plots. On the other
hand, diesel produces lower rate of heat release, with longer combustion duration
with significant diffusive combustion.

Figure 5.23 reveals the history of refractive black carbon (rBC), i.e., soot
mass concentration in gasoline PPC and diesel PPC during combustion. Soot
mass histories with gasoline and diesel show similar trends. In spite of high EGR
application in diesel PPC, still much higher BC is formed than that in gasoline
PPC. The result illustrates that the very low soot formation is the main reason
for lower exhaust soot mass emissions from gasoline PPC. This can be largely at-
tributed to better mixing between gasoline and air. Study from high speed video
in an optical engine showed that a gasoline type fuel presented a wider distribu-
tion of fuel vapour than diesel fuel due to the higher volatility [? ]. Simulation
work with detailed chemistry and pollutant formation model has reported that
combustion was initiated in at lean equivalence ratios for the gasoline-like fuel
whilst at the richest point for the diesel-like fuel [93]. This enables gasoline PPC
combustion occurring in a relatively homogeneous environment and avoiding the
high PM formation regime. In addition to that, there is more air entrained to the
gasoline fuel jet which promotes mixing between fuel and air and soot oxidation.

On the size distributions in Figure 5.24, the main observation with gasoline
is a shift in particle number concentration. On the contrary, along with particle
number variations, size distribution with diesel particles firstly shifts to larger size
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Figure 5.22: Averaged injector current and heat release rate traces for various
crank angle locations for both gasoline and diesel fuel. The approximate crank
angle locations of the start of soot collection are marked as blue circles for diesel
and red stars for gasoline on the heat release rate traces.
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Figure 5.23: In-cylinder soot mass concentration (rBC) during combustion in gaso-
line PPC and diesel PPC. Error bars represent standard errors.

55



5.6. DISCUSSIONS
then back to smaller size again. The major difference in gasoline case compared
to diesel is the asymmetry apparent in the shapes of the gasoline particle distri-
bution. Diesel particle size distribution appeared to have only an accumulation
mode, with the highest number density within the range 40−100 nm. Gasoline
particle size distributions had a nucleation mode that was always present, and
a soot mode present only when rBC was simultaneously detected. Small nucle-
ation mode particles in the range of 10−30 nm dominate the shape of particle size
distributions. The values in expansion stroke indicate that, despite the fact that
gasoline PPC generates higher particle number concentration, the non-existent
large accumulation mode particles after combustion leads to the ultra-low exhaust
soot mass emissions in gasoline PPC operation.

5.6 Discussions

Regarding the challenge of potential soot emissions in PPC, the presented work in
this thesis is an attempt to describe soot particle mass and size distributions with
fuels that have different soot tendency under varied engine operating conditions.
Clearly, diesel fuel generates the highest soot mass emissions among the tested
fuels in PPC mode. High reactivity results in shorter ignition delay while there
is less air entrained to the fuel jet compared to gasoline fuel. Therefore more
diffusive combustion in diesel case is likely the reason. Compared to diesel, because
of partially premixed fuel and air prior to combustion in conjunction with lower
aromatic and shorter chains in the molecule, soot formation reduces in gasoline
PPC. High octane number gasoline can have a longer ignition delay which helps to
suppress soot emissions compared to low octane number gasoline. Ultra-low soot is
observed in all test conditions in ethanol PPC. Its high resistance to auto-ignition
prolongs the time available for the mixing of the fuel vapor with air. At the same
time, the oxygen in the molecule can be conducive to suppress soot formation even
in fuel-rich zones.

Varying injection timing can affect the charge stratification and thus influence
soot emissions. Very early injection timing is a means of producing homogeneous
or a premixed stratified charge in the cylinder. In single injection event, as too
early injection might face the risk of losing control of combustion phasing and
too late injection may cause high fuel stratification and soot formation, multiple
injections seem to be more attractive. Particularly in a pilot plus main injection
strategy, a portion of fuel injected very early before TDC can generate premixed
charge and reduce soot while the main injection near TDC can control combustion
phasing effectively. By optimizing the injection timings and fuel injection portion,
low soot emission is possible in some conditions where high soot is emitted with
single injection. Additionally, it needs to be noticed that, for a given bowl geom-
etry, changing the timing to be either earlier or later may have dramatic effects
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5.6. DISCUSSIONS
on particulate emissions if the timing change results in liquid fuel impingement.
Therefore, to minimize soot production, parameters that could affect fuel-wall
iterations should be taken into account.

In-cylinder emission control strategies, such as intake temperature and pres-
sure, application of EGR and injection pressure have seen an influence on soot
emissions for diesel, gasoline and ethanol to a varying extent respectively. Diesel
and low octane gasoline fuel are more sensitive to engine operation conditions.
Consequently, stoichiometric PPC or very high EGR is not feasible due to the
high expense of soot penalty. Additionally, engine efficiency may reduce to com-
pensate soot emissions control. Contrary to that, high octane gasoline shows little
change in response to intake temperature or injection pressure, which can give
more tolerant control of those parameters. Ethanol emits ultra-low soot in all
conditions. The non-existent soot-NOx trade off makes less engine efficiency com-
pensation possible to comply with the legislation standards. In the meantime, the
exhaust after-treatment system can be simplified.

In-cylinder soot evaluation provides soot information during combustion. Com-
parison of soot processes with gasoline and diesel indicated that much lower soot
formation was the main reason for lower exhaust soot emissions from gasoline
PPC operation. Reduced soot formation is attributed to well premixed fuel and
air. This indicates that in PPC combustion, the premixing quality is the key fac-
tor to control in-cylinder soot formation. Premixing duration is one important
parameter. On the other hand, if fuel−air premixing process is faster, low soot
emission is possible. For instance, higher injection pressure leads to a shorter ig-
nition delay. However, higher fuel velocity results in increased lift off length and
makes fuel elements travel faster to mix with air surrounding the jet. As a result,
despite of shorter ignition delay, lower soot mass was emitted with higher injection
pressure than low injection pressure.

For the fast sampling technique, although further assessment may be required,
it provides a valuable tool in future in-cylinder soot studies and may e.g. serve
to enhance the interpretation of laser extinction measurements which have much
higher time resolution but do not capture all features of the aerosol present in the
cylinder.
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Chapter 6

Summary and Conclusions

This chapter contains a brief summary of the main observations and contributions
of the work in this thesis. The studies in this thesis were performed to improve the
understanding of engine-out particulate matter emissions in PPC. The main focus
was on the fuel effect, but other engine parameters were also studied to provide a
more complete picture.

Compared to HCCI combustion, PPC combustion showed advantages of higher
engine thermodynamic efficiency with simultaneously lower UHC and CO emis-
sions. On the other hand, in PPC mode with high amount of EGR and late fuel
injection timing, because of increased stratified charge, PM emissions could rise.
Exhaust particle size distributions in HCCI were in a unimodal shape dominated
by the nucleation mode and soot mass emissions were ultra-low. Retarding injec-
tion into PPC mode, particle size distribution eventually changed into a bimodal
shape. Particle numbers in accumulation mode rapidly increased and dominated
the particle size distribution with the size distributions shifted to larger sizes. Soot
mass emission increased correspondingly.

For in-cylinder emission control, generally, reducing intake pressure or increas-
ing EGR was beneficial for keeping NOx emission low but could result in higher
soot emissions. Utilizing fuels that can provide longer time for fuel and air to mix
prior to combustion could be one of the solutions. Compared to diesel, gasoline
fuel showed high improvement in terms of soot reduction while ethanol emitted
close to zero soot mass emissions in all conditions. Non-existing NOx-soot trade off
in ethanol induces possibility of clean PPC operations with three-way catalyst in
stoichiometric conditions or with other simple Exhaust After-Treatment System
(EATS) in lean burn conditions. In contrast, stoichiometric diesel PPC or low
octane numbered gasoline PPC was not a good choice due to severe efficiency and
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soot emission penalties.

With diesel and gasoline fuel, increasing intake temperature or reducing injec-
tion pressure increased the particle number of the accumulation mode and shifted
the size distributions to larger sizes, resulting in an increase of particulate mass.
EGR could affect both combustion temperature and soot oxidizers therefore affect
exhaust soot output. Soot mass emissions tended to increase first with increased
number and size of accumulation mode particles. After reaching a peak value, soot
mass decreased. Particle number concentrations reduced and the size distributions
shifted to smaller size again, resulting in a smokeless condition in rich combustion.
Gasoline fuel with high octane number was found to be less sensitive to the change
of engine control parameters than low octane number gasoline and diesel, which
makes it more attractive in gasoline PPC applications.

Very slight change in particle mass emissions was observed with ethanol PPC
in response to intake temperature, injection pressure and EGR. The maintained
ultra-low soot emission level suggests improved robustness in response to variations
of those engine parameters and requires less efficiency compromise when complying
with the legislation standards.

Compared to conventional diesel, gasoline showed great improvements in soot
emission levels because of lower particle number density and smaller sizes. In-
cylinder sampled soot analysis revealed that due to longer premixing time and
better air entrainment to the fuel jet, gasoline PPC produced much lower soot
mass during combustion. Diesel particle size distributions appeared to have only
an accumulation mode, while gasoline particle size distributions had a nucleation
mode that was always present and dominated, and a soot/accumulation mode
presented only when soot mass was simultaneously detected. Unlike in diesel PPC
where soot output was mainly soot-oxidation governed, low soot formation was
the main reason for low exhaust soot emissions in gasoline PPC. It is concluded
that good equality of fuel-air turns to be the key factor to control soot emissions
in gasoline PPC operation.

The work in the thesis suggests that new fuel strategies to complement engine
in-cylinder emission control strategies in PPC may be powerful tools for continued
particle emission reduction in CI engines. The soot properties obtained from
different fuels and engine operating conditions could have implications for the
efficiency of soot after-treatment systems.
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Chapter 7

Future Work

This chapter presents the limitations of the performed study and the suggested
work for the future.

The possibility of simultaneous reduction in soot and NOx while maintaining
high engine thermodynamic efficiency has been established utilizing gasoline and
ethanol fuel in PPC combustion. The particle size distribution also gives informa-
tion about the physical characteristics in terms of particle size and number from
different fuels. However, there is still a need to further understand the funda-
mental mechanisms of the soot processes during the combustion in the cylinder
with different kinds of fuels. Together with in-cylinder emission control strate-
gies, there is a potential for further improvement and optimization and therefore,
some research areas which the author believes should be further explored are listed
below.

• In the thesis, regarding the in-cylinder emission control parameters, only
single-injection events with variations in inlet temperature and pressure,
EGR and injection pressure were tested. However, other injection strate-
gies, such as double injection or triple injection should also be included and
properly optimized to find a good trade-off between engine performance and
emissions for a specific fuel.

• Soot formation is affected by the mixing between fuel and air thus soot
reduction can be improved further by enhancing the fuel-wall interactions in
the combustion chamber. In this regard, swirl ratio, injection spray angle,
piston geometry and injector parameters should be tested to find a good
combination of turbulence and injection process for a specific fuel.
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• Engine load and engine speed should be extended with various kinds of fuels
to provide more complete information for soot after-treatment system design.

• Particle emissions from PPC require further study including particle chemi-
cal composition, optical properties and micro- and nano structure.

• More fuels, such as gasoline-ethanol blends, gasoline of high octane number
or alcohol fuels could also be interesting to investigate.
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Paper I

Close to Stoichiometric Partially Premixed Combustion -The Ben-
efit of Ethanol in Comparison to Conventional Fuels

Mengqin Shen, Martin Tuner and Bengt Johansson

Division of Combustion Engines, Lund University, Sweden

SAE Technical paper SAE 2013-01-0277

The possibility to operate clean PPC from lean condition to stoichiometric
equivalence ratio with reasonable efficiency and non-excessive soot emission was
investigated. Significant increase in soot emission and pronounced efficiency reduc-
tion makes stoichiometric diesel PPC impossible. Gasoline PPC showed the same
trends but with less efficiency reduction as well as less soot emission. Ethanol PPC
had the advantage with very low soot emission (below 0.1 Filter Smoke Number)
and higher efficiency, which indicated as a viable alternative fuel to produce clean
stoichiometric PPC associated with three-way catalyst.

I performed the experiments and post-processed the data as well took the main
responsibility of the paper writing. Martin Tunér and Bengt Johansson gave sup-
port in experiment planning and paper writing.
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1Division of Combustion Engines, Lund University, Sweden

2Chevron U.S.A., Richmond, California, United States

SAE Technical paper SAE 2013-01-2702

In this paper, the effect of changes in intake pressure and EGR fraction on
PPC engine performance (e.g. ignition delay, burn duration, maximum pressure
rise rate) and emissions (carbon monoxide (CO), unburned hydrocarbon (UHC),
soot and NOx) was investigated with diesel, gasoline and 99.5 vol% ethanol.
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SAE Technical paper SAE 2015-01-1790

This work focuses on the transition from Homogeneous Charge Compression
Ignition (HCCI) to Partially premixed combustion (PPC). Injection strategies,
EGR and boost pressure were the main parameters used to present the corre-
sponding effect on combustion and emissions characteristics during the transition.

I performed the experiments with Sara Lonn. I post-processed the data and
took the main responsibility of the paper writing which was carried out together
with Bengt Johansson.

Paper IV

Analysis of Soot Particles in the Cylinder of a Heavy Duty Diesel
Engine with High EGR

Mengqin Shen1, Vilhelm Malmborg2, Yann Gallo1, Bjorn B. O. Waldheim3,
Patrik Nilsson2, Axel Eriksson2, Joakim Pagels2,Oivind Andersson1 and Bengt
Johansson1

1Division of Combustion Engines, Lund University, Sweden

2Division of Ergonomics & Aerosol Technology, Lund University, Sweden

3Scania CV AB, Sodertalje, Sweden

SAE Technical paper SAE 2015-24-2448

To better understand how EGR affects soot particles in the cylinder, a fast gas
sampling technique was used to draw gas samples directly out of the combustion
chamber in a Scania D13 heavy duty diesel engine. It was found that EGR reduces
both the soot formation rate and the soot oxidation rate, but the oxidation rate
was reduced even more, leading to increased soot mass concentrations in late
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expansion and in the exhaust. Generally, increasing EGR reduced the in-cylinder
particle mean diameter but increased particle number concentrations.

I performed the experiments together with Vilhelm Malmborg and Bjorn B. O.
Waldheim. The engine data was post-processed by me and the soot sampling data
was processed by Vilhelm Malmborg. The paper was written with close collaboration
with Vilhelm Malmborg, Joakim Pagels, Bengt Johansson as well the other co-
authors.

Paper V

Influence of Injection Timing on Exhaust Particulate Matter Emis-
sions of Gasoline in HCCI and PPC

Mengqin Shen1, Bengt Johansson2, Martin Tuner1 and Per Tunestal1

1Division of Combustion Engines, Lund University, Sweden

2King Abdullah University of Science and Technology, Kingdom of Saudi Ara-
bia

Paper VI

Exhaust soot particle size distributions in partially premixed com-
bustion using ethanol, gasoline and diesel in a heavy-duty compression
ignition engine

Mengqin Shen1, Sam Shamun1, Bengt Johansson2, Vilhelm Malmborg3, Joakim
Pagels3, Anders Gudmundsson3, William Cannella4, Martin Tuner1 and Per
Tunestal1
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2King Abdullah University of Science and Technology, Kingdom of Saudi Ara-
bia

3Division of Ergonomics & Aerosol Technology, Lund University, Sweden

2Chevron U.S.A., Richmond,California, United States

Manuscript to submitted to Journal Fuel,2016

This paper investigates the particulate matter (PM) emissions in terms of
mass concentrations and size distributions from ethanol, high and low octane
number gasoline and conventional diesel fuel in PPC combustion. The influences
of inlet temperature, EGR and injection pressure were investigated. Very slight
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change in particle mass emissions was observed in ethanol PPC in response to the
change of engine control parameters, and most particles are in nucleation mode.
Gasoline fuels generated lower soot mass than diesel, and are less sensitive to the
change of engine operating conditions. Generally, gasoline emits lower particle
number emissions and of smaller sizes than diesel while ethanol generated close to
zero soot.

I performed the experiments with help from Sam Shamun. I post-processed
the data and took the main responsibility of the paper writing. The other authors
gave support in experiment planning and paper writing.

Paper VII

Analysis of in-cylinder soot particles in partially premixed combus-
tion with gasoline in comparison to diesel

Mengqin Shen1, Vilhelm Malmborg2, Joakim Pagels2, Oivind Andersson1,
Bjorn B. O. Waldheim3, Bengt Johansson4, Martin Tuner1 and Per Tunestal1

1Division of Combustion Engines, Lund University, Sweden
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3Scania CV AB, Sodertalje, Sweden
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bia

Manuscript to submitted to Journal Fuel,2016

This present study investigated soot particles during PPC combustion inside
the cylinder of a heavy-duty diesel engine, in order to get knowledge of the process
of soot formation and oxidation with both gasoline and diesel fuel. The sampled
gas dram from the combustion chamber va a fast sampling valve was analyzed
regarding the black carbon mass and particle number concentration, as well as soot
particle size distributions. Comparison of soot processes with gasoline and diesel
indicated that, very low soot formation was the main reason for lower exhaust
soot emissions in gasoline PPC. Much larger particles were formed in diesel PPC.
In conjunction with the high soot mass, higher soot organic was also found with
diesel.

I performed the experiments together with Vilhelm Malmborg and Bjorn B. O.
Waldheim. The engine data was post-processed by me and the soot sampling data
was processed by Vilhelm Malmborg. The paper was written with close collaboration
with Vilhelm Malmborg, Joakim Pagels as well the other co-authors.
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