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AD Aerodynamic diameter
AFst Stoichiometric air fuel ratio
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Summary

The diesel engine is widely used in many applications due to its high efficiency, high stability,
and also having an extreme flexibility for a variety of operating conditions. Despite the
numerous advantages of diesel engines, society is increasingly concerned about the pollutants
emitted by diesel engines. One way to address the pollution problem is to alter the combustion
so that less pollutants are created in the first place. Low-temperature combustion is a leading
strategy designed to reduce or eliminate the two most problematic pollutants emitted by
diesel engines, nitrogen oxides (NOx) and particulate matter (PM). One such combustion
concept is Homogeneous Charge Compression Ignition (HCCI), which typically employs
long in-cylinder mixing times prior to combustion to produce relatively uniform and lean
fuel/air mixtures. As the technique has matured, HCCI has evolved toward Partially Premixed
Combustion (PPC) which has a more inhomogeneous fuel/air mixture and temperature field
to better control the heat release rate. However, there are still many limitations in the practical
application of PPC engines.

The Chapter 1 and 2 introduces the research background and experimental equipment,
respectively. The Chapter 3 begins with the tests using three injectors with different nozzle
geometries to compare their combustion and emission characteristics. Then, the in-cylinder
emission control parameter air-excess was investigated under PPC mode to get knowledge
about the influences of in-cylinder density and oxygen concentration on exhaust emissions.
Moreover, the limitations of PPC at higher loads in terms of the trade-off relationship between
NOx and PM emissions are discussed.

Diesel and gasoline are the most important and widely used fuels for internal combus-
tion engines. However, because of the complex compositions of diesel and gasoline fuels,
simplified surrogate fuel like primary reference fuel (PRF) is used to represent the current
transportation fuels in both experimental and simulated studies. The Chapter 4 explores the
low load limit of PPC using three PRFs with research octane numbers (RON) of 70, 80 and
90, respectively. The advantage of using high-octane fuels is the longer ignition delay which
enhances the mixing of fuel and air before combustion. But the attainable operating region
is limited at low load and idle conditions. The main objective of this study is to extend the
operating region of the engine towards lower loads with the aid of an intake air heating system.
In addition, different dilution strategies are used, trying to get low NOx, soot emissions, and
acceptable HC and CO emissions.

The Chapter 5 deals with questions related to particulate matter emissions using various
high-octane fuels with different chemical structures. For combustion under PPC mode,
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Summary

particulate matter cannot be directly extrapolated from classical soot emission measurement
using a smoke meter, as typically done for conventional diesel combustion. This is because
the particulate matter discharged from PPC has a low fraction of carbonaceous compounds
and a significant amount of soluble organic fraction, which can not be captured by the smoke
meter. The particulate number concentration and size distributions were measured with an
engine exhaust particle sizer (EEPS), which allows measuring the size distribution from 5.6
to 560 nanometer. Besides, transmission electron microscopy (TEM) was also used to study
the morphology of the aggregates produced by different fuels at various engine conditions.

Combining the experimental results obtained from this dissertation, the limitations of
PPC with single injection strategy were presented: under high load, alcohol contained fuels
can alleviate the NOx-soot tradeoff relationship, but NOx-soot tradeoff is unavoidable; under
lower loads, PPC with high-octane fuels can achieve stable combustion, but produce much
higher HC and CO emissions than diesel due to overleaning; PPC with high-octane fuels is
well known to reduce PM emissions, but it also has the risk of emitting more smaller particles,
which are considered to be more harmful to human health. These limitations will be further
addressed in the future research.
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Chapter 1
Introduction

Compression ignition (CI) engines are widely used for transportation and power-generation applica-
tions. Improving the thermal efficiency, finding suitable alternative fuels, and further reducing the
pollutant emissions are needed because of energy shortages and the increasingly stringent emission
regulations. Conventional diesel combustion, as a typical representation of CI combustion, shows a
trade-off between nitrogen oxides (NOx) and particulate matter (PM) emissions. Considerable effort
has been devoted toward breaking through the compromise between NOx and PM emissions as they
both have adverse effects on the environment and human health.

1.1 Background

Internal combustion engines have been used for transportation for over a hundred years. We
would not have reached the living standard of today without the transportation performed
by the millions of vehicles. The Netherlands is both a very densely populated and a highly
developed country, in which transportation is a key factor in the economy. One problem is
the increasing price and decreasing supply of petroleum which drives the demand for more
efficient engines. Another problem is the environmental impact from harmful emissions,
such as carbon monoxide (CO), unburned hydrocarbons (HC), NOx, and PM. Moreover,
carbon dioxide (CO2) attracts more and more attention because of the climate changes.
Combustion is an important source of CO2 emissions. Battery electric vehicles (BEVs) are
considered as cars of the future to solve the energy shortage and environmental problems.
However, the carbon emissions of grid powered electric cars in countries with coal based
generation are no different than that of cars propelled by internal combustion engines [1].
Besides, the driving range of BEVs is not comparable with internal combustion engine
vehicles due to the limited energy density of battery [2]. The long charging time and the
limited number of charging stations also bring a lot of inconvenience to drivers [2]. Even
though battery density is improving day by day, batteries for heavy-duty trucks need to be even
more powerful, durable, long-lasting and high volume power density. Electric trucks do exist,
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Chapter 1. Introduction

mostly medium-duty hybrid that stop and start a lot to recharge the battery. Therefore, the
heavy-duty vehicles will still rely on internal combustion engines in the foreseeable future.
Improving fuel efficiency and looking for alternative fuels are two major approaches to reduce
carbon emissions of heavy-duty diesel engines.

The G-20 countries account for 90 percent of the global vehicle sales, and 17 out of
the 20 members have chosen to follow European regulatory pathway for vehicle emissions
control [3]. Emission regulations have become increasingly stringent to control harmful
emissions, which are detrimental to the environment as well as human beings. Europe first
introduced heavy-duty vehicle emission standards in 1988. The “Euro” track was established
in 1992 and progressing through to Euro VI in 2013. The European emissions standards are
shown in Table 1.1.

Table 1.1: EU Emission Standards for HD Diesel Engines. All emission limits are
given in g/kWh

Tier Date Test CO HC NOx PM
Euro I 1992 (>85 kW) R-49 4.5 1.1 8.0 0.36
Euro II 1996 R-49 4.0 1.1 7.0 0.25
Euro II 1998 R-49 4.0 1.1 7.0 0.15
Euro III 2000 ESC & ELR 2.1 0.66 5.0 0.10 & 0.13a

Euro IV 2005 ESC & ELR 1.5 0.46 3.5 0.02
Euro V 2008 ESC & ELR 1.5 0.46 2.0 0.02
Euro VI 2013 WHSC 1.5 0.13 0.4 0.01

a For engines of less than 0.75 dm3 swept volume per cylinder and a rated power speed of more
than 3000 per minute.

To meet the increasingly stringent emission regulations, significant advancements in
engine-related or fuel-related technologies, as well as exhaust aftertreatment technologies are
required. To meet the Euro VI emission requirements, diesel oxidation catalyst (DOC), diesel
particulate filter (DPF), and selective catalytic reduction (SCR) catalyst are commonly used
for heavy-duty diesel engines. DPF filter needs regeneration which consumes additional fuel.
Besides, if the DPF filter is not properly cleaned, the leftover ash can compete with soot for
space, leading to overheating of DPF and potentially causing the substrate to crack. This will
allow unfiltered exhaust gas to enter to the SCR catalyst. Both a cracked DPF and a poisoned
catalyst are expensive to repair. In addition, the needed urea injection requires additional
tanks, piping, and refueling stations to operate. Therefore, there is a need for more advanced
combustion concepts that may use renewable fuels to achieve a low carbon footprint and have
low tailpipe emissions to reduce the dependency on aftertreatment. However, in practical use,
the advanced combustion concepts also have their limitations.

2



1.2. Combustion Engine Concepts

1.2 Combustion Engine Concepts

Diesel engine designers face the challenge of complying with ever more stringent emission
standards, without compromising on engine efficiency. To accomplish these goals, many
advanced combustion concepts have been proposed in addition to the traditional diesel
combustion mode. It is crucial to have a thorough understanding of these combustion
concepts to make better use of them. In this section, the prevailing concepts are introduced.

1.2.1 Diesel Combustion

Diesel combustion is a complex, turbulent, multiphase process that occurs in a high-temperature
and high-pressure environment [4]. Air alone is inducted into the cylinder during the intake
stroke, and a highly reactive fuel (diesel) is injected directly into the cylinder just before the
combustion process (see Figure 1.1). It is well known that diesel combustion suffers from
high NOx because of regions where temperatures are high, and it also suffers from high soot
emissions due to the inevitable regions of high fuel concentration. These sources are better
illustrated in an equivalence ratio versus temperature map (ϕ - T). 0-D homogeneous reactor
combustion simulations were performed by Kitamura et al. [5], using a detailed n-heptane
mechanism at an ambient pressure of 60 bar and a residence time of 2 ms. Regions of
NOx and soot formation are provided in the ϕ - T plane, as shown in Figure 1.2. The blue
curve indicates the adiabatic, equilibrium flame temperature computed for each equivalent
ratio at an initial reactant temperature of 1000 K, assuming the O2 concentration is 21%.
The adiabatic flame temperature is the theoretical maximum. Therefore, the real flame
temperature will always be lower than the blue curve. High temperature and fuel-lean
mixtures lead to high NOx emissions, whereas soot production occurs at fuel-rich mixtures
within a specific temperature window. This leads to the so-called NOx-soot tradeoff.

Figure 1.1: Compression Ignition engine schematic, adapted from [6].
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Chapter 1. Introduction

Figure 1.2: NOx and soot production zones as a function of local temperature and
equivalence ratio. The adiabatic gas temperature is shown by the turquoise line at 21
percent ambient oxygen. Adapted from [5]

.

The NOx-soot trade-off is also known as the Diesel Dilemma. In general, a decrease in
NOx emissions is achieved at the expense of producing more soot emissions and vice versa.
To break this trade-off relationship, new combustion concepts are proposed emphasizing on
a more uniform mixture and limiting the local in-cylinder temperatures. One of the early
attempts is a concept called Homogeneous Charge Compression Ignition (HCCI), which will
be introduced afterward.

1.2.2 Homogeneous Charge Compression Ignition

HCCI is a combustion process controlled by the history of temperature, pressure, and
composition of the in-cylinder charge [7], [8], and [9]. HCCI is controlled by chemical kinetics,
unlike conventional diesel combustion that is mostly controlled by fuel/air mixing process.
Either port fuel injection or very early direct injection is used to get a premixed charge prior to
ignition thus producing almost zero soot. Earlier studies on HCCI with port fuel injection
of diesel found that very premature ignition and knock occurred, and relatively high intake
temperatures were required to minimize the fuel condensing on the intake system [10] and
[11]. Given that HCCI combustion takes advantage of highly diluted charges with either lean
mixtures or high level of exhaust gas recirculation (EGR), the in-cylinder temperature remains
low compared to conventional diesel combustion. As a result, low level of NOx is produced,
well below the Euro VI limit of 0.4 g/kWh.

Diesel combustion produces high emissions of NOx and soot, which requires using
expensive aftertreament systems like lean NOx traps [12], SCR catalysts ([13]) and DPF ([14]).
Thus, one significant benefit of HCCI is that it does not need to use expensive aftertreatment
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1.2. Combustion Engine Concepts

systems for NOx and soot emissions. However, the potential benefits of HCCI combustion
cannot be fully realized in production applications until some obstacles can be overcome. The
main limitations of this combustion mode are summarized below:

• The power density is low because of the high degree of dilution needed.

• Combustion efficiency is low compared to conventional diesel combustion.

• The combustion noise level is high.

• The operating range is limited.

• Combustion phasing control is poor due to lack of an immediate control actuator.

To take advantage of HCCI combustion to break the NOx-soot trade-off and to maintain the
primary benefits of diesel combustion for CI engines (i.e. good controllability on combustion
phasing), two main branches emerged. The first one is Reactivity Controlled Compression
Ignition (RCCI) and the second branch is Partially Premixed Combustion (PPC), they are
explained in next sections.

1.2.3 Reactivity Controlled Compression Ignition

Researchers from the University of Wisconsin-Madison developed a compression engine
combustion process using in-cylinder fuel blending. RCCI (Figure 1.3), which is a variant of
HCCI, is a dual-fuel engine combustion technology. Typically, a port injection of low reactive
fuel establishes the global equivalence ratio, and direct single or multiple injections of high
reactive fuel to trigger the combustion. By appropriately choosing the reactivities, relative
amounts, and injection timings of the fuel charges, RCCI combustion can be tailored to
achieve the best fuel economy. A large amount of research has been done on the effects
of injection pressure [15], injection timings [16], port fuel injection fractions [17], piston
geometry [18], intake temperature [19] and intake pressure [19] on combustion and emission
characteristics. Their results demonstrated that RCCI is a promising strategy to meet current
and future emission regulations without relying on NOx and soot aftertreatment. Still, there is
scope for further improvements in RCCI. Current injection strategy for RCCI is injecting 70 ∼

90% (fuel mass) of the low reactivity fuel in the intake port and the remaining of high reactivity
fuel is directly injected at pressure of 150 ∼ 800 bar. Instead, it would be interesting to inject
a certain portion of the low reactivity fuel first, followed by the high reactivity fuel and then
inject the remaining low reactivity fuel. This could help in controlling the combustion phasing
at higher loads. Low reactivity fuels other than gasoline are also of interest to investigate, such
as ethanol and n-butanol. In a future study, combustion technology group at the TU/e will
launch a series of studies on RCCI. The main strengths of the RCCI strategy include [16]:

• Low NOx and soot emissions.

• Reduced heat transfer losses.

• Increased fuel efficiency and thermodynamic efficiency.

• Reduced fuel system cost.

• Compliant with US Environmental Protection Agency’s 2010 emissions guidelines
without exhaust aftertreatment.
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Chapter 1. Introduction

Figure 1.3: RCCI engine schematic, adapted from [6].

For real-life use, this concept requires decent controllability. The combustion phasing
is controlled by the relative proportions of the two fuels, and the combustion duration is
controlled by spatial stratification of the two fuels [20]. However, the port injection or very
early direct injection of the low reactive fuel may result in low combustion efficiency. It was
argued that deposition of unburned premixed low reactive fuel in the squish and crevice
regions of the cylinder was the major contributor to the relatively low combustion efficiency
[20]. Therefore, a second concept (PPC) is investigated which attempts to use a single fuel
and achieve easier control.

1.2.4 Partially Premixed Combustion

PPC is also a combination of HCCI and traditional diesel combustion. PPC shares similar
advantages as RCCI. However, it does not need an extra fuel tank. In this system, a single fuel
is used and injected relatively late during the compression stroke. The main difference among
PPC, HCCI, and conventional diesel is the time available for the premixing of the fuel and
air. Compared to HCCI, PPC provides more thermal and mixture stratification to efficiently
control the combustion process. While compared to conventional diesel combustion, PPC
reduces local fuel-rich regions due to the longer mixing time before combustion happens.
Therefore, ignition delay (ID), which is defined as the crank angle difference between the
start of injection (SOI) and the start of combustion (SOC), is a key factor for PPC. A longer
ignition delay enables a larger degree of premixing and results in more premixed combustion.
Ignition delay can be adjusted in several ways. One is to change the in-cylinder temperature.
Cooled exhaust gas recirculation (EGR), which is the most commonly used approach on diesel
engines to reduce NOx emissions, slows down the kinetic reactions and results in longer
ignition delays. The second way is to change the reactivity of the fuel, which is the prevailing
approach currently. This will be introduced further in the next section.
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1.3. Fuel Appetite for Partially Premixed Combustion

1.3 Fuel Appetite for Partially Premixed Combustion

The most prominent characteristic of PPC is the requirement of creating a controllable
stratified mixture before ignition. The physicochemical properties of the fuel have a significant
impact on the ignition and combustion process [21]. Therefore, the study of fuels has become
an increasingly important method to control ignition timing and burning rate in PPC.

1.3.1 PPC with Diesel-like Fuels

Lund University has conducted extensive research on diesel PPC [22]. Their results revealed
that diesel PPC could defeat the NOx-soot trade-off relationship through applying excessive
EGR rate (> 65%) and lowering the compression ratio (e.g., 12.4). The reduction in NOx and
soot emissions has to be paid with a significant decline in combustion efficiency. The wall
wetting issues caused by the earlier injection timing and the high boiling point of diesel also
lead to higher HC emissions.

Fatty-acid methyl ester is a group of fuels originating from animal fats and vegetable oils
commonly known as biodiesel. Fang et al. [23] investigated biodiesel blends on an optically
accessible single-cylinder diesel engine with multiple injection strategies. Biodiesel has a
strong impact on reducing engine out soot emissions, probably thanks to its oxygen content.
However, it was found that biodiesel leads to increased NOx emissions compared to EN590
diesel since biodiesel typically burns faster due to the slightly higher cetane number.

More recently, a second generation of alternative diesel fuel was developed starting from
the well-known Fischer-Tropsch synthesis process [24]. It is usually indicated with XTL, where
X denotes the input feedstock and TL (to liquid) indicates the liquid state of the fuel. The
input feedstock can be either natural gas (GTL), coal (CTL) or renewable biomass (BTL). GTL
is already produced commercially and diesel fuels blended with GTL are available in several
European countries [25]. The high cetane number of GTL increases the diffusive combustion
phase with detrimental effects on soot formation, annulling the benefits of the poly-aromatic-
free characteristic of the GTL on soot formation under certain engine conditions [24]. The
NOx emissions decrease with GTL fuel compared to diesel, the decrease is considered to occur
due to the lowering of the maximum heat release rate [26].

Diesel-like fuels have higher cetane numbers, which require a high EGR rate and a low
compression ratio to achieve PPC, and the PPC operating load range is typically narrow.
Therefore, the diesel-like fuel is not an ideal candidate for PPC operation.

1.3.2 PPC with Gasoline-like Fuels

Kitano et al. [27] investigated the effects of cetane number and fuel distillation characteristics
on PPC for the purpose of reducing NOx and soot emissions from a diesel engine with
EGR. They found that lowering the cetane number reduced NOx emissions effectively by
suppressing the combustion temperature. The extension of the ignition delay was effective
in promoting lean mixture formation, and the mild heat release characteristics indicate
the suppression of NOx generation. But it was understood that excessive suppression of
ignitability resulted in an increase in HC emissions and fuel consumption at lower loads.
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Moreover, a lighter fuel with a lower distillation temperature has an advantage of reducing
soot emissions, especially at higher loads. Because this kind of fuel increases the evaporation
and mixing rates of injected fuel, and decreases the formation of fuel-rich regions in the
combustion chamber. To simultaneously reduce NOx and soot emissions, an alternative of
diesel PPC is to use fuels of low reactivity (gasoline-like fuels).

Kalghatgi introduced the concept of gasoline PPC in 2006 [28], inspired by the fact
that a less reactive fuel can provide a much longer ignition delay without using a high EGR
rate or a lower compression ratio. Soot formation can only be avoided if the final injection
of fuel is sufficiently completed before combustion starts. In other words, if the ignition
delay is long enough there might be no fuel-rich pockets in the cylinder favoring the soot
formation. Long ignition delay leads to a greater degree of premixed charge, which shifts
emission characteristics of PPC closer to HCCI than conventional diesel combustion. EGR
is typically used to reduce the temperature of the charge. Moreover, the lower temperature
and higher specific heat of the exhaust gases also cause an increase in the ignition delay.
Therefore, PPC can reduce NOx and soot emissions simultaneously.

Following the path introduced by Kalghatgi, a large amount of experimental work on
PPC using gasoline-diesel blended fuel was done [29], [30], and [31]. Diesel and gasoline
are mostly used in conventional engines. These fuels are composed of many complex
components, straight chain alkanes, branched alkanes and aromatics. The soot emission was
significantly reduced with the increase in the proportion of gasoline in the mixture because
the homogeneity of the fuel-air mixture was improved due to longer ignition delay. The
European gasoline (EN228) has a research octane number (RON) of 95 or 98, its resistance to
auto-ignition can be exploited to extend the ignition delay, but there will be some problems
with the cold start and low load if European gasoline is directly applied on a diesel engine. In
general, fuels that have higher octane number (and thus lower cetane number) are favorable
for PPC operating at higher loads. In addition to gasoline, alcohol fuels have also received
extensive attention from engine researchers. Alcohol fuels have been used widely, particularly
in Brazil, where ethanol has a long history of use as an automobile fuel. Besides ethanol,
many linear and branched members of the alcohol have been studied, with a particular focus
on butanol [32], [33] and [34].

Cetane number (CN) is an inverse function of a fuel’s ignition delay. In a particular
diesel engine, higher cetane fuels will have shorter ignition delay periods than lower cetane
fuels. Cetane number is an inverse of the similar octane rating for gasoline. Primary
reference fuel (PRF) blends are mixtures of n-heptane (CH3(CH2)5CH3) and iso-octane
((CH3)3CCH2CH(CH3)2). The research octane number (RON) or motor octane number
(MON) is the volume percent of iso-octane in the PRF blends. Typically n-heptane and
iso-octane are used to model the combustion of diesel and gasoline [35]. The auto-ignition
behavior of a test fuel mainly depends on its structure, composition and molecular size [36].
The auto-ignition chemistry of gasoline is different from that of PRF blends because of the
non-paraffinic components. Using PRF blends as primary fuels combined with toluene
(C6H5CH3) as secondary fuel can have the same RON and octane sensitivity as the target
gasoline [37]. Besides, ethanol and n-butanol can also be used as secondary fuels to blend with
PRF blends to get a specific RON. According to Kalghatgi [38], the optimal RON for gasoline
PPC is between 70 and 85 which is much lower compared to current market gasoline. The
most efficient way to improve fuel adaptability is to blend two fuels with different chemical
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properties [21]. The approach with PRF blends mixing with other simple fuels also reduces
ambiguity when one wants to compare experimental results with simulation results. For the
fuel blends used in this work, their mechanisms are available in literature.

High octane number fuels (iso-octane, ethanol, n-butanol and toluene) which feature a
long ignition delay were chosen to blend with a low octane number fuel n-heptane to get
an RON in between 70 and 90, focusing on the impact of fuel structure on PM emissions.
Hich-octane fuels have the advantage of longer ignition delays to improve the homogeneity
of fuel/air mixture, but ignitability problems at low load and idle conditions may occur.
In this dissertation, the low load limitations of PRF blends with RON of 70, 80, and 90
are studied by applying varying higher intake temperatures. Morever, previous research
only focused on soot emissions in g/kWh or in FSN [39], [40] , and [41]. Recent studies
correlate fine particulates and ultra-fine particulates to adverse human health effects [42].
The porous particulate agglomerations could deposit in the deep lung and cause diseases
like asthma, pneumonectasis and nasopharyngeal carcinoma [43]. Hypothetically gasoline
PPC may contribute to more fine and ultra-fine particles. Therefore, it is necessary to acquire
knowledge about the particulate matter in terms of number concentration and size distribution
when using high-octane blends. This is also discussed in this thesis.

1.4 Objective and Contributions

PPC has a great potential to achieve high engine efficiency and ultra-low emissions of NOx and
soot. This has attracted the attention of researchers and automotive industry as well. However,
main results in literature so far are obtained with real fuels like diesel, gasoline, or mixtures
of diesel with some high-octane fuels. This brings ambiguity when one wants to compare
experimental results with simulation results. In addition, the impact of fuel structure on the
particulate emissions can not be studied explicitly. The objective of this work is to develop a
better understanding of the combustion and emission characteristics using designed fuels.

The need of specific fuel properties for PPC cannot be fulfilled using a single component
fuel. The designed fuels use PRF blends as primary fuels and use ethanol or n-butanol
or toluene as a secondary fuel to have a specific RON but different molecular structures.
Designed fuels have the advantage that it is easier to study the influence of fuel structure on
particulate emissions. Besides, the mechanisms of designed fuels are available which allows a
better comparison between results of experiments and simulations.

The ignition delay is the key factor of PPC. Oxygen concentration and temperature are
the most important parameters influencing NOx and soot emissions. Firstly, the influence
of air-excess on PPC using several blends of RON70 is investigated (Chapter 3). The most
important requirement of PPC is the formation of a premixed fuel-air mixture. But at higher
loads, blends of RON70 are not able to provide enough ignition delay to avoid the formation of
fuel-rich regions. Hence the diesel dilemma (NOx-soot tradeoff) also occurs for these blends
(Chapter 3). Blends with higher RON are expected to solve this problem, but they may cause
ignitability problems at lower loads. Therefore, the possibility of running blends with RON
of 70, 80, and 90 at lower loads is investigated in Chapter 4. Last but not least the effect of
fuel structure and engine conditions on particle emissions in terms of particulate number
concentration and size distribution is studied (Chapter 5). The main contributions are in the
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following areas and will be discussed in detail in Chapters 3, 4 and 5.

• The influence of different injectors on injection duration and soot emissions.

• Effect of air-excess on combustion and emission characteristics.

• PPC limitations at higher loads regarding NOx-soot tradeoff.

• PPC limitations at lower loads.

• PPC limitations regarding very small particles (less than 30 nm in diameter).

• Effect of EGR on particulate number concentration and size distribution.

• Effect of fuel structure on PM emissions.

• The morphology of soot aggregates using different fuels.

1.5 Outline of the Thesis

This thesis is aimed at exploring the possibility of application of fuels with an RON between
70 and 90 on a heavy duty diesel engine. The test engine, emission instruments and related
parameters are introduced in Chapter 2.

In Chapter 3, a comparison of different injectors running with diesel under conventional
diesel combustion mode, the effects of air-excess on combustion and emission characteristics
under PPC mode, and the limitation regarding NOx-soot trade-off at higher loads are discussed,
respectively. Initially, the effects of three different injectors on diesel combustion is presented.
This study is not originally intended to compare the effects of different nozzle parameters
on the combustion and emission results, but because injector A was broken after finishing
some experiments and it had to be replaced with a different nozzle. Then, the sensitivity
of combustion parameters to changes in air-excess ratio using three blends of RON70 are
investigated. Finally, PPC is well known to break the NOx-soot trade-off relationship, whether
this effect still exists even at high load is also studied.

In Chapter 4, three PRF blends with RON of 70, 80 and 90 were investigated. Running
the engine in PPC mode with high-octane fuels has the advantage of long ignition delay to
reduce fuel-rich regions, thus producing low soot emissions. However, the ignitability at lower
loads is limited. The objective is to study whether stable combustion regarding low cyclic
variations and pressure rise rates can be achieved through adjusting the intake temperature.

In Chapter 5, the particulate matter emissions regarding particle number concentration
and size distribution are investigated with different fuels (all with an RON in between 70 and
90). Besides, the morphology of soot aggregates is also studied with a transmission electron
microscopy (TEM). Firstly, several ternary blends, formed by mixing ethanol or n-butanol
or toluene or benzaldehyde with PRF blends, are experimentally studied emphasizing on
particle number and size distribution. Secondly, to better study the effect of the fuel structure
on particulate matter, several binary blends (n-butanol or toluene or iso-octane blended with
n-heptane) are tested. Thirdly, to rule out the effect of different ignition delays (resulting
from the different RONs of n-butanol, toluene, and iso-octane) on the soot emissions, cetane
improver is used. Finally, not only the particle number and size distribution, but also the
morphology of soot agglomerates using various EGR rates is studied.

Finally, the main conclusions and future scope of work are presented in Chapter 6.
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Chapter 2
Experimental Apparatus

This chapter gives an overview of the thermodynamic test setup, emission measurement systems, and
data acquisition system. Besides, the related parameters used in the thesis are defined.

2.1 The Engine

The engine used in this thesis, referred to as CYCLOPS, is a six cylinder DAF XE355c engine.
Cylinder one is isolated as a test cylinder, and cylinders 4 to 6 are operated by the stock engine
control unit and are responsible for maintaining the engine speed. This engine has been
updated in 2014. Cylinders 2 and 3 were used as EGR pump cylinders [44], the purpose of
which is to generate adequate EGR flow, especially for high-boost conditions. However, when
the exhaust flow is small, the reciprocating motion of the pistons in the pump cylinders can
create a vacuum that sucks out the exhaust gas, thus affecting the accuracy of the exhaust
emission test. Now the cylinders 2 and 3 are no longer connected to the EGR circuit of test
cylinder, and the pistons of cylinders 2 and 3 were removed. Figure 2.1 shows the schematic
overview of the test engine. The base engine specifications are listed in Table 2.1. The test
cylinder uses a standalone fuel injection system which is composed of a Resato double-acting
air-driven high-pressure fuel pump, a pressure regulator and a prototype Delphi injector. The
intake air is provided by an Atlas Copco air compressor, which can provide up to 5 bar intake
pressure. Exhaust pressure is always set to 0.3 bar higher than intake pressure during the
experiments to ensure a sufficient EGR rate. The EGR flow can be cooled to 30 ◦C using a
variable flow of process water as a coolant medium. A heater is installed to heat up the intake
charge to the desired temperature. Three injectors were tested, their specifications and the
comparison results will be discussed in Chapter 3. The sketches of the cylinder, the bowl, and
the injections of injectors A, B, and C are presented in Figure 2.2. When testing a fuel other
than diesel, a lubricity enhancer fluid is used to prevent wear, reduce friction and provide a
protective cover against corrosion. The valve timing diagram of the test cylinder is shown in
Figure 2.3.
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Table 2.1: Geometrical properties of the engine

Based engine DAF HDDI diesel engine
Bore [mm] 130

Stroke [mm] 158
Connecting rod [mm] 266.7
Compression ratio [-] 15.7

Bowl shape M-shaped
Bowl diameter [mm] 100
Number of valves [-] 4

Exhaust valve close (EVC) [oCA] -346
Intake valve close (IVC) [oCA] -153

Exhaust valve open (EVO) [oCA] 128
Intake valve open (IVO) [oCA] 344

8

1. Air compressor 2&7. Micromotion flow meter 3. Exhaust tank 4. EGR cooler 5.
Cooled EGR tank 6. EGR valve 8. Mixing tank 9. Heater 10. Injector 11. Pressure
transducer 12. Charge amplifier 13. Encoder 14. Backpressure valve 15. Exhaust
analyzer 16. Engine exhaust particle sizer 17. Smoke meter 18. Electric control unit
& data acquisition.
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Figure 2.1: Schematic overview of the test engine
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139°

150°
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Figure 2.2: A sketch of the cylinder, the bowl and the included spray angle (blue line
for injector A, purple line for injector B and pink line for injector C).
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EVO [128 °CA]

EVC [-346 °CA]

TDC [-360, 0, 360 °CA]

BDC

IVO [344 °CA]

IVC [-153 °CA]

Valve overlap

 [30 °CA]

Figure 2.3: Valve timing diagram for test cylinder, see Table 2.1.

2.2 Emission Measurement Systems

Exhaust emissions are the key to environmental pollution problems. In addition to focusing
on HC, CO, NOx and soot emissions, people are increasingly concerned about particle number
and size. The Euro VI standards also introduced particle number emission limits in 2013.
The subsections below will present the emission measurement systems used in this research.

2.2.1 Horiba Measurement System (Gases)

The concentration of exhaust gaseous emissions, for example, hydrocarbons, carbon monox-
ide, carbon dioxide (CO2) and NOx, are measured using a Horiba Mexa 7100 DEGR exhaust
analysis system, which measures HC by flame ionization method (FID), CO and CO2 by the
non-dispersive infra-red method (NDIR), and NOx by the chemiluminescent method. The
Horiba Mexa is also used to determine the EGR fraction by measuring the CO2 concentration
at the inlet and exhaust.

2.2.2 Smoke Meter (Soot)

An AVL 415S Smoke Meter is used to measure smoke emissions. It uses the filter paper
method to determine the Filter Smoke Number (FSN defined according to ISO 10054). This
smoke meter has a measurement range of 0 to 10 FSN. Zero corresponds to the original
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reflection of the white paper, and 10 corresponds to no light reflection. In this thesis, a
sampling volume of 1000 ml is used for all measurements. The sampled engine exhaust
gas passes through clean filter paper, and the filtered soot causes blackening of the filter
paper. The paper blackening is measured by a photoelectric measuring head and the result is
analyzed by a microprocessor [45]. The exhaust sampling schematic of the smoke meter is
shown in Figure 2.4. More details about the smoke meter can be found in [46].

Effective length

Filter area

Exhaust flow direction

Dead volume

Sample Volume

The dead volume is the volume of the gas way 
from the sampling point to the filter paper.

Effective length=(Sample volume-
Dead volume-Leak volume)
/(Filter area)

The leak volume is caused mainly by 
transverse currents of the filter at the 
suction unit.

Figure 2.4: Smoke meter sampling schematic, adapted from [45]

2.2.3 Engine Exhaust Particle Sizer (Particle Distribution)

The engine exhaust particle sizer (TSI EEPS 3090) was used in the experiments to obtain
detailed information about particle concentration and size distribution. EEPS is a fast-response,
high-resolution instrument that measures very low particle number concentrations in a diluted
exhaust. It was designed specifically for measuring engine exhaust emissions using mobility
classification. With real-time data collection and display capabilities, the dynamic behavior of
particle emissions even during transient test cycles can be visualized and studied. It measures
exhaust particles in the range from 5.6 to 560 nanometers (nm), covering most of the range
of interest. Besides, it operates at ambient pressure to eliminate any concerns about the
evaporating volatile and semi-volatile particles. More details about how EEPS works can be
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found in Appendix A.1.
Hot engine exhaust contains both solid particles (for example, carbonaceous soot and ash)

and volatile vapors (such as water, sulfate, and hydrocarbons). In this thesis, a constant volume
system (CVS) tunnel is used for emission testing. So the volatile substances have a chance to
condense into nanodroplets, which are detected as particles together with nonvolatile solid
particles. To measure only the solid particles, thermal conditioning is required to remove the
volatiles in the sample. Figure 2.5 shows how volatile compounds from nanodroplets and how
they can be eliminated or suppressed through adjusting dilution and thermal conditions. It is
clearly seen that the concentration and the temperature of the volatile compounds are reduced
after passing through a CVS tunnel (path A to B, as shown in Figure 2.5). In the path from A
to B, the volatile compound passes its dewpoint (curve N) and nucleates into nanodroplets.
Subsequent secondary dilution (path B to D) will further decrease the number concentration
of nanodroplets formed in the first dilution (path A to B). However, the secondary dilution is
unable to evaporate these nanodroplets due to the hysteresis effect between nucleation and
evaporation [47]. Therefore, the sample needs to be heated above the evaporation point (curve
E) of the volatile compound (path D to C) using a thermal conditioner. Before entering the
EEPS, the volatile compounds remain in the vapor phase during the cooling process (path C
to D) and will not cross the nucleation curve (curve N) again to reform nanodroplets. Thus
the path A to B to D to C back to D can eliminate or suppress the nanodroplets in the sample.

Figure 2.5: Principle of thermaldilution [47].

The thermo-dilution unit (379020A-30) used in this thesis contains a rotating disk thermo-
diluter (model 379020A) and a thermal conditioner (model 379030). The sample is first
diluted with the rotating disk thermo-ciluter (path A to B to D, as shown in Figure 2.5). Then,
the sample is heated to evaporate the volatile compounds (path D to C) using the thermal
conditioner. Last, with hot dilution, the volatile compounds remain in the vapor phase then
enter into EEPS. More details about the thermo-dilution unit work process are given. This
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thermo-dilution unit separates sampling, dilution, and conditioning of the aerosol into several
steps [47]. (1) Undiluted exhaust emissions are sampled at a rate of approximately 1.0 L/min,
and a portion of the raw exhaust is captured by each cavity of the rotating disk and transported
to the measurement channel where it is mixed with particle-free dilution air. Figure 2.6 shows
the diluted sample of 309020A in the standalone mode and Figure 2.7 shows the air path
for the combined 379020A-30. The model 379030 generates the primary dilution air for the
diluter with a controlled flow of 1.5 L/min. The rotating disk thermo-diluter also features a
variable dilution ratio (from 15:1 to 3000:1) and the diluter can be heated up to 150 oC to avoid
measurement of condensed volatile compounds. (2) Model 379030 uses an evaporation tube,
which can be heated up to 400 ◦C, to eliminate nano-droplets that may have formed during
the primary dilution process. No re-condensation takes place during the cooling process (path
C to D, as shown in Figure 2.5), assuming the sampled aerosol is below the dew point (on
curve N, as shown in Figure 2.5) after primary dilution. (3) The primary diluted measuring gas
is further diluted with secondary dilution air generated in the model 379030. The secondary
dilution air flow is adjustable from 0 to 15 L/min. The EEPS spectrometer always operates at
10 L/min.

In this study, real-time sampling rate and a sampling period of EEPS were set at 1 Hz
and 1 minute, respectively. During all the experiments primary dilution (with rotating disk
thermo-diluter) temperature was set at 150 ◦C with a dilution factor of 50 and the secondary
dilution temperature was set at 300 ◦C (evaporation tube) with a dilution factor of 6.7. Thus
the overall dilution ratio is 335. The reason to choose a secondary dilution factor of 6.7 is given
in Appendix A.2.

Figure 2.6: Diluted sample (309020A in standalone mode) [47].

2.2.4 Transmission Electron Microscopy (Particle Morphology)

Transmission electron microscopy (TEM) is a microscopy technique in which a beam of
electrons is transmitted through a specimen to form an image [48]. TEM is known as one
of the most powerful tools to observe and understand the morphology and nanostructure
of soot particles [49], [50], [51] and [52]. The TEM grid used in this study has a diameter of
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Figure 2.7: Sample air path (diluted) for the combined 379020A-30 system [47].

Figure 2.8: TEM grid and lacey carbon film

3 mm and 200 mesh copper grids with a lacey carbon film, as shown in Figure 2.8. Lacey
carbon films offer a greater percentage of open area, provide the thinnest possible support
while maintaining adequate strength, and give practically no background interference in the
TEM [53]. TEM imaging was performed on a FEI Tecnai 20 (type Sphera) operated with a 200
kV equipped with a LaB6 filament and a 1k Gatan CCD camera. As presented in Figure 2.9,
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the TEM grid was put on the smoke meter paper to gather particles in the exhaust.

Lacy grid to get
TEM sampler

Exhaust flow direction

Figure 2.9: TEM grid placement method

2.3 Data Acquisition System

The engine is equipped with all common sensors typically applied in engine experiments,
such as sensors which can measure intake and exhaust pressures, and sensors which can
measure temperatures of intake, exhaust, cooling water and oil. These quasi-steady-state
data, together with air and fuel flows and emission data are recorded during a period of 40
seconds at a frequency of 20 Hz by an in-house data acquisition system, see [6]. The average
of the recorded data is taken as the value for the experimental point under investigation.
A SMETEC Combi combustion analyzer is used to record and process the so-called fast-
changing parameters, such as in-cylinder pressure (which is measured with an AVL GU21C
piezo-electric pressure transducer), common rail fuel pressure and injector current. In order
to understand the cyclic variations on each experimental point, all these channels are logged
at 0.1 crank angle degree (CAD) for 50 consecutive cycles.

EEPS spectrometer data is processed with the soot matrix which matches more closely to
the data from a TSI scanning mobility particle sizer (SMPS) spectrometer. Software version
3.2.5 and firmware version 3.1.2 are used when using EEPS.

A TEM sample is collected for each measurement point, and stored in a glass container
which is well cleaned in an ultrasonic cleaner. All TEM samples are measured in the Materials
and Interface Chemistry Department of TU/e.
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2.4 Definition of Related Parameters

Indicated mean effective pressure (IMEP) The brake mean effective pressure (BMEP) is the
mean effective pressure calculated from the dynamometer power (torque). But due
to the layout of the engine, BMEP cannot be used in this thesis. Therefore, the IMEP
which does not consider the mechanical efficiency is used. From the P-V diagram, an
example is shown in Figure 2.10, the indicated mean effective pressure is calculated.
Net indicated mean effective pressure (IMEPn) is calculated from in-cylinder pressure
over the complete engine cycle (720o in a four-stroke engine) using Equation (2.1).
Where Vd is the displacement volume and P is the in-cylinder pressure. To evaluate
the combustion performance at different intake pressures and exhaust pressures, the
gross indicated mean effective pressure (IMEPg) which excludes the gas exchange
stroke (the yellow area in Figure 2.10) is used to present engine load and calculate the
indicated emissions in this thesis. IMEPg is calculated from in-cylinder pressure over
compression and expansion strokes (360o in a four-stroke engine) using Equation (2.2).
Figure 2.11 shows the change in in-cylinder pressure with the crank angle, and helps to
understand the choice of crank angle range for calculating the mean effective pressure.

IMEPn =

∫360

−360
P · dV
Vd

(2.1)

IMEPg =

∫180

−180
P · dV
Vd

(2.2)

FuelMEP The supplied fuel energy content per cycle can be normalized as FuelMEP (unit is
bar), which is calculated with Equation (2.3). Where mfuel/cycle is the fuel mass per
cycle, QLHV is the lower heating value (LHV) of test fuel and Vd is the displacement
volume.

FuelMEP =
mfuel/cycle ·QLHV

Vd

(2.3)

Ignition delay, Ignition dwell and Burn Duration The crank angle where 10 percent, 50 per-
cent, and 90 percent of the heat has been released are referred as CA10, CA50, and
CA90, respectively. Ignition delay is defined as the crank angle difference between
start-of-injection (SOI) and CA10, see Equation (2.4). Ignition dwell is defined as the
crank angle difference between end-of-injection (EOI) and CA10, see Equation (2.5).
Burn duration is defined as the crank angle difference between CA90 and CA10, see
Equation (2.6).

ID = CA10− SOI (2.4)

IDw = CA10− EOI (2.5)

BD = CA90− CA10 (2.6)

Specific gas emissions The indicated specific emission of x (ISx) is calculated with Equation
(2.7).

ISx =

Qair+Qfuel
Mexhaust

· [x] · 10−6 ·Mx · 3600
Power

(2.7)

x can be HC or CO or NOx emissions. In this equation, Qair and Qfuel are air
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flow (g/s) and fuel flow (g/s), respectively. Mexhaust (g/mol) and Mx (g/mol) are the
molar masses of exhaust gas and x. Besides, [x] is the concentration of x in volume
(ppm). And Power represents engine power (kW). If EGR is used for a constant intake
pressure, the Qair will reduces, but the Mexhaust is almost constant.

Figure 2.10: In-cylinder pressure vs displacement volume
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Figure 2.11: In-cylinder pressure vs crank angle
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Efficiencies Fuel chemical energy is converted into mechanical work in several stages in an
internal combustion engine. Combustion efficiency is a measure of how efficiently fuel
energy is converted into useful energy. When calculating the combustion efficiency in
this thesis, only combustible species like HC and CO in the exhaust are considered,
see Equation (2.8). Possible effects of other components are ignored. Indicated specific
emissions of HC (ISHC) and CO (ISCO), and indicated specific fuel consumption
(ISFC) should be measured to calculate combustion efficiency. The LHV of HC
emissions is assumed to be that of the test fuel.

ηcomb = 1−

∑
i=CO,HC ISi · LHVi

ISFC · LHVfuel

(2.8)

The next stage is the conversion of heat released in the combustion chamber into
mechanical energy, pushing the piston down. Thermodynamic efficiency (ηth) indicates
the efficiency of conversion of heat to work in the compression and expansion strokes,
and therefore includes the combustion efficiency. It is calculated with Equation (2.9),
and more details can be found in [54].

ηth =

∫180

−180
P · dV

ηcomb · ˙mfuel · LHVfuel

(2.9)

EGR ratio The EGR fraction is experimentally determined from the ratio of the CO2 volume
concentration in the intake gas to the CO2 volume concentration in the exhaust gas, see
Equation (2.10). This method is commonly used in engine research [22] and [54]. The
EGR gas was cooled down before blending with air, then introduced into the intake.

EGR =
CO2inlet

CO2outlet

(2.10)

When water is condensed and trapped in the system, this method will yield a minor
error in the calculated EGR ratio. O2 concentration and specific thermal capacity of
inducted charge confirmed to be the two main parameters to control NOx emissions in
diesel engines [55]. In future experiments, to have more precise control, controlling the
intake oxygen concentration rather than EGR ratio is recommended.

Air excess ratio (λ) In this thesis, λ is calculated from the Brettschneider Equation (2.11) [56],
which provides the λ-value based on exhaust emissions and fuel composition. In this
equation, [XX] is the gas concentration in volume, HCV is the atomic ratio of hydrogen
to carbon in the fuel, OCV is the atomic ratio of oxygen to carbon in the fuel, and Cf is
the number of carbon atoms in each of the hydrocarbons molecules being measured
by Horiba Mexa 7100 DEGR. The λ-value calculated by Equation (2.11) is accurate
within 1%, independent of the test fuel [56], when all input parameters are accurately
known. This equation compares all of the oxygen in the numerator and all of the
sources of carbon and hydrogen in the denominator. λ obtained as a dimensionless
value to describe different mixtures: stoichiometric λ = 1, lean combustion λ > 1 and
rich combustion λ < 1.
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2.4. Definition of Related Parameters

λ =

[CO2] + [CO
2
] + [O2] + [NO

2
] +

(
HCV

4
× 3.5

3.5+
[CO]
CO2

− OCV
2

)
×
(
[CO2] + [CO]

)
(
1+ HCV

4
− OCV

2

)
×
(
[CO2] + [CO] +

(
Cf × [HC]

)) (2.11)

Rate of Heat Release (RoHR) Figure 2.12 displays different combustion phases. Premixed
combustion phase (bc) has the high heat-release rates characteristic. In this phase,
fuel and air are better mixed during the ignition delay period and combustion occurs
rapidly in a few crank angle degrees. In the mixing-controlled combustion phase (cd),
the burning rate is mainly controlled by the fuel/air mixing process. The heat release
rate in the mixing-controlled combustion phase may or may not reach a second peak,
which is usually lower than the peak formed in the premixed phase [57]. The late
combustion phase (de) has a lower heat release rate, because the kinetics of the final
burnout processes become slower as the in-cylinder temperature reduces during the
expansion stroke. In this thesis the RoHR is calculated with Equation (2.12), based on
the first law of thermodynamics assuming the contents of the cylinder can be modeled
as an ideal gas. Note that derivatives of pressure and volume (V) with respect to crank
angle (α) can easily be calculated from the pressure trace and a combustion chamber
volume model, respectively. In addition, the ratio of specific heats (γ) is correlated with
in-cylinder temperature, which is also taken into account.

Figure 2.12: Typical heat release rate diagram of compression ignition diesel com-
bustion process. Figure is adapted from [57].

dQ

dα
=

γ

γ− 1
p
dV

dα
+

1

γ− 1
V
dp

dα
(2.12)

Premixed fraction Figure 2.13 shows an example of the heat release rates of a primary ref-
erence fuel with a RON of 70 (PRF70) at three different loads without using EGR
and the fitted Gaussian profiles represent the premixed combustion. The combustion
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Chapter 2. Experimental Apparatus

of the PRF70 is dominated by premixed combustion at low load. However, it is
dominated by mixing-controlled combustion at high load. And at medium load PRF70
experiences the intermediate combustion process from mainly premixed combustion
to mainly mixing-controlled combustion. The premixed combustion phase is controlled
by chemical kinetics, and its volumetric heat release is faster than mixing-controlled
combustion phase. The premixed fraction (PF) is introduced in the previous study
[58], [59] and [6], and defined as a ratio of heat release from premixed combustion
to the total heat release. Premixed- and diffusive- heat release rates are typically not
separated, a Gaussian profile as presented in Equation (2.13) is fitted to the heat release
rate to estimate the premixed heat release. The Gaussian profile is a mathematical
representation of the premixed reaction phase. Still, it provides a convincing measure
of the premixing degree.

G (x) = h · e−
(x−x0)

2

2·α2 (2.13)

In Equation (2.13), x0 represents the central position of the peak, and h and α stand for
the height and width of the Gaussian profile, respectively.
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Figure 2.13: Heat release rates (red line) and Gaussian profiles (blue dashed line) of
PRF70 at three different loads (load increases from left to right, 5 bar, 10 bar and 15
bar IMEPg, respectively) without using EGR.

2.5 Conclusions

In this chapter, the experimental equipment was described and definitions of related pa-
rameters were given. Due to the layout of the engine, BMEP is not used in this thesis. To
evaluate the combustion performance at different intake and exhaust pressures, IMEPg is
used to present engine load and calculate the indicated emissions. Experimental results will
be presented in Chapters 3, 4, and 5.
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Chapter 3
Partially Premixed Combustionwith
RON70 Fuels

This chapter starts with a comparison of the effects of different injectors on combustion and emission
characteristics for conventional diesel combustion. Then the influence of air-excess (by adjusting the
boost level) on PPC combustion using different fuels of RON 70 with the main focus on combustion
characteristics and regulated exhaust emissions are presented. Finally, the limitations of PPC for
NOx-soot trade-off at higher loads will be discussed. 1

3.1 Comparison of Injectors

This study is not originally intended to compare the effects of different nozzle parameters
on the combustion and emission results. But injector A was broken after finishing some
experiments (the results are shown in Section 3.2) and it had to be replaced with a different
nozzle. Injector B (not a new injector) was replaced temporarily to continue the experiments.
But its soot emissions are much higher than injector A, which will be discussed in detail
afterward. Delphi could not offer the exactly same injector as injector A in a limited time
period, so injector C which is currently in production was chosen and installed in Cyclops

1 The major content of this chapter is retrieved from the following papers:

Wang, S., et al. (2015). Study on low temperature and conventional diesel combustion with fuel blends
of RON70. European Combustion Meeting, Budapest.

Wang, S., et al. (2014). Effect of air-excess on partially premixed combustion with blends of RON70.
Proceedings SPEIC14 – Towards Sustainable Combustion, November 19-21, 2014, Lisboa, Portugal
(pp. 1-8).

Wang, S., et al. (2015). Effect of Air-excess on Blends of RON70 Partially Premixed Combustion. Flow
Turbulence Combustion. doi:10.1007/s10494-015-9685-2.
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Chapter 3. Partially Premixed Combustion with RON70 Fuels

to do experiments (the results are shown in Section 3.3 and Chapters 4 and 5). To assess the
consequences of theses changes, this study was performed.

3.1.1 Experimental Details

Injector A was used mostly for HCCI experiments, so a high intake temperature was always
used. The comparison of different injectors was done with diesel at an engine speed of 1250
rpm to estimate the impact of nozzle design. Fuel injection pressure and intake temperature
were set to 1500 bar and 90 oC, respectively. EGR and λ were controlled at 45% (± 2%) and
1.45 (± 0.05), respectively. CA50 was kept constant at 10 CAD ATDC at different loads for the
purpose of investigating the emission characteristics in the same combustion setting for the
different injectors.

3.1.2 Differences between the Three Injectors

The specifications of the three injectors are listed in Table 3.1. It is widely known that Diesel
injector nozzles with different geometries affect the spray atomization and fuel/air mixing
process, and directly influence the combustion and exhaust emissions [60], [61], [62], [63],
[64], [65], [66], [67], [68] and [69]. The hydraulic flow rate (HFR) of an injector is defined as
the flow volume per minute at 100 bar injection pressure, and it is measured with a pressure
source and not a completed injector. A longer injection duration is required to inject the
specific amount of fuel into the cylinder if the HFR of an injector is smaller than other
injectors [68]. Therefore, as shown in Figure 3.1, injector A has the longest injection duration
due to the lowest HFR, followed by injector C and injector B.

Table 3.1: Specifications of the three injectors

Injector A Injector B Injector C
Nozzle hole number [-] 8 7 7

Injector nozzle hole size [mm] 0.151 0.207 0.180
Included spray angle [◦] 153 150 139

Hydraulic flow rate [L/min] 1.2 1.6 1.4

Injector A has more nozzle holes and smaller nozzle hole diameters compared with
Injectors B and C. Figure 3.2 shows that injector A produces lower HC emissions compared
to injectors B and C because of the better fuel atomization and air utilization, which is
supported by previous studies [66] and [68]. Figure 3.3 shows that injector A produces the
least soot emissions as well, because of the larger number of nozzle holes and improved fuel
atomization due to the smaller orifice diameter. These three injectors show similar ignition
dwells (CA10-EOI) but different ignition delays (CA10-SOI), as can be seen in Figure 3.4 and
Figure 3.5, respectively. Although combustion starts at a similar crank angle before EOI for
the three injectors (see Figure 3.4), the combustion of injectors B and C starts sooner after
SOI. The longer ignition delay, and hence longer premixing, explains the lower soot emissions
of injector A. Injector B injects the specific amount of fuel in less time due to its larger HFR,
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3.1. Comparison of Injectors

thus less fuel/air mixing and this promotes the soot formation. It is noted that the injector B
is an old injector, so the experimental results can also be influenced by a progressive aging
of the nozzle. From literature it it known that a heavier aging effect will cause a decrease in
lift-off length and vapor phase penetration, even reduces the spray momentum [69].
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Figure 3.1: Injection durations of three injectors at different loads.
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Figure 3.2: HC emissions of three injectors at different loads with diesel.
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Figure 3.3: Soot emissions of three injectors at different loads with diesel.
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Figure 3.4: Ignition dwells of three injectors at different loads with diesel.
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Figure 3.5: Ignition delays of three injectors at different loads with diesel.

3.2 Effect of Air-excess

Diesel and gasoline are mixtures of many compounds, including alkanes, alkenes, cycloalka-
nes, and aromatics [70] and [71], which very depend on refinery sources and time of year. As
introduced in Chapter 1, the optimal RON for gasoline PPC is between 70 and 85. To reduce
the ambiguity when one wants to compare experimental results to modeling, test fuels with
available mechanisms are preferred. N-heptane and iso-octane (or their blends) are very good
candidates to model the combustion of diesel and gasoline [35]. Ethanol and butanol are also
very suitable candidates in this respect. At some countries, gasoline is mixing with ethanol
(10 vol%) to reduce the carbon footprint. Based on these factors, three blends with RON70
were designed and tested. Intake pressure changes both the in-cylinder charge density and
oxygen concentration. Therefore, it is of interest to investigate the sensitivity of combustion
characteristics of the three test blends to the change of air-excess ratio.

3.2.1 Experimental details

Test Fuels

It is well known that octane number can affect engine performance range, combustion
characteristics and emissions of PPC engines. The higher the octane number, the higher
temperature the fuel can withstand before igniting. Alcohols, especially ethanol and n-butanol,
have been recognized as suitable fuels for PPC engines due to their high octane numbers.
In this study, three fuel blends with RON70 were designed and tested: n-heptane/ iso-
octane (PRF70), n-heptane/ iso-octane/ ethanol (ERF70) and n-heptane/ iso-octane/ n-butanol
(BRF70). The lower heating values (LHV) of the three blends are different due to the different
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Chapter 3. Partially Premixed Combustion with RON70 Fuels

chemical compositions. However, the energy content of a stoichiometric mixture (LHVstoi) is
nearly identical. Hence, the combustion temperature can be expected to be similar as well.
The related properties of the test fuels are shown in Table 3.2.

Table 3.2: The properties of the test blends

Blend properties PRF70 ERF70 BRF70
N-heptane (vol%) 30 43 35
Iso-octane (vol%) 70 37 40

Additive - Ethanol N-butanol
Oxygen (wt.%) 0 7.77 6.11

Density (kg/cm3) 687.0 703.2 712.7
RON/MON 70/70 72.9/61 72.9/68

RON test method DIN EN ISO 5164
MON test method DIN EN ISO 5163
Anti-knock index 70 67 70.5

Stoichiometric air-fuel ratio 15.11 13.75 13.99
LHV (MJ/kg) 44.47 41.00 41.27
LHVstoi (MJ/kg) 2.76 2.78 2.75

Test Conditions

In this study, injection pressure and injection duration were kept constant for the three blends.
Injector A was used with a single injection strategy and an injection pressure of 1000 bar was
applied. However, for different test fuels the fuel mass injected into the cylinder varies a little
due to the different densities of the test fuels, as shown in Figure 3.6. Still, the input fuel
energies of the three blends are similar. Thus the aim load 7 (±0.3) bar (IMEPg) was achieved.

Experiments were conducted with different air-excess ratios, which are altered by changing
air mass through varying the intake pressure. During the measurements, the engine speed
was fixed at 1250 rpm with 40% EGR. The intake temperature was controlled at 40 ◦C to avoid
the impact of intake temperature changes on combustion and emissions. As can be seen from
Figure 3.7 and Figure 3.8, the maximum pressure rise rate (PRR) and combustion efficiency
increase as combustion phasing (CA50) advances. PRR should not exceed a certain limit to
prevent engine damage and excessive combustion noise. In this study, the maximum PRR is
controlled not to exceed 20 bar/CAD. For this reason CA50 has been kept constant at 8 CAD
to restrict the maximum PRR, and maintain a relatively good combustion efficiency. Hence,
the emission characteristics of these blended fuels are investigated at the same combustion
setting for each point.

λ varies from 1.2 to 2.3 through adjusting the intake pressure. The operating points are
plotted in Figure 3.9 (a). The combustion phasing of ERF70 becomes more and more difficult
to control as λ decreases towards stoichiometric conditions compared to PRF70 and BRF70,
as shown in Figure 3.9 (b). Moreover, note that PRF70 and BRF70 require a higher boost to
achieve the same λ as ERF70 due to their lower oxygen content.
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3.2. Effect of Air-excess

Figure 3.6: Fuel mass and fuel energy per cycle as a function of λ

Figure 3.7: Maximum PRR vs CA50
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Figure 3.8: Combustion efficiency vs CA50

Figure 3.9: (a) Changing λ through changing intake pressure. (b) The corresponding
CA50 when λ changes.
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3.2.2 Major Combustion Characteristics

Plots shown in Figures 3.10, 3.11, and 3.12 are the in-cylinder pressures, the rate of heat release
rates, and injector current signals of PRF70, ERF70, and BRF70 at various intake pressures,
respectively. Apart from the fact that the mixture becomes leaner at higher intake pressure,
the higher charge density is also favorable to spray atomization, evaporation, and fuel/air
mixing throughout the entire combustion process [72]. In the relevant temperature regime
of this work, the ignition delay becomes shorter with decreasing λ at near stoichiometric
conditions [73]. However, the decreased intake pressure leads to lower pressure and density
levels, consequently, results in longer ignition delays and deteriorate the fuel/air mixture
formation. Hence, the observation that fuels become more difficult to ignite near stoichio-
metric conditions is a pressure and density effect rather than a λ effect. Therefore, fuels
need to be injected early into the combustion chamber to get a better fuel/air mixture at
low boost conditions, as shown in Figure 3.13. In this study low temperature heat release
(LTHR) happens only at low boost conditions where the fuel needs to be injected early into
the combustion chamber. The LTHR is presented as the small peak on the RoHR curve.
The premixed combustion phase is typically fast, the injected fuel combusts at once. During
the mixing-controlled combustion phase, the combustion speed is determined by the rate
at which mixture becomes available for burning, typically followed by an even slower late
combustion phase. When the absolute intake pressure is set to 2.0 bar, PRF70 starts to show
a two-stage combustion characteristic which is referred to as the combination of premixed
combustion and mixing-controlled combustion, as shown in Figure 3.10. This is due to
the fact that the ignition delay becomes so short at high boost conditions that injection and
combustion starts to overlap. However, ERF70 and BRF70 still show almost pure premixed
combustion. When the absolute intake pressure is set to 1.3 bar, ERF70 needs to be injected
earlier into the combustion chamber than PRF70 and BRF70 due to its higher resistance
against auto-ignition (Figure 3.13). Moreover, the heat release is faster and narrower at low
boost conditions, which leads to a higher global combustion temperature.

The premixed fractions of the three blends decrease with the increase of λ, which is well
illustrated in Figure 3.14. Although these three blends have a similar RON around 70, there is
a clear difference in the premixed fraction. A lower λ corresponds to a lower intake pressure
which results in a longer ignition delay and thus a higher premixed fraction. While larger λ
requires higher intake pressure, which can improve the mixture formation but shorten the
ignition delay, thus leading to lower premixed fractions. Fuel with highest chemical ignition
delay (ERF70) allows earlier injection and provides more time for mixture formation, thus
presenting the highest premixed fraction and lowest dependency on changing conditions.
It is concluded that the observed dependence of the premixed fraction on λ is a complex
interaction between chemical and physical aspects since in the experimental work not only λ
but at the meantime boost conditions are also varied.
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Figure 3.10: Cylinder pressures and RoHR data of PRF70 at various intake pressures

Figure 3.11: Cylinder pressures and RoHR data of ERF70 at various intake pressures
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Figure 3.12: Cylinder pressures and RoHR data of BRF70 at various intake pressures
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Figure 3.14: Premixed fraction and linear polynomial profile as a function of λ. The
linear polynomial profile is a fit for the premixed fraction.

CA50 is near constant for all the measurements by design, but clear trends can be
seen with respect to the ignition dwell (Figure 3.15) and burn duration (Figure 3.16) of the
three blended fuels. In Figure 3.15 and 3.16, the dotted line a, line b, and line c connect
the same ignition dwell points of the three blended fuels under various intake pressures,
respectively. The ignition dwell is used to describe the separation between the fuel injection
and combustion events. The target of PPC concept is to separate the end-of-injection and the
start-of-combustion. Therefore a positive ignition dwell avoids local fuel-rich zones which
can cause soot emission. Ignition dwells decrease when λ increases, this correlates strongly
with the change of premixed fraction. ERF70 has the longest ignition dwell and the biggest
premixed fraction. Consequently, its heat release rate is higher than the other test blends
because of the faster combustion speed of premixed combustion. Figure 3.16 presents how
the burn duration changes as a function of λ. The three test blends have a similar RON of 70,
but ignition at PPC conditions is not determined by RON alone. The stratification will have a
pronounced effect. Intake pressure increases the in-cylinder density and oxygen concentration
at the same time. On one hand, higher boost levels will reduce the premixed time of fuel
and air thus resulting in more mixing-controlled combustion and unequivocally extends the
burn duration. One the other hand, a higher density will accelerate the mixing of oxygen
and fuel [74] to reduce the mixing-controlled combustion phase and thus shorten the burn
duration. Hence the burn duration is affected by these two factors together. When having the
same ignition dwell, ERF70 has the shortest burn duration followed by BRF70 and PRF70, as
shown in Figure 3.16. So even though at these conditions the same amount of fuel is injected,
it is impossible to conclude that the burn duration is associated with the richness of the fuel
alone. Since the combustion of the test fuels occur at different oxygen concentration hence
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different stratification. In sum, the difference in burn durations of the three blends is thought
to result from different burning rates and thermal stratifications.

Figure 3.15: Ignition dwell as a function of λ

Figure 3.16: Burn duration as a function of λ. The dotted lines a, b, and c connect
the same ignition dwell points for various intake pressures.
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3.2.3 Soot and NOx Emissions

Soot emissions of the three blends are all below EURO VI emission standard, as plotted
in Figure 3.17. It can be concluded from the soot emissions that reduced λ does not cause
more fuel-rich regions because of the extended mixing time. Reduced λ requires an earlier
SOI because fuels become difficult to ignite due to the decreased boost level and in-cylinder
charge density at the close-to-stoichiometric conditions. NOx emissions increase with the
increase of λ, as shown in Figure 3.18. Previous research concluded that NOx levels were
determined by the flame temperature, the oxygen concentration, and the residence time at the
NOx forming period. As the intake pressure increases, the ignition delay decreases resulting
in more mixing-controlled combustion, so the peak in-cylinder temperature drops. One may
expect NOx emissions to decrease with the increasing dilution level due to the reduced global
temperature. However apparently, the higher oxygen concentration and longer burn duration
have a bigger effect under the experimental conditions. This is also found by Noehre et al. [22]
that NOx emissions increase with intake pressure for a fixed EGR rate. The influence of intake
pressure on NOx emissions is small compared to the influence of oxygen concentration [75].
Therefore, it is possible to significantly improve the NOx emissions at high boost conditions,
such as applying more EGR to control the oxygen concentration. This study changed the
intake oxygen concentration by changing the intake pressure, which inevitably change the
in-cylinder density as well. In the next section, the intake oxygen concentration is changed by
changing the EGR rate to investigate the influence of intake oxygen concentration on soot and
NOx emissions at higher loads.

Figure 3.17: PM emissions as a function of λ
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Figure 3.18: NOx emissions as a function of λ

3.3 Limitations of PPC at higher loads

3.3.1 Experimental details

The properties of the test fuels are shown in Table 3.2. Diesel was also tested as a reference.
Before the tests start, the engine is warmed up until the lubrication oil and coolant fluid
temperatures reach 85 oC. All the tests were conducted under steady state conditions, injector
C and a single injection strategy were used. Two loads were tested, which are medium load
(IMEPg of 10 bar) and a higher load (IMEPg of 15 bar), respectively. To achieve different
loads and also keep injection duration short, various injection pressures were selected for the
medium load (1200 bar) and high load (1800 bar). Different EGR rates were used for each
load to adjust the intake oxygen concentration. Intake pressure was adjusted as well with the
change of load (1.8 bar at medium load and 2.5 bar at high load) to ensure λ is not lower than
1.2 even when a high EGR rate (above 40%) was used, thus avoid excessive soot emissions.
Due to the fact that the SOI timing will influence the air/fuel mixing, in this study the SOI
timings for different test fuels were kept constant, while the SOI timing was changed for
different loads to maintain stable combustion. As a consequence CA50 changes from 8 to 15
CAD ATDC when EGR increases. The engine speed was held constant at 1200 rpm which is
a typical highway cruising speed (for older engines), and intake temperature was controlled at
40 oC.
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3.3.2 Combustion Characteristics

Figure 3.19: Heat release rates at medium and higher loads with 0% EGR. The
dotted lines represent the injector currents.

Figure 3.20: Heat release rates at medium and higher loads with 40% EGR. The
dotted lines represent the injector currents.

Figure 3.19 and Figure 3.20 depict the heat release rates at two test loads with 0% EGR and
40% EGR, respectively. At 10 bar IMEPg, diesel shows both premixed and mixing-controlled
combustion, and mixing-controlled combustion dominates the whole combustion process,
thus exhibiting a longer burn duration than the blends. While the three blends provide more
premixed combustion than diesel (at 10 bar IMEPg), the proportion of premixed combustion
increases apparently as EGR rate grows. At the higher load (15 bar IMEPg), diesel presents a
typical two-stage combustion process, a small amount of premixed combustion followed by
a substantial amount of mixing-controlled combustion. Even though the blends of RON70
offer a bit more premixed combustion than diesel at the higher load, they are also controlled
by mixing-controlled combustion, as is also apparent from the overlap between injection and
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combustion. Note that the heat release rate graphs illustrate that the combustion durations of
the three blends are shorter than that of diesel leading to more expansion work.

In Figure 3.21, the premixed fraction is presented as a function of the EGR percentage at
two test loads. Diesel is dominated by mixing-controlled combustion at both medium and
higher loads with premixed fractions smaller than 0.2 even if over 40% EGR is used. At 10
bar IMEPg, the three blends of RON70 present more premixed combustion as the EGR rate
increases. They are dominated by premixed combustion with premixed fractions larger than
0.5 when over 30% EGR is used. However, at 15 bar IMEPg, the three blends all burn in a
conventional diesel combustion mode with premixed fractions smaller than 0.3 (although at
least twice that of diesel). This is due to the fact the ignition delay at 15 bar IMEPg is shorter
than that of 10 bar IMEPg. At 15 bar IMEPg, thus higher intake pressure, the cylinder holds
more mass and consequently will have better atomization and mixing. Moreover, as engine
load increases, the residual gas temperature and the wall temperature increase [76]. This
results in higher air temperature at injection, thus shortening the ignition delay and premixed
fraction as well. EGR reduces the charge temperature which increases the ignition delay and
hence the premixed fraction. This also holds for the medium load case (10 bar IMEPg).
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Figure 3.21: Premixed fractions at medium and higher loads with various EGR rates.

3.3.3 NOx-Soot Trade-off

Figure 3.22 illustrates the trade-off relationship between NOx and soot emissions for the
test fuels at two test loads. At 10 bar IMEPg, the NOx emissions of all test fuels reduce at
the increase of EGR rate, and NOx emissions are below 0.4 g/kWh (EURO VI) when more
than 40% EGR is used. In addition, the soot emissions of the three blends are close to zero
regardless of the EGR rate used. However, the soot emissions of diesel increase sharply when
more than 25% EGR is used as is commonly known. Under such experimental conditions,
the three blends of RON70 are dominated by premixed combustion, especially at high EGR
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rate. In fact the premixed fractions of the three blends exceed 0.5 when more than 30% EGR
is used, while the premixed fractions of diesel are always lower than 0.2 even if more than
40% EGR is used. Nearly zero soot emissions of the three blends demonstrate that the better
mixing of fuel and air outweighs the effect of reduced oxygen concentration on soot emissions
as the EGR rate increases.

However, at 15 bar IMEPg, all fuels show a NOx and soot trade-off relationship, but
oxygenated fuels (ERF70 and BRF70) still produce less soot. Previous experimental and
numerical studies revealed that the ability of oxygenates to limit the soot production was
strongly related to their molecular structure in addition to their oxygen content [77], [78], [79],
and [80]. Fuel molecular structures including branching, the degree of saturation, carbon
chain length, and oxygenate functional group all have effects on soot formation [77]. For a
given number of carbon-atom in the molecule, the sooting tendency of oxygenated compounds
increases in the following order: esters < aldehydes < ketones < alcohols [80]. At 15 bar IMEPg,
all test fuels are dominated by mixing-controlled combustion and run under conventional
diesel combustion mode with a premixed fraction smaller than 0.3. Under such experimental
conditions, the reduction in oxygen concentration (when EGR rate increases) has a decisive
influence on soot formation. The oxygen content of ethanol (in ERF70) or n-butanol (in
BRF70) helps to increase the local λ, thus reducing the fuel-rich regions to produce less soot.
In addition, their short carbon chain length also reduces soot emissions. It is also noticed
that overall NOx emission goes up as the load increases, which is attributed to the higher
in-cylinder pressure and thus higher temperature. The experiments show that it is almost
impossible to achieve ultra-low NOx and soot emissions simultaneously. In other words, it is
hard to increase the proportion of premixed combustion sufficiently. Therefore more research
should be done to improve the premixed fraction and alleviate the NOx and soot trade-off at
higher loads.
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Figure 3.22: NOx and PM vs EGR at two test loads
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3.4 Conclusions

In the first part of this chapter, three injectors with different nozzle geometries are tested with
diesel at several engine loads. Injector A produces the least soot emissions which is thought
to be caused by the larger nozzle hole number and smaller nozzle hole size. Several important
parameters (including nozzle hole number, nozzle hole size, included spray angle, hydraulic
flow rate) are changed at the same time for injector A, B, and C. Therefore, it is difficult to
conclude which nozzle geometry has the most important influence on spray formation based
on our experimental data. Choosing the right nozzle is an important means of optimizing the
combustion. At the same time, it is of great practical significance to study the effect of nozzle
aging on the formation of the spray. This is also an important branch of future research.

In the second part of this chapter, different air-excess ratios are achieved by changing the
intake pressure to investigate the combustion and emission characteristics of three blends
with RON 70 under PPC mode. Even though the three blends have a similar RON of 70, the
ignition of PPC conditions is apparently not determined by RON alone. ERF70 needs to be
injected earlier into the cylinder than PRF70 and BRF70 to achieve the same CA50, leading to
the highest premixed fraction. Premixed fractions of the test blends decrease with the growth
of intake pressure. At close to stoichiometric conditions, all the blends show a large premixed
fraction (> 0.8) and their combustion is dominated by premixed combustion. Soot emissions
under PPC mode are well below Euro VI emission regulations.

In the third part of this chapter, the NOx-soot relationship is investigated at two loads (10
and 15 bar IMEPg, respectively) using three blends of RON 70. Diesel suffers a well-known
NOx-soot trade-off relationship, so it is tested under the same experimental conditions as a
reference. At 10 bar IMEPg, the test blends are dominated by premixed combustion, having
premixed fractions larger than 0.5 when 30% EGR is used. However, diesel is dominated
by mixing-controlled combustion and its premixed fraction is smaller than 0.2 even when
45% EGR is used. The test blends eliminate the trade-off relationship between NOx and
soot emissions. As the EGR rate increases, the NOx emissions of all test fuels decrease
dramatically, besides, the three blends maintain near zero soot emissions. But the soot
emissions of diesel increase sharply when more EGR is applied. At 15 bar IMEPg, all fuels
show a NOx-soot trade-off relationship, but oxygenated fuels (ERF70 and BRF70) still produce
less soot emissions. To alleviate or even eliminate the NOx-soot trade-off at higher loads,
methods that help to improve the proportion of premixed combustion or premixed fraction
should be used, such as multiple injection strategies. Besides, the effect of increasing the
proportion of ethanol or n-butanol in the blends on soot emissions also requires further study.

The study indicates that more premixed combustion, or a bigger premixed fraction, helps
to reduce soot emission. Whether premixed fraction can be used to predict the amount of
soot emission requires further study. This chapter focuses on the combustion characteristics
and the soot-NOx trade-off relationship of blends with RON70. Fuels with even higher RON
are believed to increase the premixed fraction, but they may bring problems at lower loads
due to their poor auto-ignition qualities. The next chapter will discuss this in more detail.
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Chapter 4
Low Load Tests with High-octane
Fuels

Higher octane number fuels strengthen the ignition delay advantage over diesel at high load, while
they will have difficulties to ignite at low load. This chapter is investigating the potential of fuels
with high octane number at low load and idle conditions. Several chosen PRF blends, which are
blends of iso-octane and n-heptane with octane numbers of 70, 80 and 90, were tested in an adapted
commercial diesel engine (Cyclops). Firstly, experiments were done with varying combustion phasings
and intake temperatures without using EGR to study the combustion stability of several high-octane
fuels at low load and idle conditions. Next, the campaign was extended by adjusting EGR rate and
intake pressure to optimize NOx emissions. 1

4.1 Experimental Details

At Lund University, Manente [81] and [82] investigated the PPC operating region running
a variety of gasoline fuels with various octane numbers in a heavy duty diesel engine with
a compression ratio of 17.3. Figure 4.1 [82] shows the operating window used in their
experiments. It is concluded that the operating region which can be realized decreases
with fuel octane number when an intake temperature of 30 oC is used [81] and [82]. Some
approaches can be tried to expand the operating region, such as using refined injection
strategies, using boosted intake air, or using heated intake air. As shown in Chapter 3, at
higher loads PPC is hard to establish and a higher octane number is preferred. The primary
objective of this study is to investigate the low load limitations of high-octane fuels by changing
the intake temperature.

1Part of this chapter is retrieved from: Wang, S., et al. Experimental Study on the Potential of Higher
Octane Number Fuels for Low Load Partially Premixed Combustion, SAE Technical Paper 2017-01-0750,
2017, doi:10.4271/2017-01-0750.

45



Chapter 4. Low Load Tests with High-octane Fuels

Figure 4.1: Stable operational load window as a function of RON [81], the color
symbols represent fuels with different RONs and their properties can be found in
[82].

4.1.1 Test Fuels

Three PRF blends, which are mixtures of n-heptane and iso-octane, with RON of 70, 80, and
90 were tested, respectively. Diesel was also tested as a reference under the same experimental
conditions. The main properties of the test fuels are listed in Table 4.1.

Table 4.1: Main properties of the four test fuels

PRF70 PRF80 PRF90 EN590 Diesel
Iso-octane (vol%) 70 80 90 -
N-heptane (vol%) 30 20 10 -

RON (-) 70 80 90 -
CN (-) 27 22.6 16.9 51.6

LHV (MJ/kg) 44.47 44.45 44.44 42.9
Stoichiometric air-ful ratio 15.107 15.102 15.096 ≈14.6

H/C 2.261 2.257 2.254 ≈1.85

4.1.2 Test Conditions — Effects of Intake temperature and CA50

Typically, idling conditions are represented by an engine speed of 600 (±5) rpm and no boost
[83]. Experiments were done at two low loads, load I (5 bar IMEPg at 1200 rpm) and load II
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(2.5 bar IMEPg at 600 rpm). Injector C was used for all the experiments in this Chapter. To
get a representative comparison between the selected fuels, the combustion phasing (CA50)
and intake temperature were selected to vary systematically. Table 4.2 shows the respective
ranges for CA50 and intake temperature. The remaining engine settings are given in Table
4.3. EGR was not used initially in order to improve the ignitability of high-octane fuels at the
test conditions. The measurement was terminated when the combustion shows a tendency to
misfire.

Table 4.2: A full-factorial matrix combination of CA50 and intake temperature for
the test fuels

Test fuels CA50 sweep (CAD ATDC)1 Intake temperature sweep (oC)2

PRF70 0∼10 40∼120
PRF80 0∼10 40∼120
PRF90 0∼10 60∼120
Diesel 0∼10 40∼80

1 Change step: 2.5 CAD
2 Change step: 20 oC

Table 4.3: The settings of engine parameters

Engine settings Load I Load II
IMEPg (bar) 5 2.5

Injection pressure (bar) 600 600
Injection strategy Single injection

Intake pressure (bar) 1.2 1
Engine speed (rpm) 1200 600

As shown in Figure 4.2, CA50 is varied between 0 and 10 CAD ATDC by adjusting SOI
for different intake temperatures. As to be expected, PRF90 needs to be injected earlier
into the cylinder to achieve the same CA50 as other test fuels at the same engine conditions,
especially when a relatively low intake temperature is used. Figure 4.2a shows that the SOI
of PRF80 and PRF90 is advanced as the intake temperature reduces to get the same CA50.
However, intake temperature has an ignorable effect on the SOI of PRF70 and diesel (Figure
4.2b). Initially, the intake temperature range was planned to change from 40 to 120 oC. But
the temperature ranges for PRF90 and diesel do not cover the full initial range, since PRF90
shows a tendency to misfire at 40 oC and diesel soots extensively above 80 oC. These results
also hold for load II.

Figure 4.3 displays the λ at two test loads. The λ at load I and load II are larger than 2.1
and 3.1, respectively. λ is little influenced by CA50, the small deviations in λ can be ascribed
to the small adjustments of fuel injection quantity, since the fuel mass was fine-tuned for
different CA50 values to maintain the set IMEPg and compensate for the changes in efficiency.
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The global λ reduces when intake temperature is increased mainly due to the reduced air
density.
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Figure 4.2: SOI vs CA50 at load I
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Figure 4.3: λ vs CA50 at two test loads

4.1.3 Test Conditions — Optimize NOx Emissions

Based on the results of the previous studies on intake temperature and CA50, intake tempera-
ture was set to 40 oC for all fuels except PRF90 and CA50 was set at 6 CAD ATDC for all
fuels. As mentioned before, in order to ensure stable combustion, the intake temperature
of PRF90 was set to 60 oC. EGR was used to reduce NOx emissions, and in the meantime,
intake pressure was adjusted accordingly to reduce HC and CO emissions and also investigate
whether the increased intake pressure can help to avoid the growth of soot emissions. Table

48



4.2. Results and Analysis — Effects of Intake temperature and CA50

4.4 shows the range of variations of EGR and intake pressure, and the engine settings are
displayed in Table 4.3.

Table 4.4: EGR and intake pressure settings

Fuels EGR (%)
Low load Idle condition

Pin sweep (bar) Pin sweep (bar)

PRF70

10 1.2∼1.6 1.0∼1.7
20 1.2∼1.6 1.3∼1.7
30 1.2∼1.6 1.3∼1.8
40 1.2∼1.7 1.3∼2.0

PRF80

10 1.2∼1.6 1.0∼1.7
20 1.2∼1.7 1.3∼1.8
30 1.2∼1.9 1.3∼1.9
40 1.2∼2.0 1.3∼2.0

PRF90

10 1.2∼1.7 1.1∼1.7
20 1.2∼1.8 1.3∼1.9
30 1.2∼2.1 1.3∼1.9
40 1.2∼2.1 1.3∼2.0

Diesel

10 1.2∼1.5 1.0∼1.4
20 1.2∼1.5 1.0∼1.4
30 1.2∼1.6 1.0∼1.4
40 1.2∼1.6 1.0∼1.4

4.2 Results and Analysis — Effects of Intake tempera-
ture and CA50

This section is separated into two main parts. In the first part, the load I case is discussed in
terms of combustion stability, ignition dwell, burn duration, emissions, and efficiency. In the
second part, the lower load case (2.5 bar IMEPg) with an idle speed (600 rpm) is addressed
with a similar focus except for efficiency because at idle condition this is of less interest. All
experiments were performed with 0% EGR.

4.2.1 Load I

Combustion Stability The coefficient of variation of the IMEPg (COVIMEP) is used to
evaluate the cyclic variations. It is widely used in engine studies [57] as defined in Equation
(4.1) where xi and x̄ in Equation (4.2) represent the IMEPg of a single combustion cycle and
the mean IMEPg of 50 consecutive cycles (N=50), respectively.

COVx =

√∑N
i=1(xi − x̄)

2/N

x̄
· 100% (4.1)
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x̄ =
1

N
·

N∑
i=1

xi (4.2)

Figure 4.4 shows the COVIMEP of three PRF blends and diesel. It is seen that PRF90
shows a higher COVIMEP when CA50 is around TDC. The apparent maximum of COVIMEP

for PRF90 at an intake temperature of 80 °C is not understood. According to [57] the cyclic
variations of IMEP should be lower than 10% to avoid drivability problems. According to
a recent study [84], the upper limit value of COVIMEP on 5% is more appropriate. Hence,
the test engine running with three PRF blends guarantees stable combustion since their
COVIMEP are well below 5% and even lower than that of diesel at many of the test conditions.
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Figure 4.4: COVIMEP at load I based on 50 consecutive tests

COVIMEP is an important indicator of stable combustion, but not the only indicator, the
pressure rise rate (PRR) should also be considered. The security criterion depends much on
the engine used. This engine has proven to work with pressure rise rates of 40 bar/CAD.
Nevertheless, PRR should not exceed a certain limit to prevent engine damage and excessive
combustion noise. The maximum PRR will be lower than 20 bar/CAD and remain on the
safe side if CA50 is well controlled after 6 CAD ATDC, as can be seen in Figure 4.5.

Ignition Dwell The ignition dwell of the three PRF blends and diesel at different test
conditions is shown in Figure 4.6. A positive ignition dwell can avoid local fuel-rich zones
thus producing less soot. As can be observed in Figure 4.6, only PRF90 provides positive
ignition dwells in the complete range of combustion phasing regardless the changes of intake
temperatures. PRF80 and PRF70 have positive ignition dwells only for late combustion
phasing and with low intake temperatures. This correlates well with their ignitabilities.
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Hence, PRF90 is a reasonable choice if a separation between injection and combustion event
is required.
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Figure 4.5: Maximum pressure rise rate (PRRmax) as a function of combustion
phasing (CA50) and intake temperature for the three PRF blends and diesel at load I.
Yellow regions indicates an acceptable PRRmax level.
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Figure 4.6: Ignition dwell as function of CA50 at load I
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Burn duration Figure 4.7 demonstrates how burn durations of the test fuels change as a
function of CA50 at various intake temperatures. The burn durations of PRF70 and PRF80
increase with the increased intake temperature resulting from the reduced ignition dwell.
The higher the intake temperature, the larger the spray driven combustion phase becomes
and this results in a longer burn duration. The burn durations of PRF90 are the shortest,
this is in agreement with the ignition dwell results, as shown in Figure 4.6. PRF90 provides
sufficient premixing and is dominated by premixed combustion. Therefore, it burns faster,
and intake temperature is of less importance. The RoHR of diesel at 80 oC with a CA50
around 10 CAD ATDC (condition A in Figure 4.7), together with the RoHR of PRF90 using
the same intake temperature and a similar CA50 (condition B in Figure 4.7) are shown in
Figure 4.8. It is clearly seen that the combustion of PRF90 separates from the injection event,
while the combustion of diesel starts before the EOI and shows a two-stage combustion and
thus a longer burn duration.
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Figure 4.7: Burn duration plotted against CA50 at load I. Heat release rates of
operating conditions A and B are presented in Figure 4.8.

Limitations of PPC at Load I — High HC Emissions Figure 4.9 shows that PRF70
and PRF80 produce higher HC emissions at 40 oC intake temperature particularly in a
retarded combustion phasing. Data for PRF90 at an intake temperature of 40 oC is not
available due to the unstable combustion. When an intake temperature higher than 80 oC is
used, HC emissions of PRF70 and PRF80 remain nearly constant as a function of combustion
phasing. However, the HC emissions of PRF90 increase considerably (from 0.7 to 1.3 g/kWh)
as CA50 is retarded nearly independent of the intake temperature. According to Sylvain
Mendez [85], the main cause of HC emissions is flame quenching, including bulk quenching
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Figure 4.8: Heat release rates of diesel and PRF90 at 80 oC with a CA50 around 10
CAD ATDC.

and wall quenching. PRF90 presents mainly premixed combustion (IDw>0) regardless of
intake temperature and combustion phasing. In premixed combustion, bulk quenching is
characterized as incomplete oxidation in over-lean regions rather than locally over-rich regions.
All tests at load I are done with a global λ higher than 2.1. Besides, the IDw increases slightly
as the CA50 is retarded. Figure 4.9 also shows that the HC emissions of the three PRF
blends decrease with the increase of intake temperature. This is because a higher intake
air temperature facilitates complete combustion. Wall quenching is a process which delays
the chemical reaction rates near the combustion chamber walls due to a temperature drop
induced by the cylinder wall. PRF90 has the longest IDw and needs to be injected earlier
into the cylinder to have the same CA50 as PRF70 and PRF80. Therefore PRF90 has a
higher probability of reaching the cylinder wall to produce more HC emissions. However,
even the earliest SOI timing of PRF90 is after -15 CAD ATDC (Figure 4.2a), so all fuels are
injected in the bowl according to Figure 2.2. Figure 4.9 also displays that PRF90 produces
the lowest HC emissions when CA50 is near TDC. PRF90 has the shortest burn duration,
so the corresponding maximum combustion temperature is the highest which results in
less HC emissions. In this study, the fact that the earlier injection timings produce lower
HC emissions indicates that bulk quenching causes the main HC emission rather than wall
quenching under the test conditions.

Limitations of PPC at Load I — High CO Emissions CO emissions in engines are
mainly caused by incomplete combustion. They are influenced by both in-cylinder temperature
and air/fuel mixture equivalence ratio. As shown in Figure 4.10, CO emissions increase as
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Figure 4.9: HC emissions plotted against CA50 at load I

the combustion phasing is retarded for all PRF blends due to the reduction in in-cylinder
temperature caused by the expansion. The maximal average in-cylinder temperature is
computed based on the ideal gas law without considering heat losses, to give an indication
of the in-cylinder temperature at different test conditions, as shown in Figure 4.11. For
conventional diesel combustion, CO emissions are typically formed in fuel-rich regions, and
they are easily oxidized to CO2 afterwards due to the high combustion temperature. For
PPC, the incomplete combustion of over-lean fuel/air mixture is the dominant mechanism
responsible for the CO emissions at low EGR rates [86]. Experimental results demonstrate
that CO emissions have a strong dependence on both CA50 and intake temperature. As
shown in Figure 4.11, both CA50 and intake temperature have a large impact on the average
in-cylinder temperature. When a specific intake temperature is used, such as 60 oC, the
fuel with a higher octane number tends to produce more CO emissions. However, at such
experimental conditions, the average maximum in-cylinder temperature of a higher octane
number fuel is higher, which is expected to reduce CO emissions to a certain extent. As all
PRF blends operate with almost the same global λ, the fuel with a higher octane number has
the largest ignition dwell leading to more over-lean zones. Under these “over-mixed” zones,
local combustion temperature may not be high enough to completely oxidize CO to CO2 on
engine time scales [86]. Higher intake temperature results in higher combustion temperature
and promotes complete combustion, hence the decrease in CO emissions. Moreover, higher
intake temperature also reduces the dilution level, thus forming less over-lean zones. Given
the fact that very little soot is formed (see Figure 4.12), apparently, no fuel-rich zones are
present. Therefore, the hypothesis that over-leaning is the principal mechanism for CO
emissions is strengthened.
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Figure 4.10: CO emissions plotted against CA50 at load I
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Figure 4.11: Maximal average in-cylinder temperature plotted against CA50 at load I
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Soot Emissions As shown in Figure 4.12, three PRF blends produce much less soot
compared to diesel, especially for late CA50. According to [87] for PRF blends, the sooting
tendency of doped flames (methane diffusion flames doped with the vapors of PRF blends)
exhibits a regular and monotonic behavior and reduces with increasing n-heptane mole
fraction. The level of soot volume fraction increases steadily with the increase of carbons
and branching of the main carbon chain. However, soot emissions increase with increasing
amount of n-heptane under the engine test conditions because n-heptane’s low octane number
shortens the ignition delay time which weakens the mixing of fuel and air. Fuel-rich zones
are recognized to produce more soot emissions, so the mixing degree of air/fuel mixture
has a significant influence on the formation of soot emissions. For positive IDw conditions,
combustion is dominated by premixed combustion. There is sufficient time to mix fuel and
air to reduce fuel-rich regions (λ<1) thus producing less soot emissions. Once a diffusion
flame is established, soot emissions will increase significantly due to the inevitable presence
of fuel-rich regions. It is found that the conditions where combustion starts before EOI
(IDw<0) show diffusive burning and produce relatively high soot emissions. Correspondingly,
conditions with a positive ignition dwell all tend to have low soot emissions, even close to
zero, and nearly independent of CA50.
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Figure 4.12: ISPM plotted against CA50 at load I

Thermodynamic Efficiency and Fuel Consumption The thermodynamic efficiency
(defined in Chapter 2) as a function of CA50 with various intake temperatures for the three
PRF blends is plotted in Figure 4.13. The main trend is clear. All PRF blends have comparable
thermodynamic efficiencies (from 45% to 48%), which are higher than the thermodynamic
efficiency using diesel, independent of combustion phasing. Thermodynamic efficiency
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Figure 4.13: Thermodynamic efficiency plotted against CA50 at load I
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Figure 4.14: Fuel consumption plotted against CA50 at load I
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Chapter 4. Low Load Tests with High-octane Fuels

decreases when a higher intake temperature is used due to the increased heat losses, despite
the increased combustion efficiency resulting from the reduction in HC and CO emissions
with higher intake temperatures. Another contribution to thermodynamic efficiency is due to
the exhaust heat losses. Unfortunately, the temperature of exhaust gases is not measured in
this study. PRF80 shows the best thermodynamic efficiency when an intake temperature of
40 oC is used. Figure 4.14 displays that under such experimental conditions the indicated
specific fuel consumption (ISFC) of PRF80 is the lowest. Moreover, PRF80 has a COVIMEP

lower than 2% and can produce near zero soot emissions.

4.2.2 Load II

Combustion Stability Figure 4.15 and Figure 4.16 display the COVIMEP and PRRmax at
load II (2.5 bar IMEPg at 600 rpm), respectively. Combustion at low load is more stable
compared to that at idle condition. Still, the combustion stability of the three PRF blends is
guaranteed at idle condition if CA50 is controlled after 6 CAD ATDC, since the COVIMEP

then remains well below the 5% limit and maximum PRR is below 20 bar/CAD.
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Figure 4.15: COVIMEP at load II based on a 50-cycle measurement

Ignition Dwell At load II with an idle speed of 600 rpm, three PRF blends and even diesel
all provide positive ignition dwells, as shown in Figure 4.17. As expected, PRF90 has the
longest IDw compared to other fuels. The main differences in IDw among the test fuels
correlate well with their ignitabilities. Fuels ignite easier at higher intake temperature. Thus
the IDw reduces with the increase of intake temperature. The positive IDw results in little
soot formation even for diesel, as shown in Figure 4.18. Three PRF blends produce near zero
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soot. The differences should be taken with caution since the absolute values are very small
and approach the limit of detection.
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Figure 4.16: Maximum pressure rise rate as a function of combustion phasing and
intake temperature for the three PRF blends and diesel at load II
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Figure 4.17: Ignition dwell plotted against CA50 at load II
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Figure 4.18: Soot plotted against CA50 at load II

Rate of Heat Release Figure 4.19 and 4.20 show the rate of heat release (RoHR) of test
fuels at two extreme combustion phasings (0 and 10 CAD ATDC) with an intake temperature
of 60 oC. It is worth noting that the RoHR of PRF90 decreases and burn duration increases
with the delay of combustion phasing. PRF90 has the highest resistance to auto-ignition, so it
needs to be injected earlier into the cylinder than other test fuels. The longer mixing time
allows fuel and air to premix to such an extent that mixtures are lean. The slower combustion
at late combustion phasing results from the fuel/air mixture becoming gradually more dilute
with increased IDw.

Limitations of PPC at Load II — High HC Emissions Figure 4.21 shows the HC
emissions at load II for the test fuels at various combustion phasings and intake temperatures.
Three PRF blends produce much higher HC emissions than diesel regardless of combustion
phasing and intake temperature at both load I and load II. Besides, they are difficult to be
oxidized by diesel oxidation catalyst (DOC) due to the low exhaust temperature.

The late combustion phasing and relatively low intake temperature have a significant
influence on the burning of PRF90 and PRF80 because they provide longer IDw at such
conditions which cause the fuel to be over-diluted. The local λ goes toward global λ due to
the long ignition delay. Therefore, the chemical reaction rate reduces and becomes prone to
incomplete combustion. As a result, the HC emissions of PRF90 display a strong combustion
phasing dependency especially when the intake temperature is below 100 oC. This also
applies to PRF80 when the intake temperature is set at 40 oC. Even though the global λ of
diesel is similar to the PRF blends, the local diesel/air mixture is richer due to the shorter
ignition delay. Thus, less HC emissions are produced.
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Figure 4.19: Rate of heat release and SOI timing at load II using an intake tempera-
ture of 60 oC and CA50 at 0 CAD ATDC
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Figure 4.21: HC emissions plotted against CA50 at load II

Limitations of PPC at Load II — High CO Emissions The three PRF blends produce
comparable CO emissions as diesel only at early combustion phasing when using a high
intake temperature, as shown in Figure 4.22. All fuels provide positive ignition dwells and the
experiments are done with an λ higher than 3.1. Hence, CO emissions at idle condition should
be caused by over-leaning rather than the existence of fuel-rich zones and by insufficient
in-cylinder temperature. PRF90 tends to create more over-mixed zones to produce CO
emissions due to its longest IDw. In addition, its combustion occurs in the expansion stroke
with a slower burn rate and a longer burn duration. Hence, its in-cylinder temperature is
not high enough to achieve complete combustion, thus producing more CO emissions. The
CO emissions are plotted against HC emissions as shown in Figure 4.23. As can be seen
from Figure 4.23 that the HC and CO emissions of the PRF blends show a strong correlation.
Under the test conditions, the combustion which is dominated by premixed combustion
produces increasing HC and CO emissions at the same time. Diesel produces the least HC
and CO emissions regardless of the changes in combustion phasing and intake temperature.
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Figure 4.22: CO emissions plotted against CA50 at load II
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Figure 4.23: CO emissions vs HC emissions at load II
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4.3 Results and Analysis — Optimize NOx Emissions

EGR was not used in the previous study (Section 4.2). In Section 4.2, the effects of intake
temperature and combustion phasing on combustion stability and emissions are discussed. In
the following section, EGR will be applied to reduce NOx emissions, and intake pressure was
consequently adjusted to avoid the increased soot emissions. The aim of this study is to find a
good combination between EGR and intake pressure to achieve the purpose of simultaneous
reduction of NOx and soot.

4.3.1 Load I

The HC, CO, NOx, and soot emissions of PRF70, PRF80, PRF90, and diesel using 1.2 bar
intake pressure (Pin) with various EGR rates at load I are shown in Figure 4.24. HC and
CO emissions of the three PRF blends are higher than that of diesel regardless of EGR rate.
As is expected, NOx emissions reduce when a higher EGR rate is used. This reduction
in NOx emissions results from the lower combustion temperature and in-cylinder oxygen
concentration. PRF90 is dominated by premixed combustion and has a shorter burn duration
than the other test fuels, thus a higher peak combustion temperature leading to higher NOx
emissions. EGR reduces both in-cylinder temperature and oxygen concentration when using
a constant intake pressure. Consequently a higher EGR rate may lead to the formation of
fuel-rich regions and also slows down the soot oxidation rate. However, the growth of the
EGR rate also increases the ignition delay, allowing longer time for fuel to mix with air before
combustion starts to reduce soot emissions.

As can be seen in Figure 4.24, the soot emissions of diesel increase as the growth of EGR
rate, but the soot emissions of the three PRF blends remain the same and even decrease
when EGR rate increases. It is concluded that the CO and soot emissions of diesel are due to
the presence of fuel-rich regions in the cylinder, and the low soot emissions of PRF blends
are mainly due to the better fuel/air mixing resulting from the longer ignition delays. This
conclusion is supported by the following experiment. When a higher intake pressure (Pin =
1.5 bar) is used, as shown in Figure 4.25, the CO and soot emissions of diesel are less than
that of experiments using 1.2 bar intake pressure, especially for higher EGR rates conditions.
However, the soot emissions of the PRF blends increase for a higher Pin due to the reduced
ignition delay.

The purpose of this study is to optimize NOx emissions, but from the above experimental
results it can be seen that NOx emissions are still much higher than the Euro VI emission
regulations (0.4 g/kWh). Figure 4.26 shows the HC, CO, NOx, and soot emissions of
PRF70 using 40%, 60%, and 65% EGR rate at 1.5 bar intake pressure. With the further
increase in EGR rate, NOx emissions are reduced and meet the Euro VI emission regulations.
Soot emissions are also reduced because of the extended ignition delay and thus enhancing
the fuel/air mixing. However, a large increase in HC and CO emissions has created new
challenges since the traditional diesel oxidation catalyst (DOC) cannot work properly with
the low-temperature exhaust gases. In previous studies, trapped hot residual gases strategies,
including using negative valve overlap (NVO) together with up to 70% EGR [88] and using
the rebreathing without using external EGR [89], were investigated to increase the reachable
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Figure 4.24: HC, CO, NOx, and soot emissions of all test fuels for different EGR
rates at load I; Intake pressure is constant at 1.2 bar.
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operating region of high-octane fuels and get low NOx and soot emissions as much as possible.
The results suggest using NVO with NVO injection at idle condition and change to rebreathing
strategy at a higher engine load. However, low NOx and soot emissions together with an
acceptable combustion efficiency without using post-processors cannot be achieved even using
such a method. At load I, one way to reduce HC and CO emissions is to use DOC, which
requires a minimum exhaust temperature of about 200 oC to light off. Multiple injection
strategies may also help to reduce HC and CO emissions by creating a concentration gradient
of fuel/air mixing to reduce over-mixing.
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Figure 4.25: HC, CO, NOx, and soot emissions of all test fuels for different EGR
rates at load I; Intake pressure is constant at 1.5 bar.
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Figure 4.26: HC, CO, NOx, and soot emissions of PRF70 using high EGR rates at
load I, and intake pressure is constant at 1.5 bar.

4.3.2 Load II

The HC, CO, NOx, and soot emissions of three PRF blends and diesel using 1.3 bar intake
pressure with various EGR rates at load II are shown in Figure 4.27. There are two main
causes of HC emission in diesel engines. One is the ignition delay period, where fuel is over
mixing and gets leaner than the lean combustion limit. The other one is the under mixing of
fuel. At idle condition, over mixing has a greater effect on the formation of HC emissions [90].
Figure 4.27 shows that HC emissions reduce slightly at the increase of EGR rate. The ignition
delay will increase as the EGR rate increases, providing longer time for fuel to mix air and thus
leading to more over-mixed regions. Hence, higher HC emissions are expected. However,
the oxygen concentration decreases as the EGR increases, thereby reducing the formation of
over-lean fuel/air mixture. As the EGR increases, the reduced oxygen concentration plays a
greater role in the HC formation under the test conditions. The CO emissions only increase
slightly for 40% EGR. In addition, the NOx emissions reduce as the growth of EGR rate as
expected. The soot emissions of all test fuels at idle condition are low. The HC, CO, NOx, and
soot emissions of three PRF blends with 40% EGR using different intake pressures at load
II are shown in Figure 4.28. Only CO emissions decrease obviously with the rise of intake
pressure, while HC, NOx, and soot emissions are almost not affected by the change of intake
pressure. It would be possible to run the engine with higher EGR rates to further reduce NOx
emissions and does not significantly deteriorate the combustion efficiency, but this requires
additional experiments to verify.
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Figure 4.27: HC, CO, NOx, and soot emissions of all test fuels with different EGR
rates at load II, and intake pressure is constant at 1.3 bar.
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Figure 4.28: HC, CO, NOx, and soot emissions of three PRF blends with 40% EGR
at load II, and intake pressure is increased from 1.3 bar to 1.9 bar.
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4.4 Conclusions

Experiments were carried out on a modified heavy duty diesel engine to investigate partially
premixed combustion at low load conditions. Three PRF blends with research octane numbers
of 70, 80, and 90 were tested. Diesel was also tested as a reference. Engine experiments were
conducted at loads of 5 bar IMEPg (1200 rpm) referred to “load I” and 2.5 bar IMEPg (600
rpm) referred to “load II” using a single injection strategy. Firstly, engine operating conditions
such as intake temperature and combustion phasing were adjusted to investigate their effects
on combustion and emission characteristics without using EGR. EGR was applied afterward
to optimize NOx emissions, and intake pressure was adjusted correspondingly to avoid the
significant increase in HC, CO, and soot emissions.

Stable combustion in terms of coefficient of variation of IMEPg and maximum pressure
rise rate is guaranteed at both low load and idle condition using the three PRF blends. At load
I, PRF90 presents positive ignition dwells at all test conditions and produces near zero soot
emissions. But PRF90 requires a higher intake temperature (60 oC) than PRF80 and PRF70
to maintain a stable combustion. At load II, the three PRF blends as well as diesel provide
positive ignition dwell and produce low soot emissions. But the longer ignition delays of PRF
blends promote the formation of over-lean fuel/air mixtures, thus producing high HC and CO
emissions. Intake pressure can efficiently reduce CO and soot emissions, but does not have
an obvious effect on HC emissions. It must be noted that the mass flow of the exhaust gas
is not sufficient to spin the turbocharger fast and boost the intake side of the engine under
realistic idle condition. Higher boost pressures can be achieved by the use of a supercharger
or two-stage turbocharger system. NOx emissions reduce sharply with the growth of EGR
rate. When a higher than 60% EGR is used for PRF70, its NOx emissions are below Euro VI
emission legislation. But the excessive EGR rate also leads to a significant increase in HC and
CO emissions.

The diesel oxidation catalyst requires a minimum exhaust temperature of about 200 oC,
so the HC and CO emissions from the lower loads and idle condition using high-octane fuels
may bring new challenges to the traditional DOC. Reducing excessive mixing can help to
reduce HC and CO emissions at lower loads, so multiple injection strategies are believed to
be a useful approach by increasing the fuel stratifications.
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Chapter 5
Particulate Matter Emissions

Recent studies correlate fine particulates and ultra-fine particulates to adverse human health effects.
The porous particulate agglomerates could deposit in the deep lung and cause diseases like asthma,
pneumonectasis and nasopharyngeal carcinoma [43]. High-octane fuels have shown a significant
advantage in reducing soot emissions, but whether they will emit more nanoparticles is worth
studying. Load, dilution, and fuel structure can be the major factors influencing that. Therefore, it is
necessary to acquire knowledge about the particulate matter in terms of number concentration and
size distribution. 1

5.1 Introduction

Particulate matter is a generic term for emitted particulates in the exhaust that includes
elemental carbon (EC), unburned or partially burned fuel, lubricant oil, bound water, wear
metals and sulfate, [91] and [92]. Particles differ in size, composition, solubility and therefore
also in their toxic properties. Figure 5.1 gives an example of particles measured over a transient
cycle from HD diesel engines [93]. Volatile matter accounts for a large proportion of PM.
These volatiles may remain in the gas phase, condense on existing solid particles, and nucleate

1Part of this chapter has been retrieved from the following papers:

Wang, S., et al. (2016). Combustion and Emission Characteristics of a Heavy Duty Engine Fueled with
Two Ternary Blends of N-Heptane/Iso-Octane and Toluene or Benzaldehyde. SAE Technical Paper
2016-01-0998, doi:10.4271/2016-01-0998.

Wang, S., et al. (2017). Effects of exhaust gas recirculation at various loads on diesel engine performance
and exhaust particle size distribution using four blends with a research octane number of 70 and
diesel. Energy Conversion and Management. https://doi.org/10.1016/j.enconman.2017.03.087

Wang, S., et al. (2017). Particulate Matter Emission from a Heavy-duty Diesel Engine with Three Binary
Blends. The 12th Conference on Sustainable Development of Energy, Water and Environment
Systems – SDEWES Conference, Dubrovnik.
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and form new particles depending on temperature and other conditions [94]. Figure 5.2 [95]
shows the soot formation process from gas phase to solid agglomerated particles. The soot
formation processes are pyrolysis, nucleation, coalescence, surface growth, agglomeration.
While the sixth process, oxidation, converts hydrocarbons to CO, CO2 and H2O at any point
in the process. More details about these processes can be found in [95].

Figure 5.1: The composition of particles from a heavy-duty diesel engine tested in a
transient cycle on an engine test bench [94]. The composition may vary widely for
different engine designs, operating conditions, and fuel compositions.

Figure 5.2: Schematic diagram of the soot formation process from gas phase to solid
agglomerated particles. This figure is from [95].

Figure 5.3 shows a typical bimodal particle size distribution, which is composed of particles
from the nucleation mode (NM) and from the accumulation mode (AM). Engine exhaust
particles can exhibit unimodal (NM or AM) or bimodal distribution (NM+AM), depending on
operating conditions. Particles smaller than 20 nm are commonly referred to as nucleation
mode while those larger than 20 nm are typical of accumulation mode. Nuclei particles
are mainly due to semi-volatile components originating from unburned fuel, lubricant oil,
and incomplete combustion products [96]. The accumulation mode is composed primarily
of carbonaceous agglomerates and adsorbed material. They are formed in locally fuel-rich
regions of the flame [96]. At higher-pressure conditions and the anoxic environment when a
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high level of EGR is used, soot nucleation is promoted, which contributes to the growth of
the existing soot nuclei [97]. The soot oxidation rate declines and particles in the nucleation
mode with reactive surfaces tend to grow and agglomerate to generate large particles. With
an increase in the number of particles, the coagulation rate increases and therefore larger
particles are formed, resulting in an increase of the particulate aerodynamic diameter.

Figure 5.3: A typical bimodal particulate size distribution

5.2 Tests with Ternary Blends

In this study, several blends with a RON of about 70 have been designed. Through our own
fuel design, the fuel structure and activities are easily controlled. This makes it easier to study
the influence of fuel structure on particulate emissions. Also the effects of ignition delay
on combustion and emission characteristics are also investigated. The limited number of
components makes that the designed fuels can be handled in numerical simulations, since
chemical mechanisms exist for these blends in contrast to regular gasoline or diesel. Besides,
the chemical and spectral purity makes them suitable for use in optically accessible engines
as well. Diesel is also tested for reference.

5.2.1 Test Fuels

Fuels with a RON of 70 are identified close to optimal for PPC [98]. N-heptane (CH3(CH2)5CH3)/
iso-octane ((CH3)3CCH2CH(CH3)2) blends are used as base fuels. Ethanol (C2H5OH) and
n-butanol (C4H9OH) are selected as alcohol candidates to blend with the base fuels separately
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to get a RON around 70. Toluene (C6H5CH3) is selected as an aromatic component, which
is considered to increase soot emissions, to blend with the base fuel to get a RON around
70 as well. A fuel that contains both oxygen and a phenyl group (C6H5) is an aromatic
alcohol is made. Initially, benzyl alcohol (C6H5CH2OH) which is an aromatic alcohol was
chosen, but a clear phase separation was found when blending it with the base fuel. Instead,
benzaldehyde (C6H5CHO) is chosen in the end. All test fuels are denoted as PRF (to ensure
the consistency of abbreviation format, PRF in Chapter 5 refers to PRF70), ERF, BRF, TRF,
and CRF, respectively. The main properties of these blends are shown in Table 5.1. The mixing
ratio of CRF is the same as that of TRF to compare the influence of benzaldehyde and toluene
on particulate emissions.

Table 5.1: Properties of the test blends

Blends PRF ERF BRF TRF CRF
Vol-% n-heptane 30 52 35 36 36
Vol-% iso-octane 70 23 40 39 39
Vol-% additive 0 25 25 25 25

Additive - Ethanol n-Butanol Toluene Benzaldehyde
RON 70 70 72.9 70.8 -
DCN 27 25.8 26.1 27.4 30.6

LHV (MJ/kg) 44.47 40.18 41.27 43.33 40.72
LHVst (MJ/kg) 2.76 2.79 2.75 2.77 2.81

AFst 15.11 13.42 13.99 14.63 13.49
H/C ratio 2.26 2.41 2.32 1.91 1.80
O/C ratio 0 0.0961 0.0582 0 0.047

5.2.2 Test Conditions

Before the tests started, the engine was warmed up until the lubricating oil and coolant fluid
temperature reached 85 oC. All the tests were conducted under steady state conditions and
various loads were investigated using a single injection strategy. Injector C was used for all the
experiments presented in Chapter 5. The engine speed was set at 1200 rpm which is a typical
highway cruising speed (for older engines) and intake temperature was controlled at 40 oC.
At low load, intake pressure was set at 1.2 bar instead of ambient pressure to ensure the stable
combustion of these blends. Intake pressure was adjusted according to the operating load to
provide a λ higher than 1.2 even when 45% EGR was used to avoid excessive soot emissions.
SOI of different test fuels is the same for a selected load, but it varies for different loads.
Compared with low load (SOI -14 CAD ATDC), the SOI at medium and high loads are more
towards TDC to reduce cyclic variations and achieve acceptable maximum PRR. More fuel is
required when increasing load. Therefore the injection pressure is varied in order to keep
injection duration short. The detailed experimental settings are summarized in Table 5.2.
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Table 5.2: Experimental settings

IMEPg (bar) 5 (± 0.2) 10 (± 0.2) 15 (± 0.2)
Engine speed (rpm) 1200

Injection pressure (bar) 600 1200 1800
Intake pressure (bar) 1.2 1.8 2.5

Exhaust pressure (bar) 1.5 2.1 2.8
EGR (%) 0∼40 0∼45 0∼45

Intake temperature (oC) 40

5.2.3 Comparison of Blends of RON70 and Diesel

Ignition Delay

Figure 5.4 illustrates the effects of EGR on ignition delay times for the test fuels at various
loads. The ignition delay of CRF was also shown in Figure 5.4, but the comparison between
TRF and CRF will be discussed in Section 5.2.2. At low load with the same SOI, the start of
combustion for the four blends is delayed compared to diesel. Even a misfire occurred for BRF
when 30% EGR is used. Therefore the maximum EGR rate used for the four blends is reduced.
The increase in EGR rate leads to lower in-cylinder temperature and oxygen concentration,
which correspondingly results in longer ignition delay and a shift of the main combustion to a
later stage. The differences in ignition delay between the blends of RON70 and diesel become
less as load increases and even converge at high load. ERF and BRF show a slightly longer
ignition delay compared to PRF and TRF, which correlates with their lower cetane numbers.

Particulate Emissions of the Test Fuels at Different Loads

The particle number concentration and size distribution are measured and compared in
this study. At low load with 20% EGR (the highest stable typical EGR level at low load),
four blends (PRF, ERF, BRF, and TRF) show an increase in the number of particles at
aerodynamic diameter (AD) below 20 nm compared to diesel as depicted in Figure 5.5. At low
load, the particle size distribution of diesel is unimodal. Most particles are produced in the
accumulation mode and the peak number concentration with an AD in between 78 and 82
nm. For each fuel, in general, the particle number shifts upwards, and its distribution curves
move towards larger size when engine load increases. At medium load the oxygenated blends
(ERF and BRF) still produce most particles in the nucleation mode, and the peak number
concentration has an AD of 8 ∼ 12 nm. However, the size distribution profiles of PRF and
TRF shift towards larger size and produce most particles in the accumulation mode with the
peak number concentration with an AD of 50 nm. Still, the four blends produce much less
particles in both nucleation mode and accumulation mode compared to diesel at medium and
high loads.
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Figure 5.4: Ignition delay vs EGR at various loads

Effects of EGR on Particulate Emissions

Only the particulate emissions of PRF, ERF, BRF, TRF and diesel at 10 bar IMEPg are
discussed. A similar trend can be also found at 5 bar and 15 bar IMEPg. As shown in Figure
5.6, the size distribution curves of all test fuels shift towards larger particles as the EGR
increases. There is a noticeable increase of the particles (AD > 50 nm) for PRF, TRF and
diesel when more than 30% EGR is used, while ERF and BRF still produce most particles
with an AD smaller than 40 nm even when 40% EGR is used. This must be associated with
the local equivalence ratio since the ignition delays of all blends are comparable. With similar
injection velocities (i.e. injection pressures) the air entrainment is the same for all, while the
local equivalence ratio of ERF and BRF in the spray is lower because they contain hydroxyl
groups, which might explain the observed phenomenon. The peak concentration occurs at a
diameter range near 10 nm for all selected fuels without using EGR. When 24% EGR (± 2%)
is used, the peak concentrations of particles are around 11 nm, 11 nm, 50 nm, 52 nm, and 60
nm for ERF, BRF, PRF, TRF, and diesel, respectively. The increased EGR rate reduces the
number of particles in the nucleation mode but does not have a significant influence on the
concentration of particles in the accumulation mode for ERF and BRF. For non-oxygenated
fuels, the increased EGR rate reduces the number of particles with small AD but enhances
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Figure 5.5: Particulate number concentration and size distribution at various loads.
Right column is a zoomed plot to distinguish the results of the four blends individu-
ally.

the number of particles with large AD, hence the total particle mass increases. However,
the increase in the total particle mass is more significant for diesel with an increased EGR
rate, which is in agreement with the steeper rise of soot emissions as presented in Figure 5.7.
Diesel produces most particles with an AD larger than 100 nm when more than 35% EGR is
used, and these particles dominate the mass size distribution due to the cubic dependence
of particle diameter. The cooled EGR is a well-known technique to reduce NOx emissions.
The increase of EGR rate results in a lower oxygen concentration which favors the formation
of soot, and besides, the increased EGR reduces peak in-cylinder temperatures and leads to
incomplete soot oxidation. The use of high EGR rates leads to the higher amounts of soot
emitted in a given exhaust volume where coagulation, accumulation, condensation of volatile
fractions on the particles and surface growth are likely to happen [99]. All these factors result
in an increasing concentration of larger diameter particles in the accumulation mode.
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Figure 5.6: Particle number concentration and size distribution with various EGR
rates at medium load for ERF, BRF, PRF, TRF, and Diesel.
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Figure 5.7: Soot emissions on mass base vs EGR rate at medium load
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5.2.4 Comparison of TRF and CRF

The compositions of diesel fuel is quite complex, including straight-chain alkanes, branched-
chain alkanes, naphthenes, alkanes, and aromatics [100]. Polycyclic aromatic hydrocarbons
(PAHs) generated in flames are considered as precursors of soot [101]. For conventional diesel
aromatics account for a significant portion. Toluene is a representative of many of these
aromatic compounds [102]. Toluene (C6H5CH3) is a mono-substituted benzene derivative,
consisting of a CH3 group attached to a phenyl group. Benzyl alcohol (C6H5CH2OH) was
targeted first for comparison. But a clear phase separation after 24h was found when blending
benzyl alcohol with the base fuel. Instead, benzaldehyde (C6H5CHO) was chosen. It is an
organic compound consisting of a benzene ring with a formyl substituent. Benzaldehyde is
also the simplest aromatic aldehyde and an oxygenated fuel as well. Therefore, it is of interest
to compare the PM emissions of TRF and CRF.

Heat Release Rate

Plots shown in Figure 5.8 are RoHR data and injector current signal for TRF and CRF at low
load (5 bar IMEPg), medium load (10 bar IMEPg) and a higher load (15 bar IMEPg), respectively.
TRF has longer ignition delays than CRF at low and medium loads and correspondingly
exhibits more premixed combustion. While at 15 bar IMEPg, TRF and CRF have almost the
same ignition delay. The sufficiently high in-cylinder temperature causes both fuels to burn
shortly after being injected into the cylinder and resulting in diesel-like heat-release rates. At
low and medium loads when EGR rate is increased from 0% to 30%, test fuels become harder
to combust due to the reduced in-cylinder temperature and show longer ignition delay and
more premixed combustion. However, at 15 bar IMEPg 30% EGR is not enough to increase
the premixed combustion considerably because of the high reactivity of test fuels under such
experimental conditions.

Soot Emissions

As shown in Figure 5.9, at low and medium loads TRF produce near zero soot emissions,
slightly lower than CRF. However, at 15 bar IMEPg, their soot emissions increase sharply with
the growth of EGR rate. TRF and CRF have longer ignition delays at low and medium loads
compared to high load. Therefore fuel and air are well premixed thus less fuel-rich regions
are formed where it is easy to generate soot. Glassman [103] points out that fuel structure
has a substantial effect on the sooting tendency of diffusion flames, while little influence in
premixed flames. At low load, both TRF and CRF are dominated by premixed combustion,
but TRF has a higher premixed fraction due to its longer ignition delay than CRF. Hence
TRF produces less soot. It is seen from Figure 5.9 that at 10 bar IMEPg the soot emissions of
CRF apparently increase compared to TRF when more than 40% EGR is used. Figure 5.10
shows that the λ of TRF and CRF approaches 1.3 when 40% EGR is used. At conditions with
low oxygen concentration, the local λ of TRF is closer to the global λ than for CRF due to its
longer ignition delay. Hence the higher soot emissions formed for CRF. At 15 bar IMEPg,
TRF and CRF have a similar ignition delay. They are both dominated by a large amount of
mixing-controlled combustion, where fuel structure largely influences the soot emissions.
When the global λ reduces to 1.3 when 37% EGR is used (Figure 5.10), the soot emissions of
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TRF and CRF begin to increase rapidly. However, CRF produces slightly less soot emissions
than TRF at 15 bar IMEPg. This is because the oxygenated benzaldehyde in CRF will raise
the local λ at the flame lift-off length, thus increasing the oxygen content participating in the
oxidation of soot in a diffusion flame [104].

Figure 5.8: Injector current (low range) and RoHR (high range) at different loads
with 0% and 30% EGR, respectively.

Particle Number Concentration and Size Distribution

Figure 5.11 presents the particulate number concentration and size distribution of TRF and
CRF for different EGR rates at low load, medium load, and high load, respectively. The particle
number size distribution of TRF exhibits unimodal distributions for 0% EGR rate at all test
loads, and the particles with an AD of 10 nm have the highest concentration. At low load,
when 30% EGR is used for TRF, its particles in the NM reduce but do not form more particles
in the AM. However, for CRF the small-size particles (AD < 20 nm) reduce and number of
large particles increases significantly as EGR rate increases. At medium load, both TRF and
CRF produce more particles in the AM when EGR rate increases. When 42% EGR is used,
CRF produces much more particles in the AM than TRF, and this is also consistent with the
results of mass based soot emissions (Figure 5.9). The λ decreases with the increase of EGR
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Figure 5.9: Soot emissions of TRF and CRF for various EGR rates at different loads.
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Figure 5.10: λ of TRF and CRF for various EGR rates at different loads.
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rate. Under such experimental condition, CRF is more likely to have fuel-rich regions because
of its shorter ignition delay, hence enhancing particle agglomeration and resulting in higher
soot emissions. At 15 bar IMEPg with 37% EGR, CRF produces more particles with an AD in
between 20 nm and 100 nm than TRF, but CRF produces slightly less particles with an AD
larger than 100 nm. Since particles with larger AD contribute more to the total soot mass, so
CRF produces less soot emissions than TRF as shown in Figure 5.9.

Figure 5.11: Effects of EGR and operating load on particulate number concentration
and size distribution for TRF and CRF.
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5.3 PRF Blends Mix with Different Volumes of Ethanol

Studies on ethanol PPC already indicated that zero soot emission is achievable [105] and [106].
In this study four blends, all composed of n-heptane, iso-octane and ethanol but with different
volume fractions, were tested under PPC mode with various dilution strategies. Diesel was
also tested for comparison. To focus on the role of ethanol, all blends were designed to have
the same RON.

5.3.1 Test Fuels

To make fuel blends as close to RON 70 as possible, a regression model (Equation (5.1))
from Lund University [107] is used to calculate the required volume percentages of each fuel
component:

RONpredicted = β+ αNXN + αTXT + αEXE + γNTXNXT + γNEXNXE

+γTEXTXE + δN2X
2
N + δT2X

2
T + δE2X

2
E

(5.1)

where β is a constant and α, γ and δ are coefficients for linear, interaction, and quadratic
terms, respectively. The specific values of these parameters can be found in [107]. X represents
liquid volume fractions of each compound (N for n-heptane, T for toluene, I for iso-octane
and E for ethanol). Required volume fractions to make the blends and estimated RON values
are shown in Table 5.3, and some other fuel properties are shown in Table 5.4.

Table 5.3: Design of the test blends

Fuel Ethanol vol% Iso-octane vol% N-heptane vol% RON
E05 5 60 35 69.95
E15 15 41 44 69.69
E25 25 23 52 69.98
E38 38 0 62 70.04

Table 5.4: Fuel properties of the blends containing ethanol

Fuel H/C ratio O/C ratio LHV (MJ/kg) AFst

E05 2.3562 0.0625 43.5153 14.3120
E15 2.5035 0.1601 41.8059 13.1230
E25 2.6129 0.2328 40.1396 12.2358
E38 2.7196 0.3037 38.0379 11.3711
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5.3.2 Test Conditions

A particular dilution condition is determined by both intake pressure and EGR rate. Therefore,
both of these factors are varied in this study to investigate their influence on PM. The intake
pressure is varied from 1.4 bar to 2.2 bar (±0.02 bar) with a step of 0.2 bar with a constant EGR
rate of 40%. EGR rate is varied from 30% to 50% with a step of 10% at two reference points,
with a constant intake pressure set at 1.8 bar and 2.2 bar, respectively. Intake temperature is
set to 52oC, the same as used for the test condition of RON values [108]. To get a FuelMEP
(introduced in Chapter 2) of 15 bar (± 0.5 bar) and a combustion phasing at 8 CAD ATDC (±
0.3 CAD ATDC), injection duration and SOI timing are varied. The corresponding IMEPg is
6.9 bar (± 0.3 bar). A single injection is used and engine speed is kept constant at 1200 rpm.
The experimental settings are summarized in Table 5.5.

Table 5.5: Experimental settings and variations

XXXXXXXXXXXParameter
Fuel

E05, E15, E25, E38, Diesel

Intake pressure (bar) 1.4 1.6 1.8 2.0 2.2
EGR rate (%) 40 40 30, 40, 50 40 30, 40, 50

Exhaust pressure (bar) 1.7 1.9 2.1 2.3 2.5
Engine speed (rpm) 1200

Intake temperature (oC) 52

5.3.3 Major Results and Discussion

Effects of Intake Pressure on Heat Release Rate

Figure 5.12 depicts the heat release rates using 40% EGR for five test fuels at different
intake pressures. Premixed combustion dominates the combustion of ethanol containing
fuels. However, the premixed combustion reduces slightly as the intake pressure increases
(Figure 5.13). This phenomenon is most noticeable for E05 at an intake pressure of 2.2 bar.
Increased intake pressure shortens the ignition delay since the increasing in-cylinder oxygen
concentration and temperature accelerates the reaction. Smaller ignition delay leads to a
more mixing-controlled condition. Diesel always has less premixed combustion compared
to ethanol containing fuels, and the second peak of heat release appears when the intake
pressure increases above 1.4 bar.

Soot Emissions

Ethanol containing fuels have the advantage of reducing soot emissions, and this is more
pronounced for the blends with more than 5% ethanol content. As shown in Figure 5.14a, the
mass based soot emissions of ethanol containing blends are much lower than the Euro VI
emission legislation (0.01 g/kWh), regardless of intake pressure. On the contrary, although
soot emissions of diesel can be suppressed substantially by increasing intake pressure, they
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Figure 5.12: Injector current (low range) and RoHR (high range) using different
intake pressures for the test fuels with a 40% EGR
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Figure 5.13: Premixed fractions vs intake pressure for 40% EGR

are still much higher than ethanol containing fuels (Figure 5.14b). Figure 5.15a shows that the
soot emissions of E05 increase substantially as the EGR rate increases and they are higher
than that of the other blends. This is due to the shortest ignition delay and minimal oxygen
content of E05. However, the soot emissions of E05 are still much lower (factor 100) compared
to diesel. Figure 5.15b shows that the soot emissions of diesel increase dramatically with
the growth of EGR rate due to the reduced in-cylinder oxygen concentration and in-cylinder
temperature.

1.4 1.6 1.8 2 2.2
Intake Pressure [bar]

0

0.002

0.004

0.006

0.008

0.01

IS
P

M
 [g

/k
W

h]

EGR 40%

E05
E15
E25
E38

(a) Ethanol containing blends

1.4 1.6 1.8 2 2.2
Intake Pressure [bar]

0

0.2

0.4

0.6

0.8

1

1.2

IS
P

M
 [g

/k
W

h]

EGR 40%

Diesel

(b) Diesel

Figure 5.14: Soot emissions vs intkae pressure with 40% EGR
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Figure 5.15: Soot emissions vs EGR using 1.8 bar intake pressure

Effects of Intake Pressure on Particulate Emissions

Particle size distributions were measured for each fuel at different intake pressures and are
represented in Figure 5.16. Diesel has a more complex composition including longer chain
alkanes and aromatics. During combustion, diesel is more inclined to generate more aromatic
rings and larger poly-aromatic hydrocarbons which are easily aggregated at low temperature
and low-oxygen environment to form large particles. Diesel has longest ignition delay at the
intake pressure of 1.4 bar, but it produces the highest soot emissions (Figure 5.14b) and the
most particles in the AM at that condition. This could be due to the lower in-cylinder charge
density and hence poorer diesel break-up during the premixing process, thus creating richer
conditions locally [109]. Increased intake pressure reduces the particle concentration of diesel
significantly in the whole diameter range, which indicates that higher oxygen concentration
and in-cylinder density have a greater impact on the soot reduction for diesel. Figure 5.16
shows that E05 produces particles from both NM and AM, while E15, E25, and E38 all emit
particles mainly from NM. The differences in particle size distribution also explain why E05
produces a bit higher mass based soot emissions than E15, E25, and E38. It is worth to note
that intake pressure has a smaller effect on the PM emissions of ethanol containing blends
than on that of diesel, because of their higher volatility, larger premixed fraction, and lower
AFst (lower AFst is more likely to result in leaner mixtures for the same entrainment speed).
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Figure 5.16: The influence of intake pressure on particulate number concentration
and size distribution for each test fuel with 40% EGR.

Comparison between ethanol containing fuels and diesel regarding PM emissions is
shown in Figure 5.17. Diesel produces much more particles in the AM which contribute
significantly more to the particulate mass than particles in the NM. This is consistent with
Figure 5.14 (mass based soot emissions). However, although almost all ethanol containing
fuels produce close to zero soot emissions, they produce more particles in the NM than diesel
which may bring greater damage to human health. It is concluded from Figure 5.16 and 5.17
that ethanol containing fuels do not require high intake pressure to reduce soot emissions,
and their particles in the NM are nearly independent of the intake pressure especially for
blends with a high volume percent of ethanol.
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Figure 5.17: Comparison of the particulate emissions of test fuels under different
intake pressures with 40% EGR.

Effects of EGR on Particulate Emissions

Figure 5.18 finally shows the particulate number concentration and size distribution of all test
fuels with different EGR rates using an intake pressure of 1.8 bar. An increase of EGR rate
increases the number concentration of diesel particles over the whole range of aerodynamic
diameters measured. There is a dramatic increase in the particle number concentration with
an AD larger than 100 nm when EGR rate increases to 50%. E05 and E10 produce more
particles in the AM and less particles in the NM as EGR increases. However, the particulate
number and size distribution of E25 and E38 are little influenced by the change of EGR. They
produce most particles in the NM. This is in agreement with mass based soot emissions
presented in Figure 5.15. Because the particles in the NM have an AD smaller than 20 nm and
contribute little to the soot mass, therefore, the particles in the AM dominate the mass. Figure
5.19 shows the heat release rates of all test fuels at 1.8 bar intake pressure with 30%, 40%, and
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Figure 5.18: The influence of EGR rate on particulate number concentration and
size distribution for each test fuel with an intake pressure of 1.8 bar.

50% EGR, respectively. Ethanol containing blends are dominated by premixed combustion,
and their ignition delays increase slightly with increase of EGR rate. This effect is most
obvious for diesel. Diesel presents more premixed combustion as EGR rate increases, but it is
still dominated by mixing-controlled combustion. The increase of particles in the AM when
EGR increases for E05, E15, and diesel is not because of the increase in mixing-controlled
combustion, nor because the ignition delay is shortened. It is known that the particles in the
NM are mostly composed of volatile material [110], and they could be purely consisting of
volatile material so there is not enough particle surface area available for the volatile material
to preferentially condense on [111]. Therefore, the increase of particles in the AM for E05, E15,
and diesel are not due to the adsorption or agglomeration of particles in the NM, but formed in
locally fuel-rich regions of the flame. EGR technique is widely used for the reduction of NOx
emissions. However, it promotes the soot formation as the engine operates at richer mixtures
where the availability of oxygen during the combustion process is limited. Increased soot
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Figure 5.19: Injector current (low range) and RoHR (high range) using different
EGR rates for all test fuels at 1.8 bar intake pressure.

emissions due to the use of high EGR rates creates a possible environment for coagulation,
accumulation, and condensation of volatile fractions on the particles thus generate larger size
particles [112] and [99]. The oxygen content of E25 and E38 is high, thus increasing the local λ
to have lower soot emissions.

5.4 Tests with Binary Blends

In the studies so far, test fuels are designed by adding oxygenates or aromatics to PRF blends
to get a similar RON. However, even if the RON is almost the same, ignition delay is still
different because it is not influenced by RON alone (MON or RON-MON is also a parameter,
and CN is the most appropriate factor in determining the ignition delay of test fuels in diesel
engines). In addition, the proportion of fuel used in each blend varies. Therefore, both the
physical and chemical properties are changed. This research focuses on the investigation of
the effect of toluene and n-butanol on the PM in terms of number concentration and size
distribution by decoupling the physical and chemical properties as much as possible.
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5.4.1 Test Fuels

The same volume percentage (70%) of iso-octane, toluene and n-butanol were blended with
n-heptane separately. These three binary blends are called PRF, TH and BH, respectively.
Firstly, these blends were tested without using a cetane number improver 2-ethylhexyl nitrate
(C8H17NO3). Here 2-EHN is short for 2-ethylhexyl nitrate and acts as an improver of CN
when small quantities are added. Then, TH and BH were tested with using 2-EHN to achieve
the same ignition delay as PRF. Unfortunately, the measurements of BH with 2-EHN were
not possible due to the fact that a 2-micron filter in the fuel supply system was quickly
and consistently contaminated, and consequently obstructed the fuel supply to the injector.
Apparently, a certain chemical reaction occurs between BH and 2-EHN, but no information is
found in the literature. The properties of the neat fuels are enumerated in Table 5.6 and the
test fuels for different experiments are listed in Table 5.7.

Table 5.6: The main properties of a single fuel

Fuel
Cetane
number

LHV
(MJ/kg)

Density
(kg/m3)

Auto-ignition
temperature (K)

Boiling
point (K)

N-heptane 53 [113] 44.57 [114] 684.1 [115] 493 [115] 371.4 [115]
Iso-octane 15 [113] 44.43 [114] 691.9 [116] 691 [116] 372.2 [116]
Toluene 9 [113] 40.59 [114] 866.8 [117] 753 [117] 383.6 [117]

n-Butanol 17 [113] 33.08 [114] 809.8 [118] 616 [118] 390.25 [118]
2-EHN - 29.85 [119] 960 [119] 488 [119] 483 [120]

Table 5.7: Test fuels for different experiments

Experiments Test fuels AFst

Different ignition delays
PRF 15.11
TH 13.89
BH 12.22

Equal ignition delays
PRF 15.11

TH+2-EHN (3.1 vol %) ≈ 13.73

5.4.2 Test Conditions

This study was also done with three different loads, 5 bar IMEPg, 10 bar IMEPg and 15 bar
IMEPg, respectively. According to the results of the previous study, as shown in Figure 5.4,
BRF with a RON of 70 cannot achieve a stable combustion when 30% EGR is used at low load.
Although the RON of TH and BH are not tested, TH should have a RON higher than 70 and
BH should have a RON lower than 70. Because toluene has a RON of 106 and n-butanol has
a RON of 96. Therefore, the experimental conditions are modified and summarized in Table
5.8. Combustion phasing was varied to investigate how test fuels without/with 2-EHN affect
the combustion controllability and particulate number and size distribution.
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Table 5.8: Experimental settings

IMEPg (bar) 5(± 0.2) 10(± 0.2) 15(± 0.2)
Engine speed (rpm) 1200
CA50 (CAD ATDC) change from -4 to 12 if possible

Intake pressure (bar) 1.5 2.0 2.5
Fuel pressure (bar) 600 1200 1800

Exhaust pressure (bar) 1.8 2.3 2.8
Intake temperature (oC) 40

EGR (%) 30

Figure 5.20: ID vs CA50 at different loads with various injection timings.
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5.4.3 Effect of 2-EHN on Combustion Controllability

Figure 5.20 shows the ignition delays of PRF, TH and BH at different loads without using 2-
EHN, respectively. TH has the longest ignition delay, followed by BH, and then PRF regardless
of the operating load. At low load, in-cylinder temperature and pressure are relatively low
compared to at higher loads. It is noteworthy that for TH controlling combustion phasing
through adjusting the SOI timing at low load is hard especially when CA50 approaches TDC,
as shown in Figure 5.21. Given that TH provides long ignition delay for fuel to premix with air
before ignition when SOI is before -20 CAD ATDC, the fuel chemistry plays an important
role under this HCCI-like combustion mode. As shown in Figure 5.22, TH displays two-stage
ignition behavior. Moreover, when TH and air have a sufficient mixing time, advancing SOI
from -21 to -23 CAD ATDC causes overleaning and leads to lower combustion speed and a
retarded combustion phasing. This is consistent with the finding of [121] that burn duration
increases with ignition delay for mainly premixed combustion. If mixing time is long, the
mixture becomes leaner and will gradually approach the global λ. As the most reactive scalar
is on the rich side of stoichiometry, ignition delay will become longer. Figure 5.23 (left side)
shows that the ignition delay of TH is shortened to that of PRF by using 3.1% 2-EHN by
volume for CA50 sweep measurements. It is clearly seen from Figure 5.23 (right side) that
TH with cetane improver 2-EHN (TH+C) has a good controllability similar to PRF and its
operational window regarding combustion phasing is enlarged compared to TH alone.
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Figure 5.21: SOI vs CA50 at low load

To gain a more thorough understanding of the influence of 2-EHN on combustion
characteristics, the RoHRs of PRF, TH and TH+C with a constant combustion phasing (CA50
at 5 CAD ATDC) at all test loads are plotted in Figure 5.24. TH is dominated by premixed
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Figure 5.23: Combustion controllability in terms of ID and CA50 of TH when 2-EHN
is added at 5bar IMEPg. TH+C indicates added cetane improver.
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combustion from low to high load, while the proportion of premixed combustion decreases as
the engine load increases, as shown in Figure 5.25. PRF and TH+C present almost the same
heat release rates, especially for 10 bar and 15 bar IMEPg. At low load, the heat release rate of
TH+C differs slightly from PRF due to its slightly lower ignition delay. It is concluded that
an equal ignition delay can lead to the same heat release rate and thus the same combustion
mode. Hence the impact of fuel structure on soot emissions can be better studied.
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Figure 5.24: Heat release rates of PRF, TH and TH+C with a constant combustion
phasing at 5 CAD ATDC for different loads.
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Figure 5.25: Premixed fractions of PRF, TH and TH+C for different loads at a
constant combustion phasing of 5 CAD ATDC.

5.4.4 Physical and Chemical Effects on PM

PM emissions are influenced by both physical effects and chemical properties. Physical
effects include temperature, pressure, λ, ignition delay and so on [122]. In this study, only
two physical factors are investigated, λ and ignition delay, to find out their effects on PM
emissions. Changing a fuel will inevitably change the stoichiometric air/fuel ratio. Ignition
delay differs if the cetane number of fuel and engine operating condition are not held the
same. When ignition delay is not constant during a change of test fuel, the physical effects on
the soot processes must be taken into account in addition to the chemical effects caused by
the fuel. Even if the combustion is mainly controlled by mixing-controlled combustion, the
ignition quality of the fuel influences the soot formation as it will change the lift-off length,
see [122] and [123]. Cetane improver 2-EHN is added to TH to lower the ignition delay to
approximately the same ignition delay as PRF. Thus the chemical effects caused by different
fuels on PM emissions can be investigated separately.

For a diffusion flame, fuel structure and composition have a significant influence on the
sooting tendency [103] and [124]. A ranking of sooting tendencies related to the fuel structure
is proposed based on a large number of previous studies, from highest to lowest ranking are:
polyaromatics > aromatics > alkynes > alkenes > alkanes > alcohols [125]. As shown in Figure
5.26, TH produces less soot emissions compared to PRF at low load, while it produces more
soot emissions at higher loads. The soot emissions of BH are the lowest and increase with
increasing load. At low load, the combustion of TH is dominated by premixed combustion
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where the very long ignition delay has a dominant effect on soot formation and produces most
particles in the NM, as shown in Figure 5.27. TH has the longest ignition delay independent
of operating loads and combustion phasings. However, more mixing-controlled combustion
appears with the increase in load and PM emissions shift to the AM. Hence, it is concluded
that the fuel structure has a bigger impact on PM emissions than ignition delay when the
mixing-controlled combustion starts to influence the whole combustion process. Even though
BH provides shorter ignition delays compared with TH, it contains oxygen and hence has a
lower AFst. BH also has a much lower sooting tendency, hence both factors result in lower
soot emissions and less particles in the AM.
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Figure 5.26: Soot emissions of PRF, TH, and BH with a constant CA50 (5 CAD
ATDC) at different loads. The soot emission of BH at low load is zero.

Figure 5.28 shows the premixed fractions of PRF, TH, and BH with a constant CA50 (5
CAD ATDC) at all test loads. Apparently there is not a critical PF value to predict the existence
of the AM, this value is closely related to the fuel used. As shown in Figure 5.28, PRF mainly
produces particles in the AM with a PF of 0.6 at low load. TH produces most particles in the
AM when PF reduces to 0.77 at medium load. However, BH still shows a bimodal particle
size distribution with a PF of 0.54 producing most particles in the NM and the particles in
the AM also increases at medium load. Given that toluene itself is A1, it is highly prone to
produce PAHs [126]. TH can certainly accelerate PAH formation. Therefore, the lower soot
emissions of TH compared to PRF at low and medium loads is mainly because of its longer
ignition delay. Figure 5.29 displays the particle size distributions of PRF, TH, and TH+C with
a constant CA50 (5 CAD ATDC) at 10 bar IMEPg. Figure 5.29 shows that TH+C produces less
particles with an AD smaller than 60 nm, but more large particles (AD > 60 nm) are produced.
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Toluene is mainly consumed by the H-abstraction reactions by OH and H radicals forming
a benzyl radical, and the ipso-substitution and decomposition reactions forming a phenyl
radical [126]. Benzyl radical and phenyl radical are two of the most important precursors
of PAH growth [127]. When TH+C no longer has the advantage of a longer ignition delay
compared to PRF, substantial amounts of big particles in the AM are formed.
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Figure 5.27: Particulate number concentrations and size distributions of PRF, TH
and BH with a constant CA50 (5 CAD ATDC) at different loads.
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Figure 5.28: Premixed fractions of PRF, TH, and BH with a constant CA50 (5 CAD
ATDC) at different loads.
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Figure 5.29: Particulate number concentrations and size distributions of PRF, TH
and TH+C with a constant CA50 (5 CAD ATDC) at 10 bar IMEPg.
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Figure 5.30: Particulate number concentrations and size distributions of PRF, TH
and TH+C for different combusiton phasings at 10 bar IMEPg.

Next, the effect of changing combustion phasing on PM emissions is studied. Figure
5.30 shows the particle size distributions of PRF, TH, and TH+C for different combustion
phasings at 10 bar IMEPg. When 2-EHN is added to TH, TH+C shows the same ignition
delay and RoHR as PRF, as shown in Figure 5.31. The accumulation mode is composed
primarily of carbonaceous agglomerates and adsorbed material. They are formed in locally
fuel-rich regions of the flame, see [93] and [96]. TH+C produces more particles (AD > 60
nm) in the AM compared to PRF, this must be due to its higher sooting tendency which is a
chemical/structure related property. It is seen from Figure 5.30 that the particulate number
concentrations of PRF and TH+C increase with the retarded CA50 due to the decreasing
combustion temperature. However, the particulate number and size of TH are almost
independent of the change of CA50. Figure 5.31 shows the heat release rates of PRF, TH,
and TH+C with different CA50 at 10 bar IMEPg. TH is dominated by premixed combustion
and its premixed fraction increases as CA50 is retarded. Although the retarded CA50 results
in a lower combustion temperature which can reduce the soot oxidation rate and increase
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the soot emissions, it also increases the mixing time before combustion starts reducing
fuel-rich regions leading to lower soot emissions. However, PRF and TH+C are dominated by
mixing-controlled combustion at medium load. Besides, the change of CA50 does not have a
noticeable impact on their ignition delays. So the decrease in combustion temperature, which
mainly determines oxidation, plays a decisive role in the increase of PM emissions.

Figure 5.31: Injector current (low range) and RoHR (high range) for different CA50
at 10 bar IMEPg.
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5.5 Characterization of Agglomerates’ Morphology

Previous studies show that high-octane number fuels can dramatically reduce soot emissions,
but they may still cause an environmental or health problem since they generate a larger
number of smaller particles compared to diesel. In this work, a FEI Tecnai 20 (type Sphera)
transmission electron microscope was used to visualize the nanostructures of aggregated
particles, and get more knowledge about the morphological characteristics of BH (a mixture
of n-heptane and n-butanol and it is introduced in Section 5.3) and diesel [128].

5.5.1 Test Conditions

In this study, the TEM was operating with a 200 kV LaB6 filament. The TEM grid having a
diameter of 3 mm and 200 mesh copper grids with a lacey film was used to collect particle
samples. Lacey carbon films are similar to the holey carbon films but they offer a greater
percentage of open area, provide the thinnest possible support while maintaining adequate
strength, and give practically no background interference in the TEM [53].

Firstly, diesel was tested, and the engine conditions are summarized in Table 5.9 (Nr.
1∼3). Secondly, BH was tested using the same engine conditions as shown in Table 5.9 (Nr
4∼6). However, TEM grids which were used to collect particle samples of BH remain clean.
Thirdly, a significant amount of EGR was used and the injection pressure was lowered for BH
to increase the injection duration and reduce the premixing of the BH/air mixture to try to
increase soot emissions, and the test condition is shown in Table 5.10 (Nr. 7). However, the
maximum PRR under such experimental conditions are extremely high, and engine knock
occurs. In order to successfully collect the particles when the engine runs with BH, engine
operating conditions were adjusted even more as shown in Table 5.10 (Nr. 8∼10). CA50 was
kept constant at 5 CAD ATDC for all the tests except for Nr. 7 (CA50 is 10 CAD ATDC) for the
reason to reduce its PRR.

Table 5.9: Engine test conditions for diesel

Nr. 1 2 3
Test fuel Diesel

IMEPg (bar) 6
Injection pressure (bar) 1200

EGR (%) 20 30 35
Intake pressure (bar) 1.2

Intake temperature (oC) 40
Soot (FSN) 0.34 1.32 2.26

Engine speed (rpm) 1200
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Table 5.10: Engine test conditions for BH

Nr. 7 8 9 10
Test fuel BH

IMEPg (bar) 6 7.5
Injection pressure (bar) 800 800 700 700

EGR (%) 50 39 39 41
Intake pressure (bar) 1.2 1.5

Intake temperature (oC) 40 80
Soot (FSN) 0.02 0.07 0.22 0.28

Engine speed (rpm) 1200

5.5.2 Major Results and Discussion

Ignition Dwell

BH (Nr. 4∼6) provides longer ignition dwells compared to diesel (Nr. 1 ∼ 3) under the same
experimental conditions due to the lower cetane number, as shown in Figure 5.32. Zero soot
emissions were produced due to the better fuel/air mixing and higher local λ. Besides, TEM
grid failed to collect any particles. To increase the soot emissions to reach the detectable range,
the injection pressure was reduced and the EGR rate was raised (Nr. 7). However, at such
experimental condition, the soot emission is still low and ignition dwell increases dramatically
so that a slight knock occurred. To be able to collect aggregated particles when the engine runs
with BH, the engine operating conditions are further adjusted to allow BH to burn more easily.
Therefore, a greater amount of BH is injected into the cylinder, and the intake temperature
is also increased. Compared to the tests labeled 4 to 7, the ignition dwell of BH is reduced,
finally resulting in detectable soot emissions (0.07 ∼ 0.28 FSN) and the TEM grid successfully
collects the particles from the exhaust.

EEPS Results

Figure 5.33 shows that test fuels all exhibit a unimodal particle number size distribution under
the corresponding test conditions. Diesel produces particles mainly in the AM and its particle
number increases with the EGR rate. Moreover, the soot oxidation rate declines due to the
lowered combustion temperature and lower oxygen concentration caused by the increased
EGR rate. Consequently, smaller particles with reactive surfaces tend to grow and agglomerate
to generate large particles. However, BH mainly produces particles in the NM, and its particle
number is little influenced by the change of EGR rate when the same operating conditions as
for diesel were used. This is obviously due to the long ignition dwell. Fuel is mostly premixed
to significantly reduce fuel-rich regions, thus little carbonaceous agglomerates are formed. As
a result, only particles in the NM are generated. Tests with higher intake temperature, longer
burn duration, and lower injection pressure (Nr. 8 ∼ 10) produce most particles in the AM
similar to the diesel experiments. As shown in Figure 5.34, due to the shorter ignition dwell,
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Figure 5.32: Ignition dwell vs test number

BH presents more mixing-controlled combustion and consequently shows a similar particle
size distribution as diesel. But most of the particles of BH still have a smaller AD compared
to that of diesel. This may be caused by its higher premixed fraction.

TEM Images

As mentioned earlier, when BH was tested with the same experimental conditions of diesel,
it always produces zero soot emissions (0 FSN). Hence the TEM grids failed to collect any
particles. When a higher EGR rate and a lower injection pressure are used (Nr.7), BH produces
detectable soot emissions (0.02 FSN) but a slight knock occurred. Figure 5.35 shows the
corresponding TEM image. The particles are not evenly distributed on the lacy grid, and most
of the collecting area is clean. At such test condition, the engine experiences a high PRR and
a high cyclic variation. So the reliability of the TEM image as shown in Figure 5.35 is not high.
Hence, further analysis of test Nr. 7 is not useful.

Figures 5.36 and 5.37 show TEM images of soot aggregates for diesel and BH, where the
scale bars from top to bottom indicate 1 µm, 200 nm and 100 nm, respectively. A previous
study [129] has shown that PPC mainly produces chain-like particles. The conventional diesel
combustion shows this particle morphology of soot particles as well [130], [131], [132], [133],
[134] and [135]. As observed in the figures, the vast majority of soot aggregates appears to
be of a chain-like structure where primary particles are attached closely to each other. It is
easy to find separate chain-like particles in the TEM image of test Nr.1, as shown in Figure
5.36. However, these chain-like particles re-agglomerate, either tightly or loosely, with the
increase of EGR rate to generate even larger particles. The size of primary particles produced
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Figure 5.33: Particle number concentrations and size distributions for diesel and BH
at various engine test conditions.

when burning diesel is not the same, the average diameter is around 20 nm. As shown in
Figure 5.37, it is easy to observe that some primary particles of BH have an AD around 10
nm. The results of EEPS for tests Nr.4 ∼ Nr.7, as shown in Figure 5.33, also indicate that
BH can produce a significant number of particles with an AD around 10 nm. But rarely any
primary particles smaller than 10 nm are observed in Figure 5.37. Apparently, the particles
measured by the EEPS with an AD less than 10 nm should not be solid carbon soot particles
as also mentioned in [136] and [137]. Moreover, compared to diesel, the produced primary
particles when burning BH are smaller probably due to the fuel structure and short carbon
chain length.

Earlier studies showed that EEPS with the original instrument matrix (IM-2004) underes-
timates the sizes of particles with an AD larger than 50 nm [138]. PM emissions specifically
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Figure 5.34: Injector current (low range) and RoHR (high range) for tests Nr.1, Nr.4,
and Nr. 8.

Figure 5.35: TEM image of the collected particles emitted by BH with engine knock
(Nr.7).
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Figure 5.36: TEM images of the individual and aggregated particles emitted by diesel
(Nr. 1∼3).

carbonaceous aggregates have different charging characteristics compared to nearly spherical
particles. Aggregates get more charges at a given mobility diameter in a unipolar charging
environment, correspondingly causing the aggregate mobility diameters to be underestimated
[138] and [139]. A new instrument matrix (IM-Soot) was used for all the EEPS measurements
in this chapter. But after comparison of the TEM results with EEPS results, it appears that
the particle size of aggregates is still underestimated. Correspondingly, the particle number
concentrations in the 20-120 nm size range are overestimated by EEPS. This is also confirmed
by previous studies [140] and [141].
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Figure 5.37: TEM images of the individual and aggregated particles emitted by BH
(Nr. 8∼10).

5.6 Conclusions

High-octane fuels have shown a great advantage in reducing soot emissions. In this chapter
the effects of fuel structure and selected engine parameters on particulate emissions regarding
number concentration and size distribution using designed fuels were studied. The TEM
was also used to visualize the nanostructure of aggregated particles. Firstly, several ternary
blends with a RON 70 were tested at different loads. In general, the particle size distribution
curves shift upwards and towards bigger sizes as the engine load increases for all test fuels.
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Compared to other fuels, alcohol containing fuels yield less soot emissions and produce
considerably more particles in the nucleation mode. When a higher EGR rate is applied,
in general the particulate number concentration in nucleation mode decreases, while more
particles in accumulation mode are generated. Secondly, several binary blends were designed
to further investigate the effect of different fuel structures on PM emissions. If ignition
delay is not kept constant, the physical effects on the soot formation must be considered in
addition to the fuel-induced chemical effects. 2-EHN was used to equalize the ignition delay
of test fuels. Then the physical effects (mixing) are decoupled from the fuel-induced chemical
effects. Fuel structure has less effect on the PM emissions for purely premixed combustion
but has a significant influence on the sooting tendency for mixing-controlled combustion.
The fuel structure plays an increasingly important role in PM emissions with the reduction of
premixed fraction. Finally, the TEM was used to get more knowledge about the morphological
characteristics of BH (70 vol% n-butanol blended with 30 vol% n-heptane) and diesel. The
aerodynamic diameters of primary particles of diesel are generally larger than that of BH. The
aggregated particles increase as the EGR rate increases. Comparing the results from TEM
and EEPS, it is concluded that the particle size of aggregates may be underestimated and the
number concentrations may be overestimated by the EEPS.
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Chapter 6
Conclusions and Outlook

The heavy-duty vehicles will still rely on internal combustion engines in the foreseeable future.
The major challenge facing society is to reduce the impact of the growth of energy use on local
and global environment. Therefore, there is a need for more advanced combustion concepts
that may use renewable fuels to achieve a low carbon footprint and low tailpipe emissions.
Low temperature combustion (LTC) has a great potential to achieve high engine efficiency
and ultra-low emissions of NOx and PM. A representative of such an LTC concept is PPC. It
uses direct injection and provides more moderate mixing times which is key to closely link
the ignition of PPC with fuel injection event, hence providing more control than HCCI. The
charge distribution of PPC however is more heterogeneous at ignition compared to HCCI,
though chemical kinetics still play a significant role.

Previous research concluded that diesel fuel is not an ideal candidate for PPC operation.
In this study, several ternary and binary blends, all having a RON in the range from 70 to
90, were designed and tested with a single injection strategy. Firstly, the effect of air-excess
on PPC combustion and emission characteristics is studied. At a higher boost pressure, the
cylinder charge becomes leaner as more fresh air mass is forced into the cylinder for the
same amount of injected fuel. Moreover, a higher intake pressure provides more oxygen,
less wall-wetting, and thus improved fuel-air mixture quality. Consequently, at a higher boost
condition, fuels need to be injected later into the cylinder as they ignite more easily. In the
relevant temperature regime of this work, the chemical ignition delay times become shorter
with decreasing λ at near stoichiometric conditions. However, decreased boost pressure and
therefore overall lower pressure and density levels respectively lead to longer chemical ignition
delay times and deteriorations in mixture formation. Consequently, the observation that fuels
become more difficult to ignite at conditions near global stoichiometry is a pressure and
density effect rather than a λ effect.

Although PPC has many merits, it also presents some limitations, as shown in Figure 6.1.

• At medium load (10 bar IMEPg), the test blends of RON 70 are dominated by premixed
combustion, and produce ultra-low NOx and soot emissions simultaneously when more
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Figure 6.1: Limitations of PPC presented in this study.

than 40% EGR is used. When the engine load rises to a higher load (15 bar IMEPg),
these blends of RON 70 are controlled by mixing-controlled combustion. They show a
NOx-soot tradeoff relationship similar to diesel. The increased soot emissions at higher
loads are because of the presence of fuel-rich regions which are formed due to the lack
of fuel and air mixing. This study indicates that more premixed combustion helps to
reduce soot emissions. Therefore, even higher-octane fuels can be used to promote
the mixing of fuel and air. Moreover, the test results show that oxygen containing fuels
(in this study, ethanol and n-butanol are tested) can help to increase local λ for a given
ignition delay, thus lowering soot emissions.

• Higher-octane fuels can help to increase the premixing of fuel and air, but they bring
problems at lower loads due to their poor auto-ignition qualities. Three primary
reference fuels having a RON of 70, 80, and 90 were tested at lower loads. Stable
combustion regarding the COVIMEP and maximum PRR is guaranteed by increasing
the intake temperature and controlling the CA50. Results show that PRF90 requires
a higher intake temperature (60 oC) to maintain a stable combustion than PRF80
and PRF70 (40 oC). Soot emissions are not a problem at lower loads since the test
PRF blends provide sufficiently long ignition delay compared to their short injection
duration to avoid the formation of fuel-rich regions. NOx emissions can also be ultra-
low when more than 60% EGR is applied. However, the ignition delay becomes so
long that fuel and air are over-mixed. As a consequence of the over-mixing, their HC
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and CO emissions are very high which are the main obstacles faced by PPC technology
commercially.

• High-octane fuels have shown a significant advantage in reducing mass based soot
emissions. In general, as the engine load increases, the particle size distribution curves
shift upwards and towards bigger sizes regardless of the test fuels. Compared to other
fuels, alcohol containing fuels yield less mass based soot emissions but produce consid-
erably more particles in the nucleation mode. The results also indicate that when more
EGR is applied, the particulate number concentration in nucleation mode decreases,
while more particles in accumulation mode are generated. It is found that the particle
size distribution is primarily determined by fuel/air stratification, hence ignition delay,
even for fuels containing aromatic components (toluene or benzaldehyde). Only if
the stratification is identical and rich conditions are available a definite impact of fuel
structure can be found. TEM images show that the aerodynamic diameters of diesel
primary particles are larger than that of BH (70 vol% n-butanol blended with 30 vol%
n-heptane). Furthermore, the number concentration of aggregated particles increase
as the EGR rate increases. It should be noted that the highly premixed combustion
at low load produces particles mainly with a geometric diameter smaller than 20 nm
irrespective of fuel structure, which is considered to be more threatening to human
health than large particles. Therefore, more research is needed to overcome these
limitations of PPC.

Future Work on PPC at Higher Loads

In the thesis, all the experiments were done with a single injection strategy. Experimental
results show that the premixing of fuel and air becomes worse at higher loads and cannot
produce simultaneously low NOx and soot emissions even with high-octane fuels. There are
two recommended strategies to improve the fuel-air mixture at higher loads:

• Multiple injections could help to increase the fuel/air mixing and decrease fuel-rich
regions to reduce soot emissions at higher loads.

• Apply alcohol-containing fuels to provide a higher local λ for a given ignition delay.
Alcohol fuels are possible fuels with a low carbon-footprint (bio-fuels, e-fuel).

Future Work on PPC at Lower Loads

The HC and CO emissions of high-octane fuels at lower loads are high therefore the combus-
tion efficiency also deteriorates. Unfortunately, the traditional diesel oxidation catalyst (DOC)
has relatively lower effectiveness due to the lower exhaust gas temperatures. Therefore, low
temperature oxidation catalysts need to be developed further so that HC and CO emissions
can comply with the future emission standards. Apart from the study on low temperature
oxidation catalysts, there are some ways may help to reduce HC and CO emissions at lower
loads:

• Multiple injection strategies may also help to reduce HC and CO emissions by creating
a fuel/air concentration gradient to reduce over-leaning.
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• Throttle the engine and run with a lower λ also helps to increase combustion efficiency
at lower loads, but this would also lead to increased throttling losses.

• Mode-shift strategies are also promising. One such example could be a combined spark
assisted compression ignition (SSCI) - PPC, where SSCI is used for starting and low
load operation while PPC is used for medium to high load operation.

• RCCI is also a way to solve the low combustion efficiency of PPC at lower loads. The
engine is started with diesel-like fuels (run under conventional diesel combustion
mode) at cold start and then switched to LTC modes after adequate warm-up at higher
loads.

Future Work with TEM

It proved difficult to measure the particle morphology in PPC mode. The engine needed to
be run at far from optimal settings, in conditions at which only particles in AM mode were
generated. Obviously, the comparison of particle morphology characteristics of diesel and
BH under the same test conditions have more practical value. In the future experiments, the
collection of particles in NM may have some more focus, a series of approaches as shown
below is suggested to achieve the study purpose.

• Do experiments with different TEM grids regarding hole shape and hole size.

• Adjust the location where the TEM grid is placed or use multiple TEM grids at the
same time and place them at different locations.

• Extend the collection time (30s, 60s, 90s and 120s) to see whether it is possible to
collect particles in the NM directly (the results given in the thesis are based on a
collection time of 6s).

• Investigate the TEM samples which are collected from the exhaust where a bimodal
particle number size distribution is presented.
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Appendix A
Engine Exhaust Particle Sizer

A.1 How does EEPS works?

EEPS is an effective tool for measuring engine exhaust particle emissions due to its fast-
response and high-resolution. Figure A.1 shows the flow schematic of EEPS. EEPS measures
the size distribution and number concentration of particle emissions in the range from 5.6 to
560 nanometers, so larger particles are removed by cyclone at the inlet of EEPS. EEPS uses a
corona charger to create ions. Particles mix with the ions to a predictable charge level versus
particle size. Charged particles are then introduced to the measurement region and flow down
the column surrounded by sheath air. A high-positive voltage is applied to the central rod
and creates an electric field which repels the positively charged particles outward according to
their electrical mobility. Charged aerosol particles are detected on a column of electrometers.
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Figure A.1: EEPS flow schematic [142]
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A.2. Secondary Dilution Factor

A.2 Secondary Dilution Factor

Figure A.2 shows that aerosol from the thermal conditioner with flow QMD (standard 1.5
L/min) enters the secondary dilution mixing chamber. Secondary diluted measuring gas
with flow QMG is drawn by EEPS (standard 10 L/min). QAS is the flow of the secondary
dilution air from the air supply part of mode 379030. The dilution factor (DF) in secondary
dilution is calculated with Equation (A.1). Excess gas glow (QEX) is not less than zero, so
QAS should be larger than 8.5 L/min according to Equation (A.2). Therefore, the minimal
secondary dilution ratio is 10/1.5 (6.667). In this thesis, all the measurements were done with
a secondary dilution ratio of 6.7.

DF =
QAS +QMD

QMD

(A.1)

QAS = QMG +QEX −QMD (A.2)

Figure A.2: Secondary dilution in 379030

A.3 Normalized Concentrations: dN/dlogDp

Aerosol distributions are predominantly lognormal in character, so data is typically plotted on
a lognormal X-axis. Particle data is plotted as a function of the concentration (dN) for each
particle size bin in the simplest technique. The number concentration (dN) measured by
EEPS is the concentration of particles in a given channel, which is also held for SMPS. Simply
plot particle concentration against particle diameter works well for one type of instrument.
However, it can be confusing to compare aerosol size distribution using the same aerosol but
with instruments of different resolutions. As shown in Figure A.3, both plots of data are taken
with SMPS with the same aerosol. The distribution on the left is plotted using 64 channel
resolution, and the the right is the exact same data plotted with 32 channel resolution. The data
on the right looks like twice the data on the left. However, this is just an illusion from different
resolutions. The concentration on the right is double because the width of the bin is twice that
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of the left channel. The normalized concentration (dN/dlogDp), which is normalized to the
bin width, allows easy comparison among different instruments. The SMPS is typically used
with 64 channels per decade resolution. Therefore, to calculate the normalized concentration,
the concentration value of each bin is multiplied by 64 (dN/dlogDp=1/64). The EEPS used
in this thesis has 16 channels per decade, so the normalized concentration is calculated by
concentration of each bin multiplied by 16. Particle size is presented on a log scale with
32 equally sized bins in the size range of 5.6 to 560 nanometers. Figure A.4 shows the
comparison of normalized concentration taken with 64 channel resolution and 32 channel
resolution using the same aerosol tested by SMPSTM. It is seen that the peak concentration
values are very similar for different channel resolutions. It is worth noted that normalized
concentrations are several orders of magnitude larger than the concentrations not normalized.
This is due to the high resolution and small bin width (much less than one) of particle
instruments.

Figure A.3: Particle concentration measured by SMPSTM plotted against particle
diameter taken with 64 channel resolution (left) and 32 channel resolution (right).
The figure is from [143].

Figure A.4: Normalized particle concentration measured by SMPS plotted against
particle diameter taken with 64 channel resolution (left) and 32 channel resolution
(right). Tha small difference in mode concentration is because of the slight particle
bin changes in the regions near the bin boundaries. The figure is from [143].
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