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Abstract

Liquid biofuels for internal combustion engines will likely be part of the future
solution for mitigating CO2 emissions to the atmosphere. Several types of bio-
fuels for compression ignition (CI) engines are being developed at the moment,
made from sustainable feedstock such as waste animal fat, forest residue and al-
gae. These fuels will only reach the consumer market if they become economically
viable and meet the requirements set by authorities for fuel quality and hardware
compatibility. Additionally, issues related to pollutant emissions of particulate
matter and nitric oxides from CI engines must be considered, where advanced af-
tertreatment systems have been developed in order to comply to regulations. Par-
ticle matter emissions from CI engines poses a considerable challenge since ex-
pensive aftertreatment systems are needed and can over time reduce engine perfor-
mance. By introducing biofuels, an opportunity to reduce the particulate emissions
is offered. Biofuels can be designed to have low sooting tendencies and favorable
combustion properties, such that clean combustion can be achieved. Biofuels can
also be blended to diesel fuel gradually, where both well-to-wheel CO9 emissions
and pollutant emissions can be reduced. In order to achieve this, research needs
to be conducted on combustion and emission characteristics of existing and novel
biofuels.

An experimental suite has been developed, enabling detailed investigations on
combustion and soot processes in CI engines fueled with biofuels. A redesigned
engine with optical access to the combustion chamber has been commissioned, i.e.
the optically accessible compression ignition chamber (OACIC), which enables
direct optical measurements of a single CI spray. The OACIC is a reciprocating
rapid compression machine designed to perform fuel comparison studies, allowing
for fast fuel switching and high speed data acquisition. The intake air is heated and
compressed, offering a range of engine-like thermodynamic conditions.

For the current work, the optical technique diffuse back-illuminated extinction
imaging (DBIEI) of soot has been applied to the OACIC. The technique mea-
sures the optical density of in-flame soot, which can be related to the soot mass
and concentration. Further development of the technique has been performed, in-
cluding an improved method for correcting the flame luminosity interference on
the measurement. Uncertainties related to beam steering have also been assessed
in detail, which led to minimization of these effects in the current setup. In addi-
tion, a framework for dealing with non-ideal camera characteristics which occurs
when subjecting an image sensor for rapid high and low light intensities has been
developed and adapted to the DBIEI measurement. By combining DBIEI and high
speed OH* chemiluminescence imaging, in-flame soot and flame lift-off length
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were simultaneously measured, providing information about in-flame soot mass
and jet air entrainment. These measurements together offer detailed information
on soot production, which can be used to validate numerical simulations and to
help elucidate the complex processes behind soot formation and oxidation.

The experimental suite was applied to the investigation of combustion of biofuels:

An experimental study on in-flame soot in CI sprays of biodiesel surrogate fuels
was conducted. The surrogate fuels in subject were methyl oleate, methyl de-
canoate, n-heptane and a 50/50% molar blend of n-heptane and methyl decanoate.
One of the objectives of the study was to compare the surrogates to a commercially
available rapeseed methyl ester (RME) biodiesel. In this way, a direct evaluation
of the combustion and sooting characteristics was enabled. The sooting tendency
and combustion characteristics of methyl oleate are similar to that of RME, since
the major component in RME is methyl oleate. Methyl decanoate was observed to
have a very low sooting tendency, which is explained by its high oxygen content.
Methyl oleate proved to be a fitting surrogate fuel for biodiesel. However, the ki-
netic reaction mechanism for methyl oleate is very complex and computationally
expensive. This makes methyl decanoate based surrogate fuels more fitting, since
they have similar combustion chemistry to that of RME, due to the ester moiety.

Soot and combustion characteristics of hydrotreated vegetable oil (HVO), RME
and diesel fuel were measured in the OACIC. The study showed that diesel fuel
produced the highest level of in-flame soot, while HVO and RME produced sim-
ilar levels. The higher in-flame soot concentration observed for diesel fuel was
explained by its aromatics content. HVO produced slightly more in-flame soot
than RME, which was likely due to the lack of fuel-bound oxygen in HVO.

An investigation of the possible utilization of glycerol as a soot-reducing additive
in diesel fuel has been conducted, including experimental and numerical work.
Glycerol is a byproduct of the biodiesel production process, where a possible value
stream would be to sell it directly as a fuel additive. The main advantage of us-
ing glycerol as a fuel is its high oxygen content, potentially reducing particulate
emissions. However, the disadvantages of having a low reactivity, high viscos-
ity, and being immiscible with diesel fuel were uncovered. Adding glycerol to
diesel resulted in an observed increase of the carbon monoxide concentration in
the exhaust, which was due to glycerol’s low reactivity. In addition, a decrease in
particulate matter emissions and in-flame soot was observed. Numerical simula-
tions showed a reduction of soot precursors and an increase in CO concentration
after adding glycerol to n-heptane. The reduction in soot precursors is explained
by the added oxygen to the fuel.
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1. Introduction

The world is in need of CO5 neutral energy resources and technologies in order to
replace petroleum-based fuels. The combined CO5 emissions in 2016 from pas-
senger car vehicles and road freight transport made up 18.3% of the total COo
emissions coming from fuel combustion [64]. In order to reduce the CO2 emis-
sions in the automotive sector, introduction of biofuels in internal combustion en-
gines has been a major focus area over the past decade [12]. In 2017, biofuel
production reached 143 billion litres, which equated to around 3% of the global
fuel production [62]. The biofuel production was mainly composed of bioethanol
and biodiesel, although hydrotreated vegetable oil (HVO) has gained in popular-
ity over the recent years, accounting for 14% of the combined biodiesel and HVO
production in 2017 [62].

Replacing petroleum-based fuels with biofuels for the existing car fleet is an ef-
fective way of reducing the CO5 emissions in the automotive sector [67], although
life cycle assessments of biofuels are hard to perform and usually impose large
uncertainties [43]. For example, when considering the production of bioethanol
and biodiesel, their environmental impacts are dependent on the production and
utilization of their by-products. When not using these resources, their environ-
mental impact can be similar to their petroleum equivalents [49]. In addition to
the well-to-wheel CO2 emissions from biofuels, the economical aspect plays an
important role. The prices of biofuels must be competitive with regards to their
petroleum-based equivalents, which is especially hard to achieve during periods
with low oil prices. Additionally, the production of biodiesel and bioethanol is
mainly from food-based feedstocks which require land area. This has shown to
increase food prices in the local region, which is not sustainable in the long run
[5]. The positive environmental impact of biofuels is higher if non-food feedstock
is used, also known as advanced biofuels or second-generation biofuels [145]. Ad-
vanced biofuel is mainly based on sustainable feedstock such as municipal solid
waste and forestry, which is in large abundance in many countries.



The worldwide production of biofuel is expected to increase in the coming years,
but the latest reports show that the increase per year is lower than expected [62].
Forecasts made by the International Energy Agency (IEA) for year 2023 predict
that 4% of the energy demand in the transport sector will be represented by biofu-
els, which corresponds to 90% of the renewable energy used in the transport sector.
Biodiesel and HVO will make up one-third of the biofuel production growth, while
fuels such as bioethanol will make up the rest. The increased production of biofu-
els will mainly be driven by Brazil, China and India after having announced large
investment plans for biofuel production in 2020. However, in the same period,
Europe is expected to reduce its biofuel share due to weaker policy support for
conventional biofuels. In the future energy outlook, only sustainable biofuels are
included, which will require increased investments and policies on advanced bio-
fuels. However, the predictions point towards that production of advanced biofuels
are expected to remain low, accounting for only 1% of biofuel production in 2023.
Despite stronger policy support, slow development is mainly due to technical dif-
ficulties and high production costs, forcing existing plants to stop production.

In Norway, an explosive increase in the number of light duty electrical vehicles
(EVs) has been observed from 2013 [63]. In 2018, 46% of new cars sold in Norway
were EVs, having the highest market share in the world. This increase is mainly
a result of government policies on tax reduction and other benefits for electrical
car owners in Norway. So, why focus on combustion of biofuels in the automotive
sector, when the internal combustion engine vehicles are being replaced by EVs?
Firstly, the EVs sold are almost exclusively light duty vehicles, where heavy duty
EVs are not expected to be rolled out in a large scale any time soon, as they are
still facing challenges connected to the electrical infrastructure, vehicle weight and
time required for charging/swapping batteries' [2]. Secondly, the electrical power
that drives the EVs should be of low CO5 emissions, which is not the case for most
countries today. Lastly, CO2 emission reductions are needed as soon as possible,
where developing countries will not likely increase the electrical share in their car
fleet in near future, and even if they did, the energy powering the EVs would not
likely be of low carbon origin. For heavy duty vehicles, introducing biofuels to
the existing car fleet is a relatively quick solution for reducing CO2 emissions. In
the future, a combination of EVs and hybrid vehicles running on non-fossil fuels,
e.g. biofuels in internal combustion engines, will therefore play a key role in the
CO; reduction scheme of the transport sector, where the vehicle benefits from
advantages of both technologies [128].

The well known and biggest challenge related to internal combustion engines is

!complete charging of a 300 kWh battery medium-freight truck takes six hours with DC fast
charging at 50 kW [63].



the emission of pollutants, where cities today are facing serious problems related
to poor air quality, affecting the population’s health (e.g. New Delhi, India [65]).
Hence, research on alternative fuels and internal combustion engines are needed
for dealing with these issues.

The internal combustion engine

The compression ignition (CI) engine was invented by the French-German engi-
neer Rudolph Diesel in the late 19th century. The first CI engine was a four-stroke
engine with a vertical single cylinder. Diesel stated in 1912 that "a remarkable fact
is that the first diesel engines, built in 1896-1897, are still working, without any
change in their fuel consumption", giving an early indication that the diesel engine
was a durable technology [28], see Figure 1.1. The first CI engines ran mainly on
oils, both petroleum and bio-based. During the Paris exhibition in 1900, a small
diesel engine was presented running on Arachis oil (peanut and earth-nut oil),
which according to Diesel ran so smoothly that few people actually were aware
of it. At the time, Diesel predicted that vegetable oils might become important
in the future saying that "motor power can still be produced from the heat of the
sun, which is always available for agricultural purposes, even when all our natural
stores of solid and liquid fuels are exhausted". One of his key arguments for us-
ing bio-oils was that colonies could be independent from importation of petroleum
oils. Some years before the introduction of the CI engine, the spark ignition (SI)
engine was invented. The SI engine was lighter than the CI engine at the time,
making it more suitable for use in aviation, while the CI engine became widely
used for power generation or in ships due to its higher thermal efficiency.

Over the past century, SI and CI engines have constantly been developed and im-
proved, where the main focus has been on increasing thermal efficiency and reduc-
ing pollutant emissions. The main driver for reducing the specific fuel consump-
tion in engines has been sudden increases of the oil price, while today, the largest
concern is the climate change caused by atmospheric COs. The main reason for
choosing CI engines over SI engines is the higher compression ratio (CR) achieved
in CI engines. In a SI engine, the compression ratio is limited by knock and throt-
tling losses [51]. Knock occurs when the premixed air-fuel mixture autoignites
before reaching top dead center (TDC), resulting in a limit to the maximum com-
pression ratio that can be used, which in turn results in a lower thermodynamic
efficiency. In a CI engine this is avoided since fuel is directly injected close to
TDC and autoignites after mixing with the ambient gas in the chamber.

However, there are major drawbacks of CI engines as well. The injected fuel
is only partially mixed with the air, forming local fuel-rich regions in the flame,
which lead to soot formation. The soot is further oxidized in a high temperature



Figure 1.1: Left: first experimental diesel engine, 1893. Right: later experimental design
1895-96. [28]

mixing-controlled flame, where NO,, is produced [26]. The production of NO,, is
mainly formed via the thermal Zeldovich mechanism [166], where the production
rate exponentially increases with temperature. In an SI engine, the near stoichio-
metric premixed gas is ignited by a spark, where the flame burns volumetrically
with a very high temperature, normally producing high concentrations of NO, and
little soot.

The air pollution from internal combustion engines was already in 1940 becom-
ing a major issue. In the Los Angeles basin, smog was causing people to have
breathing problems and sight was limited by the thick fog. In 1952, Haagen-Smit
[48] demonstrated that the smog was a result of nitric oxides and hydrocarbons
being exposed to sunlight, connecting it to exhaust gas emissions from cars. In
the 1960s, the US introduced an air pollution control scheme, limiting the emis-
sions from certain cars models. From the 1990s, the pollutants from CI engines
have dramatically dropped in levels. This is mainly a result of strict policies in-
troduced by the EU, the US and Japan. In Europe, the emission standard EURO
1/1? started in 1992, where NO,, particulate matter (PM), CO and unburned hy-
drocarbons (UHCs) were restricted. In the following decades, leading up to today,
a six-stage scheme with gradually increasing emission control has been imple-
mented. For light duty passenger cars, the maximum allowed NO,, emission level
has been decreased by 84% since EURO 3 in 2000, and PM has been decreased

2 Arabic numerals are for light duty vehicles and roman numerals are for heavy duty vehicles.



by 90% during the same period [35], see Figure 1.2. For heavy duty vehicles, the
relative decrease in NO, and PM was similar. These regulations forced original
equipment manufacturers (OEMs) to invest heavily in research and development
such that they were able to meet the stringent requirements. Investments in engine
design, fuel design and novel aftertreatment equipment evolved rapidly as a result
of this.
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Figure 1.2: Left: European emission standard EURO 1-EURO 6 (1992-2014) for light
duty passenger cars [35]. Right: total pollutant emissions in mass from on-road trans-
portation in Norway between 1990 and 2017 [34].

Ultrafine soot particles are known to be a health hazard as they penetrate into the
blood stream through the lungs. Acting like Trojan horses, they carry with them
volatile or non-volatile toxic chemicals condensed on the particle surface, reaching
organs and cell compartments that could not be reached without the solid particles
[144]. The ultimate consequence for humans exposed to PM over time is damage
of genomic DNA, and thereby the potential of developing mutations and ultimately
tumors.

The main contributions to the decrease of pollutants emitted from CI engines have
been higher fuel injection pressure, adjustments to fuel injection timing, higher in-
take pressure, lower intake temperatures, improved combustion chamber geometry
and exhaust gas recirculation (EGR) [26]. However, the stringent pollutant targets
have made it necessary to aftertreat the combustion products with advanced equip-
ment onboard the vehicle. For NO, emissions in CI engines, the most commonly
used aftertreatment system now is the selective catalytic reduction (SCR) system,
which reduces the NO,, to N2 and HyO by addition of urea [78]. The SCR is often
used in combination with EGR, which lowers the flame temperature by mixing the
intake air with exhaust gases [94].

For reduction of PM emissions, a diesel particulate filter (DPF) is added to the



exhaust system. The filter has the capability of reducing the particulate number
by 2-3 orders of magnitude under normal operating conditions [18]. However,
issues related to clogging of the filter can occur, where PM accumulates on the
filter, creating a back pressure which increases the fuel consumption of the en-
gine. One solution to this problem is to continuously remove the soot by the use
of high temperature exhaust together with high concentrations of NO2 (passive
regeneration) [47]. This normally requires a catalyst which oxidizes NO to NOa,
which further is used to burn the soot particles. Another way is to burn off the soot
with elevated exhaust temperatures by injecting fuel into the exhaust stream or by
post-injection in the cylinder (active regeneration) [7]. During the active regener-
ation, an increase in particulate number is observed, usually with larger diameter
particles [18]. A continuous (passive) regeneration is desirable since it does not
require a periodic burnout cycle, which consumes fuel and increases emissions.
In order to facilitate continuous passive regeneration, a high exhaust temperature,
high reactant concentration (carbon and O3) and a high oxidation rate of the soot
particles are desired. However, this becomes hard to achieve during low load or
idle conditions, and a combination of the two techniques are often chosen in order
to balance PM control and cost.

Ideally, no soot should be formed in the engine that would have to be filtered out,
or emitted to the ambient. This is however difficult to achieve in a CI engine, but
is constantly a target for researchers and OEMs worldwide. Different strategies
for soot reduction in CI engines have been proposed, including ultra high injec-
tion pressure combined with micro orifices [119, 152], oxygenated fuel additives
[107, 45, 99, 97], injection strategies [98] and change of combustion mode (e.g.
partially-premixed compression ignition low temperature combustion [PPCI LTC]
[103]).

The initial formation of soot is still not fully understood, as the chemical and
physical processes still lack knowledge, resulting in shortcoming of a predictive
and reliable model for soot formation [140, 66]. In addition to soot in CI en-
gines, the understanding of soot formation is also important in applications such
as production of carbon blacks, which is used in ink, tires, plastics and coatings.
Furthermore, emission of black carbon into the atmosphere has shown to accel-
erate climate warming in form of increasing the absorbing effects of the sunlight
in the atmosphere and on snow/ice covered surfaces on earth [15]. The black car-
bon effect on the climate has been identified as the second most important human
emission in terms of climate forcing, where COx is the primary factor. On-road and
off-road CI engines are found to be some of the largest contributors to black car-
bon emissions. In the future, the likely continuation of using CI engines, combined
with the added complexity of using alternative fuels such as biofuels, emphasizes



the need to understand more about the in-flame and tail-pipe soot processes.

Summarizing, there are three major reasons for studying soot in CI engines:

e reducing the amount of PM emissions, resulting in improved air quality for
both human health and climate change purposes;

e reducing in-cylinder soot, resulting in an increase of the engine thermal ef-
ficiency by avoiding regeneration of the DPF;

e increasing the understanding of the physical and chemical processes con-
nected to the formation of soot in spray flames, facilitating the two former
arguments, and benefiting other applications connected to soot formation.

1.1 Objectives

The primary goal of this doctoral project has been to obtain knowledge about soot
production in biofuel spray flames, and to develop equipment and techniques that
enable research on alternative fuels in CI engines. The project has been focused
on investigating soot and combustion characteristics in biofuel spray flames using
state-of-the-art optical techniques. The objectives set to be achieved are:

e to develop a research test rig for investigating CI engine combustion and to
perform optical measurements of in-flame combustion characteristics;

o to further develop a measurement technique for high temporally and spa-
tially resolved in-flame soot concentrations;

e obtaining quantitative data on in-flame soot from surrogate fuels relevant for
fatty acid methyl esters (FAME) fuels;

e increasing the knowledge about combustion and soot characteristic of po-
tential future biofuels.

1.2 Organization of the thesis

The thesis is organized in six chapters, where the current chapter presents the moti-
vation and objectives of the work. In Chapter 2, relevant theory and background are
presented, covering spray combustion, soot fundamentals and biofuels for CI en-
gines. Chapter 3 presents important aspects of the newly constructed experimental
test rig, where operational and physical characteristics are presented. The optical
techniques used for measuring combustion and soot characteristics are presented



in Chapter 4, including a brief review of optical techniques used for measuring
in-flame soot. A summary of all results is presented in Chapter 5, where Article I
presents development and application of diffuse back-illuminated extinction imag-
ing of soot, Article II compares combustion and soot characteristics of biodiesel
surrogate fuels and real biodiesel, Article III presents detailed combustion and
soot characteristics of HVO, and Article IV investigates glycerol as a soot reduc-
ing additive in CI engines. Finally, conclusions based on the results are given in
Chapter 6, where also an outlook is given.



2. Theory

2.1 Spray combustion

2.1.1 Fuel injection

In a CI engine, the combustion occurs in a multiphase flow where the liquid fuel
is injected into the ambient gas. The injector nozzle can have several holes with
diameters ranging from 0.2-1 mm. The main target is to get the fuel to mix with
the ambient gas as quick as possible, such that autoignition can occur quickly. In
order to achieve this, a high injection pressure is needed, normally up to 2500 bar
in modern cars'. As the fuel is injected, it breaks up and forms a conical spray.
The break up of the liquid happens in two steps, the primary break-up and the sec-
ondary break-up, see figure 2.1. The primary break-up consists of large ligaments
and droplets, forming a dense spray near the nozzle hole. This is mainly driven
by internal nozzle mechanisms such as cavitation and turbulence. The secondary
break-up breaks the droplets and ligaments into smaller droplets and is mainly
driven by aerodynamic forces occurring because of the high velocity between the
liquid and gaseous phase [16, 83]. The exit velocity of the fuel is normally be-
tween 300-500 m/s, resulting in the droplets becoming much smaller than the hole
diameter, which is called the atomization regime. The resulting droplet size in
the spray is determined by several factors. Increasing the injection pressure or
decreasing the nozzle hole diameter, reduces the atomized droplet size [51]. Fuel
properties are also important, where a lower viscosity or a lower surface tension
also decreases the droplet diameter. These effects are less significant at higher
injection pressures.

The size of the liquid droplets in the spray are in the range of 20 to 100 ym in
diameter. As the droplets are exposed to the hot ambient gas, three effects come
into play, i.e. deceleration due to aerodynamic drag, heat transfer from the ambi-

"For instance the CRS3-25 common-rail system from Bosch GmbH
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Figure 2.1: Diesel injection close to the nozzle hole [83].

ent to the droplet, and mass transfer of vapor fuel from the droplet to the ambient
[51]. The evaporated fuel mixes with the hot ambient gas, eventually forming a
combustible mixture. The evaporation of the fuel droplets also has a cooling effect
on the air-fuel mixture, which affects the combustion process [68]. The evapora-
tion characteristics are usually assessed by measuring dispersion and penetration
length of the vapor and liquid phase, either for a non-reacting case using an in-
ert gas or a reacting case using an oxidant as ambient gas. By injecting into an
ambient gas with similar thermodynamic conditions as found in an engine, the va-
por phase cone angle of the jet and the temporal development of the penetration
length can be measured, giving information about the amount of entrained gas and
the evaporation properties of the spray, e.g. [114, 8, 157]. Based on a simplified
model for a non-reacting, non-vaporizing jet, Naber and Siebers [104] derived the
relations for the vapor penetration length over time. Also from these relations, the
cross-sectional mean equivalence ratio at any axial distance from the nozzle hole
was derived.

2.1.2 Premixed combustion phase

The evaporated fuel cools the gases down to below the ignition temperature limit
[53], however, as the mixing of fuel vapor and ambient gas continues, the tem-
perature of the fuel-air mixture increases. The higher temperature of the fuel-air
mixture initiates low temperature reactions, which can be detected by a moderate
pressure increase, or low emission of OH* chemiluminescence from the cool flame
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[123]. This period is known as the first stage ignition period. Chain-branching re-
actions consume fuel and produce radicals, which in turn increases the temperature
and pressure to the point where second stage ignition is initiated. The start of sec-
ond stage ignition is usually characterized by a sudden significant increase in heat
release rate, which is accompanied by a significant increase in OH* chemilumi-
nescence emission, which is mainly driven by decomposition of hydrogen per-
oxide and the resulting production of OH radicals which accelerates the process
[154, 149]. In experiments, the time between start of injection and start of sec-
ond stage ignition is called the ignition delay time (IDT). By the time second stage
ignition has started, the fuel and air have had time to mix, forming a premixed mix-
ture, which burns volumetrically. Figure 2.2 shows the temporal development of
a single spray diesel combustion event, where second stage ignition is detected by
broadband chemiluminescence and shadowgraph, marking the start of premixed
combustion phase.

Figure 2.2: A combustion event for a diesel injection, measured by the technique shad-
owgraph, overlaid on simultaneous chemiluminescence imaging and Mie-scatter imaging
(blue contours), showing the high temperature reaction zones and the liquid phase, respec-
tively. The premixed combustion phase is shown for 1404-2021 us. The length scale is in
mm, and the time scale is time after start of injection. The figure is adapted from [123].

The initial premixed mixture is usually fuel-rich, typically having equivalence ra-
tios of 2-3 [59]. This results in the formation of soot precursors such as acetylene
and benzene from fractions of the fuel molecules, and eventually the formation
of soot particles. Generally, soot starts to form for equivalence ratios of 2-3 and
above [41].

During the premixed combustion phase, both fuel and oxygen in the central part
of the flame are consumed, eventually resulting in low concentrations of oxygen.
This results in the leading edge of the premixed flame having less oxidation of soot
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precursors and soot particles, leading to a high concentration of soot. At the same
time, a diffusion flame is formed surrounding the jet, i.e. between the products of
the premixed flame and the ambient gas. The central part of the flame consists of
small soot particles, while the soot particles are larger at the jet periphery and at
the head vortex. However, the soot volume fraction is generally not lower in the
central part of the jet [25].

2.1.3 Mixing-controlled combustion phase

The transition from the premixed phase to the mixing-controlled phase happens
relatively smoothly. If the injection rate profile and the ambient conditions are
stable, the spray flame will stabilize during this phase. The overall heat release
rate is generally lower than that during the premixed phase, since it mostly burns
at the periphery of the jet, which is limited by turbulent mixing of fuel vapor and
ambient gas.

In the stabilized spray flame, the injected fuel evaporates and mixes with the sur-
rounding ambient gas. After a time delay, the air-fuel mixture ignites at a dis-
tance from the injector hole, also known as the flame lift-off length (FLOL). Just
downstream of the FLOL, a partially premixed region is formed, where the cen-
tral part of the jet is fuel-rich, while the periphery is fuel-lean, resulting in less
intense reactions in the center compared to those found in the peripheral regions,
see [25, 80, 121] for conceptual models of the spray flame during the mixing-
controlled phase. In the peripheral regions of the jet, a near stoichiometric mixture
is present resulting in a high heat release zone. Since this region is defined as hav-
ing a fuel-rich side and a fuel-lean side, it can be characterized as a diffusion flame.
As the partially premixed region close to FLOL reacts, the products that are formed
based on the air-fuel mixture at FLOL determine the downstream soot precursor
formation rate. A richer mixture at FLOL leads to higher pyrolysis reaction rates,
producing higher concentrations of soot precursors. Higher temperatures have also
shown to increase soot production in CI sprays, even for conditions where mixing
prior to FLOL was kept equal [79]. This suggests that the soot produced down-
stream of FLOL is being formed in a diffusion-like flame, since an increased soot
production rate indicates that the pyrolysis rate increases more than the oxidation
rate for elevated temperatures, which is usually observed in diffusion flames [41].
After the formation of soot precursors, nucleation of soot particles takes place after
a small delay. This delay is dependent on the initial fuel structure, mixture temper-
ature, and equivalence ratio. For fuels with unsaturated hydrocarbons, or aromatic
content, soot nuclei are produced earlier.
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Figure 2.3: Conceptual model of a CI spray during the mixing-controlled period. Adapted
from [25].

Flame lift-off length

An important feature of the mixing-controlled phase is the point where the flame
stabilizes, defining the FLOL. The mechanisms behind the stabilization of the
FLOL can be explained in two different ways. Based on gas-jet theory, Peters ex-
plains the stabilization of FLOL in a partially premixed flame by premixed flame
propagation, where the balance between the jet velocity and the turbulent flame
speed defines the axial distance from the injector tip to FLOL (H) [118]:

UZuD

o @l

2.1)

where U is jet exit velocity, Z4; is stoichiometric fuel mixture fraction, D is ther-
mal diffusivity, and sz, (Z4) is laminar flame speed for a stoichiometric mixture.
This shows that a higher jet exit velocity increases the FLOL, while higher lam-
inar flame speeds decreases FLOL. However, this theory is based on gas jets in-
jected into an ambient with similar density to the injected gas, and combusting
under atmospheric pressure and temperature, resulting in the jet being isothermal
up to the FLOL. This differs from the CI spray combustion case where the spray is
non-isothermal, vaporizing upstream of FLOL, and influenced by the ambient gas
density on mixing of the spray [134].
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While the first approach is based on the laminar flame speed and the thermal dif-
fusivity, the second approach is based on ignition delay time. Pickett et al. [122]
measured the FLOL of large-hydrocarbon fuels having different cetane numbers,
observing that the FLOL decreased with increasing cetane numbers, despite hav-
ing similar premixed flame speeds. Further analysis showed that the timescale
for jet mixing from the injector hole to the FLOL collapsed to an Arrhenius-type
expression,

T = 9.19-10° - exp(6534/T,) - p, °% - Z ;189 (2.2)

where 7y is the calculated jet mixing time scale, representing the residence time
from start of injection to start of ignition at FLOL. T}, is ambient gas temperature
in K and p, is ambient gas density in kg/m3. The ignition delay times were also
found to follow an Arrhenius-type expression, which concludes that the FLOL is
governed by an ignition chemistry based mechanism. In practice, this means that
an observed increase in ignition delay time leads to a longer FLOL. This relation
also explains trends observed in high pressure spray combustion, like increasing
FLOL with increasing orifice diameter and ambient gas oxygen concentrations
[135].

A summary of the effects on FLOL in a CI spray under quiescent conditions is
given below [134, 135]:

e Ambient gas temperature and density have strong non-linear relationships to
the FLOL, where a higher temperature or density results in a shorter FLOL.
Using Peters theory, the change in FLOL due to temperature and density can
be explained by corresponding change in laminar flame speed and thermal
diffusivity. In addition, the density has an effect on spray development, also
affecting the FLOL.

o A smaller orifice diameter results in a shorter FLOL.
e A higher injection pressure result in a longer FLOL.
e The FLOL is inversely proportional to the ambient gas oxygen concentra-

tion, i.e. an increased oxygen concentration decreases the FLOL.

Air entrainment

The FLOL is as mentioned a very important parameter affecting the amount of air
mixed in prior to ignition, i.e. determining the equivalence ratio at FLOL. The
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equivalence ratio at FLOL affects the soot production in the spray flame during
the mixing-controlled period, e.g. where a low equivalence ratio can result in
sootless combustion (leaner lifted flame combustion [120]). The FLOL is again
affected by several parameters such as ambient thermodynamic conditions, nozzle
geometry, injection pressure and fuel specifics. Naber and Siebers [104] developed
a spray penetration model for a non-reacting and non-vaporizing spray, which also
provides the cross-sectional averaged equivalence ratio (¢(z)) at any axial distance
from the injector tip. This can be applied to the CI spray upstream of FLOL in
order to estimate the equivalence ratio at FLOL. The model is given as

2-(A/F)s

o(x) = ,
\/1 +16 (z/2)* -1

(2.3)

where (A/F)g is the stoichiometric air-fuel mass ratio, ™ is the characteristic
length scale of the spray, i.e.

+_ [pr_ VCa-d

~ V9 0.75 - tan(6/2)° (2.4)

X

x is axial distance from the injector orifice, py is fuel density, p, is ambient gas
density, C, is nozzle area contraction coefficient, d is orifice diameter, and 6 is
spreading angle of the spray. As seen, the equivalence ratio at FLOL (x = H) is
affected by the value of H, i.e. a longer FLOL leads to a lower equivalence ratio
and vice versa.

For changes in oxygen concentrations in the ambient gas (e.g. when applying
EGR) the amount of oxygen entrained into the spray upstream of FLOL is af-
fected. For a lower oxygen concentration in the ambient gas, a lengthening of the
FLOL occurs, which can be seen from Equation 2.2, since Z,; decreases. This re-
sults in more ambient gas being mixed in upstream of FLOL. However, the lower
concentration of oxygen in the ambient gas results in less oxygen being mixed
in, counterbalancing the FLOL lengthening effect [135]. The resulting effect on
the equivalence ratio at FLOL is therefore small, and for some conditions even
negligible [120].

For the case of decreasing the ambient gas density, the FLOL is lengthened, which
allows for more air to be mixed in upstream of FLOL. At the same time, the air
entrainment rate decreases with decreasing ambient gas density, due to decreased
mixing. These effects counterbalance each other, making the equivalence ratio at
FLOL nearly insensitive to changes in ambient gas density [134].
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For decreasing orifice diameters, the FLOL has been shown to shorten, result-
ing in less time for air entrainment upstream of FLOL. However, with decreasing
diameters, the air entrainment rate increases linearly with decreasing diameters,
consequently increasing the equivalence ratio at FLOL for decreasing diameters
[134].

The air entrainment is therefore mostly affected by changes in ambient gas tem-
perature, injection pressure and injector orifice diameter. Changes in the ambient
gas oxygen concentration and density have minor effects.

2.2 Soot fundamentals

Soot is defined as solid carbon particles, usually consisting of aggregates or ag-
glomerates? of smaller primary soot particles. These particles are formed in flames
combusting under fuel-rich conditions, where oxygen is limited for oxidation. The
initial building block of soot is known to be polycyclic aromatic hydrocarbons
(PAHs), which are formed under these conditions.

The formation and oxidation of soot are complex, involving both chemical and
physical mechanisms. Detailed reviews on these topics are given by Calcote [17],
Glassmann [41], and Richter and Howard [129], while Tree and Svensson [148]
provide a brief review of soot processes in CI engines. A summary of the soot
processes is given here.

2.2.1 Pyrolysis

The initial step of soot formation occurs in gas phase under fuel-rich conditions.
Gas phase fuel molecules undergo pyrolysis due to high temperatures and the lack
of oxygen in the mixture, resulting in decomposition and atomic rearrangement of
the fuel molecule into soot precursors. The pyrolysis process is generally endother-
mic, making the rates highly temperature dependent. The rates are also heavily
dependent on the fuel concentration, i.e. the equivalence ratio. These pyrolytic
products are usually unsaturated hydrocarbons, in particular acetylene (CoHo) and
PAHs such as benzene (CgHg). The soot precursor production rate is balanced
by oxidation reactions, where the precursors are mainly attacked by OH radicals.
The oxidation rate is also highly temperature dependent, actually increasing more
compared to the pyrolysis rate for elevated temperatures. This results in premixed
flames sooting less than diffusion flames for elevated temperatures, because the
soot precursor formation region in a premixed flame has access to oxygen, while
in a diffusion flame, soot precursor formation occurs in regions not containing

2Agglomerates are assemblages of particles, and aggregates are pre-nucleation structures in any
state that in turn may develop into agglomerates [109].
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oxygen [41].
2.2.2 Nucleation

As the soot precursors are further subjected to high temperatures and long enough
residence times, small nuclei are formed, having diameters of ~1.5 nm [129].
According to Glassman et al. [42], there is a general mechanism for soot produc-
tion that is only dependent on the choice of kinetic pathways to intermediates. The
choice of pathways are mainly affected by temperature and fuel molecule structure,
resulting in the fuel’s propensity to form soot particles being determined primarily
by the initial formation rates of the first and second ring structures. The subsequent
mechanisms controlling nucleation and further particle growth remain unchanged
and are fast compared to the former mechanisms, making the initial formation rate
of aromatic ring species important for the total soot production. This is also im-
portant since the incipient soot formation concentration determines the final soot
volume fraction. Predicting soot production rates in simulations can therefore be
limited to the calculation of important soot precursor concentrations [155, 113].

In particular, hydrogen radicals, vinyl (CoH3) and acetylene are important species
connected to the initial soot formation. The H atom and acetylene regulates the
PAH growth rate by hydrogen abstraction and acetylene addition, also known as
the HACA? sequence [37]. Acetylene is the most stable hydrocarbon in the post-
reaction zone of the flame, and hence the most abundant species, making it an
important species in the soot formation process. The HACA mechanism is also
observed to be dominant for high temperature pyrolysis of aromatic fuels like ben-
zene, where direct combination of benzene molecules initially occurs, but eventu-
ally follows the HACA sequence and forms acetylene. This sequence is observed
for all hydrocarbon fuels, emphasizing the importance of acetylene in soot forma-
tion. The further combination of PAHs results in large three dimensional struc-
tures, eventually resulting in solid phase carbon nuclei.

2.2.3 Surface growth

After the formation of soot nuclei, the solid phase carbon reacts further with gas
phase acetylene and PAH. The addition of these species results in mass growth, but
not in particle number increase. As the particle grow in size, they also collide with
each other, also known as coalescence, where two particles result in a single spher-
ical particle with a larger diameter. The particles can also agglomerate, meaning
that individual particles can collide and stick to each other, forming clusters of
primary particles.

3hydrogen abstraction CzHz addition.
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2.3 Biofuels for compression ignition engines

Alternative energy resources for CI engines have been sought for since the first
CI engine was developed. The development of biofuels was initially driven by
petroleum oil shortage, such as during the Second World War (1939-1945) and
during the energy crises in the 1970s [73]. In recent times, the motivation has
mainly been to reduce greenhouse gas emissions. The first bioderived fuel used in
a CI engine was neat vegetable oil. However, operational problems due to the high
viscosity caused major problems to the combustion, such as poor spray atomization
and engine deposits. As a consequence, chemical processes for upgrading the
vegetable oil were needed. Alternative techniques such as the Fischer-Tropsch
(FT) process has also been used to convert gas produced from biomass into liquid
fuel, resulting in a diesel-like fuel, often referred to as biomass-to-liquid (BTL)
fuel. The commercially available end products existing today, after upgrading the
biomass via several processing routes, can be classified as:

e methyl esters, made from vegetable oil converted to biodiesel via transester-
ification;

e paraffins (mixture of straight and branched alkanes), produced from veg-
etable oil via hydrotreating, i.e. HVO, or biomass converted to gas and
processed to liquid fuel via the FT process.

A distinction must be made between conventional and advanced biofuels, also
known as first and second generation biofuels, respectively. Advanced biofuels
require the feedstock to originate from non-food crops or industrial waste and
residue, and to be capable of significantly reducing greenhouse gas emissions com-
pared to their fossil alternatives. The feedstock can also not directly compete with
food and feed crops for agricultural purposes [62].

2.3.1 Biodiesel

Vegetable oils from several plant sources have been used in the production of
biodiesel. The feedstock is normally determined based on geography, climate and
economics, where for instance rapeseed oil is produced in Europe, soybean oil in
the US and palm oil in countries with tropical climate. The variation of feedstock
used for biodiesel results in a large variation in fuel properties [74, 75].

The production process

The production of biodiesel is based on the chemical process of transesterifica-
tion, where an ester is produced from another ester through interchange of organic
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groups with an alcohol [112], see Figure 2.4. Vegetable oil consists of triacyl-
glycerols, i.e. an ester consisting of three long-chain fatty acids connected via
glycerol, which is split into three alkyl ester molecules by adding an alcohol. The
most commonly used alcohol for biodiesel production is methanol, resulting in
triacylglycerol and methanol producing methyl esters and glycerol. The process
can be performed by simply mixing the reactants, however, the process is usually
catalyzed by acids or bases, where bases have shown to be the most effective cat-
alyst. The end product is a mixture of methyl esters and glycerol, which are in
two separate phases, making it easy to separate them by gravity or centrifugation,
resulting in glycerol as a byproduct.

H,C-0-CO-R! R'-O-CO-R' CH,OH

H|C-O-CO-R2 +  R'OH —  R-0-CO-R? + C|HOH

I-LC-O-CO-R3 R'-0-CO-R? C|H20H

Triacylglycerol Alcohol Alkyl esters Glycerol
(Plant oil or other feedstock) (Biodiesel)

Figure 2.4: Production of biodiesel via transesterification. A vegetable oil (triacylglyc-
erol) and an alcohol reacts and produce alkyl esters [76].

Fuel properties

The varieties of methyl esters include differences in chain length, degree of un-
saturation, and location of double bonds, resulting in different fuel properties of
the resulting biodiesel. The carbon chain length of a typical methyl ester molecule
in biodiesel is in the range of 16-18, and is highly dependent on the feedstock.
The cetane number of individual methyl esters decreases with increasing unsatu-
ration and increases with carbon-carbon chain length. Typical components found
in biodiesel such as methyl palmitate (C16:0)*, methyl stearate (C18:0), methyl
oleate (C18:1) and methyl linoleate (C18:2), have cetane numbers of approxi-
mately 75, 87, 60 and 40, respectively, showing the strong correlation between
cetane number and unsaturation [165]. Comparing methyl palmitate (C16:0) and
methyl stearate (C18:0) also shows that the cetane number increases from 75 to 87
by adding two carbon atoms to the alkyl chain. The same trends are found for heat
of combustion, melting point and viscosity. Generally, the properties of biodiesel

“The alkyl chain length is given as the first number, while the number of double bonds in the
alkyl chain is given as the second number.



20

are fairly similar to that of diesel fuel, where the main differences are found in the
lower heating value (~14% by mass lower than diesel), viscosity (higher), oxida-
tive stability (lower), cold flow performance (lower) and lubricity (higher) [74].

Combustion and emission characteristics

The combustion emission characteristics of biodiesel compared to diesel fuel in CI
engines have been reviewed by Lapuerta et al. [85]. An increase in brake specific
fuel consumption (BSFC) is found for biodiesel compared to diesel fuel, which
generally is proportional to the lower heating value of biodiesel. This means that
the thermal efficiency is generally not affected by powering with biodiesel com-
pared to diesel fuel, since the product of lower heating value and BSFC remains
unchanged. The fuel-bound oxygen content in biodiesel, approximately 10% by
weight, has large effects on the emissions from biodiesel in CI engines. Regulated
emissions like CO and UHC are usually found to be considerably lower compared
to diesel fuel due to the presence of oxygen.

PM emissions are also found to decrease with increasing content of biodiesel in
diesel fuel. This is also attributed to the oxygen content in biodiesel. However,
studies measuring the PM size distribution when fueling with biodiesel show that
the particulate number in the nucleation mode of biodiesel PM is higher than that
of diesel fuel [153]. Ultrafine particles penetrate easier in the respiratory and cir-
culatory system [144], acting as Trojan horses for condensed toxic compounds,
causing adverse health effects on peripheral regions of the body.

A slight increase in NO,, emissions is found for the case of biodiesel compared to
diesel fuel, although not consistent for all studies. The increase in NO,, is often ex-
plained by the advanced start of ignition for biodiesel, resulting in a faster overall
combustion event, leading to higher temperatures [54]. However, the increase in
NO,, concentration is likely a result of many factors, such as injection timing, ig-
nition delay, adiabatic flame temperature or radiative heat loss, resulting in various
results and explanations, and consequently making it hard to reach a consensus on
this matter.

2.3.2 Hydrotreated vegetable oil

HVO has become a promising alternative fuel over the past decade. The Finnish
oil refining company Neste Oyj> was the first company to produce HVO in a large
scale, and is currently the largest producer of HVO in the world. The first produc-
tion facility started in 2007, now having a capacity of 2.6 million tons annually
(3.3 million m? per year) [111]. HVO has grown in popularity because of its good

Neste means "liquid" in Finnish.
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combustion and emission performance in CI engines. In addition, the fuel can be
directly used in a CI engine up to 50% blending ratio with diesel fuel without any
modifications [33, 86].

The production process

The feedstock of HVO can be the same as that of biodiesel, which means that both
fuels can or cannot be termed as advanced biofuels, depending on their feedstock.
Starting with vegetable oil, the triacylglycerol is hydrotreated with hydrogen re-
sulting in di-glycerides, mono-glycerides and acids [58]. The following step con-
verts the intermediates into normal-alkanes through decarboxylation, decarbony-
lation and hydrogenation. Some of the normal-alkanes also undergo isomerization
and cracking, leading to isomerized and lighter alkanes in the product. The re-
sult is a mix of normal and isomerized alkanes with carbon chain length of 15-18.
The fuels are therefore free from aromatics and oxygen, having a relatively high
cetane number. Since the molecular structure of HVO is similar to that of gas-to-
liquid (GTL) and BTL, the following summary of fuel properties, combustion and
emission characteristics also partially applies to GTL and BTL.

Fuel properties

The resulting fuel properties of HVO are similar to that of diesel fuel, where the
largest difference is found for density and cetane number. In fact, the density and
the cetane number are the only properties limiting HVO from complying to the
European Standard for diesel fuel (EN 590). Instead, HVO fits in to the standard
EN 15940 for paraffinic fuels, together with synthetic fuels such as GTL and BTL.
Operationally, in CI engines tuned for diesel fuel, the main limiting factors are low
lubricity, high cetane number and poor cold flow properties of HVO, which can
be solved by tuning the engine, or using additives in HVO to deal with the low
lubricity and cold flow properties [86]. The lower heating value of HVO is slightly
higher than that of diesel fuel (~3%), while the density is lower (~8%), resulting
in ~5% lower energy content per volume for HVO, leading to 5% higher BSFC
[1]. Another important difference of HVO is the boiling point (at 90% distilled
fraction), which is lower than for diesel fuel, resulting in faster evaporation during
injection of the fuel.

Combustion and emission characteristics of HVO are reviewed in Article IT1.
2.3.3 Other biofuel processing routes
Fischer-Tropsch process

For producing liquid diesel fuel from biomass, a possible route is the FT process.
The FT process uses synthetic gas (syngas), which is a mixture of carbon monoxide
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and hydrogen (CO+H,), with help from catalysts to produce a wide range of paraf-
fins. The bioderived syngas is produced from gasification using steam, oxygen and
treated biomass. The biomass can be any carbonaceous material, for instance lig-
nocellulosic material from forestry or agricultural residue. The thermochemical
gasification process is complicated and can be split into the partially overlapping
steps: drying, where the bound water is released from the biomass as steam; ther-
mal decomposition, i.e. pyrolysis and devolatilization, where CO2, HoO, Ho, CH4
and CO are released; reactions leading to the conversion of biomass to char; and
gasification of solid chars, where syngas is produced from solid char reacting with
surrounding gases [91].

The syngas resulting from the gasification process is cleaned and conditioned be-
fore used in the FT reactor. The conditions in the reactor can have pressures of
10-40 bar, and can either operate in low temperature (200-240°C) or high tem-
perature (300-350°C) range, depending on the desired product yield distribution
[142]. For the production of a diesel-like product, cobalt (Co) catalysts are used in
a slurry reactor at low temperatures, yielding linear waxes (>Cg), which are fur-
ther hydrocracked to shorter paraffins, constituting the FT diesel fuel. A schematic
flow sheet of the FT process is shown in Figure 2.5. The low temperature FT
process has the advantage of having a high yield of FT diesel fuel and containing
no aromatics, which is beneficial for use in CI engines. However, similar to the
HVO, the density of the resulting fuel is too low for being an on-specification fuel
according to the diesel standard EN 590 [88].
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Figure 2.5: Fischer-Tropsch process flow sheet [40].
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A major disadvantage of the FT synthesis is the unavoidable production of a wide
range of hydrocarbon products, which requires upgrading and forcing the producer
to make use of all streams in order to be economically viable, making the produc-
tion facility complex. An additional problem is the large amounts of heat produced,
since the conversion process is exothermic. The range of products are influenced
by feed gas composition (H2/CO), temperature, pressure, and the type of catalyst
used. Consequently, the development and optimization has been heavily focused
on heat removal and temperature control, and finding the most efficient catalysts
[142].

As mentioned, the resulting FT fuel from low temperature FT is characterized by
having no aromatics, a relatively low density (~770-780 kg/m?3 [88]) and a high
cetane number (~70-85 [40]). FT diesel fuel has shown to have good properties
and can be blended with diesel fuel in order to improve emissions and combustion
characteristics. In general, FT fuels show a reduction in NO, and PM emissions
compared to diesel fuel [4]. In addition, if the FT fuel is biomass derived, the
well-to-wheel CO, emission is reduced compared to fossil based fuel [40].

Fast pyrolysis

Production of bio-crude, i.e. bio-based oil, can be achieved from fast pyrolysis.
Pyrolysis is a thermochemical process carried out at atmospheric pressure at tem-
peratures ranging from 300 to 700 °C, where biomass is rapidly heated in the
complete absence of oxygen. The products from the process consists of liquid bio-
crude, biochar and gases. The resulting composition of the yield is determined by
several parameters such as pyrolysis temperature and heating rate. The produced
bio-crude contains a mixture of complex hydrocarbons with large amounts of oxy-
gen and water, resulting in a low lower heating value, typically around 20 MJ/kg
(dry basis) [10]. Fast pyrolysis is characterized by high heating rates (10-200 °C/s)
and short residence times (<2 s). By further increasing the heating rate (103-10*
°C/s) and reducing the residence time (<0.5 s), flash pyrolysis is achieved, which
results in a higher liquid yield [10]. The feedstock used for production of bio-crude
from fast pyrolysis can involve lignocellulosic biomass [69] or algae [21].

In order for the bio-crude to be used as transportation fuel, upgrading is needed.
The pyrolysis oil could be blended with diesel fuel or biodiesel as an emulsion.
However, Lee et al. [89] concluded that using wood pyrolysis oil as an emulsion
causes operational problems such as clogging of injectors and deposits in the fuel
system. There are not many studies investigating upgraded fast/flash pyrolysis fu-
els in internal combustion engines. Van de Beld et al. [150] studied fast pyrolysis
oil from pine wood and tested both neat pyrolysis oil and partially upgraded py-
rolysis oil via hydrotreating and hydrocracking in a CI engine. The neat pyrolysis
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oil required elevated inlet air temperature or increased CR to achieve satisfactory
combustion because of its poor ignitability. The study concluded that combustion
of neat pyrolysis oil in CI engines has many disadvantages connected to acidity,
low heating value, low cetane number, high water content, and high sensitivity to
re-polymerization, which leads to clogging of the fuel system. The upgraded fuel
was easier to ignite and produced lower CO and higher NO, emissions, as a re-
sult of more complete combustion. However, the upgraded fuel remained acidic,
requiring modification to the fuel system.

Hydrothermal liquefaction

Conversion of biomass to liquid biofuel can also be achieved via hydrothermal
liquefaction (HTL). The process produces bio-crude which has a higher energy
content, higher viscosity and contains less oxygen than pyrolysis oil. The prod-
uct is not suitable as transportation fuel directly, and therefore needs upgrading to
diesel-like fuels, e.g. via hydrotreating or catalytic cracking [44], similar to pyroly-
sis bio-crude. HTL is a thermal depolymerization process where large hydrocarbon
molecules are cracked and oxygen is removed. The reactions are carried out under
high temperature and pressure, such that the water present in the biomass is either
in a subcritical or supercritical state, and consequently acts as a solvent, reactant
and catalyst. The biggest advantage of HTL compared to fast pyrolysis, is that the
process is unaffected by the moisture content in biomass, whereas in a pyrolysis
process, the presence of water requires heat in order to vaporize, consequently af-
fecting the process economy [3]. The HTL process mimics the process of fossil oil
and natural gas formation, which happens over millions of years, while HTL has
very short residence times of 15-30 minutes [131]. The short time affects the bio-
crude quality, which is rather poor compared to fossil crude oil. The HTL process
can be characterized by moderate temperatures (200-400°C) and high pressures
(50-200 bar), where the high pressure can be considered as a drawback since it re-
quires large initial investments for high pressure equipment. The feedstock used in
HTL is flexible and can consist of woody biomass, industrial wastes, food wastes
or algae. However, the chemical composition of the feedstock has a large impact
on the product yield [29].

Combustion of HTL fuels in CI engines has not been studied by many. Nabi et
al. [105] investigated the combustion and emission characteristics of a crude lig-
nocellulosic HTL fuel blended with diesel fuel up to 30% by volume. The re-
sults showed no significant change in engine performance, while total hydrocar-
bon (THC) and NO emissions were found to be higher and PM emissions were
lower. Hossain et al. [55] created a microalgae HTL bio-crude surrogate fuel and
tested it with blends of diesel in a CI engine. The surrogate fuel consisted of 20%
xylene, 15 % cyclopentanone, 45 % undecane, 10 % butanol and 10 % dioctyl-
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phthalate by mass. Comparing the surrogate blends with diesel, the results showed
no significant reduction in engine performance, a decrease in PM and CO emis-
sions, and an increase in NO,, emissions. Chen et al. [19] investigated combustion
characteristics of a upgraded HTL fuel made from food processing waste blended
with diesel fuel in a CI engine. The bio-crude was upgraded via distillation and
esterification, resulting in a mixture of alkanes, esters and cycloalkanes, where
the composition was dependent on the process operating condition. Engine tests
with blends of 10% and 20% by volume upgraded HTL fuel with diesel showed
promising results with regards to performance and emissions.

2.4 Fuel effects on spray combustion

As biofuels are emerging into the future market, the fuel composition becomes im-
portant for the combustion and emission characteristics in CI engines. The com-
position has an impact on the macroscopic spray characteristics, i.e. spray pene-
tration, air entrainment rate, spreading angle and spray atomization, which in turn,
affects combustion characteristics like heat release, ignition delay time, FLOL and
flame temperature. Macroscopic characteristics are interlinked with combustion
characteristics, consequently affecting in-flame pollutant formation such as soot,
NO,, carbon monoxide and THC (Figure 2.6). The molecular composition of bio-
fuels depends on the feedstock, production process and upgrading process, where
the main groups of molecules are alkanes, cycloalkanes, aromatics, and esters. In
commercial diesel fuel, a mixture of all these exist, making diesel fuel combustion
extremely complex. The following sections will highlight the molecular composi-
tion’s effect on the characteristics listed above.

2.4.1 Cetane number

The cetane® number is a measure of ignitability, where higher values indicate a
shorter ignition delay time for the fuel in a CI engine. In order to determine the
cetane rating, ignition delay times of fuels are measured in an IQT’ or a CFR®
engine, and compared to ignition delay times of blends of n-hexadecane and hep-
tamethylnonane (cetane number of 100 and 15, respectively) [165]. In the IQT, the
derived cetane number is measured, while in the CFR engine, the cetane number
is measured. The physical time delay between start of injection and ignition is
important since it determines the time for fuel and air to mix, thereby also the
portion of fuel that burns during the premixed combustion phase. During the
mixing-controlled phase, the cetane number has shown to correlate with the FLOL
[122], where a higher cetane number decreases the FLOL. The cetane number is

8Cetane is n-hexadecane, which has cetane number rating of 100.
"Ignition Quality Tester by Advanced Engine Technology Ltd. (ASTM D 6890).
8Cooperative Fuel Research engine by CFR Engines Inc. (ASTM D 613).
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Figure 2.6: Fuel composition effects on spray combustion and pollutant formation.

closely related to the number of carbon-carbon bonds in a paraffinic fuel, where
larger numbers lead to higher reactivity. The relatively high content of aromatics
in diesel fuel reduces reactivity. For instance, the aromatic compounds toluene,
I-methylnaphthalene and tetralin has cetane numbers of —5-18, —7-0, and 13,
respectively [165]. For alkanes, n-heptane and n-dodecane have cetane numbers
of 52-56 and 80-87.6. Unsaturation or branching in the fuel molecules gener-
ally leads to a lower cetane number. The cetane number of a fuel blend can be
estimated based on the volumetric composition by linear combination of the indi-
vidual cetane components, although the potential errors associated to the resulting
blend’s cetane number are amplified [165].

The cetane number has been found to correlate closely with NO, emissions from
CI engines [84]. A lower cetane number increases the ignition delay, hence in-
creases the heat release rate during the premixed combustion phase, which con-
sequently increases thermal NO, formation. For PM emissions, the opposite is
observed, where increasing the cetane number increases PM [108]. This can be
explained by the reduction of the almost smoke-free premixed phase duration and
thereby increasing the duration of the soot producing mixing-controlled period.

2.4.2 Oxygen content

Fuel-bound oxygen affects combustion chemically since added oxygen facilitates
complete combustion, and thereby results in less soot, CO and THC emissions.
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Several studies have been focused on the fuel-bound oxygen effect on engine per-
formance and emissions, since an improvement of emission characteristics can be
achieved. However, adding oxygen to the fuel also results in a reduced volumetric
heating value, hence a higher BSFC [30, 9]. Blending diesel fuel with highly oxy-
genated additives has shown to reduce PM emissions effectively [57]. Hértl et al.
[57] studied 14 different oxygenated additives in diesel fuel in a CI engine, observ-
ing strong evidence for reduction of soot emission for increased oxygen content.

The reduction of soot in the exhaust due to increased amount of fuel-bound oxygen
is related to the in-flame processes in the combustion chamber. According to Dec’s
conceptual model for spray combustion, soot production during the quasi-steady
period is mainly driven by combustion processes similar to those in premixed
flames. This was verified by Kitamura et al. [72] and Westbrook et al. [155],
where a kinetic study using homogeneous constant pressure reactors correspond-
ing to the partially premixed region at FLOL was performed for heptane/oxygenate
fuel blends. An increase of oxygen content in the fuel showed a reduction of soot
precursors in the reactor model, which would correspond to a reduction of in-flame
soot. From literature, both diffusion flames and premixed flames have shown to
suppress soot inception when increasing fuel oxygen content [32, 61]. In general,
the addition of oxygenates to the fuel in a premixed system, or an increase of ox-
idizer, increases the amount of available oxygen, hence shifting the equivalence
ratio closer to stoichiometric.

However, not all of the oxygen present in the mixture is equally effective in re-
ducing soot production, here also the structure of the oxygenated molecule plays
arole. Mueller et al. [100] found that tripropylene glycol methyl ether (TPGME),
having a -C-O-C- moiety, was more effective in reducing soot compared to dibutyl
maleate (DBM), having ester moiety -O-(C=0)-, regardless of the fuel oxygen ra-
tio”. The reason for the lower production of soot precursors with the TPGME blend
compared to the DBM blend, was that DBM produced CO; directly, thereby "wast-
ing" oxygen atoms, whereas TPGME did not produce CO; directly, and could
therefore use all its oxygen to inhibit soot precursor production. The bonds in CO5
are strong and do not break under high temperatures in the flame, thereby mak-
ing the oxygen atom unavailable. This illustrates that the fuel’s structure plays an
important role to the effectiveness of soot reduction.

The presence of oxygen in the fuel can also affect the FLOL, as observed by Manin
et al. [97]. An increased amount of oxygen in the fuel led to longer FLOL for the
same ignition delay times, which was hypothesized by the authors to be due to the

°Fuel oxygen ratio is defined as the ratio between the moles of oxygen present in the fuel
molecule and the moles of oxygen needed for stoichiometric combustion of one mole fuel.
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difference in location of the stoichiometric contour lines of the spray. According
to Peters [118], the FLOL is stabilized by the laminar burning velocity and the
spray velocity, where a higher spray velocity moves the FLOL downstream. At the
stoichiometric contours in the flame, high concentrations of OH* are produced,
hence marking where the FLOL is located. For oxygenated fuels, the stoichiomet-
ric contours are located closer to the spray central axis, where also higher spray
velocities are expected. Assuming that the laminar burning velocities are similar
between the fuels'’, the FLOL stabilizes further downstream due to higher spray
velocities. This hypothesis is also supported by the ignition based theory for FLOL
stabilization [122], where having the same ignition delay between the oxygenated
and non-oxygenated fuel, but different FLOLs, can be explained by different ve-
locities of the fluid parcel traveling from the injector to the point of ignition. Since
the stoichiometric contour is located in a region with higher fluid velocities for the
oxygenated fuel, a greater distance is traveled, hence longer FLOL.

2.4.3 Unsaturation

The degree of unsaturation of the fuel molecules affects the combustion and pol-
Iutant emissions in CI engines. Most of the studies performed in CI engines that
investigate the effect of fuel unsaturation have been conducted with various types
of biodiesel, since their degrees of unsaturation vary greatly, depending on their
feedstock. An increase in the degree of unsaturation results in decreased reactiv-
ity, hence a longer ignition delay and a longer premixed phase duration. Increasing
the premixed phase duration causes a decrease in PM emissions, however, ob-
servations of increased PM emissions due to increased unsaturation are observed
[77, 127, 11]. The two opposing effects are not balanced, suggesting that the in-
crease in sooting tendency due to higher degree of unsaturation is dominating over
the effect from combustion phasing.

Das et al. [23] measured the yield sooting index (YSI) for several esters with
varying structures and chain lengths. The authors found that the introduction of a
double bond on the alkane chain of the ester increased the sooting tendency com-
pared to the saturated counterpart. In some cases the increased sooting tendency
due to the double bond was even larger than the benefit of having oxygen atoms in
the molecule, which was concluded by comparing the YSI of the unsaturated and
saturated ester against an equal chain length alkane. The location of the double
bond was also observed to have an impact on the sooting tendency [71], where
1-decene with a double bond located at the end, and 5-decene with a centrally lo-
cated double bond yielded 9% and 52% higher soot volume fraction compared to

'Not necessarily true for the fuels tested in [97], since oxygenated fuels generally have higher
laminar flame speeds.
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n-decane, respectively.

Other properties of biodiesel that changes with an increased unsaturation are: heat
of combustion (-), viscosity (-), melting point (-), lubricity (+) [75].

2.4.4 Aromatic content

Since aromatics are highly unsaturated, their presence in a fuel yields lower cetane
number and higher tendency to produce soot [161], which are both undesirable
in a CI engine. The maximum allowed content of PAH in diesel fuel is 11% by
mass (EN 590). An increase in sooting tendency of aromatics is observed for
increased branching and increased number of aromatic rings, equivalent to more
carbon-carbon bonds and higher unsaturation. In diesel fuel production, aromatics
are naturally present in the product. Due to the clear correlation of the aromatics
content and PM emissions, authorities have imposed maximum allowed content,
forcing producers to lower the aromatic content via hydrotreating [20, 36], which
is costly. A consequence of reducing the aromatic content is poorer lubricity and
higher cetane numbers. However, improved lubricity can be achieved by adding
additives.

2.5 Surrogate fuels

The molecular composition of real fuels can be highly complex, depending mostly
on the feedstock, the available production processes, regulations and economics.
The feedstock defines the base composition of the fuel, where fuel upgrading can
be applied in order to achieve optimal properties. In total, the entire production
process must result in being profitable for the fuel company, provide a competitive
and high quality fuel to the customer, and at the same time comply to regulations.
The fuel standards are set by authorities, which regulate the fuel properties based
on pollutant emissions and hardware compatibility. The standards limit key prop-
erties of the fuel, and define the level of upgrading a producer must undertake.
The resulting fuel composition can therefore vary greatly, only requiring that the
specified properties are within the regulated intervals. This poses problems to the
research community: firstly, because the fuel is not clearly defined; and secondly,
because the composition is too complex for modeling purposes. One way to cir-
cumvent this issue is to define a simplified composition, resembling target proper-
ties of the fuel. This is often referred to as a surrogate fuel, which depending on
the method of investigation, is composed of one to five different molecules. For
computational fluid dynamics (CFD) modeling purposes related to combustion, it
is mainly limited the kinetic reaction mechanism, where a complex fuel composi-
tion requires many species and reactions, making it computationally demanding to
perform simulations. Experiments are also important with regards to surrogate fu-
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els; since they are used for validation of their kinetic reaction mechanisms, and the
use of surrogate fuels in experiments enables comparison of results from different
test rigs, avoiding effects due to an unknown fuel composition.

Several surrogates for diesel fuel has been proposed. The most simple and most
used surrogate for diesel is n-heptane [126], followed by n-decane and n-dodecane,
where detailed high and low temperature reaction mechanisms have been devel-
oped [22, 156]. In order to mimic properties like sooting tendency, inclusion of
aromatics are needed in the diesel surrogate, where a two-component mixture con-
sisting of an alkane and an aromatic is commonly used. As an example, Lemaire
et al. [90] investigated the in-flame soot volume fraction in a turbulent spray flame
using diesel fuel and a diesel surrogate consisting of 80% n-decane and 20% 1-
methylnaphthalene, matching the threshold sooting index (TSI) of the surrogate
fuel to the real fuel. Other properties that are important to match are heating value,
cetane number, volatility or H/C ratio.

Since EN 590 allows for biodiesel to be blended in diesel fuel, it is important
to identify potential surrogate fuels for biodiesel and to study them in detail, see
Article I1.



3. Experimental Setup

The need for detailed measurements of in-flame soot and combustion characteris-
tics led to the construction of an experimental rig with optical access to the high
pressure spray flame during the period of 2015-2018 in the Motorlab of the De-
partment of Energy and Process Engineering at the Norwegian University of Sci-
ence and Technology (NTNU). In addition, the optical techniques used have been
adapted to the specific experimental setup and further developed in order to yield
trustworthy data. The motivation behind this work is to enable state-of-the-art re-
search on combustion of alternative fuels in CI engines, with the future aim of
combining simulations with experimental results in order to elucidate the complex
processes inherent in CI spray combustion.

The processes of high pressure spray combustion in engines can be characterized
as fast, small in dimension, highly stochastic, and having large spatial and tem-
poral temperature/pressure/density variations. These characteristics make it very
challenging to study the flame in CI engines. Optical access to the combustion
chamber of a CI engine is hard to achieve, although several research institutions
have made such test rigs [102, 151, 87]. The optical engines usually have problems
with heat transfer, sooty windows, gas leakage, windows cracking, vibrations, re-
peatability, etc. In addition, optical access to the combustion chamber of a real
engine requires modification of the engine in order for windows to be installed.
One usual design is to have a quartz piston crown, enabling optical access to the
sprays from below. Additional windows on the sides of the chamber enable light
or laser-based techniques such as laser induced fluorescence (LIF) for species con-
centration measurement, laser induced incandescence or light/laser extinction for
soot measurement, where a laser beam or sheet enters through a side window,
crosses the spray, and produces signals which can be measured through the piston
crown window.

Another alternative used by the engine research community is the constant vol-
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ume vessel (CVV). The engine-like thermodynamic condition in the CVV can be
achieved from two techniques. The pre-combustion technique uses an ignitable gas
mixture that is ignited by a spark, which raises the temperature/pressure/density
inside the chamber [124, 117, 82]'. Thereafter, during the cool down period, fuel
is injected when the desired condition has been reached. The repetition rate of
the CVV with pre-combustion is usually relatively low (~600 s between tests [6]).
The second approach is to heat the oxidizer inside the vessel with electrical heaters.
The latter technique limits the maximum achievable temperature, typically 900 K
[6], and requires relatively long time to change between temperature targets.

Instead of a CVV, a constant pressure vessel can be used, where the gas is heated
and compressed, and flows through the chamber [130]. This allows for a high
injection repetition rate, i.e. 1-3 Hz. However, limitations to the maximum tem-
perature and pressure, long time to switch between temperature targets and high
installation costs are major drawbacks [6].

The rapid compression machine (RCM) is a frequently used device for studying
high pressure combustion. The RCM has a single cylinder, often with optical
access to the combustion chamber, where a single compression stroke generates
the engine-like thermodynamic conditions. The repetition rate is limited by the
compression stroke’s ability to reset itself after a combustion event, making it rel-
atively slow. Today, RCMs are mostly used for accurate ignition delay time and
post-combustion species measurement in a premixed charge, which is used for
validation of kinetic mechanisms [146]. However, they are also used for spray
combustion investigation, where some include the expansion stroke in order to
mimic an engine more accurately [132, 143]. Reciprocating rapid compression
machines also exist [70, 13, 110], which are usually two-stroke engines fitted with
a redesigned engine head, working as the combustion chamber. These enable high
repetition rates where the expansion stroke is included.

When comparing optical engines to CVVs, they have higher repetition rates, are
generally more similar to real engines in terms of flow field and thermodynamics,
have lower thermodynamic repeatability, offer less accurate temperature/density
estimation and have poorer optical access. The RCMs in comparison to optical
engines generally have lower repetition rates, offer high thermodynamic repeata-
bility, but suffers from vibrations at the end of the compression stroke [6].

For the current work, the choice of building a reciprocating RCM with optical ac-
cess was made, mainly due to its high repetition rate, the capability of measuring
gas concentrations and PM in the exhaust, and the relatively low complexity of

'The CVV described by Krivopolianskii et al. [82, 81] is located at NTNU, Department of
Marine Technology.
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experiment preparation and operation. The original motivation behind the test rig
was to enable fuel comparison studies, where fuel switching and measurement with
various conditions could be performed in short time. In addition, a big advantage
of such a machine compared to an optical engine is that a single free spray combus-
tion event is enabled, whereas in an optical engine, spray-to-spray and spray-wall
interactions are present, making it difficult to compare fuels directly to each other.
The alternative way of measuring free spray combustion is using CVV, or single
stroke RCM, where the above mentioned advantages would not be included.

3.1 Optically accessible compression ignition chamber

The Optically Accessible Compression Ignition Chamber (OACIC) is based on a
four-stroke CI engine with a single cylinder, see dimensions and details in Table
3.1. The OACIC is based on a four stroke single cylinder Lister CS engine, where
the engine head and the intake/exhaust system are redesigned, see Figure 3.1.

The engine head has two windows allowing for line of sight optical access through
the combustion chamber and the spray, where the windows are made out of fused-
silica, resulting in 50 mm diameter optical access. The potential candidates for
window material were fused-silica, quartz, borosilicate and sapphire. The choice
of using fused-silica as window material was made due to its excellent transmit-
tance in the ultraviolet (UV) spectrum, and its properties during thermal loading,
where the stresses induced by thermal expansion are less than that of for instance
borosilicate [60]. In addition, an investigation using schlieren imaging showed that
quartz yielded artifacts in the measurement compared to fused-silica.

The combustion chamber is connected to the cylinder volume via an interchange-
able throat, allowing for modification of the flow field and the CR. For the current
throat design (see Appendix A.3), the flow field in the chamber close to TDC has
shown to have a slight rotational motion. The rotational axis of the flow is parallel
to the central axis of the cylindrical chamber volume. In Figure 3.1, the cham-
ber volume is shown, where the bulk flow has a rotational motion rotating counter
clock-wise with an angular speed of the ~25°/ms. This was estimated from mea-
surements using the diffuse back-illuminated imaging system with a small aper-
ture, which induces schlieren effects. This measurement only provided a rough
estimation.

The OACIC is operated in skip-firing mode, normally skipping 10 cycles, mean-
ing that there are 10 motoring cycles before each combustion cycle. This ensures
that no post-combustion gases from previous combustion cycles are present dur-
ing the subsequent combustion cycle. Due to this, the OACIC is not capable of
maintaining stable operation on itself, and is therefore driven by an electrical mo-
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tor connected to the crank shaft. In order to obtain a constant speed, a flywheel
is mounted onto the crank shaft, providing rotational momentum for the compres-
sion stroke. The crank case of the OACIC is not filled with engine oil, as would
be expected in an ordinary engine. This is to avoid contaminants to the combus-
tion chamber over the piston rings. Instead, small amounts of lighter lubricants are
applied to the cylinder liner regularly.

3.1.1 Fuel system

The installed injector is a solenoid-driven common rail injector from Bosch, fitted
with a single hole nozzle with an angle of 62 degrees with respect to the central
axis, see Figure 3.1. The high pressure fuel system consists of a fuel pump driven
by compressed air, capable of supplying injection pressures up to 1500 bar. The
total volume of the fuel system is small, which minimizes fuel waste during fuel
switching and requires very small amounts of fuel for testing, allowing fuels of
limited quantity to be tested. A minimum total fuel volume of 200-400 mL is
needed for a complete combustion test in the OACIC. In order to keep the injector
temperature stable, it is water-cooled by a jacket fitted around the injector (not
shown in Figure 3.1).

Table 3.1: Specifications of the OACIC.

Engine type Lister CS, 4-stroke, single-cylinder
Bore/Stroke 130 mm/140 mm

Displaced volume 1.85L

Compression ratio  15.9

Injector Bosch CR second generation
Injector nozzle Single hole 0.12 mm
DSLA124P1659

62° wrt. central axis

Engine speed 500-700 rpm

3.1.2 Intake system

In order to achieve thermodynamic conditions similar to that found in real engines,
the intake air is boosted and heated. The air is first drawn into a large settling
box, which also acts as a volume flow meter, using an orifice plate. Thereafter,
the air enters a roots-type compressor, which compresses the air up to a maximum
pressure of 1.55 bar. After the compressor, the air is led into a settling tank in order
to dampen pressure oscillations caused by the OACIC and the compressor. Before
entering the OACIC, the air is heated by a 2 kW electric flow heater, capable of
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Figure 3.1: The OACIC with a cross-section of the engine head, including a close-up look
of the combustion chamber and the location of the spray.

heating it up to 160°C during normal operation.
3.1.3 Sensors and control

Several sensors are installed for operating the rig and to acquire data for analy-
sis. This involves pressure transducers, thermocouples and a shaft encoder. An
overview of the most important sensors installed on the OACIC are shown in Ta-
ble 3.2. The test rig is controlled by LabVIEW via National Instruments hardware,
which also handles the data acquisition. The injection is triggered by a predefined
position on the crank shaft measured by the shaft encoder, which also triggers
other devices such as high speed cameras and backlighting. The shaft encoder
reads 3200 signals for one revolution, resulting in a resolution of 0.1125 crank
angle degrees (CAD), i.e. 37.5 pus when running at 500 rpm. The intake air tem-
perature and pressure are controlled using PID regulators, ensuring stable intake
conditions.

The injection pressure fluctuates during operation due to the fuel pump. In order to
increase the repeatability of the injection pressure between each injection, the fuel
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injection is only triggered once the injection pressure is within a predefined inter-
val. Measurements performed with target injection pressure of 1000 bar resulted
in a measured standard deviation of 20 bar, i.e. 2%, when triggering the injection
within £10 bar.

Table 3.2: Sensors installed on the OACIC. "Synchronized" means that the sample rate is
synchronized with the shaft encoder signals. (TC = thermocouple)

Measured parameter Type of sensor Sample rate
In-cylinder pressure Kistler 6052C Synchronized
Temperature close to chamber wall Type K TC 100 Hz

Intake air absolute pressure Kistler 6011 Synchronized
Intake air temperature Type K TC 100 Hz

Position and speed of crank shaft 3200 reads per rev
Injection pressure Synchronized
Exhaust gas temperature Type K TC 100 Hz

Volume flow of intake air Differential pressure 100 Hz

3.1.4 Thermal management and operation

During operation of the OACIC, the engine head is neither cooled nor heated. The
cylinder liner is heated to 90°C by installed cartridge heaters, and constantly kept
at this temperature. Before conducting measurements, the OACIC is run until a
stable temperature of the engine head is reached, typically close to 100°C for a
thermocouple located 21 mm from the internal chamber wall. A typical run when
measuring 10 injections lasts for approximately 4 minutes, resulting in the tem-
perature measured close to the combustion chamber wall (21 mm from the wall)
increasing slightly over that period, typically <20°C. In order to obtain informa-
tion about the inner wall temperature, separate tests were performed using a mod-
ified injector. A thermocouple was installed in the center of the injector body to
measure the temperature close to the injector tip during motoring. The tempera-
ture reached a stable temperature of ~160 °C after approximately 90 seconds, see
Figure 3.2. Hence, the warm up period before combustion measurement was set to
90 seconds.

3.2 Thermodynamic conditions

The thermodynamic conditions in the combustion chamber were estimated using a
first law model with ideal gas law, and accounting for piston motion. The software
used was LOGEresearch [93], where the temporal development of volume, pres-
sure, temperature and density of the ambient gas are calculated. Input parameters
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Figure 3.2: Temperature development in the OACIC during operation.

from measurements were in-cylinder pressure, intake pressure, intake temperature,
engine speed and engine dimensions.

Figure 3.3 shows the in-cylinder pressure during motoring of the OACIC. The
inlet valve closes at 177 CAD before TDC. In the figure, a close up look at the
spread of the pressure at TDC is shown, resulting in a 0.09 bar standard deviation
for the 361 motored cycles displayed here, which was found to be representative
of all conditions. Since the in-cylinder pressure sensor is a differential pressure
transducer, it provides a relative pressure, and needs to be matched with an absolute
value. The intake pressure is measured in the intake manifold and is a high speed
sensor synchronized with the in-cylinder pressure. This allows measurement of
the pressure at the time of intake valve closing (IVC), resulting in a relatively
accurate measure of the pressure inside the cylinder before the compression stroke
starts. The intake air temperature is measured with a low sample speed and is
not cycle resolved, resulting in an average inlet temperature measurement. The
standard deviation of the measured inlet temperature was 0.2-0.8 K, depending on
the temperature setpoint.

The thermodynamic conditions inside the chamber are estimated based on the mea-
sured quantities mentioned and a model, where heat transfer from the walls are
accounted for using the Woschni correlations. By using the model to calculate
the in-cylinder pressure based on the original engine dimensions and the measured
thermodynamic condition of the intake air, the modeled pressure always yields a
higher pressure than the measured pressure at TDC. The pressure at TDC calcu-
lated by the model is higher since air leakage is not included. In order for the
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Figure 3.3: In-cylinder pressure in the OACIC for 361 consecutive motored cycles running
at 500 rpm. The displayed histogram represents the distribution of the pressure at TDC,
having a standard deviation of 0.09 bar.

two pressures to match, the model needs to reduce its air mass during the cycle.
Ideally, a mass loss model would be implemented, where transient mass loss dur-
ing the cycle is accounted for. Instead, reducing the CR was performed such that
the modeled and measured pressures matched. This obviously did not result in the
correct trapped air mass, but gave a good estimation of the density and temperature
in the cylinder near TDC.

This procedure was performed for several conditions, spanning the entire operation
range of the OACIC, where the reduced CR needed for matching the pressures was
calculated for each run. A constant value of the reduced CR between the differ-
ent conditions indicated that the relative mass loss was not changing between the
conditions. The average value of the reduced CR was then used in the model for
calculating the inlet pressure, inlet temperature and in-cylinder pressure needed for
the wanted conditions. In this way, the operating conditions for experimental cam-
paigns having for instance constant ambient gas density and varying temperatures
were calculated.

The reduction in CR was from 15.9 to ~12.5, meaning that the mass of the air
leakage during compression was 20% of the trapped mass in the case of no leakage.
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The leakage occurs mainly through the piston ring gaps. The piston ring gaps were
found to have an impact on the reduced CR, where larger gaps increased the mass
loss, hence resulting in a further reduced CR. The reduced CR can therefore change
after maintenance of the OACIC and must be estimated regularly. The resulting
conditions for combinations of the highest and lowest possible inlet temperature
and pressure are displayed in Table 3.3. The maximum temperature, pressure and
density achieved in the OACIC at TDC are ~1000 K, 50 bar and 22.34 kg/m?,
respectively.

The uncertainty related to the calculated ambient gas conditions is based on uncer-
tainties from the individual input parameters: intake temperature and pressure, the
total volume of the chamber, heat transfer calculation, in-cylinder pressure mea-
surement, and the estimation of mass loss. As most of the related uncertainties
are difficult to evaluate, they are not quantified, but instead described. The inlet
temperature is as mentioned measured in the inlet manifold, where an uncertainty
based on the thermocouple temperature measurement is present, typically +1% of
the measured temperature®. In addition, the air measured in the air manifold is
only an estimation of the air temperature inside the cylinder at IVC, where heat
transfer from the air manifold walls affects the air as it moves into the cylinder.
The inlet pressure also has an associated measurement uncertainty and is equally
affected by heat transfer. The heat transfer’s effect on the trapped mass at IVC
is difficult to estimate. This is likely more significant for low inlet temperatures
where the difference between the engine walls and the air is larger, causing heat-
ing of the air. The dimensions of the chamber are based on the machine drawings
of the OACIC, which might deviate from reality. Errors in the dimensions result
in wrong CR input, resulting in wrong pressure at TDC for the modeled case. In
addition, the cycle-to-cycle mass loss might vary. The result of the cycle-to-cycle
variation in the actual inlet temperature, inlet pressure, mass loss and inlet valve
opening and closing is observed as the measured pressure variation. Many of the
mentioned uncertainties are difficult to quantify, which makes it difficult to evalu-
ate the total uncertainty on the estimated ambient gas temperature and density at
TDC.

3.3 Combustion analysis

As the fuel is injected into the chamber, it mixes with the air and ignites. The
combustion process is observed as a pressure rise in the cylinder, see Figure 3.4.
The steep increase in the beginning is due to the rapid expansion of the combustion
gases, which is a consequence of second-stage ignition. First-stage ignition is
characterized by a much smaller heat release rate, and hence a smaller pressure

295% confidence interval in kelvin [106].
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Table 3.3: The span of thermodynamic conditions achiev-
able in the OACIC at TDC. Minimum/maximum achievable
inlet temperature and pressure are 30/150°C and 1.0/1.55

bar.
Inlet T [°C] 30 30 150 150
Inlet P [bar] 1.00 1.55 1.00 1.55
T at TDC [K] 777 778 1001 1006

Pat TDC [bar]  32.24 50.09 29.76 46.35
patTDC [kg/m®] 144 223 103 160

increase [53]. Ignition delay time is often defined as the time between start of
injection and start of second-stage ignition. After the premixed burn phase, the
transition to the mixing-controlled burn phase is characterized by a lower heat
release rate, consequently having a slower rise in observed pressure. The large
oscillations observed are caused by pressure waves created inside the chamber,
and not noise from the sensor. The waves are reflected by the walls and affect
the pressure measurement severely. The oscillations have the largest amplitude
and the highest frequency close to TDC, while they both decay in the expansion
stroke, due to the increase in volume. A signal filter, such as Fourier filter, can be
applied to the pressure curve in order to smooth the pressure signal. However, care
should be taken when applying a filter to the period close to time of ignition, since
information about time of ignition can be affected. To overcome this, two types of
filters can be applied to the period before and after ignition, thereby preserving the
time of ignition in the smoothed signal.

In Figure 3.4, the in-cylinder pressure traces of n-heptane for 10 injections along
with the mean pressure trace is shown. The pressure-based ignition delay time
is defined here as the first large increase in pressure, found from the differential
of the pressure increase. In the period between start of injection and ignition, the
pressure signal can be seen to drop slightly (not clear in the figure due to the scale).
This is due to evaporation of the fuel spray, which requires heat, hence affecting
the pressure.

In order to calculate the apparent heat release rate (AHRR) of the combustion
process, the measured pressure signal needs a filter applied. The AHRR calculated
from the observed pressure equals the difference between the heat release rate from
combustion and the heat transfer rate to the walls. The procedure for calculating
the combustion heat release rate can be found in Heywood [51].
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Figure 3.4: Combustion in the OACIC with n-heptane as fuel. The red curve shows the
calculated mean in-cylinder pressure for 10 combustion cycles, the blue curve shows the
mean pressure difference between the combustion cycles and the motored cycles. Injec-
tion pressure of 1000 bar, injection duration of 4.48 ms, inlet pressure 1.555 bar, inlet
temperature of 408 K, pressure at TDC for the motored pressure 47.02 bar. The calculated
thermodynamic condition in the chamber was 979 K and 16.6 kg/m3.

3.4 Exhaust analysis

On the exhaust manifold of the OACIC, sample ports are installed, making it
possible to analyze exhaust gases and PM. Two analyzers were available for this
measurement, the Horiba MEXA-ONE-RS for exhaust gas concentrations and the
Cambustion DMS 500 for PM. Both analyzers are equipped with heated lines, and
have a relatively fast sampling rate of approximately 1 Hz.

As mentioned, under normal operation, the OACIC is skip-fired. This poses a
problem to the measurement of the exhaust gases, since the exhaust analyzers are
not able to resolve each cycle. Hence, the measurement becomes an average of the
cycles, including combustion and motored cycles. If the number of skipped cycles
between each combustion cycle is fixed, a method for estimating the actual exhaust
gas and PM concentrations for a single combustion cycle can be applied. This
method is described by Donkerbroek et al. [31]. However, this technique is hard
to implement in the OACIC, since the skip-firing does not have a fixed interval due
to the unstable injection pressure. For instance, after skipping 10 cycles, it waits
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until the injection pressure is within the predefined range before injecting, resulting
in skipping a minimum of 10 cycles. A compromise could be done where the "wait
for injection pressure” function is turned off, resulting in a fixed skipping interval.
However, this results in a large variation of the injection pressure between the
combustion cycles. The most obvious solution to this would be to fire the OACIC
continuously, however, the high heat transfer from combustion increases the wall
temperature in the chamber quickly, making the measurement erroneous, and can
also cause damage to the OACIC.

The Horiba analyzer is equipped with four analyzers for measuring CO/COg, Oa,
NO/NO,, and THC concentrations. The analyzers’ methods and ranges are given
in Table 3.4.

Table 3.4: Analyzers installed in the Horiba gas concentration analyzer.

Gas measured Method Range

CO/CO, Non-dispersive intrared 0-20 vol-%

Oy Magneto-pneumatic detection 0-25 vol-%

NO/NO, Chemiluminescent detector 0-10.000 ppm

THC Flame ionization 0-60.000 ppm (carbon-based)

The PM analyzer is capable of measuring the PM size distribution and the total
number of particles in the exhaust stream. The analyzer uses a differential mo-
bility spectrometer, which is based on the principle of measuring how far charged
particles travel in an electrical field. Traveling inside a column, their paths are
deflected, causing them to collide onto electrometers. The distance traveled by
the particles is a function of the charge on the particle and the aerodynamic drag,
which is used to determine the size of the particle in terms of the mobility diameter.

Along with knowing the number of particles measured for each size interval, a size
distribution is obtained. The Cambustion was installed on the OACIC. However,
a large number of particles with very small diameters was measured, which was
not consistent with PM measurements done in a conventional CI engine. These
particles were suspected to originate from the cylinder lubricant. The main prob-
lem with the small diameter peak was that it was highly inconsistent, changing in
character between runs and even during a run. In future work, experimentation
with different cylinder lubricants should be performed, in order to eliminate the
small diameter peak.



4. Optical Techniques

The previous chapter described the experimental test rig, where optical measure-
ments are made possible in CI spray combustion. The current chapter provides
a short overview of techniques that are commonly used for measuring in-flame
soot. Following the review, the optical techniques used in this work are presented,
including diffuse back-illuminated extinction imaging (DBIEI) and OH* chemilu-
minescence imaging.

4.1 Measurement of in-flame soot

For measuring in-flame soot, optical techniques like natural luminosity measure-
ment, two-color pyrometry, planar laser induced incandescence (PLII) and laser/light
extinction, can be applied. The principles of the mentioned techniques are based
on radiation emitted from the hot glowing soot particles, while extinction is based
on attenuation of incident radiation. PLII is the only technique which is considered
intrusive, i.e. the in-flame soot is affected by the measurement, which could result
in measurement bias.

4.1.1 Natural luminosity

In literature, for measuring in-flame soot, natural luminosity is most commonly
used as it is inexpensive and easy to apply. Natural luminosity is also referred to
as natural incandescence, broadband radiation of soot or flame luminosity. The
measurement consist simply of measuring the broadband radiation emitted by hot
glowing soot particles present in the flame, i.e. the flame luminosity. However,
when imaging a flame, one should be aware of the impact of self-absorption, where
the light emitted by particles inside the flame are attenuated by surrounding parti-
cles. Hence, the measured light is the result of light emission and absorption of all
particles in the flame [116]. The spectrum of the flame is broadband, meaning that
it covers the entire visible wavelength range. In addition to soot incandescence, gas
phase radiation is also present, mostly by water and COq in the infrared spectrum
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[38], while soot radiation is dominating in the visible spectrum. This technique
gives a qualitative measurement of the amount of soot present in the flame and
should not be directly linked to quantitative data such as soot volume fraction. The
natural luminosity signal read by the sensor is a function of soot volume fraction
and temperature. The signal is proportional to the soot volume fraction, but has a
strong non-linear relation to the soot temperature [99], where the hottest particles
give the strongest signal. This creates a bias in the measurement where for instance
a flame with same soot volume fraction, but different adiabatic flame temperatures,
yields a higher natural luminosity signal for the hottest flame.

4.1.2 Two-color pyrometry

Two-color pyrometry measures the temperature and optical density of soot par-
ticles. The technique is based on the soot particle emissivity, which is the ratio
between the gray body and the black body emissive power, where the emissivity is
a function of the particle temperature. The emissivity can be related to the optical
density for a certain wavelength through an empirical relation found by Hottel and
Broughton [56]. This relates the temperature of the particle to the optical density.
By measuring the flame in two wavelengths, the temperature can be calculated,
which in turn is used for calculating the optical density. A full explanation can be
found in [167]. In order to calculate the temperature of the soot particles, a cali-
bration of the sensor using a black body emitter with known temperature must be
performed, which introduces new sources of error. The empirical relation is also a
limiting factor, where a model constant is dependent on the size and refractive in-
dex of soot and the light wavelength, requiring careful consideration. In addition,
the same issue of self-absorption as mentioned above applies, where a thorough
assessment must be made in order to achieve reliable quantitative results [116].

4.1.3 Planar laser induced incandescence

The advantage of the two techniques mentioned above is that they both can be
applied in experimental rigs with limited optical access. However, if the optical
access to the combustion chamber is good, PLII can be applied. PLII is based
on using a laser sheet in order to heat soot particles to temperatures much higher
than the combustion induced temperature. In this way, the laser induced incandes-
cence becomes much stronger than the natural luminosity, such that a CCD/CMOS
sensor only detects the particles subjected to laser radiation. An accurate physi-
cal model including optical properties of the measured soot is needed in order to
obtain the soot volume fraction and primary particle size distribution in the two-
dimensional plane [133]. Common issues related to PLII are interference of PAH
fluorescence excited by the laser, unwanted non-linearity between laser induced
incandescence signal and soot volume fraction, the influence of the laser sheet
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profile on the laser induced incandescence signal as a function of laser energy,
and signal trapping [136]. A big advantage of using PLII for soot measurement is
that it provides a two-dimensional local soot volume fraction measurement. The
biggest disadvantage of applying PLII to CI spray combustion is that the repetition
rate is low, which is limited by the laser. In addition, this technique is intrusive,
since the soot particles are heated by the laser, causing them to experience subli-
mation, consequently reducing particle size. PLII has been used in diesel engine
studies [80, 27, 87], but is usually limited to a single measurement per combustion
cycle because of the low repetition rate.

4.1.4 Light extinction

Due to the limited temporal resolution of PLII, alternative techniques have been
explored by the engine community over the past years, where a reliable, quanti-
tative, two-dimensional and high-speed measurement of soot was desired. Two-
dimensional DBIEI was found to be a suitable technique, but needed further de-
veloping for CI spray application. The technique is based on extinction of light,
where the light source entering the combustion chamber is diffused in order to
eliminate beam steering effects, also known as schlieren effects. Previous devel-
opment and application of DBIEI have mainly been for laminar diffusion flames
under atmospheric pressure [46, 141, 162], where the issues related to beam steer-
ing was less severe than for high pressure turbulent flames. Beam steering issues
in diesel spray combustion application were studied for laser extinction by Muscu-
lus and Pickett [101], where a laser beam through the soot cloud was investigated.
Beam steering effects were also highlighted as an issue when DBIEI was applied
to liquid penetration length measurements [125, 95], where the fuel vapor at the
liquid spray tip caused problems in defining the liquid penetration length. The
same group applied in 2013 the DBIEI technique to soot measurements [96, 139],
inspired by the optical setup for diffuse back-illumination by Ghandhi and Heim
[39], high speed measurement of soot was achieved, although beam steering was
still not completely abated. The problems of beam steering in DBIEI in diesel
sprays were thoroughly addressed by Westlye et al. [158], which provided a the-
oretical framework for dealing with them. More details regarding beam steering
effects are included in Section 4.2.3 and Article 1.

In order to obtain the soot volume fraction from a DBIEI measurement, an ensem-
ble averaged measurement must be performed. The ensemble-averaged line-of-
sight measurement of the soot optical density can be considered as axisymmetric,
which in turn allows for a tomographic deconvolution [24]. A comparison be-
tween two deconvolution techniques; inverse radon and onion-peeling, is provided
in [163]. The deconvolution yields the local dimensional extinction coefficient dis-
tribution, which in turn can be used for calculating the local soot volume fraction.
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Additional uncertainties are added when converting to the soot volume fraction,
since it requires optical and physical knowledge of the soot particles measured
[137]. In addition to beam steering, uncertainties connected to the strong influence
of flame luminosity on the measurement are important to be aware of. As the soot
volume fraction is based on an ensemble-averaged measurement, the easily ob-
tained ensemble-averaged flame luminosity can be used in order to correct for the
influence. However, for measuring instantaneous optical density distributions, the
flame luminosity must either be corrected for or completely suppressed by filters
by having a high flame luminosity to light source intensity ratio (/¢ /). From the
instantaneous optical density distribution of soot, the total soot mass can be also
be calculated [138].

As mentioned, the optical density of soot can also be measured by two-color py-
rometry. A comparison between two-color pyrometry and DBIEI is provided in
[115, 164]. The main conclusion reached in these studies was that two-color py-
rometry generally shows a lower optical density of soot compared to DBIEI due
to self-absorption within the flame, where self-absorption was especially strong
for high values of optical density. DBIEI was therefore concluded to yield the
most reliable quantitative data compared to two-color pyrometry. Interesting work
was conducted by the same research group, where Xuan et al. [163] combined
the methodologies of two-color pyrometry and DBIEI in order to simultaneously
measure the soot volume fraction and flame temperature.

4.2 Diffuse back-illuminated extinction imaging

As illustrated above, DBIEI for measuring soot in high pressure CI sprays is a
relatively new technique, where optimization is still needed. The setup requires no
calibration, but highly accurate alignment and characterization of the optical setup,
which is crucial for yielding satisfactory results. This section briefly explains the
issues related to the technique and how they were resolved for the current work.
More details can be found in Article I.

The technique is based on using a diffused light source as back-illumination. The
light is directed through the combustion chamber, which gets attenuated by the
soot particles in the flame, and is measured by a CMOS sensor on the opposite
side of the chamber, requiring a line-of-sight optical access through the chamber.
The attenuation occurs as a result of light scattering and absorption. The optical
density1 (K L) can be calculated by the Beer-Lambert law [14] from the trans-
mittance, i.e. the ratio between the transmitted and the incident radiance of the

K L is the product of the path-averaged dimensional extinction coefficient K and the path length
L.
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light (1 /1), see Equation 4.1. The soot volume fraction (f,) can be calculated
based on knowing the local dimensional extinction coefficient k. See Zhao and
Ladommatos [167] for derivation of the relation between optical density and soot
volume fraction, given in Equation 4.2. As mentioned, optical and physical prop-
erties of the measured soot are needed, i.e. the dimensionless extinction coefficient
ke. A detailed evaluation of these properties for soot typically present during the
quasi-steady period in CI diesel sprays can be found in [137].

T=1/I) = e Juk@de — ~KL (4.1)
KA
fo= A (4.2)

The current optical setup is shown in Figure 4.1 and an overview of the optical
components used is given in Table 4.1. The light emitting diode (LED) light is
collected by two small condensing lenses, which direct the light onto a collimating
lens. The collimated light is thereby directed onto the engineered diffuser, which
diffuses the light. The working principle of the engineered diffuser is that mi-
crolenses on the diffuser surface uniformly spread the light within a specific angle,
in this case 15°. The exit distribution has been observed to be very sensitive to
the incoming angle of the light, emphasizing the importance of characterizing the
output light distribution. The diffused light is further guided through the chamber
and is measured by the camera. The characterization of the light distribution and
why it is important, is addressed in Section 4.2.3.

4.2.1 Light source

The light source used was a red LED (628 nm). In DBIEI, the light source should
be as powerful as possible, such that the ratio between the incident light intensity
and the flame luminosity becomes as large as possible. In this way, the flame lumi-
nosity will have less of an impact on the measurement. This can be achieved in two
ways, either by filtering of the LED and flame luminosity light, or by increasing
the power of the LED.

When choosing filter for the objective lens, it should be as narrow as possible and
centered with the LED wavelength distribution. The aim is to maximize the LED
light throughput, while minimizing the broadband flame Iuminosity, see Figure
4.2. The figure shows two bandpass filters used in this work, where filter 1 has a
wide bandwidth of 70 nm FWHM?2, while filter 2 has a narrow bandwidth of 10

2full width half mean
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Figure 4.1: The optical setup used for DBIEI.

nm FWHM. When filtering the LED and flame light with the filters, the light trans-
mitted to the camera is given in the lower graph, where the wavelength distribution
of the LED and flame light can be compared. Integrating these curves results in
the total radiation received by the camera. Comparing the ratio between the LED
light and the flame luminosity for filter 1 and 2, one can see that filter 2 has a 3
times higher ratio, i.e. 0.92 versus 0.31, meaning the flame light is suppressed by
a factor of 3 compared to filter 1. This was also confirmed by measurements of
the flame luminosity, comparing the LED light with the flame luminosity for both
filters.

Increasing the power of the LED light is the most important step. In this work an
in-house LED driver was designed based on the work of Willert et al. [159, 160].
The LED driver is essentially a pulse generator, which allows high current to pass
through the LED over a very short duration, and where the ramping up and down
times are relatively short compared to the pulse duration. The measured current
flowing through the LED during nominal operation in pulsed mode was in the
magnitude of 100 A. Normal pulse duration was in the order of 1-2 us, pulsing at
a frequency of 50 kHz, equating to a duty cycle of 5-10%. According to the spec-
ifications of the LED, the current passing through the LED is far above its rated
current, which according to the manufacturer might cause irreversible damage to
the LED. However, since the duty cycle is kept relatively low and the LED is only
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Figure 4.2: Upper graph: the wavelength distribution of the LED light, the flame luminos-
ity, filter 1 transmission (F1) and filter 2 transmission (F2). Bottom graph: the correspond-
ing transmitted LED light and transmitted flame luminosity with using filter 1 and filter 2,
respectively. Integrating the curves in the bottom graph results in the bar plot displayed
on the bottom right-hand side, showing the total radiation received by the imaging sensor
from the flame and LED after being filtered by filter 1 and 2. Filter | = FWHM 70 nm and
filter 2= FWHM 10 nm.

pulsed for a short time duration, i.e. 5-10 ms, it does not get overheated. See
Appendix A.2 for more information about the design.

Another important aspect of the light source is stability over time and between
cycles. The DBIEI measurement requires an incident light image in order to cal-
culate the optical density, i.e. Ip. The variation in the incident light and the trans-
mitted light due to LED instability can be considered as random error. This can
be quantified by investigating the stability of the LED, shown in Figure 4.3. The
LED intensity drops to about 96% of the initial intensity after 6 ms. However, the
drop is consistent, only having a relative variation of 0.2% from the mean curve.
The deviation from the mean intensity curve for the transmitted and incident light
results in an uncertainty on the calculated K L. Assuming the extreme cases of
7 = (0.9981;)/(1.0021y) and 7 = (1.0021;)/(0.9981), they result in an uncer-
tainty of £0.004 on the calculated value of K L, which can be neglected.
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Figure 4.3: The intensity level of the LED during nominal operation for 20 cycles. The
relative variation is given as the sample standard deviation divided by the mean curve,
showing a maximum variation of 0.2%.

The choice of center wavelength of the LED is also important to consider. For
instance, the flame luminosity is stronger in the green spectrum compared to the
red spectrum, which motivates the choice of using a red filter, hence a red LED.
The optical density of soot is also wavelength dependent, where light with shorter
wavelengths has a lower transmittance through a particle cloud. DBIEI will there-
fore have a more restricted soot concentration measuring range for shorter wave-
lengths. This can be investigated by comparing two K L measurements having
different light source wavelengths, i.e. A; and g, resulting in (K'L); and (K L)a,
respectively. If the same flame is measured, the soot volume fractions of both
measurements are the same and Equation 4.2 can be used to derive:

(KL)1  kea X2

(KL)y  kea M

4.3)

By assuming that k. is the same for both wavelengths, Equation 4.3 shows that
(KL)1/(KL)2 becomes higher when A\; < Ay. Comparing green light (\; = 520
nm) with red light (A2 = 628 nm), the ratio becomes 1.21, meaning that K L is
21% higher for the green light, which in turn is a lot for a high sooting flame, since
the scale is logarithmic. As an example, if (K L)y =4, then (K L); = 4.84, which
equates to a transmittance of 75 = 1.8%, and 71 = 0.79%, which is 2.3 times less
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transmitted light when using green light as the light source. In addition, gas phase
molecular absorption of large PAH can occur for shorter wavelengths, therefore
motivating the choice of having longer wavelengths [50]. However, the k. has
been shown to be wavelength dependent [96, 137], where k. 1 < ke 2 for A1 < Ag,
which to some degree counterbalances the increase in K L. Based on these positive
effects on DBIEI when choosing longer wavelengths, combined with the thorough
analysis of the optical properties of soot at 623 nm by Skeen et al. [137], the choice
of using a red LED was made.

4.2.2 Flame luminosity correction

Despite the efforts of increasing the power of the LED and the careful choice of fil-
ter, a complete suppression of the flame luminosity influence on the measurement
was not achieved. For high sooting flames, this is very hard to achieve, and requires
a very high power light source in order to have flame luminosity levels below the
read noise level of the camera, 0.2-0.4% of the dynamic range (10-15 counts out of
0-4095 counts, i.e. 12 bit camera). This means that the LED backlight read by the
camera must have a 300-400 times higher intensity than the maximum flame lu-
minosity intensity. In the current optimized setup, the camera reads approximately
5-10 times higher intensity for the LED backlight compared to the flame, which
is for the highest sooting case, i.e. using diesel fuel at the hottest condition (Fig-
ure 4.4). This poses a problem to the measurement, since the flame luminosity is
superposed to the transmitted signal. Techniques for correcting flame luminosity
effects are presented in Article I.

I
flame o0 nm, FWHM 10 nm

Iy

-

Figure 4.4: The ratio between flame luminosity and the incident backlight (I, /1), for
the highest sooting case using diesel fuel. The maximum value of /I in this frame was
24%.

4.2.3 Beam steering

The use of a diffused backlight is an important aspect of DBIEI. In high pressure
combustion chambers with flames, large density gradients are present due to large
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temperature gradients, which are equivalent to large refractive index gradients.
According to Snell’s law, when a light beam travels between two substances with
different refractive indices, the speed of light changes. If the light beam has an
incident angle relative to the normal of the boundary, a change in direction at the
transition occurs. This is the fundamental principle behind the techniques schlieren
and shadowgraphy, which are used for detecting density gradients in gases. For
DBIEI, this effect is unwanted, since it induces false attenuation which cannot be
distinguished from the optical density observed due to extinction of soot. One way
to abate beam steering effects is to use a diffused backlight, see Figure 4.5.

Iy I
NN~V _—~

Collimated Diffused

Figure 4.5: Conceptual illustration of a collimated and diffused light source, where a
density gradient is present, deflecting the light beams. I; is the resulting light intensity
observed on the opposite side.

The diffused light can be viewed as a collection of light beams with arbitrary an-
gles, while collimated light is a collection of light beams that all have the same
angle. If a substance, which creates a refractive index gradient, is placed be-
tween a white wall and a collimated light source, it will be visible on the wall
as a "shadow", because the parallel light beams passing through the substance are
deflected from their original path. For the same case, but having a diffused light
source, the substance is not visible on the wall, since the deflected light beams are
replaced by other light beams.

In DBIEI, characterization of the diffused light source is necessary. Westlye et al.
[158] concluded with help of a theoretical framework, that the diffused light source
should be extended, spatially uniform with a constant radiance, and have constant
radiance of all angles within the spreading angle of the engineered diffuser. In
order to verify this for the current setup, a measurement of the angular radiation
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distribution was performed and is presented in Article I. The acceptance angle,
limited by the objective lens, was also measured in order to dimension the setup
accordingly.

When considering the light collected by a single pixel on the imaging sensor, this is
determined by the acceptance angle (also called collection angle). The acceptance
angle is the angle subtended by the aperture diameter and the focal point in the
measurement plane, hence this angle is set by the focal distance and the aperture
diameter. The light read by the pixel is therefore received from an area on the
diffuser surface, which is determined by the distance from the focal plane to the
diffuser surface and the acceptance angle. As the light is subjected to density
changes in the chamber, the light is redirected from its original path, which results
in light being received from another part of the diffuser surface, and at a different
angle. If the displaced collection area on the diffuser has the same radiance as
the original collection area, i.e. before it was steered, it will not affect the total
intensity read by the pixel for the steered case. However, if the radiance in the
displaced area on the diffuser is different than the original, this will be read as a
variation in intensity. Therefore, it is important to design the setup according to
the expected level of beam steering, which essentially determines the minimum
spreading angle of the engineered diffuser.

Figure 4.6 shows two measurements of a sootless premixed combustion using the
DBIEI, with aperture of f/1.2 (wide aperture) on the left hand side and /5.6 (nar-
row aperture) on the right hand side. The corresponding images below show the
intensity variation calculated from the difference between a combustion image and
a non-combustion image, for the wide and narrow aperture, respectively. The nar-
row aperture case shows how the measurement is highly affected by the large den-
sity gradients present inside the chamber, while the wide aperture case shows no
intensity change due to combustion. Additionally, beam steering effects can be
observed for the wide aperture case along the periphery of the measurement do-
main, which is due to a nonuniform angular distribution in this region caused by
the walls. This emphasizes the importance of understanding and characterizing the
optical setup for DBIEI measurements.

4.3 OH?* chemiluminescence imaging

As mentioned in Chapter 2, the in-flame soot production during the mixing-controlled
period is dependent on the amount of air mixed in prior to ignition at the flame
light-off length. Ignition points in the flame can be defined as high heat release
zones, which burn at near stoichiometric conditions, and consequently under high
temperatures [52, 134]. The stoichiometric zones in a typical hydrocarbon flame
burn with such high heat release rates that ground state hydroxide (OH) is elec-
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/1.2 (wide) /5.6 (narrow)

Effect of decreasing aperturcﬁize

Figure 4.6: The effect of beam steering when changing the aperture of the objective lens
from wide to narrow, measuring the diffused backlight during sootless premixed combus-
tion. The top images shows the diffuse backlight through the chamber measured with wide
and narrow aperture for the same combustion mode. The bottom images show the differ-
ence in intensity from a combustion case to a non-combustion case using the wide and
narrow aperture.

tronically excited, primarily through the reaction CH + O — CO + OH*. As OH*
returns to the ground state OH, an emission is released, also known as chemilumi-
nescence. The time scale of this process is in order of 1 us, typically faster than
transport processes, making it a well-suited marker for the high heat release rate
zones in the flame [38]. A thorough analysis of the determination of FLOL in a CI
spray is given in [52]. They conclude that 310 nm natural luminosity, i.e. measur-
ing the OH* chemiluminescence, is an excellent marker for FLOL. More details
on the definition of the FLOL and the light based ignition delay time used in the
current work are provided in Article IT and Article III.

In this work, a gated image intensifier was used to image the flame in the nar-
row UV light spectrum of 310 nm 10 nm FWHM. The OH* chemiluminescence
measurement was synchronized with the DBIEI, where the same field of view was
imaged via a dichroic mirror>. With help of image alignment calibration, the two
measurements were overlaid, making it possible to analyze both in-flame soot pro-
duction and high heat release zones simultaneously. For instance, this allowed
for a frame-to-frame analysis of the transient effects of the FLOL on soot produc-

3reflecting wavelengths above 500 nm and transmitting below 500 nm.
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tion. In addition, a light-based ignition delay time could be determined from this
technique, following the definition provided by Lillo et al. [92].

As an example, Figure 4.7 shows a simultaneous measurement of OH* chemilumi-
nescence and K L between 1.74 ms and 2.3 ms after start of injection for n-heptane.

Table 4.1: List of optical components used in the setup. Note that the listed components are the
components that yielded the best result, and are not used in all the campaigns included in this
work. R = reflected light, T = transmitted light.

Component Manufacturer/Name Specification

DBIEI components

Photodiode Thorlabs/PDA36A-EC 350-1100 nm

LED Luminus Devices/SST-90-R 628 nm, 15 nm FWHM

Aspheric lenses
Collimating lens
Engineered diffuser
Fused silica windows
Beamsplitter

High speed camera
Objective lens
Close-up lens
Bandpass filter
Neutral density filter

Thorlabs/ACL25416U-A

-/-

RPC Photonics/EDC-15-15132-A
UQG/Spectrosil

Knigth Optical/BAE14507
Photron/FASTCAM SA1.1/SAS5
Nikon/Nikkor

Canon/-

Knight Optical/630DIB50

Hoya/-

25 mm diam

100 mm diam, f/1.0
100 mm diam, 15°

62 mm diam

VIS, R= 50%/T= 50%

50 mm, /1.2

500 diopters

630 nm, 15 nm FWHM
OD 2-8

OH* components

Gated intensifier
UV objective lens
Dichroic mirror
Bandpass filter

Lambert Instruments/HiCATT 18
Nikon/Nikkor

Knight Optical/500FDL1500-C
Edmund Optics/34-980

105 mm, /4.5
R<500 nm, T>500 nm
310 nm, 15 nm FWHM
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1.74 ms ASOI - [0, 0.06]

1.9 ms ASOI - [0, 0.23]

b

2.22 ms ASOI - [0, 1.24]

2.3 ms ASOI - [0, 1.60]

Figure 4.7: Measurement of K L (left) and OH* chemiluminescence (right), showing soot
production during the premixed phase for n-heptane for 990 K, 16.6 kg/m? and 46.7 bar
in air.



5. Summary of Results

This chapter presents a summary of the findings in the selected articles, which
form the basis of the doctoral work.

5.1 Article I - Diffuse Back-Illuminated Extinction Imag-
ing of Soot: Effects of Beam Steering and Flame Lu-
minosity

This study presents important diagnostic aspects of the technique DBIEI, including
a methodology for effectively eliminating flame luminosity effects on DBIEI of
soot in high pressure spray flames, and assessing the influence of beam steering
effects on the measurement of soot optical density (K L). The study has been
performed in the OACIC, where diesel fuel has been used as a benchmark case
for two ambient gas conditions, i.e. constant density with a high and low gas
temperature, creating high and low sooting cases, respectively.

Both flame luminosity effects and beam steering effects become very influential
for high sooting flames in DBIEI, where the level of light originating from the
back-illumination reaches the noise level of the camera, making it very sensitive
to errors. The light received by the camera is the sum of the LED light and the
flame luminosity, where the flame luminosity part is unwanted. In order to only
obtain the soot sensitive part, i.e. LED light intensity in the measured signal, the
flame luminosity needs to be eliminated. In this study, two existing techniques are
compared to a newly developed technique for flame luminosity correction.

For measuring the optical density of soot in the CI spray flame, high speed cameras
are used. A pulsed high power LED generates the backlight needed for measuring
K L. The LED is pulsed for every second camera frame, resulting in measuring
the flame luminosity before and after every light extinction frame. The existing
techniques utilize these flame images to estimate the flame luminosity distribution
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during the extinction measurement. The first method calculates the mean flame
luminosity image of these, while the second method uses optical flow algorithm
to predict the location of the flame luminosity distribution during the extinction
measurement.

Unlike the previous techniques, the two-camera method measures the flame lu-
minosity distribution using a separate high speed camera. The second camera is
synchronized with the main camera, and is imaging the same field of view via a
beamsplitter. By adding a small time delay to the main camera compared to the
second camera exposure, and triggering the LED pulse such that only the main
camera is exposed to light, the second camera measures the flame luminosity dis-
tribution close to the extinction measurement. Since the time delay is small, the
flame luminosity measurement is similar to that influencing the extinction mea-
surement and can therefore be used for correction.

Since the two measurements are slightly misaligned and are of two different image
sensors, post-processing including alignment and brightness correction is needed.
This is achieved by transforming the second camera’s flame luminosity image be-
fore the extinction image such that it fits the main camera’s flame luminosity im-
age before extinction, and then applying the same changes to the second camera’s
flame luminosity image during extinction measurement. The transformed flame
distribution obtained by the second camera is then used for correcting the extinc-
tion image measured by the main camera.

In order to assess the performance of the three techniques, measurements with no
backlight were conducted. In this way, the actual flame luminosity distribution
during extinction could be measured, and a direct comparison with the estimated
flame luminosity could be performed. This resulted in the mean image being the
least accurate prediction of the flame, followed by optical flow, which yielded 18%
lower errors than the mean image, and the two-camera method yielding 50% lower
errors than optical flow. This was independent of the flame luminosity level, i.e.
the sooting level of the flame. By increasing the frame rate, the errors related to
optical flow decreased. The two-camera method recreates the flame structure ac-
curately, but is not able to resolve the small scale variations, which were a result
of a smoothing effect caused by the transformation algorithm. K L and the asso-
ciated uncertainties based on the flame luminosity influences are calculated. The
uncertainty on K L for high sooting regions of the flame was approximately 100%
higher when applying optical flow compared to the two-camera method, where the
two-camera method yielded a bounded K L value up to 3.8, versus 2.7 for optical
flow.

The beam steering effects due to nonuniformities in the light distribution from the
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engineered diffuser were investigated. In order assess the effects of beam steering
on the measurement, a model for calculating the intensity variation was developed
and validated. The model uses measurement of the light distribution from the
diffuser surface as input. The total radiation read by a pixel on the image sensor
is calculated based on the light collected from an area on the diffuser, which is
limited by the aperture of the objective lens, focal distance and the relative diffuser
location. As beam steering is induced, the collection area on the diffuser is shifted
according to the extent of beam steering. This follows a two-dimensional Gaussian
probability density function (PDF), where the beam steering angle is defined as
the angle determined from the standard deviation of the PDF and the diffuser/focal
plane distance. By performing multiple calculations for varying beam steering
angles and apertures, the intensity variation magnitude is found.

For the optimal aperture of f/1.2 and the expected level of beam steering in a CI
spray, the intensity variation due to beam steering was 0.5% of the dynamic range,
which can be reduced by improving the large scale nonuniformities in the diffuser
light distribution. The model also emphasizes the importance of optimizing the
optical setup with help from light characterization, where small and large scale
nonuniformities in the diffuser light output are very important for reducing the
intensity variation caused by beam steering, especially for high sooting flames.

5.2 Article II - Optical Measurements of In-Flame Soot in
Compression-Ignited Methyl Ester Flames

The investigation of combustion and soot characteristics of surrogate fuels for
biodiesel are presented in this study. The aim of the study is to produce highly
accurate quantitative data of in-flame soot, which can be used for validation of
models for spray flames or engine simulations. The study uses the DBIEI setup
described in Article I, combined with simultaneous temporal OH* chemilumi-
nescence measurement for FLOL determination and light-based IDT. A literature
review on the state-of-the-art of surrogate fuels representing biodiesel in kinetic
studies is presented. The resulting selection of surrogate fuels was methyl oleate
(MO), methyl decanoate (MD), n-heptane and a 50/50% molar blend of n-heptane
and methyl decanoate (HP-MD), and comparing them to a rapeseed methyl ester
(RME) fuel.

The measurement campaign was conducted in the OACIC, for four thermodynamic
conditions, where the ambient gas temperature was varied while keeping the ambi-
ent gas density constant. A total of 30 combustion cycles were performed for each
fuel. The analysis applied to the K L measurement includes the temporal develop-
ment of total mass of soot during the premixed combustion phase and the spatial
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gradient of soot mass (soot gradient) during the mixing-controlled quasi-steady
period. The soot gradient indicates the average cross-axial development of soot
along the central axis, providing a measure of soot mass production in the quasi-
steady spray flame. Since all of these fuels, except n-heptane, are oxygenated, the
equivalence ratio at FLOL (¢(H)) provides the amount of air mixed in prior to
FLOL, where the fuel-bound oxygen is included. By comparing ¢(H) with the
soot gradient, the sooting tendencies of the fuels based on the available oxygen are
found.

IDTs were observed to follow the derived cetane number. During the premixed
combustion phase, the IDT correlated well with the AHRR in this period, where a
longer IDT resulted in a higher AHRR. The AHRR during the mixing-controlled
period was similar for all fuels, which is due to the similar heating values of the
fuels. The fuels can be divided into two groups; short and long carbon chain fu-
els. The long chain fuels, including RME and MO, had shorter IDTs compared to
n-heptane, MD and HP-MD. When comparing the FLOLSs to the IDTs, a correla-
tion was found, where longer IDT generally resulted in a longer FLOL, which is
consistent with existing literature.

For a constant ¢( H ), the order of sooting tendency was RME>MO>HP>HP-MD>MD.
RME was found to produce more soot than MO, which is likely due to the higher
degree of unsaturation of RME. The very low sooting tendency of MD compared

to n-heptane is likely due to the high fuel oxygen ratio, i.e. 6.6%, compared to
0%, where MD actually has more carbon-carbons bonds than n-heptane (9 versus

6, respectively), which promotes soot production, indicating that the higher fuel
oxygen ratio of MD is causing the soot reduction between them.

The FLOL was found to vary during the mixing-controlled period, consequently
affecting the in-flame soot production. In order to eliminate the transient effects,
and to confirm the sooting trend presented above, which was based on mean val-
ues, the instantaneous FLOL and soot gradient were calculated for each injection.
Generally, the transient soot gradient correlated well with the FLOL during a single
injection, where a longer FLOL resulted in a lower soot gradient, and vice versa.
This made it possible to observe the behavior of the soot gradient over a range of
FLOLSs combusting under the same thermodynamic condition. Comparing all fuels
for the same ambient gas temperature yielded the same trend as mentioned above.
This also showed that for ¢(H) < 2, no fuel produced soot during the mixing-
controlled period. From the instantaneous plots of ¢(H ) and the soot gradient, a
clear ambient gas temperature dependency was observed, where a higher tempera-
ture led to a higher soot gradient for the same equivalence ratio. This means that an
increased temperature results in a higher increase of soot formation rate compared
to soot oxidation rate. This was apparent for all fuels tested.
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During the premixed combustion period, the maximum soot production rate was
calculated, showing that higher ambient gas temperatures yielded higher maxi-
mum soot production rates. This was likely due to the shorter IDTs, resulting in
richer premixed mixtures. The order of sooting tendencies based on the maximum
soot production rate was similar to the trends found during the mixing-controlled
period. However, these results were affected by the equivalence ratio in the mix-
ture, which was not estimated in this study. Since the IDTs of RME and MO were
comparable, similar equivalence ratio distributions can be expected during the pre-
mixed period. A 33% higher maximum soot production rate for RME therefore
supports the previous finding that RME has a higher soot tendency than MO.

MO is found to be a good representative of RME, where the sooting tendency
and combustion characteristics are closely recreated. However, MO is a large
molecule, making it computationally expensive to be used in for instance CFD
simulations. MD has an ester moiety, making the chemical pathways similar to
RME. However, large difference in IDT, FLOL and sooting tendency were found.
Blending MD with n-heptane makes it more suitable as a surrogate fuel, as it in-
creases the sooting tendency and improves low temperature reactivity.

5.3 Article III - Combustion and Soot Characteristics of
Hydrotreated Vegetable Oil Compression-Ignited Spray
Flames

Combustion and in-flame soot characteristics of HVO were measured and com-
pared to diesel fuel and RME. The optical techniques used are similar to those
used in Article I and Article II. HVO has shown to be a promising future fuel,
where low pollutant emissions compared to diesel fuel have been reported with re-
gards to PM, NO,, and CO. This study is focused on reporting detailed information
about in-flame soot production of HVO, and provide data for validation of future
kinetic studies. The comparison of HVO with RME and diesel is made since a
blend of these three fuels will likely be used in future CI engines.

HVO is a paraffinic fuel consisting of straight and branched alkanes of average
carbon-chain length 15-18, giving the fuel a very high cetane number, typically
80-90. The fuel density of HVO is 8% lower than that of diesel fuel, and the
kinematic viscosity is also lower, i.e. 2.92 mm?/s versus 3.21 mm?/s. Comparing
the volatility of HVO to diesel fuel and RME, HVO is found to be the most volatile.

The measurements were conducted for four operating conditions where the am-
bient gas temperatures ranged from 819 K to 966 K with a constant ambient gas
density of 16.7 kg/m3. All other parameters connected to injection and operating
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conditions were held constant.

The IDTs based on OH* chemiluminescence were consistent with the cetane num-
ber ratings of the fuels, ordered as HVO, RME and diesel, where HVO had the
shortest IDT. The measured temporal development of the FLOL showed that diesel
fuel needed more time to stabilize for the lowest ambient gas temperature condi-
tion, i.e. approximately 3 ms, while HVO and RME stabilized shortly after start
of ignition. The FLOL of RME was found to be the shortest for all conditions,
while HVO and diesel fuel had similar ones, which do not match the cetane num-
ber ratings. A possible explanation for this could be the cooling effect from the
latent heat of evaporation, where RME was observed to have less evaporated fuel
upstream of FLOL compared to HVO and diesel. This results in less evaporative
cooling and could consequently make the FLOL of RME shorter.

The sooting characteristics of HVO were investigated by calculating the soot mass
produced during the premixed and mixing-controlled phase. The soot inception
time is defined as the time between ignition and when the soot mass production
rate exceeded 30 ug/ms. The soot inception times were found to be in the order
of diesel (0.23 ms), HVO (0.27 ms) and RME (0.35 ms), where a shorter time
indicates an increased tendency to produce soot. The soot inception time was
also observed to be insensitive to ambient gas temperature changes. A change in
ambient gas temperature resulted in a change in IDT, which in turn changes the
equivalence ratio in the premixed plume prior to ignition, where a shorter IDT
yields a richer mixture. A richer mixture would be expected to form soot earlier,
which was not observed. This could be explained by the fact that the air-fuel
mixture is partially premixed, always having the equivalence ratio which results in
the shortest possible soot inception time.

The soot production during the premixed phase was measured by total soot mass
and the soot mass production rate 0.36 ms after ignition. This provided a com-
parison between the fuels at equal times after ignition. Based on this, diesel fuel
was observed to have 3-6 times higher total soot mass and soot production rate
compared to RME and HVO, while RME and HVO were found to produce similar
levels of soot.

For the soot production during the mixing-controlled phase, the soot mass gradient
(png/cm) measured 20.2 mm downstream of FLOL during the quasi-steady period
was used as metric. The soot production trend of the fuels was similar to that
found during the premixed phase, where diesel fuel was the most sooting, while
RME and HVO had similar levels.

The high soot production for diesel fuel is attributed to content of aromatics, which
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is known to promote production of soot. Comparing the soot production in RME
and HVO flames, they are comparable due to their similar average carbon chain
lengths, i.e. 17 and 15-18, respectively. Since RME has an ester moiety, including
two oxygen atoms per molecule (resulting in 3.61% fuel oxygen ratio), a slightly
lower soot production is observed compared to HVO, which does not contain any
oxygen.

5.4 Article IV - Detailed Examination of the Combustion
of Diesel/Glycerol Emulsions in a Compression Igni-
tion Engine

An increased production of biodiesel has been observed over the past decade as a
result of allowing it to be blended with diesel fuel up to 7% by volume (EN 590).
As a result, there is a large supply of the byproduct glycerol to the market, which
exceeds the demand. The utilization of glycerol in diesel fuel as a soot reducing
oxygenate additive is therefore studied in this work. Glycerol is characterized as
having a low reactivity, high viscosity and being immiscible with diesel. Because
of its immiscibility, the fuel is mixed in as an emulsion, requiring added surfactant
and treatment.

In order to investigate a potential PM emission reduction after the addition of glyc-
erol to diesel fuel, a reference diesel containing no biodiesel was compared to ref-
erence diesel containing 15% by mass glycerol. The experimental part consisted
of measuring emissions and engine performance in a six cylinder CI engine. In ad-
dition, detailed in-flame soot and combustion characteristics were optically mea-
sured in the OACIC for three ambient gas temperatures. In order to fundamentally
understand the soot reducing processes, a kinetic study was performed using a ho-
mogeneous constant pressure reactor simulation, where n-heptane containing 15%
by mass glycerol was used as the surrogate fuel.

For the instrumented engine test, the two fuels were tested for six loads at a fixed
engine speed, measuring the particle number and size distribution, and gas con-
centrations in the exhaust. There was found to be no significant difference in
engine performance after adding glycerol to the fuel. Since the addition of glyc-
erol to diesel prolongs the IDT, the injection timing was changed so as to maintain
a 50% cumulative heat release at 1 CAD after TDC. For the exhaust gas emis-
sions, the NO,, concentrations measured for the two fuels were similar, where the
main differences were observed for CO, THC and PM. The addition of glycerol
to diesel increased the CO and THC emissions, especially for lower loads. For
higher loads, there were no differences observed. The increase in CO emissions is
associated with incomplete combustion, which is attributed to the low reactivity of
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glycerol. For the PM measurement, a reduction in particle number for particle di-
ameters above 25 nm was observed. For particles smaller than 25 nm in diameter,
large particle numbers were observed for the glycerol blend. These were hypoth-
esized to partially or completely consist of condensed volatile organic compounds
(VOCs) and not solid soot particles.

The optical results showed that the IDTs became longer after the addition of glyc-
erol. The addition of glycerol also caused a longer FLOL, especially for the low-
est ambient gas temperature condition. The soot mass gradient measured 19 mm
downstream of the FLOL was slightly reduced after adding glycerol. The observed
reduction in soot is likely due to the oxygen content in glycerol, which fits to the
observation of a lower PM in the exhaust of the engine experiments.

The reactor simulation was performed at the thermodynamic conditions expected
in the rich partially premixed region of the flame, i.e. close to FLOL. Ignition
occurred at similar times for both fuels and attained the same flame temperatures
at the last simulation time step. The concentrations of soot precursors such as
ethene, ethyne (acetylene), propene and propyne at the last time step in the reactor
were used as proxies for sooting tendency, where higher concentrations indicate
a higher propensity to form soot particles. The addition of glycerol to n-heptane
resulted in an increase of CO and a reduction of soot precursor concentration,
which match the experimental results. The reduction of soot precursors occurs
due to the presence of carbon-oxygen bonds in the glycerol molecule, which do
not take part in soot chemistry. In addition, adding oxygen atoms increases the
oxidation of the species pool including soot precursors.



6. Conclusion and Further Work

6.1 Conclusion

During the current doctoral work, the most important contribution has been the
development of an experimental test rig for conducting measurements of combus-
tion and emission characteristics in CI engines. The experimental rig allows for
detailed optical measurements of CI combustion, enabling the ability to perform
state-of-the-art research on high pressure spray flames. Operational procedures
and technical descriptions of the rig have been described, allowing for further re-
search on alternative fuels used in CI engines. The test rig is adapted to perform
fuel studies, where experiments can be executed in relatively short time, enabling
the generation of large sample sizes for statistically significant results. In addi-
tion, since the test rig is versatile, other engine combustion modes such as spark
ignition, homogeneous charge compression ignition and reaction controlled com-
pression ignition combustion can be studied.

The presented work also includes improvements to the measuring technique DBIEI
of soot, where a method for reducing the influence of flame luminosity on the
measured optical density in turbulent spray flames has been developed, improving
the measurement of high sooting flames in particular. The optical setup needed for
conducting in-flame soot measurements with high reliability has been described,
where effects like beam steering and non-ideal camera characteristics have been
assessed in detail.

Research on combustion and sooting characteristics of biofuels has been con-
ducted. Firstly, an experimental comparison of a biodiesel against potential surro-
gate fuels was performed. The work resulted in detailed information on in-flame
soot production of biodiesel surrogate fuels, which can be used in future numer-
ical simulations. The inclusion of a real biodiesel also enables an experimental
comparison between a real fuel and its corresponding surrogate fuels, allowing
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to assess the degree of replication when replacing a real biodiesel with simplified
surrogates. Methyl oleate was found to be a good surrogate fuel for RME, yield-
ing similar combustion characteristics and sooting tendency. Methyl decanoate
had poor low temperature combustion properties and a low sooting tendency com-
pared to RME. However, methyl oleate requires a complex reaction mechanism
because of its large size, making it unfit for comprehensive numerical simulations.
Methyl decanoate based surrogates have similar combustion chemistry to that of
RME because of their ester moiety, and are less computationally expensive than
methyl oleate. Secondly, since HVO is a promising future energy resource for CI
engines, a detailed investigation of combustion and in-flame soot production of
HVO spray flames was performed. A comparison between HVO, RME and diesel
fuel was conducted in order to elucidate the phenomena contributing to the reduc-
tion in PM emissions observed in engine tests fueled with HVO, while generating
detailed information on in-flame soot. Diesel fuel was found to produce the most
in-flame soot due to its aromatic content, while HVO and RME produced similar
levels of in-flame soot. RME showed a slightly lower soot production than HVO,
which is likely attributed to its fuel-bound oxygen content, since the number of
carbon-carbon bonds are similar. Lastly, a study on the effect of adding glycerol
to diesel fuel as an emulsion was conducted. The addition of glycerol reduces
PM emissions in engine tests, which was can be explained by a lower in-flame
soot production due to the fuel-bound oxygen in glycerol. This was supported
by optical measurements and numerical simulations. However, disadvantages of
adding glycerol was also realized since it has a low reactivity, high viscosity and
is immiscible with diesel fuel.

6.2 Further work

Further work is needed in order to reduce PM emissions from CI engines. Research
on biofuels is important since it will likely be part of the solution for reducing CO2
emissions to the atmosphere.

The OACIC offers a great opportunity to further extend existing knowledge on
potential biofuels for future CI engines. New types of biofuels such as upgraded
pyrolysis oil and hydrothermal liquefaction fuels should be studied in detail in or-
der to map their combustion and emission characteristics. Although these fuels are
still limited in quantity, since the production processes still are at a research stage,
the potential variation in molecular composition can be mapped, where surrogate
fuels can be designed and tested in a research device such as the OACIC. By col-
laborating with researchers developing the production processes, the fuel can be
altered according to the results achieved from combustion experiments, potentially
simplifying the production process. The fuel properties of the novel biofuel might
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not comply to existing standards on its own, but could achieve this from blending
it with a conventional fuel such as biodiesel or diesel fuel. This could potentially
make the upgrading process less complex and consequently more economically vi-
able. A systematic screening study where the fuel properties of blends of possible
novel biofuels and conventional fuels should be conducted. By selecting blends
that comply to existing standards and designing surrogate fuels that fit the novel
biofuel’s properties, measurements of the surrogate fuel blend can be conducted in
the OACIC and in a real engine, providing confidence that the novel biofuel can
be implemented to existing vehicles.

Soot can be investigated more in detail. Linking optical in-flame soot measure-
ments with PM is interesting, since it provides information about soot oxidation
processes occurring in the exhaust stream. This can be achieved in the OACIC
by measuring particle numbers and size distributions of PM in the exhaust. The
soot oxidation occurring in the exhaust is dependent on the oxidative properties
of the particles, which can vary based on the fuel and combustion process. The
OACIC offers the possibility to sample soot particles in the flame and exhaust,
and thereby analyzing the nanosized soot structure in a transmission electron mi-
croscope. Sampling soot in the exhaust stream has already been tested, however,
techniques for sampling in-flame soot particles require further development. In ad-
dition, procedures for measuring PM in the exhaust need to be further developed,
where problems related to skip-firing and contamination must be solved.

A CFD model of the motored cycle in the OACIC should be developed in order to
perform simulations of the flow field and heat transfer in the combustion chamber.
A working CFD model of the internal flow can also be used to design new throat
designs, where a flow field with little gas motion or high swirl can be achieved.
In addition, this also provides input to the thermodynamic model of the OACIC,
which can improve estimation of the compressed air temperature and density.

If further research on CI spray combustion is pursued, involvement in the Engine
Combustion Network (ECN) should be strived for. In order to contribute to the
ECN research, the standard nozzles must fit the OACIC, where for instance spray
A has an axially drilled nozzle hole, requiring a different installation of the injector
onto the OACIC. A possible solution could be to fit the injector from the top of the
engine head, enabling a centered spray, injecting vertically into the combustion
chamber. This would require a modified design of the engine head.

For investigating biofuels and soot production more in detail, a combination of
experiments and kinetic simulations should be performed. A preliminary kinetic
study on the fuels tested in Article II, using the detailed hydrocarbon mechanism
of CRECK [147] was performed. The approach was similar to the kinetic study
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performed in Article IV. A correlation between the experimental results and the
numerical simulation results was achieved, and further work on developing this
model is encouraged, providing insight to the chemical mechanisms behind soot
production for complex fuels. These simulations are not computationally costly,
which enable the use of detailed mechanisms, where pathways for soot forma-
tion and oxidation can be identified for both the real fuel and the surrogate fuel.
This methodology could result in a tool for constructing surrogate fuels, where
the change of kinetic pathways to soot formation after simplification of the fuel
composition can be identified.
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A. Appendix

A.1 Non-ideal camera characteristics

See Appendix in Article III for details on the framework for dealing with non-
ideal camera characteristics. The following section explains how to apply the
framework to the flame luminosity correction techniques explained in Article 1.

For the calculation of K L, the transmittance I; /I needs to be calculated from

L L — 1y

t tfn tfn—1
St Tt el (A1)
IO I(,],n - I(/),nfl

In order to generalize Equation A.1, I}, , is replaced with I}, which is the esti-
mated/measured distribution of I} .. I’ can be estimated directly from I{, , , and

I}t 11 by calculating the mean image (see Article I)

Ly =5 (g1 + Lpng) - (A2)

| =

However, when applying the optical flow algorithm, care should be taken since
the measured raw quantities Ié Fn—1 and Ié Fntl contain the background noise dis-
tribution of the camera. If the optical flow is applied directly to the raw images
both the flame luminosity distribution and the background noise distribution are
transformed, making the estimated flame luminosity erroneous. Therefore, the
raw flame luminosity images must be corrected such that no background noise dis-
tribution is present, i.e. first finding I, 1 and Iy ,1, by accounting for image
lag!. The flame luminosity images can be calculated from

'In the following calculation, the assumption that 8 = « is made.
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Ijnt1 = Lippiq — (BGs — alyy), (A3)
where
Ig _—
fmn tf,n+1
Iy, = —"—"" A4
t,n 1 + 20 ( )

By doing the same for If,,_1, optical flow can be applied in order to obtain the
estimate flame luminosity during frame n.

Iy, = optical flow(Ifpn—1, Ifni1) (A.5)

In order to apply I ,, it must be converted back to raw format:

I}’n =1Itn+ (BGs —alyy) (A.6)

For the two camera technique, the same must be performed, where all flame im-
ages measured by the camera exposed to the backlight must be corrected before
applying the transformation algorithm. As seen from the equations, the value of «
is needed in order to apply the optical flow algorithm or the two-camera setup.
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A.2 LED driver

The LED driver uses two capacitors of 2200 uF each and a MOSFET for switching
the signal going to the LED. The driver is powered by a 10-36 V (supply voltage),
which powers the capacitors, and 5-8 V (gate voltage) to power the MOSFET. The
10-36 V supply determines the power going to the LED. The trigger voltage is a 5
V signal, which switches the MOSFET on/off, consequently determining the duty
cycle of the LED. During DBIEI measurements, this signal was 1-2 us long and
was synchronized with half the frame speed of the high speed camera (50 kfps).
The LED driver was powered by 36 V for the supply voltage and 8 V for the gate
voltage.

Figure A.1: LED driver circuit board.

Table A.1: Components used in the LED driver circuit.

Label Component Part name

C1/C2 Capacitor EPCOS Capacitor 2200 uF

T1 MOSFET Infineon IRFB3206PBF N-channel MOSFET

Ul MOSEFET driver Texas Instr. UCC37322P, MOSFET Power Driver
R1 Resistor Vishay LTO50 10m{2

D1 Diode Fairchild UF4004 Diode

D2 LED Luminus Devices SST-90-R-F11-HH100
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Figure A.2: LED driver circuit diagram. C1 and C2 are the capacitors, D1 is the diode,
D2 is the LED, Ul is the MOSFET driver, T1 is the MOSFET, J1 is a voltmeter.

A3 OACIC



PARTS LIST

ITEM PART NUMBER
1 Head

Injectort
3 InjectorStuds
4 InjectorPlate
5 Throatinsert
6 ValveGuides
?
8

ValveSeats
RockerArmClamp

9 WindowGasketGraphite
10 Window50mm

" WindowGasketCopperimm
12 WindowRet ainer
Manifold
ManifoldGasket
InletClamp

Figure A.3: Assembly drawing of the OACIC.

Figure A.4: The OACIC with the optical setup.
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Figure A.5: The throat insert used in the OACIC was improved in order to minimize
spray-wall interaction. The CR changed from 16.36 to 15.93 when using the improved
design. Left: improved design, right: old design.
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ABSTRACT: This study investigates in-flame sooting characteristics of biodiesel surrogates in compression-ignited spray
flames. The aim of the study is to produce reliable experimental data on in-flame soot for validation of kinetic mechanisms and
soot models. A rapeseed oil biodiesel [rapeseed oil methyl ester (RME)] was compared to neat methyl oleate (MO) and methyl
decanoate (MD). In addition, neat n-heptane was chosen as a baseline fuel and the effect of blending n-heptane and MD on
soot production was investigated. The study was performed in a single-cylinder research engine with optical access to a single
spray for varying ambient gas temperatures (825—990 K). The in-flame soot was measured by a high-speed diffuse back-
illuminated extinction imaging system, and the flame lift-off length (FLOL) and the corresponding estimated equivalence ratio
at FLOL was measured from high-speed OH* chemiluminescence imaging. Results show that RME has the highest tendency to
soot, closely followed by MO, independent of the FLOL equivalence ratio. Having almost identical fuel properties, this is likely
due to the higher degree of unsaturation in RME compared to MO. When comparing MD to n-heptane, a much lower in-flame
soot production rate is observed despite the fact that MD has a higher number of carbon—carbon bonds, concluding that the
high fuel oxygen ratio in MD is effectively reducing in-flame soot production. Generally, for FLOL equivalence ratio leaner than
~2, no in-flame soot was produced for all ambient gas temperatures. The in-flame soot production rate also showed a clear
ambient gas temperature dependence for constant FLOL equivalence ratios, where the soot production rate increased with

increased gas temperatures.

1. INTRODUCTION

The compression ignition (CI) engine is highly relevant for
research because of the higher fuel efficiency compared to the
spark ignition engine. In the coming years, a low emission
engine will be required to meet stringent regulations set by
authorities. This requires a full understanding of the
phenomena occurring in the combustion chamber. In
particular, the production of soot in combusting fuel sprays
is not fully understood.' An increased understanding of the in-
flame soot phenomena will help engine and fuel designers
predict emissions of particulate matter (PM) and heat transfer
due to radiation from in-flame heated soot particles.
Oxygenated fuels such as biodiesel are important to study
due to the increased use of diesel fuel at present. The
European fuel standard EN590 allows diesel fuel to contain up
to 7 wt % of biodiesel in commercial diesel, and countries like
China, India, and Brazil intend to accelerate investments in
biofuel production in the coming decade.” The addition of an
oxygenated fuel has a large impact on the combustion process,
affecting the production of soot in the flame and the resulting
tail pipe PM substantially. Since soot production is largely a
function of chemistry, a detailed mechanism of the gas-phase
fuel oxidation, a numerical representation of the physical
processes and a soot model are needed. Soot predictions in
compression-ignited sprays based on computational fluid
dynamics (CFD) simulations are currently showing discrep-
ancies and are not well understood.®> The development of
existing soot models is still highly dependent on experiments,
emphasizing the need for reliable in-flame soot measurements.
Biodiesel does not have a clearly defined molecular
composition, varying based on the feedstock. Feedstock
include oils from rapeseed, soybean, palm, and sunflower.
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Through transesterification of the oil and an alcohol, a mixture
of various alkyl esters is produced, which constitutes the
biodiesel fuel. The most common biodiesel consists of methyl
esters produced from methanol and vegetable oils. Besides a
maximum allowed content of linolenic methyl esters (12 wt %)
and polyunsaturated methyl esters (1 wt %), the current
regulation only limits the resulting physical and chemical
parameters such as cetane number, boiling point, viscosity, etc.,
allowing the composition to vary greatly (European standard
EN14214).

This variation imposes challenges to the definition of
biodiesel and the fuel surrogates used in modeling. To reduce
the calculation time of simulations, a fuel surrogate which
satisfies target properties of the real fuel is chosen. The target
properties of the surrogates can be C/H/O ratio, heating value,
sooting tendencies, cetane number, etc. This has previously
been achieved by using a single- or multicomponent surrogate
that meets the target properties.

Existing surrogate fuel components for biodiesel consist of
methyl esters of different carbon chain lengths and with
varying saturation, and normal alkanes. Fisher et al. developed
a detailed mechanism for methyl butanoate and methyl
formate. Although having a methyl ester group, methyl
butanoate has a short carbon chain length of four, which was
shown not to reproduce the kinetic features of the long-chain
methyl esters found in biodiesel (16—18 carbon atoms).” To
improve the combustion characteristics, a mechanism for
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methyl decanoate (MD) was developed.® Computed results
using the MD mechanism were validated with MD in a
research engine, and rapeseed oil methyl esters (RMEs) in a
jet-stirred reactor (JSR). Unlike methyl butanoate, MD was
able to capture the early formation of carbon dioxide, which
differentiates biodiesel fuels from diesel fuels. Further work
included adding unsaturated molecules to the surrogate fuel
blend.” Since most of the methyl esters in biodiesel are
unsaturated, adding unsaturated compounds to the MD
mechanism, ie., methyl-S-decenoate (MDS) and methyl-9-
decenoate (MD9), could improve the combustion and sooting
characteristics. MD9 was chosen because the double bond is
located in the same position as the one in methyl oleate (MO)
and as the first double bond in methyl linoleate and methyl
linolenate. MDS was chosen to highlight the effect of position
of the double bond in the carbon chain. Simulations of the
oxidation of the ternary surrogate blend of n-heptane (HP),
MD, and MD9 were compared to experiments of RME under
diesel-like conditions in a jet-stired reactor (JSR)® and
showed good global agreement. In 2011, Westbrook et al.
presented a detailed mechanism for longer methyl esters.” The
mechanism includes the five major components of biodiesel:
methyl stearate, methyl oleate, methyl linoleate, methyl
linolenate, and methyl palmitate, being able to mimic a real
biodiesel with different compositions.

MD has previously been studied optically in optical engines
and combustion vessels at numerous occasions.'’™'* This is
mainly because it has proven to be a fitting surrogate fuel for
biodiesel, as well as because it produces small amounts of in-
flame soot due to a high oxygen content, making it suitable for
certain measurement techniques that require low in-flame soot.
The interest in oxygenated fuels is mainly driven by the
reduced in-flame soot and possibly reduced PM. Using
oxygenated fuels has been shown to facilitate the concept of
leaner lifted-flame combustion,'*'> where the aim is to
produce nonsooting, mixing-controlled flames in CI engines
to eliminate PM engine-out emissions.

An investigation of MD and diesel fuel combustion in an
optical direct injection (DI) engine was conducted by Cheng
et al.'"' MD was shown to produce very small amounts of in-
flame soot compared to diesel fuel, although having similar
flame lift-off lengths (FLOLs) during mixing-controlled
combustion. The calculated equivalence ratio at flame lift-off
location was significantly lower for MD compared to diesel,
which likely explains the low level of in-flame soot.

Several oxygenated fuels and blends were tested in a
constant-volume vessel by Manin et al.,'” where the FLOL and
in-flame soot were measured. They concluded that the total in-
flame soot mass produced is inversely proportional to the
oxygen content of the fuel. In addition, the comparison
between a tripropylene glycol monomethyl ether (TPGME)—
alkane blend and neat ND, both having similar oxygen
contents (measured by fuel oxygen ratio), showed that the
location of the oxygen atoms in the molecule is important for
the in-flame soot, where the TPGME—alkane blend yielded the
lowest in-flame soot level. Also, for a given ignition delay time
(IDT), FLOL tended to increase with addition of oxygen to
the fuel, which also supports the statement of IDT and FLOL
not being one-to-one correlated.'®

To investigate the effect of molecular structure on soot
processes in spray combustion, numerical simulations for
several oxygenated fuels and blends (including MD) were
performed by Park et al.'” Soot precursors (acetylene) in the
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spray combustion were shown to decrease with increased fuel
oxygen ratio and decreased number of carbon—carbon bonds
in the molecule. The soot formation for fuel blends with
similar fuel oxygen ratio and number of C—C bonds was
mainly governed by the IDT and the FLOL. This study also
highlighted that in-flame soot production is highly dependent
on the molecular structure, as well as the fuel—air mixing.

A comparison between a long and a short carbon chain
biodiesel was conducted in a small bore engine by Zhang et
al."® They concluded that an increase in carbon chain length
leads to reduced IDTs for the long-chain biodiesel, increasing
the mixing-controlled burn phase duration. The long-chain
biodiesel produces more soot due to less premixing and a
lower fuel oxygen content.

The authors did not find any previous studies conducting
optical measurement of in-flame soot for longer-chain neat
methyl esters such as MO. In this study, the combustion of a
commercial RME, neat MO, neat MD, neat n-heptane, and a
50% molar blend of MD and n-heptane has been investigated
for varying ambient gas temperature conditions. MO is chosen
because of the large content of it in RME, making the data
valuable for future validation of CFD and kinetic simulations of
RME. Also, by comparing MO to RME, the observed
difference will be attributed to the remaining components in
RME. MD (neat or blended with an alkane) is chosen because
it is a widely used surrogate fuel for biodiesel. The aim is to
compare combustion and in-flame soot characteristics of a real
biodiesel to possible surrogate fuels under enginelike
conditions and to examine the effect of fuel-bound oxygen
and degree of unsaturation on these characteristics.

2. METHODS

2.1. Optical Accessible Compression Ignited Chamber
(OACIC). The experiments were performed in the Optical Accessible
Compression Ignited Chamber (OACIC) at the Department of
Energy and Process Engineering at the Norwegian University of
Science and Technology (NTNU). The OACIC is a modified four-
stroke engine (Lister 12 CS) where the head has been redesigned for
optical access. The combustion chamber located in the head is
connected to the engine’s swept volume via an interchangeable throat
(Figure 1). A second-generation Bosch solenoid common rail injector
is installed in the chamber, fitted with a single-hole nozzle having an
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Figure 1. Cross section of the OACIC.
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angle of 62° with respect to the nozzle axis. The intake and exhaust
valves are taken from the original engine and are installed in the head.
The OACIC is only lubricated with light lubricants, to avoid any PM
emissions associated with engine oil. A summary of engine
dimensions and details are given in Table 1.

Table 1. Engine Specifications of the OACIC

engine type four-stroke, single-cylinder, indirect DI engine
bore/stroke 130 mm/140 mm

displaced volume 1.85 L

compression ratio (CR) 159

injector Bosch CR second generation
injector nozzle single hole,
DSLA124P1659
62° w.r.t. central axis
hole diameter 0.12 mm
injection pressure 1000 bar
injection duration 4.48 ms

injection timing 2.7° before top dead center (TDC)

The combustion chamber is cylindrical in shape with a diameter of
50 mm and a height of 40 mm, sealed with two fused-silica windows
(63 mm in diameter and 25 mm thick) and copper gaskets. The
windows allow a line-of-sight view of the chamber and are retained by
two threaded rings.

The piston and crank are driven by an alternating current motor
operated at 500 rpm. The position of the crank shaft is measured by a
magnetic shaft encoder, with 3200 readings per revolution, resulting
in 0.1125 crank angle degrees cycle resolution (37.5 us time
resolution for SO0 rpm). A dynamic pressure sensor (Kistler
6052C) synchronized with the shaft encoder records motored and
combustion pressures in the chamber.

2.1.1. Fuel System. The injection pressure is driven by an air-
driven pump. The injections are controlled by an injection driver
(National Instruments Drivven) through LabVIEW and only triggered
when the injection pressure is within +10 bar during a cycle, resulting
in a standard deviation of 2% of the target pressure. The total volume
of the fuel system is kept to a minimum to minimize waste of fuel. A
minimum volume of ~200 mL fuel for a complete fuel measurement
was required. The injector is water-cooled by a cooling jacket fitted
around the injector body.

2.1.2. Intake Air and Exhaust System. The intake air system
consists of a large air box with an orifice plate for measuring the
volume flow rate of the intake air. The intake air is then compressed
by a roots compressor coupled to a settling tank to dampen pressure
oscillations before the OACIC. A 2 kW electric flow heater is installed
near the intake manifold, heating the air up to a maximum of ~150
°C. The inlet air temperature is measured by a K-type thermocouple,
and the inlet air pressure is measured by a high-speed absolute
pressure sensor (Kistler 6011) located close to the inlet manifold. The
temperatures of the exhaust gases are also measured by a K-type
thermocouple.

2.1.3. Thermal Conditions. The thermal conditions of the OACIC
have been assessed by measuring the temperature during motoring
under several conditions. The cylinder is constantly kept at 90 °C by
heaters, while the head is neither externally cooled nor heated. A K-
type thermocouple is installed in the head located 21 mm from the
combustion chamber wall, giving an indication of the head
temperature. Additionally, a measurement performed using a stripped
injector installed with a thermocouple in the center axis allowed for
measurement of the nozzle tip temperature during motoring. The
injector tip temperature reached ~160 °C during stable operation of
the OACIC. During ordinary operation of the OACIC for optical
measurements, skip-fire mode was enabled with a minimum of 10
motored cycles before each combustion cycle, ensuring that the
thermal conditions are more stable during the operating period. This
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also ensures that no postcombustion gases from the previous
combustion cycles are present in the chamber during measurement.

2.1.4. Thermodynamic Analysis. The in-cylinder gas pressure is a
common measurement in engine research and is considered a highly
reliable measurement. However, the in-cylinder gas temperature is a
much harder quantity to measure. In this study, an estimation of the
in-cylinder ambient gas temperature was made, involving a
combination of in-cylinder pressure measurements and a thermody-
namic model available in the commercial software LOGEresearch by
LOGE AB.

A zero-dimensional analysis of the thermodynamic conditions in
the chamber has been made using a first-law approach. The inputs to
the calculation were absolute inlet air pressure, inlet air temperature,
engine dimensions, wall temperature, and in-cylinder gas pressure.
The in-cylinder gas temperature is iteratively calculated based on the
energy conservation equation and ideal gas law, and the heat transfer
is modeled by the Woschni correlation.”” The model also takes into
account the temperature dependence of the gas properties.

Several motored pressures with varying inlet conditions were
acquired and compared to the modeled pressure. Since the modeled
pressure did not include blowby, the modeled pressure yielded a
higher in-cylinder pressure. Mass loss due to blowby was accounted
for by decreasing the compression ratio in the model such that the
measurements matched the modeled pressure. This obviously did not
give the correct total mass in the chamber but yielded a good
estimation of the in-cylinder temperature and density. Consistency of
the blowby for the entire range of conditions in the OACIC was
checked by repeating this for all measured conditions in the OACIC,
resulting the same reduced compression ratio for all conditions. The
reduced compression ratio was found to be 12.6 (geometrical CR =
15.9).

Four thermodynamic conditions were chosen in this study. The
ambient gas density was kept constant at ~16.6 kg/m* for all
conditions, while the ambient gas temperature was varied. The
conditions are given in Table 2.

Table 2. Calculated Average Thermodynamic Conditions of
the Ambient Gas in the OACIC“

condition 1 2 3 4
proc (kg/m?) 16.7 16.7 16.6 16.6
Prpc (bar) 39.7 42.1 44.4 46.7
Trpe (K) 825 877 928 978
Tonax (K) 837 890 941 990
Topan (K) 12 13 13 12

“prpe Prpe, and Trppe are density, pressure, and temperature of the
ambient gas, respectively, at top dead center (TDC) during motoring
of the OACIC. T, and Tg,, are the maximum ambient gas
temperature and the temperature span during the fuel injection period
(with combustion), respectively. Temperature span is defined as the
difference between the maximum and minimum ambient gas
temperature during the injection period. The table is based on
combustion of all fuels.

The temperature distribution near TDC in the chamber is
heterogeneous, mainly due to cooling of the gas near the chamber
walls. Since the fuel spray is directed toward the center of the
chamber, the center gas temperature, which is less affected by the wall
cooling, is a more relevant measure to consider as the entrained gas
temperature between start of injection (SOI) and start of combustion.

During combustion in the chamber, the pressure increases above
the motored pressure due to local heat release in the spray
combustion, expanding the combusting gases. The expansion causes
the air in the chamber to compress, increasing the ambient gas
temperature. The increase in temperature due the combustion was
estimated from the in-cylinder combustion pressure. Adiabatic
compression of the nonreacting air was assumed and the temperature
increase was calculated based on the numerical integration of
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ot __RT_dp
dt ¢ (T)-P dt (1)

with air being the compressed medium, R the specific gas constant,
and c, the temperature-dependent specific heat capacity for constant
pressure. The initial temperature used in the calculation is taken from
the motored ambient gas temperature mentioned above at the start of
combustion. Results of the average ambient gas temperature during
combustion for all conditions and fuels are shown in Figure 2. The
ambient gas temperature variation over the period of injection is
relatively stable, varying by ~12 K for all conditions.

i I Eor
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Figure 2. Estimated average ambient gas temperature in the chamber
during motored and combustion cycles for all fuels and conditions.
Maximum temperatures (T,,,) during the injection period, start of
injection (SOI), and end of injection (EOI) are indicated.

2.2. Fuels. The dominating component in the current RME fuel is
the unsaturated ester MO (see Table 3) with 61.8 wt %, followed by

Table 3. Molecular Composition of the Rapeseed Oil
Methyl Ester (RME)

component wt %
methyl oleate (C18:1) 61.8
methyl linoleate (C18:2) 18.4
methyl linolenate (C18:3) 7.3
methyl palmitate (C16:0) 4.4
methyl stearate (C18:0) 1.6
other 6.5

methyl linoleate with 18.4 wt %. Important physical and chemical
properties are listed in Table 4 for all fuels. MD had a purity of >99%
and the MO 96%.

As RME contains a large portion of MO, their properties should be
similar, which is confirmed in Table 4. The second and third largest
components in RME are methyl linoleate and methyl linolenate,
where the degree of unsaturation of these molecules are 3 and 4,
respectively. This is the reason for RME having a 10% higher degree
of unsaturation compared to MO. An increase in level of unsaturation
of neat methyl esters is known to decrease the cetane number, the
kinematic viscosity, heat of combustion, and melting point.”® In
addition, the C/H/O ratios of RME and MO are very similar,
resulting in a similar fuel oxygen ratio (€). The calculated fuel
oxygen ratio € is defined as the ratio between the oxygen present in
the fuel and the amount of oxygen needed to convert all carbon and
hydrogen in the fuel molecule into carbon dioxide and water”'

Q= __ "
2nc + 0.5my (2)

where ng, n¢, and ny are the number of oxygen, carbon, and hydrogen
atoms in the fuel molecule, respectively. MD is a shorter-chain methyl
ester compared to RME and MO, resulting in some properties being
completely different. The main difference is the much higher fuel
oxygen ratio of 6.06, compared to ~3.60 of the long-chain methyl
esters. Moreover, the combined effect of a lower degree of
unsaturation, oxygen content, and number of C—C bonds results in
MD having a much lower expected tendency to produce soot
compared to the longer-chain methyl esters.'””*> The main similarities
between MD and RME/MO are the density and the lower heating
value, resulting in similar total energy injected when using the same
injection strategy.

The choice of including neat n-heptane to this study is mainly
motivated by having a baseline fuel, which is thoroughly investigated
previously and which is commonly used as a component in biodiesel
surrogates. The 50% molar blend of n-heptane and methyl decanoate
(HP—MD) will highlight the effects on soot production when
changing some key properties such as fuel oxygen ratio, number of
C—C bonds, and degree of unsaturation.

2.3. Diffuse Back-llluminated Extinction Imaging (DBIEI) of
Soot. For measuring in-flame soot, diffuse back-illuminated extinction
imaging (DBIEI) was used. DBIEI is a nonintrusive two-dimensional
line-of-sight measurement, where the principle of light extinction is
applied, which occurs when light is either absorbed or scattered by
soot particles present in the light path. The optical depth of the soot
particle cloud can be calculated from the Beer—Lambert law,> where
the transmittance 7, being the ratio between the incident light
intensity I and the transmitted light intensity I, can be related to the
optical depth KL as

Table 4. Physical and Chemical Properties of Rapeseed Oil Methyl Ester (RME), Methyl Decanoate (MD), Methyl Oleate
(MO), n-Heptane, and a 50% Molar Blend of n-Heptane and Methyl Decanoate (HP—MD)

unit RME
lower heating value M]/kg 37.82¢
carbon wt % 77.1
hydrogen wt % 12.1
oxygen wt % 10.9
fuel oxygen ratio Q/ mol % 3.62
density at 15 °C g/mL 0.8833
viscosity at 40 °C mm?/s 4.4347
cetane number §7.1¢
derived cetane number (DCN)
normal boiling point °C 350.2°
degree of unsaturation mol ™ 221
number of C—C bonds #/mol 16.9

MD MO n-heptane HP-MD
36.7 40.V 44.6°
70.9 77.0 83.9 75.5
11.9 122 16.1 134
172 10.8 0.0 112
6.06 3.57 0.00 3.01
0.8728 0.8704 0.6880¢
1.72¢ 4.51° 0.34'
47.9 57" 56
516 59.3" 53!
225" 350" 98.52"
1 2 0 0.5
9 17 6 7.5

“Measured. “Ref 23. “Ref 24. “Ref 25. “Ref 26./Ref 27. SRef 28. "Ref 29. ‘Ref 30. /Ref 21. Ref 31. 'Ref 32.
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Figure 3. Optical setup. Components from right to left: 628 nm LED with focusing lenses, collimating lens (focal length 100 mm, diameter 100
mm), engineered diffuser (divergence angle 15°, diameter 100 mm); long-pass dichroic mirror (cuton wavelength, 480 nm) and 50/50 visible light

beam splitter.

_ L ( / )_ —KL
T=—=exp|— [ k(x)dx|=¢e
e L() 3)
where k(x) is the local dimensional extinction coefficient, x is the
spatial position along the light path, K is the path-averaged
dimensional extinction coefficient, L is the path length through the
soot particle cloud, and the product KL is the observed optical depth
of the soot particle cloud in a line-of-sight light extinction
measurement.

The measured optical depth KL can be related to the soot volume
fraction® f, by

_ K

h=5 ()
where k. is the nondimensional extinction coefficient and can be
described as k, = 67E(m)(1 + ay,). E(m) is the imaginary part of the
refractive index function (m being the complex refractive index of the
soot particles), while aj, is the scattering-to-absorption ratio in the
measurement (calculated from Rayleigh—Debye—Gans for fractal
aggregate theory). a, is known to be nonconstant mainly dependent
on the size of the particles, but often assumed as close to zero for
spray combustion. Values of E(m) and a,, recommended by engine
combustion network (ECN)* for the incident light source wave-
length of 628 nm are chosen for the quasi-steady period of the high-
pressure spray combustion for all fuels tested, k, = 7.2. The assigned
uncertainty of k, is +20%. The quasi-steady period for the current
study will be defined later.

2.4. Optical Setup. A detailed description of the DBIEI setup
used in the current study is thoroughly described by Bjorgen et al,®®
and is similar to setups used by Pastor et al®’ and Skeen and
Yasutomi.**

As shown in Figure 3, a high-power light-emitting diode (LED)
with wavelength of 628 nm [full width at half-maximum (FWHM) =
15 nm] was used as the back-illumination light source for the DBIEL
The light from the LED is directed on to an engineered diffuser
(spreading angle of 15°) and further directed through the chamber
volume. The angular distribution from the diffuser is measured to
have a uniform intensity distribution across over the specified 15°.
The setup is designed according to the recommended criteria
described by Westlye et al.*” for complete abatement of beam steering
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effects, due to large density gradients normally present in high-
pressure spray combustion.

The LED is pulsed by an in-house built driver, enabling short and
high-power light pulses. The light pulses are synchronized with every
second exposure of the main high-speed camera, enabling an
alternating measurement of the transmitted intensity distribution I
(LED light and flame luminosity superimposed) and the flame
luminosity intensity distribution I; (flame luminosity only). A second
high-speed camera with equal optics, measuring the same field of view
as the main camera through a 50/50 visible light beam splitter, is
synchronized with the main camera. However, the second camera is
given a small time shift such that it does not overlap with the light
pulses. This ensures that the second camera is measuring I; shortly
before the I; measurement. The information obtained from the
second camera is then used to correct for the flame luminosity effects
on the main camera, giving the true transmitted intensity distribution
L=1I;— I

Both high-speed cameras used were Photron FASTCAM SAS,
fitted with Nikkor S0 mm f/1.2 objective lenses and SO0D close-up
lenses. The spectral filters used were centered at 634 nm (FWHM 70
nm), and neutral density filters were used for adjusting the light
intensity such that the measurement was close to the saturation limit
of the cameras, maximizing the dynamic range of the measurement.
All measurements were recorded at 100 kfps, with 1 s exposure time
and a resolution of 320 X 192, where the pixel scale was 0.16 mm/
pixel.

2.5. OH* Chemiluminescence Imaging. In addition to
measuring in-flame soot distribution, instantaneous natural luminosity
of the flame in the UV wavelength range was measured
simultaneously. This spectral interval is known to be dominated by
chemiluminescence from short-lived exited-state OH (OH*),
indicative of high temperature and stoichiometric combustion
conditions in the flame.” A high-speed measurement of the OH*
distribution gives a measure of when and where high-temperature
combustion starts, and the instantaneous FLOL. The latter is as
previously mentioned closely related to in-flame soot formation.*'

The OH* distribution was measured using a Lambert Instruments
gated intensifier (I1125) fitted on to a Photron FASTCAM SA-X2. A
UV 100 mm /2.8 CERCO 2178 lens from Sodern fitted with a
spectral filter centered at 307 nm (FWHM 10 nm) was used. The
measurement was synchronized to half the speed of the DBIEI
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cameras, ie, SO kfps, to match the light extinction measurement
frame rate. The gating time of the intensifier was set to S us and
centered to the DBIEI main camera exposure position. The resolution
of the camera was 256 X 256, with a pixel scale of 0.215 mm/px. The
same field of view as the DBIEI setup was captured by using a
dichroic mirror, reflecting light with shorter wavelength than 480 nm
and transmitting longer wavelengths to the DBIEI measurement
setup.

2.6. Analysis of OH* Chemiluminescence. The FLOL was
defined as the distance along the central axis between the nozzle
orifice and the location, where the OH* chemiluminescence reached
50% of a predefined threshold value. The characteristic OH* intensity
value was defined as where the OH* signal leveled off after the initial
steep increase, denoted as the OH* signal shoulder value in Figure 4.

1000

500

OH* intensity [pixel cnts]

20 30
Distance from nozzle [mm]

40

Figure 4. OH* intensity plotted along the central axis together with
the definition of FLOL.

The pixel intensities during the quasi-steady period did not saturate.
Since the OH* signal slope at the location of the FLOL is relatively
large, the determination of the shoulder value did not affect the FLOL
greatly.

2.6.1. Steady FLOL. Having measured the instantaneous OH*
distribution for 10 injections over three runs, an average of 30
injections could be used to determine the FLOL for all conditions and
fuels. Also, by identifying the period where the flame is fully
developed, also known as the quasi-steady period, i.e., during the
mixing-controlled combustion phase, after the premixed combustion
phase, and before end of injection, a total of 2730 images per fuel and
condition were used for the ensemble-averaged OH* image.

2.6.2. Equivalence Ratio at Flame Lift-Off Location. The FLOL
indicates the amount air that has been entrained in the fuel spray prior
to combustion. A shorter FLOL indicates less entrained air and vice
versa. To assess the sooting characteristics between the fuels and
conditions, the equivalence ratio at the flame lift-off location is
needed. A model for a nonreacting spray was used for assessment of
the equivalence ratio at flame lift-off location.””** The model is
assumed to be valid for the current measurements since no
combustion occurs upstream of the flame lift-off location. The
cross-sectional average equivalence ratio at flame lift-off location is
given by

2(A/F),
V14 16(H/x™)? -1 (s)

where H is the FLOL, (A/F), is the stoichiometric air—fuel ratio by
mass, and «" is the characteristic length scale

Xt = 3 \/E'd

B ;1 tan(6/2)-a

$(H) =

(6)

where p; is the density of the fuel, p, is the ambient gas density, C, is
the area contraction coefficient, d is the nozzle diameter, a is a
constant equal to 0.75,"* and 6/2 is the half-spreading angle of the
spray. A value of 0.85 was chosen as the C, based on measurements of
various nozzles in ref 43. The nozzle diameter was d = 0.12 mm. The
primary effect on the spreading angle is shown to be the ambient gas/
fuel density ratio™ (p,/p;). The calculation of GH(H) was not
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performed with intention of evaluating the absolute value, but rather
to investigate trends.

As the ambient gas density in this study is kept constant at 16.6 kg/
m?, only the fuel density is changing between the tests. Since the fuel
densities for RME, MD, and MO are relatively similar, the spreading
angles for the sprays under all conditions tested are expected to be
similar. This means that $(H) is mainly sensitive to changes in (A/
F)q and H. The spreading angle is therefore calculated using an
empirical relation only considering ambient gas/fuel density ratio
from ref 43. Note that heptane and the MD—heptane blend have
much lower fuel density than the neat methyl esters, making the
comparison between these more uncertain.

2.7. Analysis of In-Flame Soot. 2.7.1. Total Soot Mass. The in-
flame soot measured by the DBIEI can be evaluated in several ways.
The line-of-sight measurement of KL provides a measure of the total
soot mass within the collection cone of a pixel on the camera sensor.
Based on eq 4 and assuming that the angle of the collection cone in
the DBIEI setup is small, the total mass of soot present in the
collection cone of the objective lens is given by

}wKL_

oot = Poct
.

AA

m, px

@)

where py, is the density of soot and AA,, is the projected pixel area
in the focal plane. In this calculation, the uncertainty from k. (as
discussed earlier) and p,,, must be combined. Values for p,,,, found
in the literature range from 1.12 to 1.8 g/cm®.*>*® The chosen value
of soot density in this study was 1.8 g/cm® since this is most
commonly reported for in-flame diesel combustion. Due to restriction
from the combustion chamber geometry, the entire flame is not
measured by the DBIEI during the quasi-steady period. Hence, the
total soot mass is only captured during the premixed combustion
stage, where the entire flame is measured. By applying this method to
the premixed burn phase, the temporal development of the soot mass
can be evaluated. The soot mass production rate is calculated as the
temporal differential of the total soot mass development during the
premixed burn phase.

2.7.2. Soot Gradient. The soot gradient is defined as the soot mass
per unit length along the spray axis, as illustrated in Figure 5. This is
calculated from the cross-sectionally integrated KL distribution.

As seen in Figure S, the liquid core overlaps with the soot-
producing region of the spray, making this region ambiguous. To
eliminate the liquid core from the integrated KL, the liquid core is
estimated by fitting a Gaussian profile to the upstream part of the
spray, where no soot is expected to form. The downstream part of the
liquid core is then estimated based on the upstream line fit. This

Integrating KL

Liquid core estimated

Integrated KL

Integrated KL minus liquid core

L Soot mass gradient

Soot mass

Axial distance from nozzle

Figure S. Illustration of how the soot gradient is calculated. Top: KL
distribution; middle: cross-sectionally integrated KL values along the
spray axis, estimated liquid core contribution is displayed in red;
bottom: the resulting soot mass distribution after subtracting the
liquid core from the integrated KL.
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procedure was verified by applying the same algorithm to a liquid core
prior to the formation of soot, resulting in a good prediction of the
downstream part of the liquid core. The KL distribution from the
liquid core was then subtracted from the integrated KL, resulting in
the integrated KL caused only by the presence of soot. By applying eq
7 to the integrated KL, the soot mass distribution along the spray axis
was calculated. The soot gradient was calculated as the slope of a
linear fit to the soot mass distribution along the spray axis in yg/cm.

The soot gradient gives a direct measure of the soot production
tendency in the quasi-steady spray flame. Most of the soot is produced
in the central core of the flame where there is a constant competition
between soot formation and soot oxidation processes. After the flame
lift-off location, soot formation processes dominate over soot
oxidation, resulting in an increase of the soot concentration when
moving downstream. At a certain point, soot oxidation overtakes soot
formation, and the peak soot level is reached. Further downstream,
oxidation is dominant and the soot level decays. The soot gradient
observed between soot lift-off length position and peak soot position
gives a measure of the imbalance between soot oxidation and soot
formation.

2.8. Temporal Analysis of Soot and FLOL. To investigate the
instantaneous effect of FLOL on in-flame soot, the FLOL was also
determined temporally. This was achieved by plotting the OH*
chemiluminescence along the central spray axis temporally (see Figure
6). The x axis is time after start of injection (ASOI), while y axis is the

—_ W b
o S S S

W
S S

gradient

Distance from nozzle [mm]
o .
(=] [=]

o

Time ASOI [ms]

Figure 6. Temporal representation of cross-sectionally integrated KL
and OH* along the spray axis. The line plots on the right-hand side
represent the values along the “tilted” white lines. Values along the
white line represent the trajectory of a gas parcel traveling in the
spray. Lighter color means higher values of OH* and integrated KL.

distance from the nozzle hole along the central spray axis, giving a
temporal overview of the FLOL behavior. This type of plot is also
known as an I-x—t plot, displaying an intensity distribution in the
axial position/time plane. An interesting feature that can be observed
in the plots is the tilted streaks, which displays the convection of
turbulent structures along the central axis. Assuming that the
turbulent structures follow the spray bulk motion, this provides an
estimation of the spray velocity. This information will be used in the
interpretation of the interaction between soot production and
equivalence ratio at flame lift-off location.

Similar to the temporal development of the OH¥, a temporal
representation of soot is given. However, instead of taking the values
along the spray central axis, the cross-sectionally integrated KL values
are calculated. In this way, the total soot mass in each pixel-wide slice
volume of the spray is plotted along the y axis of Figure 6, resulting in
the temporal development of the axial distribution of soot mass in the
reacting spray.

Due to the highly transient behavior of the FLOL, the amount of
air mixed in with the spray prior to FLOL varies accordingly. This
transient behavior translates into a fluctuating in-flame soot
production, where a gas parcel traveling from the flame lift-off
location with a certain equivalence ratio will have a soot production
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accordingly as it moves downstream. To relate the instantaneous
equivalence ratio at FLOL to the corresponding soot production,
values along a tilted line in Figure 6 are extracted. The line is tilted
according to the estimated spray velocity, as mentioned previously.
This results in extracting information from a gas parcel traveling along
the spray axis. The calculated soot gradient and the FLOL are based
on the average of 10 consecutive trajectories (tilted lines). This
method was found to give more correlating results with regard to the
relation between ¢p(H) and the soot production. By comparing the
temporal soot gradient to the corresponding equivalence ratio at the
FLOL, the interaction between air entrainment and soot production
for all of the fuels and conditions can be assessed, eliminating the
uncertainty resulting from having an unsteady FLOL.

3. RESULTS AND DISCUSSION

3.1. Combustion Characteristics. In this section,
combustion characteristics are presented. This includes the
calculated apparent heat release rate (aHRR) and IDTs.

The aHRR was calculated from the in-cylinder combustion
pressure based on a first-law approach described by Hey-
wood,"” and is shown in Figure 7 (top row). The bottom row
of Figure 7 shows the sum of all pixel values captured by the
OH* chemiluminescence high-speed measurement, where the
OH*-based IDT is defined as the time between start of
injection and the first observed OH* signal.

The aHRR curves of all fuels have similar characteristics.
When considering each condition separately, ignition starts at
similar timings and a premixed burn phase is evident for all
fuels. The magnitude of the premixed burn phase is correlated
with the IDTs; for a longer IDT, a larger heat release rate is
observed. This is due to having a longer period for fuel and air
to mix prior to ignition, leading to a larger portion of the
injected fuel to burn as a premixed flame. After the premixed
burn phase, the mixing-controlled burn phase occurs. This
phase is unaffected by the IDT and seen to be very similar in
magnitude and shape for all fuels and conditions. This phase
will from here on be referred to as the quasi-steady period.

The IDTs are expected to follow the cetane number rating
of the fuels. In general, longer chain lengths and a lower degree
of unsaturation result in higher cetane numbers.”® As seen in
Table 4, two cetane numbers are given: cetane number and
derived cetane number (DCN). The trends of the two are
slightly different. When considering the cetane number, RME,
MO, and heptane have similar values of ~57, while MD has
the lowest value of ~48. This suggests that RME, MO, and
heptane should have the shortest IDTs. As seen in Figure 8,
this is not the case in the current study, where RME and MO
have similar IDTs, and MD and heptane have longer IDTs.

When considering the DCNs of the fuels, the results are
more correlated, MD and heptane have DCNs of 51.6 and 3,
respectively, while RME and MO have ~59. The reason for the
DCN' s being more correlated to the current results is likely due
to the different operating conditions used when determining
the DCN with the IQT and the cetane number with the CFR
engine. With the device IQT, a single ambient gas condition is
chosen, while the CFR engine uses a range. Because of the
poorer low-temperature ignition properties of MD,'’ a lower
cetane number is measured compared to heptane. The DCN is
therefore more representative of the conditions used in the
current study.

3.2. Flame Lift-Off Length. The FLOLs for all fuels and
conditions were determined from the OH* chemilumines-
cence images. A sample size of 30 combustion cycles was used
to get a representative mean. Figure 9 shows the mean
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Figure 7. Apparent heat release rate (top row) and the total OH* chemiluminescence intensity for all fuels and conditions tested (bottom row).
The occurrence of first OH* chemiluminescence signal is indicated by a cross. The HRR and OH* intensities shown are ensemble-averaged, and
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Figure 8. OH*-based IDTs determined from the first occurrence of
the ensemble-averaged OH* signal.

temporal behavior of the FLOL plotted together with a +1
standard deviation band to indicate the uncertainty. The FLOL
has a tendency of starting with larger values, especially for the
lower ambient temperature conditions, and stabilizing at a
shorter distance later in the cycle. A possible contributor to
this could be colder ambient gas temperatures before
combustion. As combustion occurs, the ambient gases are
further compressed by the combustion pressure rise, increasing

the temperature. This is also likely to be the cause of the
unstable lift-off length seen in the chamber since the
combustion process is a highly stochastic event. This effect is
much stronger in a small-volume combustion chamber such as
the current one while less evident in a typical constant-volume
combustion chamber, where the chamber volume is much
larger. The FLOL stabilizes between 3 and 4 ms ASOI, which
is also used as the quasi-steady period of the combustion
period. Toward the end of the period, the FLOL was observed
to increase slightly. This might be due to the ambient gas
temperature decrease in the expansion stroke (see Figure 2).
For MD during the coldest condition, the FLOL did not
stabilize before ~1.5 ms ASOL

The average values of the FLOL during the quasi-steady
period for all conditions and fuels are shown in Figure 10. All
fuels show a monotonically decreasing trend with increasing
ambient gas temperatures. RME has the shortest FLOL for all
conditions, followed by MO. The short-chain molecule group
of HP, MD, and HP—MD has quite similar FLOLs for all
conditions, except the coldest one, where MD has a longer
average FLOL. The FLOL has in some cases been shown to
correlate closely with the cetane number,"® although this is not
always true, especially for oxygenated fuels,"’ where the fuel-
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Figure 9. Ensemble-averaged temporal development of the flame lift-off length, including the +1 standard deviation.
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Figure 10. Average FLOLs during the quasi-steady period.

bound oxygen can affect the laminar flame speed and the
location of the stoichiometric mixture fraction contour. When
comparing the FLOL with the measured OH*-based IDTs, a
clear correlation can be made (see Figure 11). For shorter

22
20 —e—RME
—4—NMD
— —— MO
g B wp
= ——— HP-MD
o 16
o}
24
12
10
0.4 0.6 0.8 1 1.2 1.4

IDT OH* [ms]

Figure 11. Comparison between OH*-based IDT and FLOL.

IDTs, shorter FLOLs are observed and vice versa. However,
MD can be seen to deviate from the correlation for the coldest
condition, where the FLOL is longer than what the trend
would suggest.

3.3. Sooting Characteristics. 3.3.1. Ensemble-Averaged
KL. Ensemble-averaged KL images for all fuels and conditions

tested are shown in Figure 12. The individual steady images
are constructed from a total of 2730 images taken during the
quasi-steady period.

As seen in Figure 12, all turbulent structures in the spray are
averaged out, displaying only the mean behavior. The liquid
core of the spray can be seen, where the trend of the liquid
length closely follows the inverse of the volatility of the fuels,
i.e, RME > MO > MD > HP—MD > HP. Downstream of the
liquid core, soot is observed. The amount of soot produced in
the spray increases when moving downstream. As mentioned
previously, the peak soot level is located outside the
measurement domain and therefore not captured in these
measurements.

Looking at each fuel individually, the liquid length can be
seen to decrease as ambient gas temperature increases. This is
due to the hotter ambient gas vaporizing the liquid droplets
faster. It is also clear that soot production in the spray flame
increases as the ambient gas temperature increases. This is a
consequence of the equivalence ratio at flame lift-off location,
which was presented in the previous section. A higher ambient
gas temperature results in a shorter FLOL, and consequently
less air is entrained into the spray upstream of the FLOL. As
the fuel-rich mixture has enough residence time, ignition starts
and products are formed. A richer mixture prior to ignition
leads to production of more soot precursors downstream of
FLOL, such as polycyclic aromatic hydrocarbons, benzene, and
acetylene.49 From the gaseous soot precursors, soot nuclei are
formed and surface growth and agglomeration occur, resulting
in a large enough concentration of soot particles to be captured
by the measurement technique.

Soot production in a turbulent nonpremixed flame is mainly
governed by air entrainment upstream of FLOL and fuel
effects. To investigate the fuel effects on soot production,
Figure 13 shows the soot gradient from the steady KL
measurement plotted against the equivalence ratio at FLOL
(¢(H)). In this plot, one can compare the soot production in
the flame for constant equivalence ratios at FLOL, and fuel
effects can be singled out. The results show that MD has the
lowest soot production, while the longer-chain esters have the
highest. Heptane has a slightly lower soot production than the
long-chain esters. For all equivalence ratios estimated, the
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Figure 12. Ensemble-averaged KL plots, where the KL scale ranges from 0 to 1.4. The white line indicates the FLOL. The red contour indicates the
location of the 50% OH* shoulder value. The soot gradient in ﬂg/ cm is indicated in the bottom left corner, the equivalence ratio at FLOL is
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Figure 13. Equivalence ratio at FLOL plotted against soot gradient
from the ensemble-averaged data.

ordering of soot production is RME > MO > HP > HP—MD >
MD. Fuel effects on soot production will be discussed later in
this section.

3.3.2. Temporal Distribution of OH* Chemiluminescence
and KL. The temporal development of the OH* chemilumi-
nescence and KL during the premixed burn phase for the
hottest condition are discussed. Figure 14 shows the
temporally ensemble-averaged measurement for the time
interval 0.08—0.48 ms after start of OH* ignition. Each
image is an average of 30 measurements.

In Figure 14, ignition starts for all fuels close to the nozzle
tip. For RME and MO, the ignition starts closer to the nozzle

than for the other fuels, which is likely due to the later ignition
of the short-chain fuels, resulting in the igniting part of the
fuel—air mixture to move further downstream for the short-
chain fuels compared to the long-chain fuels. The initial
ignition kernel close to the nozzle tip observed here is different
from that observed in constant-volume vessels,"® where
ignition starts at or downstream of the stabilized flame lift-
off location. The observed upstream ignition kernel is likely
caused by injector specifics. The spray penetration velocity is
observed to be slower in the beginning and increasing later on.
This results in some fuel being present closer to the nozzle,
igniting upstream of the stabilized FLOL. This will of course
affect the premixed phase and must be taken into account
when compared to simulations. For the long-chain fuels, the
initial flame propagates from the near-nozzle ignition kernel to
the tip of the spray, while for the short-chain fuels, a new
ignition kernel is formed in the downstream part of the spray
around 0.6—0.7 ms ASOI, where fuel and air have had time to
form a premixed mixture. The two ignition kernels are later
joined together, resulting in having similar characteristics to
the long-chain fuels. This is also observed in the aHRR in
Figure 7, where the short-chain fuels have higher heat release
rate during the premixed burn phase than the long-chain fuels.

RME and MO have very similar temporal OH* character-
istics, which is expected since RME consists of 61.8 wt % MO.
MD and heptane also have relatively similar temporal OH*
characteristics, which is more surprising, given that the
molecular structures of the two fuels are very different.
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Figure 14. Ensemble-averaged plots showing the temporal development of OH* chemiluminescence during the premixed burn phase for the
highest ambient gas temperature condition. The red line indicates the contour of the KL measurement. The indicated time on the left is time ASOI

and the time on the right is time after start of ignition by OH*.
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However, the DCN of the two are similar, suggesting that the
ignition properties should be similar.

Figure 15 shows the temporal development of KL for the
time interval 0.4—0.6 ms after start of OH* ignition. Figure 16

0.7
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Figure 16. Time between OH®-based ignition and maximum
production rate of soot. The time of inception of soot is indicated
as white circles, and the numbers at the bottom indicate the
condition. No soot was detected for MD at condition 1.

shows the time after OH* ignition at which maximum soot
production rate occurs together with the time of inception of
soot. As seen in Figure 16, soot starts to form around 0.3 and
0.4 ms after start of OH* ignition for the hottest condition,
meaning that Figure 15 shows the approximate start of soot
production in the first row and the time of maximum soot mass
rate in the last row. A general characteristic of the temporal
development of soot production in the flame is that the highest
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soot production rate is found in the head of the spray. For the
long-chain fuels, soot is first formed close to the end of the
liquid core. For the short-chain fuels, soot is first formed
further downstream. This due to the longer IDT of the short-
chain fuel, where the spray flame has had time to develop
before soot starts to form. Fuel volatility also has an impact on
the initial premixing and the IDT, where the short-chain fuels,
having higher volatility, evaporate faster, resulting in short-
ening of the IDT.

For increasing ambient gas temperatures in Figure 16, the
time of soot inception is advanced, while the time of maximum
soot production is held relatively stable, especially for the three
hottest conditions. This indicates that an increase in ambient
gas temperature decreases the time for the first detectable soot
particles to form. The time between OH* ignition and
maximum soot rate occurrence is relatively unaffected by the
temperature increase. The maximum soot production rate for
all fuels and conditions are shown in Figure 17. The data for
conditions 3 and 4 are most representative of the total soot
produced because of the early ignition resulting in the initial
soot being produced within the measurement domain. The
maximum soot production rate increases for higher ambient
gas temperatures and has the same ordering as the soot
gradient during quasi-steady period, i.e, RME > MO > HP >
HP-MD > MD.

3.3.3. Instantaneous Soot Production and Local Equiv-
alence Ratio. An analysis of the instantaneous ¢(H) and the
instantaneous soot gradient was performed based on their
temporal development and is shown in Figure 18. In these
plots, the instantaneous equivalence ratio at FLOL and the
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corresponding soot gradient are plotted temporally over the
combustion period. This approach minimizes the effects of an
unstable FLOL on the soot production since temporal effects
are captured. Each point in Figure 18 represents an
instantaneous measurement during an injection event, not
considering the early and late phases of the combustion period,
approximately between 1 and 4 ms ASOL The plots on top
and to the right of each figure indicate the number density of
the points along their respective axes, showing each condition
separately. From this, the spread in the results of measured
@(H) and soot gradient is observed. The ¢(H) and the soot
gradient have a relatively large spread, indicating that the
combustion is highly stochastic. However, the ¢(H) and the
soot gradient correlate quite well, even within a single
condition, where a low equivalence ratio at FLOL leads to a
lower soot gradient and vice versa.

For equivalence ratio values below approximately 2, no soot
is expected to be formed, as concluded by Pickett and
Siebers,'® which can be observed in the current measurements.
All fuels start forming soot between approximately ¢(H) = 2
and 2.5. As seen in eq 5, the fuel-bound oxygen is taken into
account when calculating ¢(H), making Figure 18 mostly
dependent on fuel molecular and ambient gas temperature
differences.

An interesting observation can be seen when investigating
the scatter plot for an individual fuel. If the soot gradient was
independent of the ambient gas temperature increase between
the conditions, the condition-wise trend lines of the points
would be expected to overlap each other as the equivalence
ratio increased. However, when calculating a least-squares
linear fit for each condition, the lines for each condition do not
line up. This means that for the same equivalence ratio, the
soot gradient increases for increasing ambient gas temper-
atures, indicating that there is a clear effect of temperature on
soot production for all fuels. This was also observed in refs 41
and S0.

3.3.4. Discussion on Fuel Effects on Soot Production. The
difference in soot production between RME and MO is
interesting since these two fuels are very similar in
composition. In Table 4, the main difference between RME
and MO is the degree of unsaturation. RME has a 10% higher
degree of unsaturation compared to MO. The degree of
unsaturation in esters has been shown in several studies to
increase the sooting tendency of a nonpremixed flame.*>*"*>
The higher degree of unsaturation in the RME can then likely
explain the higher soot production seen in these measure-
ments.

When comparing the properties of MD and heptane, many
differences can be pointed out. MD has a higher number of C—
C bonds and a higher degree of unsaturation, which both
promotes the production of soot precursors. In addition, MD
has an ester moiety and a high content of oxygen in the
molecule, which previously has shown to reduce soot
production compared to similar-chain-length alkanes.” Since
a lower soot production is observed in the measurements, it is
evident that the presence of the ester functional group and the
fuel-bound oxygen in MD are the dominating effects in the
reduction of soot production.

The 50% molar blend of heptane and MD (HP—MD)
resulted in a soot production that was in between heptane and
MD. This is expected since the properties determining the soot
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production are based on molecular properties; the 50% molar
blend yields the mean of the important properties listed above.

Temperature effects on the soot gradient in Figure 13 must
be taken into account when comparing the fuels. For instance,
when considering soot gradients for all fuels at ¢(H) = 4.5, the
ambient gas temperatures for each fuel at this equivalence ratio
are different since the points for each fuel in the plot represent
different conditions. At ¢(H) = 4.5, MD is close to condition
3, heptane is close to condition 2, and RME/MO are close to
condition 1. This temperature effect can, however, be
eliminated by plotting the individual conditions separately,
shown in Figure 19 for condition 4. The variation of the

3
30 X 10
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20

Soot gradient [pug/cm]|

Figure 19. Instantaneous ¢(H) and the soot gradient for the hottest
condition; the lines show the least-squares linear fit of the individual

fuels.

equivalence ratio is here only due to the change in FLOL
under the same ambient gas temperature, showing that the
temperature effect on soot production does not change the
soot gradient ordering for a given equivalence ratio.

4. CONCLUSIONS

Detailed measurements of in-flame soot and FLOL of
compression-ignited flames of fuels relevant for biodiesel
combustion have been conducted. The main conclusions are
listed below.

o The fuels can be split into two groups: short- and long-
carbon-chain fuels. The long-chain fuels, i.e., RME and
neat MO, were observed to have shorter IDTs compared
to the short-chain fuels (MD and heptane). Con-
sequently, a higher heat release rate during the premixed
combustion phase was observed for the short-chain fuels,
due to more premixing prior to start of ignition.

The FLOL correlated well with the ignition properties of
all fuels, except for methyl decanoate, for the coldest
condition, where the FLOL was found to deviate from
the general trend.

For a constant equivalence ratio at the flame lift-off
location, the order of in-flame soot production was
found to be RME > MO > HP > HP—MD > MD. The
higher sooting tendency of RME compared to MO is
likely due to the higher degree of unsaturation, while the
lower sooting tendency of MD compared to heptane was
mainly attributed to the high fuel oxygen ratio.
Extrapolating the in-flame soot production for equiv-
alence ratios at FLOL leaner than 2—2.5 yielded sootless
combustion for all fuels tested.
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e The instantaneous soot production in the spray and the
corresponding equivalence ratio at FLOL correlated well
within each individual combustion period, supporting
the argument of air entrainment prior to FLOL being a
very important factor for in-flame soot production.
From analyzing the instantaneous soot production
gradient versus instantaneous equivalence ratio at
flame lift-off location over individual injection events, a
clear temperature dependence on the balance between
soot formation and oxidation was observed. Flames
combusting with higher ambient gas temperatures with
the same equivalence ratio at FLOL have higher soot
production, meaning that the soot formation rate
increases more than the soot oxidation rate for elevated
temperatures within the tested temperature range.
During the premixed combustion phase, soot mass
production rate was measured, seeing that the soot mass
rate increases substantially as ambient gas temperature is
increased. This was likely attributed to the higher
equivalence ratio in the fuel—air mixture for the hotter
conditions because of shorter IDTs.

The IDT between RME and MO was found to be very
similar for all conditions, suggesting that the equivalence
ratio in the fuel—air mixture prior to the premixed
combustion phase was very similar. The ~33% higher
maximum soot production rate of RME compared to
MO therefore supports the finding of the RME having a
higher sooting tendency.

The time between start of ignition and onset of soot was
found to decrease as ambient gas temperature increased.
For the three hottest conditions, the time between start
of ignition and occurrence of maximum soot mass rate
was almost constant for all fuels except for MD. This
indicated that the time between onset of soot and
occurrence of maximum soot mass rate increases as
temperature increases.
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Abstract

Quantitative measurements of combustion and in-flame soot in hydrotreated vegetable oil (HVO), biodiesel (rapeseed methyl
ester [RME]) and diesel fuel spray flames are presented in this study. The measurements were performed in a compression ignition
chamber with optical access having engine-like thermodynamic conditions. The simultaneously employed optical techniques were
high-speed diffuse back-illuminated light extinction imaging for measuring the optical depth (KL) of in-flame soot, and OH*
chemiluminescence for imaging high temperature reaction zones. The results show that diesel produces a considerably higher
amount of in-flame soot compared to RME and HVO, which is likely due to the aromatics present in diesel, while RME and HVO
produce similar levels. RME was found to produce slightly less soot, which is likely due to the fuel-bound oxygen, since HVO
and RME have a similar number of carbon-carbon bonds. The soot production during the premixed and mixing-controlled period
were found to have similar trends. The time lag between start of ignition and soot formation was found to be constant for varying
ambient temperatures for individual fuels, where soot was detected earliest after ignition for diesel, followed by HVO and RME,
matching the measured sooting tendencies. The stabilised flame lift-off length of HVO was found to be shorter than that of diesel,

while RME had the shortest of them all.

Keywords: soot; hydrotreated vegetable oil; spray combustion; compression-ignition; flame lift-off length

1. Introduction

Hydrotreated vegetable oil (HVO) has gained popularity over
the past years because of its low carbon footprint while still hav-
ing diesel-like fuel properties. The similarity in fuel properties
makes HVO a so-called drop-in fuel, where no hardware mod-
ifications to a compression ignition (CI) engine are required.
Since HVO is produced from renewable resources, it is often
referred to as renewable diesel or green diesel. In contrast to
its name, the feedstock HVO is produced from is not only lim-
ited to vegetable oil, but can also be made from other biomass
sources such as fish and animal fats. Compared to diesel fuel,
HVO is free from cycloalkanes and aromatics, yielding a lower
sooting tendency. In addition, it consists of a mixture of nor-
mal and isoalkanes, resulting in a high cetane number, making
it well suited for CI engines.

The production process of HVO starts with fatty oils (triglyc-
eride). In the first step, the triglyceride is hydrotreated with hy-
drogen resulting in diglycerides, monoglycerides and acids [1].
The following step converts the intermediates into normal alka-
nes through decarboxylation, decarbonylation and hydrogena-
tion. Some of the normal alkanes also under undergo isomer-
ization and cracking, leading to isomerized and lighter alkanes
in the product. This results in lowering the cetane number and
the viscosity to more diesel-like properties.

HVO meets the European standard EN 15940 for paraffinic
fuels, which also applies to synthetic fuels such as gas-to-liquid
(GTL) and biomass-to-liquid (BTL) fuels (e.g. Fischer-Tropsch
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fuels). The EN 15940 standard is very similar to EN 590, which
includes petroleum diesel and B7 (petroleum diesel containing
maximum 7 vol-% fatty acid methyl ester [FAME]), however,
EN 15940 has a minimum cetane number requirement of 70
versus 51 for EN 590, and a lower fuel density interval, 765-
800 kg/m? versus 820-845 kg/m> for EN 590. Since HVO con-
sists only of hydrocarbons, it is allowed to be blended in to an
EN 590 fuel without labelling of any biocomponent at the re-
tail point, as long as the regulations of EN 15940 are complied
with. EN 590 does not have any requirements to the produc-
tion process or the origin of the fuel, and can therefore contain
HVO, in addition to the maximum allowed FAME content of 7
vol-%. The reason for regulating the FAME content, and not
the HVO content, is due to the chemical composition of FAME
(e.g. containing oxygen) [2].

HVO has shown to be a cleaner fuel when it comes to tail
pipe emissions, reducing particulate matter (PM), NO,, CO and
total hydrocarbon emissions. Murtonen et al. [3] conducted an
extensive study on emissions from five city buses and three en-
gines running on diesel fuel (EN 590), FAME, GTL and HVO.
The conclusion of this work was that PM was reduced by 30-
51% when running on the paraffinic fuels (GTL and HVO) com-
pared to diesel fuel. Similar reductions in PM emission when
fuelling with HVO compared to diesel fuel has been observed
in[4,5,6,7].

Regarding macroscopic spray characteristics, those of HVO
are found to be similar to diesel fuel since physical properties
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like viscosity and distillation curve are similar. Bohl et al. [8]
found that HVO has a slightly larger spray cone angle and a
shorter spray penetration length than diesel fuel, which they
explained was due to the lower density of HVO. The same con-
clusions were drawn by Cheng et al. [9], who also showed that
the air-fuel mixing is similar for the two fuels.

For CI engines, the spray characteristics are of importance
for understanding the tail-pipe emissions. In-flame soot mea-
surements for HVO and diesel fuel were performed in a con-
stant volume vessel by Zhang et al. [10]. The results showed
that HVO and diesel fuel have very similar combustion charac-
teristics, which include the flame lift-off length (FLOL), igni-
tion delay time (IDT) and in-flame soot concentration. The pre-
viously mentioned engine experiments showed that HVO gen-
erally reduces the exhaust PM emissions compared to diesel
fuel. However, the study by Zhang et al. did not show any
reduction in in-flame soot. The in-flame soot is expected to
be lower than that of diesel fuel, which was not shown in this
study.

A detailed spray combustion study of a 50/50% blend by
mass consisting of hydrogenated catalytic biodiesel (HCB)'
and diesel fuel (not containing biodiesel) was performed by
Xuan et al. [11]. The measurements were limited by the win-
dow size of the optical combustion chamber used, which re-
sulted in not capturing the entire flame. The total soot mass was
therefore affected by the FLOL, where the diesel/HCB blend
had the shortest. This resulted in the measured soot area, i.e. the
number of pixels containing soot in the measurement domain,
being larger for diesel/HCB. Having measured that diesel/HCB
had similar total soot mass levels compared to diesel, they con-
cluded that HCB has a lower in-flame soot mass, since the soot
area of diesel/HCB was larger.

Sooting tendencies calculated based on measured smoke
point of diesel fuel, GTL, HVO and biodiesel were reported by
Gomez et al. [12]. The study concluded that the order of soot-
ing tendency was GTL<HVO<biodiesel<diesel, however, the
difference between GTL, HVO and biodiesel was very small.

Finally it is worth noting that Lapuerta et al. [13] measured
key properties relevant for CI combustion for blends of diesel
and HVO. For an unmodified CI engine, they recommended
not to blend HVO with diesel to above 50% by volume, as this
would result in operational restrictions based on the low lubric-
ity, the high cetane number and the poor cold flow properties of
HVO. Also, sooting tendencies of HVO and diesel were mea-
sured, where the sooting tendency was dramatically reduced
with an increased blending fraction of HVO.

As the future use of HVO in an engine will most likely be
a blend of HVO, FAME and diesel, the three components are
investigated in this study, where quantitative data on in-flame
soot and spray combustion characteristics are measured and
reported. Measurements of the three fuels in the same test
rig, with the same measurement techniques, also enable a di-
rect qualitative and quantitative comparison of the three fuels.
The objective of this work is to generate detailed information

Thydrogenated catalytic biodiesel is an alternative name of HVO.

about in-flame soot production of HVO, which will help re-
searchers and industry understanding the underlying phenom-
ena connected to soot characteristics of HVO, in comparison to
diesel and FAME. To the authors’ knowledge, this level of de-
tail has not previously been reported in literature and is needed
for validation of simulations.

2. Experimental Methods

2.1. Fuels

The fuels tested were HVO, diesel fuel (EN 590) and rape-
seed methyl ester (RME) representing FAME. All tested fuels
are commercially available in Norway. Important chemical and
physical properties of all fuels are listed in Table 1. Since the
molecular composition of HVO was not measured in this study,
the composition measured by Zhong et al. [14] was used, as the
fuel is similar to the one tested here. The tested diesel fuel is a
Norwegian pump diesel, complying to EN 590.

There is a large difference between the cetane numbers of
the fuels, where HVO has the highest of 93.2, while diesel
has the lowest of 49.2. As mentioned, the density is the lim-
iting property of HVO compared to diesel for satisfying the
EN 590 standard, and in this case, HVO has a 8% lower den-
sity than diesel. The viscosity of HVO compared to diesel, al-
though not conflicting with the EN 590 standard, is also much
lower. When considering the sooting tendencies of the fu-
els, the aromatic content, the oxygen content, the number of
carbon-carbon bonds and the degree of unsaturation are impor-
tant. Note that HVO has a very low degree of unsaturation;
0.4 mol~! compared to 1-2 mol~! and 2.2 mol~! for diesel and
RME, respectively.

The distillation curve of all fuels were measured according
to ASTM D86, which measures the boiling point of fuels at
atmospheric pressure. The diesel fuel had a distillation curve
linearly varying from 7T}, 10 = 480 K to T 99 = 615 K, having
Tps50 = 556 K. Both RME and HVO had relatively flat distil-
lation curves where T}, 50 = 611 K for RME and T}, 50 = 552
K for HVO, respectively. According to Siebers [15], the lower
volatility components of a fuel, i.e. the higher boiling point
(e.g. Tpo0), control the liquid length, although Canaan et al.
[16] found that the mid-boiling point correlated slightly better.
This suggests that the 799 and 7} 50 are indicators of the fuel’s
liquid penetration length and the evaporation tendencies in the
spray. In addition to volatility, the fuel density also contributes
to the evaporation characteristics of the liquid core, as a lighter
fuel has more air entrainment into the spray [17]. Hence, more
hot air is mixed into the liquid core, increasing the evaporation
rate. From Table 1 it is clear that RME has the highest T} 9o,
closely followed by diesel. HVO has the lowest T}, g9, suggest-
ing that the HVO has the highest evaporation rate of the liquids.
HVO also has the lowest fuel density, which additionally in-
creases the evaporation rate.

2.2. The Optical Accessible Compression Ignition Chamber
(OACIC)

The experiments were performed using the optically accessi-

ble compression ignition chamber (OACIC) at the Department



Table 1: Chemical and physical properties of all fuels.

HVO Diesel RME
Cetane index?® [-] 93.2 49.2 57.1
Lower heating value® [MJ/kg]  44.9 43.4 37.8
Density at 15°C¢ [kg/m?] 779.5 848.7 883.3
Viscosity at 40°CY [mm?/s] 2918 3209 4434
Troo ¢ [K] 5632 6155 6228
Tps0 € [K] 551.6 5562 611.0
Carbon [w%] 85.2 - 77.1f
Hydrogen [w%] 148 - 12.0f
Oxygen [w%] 0 - 10.9°
Fuel oxygen ratio Q¢ [mol%] 0 - 3.61
Degree of unsaturation [mol™'] 0.4 - 2.2
“ASTM D 4737-A " ASTM D240 ¢ENISO 12185
dASTM D445 C©ASTM D86 'EN 14103 £Ref. [18]

of Energy and Process Engineering, Norwegian University of
Science and Technology (NTNU). The OACIC has also been
used for experiments reported in [19] and [20], where details
on the measurement techniques involved are given. Here, only
a brief overview is provided. The OACIC is based on a single
cylinder CI engine, where the engine head has been redesigned
to allow for line-of-sight optical access, 50 mm in diameter,
enabling optical measurements of fuel spray combustion. The
installed injector has a single hole nozzle, eliminating the com-
plexity of spray to spray interaction. This provides detailed
measurements of in-flame soot production under real engine
conditions. The OACIC is driven by an electrical motor run-
ning at a constant speed of 500 rpm, ensuring stable operation
independent of the combustion. The intake air is compressed
by a roots compressor and heated by an electrical heater. The
intake pressure and temperature are controlled according to a
predetermined set point. The most important information about
the OACIC is listed in Table 2.

Table 2: Specifications of the OACIC.

Engine type 4-stroke, single-cylinder,

direct injection engine
Bore/Stroke 130 mm/140 mm
Displaced volume 1.85L

Compression ratio  15.9

Injector Bosch CR second generation
Injector nozzle Single hole,
DSLA124P1659
62° wrt. central axis
Hole diameter 0.12 mm
Injection pressure 1000 bar
Injection duration ~ 4.48 ms

Injection timing 2.7° before TDC

The thermodynamic conditions were chosen such that the
ambient gas density was kept constant at top dead center (TDC),
while the TDC temperature and pressure varied between the
chosen conditions. This was achieved from only varying the

intake pressure and temperature. The thermodynamic condi-
tions were calculated based on a first law model together with
the ideal gas law where heat transfer was estimated. The mass
losses due to blow-by and other leakages were corrected for by
reducing the compression ratio in the model such that the mod-
elled pressure at TDC matched the measured pressure. This
obviously did not yield the correct total air mass in the cham-
ber, but gave a good estimation of the air pressure, temperature
and density. Based on the model, the inlet temperatures and
pressures required for a varying gas temperature at TDC, while
maintaining a constant density of ~16.7 kg/m?® were found. Ta-
ble 3 shows the thermodynamic state of the four conditions used
in this study. A more detailed description on the estimation of
the ambient gas thermodynamic conditions is included in [20].

The flow field inside the chamber near TDC was assessed
from schlieren-like measurements. The measurements showed
that a rotational motion is present, rotating approximately
25°/ms.

2.3. Optical Diagnostics

2.3.1. Diffuse Back-Illuminated Extinction Imaging

For measuring in-flame soot, diffuse back-illuminated extinc-
tion imaging (DBIEI) was used. The technique is based on the
principle of light extinction, where an incident light source is
absorbed or scattered by particles in the optical path. The re-
sulting transmitted light intensity is therefore lower than the in-
cident light intensity, where transmittance is defined as the ra-
tio between transmitted and incident light intensity. The optical
depth KL can be calculated from the Beer-Lambert law [21],

T= i =exp (— fk(x)dx) =exp(—KL) [€))]
Iy L

where 7 is the transmittance, /; is the transmitted light inten-
sity, Iy is the incident light intensity, k(x) is the local dimen-
sional extinction coefficient, x is position along the light path,
L is the total path length through the soot particle cloud and
K is the path averaged dimensional extinction coefficient. In
order to physically relate the measured extinction to the soot
volume fraction, some optical and physical properties of soot
are needed,

AK
fv_k_f

where f, is the soot volume fraction, A is the wavelength
of the light and &, is the dimensionless extinction coefficient.
While K is calculated from the light extinction measurement
(KL) and the path length L, the k, is given as k, = 6xE(m)(1 +
@,), where E(m) is the imaginary part of (m? — 1)/(m* + 1), m
is the complex refractive index of soot and @, is the scattering-
to-absorption ratio for the soot measured. For diesel combus-
tion, ay, is often assumed to be zero. The Engine Combus-
tion Network (ECN) recommends k, = 7.2 for light extinction
measurements of soot in the wavelength of 628 nm [22]. The
recommendation is valid for diesel-like spray combustion dur-
ing the quasi-steady period. The estimated uncertainty of k, is
+20%.
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Figure 1: The OACIC and the optical setup.

Table 3: Thermodynamic conditions used in the OACIC at start of injection (SOI). The values in parentheses

are the corresponding sample standard deviations.

Condition I  Condition 2  Condition 3  Condition 4
Inlet pressure [bar] 1.24 1.35 1.45 1.55
Inlet temperature [K] 327 354 381 408
Pressure at SOI [bar] 39.46 (0.11) 41.82(0.11) 44.12(0.16) 46.47 (0.16)
Temperature at SOI [K]" 819 868 916 966
Density at SOI [kg/m?]*  16.7 16.7 16.7 16.7

* Calculated

Based on Equation 2, the volume of soot can be calculated by
knowing the total measured volume. Since the measurement is
performed using a CMOS sensor, KL is measured by a grid of
pixels, each having a projected pixel area AA,. The projected
pixel area multiplied by the optical path length through the soot
cloud results in the total volume, LAA,,. Multiplying the total
volume with the soot volume fraction, yields the soot volume,
where the soot mass (11,,,,) can be calculated from knowing the
density of s00t (0500r)-

Myoor = Proor e A 3
ke

The density of soot varies within the flame, where nascent
soot is lighter than mature soot. Totton et al. [23] recommended
the density of nascent soot to be 1.12 g/cm?, while Choi et al.
[24] measured the density to be close to 1.8 g/cm?®. This illus-
trates the large uncertainty associated with soot mass density.
The latter value is used in this study since this is most com-

monly reported for in-flame diesel combustion.

2.3.2. Optical Setup

The optical setup for DBIEI is shown in Figure 1, and is de-
scribed in more detail in [25] and [20]. The light source was
a light-emitting diode (LED) centred at 628 nm with a narrow
wavelength distribution of 15 nm full width at half maximum
(FWHM). The LED was pulsed with a duration of approxi-
mately 1.3 us, allowing high power light intensity output. The

light from the LED was collimated by a focusing lens and di-
rected onto a large engineered diffuser (diameter of 100 mm)
with a spreading angle of 15°. Beam steering effects related to
the spatial and angular light intensity distribution from the en-
gineered diffuser are addressed by Bjgrgen et al. [25] for the
current setup, following the guidelines of Westlye et al. [26].

In order to obtain the temporal development of the two-
dimensional distribution of KL in the spray flame, the incident
(Ip) and the transmitted light intensity distribution (/;) was mea-
sured using high-speed cameras. /) was measured with no flame
present, i.e. during a motored cycle prior to the combustion
cycle. During a combustion cycle, the measurement of I, is
strongly influenced by the flame luminosity, /7, as both are col-
lected, hence resulting in the sum of the two, i.e. I,y = I; + I5.
Since it is /; that is of interest, /; must be subtracted from the
recorded data. In this study, this was achieved by measuring
I separately, using a second high-speed camera, measuring the
same field of view via a beam splitter.

In order to only measure /;, with no LED light pulse influ-
ence, a very small delay is added to the exposure of the camera
measuring I;r. In this way, Iy is measured almost simultane-
ously as /¢, resulting in a good estimation of /. To account for
any imperfect alignment of the two cameras, a transformation
of Iy is applied. A detailed description of the technique can be
found in [25].

The measurement of /;; and Iy was performed using two
high-speed cameras (Photron FASTCAM SAS). The optics
for both cameras where identical, using a Nikkor 50 mm f/1.2



equipped with a 500D close-up lens, a narrow bandpass filter
(centred at 630 nm with 10 nm FWHM) and neutral density fil-
ters in order to avoid saturation of the cameras. The cameras
recorded at 100.000 frames per second, with an exposure dura-
tion of 1 us.

2.3.3. Non-Ideal Camera Characteristics

For quantitative measurements using a high speed camera,
special considerations should be taken regarding the back-
ground noise level of the camera. The background noise level
has been shown to deviate from the static level when exposed
to large changes in light intensities between two subsequent
frames, as described by Manin et al. [27]. If the light inten-
sity only changes by a small amount from frame to frame, this
deviation is negligible. However, in the current study, a high
power LED is alternating between on and off for every frame,
i.e. alternating between a dark and bright frame, which almost
extends over the entire dynamic range of the image sensor (12
bit, 0-4095 counts for the current camera), making this effect
important to consider. A framework for dealing with local ef-
fects are provided in Appendix A.

2.3.4. OH* Chemiluminescence Imaging

In order to measure the high release rate zones in the flame,
a narrow bandwidth in the ultraviolet (UV) spectrum of the
flame was imaged (310 nm, FWHM 10 nm). The stoichiomet-
ric parts of the flame burns with a high temperature leading to
the formation of electronically excited hydroxide (OH*), pri-
marily through the reaction CH + O, — CO + OH*. As OH"
returns to the ground state OH, an emission is released, which
is known to be strong around 310 nm. [28, 29]. OH* chemi-
luminescence was measured by a high speed camera (Photron
FASTCAM SA-X2) connected to a gated intensifier (Lambert
Instruments BV, 1125) fitted with a UV 100 mm f/2.8 CERCO
2178 lens from Sodern. The camera was synchronized to half
the speed of the DBIEI camera, i.e. 50.000 fps. The resolution
was 256x256 with a physical pixel scale of 0.215 mm/pixel,
and the gate time was set to 5 us. The OH* chemiluminescence
camera was imaging the same field of view as the DBIEI system
via a dichroic mirror, transmitting wavelengths longer than 480
nm to the DBIEI measurement and reflecting light with shorter
wavelengths to the OH* camera.

The high temperature IDT has been quantified according to
the ECN standard [30]. The IDT was determined from the OH*
chemiluminescence measurements. The cool flame occurring
prior to the high temperature heat release was not included in
the IDT by setting a threshold between the maximum pixel
count and the noise level of the camera. The maximum pixel
count represents the high temperature flame and was found to
be above 2000 counts on the camera. A cool flame was apparent
when the pixel count exceeded ~200 counts on the camera. The
threshold for high temperature IDT was set to 50% of the sta-
bilised high temperature flame pixel count plateau, i.e. ~1000
counts.

The instantaneous FLOL was calculated based on a thresh-
old corresponding to 50% of the knee point in the cross-axially
integrated OH* chemiluminescence measurement, based on a

+2.4 mm region from the central axis. Figure 2 shows a sample
frame from the OH* measurement, where the FLOL for the up-
per and lower half of the flame have been assessed separately.
The FLOL used in the study is calculated as the average be-
tween the upper and lower FLOL. The threshold was deter-
mined by investigating several FLOL images and identifying
the knee point value. Since the cross-axially integrated OH*
chemiluminescence signal raises quickly upstream of FLOL,
the FLOL has a low sensitivity to the choice of the knee point
value.

x10*

Lower FLOL s
Upper FLOL

Sum of pixels

Distance from injector [mm]

Figure 2: Sample image from an instantaneous OH* chemiluminescence mea-
surement showing the FLOL. Top: the cross-axially integrated OH* for upper
and lower half of the flame. Bottom: OH* chemiluminescence image, where
the upper and lower FLOL are indicated.

3. Results

3.1. Combustion Characteristics

3.1.1. Ignition Delay Time

As seen from Figure 3, HVO ignites first, followed by RME
and diesel fuel. This behaviour is consistent with the cetane
number rating of the fuels. RME shows a larger spread of IDT
at the lower ambient gas temperatures than the other two fuels.
The smallest spread in IDT was found for the high tempera-
ture cases for all fuels, indicating that the high gas temperatures
yield a more stable ignition. Generally, the IDT asymptotically
approaches infinity as the gas temperature decreases, resulting
in having a high sensitivity to the gas temperature for lower
gas temperature cases. The temporal development of the OH*
chemiluminescence is shown for the hottest condition for all fu-
els during the start of ignition period in Figure 4. As observed in
Figure 3, ignition occurs in the order of HVO, RME and diesel.

The location of the initial ignition kernel is close to the injec-
tor hole for all fuels. This can be explained by the injection rate
profile, obtained from momentum flux measurements, where
the ramping up time was approximately 0.25 ms after start of
injection (ASOI). During the ramping up time, the injected fuel
has a lower velocity, causing the injected fuel to reside close to
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Figure 3: Ignition delay times based on OH* chemiluminescence for all fuels
and conditions. The vertical bars show the 95% confidence interval of the true
mean, while the horizontal bars show the +1 sample standard deviation.

the nozzle hole, consequently igniting at this location. This was
observed for all fuels and conditions in different degrees.

Other studies show that the initial ignition kernel is always
located at or downstream of the stabilised FLOL location [31].
However, this is limited to a top hat injection rate profile in
a quiescent chamber. Juneja et al. [32] found that the injec-
tion rate profile could influence the FLOL, and simulations of
diesel-like sprays with a top hat and a slowly increasing injec-
tion rate profile were performed. For both of these cases, the
FLOL stabilised after the premixed burn phase. The autoigni-
tion location of the top hat profile injection happened down-
stream of the stabilised FLOL, consistent with other spray com-
bustion studies. For the slowly increasing injection rate case,
the autoignition location occurred upstream of the FLOL, and
stabilised at a distance closer to the nozzle than for the top hat
case. The slowly increasing injection rate profile could be com-
pared to the injection rate profile in the current study, where the
initial injection period had a relatively low velocity.

3.1.2. Flame Lift-Off Length

Figure 5 shows the temporal development of the FLOL for all
fuels and conditions, where the spread of the measured FLOL
is indicated by the bands corresponding to +1 sample standard
deviation. For the lowest temperature case (condition 1), diesel
fuel has a longer FLOL during the early stage, but stabilises
after about 3 ms. For RME and HVO, the FLOL is relatively
stable 1 ms ASOI. As ambient gas temperature rises, the FLOL
shortens as expected. The FLOL of diesel fuel becomes less
variable for elevated temperatures as well. For conditions 3 and
4, i.e. the two hottest conditions, diesel fuel and HVO have
very similar FLOLs, while RME stabilises at a shorter distance
from the injector. From these plots, the quasi-steady period
is determined and indicated in the plots, i.e. between 3-4 ms
ASOL This period has a relatively stable FLOL and can be used
to get representative ensemble-averaged values for the FLOL
for all fuels.
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Figure 4: Temporal development of OH* during the premixed combustion
phase for all fuels during condition 4 (hottest condition). The pixel count scale
is given in brackets, where the upper bound is equal to the maximum pixel value
in the image. The indicated time is time after SOI in milliseconds.

Figure 6 shows the ensemble-averaged values of the FLOL
for all fuels and conditions during the quasi-steady period (3-4
ms ASOI). The bars indicate the 95% confidence interval for
the mean FLOL over the quasi-steady period, meaning that,
based on the number of repetitions made during the measure-
ment campaign (30 repetitions), there is a 95% probability that
the true mean has a value within the error bars. The confidence
interval is only based on random error of the FLOL, where sys-
tematic errors are not taken into account. Note that Figure 5 is
displaying the sample standard deviation, indicating the actual
spread of the FLOL during the measurements conducted. From
Figure 6, RME is observed to have the shortest FLOL, while
HVO and diesel have similar FLOLs. Comparing the FLOL
to the IDTs, a clear difference can be observed. The IDT of
HVO is clearly shorter than that of diesel, with RME in between
diesel and HVO.

A correlation between IDT and FLOL for RME and diesel
was observed, where RME had a shorter FLOL than diesel.
However, the FLOL of HVO was found to be longer than that of
RME, which does not follow the measured IDT trend. Follow-
ing the ignition-based mechanism for FLOL stabilisation pro-
posed by Pickett et al. [31], a shorter IDT is expected to result in
a shorter FLOL. In a previous study [33], a correlation between
the IDTs and the FLOLSs was found for several fuels, however,
some deviations were included. Manin et al. [34] also observed
that the IDTs did not correlate directly to the FLOLs, where
fuel-bound oxygen was hypothesised to be the explanation for
the discrepancy. This indicates that the FLOL is also sensitive
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Figure 5: The ensemble-averaged flame lift-off length over time for all fuels
and conditions, where the bands indicate the +1 sample standard deviation.

to fuel chemical composition and test rig specifics.

Previous studies comparing HVO to diesel fuel show differ-
ent results. For instance, Preuss et al. [35] found that HVO and
diesel had similar FLOLs, where also their IDTs were similar.
In the work of Pachiannan et al. [36], the FLOL of HVO and
diesel fuel were measured for similar conditions as in the cur-
rent study, resulting in HVO having a shorter IDT than diesel,
but similar FLOLs. None of these studies presented a hypothe-
sis on why this was observed.

Payri et al. [37] measured the FLOL of two Fischer-Tropsch
fuels (FT1 and FT2). FT2 had a much lower boiling point at
90%, which resulted in a shorter liquid length compared to FT1.
Comparing the IDT and FLOL of the two fuels, the IDTs were
found to be similar. However, the FLOL of FT2, i.e. the lower
boiling point fuel, was longer. An explanation for this could be
the effect of cooling due to evaporation, where more liquid fuel

evaporates upstream of FLOL for FT2 compared to FT1, conse-
quently resulting in more cooling from evaporation, decreasing
the temperature of the air-fuel mixture surrounding the liquid
core. A lower temperature in the air-fuel mixture lengthens the
stabilised FLOL. The same argument could also explain the un-
expected longer FLOL of HVO compared to RME and diesel
fuel, which will be discussed in the following section.

3 n n n
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Temperature at SOI [K]

Figure 6: Ensemble-averaged flame lift-off length for all fuels and conditions.
The vertical bars correspond to the 95% confidence interval of the true mean
of FLOL, while horizontal error bars correspond to the +1 sample standard
deviation of the ambient gas temperature at SOL

3.1.3. Liquid Evaporation

Continuing the previous hypothesis on why the FLOL of
HVO is longer than expected, an analysis of the liquid evap-
oration for the three fuels is presented here. The ensemble-
averaged liquid phase of the spray and the FLOL during the
quasi-steady state were measured and are presented for all fu-
els and conditions in Figure 7. The images show the KL mea-
surement overlaid by the OH* measurement. The plots on the
right hand side show the KL values along the central axis line.
The liquid core is important since it reflects both evaporation
and atomization properties of the fuel, which influences the air-
fuel mixing taking place in the spray. It is important to note
that the presented liquid penetration lengths overlap with the
FLOLs, which therefore include heat release effects on the lig-
uid lengths observed. The liquid length is not presented as a
stand-alone result, but is used in the current analysis.

Diesel and HVO can be seen to have very similar liquid
lengths, while RME has a longer liquid length. The peak value
of KL associated with the liquid spray (not soot) is lowest for
HVO, followed by diesel and RME. For conditions 1 and 2,
diesel and RME have similar peak values, however, the peak
values are close to the saturation limit of KL, making them
false. The peak value of KL is hard to directly relate to the
liquid volume fraction, because the droplet size distribution is
unknown. However, with a few assumptions, some conclusions
can be drawn.

According to Mie-scattering theory, the optical depth of
a volume containing spherical particles (in this case liquid
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plots.

droplets), is a function of the extinction cross-section?, the lig-
uid volume fraction and the diameter of the droplets [38].

The droplet size in the liquid core can be expected to be larger
than 1 ym, and Pickett et al. [38] computed the KL for droplets
with diameters relevant for diesel sprays for two liquid volume
fractions. The KL is directly proportional to the liquid volume
fraction, but as mentioned varies according to the droplet size.
For droplet diameters increasing above 1 ym, increasing values
of liquid volume fraction result in increased KL. For a con-
stant KL, the liquid volume fraction increases with increasing
diameters.

The peak KL trend is proportional to the fuels’ boiling points
at 90% (Tp90), i.e. HVO (563 K), diesel (615 K), RME (623 K),
where RME has the highest peak KL and the highest 7}99. In
addition, the kinematic viscosity of the fuels has the order HVO
(2.92 mm?/s), diesel (3.21 mm?/s), RME (4.43 mm?/s), where
higher kinematic viscosity generally leads to larger droplet di-
ameters in the liquid core [39]. The combination of observ-
ing higher peak KL values and assuming larger droplet diame-
ters for RME, results in higher liquid volume fractions. As an
additional effect, the lower fuel density of HVO enhances air-
fuel mixing, consequently contributing to increased evaporation
rate, hence contributing to a decrease in the liquid volume frac-
tion of HVO. This means that HVO can be expected to have the
lowest liquid volume fraction, while RME has the highest.

For diesel and HVO, the liquid lengths and FLOLs are sim-
ilar. Based on the former assumptions leading to HVO having
a lower liquid volume fraction, and assuming that the heat re-
lease between them are similar, HVO would be expected to have

2The local dimensional extinction coefficient k(x) is the product of the ex-
tinction cross-section and the number density of droplets

a shorter liquid length than diesel. This suggests that HVO is
evaporating at a lower rate than expected. The following argu-
ment could therefore be that HVO is evaporating under a lower
temperature upstream of FLOL. The lower temperature in the
air-fuel mixture of HVO could be due to the latent heat of va-
porisation, where more fuel is evaporated for HVO compared
to diesel, which reduces the temperature of the air-fuel mixture
more than that of diesel.

The lower temperature in the air-fuel mixture could also ex-
plain why the FLOL of HVO and diesel are similar, where HVO
is expected to have the shortest FLOL. A lower temperature
upstream of the FLOL would decrease the reaction rates and
consequently delay ignition for HVO, and thereby lengthening
the FLOL. The same argument also fits to the observation of
RME having a shorter FLOL than HVO, where less fuel has
evaporated upstream of FLOL for RME, resulting in a higher
temperature in the air-fuel mixture, hence a shorter FLOL. The
ambient gas temperature has been shown to be exponentially
proportional to the FLOL, having an exponent of -3.74 [40].
This illustrates that a difference in evaporation cooling in the
air-fuel mixture upstream of FLOL can play an important role
on the stabilisation of FLOL.

The evaporation cooling effect of the air-fuel mixture up-
stream of FLOL is expected to be more effective when the
FLOL is shorter. For shorter FLOLs, there is less time for hot
ambient air to mix in with fuel vapour in the spray, increasing
the effect of evaporative cooling on FLOL stabilisation. The
FLOLSs observed in this study are considered relatively short.



3.2. Soot Characteristics

3.2.1. Premixed Combustion Period

The delay between the start of the first stage ignition and
soot formation is the time needed for the entrained air to be
consumed by low temperature reactions during the premixed
combustion, consequently increasing the local temperature and
resulting in a richer mixture consisting of fragmented fuel
molecules, making the conditions ideal for soot formation.

Soot starts to form in the premixed phase approximately
0.25-0.35 ms after start of ignition. Figure 8 shows the start of
ignition and start of soot formation ASOI, plotted against each
other for conditions 2, 3 and 4. Condition 1 is not included in
the plot since there was a relatively large spread for the start
of soot formation due to the low ambient gas temperature. The
start of soot formation is defined by the time from SOI to when
soot production rate exceeded 30 pug/ms. A linear fit for each
fuel shows that RME has the longest time between ignition and
start of soot formation of 0.35 ms, HVO has 0.27 ms and diesel
has 0.23 ms. The earlier formation of soot for diesel correlates
with the expected high sooting tendency of diesel fuel, hav-
ing aromatics and cycloalkanes which increase the production
of soot precursors, yielding a higher probability of soot being
formed earlier in the flame.
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Figure 8: IDT from OH* chemiluminescence plotted against start of soot for-
mation (both given as time ASOI), for condition 2, 3 and 4. The black line in-
dicates the one-to-one combination of both quantities, and the dotted lines are
linear fits of each individual fuel. The average time between ignition and start
of soot formation was 0.23 ms (diesel), 0.27 ms (HVO) and 0.35 ms (RME).

Assuming that as the ambient gas temperature increases, the
IDT accordingly decreases, resulting in less time for fuel to
evaporate and mix with the ambient gas. A higher ambient gas
temperature therefore results in reduction of the amount of pre-
mixed combustion, characterised with lower heat release rates.
The shorter IDTs result in less air mixing with the fuel vapour,
resulting in a richer flame, and more soot being produced at a
higher rate during the premixed combustion phase. In Figure 8,
the time between ignition and soot formation does not change
much with varying ambient gas temperatures, as demonstrated
by the slopes of the linear fits, except for HVO, were the soot

formation delay slightly increases with decreasing IDTs. The
stable soot formation time delay for changing ambient gas tem-
peratures suggests that the initial soot formation rate is insensi-
tive to changes in premixed air-fuel ratios. A richer premixed
air-fuel mixture along with higher temperatures should increase
the soot formation rate, reducing the time between ignition and
soot mass production rate reaching 30 pg/ms. A possible ex-
planation for this could be that the air-fuel mixture is only par-
tially premixed, and therefore has local equivalence ratios rang-
ing from very lean to very rich, for all conditions. This results
in always having the optimal condition needed for rapid soot
formation.

During the premixed combustion period, soot is formed
mainly downstream of the liquid length. The total soot mass
in the flame was calculated for each frame measured during the
premixed period. This was done by masking the KL measure-
ment regions not containing soot, such as the liquid core and
the chamber walls. This can be seen in Figure 9 for all fu-
els combusting under condition 4, where each frame shown are
ensemble-averaged over 30 injections. The white line in Figure
9 indicates where the FLOL is located, while the red line indi-
cates the liquid length. The time after start of ignition together
with the instantaneous soot mass production rate are indicated
for each frame.

RME

-49 pg/ms

-

Diesel HVO

F -5 pg/ms

=

‘\ t=0.12 ms [0, 0.51] ‘é k t=0.12 ms [0, 0.

t=0.6 ms [0, 3.08] t=0.6 ms [0, 4.60] t=0.6 ms [0, 2.69]

0 10 20 30 40 0 10 20 30 40 O 10 20 30 40
Distance from injector [mm)]

Figure 9: Ensemble-averaged temporal development of KL for all fuels during
condition 4. The white line represents the FLOL, the red line represents the
end of the liquid core and the red circle represents the valid domain for the KL
measurement. The indicated time is time after ignition, where the selected time
after ignition (0.36 ms) is shown in green.

The instantaneous soot mass production rate was calculated
based on the frame-to-frame change in total sum of KL, includ-
ing the liquid core. For the ensemble-averaged frames, the lig-



uid core remains nearly unchanged from frame to frame since it
has reached stable liquid penetration length, resulting in a neg-
ligible effect on the calculation of the soot mass production rate.
The total soot mass was calculated based on the region limited
to downstream of the liquid length line and the inside the red
circle.

The calculation of the total soot mass and the soot mass pro-
duction rate are limited by two factors. The first limiting factor
occurs when the amount of soot present in the line-of-sight be-
comes large and saturates the DBIEI measurement. The trans-
mitted light is attenuated to a level below the camera’s noise
level, and the calculated quantity KL reaches the saturation
limit. For the current system, this level was measured to be
KL ~ 4.6. For values close to the saturation limit (in soot dense
regions), errors from the flame luminosity estimation combined
with random noise generated by the camera result in a large
impact on the calculated KL. This is observed in Figure 9 for
diesel fuel in the bottom row, where the high sooting region
has a noisy KL plateau for values close to the saturation limit
of 4.6. This was mainly a problem for diesel fuel, limiting the
measurement to 0.36 ms after start of ignition. In order to be
able to compare all fuels at the same time after start of ignition,
the saturation of KL for diesel fuel became a limiting factor.
The second limitation occurred when the flame exited the mea-
surement domain before soot started to form, not including the
entire soot mass cloud in the calculation. This happened earlier
than 0.36 ms after start of ignition for all fuels for condition 1
and 2, resulting in only condition 3 and 4 providing the soot
mass production in that time period. Figure 10 shows the to-
tal soot mass in ug and the corresponding soot mass production
rate in ug/ms, where 0.36 ms after ignition is indicated as cir-
cles.

The values for the total soot mass and soot mass production
rate at 0.36 ms after ignition are plotted against the IDTs for
condition 3 and 4 in Figure 11. The plots show a similar trend
for all fuels. An increase in total soot mass and soot mass pro-
duction rate is observed for all fuels going from condition 3 to
4, i.e. more soot is produced with increasing ambient gas tem-
peratures (except for the total soot mass of HVO). However, the
95% confidence intervals between the conditions for some of
the fuels are overlapping, making the increase in soot between
the conditions not significant. The difference between diesel
and HVO/RME is however very clear, where diesel produces
much more soot for the same IDTs.

3.2.2. Mixing-Controlled Combustion Period

During the mixing-controlled combustion period, the spray
flame approaches a quasi-steady state where the FLOL sta-
bilises, yielding a stable air-fuel mixture prior to ignition. This
results in a spatially stable production of soot in the spray. The
spatial development of in-flame soot production in the axial di-
rection is therefore analogous to a measure of soot production
over time. The spatial development of total soot mass can be
calculated by integrating the two-dimensional KL measurement
along the cross-axial direction, i.e. perpendicular to the spray
axis. Since the KL measurement is a line-of-sight measure-
ment, the total amount of soot in a cross-axial slice is captured.
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Figure 10: Total soot mass (first row) and soot mass production rate (second
row) over time ASOI for condition 3 and 4. The graphs are ensemble-averaged
based on 30 injections each and the bands indicate the +1 sample standard
deviation. The vertical lines indicate start of ignition for all fuels and the circles
indicate the corresponding values 0.36 ms after start of ignition.

The axial development of the soot mass is then obtained for
each captured frame, giving a measure for instantaneous soot
mass production. Figure 12 shows the definition of the soot
gradient, which provides a single quantity of the soot mass pro-
duction rate during the mixing-controlled period. The bottom
image shows a single frame of KL for HVO combusting under
condition 4. The top graph shows the cross-axially integrated
KL (ZKL). The soot gradient is based on the slope of ZKL 20.2
mm downstream of the FLOL, where the soot gradient calcu-
lation is based on Equation 3. The soot gradient is given as
soot mass per length, and is analogous to the soot mass produc-
tion rate during the premixed period defined earlier, since an
axial variation of the soot mass is the result of a temporal vari-
ation. Choosing to use a fixed distance from the FLOL results
in similar residence times for each fuel and condition between
the point of ignition and the chosen point of soot production.

The choice of 20.2 mm downstream of the FLOL was made
due to restrictions from the highest sooting case, i.e. diesel dur-
ing condition 4. As mentioned, the KL saturates for a value
of approximately 4.6, making the higher sooting parts of the
flame invalid. In order to include reasonable values from the
lower sooting cases, the distance should be as long as possible.
The distance of 20.2 mm for diesel at condition 4 was invalid,
since it overlaps with the saturated parts of the flame, however,
it provided reasonable values for all other cases.

Figure 13 shows the axial distribution of the soot mass in
a 0.1 mm wide slice along the central axis. This was calcu-
lated by scaling the soot mass in each pixel-wide slice. The
solid line shows the ensemble-averaged soot mass during the
quasi-steady period, where the bands indicate the 95% confi-
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Figure 11: The upper graph shows the total soot mass produced in ug and the
lower graph shows the soot mass production rate in ug/ms. The values are taken
0.36 ms after start of ignition for condition 3 and 4. The bars show the 95%
confidence interval for the true mean.

dence interval. The circles indicate the soot mass in a 0.1 mm
wide slice 20.2 mm downstream of the FLOL, which was also
the point where the soot gradient was measured. The soot mass
and soot gradient 20.2 mm downstream of FLOL are shown in
Figure 14 as function of FLOL. Note that for diesel at condition
4, the value is invalid due to saturation of KL.

A clear trend is found for all fuels, as the FLOL decreases,
due to increased ambient gas temperature, the soot gradient in-
creases accordingly. The increase in soot gradient is due to a
higher equivalence ratio at FLOL, caused by less time for air
to entrain and mix with fuel vapour in the spray. Figure 14
shows the FLOL plotted against the soot gradient and the soot
mass, where the bands indicate the 95% confidence interval of
the true mean. For a constant FLOL, RME produces the least
soot, closely followed by HVO, and diesel produces the most.

The soot mass production rate and the soot mass gradient
shown in Figure 11 and Figure 14 show very similar trends in
sooting tendencies of the fuels. The same trend was found for
the total soot mass during the premixed phase and the soot mass
during the mixing-controlled phase. The trends are consis-
tent with reported soot measurements found in literature, where
diesel is sooting substantially more than RME and HVO. This is
mainly connected to the aromatic content in diesel fuels. From
these measurements, RME is observed to have a lower soot-
ing tendency than HVO, which can be explained by the fuel-
bound oxygen present in RME. The number of carbon-carbon
bonds is also an important parameter controlling the sooting
tendency, were a higher number of carbon-carbon bonds re-
sults in a higher sooting tendency. However, RME has an aver-
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Figure 12: Bottom image shows KL measured 2.94 ms ASOI for HVO com-
busting under condition 4. The top image shows the cross-axially integrated
KL (XKL), i.e. the sum of KL for each pixel column. The black line is XKL,
the blue line is the corresponding filtered ZK'L. The soot gradient is calculated
based on the slope of £K'L at a point 20.2 mm downstream of the FLOL.

age number of carbon-carbon bonds of 16.9, while HVO has
approximately 16-17, resulting in similar sooting tendencies
based on this.

The soot production during the mixing-controlled period is
possibly affected by other factors than the fuels’ sooting ten-
dencies and the equivalence ratio at FLOL. The soot produc-
tion rate has previously shown to increase for increasing am-
bient gas temperatures under similar air-fuel mixing conditions
[41, 20]. Following individual fuels with increasing ambient
temperatures in Figure 14, the soot production is expected to be
higher than for the case with constant ambient gas temperature
and increasing equivalence ratios.

Another effect that could affect the soot production in the cur-
rent study is the effect of liquid/flame overlap. This results in
liquid droplets being vaporised in the flame, consequently hav-
ing short time to mix with air before ignition occurs. Hence, the
combusting air-fuel mixture becomes richer and has a higher
tendency to produce soot. When comparing RME to HVO and
diesel, the liquid part of RME is observed to overlap more with
the flame. Consequently, more soot could be produced for RME
relative to HVO and diesel due to the larger overlap.

4. Conclusions

The two-dimensional distribution of OH* chemilumines-
cence and the optical depth of soot (KL) have been measured
temporally at high speed (50 kHz) in a CI chamber for HVO,
diesel and RME. From this, detailed quantitative data of in-
flame soot mass are produced, enabling validation of simula-
tions. The thermodynamic conditions used in the chamber were
representative of that in a CI engine.

e The IDT based on OH* chemiluminescence was ordered
as HVO, RME and diesel, where HVO had the shortest
IDT. The IDT trend matched the cetane number rating of
the fuels.
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Figure 13: Soot mass in a 0.1 mm slice as function of distance from injector,

where

the liquid core is included on the right hand side. The FLOLs are indi-

cated as vertical lines. The bands indicate the 95% confidence interval of the
true mean.

The FLOLs during the quasi-steady period was ordered
as RME, HVO and diesel, where RME had the shortest,
and HVO and diesel had similar FLOLs. The FLOL did
not match the IDT trend. A possible reason for the mis-
match could be due to differences in air-fuel mixture tem-
perature upstream of the FLOL, which might be caused
by differences in evaporative cooling between the fuels.
A higher rate of evaporation cools the air-fuel mixture,
consequently lengthening the FLOL. This is expected to
have a stronger effect for shorter FLOLSs, where less time
is available for mixing in hot ambient air.

The time between autoignition and start of soot forma-
tion was found to be stable regardless of the ambient gas
temperature for the individual fuels, even though the per-
centage of fuel vapour mixed in with air in the premixed
portion varied between the conditions. Between the fuels,
diesel had the shortest time delay, followed by HVO and
RME, which follow their respective sooting tendencies.

The soot mass production rate and the total soot mass dur-
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Figure 14: Top: the soot gradient as function of FLOL. Bottom: soot mass in
a 0.1 mm slice as function of FLOL. Soot quantities were measured 20.2 mm
downstream of FLOL. The bands indicate the 95% confidence interval of the
true mean.

ing the premixed phase was measured 0.36 ms after start
of ignition, where RME and HVO produced the lowest
amount of the soot, while diesel had 3-6 times higher soot
mass production rate and total soot mass.

o During the quasi-steady period, i.e. 3-4 ms ASOI, the soot
mass production and the soot mass in a 0.1 mm slice was
measured 20.2 mm downstream of the FLOL. The soot
production versus FLOL trends during the quasi-steady
period was very similar to the soot production versus IDT
trends found during the premixed phase, supporting that
the change in FLOL and IDT results in similar relative
changes in equivalence ratio at FLOL and in the premixed
plume.

e The order of soot mass production during the mixing-
controlled and premixed combustion period, from lowest
to highest, was RME, HVO and diesel. This is consistent
to the sooting tendencies of the fuels. The high sooting
tendency of diesel is attributed to the aromatic content.
Comparing RME and HVO, the lower sooting tendency
of RME can be explained by the oxygen content, since the
number of carbon-carbon bonds between the two fuels are
similar.
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Appendix A. Non-Ideal Camera Characteristics

As the camera is exposed to a sudden change in light inten-
sity from one frame to the next, e.g. from a dark frame to a
bright frame, the measured raw intensity is higher than the ac-
tual exposed intensity. The overcompensation is called image
lag and is due to leftover charge in the complementary metal-
oxide semiconductor (CMOS) sensor, affecting the subsequent
frame.

The effect of the image lag on a frame can be view on as
a change in the background noise level, which is used as the
reference level of the measurement. This means that the static
background noise level can no longer be used as the reference
level, since it changes depending on the frame-to-frame change
in exposed intensity. A dynamic background noise level must
therefore be considered when calculating the quantities needed
for calculation of the optical depth of soot.

In the following section, the raw intensity is referring to the
actual output in counts from a pixel on a CMOS sensor, which
includes the background noise level of the camera, denoted as
primed quantities. The exposed/real/actual intensity is referring
to the intensity resulting solely from the light source, excluding
the background noise level, denoted as non-primed quantities.

Appendix A.l. Image Lag Without Flame

The left hand side of Figure A.15 shows the light intensity
read by a single pixel for three subsequent frames where no
extinction or flame luminosity is present in the optical path (/p).
The three bars show the raw pixel intensity levels denoted as
16_n_1 ) 1(’)’,l and 16,,, +1» Where n is the frame number exposed to the
LED light, referred to as the bright image, while n—1 and n+ 1
are the frame numbers of the dark image before and after the
bright image, respectively. The static background noise level is
indicated by BG's, which is measured by capturing a dark frame

that is followed by several dark frames?.

Iy,
I

on

5 Ly
-F--Ff-- BGs

Backlight with flame

B (A R T

—— > —>
™

Intensity of a single pixel

Lo

Backlight only

Figure A.15: The effect of image lag on a single pixel in three subsequent
frames, which are exposed to an alternating light source. The three bars to
the left are not affected by flame luminosity, while the three bars on the right
are. Primed quantities (e.g. I(’M) are raw intensity values, while non-primed
quantities are real intensity values (e.g. Iy), BGs is the static background level
and ¢ is the image lag.

3Equivalent to “shading correction” on a Photron camera and “black refer-
ence correction” on a Phantom camera
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I(M .1 has a lower value than BGs, which is a direct effect
of the image lag, where the static background can no longer be
used as the reference level. This indicates that a reduction in the
background noise level has occurred, since [ | is not exposed
to light at all. The difference between BGs and Itl),n .1 gives the
change from the static background noise level, i.e. the image
lag £,+1. Measurements show that the current camera responds
to this effect locally, i.e. single pixels are directly affected. A
global effect is also observed, but is relatively small in com-
parison. Therefore, only the local effects are considered and
described here.

As seen on the left hand side of Figure A.15, an image lag
occurs for all images experiencing a frame-to-frame change in
light intensity. For the bright image, the measured raw intensity
consequently consists of Ié’n = BGs + g, + Iy. If the measure-
ment is referred to the static background noise level BGs, the
intensity of the incident light is given as /y+¢,, where the image
lag is included as an error to the measurement.

As mentioned, &, is affected by the difference in light in-
tensity from one frame to the next. The difference in exposed
intensity from the dark frame (/,-;) to the bright frame (/,) is
in this case Al, = Iy — 0, where I, is the actual incident light
intensity. The magnitude of the image lag €, is assumed to be
proportional to the absolute difference in exposed intensity:

&y = Cl|I, = .1 = C|AL|,

where,

C=a>0,
C=8<0,

when A, >0,
when A, <0,

where o and S are constants specific to the camera. The pro-
portionality constant C changes depending on the direction of
change in intensity. If the camera is exposed to a dark image
and a following bright image, the change in intensity is posi-
tive, resulting in positive image lag, i.e. C = @ > 0. The image
lag of the bright image can now be written as &, = alj, since
AlL, > 0.

If the camera is exposed to a bright image and a following
dark image, a similar effect occurs, but in the opposite direction
since Al,+; = 0 — Iy < 0, hence €, = Blp. The image lag of

I('),n +1 18 now given as &,,1 = Sly, where § has a negative value.
Based on this, the value of I, can be calculated from the dif-
ference between the measured raw intensities, i.e. Iy, =15,
and the camera specific constants @ and S:
’ ’
o= oot (A1)
l+a+p

Appendix A.2. Image Lag with Flame

Same methodology can be applied to the case of a sooty
flame being present in the optical path. The right hand side
of Figure A.15 shows the pixel raw intensity value of a bright
frame and a following dark frame, i.e. l/’/,n and Il’f,n 1> Fespec-
tively, where both are affected by flame luminosity. The total



radiation received by the sensor during the bright frame can be
split into two parts, I,y = I, + Iy, i.e. the transmitted backlight
(1) and the flame luminosity (/;), respectively. The total radia-
tion read by the dark frame is only /.

Similar to the former case, the difference in exposed intensity
between the frames will alter the background noise level of each
frame. The difference in exposed intensity between frame n — 1
and frame nis Al, = I;y—1y = I;. Similar for frame n and frame
n+1, Al,.; = Iy — I,y = —1,. This results in having an image
lag of ¢, = @I, and ¢, = BI, for the bright and the dark frame,
respectively. Hence, the corrected reference level for the bright
and dark frame is (BGs + al;) and (BGs + BI;), respectively.
As for the former case of Iy, I; can be determined based on the

difference between the measured raw intensities (/] n T I fn_l)
and the camera specific constants @ and S:
r, —-r,
1f, 1fin=1
= e Ttfnl (A2)
l+a+p

Since it is the optical depth that we are interested in, the ratio
between the transmitted intensity and the incident intensity for
frame n is given by,

L L

tfin—1
Iy I(’)m -1 ’

0,n-1

= (A3)

where all quantities needed are measured raw intensities. An
important assumption made here is that the flame luminosity
have small frame-to-frame changes.

Appendix A.3. Measurement of @ and B

In order to investigate the camera specific coefficients @ and
B, a measurement of I was performed with an alternating light
source. The entire dynamic range of the camera was investi-
gated by placing a shaded gradient in the line of sight, also con-
taining a pattern in order to determine that the image lag was
local. Measurements of the static background noise level BG's,
static bright image (BGs + Iy), dynamic bright image (16,n
BGs + g, + Ip) and dynamic dark image (16,,1 +1 = BGs = &,11)
were performed. The values of @ and 8 based on the ensemble-
averaged images of the mentioned quantities were calculated
from,

&0 BGs

I, — (BGs + In) /
= B=T =
0

_ En+l on+l —
Iy ’ Iy

(A4)
The pixel distribution of @ and g are displayed in Figure
A.16, showing that the two are similar in magnitude, and have
opposite signs, i.e., +0.015. Most importantly, they are not
varying much over the Iy intensity range, supporting the as-
sumption of the image lag being proportional to the exposed in-
tensity difference. This verifies Equation A.3, and can be used
for a DBIEI setup where the backlight is alternating between
camera exposures.
The values of « and S for pixel values below 750 counts re-
sulted in g, having a value below the random noise level of the
camera (¢, = aly < 10 counts), which means that the image
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lag is not observed since it can not be distinguished from the
random noise of the camera. The valid interval for @ and g is
therefore between 750 and 4095 counts for the current camera.
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Figure A.16: Measurement of a and §3, represented in red and blue respectively.
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Abstract

Diesel engines are one of the most efficient engine technologies, yet their usage is often discouraged due to harmful
emissions of nitrogen oxides (NO,) and particulate matter (PM). In this study, glycerol, which is a by-product from
the biodiesel industry, is examined as an oxygenated fuel additive to diesel to advance its combustion applications and
also to examine its ability to suppress harmful pollutants, specifically PM. The combustion investigations conducted in
this study include engine tests of a diesel/glycerol emulsion to observe the potential to reduce PM emissions. Further,
ignition delay times (IDT), flame lift-off lengths (FLOL) and in-flame soot measurements were made inside an optical
engine setup, followed by fundamental chemical kinetic investigations, conducted to understand the chemical role of
glycerol in exhaust emissions and soot formation. The use of the glycerol as a fuel additive did lead to a reduction
in the number of particles emitted above 25 nm but resulted in an extremely large number of particles emitted below
25 nm. Initial analysis of a single sample, using thermogravimetric analysis suggests that the soot emitted from a
diesel/glycerol emulsion contained a higher fraction of volatile organic compounds (VOCs) which may account for
this increase in smaller particles. The IDTs of the emulsion were slightly longer, the FLOL was slightly longer but
the in-flame soot, as characterised by the spatial soot gradient, was reduced at all ambient temperatures. The chemical
kinetic investigation revealed that glycerol addition resulted in a reduction in the concentration of soot precursors,
eventually reducing the engine out PM emissions.
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1. Introduction

Particulate matter (PM) emissions from compression
ignition (CI) engines pose a considerable environmen-
tal and public health problem. While PM emissions
from the latest CI equipped vehicles are controlled using
diesel particulate filters (DPF), there is concern about
increased ultra-fine (below 100 nm) particulate emis-
sions from DPF-equipped vehicles [1]. European pump
diesel, meeting the standard EN590, allows for up to
7% biodiesel (often referred to as B7), in the form of
a fatty acid methyl ester (FAME) which is an oxygen
containing fuel, referred to as an oxygenated fuel. The
use of oxygenated fuels in CI engines has been studied
extensively and shows a general trend of reducing PM
emissions, usually attributed to the oxygen content in
the fuel [2]. This effect has been observed in studies ex-
amining in-flame soot production [3-5] and engine out
emissions [2, 6], though size distribution of the PM in
the exhaust is not commonly reported. There is some
evidence that the use of an oxygenate may reduce PM
mass but lead to a change in the size distribution [7]. If
there is an increase in the smaller sizes of PM, which
are more harmful to human health, the perceived benefit
of PM mass reduction may be negated.

With the increase in the volume of FAME produc-
tion over the last decade, the production of glycerol (a
by-product of FAME production) has also significantly
increased and now exceeds demand [8]. Glycerol has
several industrial uses but its use as a diesel fuel addi-
tive, given its high oxygen content and the advantage of
a short closed product cycle, is being considered. Glyc-
erol has been shown to be usable as a combustion fuel
directly [9] but in its pure form it is immiscible with
diesel and has much higher viscosity. There are studies
examining upgraded, lower viscosity and miscible prod-
ucts of glycerol; glycerol carbonate, solketal and tri-
acetin, to use in fuel blends [10-12]. Another methodol-
ogy is to utilise the glycerol in an emulsion, rather than
a blend. Sighu et al. [13] found that CI engine tests
running on biodiesel/glycerol emulsions increased the
brake specific fuel consumption (BSFC), lowered NO,
and lead to higher CO and unburned hydrocarbon pro-
duction, postulated to be due to lower reactivity of glyc-
erol as a fuel. Eaton et al. [14] conducted tests with
a diesel/glycerol emulsion and observed higher thermal
efficiency with lower NO, and PM in the engine ex-
haust. McNeal et al. [15] conducted tests with pure
glycerol fueling a CI engine and found that a heated air
intake at 90°C was required to promote ignition, due
to glycerol’s high ignition energy. Increased quanti-
ties of CO were also emitted compared with diesel, due

to incomplete combustion, resulting in a lower com-
bustion efficiency. While there are some indications
that diesel/glycerol emulsions may have positive effects,
there is a lack of work examining their combustion in a
CI engine and their emissions, especially the size distri-
bution of the PM and the in-cylinder soot production.
This study aims to explore: the combustion charac-
teristics of diesel/glycerol emulsions using an instru-
mented engine fitted with a gaseous emissions analyzer
and differential mobility spectrometer (DMS); the in-
cylinder soot formation in an optically accessible com-
pression ignition combustion chamber (OACIC); and a
chemical kinetic study using LogeResearch to examine
the effect of glycerol addition on soot precursors. The
work stems from the postulation that glycerol could be
an oxygenated fuel additive which reduces soot, is low
cost, is environmentally benign, and finds a use for the
over-supply of glycerol from biodiesel production.

2. Methods

Diesel/glycerol emulsions were prepared using a sur-
factant mixture of Span 80 and Tween 80 with a
lipophilic-hydrophilic balance of HLB = 6.4, as sug-
gested by Eaton et al. [14]. A 15 w% glycerol emulsion
(G15 hereafter) with a surfactant amount of 1.14 w%
was produced. An EN590 reference diesel was used for
emulsion diesel fuel and also the baseline fuel for com-
parison, DRef hereafter. The cetane number of the fuels
are 60.4 and 52 for DRef and G15 respectively.

The engine used for experimentation is detailed in
[7, 16]. The engine gaseous emissions were measured
with a Horiba Mexa and the particulate was measured
with a Cambustion DMS 500. The engine was operated
at a fixed speed of 1800 rpm and 5 loads, specified by
the brake torque: 20, 50, 80, 110 and 140 Nm. Fuel
injection pressure was maintained at 650 bar with one
single injection. The injection timing for each condition
and fuel was changed so as to maintain a 50% cumula-
tive heat release (CA50) at 1 CAD ATDC.

Details of the OACIC and measuring techniques are
reported in [17]. The OACIC is based on a single
cylinder CI engine, with the head redesigned to provide
50 mm of line-of-sight optical access. The OACIC is
driven by an electrical motor at a constant speed of 500
rpm. The intake air is compressed by a Roots compres-
sor and heated by an electrical heater. Fuel was injected
at 1000 bar, with the start of injection 4 CAD BTDC,
which resulted in ignition occurring around TDC.

The thermodynamic conditions in the OACIC were
chosen such that the ambient gas density at TDC was



constant for all conditions by varying the inlet air tem-
perature and pressure. A first law model was used to
determine the inlet temperature and pressure required to
have a varying TDC gas pressure and temperature, with
a constant density of ~16.7 kg/m®. TDC pressures were
38.6, 41.67, 44.63 (bar), TDC temperatures were 808,
872 and 934 (K) for condition 1, 2 and 3 respectively
(C1, C2 and C3).

In-flame soot is determined using diffuse back-
illuminated extinction imaging (DBIEI). The technique
is defined by the Beer-Lambert law, 7 = 1’—; =
exp (—KL), where 7 is the transmittance, /, is transmit-
ted light intensity, Iy is incident light intensity, L is the
path length through the soot particle cloud and K is the
path averaged dimensional extinction coefficient; KL is
the optical depth. Using optical and physical proper-
ties of soot, the soot volume fraction and the soot mass
can be determined; full details of this calculation are in-
cluded in [17].

The DBIEI optical setup is shown in Fig. 1 and de-
scribed in more detail, along with the techniques used
in [17, 18]. Chemiluminescence from short-lived OH*,
was measured using a gated intensifier coupled with a
high speed camera.

OH* chemiluminescence

camera
Longpass

dichroic mirror!

Diffuser

DBIEI

camera .
Injector f

Collimating lens

Figure 1: Experimental optical arrangement around the OACIC.

A fundamental approach to elucidate diesel engine
combustion, as earlier implemented by Westbrook et al.
[19], utilizing homogeneous constant pressure ignition
calculations was adopted. Homogeneous constant pres-
sure reactor cases were conducted with both fuels to
observe the evolution of soot precursors such as ethene
(C2H4), ethyne (C2H2), propene (C3H6) and propyne
(PC3H4) during the combustion process and the con-
centrations of these species long after the ignition event.
N-heptane was chosen as the diesel surrogate and for
cases with diesel/glycerol emulsions, 15 w% glycerol
was added to the n-heptane. The soot precursor concen-
trations were analyzed for cases with and without glyc-
erol. The approach is intended to simulate the chemi-

cal processes leading to ignition, starting from the point
where the gas phase reactions start, i.e. after the evapo-
ration and mixing of fuel and air, and then observe the
suite of species which promote soot inception. The con-
dition at which the simulations were conducted are rep-
resentative of TDC conditions in the OACIC flame, i.e
40 bar, 770 K, and equivalence ratio of 4. The mech-
anism used for the study is generated by merging the
glycerol mechanism from Hemings et al. [20] with the
n-heptane mechanism from Curran et al. [21].

3. Results and Discussion

3.1. Engine Results
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Figure 2: CO and THC emissions from the instrumented engine for
diesel and G15.

There was found to be no discernible difference in
engine performance when fueled with G15 compared to
DRef. The brake thermal efficiency between the fuels
were almost identical and there was only a small dif-
ference in the NO, emissions at 20 Nm, otherwise the
NO, concentration was very similar between the fuels.
The main difference in engine related measurements be-
tween the fuels was the observed CO, THC (see Fig.
2) and the PM emissions. The G15 increased both CO
and THC, which matches the behaviour that is observed
in previous studies [13, 14]. There was twice as much
CO emission at the lowest load, but the ratio between
CO emitted between the fuels decreased with increas-
ing load. The increase in these emissions associated
with incomplete combustion is attributed to the low re-
activity of glycerol, which has a more profound impact
at the lower load conditions where temperatures during
the combustion were lower.

The PM size distribution, Fig. 3a, includes a very nar-
row, large peak in the diameter range of 5 to 10 nm for
the G15. No such peak was observed with DRef. The
height of the G15 peak increases with engine load. Fur-
ther investigation of the PM was conducted. PM was
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Figure 3: Particle size distribution a) scaled to show peak at small
d,,, b) scaled to show accumulation mode peak with all PM from G15
small peak removed.

sampled onto glass fibre filters at the same location in
the exhaust as the DMS was sampled with the engine
operating at 50 Nm load. For each fuel only one sam-
ple was collected. The DRef soot collected on the filter
was the usual black colour associated with soot, where
as the G15 sample was a mixture of black and brown.
This was an early, visual indication that the G15 PM
contained a fraction that was not the usual soot. Both
samples were subjected to a thermogravimetric analy-
sis.

The samples were initially heated under an inert at-
mosphere (devolatilisation), followed by a cool-down
phase, then heated in an oxidant atmosphere (oxida-
tion). Full details of the procedure are in the work of
Emberson et al. [16].During devolatilisation the G15
sample mass decreased faster than the DRef sample,
leading to a difference in mass loss during the station-
ary phase at 550°C. This is indicative of a higher VOC
content in the G15 sample. With the oxidant atmo-
sphere, the G15 sample lost mass faster, meaning the
soot present oxidised at a faster rate than the DRef soot,
suggesting it is more reactive. To compare the samples
regarding their VOC, the ratio between the devolatili-
sation percentage mass loss (100°C to 550°C) and ox-
idation percentage mass loss was determined resulting
in 0.56 and 0.79 for DRef and G15 respectively. The
higher value for G15 is interpreted as a larger volatile
to soot ratio. It is stressed that this presented result is
of a single sample hence reproducibility has not been
addressed here. It is hypothesised that the large peak
of small diameter particles observed by the DMS (Fig.
3a) for G15 are partly or entirely caused by condens-
ing VOCs. Another hypothesis is that the small parti-
cles may be a result of impurities in the glycerol. In
the work of Steinmetz et al. [9], crude glycerol was

utilised as a boiler fuel with considerable PM emission
observed, where the small amount of soluble catalyst
left from production was thought to be responsible. The
increase in height of the peak, i.e. the increase in the
number of the small particles observed with increasing
engine load, indicates they increase with increasing fuel
mass injected and the higher temperatures present dur-
ing combustion do not reduce the number. If the parti-
cles are not condensing VOCs but small solid soot parti-
cles, they are especially harmful due to their penetration
ability [22].

By changing the scale of the y-axis (number of parti-
cles) of the DMS plot, the particle numbers in the accu-
mulation mode can be compared as shown in Fig. 3b.
The accumulation diameter range for G15 was sepa-
rated from the small peak, with no particles detected
between them. This is highly indicative that the peaks
are from a different origin. To further simplify Fig. 3b,
the small particle peak shown in Fig. 3a have been re-
moved. G15 emits a much smaller number of particles
with diameters greater than 25 nm, with a significant
drop in the number of particles at around 60 nm. This
results in a very different size profile of the accumula-
tion mode G15 compared to the DRef. The reduction in
60 nm PM is largest at low engine loads. The number of
particles with diameters greater than 25 nm is reduced
by 61% at 20 Nm, by 56% at 80 Nm, and by 11% at
140 Nm. The DMS results, the soot filters and the TGA
results show that the G15 has drastically changed the
exhaust out PM and soot, in quantity, character and size
profile. This is most definitely a result of the oxygen
content, the low reactivity and the physical fluid proper-
ties of the glycerol in the G15.

Brake specific CO and PM emissions are highest at
the lowest load condition and decrease with increas-
ing engine torque. Comparing the emissions for each
condition, the diesel/glycerol emulsion yields a reduc-
tion in PM while increasing CO emissions. While the
PM,p>25,m reduction is most effective at low load con-
ditions, the CO increase is likewise. This trade-off is
thought to be due to glycerols low reactivity. As the en-
gine torque is increased and temperatures during com-
bustion increase, the lower reactivity of the glycerol has
less of an impact on CO formation. The higher tem-
peratures during the higher torque conditions will also
lead to higher rates of soot oxidation in the combustion
chamber. If glycerol is reducing soot through its oxygen
content, this would be expected to be most evident at
the lowest loads where later cycle soot oxidation will be
lower. The difference in the size distribution in the ac-
cumulation mode with glycerol present suggests there is
some fundamental change to the soot formation process



when the glycerol is present, not just an overall reduc-
tion in the soot produced. The increase of CO emissions
of around 20% at the higher load conditions may be re-
garded as a minor concern as the absolute value of CO
concentrations is very low. In contrast, the increase in
CO concentration at the low load condition is critical as
the CO concentration is much higher, hence the large
PM,p>250m reduction has to be put into perspective to
the significant CO increase.

3.2. OACIC Results

The ignition delay time (IDT) in the OACIC was de-
termined from the time between the start of injection
(SOI) and initial OH* emission. The SOI was deter-
mined from DBIEI to eliminate trigger and hydraulic
delay in the injection system. Figure 4 shows the igni-
tion delay time for both fuels. The error bars represent
the 95% confidence interval of the true mean. In all the
cases the ignition delay of G15 was longer than DRef
and this difference did not decrease with rising ambient
temperature.
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Figure 4: Ignition delay times measured in the OACIC from OH* for
DRef and G135 at each condition.

While the ignition delay indicates the time available
for the fuel and air to mix prior to combustion during
the premixed combustion phase; the flame lift-off length
(FLOL) is an indicator of fuel and air mixing during
the mixing-controlled combustion phase. The instanta-
neous FLOL has been determined from the integrated
OH¥* intensity in each pixel column. The integrated in-
tensity is calculated in an area close to the centre-line as
represented by the two white lines in Fig. 5.

Figure 6 shows the temporal FLOL averaged over all
injections with the coloured shade indicating the 95%
confidence interval. After ignition and the premixed pe-
riod, the FLOL stabilises at a constant position before
the end of the injection period. While fuel ignites down-
stream of the stable position for Condition 1, ignition is
slightly upstream for Condition 3. Increasing ambient
temperature results in a decrease of the FLOL for both
fuels, with differences in FLOL between the fuels be-
coming very small. Based on this FLOL interpretation,

0 10 20 30 40 0 10 20 30 10
distance from nozzle [mm) distance from nozzle [mm|

Figure 5: Example determination of the FLOL (red line) using in-
tegrated OH* intensity (solid black line) passing a threshold value
(dashed line), example OH* image on the right side.

the quasi-steady period is identified, beginning at 2.5 ms
and ending at 3.8 ms after SOI. Compared to the DRef,
the G15 has a 2.5 mm longer (very small difference)
FLOL at the low temperature condition; at the high tem-
perature condition both fuels show a very similar FLOL.
Pickett et al. [23] showed that the ignition quality of a
fuel affects FLOL. In the case of fuels with a big dif-
ference in cetane number, fuels with shorter IDT gen-
erally produced shorter FLOL. The shorter IDT of the
DRef does trend with the shorter FLOL but differences
observed between the DRef and the G15 is very small,
while the difference in cetane number is around 8.4. Fu-
els with a small difference in cetane number and/or con-
taining oxygen do not necessarily show the same FLOL
and IDT trend, as shown in [5] and [3], with the dif-
ference depending on fuel properties resulting from the
components of fuel blends, mixture ratios or injection
velocities.
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Figure 6: FLOL with time ASOI for each fuel at each condition with
the quasi-steady period bracketed by the dashed black lines.

Soot behaviour is assessed as a spatial soot gradient
(SSG) during the quasi-steady combustion period at a
fixed distance from the FLOL position. A similar tech-
nique was previously used by the authors in [17], with
the single value metric, the SSG, defined as the maxi-
mum increase of soot mass between the FLOL and 19
mm downstream of the FLOL. By relating the SSG to
the FLOL instead of the injector nozzle, the variation
of the flame location is taken into account. To deter-
mine the SSG, KL is integrated in each pixel column
and plotted over the distance from the injector nozzle.
Figure 7 illustrates an example case at Condition 2, with



the average over all 30 injections of the cross-sectional
integrated KL value as a solid line, the shaded area rep-
resenting the 95% confidence interval for both fuels, the
FLOL marked with a star and the location of 19 mm af-
ter the FLOL indicated by the vertical line. The initial
increase in KL is the light extinction caused by the spray
liquid fuel core, which is increasing in the beginning
because of the divergence of the spray and decreasing
further downstream due to fuel evaporation.
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Figure 7: Integrated KL (solid line), saturated KL values per column
(dashed line) during the quasi-steady phase for condition 2, the star
represents the FLOL and the vertical line shows 19 mm after FLOL.

The increase after the minimum indicates the increas-
ing soot concentration with increasing distance from the
injector nozzle. The drop of the cross-sectional inte-
grated KL at the end is caused by the circular cham-
ber wall reducing the observable area. Comparing the
two fuels, the G15 shows an increased liquid penetra-
tion length, with the effect most significant at Condition
1. With rising temperatures, soot is observed closer to
the injector and the spatial gradient increases for both
fuels. For all conditions the DRef had the biggest SSG.
Figure 8 shows the averaged KL images from the quasi-
steady period used to determine the SSG.
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Figure 8: Averaged KL plots during the quasi-steady period with the
bottom value indicating the spatial soot gradient.

Figure 9 shows SSG with FLOL. The bars represent
the 95% confidence interval of each quantity. A more
significant difference between the G15 and the DRef is
observed. The G15 has an increased FLOL and a sig-
nificantly lower SSG. The increase in SSG with increas-
ing temperature at SOI is consistent with previous find-

ings [3]. As the temperature at SOI increases, FLOL
decreases and soot (SSG) increases but while the differ-
ence in FLOL between the fuels becomes smaller with
increasing temperature, the difference between the SSG
remains quite consistent, so even at the higher tempera-
ture condition, when the FLOL for the two fuels is sim-
ilar, the G15 SSG is smaller. Cond.2- G15 and Cond.1-
DRef have a similar FLOL, and similar SSG (repeated
for the following conditions). As Cond.2-G15 is higher
temperature than Condl.-DRef, it would be expected
that it would have a higher SSG, the fact that it does not
(but the FLOL are similar) is due to the oxygen content.
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Figure 9: Spatial soot gradient plotted over flame lift-off length; the
bars represent the 95% confidence interval.

3.3. Chemical Kinetic Results

Ignition calculations were performed at constant
pressure for n-heptane and blend of n-heptane and glyc-
erol, and concentration of species CO, CO2, C2H2,
C2H4, PC3H4, C3H6 were compared for the two cases.
The comparison of CO, CO2 and temperature are pre-
sented in Fig. 10a. Both the mixtures exhibit onset of
ignition at the same time (0.7 ms) and attain roughly the
same final temperature. Since the simulations were at
such rich conditions the burnt gases’ final temperature is
much below the adiabatic flame temperature. The con-
centrations of CO and CO2 emanating from these cases
are shown in Fig. 10a, where the concentration of CO
emission is higher in the cases with glycerol present in
the fuel, which is consistent with experimental observa-
tion shown in Fig. 2. The higher presence of CO indi-
cates towards incomplete combustion, due to lower re-
activity of the glycerol blend, due to lower cetane num-
ber of glycerol.

The concentration of soot precursor species are also
observed during the ignition process and is presented in
Fig. 10b. The species presented in Fig. 10b are ethene
(C2H4), ethyne (C2H2), propyne (PC3H4) and propene
(C3H6). These species are shown to be critical to PAH
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Figure 10: Results from chemical kinetic simulations a) CO and CO2
concentrations with time, b) soot precursor concentrations with time.

growth and hence contribute significantly towards soot
inception. Among these species ethyne is known to be
highest contributor towards soot growth [24, 25]. Figure
10b shows that the species’ evolution start with the on-
set of ignition and peak shortly after the ignition event.
The concentration of these species then reduce slowly
with time. In this study we have taken the concentra-
tions at the end of the simulation time to be final con-
centration of these precursors. The results of the sim-
ulations indicate that the reduction in concentration of
C2H2 and C2H4 is attained due to glycerol addition to
diesel, however the concentration of C3H6 and PC3H4
were not significantly affected. Acetylene is known to
be the most significant growth species for soot chem-
istry and reduction in its concentration with glycerol
addition could be a possible explanation for reduction
in soot formation.

As earlier explained by Westbrook et al. [19], the
oxygenated additives reduce soot by introducing species
containing carbon atoms bonded to the oxygen atom
into the system, which do not contribute to PAH chem-
istry; secondly, they also introduce additional oxygen
atoms, which increase the oxidation of the species pool,
including the soot precursors.

4. Summary and Conclusions

This study explores the combustion of diesel and a
diesel/glycerol emulsion in various combustion systems
with multiple diagnostic techniques. Initial testing took
place with an instrumented CI engine. The PM/soot was
measured and analyzed using a DMS 500 and TGA to
gather understanding of the size distribution with glyc-
erol addition. The fuels were also tested in an optically
accessible compression ignition combustion chamber to
study in-flame soot formation, FLOL and ignition de-
lay. To develop further understanding of the combus-
tion kinetics of diesel/glycerol emulsions, a fundamen-
tal chemical kinetic study of soot precursor formation
was conducted. The collective conclusions from these
studies include: 1) Due to its poor ignition character and

low reactivity (longer IDT), glycerol addition resulted in
higher CO emissions from the engine at low load con-
ditions suggesting its use in an engine would require in-
take air treatment or higher compression ratios. 2) Glyc-
erol as a fuel additive is found to have a beneficial ef-
fect on PM emissions with diameters greater than 25 nm
but features a significant increase in particles smaller
than 25 nm in diameter. Initial TGA results indicated a
higher VOC fraction for the glycerol soot. 3) An inverse
correlation between CO and PM>25,, is observed in
the engine. 4) Optically observed ignition delay time
is slightly longer with the addition of glycerol, FLOL
was longer and in-flame soot as identified by the spatial
soot gradient was reduced. FLOL between the two fuels
become similar with increasing ambient temperatures,
while soot remained lower for the glycerol containing
fuel. 5) Glycerol addition did reduce soot formation
during combustion, primarily due to presence of carbon
atoms bonded to oxygen in the molecule, which do not
take part in soot chemistry. The kinetic simulations also
displayed some reduction in ethyne and propyne con-
centrations, which is known to be the most important
soot growth species.
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