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Abstract

In the past few years, the effects of climate change have become increasingly apparent. In
order to stop climate change, among others, emission legislations for internal combustion en-
gines have become ever more stringent. For light-duty transport applications, more sustainable
power solutions are devised to prevent the use of internal combustion engines. For heavy-duty
applications, this is not so simple. Often, limited ranges or remote working areas do not en-
able the use of more sustainable solutions such as battery driven vehicles. Some examples are
long-range road transport, agricultural vehicles, heavy-duty off-road machinery, and marine ap-
plications. For these applications, internal combustion engines are expected to remain the most
suitable power source in the upcoming years. Oxygenated future fuels could offer a possible
solution for these applications. These are fuels which can be produced using hydrogen and
CO2, thereby offering a closed carbon cycle. In this research, the use of oxymethylene ethers
(OME’s) as a sustainable substitute for diesel fuel is studied. The project involves an analysis
of the OME fuel characteristics such as fluid properties, ignition quality, chemical composition,
and handling characteristics. Furthermore, the ignition behavior and combustion character-
istics are tested under conditions which simulate in-cylinder circumstances. Finally, the flame
characteristics and soot emissions are studied using high-speed imaging in a constant-volume
combustion chamber.

The analysis of the physico-chemical fuel properties reveals that OME3-OME5 could replace
diesel fuel based on liquid properties, ignition characteristics, energy density, and safe hand-
ling of the fuels. Next, the combustion behavior of OME fuels is studied in a constant-volume
combustion chamber. This work shows that at sufficiently high temperatures, OME fuels show
similar combustion behavior compared to diesel fuel. OME fuels tend to ignite faster and pro-
duce lower heat release rates due to a lower energy density than diesel. At low temperatures,
the combustion behavior of OME fuels deteriorates, which results in decreased heat release
rates and excessively long burn durations. A comparison between OME3, OME4, and a blend
of OME3−5 shows that OME4 tends to ignite faster, especially at lower ambient pressures, and
is less sensitive to temperature variations.

Subsequently, experiments with optical access to a constant-volume combustion chamber are
executed to investigate the flame characteristics and soot emissions. The OME flames only
produce low amounts of light, which made it practically impossible to compare the flame struc-
tures of OME to those of diesel combustion. Diesel combustion produces high amount of soot
incandescence. The low amounts of light which are produced by the combustion of OME fuels
indicate that little to no soot is produced. Instead of soot incandescence, it is hypothesized
that only small amounts of chemiluminescence are detected. The advantage of the low soot
emissions from OME combustion is that higher EGR rates can be applied to further reduce
possible NOx emissions. Based on these promising results, the combustion behavior of OME
fuels in a compression ignition engine can be further investigated, which would contribute to
lower engine-out emissions from internal combustion engines. Hopefully, this can help to give
the diesel engine a new future without harmful emissions.
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Nomenclature

Roman

cp
Specific heat at
constant pressure

J·kg−1K−1 U Sensible internal energy J

cv
Specific heat at
constant volume

J·kg−1K−1 v Velocity m·s−1

d0 Nozzle diameter µm V Volume m3

Dd
Average droplet
diameter

m Z Z distribution -

hf Sensible enthalpy J Zst
Stoichiometric mixture
fraction

-

H Lift-Off Length mm Greek
H Sample height mm α Confidence value -
k Number of variables - α Injector angle ◦

ṁf Fuel injection rate kg·s−1 γ Specific heat ratio -
M Molar mass kg·mole−1 θ Spray cone angle ◦

n Number of measurements - λ∗ Dimensionless wavelength -
p Pressure Pa ρa Ambient density kg·m−3

Q Energy J ρf Fuel density kg·m−3

R Universal gas constant J·(mol·K)−1 ρg Gas density kg·m−3

t Time s σ Surface tension N·m−1

t Student’s T value - σ Standard deviation -
T Temperature K / ◦C ω Mass fraction -

Abbreviations
aCOI after Command Of Injection HTRT High-Temperature Reaction Time
aSOI after Start Of Injection ICE Internal Combustion Engine
AF-ratio Air-Fuel ratio ID Ignition Delay
ANOVA Analysis Of Variance LHV Lower Heating Value
aROHR apparent Rate Of Heat Release LOL Lift-Off Length
BEV Battery Electric Vehicle LTRT Low-Temperature Reaction Time
CAD Crank Angle Degree MR Max Rate of heat release
CCD Central Composite Design MSDS Material Safety Data Sheet
CDC Conventional Diesel Combustion NTHR Normalized Total Heat Release
CI Compression Ignition NTL Normalized Total Luminosity
CN Cetane Number OME Oxymethylene Ether
CRU Combustion Research Unit PFV Photron Fastcam Viewer
DME Dimethylether PMR Position Maximum ROHR
DoE Design of Experiments PPE Personal Protective Equipment
EC End of Combustion PRF Primary Reference Fuel
EGR Exhaust Gas Recirculation SI Spark Ignition
EMC End of Main Combustion TDC Top Dead Center
FPS Frames Per second THR Total Heat Release
HEV Hybrid Electric Vehicle TSI Turbiscan Stability Index
HFRR High-Frequency Reciprocating Rig TTL Transistor-Transistor Logic
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Chapter 1

Introduction

The global growth in human population, industries, and access to modern transportation meth-
ods has increased the global energy demand in the past decades. British Petroleum (BP) has
presented a number of scenarios for the energy consumption and sources which will be used in
the upcoming years. These scenarios are the Rapid Transition Scenario, the Net Zero Scenario
and the Business-as-Usual Scenario. According to BP: “The Rapid Transition Scenario (Rapid)
posts a series of policy measures, led by a significant increase in carbon prices and supported
by more-targeted sector specific measures, which cause carbon emissions from energy use to fall
by around 70% by 2050. The Net Zero Scenario (Net Zero) assumes that the policy measures
embodied in Rapid are both added to and reinforced by significant shifts in societal behavior and
preferences, which further accelerate the reduction in carbon emissions. Global carbon emissions
from energy use fall by over 95% by 2050. The Business-as-usual Scenario assumes that gov-
ernment policies, technologies and social preferences continue to evolve in a manner and speed
seen over the recent past. A continuation of that progress, albeit relatively slow, means carbon
emissions peak in the mid-2020s” [1]. However, it must be mentioned that the current COVID-
19 pandemic is likely to temporarily cause a significant decrease in the global CO2 emissions.
Before the pandemic, the annual CO2 emissions increased with approximately 1% [2]. Predic-
tions estimated that the confinement as a result of the pandemic, resulted in a 3% to 13% global
reduction of CO2 emissions in 2020 [2]. In the future it is likely that more people will work from
home due to the changed work environment, even after the COVID-19 pandemic. Therefore,
the BP predictions of CO2 emissions and energy usage for aviation and passenger vehicles by
2050 could be overestimated.

(a) Energy consumption
by source.

(b) Energy consumption per
transport mode.

Figure 1.1: Energy consumption predictions by
BP for 2050 according to multiple scenarios [1].

Figure 1.2: CO2 emitted per
sector [1].

In Figure 1.1a it is predicted that in the upcoming years more renewable energy sources will
be used, and that the use of fossil fuels will decrease. The forecast decrease depends on many
external factors. A decrease is expected but the extend is hard to quantify. In the Business-as-
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Usual scenario, in 2050 still a large amount of the total energy consumption will be provided by
fossil fuels. The share of oil and coal is predicted to decrease, but the natural gas consumption
will increase. Natural gas has a very durable outlook, as it has a broad demand and the global
availability increases. Especially in Asia, the Middle-East, and Africa the demand for gas is
expected to increase in the Business-as-Usual scenario.

In Figure 1.1b the energy consumption per transport mode is displayed. The energy con-
sumption of passenger vehicles is expected to decrease significantly in the Rapid and Net Zero
scenarios. In 2050 in both scenario’s the amount of electric passenger cars is expected to be
80-85%. It also is expected that the more stringent vehicle emission limits result in an increase
in passenger cars Internal Combustion Engine (ICE) efficiency. The Rapid scenario expects a
45% increase in efficiency in the upcoming 15 years. For Spark Ignition (SI) engines in light-
duty vehicles, fuel consumption reductions up to 50% are expected with the use of engine- and
powertrain development, hybridization and reducing vehicle weight [3]. For Compression Igni-
tion (CI) engines, the fuel consumption is expected to reduce by about 10% and engine emissions
that are well below the current limits are expected to be reached [3]. Even in the light-duty
transportation sector it will be difficult to replace all ICE vehicles by electric vehicles, as there
are still challenges regarding the increased electrical power generation capacity, the changes to
the electricity distribution system and the development of smart charging systems and other
infrastructure requirements that will vary in different countries [3]. Besides, it is expected that
the natural resources of nickel and cobalt will run out in a couple of years [4]. Therefore, it is
expected that in 2040 still 85-90% of the transport energy is produced by fossil fuels powering
combustion engines. In Figure 1.1 it can be seen that the energy consumption by trucks, marine
transport, and aviation is not expected to decrease in all scenarios, which can be caused by the
challenges electricity storage provides, as very large and heavy batteries would be needed to
power these vehicles [3].

In Figure 1.2 it can be seen that the transport sector contributes about 24% to the global CO2

emissions. Medium- and heavy-duty, marine, and aviation applications in total emit 10% of
the global CO2 production from energy use. Light-duty personal transport vehicles powered
by internal combustion engines are increasingly replaced by Battery powered Electric Vehicles
(BEV) or Hybrid Electric Vehicles (HEV). These vehicles have a limited range but for daily
short distance transport, this does not pose any problems [5]. If the electricity for these vehicles
is generated by sustainable sources, these vehicles can contribute to a decrease in global CO2

emissions [6]. For heavy-duty road transport, off-road, marine, and railroad applications, elec-
trification does not provide a proper solution. Therefore, internal combustion engines will also
play an important role in the future [6].

In order to reduce the emissions from combustion engine powered vehicles, there is a need
for a new, sustainable fuel which will lower the emissions and increase the engine efficiency.
Examples of those fuels are oxymethylene ethers (OME’s). These are carbon chains which also
contain oxygen atoms and that can be manufactured from CO2 and H2 [7]. Using this process,
multiple OME variants with different carbon chain lengths can be made. By using CO2 from
the atmosphere to produce these future fuels, it will provide a more sustainable CO2 cycle,
provided that the hydrogen is produced with electricity from renewable sources like solar, wind,
or hydro power. The current energy efficiency of the OME production process is 53% [7]. In
this project, the application of OME fuels in heavy-duty diesel engines will be investigated to
verify if these are a suitable diesel substitute.

2 TU/e - R.J.J. Coolen - Projecting a future for diesel engines using synthetic oxygenated fuels



Chapter 2

Problem definition and research
questions

The goal of this project is to investigate OME fuel combustion behavior and to asses the OME
fuel suitability for usage in a heavy-duty CI engine. The fuel properties, combustion behavior,
and flame characteristics will be compared to diesel combustion in order to validate whether
OME fuels are a suitable alternative to diesel.

The main research question of this project is: Will oxygenated future fuels provide the diesel
engine with a new future? In order to properly investigate all relevant topics during this project,
the main research question is divided into multiple subsequent sub-research questions. These
research questions are:

1. Which OME fuels allow usage in a heavy-duty CI engine when analyzing the fuel proper-
ties?

2. What is the effect of OME fuels on the combustion behavior?

3. Do OME fuels show different flame characteristics when compared to a diesel flame?

4. Can a decrease in soot emissions be observed when analyzing the flame characteristics of
OME fuels and comparing them to conventional diesel combustion?
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Chapter 3

CI engine basics and OME fuel
properties

In this literature review, a summary of relevant theory for this project is presented. This section
will provide a short explanation of Compression Ignition (CI) engines and address the important
fuel characteristics and safety measures.

3.1 Important CI engine characteristics
In order to analyze which OME fuels are suitable for usage in CI engines and comparable to
diesel, it is important to know how an CI engine works and which fuel properties are important.
The classical example of a CI engine is a diesel engine, which uses the principle of Conventional
Diesel Combustion (CDC).

This project will first consider the pressure based combustion behavior of OME fuels in a
constant-volume Combustion Research Unit (CRU). Subsequently, a visual study of the spray-
and flame characteristics is performed. Finally, it is checked whether the combustion behavior
and flame characteristics make OME fuels suitable for usage in heavy-duty CI engines.

Compression ignition engine working principle
In Figure 3.1 a graphical representation of a typical CI engine setup can be seen. In Figure
3.2 the pressure-volume (pV) diagram of an ideal diesel cycle, ideal Otto (spark ignition) cycle,
and a typical diesel cycle are shown.

CDC in a four-stroke CI engine has the following working principle: air is compressed inside the
cylinder when the piston moves up, which is called the compression stroke (phase 1-2 in Figure
3.2). This increases the pressure and temperature of the air inside the cylinder. Just before
the piston reaches the Top Dead Center (TDC), the diesel fuel is injected into the cylinder
at very high pressure via an injector. Due to the heat in the cylinder, the fuel atomizes and
evaporates in the hot compressed air, while mixing with the air inside the cylinder. There is
a delay between the start of injection and the start of combustion, which is called the ignition
delay (ID). When the fuel ignites, the pressure and temperature inside the cylinder increase
rapidly (2-3). The pressure increase causes the piston to move down again, which is referred to
as the power stroke (3-4). Subsequently, the exhaust valves open and the hot gases escape from
the cylinder, due to a combination between expansion of the gases and gases being forced out
by the piston (4-1).
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Figure 3.1: Cylinder layout of a typical CI
engine [8].

Figure 3.2: PV diagram example for
ideal diesel, ideal Otto and typical

diesel data [9].

The compression ratio of a diesel engine is generally a lot higher than that of a Spark Ignition
(SI) engine to achieve the temperatures required to ignite the air-fuel mixture. The latest CI
engines can have a compression ratio of 14:1 to 25:1 whereas an SI engine has a compression
ratio of 8:1 - 12:1 [10]. Modern four-stroke diesel engines can reach a brake thermal efficiency
of around 50%. Some modern slow two-stroke diesel engines can even reach brake thermal
efficiencies up to 60% [10]. The disadvantage of the high compression ratio however is that the
engine must be built a lot stronger, which makes the engine heavier and more expensive. Also,
the temperatures inside the cylinder are higher compared to an SI engine which results in higher
requirements on the cooling system of a diesel engine [10]. The higher compression ratio’s in CI
engines also result in higher peak pressures and higher pressure rise rates. These effects result
in distinctively higher noise and vibrations in a CI engine when compared to a SI engine [11].

Ignition process
After the ignition delay, auto-ignition of the pre-mixed fuel occurs, also referred to as the
pre-mixed burn phase. During the combustion event, the fuel burns in a quasi-steady lifted
diffusion flame for as long as the injection lasts. After the end of injection, the Rate Of Heat
Release (ROHR) goes down when the last fuel fragments burn down [8]. In Figure 3.3 the
ROHR is shown together with the injector signal. Note that the start of injection starts several
crank angle degrees after the start of the injector current, and that injection continues after the
injector current signal due to injector needle dynamics.

Figure 3.3: Apparent rate of heat release plot for CDC [8].

6 TU/e - R.J.J. Coolen - Projecting a future for diesel engines using synthetic oxygenated fuels



Fuel characteristics
In order to be used in CI engines, fuels must have a specific composition. For diesel engines, the
most important properties are: cetane number, fuel volatility, viscosity, density, and lubricity.

The cetane number(CN) is an important characteristic which has a significant influence on the
ignition delay. The cetane number is defined as a scale between two primary reference fuels
(PRF’s). On this scale, n-Hexadecane, which is a hydrocarbon with a high ignition quality, rep-
resents a CN of 100. The bottom of the scale, a CN of 15, is represented by heptamethylnonane,
which has a low ignitability. The CN is calculated by [12]:

CN = percentage n-hexadecane+ 0, 15 · percentage heptamethylnonane. (3.1)

Another way to estimate the ignitability of a fuel is by using the diesel index. This is an empir-
ical relation between the aniline number of the fuel and its ignition quality [13,14]. The higher
the value of the diesel index, the higher tendency to ignite. The third parameter to qualify the
ignition behavior is the estimated ignition delay. The estimated ignition delay is defined as the
time between the start of injection and the start of combustion [15]. Unfortunately the diesel
index and estimated ignition delay cannot be used to calculate the ignition quality of OME’s.
These parameters are calculated using equations that are based on empirical constants. How-
ever, by using these empirical relations, it can be found that the temperature in the combustion
chamber has a large influence on the ignition behavior. For diesel, a higher temperature will
result in a shorter ignition delay. Increasing the ambient pressure can shorten the ignition delay,
but the effect is not as distinctive as for a temperature increase. It has been proven that the
physical properties of the fuel such as volatility, viscosity, and density do not affect the ignition
delay in a warmed up engine [12,16].

Fuel volatility is an important property in the fuel evaporation process. A higher volatility of
the fuel results in increased evaporation at lower temperatures [12,16]. The volatility inversely
relates to the flash point of the fuel. The flash point is the lowest temperature where the fuel
can form ignitable fumes. The lower the flash point, the higher the volatility. The volatility
of the fuel is especially important in cold start conditions. ‘Winter’-diesel needs to be more
volatile than ‘summer’-diesel in order to allow for cold starts at low temperatures. In order to
analyze if OME fuels could be a substitute for diesel, their flash points needs to be investigated
in order to analyze if changes are necessary to allow for cold start conditions.

The fuel viscosity can influence the fuel atomization during the fuel injection. A low viscos-
ity decreases the surface tension [16]. This surface tension then influences the average drop
diameter. This diameter can be calculated as [12]:

Dd = C
2πσ

ρgv2
λ∗. (3.2)

C is a constant, σ is the surface tension, ρg is the gas density, v is the injection velocity and λ∗

is dimensionless wavelength of the largest growing wave. This is confirmed by Figure 3.4, which
shows that for decreasing viscosity the Sauter mean droplet diameter decreases. However,
the combustion process under diesel-like conditions in CI engines is not limited by droplet
evaporation, but mixing limited instead. This means that the mixing process determines how
much air can be entrained in the flame and this affects the burning rate. Therefore, the fuel
viscosity and thus the droplet size will not likely effect the burning rate.
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Figure 3.4: Sauter mean droplet diameter as function of injection pressure and fuel
viscosity [12].

The density of the fuel has a major influence on the spray cone angle of the fuel after it leaves
the injector. The spray cone angle for a single fuel jet is defined as the angle between the edges
of the spray and can be calculated using the following equation [12]:

tan(
θ

2
) =

1

A
4π(

ρa
ρf

)
1
2

√
3

6
, (3.3)

in which A is constant for a given nozzle diameter, ρa and ρf are the ambient gas and liquid fuel
density respectively. If the fuel density decreases, the spray cone angle will be wider. The effect
of the fuel density on the spray cone angle for a fixed injector geometry can be seen in Figure
3.5. However it is difficult to draw conclusions on the burning process based on the spray cone
angle. A wider cone can entrain more air and thus can show better/faster mixing behavior, but
the spray penetration is decreased which can deteriorate the mixing behavior. Also the lift-off
length can decrease due to the lower spray velocities associated with a larger cone angle. This
may eventually result in a higher equivalence ratio near the flame lift-off which could cause a
higher soot production. So the fuel density will influence the spray cone angle, but without a
visual experimental analysis, it is difficult to determine if this will have a positive or negative
effect on the burning behavior [17].

Figure 3.5: Spray cone angle as function of fuel and gas density [12].

The last important property of diesel is its lubricity. Since October 1996, the amount of sulfur
allowed in diesel fuel has been restricted increasingly stringent. High-sulfur contents have a
negative effect on the environment and on engine lifetime [12]. During the desulfurization
process, the natural lubricating properties of the fuel are removed [18]. By adding lubricating
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agents, the lubrication is ensured and wear in engine components like fuel pumps is prevented
[18]. The lubricity of a liquid is analyzed in a High-Frequency Reciprocating Rig (HFRR)
test and is expressed in µm. In this test a steel ball is pressed against a steel plate which is
submerged in the test liquid. The ball moves along the plate at a fixed stroke and frequency for
a specified number of times [19]. This movement creates a flat scar on the ball with a specific
diameter. The diameter of this scar in µm is the measure of the lubricity. The smaller the flat
spot diameter, the higher the fuels lubricity.

3.2 Suitable oxymethylene ether fuels
In this project, the possibilities of applying OME fuels as diesel fuel additives or substitutes
are analyzed. These oxygenated fuels all have the same structure, but can vary in chain length.
OMEn has the following structure: CH3O − (CH2O−)nCH3. An overview of the most used
OME fuels is given in Table 3.1 including the different names and molecular formulas. OME0

is also knows as Dimethyl ether (DME).

Table 3.1: Overview of different OME fuels.

Fuel: Molecular Formula: IUPAC Name: CAS number [20]:
OME0 C2H6O Methoxymethane 115-10-6
OME1 C3H8O2 Dimethoxymethane 109-87-5
OME2 C4H10O3 2,4,6-trioxaheptane 628-90-0
OME3 C5H12O4 2,4,6,8-tetraoxanonane 13353-03-2
OME4 C6H14O5 2,4,6,8,10-pentaoxaundecane 13352-75-5
OME5 C7H16O6 2,4,6,8,10,12-hexaoxatridecane 13352-76-6
OME6 C8H18O7 2,4,6,8,10,12,14-heptaoxapentadecane 13352-77-7

OME fuels properties
In order to analyze which OME fuels are most suitable as a diesel alternative their properties
need to be compared with diesel. As described earlier, the following properties are important
to evaluate if the fuel can be used in a CI engine: flash point, lubricity, cetane number, density,
and viscosity, see Table 3.2. Furthermore, it can be interesting to compare the Lower Heating
Values (LHV’s) to predict the fuel consumption for OME fuels. The boiling point and melting
point are important properties to analyze in order to take precautions regarding fuel handling
and safety.

Table 3.2: OME and diesel fuel properties [20–27].

OME0 OME1 OME2 OME3 OME4 OME5 OME6
diesel
(EN590)

Melting
point [◦C]

-141 -105 -70 -43 -10 18 38 -20 - 0

Boiling
point [◦C]

-25 42 105 156 202 242 273 170 - 390

Flash
point [◦C]

-42 -32 54 88 115 70 104 >55

Lubricity [µm]
(60 ◦C)

- 759 - 534 465 437 - <460

Lower Heating
Value [MJ/kg]

27.6 22.4 20.6 19.4 18.7 18.1 17.7 43.8

Cetane
number

55 29 63 67 76 90 - >51

Density [kg/m3]
667
(liquid)

860 980 1030 1070 1110 1140 820 - 840

Kinematic
viscosity [mm2/s]
(25 ◦C)

0.184 0.36 - 1.08 1.72 2.63 - 2.0 - 4.5
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When comparing the melting points of OME fuels with that of standard diesel, it can be seen
that for short OME chain lengths, the melting points are in a suitable range compared to diesel.
OME’s with n≥5 have a melting point that is too high, the fuels could transfer to a solid state
at ambient temperatures, which will cause blocking of the fuel system when they are used in a
neat form. This problem could be overcome by mixing the fuels with short chain OME’s and
by preheating the fuel using some of the exhaust waste heat. However, at cold start conditions,
heating up the fuel inside the injectors and fuel lines can be challenging which could make these
OME’s not suitable for usage in European winter conditions. The boiling points are in a similar
range as that of diesel, except for OME0 and OME1. These fuels have a low boiling and flash
point and therefore should be treated as gaseous fuels considering handling and storage as they
can produce highly reactive gases at room temperature [21]. The OME fuels with n≥3 meet
the EN590 diesel fuel flash point requirements.

The kinematic viscosity of diesel is much higher than that of the short chain OME’s. This
will lead to smaller droplets, see Figure 3.4 . However, the combustion of fuels in CI engines
is mixing limited under CDC conditions and the smaller droplets will not have an effect on
combustion. The amount of air that the flame can entrain is more important than the droplet
size [9]. Finally, due to the lower viscosity, it is possible that the fuel hardware will show more
leakage in the pistons of the fuel pump.

The lubricating properties of OME’s with n≥5 meet the EN590 standard for diesel fuel. Shorter
chain OME’s should be mixed with lubricant additives in order to be suitable for use in com-
mercial diesel engines and test setups.

OME’s with longer chain lengths have a higher cetane number than standard diesel. This will
result in a shorter ignition delay as well as a gradual ROHR [23]. It could also increase the
engine’s efficiency by providing the combustion process with additional oxygen from the fuel
molecules [23]. Long ignition delays usually lead to an aggressive spike in the heat release rate
and therefore a shorter ignition delay will provide a smoother combustion [9]. This sudden heat
release for long ignition delay fuels will also increase the amount of noise produced [9]. In order
to compensate for the shorter ignition delay, it could be necessary to adjust the injection timing
of the diesel engine.

Finally, the lower heating value of OME fuels is lower than that of diesel, which will lead to a
higher volumetric fuel consumption at the same load points. When assuming equal combustion
efficiencies, for OME3 a 126% fuel consumption increase can be expected.

Considering these arguments, it can be concluded that OME3−5 show properties similar to diesel
fuel and therefore are an interesting diesel substitute. Shorter chain OME’s could be used for
mixing with diesel or combined OME blends. Another possibility would be to inject OME0 and
OME1 via port fuel injection in gaseous state as these fuels show gasoline-like characteristics
regarding flash point and boiling point. Also, OME0 and OME1 could be injected in liquid
state using direct injection. However this setup requires changes in the fuel system to keep the
fuels in the liquid state at all temperatures. Due to these conclusions, the main focus of this
research will lay on neat OME3−5 and possible blends of these OME variants with diesel.

The available OME fuels are neat OME3, neat OME4, and a blend of OME3−5 (technically
OME3−6 but the amount of OME6 is negligible). This blend contains 58% OME3, 29% OME4,
10% OME5, and 2% OME6. The fuel characteristics are shown in Table 3.3.
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Table 3.3: OME fuels properties [28–30].

Fuel OME3 OME4 OME3−5

Cloud point [◦C] - - -38

Cold Filter Plugging Point [◦C] -32 -17 -40

Boiling begin point [◦C] 139.8 186.7 144.9

Flash point [◦C] 51.5 92 65

Lubricity [µm] (60 ◦C) 716 530 320

Lower Heating Value [MJ/kg] 19.654 19.1 19.26

Cetane number 67.9 77.6 68.6

Density [kg/m3] (15 ◦C) 1033.9 1078.0 1057.1

Kinematic viscosity [mm2/s] (40 ◦C) 0.8572 1.323 1.082

Stoichiometric Air-Fuel ratio 6.715 6.418 6.564

When evaluating the EN590 diesel fuel norms in Table 3.2 and comparing these data to the
OME fuel data in Table 3.3, it can be seen that some of the OME fuel properties do not fulfill
the EN590 norm. The boiling points of the OME3 and OME3−5 are below the EN590 norm.
The flash point of OME3 is slightly lower than the diesel flash point. However, the cetane
numbers of all OME fuels are higher than 51 and thereby comply with the EN590 norm. The
density of the OME fuels is 25% higher than that of diesel. Finally, the OME viscosity is lower
than that of diesel. During any experiments, it will be important to check that the effects of
the differences between diesel and OME fuels do not cause any problems.

3.3 Safety measures
When working with liquid fuels it is important to know in what hazard class these are placed.
This will insure taking the right precautions for handling, storage, and transport of the fuels.
OME3, OME4, and OME3−5 are considered less dangerous than diesel fuel and therefore, no
extra safety precautions need to be taken compared to working with diesel fuel. More informa-
tion can be found in Appendix A
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Chapter 4

OME combustion behavior

To gain more insight in the combustion behavior of OME fuels, it must be investigated experi-
mentally and compared with diesel. In this chapter, the experiments involved in analyzing the
combustion behavior are explained and the results are presented.

Fuels
Different fuels are used in the combustion behavior research phase. Firstly, a benchmark meas-
urement is executed using diesel. Subsequently, measurements are executed with the neat
variants of OME3, OME4, and OME3−5. Next, the different OME fuels are mixed with diesel in
a 75-25% OME-diesel volume ratio and in a 50-50% OME-diesel volume ratio. The stability of
the OME-blends is analyzed using a Turbiscan LAB setup. All OME-diesel blends have proven
to be stable for multiple hours. More information on the stability analysis can be found in
Appendix B.

4.1 CRU experiments

Measurement setup
The combustion behavior of the different fuels is investigated using a Combustion Research Unit
(CRU). It consists of a high-pressure chamber which can be preheated and pressurized to auto-
ignite the fuel. Exhaust Gas Recirculation (EGR) can be simulated by diluting the compressed
air with nitrogen. Fuel is injected into the chamber using a Bosch CR fuel injector. During
the entire combustion process, the pressure inside the chamber is measured using a pressure
sensor at a sample rate of 50 kHz and a resolution of 0.38 millibar. It is assumed that at t =
0, the injection command is given. Therefore, all time scales involving the CRU pressure data
are referred to as ‘after Command Of Injection (aCOI)’.

In Figure 4.1 a schematic overview of the CRU setup can be seen. A hydraulic power pack is
used to pressurize the fuel system via a hydraulic piston. The fuel is fed to the Bosch injector,
which injects the fuel with a predetermined injection duration and at desired injection pressure
into the combustion chamber. Using an external water cooler, the injector is cooled to prevent
overheating and additionally simulate more realistic fuel temperatures when the fuel is injected
into the CRU. In Table 4.1, an overview is given of the parameters which can be set on the
CRU during experiments.

Measurement points
When multiple parameters need to be set for a specific experiment, it can be time consuming to
investigate every possibility. The Design of Experiments (DoE) method is a systematical method
which uses statistics to determine the influence of parameters on the outcome of a process. Us-
ing this method, the number of experiments which would normally be needed to investigate the
relationships between parameters and results can be brought down significantly [33,34]. In this
case, the DoE method will be used to determine the CRU settings at the measurement points,
to reduce the number of experiments, and to analyze the outcome of experiments.
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Figure 4.1: Schematic overview of CRU setup [31].

Table 4.1: CRU parameters which can be set during measurements [32].

Parameter name Range Description

T wall [◦C] 300-590 Combustion chamber wall temperatures

p chamber [bar] 10-75 Combustion chamber pressure before combustion

p fuel [bar] 200-1600 Injector fuel pressure

Pre inj per [µs] 0-1400 Pre injection period duration, zero if no pre injection

Main inj per [µs] 100-1500 Main injection period duration

Delay pre-main [µs] 100-3000
Delay between electronic end of pre injection and start of main
injection

EGR [%] 0-100 EGR pressure percentage in combustion chamber

# Injections 1-100 Number of injections in test cycle

During the experiments of this project, the chamber temperature, chamber pressure, and EGR
rate are varied. The rest of the variables will be set at the following values: Fuel is injected with
a fuel pressure of 1500 bar, which in practice is the maximum range where the CRU can provide
a repeatable fuel pressure. At 1600 bar, the pressure is not equal in all measurements. In a
modern CI engine, fuel pressures can reach up to 2500 bar. Therefore, the injection pressure is
chosen as high as possible. The injection duration is fixed at 1.5 milliseconds. In a modern CI
engine, injection duration varies between 5 and 20 CAD (0.7-2.8 ms at 1200 RPM), depending
on the engine load [35]. Therefore, the injection duration is set between at its limit of 1.5
ms. Using 95% intervals, it has been found that five measurements per measurement point are
optimum regarding the reliability of the results and measurement time. A detailed explanation
of this study can be found in Appendix C.1. At each measurement point, the results of five
injections will be obtained.

In this study, a Box-Wilson Central Composite Design (CCD) is used to determine the measure-
ment points. With this design, it is possible to investigate not only linear relationships between
parameters and experimental outcomes, but it is also possible to determine the curvature of the
responses for each parameter [36]. For the CRU experiments, a full factorial design is used in
combination with axial points. Multiple central points are added to check for signal or meas-
urement drift. The corners of the full factorial design are scaled to -1 and 1. The axial points
are placed at a distance α from the central point. Ref. [36] defined this distance α as:

± α =
4
√

2k =
4
√

23 = 1.68. (4.1)
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In this equation, k is the number of variables, in this case 3, which leads to a value for α of 1.68.
The variables are scaled to the values of α. This will lead to the CCD design shown in Figure
4.2. The chamber temperature is varied between 485 and 565◦C, the chamber pressure is varied
between 10 and 50 bar, and the EGR rate is varied between 0 and 40 percent for the OME fuels.
For diesel, the EGR rate is varied between 0 and 20 percent. This is done to prevent excessive
soot generation for diesel experiments at high EGR levels. An excessive soot production could
lead to contamination of the injector, chamber, and valves which would cause malfunctions.

Figure 4.2: Central Composite Design for CRU experiments. For Diesel, the EGR rates are
multiplied with a factor 0.5. The numbers that are displayed represent the measurement
points in numerical order. An additional overview of the measurement points is given in

Appendix C.2

Data corrections
Data obtained from the CRU experiments are corrected for two physical phenomena to provide
reliable combustion parameters.

As the pressure sensor is placed at the bottom of the combustion chamber, there is a considerable
distance between the ignition site and the pressure sensor. Due to the finite speed of sound,
it takes some time before the pressure wave from the ignition site reaches the pressure sensor.
The data must be corrected for this delay. The speed of sound depends on the temperature in
the combustion chamber and can be calculated using Equation 4.2 [37].

vs =

√
γRT

M
(4.2)

Using this equation, for temperatures between 485 and 565◦C, the data is corrected with delays
between 0.162 and 0.155 ms. In Appendix C.3, this correction is explained in full detail.

Besides the speed of sound correction, a heat loss correction is applied. In the CRU data,
significant decreases were found in the pressure signal after combustion, which where in the
order of 20 to 100 bar/s. Measurements proved that there are no significant chamber leakages,
leading to the conclusion that the pressure drop is related to heat losses. The amount of heat
loss can be calculated using the pressure decrease rate after combustion. Because heat losses
also occur during combustion, the heat loss correction is gradually built up between the ignition
delay (ID) and end of combustion (EC) of the high-temperature combustion. After EC, the heat
loss correction is constant. In Appendix C.4, more is explained about the heat loss corrections.
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Combustion parameters
In order to analyze the effect of OME fuels on the combustion process, the following parameters
will be analyzed:

• Apparent Rate Of Heat Release (aROHR)
The aROHR profiles show the amount of heat released which is transferred into a pressure
increase. For a diesel engine, the cylinder can be modeled as an open system. The first
law for a diesel engine open system is [12]:

dQ

dt
− pdV

dt
+ ṁfhf =

dU

dt
, (4.3)

in which dQ
dt is the difference between the heat released by combustion of the fuel and the

heat transfer from the system. For a combustion engine, the heat release by combustion
is a positive term and the heat transfer from the system is a negative term. hf is the
sensible enthalpy of the injected fuel, which is defined as:

hf = hs,f = hf (T )− hf (298K). (4.4)

This term can assumed to be zero. U is the sensible internal energy of the gases inside
the cylinder. Therefore, Equation 4.3 can be rewritten as:

dQn
dt

=
dQch
dt
− dQht

dt
= p

dV

dt
+
dUs
dt

, (4.5)

in which dQch
dt is the gross rate of heat release and dQht

dt is the heat transfer rate to the
surroundings. When assuming that the contents of the cylinder are an ideal gas, the
sensible internal energy can be rewritten as:

dUs = udm+mcvdT. (4.6)

It is assumed that the change of mass in the cylinder during the injection is negligible
(dm ≈ 0). Then the first law for open systems can be written as:

dQn
dt

= p
dV

dt
+mcv

dT

dt
. (4.7)

Using the ideal gas law, it follows that:

m =
pV

RT
,

dp

p
+
dV

V
=
dT

T
. (4.8)

By inserting these relations, Equation 4.7 can be rewritten to:

dQn
dt

= (1 +
cv
R

)p
dV

dt
+
cv
R
V
dp

dt
. (4.9)

Using the specific heat ratio (γ =
cp
cv

) and cv = R
γ−1 , the equations can be rewritten to [38]:

dQn
dt

=
γ

γ − 1
p
dV

dt
+

1

γ − 1
V
dp

dt
. (4.10)

In a constant volume combustion chamber, the change in volume dV
dt equals zero. There-

fore, for a constant volume combustion chamber, the apparent rate of heat release is given
by:

dQn
dt

=
1

γ − 1
· V · dp

dt
, (4.11)

where γ is the heat capacity ratio of the air-fuel mixture in the combustion chamber.
Using NASA polynomials the heat capacity ratio can be calculated for every mixture at a
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given temperature and pressure. Therefore, it can be calculated over time as the pressure
and temperature in the combustion chamber vary during the combustion process. V is the
volume of the combustion chamber and dp

dt is the derivative of the pressure trace obtained
from the CRU setup. γ can be calculated as:

γ = ωair · γair + ωfuel · γfuel. (4.12)

Because the amount of fuel in the relatively large chamber is small, the mass fraction of
the fuel is assumed to be zero. The effect of the fuel on the heat capacity ratio is neglected.

• Total Heat Release (THR)
The total heat release is calculated using the area underneath the aROHR curves. This
is the total amount of heat released per injection transferred into a pressure increase.

• Normalized Total Heat Release (NTHR)
In order to compare the amount of energy which is transferred into a pressure increase to
the amount of chemical energy which is put into the combustion chamber, the heat release
is calculated in arbitrary units. The normalized total heat release can be calculated using
the following equation:

NTHR =
THR

V · ρfuel · LHVfuel
. (4.13)

It is assumed that the injected volume of fuel is constant for every fuel, chamber tem-
perature, and chamber pressure. According to the manufacturer of the CRU setup, the
injector delivers between 0.03 and 0.08 mL of fuel per injection, depending on the fuel [31].
Because both diesel and OME fuels have low viscosities resulting in low flow resistances,
the amount of fuel per injection is assumed constant at 0.08 mL.

According to the experimental investigations of ref. [39], a lower fuel viscosity will result
in a shorter hydraulic delay at start of injection. The closing behavior is not clearly
influenced by the viscosity. This means that a lower viscosity could result in a longer
hydraulic injection duration (due to earlier start of injection and equal end of injection),
which in term will result in a higher amount of fuel which is injected in the chamber. Thus,
the assumption of a constant amount of fuel being injected might not be fully correct.

• Ignition Delay (ID)
The CRU defines the ID as the point where a 0.2 bar pressure increase is reached. How-
ever, using this method no difference can be made between the low- and high-temperature
combustion phase. Therefore, a new definition for the ID is established.

Firstly, dQdt is derived to obtain d2Q
dt2

. Next, the d2Q
dt2

signal is filtered using a Savitzky-Golay
filter in order to obtain a smoother signal. This signal can contain multiple peaks, the first
one is for the low-temperature reaction phase, the second one is for the high-temperature

reaction phase. Finally, a linear fit is placed on the the positive slope of the second d2Q
dt2

peak. The position where this fit line intersects with the abscissa is defined as the ignition
delay. This is the start of the high-temperature combustion phase. More about this new
definition is explained in Appendix C.5.

• High-Temperature Reaction Time (HTRT)
The HTRT is the burn duration for the high-temperature reaction. It is defined as the
difference between the End of Combustion (EC) and the ID. The EC is defined as the
point where 95% of the heat is released.

• Low-Temperature Reaction Time (LTRT)
The LTRT is the burn duration for the low-temperature reaction and is defined as the
difference between the ID (start of high-temperature reaction), and the starting point
for the low-temperature reaction. This starting point is defined as the point where the
pressure signal has its lowest value. After the fuel is injected in the chamber, the pressure
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slightly reduces due to the fuel absorbing some heat resulting in a temperature (and
therefore pressure) reduction. If the pressure reaches its lowest value and starts increasing
again, it means that heat is being released, thus combustion has started. While being low-
temperature heat release, it is considered to be combustion.

4.2 CRU experiments results
In this section, the results from the CRU experiments are presented and analyzed. First the
results of benchmark experiments with diesel are analyzed, after which they are compared to the
results from the OME experiments. The error analysis of the results presented in this section
can be found in Appendix D.

Diesel combustion behavior
As explained, the CRU is equipped with a chamber pressure sensor. Using this pressure data
and Equation 4.11, the heat release profiles can be calculated. In Figure 4.3, the heat release
profiles of diesel combustion at different conditions are shown. The numbers that are displayed
in the legends represent the individual measurement points. The measurement settings at those
measurement points are shown in the legends too. An overview of the settings for all measure-
ment points can be seen in Appendix C.2.

The aROHR of diesel combustion is characterized by a sharp high-temperature combustion
peak. Under some conditions, also a small low-temperature combustion peak can be observed
before the high-temperature combustion phase. For the measurement points at chamber pres-
sures of 10 and 18 bar, a longer ID and an increased LTRT are observed, see curves 5 and 6
in Figure 4.3b, curve 11 in Figure 4.3c, and curves 14 and 15 in Figure 4.3d. Pickett et al.
showed that lower ambient densities result in higher mixture fractions and smaller spray cone
angles [40]. Due to the higher mixture fraction and smaller spray cone angle, it may take longer
to entrain sufficient oxygen in the spray to start the high-temperature combustion phase, which
could result in a longer ID. A longer ID and increased LTRT are also observed at higher EGR
levels of 16 and 20%, see curves 3 and 5 in Figure 4.3b, curve 8 in Figure 4.3c, and curves 12 and
14 in Figure 4.3d. At these EGR levels, the high-temperature peaks are a bit lower compared
to lower EGR levels. However, a different explanation applies. Due to the lower amount of
oxygen in the combustion chamber resulting from the higher EGR rates, it can take longer to
form a mixture which has the right Air-Fuel(AF) ratio to start the high-temperature reaction.
The low-temperature combustion phase does not seem to be influenced. A possible explanation
could be offered by the different chemical reactions in the low- and high-temperature combustion
phase. In the low-temperature reactions, among others, formaldehyde (CH2O) is formed. The
formation of OH∗ radicals is associated with much faster high-temperature reactions. Dahms
et al. found that the formation of formaldehyde occurs at a wide range of equivalence ratio’s.
However, the formation of high amounts of OH∗ was only found at equivalence ratio’s lower than
2 [41]. This might explain why the low-temperature reactions in the CRU are not influenced by
a change in EGR rate. At a chamber temperature of 485◦C, a longer ID and increased LTRT
are observed too. It is possible that the lower temperature decreases the fuel vaporization rate.
As a result, the mixing process deteriorates which results in a longer delay between injection
and the start of the high-temperature reactions.

For temperatures higher than 501◦C and pressures higher than 18 bar, generally, the high-
temperature combustion phase starts between 1 and 2 milliseconds after Command Of Injection
(aCOI) and combustion ends within 2 to 3.5 milliseconds aCOI. At 485◦C and 30 bar, the
temperature is too low to guarantee a short ID. Combustion itself takes 1.5 milliseconds, but
ignition takes place around 2.5 milliseconds aCOI. It therefore can be concluded that a minimum
temperature of 525◦C and a minimum pressure of 30 bar are required to guarantee a fast
combustion, regarding both ID and HTRT. Fast combustion is necessary to guarantee that all
fuel combusts when the cylinder is at TDC. This provides the highest efficiency when fuels are
combusted in internal combustion engines. In this report, combustion is defined as sufficiently
fast when the aROHR profile shows a maximum HTRT of 2.5 ms and combustion has ended
before 3.5 ms aCOI.
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Figure 4.3: aROHR profiles for diesel combustion under different operating conditions. The
shaded areas represent the 95% confident intervals which are calculated using the Student’s t

distribution. The time scale is defined as aCOI.

OME combustion behavior
In Figure 4.4, the heat release profiles of OME3−5 are displayed. Compared to the diesel com-
bustion, the maximum heat release is lower. This is the result of the LHV, with the volume
of injected fuel assumed equal. At chamber temperatures lower than 525◦C, the burn duration
increases causing a lower maximum heat release. The increased low-temperature heat release
at these conditions is different from the diesel results. More heat is released during the low-
temperature combustion phase, resulting in a decrease of the maximum heat release during the
high-temperature combustion phase.

For all OME fuels, more variation is shown in the duration of the high-temperature combustion
phase. A possible cause could involve the AF-ratio. For diesel, the AF-ratio is 14.5 whereas for
the neat OME fuels, the AF-ratio lays between 6.418 and 6.715. OME fuels need lower amounts
of air in order to combust stoichiometrically. The OME-air mixture could be diluted too much
locally, and therefore becomes too lean to guarantee fast combustion at low temperatures. Diesel
combustion does not seem to suffer from this problem, which could be due to its higher AF-ratio.

The combustion cycles with fast combustion have a shorter ignition delay for OME3−5 compared
to diesel. This can be caused by the internal oxygen atoms in the OME molecules. These internal
oxygen atoms result in a lower AF-ratio for the OME fuels. Due to the lower AF-ratio, the
optimum mixture is reached earlier (less air is needed), which could result in a shorter ID. This
is also confirmed by the cetane numbers. OME fuels have higher cetane numbers than diesel,
as shown in Chapter 3.
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Figure 4.4: aROHR profiles for OME3−5 combustion under different operating conditions. The
shaded areas represent the 95% confident intervals which are calculated using the Student’s t

distribution.

When comparing neat OME3 and OME4 to OME3−5, it stands out that the results for OME3 are
very similar to OME3−5. This is likely caused by the high mass fraction of OME3 in OME3−5,
which is 58%. It is found in literature that OME fractions in blends below 60% do not influence
the ignition behavior [42]. For OME4 there are some different results. Combustion of OME4

starts between 0.2 and 0.75 milliseconds earlier than for OME3 and OME3−5. Especially at
low temperatures and pressures, the difference is substantial. Simulations of a homogeneous
OME reactor using the reaction mechanism developed by Cai et al. [43] show similar results
for reactions at fuel-air equivalence ratio’s ≥1 , see Figure 4.5. In the homogeneous reactor
simulations, an OME blend of 60% OME3 and 40% OME4 is used, as no reaction mechanism
for OME5 was available. The OME mixture in the simulations therefore does not fully represent
the OME3−5 mixture used in the CRU measurements, and will be referred to as OME3−4.

Figure 4.5: Homogeneous reactor results for different OME fuels and fuel-air equivalence
ratios. Each column has a different equivalence ratio. The time scale is defined as aCOI.
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In this figure it can be observed that for fuel-air equivalence ratio’s larger than 1, OME4

combustion starts faster. The difference with OME3 and OME3−5 increases for increasing
equivalence ratio. Using a Musculus and Kattke spray simulation, the time-averaged equivalence
ratio is simulated at the center line of the spray for OME3, see Figure 4.6. The simulations are
executed for chamber pressures between 10 and 50 bar, and for injector nozzle hole diameters
of 100 and 140 µm. It can be seen that the equivalence ratio’s on the center line of OME sprays
are larger than 1 for low pressures and for a 140 µm nozzle diameter. It must be mentioned
that the equivalence ratios will be lower at the edges of the spray, especially further from the
injector nozzle.

Figure 4.6: Time averaged fuel-air equivalence ratio’s for OME3 sprays at spray center line.
Simulated using a Musculus and Kattke spray model.

If ignition of OME fuels occurs in the high-equivalence ratio domain, the homogeneous reactor
simulations predict that OME4 combustion starts faster than that of OME3 and OME3−5. This
might explain the differences observed in the CRU measurement results between the ID of
OME3, OME4, and OME3−5. The Musculus and Kattke spray model simulations show that for
low chamber pressures, the equivalence ratio in the spray is at its highest, which would result in
a larger difference in ID. The CRU measurement results indeed show that for the measurements
at 10 bar chamber pressure, the ID of OME4 is 0.5 to 0.75 ms shorter than that of OME3 and
OME3−5. At 50 bar chamber pressure, the equivalence ratio’s in the sprays are lower. The
reaction mechanism simulations for OME combustion predict that this will result in similar
ID’s for OME fuels or even faster ignition for OME3 and OME3−4 compared to OME4. This
is confirmed in the CRU measurements, where at 50 bar all OME fuels have a similar ignition
delay. When evaluating that both the CRU measurements and simulations show a similar pat-
tern in ID for varying chamber pressures, this might suggest that the effect can be linked to the
equivalence ratio. However, not all effects are similar for the simulations and the measurements.
The CRU measurements show that the behavior of OME3 and OME3−5 is similar, whereas for
the homogeneous reactor results, the results of OME3−4 lay between that of OME3 and OME4.
Further research should provide a better understanding of this topic.

In order to obtain a smooth transition towards future oxygenated fuels, a blend of OME and
diesel is a possible intermediate step. When OME fuels are mixed with diesel, the difference in
maximum heat release rate between diesel and OME fuels is partly compensated. The results
of a blend of 50% OME4 and 50% diesel can be seen in Figure 4.7. At temperatures higher
than 501◦C, the HTRT and ID are similar to OME4 combustion. For lower chamber temper-
atures, the aROHR profiles are more similar to diesel combustion regarding their maximum
values. However, still a substantial difference can be observed when compared to the profiles at
temperatures higher than 501◦C.
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Figure 4.7: aROHR profiles for 50% OME4 blend combustion under different operating
conditions. The shaded areas represent the 95% confident intervals which are calculated using

the Student’s t distribution. The time scale is defined as aCOI.

For all neat and blended OME fuels, a plateau in the aROHR curves can be observed between
1.5 and 2 milliseconds at measurement points 3 and 4. This plateau can be explained by mixing-
controlled burning, where injection continues during combustion.

Another surprising result can be found at curve 11 in Figure 4.7c, where a second high-
temperature peak can be observed. Similar results are found in other OME-diesel blends. It
was found that at low chamber pressures or low EGR rates, the CRU is not able to accurately
fill the chamber with the correct air-nitrogen mixture. At measurement point 11, the EGR rate
should be 20%. However in the five measurements, two have an EGR rate of 9% and 3 have
an EGR rate of 29%. This causes a substantial difference in the ID, which explains the strange
average aROHR result. The heights of the individual curves are similar to the aROHR results
of measurement point 1. More information about this error caused by the measurement setup
can be found in Appendix D.

Combustion parameter results diesel and pure OME fuels
The results of the combustion parameters defined in Chapter 4.1, are displayed in Figure 4.8.
This scatter plot shows the results for all seventeen measurement points which are defined in
Chapter 4.1. The 17 measurement points are displayed on the x-axis. The y-axis of the dif-
ferent scatter plots show the following combustion parameters: THR, NTHR, ID, HTRT, and
LTRT. The settings per measurement point can be seen in Figure 4.2 and are grouped based on
temperature, pressure, and EGR rate, see the colored boxes in Figure 4.8. Points 1, 7, and 17
have the same operating conditions, and are included intentionally to check for measurement
errors or sensor drift.

From the scatter plots it can be observed that the THR is significantly higher for diesel than for
OME fuels. This is explained by the higher LHV for diesel compared to OME fuels. Therefore,
the Normalized Total Heat Release (NTHR) is plotted to analyze the gross indicated efficiency.
For temperatures lower than 525◦C, the NTHR of OME fuels goes down. This could have two
possible causes. Firstly, the injected volumes of fuel are assumed equal for all fuels. However,
fuel properties such as viscosity, lubricity, and compressibility could significantly influence the
injection behavior and thus the injected volume of fuel. This would impact the NTHR signi-
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Figure 4.8: Combustion parameter results for diesel and neat OME fuels. The colored boxes
indicate the temperature, pressure, and EGR settings for the measurement points.

ficantly. Secondly, in the analysis of the aROHR profiles, it was already shown that for lower
temperatures and pressures, the ignition delay is prolonged. As a result, the flame develops
closer to the chamber walls which may lead to additional heat losses to the walls of the combus-
tion chamber. Out of the three neat OME fuels, OME4 performs the worst regarding NTHR.
Because the ignition delay of OME4 is shorter than that of OME3 and OME3−5, see Figure 4.8,
higher heat losses are not likely to cause these effects. Besides, the heat losses may be influence
by a number of factors, and the quantitative effect of those is hard to define. Multiple possible
causes for the observed differences in NTHR are given, but it is difficult to pinpoint the exact
cause for these differences. This also holds for the diesel NTHR increase which is observed for
temperatures lower than 525◦C.

Another observation in the THR and NTHR scatter plots is that the measurements at point
1, 7, and 17 do not always produce the exact same results when checked for repeatability. For
measurement point 1, the THR and NTHR of the neat OME fuels are higher than those at
measurement points 7 and 17. It is likely that the OME measurements at this point are con-
taminated slightly with diesel from flushing. Therefore, it is best to consider points 7 and 17
when looking at those conditions.

When considering the ignition delay scatter plot, the findings from the aROHR profiles are
confirmed. The ignition delay for OME fuels is about 0.5 to 1 millisecond shorter than for
diesel. The difference between the fuels is at its largest at extremely low pressures of 10 bar. At
this low pressure, OME fuels have the advantage of the internal oxygen atoms in the molecules,
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whereas for diesel, significantly more time is required to entrain enough air in the spray due to
the increased equivalence ratio and smaller spray cone angle at lower ambient densities.

At temperatures higher than 501◦C and pressures higher than 18 bar, the HTRT of OME fuels
is shorter than that of diesel. On the other hand, at temperatures of 501◦C and lower, and at
EGR rates higher than 32%, the HTRT of OME fuels is significantly longer than that of diesel.
In between these extreme measurement points, the HTRT of diesel and OME fuels are similar.
It can be concluded that the chamber temperature and pressure must be higher than 501◦C
and 18 bar to ensure a short burn duration. In reality, lower temperatures and pressures are
not often found under in-cylinder conditions.

The LTRT of both OME fuels and diesel is shorter than 1 millisecond for sufficiently high
temperatures and pressures. At pressures lower than 30 bar, or at a temperature of 485◦C, the
LTRT of both OME fuels and diesel increases. For diesel, this increase generally is higher than
for OME fuels, especially at low pressures. At low temperatures, the difference is less noticeable.
The cetane number of diesel is lower than that of the OME fuels, which could indicate that the
higher LTRT for diesel is caused by its longer ID.

Combustion parameter results OME-diesel blends
When analyzing the scatter plots with combustion parameters from the OME-diesel blends,
multiple changes can be noticed when compared with the neat OME fuels. In Figure 4.9 the
results from the 50% OME-diesel blends can be seen.

The first thing which can be noticed is that the total amount of heat release per combustion
cycle increases compared to neat OME fuels. This can be explained by the approximately 55%
higher LHV of the OME-diesel blends when compared to neat OME fuels. The next observa-
tion is that, especially for measurement points with both temperatures higher than 501◦C and
pressures higher than 18 bar, the NTHR of the OME-diesel blends is higher than that of neat
OME fuels. Possible causes could involve higher heat losses via the chamber walls, or deviations
in the injected volumes of fuel. Further research into the injected amounts of fuel could help in
pinpointing the cause of the deviating NTHR results from the multiple options mentioned above.

The ID’s of the OME-diesel blends are longer than those of neat OME fuels and are very similar
when compared to diesel. As mentioned earlier, Goeb et al. found that OME fuels in blends do
not influence the ignition behavior significantly [42] for fractions lower than 60%. This could
offer a possible explanation why the ID’s of 50-50% OME-diesel blends are similar to those of
diesel, but no hard statements can be made.

The HTRT of the OME-diesel blends and diesel are similar for almost all measurement points.
For the measurement points at 485◦C and at 501◦C combined with high EGR rates, the HTRT
of the OME-diesel blends increases compared to the diesel results. However, there is a clear
reduction compared with neat OME fuels. A possible explanation could be that OME fuels need
higher temperatures than diesel to guarantee high reaction rates and that the reaction rates
decrease when temperatures drop below 525◦C. This effect might be enhanced by the reduced
amount of oxygen in the mixture at EGR rates of 32%.

The LTRT shows a similar pattern. For diesel, at temperatures lower than 525◦C and pressures
higher than 10 bar, the LTRT’s are longer than for neat OME fuels. Under the same conditions,
the LTRT’s for the OME-diesel blends increase compared to neat OME fuels. They shift more
towards the values of diesel. The LTRT shows a clear relation with the ID for all fuels. A long
ID results in a long LTRT.
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Figure 4.9: Combustion parameter results for 50-50% OME-diesel blends compared to diesel.
The colored boxes indicate the Temperature, pressure, and EGR settings for the measurement

points.

Analysis Of Variance
To investigate the significance of each individual variable on the important combustion para-
meters introduced in Chapter 4.1, an Analysis Of Variance (ANOVA) has been executed. A
linear model is used, which only computes the probability values for the null hypothesis on the
main effects. In this case, the null hypothesis is that there is no difference between the average
values of the different groups. The groups are sorted by the three independent variables: cham-
ber temperature, chamber pressure, and EGR rate. The alternative hypothesis is true when the
average values of the different groups are not equal [44].

If a probability value is lower than the significance level, it is confirmed that this variable signi-
ficantly influences the combustion parameter. A significance level of 0.05 corresponds to a 95%
confidence interval. For the ANOVA of the CRU results, the chamber temperature, chamber
pressure, or EGR rate significantly influence the combustion parameters if the probability is
lower than 0.05. An overview of the results is given in Tables 4.2 and 4.3. The + and - signs
before the probability values indicate whether the influence of the variable on the combustion
parameter is positive or negative. A negative influence shows that an increase in the variable
results in a decrease of the combustion parameter, and vice versa.

For example: the influence of chamber temperature on the THR for diesel has a probability
value of 0.003. This indicates that for the diesel experiments, the temperature has a significant
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influence on the THR as the probability value is lower than 0.05. The “-” sign indicates that
the influence is negative, meaning that an increase in temperature leads to a decrease in THR.

Table 4.2: ANOVA results for THR and ID. The influence of chamber temperature, chamber
pressure, and EGR rate is investigated.

Fuel
THR analysis of variance. ID analysis of variance
T influence p infl. EGR infl. T infl. p infl. EGR infl.

Diesel -0.0030 -0.1246 +0.1545 -0.0014 -0.0001 +0.0356

OME3 +0.0042 -0.5617 -0.6434 -0.0036 -0.0019 +0.0697

OME4 +0.1559 +0.2865 -0.8972 -0.0019 -0.0015 +0.0550

OME3−5 +0.0094 +0.0290 +0.3824 -0.0011 -0.0006 +0.0523

75% OME3−5 -0.0503 +0.0859 +0.4241 -0.0009 -0.0004 +0.0142

75% OME3 -0.4073 +0.0009 -0.2114 -0.0030 -0.0002 +0.0103

75% OME4 +0.9139 +0.0004 +0.2976 -0.0007 -0.0004 +0.0170

50% OME3−5 +0.75331 +0.0129 -0.3573 -0.0030 -0.0006 +0.0151

50% OME3 +0.5438 +0.0382 +0.3574 -0.0120 -0.0016 +0.0287

50% OME4 +0.8393 +0.0019 +0.2325 -0.0023 -0.0007 +0.0139

Table 4.3: ANOVA results for HTRT and LTRT. The influence of chamber temperature,
chamber pressure, and EGR rate is investigated.

Fuel
HTRT analysis of variance LTRT analysis of variance
T influence p infl. EGR infl. T infl. p infl. EGR infl.

Diesel +0.1438 +0.0504 +0.7939 -0.0074 -0.0002 +0.0516

OME3 -0.0782 -0.6170 +0.1528 -0.0058 -0.0017 +0.0737

OME4 -0.1356 +0.6832 +0.3063 -0.0064 -0.0021 +0.0997

OME3−5 -0.1019 -0.5907 +0.2427 -0.0009 -0.0003 +0.0348

75% OME3−5 -0.1627 +0.4792 +0.2108 -0.0001 -0 +0.0010

75% OME3 -0.2480 +0.4679 +0.1500 -0 -0 +0.0006

75% OME4 -0.5244 +0.0912 +0.32037 -0.0021 -0.0005 +0.0245

50% OME3−5 +0.9432 +0.1851 +0.2674 -0.0136 -0.0010 +0.0274

50% OME3 -0.8689 +0.2565 +0.2422 -0.0426 -0.0024 +0.0470

50% OME4 +0.7440 +0.1625 +0.2533 -0.0039 -0.0004 +0.0127

When analyzing the ANOVA results of the diesel experiments, it can be observed that the tem-
perature has a strong influence (negative sign) on the THR (a temperature increase leads to a
decrease in THR). The pressure and EGR do not have a significant influence on the THR, as the
probability values are larger than 0.05. Table 4.2 also reveals that the pressure and temperature
have a significant influence (negative sign) on the ignition delay for diesel fuel. An increase in
temperature and pressure, enhances the reactivity of the mixture, resulting in a shorter ignition
delay. An EGR rate increase leads to an increase of the ID. When less oxygen is available, it
takes longer to form a mixture with the right amount of oxygen. No clear explanation can be
given for the observed decrease in THR when the temperature is increased.

Table 4.3 shows that only the pressure has a significant positive influence on the HTRT of diesel.
Higher chamber pressures could dilute the mixture, resulting in a too lean mixture, which could
result in a slower burning flame. For the LTRT, the temperature and pressure have a significant
negative influence. An increase in temperature results in a shorter ignition delay, which also
explains the shorter LTRT. A higher chamber pressure results in a higher mixture density. This
will reduce the lift-off length, as can be seen in Equation 4.14 by Pickett et al. [45]. In this
equation, H [mm] represents the lift-off length in a constant-volume chamber, Ta [K] is the
ambient temperature, ρa [kg/m3] is the ambient density, d0 [µm] is the diameter of the nozzle,
U0 [m/s] is the injection velocity and Zst [-] is the stoichiometric mixture fraction. A shorter
lift-off length will result in a shorter LTRT. According to the ANOVA results, the EGR rate
also plays a role, resulting in a longer LTRT when less oxygen is present.

H = 7.04 · 108 · T−3.74
a · ρ−0.85

a · d0.340 · U1
0 · Z−1

st (4.14)
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For the OME fuels, the ANOVA results are different. Except for neat OME3 and OME4, the
pressure has a more significant influence on the THR compared to diesel, and in most cases
this influence is positive instead of negative. The influence of temperature on the THR is not
significant for most OME fuels except for neat OME3 and OME3−5. OME3 and OME3−5 show
a significant effect (positive sign) of the temperature on the THR. However, no explanation
can be given for the different result for these two fuels. EGR does not show any significant
influences on the THR for all OME fuels. The influence of the variables on the ID is similar for
diesel and OME fuels. The influences (negative sign) of pressure and temperature can be called
significant and are likely caused by an increased reactivity at higher temperature and pressure,
reducing the ID. For most OME fuels, the influence (positive sign) of EGR rate is also significant.

Furthermore, the influence of the variables is different on the HTRT. For all OME fuels, the in-
fluence of temperature is not significant. In contrary to the diesel results, the chamber pressure
does not influence the HTRT much. EGR does not play are major role either. When looking
at the HTRT of OME fuels in general, the combustion variables do not have a large influence
on the measurement results. Therefore, the HTRT might depend mainly on the fuels reaction
mechanisms and not on the combustion variables. The LTRT results of the ANOVA analysis
are similar to those of the diesel experiments. The temperature and pressure show a significant
influence (negative sign) on the LTRT. A temperature increase will result in a shorter lift-off
length and a shorter ID, and thus also a shorter discernible LTRT. The pressure influence can
be explained by the effect of change in ambient density on the lift-off length and ID. For the
50% and 75% OME blends, the influence (positive sign) of EGR is significant, similar to diesel.
For neat OME3 and OME4, the probability values are slightly over the significance level of 0.05,
but a clear influence of EGR on the LTRT can still be observed for all neat OME fuels.

Based on the analysis of variance, the null hypothesis must be rejected and the alternative hy-
pothesis is accepted: some variables show a clear influence on the average values of the different
groups during the CRU experiments.

Besides the analysis of variance, also Design of Experiments (DoE) mean plots have been made.
“DoE mean plots are appropriate for analyzing data from a designed experiment, with respect
to important factors, where in this case the factors are at two levels (-1 and +1) from the full
factorial design. The plots show the mean values for the two levels of each factor, plotted by
factor. The mean values for the single factors are connected by a straight line. The DoE mean
plot is a complement to the traditional analysis of variance of designed experiments” [46].

In Figure 4.10 the DoE mean plot of the diesel experiments is shown. The advantage of these
plots is that not only the magnitude of the effect of changing a certain variable can be seen, but
also the direction (represented by + and - signs in Tables 4.2 and 4.3). In the DoE plots, no
new insights are presented. Therefore, only the DoE mean plot of the diesel results is displayed.
The results of the DoE mean plots for the OME exeriments are summarized in Tables 4.2 and 4.3.

From Figure 4.10, one can clearly validate the ANOVA results. The chamber temperature has
a significant influence on the THR, whereas the influence of both the chamber pressure and
EGR rate is much smaller. The chamber pressure has the largest influence on the ID, followed
by the chamber temperature and the EGR rate. For diesel, a pressure or temperature increase
results in a longer HTRT. For the LTRT, only the pressure has a clear effect. Temperature and
EGR rate do not show a major effect on the LTRT.
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Figure 4.10: DoE mean plot for diesel CRU experiments.
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Chapter 5

Optical flame analysis

In order to investigate the flame development of OME flames and to compare the natural lu-
minosity (which is mostly governed by soot radiation) with diesel combustion, an optical flame
analysis is executed. In this chapter the methods and results of these experiments are discussed.

5.1 CRU camera experiments

Measurement setup

A Photron SA3 high-speed camera is mounted to the CRU to analyze the flame- or spray
behavior. This camera is placed below the combustion chamber. Using a bore-scope and a
customized optical adapter with a tilted viewing port, the camera is focused on a single injector
spray. The camera is triggered using the trigger output signal from the CRU. t = 0 is defined
as the point when the injector driver signal is sent to the injector. Therefore, all time scales are
referred to as ‘after Command Of Injection’ (aCOI). It must be mentioned that there is a delay
between the injector command and the actual injection. This delay is caused by the injector
needle lift delay and the hydraulic behavior of the fuel. Due to a lack of sufficient light in the
combustion chamber, it is not possible to determine this delay using spray analysis.

Firstly, the different origins of light from combustion must be explained. Some chemical reac-
tions emit light of a certain wavelength, called chemiluminescence. However, light from glowing,
hot soot particles has a high intensity over a large range of the electromagnetic spectrum, called
incandescence. In practice, the relatively intense incandescence from sooting flames often ob-
scures the weaker chemiluminescence from other reactions. Especially in the case of imaging
through a bore-scope (relatively small aperture), which limits the total amount of light imaged
on the camera sensor. Therefore, it is not likely that any chemiluminescence will be seen in the
CRU optical experiments. In this setup, no attempt has been made to use wavelength filtering
in order to distinguish between chemiluminescence and natural luminosity.

Multiple corrections have been applied to improve the visualization of recorded data. Firstly,
a background correction is applied to subtract static background noise from all images. Sub-
sequently, a gamma correction is applied to enhance visibility of areas under low-light conditions.
Finally, on the OME results, a median filter is applied to reduce the grainy effect which is caused
by the gamma correction. More information on the measurement setup and data processing
can be found in Appendix E.

Measurement points

In the first CRU experiments, it was found that OME fuels need chamber temperatures of . A
constant chamber temperature of 580◦C is chosen for the camera experiments, as it represents
the high temperatures which are generally found in modern CI engines. The fuel pressure is
varied between 500 and 1500 bar to see the effects on soot incandescence. Multiple studies found
that the soot emissions of diesel combustion increase for decreasing injection pressure [47, 48].
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For decreasing injection pressures, the injection velocity decreases, see Equation 5.1 [9].

Uth =

√
2∆p

ρf
(5.1)

In this equation, Uth is the theoretical exit velocity, ∆p is the pressure drop across the injector
orifice, and ρf is the fuel density. Equation 4.14 already indicated that the lift-off length
decreases for decreasing injection velocities. According to Pickett and Siebers, this leads to an
increase of soot emissions, due to the higher equivalence ratio at the location of flame lift-off [49].
The φ-T diagram which is shown in Figure 5.1 hypothetically shows that an increased injection
pressure (compare green line with blue line) leads to lower equivalence ratio’s and therefore
lower soot emissions.

Figure 5.1: φ-T diagram for different conditions. With respect to the blue curve: the green
line represents a higher injection pressure and the greyish line has a high injection pressure

with EGR [9].

5.2 Optical results
In this section, the results from the CRU camera experiments are presented and analyzed. In
the false-color scale images, the intensities are displayed between 0 and 1. A completely black
pixel represents 0, 1 represents the maximum intensity that was obtained in the experiments.

Average vs individual results

The results from the camera measurements are averaged over five measurements per meas-
urement point. This averages the intensity per pixel over five frames. As a result, turbulent
fluctuations are averaged out. However, the general behavior of the flame can still be distin-
guished. In Figure 5.2, the differences between an individual measurement and the average
results are shown in a false-color scale. In the first two frames, the liquid fuel up to an axial
position of approximately 25 mm from the injector is visible, illuminated by the flame. The fig-
ure shows that the average results have a better axial symmetry, whereas the individual frames
show more asymmetry along the axial axis of the flame.

In all false-color scale images, a black dashed curve can be seen. This curve represents the edge
between the chamber ceiling and the chamber wall. Using a checkerboard grid, the scale of
the pictures is measured, as can be seen in Appendix E.2. This showed that a horizontal area
of 70 mm is imaged. As the radius of the chamber is 49 mm, also part of the chamber wall
is displayed. This can be clearly seen in the individual image at 2.5 ms aCOI in Figure 5.2.
From an axial distance of 35 mm, flame lift-off can be seen. The flame develops and gradually
becomes wider. Around 50 mm, the flame hits the wall and its width rapidly increases.

30 TU/e - R.J.J. Coolen - Projecting a future for diesel engines using synthetic oxygenated fuels



Figure 5.2: False-color scale images based on natural flame luminosity for diesel measurements
at 1500 bar injection pressure. In the left column, the average results over five measurements
can be seen. In the right column, an individual flame is shown. In the false-color scale images,

the dashed lines indicate the transition between the chamber ceiling and the chamber wall.
The injector is placed at [x,y] = [0,0]. The color scale is indicated on the right.

1500 bar injection pressure

In Figure 5.3, the results from the 1500 bar injection pressure measurements are presented. The
false-color scale images show the intensities at different time instances aCOI. The diesel flames
are analyzed at 4000 frames per second (FPS). Because the OME flames produce less light, the
shutter time had to be increased to capture significant amounts of light on the chip. As a result,
the frame-rate had to be decreased to 1000 FPS.

For each frame, the intensities are summed and divided by the maximum intensity of the diesel
measurement at 500 bar, as that measurement shows the highest intensities. This results in a
Normalized Total Luminosity (NTL). The NTL of the OME flames is multiplied by a factor
1000 to to obtain a similar scale as the results from the diesel flame.

The first thing that can be noticed is that all OME fuels produce approximately a factor 1000
less light when compared to the diesel flame. The light which comes from the diesel flames can
be characterized as soot incandescence, light that has a wide range of wavelengths. Multiple
studies already have shown that OME combustion produces little to no soot [50–53]. Therefore,
the light that is emitted from the OME combustion cannot be characterized as soot incandes-
cence, but it must be chemiluminescence. This is electromagnetic radiation which is emitted
during a chemical reaction [54]. Different chemical reactions produce different wavelengths of
light. This indicates that diesel combustion has relatively high soot emissions, whereas the
absence of high-intensity incandescence confirms that the OME flames emit little to no soot.
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Figure 5.3: False-color scale images based on natural flame luminosity and Normalized Total
Luminosity plot for 1500 bar injection pressure. In the false-color scale images, the dashed

lines indicate the transition between the chamber ceiling and the chamber wall. The injector is
placed at [x,y] = [0,0]. The color scale is indicated on the right. The shaded areas in the NTL

plots represent the 95% confident intervals calculated with the Student’s t distribution.

From the NTL plot it can be observed that the OME flames start earlier than the diesel flames,
which is explained by their shorter ID’s. This is in line with the observations from Chapter
4.2. Furthermore, the OME burn durations seems to be longer than the diesel burn duration.
A higher amount of light for OME3−5 is observed, however this falls within the confidence
interval. In the NTL plot, the OME flames start at higher intensities than the diesel flame.
This is caused by the multiplication with a factor 1000, which also increases the intensity at t
= 0. OME3 shows higher chemiluminescence levels than OME4 and OME3−5. However there
is a uncertainty in that observation as the bottom range of the OME3 95% interval is at the
same level as the intensities from the other OME fuels.

1000 bar injection pressure

In Figure 5.4 the false-color scale images and NTL plot of the 1000 bar measurement are dis-
played. The first observation from the false-color scale images is that the flame intensities of
the diesel flames are similar when compared to the 1500 bar measurement.

The NTL plot shows that the combustion duration increases for all fuels. This can be caused
by the lower injection pressure, which results in a lower spray velocity and subsequently results
in a longer mixing duration. Furthermore, in the NTL results the normalized luminosities are
similar to those from the 1500 bar measurement. However, a lower injection pressure results in
less fuel being injected. Equal luminosities for lower amounts of fuel indicate that the specific
soot emissions per kg of fuel increase. The effect is further enhanced by the longer combustion
duration, as the intensities are shown for a longer period of time. The OME luminosities are
similar to those at 1500 bar, so OME fuels seemingly produce more chemiluminescence per
amount of fuel. However, the results are multiplied with a factor 1000 and the uncertainty
margin is rather large.
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Figure 5.4: False-color scale images based on natural flame luminosity and Normalized Total
Luminosity plot for 1000 bar injection pressure. In the false-color scale images, the dashed

lines indicate the transition between the chamber ceiling and the chamber wall. The injector is
placed at [x,y] = [0,0]. The color scale is indicated on the right. The shaded areas in the NTL

plots represent the 95% confident intervals calculated with the Student’s t distribution.

500 bar injection pressure

In Figure 5.5 the false-color scale images and NTL plot from the 500 bar measurement are
shown. The diesel false-color scale images show a significant increase in the light from the diesel
flame, which is confirmed by the NTL plot. This indicates that for lower injection pressures,
the diesel soot emissions increase due to to lower injection velocities, shorter lift-off lengths, and
higher equivalence ratios at the location of flame lift-off. Even when the amount of fuel being
injected at 500 bar is about 42% lower when compared to 1500 bar (based on the theoretical
spray velocities), an increase in soot luminosity can be observed. From 2.75 ms aCOI onward,
the diesel flame can be qualified as quasi-steady state. It can clearly be observed that most
of the soot is produced close to the wall of the chamber, in the head of the spray flame.
Furthermore, the combustion duration increases with a factor 2 when compared to the 1500
bar measurement, likely caused by the lower spray velocity. The OME fuels do not show an
increase in combustion duration. The chemiluminescence of OME flames decreases compared
to the OME measurements at 1000 and 1500 bar injection pressure, which is likely caused by
the reduced amount of fuel being injected.
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Figure 5.5: False-color scale images based on natural flame luminosity and Normalized Total
Luminosity plot for 1000 bar injection pressure. In the false-color scale images, the dashed

lines indicate the transition between the chamber ceiling and the chamber wall. The injector is
placed at [x,y] = [0,0]. The color scale is indicated on the right. The shaded areas in the NTL

plots represent the 95% confident intervals calculated with the Student’s t distribution.

When concluding on the camera measurements, the following can be said: The experiments
with diesel show that at 580◦C, 30 bar chamber pressure and 0% EGR, the soot emissions
increase for decreasing injection pressures, which was indicated by the higher amount of in-
candescence. The OME experiments show that OME combustion produces little to no soot
even at the lowest injection pressures. Only low amounts of chemiluminescence were found.
The amount of light from OME combustion at lower injection pressures did not increase and
results are similar for all OME fuels. Due to the absence of soot emissions, higher EGR rates
can be applied when using OME based fuels in combustion engines. This could further reduce
the NOx emissions, as the classical diesel soot-NOx trade-off is not present at OME combustion.

Unfortunately, it was not possible to compare the liquid fuel penetration of diesel- and OME
sprays. There is not enough light from an external source present in the chamber to illuminate
the liquid fuel during the entire injection phase. Instead, the sprays are only visible when they
are illuminated by the high amounts of light from the diesel flames. The same holds for the
analysis of the flame characteristics and shapes. The light received from the OME flames is too
weak to present an accurate comparison to the flame structures of the diesel flames.
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5.3 Complementary pressure data
Besides the camera images, the pressure data of the CRU was also analyzed. In Figure 5.6, the
aROHR profiles of all camera measurements can be seen. The results at 1500 bar injection pres-
sure are very similar to the results of measurement point 2 from the earlier CRU measurements.
The only difference between these measurements is the increased temperature from 565◦C to
580◦C in the measurements involving the optical equipment. At lower injection pressures, a
decrease in heat release rate can be observed for all fuels. The lower injection pressure results
in a lower injection velocity, which reduces the amount of fuel that is injected in the chamber.
In the OME aROHR profiles, the diffusion-limited combustion phase can be observed between
1.5 and 2.25 ms.

Figure 5.6: aROHR profiles for combustion experiments with the high-speed camera.
Measurements are done at 580◦C, 30 bar, and 0% EGR. The shaded areas represent the 95%

confidence intervals calculated with the Student’s t distribution. The time scale is aCOI.

Some differences are observed between the aROHR profiles and the NTL profiles shown earlier.
The peaks in the aROHR profiles can be found approximately 1 to 1.5 ms earlier than the
peaks in the NTL plots. This might indicate that the maximum light emissions do not take
place at the point of maximum heat release. Similar observations are described by Zhang et
al., where the maximum natural luminosity peaks are found 1 to 1.5 ms after the aROHR peak
values [55]. For diesel, this might depend strongly on the formation of soot. Diesel combustion
starts with low-temperature reactions where no soot is formed yet. Soot formation starts later
in the combustion phase, when the temperature has increased, which could explain the shift
in the peaks. During the burnout phase of diesel combustion, the soot incandescence in the
NTL plots decreases too. However, for both OME and diesel combustion, light is still being
received when the burnout phase has ended. Tree and Svensson report that after combustion,
soot particles can agglomerate to form long chain-like structures [56]. If the temperature in the
combustion chamber remains high, the hot soot particles could continue to emit light, which
might explain the light that is emitted when diesel combustion has already finished.

For the OME fuels, a similar effect is observed. However, during the OME combustion no soot
is emitted. The shift of the NTL peaks compared to the aROHR curves shows that the high-
temperature reactions produce more chemiluminescence than the low-temperature reactions.
With the OME fuels, the light that is emitted after combustion has ended cannot be caused
by soot particles that are still glowing. It may be caused by the camera behavior at low-light
conditions, which is called image lag. The effect has been described by both Bjørgen et al.
and Manin [57, 58]. “Due to leftover charge in the complementary metal-oxide semiconductor
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(CMOS) sensor, the measured raw intensity is higher than the actual intensity. This effect can
be observed when the camera is exposed to a sudden change in intensity between two subsequent
frames” [57]. Because the frame rate is much lower for the OME measurements, it can ex-
plain why some light is recorded up to 4 ms aCOI in all experiments, whereas combustion ends
around 3 ms aCOI. For the OME fuels, only one image separates these moments. For diesel, this
time interval is captured by multiple images, which reduces the effect of image lag on the results.

Since the primary goal of this section is the substantiation of the optical data, further analysis
of the combustion parameters is provided in Appendix E.3.
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Chapter 6

Conclusions and recommendations

The goal of this project was to verify whether OME fuels can be used as a more sustainable
drop-in alternative to diesel fuel. OME fuels can be produced from hydrogen and recycled
CO2, which can enable a theoretically closed carbon cycle. The sustainable way to produce
these oxygenated fuels is to produce the hydrogen using renewable electricity. In this research,
the fuel properties, combustion behavior, emissions, and flame characteristics of OME fuels are
studied to answer the question whether oxygenated future fuels will provide the diesel engine
with a new future.

Conclusions
In Chapter 3, the fuel characteristics of different OME fuels are studied. Fluid properties such
as density, viscosity, and lubricity are examined to check if these can influence the combustion
behavior or ignition process. Also properties such as melting point, boiling point, flash point
are analyzed to check the fuel compatibility in the engine hardware and to guarantee safe hand-
ling and utilization. Finally, the influence of LHV and cetane number on the combustion and
ignition process is studied. Based on these fuel properties, it is investigated which OME fuels
could provide a diesel alternative. OME3-OME5 have suitable fuel properties to be used as a
diesel alternative. OME0 and OME1 can be used in gaseous form via port fuel injection as these
fuels show gasoline-like characteristics. Direct injection of OME0 and OME1 is also an option,
but this requires changes to the engine hardware.

Using the CRU, the combustion behavior of multiple OME fuels and diesel is analyzed as de-
scribed in Chapter 4. It was found that there are some differences between diesel and OME
combustion. OME fuels tend to ignite faster than diesel and show lower heat release rates
due to a decreased lower heating value compared to diesel. It was also found that the ignition
behavior, heat release rate and burn duration of the OME combustion behavior depend more
on the chamber temperature than that of diesel. The heat release rates of OME fuels decrease
for lower chamber temperatures due to an increasing burn duration. In order to use OME as
a diesel substitute, the in-cylinder temperature needs to be higher than 501◦C to ensure suffi-
ciently short burn durations. Due to the shorter ignition delay, it could be necessary to adjust
the injection timing of the engine. Ideally, more fuel should be injected to compensate for the
decreased lower heating value and the fuel could be injected later to counteract the shorter
ignition delay. However, in order to inject higher amounts of fuel, injection may have to start
sooner, depending on the injection equipment. Another possible option to inject more fuel is
to use a different injector nozzle. In general, the injection timing and nozzle dimensions can
be tailored in order to use OME fuels in a CI engine. OME4 tends to ignite faster than OME3

and OME3−5, which makes the latter two more suitable as a diesel substitute. However, the
combustion behavior of OME4 is less sensitive to temperature reductions, which makes it more
suitable for colder climates. The OME-diesel blends show behavior which can be compared
both to neat diesel and OME fuels, depending on the operating point. The THR is higher than
for the neat OME fuels, which could make it suitable as a transition fuel.

The flame characteristics and soot emissions of OME fuels at different injection pressures are
studied in Chapter 5. The flames of diesel combustion are much brighter than those of OME
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combustion, which can be linked to the soot radiation. Diesel combustion has relatively high
soot formation, which gives high amounts of incandescence. The incandescence of diesel com-
bustion increase for lower injection pressures. OME fuels produce only small amounts of light,
more likely to be originating from chemiluminescence. It can therefore be concluded that OME
combustion produces little to no soot. The chemiluminescence of OME combustion does not
change significantly for lower injection pressures. As a result of the seemingly soot-free combus-
tion, the EGR rates can be increased to reduce the NOx emissions without a trade-off between
soot- and NOx emissions. The liquid fuel penetration could not be investigated due to a lack of
light in the combustion chamber. Due to the low amounts of light from OME combustion, it was
not possible to study the flame characteristics in a detailed way to compare them to diesel flames.

The main research question of this project was: ‘Will oxygenated future fuels provide the diesel
engine with a new future?’ Reflecting on the answers of the four research questions, the answer
to the main question is ‘Yes!’ Oxygenated future fuels can be applied in compression ignition
engines to provide a sustainable alternative for diesel fuel. However, not all challenges are
tackled, which leaves room for some further research.

Recommendations

In this project, large deviations in the EGR rate of the CRU were found. In future research
projects involving the CRU setup, the EGR accuracy needs to be improved. By reducing the
outlet pressure on the pressure limiter of the nitrogen bottle, it is expected that the EGR rate
deviations from the settings are smaller. This enhances the repeatability of the EGR rates of
all measurements, which would increase the quality of the measurement data.

To use OME fuels in a compression ignition engine, some topics could be further investigated.
Firstly, the flame characteristics need to be studied in a better test setup. The current setup
did not provide the proper optical access to allow for high frame rates and to capture sufficient
light on a camera chip. It is important to have a wide lens opening. In order to improve the
optical access to the current setup, the bore-scope diameter could be increased to allow higher
frame rates and to capture sufficient light. With better optical access, it could also be possible
to compare different wavelengths of chemiluminescence from diesel and OME fuels.

Secondly, the spray behavior of OME fuels should be studied and compared with diesel. The
lubricity, density, and viscosity of OME fuels differ from diesel, which could result in differ-
ent spray- and combustion behavior. The sprays could be injected in a combustion chamber
without oxygen to prevent combustion. Mie scattering could be used in combination with a
strong external light source to investigate the liquid spray behavior. The spray penetration of
the vapor phase can be studied with a Schlieren setup.

Finally, it could also be investigated if the differences in heat release rates between OME fuels
and diesel can be overcome by using different injectors. For example, the nozzle hole diameter
could be increased to reach larger injection volumes, but this will affect the spray- and com-
bustion behavior. With further knowledge of the OME fuel sprays and combustion behavior,
tests in a compression ignition engine such as the MX-13 setup in the TU/e Zero Emission Lab
can be executed. When all above items are studied, sufficient knowledge should be obtained in
order to successfully apply OME fuels in compression ignition engines.
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[51] P. Dworschak, V. Berger, M. Härtl, and G. Wachtmeister, “Neat Oxymethylene Ethers:
Combustion Performance and Emissions of OME2, OME3, OME4 and OME5 in a Single-
Cylinder Diesel Engine,” in SAE Technical Papers, vol. 2020-April, no. April. SAE Inter-
national, apr 2020.

[52] S. E. Iannuzzi, C. Barro, K. Boulouchos, and J. Burger, “Combustion behavior and soot
formation/oxidation of oxygenated fuels in a cylindrical constant volume chamber,” Fuel,
vol. 167, pp. 49–59, mar 2016.

[53] Q. Yang, M. Grill, and M. Bargende, “The Application of E-Fuel Oxymethylene Ether
OME1 in a Virtual Heavy-Duty Diesel Engine for Ultra-Low Emissions,” in SAE Technical
Papers, vol. 2020-April, no. April. SAE International, apr 2020.
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Appendix A

Safety measures

In this appendix, the safety measures which need to be taken when working with OME fuels are
analyzed.

ADR Transport Hazard Classes

The ADR (European Agreement concerning the International Carriage of Dangerous Goods by
Road) is an United Nations organization which governs the international transport of dangerous
materials [59]. The ADR has qualified diesel as a flammable liquid, packing class III [60]. This
has the following symbol:

Figure A.1: ADR flammable liquid packing class III symbol.

According to the Material Safety Data Sheets (MSDS) of OME3 and the OME3−5 blend, these
substances are classified as a flammable liquid packing class III [61, 62]. A maximum amount
of 5 liter is allowed to be transported over the road without license. Both OME3 and OME3−5

form no environmental hazards. OME4 is not classified as a dangerous substance, both for flam-
mability and environmental hazards [63]. It can therefore be transported without limitations.

Storage
OME3 and OME3−5 are classified as flammable liquids. They should therefore be kept away
from ignition sources. Do not smoke in their environment and take measures against static
discharges. The fuel vapors can form explosive gases when mixed with air [61, 62]. OME4

does not require any specific measures, however no smoking, eating and drinking is allowed
when working with all the OME fuels [63]. All fuels should be stored in a cool, well ventilated
and dark environment. OME3 and OME3−5 should not be stored with oxidizing agents and
pyrophoric substances. Storage of OME3 and OME3−5 should be done according to TRGS
510:3 (flammable liquids).

GHS hazard pictograms

The Globally Harmonized System of Classification and Labeling of Chemicals (GHS) is a sys-
tem of pictograms which indicate the danger during storage and transport of dangerous goods.
In the Figure A.2, the GHS symbols of diesel and OME fuels are compared. It can be seen
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that diesel fuels are significantly more dangerous than OME fuels in general. Diesel is flam-
mable(GHS02), harmful(GHS07), poses a health hazard(GHS08), and also poses an environ-
mental hazard(GHS09).

Figure A.2: GHS symbols of OME fuels compared to diesel (DK) [64].

According to the MSDS sheets provided by ASG-Analytik [61–63], OME3 and OME3−5 are
classified as flammable and therefore in general less dangerous than diesel fuel. OME4 has no
GHS classifications.

Personal Protective Equipment

In order to work safely with all fuels (both diesel and OME’s) during all experiments, it is im-
portant to have an overview what Personal Protective Equipment (PPE) is necessary for which
fuel. These are described in the fuel MSDS.

For diesel the following PPE are prescribed [65]: safety goggles with side protection (EN166),
protective clothing (EN340 and ISO 13688) which is fire resistant or retarding and anti static
as well as chemical protection gloves which are tested according to EN374. The gloves must be
made from Nitrile rubber and must have a minimal thickness of 0.38 mm. After handling, hands
should be washed thoroughly and in case of inadequate ventilation, category A-P2 respiratory
protection should be worn.

For OME3, OME4 and OME3−5 the following PPE are prescribed [61–63]: eye/facial protection,
CE qualified chemical gloves which comply with the hazard classes of each of the substances.
As the OME fuels are not corrosive and irritating, these can be standard chemical gloves. In
case of inadequate ventilation, respiratory protection should be worn. After handling, hands
should be washed thoroughly.
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Appendix B

Turbiscan measurements

In this appendix, the results of the stability analysis of the OME-diesel blends are presented.

Turbiscan stability analysis

Before the combustion behavior of OME-diesel blends is analyzed to check their suitability for
usage in CI engines, it is important to analyze if the blends are stable. If the blends are not
stable, it is not possible to accurately analyze their combustion behavior as it is likely that the
composition of the blend will vary over time. Besides, it would make the blends not suitable
for usage in CI engines, as fuels need to withstand storage over longer times without changing
in composition and thus performance.

The stability of the blends is analyzed using a Turbiscan LAB stability measurement device.
This device transmits light trough a fluid sample and measures the amount of transmission and
backscattering over the entire height (48 mm) of the glass sample bottle. By comparing the
values over time, it gives an indication of the stability of the fluid. In Figure B.1, an example
is given of the change in transmission and backscattering.

Figure B.1: Change in transmission and backscattering plots for 50% OME4 blend.

In Figure B.1, the percentage change (delta) in transmission and backscattering over time is
displayed for the 50% OME4 blend. After a 15 minute stabilization time, a scan is made over
the entire height of the sample every 25 seconds with a step height of 0.1 mm. The difference
in transmission and backscattering between the initial measurement and the subsequent one is
plotted in the delta graphs. The total test duration is chosen to be at 2 hours. This is relatively
short for an extensive study, but it gives a clear overview if a blend is behaving stable or not.
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Between a height of 5 and 41 mm, the amount of transmission and backscattering does not
change significantly over time. Below 5 and above 41 mm, large fluctuations can be seen. These
are likely caused by the glass bottom of the sample bottle and the fluid meniscus on top of the
fuel.

Besides the delta graphs, also the Turbiscan Stability Index (TSI) is analyzed. The TSI can be
calculated using the following equation:

TSI =

∑
h |(scani(h)− scani−1(h))|

H
, (B.1)

in which h is the height at which the measurement is done and H is the total height of the
sample. If the amount of transmission is larger than 0.2%, the transmission is used for the
‘scan’ value. If T<0.2%, the backscattering is used as the destabilization index. All OME-
diesel blends are clear fluids, resulting in high amounts of transmission and low amounts of
backscattering. In this study, the TSI is calculated between heights of 5 and 40 mm to rule out
any effects which are caused by the bottom of the sample bottle or the fluid meniscus.

Results
Firstly, it is analyzed if the blends need to be mixed using an ultrasonic mixer to enhance their
stability. A 75% OME3−5 sample was mixed with 10 and 25 kJ using an ultrasonic mixer, and
compared to a sample which was shortly shaken by hand. The results can be seen in Figure
B.2.

Figure B.2: TSI results between 5 and 40 mm with different amounts of mixing using the
75-25% OME3−5-diesel blend.

If the TSI remains below 0.5, the mixture is called highly stable. Below 1.0, the mixture is
stable, with a small emerging destabilization which is not visible yet. In Figure B.2, a clear
difference in stability of the OME3−5-diesel blend can be observed for different rates of mixing.
It shows that ultrasonic mixing does enhance the stability of the mixture. However, the differ-
ence between mixing with 10 kJ or 25 kJ is small. The unmixed sample is less stable, however
still with TSI values below 0.85 after 2 hours. The TSI pattern seems to converge towards
1. Therefore, it is chosen to analyze the stability of all OME-diesel blends without ultrasonic
mixing before testing them in the CRU.

In Figure B.3, the results for all OME-diesel blends are displayed. This figure shows that for
a two hour test, all fuels except for the 50% OME3−5 blend prove to be relatively stable. TSI
values for those fuels remain below 1 after 2 hours. The TSI value for 50% OME3−5 however
increased above 2.5. This indicates an emerging destabilization, which could potentially be
visible. A visual inspection of the sample learned that no clear destabilization or fuel layers
could be observed. However, some small dust particles were floating in the liquid. These dust
particles could cause a higher deviation in the measured transmission, which will lead to a higher
TSI value. It is likely that the sample is contaminated with dust during the process of mixing
and sampling. Resulting from the visible dust particles, the absence of visible fluid layers, and
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the behavior of other samples, it can be assumed that the 50% OME3−5 blend behaves equally
stable when not contaminated.

For the experiments in which the fuels combustion behavior is investigated, all blends are mixed
shortly before the experiments. Therefore, all blends are considered stable enough regarding
the two hour Turbiscan experiments and it is not likely that destabilization will influence the
combustion behavior on short term. However, if a blend is found to be suitable for usage in CI
engines, its stability must be analyzed extensively to investigate the long-term stability.

Figure B.3: TSI results between 5 and 40 mm for all six OME-diesel blends, no ultrasonic
mixing.
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Appendix C

CRU experiments

In this appendix, more information about the methods and data processing of the CRU experi-
ments can be found.

C.1 CRU number of measurements
In order to choose the right number of measurements per measurement point, data from old
CRU experiments has been analyzed. This data set involves a test at 520◦C, 30 bar and 0%
EGR. The fuel which is used in this experiment is Shell Vpower diesel. At this measurement
point, 10 measurements have been executed.

In Figure C.1, the mean values of 4 parameters are shown which are calculated by the software
of the CRU. The Ignition Delay (ID), Max ROHR (MR), Position Max ROHR (PMR), and
End of Main Combustion (EMC) are plotted. The blue curve represents the average values and
standard deviations for increasing number of measurements. For example, the value of ID at
the x-position of 2 is the mean ID of the first two measurements at this measurement point.
The value of ID at the x-position of 10 is the mean of all ten measurements at this measurement
point. The percentage which is displayed above the standard deviation bar, is the percentage
of standard deviation divided by the average value.

Figure C.1: Combustion parameters for different numbers of measurements including
confidence intervals.
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In order to calculate which number of measurements is required per measurement point, the
95% interval is used. This interval can be calculated using two methods, the Z distribution and
the Student’s t distribution. The value of Z can be calculated using Equation C.1. For a 95%
confidence interval, α equals 0.05.

Z = sqrt(2) · erf−1(2(1− α

2
)− 1) = 1.96 (C.1)

With this equation, the interval can be calculated as Equation C.2.

Interval = x̄± Z · σ√
n

(C.2)

Where σ is the standard deviation and n is the number of measurements.

The second method is to use the Student’s t distribution. With this method, the number of
measurements is also taken into account in the distribution. This distribution has the following
values:

Table C.1: Student’s t values for different numbers of measurements.

n: 1 2 3 4 5 6 7 8 9 10

Student’s
t value:

12.704 4.303 3.182 2.776 2.571 2.447 2.365 2.306 2.262 2.228

With these values, the 95% interval can be calculated as:

Interval = x̄± t · σ√
n
. (C.3)

Both 95% intervals are displayed in Figure C.1. It can clearly be seen that with the Student’s t
distribution, the conficence interval becomes smaller for more measurements per measurement
point and the Z distribution, this is not the case. Therefore, the Student’s t distribution is used
to determine the optimum number of measurements per measurement point.

The number of measurements is sufficient when the 95% interval falls within the standard
deviation. For all four combustion parameters, at six measurements this requirement is met.
However, the difference with five measurements is small and one measurement less for each
measurement point saves considerable measurement time (16%). Therefore, it is decided to use
five measurements per measurement point.

C.2 Measurement points
In Table C.2, an overview is given of the measurement points which are used in the CRU
combustion experiments described in Chapter 4. For the 17 different measurement points, the
settings per measurement point can be observed.
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Table C.2: Overview of settings for measurement points used in CRU combustion experiments.
* For the diesel experiments, the EGR rates are multiplied with a factor 0.5 to prevent

excessive soot production.

Measurement point Temperature [◦C] Pressure [bar] EGR rate∗ [%]

1 525 30 20

2 565 30 20

3 549 42 32

4 549 42 8

5 549 18 32

6 549 18 8

7 525 30 20

8 525 30 40

9 525 30 0

10 525 50 20

11 525 10 20

12 501 42 32

13 501 42 8

14 501 18 32

15 501 18 8

16 485 30 20

17 525 30 20

C.3 Speed of sound corrections
Due to the distance between the pressure sensor and ignition point in the CRU combustion
chamber, it takes time before the pressure waves created by flames reach the pressure sensor.
This delay is caused by the speed of sound. In Figure C.2 a schematic overview of the combus-
tion chamber is given.

Figure C.2: Schematic overview of the CRU combustion chamber with dimensions and
positions of the pressure sensor and flames.

In this figure, d is the distance between the pressure sensor and the ignition point. The radius
(r) of the camber is 48 mm, the distance (h) between injector and pressure sensor is 90 mm.
The lift-off length (LOL) is varied between 0 and 48 mm and the injector angle (α) is 79◦. The
distance d can be calculated as:
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dh = h · sin(α) = 88.3[mm], (C.4)

b1 = h · cos(α) = 17.2[mm], (C.5)

b2 = LOL− b1, (C.6)

d =
√
dh2 + b22. (C.7)

The speed of sound in an ideal gas depends on multiple parameters and can be calculated as [37]:

vs =

√
γRT

M
. (C.8)

With γ the specific heat ratio, R the universal gas constant, T the chamber temperature, and
M the molecular mass of the gas. Because the velocity of the pressure waves propagating
through the pressurized air in the chamber is much higher than the flame speed, it is assumed
that the composition of the mixture through which the pressure waves move remains constant.
Therefore, in this calculation the specific heat ratio and molecular mass of the mixtures are
assumed to be constant at their values at t = 0. Using the previous equations, the following
figure can be made:

Figure C.3: Speed of sound delays for all 17 measurement points and for different lift-off
lengths.

As a rough estimate, it is assumed that the lift-off length will be between 10 and 25 millimeters,
the real lift-off lengths for the different measurement points are unknown. Based on this estimate
and the figure above, it is determined that the correction for the speed of sound is taken at a
lift-off length of about 18 mm. At this distance, the corrections are at their minimum values
and the difference is small for varying lift-off lengths. For each measurement point, a different
correction is used. In Table C.3, an overview of the corrections is given.
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Table C.3: Speed of sound corrections for different chamber temperatures.

Measurement point 1 2 3 4 5 6 7 8 9

Speed of sound
correction [ms]

0.158 0.155 0.156 0.156 0.156 0.156 0.158 0.157 0.159

Measurement point 10 11 12 13 14 15 16 17
Speed of sound
correction [ms]

0.158 0.158 0.160 0.161 0.160 0.161 0.162 0.158

C.4 Heat loss corrections
During the post processing of the measurement data from the CRU experiments, the following
has been observed: after the pressure has increased to its maximum value due to combustion, it
starts decreasing with a rate of 20 to 100 bar per second, depending on the fuel and measurement
point. This can be seen in Figure C.4. In this appendix, the cause for the pressure decrease is
investigated and a heat loss correction is worked out.

Figure C.4: Pressure measurements from CRU experiments.

In the panels on the left side of this figure, the chamber pressure can be seen, in the right ones
the pressure decrease rate can be seen. In this figure, the pressure is shown from 20 milliseconds
onward in order to only show the pressure decrease, not the pressure rise due to combustion.
The waves which can be seen in the dp

dt plots are likely caused by pressure waves which are
reflected by the combustion chamber walls. As can be seen in Figure C.4, the pressure decrease
can be observed for all measurement points, and for all fuels.

In order to verify if these pressure reductions after combustion are cause by heat losses or by
chamber leakage, the chamber pressure was measured without combustion. At all pressure
levels, 20 measurements without combustion have been executed. The results of these measure-
ments are averaged for each pressure level and are shown in Figure C.5.
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Figure C.5: CRU chamber pressure measurements without combustion.

As can be seen in the relative pressure plot of this figure, in the first 10 milliseconds the pres-
sure decreases 4 millibar for all pressure levels. These pressure decreases equal a 0.01 to 0.05%
pressure reduction according to the absolute pressure plot. This is much lower than the 20 to
100 bar per second reductions which were measured earlier. After 10 milliseconds, the pressure
remains constant except for some small oscillations. These observations indicate that the pres-
sure reduction is not caused by chamber leakages and therefore can only be the result of heat
losses through the chamber walls.

The total amount of heat transferred into a pressure increase is calculated using the dp
dt signal.

Because this signal has a negative value after the combustion has finished due to the heat losses,
the calculation of the heat transferred into pressure increase gives an incorrect value. It will be
lower than its actual value due to the heat losses after combustion. The next steps have been
followed to correct for the heat losses:

For each fuel and measurement point, a fit is made on the pressure curve where the heat losses
are constant. It was observed that this linear behavior starts approximately 6 ms after the
pressure reaches its maximum value. Because the EC is defined as the point where 95% of the
total heat is released, the maximum pressure is reached 1-2 milliseconds after EC. Between the
maximum pressure point and the start of the linear behavior, the pressure decrease rate is larger
than for the linear area. This can partly be caused by the oscillations due to the pressure waves
in the chamber, and partly by flame-wall interactions which result in a higher heat loss rate
during these interactions. In Figure C.6, an example is shown in which the pressure decrease
can be observed.
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Figure C.6: Pressure measurement using diesel, measurement point 1.

The linear fit on the pressure signal starts 6 ms after the maximum pressure point and ends at
47 ms, which is the end of the measurement. The slope of this linear fit equals the heat loss
rate in Pa/s. Because the fit does not take the 6 ms domain into account, the heat losses due
to flame-wall interactions are not accounted for. In Figure C.7, a few examples of the heat loss
fits can be seen for the 30 bar measurements using diesel. Using the heat loss rates, the dp

dt data

can be corrected. Between ID and EC, the dp
dt correction is increased linearly from 0 to 100

percent. After EC, this correction is maintained constant.

Figure C.7: Pressure signals at 30 bar including heat loss fits, using diesel fuel. The black
lines represent the fits.

Next, a similar method is used to correct for the flame-wall heat losses. A linear fit is made
for the pressure on the domain where heat is lost to the chamber walls. Using the slope of this
fit, a dp

dt correction is made. The one-dimensional control-volume spray model from Musculus
& Kattke is used to investigate the spray penetration for different injection nozzles. In Figure
C.8, the results can be seen. As the nozzle dimensions of the CRU injector are unknown, the
simulations are executed with nozzle sizes of 100 and 140 µm, which are typical dimensions
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for most passenger car diesel injector nozzles. Simulations for different fuels and temperatures
learned that the differences between diesel and OME fuels are minimal and that temperature
does not have a major influence.

Figure C.8: OME3 spray penetration for different nozzle sizes.

It can be seen that the fuel sprays will hit the chamber walls within 1 ms for all conditions.
As the ignition delays at most measurement points are longer than 1 ms, it was decided that
the heat loss correction for the flame-wall heat losses must be built up from 0 to 100 percent
between ID and EC too. During the flame-wall interaction, the heat loss rate is held at the
level of the second correction. When the heat losses stabilize to their linear behavior, the heat
loss correction is gradually reduced to level of the first correction. In Figure C.9, the resulting
total heat loss correction can be seen.

Figure C.9: dp
dt correction signal for diesel, measurement point 1.

In Figure C.10, the resulting corrected pressure signal is displayed together with the uncorrected
pressure signal for measurement point 1 with diesel fuel. It can clearly be seen that most of the
heat losses are corrected for. Due to pressure oscillations and the fact that linear fits are used
on non-linear pressure signals, it is not possible to obtain a perfectly constant pressure after the
maximum pressure point. However, the result presents a major improvement when compared
to the uncorrected pressure signal.
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Figure C.10: Corrected vs uncorrected pressure signal for diesel, measurement point 1.

C.5 Ignition Delay definition
As mentioned in Chapter 4.1, the CRU calculates the ID using a 0.2 bar pressure difference.
This method however does not consider the difference between high-temperature combustion
and low-temperature combustion. In order to take this effect into account, a new definition for
the ID is made. Firstly, the derivatives of the aROHR (dQdt ) profiles are determined in order

to obtain d2Q
dt2

. The noise in the data is amplified, which requires filtering before further pro-
cessing. A first-order Savitzky-Golay filter with framelength 13 is used, as shown in Figure C.11.

Figure C.11: dQ
dt and d2Q

dt2
profiles with fits to define ignition delay.

In the upper panels of Figure C.11, the dQ
dt profiles can be seen for different fuels and measure-

ment points. In the bottom panels, the d2Q
dt2

profiles can be seen in blue. The red curves show

the filtered d2Q
dt2

profiles. These show a major improvement in the smoothness of the curves
compared to the unfiltered data with minimal effect on the slope of the curves at the linear
(straight) sections.
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Next, the second local maximum of the filtered d2Q
dt2

profiles is located. The first peak (if
there is one) represents the low-temperature combustion phase, the second peak represents the

high-temperature combustion phase. For the filtered 75% OME3
d2Q
dt2

curve, this second local
maximum can be found at 2.23 milliseconds, the first local maximum is located around 1.35
ms, as shown in the bottom right plot of Figure C.11.

Finally, a linear fit is made at the positive slope in front of the high-temperature peak of the

filtered d2Q
dt2

curve. These linear fits are displayed as the black curves in the bottom panels.
The point where these linear fit curves intersect with the x-axis (y=0) is defined as the ignition
delay. For the 75% OME3 example, this is at 1.8 ms. The ignition delays are represented by
the green vertical lines in Figure C.11. The process of calculating the new ignition delays is
automated using Matlab.

In Figure C.12, sections of the filtered d2Q
dt2

curves (red), the linear fit curves (blue) and ID
(green) can be seen for all measurement points for the diesel experiments. In this figure, the
quality of the linear fits can be checked. Using this new ID definition, a clear distinction can
be made between the start of the high temperature combustion phase and the start of the low
temperature combustion phase.

Figure C.12: Filtered d2Q
dt2

sections (red) for 17 measurement points with linear fits (blue) to

define ignition delay at intersection of fit with horizontal axis. The (filtered) red d2Q
dt2

curves
are only displayed at the domain where the linear fit is made. The vertical lines (green)

indicate the ignition delays.
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Appendix D

Error analysis CRU experiments

In this appendix, the accuracy of the CRU combustion analysis results in Chapter 4.2 is checked.
The 95% confidence intervals are calculated and the results are analyzed on irregularities.

D.1 aROHR profiles accuracy
At each measurement point, 5 measurements are done from which an average value is calcu-
lated. Subsequently, a 95% confidence interval is calculated using the Student’s t distribution
as explained in Appendix C.1. The 95% confidence intervals are calculated using Equation C.3.
In Figure 4.3, the confidence intervals of the diesel aROHR results are displayed as the shaded
areas. It can be seen that the uncertainty of the results increases for the measurement points at
low temperatures and at low pressures. The experiment repeatability deteriorates, which can
cause bigger individual differences and therefore a larger error.

In Figure 4.4, the confidence intervals for the OME3−5 aROHR profiles are shown. It can be
seen that the error is at it largest for low chamber pressures or for low EGR rates in combination
with low chamber pressures. Measurement point 11 shows a large error, which consists of two
peaks whereas the average value only shows one clear peak.

It was found that the CRU is not able to accurately control the amount of EGR at low chamber
pressures or at low EGR rates in combination with low chamber pressures. The EGR rate in
the CRU chamber is controlled by prefilling the chamber with a certain amount of nitrogen gas.
The amount of EGR is regulated by opening the nitrogen valve longer or shorter. A shorter
fill duration results in a lower nitrogen pressure and therefore a lower EGR rate. However,
when the EGR rate or chamber pressure are too low, the CRU is not able to accurately control
the amount of time that the nitrogen valve is opened, resulting in large EGR rate deviations.
At measurement point 11, two out of five experiments had an actual EGR rate of 9% instead
of the desired 20%. The other three experiments had EGR rates of 23%. As can be seen in
the same figure, a change in EGR rate significantly influences the position of the peak of the
high-temperature combustion phase. This created a large error on the average results and the
average peak value is much lower than the actual measurement points show.

In Figure D.1, the error on the set EGR values is displayed for all measurements. Also the
chamber pressures are displayed for all measurements. The asterisks in the EGR rate plots
represent the desired EGR values, not the mean values. Subsequently, the confidence intervals
are plotted in the same graphs. In most measurements, the error on the set EGR rate is very
small. However, it can clearly be seen that at the measurement points with low pressure or
low EGR rates, the error increases. This mainly involves point 6, 11, and 15. To lesser extent,
the effect can also be observed at measurement points 4, 5, 13, and 14. When the confidence
intervals of the aROHR plots are considered, it stands out that they are at their largest at
the previously mentioned measurement points, which proves that the errors are caused by the
varying EGR rates.
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Figure D.1: 95% confidence intervals for EGR settings in CRU experiments.

In Figure 4.7, the confidence intervals of the 50% OME4 blend are shown. Again the large
effect of the EGR error on measurement point 11 can be observed. At this measurement point,
two measurements had a EGR rate of 9% and three had an EGR rate of 29%. A double peak
is created by the different EGR values and the combustion duration seems to increase in the
average aROHR profile. However, in reality the individual measurement points show a sharp
peak in combination with fast combustion.

D.2 Combustion parameters accuracy
Besides the aROHR profiles, also the accuracy of the combustion parameter results is checked.
In Figure D.2, the confidence intervals for combustion parameter of the neat OME fuels and
diesel are shown. It shows that at measurement point 1, the error in the THR and NTHR is
at its largest which is presumably caused by contamination with diesel from the flushing. At
the other measurement point, only few large errors can be seen. It stands out that these are
visible at measurement points with lower pressures or low temperatures. This could explain
the larger errors, as the combustion behavior becomes less repeatable under these conditions.
Besides, the errors can be caused by the inaccuracy of the EGR rates at these measurement
points. The measurement points with pressures higher than 18 bar and temperatures higher
than 501◦C provide the most accurate results.
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Figure D.2: 95% confidence intervals of combustion parameter results for diesel and neat
OME fuels.
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The 50% OME blends show similar behavior as the neat OME fuels at temperatures lower than
525◦C and pressures lower than 30 bar. However, at higher temperatures and pressures, some
larger errors can be seen. The 95% confidence intervals of the 50% OME blends can be seen in
Figure D.3. It can be observed that the THR shows some larger errors at measurement points 3,
4, and 10. Analysis of the EGR errors shows that those errors in THR are not caused by EGR
deviations. It could be possible that the fuel blend destabilized under influence of the injection
pressure, causing differences in the amount of heat released. This effect is not visible in the ID,
HTRT and LTRT as these are similar for diesel and the OME fuels. Besides destabilization of
the fuel, inaccurate injection volumes could also cause such deviations in the THR. A higher
amount of fuel injected will result in a higher THR and vice versa. Unfortunately, it is not
possible to determine the specific cause of these larger errors.

Figure D.3: 95% confidence intervals of combustion parameter results for 50-50% OME-diesel
blends compared to diesel benchmark.
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Appendix E

Optical flame analysis

In Chapter 5, the combustion of diesel and OME fuels is studied using a high-speed camera to
analyze the flame behavior and emissions. In this appendix, the measurement setup and used
methods for these experiments are described.

E.1 Measurement setup
The combustion processes of diesel and OME fuels in the CRU take place within a timescale of
milliseconds. In order to capture the flame behavior and to gain any knowledge on emissions in
this short timescale, a high-speed camera must be mounted in the setup. For these experiments,
a Photron SA3 camera is used with a maximal resolution of 1024x1024 pixels. The CRU must
be adapted to gain optical access to the combustion chamber. The bottom plug of the chamber
is removed and an optical adapter is screwed in its place. A small quartz window in the adapter
is used to seal off the CRU chamber. Behind this window, a bore-scope can be placed which
acts as a lens for the camera. The bore-scope can be placed under an angle to focus on a single
spray from the injector. The adapter is water-cooled to prevent overheating, as the adapter is
placed near the heating elements of the CRU chamber. In Figure E.1, the adapter can be seen
mounted underneath the CRU chamber.

Figure E.1: Optical adapter (1) mounted underneath CRU chamber (2). Also visible are
cooling lines (3) and bore-scope (4) which is mounted in the adapter under an angle.

Using a lab jack, the camera and bore-scope are supported underneath the entire CRU setup.
In Figure E.2, the entire camera with the bore-scope can be seen. In this figure, the size of the
bore-scope can be seen clearly. Because of its small diameter, only a limited amount of light
can be transferred to the camera chip.
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Figure E.2: Photron SA3 high-speed camera with the bore-scope attached.

The entire setup with CRU and camera mounted underneath the CRU can be seen in Figure
E.3. Because the bore-scope is placed under an angle in the CRU adapter, the camera needs to
be supported under an angle using the lab jack.

Figure E.3: The Photron SA3 high-speed camera (1) with the bore-scope (2) is supported by a
lab jack (3). Using the CRU adapter, the bore-scope is attached to the CRU chamber (4).

The high-speed camera is triggered using the TTL output signal from the CRU. A resistance
divider and an additional 50 Ohm resistance are used to transfer the 24 volts (50-V max peak
value) signal from the CRU into a 2 volts (3-V max peak value) signal. This signal is suitable for
the Photron camera input. In Figure E.4 the connections on the back of the camera are shown.
The CRU output signal is reduced with the resistance on the T-coupling. This signal is then sent
to port A and port U of the I/O port of the camera. These are the camera signal ground and the
trigger input port. Also connected are the camera power source and the Ethernet connector for
connection with the laptop. On this laptop, the Photron PFV software is installed for further
image recording.
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Figure E.4: The CRU output signal (1) is reduced by a 50 Ohm resistance (2). This signal is
fed into the camera ground and trigger input of the I/O camera port (3). A power connector
(4) is connected for the camera power and an Ethernet connector (5) is used for connection

with a laptop or pc.

Shutter times and frame rates

The measurements with different fuels and different injection pressures produce different amounts
of light. Therefore, the shutter times need to be adjusted in order to use the maximum dynamic
range of the chip without overexposing it. In Table E.1, an overview is given of the used shutter
times and frame rates.

For the diesel measurements, a frame rate of 4000 frames per second (FPS) is used. This is the
maximum frame rate for the chosen image dimensions. As the diesel flames produce relatively
large amounts of light, the shutter times are adjusted to prevent overexposure. At an injection
pressure of 1500 bar, the lowest amount of light is produced, the shutter time is set at 50
µs. At 1000 and 500 bar injection pressure, more light is produced. The shutter times had
to be reduced to 40 µs in order to prevent overexposure. The OME flames produce less light.
Therefore, the shutter time had to be increased to 1000 µs for all measurements to capture any
light. This reduces the maximum frame rate that can be used to 1000 FPS. In post-processing,
the intensities are scaled linearly to the used shutter times. Doubling the shutter time also
increases the intensity with a factor two.

Table E.1: Overview of used shutter times and frame rates.

Injection
Pressure [bar]

500 1000 1500

Frame
rate [FPS]

Shutter
time [µs]

Frame
rate [FPS]

Shutter
time [µs]

Frame
rate [FPS]

Shutter
time [µs]

Diesel 4000 40 4000 40 4000 50

OME3 1000 1000 1000 1000 1000 1000

OME4 1000 1000 1000 1000 1000 1000

OME3−5 1000 1000 1000 1000 1000 1000

E.2 Image post-processing
When the high-speed camera is recording at its maximum resolution (1024x1024 px), it cannot
record at its highest frame rate, as the frame rate depends on the resolution. The speed at
which the data from the chip can be transferred to the internal recording disc limits the frame
rate. Smaller images can be transferred faster, which results in a higher frame rate. In these
experiments, a resolution of 768x272 pixels is used. The image is cropped such that only one
spray is analyzed. The injector is just visible on the left side of the image, whereas the right
side of the image is limited by the edge of the bore-scope or CRU adapter.
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In order to know the dimensions of the recordings, a checkerboard grid is placed at 90 mm from
the bore-scope, outside of the CRU chamber. This is the distance between the flames and the
bore-scope in the chamber. In Figure E.5, the checkerboard can be seen. Each block represents
5 mm. A total of 14 blocks can be seen in the image, which gives a horizontal range of 70
mm. It can also be seen that there are some distortions resulting from the bore-scope imaging
system.

Figure E.5: Checkerboard photo to calibrate flame dimensions.

Image corrections
In the image post-processing, multiple corrections are applied to enhance the quality of the
images. Firstly, a background correction is done. The intensity at each pixel is averaged using
25 completely black images. This average background intensity is subtracted from the images
intensities. Subsequently, a gamma correction is applied to improve the visualization of low-
light areas in the images. The OME images are corrected with stronger gamma corrections than
the diesel images. This results in grainy images. A median filter is used to remove this noise in
the OME images.

E.3 Complementary pressure data camera measurements
Figure E.6 shows the CRU combustion parameters from the camera experiments. The THR
decreases for lower injection pressures. The ID decreases for higher injection pressures due to
the higher injection velocities. For the OME results, the ID of OME3 is longer than those of
OME4 and OME3−5. The HTRT (combustion duration) of diesel decreases for higher injection
pressures, as a result of higher flame speeds. The HTRT of OME fuels remains equal for all
injection pressures. The LTRT remains equal for all injection pressures. Diesel shows higher
LTRT’s than the OME fuels. The combustion parameters are very similar to the results of
the earlier CRU measurements at measurement point 2 (565◦C, 30 bar, 20% EGR) and are
therefore not further analyzed.

Figure E.6: Combustion parameters for combustion experiments with the high-speed camera.
Measurements are done at 580◦C, 30 bar, and 0% EGR.
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