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Summary
New vessels need to remain fuel flexible in order to handle the uncertainties of the future regarding
the available alternative fuels aiming to lower their environmental impact. On the other hand, it is even
more challenging for existing vessels which are not fuel flexible to successfully improve their carbon
impact.

The current study examines the combustion characteristics of alternative maritime fuels including
methanol and hydrogen in the compression-ignited internal combustion engines of Bravenes that burn
diesel fuel, as well as the implications these fuels have on the environment and on safety when used
onboard ships. The diesel fuel still acts as the main fuel but also as the ignition fuel for the injected
additives. The purpose of the additives is for the substitution of diesel and to offer a more complete
combustion in the cylinders. Van Oord is already implementing the Fuelsave Marine+ technology on
board of Bravenes. This technology aims to reduce harmful emissions like 𝑁𝑂𝑥 and greenhouse gases
while also increasing engine efficiency in order to effectively contribute to the overall energy transition.
Therefore, the primary goal of this research is to examine if there are any potential impacts of the
technology on the efficiency, emissions, and fuel consumption of Bravenes engines.

The existing literature review showed limited to none existing technologies like Fuelsave which
enables the injection of low quantities of methanol-water mixtures and hydrogen in the scavenging
area of a marine 4-stroke diesel engine. In this master thesis, since no literature material was available
for the applied technology, a research was performed for the combination of diesel with methanol, diesel
with methanol-water mixture and diesel with hydrogen to investigate their effects on the performance of
the engine. Combined with the literature study, documentation from on-board of Bravenes while sailing
was used to simulate and calibrate the M32E engines of the vessel in a mean value engine model.

The model used is able to characterise the combustion of the engine using the Seiliger combustion
shape parameters a, b and c. These parameters take into account the combustion efficiency, the
ignition delay and also the heat fractions of the potential heat for the appropriate stages. The effects
of the additives small quantities can be seen in the combustion duration and the ignition delay of the
combustion. In order to properly model the additional fuels effects some of the diesel mass needed to be
substituted with methanol mass to provide the same energy content in the cylinder. Attention was also
given on the proper selection of the 𝑋𝑎&𝑋𝑏 parameters impacting the combustion shape parameters
and the pressures and temperatures in the engine.

The results of the model for the diesel and diesel with additives operation predict a decrease in the
diesel fuel consumption which is a good indication of 𝐶𝑂2 emissions reduction. The peak cylinder pres-
sures have increased with the additives injection and the peak temperatures as well which indicate an
increase of 𝑁𝑂𝑥 emissions. The increase of the temperatures is not something expected in reality and
could be due to a modelling effect. The indicated work of the engine combustion cycle also improved
for the Fuelsave technology but due to the increase in peak pressures the mechanical efficiency de-
creased resulting in a reduced effective efficiency. The selection of the Seiliger settings, which allowed
for a higher heat loss efficiency than was realistically anticipated, is another factor contributing to the
decrease in effective efficiency. All in all, proper measurement campaign needs to be performed to
show the clear effects of the technology as a retrofit solution on-board existing vessels for efficiency
and emission reduction.
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1
Introduction

At present, the maritime industry is responsible for a large contribution to harmful and greenhouse emis-
sions including nitrogen oxides, sulphur oxides and particulate matter. Therefore, it is crucial to take
action to lower emissions and increase the vessels’ energy efficiency. In 2018, the International Mar-
itime Organization set an ambitious GHG strategic plan aiming in the decarbonization of the shipping
industry. The aims include the total greenhouse gas emissions reduction by 50% by 2050 compared
to year 2008 while at the same time decrease the 𝐶𝑂2 per tonne-mile in international shipping by 40%
and 70% by 2030 and 2050 respectively, [6]. Due to the major accountability of the shipping sector in
the worldwide emission levels measuring around 2.5% of the global greenhouse gas emissions [44],
the need for environmental solutions is present and getting essential as more and more regulations
and policies, investors and ship owners pressure for improvements, [8], [9].

The effects of the IMO’s strategy are already having an impact on the operation and design of new
vessels in order to fulfil the minimum requirements. The standards are high although since the poor
performers could be missing their chance in the charter market due to commercial pressure, [7]. It is
expected that a period with rapid changes about technology and energy transition will impact the values
of assets, the costs and the turnover for ship owners.

It was normal practice in the past for the shipping industry to switch from wind propulsion to fossil
fuels, but things are now changing as more options are available with the same objective in mind: the
transition to zero emissions. One can comprehend the variety of alternatives by taking into account the
alternative fuel sources and engine technologies that are currently available but also in piloting stages.
It can be understood that the future for shipping will be highly dependent on the fuel market itself and
needs to be interconnected with the energy production and industry of the different regions,[9].

The shipping industry also needs to maintain an open mind and adapt to fuel flexible solutions in
order to be fuel ready for the oncoming advancements, as the future still holds many uncertainties about
the problems stated above ,[8]. To meet the decarbonization expectations shipowners are required to
invest in new fuels and technologies to reduce emissions and improve efficiencies while also prioritizing
safety. This is the main topic of the current thesis, the research of a new retrofit technology on-board
Bravenes to enable the energy transition to the future of Van Oord.

1.1. Motivation
Van Oord as a family-owned company sets high standards and aims for a net-zero emission future by
2050. One of the current problems faced is the gap between the existing vessels and how to make
them future proof since they are valuable assets and are expected to return back profits, thus they
should not be left as stranded assets.

In order to successfully transition from the present to the future starting with short-term solutions,
one can take into consideration many available options depending on the situation. The current study
focuses on a retrofit solution aiming to increase the efficiency and harmful emissions reduction on
the current engine power-plant of Bravenes without performing major modifications on main engine
components. Figure 1.1 describes the four M32E diesel generators supplying power to the vessel.
While sailing the vessel can be operated by the 2 8 cylinder M32E engines providing power to the main
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thrusters 5 and 6. Bravenes is a DP3 type vessel which is characterised by high redundancy enabling
it to remain in operation even in case of a active or static components failure,[48].

The engagement with regulations and certifications, given that the engines are already approved
and that this process would take time, was one of the reasons Van Oord rejected retrofitting solu-
tions that required engine component modifications. Avoiding engine component adjustments also
eliminates the danger that they won’t work well with the ship’s current systems, offering a risk- and
error-free solution.

Van Oord has already chosen the FUELSAVE MARINE+ module as their short-term solution in this
transition and thus the thesis will focus on the performance assessment of this new technology. Some
of the reasons that made this choice ideal is the module’s compact size and can be considered as a
secondary device modification that does not require any changes in the current engine components
and thus does not compromise the technology on the vessel. In addition, the claimed benefits of the
system are very attractive since the efficiency, fuel consumption and emissions can be improved.

Figure 1.1: Bravanes diagram, [28]

1.2. FuelSave Marine+
FuelSave company has set high goals for the maritime markets to provide in the energy saving and
emission reduction with their technology. Along with Van Oord, the installation of the Marine+ will be
installed on Bravenes, a DP3 subsea rock installation vessel, equipped with four CAT M32E diesel
generator engines, 2 8 cylinders and 2 6 cylinders, paired in 8 and 6 cylinder configurations as can be
seen in figure 1.1.
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1.2.1. Working principle
The FuelSave Marine+ can be considered as a secondary device that does not require any engine
modifications in any major components. The module itself introduces to the existing engines on-board
the vessel small quantities of hydrogen, oxygen, methanol and water in the air scavenge area. The
way FuelSave bypassed the hydrogen storage concerns was by using an electrolyzer producing on-
demand hydrogen and oxygen. Methanol on the other hand, is stored in storage tanks on the ship and is
merged with pure water before injection in a mixture of 30%-70%methanol-water although according to
the company depending on the engine and weather conditions this can change. In addition, the system
is equipped with two pumps which are responsible for the injection of the water-methanol mixture into
the two pairs of engines thus the quantity of each pump is divided into the two engines in each pair.
The injection location of oxygen is before the turbo compressor while methanol-water and hydrogen
are injected in the hottest part of the intake which is before the air charge cooler to ensure that liquid
methanol-water vaporize sufficiently in order to reach the cylinder chamber in small droplets [11]. Once
the module is installed, an experimental phase will be conducted in order to fine tune the Marine+ for
the needs of Bravenes. Things like the additives quantities and the methanol-water injection location
and number of injections still need to be investigated in real life in order to have the best possible results
in the operation of the project.

Figure 1.2: FuelSave Marine+ working principle

1.2.2. Aim of the project
FuelSave Marine+ primary aims are to replace some of the diesel quantity with methanol in order
to act as a combustion catalyst as well as a cooling agent to reduce the 𝑁𝑂𝑥 emissions from the
engine. By mixing methanol with water the company also aims to reduce further the temperature in the
cylinder. Last but not least, the hydrogen and oxygen addition are introduced to have a more complete
combustion which can further reduce 𝐶𝑂2, BC and PM emissions.

1.3. Thesis objective
FuelSave Marine+ has a very interesting concept due to the combination of four additives in marine
diesel engines which is innovative and with only one current application in the marine industry the MV
Annette heavy-lift crane ship. The installation on board of Bravenes will be the second installation
worldwide that offers promising benefits.

The objective of the current thesis is to investigate whether the Marine+ with the addition of small
quantities of hydrogen, methanol-water and oxygen can benefit the engine combustion efficiency, fuel
consumption and emissions and in which percentage. The initial aim of the thesis was to havemeasure-
ments with the module on and off in a controlled environment comparing the impact of the installation.
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Post-processing of the results would be able to conclude on the impact of the module. Due to supply
chain delays and other issues the installation was not possible thus the investigation will be mainly
focus on available information and literature sources.

Ideally, a mean value first principle model will be adapted and verified based on the specific engine
on-board of Bravenes with measurements to capture the combustion process. The goal will be to
get the model ready for all the necessary adjustments needed for the model calibration for the diesel
and Fuelsave operation while the verification and validation can be postponed until measurements are
available in the event that they are not available by the project’s conclusion.

1.4. Research questions
The main research question of the thesis is if the Fuelsave Marine+ installation aboard Bravenes can
improve engine efficiency, fuel consumption and/or minimize hazardous emissions, with a particular
focus on 𝑁𝑂𝑥, which is also the main area of interest for Van Oord. To provide sufficient conclusions
an investigation on the combustion performance of the engine needs to be completed. The research
question can be answered by the the following sub-questions:

• What are the main differences of hydrogen and methanol compared to marine diesel oil with
regards to fuel and combustion properties?

• Which performance parameters of the diesel engine are affected by the methanol-water and hy-
drogen properties?

• What are the effects of hydrogen, methanol-water addition on the engine’s combustion parame-
ters and emissions?

• How does the model’s results for diesel operation compare with the available engine measure-
ments from Bravenes?

• Which modifications and assumptions are necessary for the engine B model in order to accom-
modate the hydrogen, oxygen, methanol-water characteristics along with the diesel operation in
the combustion process?

• How does the diesel operation compare to the Fuelsave operation based on the changes and
assumptions selected in terms of efficiency, fuel consumption and emissions?

1.5. Research method
Initially an introduction to the subject needs to be made in order to understand the fundamentals and
the purpose of the project. This step is completed with the literature study where the fuel properties,
the working principle of the FuelSave and the effects to the diesel engine and engine modelling are in-
vestigated based on theoretical knowledge and experiments performed by others. With the completion
of the literature study a clear understanding of the project is achieved and the first research questions
are answered.

The next step after the literature study will be the research phase. The first part of the project devel-
opment will be to explore the TU Delft engine B model and include the CAT M32E engine of Bravenes
to the model’s environment with pure diesel operation. Once the specific engine is introduced and the
results of the model are acceptable the next step will be to understand how to FuelSave operation can
be included in the model.

The second part of the research will be to adapt the model to accommodate the hydrogen and
water-methanol properties with the diesel operation. For this step the model choices will be based
on the gained knowledge from the literature study and the FVTR measurements. According to those
expectations the calibration of the model will be performed and the outputs will be discussed whether
they are meeting the expectations or not.

In the last phase of the thesis, the modified model hosting the Fuelsave operation is compared to
the original diesel model for the Bravenes’ engine followed by a discussion regarding the performance
differences between the two.
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2
Compression ignited engine

Conventional compression ignited (CI) engines rely on the auto-ignition of an injected liquid fuel into
high-pressure and high-temperature cylinder conditions near the top dead center producing effective
work. In this chapter some of the important parameters of the compression ignited engines will be
described and how some fuel properties can affect the combustion performance and smooth operation.
In this thesis as explained in the FuelSave section, the conventional compression ignited engine of
Bravenes will be retrofitted to accommodate small quantities of hydrogen and methanol-water before
the charge air cooler. The retrofit solution will impact the combustion performance of the engine and
some of the parameters which are expected to have the greater effect are described.

2.1. Engine performance
2.1.1. BTE
Brake thermal efficiency (BTE) expresses the output brake power to input fuel power ratio of the engine
describing the conversion of heat into work. H. Koten et al. [20] mentions that the BTE can be used to
compare how efficient the transition of the energy stored in the fuel is converted to mechanical output.

2.1.2. Brake specific fuel consumption
Brake specific fuel consumption, bsfc, can be expressed with the relationship, bsfc = �̇�𝑓

𝑃𝑏
, and relates

the fuel consumption and the effective power generated in return. The lower the result, the lower the
fuel consumption of the engine for the generated power. According to Stapersma [39] and equation
2.1 when fuels with lower values of LHV are used the sfc increases.

𝑠𝑓𝑐 = 1
𝜂𝑒 ⋅ ℎ𝐿

(2.1)

2.1.3. Ignition delay
Ignition delay can be described as the time between the start of fuel injection in the cylinder and the
start of combustion. In the conventional compression ignited (CI) engines the quality of the injected fuel
serves an important role in the smooth operation of the engine. Furthermore, depending on the ignition
delay length the combustion process and the engine performance can be affected. As can be seen
in figure 2.1 three ignition delays values are presented showing the difference is occurring pressure
depending on the situation. In the early ignition the occurring pressure is before the TDC meaning
that while the piston is moving upwards the gasses in the cylinder are pushing it downwards reducing
the effective work done while also in the late ignition the piston is far away from the TDC thus again
reducing the effective work which could be produced. This explains the importance of the ignition delay,
[18].

The ignition delay (ID) can be also be affected by the engine load and engine type. For example,
a high speed engine as can be observed in the 2.2 needs more time than a slow speed engine to
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Figure 2.1: Ignition delay variation [18]

ignite thus the injection timing needs to be appropriate for each engine to obtain the most out of the
combustion process, [40].

Figure 2.2: Ignition delay based on engine speed, [40]

2.1.4. Cetane Number
Worthmentioning is that the ignition delay is highly affected by the fuels’ cetane number (CN). According
to Stepersma [40], CN describes the auto-ignition properties of fuels. In CI engines where the main
fuel is auto-ignited due to the high in-cylinder temperatures and pressures, the cetane number is critical
to maintaining combustion. Ideal fuel values of CN are between 40 to 60, while values less than 40
worsen the quality of ignition.

2.1.5. Combustion Duration
Combustion duration can be described as the period in crank angles required to complete the burning
of the mixture from the start of combustion to the end of combustion. Fuels with a higher flame speed
will result in a shorter combustion duration since the mixture will burn at a higher rate. A shorter com-
bustion duration means that most of the fuel is burned in less cranks angles, near the TDC, therefore
it could result in higher engine efficiencies and higher heat release rates, [22]. Further down, it will
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be discussed in greater detail how the hydrogen, methanol-water additions in the diesel engine could
affect the ignition delay and combustion duration.

2.1.6. Heat Release Rate
The heat release rate is the heat per crank angle (CA) delivered in the engine’s cylinders due to the
combustion of fuel mixtures inside the cylinder. Heat release shape is highly dependent on the fuel
properties injected in the engine and can describe the combustion performance of the engine. Pure
diesel combustion usually can be expressed by two-stage combustion phases. The premixed com-
bustion and the diffusive combustion. The premixed combustion phase in pure diesel applications can
be identified by the sudden heat release peak which is due to the rapid combustion of the premixed
fuel inserted until the start of combustion. The diffusive phase is later on the premixed phase and is
following the fuel injection rate, [40].

2.1.7. Cylinder Pressure
The cylinder pressure is highly affected by the combustion process. After the premixed combustion
takes place and near the TDC, the cylinder pressure usually takes the maximum value forcing the
piston down in the expansion stroke and performing work. Asmentioned before in figure 2.1 the cylinder
pressure can alter depending on the ignition delay.

Figure 2.3: Heat release rate and cylinder pressure ,[40]

2.1.8. Heat of vaporization
The latent heat of vaporization describes the heat required to convert 1kg of liquid to vapour without
any temperature rise of the substance [kJ/kg]. The heat is absorbed from the hotter environment where
the liquid is injected in. Under normal operation, diesel is injected in liquid form in the cylinder chamber
where the higher cylinder temperature will transfer heat to the diesel in order to evaporate. In addition
to this, in this thesis injection of methanol-water mixture and hydrogen is taking place in the hottest part
of the intake which is before the intake charge cooler. By doing this the liquid methanol-water absorbs
heat from the hotter intake area after the turbocharger compressor and is assumed to become fully
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vapour thus providing a cooling effect reducing the temperature.

2.1.9. Heating value
Heating value or calorific value expresses the amount of heat released when 1kg of fuel is under com-
bustion. The heating value can be defined by the higher and lower heating values. The difference
between the two regards in taking into consideration the assumption that all the water is in vapour form
and thus the condensation heat by the water vapour is not included for the lower heating value (LHV).
On the other hand, the higher heating value (HHV) is taking into consideration the condensation heat,
[40].

2.1.10. Flammability limits
Flammability range describes the volume percentage in the air of flammable mixtures to combust. The
range can be defined by a lower and higher flammability limit. Below the lower limit, the mixture is too
lean to burn while for the high limit the mixture is too rich to burn [22], [18].

2.1.11. Stoichiometric air/fuel ratio and air excess ratio
Stoichiometric air/fuel ratio, 𝜎 = 𝑚𝑎,𝑚𝑖𝑛

𝑚𝑓
, describes the minimum quantity of air required to the fuel

quantity to have a complete combustion. The higher the 𝜎 the more air is required to burn all the fuel
while the lower the 𝜎 the more fuel is needed to have a complete combustion. The air excess ratio,
𝜆 = 𝑚𝑎

𝑚𝑚𝑎,𝑚𝑖𝑛
describes the actual air quantity used for combustion to the minimum air quantity from the

stoichiometric conditions. Another way to measure the air excess ratio is by using the 𝜆 = 𝑎𝑓𝑟
𝜎 equation

which affects the engine performance and emissions. When the 𝜆 equals unity this means that we are
at stoichiometric condintions while when above 1 the conditions are lean meaning that oxygen will be
present in the exchaust gasses. On the other hand when the 𝜆 is less than 1 the conditions are rich
meaning that not enough air, oxygen is present and the combustion is incomplete thus unburned fuel
traces will be in the exhaust gasses and the fuel consumption increases, [39].

2.2. Engine emissions
2.2.1. CO2 and CO
Carbon monoxide (CO) is dangerous for people and other living organisms since it is extremely toxic.
CO is produced in the process of CO2 reaction due to shortage of hydroxyl (OH) radicals and thus is a
result of incomplete combustion. In equation 2.2, the oxidation of CO can be seen and additional the
CO and CO2 are in equilibrium [42].

𝐶𝑂 + 𝑂𝐻 ⇔ 𝐶𝑂2 + 𝐻 (2.2)

Carbon dioxide (C02) emissions are part of the greenhouse gas (GHG) emissions affecting cli-
mate change which is a major concern and has toxic effects on humans’ health. Compared to the
CO emissions which were results of incomplete combustion CO2 emissions are the result of complete
combustion and are fuel related. In addition CO2, in the next sections, it will be discussed how they
are affected by the reduction of diesel and addition of other fuels like hydrogen and methanol, [42].

2.2.2. NO𝑥
Nitrogen oxides emissions are products of the reaction of nitrogen and oxygen in the air, the high
gas temperatures in the engine’s cylinders during combustion and the concentration of oxygen during
combustion. Nitrogen oxides emissions range from a variety of nitrogen oxide groups like N2O, NO2,
NO, and can be referred to as NO𝑥 in a more general term. Quantity wise 𝑁2𝑂 accounts for the least
percentage, 1%, while NO account for the most and the remaining is the NO2 accounting for around
10% - 5%, [42].

The NO emissions are governed by the Zeldovich formation mechanism and consist of three chem-
ical reactions which are reversible which are shown in equations 2.3, 2.4, 2.5 :

𝑂 + 𝑁2 ⇔ 𝑁𝑂 +𝑁 (2.3)



2.2. Engine emissions 11

𝑁 + 𝑂2 ⇔ 𝑁𝑂 + 𝑂 (2.4)

𝑁 + 𝑂𝐻 ⇔ 𝑁𝑂 + 𝐻 (2.5)

The NO2 emissions formation can be described by the equation 2.6, 2.7 mechanism:

𝑁𝑂 + 𝐻𝑂2 ⇔ 𝑁𝑂2 + 𝑂𝐻 (2.6)

𝑁𝑂2 + 𝑂 ⇔ 𝑁𝑂 + 𝑂2 (2.7)

2.2.3. HC
Hydrocarbons (HC) are products of incomplete combustion in the cylinder chamber. Once the diesel
is injected into the cylinder it mixes with the trapped existing air from the inlet stroke. The mixture of
air-fuel depending on the local position in the cylinder will contain different air fuel ratios in the fuel spray
zones which can be either too rich containing more fuel than the ideal mixture, for example near the fuel
injection, or too lean containing more air than the ideal mixture, further away from the fuel injector and
somewhere in the middle will be the ideal stoichiometric ratios. This uneven distribution will contribute
to in some cases, slow reaction or even no ignition thus resulting in incomplete combustion and traces
of hydrocarbon emissions can be detected in the exhaust systems, [42].



3
Alternative Fuels

This literature review will research based on relevant sources how the addition of hydrogen, methanol
and methanol-water addition in small quantities in the air intake can improve the operation of compres-
sion ignited (CI) diesel engine. Based on the research results, an expected hypothesis can be drawn
regarding the performance and emission benefits or drawbacks from the FuelSave Marine+ effects on
the CAT MAK 32E engine.

3.1. Hydrogen
3.1.1. Why hydrogen is an ideal additive in the marine diesel engines
Hydrogen is of the lightest chemical elements with no carbon atoms avoiding any greenhouse gas
(GHG) emissions when ignited. It consists of a wide flammability range (% volume in air) and high
combustibility characteristics which are why hydrogen is considered to be dangerous especially on
board of ship. Hydrogen is characterized by a high auto-ignition temperature, 858 K, which makes
it more ideal for spark-ignited engines rather than compression ignited. On the other hand, the low
minimum ignition energy of hydrogen, 0.02 𝑚𝑗, makes it suitable for ignition when paired along with
higher reactivity fuel, like diesel but it could lead to knock or self-ignition when high temperatures and
pressures are present. In addition, the good diffusivity in the air creating a homogeneous mixture could
potentially affect the combustion performance and the efficiencies of the engine [35].

The heat of combustion of hydrogen delivers almost three times the energy released from diesel
but due to the lower density, the storage capacity for the equivalence diesel energy requirements would
be a challenge. As mentioned above the FuelSave working principle adds hydrogen by continuously
injecting it in the air intake area of the MAK 32 engine before the charge cooler so it can mix uniformly
with the inducted air before arriving in the engines’ cylinder and ignite from the diesel injection.

When hydrogen is introduced in the compression ignited (CI) engines in small quantities with diesel
fuel it can increase the H/C ratio and due to its high diffusivity it can create a more uniform air-hydrogen

Property Units Diesel Hydrogen
Chemical formula [-] C12H26 H2
Density(gas) [kg/𝑚3] - 0.081

Lower heating value [mJ/kg] 42.6 120
Flame speed [m/s] 0.38 2.92

Auto-ignition temperature [k] 483 858
Min ignition energy [mj at 𝜙=1] [-] 0.23 0.019

Flammability limit (% volume in air) [-] 0.6 - 5.5 4 - 75
Stoichiometric A/F [-] 14.6 34
Cetane number [-] 50 -
Diffusivity in air [cm2/s] [-] 0.63

Table 3.1: Hydrogen properties compared to diesel fuel, [45]
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mixture decreasing the heterogeneity of diesel and having better combustion. In addition, hydrogen’s
high flame propagation speed can help to have faster combustion which can increase the indicated effi-
ciency by combusting under constant volume conditions. The wide flammability limits of hydrogen can
lead to leaner mixture operations impacting the resulting emissions and the engine’s fuel consumption
since fuel residuals in the cylinder will be less due to the lower equivalence ratios (𝜙) required. [30]

3.1.2. Safety concerns, storage and production
Hydrogen even though has been tested in the automotive industry, in the maritime industry is still in
development steps as can be also seen in figure 3.1. According to DNV,[8] it is expected that hydrogen
commercial application on internal combustion engines is somewhere between 2025 and 2030. One
of the main reasons for the slow adoption to the specific area is the highly explosive characteristics of
hydrogen which yield safety concerns and the difficulties in storage or production onboard the ships.

Figure 3.1: Hydrogen availability for on-board use [8]

Even though hydrogen when released in the atmosphere is non-toxic its wide flammability limits
and combustible characteristics are major concerns in the ship’s working environment since any leaks
in contained spaced can become serious hazards for fire spreading. Hydrogen is characterized by
invisible flames making them difficult to detect without proper equipment, [30].

Storage
The low energy density per volume of hydrogen is a challenge that needs to be addressed. Hydrogen
can be stored as a gas in pressures around 350 - 700 bars, could be stored as cryogenic liquid with
temperatures as low as -253 C which can offer greater energy density compared to compressed hydro-
gen but still is lower than conventional diesel fuel thus will require more space for the same equivalent
energy density [35].

Production
Hydrogen is an ideal fuel for the future as it can be produced using renewable energy for electrolysis.
Currently is commonly converted from coal or natural gas and other fossil fuels. Hydrogen production
methods can be categorized into 4 groups, brown, grey, blue and green hydrogen. Brown hydrogen
is when hydrogen production is by using coal while grey hydrogen is when the production is by using
natural gas or other kinds of fossil fuels. Blue hydrogen is when the brown and grey hydrogen produc-
tion methods are combined with methods for emission control like carbon or storage and utilization.
Lastly, the green hydrogen is when renewable sources are being used to power water electrolysis.
Grey hydrogen is currently accounting for around 75% globally with the brown hydrogen be second
with 23% while only 2% globally is green hydrogen. The last category, blue hydrogen, is still very low
in the global scale [35].

3.1.3. Hydrogen-Diesel operation in CI internal combustion engines
According to O. Ghazal [12], hydrogen addition in gaseous form is expected to have reduced heat
transfer losses to the cylinders’ chamber walls due to the enhanced air-fuel mixing, thereby lower peak
gas temperatures and the lower fuel inertia having fewer issues with wall spray impingement. In the
experiments of G. Lilik et al. [25], with the addition of hydrogen the recorded needle lift height for the
diesel injection seemed to be reduced meaning less diesel fuel is injected through the injectors.

Cylinder pressure
C. Liew et al. [23] researched how the usage of H2 addition in the intake for three engine loads,
15%, 30%, 70%, at 1200 rpm can affect the cylinder pressure. The quantity of added hydrogen was
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expressed in the volumetric fraction of the rest of the intake mixture, 𝐻2
𝐴𝑖𝑟+𝐻2

. At the higher engine load,
70%, the addition of 2-3% hydrogen increased slightly the cylinder pressure before combustion, while
with increasing amounts of hydrogen, >4% the pressure prior combustion had decreased. Meanwhile,
after the combustion initiation the cylinder pressure increased with all the hydrogen addition, while a
significant increase was recorded with the amount of 6% hydrogen. For the 30% engine load a similar
behavior was observed with the higher load condition but with reduced effects. Worth to be mentioned
is that for the lower engine load, 15%, the addition of hydrogen in all levels reduced the peak cylinder
pressure compared to the pure diesel operation. The results of G. Lilik et al. [25] agree with the C. Liew
et al. [23] regarding the cylinder pressure measurements. During the experiments at high engine load
conditions the addition of hydrogen leads to higher peak pressures while also advancing compared
to the diesel baseline operation. As mentioned before hydrogen in CI engines requires a pilot fuel for
ignition which in our case is the diesel injection. When diesel ignites in the premixed phase the existing
hydrogen-air mixture in the cylinder ignites as well resulting in a rapid pressure rise due to the higher
flame speed which could help in having more complete combustion.

Willem Kes [19] in his thesis investigated the effects of small hydrogen additions in a MAN 4L20/27
medium-speed engine. According to his experiments he concluded that hydrogen effects at low load
conditions are not as significant as for higher engine loads something which is supported by the men-
tioned literature. For the higher engine loads, 1000 rpm and 300 kW, as can be seen in figure 3.2, the
peak cylinder pressure near the TDC increased slightly for the 2.5% and 5% hydrogen addition.

Figure 3.2: Cylinder pressure measurement for 1000 rpm and 300 kw [19]

Based on the knowledge from the literature it can be observed that hydrogen addition in the diesel
engines for the peak cylinder pressure is load and quantity dependent. It can be assumed that for this
thesis in the low engine loads operation the pressure in-cylinder reduces or remain unaffected while
for the higher load conditions it is expected to have a slight advancement and increase of the peak
pressure.

Heat release rate
In the same experiment of C. Liew et al. [23] the heat release rate was also monitored for the same con-
ditions mentioned above. It was observed that for the high engine loads, a slight delay at the premixed
combustion phase was present and an increase in the diffusion phase. The most significant effect was
recorded with the 6% hydrogen addition which advanced and enhanced the heat release rapidly due
to the faster burning characteristics of hydrogen and the better mixing with air. With hydrogen addition
<3% the peak heat release rate curve followed the pure diesel operation with a slight increase of the
peak heat release value. Worth mentioning is that with the increasing amount of hydrogen the diffusion
phase of combustion is reduced.

For the 30% engine load condition, the heat release rate with the hydrogen addition showed less
significant effects on the diffusion phase combustion while recording a slight enhancement and retarda-
tion of the premixed combustion phase. In even lower engine load the increasing addition of hydrogen
reduced the peak heat release rate.
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The results from P. Sharma et al. [31] show similar findings with C. Liew et al. [23]. In the low
load conditions, 25%, modest retardation of the premixed heat release rate phase is recorded with the
peak heat release almost constant. For the higher engine loads conditions, 75%, minor retardation is
present while the peak heat release increases.

Willem Kes [19] in his thesis concluded that a small amount of hydrogen addition in low load condi-
tions shows insignificant effects on the heat release rate while for the higher load conditions an increase
in the early combustion was recorded while also a late combustion increase.

Brake thermal efficiency
S. Bari et al. [33] using an on-board H2-O2 generator injected them in the air intake recorded the
increase of the brake thermal efficiency (BTE) in three different engine loads. Increasing the percentage
of hydrogen-oxygen increased the BTE as well. This can be explained by the higher flame speed of the
hydrogen, nine times the diesel flame speed, which results in faster and more complete combustion.
The improved combustion results in higher peak cylinder pressure closer to the top dead center (TDC)
which enhances the work produced on the piston improving the efficiency. H. Kose et al. [13] in
their experimental investigation injected hydrogen in different engine speeds, 1000-2500 rpm but a
maximum load condition. It was observed that the addition of 2.5% hydrogen increased the most the
BTE efficiency at 1000 rpm and kept the improved efficiency until 2500 rpm. Interestingly the 7.5%
hydrogen addition showed very small gains at the 1000 rpm compared to the diesel baseline while
increasing until the 2500 rpm but still was less than the 2.5% and 5% hydrogen levels. Reasons have
been the higher flame speed of hydrogen and the higher lower heating value (LHV) which helps in
an improved combustion. The poorer results of the 7.5% hydrogen addition are believed to be due to
the replacement of air in the intake from hydrogen resulting in richer mixture conditions in the cylinder
chamber. H. Koten et al. [20] in a constant rpm engine with varying loads and varying hydrogen addition
levels again confirmed the increase of BTE explained by the better mixture formation and higher flame
speed of hydrogen which result in more complete combustion.

Brake specific fuel consumption
Following the experiment of S. Bari et al. [33] the brake specific fuel consumption (bsfc) of the diesel
engine with the H2/O2 addition reduced in all three engine loads with the increase of the additives. The
more complete combustion and the uniformed hydrogen-air mixture due to hydrogen’s smaller high
diffusivity with air help to reduce the bsfc. In addition, hydrogen-oxygen addition helped to have leaner
combustion thus reducing the needed fuel. Hydrogen normally displaces some air when inserted into
the air intake of the engine but in this experiment due to the addition of oxygen the air fuel ratio (AFR)
increased slightly along with the increase of the additives. According to H. Kose et al. [13] adding
small amounts of hydrogen can minimize the specific fuel consumption of the operation due to the
better mixing of hydrogen with air.

Combustion duration and ignition delay
C. Liew et al. [23] compared the combustion duration in the three engine loads mentioned above with
different hydrogen addition levels. According to figure 3.3 from their research for the higher engine
load after the introduction of 2% hydrogen addition the combustion duration (CD) reduced while for the
30% engine load the CD decreased after 3.5 % hydrogen addition. Worth mentioning is that for the
lower load, 15% the addition of 4.5% hydrogen resulted in a significant increase of CD. Combustion
duration is highly connected with the better mixing of hydrogen with air and the higher flame speed of
propagation.

Emissions
S. Bari et al. [33] in their experiments noticed also the behavior of engine emissions with the addition
of H2/O2. According to the results the NO𝑥 emissions increased in all three engine loads. This could
be a result of the higher temperatures occurring from the hydrogen combustion and the increased
availability of oxygen in the cylinder. Continuing on the NO𝑥 effects from hydrogen addition G. Lilik et
al. [25] performed separate measurements on NO2 and NO. As reported by the measurements the
NO𝑥 levels increased with the addition of hydrogen with the greatest effects taking place at low loads.
Additionally, the effects on NO show a reduction with the increase of H2 while the lower loads show
smaller NO values than the higher loads due to the increased combustion temperatures. On the other
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Figure 3.3: Combustion duration and hydrogen addition effects [23]

hand, the NO2 levels increased with the additional H2 levels in all loads while the highest effect on the
lower loads. They concluded that the increasing levels of H2 increase the HO2 levels enhancing the
conversion of NO to NO2.

Hydrocarbon emissions in the S. Bari et al. [33] showed a reduction with the addition of H2/O2 in all
engine loads since both fuels lack carbon bonds and the improved combustion. In line with the above
measurements, H. Kose et al. [13] confirmed that the introduction of hydrogen can reduce the HC due
to the carbon absence and the improved combustion occurring from the superior flame speed of H2.

S. Bari et al. [33] continuing with the emissions experiments also noted that CO2 and CO emis-
sions reduced with the related additives. This was expected since either H2 or O2 contain carbon
which reduces the overall concentration in the fuel-air mixture. The reduction of CO could also be due
to the leaner mixtures that H2/O2 form. Confirming the results of S. Bari et al. [33], H. Koten [20]
concluded that increasing the hydrogen addition results in lower CO and CO2 emissions compared to
diesel operation due to the absence of any carbon atoms nor hydrocarbon molecules in hydrogen.

3.2. Methanol
Methanol, according to DNV [8], is one of the promising alternative marine fuels which can contribute
to the energy transition with commercial applications in internal combustion engines (ICE) before 2050.
As can be seen in figure 3.4 methanol is already in the first steps for commercial application on ICE
since the technologies are more mature [[8]].

Figure 3.4: Methanol expectation for on-board use [8]

3.2.1. Why methanol is an ideal alternative fuel
Methanol’s liquid form at ambient conditions and historical usage in the chemical history provides
enough knowledge and experience to handle it and have an easier transition to the marine industry
in terms of worldwide availability.

Methanol as a fuel compared to diesel is described by almost half the lower heating value for the
same quantity which can lead to specific fuel consumption increase as described in equation 2.1. On the
other hand, methanol has no sulfur or carbon to carbon bonds reducing any particulate matter or SO𝑥
emissions during combustion. Furthermore, methanol contains the highest hydrogen to carbon ratio
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Property Units Diesel Methanol
Chemical formula [-] C12H26 CH3OH

Density [kg/𝑚3] 830 793
Lower heating value [MJ/kg] 42.6 20
Heat of Vaporization [kJ/kg] 250 1089

Flame speed [m/s] 0.38 0.5
Flash point [𝑘] 326-370 285

Auto-ignition temperature [𝑘] 483 744
Min ignition energy [𝑚𝑗 at 𝜙=1 ] 0.23 0.21
Flammability limit (% volume in air) 0.6 - 5.5 6 - 36.5
Stoichiometric A/F [-] 14.6 6.5
Cetane number [-] 50 4
Oxygen content [wt%] - 50

Table 3.2: Methanol properties compared to diesel fuel, [45]

compared to other liquid fuels which could lower the CO2 emissions during combustion. In addition,
the cetane number of methanol is quite low compared to diesel fuel which can affect the auto-ignition
characteristics of the engine performance. Methanol’s high latent heat of vaporization results in cooling
effects since it absorbs heat from the hotter environment is injected in to become vapour and also could
affect the thermal stratification on the cylinder. The decrease of the temperature can potentially help in
less NO𝑥 formation [4], [36].

The introduction of methanol in diesel operation can be performed by either direct injection of
methanol in the cylinder chambers along diesel injection. This would require the modification of the
engine to accommodate a second injector in each cylinder which may not be possible in some cases
due to space limitation and increased risk of modifications. Another way to perform dual fuel operation
is by blending the methanol to diesel and using the existing fuel lines and injectors. The drawback of
this method is the necessity of additives, emulsifier agents because methanol and diesel are immisci-
ble. Last but not least, the method which is also used in the current thesis is the injection of methanol
in the intake area which is commonly called port injection or fumigation. Using this method no modifi-
cations are required for the engine itself but the addition of an injector in the intake area which is ideal
for retrofit solutions [36].

3.2.2. Safety concerns and challenges
Methanol is considered a low flash point fuel meaning that it can burn quite easily and accumulate at the
lower points of pipes or tanks urging the need for proper ventilation and warning systems. In addition,
it could cause asphyxiation in high concentrations of vapor which is of major concern on board a ship
for the crew members since also vapour is heavier than air and the inhaling risk is higher and proper
ventilation and measurements for detection need to be arranged.

Another concern regarding methanol is the nearly invisible flame with no smoke traces burning at
low temperatures. Moreover, when methanol is installed in vessels due to its corrosive properties to
some materials, special attention needs to be given to the fuel supply lines, storage tank and other
components that come in contact with it. When methanol is released into the environment it could
produce less damage compared to gasoline or crude oil spill due to the rapid degradation by bio-
degradation processes and photo-oxidation in salt and fresh water, sediments and groundwater. On the
other hand, when methanol comes in touch with the human organism, even in small quantities 10-100
ml, it is poisonous to the nervous system which could cause blindness even death. It is challenging
to detect with the human senses with concentrations below 2000 ppm which is dangerous in close
working environments in case of leakage thus proper detecting equipment and warning systems shall
be considered [4],[36].

Storage
Methanol at ambient conditions is in liquid form which makes it easier to store compared to hydrogen
and liquefied natural gas. The supply chains of methanol already exist due to the variety of other appli-
cations for example in the chemical industry. Changes will need to take place on board the ships since
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the corrosive behaviour of methanol to a certain type of materials will deteriorate engine components
faster and take into account changes regarding the lower energy density compared to diesel [36].

Production
Nowadays, the most common production technique is using natural gas feedstock which is an energy
intensive production process and can be separated in three steps:

• natural gas reforming to syngas, with steam addition, including CO, CO2 and H2

• methanol synthesis using hydrogen by products and water

• methanol distillation/purification from water using boiling

Methanol has the potential to be produced from renewable sources, like electrolysis or biomass
using renewable power from solar or wind energy and the application of carbon capture technologies to
decrease further the greenhouse gas emissions during production also known as well-to-tank emissions
[36].

3.2.3. Methanol-Diesel operation in CI internal combustion engines
Pressure cylinder
C. Xu et al. [3] in a set of experiments performed for different methanol-diesel combustion ratios in
different engine loads showed that in low loads conditions the in-cylinder pressure increased slightly
while following the baseline curve. For the higher engine load the pressure was lower than the diesel
baseline operation until the premixed combustion phase and then increased slightly recording a higher
late combustion pressure. For the medium engine loads the increase of cylinder pressure compared
to the diesel operation had recorded the highest change.

According to Zhang et al. [49], who experimented with methanol fumigation the results for the
cylinder pressure indicate a reduction of the pressure for the low to medium engine conditions while an
increase for the higher engine loads. In all cases the increasing amount of methanol fumigation had a
greater impact on the cylinder pressure measurements. Although the results from the two references
do not agree on the lower engine load conditions is it expected that the pressure will either remain
stable or reduce slightly while for the higher engine loads an increase is expected.

Heat release rate
The heat release rate with the methanol addition according to literature has significant effects on the
medium-high engine loads. According to C. Xu et al. [3], methanol addition on the low load conditions
has insignificant effects while for the higher engine loads it enhances the cylinder heat release rate
after the premixed combustion phase as a result of the higher cylinder temperatures which counteract
the high latent heat of vaporization of methanol and the high oxygen concentration of methanol leading
to boost combustion.

In addition to C. Xu et al. [3] results, Zhang et al. [49] concluded that methanol fumigation can
increase the heat release rate independent of the engine load. Worth to be mentioned is that in the
low load conditions the low gas cylinder temperatures, the prolonged ignition delay due to methanol
latent heat of vaporization and the leaner mixture of air-methanol cause the heat release to retard away
from the TDC and thus reduce the in-cylinder pressure since the piston will be already in the expansion
stroke. On the other hand, for the higher engine load conditions the increased gas temperatures reduce
the ignition delay. In the higher engine loads, the premixed mixtures of methanol-air become richer in
the cylinder, burning faster and thus increasing the heat release rate in the premixed phase combustion.
As can be observed in figure 3.5 from Zhang et al. [49] it is clear that methanol effects are load and
quantity dependent on the engine performance.
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Figure 3.5: Methanol influence on diesel engine operation [49]

Ignition delay
Ignition delay is prolonged with the addition of methanol fumigation in the diesel engine due to the higher
latent heat of vaporization that subtracts energy in the form of heat from the system to vaporize causing
a cooling effect and lowering the intake temperatures and reducing the low temperature oxidation rate
of injected diesel. In addition, the lower cetane number of methanol compared to diesel slows down the
overall reactivity of the combustion. This can be confirmed by C. Xu et al. [3], where the ignition delay
is prolonged in all engine conditions. It is interesting though that in the higher engine loads the ignition
delay is less than the medium engine load as a result of the higher cylinder temperatures taking place.
The increasing levels of methanol addition increase the ignition delay as well. One of the side effects
of higher ignition delay is that more time is available before ignition thus more diesel is injected into
the cylinder which along with the existing methanol-air mixture can cause sudden, sharp increases in
the heat release rate which depending on the engine load could even lead to knock. Zhang et al. [49],
during experimentation concluded that ignition delay increases for all the engine load conditions with
the increasing amount of methanol as can be verified by figure 3.6 Another possible explanation that
connects the methanol to the increase of ignition delay is provided by H. Xu et al. [14] research where
results showed that methanol acts as an intermediary converting active OH into non-active H2O2 at
temperatures lower than 1000 k reducing the system’s reaction activity while when above 1000 k they
begin to decompose back into OH.

Combustion duration
The effects of methanol addition on diesel engine operation depending on engine load can be seen from
C. Xu et al. [3] experiments. According to them on low load operation the combustion duration increases
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Figure 3.6: Methanol and load effects on ignition delay and combustion duration, [49]

while for the medium and high engine loads there is a decrease with the methanol addition increase.
On the other hand, experiments performed by Zhang et al. [49], concluded that small amounts of
methanol fumigation have no significant effects the on combustion duration independent of the engine
load. Figure 3.6 describes that for the lower load conditions the only visible change is due to the
30% methanol increasing slightly the combustion duration while for the higher loads the combustion
duration reduces marginally for the same fumigated level. Although the Zhang et al. [49] results it can
be expected that the higher flame speed of propagation of methanol and the high oxygen content can
lead to improved combustion and thus to reduce the combustion duration in the diffusive phase.

ITE
Based on C. Xu et al. [3] results, the indicated thermal efficiency (ITE) increased in all engine modes
with the increasing amount of methanol addition. The greatest effects although were recorded for
the lower load conditions in which the methanol’s high oxygen content and lean mixture improved the
combustion and the ITE.

BTE
L. Wei et al. [24] observed that small additions of methanol had minor effects on the brake thermal
efficiency (BTE) on the engine while increasing methanol levels reduced it. The high latent heat of
vaporization delays the ignition which could lead to deteriorated combustion due to the piston already
in the expansion stroke phase thus ’losing’ effective work. C. Cheng et al. [1] concluded that methanol
impact on BTE can be load dependent. For the lower load operation the fumigation of methanol had a
slight increase while as the load increases the increasing effects of BTE were more significant. Cheng
explains that methanol can affect diesel combustion in two contradicting ways. The first one is the
increase of ignition delay providing more time for the diesel injection and thus more mass fuel in the
cylinder burning in the premixed phase increasing the BTE. On the other hand, the high latent heat
tries to decrease the cylinder temperatures reducing the BTE. Depending on the engine type, load and
specific operating conditions one of the two ways can dominate the other.

BSFC
Brake specific fuel consumption (bsfc) is expected to increase with methanol addition due to the lower
heating value. According to C. Cheng et al. [1], in general bsfc decreases with the increase of the
engine load. When methanol is fumigated in the engine the bsfc for the low load condition is higher
compared to the baseline operation while for the higher engine load the effects are similar to the base-
line operation. The same results were confirmed by Z. Zhang et al. [50] which the increase of methanol
addition increase the bsfc as well. The reason is the low lower heating value of methanol which in large
quantities can have significant impacts on the bsfc due to the replacement of the higher lower heating
value of diesel reducing the overall LHV of the mixture.

NO𝑥
According to Saxena et al. [27] the NO𝑥 emissions can be affected by the methanol fuel properties like
the latent heat of vaporization, cetane number, oxygen content, calorific value, substitution rate and the
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engine load condition. NOx emissions are highly temperature and oxygen concentrations dependent.
Many solutions for their reduction include the lowering of the combustion temperature. Methanol with
the high latent heat of vaporization and lower heating value manages to subtract heat from the system
to convert from liquid to vapour reducing the gas temperature in the cylinder. C. Xu et al. [[3]] concluded
that the methanol addition in low, medium and high loads can reduce the NO𝑥 emissions significantly.

HC
Based on the experiments of C. Xu et al. [3] the increasing amount of methanol rates increased the
unburned hydrocarbons emissions for different engine loads. On the other hand, when the methanol
substitution rates remained near the 10%, for the low loads the effects were not significant while for
the medium to high loads a minor increase was recorded. Methanol’s addition with the high latent
heat of vaporization in higher quantities especially for the low load conditions could reduce the reaction
temperature and thus increase unburned hydrocarbons emissions. It is also possible, that the high
flame speed of propagation of methanol could reduce the combustion duration and increase the in-
cylinder temperature decreasing the unburned HC.

CO
C. Xu et al. [3] concluded that the increase of methanol may lead to CO emissions increase in every
engine load condition. This can also be confirmed by W. Pan et al. [46] where the methanol addition
for different air intake temperatures increased the CO emissions significantly while the temperature
increase reduced the CO emissions. Since CO emissions are temperature related and methanol can
result in quenching effects which can decrease the oxidation of CO and decrease the combustion tem-
perature it is explained why CO emissions increase with the increasing methanol levels. On the other
hand, the higher oxygen content of methanol and higher air intake can help accelerate the oxidation of
the carbon oxides.

3.3. Methanol-Water
3.3.1. Cylinder pressure and heat release rate
According to the experiment of C. Xu et al. [2] with the addition of methanol-water mixture the heat
release rate and the cylinder pressure peaks increased due to the micro-explosions of water during
the evaporation process which enhanced the premixed combustion. It can also be noted that the heat
release rate is delayed due to themethanol’s high latent heat of vaporization which explains the increase
of the cylinder pressure and the delayed maximum cylinder crank angle. As can be seen in figure 3.7
during the smallest addition of water-methanol addition of the experiments, when pure methanol-diesel
was in operation the heat release rate was slightly delayed, had a higher peak and a higher diffusion
phase. With the methanol-water-diesel operation for the 30%-70% mixture the heat release peak was
even higher with a similar late combustion phase. On the other hand, the cylinder pressure reduced
up to the premixed combustion phase and then increased marginally.

3.3.2. ITE
C. Xu et al. [2] using different methanol/water blends injected on constant load and constant engine
speed before the air charge cooler, observed that the indicated thermal efficiency (ITE) increased com-
pared to pure diesel operation. According to the author, the increase is due to the micro-explosions of
water enhancing the combustion. Worth mentioning is that diesel-methanol and diesel-water performed
slightly better in terms of ITE compared to the pure diesel operation with the increasing of quantities
having greater effects. Compared to the diesel-methanol and diesel-water operation, methanol-water-
diesel operation on the specific experiments proved to be the most efficient.

3.3.3. Brake specific fuel consumption
On the same set of experiments of C. Xu et al. [2] the brake specific fuel consumption decreased
the most with the pure methanol-diesel operation while water-methanol-diesel also reduced the bsfc
slightly. The increase of the additives’ quantities from 10% to 40% volume substitution leads to de-
creasing the bsfc even more.
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Figure 3.7: Methanol-water mixture effects on diesel engine [2]

3.3.4. Ignition delay
Water-methanol mixture was also investigated by C. Xu et al. [2]. Ignition delay is affected by the
hydroxyl (-OH) free radical. As the experiments show, methanol addition suppresses the growth amount
of OH radicals in lower temperatures. On the other hand, with the water addition due to the hydrophilicity
of OH, the free radicals contacted water first and reduced ignition delay compared to the methanol-
diesel operation. This is due to methanol instead of suppressing the OH growth in the reaction to
’snatching’ OH from the molecules of water.

3.3.5. Exhaust gas temperature
According to the same experiments as above, the exhaust gas temperature (EGT) was reduced with
the addition of water-methanol mixture by approximately 10 degrees. This is due to the greater amount
of work during the heat transfer and expansion process which managed to extract more energy from
the gas, thus reducing the heat losses and exhaust temperature. In addition, the higher latent heat
of vaporization of the mixture could potentially have absorbed large amounts of heat decreasing the
cylinder temperature and thus the exhaust gas temperature.

3.3.6. CO
C. Xu et al. [2] during experimentation for the emissions found out that the addition of water-methanol
reduced the CO emissions due to the influence of the water micro-explosions and the oxygen excess
promoting the conversion of CO to CO2 thus reducing the carbon monoxide emissions. On the other
hand, when only methanol was inserted in the diesel engine the CO emissions increased while water-
diesel had the lowest emissions. This concludes that water-methanol mixture could potentially reduce
the CO emissions of diesel engines.

3.3.7. HC
For the hydrocarbon emissions the results were similar to the carbon monoxide. Methanol-diesel oper-
ation on the specific conditions increased the HC while water-diesel operation had performed the best.
The reason for the methanol-diesel fuel having the highest hydrocarbon emissions is due to the richer
mixtures which resulted in possibly incomplete combustion while the water with the micro-explosions
managed to improve combustion due to the leaner mixture. When the water-methanol mixtures were
inserted in the diesel engine the hydrocarbon emissions were reduced, [2].
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3.3.8. NO𝑥
Nitrogen oxides emissions had the most beneficial impact from the water-methanol addition. Water
vapor when introduced in the cylinder helped to reduce oxygen’s partial pressure during combustion
while also surrounding heat is absorbed, reducing the maximum cylinder temperature through the va-
porization process. The high molar heat capacity of water managed to increase the heat capacity of
the total mixture in the cylinder reducing the NO𝑥 formation. Furthermore, the high latent heat of va-
porization of the water-methanol mixture reduced the cylinder maximum temperature even though the
heat release rate for the specific mixture, 30% methanol and 70% water percentage was high as seen
in figure 3.7, [2].

3.4. Hydrogen & Methanol-Water-Diesel in CI internal combustion
engine hypothesis

The addition of methanol-water is expected to act as an emission reduction technique in the engine
performance by lowering the temperatures of the gas in the cylinder and effectively reducing NO2
emissions. In addition, methanol can act as a fuel that can replace small quantities of diesel in the
combustion chamber. The benefit of this substitution would be the creation of a leaner mixture since
methanol contains no C-C bonds and higher oxygen concentration which could decrease the CO and
CO2 emissions and improve combustion quality. Furthermore, methanol’s higher flame speed of prop-
agation could reduce the combustion duration and increase the engine efficiency since the combustion
will take place nearer the TDC. On the other hand, the high latent heat of vaporization of methanol could
result in prolonging ignition delay which provides time for more diesel to be injected in the cylinder and
could possibly lead to a sharper increase of the heat release rate and in some cases knocking could be
observed. This behavior on the engine performance could be counteracted by the water addition and
the hydrogen addition which are expected to advance the ignition delay. Hydrogen addition with the
higher lower heating value, low auto-ignition energy and high flame speed of propagation is expected to
reduce the prolonging of ignition delay caused by methanol addition but could increase the in-cylinder
gas temperature and thus the NO𝑥 emissions. The effect of methanol-water although could restrain
that increase and the overall operation of the additives could potentially lead to fewer emissions, in-
crease engine efficiency and less fuel consumption. These expectations will be confirmed or not during
the measurement and post-processing of the data after the installation on-board the Bravenes is com-
pleted.

Figure 3.8: Heat release rate curve expectation based on literature study

Figure 3.8 describes a potential heat release curve that shows an increase in ignition delay caused
by the higher latent heat of methanol vaporization, rapid combustion that may result from sudden hy-
drogen ignition with a higher flame speed, and a reduced late combustion phase caused by the need
for less diesel fuel in the cylinder to produce the same amount of heat over a shorter combustion time
or an increase in combustion rate.



4
Engine Modelling and Measurements

The need of modelling the combustion process of engines has several benefits when investigating the
combustion performance parameters. In this thesis the importance of engine modelling is in regards to
the investigation of the heat release rate from the in-cylinder pressure measurements for the operation
and impact of small quantities of hydrogen, oxygen and methanol-water in the air intake area of a MAK
32E engine installed on board of Bravenes.

Property Units 6 M 32 E 8 M 32 E
Power output [kW] 3,300 4,400
Speed rating [rpm] 720 720

Cylinder number [-] 6 8
Minimum speed [rpm] 360 360

Bore [mm] 320 320
Stroke [mm] 460 460
BMEP [bar] 23.7/22.7 23.7/22.7

NO𝑥 emissions [g/kWh] 9.6 9.6

Table 4.1: CAT MAK M32E specifications ,[47]

The engine’s characteristics are presented in table 4.1. The same engine structure with different
cylinder’s configuration are installed in Bravenes, 2 x 8 M 32E and 2 x 6 M 32 E, and when in normal
operation the FuelSave Marine+ module will feed in each engine H2, O and methanol-water mixtures
on demand. The current engine model developed by the university supports only two engines that are
not suitable for the current project thus the first adjustment to the model will be the implementation of
the appropriate engine.

4.1. Measurements
For the purposes of the thesis and during the measurement program scheduled by Van Oord and
FuelSave for the effects on the engine performance table 4.2 presents some of the interesting quantities
which will be recorded. In the first trial the quantities will be recorded with the module on and off in order
to have an accurate comparison of the performance and emissions effects. The second phase of the
measuring program after the trial will continue for 12months in normal operating conditions for Bravenes
in order for Van Oord to obtain more information and conclude on the benefits of the installation.

24
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Property Units
Delivered Power [kW]

Speed [rpm]
Cylinder pressure [Bar]

Exhaust gas temperature [C]
Fuels flow [l/h]

Cooling water in and out [C]
Emissions [g/kWh]

Electrolyzer energy consumption [kWh]

Table 4.2: Table : FuelSave and Bravenes measurements

Worth to be mentioned is that in case the measurements are not available by the completion of the
thesis the model will be based on assumptions, and measurements will be required on a later phase
to verify whether these assumption were appropriate or not.

4.2. Modelling
Models can differ depending on the accuracy and the investigation of parameters required by the user.
In general, in order to calculate the heat release rate experimental inputs of the cylinder pressure are
needed as well as for calibration and verification of the model. Once they are known, the temperature
mean value in the cylinder can be calculated from the gas law and the change of internal energy can
be estimated.

Heat release rate analysis can be done by the usage of a single or double zone model. For our
needs the single zone is more convenient since the behavior of the combustion can be investigated
through this model, since combustion details, like flame fronts, emissions formation or hot spots are
not required in our situation, [43],[40].

Single zone model
According to Stapersma [40], one way of performing heat release modelling is by considering the cylin-
der as a single volume with the energy released obtained using the first law of thermodynamics consid-
ering mean values. In reality often the fuel in the cylinder is in parts vapour and in parts liquid requiring
the need for a second volume which is discussed further down. In the single zone model it is assumed
that all the injected mass fuel is instantly evaporated and combusted almost directly in the cylinder and
thus is equal to the combustion rate. Even though the simplicity of the single zone model the results
often are accurate enough.

Dual fuel single zone model
Lee in his thesis [22] by addingmethanol’s properties to the diesel operation model managed to improve
the single zone model to a dual fuel single zone model. Lee thesis was investigating the premix com-
bustion of methanol to diesel operated engines by port injection, like in this thesis, and thus assumed
that methanol is already in vapour form when entering the cylinder and pilot diesel fuel ignited the com-
bustion. By doing so, the modelling process became simpler due to avoiding additional sub-models.
R.S Tol [43] using the model of Lee experimented with the addition of methanol by direct injection to
the engine cylinder along with diesel. This meant that the original assumption by Lee could not hold
true anymore since methanol would be in liquid form. This change resulted in the need for an injection
model, an evaporation model and spray vaporization calculation before using the single zone model.

In the current moment of the literature study, I would also assume that the methanol-water mixture
since injected before the change cooler and in the hottest part of the air intake system will manage
to vaporise in most of their concentration and be inserted in the cylinder as vapour phase. The same
applies for the hydrogen addition but due to the already gas phase of the substance it is certain that
when introduced in the cylinder will not be liquid. With all that in mind currently, I believe that there is
no need for an injection model, evaporation model or spray vaporization calculation for this thesis.

Double zone model
In the double zone model it is considered more complex and if the correct assumptions and parameters
are chosen a more accurate model represents more realistically the combustion process by taking into
consideration that the cylinder can consist of an unburned and a burned zone with each zone having its
own thermodynamics systems exchanging energy/mass to the surroundings and to each other zone. In
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order to obtain the heat release from the double zonemodel the first law of thermodynamics needs to be
applied to each of the zones using the crank angle and experimental in-cylinder pressure signals. Using
the double zone model more information can be obtained for the exhaust gas composition prediction,
[40], [43].

4.3. Mean Value Model
The Delft University of Technology (TU Delft) have already a mean value first principle (MVFP) diesel
engine model which will be used in the current project along with the necessary changes. The model is
operating in cycle time instead of crank angle thus is able to simulate the entire turbocharged diesel en-
gine system with less computational time and output all the important engine performance parameters
under the chosen conditions by the user, [29]. The MVFP model includes the operation of sub-models,
some of them are:

• in-cylinder process

• gas exchange

• thermodynamic-volume

• turbo-machinery

• exhaust process

The ’in-cylinder process’ includes the Seiliger process providing information between the inlet valve
close (IC) to exhaust valve open (EO) process describing the combustion cycle. The Seiliger process
model will be explained with detail further down, [5].

Figure 4.1 displays the engine model foundation build in simulink environment. The main input of
the model are the engine speed along with the fuel rack position. More inputs include the ambient
conditions in terms of pressure and temperature along with the data about the engine and fuel, [29].
The output of the model is the engine torque and brake power.

Figure 4.1: Mean value engine model, [41]

4.4. Heat release model
The heat release model is not included in the current modelling research but it contains fundamental
knowledge which can be used in the mean value engine model.
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Figure 4.2: Block diagram of heat release and CRR determination, [40]

4.4.1. Cylinder volume change
𝑑𝑉
𝑑𝜙 =

𝜋
360 ⋅ 𝑉𝑠 ⋅ { sin(𝛼) + 𝜆𝐶𝑅 ⋅ (

𝑠𝑖𝑛(𝛼) ⋅ 𝑐𝑜𝑠(𝛼)
√1 − 𝜆2𝐶𝑅 ⋅ 𝑠𝑖𝑛2(𝛼)

)} (4.1)

In order to calculate the work as seen in equation 4.7 and other parameters, the change of volume in
the cylinder needs to be estimated since while the engine is in operation the pistons inside the cylinders
move thus the available volume changes. Equation 4.1 makes the calculation possible, where 𝑉𝑠 is the
volume stroke, 𝛼 is the engine’s crank angle and 𝜆𝐶𝑅 defines the crank/rod ratio. For the volume stroke
calculation the engine’s geometry, bore (𝐷𝐵) and stroke (𝐿𝑆) are taken from the manufacturer data.

4.4.2. Gas Law
The gas law in the model is useful for the cylinder temperature calculation which is necessary for
initiating the model.

𝑝 ⋅ 𝑉 = 𝑚 ⋅ 𝑅 ⋅ 𝑇 (4.2)

As described in equation 4.2 the gas law consist of the pressure of the cylinder, p, which is acquired
by engine measurements, the engine changing volume, V, which is calculated by the 4.1 as mentioned
above, the mass of the gasses m, the universal gas constant R and finally the temperature, T.

4.4.3. Mass balance
In normal diesel engines operation, fuel is injected into the cylinder to self-ignite the premixed mixture.
This means that fuel injection is the way that mass of fuel is added to the cylinder after the intake and
exhaust valves close. During the injection of fuel, in the current single zone model it is assumed that all
the fuel is evaporated and then combustion is taking place almost directly without living any fuel vapour
in the gas phase. This can conclude that the change of mass in the cylinder is equal with the reaction
rate, 𝑑𝑚𝑑𝑡 = 𝜉.

Additionally, the total mass trapped in the cylinder includes fuel, air and stoichiometric combustion
gas, 𝑚 = 𝑚𝑓 +𝑚𝑎 +𝑚𝑠𝑔. During combustion no leakage of gas is assumed to be leaving the control
volume (cylinder) nor entering in, which means that the change of mass is only due to the mass of fuel
injected in the cylinder ,[40].

𝑑𝑚
𝑑𝑡 = �̇�

𝑖𝑛
𝑓 (4.3)
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Figure 4.3: Block diagram of in-cylinder process simulation with the heat release as input, [40]

Asmentioned above, in the single zonemodel, it is assumed that all of the injected fuel is evaporated
and burned which means that the change of mass equals the reaction rate, 𝜉.

𝑑𝑚
𝑑𝑡 = 𝜉 (4.4)

For the current thesis, it needs to be taken into account that although diesel is directly injected in
the cylinder as in a normal operation, now the additives mixture injected in the air intake area will enter
the cylinder during the intake stroke only.

4.4.4. Energy balance
The total energy change of the system can be described by the following equation 4.5:

𝑚 ⋅ 𝑐𝑣 ⋅
𝑑𝑇
𝑑𝑡 = �̇�𝑐𝑜𝑚𝑏 − �̇�𝑙𝑜𝑠𝑠 − 𝑝 ⋅

𝑑𝑉
𝑑𝑡 (4.5)

As can be seen, the total energy change of the system is structured by the combustion heat, heat
losses and the indicated work. Heat of combustion can be described as the heat value of the reference
conditions with a correction term which is temperature dependent multiplied by the reaction rate. The
combustion heat can be found using the equation 4.6 where 𝑢𝑟𝑒𝑓𝑐𝑜𝑚𝑏 represents the combustion value in
a closed system and the Δ𝑢𝑟𝑒𝑓𝑐𝑜𝑚𝑏 is the change in internal energy due to the temperature change from
the reference conditions.

�̇�𝑐𝑜𝑚𝑏 = (𝑢𝑟𝑒𝑓𝑐𝑜𝑚𝑏 − Δ𝑢𝑟𝑒𝑓𝑐𝑜𝑚𝑏)𝜉 (4.6)
While the combustion is taking place, heat losses to the surrounding of the cylinder, cylinder walls,

head and piston crown, and due to vaporization processes can be described by the �̇�𝑙𝑜𝑠𝑠.
Last but not least, the indicated work can be defined as the pressure and rate of changing volume

in the cylinder.

�̇� = 𝑝 ⋅ 𝑑𝑉𝑑𝑡 (4.7)

The heat release rate according to Stapersma [40], can be described by the following possible
definitions,
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Net Apparent Heat Release Rate

�̇�𝑐𝑜𝑚𝑏 − �̇�𝑙𝑜𝑠𝑠 = 𝑚 ⋅ 𝑐𝑣 ⋅
𝑑𝑇
𝑑𝑡 + 𝑝 ⋅

𝑑𝑉
𝑑𝑡 (4.8)

The NAHRR can be estimated from the temperature and pressure in the cylinder but it neglects the
heat losses in the cylinder.

Gross Apparent Heat Release Rate

𝐺𝐴𝐻𝑅𝑅 = �̇�𝑐𝑜𝑚𝑏 = 𝑚 ⋅ 𝑐𝑣 ⋅
𝑑𝑇
𝑑𝑡 + 𝑝 ⋅

𝑑𝑉
𝑑𝑡 + �̇�𝑙𝑜𝑠𝑠 (4.9)

The GAHRR by taking into account the lost heat in the cylinder corrects the NAHRR term but since
they are not measured but rather estimated using the Woschni model the accuracy is dependent on
the model and assumptions, [40] ,[5].

Combustion Reaction Rate

𝐶𝑅𝑅 =
𝑚 ⋅ 𝑐𝑣 ⋅

𝑑𝑇
𝑑𝑡 + 𝑝 ⋅

𝑑𝑉
𝑑𝑡 + �̇�𝑙𝑜𝑠𝑠

𝑢𝑟𝑒𝑓𝑐𝑜𝑚𝑏 − Δ𝑢𝑟𝑒𝑓𝑐𝑜𝑚𝑏
= 𝜉 (4.10)

The CRR takes into account the effective heat value and helps to determine the composition which
along with the temperature leads to the instantaneous specific heat of the content in the cylinder. This
is important because the change of internal energy can be calculated. Another difference from the
GAHRR is the units of CRR which are 𝑘𝑔

𝑠 instead of 𝑘𝐽𝑠 .
After the CRR is integrated the reaction coordinate (RCO) can be obtained for determining the Vibe

parameters which at the end are the main input data for the in cylinder model [22]. CRR since is
estimated using the measured cylinder pressure is fluctuating. On the other hand, the RCO since is
the integration value of CRR is a monotonous function suitable to be analysed and for curved fitting
which is necessary for the simulation of the in-cylinder process 4.3. For the current project the in-
cylinder process will be described using the Seiliger process model which is implemented in the TU
Delft engine B model.

4.4.5. Heat Losses
In the cylinder chamber while the combustion process takes place and the temperature rises heat
is transferred to the cylinder’s walls, cover and piston crown. Heat is lost also while fuel is injected
into the cylinder in order to vaporize which can usually be seen in the small dip of the heat release
diagram before the premix combustion. In order to estimate the heat loss to the cylinder’s environment
Woschni’s heat transfer coefficients are used and the equation 4.11:

�̇�𝑙𝑜𝑠𝑠 =
3

∑
𝑖=1
{𝛼𝑔⟶𝑤,𝑖 ⋅ (𝑇 − 𝑇𝑤𝑎𝑙𝑙,𝑖) ⋅ 𝐴𝑤𝑎𝑙𝑙,𝑖} (4.11)

Where:

• i=1 cylinder wall

• i=2 cylinder cover

• i=3 piston crown

Equation 4.11 contains the heat transfer coefficient, 𝛼𝑔⟶𝑤,𝑖, the temperature, T, and the area of the
specific part, A. During the combustion process the area and the gas temperature are variable while
according to Woschni the temperature of the wall can be assumed constant and approximately a mean
value between the highest and lowest points.

The piston wall area is the only one changing due the piston movement and can be estimated using
equation 4.12, [40]:

𝐴𝑤𝑎𝑙𝑙,1 = 𝜋 ⋅ 𝐷𝐵 ⋅ 𝐿𝑃 (4.12)
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𝐷𝐵 is the cylinder diameter, 𝐿𝑃 is the length of the piston crown position from the cylinder top which
is crank angle depended.

The Woschni heat transfer coefficient is defined in equation 4.13 taking also the radiation heat
without an additional term due being inclusive in the convective part of the formula, [42].

𝛼𝑔⟶𝑤 = 𝐶1 ⋅
1

𝐷0.214𝐵
⋅ 𝑝

0.786

𝑇0.525 ⋅ (𝐶3 ⋅ 𝑐𝑚 + 𝐶4 ⋅
𝑝 − 𝑝0
𝑝1

⋅ 𝑉𝑆𝑉1
⋅ 𝑇1)

0.786
(4.13)

Where V𝑆 the volume stroke, c𝑚 the piston speed, p0 and T0 describe the ’no fuel injection’ condition
and parameter C1 is used to correct the reaction coordinate (RCO) to unity at different points of oper-
ation while C3, C4 describe the swirl velocity effects and the combustion chamber shape respectively
[5].

Parameter C3 as advised by Woschni can be estimated by two cases:

• During gas exchange: C3=6.18+0.417 ⋅
𝑤𝑡
𝑐𝑚

• During compression and expansion: C3=2.28+0.308 ⋅
𝑤𝑡
𝑐𝑚

where w𝑡 is the swirl velocity and the ratio w𝑡/c𝑚 is challenging to measure thus an estimate from
literature can vary from 5 to 50 depending on the engine [5]. For this thesis although the compression
and expansion is applied for the C3.

Parameter C4 advised by Woschni:

• Direct injection: C4=0.00324

• Pre chamber: C4=0.00622

In the current thesis combustion is ignited by the direct injection of diesel which makes sense to
have the direct injection value for C4.

4.5. Seiliger process model

Figure 4.4: Seiliger process [5]

The Seiliger process model as mentioned above can simulate the in-cylinder combustion process
of the engine based on selected parameters. Figure 4.4, presents the basic and advanced Seiliger
process divided into 5 stages. The main difference between the advanced and basic Seiliger process
is the the choice to have combustion or not in the last stage of the cycle respectively.

• 1-2: polytropic compression

• 2-3: isovolumetric combustion

• 3-4: isobaric combustion and expansion
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• 4-5: isothermal combustion and expansion

• 5-6: polytropic expansion indicating net heat loss, no combustion

• 5-6’: polytropic expansion indicating net heat input by late combustion

For the basic Seiliger process the stage are 1-6 while for the advanced Seiliger process the stages
are 1-6’. Yu Ding is his research distinguished the advanced with the basic Seiliger process by whether
there is combustion or not in the last stage. This could be performed by selecting the appropriate value
of parameter 𝑛𝑒𝑥𝑝 in order to indicate the net heat input rather than heat loss, [5].

Stage Seiliger difinition Parameter definition Seiliger parameter
1-2 𝑝2

𝑝1
= 𝑟𝑛𝑐𝑜𝑚𝑝𝑐

𝑉1
𝑉2
= 𝑟𝑐 𝑟𝑐, 𝑛𝑐𝑜𝑚𝑝

2-3 𝑉2
𝑉3
= 1 𝑝3

𝑝2
= 𝛼 𝛼

3-4 𝑝4
𝑝3
= 1 𝑉4

𝑉3
= 𝑏 b

4-5 𝑇5
𝑇4
= 1 𝑉5

𝑉4
= 𝑐 c

5-6 (5-6’) 𝑝6
𝑝5
= 𝑟𝑛𝑒𝑥𝑝𝑒

𝑉6
𝑉5
= 𝑟𝑒 𝑟𝑒, 𝑛𝑒𝑥𝑝

Table 4.3: Seiliger parameters

Stages 2-3, 3-4 and 4-5 are combustion stages and can be characterised by the Seiliger shape
parameters 𝛼, b and c respectively. Parameter 𝑛𝑐𝑜𝑚𝑝 describes the lost heat during the compression
phase while the 𝑛𝑒𝑥𝑝 represents the net heat input during the advanced Seiliger process or the heat
loss during expansion for the basic Seiliger process depending on the selected value. Together with
stages 1-2 and 5-6 the pressure, temperature, net combustion heat and work of the in-cylinder process
for each stage can be computed, [39], [5].

4.6. Modelling process
The completion of the literature study has helped to have a clear image of the modelling process for
the next phase of the research. A rough explanation of the process which will be followed is given
below. The first scenario is based on available measurements for the in-cylinder pressure along with
the volume per crank angle for using the b model for diesel and FuelSave operation. The second
scenario is in case no measurements are available and the proper assumptions need to be made
according to the literature study and other experimental sources.

For the rest of the thesis the implementation of the M32E engine will be imported to the model and
more information about the functionality of the TU Delft engine B model will be provided along with the
description and investigation of the necessary modifications which need to be performed and taken into
account for the model B to accommodate the hydrogen, methanol-water properties and effects on the
combustion process.

It is important to confirm that the addition of the substances provide reliable results in regards to the
changes to the Seiliger model and during the heat losses modelling due to their unique characteristics
which are different than diesel andmay not be valid for the current heat lossesmodel taking into account
their initial purpose [38].
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Literature study conclusion

Hydrogen and water-methanol when tested individually along with the diesel operation have promising
potentials as alternative fuel for emission reductions and efficiency improvements. The ability of the
fuels to be produced with sustainable energy and thus further emission reductions possibilities when
considering the well-to-tank emissions are another reason to consider their future usage in the marine
industry.

From the research questions which were established in the introduction of the current literature
study the following were given an answer and/or a rough estimate. The rest of the aimed outputs will
be discussed, processed and given an answer in the main part of the thesis.
Which are the main differences of hydrogen and methanol compared to marine diesel oil?

According to the references the main differences which point out between hydrogen, methanol and
marine diesel oil are the lower heating values, the cetane numbers, the heat of vaporization, flame
speed, their density and storage abilities, in some cases the toxicity to humans and in other cases the
safety to the humans. Some of the parameters mentioned above are more important for the current
project due to their impact on the engine performance and emissions.
Which performance parameters of the diesel engine are affected by the methanol-water and
hydrogen properties?

The diesel engine operation is a combination of performance parameters that ensure the safe and
proper operational conditions. These parameters depending on the fuel used can affect majorly the
engine. Some of the parameters that will be certainty affected by the hydrogen and water-methanol
are the air excess ration, the ignition delay, the pressure and temperature in the cylinders, specific fuel
consumption, brake thermal efficiency and combustion duration.
What are the effects of hydrogen, methanol-water addition on the engine’s combustion param-
eters and emissions?

The major expected effects, based on the literature, of hydrogen and methanol-water addition will
be on:

• increase of the ignition delay due to the methanol’s high latent heat of vaporization which could
potentially increase the cylinder pressure for the premix combustion phase

• decrease the combustion duration since the addition of hydrogen could increase the combustion
reaction rate due to the higher flame speed

• the air excess ratio will change due to the injection of the methanol-water and hydrogen on the
intake area which could potentially replace some of the air, oxygen in the area and reduce the
amount of oxygen in the cylinder which could affect the engine performance while on the other
hand the FuelSave introduces some oxygen before the compressor inlet which could potentially
neutralize the issue mentioned

• cylinder temperatures reduction due to the higher latent heat of vaporization of methanol and the
higher specific heat of water thus reducing the NO𝑥 emissions produced by the engine whilst the
hydrogen could increase the temperatures
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• CO and CO2 reduction is expected due to the diesel substitution by hydrogen while the methanol
introduction could increase them

The literature study for the current project reveals that the combination of hydrogen and water-
methanol in diesel engines could have improvements regarding the efficiency and emissions. The
impacts could be quantified in the later stages of the project and the remaining of the research questions
could be answered.

• How does the model’s diesel results compare with the available measurements from Bravenes?

• Which modifications and assumptions are necessary for the engine B model in order to accom-
modate the hydrogen, oxygen, methanol-water characteristics along with the diesel operation in
the combustion process?

• How does the diesel operation compare to the Fuelsave operation based on the changes and
assumptions selected in terms of efficiency, fuel consumption and emissions?



II
Modelling research
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6
M32E engine modelling diesel operation

6.1. Measurements of M32E engines
The initialization of themain thesis begins with the acquisition of important measurements from onboard
Bravenes. The value of these data are of great importance since they are essential for the calibration
and verification of the model. Out of the four engines’ pressure - crank angle measurements received
from the chief engineer regarding the period between 2019 and 2022 it was noticed that only one of
them had the expected combustion behavior which is to have the maximum pressure after the top dead
center(TDC), while the other three had the maximum pressure before the TDC.

Based on this observation it was decided to focus the research on the measurements and diagrams
of the specific engine. After reviewing the available pressure-crank angle diagrams received for the
specific period mentioned above, an ideal sailing trip was chosen where the engine was operating in
high load conditions providing power to the thruster on the port side.

The selected pressure-crank angle diagram along with the received supporting information about
engine temperatures, fuel consumption and other operational information offered similar readings with
the available engine acceptance test from the manufacturer thus the decision to verify the output of the
model with the specific diagram.

The information from the ship that is currently accessible that will be utilized to calibrate and validate
the model is listed below:

• Pressure-Crank angle diagrams

• Indicted work, mean indicated pressure, indicated power

• Turbocharger temperatures and speed

• Temperatures and pressures in the system

• Fuel consumption

Figure 6.1 and 6.2 present the received pressure trace measurements for the two similar M32E 8
cylinder engines focusing on the TDC region since the rest of the graphs are similar and can be seen
in the appendix A in full size. It is clearly visible from the two diagrams regarding the same engine
type and for the same sailing trip the difference in pressure delivery. In figure 6.1 the peak temperature
is after the TDC and nearly 213 bar while on the other hand figure 6.2 presents a peak pressure of
nearly 220 bar and before TDC. A possible explanation can be drawn from figure 6.3 which provides
an illustrative pressure curve diagram depending on the injection timing.
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Figure 6.1: Pressure-Crank angle measurement from Bravenes DG1, [28]

Figure 6.2: Pressure-Crank angle measurement from Bravenes DG4,[28]
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Figure 6.3: Illustrative cylinder pressure at different fuel injection timing, [21]
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There are four cases mentioned showing how the pressure in the cylinder goes from early fuel
injection until very late injection. The four case are:

• Case 1: Injection 20∘ before TDC p𝑚𝑎𝑥= 160 bar

• Case 2: Injection 30∘ before TDC p𝑚𝑎𝑥= 200 bar

• Case 3: Injection 10∘ before TDC p𝑚𝑎𝑥= 120 bar

• Case 4: Injection 40∘ before TDC p𝑚𝑎𝑥= extremely high value

An ideal normal operational injection case would be the first one since the peak combustion pressure
is close after the TDC with a nice partially controlled combustion. In the second case the injection
happens 10∘ earlier than the first case and it can be observed a large increase of the peak pressure
exactly at the TDC position of the piston and may not be as effective since the piston has not yet begin
the downward trajectory. Regarding the third case injection happens 10∘ after the first case leading in
a smaller peak pressure value taking place further away from the TDC thus delivering less power to the
piston while also increasing the pressure and temperature in the exhaust gasses. The forth and final
case regards the injection at 20∘ before the first case resulting in an extreme value of peak pressure
before the piston reaches the TDC position resulting in opposite forces inside the cylinder between the
piston and the pressure with a high possibility of damage occurring, [21].

As can be concluded from the diagrams mentioned above and the described cases, the curves of
6.1 are very similar to the ideal case 1 of the illustrated figure 6.3 while figure 6.2 are similar to the case
3 and/or 4 which are not so ideal thus the decision to use the selected diagram.

Comparing the two diagrams 6.1 and 6.2 we can clearly see the difference in peak pressures where
in the first case is around the 213 bars mark while in the second case is around the 220 bars mark with
208 bars and 218 bars averaging pressures respectively. In addition to the cylinder pressures, when
comparing the available information regarding the exhaust temperatures of DG1 to DG4 engines, it can
be observed that the average temperature is slightly less with 408∘𝐶 compared to 411∘𝐶 respectively
concluding that the difference in pressures does not affect the exhaust temperatures as much as ex-
pected. Based on the aforementioned the rest of the research will focus on the available information
obtained for the DG1.

6.2. Model changes for diesel operation
The existing input information in diesel B engine model needed to be changed in order to run for the
M32E engine that is installed onboard of Bravenes. Most of the used data became available from
the provided engine acceptance test, measurements from onboard the vessel while sailing and other
documentation provided by Van Oord. Some of the parameters of the model were remained the same
either due to be estimates based on the engine’s stroke and bore dimensions because the exact values
were not possible to be found or because the information were not available thus it was determined to
alter only the things that were known to be accurate. The most important model changes are presented
below:

• Dimensional measurements

• Operational information

• Seiliger parameters

6.2.1. Dimensional measurements
This part of changes is regarding the dimensional measurements of the specific engine. Changes
involve the number of cylinders, the bore, stroke and connecting rod dimensions, the geometric com-
pression ratio and the silencer and exhaust manifold diameters since they were available.

6.2.2. Operational information
The operational information of the engine is regarding the air fuel ratio, the brake specific fuel con-
sumption, valve timing, injection timing, output per cylinder, nominal engine speed and the number of
revolutions per cycle regarding if it is a two stroke or 4 stroke engine. Using the available information
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the model can estimate the effective compression ratio, mean piston speed, total torque and power of
the engine as well as the expected fuel consumption at nominal load. In addition to the above changes,
information were also available about the measurements of water and air temperatures in and out of
the charge air cooler as well as some system pressures. On top of that, data regarding exhaust and
turbocharger temperatures were also included aiming to calibrate the model as close as possible to the
real engine operation.

6.2.3. Seiliger parameters impact on combustion process
The Seiliger parameters are one of the most important parts of this research. Based on the parameters
𝑛𝑐𝑜𝑚𝑝, 𝑎, 𝑏, 𝑐𝑎𝑛𝑑𝑛𝑒𝑥𝑝 the model can describe the combustion of the cylinder process from the inlet valve
close until the exhaust valve open timing providing valuable information about the engine’s operation.
Yu Ding in his research investigated thoroughly the Seiliger parameters and their connection to the
combustion shape. Some of the most important conclusions from his research are that a large value of
parameter a translates to a higher peak pressure and temperature. On the other hand a larger value
of parameter b based on the results does not influence the peak pressure in stage 3 but the peak
temperature and afterwards is increasing. Furthermore, the investigation on parameter c reveals that
the only impact of the parameter increase is on the pressure and temperature at the exhaust valve
open stage. In addition to the combustion shape parameters a,b and c, Yu Ding noticed the influence
of the polytropic compression component, 𝑛𝑐𝑜𝑚𝑝 on the pressure and temperature in stage 2 which
effected the rest of the Seiliger process. Last but not least, the polytropic expansion, 𝑛𝑒𝑥𝑝 is found to
determine primarily the stage 5-6 and the exhaust valve open conditions, [5]. Based on the provided
information a small investigation will take place for the diesel and Fuelsave technology in this thesis in
order to calibrate the model to the available measurements and understand better the model.

Parameters estimation
In the current diesel B model provided by the TU Delft the parameters for the Seiliger process are
estimated as described below:

Parameter a
The way that the isochoric combustion ratio a is calculated in the model is with the empirical formula
derived by Schulten:

𝑎 = 1 +
𝜏𝑐𝑏 ⋅ 𝜂𝑐𝑏 ⋅ 𝑞𝑓23 ⋅ 𝑋𝑎

𝑐𝑣 ⋅ 𝑇2
(6.1)

𝑋𝑎 = 𝑋𝑎,𝑛 ⋅ (
𝑛𝑒

𝑛𝑒,𝑛𝑜𝑚
− 1) + 𝑋𝑎,𝑐 (6.2)

The variables mentioned in equation 6.1 include the ignition delay, 𝜏𝑐𝑏, the combustion efficiency,
𝜂𝑐𝑏, the heat release fraction for stage 2-3, 𝑞𝑓23, parameter 𝑋𝑎 indicating the heat fraction of poten-
tial heat during the stage along with the specific heat at constant volume and the temperature after
compression takes place.

The parameter 𝑋𝑎 describes the effect of fuel supply on the pressure rise. There are two equations
available in order to estimate it. The difference between them is the consideration of another variable
regarding the fuel injection rather than just the engine rotational speed and the constant value of 𝑋𝑎,𝐶.

𝑋𝑎 = 𝑋𝑎,𝑛 ⋅ (
𝑛𝑒

𝑛𝑒,𝑛𝑜𝑚
− 1) + 𝑋𝑎,𝑓 ⋅ (

𝑚𝑓
𝑚𝑓,𝑛𝑜𝑚

− 1) + 𝑋𝑎,𝑐 (6.3)

In the thesis of J.S van Duijn and Congbiao Sui there was also the addition of another variable in
the 𝑋𝑎 parameter describing the dependency of both the fuel injection mass per cycle and the engine
rotational speed.

Currently in the model parameter 𝑋𝑎 is estimated only as a function of the engine rotational speed
but it would be a nice recommendation to update the way of calculation to the improved formula.
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Parameter bb and b
The way of calculating parameter b involves the estimation of an intermediate variable bb which can
be introduced by equation 6.4. As can be seen, a similar variable is introduced here which helps in
the calculation of bb and it was introduced by Baan. Using equation 6.5 and not the updated formula
parameter𝑋𝑏 is estimated. After the calculation of bb we can proceed with the isovolumetric combustion
ratio b using equation 6.7.

𝑏𝑏 = 𝑎 ⋅ 𝑏 = 1 +
𝑋𝑏 ⋅ 𝑞𝑓
𝑐𝑝 ⋅ 𝑇2

(6.4)

𝑋𝑏 = 𝑋𝑏,𝑛 ⋅ (
𝑛𝑒

𝑛𝑒,𝑛𝑜𝑚
− 1) + 𝑋𝑏,𝑐 (6.5)

𝑋𝑏 = 𝑋𝑏,𝑛 ⋅ (
𝑛𝑒

𝑛𝑒,𝑛𝑜𝑚
− 1) + 𝑋𝑏,𝑓 ⋅ (

𝑚𝑓
𝑚𝑓,𝑛𝑜𝑚

− 1) + 𝑋𝑏,𝑐 (6.6)

𝑏 = 𝑏𝑏
𝑎 (6.7)

Parameter c
The last parameter, the isothermal combustion ratio c describes the last stage of combustion and it is
basically determined by the values of parameters a and b.

𝑐 = 𝑒
𝑤45

𝑇4⋅𝑅45 (6.8)

Even though parameter c cannot be directly selected by the user its purpose is significant since
it determines the values of pressure and temperature for the exhaust open stage which are the main
input for the gas exchange model and in the end the input to the turbine inlet temperature.

6.3. Model calibration
The received model was calibrated for two different 4 stroke engines, one CATERPILLAR 16 cylinder
engine with nominal engine speed 1600 rpm and oneMAN 4 cylinder engine with nominal engine speed
981 rpm. Both engines were producing less power and pressures than the specific M32E engine but
they were used as a guideline and template for the calibration of the current model. The available
models for the mentioned engines were both used in the beginning in order to observed which of
the two offered the best foundation to extent the M32E engine in. After performing similar changes
in both cases regarding the M32E engine specification without changing any information about the
turbocharger, or the Seiliger combustion it was noticed that the model for the CATERPILLAR engine
was more suitable for our needs as the temperatures and pressures in the system were higher and
similar to the available data .

The next step after choosing the base model was to perform the changes mentioned in section 6.2
and then investigate the Seiliger parameters.

6.3.1. Cycle calibration
The calibration of the model as was mentioned above is based on information provided by the manu-
facturer engine acceptance test, measurements from onboard the vessel while sailing and other docu-
ments. On the other hand, as was explained in the introduction of the chapter the pressure-crank angle
and sailing measurements for the DG1 were taken into account to calibrate the combustion shape for
the specific engine load condition. The chosen information was for a sailing trip in November of 2019
when the DG1 engine was operating at 100 % engine load delivering 3920 kW generator load. In ad-
dition to the load reading the pressure trace diagram for the specific trip was used for the calibration of
the model which resulted in some interesting findings which will be addressed in the section below.

The following procedure was followed in order to use the received data in the calibration process. To
begin with, the initial pressure-crank angle measurements was processed and using the equations 6.9
and 6.10 it was possible to plot the pressure-volume diagram which then is compared to the estimated
pressure-volume diagram produced by the model, [40]. The crank radius can be also be expressed as
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half of the stroke length,𝐿𝑠, which is known along with the connecting rod length, 𝐿𝑐𝑟. The exact value
of the result will remain hidden from this report.

𝜆𝑐𝑟 =
𝑅𝑐𝑟
𝐿𝑐𝑟

= 𝐿𝑠/2
𝐿𝑐𝑟

(6.9)

Continuing, now that the volume at each crank angle is estimated using equation 6.10 from Yu Ding,
the diagram 6.4 can be drawn.

𝑉(𝛼) = 𝑉𝑠⋅[
1

𝜖 − 1 +
1
2 ⋅ ((1 + cos𝛼) + 1

𝜆𝑐𝑟
⋅ (1 − √1 − 𝜆2𝑐𝑟 ⋅ sin2 𝛼))] (6.10)

Figure 6.4: Pressure-Volume diagram DG1 8 cylinders

As can be seen from figure 6.4 the pressure traces for the 8 cylinders of the DG1 have been plot-
ted. Interestingly a variation of peak pressures and pressure curves can be observed. The maximum
recorded pressure is around 213 bars and along with the rest of the pressure-volume curve will be
compared with the results from the model b.

From the pressure trace of the engine it was also possible to estimate the indicated power, indi-
cated work as well as the mean indicated pressure which will be used later on for the validation of the
model. In the process of estimating the above parameters it was noticed that the indicated power of the
engine measured by the vessel in another document for the same trip resulted in 3036 kW which has a
large variation from the 3920 kW generator load found initially. The rest of the investigation about the
difference in the provided measurements from Van Oord is viewed in detail in the appendix B since it
does not benefit the main research question of the thesis.

The next step is the research of the b model provided by the TU Delft university. The default Seiliger
parameters for the 16 cylinder Caterpillar engine can be seen in table 6.1 which resulted in the following
pressure volume diagram 6.5.

As can be seen from figure 6.5 the peak pressure is slightly higher than 250 bars which is not
suitable for our case. Using equation 6.11 and since the desired peak pressure of 213 bars is know,
an estimation for parameter a can be drawn based on the engine’s effective compression ratio 𝑟𝑐, the
polytropic exponent 𝑛𝑐𝑜𝑚𝑝 and the initial trapped pressure when the inlet valves close 𝑝1.

𝑝𝑚𝑎𝑥 = 𝑝1 ⋅ 𝑟
𝑛𝑐𝑜𝑚𝑝
𝑐 ⋅ 𝑎 (6.11)

With the above approximation regarding parameter a what comes next was to investigate the rest
of the variables for the Seiliger process in order to have reasonable values and similar results to the
measurements. Taking into consideration the remarks made in the above section regarding the dif-
ference in the engine recorded power from the pressure trace and the one from the engine’s main
switchboard, it was decided to ignore the pressure trace information and calibrate the model for the
3920 kW generator load. The details of that decision can be found in the appendix B.
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Figure 6.5: Pressure-Volume diagram using the base parameters

Parameter Value [-]
n𝑐𝑜𝑚𝑝 1.35
n𝑒𝑥𝑝 1.33
X𝑎,𝑐 0.3
X𝑎,𝑛 -0.1
X𝑏,𝑐 0.8
X𝑏,𝑛 -0.4
a 1.43
bb 1.99
b 1.39
c 1.88

Table 6.1: Base Seiliger parameters from original model

Taking into account a 95% generator efficiency and a 95% mechanical efficiency leads to 4343 kW
indicated power from the engine. The model cannot be calibrated for the indicated power directly but
only through the brake power and then from the Seiliger the indicated power can be estimated. The
results from the model will be assessed using the information at hand, and a choice will be made as to
which Seiliger parameters will be carried out in the end.

To diesel b model provided by TU Delft initially was calibrated for two smaller engines. Processing
the documentation provided by Van Oord regarding the M32E engines the calibration of the model
for the diesel operation was completed. Taking into consideration that the main research question is
focusing on the Fuelsave technology effects on the engine performance it was decided to avoid further
investigation of the data contradiction that was discovered. The calibration of the model is performed
for the 3920 kW generator load operation. The mentioned generator power translates to around 93.78
% load conditions for the DG1 assuming a 95% mechanical efficiency to estimate the effective power.
The selected Seiliger parameters were selected aiming on matching the peak pressure of the DG1 to
the model’s output.



44 6. M32E engine modelling diesel operation

Figure 6.6: Pressure-Volume diagram for diesel operation

Parameter Value [-]
n𝑐𝑜𝑚𝑝 1.32
n𝑒𝑥𝑝 1.36
X𝑎,𝑐 0.205
X𝑎,𝑛 -0.1
X𝑏,𝑐 0.84
X𝑏,𝑛 -0.4
a 1.34
b 1.67
c 1.575

Table 6.2: Calibrated Seiliger parameters for diesel operation



7
Verification and validation of model for

diesel operation
Themodel is now configured and produces calibrated results for theM32E 8 cylinder engine of Bravenes
running 4126 kW effective power. It is wise to verify that indeed the output of the model agrees with
the available documentation either from the manufacturer or from operational data from onboard the
vessel.

7.1. Equivalence criteria
The obtained measurements of the engine were compared to the results of the model for the same
operational conditions. In order to verify that the model’s outputs match with the received data the
following equivalence criteria will be utilized.

• Maximum pressure

• Indicated work

• Inlet valve close pressure

• Charge pressure in the system

• Turbocharger temperature

• Charge air cooler temperature

7.1.1. Measurements
The available information received from Bravenes while sailing is the main calibration of the model
since it covers most of the equivalence criteria. The maximum cylinder pressure for the 8 cylinder
M32E engine, DG1, is averaging around 208 bars with the peak pressure to be 213 bars. The cylinder
temperatures are not know, but information regarding the temperature before and after the turbocharger
as well as before and after the charger air cooler are very useful to learn the inlet and outlet conditions
of the engine.

According to Yu Ding, to fit the Seiliger process with a good approximation to the measured cycle
the most important equivalence criteria are the peak pressure and the indicated work and the least im-
portant are the peak temperature and the temperature when the exhaust valve open. The temperature
and the pressure for the exhaust valve open stage are related by the gas law and since the mass in
constant the only one the two is necessary, [5].

First of all the peak pressure can be of great importance since it describes the mechanical load
occurred on the engine which then translates to the maximum stresses applied on different components
of the engine. Due to this, it is clear why the Seiliger parameters needs to be set properly in order to
have an accurate representation of the cylinder pressure, [5]. As can be seen from table 7.1 the peak
pressure from the model is identical to the measured peak pressure from the recorded sailing trip of

45
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Figure 7.1: Bravenes DG1 measurements, [28]

Bravenes for the specific diesel generator. In case of another engine or another engine load the Seiliger
parameters would need to be altered for a more precise characterisation of the cylinder process.

The indicated work describe the engine output and also its ratio with the heat input provide the
cycle’s indicated efficiency which is key element for the engine performance. From the provided in-
formation the average indicated work per cylinder per cycle is 90.49 kJ while from the model output is
86.56 kJ which is near the estimation of the theoretical indicated work of the engine. It was not possible
to match the indicated work per cycle for the current pressure trace measurements mainly due to the
lack of accurate data for the engine which made it hard to calibrate the model correctly. The only avail-
able indication was the generator load value and by assuming a 95% generator efficiency and a 95%
mechanical losses efficiency the indicated work was estimated and tried to be match unsuccessfully,
[15]. It can be discussed that the value for the indicated work from the generator load is again esti-
mated since no accurate data were known. In the appendix B the pressure volume diagrams between
the measurements and the model output along with a discussion can be found regarding the calibration
choices.

Other criteria are the 𝑇𝐸𝑂 and 𝑃𝐸𝑂 which are the last temperature and pressure for the Seiliger
process and the input signals to the gas exchange process. Due to that, they have a high impact on the
temperature and pressure entering the turbine side of the turbocharger affecting its performance. The
cylinder pressure trace from the Bravenes were available but as mentioned above were not matching
with the data on figure 7.1 thus were not used.The initial and final pressures may have been known if
the graphs were going to be utilized.

Additional to the exhaust valve open pressure, the inlet valve close pressure can be also considered
a criterion since is the trapped pressure where the cylinder compression begins. A different value of the
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Parameter Estimated value Measured value
Pmax 213 [bar] 213 [bar]

Wi per cycle 86.56 [kJ] 90.49 [kJ]
P𝐼𝐶 3.64 [bar] 3.95 [bar]

T exh before turbo 537 [C] 518 [C]
T exh after turbo 382 [C] 321 [C]
T air before CAC 194 [C] 229 [C]
T air after CAC 45 [C] 48 [C]

Fuel consumption 838 [kg/hr] 773-907 [kg/hr]

Table 7.1: Model output compared to measurements, [28]

trapped pressure could result in the change of the Seiliger process since a higher starting point would
lead to an increased pressure p2 and as a reaction the increase of peak pressure. The trapped pressure
for the model and the measurement is somewhat lower, according to table 7.1 but close enough.

From the measurements the before and after temperature of the turbocharger are also available
and they can be compared with the results of the model. As can be seen from the table 7.1 there is
quite a difference between the measured and the estimated values of the temperatures but this was
expected since there were missing information about the turbocharger parameters thus were assumed
to be the same with the base values from the initial model.

It can therefore be concluded that the model with the selected Seiliger parameters and the other
changes based on the available information and the equivalence criteria provide sufficient results to
continue with the FuelSave technology changes on the model and in the end compare the performance
analysis of the two.



8
Model changes for FuelSave technology
The FuelSave Marine+ purpose as mentioned in the beginning of the report is to enhance the combus-
tion efficiency of the engine and/or reduce emissions. In order to describe the benefits of the module
the operation of the model needed to be understand with the aim to find the best way to show the
capabilities of the project.

8.1. Fuel addition
The model b originally provides the choice of operating in different loads and modes like in a propeller
load operation or in a generator mode. Bravenes operates in a generator mode at all times thus it was
also set up this way in the model. In the generator mode the model takes as input the required engine
speed by the user and then the governor using a PID controller to compare the desired and actual
engine speed controls the fuel rack position. Continuing, the fuel rack position signal is sent to the fuel
pump subsystem where using the nominal fuel quantity given by the user alogn with the signal for the
fuel rack position by the governor the fuel injected per cycle per cylinder, 𝑚𝑓,𝑐𝑦𝑐, is estimated and also
the fuel flow into the engine is found, 𝜙𝑓 for the specific engine speed and load.

𝑚𝑓 ,𝑐𝑦𝑐 = 𝑋𝑓 ⋅ 𝑚𝑓 ,𝑐𝑦𝑐,𝑛𝑜𝑚 [𝑘𝑔] (8.1)

𝜙𝑓 = 𝑚𝑓 ,𝑐𝑦𝑐 ⋅𝑖𝑐𝑦𝑐 ⋅
𝑛𝑒𝑛𝑔
𝑘𝑐𝑦𝑐

[𝑘𝑔/𝑠] (8.2)

8.1.1. Fuel addition changes
J.S van Duijn, [10], when performing his master thesis about ammonia-diesel combustion in two stroke
engines due to the unknown quantity of ammonia injection he decided to convert the nominal fuel mass
to a nominal fuel energy using an energy share ratio between the two fuels. The required energy would
be found using the lower heating values of the fuels and the ammonia energy share ratio set by the
user which in the end would determine the nominal mass quantities and flows of diesel and ammonia.
In addition in the above thesis it is assumed that ammonia-diesel will be a blend mixture rather than
port injected.

The difference in this thesis is that FuelSave injects the additives with a different fuel pump in the
intake area of the engine and the quantities of the fuels are approximately known. To begin with, the
company aims to inject 3% of the nominal diesel fuel with methanol and 7% of the nominal diesel fuel
with water. As for the hydrogen, oxygen addition the quantities are based on experiments that were
performed by FuelSave and would be around the 12 𝑚3/ℎ. Based on the above approximations the
quantities of the additives are known for now. Taking into consideration also that FuelSave considers
methanol the fuel which can replace and reduce some of the diesel quantity it is possible to determine
that since methanol is characterized by approximately half the lower heating value of diesel it could be
possible to achieve 1.5% reduction of the primary fuel used.

In order to perform the necessary changes for the introduction of energy and quantity of additives to
the model the lower heating value of methanol and hydrogen alogn with the nominal hydrogen quantity

48
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per cycle per cylinder were added into the ‘fuel_specification.m’ matlab file. Using the additional terms
of the additives adjustments were performed to the simulink model to account for the 1.5% primary fuel
reduction, the 3% of methanol addition and the hydrogen quantity into the cylinder amongst their lower
heating values.

The changes do not take into account the second fuel pump which will be needed in reality for the
injection of water-methanol mixture and will consume some electricity from themain switchboard. In ad-
dition, another thing that is not taken into account is the power consumption needed for the electrolyzer
to produce the hydrogen and oxygen.

8.2. Combustion efficiency
The combustion efficiency is a very important variable in the structure of the model since describes
what fraction of the injected fuel is fully combusted in the combustion chamber. The majority of the
diesel engines operate in lean mixture conditions to provide as much oxygen as possible in the mixture
in order to help having as complete combustion as possible. An engine with poor combustion efficiency
results in quantities of un-burned fuel increasing the fuel consumption of the engine and increase of
emissions in the exhaust gas.

8.2.1. Original model
The combustion efficiency estimation as is in the current model is based on the empirical formula of Betz
and Woschni. What they found was a linear relationship between the combustion efficiency and the air
excess ratio up to a maximum value. A comparison between the air excess ratio and a specific smoke
limit means that when the air excess ratio is higher than the smoke limit the combustion efficiency is
complete, 100 %.

The combustion efficiency of the M32E engine was not available in order to verify that the above
empirical equation could be used thus it was investigate if there was another way to calculate it. Harsh
Sapra [34] while trying to find the combustion efficiency in his own dissertation used equation 8.3 to
calculate it.

𝜂𝑐𝑜𝑚𝑏 = (1 −
𝐶𝐶𝑂 + 𝐶𝑈𝐻𝐶
𝐶𝑓𝑢𝑒𝑙

) ⋅ 100 (8.3)

The above equation is based on emission measurements which result from incomplete combustion
all measured in 𝐾𝑔

𝐾𝑔 of fuel.
A test report was available fromVanOord with the emissions of theM32E engine thus it was possible

to calculate the combustion efficiency for diesel operation based on that. The measurements were
performed by ecoxy in the beginning of 2020 and was mainly focused on the NOx emissions but the
CO2 and CO emissions were also measured for four different loads as well. Unfortunately the UHC
were not showing thus the combustion efficiency was only calculated with the CO measurements for
the four different loads.

The results of equation 8.3 showed that the M32E engine has a very high combustion efficiency of
99.99 % for the four loads but taken into consideration that the measurements were performed in 2020
and only the CO emissions were available we can expect that indeed the real combustion efficiency of
the engine could be lower. In addition to that we could argue that an operating engine over the years
due to many reasons could potentially perform worse over the increase of the operational hours thus
the actual combustion efficiency could drop even further.

8.2.2. Alternative calculation
The current empirical formula was not suitable for our needs due to the need of more accurate and
recent measurements as stated above thus a research was performed in order to find alternative ways
to calculate the combustion efficiency and present the possible improvement due to the FuelSave
operation.

Two alternative formulas were able to be found but due to their nature requiring measurements they
were not able to be used in our case.

The first equation is 8.3 which was used for the estimation of the combustion efficiency for the diesel
operation but still the lack of measurements did not provide an accurate result.
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The second equation was found in Heywood [17]:

𝐻𝑅(𝑇𝐴) − 𝐻𝑃(𝑇𝐴) = 𝑚 ⋅ ( ∑
𝑖,𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠

𝑛𝑖𝛿ℎ𝑓,𝑖 − ∑
𝑖,𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

𝑛𝑖𝛿ℎ𝑓,𝑖) (8.4)

𝜂𝑐𝑜𝑚𝑏 =
𝐻𝑅(𝑇𝐴) − 𝐻𝑃(𝑇𝐴)

𝑚𝑓 ⋅ 𝑄𝐻𝑉
(8.5)

Equation 8.4 describes the net chemical energy release after combustion in the engine by taking into
consideration the total mass,𝑚, entering and leaving the control volume of the engine by assuming it an
open system and the enthalpy of reactants (fuel and air) and products (exhaust gas). The difficulty of the
above equation is that you could never know the exact composition of the fuel and again measurements
of the mass flows would be necessary to calculate it.

Equation 8.5 is another way of estimating the combustion efficiency of an engine by taking into con-
sideration the net chemical energy release as mentioned above over the supplied fuel energy entering
the control volume described by the mass of the fuel, 𝑚𝑓, and its heating value, 𝑄𝐻𝑉.

8.2.3. Combustion efficiency conclusion
Taking all the above into consideration it was decided to have the current combustion efficiency model
unchanged due to the estimated value of efficiency which was around 100 % based on equation 8.3
and because an alternative way to improve the modelling was not found.

8.3. Air excess ratio
The air excess ratio is linked to the engine’s power delivery. Diesel engines usually are operated in
lean operational conditions to make sure that enough oxygen is present in the combustion of diesel.
The air excess ratio also describes the higher real amount of combustion air compared to the ideal air
quantity. The actual combustion air needs to be higher than the stoichiometric in order to improve the
combustion but also cool the cylinder, [15]. The increase of fuel without the necessary change in the air
quantity will result in the decrease of air excess ratio in reduce power, and the rich mixture can result
incomplete combustion.

𝜆 = 𝑎𝑓𝑟𝑎𝑐𝑡𝑢𝑎𝑙
𝑎𝑓𝑟𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙

= 𝑚𝑎𝑖𝑟
𝑚𝑓 ⋅ 𝜎

(8.6)

As can be seen from equation 8.6, 𝜆 is depended on the actual air quantity entering into the engine
over the theoretical air quantity which is found by multiplying the fuel quantity with the stoichiometric
ratio. The addition of hydrogen and methanol affect the air excess ratio since each fuel has its own
stoichiometric ratio and injection quantity.

First the stoichiometric ratio of each of the additives is calculated either using the chemical structure
formula or the mass fractions of the fuels as shown below [40]:

𝐶𝑝𝐻𝑞𝑆𝑟 + (𝑝 +
𝑞
4 + 𝑟) ⋅ 𝑂2 → 𝑝 ⋅ 𝐶02 +

𝑞
2 ⋅ 𝐻2𝑂 + 𝑟 ⋅ 𝑆𝑂2 (8.7)

𝜎𝑑𝑎 =
𝑀𝑑𝑎
𝑦𝑑𝑎𝑂2

⋅
𝑝 + 𝑞

4 + 𝑟
𝑝 ⋅ 𝑀𝐶 + 𝑞 ⋅ 𝑀𝐻 + 𝑟 ⋅ 𝑀𝑆

(8.8)

𝜎𝑑𝑎 =
𝑀𝑑𝑎
𝑦𝑑𝑎𝑂2

⋅ { 𝑥
𝑓
𝐶
𝑀𝐶

+ 14 ⋅
𝑥𝑓𝐻
𝑀𝐻

+ 𝑥𝑓𝑆
𝑀𝑆
} (8.9)

For the estimation of methanol stoichiometric air fuel ratio it is more convenient to use equation 8.9
by removing the sulphur content and adding the oxygen content of methanol resulting in equation 8.10.

𝜎𝑑𝑎 =
𝑀𝑑𝑎
𝑦𝑑𝑎𝑂2

⋅ { 𝑥
𝑓
𝐶
𝑀𝐶

+ 14 ⋅
𝑥𝑓𝐻
𝑀𝐻

− 𝑥𝑓𝑂
𝑀𝑂
} (8.10)

For the hydrogen stoichiometric air fuel ratio estimation we can use the mass fraction equation again
by using only the hydrogen mass fraction as shown in equation 8.11.
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𝜎𝑑𝑎 =
𝑀𝑑𝑎
𝑦𝑑𝑎𝑂2

⋅ { 𝑥𝑓𝐻
4 ⋅ 𝑀𝐻

} (8.11)

The results of the above equations for hydrogen and methanol are 34.4 and 6.45 which are in line
with the information found in literature.

The above estimations result in a change of the air excess ratio equation since the amount of
hydrogen and methanol along with their stoichiometric air fuel ratios need to be taken into account.
Equation 8.12 shows the modified air excess ratio which is implemented in the model to account for the
additives introduction where 𝑚𝑑𝑓 and 𝜎𝑑 are the diesel quantity and stoichiometric air fuel ratio, 𝑚ℎ𝑓
and 𝜎ℎ are the hydrogen quantity and stoichionetric air fuel ratio and 𝑚𝑚𝑓 and 𝜎𝑚 are the methanol
quantity and stoichiometric air fuel ratio.

𝜆 = 𝑚𝑎𝑖𝑟
𝑚𝑑𝑓 ⋅ 𝜎𝑑 +𝑚ℎ𝑓 ⋅ 𝜎ℎ +𝑚𝑚𝑓 ⋅ 𝜎𝑚

(8.12)

8.4. Gas mixture
Air is composed of multiple gasses. Out of the different gasses in the air only oxygen is assumed to
be reacting with fuels resulting in reaction products. Depending on the fuel and the oxygen quantity in
the air the reaction products are changing.

8.4.1. Air flow in engine
The composition of air can be broken down into four main element according to DIN standard, [40].
The dry air composition can be seen in table 8.1:

Element Kmol fraction [-] Mass [g/mol]
N2 0.7809 28.013
O2 0.2095 31.999
Ar 0.0093 39.948
CO2 0.0003 44.010

Table 8.1: Dry air composition into the engine

The composition of the air can be used to estimate the molecular weight of the mixture using equa-
tion 8.13

𝑀 =∑
𝑗
𝑀𝑗 ⋅ 𝑦𝑗 (8.13)

𝑀𝑑𝑎 = 𝑀𝑁2 ⋅ 𝑦𝑑𝑎𝑁2 +𝑀𝑂2 ⋅ 𝑦𝑑𝑎𝑂2 +𝑀𝐴𝑟 ⋅ 𝑦𝑑𝑎𝐴𝑟 +𝑀𝐶𝑂2 ⋅ 𝑦𝑑𝑎𝐶𝑂2 (8.14)

In addition to the dry air composition there is also the wet air composition expressing the absolute
humidity. In order to describe the quantity of water in wet air equation 8.15.

𝑥𝑑𝑎𝐻2𝑂 =
𝑚𝐻2𝑂
𝑚𝑑𝑎

(8.15)

The default value of absolute humidity in the model b is 0.0097 g/kg dry air which leads to the
calculation of the wet air mass fraction and in the end the volume fraction of each chemical element
8.2.

The introduction of oxygen, methanol-water and hydrogen happens in the air intake area of the
engine. This means that the initial composition of air will be affected by the additives. Based on the
quantity of the air demand of the engines and the quantities of additives the following compositions
were estimated.

Table 8.1 shows the initial dry air composition which can be compared with table 8.3 presenting how
the air composition in volume percentage changes for the 6 and 8 cylinder engines when the additives
are introduced.



52 8. Model changes for FuelSave technology

Element Kmol fraction [-] Mass [g/mol]
N2 0.7689 28.013
O2 0.2063 31.999
Ar 0.0092 39.948
CO2 0.0003 44.010
H2O 0.0003 18.015

Table 8.2: Wet air composition into the engine

Engine N2 % O2 % Ar % CO2 % H2 % CH3OH-Water %
6M32E 77.427 20.798 0.923 0.0298 0.122 0.666
8M32E 78.085 20.949 0.930 0.030 0.101 0.552

Table 8.3: Dry air composition change with additives

According to the results the effects of additives are not significant and this makes sense since the
quantities of the hydrogen, oxygen, methanol & water compared to the air demand of the engines are
very small. Based on the above it was decided to leave the incoming air composition unchanged in the
fluid_properties.m file of the model since it was expected that the results would not be affected.

8.4.2. Exhaust gas composition
The exhaust gasses are the result of the combustion of reactants with air. The composition of the
reaction products is of great importance since it can determine the thermodynamic properties of the
exhaust gasses heading toward the exhaust turbine and also some of them are remaining into the
cylinder affecting the temperatures and compression in the engine. The estimation of the composition is
done using stoichiometry by following the conservation of mass law in which the total mass of products
equals the total mass of reactants. Diesel reaction with air oxygen results in CO2, H2O and SO2
emissions with their composition calculated using the following equations:

𝑥𝑠𝑔,𝐶𝑂2 =
𝑀𝐶𝑂2
𝑀𝐶

⋅ 𝑥𝑓𝑢𝑒𝑙𝐶
𝜎𝑓𝑢𝑒𝑙 + 1

(8.16)

𝑥𝑠𝑔,𝐻2𝑂 =
𝑀𝐻2𝑂
2 ⋅ 𝑀𝐻

⋅ 𝑥𝑓𝑢𝑒𝑙𝐻
𝜎𝑓𝑢𝑒𝑙 + 1

(8.17)

𝑥𝑠𝑔,𝑆𝑂2 =
𝑀𝑆𝑂2
𝑀𝑆

⋅ 𝑥𝑓𝑢𝑒𝑙𝑆
𝜎𝑓𝑢𝑒𝑙 + 1

(8.18)

The emission composition depends on the mass fraction of diesel fuel in regards of the carbon,
hydrogen and sulphur content along with the stoichiometric ratio of the specific fuel.

In addition, to the diesel fuel reacting with oxygen there are some substances included in the inlet
air like nitrogen and argon which can reach and result in products like the N2 and Ar. The amount of
nitrogen and argon in the exhaust gasses can be found using the following equations by taking into
account the mass fraction in the air and the stoichiometric air fuel ratio of the fuel.

𝑥𝑠𝑔,𝑁2 = 𝑥𝑎𝑖𝑟,𝑁2 ⋅
𝜎𝑓𝑢𝑒𝑙

𝜎𝑓𝑢𝑒𝑙 + 1
(8.19)

𝑥𝑠𝑔,𝐴𝑟 = 𝑥𝑎𝑖𝑟,𝐴𝑟 ⋅
𝜎𝑓𝑢𝑒𝑙

𝜎𝑓𝑢𝑒𝑙 + 1
(8.20)

Last but not least, since oxygen is assumed that is completely reacted with diesel fuel in stoichiom-
etry this means that the composition of oxygen is equal to zero:

𝑥𝑠𝑔,𝑂2 = 0 (8.21)



8.4. Gas mixture 53

The b model already contains information about different types of fuels, like DMA, DMB and the
selection of the fuel is straight forward. For our case the DMA is similar to the fuel that Bravenes is
using thus is the more suitable option. The mass fraction composition of DMA is 𝑥𝐶=0.865, 𝑥𝐻=0.133,
𝑥𝑆=0.002 resulting in the product composition in table 8.4:

Element Mass fraction [-]
N2 0.7003
O2 0
Ar 0.0119
CO2 0.2023
H2O 0.0759
SO2 2.5505 ⋅ 10−4

Table 8.4: Diesel stoichiometric combustion composition

8.4.3. Methanol and hydrogen addition
In addition to the diesel combustion the FuelSave module will introduce methanol and hydrogen whose
combustion with oxygen results in CO2, H2O and H2O respectively. The estimation of the additional
emissions can be found using equations 8.16 and 8.17. What changes now is the mass fraction of
carbon and hydrogen contained in the fuels along with the stoichiometric air fuel ratio of the fuels.
Methanol is composed of 𝑥𝐶=0.3749, 𝑥𝐻=0.1258, 𝑥𝑂=0.4993 which results in the following product
composition in table 8.5:

Element Mass fraction [-]
CO2 0.1844
H2O 0.1511
N2 0.6476
Ar 0.0110
O2 0

Table 8.5: Methanol stoichiometric combustion composition

Element Mass fraction [-]
H2O 0.2545
N2 0.7266
Ar 0.0123
O2 0

Table 8.6: Hydrogen stoichiometric combustion composition

The combustion of methanol and hydrogen do not produce different elements than the ones already
existing from the diesel combustion with oxygen. What can be observed although is that there are no
𝑆02 emissions produce and when hydrogen is ignited there are no carbon dioxide emissions but an
increase in 𝑁2 can be seen which could possibly increase the 𝑁0𝑥 emissions.

The above impact of the methanol and hydrogen additives were not modelled into the current matlab
files since the small quantities of injection were assumed that would not affect the thermodynamic
properties of the mixtures.

However the additives were added in the calculation of the air composition. Initially, in each stage of
the model the composition of the mixture is estimated using equation 8.22 where x is the mass fraction
of the mixture and when is equal to 1 it means that only air is contained whilst when is equal to 0 means
that there is only stoichionetric gas.

𝑥𝑎𝑖𝑟 = 1 − 𝑥𝑠𝑔 (8.22)
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The composition of the stoichiometric gas now includes the stoichionetric mass of diesel, methanol
and hydrogen which can be found using equation 8.23 and its adjusted in every Seiliger stage. The
model is build under the assumption that all of the fuel is combusted into stoichiometric gas and at the
end of the process the combustion efficiency accounts of the percentage of fuel that in reality is not
lost. The results will be discussed in the performance comparison chapter.

𝑚𝑠𝑔 = 𝑚𝑓𝑢𝑒𝑙 ⋅ (𝜎 + 1) (8.23)

8.4.4. Thermodynamic properties
In the properties library of the model the estimation of the thermodynamic properties is performed. In
the cylinder there are coexisting stoichiometric gas and air with the element described in the above
section. For each of the elements of the air and stoichiometric gas they can be considered as non-
perfect, ideal gases meaning that the mixture behaves in a similar way. For this reason the specific
heat, enthalpy and internal energy of both the air and stoichiometric gas are function of temperature
and element fractions [5].

Gas constant
The gas constant R in the model is estimated using equation 8.24 for both the air and stoichiometric
gas by changing each time the mass fraction of the elements respectively and are constant throughout
the model.

𝑅 = 𝑥𝑁2 ⋅ 𝑅𝑁2 + 𝑥𝑂2 ⋅ 𝑅𝑂2 + 𝑥𝐴𝑟 ⋅ 𝑅𝐴𝑟 + 𝑥𝐶𝑂2 ⋅ 𝑅𝐶𝑂2 + 𝑥𝐻2𝑂 ⋅ 𝑅𝐻2𝑂 (8.24)

In the simulink model there is also another gas constant estimation based on equation 8.25 and is
based on the composition of air and stoichiometric gas and their gas constants.

𝑅 = (1 − 𝑥𝑠𝑔) ⋅ 𝑅𝑎𝑖𝑟 + 𝑥𝑠𝑔 ⋅ 𝑅𝑠𝑔 (8.25)

Specific heats
The specific heats play an important role on the model since are used for the estimation of pressure
and temperature in different stages. Using a power series for temperatures ranging from 200 - 2500 𝐾
based on 6 terms the specific heat at constant pressure can be estimated with sufficient accuracy.

𝑐𝑝 = 𝛼1 + 𝛼2 ⋅ 𝜃 + 𝛼3 ⋅ 𝜃2 ⋅ ⋅ ⋅ ⋅ ⋅ 𝛼𝑘 ⋅ 𝜃𝑘−1 ⋅ ⋅ ⋅ ⋅ ⋅ 𝛼𝑚 ⋅ 𝜃𝑚−1

=
𝑚

∑
𝑘=1

𝛼𝑘 ⋅ 𝜃𝑘−1
(8.26)

𝜃 =
𝑇 − 𝑇𝑠ℎ𝑖𝑓𝑡
𝑇𝑛𝑜𝑟𝑚

(8.27)

With T𝑠ℎ𝑖𝑓𝑡 being equal to 0 𝐾 and the T𝑛𝑜𝑟𝑚 being equal to 1000𝐾.

𝑐𝑝 = 𝑥𝑁2 ⋅ 𝑐𝑝,𝑁2 + 𝑥𝑂2 ⋅ 𝑐𝑝,𝑂2 + 𝑥𝐴𝑟 ⋅ 𝑐𝑝,𝐴𝑟 + 𝑥𝐶𝑂2 ⋅ 𝑐𝑝,𝐶𝑂2 + 𝑥𝐻2𝑂 ⋅ 𝑐𝑝,𝐻2𝑂 (8.28)

The specific heat at constant volume can be found using equation 8.29 which is based on the specific
heat at constant pressure and the gas constant.

𝑐𝑣 = 𝑐𝑝 − 𝑅 (8.29)

Because it was assumed that the small amounts of fuels would not have a substantial impact on
the outcomes, the thermodynamic parameters of the model were not altered to account for the specific
heat of methanol.
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8.5. Ignition delay
Ignition delay is important for the current thesis because it describes the time between the injection
of fuel until the measurement of the pressure rise. From the literature, it is understood that methanol
enhances the ignition delay because of the higher latent heat of vaporisation. The ignition delay in
the model is primarily used in the estimation of Seiliger parameter a. The method of calculation was
developed by Hardenberg and Hase taking into consideration the mean piston speed, the injection
pressure and temperature along the energy of activation of the fuel and the gas constant, [17], [16].
J. Svan in his ammonia-diesel combustion research for the same b model used in this thesis used
measurements from a smaller engine and a function to associate the ammonia energy share with the
ignition delay, [10]. The formula remains unchanged in the model but is converted in ms rather than
degrees since the model is operating in time-domain.

𝜏𝑖𝑑(𝐶𝐴) = (0.36 + 0.22𝑐𝑀) ⋅ exp [𝐸𝐴(
1

𝑅 ⋅ 𝑇𝑖𝑛𝑔 −
1

17190
) ⋅ ( 21.2

𝑃𝑖𝑛𝑔 − 12.4
)0.63] (8.30)

8.6. Safety on board of the vessel
The usage of hydrogen and methanol on board of vessels requires some measurements in order to
guarantee the safety of the crew and the equipment. More specifically, it is know that the lower flamma-
bility limits of hydrogen and methanol are quite low compared with diesel. This means that if FuelSave
injects enough quantities that are above the lower flammability limits of methanol, 6 % in air volume,
and for hydrogen 4 % in air volume there is the possibility to have unexpected explosions in the system
which are not desirable. Based on the M32E air requirements and the additives quantities the following
table 8.7 shows the percentages of hydrogen and methanol in the system for the worst and best case
scenarios. The worst case being when the 6 and 8 cylinder engines are operating in very low loads,
around 25% were the air demand in minimum, and the best case when the engines are operating at
100 % load and the air demand in maximum.

Engine Load % Methanol % Hydrogen %
6ME2E 25 2.07 0.38
6ME2E 100 0.67 0.12
8M32E 25 1.8 0.3
8M32E 100 0.6 0.10

Table 8.7: Flammability limits of hydrogen and methanol in air

As can be seen in table 8.7 in all of the cases the flammability limits of both methanol and hydrogen
are well below the concerning limits for undesirable explosions in the system, thus we can conclude
the operational safety of FuelSave in terms of flammability limits. It is also worth mentioning, that
FuelSave has also made the necessary changes for the required fuel lines to accommodate methanol
and sensors that guaranty the safety of the crew and the vessel.

8.7. Seiliger parameters
In section 6.2.3 it was described how the original Seiliger is defined into the model. Taking into account
the available literature and more specifically the experimental results provided by FuelSave and FVTR
some assumptions were able to be made in order to describe the change in the combustion shape ex-
pectations due to Marine+ operation. Originally this thesis would have experimental results comparing
the operation of the vessel with and without the FuelSave module working but unfortunately it would not
possible to be made in time. Due to this change in plans assumptions were made based on the only
experimental results available from FVTR on a smaller engine but still showing the possible effects.

8.7.1. FVTR measurements
First, the FVTR results for FuelSave will be introduced as they provide evidence on what can be ex-
pected as well for the M32E engines, [32]. We have to keep in mind the difference although that the
two engine have in terms of cylinders, dimensions, power delivery and cycle frequency.
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Figure 8.1: FVTR-FuelSave experiments, [32]

In the specific experiments a one cylinder engine named VDS 18/15 was used with a 180 mm stroke
and 150 mm bore which is almost half of the bore of the M32E engine. Another important difference
between the two engine is the nominal speed which was 1500 rpm for the experimental engine and 720
rpm for the M32E engine. The nominal speed plays an important role in the cycle frequency, 𝑓𝑐𝑦𝑙 =

𝑖⋅𝑁
𝑘

where N is the nominal speed and k is the number of revolutions per cycle. A higher cycle frequency
means that the engine requires a higher fuel injection frequency. All in all, some conclusions can be
drawn from the results of the experiments which can be useful.

As can be seen in figure 8.1 the red line provides the information for the diesel operation of the
engine for 75 % load. We can focus our attention on the first part of the figure where the cylinder
pressure is shown, the second part of the figure provides the rate of heat release and the last part the
average mass temperature which is the cylinder temperature.

It is noticeable that when methanol and water are introduced into the engine the temperatura re-
duced and the ignition delay increased as can be seen from the pressure and heat release diagrams.
The ignition delay increase as was expected resulted in a higher retarded peak pressure and heat
release rate.

An interesting comparison between the blue and the green line indicates that the methanol quantity
increase from 0.8 𝑙

ℎ to 2 𝑙
ℎ enhanced the ignition delay even further and as a result the peak heat

release and peak pressure increased even more. On the other hand, once the hydrogen is injected
as well, as can be seen by the yellow line, the ignition delay reduced slightly as well as the peak heat
release, peak pressure, and temperature.

What is also crucial to highlight are the temperature measurements, where the use of the additives
described with the yellow line compared to the original case with the red line the peak temperature
never becomes larger than the diesel operation. The initial temperature drop can be explained by the
methanol’s high latent heat of vaporisation and the lower temperature in the late combustion stage
could be justified by the less diesel quantity in the cylinder. It is interesting to notice that in the diffusive
combustion phase the temperatures remained under the original case values in all the other three
cases. Moreover, even though the hydrogen is characterized by high flame speed and heating value it
can be seen that it helped the reduction of temperatures compared the diesel and pure methanol-water
mixture addition combustion which is promising for the 𝑁𝑂𝑥 emissions reduction expectations.

In addition to the above measurement, FVTR also measured the emissions and efficiency effects
of the additives to the engine. It is clear that the introduction of the additives can increase the indicated
efficiency of the engine around 2-3 % in this situation and regarding the NOx emissions there can be
a decrease when the proper quantities of methanol, water and hydrogen are used. In the specific
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measurement the oxygen was not included as an additive but on a previous measurements on the
same report it was seen that oxygen helps in the further increase of the indicated efficiency but with an
increase of the NOx emissions as well.

All of the measurements above cannot be considered as the conclusive effects that will also occur
in the M32E engines but can be a good indication of what to expect because of the difference in the
cycle frequency, the bore and stroke dimensions and in general, there is no comparison between them
since the one is performed in an experimental facility while the effect which we want to investigate will
be about a real life condition. In the case of the experiments no charge air coolers were noticed in the
experimental configuration and also it was noticed that the hydrogen and oxygen injection took place
very near the cylinder while in this research the goal is to inject before the charge air cooler. With all the
above in mind the purpose of the measurements will be to assist in making more accurate assumptions
and expectations of the impacts of the module on the actual combustion shape of the engine through
the Seiliger process.

8.7.2. Assumptions for the M32E engine modelling
Based on the above experiments and the available parameters that can be altered in the Seiliger model
some assumptions can be concluded about the FuelSave operation on the combustion shape of the
Bravenes’ engines. J.S van Duijn in his thesis used equations 6.3 and 6.6 for the estimation of the
Seiliger combustion parameters which included an additional term in order to include the different am-
monia properties to the Seiliger process, [10]. The new terms are 𝑋𝑎,𝑑&𝑋𝑏,𝑑 along with the energy
share ratio of ammonia 𝑥𝑓 which then used measurements from a smaller engine to calibrate.The new
equations used in the ammonia-diesel combustion in J.S van Duijn thesis are showed below:

𝑋𝑎 = 𝑋𝑎,𝑛 ⋅ (
𝑛𝑒

𝑛𝑒,𝑛𝑜𝑚
− 1) + 𝑋𝑎,𝑓 ⋅ (

𝑚𝑓
𝑚𝑓,𝑛𝑜𝑚

− 1) + 𝑋𝑎,𝑑 ⋅ 𝑥𝑓 + 𝑋𝑎,𝑐 (8.31)

𝑋𝑏 = 𝑋𝑏,𝑛 ⋅ (
𝑛𝑒

𝑛𝑒,𝑛𝑜𝑚
− 1) + 𝑋𝑏,𝑓 ⋅ (

𝑚𝑓
𝑚𝑓,𝑛𝑜𝑚

− 1) + 𝑋𝑏,𝑑 ⋅ 𝑥𝑓 + 𝑋𝑏,𝑐 (8.32)

In the current research for the FuelSave project, no changes were performed in Seiliger equations
since it would require more time for the calibration of the diesel operation and then additional time for
the FuelSave operation calibration which would be again based on speculations since there are no
available measurements yet from the M32E engines.

Concluding the results of FVTR and the aimed expectations a preview of the combustion effects
can be written. First of all, it is anticipated to have an enhanced ignition delay which will increase
parameter a. An increase in parameter a will effect the peak pressure 𝑝3 = 𝑝4 = 𝑝𝑚𝑎𝑥 value. Due to
the fact that the equation for the ignition delay estimation is not altered in any way nor the combustion
efficiency, changes will be mainly made on the 𝑋𝑎 parameters in regards the ignition delay effect. In
addition to parameter a, parameter b and c will also be effected since an assumption will be made for
reduced combustion duration. This is because of the added oxygen and hydrogen addition which can
improve the combustion. It needs to be considered as well that the quantity of hydrogen which will be
injected is not yet final since the module has not been fine tuned for Bravenes’ operation but the aim of
the company is to restrict the peak pressure enhancement to a minimum since the hydrogen with the
higher flame speed is to compensate the higher ignition delay caused by the methanol and provide a
more complete combustion. Nevertheless some increase in pressure is still expected due to the rapid
combustion of the additives in the premix phase. After the premix phase, it is assumed that all of the
additives are ignited and less diesel quantity will be injected in the cylinder for the diffusion and late
combustion stages. The temperatures could be reduced and the same can apply for the heat loss since
the temperature difference between the gas and the cylinder is less.
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FuelSave technology impact

In this section the Seiliger parameters were investigate on how they can represent the impact of Fuel-
Save operation on the model b. Based on conclusions from literature and experiments performed by
Fuelsave and FVTR appropriate values will be selected to calibrate the model after the initial impact
investigation.

9.1. Seiliger parameters
In section 6.2.3, a small introduction was performed about the research of Yu Ding and his focus on
the Seiliger parameters and the combustion cycle. Some predictions could already be made based on
his findings, but it was decided to do a modest impact research to further understand the effects of the
parameters and also because the model had been modified for the Fuelsave operation.

Figure 9.1: Pressure-Volume diagram comparison using the diesel calibrated parameters

To begin with, figure 9.1 presents the change in peak pressure when the adjustments for the Fuel-
Save technology took place in the model with red colour compared to the diesel operation. This means
that the additives result in slightly higher peak pressure during the combustion stage 3-4 while also
decreasing parameter c in stage 5. The figure can be used to confirm that indeed the model has been
adapted without changing the Seiliger parameters just yet.

The next step is to investigate which changes in the parameters can provide satisfying results which
then will be used to analyze the performance of the FuelSave compared to the diesel operation.

9.1.1. Parameter Xa
Parameter Xa is very important as was introduced in section 6.2.3 since for this thesis is one of the
variables which can be changed by the user to estimate parameter a for the Seiliger process. The value
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of parameter Xa can be calculated by the combination of X𝑎,𝑐 and X𝑎,𝑛 as can be seen in equation
6.2, but because this investigation is performed under generator load conditions where constant load
is applied, the constant part of the equation 𝑋𝑎,𝑐 equals parameter Xa. For the diesel operation, the
calibrated chosen value is 𝑋𝑎𝑐 = 0.205. Figure 9.2 compares different values of the variable to observe
the change in pressure by comparing the pressure-volume curves to the initial diesel value.

Figure 9.2: Pressure-Volume diagram with different Xa values

As can be seen in figure 9.2, the increase of parameter Xa from 0.205 to 0.245 resulted in the
increase of peak pressure to 222 bar from 213 meaning that parameter a has increased as well. A
further increase of parameter Xa above 0.245 could exceed the safe operational pressure limits in
the cylinder thus it was decided to stop there since the results could represent the effect. The reverse
effect can be seen with the decrease from 0.205 to 0.165. Table 9.1 summarizes the increase of cylinder
pressure along the change of parameter X𝑎,𝑐. It can be highlighted that the most obvious consequence
of the parameter is in the peak pressure value 𝑝3 = 𝑝4 = 𝑝𝑚𝑎𝑥 and also the duration of stage 3-4.
The increase of the stage 3-4 duration means that parameter b increased as well, while the decrease
in duration signifies the parameter b decrease. A more subtle notice is the change in parameter c in
stage 5. From figure 9.2 it appears that parameter c is increasing for the decrease of parameter Xa
and the reverse. The decrease of parameter c indicates that less heat is distributed in stage 4-5 and
this is reasonable since more heat has already been released in stage 2-3. The same applies for the
increase of parameter c translating in a higher late combustion phase since stage 2-3 reduced but
stage 3-4 increased. The total heat released from the fuel is being distributed in stages 2-5 through the
combustion shape parameters a,b and c thus the changes in different stages based on the selection of
values.

Parameter Xa,c Pressure [bar] Change %
0.165 205 - 4.03
0.205 213.6 0
0.245 222.6 4.21

Table 9.1: Peak pressure increase due to parameter X𝑎,𝑐
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9.1.2. Parameter Xb
A similar research was performed for parameter Xb with figure 9.3 and table 9.2 presenting the results.
The estimation of parameter Xb is similar to parameter Xa which was explained already. The calibrated
value for the variable Xb in diesel operation is 0.84 and is represented by the black curves in figure 9.3.
The decrease from 0.84 to 0.78 resulted in the duration reduction of stage 3-4 as well as parameter
a and b reduction, the increase of peak pressure from 213 to 215.9 bars and lastly the increase of
parameter c. The reverse effects were recorded with the increase of Xb to 0.90 with the parameters a
and b increasing while parameter c decreased as well as the peak pressure to 212.4 bars.

The increase of parameter c translates in higher late combustion stage and this can be verified by
the figure 9.3 where the stage 4-5 is longer. The increase of c raises the pressure and temperature in
the last stage where the exhaust valve opens which then increases the pressure in the inlet valve close
stage before compression begins. The higher the initial pressure, p1, starting the compression the
higher the pressure in stage 2. Interestingly even though parameter a decreased, due to the increase
of pressure p2 the peak pressure of the cycle raised.

Table 9.2 collects all the recorded pressures for the different values of parameter Xb. Worth to
be mentioned is the difference in stage 5 where the increase of parameter c results in a higher late
combustion phase enhancing the duration of 4-5 and thus noting a low pressure at point 5. The reverse
effect is also noticed for the decrease of parameter c where the duration of stage 4-5 is reduced and a
higher pressure compared to the rest is estimated.

Figure 9.3: Pressure-Volume diagram comparison with different Xb values
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Parameter Xb,c Pressure [bar] Change %
p1
0.78 3.7 2.8
0.84 3.6 0
0.90 3.6 0
p2
0.78 161.8 1.5
0.84 159.4 0
0.90 158 -0.9

p3=p4=pmax
0.78 215.9 1
0.84 213.7 0
0.90 212.4 0.6
p5
0.78 113.7 -16.8
0.84 136.7 0
0.90 163.4 19.5
p6
0.78 12.6 2.4
0.84 12.3 0
0.90 12.2 -0.8

Table 9.2: Seiliger pressure increase due to parameter X𝑏,𝑐
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9.1.3. Parameters combinations
In the previous figures 9.2 and 9.3 a small research was completed to gain knowledge regarding the
effects of the parameters Xa and Xb on the Seiliger and combustion cycle process. According to that
information some possible parameter combinations were examined and presented in figure 9.4.

Figure 9.4: Pressure-Volume diagram with different Xa & Xb values

First, compared to the base operation, the first scenario, which centers around the values 𝑋𝑎 =
0.245&𝑋𝑏 = 0.90, has the highest peak pressure of roughly 221 bars and the shortest time of stages
3-4. In addition, it decreased the late combustion stage duration since parameter b and c reduced
resulting in lower pressures from stage 5 and after. Additionally, it should be noted that point 2’s starting
pressure is lower than it is in the other examples. This is due to the pressure dropping from stages 5-6
as a result of the decrease in parameter C.

The second scenario around parameters 𝑋𝑎 = 0.165&𝑋𝑏 = 0.78 provided a peak pressure of 207
bars compared to the 213 bars of the base parameters values and an enhanced duration of the stage
3-4. Additionally, the late combustion stage is higher than it is in the other examples, which makes
sense given that the late combustion phase and subsequent pressures were increased as a result of
the heat distribution moving from stages 2-3 to stages 3-4 and 4-5 based on the decrease of parameter
a but increase of parameter b and c compared to the base values.

With the above investigation in mind, it was decided take into account also the polytropic expansion,
𝑛𝑒𝑥𝑝, which role’s is to demonstrate the heat loss or heat input in the last stage of the cycle based on
its selected value. The 𝑛𝑒𝑥𝑝 parameter was tested for the different values of 1.33 and 1.39 in order to
demonstrate the reduced heat loss that could occur in the last stage. The explanation for the desire of
the reduction is based on the FVTR experiments where the measured temperature is indeed reduced
in the cylinder, [32]. Since there is less of a temperature difference between the cylinder and the fluid,
lowering the gas temperature would also reduce heat loss to the surroundings around the cylinder.

Interestingly, the reduction of the 𝑛𝑒𝑥𝑝meant the increase of the pressure and temperature in stage
6 where the exhaust valves open which is the opposite of what was desired. Based on this, it was
preferred to restore the value of the polytropic expansion to 1.36.

Figure 9.5 describes the different values for 𝑛𝑒𝑥𝑝. It can be seen that the decrease of the parameter
to 1.33 from 1.36 raised the peak pressure while also reducing the parameter c. The decrease of
parameter 𝑛𝑒𝑥𝑝 below a certain value can translate into heat input based on equation 9.1 and this can
also be seen in the figure 9.5 in stage 6 and 1 where the pressures are higher meaning less heat loss
compared to the other examples, [39]. On the other hand the increase of parameter resulted in the
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decrease of peak pressure and the increase of parameter c enhancing the late combustion phase.
Regarding the pressures in stage 6 and 1 they were reduced due to the increase in heat loss.

𝑛𝑒𝑥𝑝 − 1
[ 𝛾 − 1] > 1 (9.1)

Figure 9.5: Pressure-Volume diagram with 𝑛𝑒𝑥𝑝 variation

9.1.4. Final parameters selection
The previous section helped in creating a solid understanding of the Seiliger parameters and their
effects on the process. Based on FVTR measurements and the gained knowledge of the above in-
vestigation it was preferred to concentrate just on the parameters Xa and Xb and leave the rest of the
Seiliger parameters similar. By doing this it would be easier to check in the next chapter the true com-
parison of the combustion shape parameters a,b and c and assuming that the rest of the compression
and expansion stages of the process will be unaffected. Figure 9.6 demonstrates the difference be-
tween the diesel and Fuelsave technology operation. As can be seen the peak pressure increased from
213 to 221 bars while also lowering the pressure in the exhaust valve open stage. Finally, parameters
b and c have been reduced meaning a reduction of the late combustion stage.

9.1.5. Seiliger parameters conclusion
In summary the aim of this chapter was to calibrate the model for the FuelSave operation based on
expectations from the FVTR experiments. It was desired to show an increase of the peak pressure
while remaining near the 220 bars which is around the operational limit of the engine to guarantee the
safety of the components. Worth to be mentioned is that, Fuelsave once finishes with the installation
will measure as well the peak pressure in the cylinders and fine tune the module’s additives quantity in
order to not exceed the manufacturer’s limitations. The increase in peak pressure can be succeeded
by the increase of parameter a which can be due to the addition of hydrogen and its higher flame speed
which can decrease the combustion duration thus increasing the combustion rate at constant volume.

In addition, the stage 3-4 is assumed to be similar to the diesel operation since from the FVTR
measurements the duration of the peak pressure before and after the additives are approximated to be
the same. Last but not least, parameter c which demonstrates the late combustion stage is reduced,
representing also the increase of combustion rate, [34], [32].
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Figure 9.6: Pressure-Volume diagram with final selected Seiliger values

Furthermore, since methanol replaces some of the diesel injection in the cylinder and assuming
that all of the additives will burn in the premix phase of combustion it makes sense to have a reduce
late combustion phase with slightly lower pressure. The FuelSave impacts were able to be described
using the parameters 𝑋𝑎 = 0.255&𝑋𝑏 = 0.89, and once the available measurements are done one can
confirm the validity of the expectations.
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Diesel and FuelSave operation

performance comparison
This chapter will provide a comparison between the diesel calibrated model and the FuelSave technol-
ogy operation in terms of performance. Fuelsave is aiming to improve the efficiency and the emissions
of the engine, thus some of the most important aspects which will be investigated are related to the
combustion cycle of the engine which will result in the estimation of efficiencies along with tempera-
tures and pressures in the cylinder which can be used to draw some potential conclusions about the
emissions since the simulation does not support it.

10.1. Seiliger parameters

The first comparison between the diesel and Fuelsave operation will be in regards of the Seiliger pa-
rameters. In order to determine whether the model is capable of simulating the anticipated impacts of
the technology, it is possible to analyze the temperatures and pressures inside the cylinder based on
the parameters that have been chosen. Figure 10.1 presents the Seiliger parameters for the two cases.
From the previous chapter the major changes on the parameters were the increase of parameters Xa
and Xb. Those changes resulted in the increase of parameter a and the decrease of parameters b and
c. The chosen values appear to produce results meeting the expectations. Parameter’s a increase
describe the premix combustion of the diesel and the additives resulting in the increase of the peak
pressure compared to the initial conditions. The reason for the enhanced premix combustion was al-
ready seen in the FVTR experiments where the increase of ignition delay due to the methanol and
water evaporation took place. The same conclusion can be drawn also from figure 10.2 where the 𝑞23
heat fraction increases presenting as well the increase of combustion rate at constant volume, [34].

According to Yu Ding’s research, [5], Seiliger parameter a is associated with the premix combustion
while parameters b, c and 𝑛𝑒𝑥𝑝 have effects on the diffusive and late combustion stages. This can also
be confirmed by figures 10.1 and 10.2 where the reduction of b and c provided less heat in stages 3-4
and 4-5. When this is compared to the FVTR experiments it can be confirmed that the peak increase of
heat release near the TDC can be associated with stage 2-3 and parameter a, the diffusive phase can
bematched with stage 3-4 which can be seen to be similar between the two operations in the model and
the measurements and lastly the reduction of heat release in the late combustion stage 4-5 is described
by the 𝑞45 heat fraction decrease. The decrease of parameter c and thus 𝑞45 was anticipated due to the
release of heat mainly taking place in the premix combustion stage assuming that all of the additives
were combusted in that stage while less diesel quantity would be injected in the later stages. This was
also seen in the FVTR experiments in figure 10.3 and was successfully simulated with the selected
Seiliger parameters in the model.

65
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Figure 10.1: Seiliger parameters comparison

Figure 10.2: Heat combustion fraction comparison
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Figure 10.3: FVTR heat release measurement,[32]
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10.2. Temperatures and pressures in cylinder

The selected Seiliger parameters for the diesel and the Fuelsave technology operation changed the
combustion shape of the engine respectively. Those changes aimed to initially calibrate the diesel
operation as close as possible to the available documentation and then investigate the possible im-
provements or drawbacks of the technology. The results of the parameters will be presented in the
following sections and based on the FVTR experiments which are the closest available experimental
confirmations of the additives effects it will be possible to discuss them and draw some conclusions.

10.2.1. Temperatures in cylinder
One of the most important parameters which will be compared are the cylinder temperatures. Tem-
peratures are highly connected to the 𝑁𝑂𝑥 emissions produced by the engines as well as the thermal
load [5]. Figure 10.4 presents the temperatures in points 2, 3, 4 and 5. Temperature 𝑇2 is where the
compression phase ends and the premix combustion phase begins, 𝑇3 is where the first stage of com-
bustion ends, followed by the temperatures in stage 4-5 where the isothermal combustion takes place
described also by the highest temperatures of the process. The dotted line indicates the Fuelsave op-
eration while the solid line the diesel operation. The figure makes it obvious how the peak temperature
rises as the additives are inserted into the cylinder. Since the temperature never exceeded the nominal
diesel operation according to the FVTR data, this is not what can be expected to happen in practice.
It is worth mentioning although that the experiments where performed for 75 % load conditions and it
could be possible to have different results with the increase of load. In the specific case, the increase
of peak temperature can be a result of the Seiliger parameters a and b selection as can be seen in
the equation 10.1. Since most of the other parameters are the same the effects are due to the 𝑎 ⋅ 𝑏
parameters increase which is seen in figure 10.2.

One thing that needs to be taken into consideration is the assumption that the thermodynamic
properties of the additives will not be considered due to their small quantities compared to the air
consumption. In reality the properties of the added water, hydrogen and methanol could reduce the
temperatures since methanol is characterised by high latent heat of vaporisation which could drop the
inlet temperatures, and the same applies for the higher specific heat of water compared to air even in
vapour phase possibly dropping the temperatures in the cylinders as well.

𝑇𝑚𝑎𝑥 = 𝑎 ⋅ 𝑏 ⋅ 𝑟
𝑛𝑐𝑜𝑚𝑝−1
𝑐 ⋅ 𝑇1 (10.1)

Figure 10.5 displays the rest of the cylinder temperatures Τ1, Τ6 and Τ7 representing the trapped
condition, the exhaust valve open and the blowdown stages respectively. The diagram shows that
the Fuelsave operation succeeded in modestly lowering the majority of the temperatures, which was
necessary based on the measurement predictions in figure 10.12.

10.2.2. Pressures
The cylinder pressures recorded from the Seiliger parameters selection can be seen in figures 10.7
and 10.8. It can be noticed in figure 10.7 that the maximum pressure when operating the engine
at high loads % exceeds the 220 bars for the Fuelsave operation. This is a result of the parameter a
increase representing the premix combustion phase enhancement. Figure 10.6 presents the in-cylinder
pressure measurement with and without the additives injection. From the figure it was possible to
estimate the increase percentage occurred by the additives to around 6%. The model output for the
peak pressure without and with the additives increased from 213.7 to 223.7 indicating a 4.7 % raise
which is reasonable.

In addition, the diagram shows for the Fuelsave operation a drop in pressure 𝑝2 which is the point
after the compression stage and an increase of pressure 𝑝5 which is the ending point for the late
combustion stage. The increase of 𝑝5 can be explained by the decrease of parameter c for the additives’
operation which shorted the late combustion phase duration nearer the TDC instead of retarding it into
the expansion stroke [34]. The decrease of 𝑝2 can be explained by the figure 10.8 where the pressure
𝑝6 and 𝑝1 are reduced for the Fuelsave operation. The reduction of 𝑝6 is the result of the parameters b
and c reduction since the polytropic expansion, 𝑛𝑒𝑥𝑝 remained the same for the two models. It would be
wise to argue whether the 𝑝2 after the compression stage will be affected in reality since the additives’



10.2. Temperatures and pressures in cylinder 69

Figure 10.4: High cylinder temperatures comparison

quantities are small compared to the air demands especially in the 8 cylinder M32E engine but this can
be found when the project is finished, calibrated and tested.
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Figure 10.5: Low cylinder temperatures comparison

Figure 10.6: FVTR cylinder pressure measurement
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Figure 10.7: High cylinder pressure comparison

Figure 10.8: Low cylinder pressure comparison
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10.3. Engine efficiencies, fuel consumption and emissions

One of the most important aspects that must be compared between the Fuelsave and the conventional
diesel operation of the engine is the efficiency. The improvement of efficiency, fuel consumption, and
emissions through a cleaner and more complete combustion are the primary goals of the Fuelsave
technology, so it is crucial to stress these goals. Although the model does not allow for the estimation
of emissions, certain conclusions can be made from the other results.

The engine’s overall efficiency can first be divided into components, which will be covered below.
When the fuel is ignited, the chemical energy that is stored in it releases into the cylinder. The combus-
tion efficiency determines how much of the injected fuel actually ignites and can release that energy.
The next step is to determine how much of the heat released is ”lost” to the environment outside the
cylinder and does not contribute to the combustion process itself by the ratio of the indicated heat over
the combustion heat. The thermodynamic and mechanical efficiencies are the last two efficiencies. The
mechanical efficiency is the ratio of the effective work over the indicated work while the thermodynamic
efficiency is described by the indicated work over the indicated heat. Last but not least the effective ef-
ficiency of the engine can be determined once all of the aforementioned computations have been made
or either by the effective work over the heat input from the fuel. In addition to the effective efficiency
there is also the theoretical indicated efficiency with the difference that the mechanical efficiency is not
considered, thus the name theoretical, [39].

𝜂𝑒 = 𝜂𝑚 ⋅ 𝜂𝑐𝑜𝑚𝑏 ⋅ 𝜂ℎ𝑙 ⋅ 𝜂𝑡𝑑 =
𝑊𝑒
𝑄𝑓

(10.2)

𝜂𝑖 = 𝜂𝑐𝑜𝑚𝑏 ⋅ 𝜂ℎ𝑙 ⋅ 𝜂𝑡𝑑 =
𝑊𝑖
𝑄𝑓

(10.3)

𝜂𝑚 =
𝑊𝑒
𝑊𝑖

(10.4)

𝜂𝑐𝑜𝑚𝑏 =
𝑄𝑐𝑜𝑚𝑏
𝑄𝑓

(10.5)

𝜂ℎ𝑙 =
𝑄𝑖

𝑄𝑐𝑜𝑚𝑏
(10.6)

𝜂𝑡𝑑 =
𝑊𝑖
𝑄𝑖

(10.7)

Figure 10.9 and 10.10 compare some of the estimated efficiencies in the model for the diesel and
Fuelsave operation. The analysis of whether the results in the diagram are indicative of the expectations
will be undertaken for the various efficiencies in the sections below.
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Figure 10.9: Engines’ efficiencies comparison

Figure 10.10: Engines’ partial efficiencies comparison
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10.3.1. Combustion efficiency
The combustion efficiency as is in the model was analysed in section 8.2. The limitations and the way
of operation can be summarised here. First of all, the estimation of the current combustion efficiency
in the model is a comparison of the air excess ratio to a constant smoke limit value determined by the
user. In case the air excess ratio is greater than the smoke limit then combustion efficiency equals to
100 %. This means that all of the chemical energy stored in the fuel is converted to released heat in
the cylinder without any losses. Alternatives methodologies were investigated without any success due
to missing experimental information. Based on the aforementioned in both operations the combustion
efficiency does not change and is 100 % as can be seen in figure 10.10. This result is not something
which is expected and it can be even argued that over the years of operation the engine’s combustion
efficiency can deteriorate.

Figure 10.11 shows the comparison of the air excess ratio between the two operations. It can be
seen that the Fuelsave technology lowers the air excess ratio meaning that the actual combustion air
quantity is reduced. Equation 8.12 describes the evaluation of the air excess ratio for the additives
operation. The estimated air excess ratio is still greater than the smoke limit thus the combustion
efficiency is not affected.

Figure 10.11: Air excess ratio comparison

The Fuelsave technology main contribution can potentially improve the combustion efficiency of the
engine by a more complete combustion introduced by the hydrogen properties. The FVTR measure-
ments provided evidence of the indicated efficiency improvement as can be seen in figure 10.15 which
indeed shows the benefit of the technology. In the specific research, it was not possible to demonstrate
any effects on the combustion efficiency due to the mentioned reasons.

10.3.2. Heat input efficiency and heat loss efficiency
The heat input efficiency 𝜂𝑞 has the same meaning as the 𝜂ℎ𝑙 efficiency which is approximating the
amount of heat dissipated from the combustion heat in the cylinder chamber to the cylinder cooling
pockets based on the cylinder wall area, the temperature, the heat transfer coefficient and the time
available for heat transfer. The main difference between the two in the model is that the heat loss
efficiency also takes into account the heat loss during compression and expansion while the heat input
is focused on the combustion heat. Based on the FVTR experiments in figure 10.12, the cylinder
temperature throughout the combustion process was reduced in comparison with the diesel operation.
This reduction in temperature difference between the cylinder and the gasses in reality can result in the
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increase of the heat input efficiency since less heat will be dissipated from the cylinder.

Figure 10.12: FVTR temperature measurement, [32]

Figure 10.13: Heat stage comparison

In the model results in figure 10.10 there was not visible change in the heat input efficiency when
comparing the two operations. The heat input efficiency in the model is estimated using the Woschni
model. Main inputs of the model are the temperatures 𝑇1 and 𝑇2, the Seiliger parameters as well as
the engine rotational speed. Since the temperatures 𝑇1 and 𝑇2 are similar between the two operations
and the changes in the Seiliger parameter increase parameter a while reducing parameter b and c it
seems to produce a comparable outcome. On the other hand it appears that the heat loss efficiency
has dropped for the Fuelsave technology meaning that the losses during compression and expansion
have increased as can be seen in figure 10.13. This is mainly attributed in the selected Seiliger com-
bustion parameters and is not expected in reality. This effect might be readily fixed by lowering the
𝑛𝑒𝑥𝑝 parameter to show less heat loss during expansion stages 5 and 6, but this is not anticipated in
practice because the temperatures in the cylinders will be lower, resulting in a smaller final temperature
difference.

It can be noted that, since one of the purposes of methanol and water addition is to act as a cooling
agent the temperature 𝑇1 which takes place when the inlet valve closes could be reduced. The trapped
condition will be the temperature and pressure from the inlet manifold which could potentially be slightly
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lower in case the latent heat of vaporisation and the higher specific of water are taken into account.
It is important to note that FuelSave has not yet made a final choice regarding the injection location

because the module has not yet been fine-tuned. There is the possibility that the injection location of
water-methanol prior to the charge air cooler would not be as beneficial as assumed and lots of the
additives are condensed in the charge air cooler and then rejected out of the system. In the event that
something like this indeed occurs the location of injection would need to be moved after the charge air
cooler and then the temperature reduction would be even greater since the water-methanol would be
liquid or very small droplets after the injection. On the other hand one needs to be aware that water if
not evaporated fully and injected in large quantities could be harmful for the engine’s cylinders since
it could effect the oil film on the surface and result in potential engine damage [26]. Nevertheless the
final results from the model about the heat input and heat loss efficiencies do not represent the effects
of the Fuelsave technology.



10.3. Engine efficiencies, fuel consumption and emissions 77

10.3.3. Thermodynamic efficiency
The thermodynamic efficiency is estimated using equation 10.8 which approximates how much of the
net indicated heat input is becoming indicated work during the combustion process. In figure 10.9
the thermodynamic efficiency of the engine has increased with the Fuelsave operation. Figures 10.13
and 10.14 present the inputs for the thermodynamic efficiency estimation which can provide a better
explanation for its increase.

To begin with 10.13 includes the total heat release, 𝑞𝑓, and after the combustion efficiency and the
heat input efficiency are taken into account the heat input is estimated, 𝑞𝑖𝑛. It is obvious in the diagram
the increase of both the total heat release and the heat input for the Fuelsave operation even though
the combustion efficiency and the heat input efficiency are identical in both cases. This means that
the additives alogn with the diesel provide higher heat to the system. On the other hand, the Fuelsave
operation has a greater heat loss in the stages 1-2 and 5-6 which can be due to the selected Seiliger
parameters.

𝜂𝑡𝑑 =
𝑊𝑖

𝑄𝑖𝑛,𝑛𝑒𝑡
= 𝑤12 +𝑤34 +𝑤45 +𝑤56

𝑞𝑙𝑜𝑠𝑠 + 𝑞𝑖𝑛
(10.8)

Continuing with figure 10.14 it can be noted that Fuelsave indicated work, 𝑊𝑖, is slightly greater
compared to diesel which can justify the increase in the thermodynamic efficiency.

Figure 10.14: Seiliger work comparison

H. Sapra, [34] in his research with hydrogen blending in a natural gas engine concluded that the in-
crease of peak pressure in the cylinder chamber during the hydrogen increase correlates to the increase
of thermal efficiency, which is highly connected with the thermodynamic efficiency. In conclusion, the
model can demonstrate the gain in thermodynamic efficiency using the chosen parameters.
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10.3.4. Indicated efficiency
Indicated efficiency can be defined by the ratio of indicated work over the total heat release contained
in the fuels as depicted in equation 10.9. The indicated work estimation is analysed in equation 10.8
while the total heat release is the amount stored in the diesel and the additives together in case of the
Fuelsave operation. In figure 10.9 the indicated efficiency of Fuelsave is slightly increased compared
to the diesel operation and this can be explained by the increase of the indicated work. The same can
be confirmed by the FVTR experiments for 75 % load presented in figure 10.15, [32]. Case 1 is without
the additives included while case 3 includes the methanol-water and hydrogen injection.

𝜂𝑡ℎ,𝑖 =
𝑊𝑖
𝑄𝑓

(10.9)

Figure 10.15: FVTR indicated efficiency, [32]
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10.3.5. Effective efficiency
The effective efficiency of the engine can be estimated using equation 10.10 compared to the total heat
released. When comparing the indicated work to the effective work, the effective work includes consid-
eration for the mechanical efficiency. The mechanical efficiency takes into account the friction losses
in the engine using the Chen and Flynn model, [37], based on the engine speed and the maximum
pressure and the losses due to the pumps. It needs to be mentioned that Fuelsave will include two
additional pumps for injecting the methanol-water mixture into the air intake area of the engines which
will increase the mechanical losses but this is not included in the current model.

Figure 10.9 shows aminor increase of the effective efficiency when comparing the Fuelsave with the
diesel operation for high loads, then becomes identical and drops somewhat for low loads. The increase
of effective efficiency is probably due to the increase of thermodynamic efficiency but a conclusion
cannot be drawn about the actual effect of the project since some mechanical parts will be included
which have an immediate impact.

𝜂𝑒 =
𝑊𝑒
𝑄𝑓

(10.10)

10.3.6. Fuel consumption results and discussion
Figure 10.16 displays the specific fuel consumption for the diesel and Fuelsave operation. There are
two curves for the Fuelsave function, one regarding the amount of diesel and the other about the
overall quantity with the additives. The diagram indicates that the additives slightly raised the overall
sfc, indicating that more fuel is needed for the engine to deliver the same brake power.

On the other hand, it is evident that the amount of diesel is decreased, which is related to the
technology’s primary goals of fuel savings. The project’s second primary goal, a reduction in 𝐶𝑂2
emissions, can be achieved in part by using less diesel.

The sfc from the model accounts for the substitution of some diesel with methanol in an effort to
give a comparable overall heating value and the addition of hydrogen to increase the potential heat
in the combustion. The amount of hydrogen utilized in the model might be lower than the amount
that will actually be used, which might be able to reduce the sfc since it will provide more energy due
to the higher heating value enabling for more diesel reduction. Overall, it appears that the Fuelsave
technology can minimize the amount of diesel, which meets the research’s objectives.

Figure 10.16: Fuel consumption comparison
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10.3.7. Emissions and discussion
The current section will discuss some of the Fuelsave technology potential for the Bravenes and provide
a summary of the aforementioned sections.

The engine’s fuel consumption is one of the key areas that Fuelsave wants to enhance. This could
be accomplished by a more complete combustion aiming to enhance the engine’s combustion effi-
ciency.The potential effects of injecting additives into the M32E engine’s intake on efficiency were
covered in the sections prior.Additionally, measurements of partially unburned emissions were used to
determine the M32E’s combustion efficiency, yielding a figure that was quite close to 100%. An en-
gine’s efficiency could decrease with time, but Fuelsave could stop that from happening. The precise
impact could be demonstrated by measurements of incomplete combustion emissions with and without
the technology, but it is not yet possible to provide a firm response. Another way of achieving the fuel
consumption reduction is by replacing more diesel fuel with methanol. The current plan is to substitute
1.5 % diesel mass with 3% methanol mass depending on the load of the engine. By doing so, the 𝐶𝑂2
emissions could further reduce since methanol contains less carbon content compared to diesel.

The methanol and water could also reduce the temperatures in the cylinder when injected in the
proper location. Fuelsave initial plan was to inject the mixture before the charge air cooler where the
highest temperature takes place in order for them to evaporate and lower the incoming temperatures.
One possibility of that could be that inside the two stage air cooler some of the quantities could condense
and be rejected out of the system thus being a waste. The methanol and water mixture by lowering the
inlet temperatures could lower the 𝑁𝑂𝑥 emissions as was already seen from literature [2].

Furthermore, the addition of hydrogen and oxygen gas in the cylinder not only aims for a more
complete combustion but also to provide additional heat into the chamber. The higher flame speed of
hydrogen and the much greater heating value could indeed increase the combustion rate, decrease
the combustion duration and if calibrated correctly have the same amount of power with less diesel
injection thus decrease fuel consumption. In the current research the quantity of hydrogen cannot be
taken for granted that will be used as well in the real tuning of the engine since the company requires
more experimentation for the specific engine.

Taking all of the above in mind with the available information M32E engines when combined with
the Fuelsave techology could potentially improve the combustion cycle, reduce emissions and save
fuel.



11
Conclusion, Recommendations and

Future work

11.1. Conclusion
The main research question of the thesis is if the Fuelsave Marine+ installation aboard Bravenes can
improve engine efficiency, fuel consumption and/or minimize hazardous emissions, with a particular
focus on 𝑁𝑂𝑥, which is also the main area of interest for Van Oord. During the investigation the effects
of the technology on the performance of the engine were also researched. The research question can
be answered by the the following sub-sections separately.

How does the model’s results for diesel operation compare with the available engine measure-
ments from Bravenes?

The model used in this research is capable of modelling each component of the engine from the air
filter until the exhaust silencer using information from the specific engine. Part of the information that
were required by the model was preferred to remain the same either due to data lack or because the
model uses approximations based on known values.

In chapters 6 and 7 the detailed changes and available measurements are listed along with the ver-
ification of the models’ output. Based on the information received from the chief engineer of Bravenes
the calibration of the model was performed and later on compared to the actual values.

The engine’s received pressure crank angle diagram was transformed into a pressure volume di-
agram, which was simpler to evaluate with the model’s produced pressure volume diagram. As was
discovered during the investigation the indicated work from the pressure crank angle diagram and the
recorder generator load did not match. This led to research to continue without the pressure trace in-
formation and thus not matching the indicated work from the measurements to the model. Even though
the indicated work was not confirmed, the peak pressure which is also important since is associated
with the mechanical loads in the engine’s components was validated. The same applies for the pres-
sure and temperature at point 𝑝1 providing similar results along with the rest of the pressures in the
system. In addition, the estimated fuel consumption and the engine output were again in the margin’s
provided by the measurements. On the other hand the temperatures before and after the turbocharger
were offset by small margins but this is somewhat acceptable since some information were incomplete
and assumptions needed to be made.

All in all, it can be concluded that the model for the diesel operation provides a solid base in order
to proceed with the research and have a performance comparison with the Fuelsave operation.

Which modifications and assumptions are necessary for the engine B model in order to accom-
modate the hydrogen, oxygen, methanol-water characteristics along with the diesel operation
in the combustion process?

To implement the Fuelsave technology operation on the model an investigation was performed to deter-
mine which changes would be indeed significant. The first modification was a decrease in the amount
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of diesel fuel mass quantity and replacement with the appropriate methanol mass aiming to achieve the
same energy release. In addition, the properties of fuels such as the lower heating value for methanol
and hydrogen were implemented to the model along with the addition of hydrogen’s quantity. The sub-
stitution of diesel with methanol were assumed to be 1.5 % and 3% mass wise respectively since this
is also the current aim of Fuelsave. Since oxygen and water do not contribute to the total heat release
in the cylinder they were not added in this part.

The next step was to research the air and gas mixture into the engine. Since the additives are
injected in the air intake area of the engine some of the air could be reduced. Based on the amount
of water-methanol, hydrogen and oxygen addition compared to the air quantity required by the engine,
the amounts were deemed too low in order to have significant effects on the air or stoichiometric gas
composition thus were not changed. Furthermore, it was also assessed whether the flammability limits
of methanol and hydrogenwere reached andwas confirmed that with the current quantities the additives
were not hazardous.

The combustion efficiency currently in the model is dependent on the air excess ratio compared
to a constant smoke limit. An alternative way of estimating the combustion efficiency was tested but
due to missing emissions’ measurements it was not managed thus was remained the same. The air
excess ratio did change though taking into account the additives quantities and their stoichiometric air
fuel ratio.

Last but not least, the Seiliger parameters provided the most important change to demonstrate
the combustion impact of the Fuelsave Marine+ to the M32E engine. The parameters were explored
and using the FVTR measurements they were adjusted to describe the combustion shape change.
Since Bravenes uses the DG1 and DG4 while sailing, it was assumed that all of the additives from the
two Fuelsave pumps are put into each of them without dividing the quantities into the DG2 and DG3,
respectively.

How does the diesel operation compare to the Fuelsave operation based on the changes and
assumptions selected in terms of efficiency, fuel consumption and emissions?

To begin with, it needs to be mentioned that no validation took place for the model’s results thus the
below comparisons are expectations. According to the selection of parameters 𝑋𝑎 and 𝑋𝑏, the Seiliger
combustion shape parameters had the following changes for the Fuelsave operation compared to the
diesel:

• Increase of parameter a

• Decrease of parameter b

• Decrease of parameter c

The model based on the selected Seiliger parameters and the rest of the changes estimates an
increase of peak pressure but not over the operational limit provided by the engine’s manufacturer
acceptance test. In addition, the peak temperature also increased but this could be due to the increase
of the combustion shape parameters 𝑎 ⋅ 𝑏. Such increase can not be taken for granted since the FVTR
measurements provide evidence that the peak temperature was similar between the diesel and the
additives operation but not greater. On the other hand the tests were performed for 75 % load on a
single cylinder engine and a different result could be expected for higher loads and difference engines.

Continuing, the engine’s thermodynamic and indicated efficiency increased for the Fuelsave oper-
ation while the effective efficiency showed a slightly decreased. FVTR indeed measured a gain in the
indicated efficiency which matches the results of the model. The increased peak pressure of the cylin-
der could potentially have an effect on decreasing the mechanical efficiency of the engine therefore
reducing the effective efficiency. On the other hand, Fuelsave needs to install two pumps for inject-
ing the water-methanol mixture that will add mechanical losses in the system but was not taken into
account for this research.

The total specific fuel consumption increasedwith the Fuelsave operation and this could be the result
of the reduced lower heating value of methanol which replaces some of the diesel and also the quantity
of hydrogen used in the model could not be enough to compensate the reduction. The specific fuel
consumption for only the diesel quantity indeed was reduced compared to the conventional operation
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which could also lower the greenhouse emissions produced by the engines. In reality, Fuelsave with
the correct amount of additives in the engine could reduce the total specific fuel consumption but a
conclusion cannot be drawn now without any experimental confirmations.

Although the model does not estimate the emissions of the engine some conclusions can be drawn
from the model and literature. Emissions like 𝐶𝑂2 and 𝑆0𝑥 are fuel dependent. Since Fuelsave aims in
replacing around 1.5% of diesel with 3 % methanol mass wise a reduction of those emissions could be
expected since methanol contains less carbon than diesel and no sulphur. Emissions which are related
to the combustion of the engine like CO and UHC in case the combustion efficiency of the engine is
improved due to the hydrogen and oxygen addition it can be expected to have lower emissions as well.
Emissions like 𝑁𝑂𝑥 are dependent on the high temperatures in the cylinder and the residence time
which is constant since the engine speed is the same [34]. The FVTR experiments showed that the
evaporation of water-methanol managed to reduced the cylinder temperature resulting in lower 𝑁𝑂𝑥
while the hydrogen addition increased the emissions but not as much as originally which is still an
improvement. The model showed an increase in peak temperature but this could be a modelling error
since it is highly associated with the Seiliger parameters.

11.2. Reflection, recommendations and future work

11.2.1. Thesis reflection

The investigation’s goal is to learn more about the performance effects of Fuelsave Marine+ technology
on-board of Bravenes. The initial plan was to have the technology installed by the halfway point of this
study and initialise a measuring program to compare the Bravenes’ operation by monitoring emissions,
power production, and fuel consumption with the module on and off. Information about the combustion
efficiency could be obtained by measuring emissions related to incomplete combustion both with and
without the additives and record the actual benefits of the technology. Unfortunately another route had
to be chosen because the installation is still in progress due to supply chain delays and other issues.

Measurements from onboard Bravenes that could offer adequate data to calibrate a mean value
first principle model provided by TU Delft capable of representing the combustion process of the diesel
engine was an alternate option that was also pursued. It was difficult to calibrate the model accurately
because the data from onboard the ship included information that did not correspond substantially to
the rest of the documentation. This lead to focus the calibration of the model on more general data
rather than the pressure trace which could help in the estimation of the indicated work which is the
main indicator of the engine’s output. Since there were no engine measurements available for the
Fuelsave operation, the model was attempted to be calibrated using literature sources as well as some
experimental data supplied by FVTR.

11.2.2. Recommendations

The model’s outputs could be improve by considering the following recommendations. The current
Seiliger parameters which are used in the model do not take into account the different fuels properties.
Considering the thesis of J. Svan, [10] where the adjusted parameters take into account the injected fuel
per cycle it would be a nice comparison between the two. Furthermore, since no measurements were
available for the Fuelsave operation on theM32E engine the results of the model are validated based on
the FVTR experiments and from literature. To improve the accuracy of the model it would be interesting
to have real data and compare the exact effects of the technology with the current approximations.

The combustion efficiency as it is in the model provides a fine estimation but it does not provide
the freedom for the Fuelsave technology to show the possibility of improved efficiency since the result
is 100 %. It would be possible to have a more appropriate calculation of the combustion efficiency by
using equation 8.3 which takes into account the emissions related to incomplete combustion. Based
on the measurements a conclusion would be possible to be drawn and the model would be able to take
into account a better combustion efficiency estimation.

The thermodynamic properties of the additives were not taken into account in the model due to the
assumption of being very small quantities compared to the rest. Even-though the quantities were small
it would be more suitable to include methanol’s specific heats since it could alter the gas constant of



84 11. Conclusion, Recommendations and Future work

the air which is associated with the ideal gas law thus resulting in a more accurate output of pressures
and temperatures. In addition, the water properties could be further examined on how they can change
the humidity of the incoming air and notice the impact in the model.

The engine B model does not provide the freedom of defining the flame speed of each fuel. There-
fore when the methanol, hydrogen and diesel are ignited there cannot be a prediction of how the peak
pressure and temperature will be impacted in the cylinder due to the difference in flame speed.

Last but not least, in case there are available measurements from emissions about the M32E en-
gines it would be beneficial to implement an estimation of emissions in the current model. By doing so,
the recommended combustion efficiency equation could be also tested and a further investigation of
the Fuelsave technology by changing the quantities of the additives could be performed.

11.2.3. Future work

In this section some of the suggestions for future work will be discussed for the improvement of the
research. The model was calibrated with data during sailing of the Bravenes, with the DG1 engine
functioning at 100% load conditions according to the documentation. As was noticed some of the
measurements between the received data produced contradicting results which made the calibration
and some of the conclusions more challenging. It would be recommended for Van Oord to examine the
mentioned issue so more accurate data could be used in the continuation of the research in the future.

Bravenes is a subsea rock installation vessel meaning that it is operating in low load conditions
during projects. It would be recommended to analyse the operational profile of the vessel and combined
with correct measurements for the engines operation, create different calibration scenarios in the model
with the proper Seiliger parameters. This will help to create calibrated pressure-volume diagrams for
different operational points, enabling a more accurate comparison with the Fuelsave technology effects
on the combustion shape when the measuring program takes place.

Last but not least, it would be an interesting research to process the data from the Fuelsave mea-
suring program when this takes place and model the change to the engine’s performance with the
increasing replacement of diesel fuel to methanol-water and hydrogen for different operational points.
In order to successfully model such scenario proper information are required. In case the model needs
to be used for another engine the whole procedure will need to be repeated since only when the correct
values the results will be accurate.



A
Bravenes M32E 8 cylinder

measurements
Figures A.1 and A.2 display the two 8 cylinder engines onboard of Bravenes for the same operational
conditions.
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Figure A.1: Pressure-Crank angle measurement from Bravenes DG1, [28]



87

Figure A.2: Pressure-Crank angle measurement from Bravenes DG4, [28]



B
Bravenes measurements investigation

To further investigate the data contradiction issue, using equation B.1 the estimation of the indicated
work was performed. Instead of deriving the change in volume in time 𝑑𝑉

𝑑𝑡 , since the data weremeasured
in crank angle it was easier to find the 𝑑𝑉

𝑑𝜙 using equation B.2 to estimate the change in volume, [40].

𝑊𝑖 = 𝑃 ⋅ 𝑑𝑉𝑑𝑡 (B.1)

𝑑𝑉
𝑑𝜙 =

𝜋
360 ⋅ 𝑉𝑠 ⋅ {sin𝛼 + 𝜆𝐶𝑅 ⋅ (

sin𝛼 ⋅ cos𝛼

√1 − 𝜆2𝐶𝑅 ⋅ sin
2 𝛼
)} (B.2)

The estimation of the indicated work per cylinder per cycle can result in the approximation of the
indicated power using equation B.3 which then can be compared to the measured indicated power
available in the documentation.

𝑃𝑖 = 𝑊𝑖 ⋅ 𝑓𝑐𝑦𝑙 (B.3)

The results of the estimated indicated work, estimated indicated power and measured indicated
power can be seen in table B.1. From the table it can be seen that the calculations based on the
pressure trace measurements confirm the data found in documentation. On other hand this result
does not match with the 3920 kW generator power found in another data-sheet about the same trip.
In addition, there are more data which contradict with the values of the pressure traces. To begin with,
the fuel rack position at the current time of the trip is near the maximum available position meaning that
there is enough diesel injected in the cylinders to produce nearly the nominal 4400 kW power of the
DG1. Furthermore, at the time of the sailing trip the only engines in operation are the DG1 and DG4,
which according to figure B.1 the DG1 and DG4 provide independently nearly 3400 kW to each of the
main thrusters powering Bravenes to travel at around the designed speed at full load.

Cylinder number Wi estimated [kJ] Pi estimated [kW] Pi measured [kW]
1 65.76 394.55 394
2 51.81 310.84 310
3 60.72 364.34 363
4 55.41 332.44 332
5 73.73 442.35 441
6 63.27 379.61 379
7 70.50 423.02 422
8 66.01 396.36 395

Total 507.25 3043.50 3036

Table B.1: Indicated power and work based on pressure trace
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Figure B.1: Generator and thruster loads,[28]

The model was calibrated based on the two available indicated powers in order to indentify which
of the two is more appropriate to be used.

Measurements for 3036 kW indicated power The first model calibration is about the engine run-
ning at around 65.5 % load conditions producing around 2884 kW brake power. The pressure-volume
diagram of the model will be compared to the measured diagram along with the peak pressure and
indicated work in order to conclude in the continuation of the research.

Parameter Value [-]
n𝑐𝑜𝑚𝑝 1.36
n𝑒𝑥𝑝 1.285
X𝑎,𝑐 0.175
X𝑎,𝑛 -0.1
X𝑏,𝑐 0.78
X𝑏,𝑛 -0.4
a 1.16
bb 1.65
b 1.42
c 1.66

Table B.2: Calibrated Seiliger parameters for diesel operation 3036 kW

From the two diagrams 6.5 and B.2 and the related tables including the parameter values 6.1, B.2
it can seen that the peak pressure decreased from 250 bars to around 213 bars which is near the initial
aim. In addition, it can be seen that changes in the parameters include the increase of 𝑛𝑐𝑜𝑚𝑝 and the
decrease of 𝑋𝑎,𝑐, 𝑋𝑏,𝑐 and 𝑛𝑒𝑥𝑝.

Furthermore, the polytropic compression, 𝑛𝑐𝑜𝑚𝑝 was increased from 1.35 to 1.36 while parameter a
decreased from 1.43 to 1.16. The combination of the two parameters resulted in a peak pressure of 213
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Figure B.2: Pressure-Volume diagram for 3036kW indicated power compared to measurements

bars while also providing as close as possible values to the measurements for the compression stage
1-2. As Yu Ding mentioned in his research the 𝑛𝑐𝑜𝑚𝑝 needs to be chosen wisely so it can describe
heat loss process in that stage, [5]. This can be explained because during the compression stage
the cylinder wall’s have a greater temperature compared to the trapped fluid which means heat input,
but whist the piston moves to the TDC the temperature of the fluid increases greater than the cylinder
walls translating to heat loss which. Last but not least, parameter b increased from 1.39 to 1.42 and
parameter c decreased from 1.88 to 1.66.

The above changes from the initial Seiliger parameters can be noticed in diagram B.2 where also
the measurements of the DG1 8 cylinders pressure-volume trace are also included. The peak pressure
for the measured and the estimated diagram are nearly identical. On the other hand the compression
stage 1-2 from the model shows that less work is needed to be inputted for that stage. This means
that the estimated indicated work for stage 1-2 will be higher than the actual work. In addition, for the
stage 5-6 the estimated delivered work is less compared to the actual measured work. In total the
averaged estimated indicated work for the 3036 kW operation of the engine is 64.88 kJ per cylinder per
cycle compared to the average indicated work found from the documentation 63.41 kJ per cylinder per
cycle. The two values are close enough indicating that the selected Seiliger parameters are suitable to
describe the M32E engine combustion for the 3036 kW indicated power.

Measurements for 3920 kW generator power The second calibration is about the engine running
at around 94% load producing around 4126 kW brake power or around 4343 kW of indicated power
which is the second measurement available in the documentation.

The pressure volume diagram in figure B.3 compared to figure B.2 clearly shows a difference be-
tween the indicated work delivered per cycle. For the 4320 kW operation the indicated work from stage
4 and afterwords is greater compared to the 3036 kW. The estimated indicated work for the 3920 kW
operation is 77.5 kJ per cylinder per cycle which is much higher compared to the measured 63.41 kJ.

This leads to the conclusion that the available pressure trace measurements are more consistent
with the engine functioning near the 3036 kW rather the 4320 kW measurement. The issue raised out
of this conclusion is that the pressure trace measurements or the readings from the engine display unit
is not accurate since the results have significant deviation. From the pressure trace information it was
possible to estimate the indicated work and power of the engine confirming the 3036 kW reading in that
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Figure B.3: Pressure-Volume diagram for 4343kW indicated power compared to measurements

Parameter Value [-]
n𝑐𝑜𝑚𝑝 1.285
n𝑒𝑥𝑝 1.34
X𝑎,𝑐 0.15
X𝑎,𝑛 -0.1
X𝑏,𝑐 0.80
X𝑏,𝑛 -0.4
a 1.24
bb 2.15
b 1.73
c 1.71

Table B.3: Calibrated Seiliger parameters for diesel operation 3920 kW

document. On the other hand, the 4320 kW value it was not possible to confirm from the measurements
but based on the load reading in the engine display unit which is 100 %, the fuel rack position of the
cylinders compared to the engine acceptance test along with the provided diagram B.1 from Van Oord
confirming the generator load and thruster load seams to provide more accurate readings compared
to the 3036 kw indicated power.

Keeping in mind all of the aforementioned it was decided to try another scenario with measurements
from 2018 where the indicated power reading was the highest with 3407 kW. The outcome was the
same. The pressure trace measurements did not match with the recorded generator load.

The above investigation was necessary and took some valuable time of the project in order to
identify the problem and decide which load to calibrate the model for. In the end it was clear that the
pressure trace measurements from the engine do not match with the data found in B.1. This means that
the Seiliger parameters will be chosen based on the peak pressure measurement mostly and avoiding
the matching of the engine combustion indicated work. The calibration of the model for the 3920 kW
generator load can be seen in chapter 6 and the verification and validation of the model in chapter 7.
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Figure B.4: Pressure-Volume diagram for 3407kW compared to measurements

Parameter Value [-]
n𝑐𝑜𝑚𝑝 1.36
n𝑒𝑥𝑝 1.275
X𝑎,𝑐 0.205
X𝑎,𝑛 -0.1
X𝑏,𝑐 0.75
X𝑏,𝑛 -0.4
a 1.21
bb 1.70
b 1.41
c 1.88

Table B.4: Calibrated Seiliger parameters for diesel operation 3407 kW indicated power
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Nomenclature
Roman variables

𝑎 Isovolumetric Seiliger combustion shape parameter

𝑏 Isobaric Seiliger combustion shape parameter

𝑐 Isothermal Seiliger combustion shape parameter

𝑐𝑝 Specific heat at constant pressure

𝑐𝑣 Specific heat at constant volume

𝐸𝐴 Activation energy

𝑖𝑐𝑦𝑙 Engine Cylinder numbers

𝐿𝐻𝑉 Lower Heating Value

𝑛𝑒 Engine rotational speed

𝑛𝑐𝑜𝑚𝑝 Polytropic compression exponent

𝑛𝑒𝑥𝑝 Polytropic expansion exponent

𝑅 Gas constant

Greek variables

𝜂𝑐𝑏 Combustion Efficiency

𝜂ℎ𝑙 Heat loss efficiency

𝜂𝑞 Heat input efficiency

𝜂𝑡ℎ Thermodynamic efficiency

𝜆 air excess ratio

𝜙𝑓 Fuel flow

𝜎 stoichiometric air/fuel ratio

Abbreviations

𝐵𝐷𝐶 Bottom Dead Center

𝐵𝑆𝐹𝐶 Brake specific fuel consumption

𝐶𝐼 Compression Ignited

𝐶𝑂 Carbon oxide

𝐶𝑂2 Carbon dioxide

𝐶𝑅 Compression Ratio

𝐷𝐶𝑈 Display Control Unit

𝐷𝑃 Dynamic positioning
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𝐸𝐶 Exhaust Valve Close

𝐸𝑂 Exhaust Valve Open

𝐻𝐶 Hydro Carbon

𝐼𝐶 Inlet Valve Close

𝐼𝐶 Inlet Valve Open

𝐼𝐶𝐸 Internal Combustion Engine

𝐼𝐷 Ignition Delay

𝐼𝑀𝑂 International Maritime Organisation

𝑀𝑉𝐹𝑃 Mean Value First Principle

𝑃𝑀 Particulate Matter

𝑠𝑓𝑐 Specific Fuel Consumption

𝑇𝐷𝐶 Top Dead Center
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