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Abstract
The maritime sector faces major challenges with increasing regulations from the International Maritime
Organization (IMO) and national regulations for CO2, SOፗ and NOፗ. Innovative fuel types for maritime
use are now under development by various stakeholders. Methanol shows considerable potential as
one of the most promising for implementation in the short to medium term, based on the potential
availability, emission reduction, and energy density. The Green maritime methanol (GMM) project is
Netherlands based collaboration of important stakeholders such as shipbuilders, engine manufacturers
and universities. Within this project, methanol is researched as a potential alternative combustion fuel
for maritime vessels. For this purpose, the ”Dutch Caterpillar engine dealer” PON Power provided a
G3508A engine available as a retrofit option. The engine is a turbocharged spark-ignited natural gas
(NG) engine with 8 cylinders and a rated power of 500 kWe at 1500 rpm. After six months of rebuilding
the engine, the spark-ignited (SI), port fuel injected (PFI) engine runs on 100% methanol. Tests with
stable engine operation were achieved with 100% methanol at 25%, 50%, and 75% engine loading and
a constant engine speed of 1500 rpm.

In this research, experiments and modelling have been performed to study combustion using 100%
PFI methanol. Measurements are realized with varying: ignition timings, NO፱ emission settings, and
manifold temperatures. Data collected during these measurements such as in-cylinder pressures,
emissions, and temperatures, provided a comparison between running the engine on methanol or nat-
ural gas. In this comparison combustion stability is determined with the coefficient of variation (COV)
of P፦ፚ፱ and of imep, optimum ignition timing is determined and engine efficiency is calculated and
compared to NG. Modelling is accomplished with a TU Delft model of the G3508A SI engine adjusted
for the use of 100% methanol as a fuel. A modified sub-model for the PFI and vaporization of methanol
has been developed. These engine data will be used to validate the methanol engine model and to
optimise the engine performance for further experimental runs and better understanding the use of
methanol as a fuel.

The effect on the performance and the combustion when 100% methanol is used as fuel for a SI
PFI engine compared to premixed injection of natural gas is shown in this work. The engine operates
stably on methanol at 50% and 75% load within ignition timings of 16-24 °CA BTDC, but less stable
than with NG. Heat release indicates an almost similar combustion duration, but shorter combustion
duration is shown for methanol. Also with methanol, the crank angle where 50% of fuel is burnt (CA50)
is shown earlier compared to NG. The faster premixed combustion, combined with a better found fuel
consumption operating point, resulted in higher efficiencies for methanol compared to NG for the tested
50% and 75% load at comparable operating conditions.
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1
Introduction

1.1. Background
During this thesis, work is being carried out within the green maritime methanol (GMM) project on a
Caterpillar (CAT) G3508A sparked-ignited natural gas (SI NG) engine at the company PON Power
in Papendrecht. The GMM project has been set up because the maritime sector is fronting a major
challenge. The economy keeps globally growing, increasing freight transport by ship. Meanwhile, the
goals from the Paris climate agreement and the subsequent agreement in IMO require a 50% reduc-
tion of CO2 emissions from maritime transport by 2050. Development of new fuel types for shipping,
such as methanol, hydrogen, various bio-fuels, and battery-electric are carried out. However, the so-
lution to this challenge is still uncertain. Different ship segment may have different recommendations,
this also applies to the short and long term solutions. The use of methanol is considered one of the
most promising solutions for the implementation in the short to medium term, based on the potential
availability, emission reduction and energy density [41].

This research assignment is part of the GMM project with a 2-year duration where the goal is to
investigate the uptake of methanol as an alternative shipping fuel for maritime vessels. The objectives
of the project have been subdivided into two themes:

• The technical development of the power train and associated emissions and efficiency.
• The economic/technical competitivity with respect to the alternatives, e.g. MGO and LNG.

To achieve these objectives the project consisted of 6 work plans (WP’s). In WP3, called the tech-
nical analysis, the sub-objectives are as follows:

• Show feasibility of the use of methanol, by performing tests for a number of retrofit options and
new build at the facilities of the Netherlands Defence Academy (NLDA).

• Provide a high quality, reliable and independent data set on engine performance and emissions
for the 3 most feasible retrofit combustion solutions with methanol. These 3 retrofit technologies
are methanol emulsification in diesel, spark-ignited methanol combustion and dual-fual methanol
diesel solution.

• Analyse effects on CO2 emission performance and on other emissions such as NOx, SOx and
PM.

• Elaborate safe on-board storage and transshipment.

To achieve goals of WP3 the ”Dutch CAT engine dealer” PON Power has provided G3508A SI NG
engine as a retrofit option. The purpose is to change the SI NG engine to work with 100% methanol port
fuel injected. The first performance tests on a testbed have been carried out in January 2020. The pur-
pose of these initial performance tests was to run the engine stable at several loads and constant speed.
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2 1. Introduction

1.2. Thesis objective & research questions
The objective is to compare the performance and the combustion of methanol with Natural Gas (NG) in
a spark-ignited (SI) internal combustion engine (ICE) with the purpose of using methanol in a maritime
environment. A model is made of the G3508A SI engine with the use of methanol as a fuel. During this
thesis a G3508A SI engine will run on methanol and performance data from that engine is collected.
These engine data will provide input for the methanol engine model. During this thesis the following
primary question will be answered:

”What is the effect on the engine performance when 100% methanol is used as fuel for a spark-
ignited port fuel injected engine compared to premixed injection of natural gas?”

Response to this primary question will be provided by building a test setup, executing performance
tests and using a modified model for further elaborating on methanol combustion. The following sub-
questions, regarding the test setup and the performance tests, will be addressed:

• Is it possible to run a CAT G3508A spark-ignited (SI) engine with port-injected methanol? What
challenges are faced when running the engine on methanol?

• What data should be measured from the engine for modelling the in-cylinder combustion perfor-
mance?

• What is the operation stability at 250 and 375 kWe with methanol compared to NG in terms of
COV።፦፞፩ and COVፏ፦ፚ፱?

• When running with methanol on constant NOx emissions of 500 mg/N𝑚ኽ what is the engine
efficiency at 50 % and 75 % load compared to NG?

And subsequently sub-questions need to be addressed with regards to modeling:

• Which heat release model is used for the methanol engine and what needs to be changed in the
model?

• Will the model give comparable heat release characteristics as found in the experimental data?

1.3. Methodology
The thesis started with a literature study and simultaneously the engine is converted into a 100%
methanol engine. After the literature study, a model of the engine has been built. After modifying
the engine, a two week period of experimenting on a testbed at PON Power is conducted, including
performance tests and data collection. The data is then analyzed and compared with the model. Sen-
sitivity analyses have been carried out and the model is validated.

1.4. Thesis outline
In chapter 2, the literature study is described to understand the production of methanol, methanol as
a fuel in ICE and to compare and understand the different types of models for modelling a methanol
engine. At the end of the literature study, four hypotheses will be presented. After the literature study,
the test setup is briefed in chapter 3. The engine, the placement of the engine and the test plan are
discussed. Subsequently, in chapter 4, the analysis of the experiments is presented. Here the first
(experimental) sub-questions of the thesis will be answered. Then, the heat release model that has
been used and modified is discussed in chapter 5. Chapter 6 shows the analysis of the model. A com-
parison of the model data with the performance data is also made in this chapter. Finally, conclusions
and recommendations are given in chapter 7.



2
Literature study

2.1. Background of methanol
Methanol, CHኽOH, is a widely traded chemical. Methanol has a lower heating value (LHV) of 19.9
MJ/kg, which is approximately half of the LHV of marine diesel oil (MDO) with 42.6 MJ/kg as shown in
table 2.3 and is used as a fuel. Methanol is also produced to be used as a feedstock for production of
pesticides, medicines, etc. Due to this multipurpose of methanol, it is already widely distributed around
the world and has storage capacity at many ports as shown in figure 2.1 [25].

Figure 2.1: Methanol storage capacity worldwide [25]

2.1.1. Current use of methanol in internal combustion engines (ICEs)
The automotive industry is the first and foremost familiar with methanol. In car racing, it is used across
Europe as fuel and it is also used as standard fuel in cars in China. China’s use of methanol in the
transport sector is mainly due to a lot of coal mining regions. The coal is used to produce methanol.
Therefore, a lot of low-cost methanol is available in China. The methanol is used to blend with gasoline
or to use in 100% methanol (M100) cars [42][19].

3
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2.1.2. Alternative fuel in a maritime environment
Standard marine fuels are marine diesel oil (MDO), intermediate fuel oil (IFO)(a blend of gas oil and
heavy oil), marine gas oil (MGO), low sulfur fuel oil (LSFO) and heavy fuel oil (HFO). These fuels show
significant COኼ, SO፱ and NO፱ emissions. The COኼ emissions are restricted by the IMO and must be
reduced by 50% in 2050. In some areas, other emissions e.g. SO፱ and NO፱ are limited[17].

The maritime sector is searching for an alternative fuel due to the tightening emission regulations
[16]. Various development projects are underway in the Netherlands for alternative fuels for methanol,
hydrogen, liquefied natural gas, various biofuels and battery-electric. But methanol shows most poten-
tial due to potential availability, emission reduction and energy density [25].

2.1.3. Recent methanol projects in the maritime sector
Since 2011 at least seven methanol projects have been carried out in Europe before the GMM project
started to investigate the use of methanol as a marine fuel, viz.: Effship, SPIRETH, Methanol: The
marine fuel of the future, MethaShip, Waterfront Shipping, LeanShips, proFLASH and SUMMETH.
These studies include paper-studies but also had real vessels modified with methanol engines, e.g.
Ropax ferry Stean Germanica [11][27][6]. Within these projects, four engine-manufacturers work on the
use of alcohol fuels in the engine, viz.: Wartsilla, MAN DieselTurbo, Scania and Caterpillar. Wherever
the first two have the focus on a dual fuel concept, the latter two use 95% ethanol and 100% methanol
engine. Two university research programs have been carried out focusing on using methanol as a fuel,
viz.: Lund University (Sweden) and Ghent University (Belgium) [11].

2.2. Methanol production
Methanol is manufactured for fuel use and as feedstock for production of pesticides, medicines, etc.
Methanol production primarily takes place in China followed by Saudi Arabia, Trinidad Tobago, Iran and
Russia. China is by far the largest manufacturer and investor in methanol production plants worldwide
with a production capacity of about 50 Million tonnes annually [25]. The global production capacity
of about 110 million metric tons in 2015 is still small compared to the global gasoline production of
approximately one billion metric tons in 2012 [42]. However, demand for methanol has doubled between
2009 and 2017[19]. To meet this demand methanol is produced by using various methods. The four
most well-known production methods will be reviewed in the following sections.

2.2.1. Production from coal
Production of methanol from coal involves four steps: synthetic gas (syngas) generation, syngas pu-
rification, methanol synthesis and methanol rectification[19]. Coal slurry is supplied with oxygen under
high pressure to the gasifier in order to generate syngas. This syngas is a mixture of hydrogen (Hኼ),
carbon monoxide (CO), carbon dioxide (COኼ) and hydrogen sulfide (HኼS). Before the methanol syn-
thesis, this syngas needs to be purified, meaning COኼ and HኼS will be removed from the syngas. The
syngas than needs a higher amount of Hኼ or lower amount of CO to obtain stoichiometry. This is done
with a shift reaction which produces COኼ and Hኼ. The COኼ will be removed again. The methanol can
then be produced in a reactor at 300-350 bar and 300-400 °C. With these pressures and temperatures,
the optimum methanol production is reached with a zinc-chromium (Zn-Cr) catalyst. In this reactor the
following reactions are present:

Water gas shift (WGS) reaction:

COኼ + Hኼ ↔ CO+ Hኼ0 (2.1)

Methanol synthesis reaction:
CO+ 2Hኼ ↔ CHኽOH (2.2)

Methanol synthesis reaction:

COኼ + 3Hኼ ↔ CHኽOH+ HኼO (2.3)

Finally, the methanol must be separated from the water to obtain the purified methanol as a product.
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2.2.2. Production from natural gas
Production from natural gas requires three steps: production of syngas, conversion of syngas and
distillation. Syngas is produced with steam reforming and an auto-thermal reforming reaction. The
syngas then contains Hኼ, CO and COኼ with an overcapacity of Hኼ. The syngas is converted into crude
methanol in a reactor at 50-100 bar and 200-300 °C. In this reactor equation 2.2 and 2.3 are present.
These reactions are exothermic, thus require significant cooling. Due to a slow conversion process,
large recycling and cooling are needed leading to high investment costs.

2.2.3. Production from natural biomass and municipal solid waste
The production process is comparable to that of producing methanol with natural gas, with only some
different preparatory work. Before the production of syngas, first, the ferrous materials require removal
with a magnet. Subsequently, biomass or waste is entering the gasification process. The gasification
process is a thermochemical conversion process to convert the biomass or waste into gaseous form
with the help of oxygen, steam and flue gases. Conversion of syngas and distillation, the next produc-
tion steps, are similar to the production method from NG. Methanol production from biomass generally
yields low efficiency [19].

2.2.4. A synthesised methanol production method from CO2 and renewable H2
The most promising and new production method is the production of methanol from recovered or air
captured COኼ and renewable Hኼ. As shown in equation 2.2 and 2.3 the production of methanol has
an ease chemical production method which needs hydrogen (Hኼ) and carbon dioxide (COኼ) as feed.
Upon adding a renewable source, in order to obtain hydrogen from water by electrolysis, the hydrogen
(Hኼ) is produced with the following reactions :

2HኼO ↔ 2H+Oኼ (2.4)

Then the reaction 2.3 only requires COኼ to result into methanol. When the COኼ is recovered from
industry or captured from the air (e.g. the direct air capture (DAC) pilot plant from carbon engineering)
this production method will reduce the COኼ concentration in the air. Due to the fact that COኼ is a green
house gas (GHG), with a high concentration of 403.3 ppm in 2016 [19], this will prove to be a promising
production method. A concept of Thyssenkrupp of using renewable energy and waste COኼ to make
renewable methanol is presented as an example in figure 2.2.

Figure 2.2: Synthetic methanol production [28]

When looking at reaction 2.3 synthesised methanol can directly be made from COኼ and Hኼ which
has a higher economical and energetic efficiency with one reactor. If the plant were placed within a
cheap electricity area, a two-step process might prove to be more economically efficient. The two-step
process uses two reactors to first make CO from COኼ with reaction 2.1 in the first reactor. After that
methanol is made in reactor 2 with reaction 2.2. For both processes, an economical analysis has been
made by B. Anicic et al.[2]. The electrolysis of Hኼ is the highest cost element in this calculation. Both
processes show an energy cost of around 11 kWh/kg methanol produced. With a methanol selling price
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of 0.39 €/kg and a planned production of 25.000 kg/h both production processes show annual profits
over 10M€/year when capital cost are taken over a period of 30 years. Although it seems economically
feasible, the cost of this production process is still significantly higher than all other methanol production
processes [13].

2.2.5. Conclusion of methanol production
Most methanol is currently produced using coal and natural gas. When looking at GHG solutions the
synthesised methanol production method from COኼ proves to be a promising production method. With
this production method, a well to wheel near to zero-emission of COኼ is possible. More will be discussed
about emissions with methanol as a fuel in section 2.4.6.

2.3. Fuel properties
To run an engine on an alternative fuel, the properties of the alternative fuel must be known. In figure 2.3
the fuel properties of methanol are compared to common other fuel types. Diesel is the most common
marine fuel. Liquefied Natural Gas (LNG) may best be compared to natural gas (NG) where the used
test engine normally on operates. The most important properties of methanol will be discussed and
compared with diesel and LNG in this chapter. The information about the properties is from Kumar
unless stated otherwise [19].

Figure 2.3: Fuel properties [25]

2.3.1. Boiling temperature
The boiling point of methanol is 65°C. Therefore, methanol is a liquid at standard temperature and
pressure (STP). It is the simplest molecule that is a liquid at STP. LNG has a boiling point of -161.4 °C
and is therefore not a liquid at STP. Diesel has the highest boiling point with 180-360 °C.

2.3.2. Auto-ignition temperature
The auto-ignition temperature of methanol is 470°C. It has one specific auto-ignition temperature be-
cause it is a single component. Methanol and LNG have a high auto-ignition temperature compared to
diesel and therefore are proper SI fuels.
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2.3.3. Liquid density
The density of methanol in liquid form is 798 kg/mኽ. This is less than 10% lower than diesel. LNG
has a density of 419 𝑘𝑔/𝑚ኽ, but due to its high lower heating value it still has comparable or less fuel
storage capacity needed as compared to methanol.

2.3.4. Lower heating value
The lower heating value (LHV) is the most commonly used value for the calorific value of a fuel. How-
ever, the LHV may vary slightly when comparing different sources[19][25][42]. Therefore, the LHV is
presented here in two significant figures. For methanol, it is 20 MJ/kg and about half as compared to
diesel with 43 MJ/kg. LNG has even a higher LHV of 52 MJ/kg. The value of methanol is significantly
lower due to its oxygen stored in the molecular structure. The lower LHV means more fuel must be
injected to get an equivalent brake power output of an engine. And combined with the liquid density,
it also means for the same range of a ship almost double the amount of fuel mass and volume must
be stored in storage tanks when using methanol as a fuel compared to diesel[25]. LNG falls due to
its lower density between methanol and diesel as it comes to required storage capacity. LNG requires
some extra facilities for storage, like double-walled tanks, due to its boiling point.

2.3.5. Oxygenated Fuel
Methanol has inherent oxygen in its molecular structure, also known as oxygenated fuel. This means
methanol has a lower stoichiometric air-to-fuel ratio (AFR). The lower added oxygen required for the
complete burning of the fuel is due to the oxygen content that is already part of the fuel. This also
facilitates achieving more complete combustion during the expansion stroke [19]. Therefore, methanol
with an AFR of 6.5, requires 2.65 times less air for every kg fuel compared to LNG, with an AFR of 17.2.
But methanol has 2.6 times lower LHV than LNG and therefore with every cylinder cycle a comparable
amount of air is required for the engine to result into an equal power output.

2.3.6. Latent heat of vaporization
The heat of vaporization is the energy needed to vaporize the fuel. For methanol, the heat of vapor-
ization is approximately 1100 kJ/kg and at least three times the heat of vaporization of gasoline and
four times the heat of vaporization of diesel. This requirement for energy during vaporization provides
a cooling effect and can contain desirable conditions at higher loads due to its improvements on brake
thermal efficiency and power output. The high heat of vaporization has negative effects at the start, also
well known as a cold start. The heat of vaporization for LNG is not important because it is already a gas
at STP and therefore in gaseous form when it enters the engine as well as the combustion chamber.

2.3.7. Flammability limits
In addition to the heat of vaporization, a minimal amount of fuel is required to create an ignitable con-
dition. In a mixture with to much fuel, the mixture is to rich to burn. Between these two flammability
limits, the fuel will burn. Methanol is ignitable between 6.7 and 36% volume of fuel in a mixture. The
range is wider than for all other comparable fuels [42].

2.3.8. Flame speed
The laminar flame speed is dependent on the air-to-fuel ratio. In table 2.3 the flame speed is given at
an air excess ratio (λ) =1. Methanol has the highest flame speed at λ =1 and with the wide range of
flammability limits which allows leaner mixtures to burn, could result in potentially higher efficiency [25].

2.3.9. Sulfur content
Methanol contains no sulfur. Therefore, the emissions of methanol as fuel will have no SO፱ emissions.
SO፱ emissions are known to be responsible for acid rain.

2.3.10. Cetane number
The cetane number is used for the determination of ignition performance of diesel fuels. It is compared
with iso-octane (𝐶ኻዀ𝐻ኽኾ) with cetane number 100 and 𝛼-methyl napthaline (𝐶ኻኻ𝐻ኻኺ) with cetane number
0. Methanol has a cetane number of less than 5 [26].
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2.3.11. Octane number
The octane number is used for the determination of ignition performance of gasoline fuels. It is defined
with the iso-octane fraction (𝐶ዂ𝐻ኻዂ) with an octane number 100 and n-heptane(𝐶዁𝐻ኻዀ) with octane
number 0 . Methanol has an octane number of 109 [26].

2.3.12. Lubricity and viscosity
Methanol has poor lubricity properties and is also less viscous compared to diesel[19]. But LNG has
even a lower viscosity at 298 K.

2.4. Methanol in ICE
In chapter 2.1.1 methanol has already been presented to be used in ICE’s. Now the physical properties
of methanol are known, the essentials of methanol in ICE will be explained in more detail. First, the
different methods of using methanol in ICE’s will be discussed. Next, the challenges of methanol in
ICE are highlighted. Finally, the impact of the emissions of methanol used in ICE will be covered in this
chapter.

2.4.1. Direct injection (DI) of methanol blends with diesel
The mixing of methanol with diesel is limited by its poor miscibility with diesel. Methanol is separated
from diesel when more than 10% volume of methanol is blended with diesel. Using different additives
can increase the miscibility. Experiments show that methanol-diesel blends can be used as fuel in diesel
engines. At injection, the fuel will vaporize which causes a cooling effect. Methanol has a higher heat
of vaporization compared to other fuels, therefore contains a better cooling effect. When cooling the air
inside the cylinder, the maximum in-cylinder temperatures are reduced, which reduces NO፱ emissions
and change of knock. Emissions vary with the experiments, reduction of CO leads to increased NO፱
and lower NO፱ leads to increased CO emissions [19].

2.4.2. Port fuel injection (PFI) of methanol and DI of (pilot) diesel

Figure 2.4: Example of a port fuel injection system [26]

On an existing (diesel) engine a port fuel injection system, as shown in figure 2.4, can be added to
the engine. Port-injected methanol burns in the combustion chamber with the directly injected diesel.
Compared to DI of methanol blends it may contain a higher quantity of methanol in the ICE. Research
is carried out with quantities over 50% volume of methanol injected. PFI provides a proper fuel-air
mixture before ignition compared to direct injection which minimizes the risk of droplets of fuel. This
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better mixture is the result of longer mixing time before combustion. PFI also has the advantages to be
able to operate at lower pressures (3-5 bar) as compared to common injection methods. At injection
the fuel will vaporize causing a cooling effect. When cooling the air before the inlet more air, more fuel
will be able to go into the cylinder. This results in higher power output. Furthermore, a decrease in NO፱
has been demonstrated by several researchers with PFI of methanol combined with DI of diesel [19].

2.4.3. M100 Port fuel injection (PFI)
100% methanol (M100) engines can not be based on a diesel engine (with low to normal compression
ratios) due to its low cetane number and high auto-ignition temperature compared to diesel. Therefore,
a spark is required to burn the methanol. The PFI technique can therefore be used on a spark-ignited
(SI) engine to get a M100 engine. Research on these types of engine has been executed by van
Ghent university on a converted VW TDI Diesel engine with a 19.5:1 compression ratio [42]. This
research proved that on high loads spark timing needed to be retarded due to knock. Peak brake
thermal efficiency (BTE) of 42% on methanol compared to BTE of 40% on diesel were achieved and
20% COኼ reduction was calculated.

2.4.4. M100 Direct injection (DI)
Direct injection of 100% methanol in a SI engine is used and researched. The effects of ignitions
and injection timing have been investigated with a M100 engine by Jun Li,et al. [22]. With an 18.3
kW/2000rpm/16:1 compression ratio engine experiments were carried out. They showed a maximum
thermal efficiency of 51% at an ignition timing of 18 °CA BTDC. Methanol injection and ignition timing
can have effects of more than 10% on the brake-specific fuel consumption and also significantly effect
on performance, combustion, and exhaust emissions. Research of DI of methanol with larger engines
(>100kW) has not been found.

2.4.5. Challenges of methanol in ICE
Using methanol as a fuel in an ICE requires facing the following challenges.

Material compatibility
Alcohol fuels can be extremely aggressive toward magnesium, aluminium and copper. Steel and other
ferrous metals are usually slightly affected. Components used for seals and fuel lines may also be
attacked by methanol if not chosen properly [42]. Therefore, the use of these fast-wearing materials
must be prevented.

Cold start
The use and research of M100 DI injection of methanol and M100 PFI injection is low due to the coldstart
problems. Research of M100 PFI and DI in car engines show they have cold start problems starting
around 0 °C and lower [42]. Therefore, most engines will use DI with blends or PFI with a pilot fuel.

For the maritime sector, the cold start problem is best solved by using preheating of the engine. With
a high speed 3L Scania SI PFI engine, the operators experienced cold start problems in winter without
an engine heater. With an engine heater and the engine temperature at 25 °C, outside temperatures of
-15 °C proved not to be an issue [4]. It would be interesting to find this to also apply to bigger engines,
but no research has been found about this problem for bigger engines.

Initially, in this project, natural gas can be used to heat the engine. Upon reaching the appropriate
temperature the engine can be switched to methanol as a fuel. This project will undergo its first perfor-
mance test in January, when outside temperatures around 0 °C may be expected. Inside the test-bed,
slightly higher temperatures are expected. Monitoring at which temperatures this engine will have cold
start problems will show to be interesting as far as it is possible to test in this setup.

Other challenges
Further challenges for the use of methanol in ICE’s are:

• Pre-ignition due to overheated spark plug electrode.
• Increased thermo-mechanical stress in cylinder head due to increased evaporation cooling.
• The production of formaldehyde emissions, further explained in chapter 2.4.6 Emissions.
• Increased tank capacity for a similar range.
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• Safety precautionary measures due to the toxicity and flammability of methanol.

2.4.6. Emissions

Figure 2.5: NOᑩ emissions vs temper-
ature [15]

Figure 2.6: Trade-off between NOᑩ and CO emissions [26]

Previously described injection methods show advantages and disadvantages for the emissions. And
this can be a study by itself. To give an applied impact of the use of methanol in an ICE to the emissions,
only the 100% PFI SI methanol method will be compared with a regular marine fuel, in this case, marine
diesel oil (MDO). Methanol in an ICE has no SO፱ emissions due to the fact there is no sulfur in CHኽOH.
The combustion characteristics of methanol and the single-carbon-molecule nature have the advantage
that the emissions of particulate matter are significantly lower than for complex hydrocarbon fuels [42].
Methanol, just like MDO, produces NO፱ and COኼ emission. A trade-off exists between NO፱ and COኼ
emissions in all ICE’s, which can be influenced by the air excess ratio (λ), as shown in figure 2.6. With
increasing λ, the flame temperature is lowered and therefore NO፱ emissions are lowered. With rich
mixtures (λ< 1.0) CO emissions increase due to the increase of unburned fuel. With lean mixtures (λ>
1.2), the combustion temperature decreases, so that NO፱ drops, but unburned hydrocarbons (UHC)
increases. Due to the high heat of vaporization of methanol, the flame temperature is expected to be
lower and NO፱ emission is lower as shown in figure 2.5 at similar engine operating conditions. All and
all the CO/COኼ and NO፱ emissions from the exhaust of the engine are equal to emissions from MDO
or even higher than NG. The gain of COኼ emissions with methanol as compared to MDO must be made
in the production process as mentioned in chapter 2.2.5.

Unfortunately, methanol has one emission type that produces a higher degree of emission as com-
pared to diesel, the emission of formaldehyde, HCHO. Formaldehyde is toxic and occupational expo-
sure causes nasopharyngeal (a type of throat) cancer in humans. HCHO formations peak at tempera-
tures around 727 °C and is derived from unburned methanol. When methanol escapes from crevices
during expansion the formation of formaldehyde can be expected. Therefore, more HCHO emissions
are expected with PFI as compared to DI. To show an indication of the increase of emission a M85 is
compared to pure gasoline and will have roughly 10 times more formaldehyde emissions [45]. After-
treatment of formaldehyde can reduce up to 95% of the formaldehyde emissions [42].

2.5. Methanol versus ethanol
Ethanol (CኼH኿OH) has a higher LHV of 27 MJ/kg compared to 20 MJ/kg of methanol and similar den-
sity. This means it requires 35% less storage capacity onboard a ship fueled with ethanol instead of
methanol. It has been used to blend with gasoline (E05 up to E85) or even 100% ethanol fuel (E100)
to be used in fuel for cars. Compared with methanol it has comparable properties like boiling point,
octane number and high heat of vaporization. It can therefore also be an alternative for fuel in marine
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applications.
When looking at future production processes it can be produced on a similar synthetic process

as methanol as shown in figure 2.2. In addition to the raw materials which also require methanol,
ethanol requires the addition of water as feedstock. Ethanol can be produced directly from the syngas
or it can be produced from methanol converted to ethanol via methanol homologation reaction [10].
But efficient synthetic production of ethanol is more difficult than for methanol due to the extra C-C
bond. Therefore, research is carried out to yield more ethanol in synthetic processes with different
catalysts and production methods [43]. A study between methanol and ethanol as fuel in ICEs is done
by EMSA resulting in the conclusion that both fuels are attractive from an environmental perspective.
Both fuels could work on heavy (diesel) engines. Methanol and ethanol are both globally available.
Historically prices compared in USD/MWh of ethanol are a little bit higher than for those of methanol. But
these prices are not comparable when considered within the perspective of future synthetic processes.
Although the two fuels are equally potential, only methanol maritime projects are known to have been
carried out whereas no ethanol maritime projects are known [11].

2.6. Methanol in ICE models
With the development of engines and increasing regulatory limitations on the engine efficiency and
emission levels, the need for simulations of ICE in models increased. Therefore, the modelling of ICE
is carried out frequently, where the input of alternative fuels in these models is still rather new and
unknown. The modelling of ICE’s will be categorized and discussed in section type of models. After
that the investigated aspects with these models relevant to this research will be discussed.

2.6.1. Types of models
Verhelst shows a summary of research done with different types of models and distinguishes two types
of models, quasi-dimensional and multidimensional models [42]. Xiang La explains up to four types
of different models. Even within one model, different kind of sub-models may be used. The correct
categorization can get mixed up or be misinterpreted due to the different kind of categorizations used.
In this research the following four types of models according to Xiang La will be explained [47]:

• The mean value model, not intended for engine development, although efficient for research on
system integration. Usually this model is based on a large amount of engine test data and cannot
predict.

• Zero-dimensional model, the combustion chamber is divided in one zone. Combustion is simu-
lated at every crank angle, assuming this all to be equal in the combustion chamber.

• Quasi-dimensional model, divides the combustion chamber in several zero-dimensional zones
according to the distribution pattern of the flame or the injection. Specific physical and chemical
processes are considered in each zone (e.g. fuel-air mixing, flame propagation, concentration
changes to determine temperature and pressure in each individual zone).

• Multi-dimensional model, also known as computation fluid dynamics (CFD) model, provides the
most in-cylinder details. Therefore, this model is the most time consuming and hardest to imple-
ment.

The model type that is used for research must be chosen based on the calculation speed and the
depth of the research. The model that will be used in this thesis is a zero-dimensional, one zone, heat
release model and will be further explained in chapter 5.

2.6.2. Investigated aspects of ICE (sub-)models:
In this section, the research done with (ICE) models relating to 100% methanol burning and effects in
NG SI engines will be further investigated.

2.6.3. Flame speed
The velocity at which a flame spreads into a premixed, homogeneous, unburned mixture ahead of the
flame, is called the laminar flame speed and is one of the most fundamental properties characterizing
the combustion [15]. As mentioned in chapter 2.3.8, the flame speed of a fuel depends on the air
excess ratio (λ). With increasing λ, or leaner burning, the flame speed will decrease. But the laminar



12 2. Literature study

flame speed is also dependent on initial pressure and temperature. The engine that will be used in the
test setup (further discussed in chapter 3) is known to operate with NG in lean conditions with a λ of
around 1.6.

Figure 2.7: Methanol flame speed vs temperature [23] Figure 2.8: Methanol flame speed vs equivalence ratio
[23]

Kun Liang conducted a study on the laminar burning velocity of (hydrous) methanol at elevated
temperatures and pressures [23]. A multi-zone combustion model named BOMB program was used
to calculate the burning velocity during the combustion. Kun Liang showed the correlations for the
burning velocity against temperature increase with methanol as shown in figure in 2.7. This figure also
shows that mixing with water will reduce the flame rate. Figure 2.8 shows that with increasing fuel/air
equivalence ratio ( actual fuel/air ratio compared to the stoichiometric fuel/air ratio) the flame speed will
reduce.

Figure 2.9: Flame speed of various fuels vs equivalence ratio [46]

In Winterbone [46] a comparison of laminar flame speed with changing fuel-to-air ratio has been
given for several fuels, as shown in figure 2.9. It should be noted here that the fuel-air equivalence
ratio is the inverse of the air excess ratio, λ, thus low fuel-air equivalence ratios indicate lean burning.
Interesting to see here is that methanol in lean burn will cross the flame speed of methane (main
component of NG). With a λ bigger than 1.17, equal to a fuel-air equivalence ratio of 0.85 in the figure,
the laminar flame speed of NG is higher than the flame speed of methanol. This means that with the lean
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burning test engine used in this research, at a λ of around 1.6, a lower laminar flame speed of methanol
is expected compared to NG at similar operating conditions. Therefore, longer combustion duration is
expected with methanol compared to NG. And due to the lower flame speed at lean burn conditions,
an earlier ignition timing might be needed to get the same stable operating conditions compared to NG.
The engine has on NG a standard ignition timing of 20 °CA BTDC. But it must also be mentioned that
the effects of turbulence (and thus turbulent flame speed or u፭/u፥) are not taken into account in the
figures 2.9 but will be expected in the cylinder of the ICE.

2.6.4. In-cylinder heat transfer
Two widely used in-cylinder heat transfer sub-models in ICE models are Annand and Woschni. Woschni
is following up on Annand’s heat transfer equation, presented in formula 2.5 [5].

𝑞 = 𝐴 ∗ 𝐷ዅኺ.ኼ ∗ 𝑝ኺ.ዂ ∗ 𝑉ኺ.ዂ ∗ 𝑇ዅኺ.኿ኽ ∗ (𝑇፠ፚ፬ − 𝑇፰ፚ፥፥) (2.5)

The radiative heat does not show a separate term but is included or neglected. Convective heat is
assumed to be quasi-steady. The heatflux (q) gives the convection coefficient with formula 2.6.

ℎ = 𝑞
(𝑇፠ፚ፬ − 𝑇፰ፚ፥፥)

(2.6)

The assumptions made by Woschni are only valid for air. Although the model seems to perform well
for traditional fuels, they are not accurate for alternative fuels as methanol according to Stijn Broekaert,
et al.[5]. In their research, they tried to present an alternative for Woschni’s formula for alternative
fuels. Their research identified four controllable factors; the throttle position, the compression ratio, the
injected gas and ignition timing. For methanol, this improved model has not been evaluated yet and
the paper could not conduct firm conclusion on the reviewed data. Therefore, the original Woschni
formula will be used in this research. The used formula for Woschni’s heatloss coefficient according to
Stapersma is given in equation 2.7 [37, p824]:

𝛼 = 𝐶ኼ ⋅
1

𝐷ኺ.ኼኻኾ፛
⋅ 𝑝

ኺ.዁ዂዀ

𝑇ኺ.኿ኼ኿ ⋅ (𝐶ኽ ⋅ 𝑐፦ + 𝐶ኾ ⋅
𝑝 − 𝑝ኺ
𝑝ኻ

⋅ 𝑉፬𝑉ኻ
⋅ 𝑇ኻ)ኺ.዁ዂዀ [𝑊/𝑚ኼ𝐾] (2.7)

The Woschni’s formula applied to the model will be further explained in chapter 5, where In the work
of Vogel and Huber new Woschni constants are given for Cኾ when working with methanol as a fuel.
Huber gives a Cኾ constant of 0.004 for methanol in a SI engine[26, p152], but unknown is if this is also
PFI or DI. Cኾ is originally 0.00324 for DI according to Merker [26, p152] and the work of Stapersma.
Stapersma [37, p825] gives also an alternative constant for Cኾ pre-chamber constant, which is 0.00622.
The effect of changing the Cኾ value is interesting but will not be used in the model of this research,
because the C2 and T፰ፚ፥፥ parameters will be used as fine-tuning parameters and further explained in
chapter 5.1.10.

2.6.5. Fuel evaporation time
Another view of the incorrect heat loss is given by Marriot et al. [42] The description of cylinder wall
wetting and subsequent fuel evaporation for alcohol DI engines is needed to get correct predictions
of wall heat transfer and volumetric efficiency. A so-called ”puddling” sub-model takes account for the
time needed for the alcohol fuel to evaporate. The sub-model gives better results in wall heat transfer
than when fuel evaporation assumed to be instantaneous and complete on injection or at ignition.

For my research, the use of an evaporation sub-model must be considered. In the experimental
setup, this effect will be reviewed by changing the temperature of the inlet receiver (T፦ፚ፧።፟፨፥፝).

2.6.6. Wall-wetting effect
In the research of Yao et al. the influence of wall-wetting fuel film, especially its evaporation rate, upon
the air-fuel ratio of in-cylinder mixtures (E0 - E30) is discussed [49]. Wall-wetting is due to the lower
temperature in the intake port of PFI engines, the injected alcohol fuel has a tendency to adsorb on the
intake port wall and form a wall-wetting fuel film on the surface as shown in figure 2.10. In steady-state
operations, this effect will almost have no influence because of the mass balance as shown in figure
2.11. In this mass balance is shown, that with every cycle, the total injected mass stays constant. But
in transient operations, the effect of wall-wetting needs to be considered.
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Figure 2.10: Wall effect with PFI [49] Figure 2.11: Wall effect mass balance [49]

The research concluded that the intake wall-wetting effect of PFI SI engines causes hysteresis errors
of in-cylinder fuel mass flow, leading to air-fuel ratio deviations. The slower the fuel film evaporates, the
larger and longer are the deviations. The engine in this research showed that, with an AFR change of
15% in 4 seconds, the AFR control error was less than 2% in steady-state conditions with compensation.
Without compensation deviations from around 10% in AFR are shown in his graph [49].

For my research, these deviations with changing AFR will not be essential, due to constant rpm
measurements, but the effect of wall-wetting needs to be known and considered. Especially with the
placement of the flame arrestors in the air-intake, between the inlet valve and the PFI, the deviations
might be a lot higher, due to a lot more wall area. However, at the first performance tests, no transient
behaviour will be tested. Only tests at constant rpm and fixed loads will be conducted. Therefore in
this research, these wall-wetting effects are not considered in the model or test plan.

2.6.7. Knock and misfire
Knocking is a sound transmitted through the engine which happens when the mixture of fuel, air and
residual gas ignites spontaneously [15]. This means the mixture ignites before the ignition spark. An
example of knock in a cylinder is given in figure 2.12. The knock results in an extremely rapid energy
release, resulting in high local pressure. The pressure measured with the example given in figure 2.12
was 180 bar compared to a normal operating pressure of around 60 bar. Knock will normally appear in
(too) rich mixtures.

Misfire is when the mixture in a cylinder fails to ignite. Misfire appears when the mixture is to
lean to be burned. A too low flame speed combined with a weak mixture makes a misfire possible.
Operating in partial-burn or misfire regimes is undesirable from the point of efficiency, emissions and
torque variations [15]. An example of the operating range between the knocking and misfires is shown
in figure 2.13.

Figure 2.12: Kibox HR figure showing knock in
cylinder 4 during tests

Figure 2.13: Operating window of a Wartsila
9L50DF [9]

A knocking prediction study with a two-zone combustion model NG SI engines has been done by La
Xiang et al. [47]. In his study, he showed that with increasing compression ratios from 14 to 16 knock-
ing will be expected earlier and also the knocking intensity will increase with increasing compression
ratio. Also in this research is shown that retarding ignition timing is a good way to prevent knocking
phenomenon in SI NG engines, but this will lead to lower efficiencies and higher fuel consumption. To
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prevent damage from knock during the performance test the retarding ignition timing can be used.

2.6.8. Heat release

Figure 2.14: Typical heat release curve of DE [37]

Figure 2.15: Cycle to cycle difference in heat flux curve shown [15]

In Stapersma [36] a typical heat release curve is given and in detail explained for a diesel engine.
In figure 2.14 it shows clearly the different stages from ignition delay, premixed combustion, diffusive
combustion and late combustion. For a spark-ignited engine a similar heat release curve can be shown.
However, typical behaviour must be known. With spark-ignited engines the cycle-to-cycle variations
are much bigger than with a diesel engine. Therefore, the heat flux for every cylinder cycle variate
considerably more. This is well shown by Heywood in figure 2.15 [15], where 5 individual cycles are
shown and the average heat flux of 198 cycles. When showing heat release curves for SI engines
most of them will be an average of many cycles. With this average as shown in the figure the clear
distinction between the different stages disappears. The average line is more smoothed due to the
many cycle-to-cycle fluctuations.

A modelling and experimental study was done by Ke Zeng showed the impact on the in-cylinder
heat release on a natural gas engine by changing fuel injection timings on a direct injected engine [50].
The effect of changing injection timings is shown is figure 2.16. It gives a clear picture of what range and
variations can be expected in my heat release research. Although injection type and fuel are different
compared to our study, the following can be taken from this study:

• Slow combustion rates are equal to low in-cylinder pressures.
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• Optimum injection timing (or CA) is shown where heat release and pressure increase per CA is
highest.

Figure 2.16: Heat release of a natural gas engine with changing injection timings [50]

To have a better understanding of the effect with methanol in the ICE a heat release curve with 100%
methanol as a fuel is needed. Fang-Xi Xie et al. [48] have done a study on a SI engine with 100%
methanol. This experimental study was with an automotive, much smaller, 2L, engine with a higher
compression ratio of 18.0. The resulting pressure graph and HRR-curve from this study is shown in
figure 2.17. It is visible that the heat release curves showed similar smooth curves as with SI NG heat
release curves. Also can be seen that retarding ignition gives lower peak pressures and lower peaks
in the HRR curve. The range of ignition timing from 12 to 18 °CA BTDC was the only range where
stable engine operations where possible. This small operating range must be taken into account for
my research. In this research brake (power) specific fuel consumption (BSFC) improvement was found
with advanced ignition timing. The advanced ignition timing, meaning ignition at more CA BTDC, leads
to higher peak pressure, peak temperature and peak heat release rate, and their corresponding crank
angles are close to top dead centre (TDC).

Figure 2.17: P and HRR of a 4 cylinder, 2L, 18:1, engine with 100% methanol at 1400 rpm with changing ignition timings [48]

The heat release modelling study of H. Sapra et al.[29] is done on the same engine as this research
will be done. But the engine has been modified to be used with methanol as a fuel because his study
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was with NG and hydrogen as a fuel. Therefore, the hr-model also must be changed. The hr-model
will be further explained in chapter 5 and the modifications to this model in chapter 5.2.

2.7. Hypotheses
Now the literature study has been carried out, the hypotheses are described. Previous research has
shown that the efficiency of the engine increases when using methanol. Nevertheless, other research
has been conducted only on smaller engines. For the marine size 500 kWe test engine in this study,
therefore, the first hypothesis will be: ”Engine efficiency is expected to be higher on methanol than on
natural gas with the performed test loads of 50% and 75% load.”

The standard ignition timing for the test engine has an ignition timing of 20 °CA BTDC. Research
shows that combustion generally becomes more stable with delayed ignition timing, but due to the
following findings, it is predicted that stable operation is at a more advanced ignition timing: a.) The
laminar flame speed of methanol is expected to be lower than of natural gas for lean burning operation
with the test engine, indicating longer combustion duration for methanol. b.) Methanol is ignitable
within a volume percentage of 6.7% and 36%, a much wider range compared to NG with 5-15%, thus
a wider range for stable burning of the fuel. Research also shows that optimum fuel consumption is
shown at advanced ignition timings, therefore, the following hypotheses are made: ”Better stability will
be expected to be at an advanced ignition timing. With NG the standard ignition timing is at 20 °CA
BTDC. ” and ”Better bsfc will be reached at an advanced ignition timing on methanol than with NG.
With NG the standard ignition timing is at 20 °CA BTDC.”

Methanol has a high heat of vaporization and will be port fuel injection in the test engine. Natural
gas already is in a full gaseous state when entering the cylinder. However, the injected methanol will
be partly in a gaseous state and partly in liquid state when entering the combustion chamber. This can
be influenced by the temperature of air after the cooler. The initially used temperature after the cooler
is maintained at 40 °C during the first experiments but can be changed with more or less cooling water.
When entering the combustion chamber with a higher part in a gaseous state, or more methanol vapor,
a more homogeneous mixture will be expected at the moment of ignition. A more homogeneous mixture
will result in less hot spots and thus less NO፱ emissions. This leads to the following hypothesis: ”With
increasing temperature after the cooler, there will be more evaporation before the inlet valve, which
causes better in-cylinder condition and therefore with constant efficiency, a lower NO፱ emission can
be realized”

The hypotheses will now be summarized and given numbers:

1. ”Engine efficiency is expected to be higher on methanol than on natural gas with the performed
test loads of 50 % and 75 % load.”

2. ”Better stability will be expected to be at an advanced ignition timing. With NG the standard
ignition timing is at 20 °CA BTDC.”

3. ”Better efficiency will be reached at an advanced ignition timing on methanol than the standard
used ignition timing of NG. With NG the standard ignition timing is at 20 °CA BTDC.”

4. ”With increasing temperature after the cooler, there will be more evaporation before the inlet
valve, which causes better in-cylinder condition and therefore with constant efficiency, a lower
NO፱ emission can be realized”

The hypotheses will be further investigated, in the test performances and with the model. The first
three hypotheses will be tested in analysis from the experiments. The last hypothesis will be tested in
the analysis from the model.





3
The experimental setup

This chapter describes the experimental setup for the initial performance tests with the SI PFI test
engine on 100 % methanol. First, the specification of the test engine and the modification of the engine
are explained. Next, the physical test setup and a schematic overview of the fuel and air system are
discussed. Then, the test plan is briefly discussed. Finally, the sensor sensitivity is clarified in this
chapter.

3.1. The engine
The engine used for this research is a Caterpillar (CAT) G3508A gas engine, as shown in figure 3.1.
The engine is a turbocharged spark-ignited natural gas engine with 8 cylinders and a rated power of
500 kWe at 1500 rpm. Further engine specifications are shown in table 3.1. The engine has been used
in 2018 for testing a hydrogen-natural gas (H-NG) fuel blend for the gasdrive project [29].

Figure 3.1: The G3508A Spark-ignited gas engine
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Table 3.1: Engine Specifications

Parameter Value Units
Number of cylinders 8 -

Bore 170 mm
Stroke 190 mm

Displacement 34.5 L
Rated speed (N) 1500 rpm
Rated power (P) 500 kW

Compression ratio (𝜖) 12:1 -
Boost pressure 2.2 bar

Cycles 4 -
Firing order 1-2-7-3-4-5-6-8 -

IVO 6.7 °CA ATDC
IVC 158.5 °CA BTDC
EVO 20.1 °CA BBDC
EVC 11.8 °CA BTDC

3.1.1. Modifications on the engine

Figure 3.2: fuel line Figure 3.3: injector holders Figure 3.4: injectors

Several systems were modified for safe operation and measurements with 100 % methanol on CAT
G3508A engine. The systems, that are retrofitted to operate a 100 % methanol engine with a port fuel
injection (PFI) system, are divided by operation, safety, and measurements:

For operation:

• Modified fuel system
The modified fuel system includes modifications to fuel storage, fuel pump, filters, piping, spe-
cially designed fuel rail, adjusted PFI system with 2200 CC/min methanol injectors and valves.
Methanol is corrosive to aluminium alloys, therefore chemical resistant materials such as stain-
less steel and rubber are used. The stainless steel fuel rail and port fuel injection system are
shown in figure 3.2, 3.3 and 3.4.

• Modified charged air cooling system.
A new three-way valve and a modified charger air cooling control system were installed to control
the temperature after the cooler. The standard system on the engine allows for constant tempera-
ture regulation after the cooler. However, the air temperature after the air cooler could not be kept
constant with methanol injection. Due to the high evaporation energy requirements of methanol,
the temperature after fuel injection at inlet port is load dependent. The modified charge air cooling
system was installed because of concerns of reaching operating limits with the previous constant
temperature regulator after the cooler at higher loads.

• New designed control system.
A primary and secondary control system is made for operating on methanol. The primary control
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system controls fuel injection, airflow, engine speed, etc. The secondary control system to control
the fuel supply system, charged air cooling system, purging system, and alarm handling.

For safety:

• Vapor detection system.
Two continuous methanol vapor detectors capable of measuring methanol content from 0-1000
ppm were installed inside the testbed. Such a detection system was necessary because methanol
is toxic to humans beyond 200 ppm. Furthermore, human senses can detect methanol only when
the concentration exceeds 10 times the 200 ppm safe limit [17].

• Fire detection system.
A fire detection system able to detect alcohol fires inside the testbed and outside at the fuel tank
was installed.

• Inert gas system.
A nitrogen inert gas system was installed to reduce the amount of oxygen present in the fuel
system and to clean the fuel system.

• Emergency stop system.
Emergency stop buttons and the vapor detection system was connected to the control system to
instantly stop the engine and the fuel pump.

For measurements:

• A Testo-350 is used for exhaust gas measurements.
• A Kibox 2893A is used to determine the crank angle and in-cylinder pressure.
• A Dewetron Dewe-2600 is used to collect and store all sensor data excluding kibox data.

More details about the modifications on all these systems are given in appendix A.

3.2. The test setup

Figure 3.5: Testbed Figure 3.6: Control room

The engine has been installed on a testbed at PON power, as shown in figure 3.5. The engine on the
testbed is connected to a generator. The engine was installed including all control and measurement
equipment that can be monitored in the control room just above the engine, as shown in figure 3.6.

3.2.1. Schematic overview of the fuel and air system
Figure 3.7 shows the engine test setup schematic with the premixed injection of natural gas (NG) (for
100 % NG operation), and methanol injection through port injectors (shown in green). The fuel filters,
pressure sensors, and valves are left out of the overview for simplicity. Both fuel supply systems can
operate simultaneously. The start of the engine was done by using NG. After knowing the engine’s
stable zero load running conditions on methanol, it was possible to start the engine using NG and run
on 100 % methanol within 5 seconds after start.
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Figure 3.7: Schematic of the test setup

3.3. The test plan

Before the first performance tests with methanol on the engine are executed a full test plan is conducted
and shown in appendix D. The tests were conducted safely and efficiently during the 2 weeks of testing
on the engine. The plan is showing a step by step plan to be able to run the engine on constant engine
speed on variable loads with changing variables. Due to the lack of fuel, time, and fuel pump capacity,
not all tests of the full test plan could be executed. An overview of the executed tests is given in table
3.2.
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Table 3.2: Overview of executed performance tests

125 kWe 250 kWe 375 kWe
(25 % load ) (50 % load ) (75 % load )

Performance runs on NG
Ignition timing at 20 °CA BTDC X X
Performance runs on methanol

Stable 0 % load run
Stable load runs X X X

1፭፡ set of performance test: Ignition variation
Ignition timing at 16 °CA BTDC X X
Ignition timing at 18 °CA BTDC X X
Ignition timing at 20 °CA BTDC X X
Ignition timing at 22 °CA BTDC X X
Ignition timing at 24 °CA BTDC X X

2፧፝ set of performance test: NOx variation
NOx 250 mg/nmኽ X X
NOx 500 mg/nmኽ X X

NOx 1000 mg/nmኽ X X
3፭፡ set of performance test: Aftercooler temperature

Temperature variation (T፦ፚ፧።፟፨፥፝) X

3.3.1. Performance runs on NG
In this study, NG performance tests were performed for comparison with methanol performance. Two
performance tests with natural gas (NG) are conducted on 250 kWe (50 % load) and 375 kWe (75 %
load) with an ignition timing of 20 °CA BTDC. The NG used is from the Dutch grid, consisting of 80.5
% methane, where the full composition is detailed described in appendix I.

3.3.2. Performance runs on methanol
The performance runs on methanol are divided in two. First will be explained how the engine was able
to run stable on methanol. Secondly will be described in which sets of performance tests are executed
in this study.

Stable load runs
The first actual runs on 100 % methanol were done on 125 kWe load after slowly decreasing the NG
supply and increasing the methanol fuel flow. This is not done as stated in the test plan on 0 % load,
because combining the two fuel systems and control systems was found out to be best used with a
small load. After running the engine stable with 100 % methanol on 125 kWe, the load was decreased
to find 0 % load running condition, to find the amount of methanol and air needed for stable engine
operation at 0 % load and 1500 rpm. This would allow switching from the NG to methanol at startup
in 5 seconds. After running the engine with 100 % methanol at 0 % load, stable load conditions were
found for 50 % and 75 % load conditions. The conditions for these stable load runs are:

• Pressure of fuel: 5 bar.
• Engine speed: 1500 RPM.
• Ignition moment: 20 °CA BTDC.
• End of injection was fixed at the middle between inlet valve open (IVO) and inlet valve closed

(IVC).
• Injection duration was load dependent varying between 5 to 25 ms.
• Constant NOx emission of 500 mg/Nmኽ at 5 % reference oxygen.
• T፦ፚ፧።፟፨፥፝= 40 °C
• Air-excess ratio varied and was load dependent but close to 1.60.
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Performance test sets on methanol
After the stable load runs a series of performance tests were executed as shown in table 3.2. During
all three test sets fuel pressure, injection moment, and engine speed were kept constant as during the
stable load run conditions. The first two sets of performance runs are executed on 50 % and 75 %
load, the third set only on 75 % load. The third set, the temperature variation, could not be conducted
anymore on 50 % load due to the limited time and due to limited fuel available on the testbed. The
three sets of performance tests are further explained.

The first set of performance tests with methanol was changing the ignition variation. The ignition
timing was varied by retarding the spark-timing by steps of 2 degrees, to study the impact of ignition
timing sweep, while keeping the NOx and load constant. This performance test was conducted at a
constant NOx emission of 500 mg/Nmኽ at 5 % reference oxygen (equal to ± 340 ppm), with the main
reason being the tightening emissions legislation. For the NG test engine, the 500 mg/Nmኽ of NOx
value is lower but close to the NOx IMO TIER-III limit for the engine, which is 2.08 g/kWh [31]. The
air-excess ratio was varied to keep the NOx emission constant.

The second set of performance tests was to change the NOx emissions in three steps from 250,
500 and 1000 mg/Nmኽ at 5 % reference oxygen. In the original test plan, it was planned to do more
steps, but to be able to do the third performance set it is chosen to do only these 3 emission steps.
The performance test was done at 50 % and 75 % load with varying fuel consumption and varying
air-excess ratios.

The third set of performance tests was to study the impact of varying temperatures (T፦ፚ፧።፟፨፥፝)
on emissions and performance by increasing or decreasing the cooling in the aftercooler. By varying
the manifold temperature the composition (liquid/vapor) of the fuel and air changes when entering the
cylinder. With the third set of performance tests, the fuel consumption and load were kept constant with
varying NOx emissions. The temperature after the aftercooler was varied from 40 °C to 60 °C.

3.4. Sensor sensitivity
Table 3.3: Overview of the sensors

use range accuracy
Kibox sensors
In cylinder pressure sensor
(Kistler 7061B)

in-cylinder pressure
cylinder 3,4,5 and 6 0 - 250 bar +/- 1.25 bar

Crank angle decoder (Kistler
2614C / 720) determine CA -360 : +360° +/- 0.23 °CA

Dewetron sensors

TC Model TE1260 air and exhaust gas
temperatures -40 °C : +1000 °C +/- 1.5 °C +/- 0.004*(T)

PT100
lubrication oil and
cooling water temper-
atures

-220 °C : + 600 °C +/- 0.3 °C +/- 0.005*(T)

Pressure sensor 10 bar air pressures 0 - 10 bar +/- 0.02 bar
Testo-350 sensors
CO exhaust emission 0..10000 ppm +/- 5 % (minimal 10 ppm)
CO2 (IR) exhaust emission 0..50 vol % +/- 0.3 vol %
No፱ exhaust emission 0..500 ppm +/- 5 % (minimal 5 ppm)
Remaining sensors
In-cylinder pressure sensor
CAT in-cylinder pressure

cylinder 1 and 2 0-150 bar +/- 9.75 bar
Flow sensor KRAL BEM 500 methanol flow 0 - 300 kg/s +/- 0.3 kg/s (+/- 0.1 %)

The most important input sensors for the model are the in-cylinder pressure sensor and the CA sensor,
without these the model will not work. But next to these two sensors a lot of other sensors are used
during the performance tests and building the model of the engine. The most important data that is
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received is in-cylinder pressure, crank angle, temperature measurements, pressure measurements,
exhaust emissions (NO፱ and COኼ), and fuel consumption. An overview of the range and sensitivity
of these sensors is given in table 3.3. In addition to that, the sensors should be calibrated regularly
to verify that they are still working properly. The Dewetron sensors are calibrated before testing, and
the calibration report is shown in appendix E. The Testo-350 analyse box and the Kibox 2893A are
calibrated prior to the testing, externally by the manufacturer.





4
Analysis of the experiments

In this chapter, the analysis of the experiments will be discussed. First, a comparison between 100 %
methanol with 100 % NG is made by analysing the cycle-to-cycle variation, cylinder-to-cylinder varia-
tions and mean cylinder pressure at one similar operating condition. Next, the performance test sets:
ignition variation and the aftercooler variation, as shown in table 3.2, are analysed and compared with
the performance runs on NG. Performance tests that are conducted but had no contribution to the
conclusions of this report are found in appendix B, e.g. the 2፧፝ set of performance test, with varying
NOx emissions. After that, the combustion duration and the efficiency are determined over the full igni-
tion sweep with methanol compared to NG at a singular operating point. And finally, the experimental
sub-conclusions will be given.

4.1. Methanol compared to NG
4.1.1. Cycle-to-cycle pressure variations
Cycle-to-cycle pressure variations provide an indication of combustion stability. According to Merker,
the relatively large fluctuations in the pressure path from cycle-to-cycle are a typical feature of SI engine
combustion. Large cycle-to-cycle pressure variation can, in the worst case, lead to engine knocking or
misfiring. The reduction of these variations in SI engine combustion can reduce specific fuel consump-
tion (sfc) and/or emissions, and can be done by optimization of mixture formation, ignition and flame
spreading [26, p68]. According to Heywood is the operating regime of the engine, determined by the
cycle-to-cycle variation [15]. Therefore, in this section, the cycle-to-cycle pressure variation during the
combustion will be investigated for methanol and NG at one similar operating condition.

The cycle-to-cycle variations pressure plots in figure 4.1 for NG and figure 4.2 for methanol are at
375kWe, 500 mg/nmኽ NOx, ignition at 20 °CA BTDC and 1500 rpm. These and following line graphs
were made in Matlab, but the data is original from the Dewetron and the Kibox (pressure data). The
pressure data is always measured from -360 °CA up to +360 °CA, but for clarity of the figures regularly
fewer crank angles are shown on the x-axis. More cycle-to-cycle variation is already expected for
methanol compared to NG when only looking at the maximum pressure variation of every cycle. The
maximum pressure for methanol varied between 40 and 73 bar while NG varied from 45 to 70 bar. To
determine the difference between the two cycle-to-cycle variations two coefficients of variation (COV)
will be identified, one with the maximum pressure and one with the indicated mean effective pressure.
The results of both COV calculations will first be given for cylinder 4 and then shown for all other
cylinders. Prior to the experiments, the fuel injector of cylinder 4 is replaced due to dirt in the injector,
therefore, this cylinder is looked at first with both COV calculations.
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Figure 4.1: Cycle-to-cycle variation of cylinder 4 with NG

Figure 4.2: Cycle-to-cycle variation of cylinder 4 with methanol

Coefficient of variation for the maximum pressure (COV፩፦ፚ፱)
First, the coefficient of variation for the maximum pressure (COV፩፦ፚ፱) is computed with formula 4.1
[48]:

𝐶𝑂𝑉፩፦ፚ፱ =
𝑠𝑡𝑑ፏ፦ፚ፱
𝑃𝑚𝑎𝑥ፚ፯፠

⋅ 100% (4.1)

Where Pmaxፚ፯፠ is the average of the maximum in-cylinder pressure and stdፏ፦ፚ፱ is the standard de-
viation of the maximum in-cylinder pressure, shown in equation 4.2:

𝑠𝑡𝑑ፏ፦ፚ፱ = √
∑፦።዆ኻ(𝑃።𝑚𝑎𝑥 − 𝑃𝑚𝑎𝑥ፚ፯፠)ኼ

𝑚 − 1 (4.2)
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Where Pmaxፚ፯፠ is the average of the maximum in-cylinder pressure over m cycles, P።max is the
maximum in-cylinder pressure of the i-th cycle, and m is the number of cycles taken = 60.

The standard deviation or COV changes with sample size. The more samples used, the smaller the
standard deviation will be. Therefore, a critical view is needed when these COV values are matched
with the COV measurements from other literature. However, with equal sample sizes the COV for
methanol and NG can be compared and give a first estimate of the stability of the combustion. Accord-
ing to Lancaster a 99.9 % confidence level for the sample to stay within a 3 % difference of the mean
is ensured with only 40 cycles, at highly stable operations [20]. But with less stable operations sample
sizes can go up to 300 to achieve equal confidence levels. In this comparison, the sample size of the
COV values for NG and for methanol are both 60 cycles.

Now for both pressure data sets the COV፩፦ፚ፱ is first taken for cylinder 4. With methanol, it shows for
cylinder 4 a COV፩፦ፚ፱ of 11.41 %. And with NG it shows a COV፩፦ፚ፱ of 9.34 %. For the cylinders 3,5 and
6 with NG, the value of COV፩፦ፚ፱ varied between 7.63 % and 9.34 %. For methanol, these cylinders
varied between 9.53 % and 14.82 %. This indicates higher cycle-to-cycle variations with methanol
compared to NG. In Xie [48] similar results were found when running there engine on methanol. They
found COV፩፦ፚ፱ values between 3.4 % and 14.0 %. F. Ma (F. Ma 2008) found values between 9.0 % and
11.0 % for NG for similar conditions [24]. The first impression of these results is that with methanol the
COV፩፦ፚ፱ is slightly higher than running with NG, thus indicating less stable combustion with methanol.

Coefficient of variation for the indicated mean effective pressure (COV።፦፞፩)
Another way to compare cycle-to-cycle variations between NG and methanol is to look at the COV of
the indicated mean effective pressure (imep), which is more commonly used to determine the stability
of the combustion [15, p.417]. The formula 4.3 shows the COV።፦፞፩ calculation:

𝐶𝑂𝑉።፦፞፩ =
𝑠𝑡𝑑።፦፞፩
𝑖𝑚𝑒𝑝ፚ፯፠

⋅ 100% (4.3)

Where 𝑠𝑡𝑑።፦፞፩ is the standard deviation of the imep:

𝑠𝑡𝑑።፦፞፩ = √
∑፦።዆ኻ(𝑖𝑚𝑒𝑝። − 𝑖𝑚𝑒𝑝ፚ፯፠)ኼ

𝑚 − 1 (4.4)

And where the imep is the work during one cycle divided by the stroke volume as shown in the
following formula [35]:

𝑖𝑚𝑒𝑝 = 𝑊።
𝑉፬
=

∫
፜፲፜፥፞

𝑝 ⋅ 𝑑𝑉

𝑉፬
(4.5)

The full work cycle is taken in the formula, therefore Wፇand𝑊ፋ are combined in W።. To validate the
COV values a comparison is also made with the data from the Kibox. The COV values in the Kibox are
calculated similar with formula 4.3, only the imep is defined alternative in the Kibox. To have the imep
of the kibox comparable with formula 4.5 the total indicated mean effective pressure (imepፍ) needs to
be used, as shown in formula 4.6:

𝑖𝑚𝑒𝑝ፍ,፤።፛፨፱ = 𝑖𝑚𝑒𝑝ፇ + 𝑖𝑚𝑒𝑝ፋ (4.6)

Where imepፇ is the high part during the pressure cycle and imepፋ is the low part or pumping loop
in the pressure cycle. Now for both pressure data sets the COV።፦፞፩ is computed for cylinder 4 at 375
kWe and ignition timing of 20 °CA BTDC. With methanol, it shows for cylinder 4 a COV።፦፞፩ of 3.72
%. And with NG a COV።፦፞፩ of 2.21 % is shown. Therefore, it can be concluded that in cylinder 4
with methanol more cycle-to-cycle variations are shown compared to NG. For the other cylinders with
methanol, the value of COV።፦፞፩ varied between 3.72 % and 6.11 %. For NG the other cylinders varied
between 1.76 % and 2.93 %. The COV።፦፞፩ of the kibox shown similar results with a maximum error of
0.1 % as shown in appendix C.0.1.

In Heywood [15, p417] is stated that when COV።፦፞፩ exceeds 10 % the ICE in automotive will cause
driveability problems. This 10 % value was also exceeded when injector 4 needed to be replaced due
to dirt in the injector as shown in appendix C.0.2. Furthermore, Sapra et al. [30], found that the current
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test engine operation became rough and unstable when COV።፦፞፩ crossed 10 % for 100 % natural
gas. The 10 % value will, therefore, be seen as the misfire or stability limit. Both values for methanol
and NG are far away from this unstable limit. Heywood also mentions that more accurate imep will be
given with more than 100 cycles, but here again, the sample size was only 60 [15]. Thus, the standard
deviation is negative effected due to the low sample size. Both NG and methanol were measured
with the same sample size. In conclusion, from the COV።፦፞፩ comparison between methanol and NG
at similar operating conditions, it can be concluded that combustion with methanol is less stable, but
close to the stability of NG.

4.1.2. Cylinder-to-cylinder variations
According to Heywood is the operating regime of the engine limited by the extreme cycles [15]. These
extreme cycles can appear in cycle-to-cycle variation, as discussed in the previous section, and can
also appear due to cylinder-to-cylinder variations. Therefore, cylinder-to-cylinder variations in combus-
tion are important and will be further investigated in this section for the combustion of NG and methanol.

Figure 4.3: Mean pressure cylinder-to-cylinder variation with NG

The cylinder-to-cylinder variation for NG and methanol are shown in figures 4.3 and 4.4. The pres-
sure data had some post-processing before it is shown. The in-cylinder data of every data-set consist
of 60 cycles. The mean of these 60 cycles is taken to get a mean pressure of one cylinder. When the
mean was taken of multiple data sets with similar conditions the pressure lines are on top of each other
and only at the peak pressures minor differences are visible. Therefore, no further smoothing of the
signal was necessary and only one of the data sets is used for this research.
The figures 4.3 for NG and 4.4 for methanol are at 375 kWe, 500 mg/nmኽ NOx, ignition at 20 °CA
BTDC and 1500 rpm. The graphs show the cylinder-to-cylinder mean pressure variation between the
four cylinders (3,4,5 and 6) measured by the Kibox. Two interesting things to see from these figures is
that:

• A difference is visible with NG between cylinder 5 and 6 of almost 10 bar at the maximum pressure.
Because the fuel with NG is mixed with the air early in the engine, it is likely to assume that both
cylinders will get the same percentage of fuel or equal AFR. Therefore, the difference here in
cylinder-to-cylinder variations is most likely to come from other engine parameters, like how the
manifold distributes the gas to the cylinders.

• With the methanol injection, it is visible that cylinder 3 and 4 have a higher pressure than cylinder
5 and 6. The difference between the highest and the lowest mean pressure between the cylinders
about 3 bar more with methanol compared with NG. The injectors of cylinder 5 and 6 are closer
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to the fuel pump than injectors of cylinder 3 and 4. This higher cylinder-to-cylinder variations with
methanol can be caused by dirt in some of the injectors. This causes lower maximum pressures,
which has also been seen before testing with the pressure of cylinder 4 with a dirty injector.

Figure 4.4: Mean pressure cylinder-to-cylinder variation with methanol

4.1.3. Mean cylinder pressure

Figure 4.5: Mean pressure of NG compared to methanol at 375 kWe

The next step is to compare the mean cylinder pressures of NG with methanol. The average pressure
of the 60 cylinder cycles for all the four measured cylinders is calculated as a function of crank angle.
The engine settings corresponding to the measurements shown in figure 4.5 were 375 kWe power
output, 500 mg/nmኽ of NOx, ignition at 20 °CA BTDC and 1500 rpm. As seen in figure 4.5, and based
on an average of all four cylinders, methanol showed lower in-cylinder pressures compared to NG at
the same engine operating conditions. However, it is vital to note that this was not the case for every
single cylinder. For instance, cylinder 4 showed higher in-cylinder pressures with methanol compared
to cylinder 4 with NG. It can also be seen that after TDC (0 degrees) the pressure rise with methanol
is much steeper than with NG. This steeper rise of pressure can be an indication of faster combustion
and will be further investigated with the model.
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4.2. Ignition variation
In the previous section, the first comparisons are made between NG and methanol at similar operating
conditions, the effect of changing ignition timing with methanol will be further investigated in this section.
The ignition timing has a strong influence on efficiency and operating range [3]. With advanced ignition
timings, knocking can be expected, with retarded ignition timing misfires can be expected [47]. Within
these two limiting factors, the ignition timing will be varied, to determine stability. The efficiency is also
influenced by changing ignition timing and will further investigated for every ignition timing in section
4.5. In this section, the cycle-to-cycle pressure variation and COV stability values will be investigated
for methanol with an ignition variation from 16 °CA BTDC to 24 °CA BTDC.

4.2.1. Cylinder pressure with changing ignition timing

Figure 4.6: Mean pressure of all cylinders with changing ignition timing at 250 kWe on 100 % methanol

Figure 4.7: Mean pressure of all cylinders with changing ignition timing at 375 kWe on 100 % methanol

The variations of ignition timing with methanol are done at 50 % and 75 % of maximum engine load.
The ignition timing has been varied between 16 and 24 °CA BTDC in steps of 2 degrees. Normal



4.2. Ignition variation 33

settings for NG and all other performance runs are at 20 °CA BTDC. Figure 4.6 shows the average
pressures versus crank angle for various ignition timings at 50 % load and figure 4.7 at 75 % load. As
expected the pressure peak comes earlier after TDC, as ignition timing advanced from 16 to 24 °CA
BTDC. With advanced ignitions higher pressure rise and higher maximum pressure are achieved.

4.2.2. COV፩፦ፚ፱ and COV።፦፞፩ with changing ignition timing
At rated power of 250 kWe the COV፩፦ፚ፱ of all cylinders are computed and shown in table 4.1 with the
varying ignition timings. The COV፩፦ፚ፱ in this table are calculated with formula 4.1. It appears that the
cycle-to-cycle variations do not change much with changing ignition timing for each cylinder. It does
show again that the cylinder-to-cylinder variations are also visible in the COV፩፦ፚ፱. Cylinder 5 and 6
have higher COV፩፦ፚ፱ than cylinder 3 and 4. This means more fluctuations of the pressure, is shown
in cylinder 5 and 6. Due to the higher COV፩፦ፚ፱, the average (peak) pressure of cylinder 5 and 6 will
be lower than of cylinder 3 and 4 as also been shown at 375 kWe with 100 % methanol in figure 4.4.

Table 4.1: COVᑡᑞᑒᑩ at 250 kWe for 100 % methanol at different ignition timings

Ignition timing COV፩፦ፚ፱(CYL3) COV፩፦ፚ፱(CYL 4) COV፩፦ፚ፱(CYL 5) COV፩፦ፚ፱(CYL 6)
16 °CA BTDC 9.56 % 13.10 % 13.56 % 13.70 %
18 °CA BTDC 10.75 % 10.71 % 14.12 % 15.78 %
20 °CA BTDC 10.04 % 13.40 % 15.13 % 13.78 %
22 °CA BTDC 11.58 % 12.41 % 15.12 % 14.74 %
24 °CA BTDC 10.47 % 12.94 % 13.79 % 13.03 %

In table 4.2 the COVፈፌፄፏ, calculated with formula 4.3, is shown for the four measured cylinders with
a variation of ignition timing. From these values, it is visible that the lowest COVፈፌፄፏ are at an ignition
timing of 22 °CA BTDC. Indicating the most stable ignition timing is at 22 °CA BTDC at 250 kWe with
methanol. Between 16 and 24 °CA BTDC the ignition timing all stays in a stable region, however, at
16 and 18 °CA BTDC significant less stable COV።፦፞፩ are shown, closer to the 10 % unstable limit.

Table 4.2: COVᑚᑞᑖᑡ at 250 kWe for 100 % methanol at different ignition timings

Ignition timing COV።፦፞፩(CYL3) COV።፦፞፩(CYL 4) COV።፦፞፩(CYL 5) COV።፦፞፩(CYL 6)
16 °CA BTDC 4.50 % 3.98 % 5.45 % 6.15 %
18 °CA BTDC 3.77 % 4.08 % 6.04 % 9.13 %
20 °CA BTDC 3.35 % 3.49 % 5.05 % 6.57 %
22 °CA BTDC 3.00 % 3.18 % 5.5 % 4.73 %
24 °CA BTDC 3.47 % 3.95 % 5.8 % 4.97 %

The COV።፦፞፩ has been determined on a similar way for 375 kWe as shown in table 4.3. In this table
almost equal results are shown as found at 250 kWe. The most stable or lowest COV percentages are
found at 22 and 24 °CA BTDC. Although, COV።፦፞፩ at 16 and 18 °CA BTDC are showing here much
lower values compared to 250 kWe. Again, cylinder 5 and 6 shown higher COV።፦፞፩ than cylinder 3
and 4, indicating the earlier shown cylinder-to-cylinder variations with methanol.

Table 4.3: COVᑚᑞᑖᑡ at 375 kWe for 100 % methanol at different ignition timings

Ignition timing COV።፦፞፩(CYL3) COV።፦፞፩(CYL 4) COV።፦፞፩(CYL 5) COV።፦፞፩(CYL 6)
16 °CA BTDC 3.96 % 3.58 % 5.30 % 4.93 %
18 °CA BTDC 3.54 % 3.61 % 5.18 % 4.85 %
20 °CA BTDC 4.02 % 3.72 % 4.97 % 6.11 %
22 °CA BTDC 3.11 % 3.44 % 4.08 % 4.73 %
24 °CA BTDC 3.05 % 3.62 % 5.96 % 4.19 %

Section 4.1.1 concluded that methanol was less stable than NG at an ignition timing of 20 °CA BTDC.
Now with the ignition variation shown in the tables 4.2 and 4.3, it becomes clear that the stability with
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methanol for all used ignition timings was less stable than NG at 20°CA BTDC. The lower stability with
methanol compared to NG could be due to one or a combination of the following reasons:

• Dirty or blocked injectors.
Prior to the experiments, the fuel injector of cylinder 4 is replaced due to dirt in the injector. In
appendix C is shown that after replacing and fitting cylinder 4 with a clean injector, the COV።፦፞፩
for that cylinder reduced from 10.59 % to 3.72 %, which is within the range of the above reported
values found for methanol. It is vital to note that even when cylinder 4 indicated COV።፦፞፩ value of
10.59 %, other cylinders had COV።፦፞፩ in the acceptable range of 3.15 to 5.21 %. Furthermore,
after replacing the injector of cylinder 4, the COV።፦፞፩value of 3.72 % was slightly lower than the
4.02 to 6.11 % values found for cylinder 3, 5 and 6. Thus, cleaning and replacing the cylinder
clearly showed an improvement, however, the variations were still higher than those found for NG
at the same operating condition. Given that dirt can cause injector blockage, which can lead to
significantly high COV።፦፞፩ values, the author would like to consider the possibility that the higher
variations in COV።፦፞፩ with methanol could be due to still remaining dirt particles in the injectors,
originating from the production process of the new fuel system.

• Higher evaporation energy.
Another reason could be the 4 times higher evaporation energy requirement of methanol com-
pared to diesel in combination with port injection instead of injection more upstream. In chapter
5.2 is calculated that at IVC the methanol is only for 18 % in a gaseous state, due to the low inlet
temperatures, while NG is at IVC already 100 % in a gaseous state. The high evaporation energy
requirement of methanol inside the cylinder could lead to non-uniform fuel evaporation before
ignition, thus, leading to a non-homogeneous mixture formation with local air-excess ratios that
are higher than 1.6, and, therefore, prone to cause combustion instability and higher in-cylinder
pressure variations.

• Lower flame speed.
Lastly, Winterbone and Turan have reported that at lean air-excess ratios (approximately higher
than 1.17) methanol can have a lower (laminar) flame speeds than that of methane, as shown
in figure 2.3.8 [46]. The current test engine operates at much higher air-excess ratios of 1.6
when operating on 100 % methanol and 100 % natural gas. Reduced premixed flame speed
of methanol at these leaner air-excess ratios could lead to slower combustion rates, which may
contribute to higher cycle-to-cycle variations [12]. This hypothesis of lean methanol combustion
causing lower combustion rates will be investigated chapter 6.3.

4.2.3. COV values from Kibox with changing ignition timing

Figure 4.8: COV values with methanol of cyl 4 from Kibox with varying ignition timing at 375 kWe (M=30 for every COV point)
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The own calculated COV values are now compared with the data from the Kibox. In appendix C.0.1
this is performed in detail for both COV values and Kibox settings. In the appendix the own calculated
COV values are validated. In this section, only the results will be shown from the kibox COV values to
find the ignition timing with the best stability.

In the results of the appendix C.0.1, it was found that the COV።፦፞፩ in the Kibox is taken with 30
cycles instead of 60 cycles which has been used in formula 4.2 and 4.4. This will result in somewhat
different values. However, the kibox stores more COV values, because it computes a new COV value
over the last 30 cycles at every new cycle. The COV።፦፞፩ from the Kibox of cylinder 4 is plotted in figure
4.8. To compare with table 4.3, the mean of these Kibox COV values is displayed in table 4.4.

Table 4.4: Mean of kibox COVᑚᑞᑖᑡ values of cylinder 4 with varying ignition timing

16 °CA BTDC 18 °CA BTDC 20 °CA BTDC 22 °CA BTDC 24 °CA BTDC
3.62 % 3.64 % 3.52 % 3.59 % 3.44 %

In table 4.4 it can be seen that the most stable and lowest COV percentages are shown at 24 °CA
BTDC. Nevertheless, the values are close to each other. Especially the value of 16 °CA BTDC and
22 °CA BTDC are close together. When looking at figure 4.8, it shows that the COV።፦፞፩ fluctuates
between 2.5 % and 4.7 % and at some points in the figure the COV is lowest with an ignition timing
of 16 or 18 °CA BTDC, thus the most stable ignition timing. Therefore, it is in the writer’s opinion,
not possible to the determine optimum stability point. Because only one measurement of every varied
ignition timing was taken. Combined with different results seen from the kibox compared to calculated
COV values with formula 4.3. Concluding that hypothesis number 2 will not hold, which was:

”Better stability will be expected to be at an earlier ignition timing. With NG the standard ignition
timing is at 20 °CA BTDC ”.

Although hypothesis number 2 will not hold still can be stated that between 16 and 24 °CA BTDC
stable running of the engine with methanol is shown when taken an unstable limit of 10 %. Also the
COV values show not many variation with ignition timings between 16 and 24 °CA BTDC.

4.2.4. COV values from Kibox for methanol compared to NG
Next, a comparison with the Kibox COV values will be performed for methanol compared to NG. Section
4.1.1 shows that methanol has higher COV values than NG at an ignition timing of 20 °CA BTDC,
calculated with equation 4.3. In figure 4.9 the COV values are shown from the kibox for NG and
methanol for all cylinders at 375 kWe at 20 °CA BTDC.

Figure 4.9: COV values of NG and methanol at 375 kWe and 20 °CA BTDC ignition from Kibox (M=30 for every COV point)
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Figure 4.9 contains the following information:

• All COV values at 375kWe and 20 °CA BTDC are under the unstable limit of 10 %.
• COV values of methanol fluctuate more than COV values of natural gas. And the COV values of

methanol are almost all cycles higher than the COV values of natural gas.
• For methanol cylinder 5 and 6 variate up to 2.5 % of the COV values. For cylinder 3 and 4 COV

values variate up to 1.5 %.
• COV values of methanol from cylinder 3 and 4 are higher but much closer to the COV values of

NG compared to cylinder 5 and 6.

Now, having a closer look to the (black) line of cylinder four with methanol, in figure 4.9, this is clearly
lower than cylinder 5 and 6, indicating higher stability. As already mentioned the injector of cylinder 4
was replaced and the calculated COV።፦፞፩ was found lower compared to all other cylinders, as shown
in table 4.3. Thus, the kibox COV values shown comparable results. Meaning the higher stability of
cylinder 4 compared to all other cylinders is also found over more cycles with the Kibox.

In summary, looking at the tables 4.2 and 4.3 and figure 4.9 it can be seen that the stable combus-
tion with methanol is gained at both loads on ignition timings between 16 - 24 °CA BTDC. All COV።፦፞፩
values are under the unstable limit of 10 %, thus earlier calculated COV values are comparable. How-
ever, at all ignition timings, the COV values are higher with methanol than with NG. It showed in figure
4.9 that only cylinder 3 and 4 were close to the COV values of NG. With the knowledge that cylinder
4 had a clean injector, it is recommended to replace all injectors prior to the next performance tests.
Expected is that stability COV values of methanol will then be closer or even lower compared to the
COV values of NG.

4.3. Aftercooler temperature variation

Figure 4.10: Temperature aftercooler variation between 40 °C and 60 °C

The temperature after the cooler, T፦ፚ፧።፟፨፥፝, has been varied from 40 °C to 60 °C. This increases the
in-cylinder inlet air temperature measured just before the inlet valve, T።፧፥፞፭፯ፚ፥፯፞. This has been realized
by manual closing the cooling valve to the air cooler. Increasing T።፧፥፞፭፯ፚ፥፯፞ increases the fraction of fuel
vaporized before entering the combustion chamber [15]. And due to the high heat of vaporization of
methanol, it is expected that a higher T።፧፥፞፭፯ፚ፥፯፞ will give a more homogeneous mixture at ignition [3].
And yet generally lower T።፧፥፞፭፯ፚ፥፯፞ gives a lower maximum in-cylinder temperature, resulting in fewer
NOx emissions [36]. The trade-off between these two effects with changing T።፧፥፞፭፯ፚ፥፯፞ is unknown
and therefore it is interesting to see how the engine responds to varying temperature settings. In the
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following experiment, the temperature after the cooler is changed from 40 to 60 °C and back within a
period of 20 minutes as shown in figure 4.10. The methanol flow and power were kept constant on 200
kg/hr and 375 kWe.

With increasing temperature after the cooler from 40 °C to 60 °C the λ climbed from 1.61 to 1.65
and the NO፱ emissions drop from 170 ppm (= 500 mg/Nmኽ) to 117 ppm, which is shown in figure
4.11. This is an observation that is differently known from other fuel types. When normal increasing
the temperature after the cooler the temperature of the air and fuel entering the cylinder will be higher
and therefore more NO፱ is shown with conventional fuels like diesel and natural gas [38]. However,
increasing the temperature after the cooler by 20 °C, resulted not in a (trapped) in-cylinder temperature
increase of 20 °C. The temperature at the inlet valve only went up from 13.5 °C to 16.0 °C, as shown
in table 4.5. This small increase in temperature is expected to be due to the high heat of evaporation
required for methanol, which is further explored in chapter 5.2.2.

Table 4.5: Important parameters with increasing aftercooler temperature at 375 kWe and constant fuel consumption

T፦ፚ፧።፟፨፥፝ (°C) T።፧፥፞፭፯ፚ፥፯፞ (°C) P (bar) λ(-) NOx (ppm)
40 13.5 1.42 1.61 170 (=500 mg/Nmኽ)
60 16.0 1.51 1.65 117 (=344 mg/Nmኽ)

In figure 4.12 the mean in-cylinder pressure is shown at a manifold temperature of 40 °C and 60 °C,
this is the temperature after the outlet of the aftercooler. A clear difference is shown in the increasing
pressure part. Where the manifold temperature is higher the pressure is increased at an earlier CA.
However, at 20 °CA ATDC the pressure lines cross each other. Resulting in a almost equal peak
pressures. To explain this, first, the trapped mass is investigated. With increasing temperature, the
trapped pressure (pኻ) will be compared at the moment of IVC (159 °CA BTDC). pኻ(40 °C) = 1.42 bar
and pኻ(60 °C) = 1.51 bar. When looking at the difference of the pressure manifold following can be
seen: p፦ፚ፧።፟፨፥፝(40°C)=0.72 bar and p፦ፚ፧።፟፨፥፝(60°C)=0.78 bar. Due to the ideal gas law (equation
5.3) and equal volume, this must result in more trapped mass or higher in-cylinder temperature. Equal
mass of fuel is injected, but there is more air in the cylinder at the moment of IVC (λ went up). This
is interesting to see because in appendix B.2 also higher lambda showed with lower NOx emissions.
However, there it was combined with increased fuel consumption. In this analyse, with increasing
temperature after the cooler, now higher lambda’s are obtained, with equal fuel consumption resulting
in lower NOx emissions.

Figure 4.11: Noᑩ emission during temperature increase to 60°C

Regarding the stability, the COV።፦፞፩ for cylinder 3 and 4 decreased, indicating higher stability,
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however, the COV።፦፞፩ for cylinder 5 and 6 increased. COV።፦፞፩ for cylinder 3 declined from 3.32 % to
3.17 %, and for cylinder 4 from 4.12 % to 4.07 %; COV።፦፞፩ for cylinder 5 rose from 5.07 % to 5.72 %,
and for cylinder 6 from 4.06 % to 5.77 %. Therefore, changes in the overall stability of the combustion
with methanol with higher aftercooler temperature could not be concluded, because stability went up
for cylinder 3 and 4 and went down for cylinder 5 and 6. More and steady state measurements are
required to determine the stability change with varying manifold temperature. As stated in chapter 3,
this test could only be conducted on 75 % load due to limited time, but testing at different loads is
advised. It is also visible in figure 4.10 that it was a quick sweep from 40 to 60 °C and back. For
better results regarding stability, a steady-state, longer period at 60 °C or even higher temperatures
is recommended. With the model, the in-cylinder temperature will be investigated to see if it can be
related to the lower NOx emissions at higher manifold temperatures in chapter 6.

Figure 4.12: Mean in-cylinder pressure plots at a Tᑞᑒᑟᑚᑗᑠᑝᑕ of 40 °C and 60 °C

4.4. Combustion duration
The combustion duration is a period of time within which combustion of the fuel is completed [15].
According to Verhelst, the faster premixed-combustion of methanol shortens the combustion duration,
limiting the duration of high in-cylinder temperatures [42]. In chapter 6 a heat release comparison will
be made between NG and methanol with the model. Within a heat release study often the combustion
duration and centre of heat release rate (HRR) are seen as an important parameter [26]. These heat
release values to determine the combustion duration are obtained form the Kibox data and will be
shown in this section, to compare the combustion duration between NG and methanol.

Table 4.6: Mean of kibox CA10 CA50 and CA90 values in °CA ATDC of the four measured cylinders with methanol with varying
ignition timing compared to natural gas

NG 20 °CA
BTDC

16 °CA
BTDC

18 °CA
BTDC

20 °CA
BTDC

22 °CA
BTDC

24 °CA
BTDC

CA10 5.03 8.26 6.97 5.57 3.40 2.56
CA50 19.78 20.49 19.31 19.98 15.59 14.86
CA90 42.86 42.71 42.36 41.79 40.05 40.01
CA90-CA10 37.83 34.45 35.39 36.22 36.65 37.45

From the Kibox the crank angles can be found for 10 %, 50 %, and 90 % of mass fraction burned.
For every measurement 60 values are given for every cylinder. These values are taken from the four
measured cylinders and the mean value is taken. These mean values are compared for NG with an
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ignition timing of 20 °CA BTDC and methanol at 16 °CA BTDC up to 24 °CA BTDC and shown in table
4.6. In this table 10% fuel mass fraction burned (CA10), centre of the heat release rate (CA50), end of
combustion (CA90) and combustion duration (CA10-CA90) are shown for 375 kWe, 1500 rpm and 500
mg/nmኽ NOx. It shows that the combustion duration decreases with methanol with later ignition timing.
In comparable settings (20 °CA BTDC) combustion duration of methanol is shorter than for NG with
1.61 °CA. The Kibox calculation for the CA10, CA50 and CA90 are calculated different compared to
the model calculations and therefore further investigation and comparisons of the combustion duration
will be done with the model in chapter 6.3.

According to Merker the most fuel consumption optimal operating point of CA50 is at 8 °CA ATDC
[26]. This is almost independent of type of engine or combustion process. This optimal operating point
of CA50 has been compared with data from 6 SI engines, in the work of Helmut Tschöke et al. [14].
They found an optimum at 8.65 CA ATDC for their 6 engines. In this research, the 8 °CA ATDC will
be utilized as the fuel consumption optimal operating point of CA50. From table 4.6 can be seen that
this optimal operating point is not obtained during the ignition variation, but with methanol at an ignition
timing of 24 °CA BTDC, the CA50 value of 14.86 °CA ATDC is closest to this optimal operating point.

4.5. Effective (brake) engine efficiency
The effective (brake) engine efficiency of methanol is compared to NG and how this efficiency is calcu-
lated will be discussed in this section. First, fuel mass flow (𝑚̇) is required to determine the efficiency.
Looking at methanol, the following is found from the experimental results concerning the fuel mass flow
at 500 mg/nmኽ NO፱ and an ignition timing of 20 °CA BTDC :

• With 250 kWe generator power (50 % load) a methanol mass flow of 143.5 kg/hr is measured.
• With 375 kWe generator power (75 % load) a methanol mass flow of 200.0 kg/hr is measured.

Then, the brake power (𝑃፛) is needed, but from the measurements only the generator power (𝑃፠፞፧) is
known, therefor 𝑃፛ is found with:

𝑃፛ =
𝑃፠፞፧

𝜂፠፞፧፞፫ፚ፭፨፫
(4.7)

Next, the specific fuel consumption can be calculated with:

𝑠𝑓𝑐 = 𝑚̇
𝑃፛

(4.8)

Finally, the efficiency is determined with the following formulas from Stapersma [38] and is also
known as the brake fuel conversion efficiency [15]:

𝜂፞ =
1

𝑠𝑓𝑐 ⋅ ℎፋ (4.9)

Where ℎፋ(፦፞፭፡ፚ፧፨፥) is the lower heating value (LHV) of methanol.

For methanol, the efficiency is calculated with a LHV = 19.9 MJ/kg from figure 2.3. A total (including
generator) efficiency (η፠፞፧፬፞፭) = 33.6 % at 375 kWe. Generator efficiency will be 95.5 % at 75 % load
according to datasheet of the generator as shown in appendix G. With formula 4.9 and 4.7 the engine
efficiency η፞ (19.9 MJ/kg) = 35.5 % at 500 mg/nmኽ NO፱, ignition timing of 20 °CA BTDC, and 375 kWe.

The engine efficiency with NG is gained from the datasheet of the engine as shown in appendix G.
At 75 % load, 500 mg/nmኽ NO፱, 18 °CA BTDC engine, an engine efficiency (η፞) of 33.9 % is received.
For 50 % load, an engine efficiency (η፞) of 31.0 % is given by the manufacturer. Both efficiencies are
calculated with a LHV of 34.5 MJ/mኽ. In table 4.7 the efficiency for methanol in the engine is given
throughout the full ignition sweep at both (50 and 75 %) loads. At 18 °CA BTDC ignition and the LHV
of 19.9 MJ/kg for methanol the efficiency for methanol will be compared with NG at both loads. The
efficiency with methanol is around 2.2 % better at 250 kWe and 0.9 % better at 375 kWe than with
natural gas already in these first performance tests. The engine efficiency increases up to a maximum
of 35.9 % with changed ignition timing of 24 °CA BTDC at 375 kWe. Thus, the efficiency of the engine
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improved by 2.0 % at 75 % load with advanced ignition timing while operating on 100 % methanol
compared to natural gas. This improvement in engine efficiency at the advanced ignition of 24 °CA
BTDC with 100 % methanol went up to 3.0 % at 50 % load.

In table 4.7 it shows the highest efficiency for methanol at the ignition timing of 24 °CA BTDC. In the
previous section, a fuel consumption optimal operating point of CA50 was explained. In table 4.6 at an
ignition timing of 24 °CA BTDC can be seen that from the Kibox the CA50 of 14.86 °CA ATDC is closest
to 8 °CA ATDC. Thus, best efficiency found with an ignition timing of 24 °CA BTDC is compliant with
the expectations of the CA50 closest to the fuel consumption optimal operating point of CA50 at 8°CA
ATDC. Further investigation and comparisons of fuel consumption optimal operating point of CA50 will
be done with the model in chapter 6.3

Overall, the efficiency for methanol is higher compared to NG. These preliminary methanol engine
results show that improvements in engine efficiency can be obtained from a retrofitted SI NG engine
converted to operate on 100 % methanol without making any modifications to the geometrical engine
specifications. According to Verhelst, this is expected to be gained from the increased charge density
which leads to higher volumetric efficiency, shorter combustion duration and lower wall heat losses [42].

Table 4.7: Engine efficiency (ηᑖ) of methanol with varying ignition timing compared with NG

Power
LHV
(methanol)
[MJ/kg]

NG 18 °CA
BTDC

16 °CA
BTDC

18 °CA
BTDC

20 °CA
BTDC

22 °CA
BTDC

24 °CA
BTDC

250 kWe 19.9 31.0 % 32.5 % 33.2% 33.6 % 33.8 % 34.0 %

375 kWe 19.9 33.9 % 34.4 % 34.8 % 35.5 % 35.7 % 35.9 %

4.6. Experimental sub-conclusions
Now the test setup in chapter 3 and the analyses of the experiments are described the first conclusions
will be described by answering the sub-questions of this thesis:

• Is it possible to run a CAT G3508A spark-ignited (SI) engine with port-injected methanol?
Yes, it is possible to run the engine stable on 100 % methanol. The engine was able to operate
after engine modifications were made to the fuel system, control system and aftercooler controls.
Furthermore, safety systems and measurement systems were changed to make it possible to
experiment on the 100 % methanol engine.

• What challenges are faced when running the engine on methanol?
During the first performance tests, it was not possible yet to start the engine on 100 % methanol
and it still needed natural gas during a 5-second startup. Furthermore, 100 % load is not yet
accomplished. Although it is expected that this will be possible at following performance tests
after minor modification on the fuel system. The engine can operate, with the current fuel system,
up to 430 kWe (86 % of maximum). Third challenge that must be noted is that the fuel injector of
cylinder 4 needed to be replaced, prior to the measurements, due to dirt in the injector.

• What data should be measured from the engine for modelling the in-cylinder combustion perfor-
mance?
During the experimental runs, the test plan could partly be conducted, only on 50 % and 75 %
load, due to limited time and fuel. During these runs, the most important parameters for the
input and validation of the model are received among interesting measurement data. The most
important data that is received and necessary for modelling is in-cylinder pressure, crank angle,
temperature measurements, pressure measurements, exhaust emissions (NO፱ and Oኼ), engine
power and fuel consumption.

• What is the operation stability at 250 and 375 kWe with methanol compared to NG in terms of
COV።፦፞፩ and COVፏ፦ፚ፱?
The engine runs stable on 100 % methanol at 250 kWe (50 % load) and 375 kWe (75 % load)
between 16 °CA BTDC and 24 °CA BTDC ignition timing at 500 mg/Nmኽ NOx emission. Within
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the ignition timings of 16-24 °CA BTDC, all COV።፦፞፩ values stayed below the critical stability
limit of 10 %. Compared to NG, COV።፦፞፩ and COVፏ፦ፚ፱ showed higher values, indicating lower
stability for methanol than for NG. Methanol showed less stability due to higher cylinder-to-cylinder
variation. The expectation is that the higher cyclic variations are due to one or a combination of
the following reasons: a.) Dirt in the injectors causing blocked injectors, b.) High evaporation
heat of methanol and c.) Lower flame speed of methanol at the tested leaner air-excess ratios.
The lower flame speed was not concluded with the experiments, because it was found that the
combustion duration from Kibox for methanol was 1.6 °CA shorter than for NG at comparable
settings of ignition timing (at 20 °CA BTDC), power (375 kWe), engine speed (1500 rpm) and
NOx emission (500 mg/nmኽ).

• When running with methanol on constant NO፱ emissions of 500 mg/Nmኽ, what is the engine
efficiency at 50 and 75 % load compared to NG?
Efficiency improved by 2.2 % and 0.9 % at 50 % and 75 % load with methanol compared to natural
gas at same test conditions of ignition timing and NOx emissions. These preliminary methanol
engine results show that improvements in engine efficiency could be obtained from a retrofitted
SI NG engine converted to operate on 100 % methanol without making any modifications to the
geometrical engine specifications such as cylinder or piston geometry. With advanced ignition
timings of 24 °CA BTDC, the efficiency with methanol further increased up to 3 % and 2 % for 50
% and 75 % load, compared to NG with an ignition timing of 18 °CA BTDC.

And therefore the following hypotheses will hold or will be rejected:

• Hypothesis number 1 ”Engine efficiency is expected to be higher on methanol than on natural
gas with the performed test loads of 50 % and 75 % load.”, will hold. Better efficiency at 50 %
and 75 % load is shown with increasing efficiencies for methanol of 2.2 % and 0.9 % compared
to NG.

• Hypothesis number 2 ”Better stability will be expected to be at an advanced ignition timing. With
NG the standard ignition timing is at 20 °CA BTDC.”, will be rejected. The best stability initially
has been found with methanol at 22 °CA BTDC. Also with the mean of the Kibox data the best
COV stability values were found at 24 °CA BTDC. Nevertheless, the Kibox data showed lots of
fluctuations in the COV values and also at moments better stability was found at 16 or 18 °CA
BTDC. Therefore, this hypothesis will not hold.

• Hypothesis number 3 ”Better efficiency will be reached at an advanced ignition timing onmethanol
than the standard used ignition timing of NG. With NG the standard ignition timing is at 20 °CA
BTDC.”, will hold. Within the ignition sweep, the best efficiency is found with an advanced ignition
timing of 24 °CA BTDC.

• Hypothesis number 4 ”With increasing temperature after the cooler, there will be more evapora-
tion before the inlet valve, which causes better in-cylinder condition and therefore with constant
efficiency, a lower NO፱ emission can be realized” holds. With increasing aftercooler temper-
atures, lower NO፱ emissions are shown at the same fuel consumption rate. Only aftercooler
temperature variations of 40 °C up to 60 °C has been done in the performance test. Expected
is that lower NO፱ emissions can be obtained by further increasing the aftercooler temperature.
Further testing of this hypothesis will show in chapter 6.





5
The model

This chapter describes the in-cylinder Heat Release (HR)-model. First, the original NG model is il-
lustrated, including all sub-models and minor modifications for the use of methanol. Then, the major
modifications to use the model for port-injected methanol are explained. Finally, the assumptions and
pre-calculations in this model will be summarized.

5.1. The in-cylinder HR-model
The heat release model calculates the combustion reaction rate, including heat losses. The model
is commonly used to calculate in-cylinder temperatures and three types of heat release rates (HRR),
which will be explained in this chapter. This model requires cylinder pressure and the crank angle (𝛼) as
the input [8]. Both pressure and 𝛼 are measured from the engine with the Kibox. All sub-models of the
model will be discussed up to the point of HRR calculations. A block diagram of the whole process is
given in figure 5.1. The sub-models or parts from the model that will be explained in the following order
are volume, temperature, air excess ratio, mass balance and composition, properties library, heat of
combustion (u፜፨፦፛), heat loss (Woschni model), energy of fuel and finally the heat release calculations
combustion reaction rate (CRR), gross apparent heat release rate (GAHRR) and the net apparent heat
release rate (NAHRR).

Figure 5.1: Blockdiagram of the ”Heat release calculation model [8]”

5.1.1. Volume
To calculate work and temperature at every crank angle, the volume is needed. For every crank angle
(𝛼) the volume of the cylinder in mኽ is calculated as shown in equation 5.1 [8].

43
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𝑉(𝛼) = 𝐴፛ ⋅ 𝐿፬ ⋅ (
1

𝜖 − 1 ⋅
1
2 ⋅ ((1 + 𝑐𝑜𝑠𝛼) +

1
𝜆፜፫

⋅ (1 − √1 − 𝜆ኼ፜፫ ⋅ 𝑠𝑖𝑛ኼ𝛼)) (5.1)

Where A፛ is the bore area in mኼ, L፬ is the stroke length in m, 𝜖 is the geometric compression ratio,
and the crank/rod ratio (𝜆፜፫) is defined as [36]:

𝜆፜፫ =
𝑅፜፫
𝐿፜፫

= 𝐿፬/2
𝐿፜፫

(5.2)

Where 𝑅፜፫ is the radius of the connecting rod making on the crankshaft in m, 𝐿፜፫ is the length of
the connecting rod in m, and 𝐿፬ is the stroke length in m. The length of the stroke is equal to two times
𝑅፜፫, equal to the maximum movement of the piston moving up and down on the crankshaft.

5.1.2. Temperature
The in-cylinder temperature is an interesting parameter in itself to investigate but is also needed in
the model for internal energy, heat loss, and combustion heat calculations. The temperature will be
calculated with the ideal gas law. The formula for the temperature in K is described in formula 5.3 [36].

𝑇(𝛼) = 𝑝(𝛼) ⋅ 𝑉(𝛼)
𝑚ኻ ⋅ 𝑅

(5.3)

Where the pressure is the in-cylinder measured pressure in Pa, volume is the calculated volume by
equation 5.1, 𝑚ኻ is trapped mass in the cylinder in kg, which will be further explained in section 5.1.4,
and R is the universal gas constant equal to 8.3145 kJ/(kmol K).

5.1.3. Air excess ratio
Before going further to the mass and composition balance first the air excess ratio is explained in more
depth because this is input for the air mass balance. The engine is controlled by the air excess ratio and
different values are observed at changing load or ignition timings. The air excess ratio for dry exhaust
gas (λ፭፨፭) is calculated with equation 5.4 [37]:

𝜆፭፨፭ =
yda-in

OᎴ − ydg-out
OᎴ ⋅ 14 ⋅

xf
H

MH
⋅ Mda
𝜎da

yda-in
OᎴ − ydg-out

OᎴ

(5.4)

Where yda-in
OᎴ is assumed 20.95 %, ydg-out

OᎴ is the measured mol fraction of oxygen in the exhaust gas,
molecular weight of hydrogen𝑀፡ = 1.008 g/mol, mixture molecular weight of dry air𝑀፝ፚ = 28.96 g/mol
and 𝜎da is the stoichiometric air/fuel ratio calculated with equation 5.5 [26, p178]:

𝜎da =
𝑀ፚ,፝ፚ
yda-in

OᎴ
⋅ ( 𝑥

፟
፜
𝑀፜

+ 14
𝑥፟፡
𝑀፡

− 12
𝑥፟፨
𝑀፨
) (5.5)

Where 𝑥፟፜ , 𝑥፟፡ and 𝑥፟፨ are the mass fraction in the fuel. 𝑀፜ is the molecular weight of Carbon =
12.011 g/mol and 𝑀፨ of Oxygen = 15.999 g/mol. For methanol the 𝜎da = 6.41, and for NG the 𝜎da=
13.3. To calculate the mass fractions, first the molecular weight of methanol (𝑀፦፞፭፡ፚ፧፨፥) in g/mol is
calculated with [19]:

𝑀፦፞፭፡ፚ፧፨፥ = 𝑀ፂ + 4 ⋅ 𝑀ፇ +𝑀ፎ = 12.011 + 4 ⋅ 1.008 + 15.999 = 32.042 (5.6)

And this gives the methanol mass fractions of 𝑥ፂ = 37.48 % for Carbon (C), 𝑥ፇ = 12.58 % for
Hydrogen (H) and 𝑥ፎ = 49.94 % for Oxygen (O). For NG the mol fractions of every component are
described in a analyse report shown in appendix I.1 and used to calculate 𝑀ፍፆ= 18.88 g/mol.
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Comparison of λ from Testo with outcome of formulas
With above formulas the measured λ፭፞፬፭፨ and the calculated λ፭፨፭ can be compared. For a given
situation with methanol as fuel, the ydg-out

OᎴ is equal to 8.597 % and with the formula 5.4 the following
λ፭፨፭ is calculated:

𝜆፭፨፭ =
0.2095 − 0.08597 ⋅ 14 ⋅

0.1258
1, 008 ⋅

28.96
6.47

0.2095 − 0.08597 = 1.60 (5.7)

When looking at the performance data, the λ can be found in the Testo-350 measured values. The
Testo-350 measures the following lambda at 8.597 % [40]:

𝜆፭፞፬፭፨ = 1.63 (5.8)

The λ፭፞፬፭፨ is 2 % higher than the calculated λ፭፨፭, thus both close to each other. In the model, the
calculated λ፭፨፭ with formula 5.4 will be used.

5.1.4. Mass and composition balance
The trapped mass (𝑚ኻ) is the total mass in the cylinder at the moment the inlet valve is closed. For
using 𝑚ኻ in equation 5.3, all the partial in-cylinder masses at the moment the cylinder is closed, need
to be known. The fuel mass is measured, but the air and residual gas that are both in the trapped mass
are yet unknown. To calculate the 𝑚ኻ, mass fraction of residual gas and fresh air are to be calculated
with the following formula’s.

Mass balance
First trapped mass (mኻ) is calculated with the following formulas 5.9 [38]:

𝑚ኻ = 𝑚፟፫፞፬፡ +𝑚፫፠ (5.9)

Where 𝑚፟፫፞፬፡ is the newly added mass and calculated with equation 5.10. 𝑚፫፠ is the residual gas,
remaining mass from the previous cycle, and calculated in 5.11 [38]:

𝑚፟፫፞፬፡ = 𝑚ፚ።፫(፧፞፰) +𝑚፟፮፞፥(፧፞፰) (5.10)

𝑚፫፠,፭ = 𝑚ፚ።፫(፨፥፝) +𝑚፟፮፞፥(፨፥፝) (5.11)

Therefore, combining the three equations will give equation 5.12 [38]: :

𝑚ኻ = 𝑚ፚ።፫(፧፞፰) +𝑚፟፮፞፥(፧፞፰) +𝑚፫፠ (5.12)

Where the 𝑚፟፮፞፥(፧፞፰),፭ is known from measurements and 𝑚ፚ።፫(፧፞፰) is calculated as follows [38]: :

𝑚ፚ።፫(፧፞፰) = 𝜎፝ፚ ⋅ 𝜆፭፨፭ ⋅ 𝑚፟፮፞፥(፧፞፰) (5.13)

Furthermore, to complete the mass balance the residual gas fraction (x፫፠) will be calculated and is
defined as [31]:

𝑥፫፠,፭ =
𝑚፫፠
𝑚፭

(5.14)

Composition balance and calculations of residual mass 𝑚፫፠
Residual mass (𝑚፫፠) will be calculated at the moment of IVC. When using the ideal gas law from
formula 5.3, at the moment of IVC, the 𝑚ኻ can be calculated. Therefore, also 𝑚፫፠ is calculated with
formula 5.12. The in-cylinder trapped mass is assumed to be constant without any crevice mass losses.
With the pressure at IVC, the volume at IVC and 𝑚፟፮፞፥ᑟᑖᑨ,ᑥ known, only the temperature (Tኻ) must be
calculated. The Tኻ can be calculated with induced temperature and scavenge temperature as described
in Stapersma [36, p.279]. The test engine in this research has no valve overlap of EVO and IVC, thus
there is no scavenge period. Therefore, Tኻ can be calculated for this engine as a combination of the
induction temperature and the higher blowdown temperature of the residual gas with equation 5.15
according to Sapra [31] :
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𝑇ኻ =
1

ፕᑀᑍᐺዅፕᑀᑍᑆ
ፕᑀᑍᐺ⋅ፓᑚᑟᑕ

+ ፕᐼᑍᐺ⋅፩ᑓᑝᑕ
ፕᑀᑍᐺ⋅፩Ꮃ⋅ፓᑓᑝᑕ

(5.15)

Where the induction temperature (T።፧፝) is assumed equal to the measured temperature for the inlet
valve. The pኻ is the trapped pressure at the moment of IVC and can be found in the measurements. The
volumes at inlet valve close (IVC), inlet valve open (IVO), exhaust valve closed (EVC) are calculated
with formula 5.1. The crank angels shown in 3.1 are used for these volumes and it must be noted
that IVO has changed with 2 °CA up to 353.3 °CA. The reason and effects of this change are fully
explained in appendix C.0.3.Blowdown temperature (T፛፥፝) and pressure (p፛፥፝) will be explained in
following formulas. First T፛፥፝ is calculated with [36, p338]:

𝑇፛፥፝ = (
𝑝፛፥፝
𝑝ፄፕፎ

)
ᑟᑖᎽᎳ
ᑟᑖ ⋅ 𝑇ፄፕፎ (5.16)

Where 𝑝ፄፕፎ is the pressure at the moment of exhaust valve opening, 𝑛፞ the polytropic exponent
taken to be 1.30. The temperature exhaust valve open 𝑇ፄፕፎ is needed but was not measured during
these performance tests. Therefore, an initial temperature of 𝑇ፄፕፎ, is taken from the experiments of
Sapra [31]. And with iterating steps, this exhaust valve temperature is corrected. Actual blowdown
pressure was not measured, but can be assumed to be the end pressure in the cylinder according to
Stapersma with equation 5.17 [36, p338]:

𝑝዁ = 𝑝፛፥፝ = 𝑝ፄፕፂ (5.17)

Where the end pressure will be taken at the moment of exhaust valve closed from the in-cylinder
pressure.

Furthermore, it must be noted that the calculation of x፫፠,፭ is sensitive to the inlet temperature. This
temperature is measured close to the inlet valve but also has a sensor error. With a change of 1 °C
of the inlet temperature the calculated x፫፠,፭ changes with 0.3 %, e.g. from 18.4 % to 18.7 %. But
the uncertainty of the temperature sensors is already 1.5 °C, as shown in table 3.3. In the model, the
analysis of HR-results are strongly dependent on the composition, and thus the value of the residual
gas fraction x፫፠,፭. Therefore, the calculated x፫፠,፭ will be adjusted to the measured injected fuel mass.
The measured fuel mass has an uncertainty of +/- 0.1 %, as shown in table 3.3. The injected fuel mass
is defined in the model as:

𝑚፟፮፞፥(፧፞፰) = 𝑚ኻ ⋅ 𝑥፠ፚ፬ (5.18)

Where the fuel fraction (𝑥፠ፚ፬) is defined as:

𝑥፠ፚ፬ = 1 − 𝑥፫፠ − 𝑥ፚ።፫ (5.19)

The calculated injected fuel mass (𝑚፟፭፫) for methanol is always kept equal to the measured value.
This has been done by changing 𝑥፫፠ until the measured value has been reached. But when changing
the 𝑥፫፠, the rest of the formulas must hold. Therefore in iterating steps, the 𝑇ፄፎ will be adjusted ac-
cording to the outcome of the model. After iterating steps of 𝑇ፄፎ, with NG as fuel, a x፫፠,፭ of 17.2 % is
calculated, at an ignition timing of 20 °CA BTDC. For methanol with the same ignition timing a x፫፠,፭ is
calculated of 18.7 %, both being close to the +/- 15 % found by Sapra [31].

5.1.5. Properties library
In the properties library the following properties are used for calculations:

• Ambient condition. The ambient pressure and temperature is described here.
• Common properties. The universal gas constant and mol masses are described here.
• Fuel properties. The fuel properties are described here from common fuels. Methanol as fuel

needs to be added and is described in chapter 5.2.
• Gas properties; describes the energy of the fuel. Due to the vaporization of methanol before the

cylinder, this part must be adjusted as described in 5.2.
• Water properties. In this library, all properties of water are described.
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• Engine properties. The specifications of the engine are given in table 3.1 and are similar to the
values in the model files of the engine.

Except for the fuel properties and gas properties no significant changes are made in the properties
library of the model. The modifications of the fuel and gas properties are explained in chapter 5.2.1.

5.1.6. Heat of combustion
The individual components of the heat release calculations will now be explained, starting with the heat
of combustion. The combustion heat is a result of internal combustion in the cylinder. The combustion
heat (𝑄̇፜፨፦፛) is calculated with equation 5.20 [36]:

𝑄̇፜፨፦፛ = 𝜁 ⋅ (𝑢፫፞፟፜፨፦፛ − Δ𝑢፫፞፟፜፨፦፛) (5.20)

Where ζ is the combustion reaction rate (CRR) and u፫፞፟፜፨፦፛ is the combustion value for a closed
system. u፫፞፟፜፨፦፛ is defined in equation 5.21 [36]

𝑢፫፞፟፜፨፦፛ = 𝑢፫፞፟፟ + 𝜎 ⋅ 𝑢፫፞፟ፚ − (1 + 𝜎) ⋅ 𝑢፫፞፟፬፠ (5.21)

And the change of internal energy of the species defined as equation 5.22 [36]:

Δ𝑢፫፞፟፜፨፦፛ = (1 + 𝜎) ⋅ Δ𝑢፬፠ − 𝜎 ⋅ Δ𝑢ፚ − Δ𝑢፟ (5.22)

Thus, the combustion value of the closed system is the sum of the internal energies of the mass
composition in the combustion chamber.

5.1.7. Heat loss to cylinder walls (Woschni model)
During combustion heat loss to the surrounding metal should be taken into account, due to the large
temperature difference between the combustion gas and cylinder wall. The heat loss is calculated with
equation 5.23 [34]:

𝑄̇፥፨፬፬ =
ኽ

∑
፧዆ኻ

𝛼፠−→፰ ⋅ (𝑇 − 𝑇፰ፚ፥፥,።) ⋅ 𝐴፰ፚ፥፥,። (5.23)

With: i=1, cylinder wall, i=2, cylinder cover and i=3, piston crown, together these three temperatures
are defined as the Woschni temperatures in this thesis.

It is very difficult to measure the surface temperature in these three places, therefore these Woschni
temperatures will be estimated and kept constant during the combustion cycle. The heat transfer co-
efficient (𝛼), in 𝑊/(𝑚ኼ𝐾), will be estimated using the formula of Woschni as shown in equation 5.24
[34]:

𝛼 = 𝐶ኼ ⋅
1

𝐷ኺ.ኼኻኾ፛
⋅ 𝑝

ኺ.዁ዂዀ

𝑇ኺ.኿ኼ኿ ⋅ (𝐶ኽ ⋅ 𝑐፦ + 𝐶ኾ ⋅
𝑝 − 𝑝ኺ
𝑝ኻ

⋅ 𝑉፬𝑉ኻ
⋅ 𝑇ኻ)ኺ.዁ዂዀ (5.24)

Note that the pressure must be in [bar], bore in [meter] and temperature in [Kelvin]. The C2 value for
NG is around 240 which has been found by Harsh Sapra [31] and is higher than the known value for
diesel (C2=130). The values used for the Woschni equation for this engine with methanol as fuel are
adjusted with every data set as fine-tuning parameters, and will be further explained in chapter 5.1.10,
but are in the order of:
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𝐶2 = 180 − 240

𝐶3 = 2.28 + 0.308 ⋅ 𝑤፭𝑐፦
𝑤፭
𝑐፦

= 5

𝐶4 = 0.00324 [𝑚/(𝑠𝐾)]
𝑇፜፲፥ ፰ፚ፥፥ = 320 − 362 [𝐾]
𝑇፩።፬፭፨፧ ፜፫፨፰፧ = 450 − 515 [𝐾]
𝑇፜፲፥ ፡፞ፚ፝ = 450 − 510 [𝐾]

Note that ”w፭” is the tangential swirl velocity and ”c፦” is the piston stroke velocity and the C3 value
for compression and expansion is used in the model and not the second C3 value for the gas exchange
part.

5.1.8. Energy of fuel
The energy of fuel (𝐸̇፟) is equal to the difference of total enthalpy of the entering fuel and the internal
energy of (gaseous) fuel in the cylinder. The energy fuel rate is given in equation 5.25 [8]:

𝐸̇፟ = 𝑚̇፟ ⋅ 𝑒፟ = 𝑚̇፟ ⋅ (ℎ፟,፥።፪፮።፝ − 𝑢፟,፠ፚ፬) (5.25)

This energy of fuel can also be seen as the heat flowing from the gas phase to the (liquid) fuel and
required to heat up and evaporate the fuel before combustion (Q፥፨፬፬,፟፮፞፥ in figure 5.3) [8]. The methanol
fuel enters the cylinder partly as a fluid and partly as a gas due to the PFI. Therefore, this part must be
changed in the model because the model assumes a gas state for NG. The modifications in this part
of the model will be discussed in chapter 5.2.2.

5.1.9. Heat release calculations
In previous sections the individual components of the heat release calculations are explained, the heat
release calculations of the model shall be given in this section. The heat release rate is defined with
three equations 5.26, 5.27 and 5.28 [8].

(a) Net Apparent Heat Release Rate (NAHRR) in J/s:

𝑁𝐴𝐻𝑅𝑅 = 𝑄̇፜፨፦፛ − 𝑄̇፥፨፬፬ + 𝐸̇፟ = 𝑚 ⋅ 𝑐፯ ⋅
𝑑𝑇
𝑑𝑡 + 𝑝

𝑑𝑉
𝑑𝑡 (5.26)

Where m is in-cylinder mass, c፯ is the specific heat at constant volume, T is temperature, t is time p
is in-cylinder pressure and V is volume. With NAHRR calculation the heat loss (𝑄̇፥፨፬፬) is neglected. But
as explained in chapter 5.1.7 the heat loss will be calculated with Woschni and therefore the NAHRR
will not be the final heat calculation in the model.

(b) Gross Apparent Heat Release Rate (GAHRR) in J/s:

𝐺𝐴𝐻𝑅𝑅 = 𝑄̇፜፨፦፛ + 𝐸̇፟ = 𝑚 ⋅ 𝑐፯ ⋅
𝑑𝑇
𝑑𝑡 + 𝑝 ⋅

𝑑𝑉
𝑑𝑡 + 𝑄̇፥፨፬፬ (5.27)

Where (𝑄̇፥፨፬፬) is calculated with Woschni.
(c) Combustion reaction rate (CRR) in kg/s:

𝐶𝑅𝑅 = 𝜁 =
𝑚 ⋅ 𝑐፯ ⋅

፝ፓ
፝፭ + 𝑝 ⋅

፝ፕ
፝፭ + 𝑄̇፥፨፬፬

𝑢፜፨፦፛ + 𝑒፟
(5.28)

The physical meaning of the right-hand side of the CRR are explained as follows [36]:

• 𝑚 ⋅ 𝑐፯ ⋅
፝ፓ
፝፭ represents the change of internal energy as a result of temperature change.

• 𝑝 ⋅ ፝ፕ፝፭ is the work interaction with the piston.
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• 𝑄̇፥፨፬፬ is the heat loss to the walls.
• 𝑢፜፨፦፛ is the heat of combustion value for a closed system.
• 𝑒፟ the energy needed to heat the fuel and evaporate (being a negative energy value).

NAHRR can directly be calculated from the pressure and temperature in the cylinder. Pressure is
measured and temperature will be calculated by the ideal gas law.

GAHRR includes heat loss and indicated the heat produced by combustion. The heat loss will be
calculated with equation 5.24. The accuracy of GAHRR is therefore dependent on the estimation of
the heat loss.

The CRR is the final output of the HR-model. For the CRR also the effective combustion value
(u፜፨፦፛+e፟) must be known. For methanol, these values are discussed in chapter 5.2.1. CRR is heavily
fluctuating because it is measured from the pressure signal. The integral of the CRR is the reaction co-
ordinate (RCO) is an increasing function. The RCO divided by the initial injected fuel mass (m፟፮፞፥(፧፞፰))
gives the normalized RCO X and is given in formula 5.29 [8].

𝑋 = 𝑅𝐶𝑂
𝑚፟፮፞፥(፧፞፰)

= ∫
ፄፎፂ

ፒፎፂ

𝐶𝑅𝑅
𝑚፟፮፞፥(፧፞፰)

⋅ 𝑑𝑡 (5.29)

Where SOC is the start of combustion and EOC is the end of combustion. X increases to 1 when all
fuel is burned in the cylinder, with 100 % combustion efficiency. But this is an ideal case, and combustion
efficiency is not 100 %. Therefore it should be computed with O2, CO, and CO2 exhaust emissions.
In this study, this could not be done due to the incorrect emission measurements. Consequently, an
assumption is made that for NG and methanol 98 % of the fuel mass is burnt at EVO. This is equal to
a final RCO of 0.98 in the model.

5.1.10. Spark-ignited (SI) engine
The engine that is modelled has a spark plug and therefore the fuel is spark-ignited (SI). In this section
will be explained how the model will be adjusted to the spark timing of the SI engine. From the exper-
iments, the spark timing was known for every experiment and even adjusted as discussed in chapter
3. In the model, the spark ignition is checked with the moment the first fuel is starting to burn. This will
be done with formula 5.29, where the normalized RCO represents the mass-burn fraction. Where the
RCO goes from negative through zero for the first time is the CA where the fuel is starting to burn. The
CA where the RCO intersects zero will be seen as the CA where the fuel starts to combust and thus
the point where it is spark-ignited [31].

The Woschni parameters need to be adjusted and will be used as fine-tuning parameters for mod-
elling this crossing of the RCO through zero at the CA of ignition. According to Ding [8] the RCO can
be corrected with the values of Woschni after the correct TDC shift is made. Changing the Cኼ con-
stant of Woschni can change the end value of RCO and bring the burnt fuel to 98 %, due to its direct
change in the amount of heat loss. After correcting the total burnt fuel it is found that when changing
the temperature values of T፜፲፥ ፰ፚ፥፥,T፩።፬፭፨፧ ፜፫፨፰፧ and T፜፲፥ ፡፞ፚ፝ the starting point of combustion will shift,
without much influence on the end value of RCO. The temperature values have been used to set the
start of combustion (RCO=0) equal to the spark timing. Thus, with changing the start of combustion
with variating Woschni’s temperatures, the engine model is calibrated on the spark ignition.

5.2. Modifications in the model for the engine on methanol
All parts of the original NG model are discussed in section 5.1, including already some minor input
changes needed for methanol. An overview of this model was given in figure 5.1. These minor changes
include single input value changes, however, did not include multiple values or changes in the Matlab
Simulink model. Therefore, two major changes to convert the model into a methanol PFI model are
still to be discussed. First, the fuel properties related to the methanol needs to be adapted. Secondly,
the energy of fuel needs to be modified due to the PFI of methanol. The modifications for methanol as
a fuel are described in the following sections: modification for the fuel, modification to the heat loss to
liquid fuel sub-model, and the vaporization factor.
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5.2.1. Modifications for the fuel
To use methanol as a fuel in the model two parameter files need to be adjusted, the gas properties and
the fuel properties.

Gas properties
The ”gas properties” parameter file describes the energy of every component in the combustion cham-
ber. As stated in the energy of fuel equation 5.25, the total enthalpy of the entering fuel and the internal
energy of the gaseous fuel is needed from methanol. Both enthalpy and internal energy are also de-
pendent on temperature. To describe the temperature dependence of the internal energy and enthalpy
used in the model the following formulas are needed from Stapersma [36, p635].

The change of internal energy relative to the reference temperature is the difference between the
internal energy of stoichiometric gas (after combustion) and the air and fuel (before combustion) is
given in equation 5.22:

Δ𝑢፫፞፟፜፨፦፛ = (1 + 𝜎) ⋅ Δ𝑢፬፠ − 𝜎 ⋅ Δ𝑢ፚ − Δ𝑢፟ (5.22 revisited)

The internal energy differences relative to there reference state are functions of temperature as
shown in 5.30, 5.31 and 5.32 [37]:

Δ𝑢፬፠ = 𝑢፬፠ − 𝑢፫፞፟፬፠ = ∫
ፓ

ፓᑣᑖᑗ
𝑐፯,፬፠ ⋅ 𝑑𝑇 (5.30)

Δ𝑢ፚ = 𝑢ፚ − 𝑢፫፞፟ፚ = ∫
ፓ

ፓᑣᑖᑗ
𝑐፯,ፚ ⋅ 𝑑𝑇 (5.31)

Δ𝑢፟ = 𝑢፟ − 𝑢፫፞፟፟ = ∫
ፓ

ፓᑣᑖᑗ
𝑐፯,፟ ⋅ 𝑑𝑇 (5.32)

Then the relation for C፩ and C ፯ can be made with 5.33 [37]:

𝐶፯ = 𝐶፩ − 𝑅 (5.33)

Where R is the universal gas constant (R = 8.3145 kJ/kmolK).
Now with power series for specific heats at constant pressure (C፩) these internal energies can be

evaluated at any temperature. The power series are described in equation 5.34 [39, p166]:

𝐶፩ =
፦

∑
፤዆ኻ

𝑎፤ ⋅ 𝜃(፤ዅኻ) (5.34)

With temperature (𝜃) shifted to a non-zero point around the series and normalised in equation 5.36
[39]:

𝜃 =
𝑇 − 𝑇፬፡።፟፭
𝑇፧፨፫፦

(5.35)

Where T፬፡።፟፭ is the temperature to be shifted to a non-zero point. e.g. T፬፡።፟፭=273.15 K, but in this
case, a T፬፡።፟፭= 0K is used. T፧፨፫፦ is the normalized temperature, T፧፨፫፦ = 1000 K;

The power series needed to calculate u፟፮፞፥ (methanol), also used in Byungjoo Lee [21, p65] but
original from Yaws [7], needs the coefficients for methanol that are shown in figure 5.2.

Figure 5.2: The coefficients for the polynomial to calculate Cᑡ for methanol”
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The units for a፤ ‘ in figure 5.2 are in J/mol/K. Unit conversation from J/mol/k to J/Kg/K can be done
by equation 5.36 [7]:

𝑎፤ =
1000 ⋅ 𝑎ᖣ፤
𝑀፦፞፭፡ፚ፧፨፥

(5.36)

Where M፦፞፭፡ፚ፧፨፥ means the molar mass of methanol. The molar mass is described in the ”fuel
properties” parameter file.

Fuel properties
The ”fuel properties” parameter file describes all other needed properties for methanol, which are
needed in the model, e.g. the fuel density, temperature at injection, and the fuel specification in molec-
ular mass. The overall molar mass (M) of methanol (CHኽOH) in g/mol is calculated with equation 5.6:

𝑀፦፞፭፡ፚ፧፨፥ = 𝑀ፂ + 4 ⋅ 𝑀ፇ +𝑀ፎ = 12.011 + 4 ⋅ 1.008 + 15.999 = 32.042 (5.6 revisited)

Then the mass fractions of Carbon (C), Hydrogen (H) and Oxygen (O) can be calculated with:

𝑥ፂ =
𝑀ፂ

𝑀፦፞፭፡ፚ፧፨፥
= 12.011
32.042 = 0.3749 (5.37)

𝑥ፇ =
4 ⋅ 𝑀ፇ

𝑀፦፞፭፡ፚ፧፨፥
= 4 ⋅ 1.008

32.042 = 0.1258 (5.38)

𝑥ፎ =
𝑀ፎ

𝑀፦፞፭፡ፚ፧፨፥
= 15.999
32.042 = 0.4993 (5.39)

These mass percentage with 4 significant numbers are used for the model. With these known mass
fractions the stoichiometric air to fuel ratio (σ) is calculated. Combined with the measured oxygen in
the exhaust stream (ydg-out

OᎴ ) the air excess ratio (λ) can be calculated according to equation 5.7. Also,
the lower heating value (LHV) is calculated with the molar mass of methanol.

Compared to the thesis of Byungjoo Lee the mass fractions are optimized. His study used mass
fractions 38, 12 and 50 % from a reference table [21, p24], but these rounding errors give errors in the
stoichiometric air to fuel ratio (σ), the molar mass of methanol (M፦፞፭፡ፚ፧፨፥), and the lower heating value
(LHV), which are all related to the mass fractions of the fuel composition in the model. The old and new
values from the model are shown in table 5.1.

Table 5.1: Significantly changed model values from changing mass fractions

mass fractions σ [-] M፦፞፭፡ፚ፧፨፥ [g/mol] LHV [MJ/kg]
old (x፜ = 38.00%) 6.27 31.608 19.304
new (x፜ = 37.49%) 6.41 32.043 19.934

5.2.2. New sub-model: Heat loss to liquid fuel h-u (methanol)
In equation 5.25 the energy of fuel rate of the model is given and the modification will be discussed in
this chapter.

𝐸̇፟ = 𝑚̇፟ ⋅ 𝑒፟ = 𝑚̇፟ ⋅ (ℎ፟,፥።፪፮።፝ − 𝑢፟,፠ፚ፬) (5.25 revisited)

The model assumes that the fuel will be injected into the combustion chamber as liquid fuel and will
evaporate with a dwelling time equal to zero (i.e. the injection rate and the evaporating rate are the
same). In figure 5.3 the control volume of the in-cylinder model is shown. The energy of fuel is indicated
as ”Q፥፨፬፬,፟፮፞፥” in figure 5.3 and can be seen as the heat that is needed to heat up and evaporate the
fuel.
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Figure 5.3: Scheme of the control volume of the in-cylinder model [34]”

Model for the engine on NG
The sub-model ”Heat loss to liquid fuel h-u”, which calculates the energy of fuel rate with equation 5.25,
was removed from the model of Harsh Sapra. It was removed because NG already is in a gaseous
state when it enters the combustion chamber. For the NG analysis in chapter 6 the sub-model ”Heat
loss to liquid fuel h-u” will not be used.

Model for the engine on methanol
Methanol enters the combustion chamber as a liquid, therefore the sub-model ”Heat loss to liquid fuel
h-u (methanol)” is placed back into the model with two modifications. First, the sub-model will be further
explained and then the modification will be clarified.

The sub-model, shown in figure 5.5, calculates the losses due to the injection of fuel, the losses
that are needed to heat and vaporize the fuel (with equation 5.25) until it is in a gaseous state [8].
The injection pressure energy calculates the kinetic energy with the pressure difference from the in-
cylinder pressure and injection pressure. The liquid fuel-specific energy (ℎ፟,፥።፪፮።፝ ) is a function of the
temperature and pressure. The fuel specific energy (𝑢፟,፠ፚ፬) is a function of temperature. Both (ℎ፟,፥።፪፮።፝
) and (𝑢፟,፠ፚ፬) are thus strongly dependent on (maximum) in-cylinder temperature. The denominator
from equation 5.28, (ucomb - ef), is called the ‘the effective heat of combustion’. Ding shows a figure
with the temperature vs specific heat of combustion for diesel as fuel [8, p.25], shown in figure 5.4,
concluding that the ‘effective heat of combustion’ is considerably lower than the ‘heat of combustion’,
in particular at higher a temperature. This difference is due to the temperature-dependent energy of
fuel formula calculated in this sub-model.

Figure 5.4: Temperature dependence of heat of combustion for diesel [9]

The first modification that is made in the sub-model is in the part containing the injection pressure
calculations. When DI is used with e.g. diesel this part must be taken into account. But due to the
port fuel injection (PFI) with methanol, this energy loss will not be in the combustion chamber. This is
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made visible with figure 5.6, where must be noted that the in-cylinder calculations are done with p,cyl
close and not p,fuel in. Also must be noted that the injection pressure with PFI is much lower than
DI, therefore the injection pressure energy loss is much lower when it would be taken into account. In
figure 6 it is shown that this part is ”comment-out” in the Simulink model, and therefore not taken into
account with the models HRR calculations.

The second modification in the sub-model is that it now assumes that the fuel will enter the com-
bustion chamber as 100 % liquid. But with PFI the fuel is already heated and partly evaporated before
it enters the combustion chamber. The original sub-model calculates the energy loss for evaporating
100 % methanol. This was done with the energy of fuel formula from 5.25, which calculates the dif-
ference of total enthalpy of entering (liquid) fuel and the internal energy of (gaseous) fuel present in
the cylinder. The modification in the sub-model is that it will be multiplied with a factor (1-𝑥፯ፚ፩፨፫). This
evaporation factor represents the fuel part that is already in a gaseous phase at the moment that the
inlet valve closes (IVC) and will be further explained in chapter 5.2.3. The following formula represents
the modified energy of fuel rate calculation including the evaporation loss:

𝐸̇፟ = 𝑚̇፟ ⋅ 𝑒፟ ⋅ (1 − 𝑥፯ፚ፩፨፫) = 𝑚̇፟ ⋅ (ℎ፟,፥።፪፮።፝ − 𝑢፟,፠ፚ፬) ⋅ (1 − 𝑥፯ፚ፩፨፫) (5.40)

The second modification in the sub-model is shown in the red circle in figure 5.5.

Figure 5.5: Modifications in the Simulink sub-model ”heat loss to liquid fuel”

5.2.3. The vaporization factor
The vaporization factor (x፯ፚ፩፨፫) is a value between 0 and 1 and represents the fraction of fuel that
is evaporated before the inlet valve closes (IVC). Before IVC the (liquid) fuel is injected before the
combustion chamber. The fuel mixes with the air as shown in 5.6 before it enters the combustion
chamber. The model calculates with the in-cylinder pressure and takes into account the energy losses
for vaporization within the combustion chamber. Therefore, it is required to first calculate the fuel part
that is already in vapor phase when entering the combustion chamber. This is called the vaporization
factor (x፯ፚ፩፨፫) in the model. When x፯ፚ፩፨፫=0 it represents a 100 % liquid fuel, and when x፯ፚ፩፨፫=1 it
represents a 100 % gaseous fuel, as is shown in formula 5.41:

𝑥፯ፚ፩፨፫ =
𝑚፟፮፞፥ዅ፯ፚ፩፨፫

𝑚፟፮፞፥ዅ፥።፪፮።፝ +𝑚፟፮፞፥ዅ፯ፚ፩፨፫
(5.41)

To calculate the vaporization factor a Eulerian (stationary fixed in space) control volume has been
made in the port inlet, as shown in figure 5.6.
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Figure 5.6: Control volume used to calculate xᑧᑒᑡᑠᑣ

From the experiments, the pressure and temperature of incoming flows in the control volume are
known. For the outgoing flow, the in-cylinder pressure and the temperature after the injector are known
from the measurements. Therefore, these (measured) quantities are shown in figure 5.6. Within this
control volume, the conservation of mass equation and conservation of energy equation must hold.
The formula of conservation of mass is given in 5.42:

𝑑𝑚
𝑑𝑡 = 0 (5.42)

𝑑𝑚
𝑑𝑡 = (𝑚ፚ።፫,።፧ +𝑚፟፮፞፥,።፧) − (𝑚፟፮፞፥,፯ፚ፩፨፫,፨፮፭ +𝑚፟፮፞፥,፥።፪፮።፝,፨፮፭ +𝑚ፚ።፫,፨፮፭) (5.43)

The incoming mass of fuel for every cycle is known by measurements, the incoming mass of air will
be calculated with λ and σ. When combining formula 5.42 and 5.43 outgoing mass can be calculated
with the formula 5.44.

𝑚፟፮፞፥,።፧ ∗ (1 + 𝜆 ⋅ 𝜎) = 𝑚፟፮፞፥,፯ፚ፩፨፫,፨፮፭ +𝑚፟፮፞፥,፥።፪፮።፝,፨፮፭ +𝑚ፚ።፫,፨፮፭ (5.44)

Next to the formula for conservation of mass also the formula for conservation of energy must hold
for the control volume. The formula of conservation of energy for the control volume is given in 5.45
[33, p84]:

𝐸𝑛𝑒𝑟𝑔𝑦፨፮፭ = 𝐸𝑛𝑒𝑟𝑔𝑦።፧ + 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 − 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 − 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 (5.45)

Where the energy can exist in many forms, e.g. as potential energy, kinetic energy, internal energy,
work, heat, or electric energy. Generation and consumption will occur with chemical reactions and
accumulation for non-steady-state reactions [33, p84].

Because this is a new part of the model two methods of calculating the vaporization factors will be
described. After evaluation one of the two methods will be used in the model. First, a method with a
heat balance, with the heat of vaporization, also used in the single component model fuel. The second
method is with an enthalpy (energy) balance. With enthalpy, the work and internal energy are combined
(H= U +Pv). For both methods the following assumptions are made:

• The process is adiabatic. The heat transfer from/to the walls is zero.
• Phase equilibrium is assumed. This means phase transition is much faster than the vapor trans-

port into the cylinder.
• Process is in steady-state (therefore, accumulation = 0).
• Change of flow speed is neglected, therefore change in kinetic energy is assumed 0.
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Energy calculations by heat balance
The first way the vaporization factor will be calculated is with the heat of vaporization (from single com-
ponent model fuel) and the temperature change of the fuel and the air. In the book, Mixture formation
in internal combustion engine from Baumgarten a single component model fuel is described [3, p140].
For this sub-model, the end state at IVC is of importance, therefore, the single component model fuel
is more than sufficient. The first formulas for this model will be used to complete the conservation of
energy formula.

The temperature change of a liquid fuel droplet can be obtained from following energy balance in
formulas 5.46, 5.47 and 5.48 [3]:

𝑄̇፝፫፨፩ = 𝑄̇፡፞ፚ፭።፧፠ + 𝑄̇፞፯ፚ፩ (5.46)

𝑄̇፡፞ፚ፭።፧፠ = 𝑚፝፫፨፩ ⋅ 𝐶፩,፥ ⋅
𝑑𝑇 ፫፨፩
𝑑𝑡 (5.47)

𝑄̇፞፯ፚ፩ = ℎ፞፯ፚ፩
𝑑𝑚፞፯ፚ፩
𝑑𝑡 (5.48)

The single model fuel will use these formulas to describe the size of a fuel droplet and the evap-
orating time. Equation 5.46 will be used to determine the vaporization factor (x፯ፚ፩፨፫) at the moment
of IVC. Therefore, the heat needed to heat up the fuel (Q፟፮፞፥) is assumed to be the sum of the heat
needed to use all droplets with formula 5.46. This is described in formula 5.49:

𝑄̇፟፮፞፥ =∑𝑄̇፝፫፨፩ = 𝑚̇፟ ⋅ 𝑐፩ ⋅ (1 − 𝑥፯ፚ፩፨፫) + 𝑚̇፟ ⋅ ℎ፞፯ፚ፩ ⋅ 𝑥፯ፚ፩፨፫ (5.49)

For changing the energy balance formula 5.45 in to a heat balance formula the following is assumed:

• The pressure influence is not taken into account (isobaric process).
• The heat is coming from the cooling of the air, therefore temperature difference (𝛿T) will be taken

from T፦ፚ፧።፟፨፥፝ - T።፧፥፞፭.
• Kinetic and potential energy are neglected.

Now with these assumptions, the energy balance formula 5.45 is rewritten to the following heat
balance formula, as shown in 5.50 [33]:

𝑑𝑄
𝑑𝑡 = 𝑄̇፟፮፞፥ + 𝑄̇ፚ።፫ + 𝑄̇፰ፚ፥፥፬ = 0 (5.50)

Because an adiabatic process is assumed the Q፰ፚ፥፥፬ term will be 0. Qፚ።፫ is to be calculated with:

𝑄̇ፚ።፫ = 𝑚ፚ።፫(፧፞፰),፭ ⋅ 𝑐፩,ፚ።፫ ⋅ 𝛿𝑇 (5.51)

Combining formulas gives us now a way to calculate the mass of fuel vapor and therefore with
formula 5.41 the vaporization faction:

𝑄̇፟፮፞፥ = 𝑄̇ፚ።፫ (5.52)

𝑚̇፟ ⋅ 𝑐፩ ⋅ (1 − 𝑥፯ፚ፩፨፫) + 𝑚̇፟ ⋅ ℎ፞፯ፚ፩ ⋅ 𝑥፯ፚ፩፨፫ = 𝑚ፚ።፫(፧፞፰),፭ ⋅ 𝑐፩,ፚ።፫ ⋅ 𝛿𝑇 (5.53)

̇𝑚፟፮፞፥ዅ፯ፚ፩፨፫ =
̇𝑚ፚ።፫(፧፞፰),፭ ⋅ 𝑐፩,ፚ።፫ ⋅ 𝛿𝑇 − ̇𝑚፟፮፞፥ዅ፥።፪፮።፝ ⋅ 𝐶፩,፥ ⋅ 𝛿𝑇

ℎ፞፯ፚ፩
(5.54)

The vaporization factor (𝑥፯ፚ፩፨፫) is calculated with measurement data at 40 °C and 60°C after the
cooler from the temperature variation performance test. The temperatures before the inlet valve where
respectively 13.5 °C and 16 °C. Cpፚ።፫ and h፯ፚ፩፨፫።፳ፚ፭።፨፧ values are taken averaged over the tempera-
tures. The vaporization factor (𝑥፯ፚ፩፨፫) found for 40 °C and 60 °C after the cooler is respectively 24.7
% and 41.5 %.
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Energy calculations with enthalpy balance
One of the shortcomings from previous calculations is that it is known that the process is not isobaric
because a pressure decrease is seen at IVC compared to the pressure in the manifold. The fuel is also
injected with a higher pressure of 5 bar.

Therefore, the energy balance equation 5.45 will be rewritten to an enthalpy equation to get more
accurate results. When kinetic and potential energy are neglected, equation 5.45 simplifies to [33, p87]:

𝐻ኼ − 𝐻ኻ = 𝑄 −𝑊 (5.55)

This means that in our (adiabatic, steady-state) control volume, the work will be assumed to be
zero, the difference in enthalpy will be used for the heat of vaporization.

To use formula 5.55 the enthalpy of the air and fuel is calculated before and after injection with
the measured temperatures and pressures. Enthalpy values are taken from Refprop and shown in
appendix H. For methanol, after injection the enthalpy for liquid is used and the enthalpy for vapor
is calculated with the heat of vaporization added to the enthalpy of liquid. The total equation for the
enthalpy balance then becomes:

ℎፚ።፫ᑚᑟ(𝑇ፚ።፫ᑚᑟ , 𝑝ፚ።፫ᑚᑟ) ⋅ 𝑚ፚ።፫ᑚᑟ + ℎ፟፮፞፥ᑚᑟ(𝑇 ፮፞፥ᑚᑟ , 𝑝፟፮፞፥ᑚᑟ) ⋅ 𝑚፟፮፞፥ᑚᑟ =

hፚ።፫ᑠᑦᑥ(𝑇ፚ።፫ᑠᑦᑥ , 𝑝ፚ።፫ᑠᑦᑥ) ⋅ 𝑚ፚ።፫ᑠᑦᑥ + ℎ፟፮፞፥ᑧᑒᑡᑠᑣ(𝑇 ፮፞፥ᑠᑦᑥ , 𝑝፟፮፞፥ᑠᑦᑥ) ⋅ 𝑚፟፮፞፥ᑚᑟ ⋅ 𝑥፯ፚ፩፨፫ +

h፟፮፞፥ᑝᑚᑢᑦᑚᑕ(𝑇 ፮፞፥ᑠᑦᑥ , 𝑝፟፮፞፥ᑠᑦᑥ) ⋅ 𝑚፟፮፞፥ᑚᑟ ⋅ (1 − 𝑥፯ፚ፩፨፫)(5.56)
Where the total mass in is equal to total mass out according to formula 5.44, but the changing

enthalpy, by changing pressure and temperature gives the vapor-liquid state. p፟፮፞፥ᑠᑦᑥ and pፚ።፫ᑠᑦᑥ are
equal to p,cyl close in the control volume as shown at figure 5.6 and T፟፮፞፥ᑠᑦᑥ and Tፚ።፫ᑠᑦᑥ are equal to
T።፧፣፞፜፭።፨፧ in the outgoing flow of the control volume. Now with interpolation, the vaporization factor
(𝑥፯ፚ፩፨፫) can then be found. The 𝑥፯ፚ፩፨፫ found with equation 5.2.3 for 40 and 60 °C after the cooler is
respectively 18.0 % and 37.7 %.

With formula 5.2.3 a few assumptions are made which gives an uncertainty. The following assump-
tions are made:

• The energy needed for mixing the gasses is not taken into account.
• Flow velocity is neglected.
• Adiabatic process is assumed.
• In-cylinder pressure is equal to the pressure at the end of the control volume.
• Temperature measured before the inlet valve is equal to the temperature at the end of the control

volume.

With an aftercooler temperature of 60°C, the heat calculation gives a 𝑥፯ፚ፩፨፫ of 41.5 %, the enthalpy
balance gives a 𝑥፯ፚ፩፨፫ of 37.7 %. Here the difference is 4 %. At 40°C the heat calculation gives a
𝑥፯ፚ፩፨፫ of 24.7 %, the enthalpy balance gives a 𝑥፯ፚ፩፨፫ of 18.0 %. Here the difference is bigger, almost
7 %. In both cases, the 𝑥፯ፚ፩፨፫ is calculated to be lower with the enthalpy balance. Both measurements
give a significant increase of almost 20 % more vapor when the temperature after the (air)cooler is
increased from 40°C to 60 °C. A higher temperature after the (air)cooler is possible but not done with
the experiments.

After the evaluation of both methods, the enthalpy balance method was chosen to be used in the
models. The calculations in the enthalpy balance is a better estimate compared to the heat balance
calculation because it also takes the changing pressure into account. The model will now be used with
a vapor factor of 18 % at 40 °C after the cooler and a vapor factor of 37.7 % at 60 °C after the cooler
will be used for the model.

5.3. Assumptions & pre-calculations used in model
Now the original NG model is described and all modification in the model needed for methanol are
described, in this section, a summation of the assumptions and pre-calculated values within these two
model are given and the order in which the parameters are changed for every data set. Starting with
the assumptions and pre-calculations for both models, unless stated otherwise:
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• Air and stoichiometric gases are considered to be ideal gases, the internal energy and enthalpy
of in-cylinder gases are functions of temperature.

• A residual mass fraction (x፫፠) of 12.4 % up to 18.7 % is calculated and is corrected with the
measured fuel mass in the model.

• No crevices (heat) losses are assumed.
• For the methanol model, a vapor factor (𝑥፯ፚ፩፨፫) of 18 % is calculated with 40 °C after the cooler

at the moment of IVC. A vapor factor of 37.7 % is calculated for methanol with 60 °C after the
cooler.

• There is zero delay in the model. Dwelling time of fuel and fuel vapor in-cylinder is equal to zero,
only combustion gas phase is considered.

• The mass of fuel burnt at the end of the in-cylinder process could not be measured due to the
incorrect emission measurements. Therefore, for NG and methanol, the mass fuel burnt is as-
sumed at 98 % (equal to RCO(end)=0.98 in the model).

• The fuel starts to combust at the CA where the spark is ignited (equal to RCO=0 in the model)
• The internal energy for methanol is calculated with a power series, making the calculated com-

bustion heat with methanol, temperature dependant in the model.

The order in which the parameters are changed could influence the output. The model input param-
eters change for every data set. Changing the parameters into the correct values are done in following
order: 1) vapor factor (x፯ፚ፩፨፫) 2) Inlet temperature ( varied due to manual control of temperature),
3) Calculated λ, 4) Mass flow and x፬፠, 5) Iterating the found temperature at EVO (Tፄፕፎ) for correcting
trapped temperature (Tኻ), 6) RCO at 98 % end value for both fuels, 7) Woschni temperature parameters
for fine-tuning the CA of RCO=0 at the ignition timing.





6
Analysis of the model

In this chapter, the analysis of the model will be presented. In the analysis, the following in-cylinder
indicators will be investigated in the corresponding section: pressure, power, heat release rate, and
temperature. Every section will be divided into at least the following three analysis variants: NG com-
pared to methanol, ignition variation, and aftercooler temperature variation. Furthermore, a validation
will be shown for the model, by comparing it with the heat release from in the Kibox. In the last section,
the conclusions regarding the model will be shown. But first, each analysis variant is further clarified in
the following three sub-chapters.

6.0.1. Methanol compared to NG
The first analysis variant that is made with the models is the comparison between NG and methanol at
375 kWe, 500 mg/nmኽ NOx, ignition at 20 °CA BTDC and 1500 rpm. Two different models are used
for this comparison. The methanol model modifications regarding fuel properties and the energy of
fuel sub-model compared to the NG model, as has been explained in chapter 5. For the NG model,
the NG fuel flow is not measured during the experiments. Therefore, the fuel flow is used from similar
experiments. Two fuel flows are obtained: 127 mኽ/hr from the manufacturer and an almost -5 % lower
value of 120 mኽ/hr from the experiments of H. Sapra’s, both at an ignition timing of 20 °CA BTDC
[32]. The fuel flow of 127 mኽ/hr for NG is utilized with a density of 0.80 kg/mኽ at 15 °C at atmospheric
pressure. Then a fuel mass 𝑚፟፮፞፥(፧፞፰),፭ is determined of 0.2833 g/cycle at the load of 375 kWe. The
𝜌 of 0.80 kg/mኽ at 15 °C is compliant with the (𝜌) of 0.8469 kg/mኽ (at 0 °C) from the NG composition in
appendix I. In the following figures also a -5 % fuel mass for NG will be shown for comparison, which
is close to the obtained experimental value of 120 mኽ/hr.

6.0.2. Ignition variation
The second analysis variant is performed for the ignition variation, using only the methanol model. The
ignition timing was varied by retarding the spark-timing by steps of 2 degrees, at 375kWe, 500 mg/nmኽ

NOx, and 1500 rpm. The ignition timing has been varied from 16 °CA BTDC to 24 °CA BTDC. For the
ignition timing the 20 °CA BTDC is taken as normal ignition timing, 16 and 18 °CA BTDC are therefore
retarded ignition timings and 22 and 24 °CA BTDC are advanced ignition timings.

6.0.3. Aftercooler temperature variation
In the last analysis variant, the aftercooler temperature varies from 40 °C to 60 °C with 100 % methanol.
The following engine settings where kept constant: ignition timing at 20 °CA BTDC, engine speed at
1500 rpm, load at 375 kWe. In this aftercooler temperature variation, the λ and NOx emissions also
differed. In the performance analysis (chapter 4 lower NOx emissions were visible at higher aftercooler
temperatures and in this chapter, it will be investigated if it can be related to the in-cylinder parameters.

6.1. Pressure
In chapter 4 the average pressure signal of four cylinders has been analysed in depth. In the model,
the pressure from only one cylinder has been used, namely cylinder four. First, is explained why this
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cylinder has been chosen for the model. Following, the pressure analysis for the 3 analysis variants
(methanol compared to NG, the ignition variation, and the aftercooler temperature variation) will be
shown. Deviations and agreements with chapter 4 will be indicated.

6.1.1. The chosen cylinder
The choice of the used in-cylinder pressure signal for the model needs to be clarified. The in-cylinder
model uses the average pressure data of 60 cycles from one cylinder. As shown in chapter 4 there
were four cylinders measured and one out of these four needs to be chosen as input for the model.
The data from cylinder 4 has been chosen to be used in the model analysis due to the lowest COV
values for methanol. Cylinder 4 had the lowest COV values because of a new methanol injector just
prior to the measurements. However, with this option, it is important to recall the results of cylinder 4
compared to the other measured cylinder 3, 5 and 6

• For methanol, at 75 % load, the average peak pressure of cylinder 4 was about 2 bar (4 %) higher
than the average of the measured cylinder 3,4,5 and 6.

• For NG, at 75 % load, the average peak pressure was 4 bar (7 %) lower than the average of the
4 measured cylinders.

Although this contradiction in (peak) pressure between methanol and NG has been noticed, the
best comparison between the two fuels is made by using the same cylinder pressure sensor. This
way any errors due to the in-cylinder pressure measurement will be similar and can be excluded in a
relative comparison between NG and methanol. For NG, it could be argued to choose another cylinder,
e.g. cylinder 3, because of the low (peak) pressures with cylinder 4. Though for methanol, cylinder
3 has excessive-high pressures up to 68 bar at 375 kWe compared to the mean average pressure of
the four cylinders of 55-60 bar. Cylinder 5 and 6 had considerably more cylinder-to-cylinder variation
with methanol as shown in the COV values in chapter 4 and are therefore also seen as a lesser option.
Accordingly, the choice is made to use the data of cylinder 4 for all analyses with the models.

6.1.2. Methanol compared to NG

Figure 6.1: Pressure plot of cylinder 4 for NG and methanol at 375 kWe, both at an ignition timing of 20 °CA BTDC.

Figure 6.1 shows the in-cylinder pressure signals for both NG and methanol of cylinder 4. Methanol
displays a higher maximum pressure compared to NG. Furthermore, it is visible that with methanol a
steeper pressure increase is measured after TDC compared to NG. This indicates faster combustion
after TDC and will be further investigated in section 6.3.
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6.1.3. Ignition sweep

Figure 6.2: Pressure plot of cylinder 4 for methanol at 375 kWe with changing ignition timings.

In figure 6.2 the pressure of cylinder 4 is visible with changing ignition timings. The maximum pressure
increased and the position shifted closer to TDC, as ignition timing was advanced from 16 to 24 °CA
BTDC. Furthermore, the figure indicates a higher rate of pressure rise with advanced ignition timing.
This is compliant with the performance analysis where the average of four cylinders was taken, as
shown in figure 4.7. In table 4.7 it was also visible that the effective engine efficiency increases with
advanced ignition timing, with increasing maximum pressure closer to TDC.

6.1.4. Aftercooler temperature variation

Figure 6.3: Pressure plot of cylinder 4 with varying manifold temperature at 375 kWe, both at an ignition timing of 20 °CA BTDC.

Figure 6.3 shows the used pressure for the model of cylinder 4 of varying manifold temperature. It is
almost similar to the pressure figure in the performance results, figure 4.12, only there the mean of
the four measured cylinders is shown. Both figures show where the manifold temperature is higher,
the pressure is increased at an earlier CA, starting from around 150 CA. However, around 200 CA the
pressure lines cross each other resulting in a lower peak pressure with the manifold temperature of 60
°C. The small difference in peak pressure is here a little bit more compared to the mean of the four
cylinders, but the position of the maximum pressure are in both figures at equal CA position.
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6.1.5. Conclusion pressure
From the models and experiments, the following can be concluded regarding the pressure:

• Each measured cylinder had its drawbacks for selecting the best in-cylinder pressure signal, due
to stability or pressure deviations from the mean pressure. Nevertheless, cylinder 4 is chosen to
use in the models, because of the lowest COV values found with methanol.

• Methanol shows a steeper increase of pressure after TDC compared to NG, indicating faster
combustion after TDC.

• The maximum pressure increased and the position shifted closer to TDC, as ignition timing was
advanced from 16 to 24 °CA BTDC, leading to engine efficiency improvements as shown in table
4.7.

• In the aftercooler temperature variation, the pressure differences are small. However, around
20 °CA ATDC the pressure lines cross each other, resulting in a lower peak pressure with the
manifold temperature of 60 °C.

6.2. Power
In this section, the closed cycle indicated power from the model is shown. Starting with the calculations
for indicated power and the translation to brake power. Then, the influence of TDC shift on indicated
power is discussed. Furthermore, the closed cycle power output from the model is presented for the
three analyse variants.

6.2.1. TDC shift
To show the influence of a TDC shift in the model, first, the formulas that influence the indicated power
will be shown. Starting from the measured generator power (𝑃፠፞፧), the brake power (𝑃፛) is calculated
with equation 4.7:

𝑃፛ =
𝑃፠፞፧

𝜂፠፞፧፞፫ፚ፭፨፫
(4.7 revisited)

Where the 𝜂፠፞፧፞፫ፚ፭፨፫ is 95,5 % at 375kW. The indicated power (𝑃።) and the brake power (𝑃፛) are
related with the mechanical efficiency (𝜂፦፞፜፡ፚ፧።፜ፚ፥) according to the formula 6.1 [18, p200]:

𝜂፦፞፜፡ፚ፧።፜ፚ፥ =
𝑃፛
𝑃።
= 𝑊
𝑊።

(6.1)

The indicated power of an engine can be found with formula 6.2 [18]:

𝑃። = 𝑊። ⋅
𝑛፞ ⋅ 𝑖
𝑘 = ∫

፜፲፜፥፞
𝑝 ⋅ 𝑑𝑉 ⋅ 𝑛፞ ⋅ 𝑖𝑘 (6.2)

Where i is the number of cylinders, 𝑛፞ is the engine speed and constant k=2 for a 4-stroke engine.
The pressure signal is the input and the volume is determined with formula 5.1 in the model, and thus
dependent on the crank angle. Note that the model calculates the indicated work only for one cylinder
and the brake power from measurements is for all 8 cylinders of the engine. Also must be noted that
the model does not calculate the indicated power for the full cycle, but only for the closed combustion
cycle. The full 4-stroke cylinder cycle exists of two parts, a pumping cycle and a combustion cycle.
Therefore, the indicated power exist of indicated power of the combustion cycle (𝑃።ᑔᑔ) and indicated
power of the pumping cycle (𝑃።ᑡᑔ), shown in equation 6.3:

𝑃። = 𝑃።ᑔᑔ + 𝑃።ᑡᑔ (6.3)

To get an accurate indicated power calculated in the model, the pressure signal can be shifted to a
different CA. However, the model is sensitive to shifting the pressure signal at a different °CA due to
changing calculations of volume per CA as shown in formula 6.2. A 2 °CA shift changes the indicated
power output with 5 kW (+/- 10 %) per cylinder. Ding stated that the TDC shift is limited to a small range
up to a maximum of 1 °CA [8]. In figure 6.4, the pressure signal is shown for three shifts, 0 shift, -0.9
and -2.0, for methanol at 375 kWe and 20 °CA BTDC ignition timing.

To determine the needed TDC shift to get an accurate indicated power, two assumptions are made:
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• First, it is assumed that the mechanical efficiency is constant, at 91 %, which is stated as a
nominal value for a diesel engine [18]. Thus, assumed is that for NG and methanol the mechanical
efficiency remains the same and does not change depending on the fuel.

• Secondly, it is assumed that the engine power is equally divided over 8 cylinders [18]

With these assumptions and the known generator power, the indicated power per cylinder can be
determined, with above formulas. The brake power is around (375/8/0.955)=49.08 kW per cylinder.
With the mechanical efficiency of 91 %, then the indicated power is calculated with formula 6.1. The
indicated power for 1 cylinder at 49.08 kW/0.91=53.94 kW.

As explained in section 6.1 the choice is made to use the pressure signal of cylinder 4, for the
model. Therefore, only for cylinder 4, the indicated power will be given here. With a TDC shift of -0.9,
the model calculated an indicated power for methanol with the model of 𝑃።ᑔᑔ = 52.41 kW ( at 24 °CA
BTDC) and 𝑃።ᑔᑔ = 53.96 kW (at 16 °CA BTDC) for cylinder 4. The model computes the indicated power
over the combustion cycle, and not the full (4-stroke) cylinder cycle, as shown in 6.3. Therefore, the
indicated power is actual to low and requires a higher TDC shift than the -0.9 °CA. At a TDC shift of 0,
and an ignition timing of 16 °CA BTDC the models indicated power (𝑃።ᑔᑔ) is 56.1 kW compared to P። =
50.6 kW for the full cycle, calculated directly from the Kibox data.

Figure 6.4: Pressure signal of methanol with three TDC shifts.

Shifting the signal more from -0.9 °CA shift towards 0 shift, as shown in figure 6.4, gives higher
indicated powers, thus better representation of the indicated power. Although, this also has an influence
on other parameters. One of those parameters is the input of the Woschni temperatures. The Woschni
temperatures are varied to make sure that the RCO goes through zero at the start of combustion (SOC).
After adjustment of SOC, for 0 °CA shift, the cylinder wall temperature is 215 K ( - 58 °C). Which is
not representative of actual physical values. At least 80 °C from the cooling water is expected as wall
temperature.

The Woschni temperatures are better represented at -2.0 °CA shift, e.g. the cylinder wall tempera-
ture is 465 K (192 °C), after fine-tuning the SOC. The downside of this shift is that the indicated power
drops to 𝑃።ᑔᑔ = 50.51 kW (at 20 °CA BTDC ignition). This would come close to a mechanical efficiency of
100 %, thus no friction, which is also not physically possible. The decision is made to shift the pressure
signal at -0.9 °CA, where thus the solution lies between two extremes, both the best representation of
indicated power and the Woschni temperatures. With this shift, the best of both is chosen to model as
close as possible to actual physical values. With NG the indicated power calculations are lower com-
pared to methanol, but the shift is not executed differently with the NG model. The pressure sensor,
the signal and Kibox TDC shift has not altered during measurements. Therefore, a TDC-shift should
be done the same for all models. Shifting TDC has an influence on HRR shapes, combustion duration,
etc. and will influence further analysis. The absolute values of combustion duration are seen as less
important in this study than the comparison between the combustion duration at different settings of
fuel, ignition timing and aftercooler temperature. Therefore, it is decided to keep the TDC shift constant
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for all analysis at -0.9 °CA, for both the methanol as the NG model.

6.2.2. Methanol compared to NG
Continuing the power analyses, now the in-cylinder indicated power will be analysed for NG compared
to methanol.𝑃።ᑔᑔ at this comparison is computed at 52.26 kW for methanol and for NG 48.61 kW. The
indicated power for NG is 7 % lower than for methanol, based on cylinder 4. To verify, the pressure data
of NG is compared to three other NG 375 kWe pressure data sets from the same measurement. Finding
all indicated power calculation between 48.0 and 49.0 kW. The lower indicated power is assumed to
be due to variation in pressure cylinder-to-cylinder variations as discussed in chapter 4.

Indicated power vs crank angle is shown for methanol and NG in figure 6.5. It is visible that maximum
in-cylinder power is observed at an earlier CA. Furthermore, the negative power is smaller for methanol
compared to NG. Negative power is computed with the in-cylinder pressure in the compression part of
the graph until TDC. Higher pressures for NG compared to methanol at this part are shown in figure
6.1. Therefore, methanol has less total negative power calculated compared to NG.

Figure 6.5: Indicated power plot of cylinder 4 for NG compared to methanol at 375 kWe.

6.2.3. Ignition variation

Figure 6.6: Indicated power of cylinder 4 with changing ignition timings at 375 kWe.
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In figure 6.6 the indicated power is shown with changing ignition timing. With advanced ignition timings
the maximum power is reached at earlier CA. The calculated combustion cycle indicated power,𝑃።ᑔᑔ ,
varied between 52.41 kW (at 24 °CA BTDC), 53.26 kW (at 20 °CA BTDC) and 53.96 kW (at 16 °CA
BTDC) at changing ignition timings with 375 kWe power. For clarity, the TDC shift was kept constant
for all ignition timings. This could be an indication that the indicated power for the pumping loop (𝑃።ᑡᑔ)
changes with changing ignition timing. Because the model does not calculate the indicated power with
the full cycle, but only the combustion cycle. The full cycle indicated power (𝑃።), is compared for 16 and
24 °CA BTDC, both being 50.6 kW, calculated from the Kibox values (at 0 TDC shift).

6.2.4. Aftercooler temperature variation
The indicated power calculated by the model,𝑃።ᑔᑔ , is 53.4 kW for the manifold temperature of 40 °C
and 53.9 kW for the manifold temperature of 60 °C. 𝑃። were closer to each other with 50.57 kW for the
manifold temperature of 40 °C and 50.66 kW for the manifold temperature of 60 °C. This is compliant
with expectations because both measurements were done at 375 kWe output, and therefore the total
indicated power is expected to be the same.

Figure 6.7: Indicated power plot of cylinder 4 with varying manifold temperature.

In figure 6.7 the in-cylinder indicated power is shown for varying aftercooler temperature. More
negative power at higher manifold temperatures is shown. The higher amount of negative power is
expected to be from more in-cylinder mass for higher manifold temperatures. However, these negative
powers are compensated with higher maximum powers during combustion, after TDC.

6.2.5. Conclusion Power
From the models and experiments, the following can be concluded regarding the indicated power:

• The indicated power is best represented at higher TDC shift. Woschni temperatures were best
represented with lower TDC shift. To be closest to actual physical values, of both indicated power
and Woschni temperatures, a TDC shift of -0.9 °CA is chosen.

• The model computes a higher indicated power with methanol for cylinder four compared to NG.
Cylinder 4 had with methanol higher pressures compared to the mean pressure of the four mea-
sured cylinders, influencing the indicated power calculations.

• The calculation of indicated power from the model is calculated with the combustion cycle and
not the full cycle, resulting in deviations in indicated power. This was specifically visible with the
ignition sweep, were the indicated power was decreasing with advanced ignition timing.
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6.3. Heat release
The heat release rate graphs and fuel mass burn fraction (RCO) graphs will be shown for the NG com-
pared to methanol, the ignition variation and the aftercooler temperature variation. For the comparison
between methanol and NG, and for the ignition variation, also the combustion duration will be analysed.
Furthermore, the start of combustion and end of combustion will be analysed for the ignition sweep.

In the calculation of the model, the end of RCO is assumed at 98 %. This means that at the end of
the in-cylinder cycle 98 % of the fuel is burned. Similarly, it is stated that the fuel starts to burn at the
ignition timing. However, the combustion rate for methanol compared to NG is shown in this section.

The literature study reveals in figure 2.14 how the heat release typically looks. The heat release
curve typically can be divided in four phases: ignition delay, premixed combustion, diffusive combustion
and late combustion. Before going to the actual analyse one more heat release figure will be shown
from Heywood for diesel in figure 6.8, here is the part of fuel vaporization visible as a negative dip
just before ignition [15, p.511]. This negative dip is also expected for methanol because methanol has
almost 4 times the heat of vaporization compared to diesel as shown in figure 2.3. Note that the shown
crevices losses in the figure are not calculated in this model.

Figure 6.8: Heat-release during combustion for DI diesel [15].

6.3.1. Methanol compared to NG
In figure 6.9 the heat release of methanol and NG is shown at 375 kWe, 500 mg/nmኽ NOx, ignition at
20 °CA BTDC and 1500 rpm. It is visible that maximum heat release takes place earlier after top dead
centre for methanol compared to NG. Indicating faster combustion for methanol.

In the performance analyse, the Kibox results show faster combustion for methanol with equal
conditions as presented in table 4.6. In figure 6.9 this also looks to be the result due to an earlier
maximum of heat release. Meaning considerably more fuel is burned in the premixed combustion phase
with methanol compared to NG. And compared to typical diesel hr curves, shown in 2.14, methanol
combustion does not show any diffusive combustion, only premixed combustion and late combustion.

The fuel mass burn fraction (RCO) is displayed in figure 6.10. From this figure, it becomes more
clear that 10 % and 50 % of the fuel is burnt much faster with methanol compared to NG. However, 90
% fuel is burnt at almost equal CA. In the RCO is also the -5 % fuel measurement for NG shown, as
discussed in section 6.0.1. The -5 % fuel measurement is almost equal at CA10 and CA50 compared
to NG 20 °CA BTDC, but the CA90 is at 5.0 °CA earlier. To calculate the combustion duration the crank
angle where 90 % fuel is burnt minus the crank angle where 10 % fuel is burnt (CA90 - CA10) is taken,
and also the CA50 point is found and shown in table 6.1. It is found that CA10 and CA50 are much
faster with methanol compared to NG. It also shows that the combustion duration (CA90-CA10) is 61.5
°CA, and therefore 7.2 °CA shorter for methanol compared to NG.
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Figure 6.9: HRR plot of cylinder 4 with NG and Methanol at 375 kWe both at an ignition timing of 20 °CA BTDC.

Figure 6.10: RCO plot of cylinder 4 with NG and methanol at 375 kWe both at an ignition timing of 20 °CA BTDC

Table 6.1: CA10 CA50 and CA90 values of the cylinder 4 from the RCO for NG compared to methanol

NG 20 °CA BTDC - 5% NG 20 °CA BTDC methanol 20 °CA BTDC
CA10 187.8° 187.8° 185.1 °
CA50 204.3° 204.8° 197.2°
CA90 251.4° 256.5° 246.6°
CA90-CA10 63.6° 68.7° 61.5 °

The combustion duration from the Kibox data, in table 4.6, compared to the combustion duration
from the model, in table 6.1, is almost twice as long. This indicates a different calculation method
with the Kibox. From the Kibox settings could be found that the Kibox uses a resolution of 1 °CA
and a maximum window of 120 °, which both should not make such a big difference possible. The
Kibox does not take any heat loss into account, which makes the biggest difference in the combustion
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duration calculations. To show this a comparison is made in table 6.2, where the combustion duration is
computed in the model from the NAHRR, instead of the RCO, and compared to the combustion duration
of the kibox. It clearly shows that the calculated CA90 and CA10 are more close to the kibox data,
determined with the NAHRR. However, the heat loss should be included, therefore, the combustion
duration from the model will be determined with the CA10 and CA90 of the RCO.

Combustion duration is dependent on the input of fuel consumption, heat loss coefficients etc. For
the NG it must be noted that it is an assumption from other experiments, and also dependent on the
density (𝜌) that is used. In table 6.1 the 5 % lower fuel consumption the NG combustion duration is
already almost equal of duration compared to the combustion duration with methanol. However, the
earlier CA50 and CA10 for methanol compared to NG stay visible. Most variation is in CA90 for NG
with changing the fuel consumption of NG.

Table 6.2: Combustion duration (CA90-CA10) from NAHRR with methanol compared to the Kibox calculations

Kibox methanol 20 °CA BTDC NAHRR methanol 20 °CA BTDC
CA10 5.57° 3.6°
CA90 41.8° 38.7°
CA90-CA10 36.2° 35.1°

Both the performance analyses (Kibox data) and the model show faster combustion for methanol
compared to NG. The faster combustion of methanol is not what was expected from the literature. With
lean mixtures as shown in figure 2.9 methanol has a lower laminar flame speed than methane (NG main
component), thus slower combustion was expected. Within this laminar flame speed comparison the
in-cylinder effects, such as higher temperature, pressure and turbulence, were not taken into account
and could make the difference seen in this experiment.

According to Merker the most fuel consumption optimal operating point of CA50 is at 8 °CA ATDC
[26], which was further explained in section 4.5. In table 6.1 it shows this has been reached closer with
methanol compared to NG at an ignition timing of 20 °CA BTDC, where for methanol a CA50 of 197.2
- 180 = 17.2 °CA ATDC is calculated. This is indicating a better fuel consumption optimal operating
point for methanol, thus higher efficiency with methanol at this operating point.

In section 4.2 it was argued that one of the three possible reasons for the lower stability with
methanol compared to NG could be due to lower combustion rates. This is not shown in these first
comparison results. Combustion rates are almost equal or even higher for methanol compared to NG.

6.3.2. Ignition variation

Figure 6.11: The fuel mass burn fraction (RCO) with changing ignition timing, with a closer look at the start of ignition
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The heat release analysis with varying ignition timing will start with having a closer look at the start
of combustion (SOC). SOC is at all points where the RCO=0 and made equal to ignition timing. This
is visible in figure 6.11. Only with retarded ignition timings of 16 °CA BTDC, it shows a dip through
zero after ignition, expected to be from the fuel vaporization as shown in figure 6.8. A fuel vaporization
dip as shown with diesel just before SOC is not seen in all the heat release figures with methanol.
This dip was expected due to the four times high heat of vaporization with methanol. The lack of fuel
vaporization dip could be due to one or a combination of the following reasons:

• The lower boiling point of 65 °C with methanol compared to 180-360 °C with diesel as shown
in figure 2.3. Lower boiling point could indicate that the methanol is evaporated earlier in the
process than with diesel.

• A fast and high premixed combustion period. Methanol compared to NG and diesel, is dominating
in the premixed combustion phase. This is shown in the first 10 % of burnt fuel (CA10) value. For
methanol, a CA10 is calculated at 185.1 °CA with a spark timing of 20 °CA BTDC. Meaning 10
% of fuel is burnt in 25.1 °CA after the spark, compared to a 27.8 °CA for NG.

• PFI gives more time for evaporation of the methanol compared to DI. With PFI methanol can
vaporize already just after the moment of IVC, while with diesel DI less time is available for va-
porization of diesel. For a typical Diesel DI, the injection of fuel is in the order of 5 °CAs earlier
before ignition starts [p.506] [15]. For methanol with PFI, shown in these experiments, it had
around 160 °CAs before ignition.

Wei also shows hr curves with PFI methanol blending with DI injected diesel [44]. In these experi-
ments methanol/diesel ratios were used up to 1.54 (mass flow methanol/mass flow diesel). When more
methanol is added with diesel in his experiments, smaller evaporation dips are shown in the hr-curves,
and no dip is visible anymore with the 1.54 ratio. Furthermore, in formula 5.40 it is stated that the en-
ergy of fuel is calculated with the mass of fuel burned. Although this gives a decent energy calculation
for vaporizing and heating the fuel. For methanol it does not seem to be a good representation over
time in the evaporation of the fuel.

Figure 6.12: The fuel mass burn fraction (RCO) for changing ignition timing, with a closer look at EOC

The end of RCO is set to 98 % for all ignition timings, and this is made visible in figure 6.12. The
combustion rate is interesting when looking at figure 6.13 and changes with changing ignition timings.
Due to changing combustion rates, the combustion duration, CA10, CA50 and CA90 will change with
variating ignition timing. First of all, the RCO is determined with formula 5.29, which results in a max-
imum RCO of 1.02 around 310 °CA. This results in an overshoot before decreasing back to the end
value of 98 %. Due to the decreasing temperature and decreasing heat loss in formula 5.28 in the last
30 °CAs before EVO (=340.1 °CA), the RCO decreases after it’s maximum.Pressure also decrease but
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the p * dv/dt part will go near to zero but will not go negative in the NAHRR calculations. The engine
has a relative late moment of EVO, therefore, this overshoot in RCO is visible for this engine. Similar
overshoot was visible with the research with NG and hydrogen on this engine [30]. This overshoot is
not visible in an engine with an earlier moment of EVO, e.g. the MAN 4 L20/27 diesel engine used with
an EVO at 300 °CA from the research of Ding [8] does not show overshoot in RCO.

Figure 6.13: The fuel mass burn fraction (RCO) for changing ignition timings

Figure 6.14: The heat release flow for changing ignition timing

From figure 6.12 and 6.14 can be seen that with retarded ignition timing e.g. an ignition timing of
16 °CA BTDC, the end of combustion (CA90) is also retarded. The peak heat release also looks to
increase with retarded ignition, but this can not be fully confirmed due to the peak with the ignition
timing of 18 °CA BTDC line compared to the peak of the ignition timing of 16 °CA BTDC.

To have a better understanding of the combustion performance with changing ignition timing the
CA10, CA50, CA90 and combustion duration (CA90 - CA10) is calculated for varying ignition timings
and shown in table 6.3.
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Table 6.3: CA10, CA50 and CA90 values of the cylinder 4 from the model with varying ignition timings

16 °CA
BTDC

18 °CA
BTDC

20 °CA
BTDC

22 °CA
BTDC

24 °CA
BTDC

CA10 187.8° 185.9° 185.1° 183.5° 181.8°
CA50 199.3° 197.2° 197.2° 196.5° 195.2°
CA90 244.0° 244.0° 246.6° 250.0° 249.7°
CA90-CA10 56.2° 58.1° 61.5° 66.5° 67.9°

Table 6.3 shows that with advanced ignition timing, the combustion duration increases. This same
trend was visible with the Kibox values shown in table 4.6. However, the Kibox values have computed
a shorter combustion duration, as discussed in section 6.3.1, because it does not take heat losses into
account.

According to Merker the most consumption optimal operating point of CA50 is at 8 °CA ATDC [26].
In table 6.3 it is shown that this point was not reached but closest to it was the ignition timing of 24 °CA
BTDC, with a CA50 of 15.2 °CA ATDC. The results of the best consumption optimal operating point
match with what is found in section 4.5, where the highest engines brake efficiency is also calculated
at an advanced ignition timing of 24 °CA BTDC. Further investigation of efficiencies found in the model
is done in appendix B.3.

6.3.3. Aftercooler temperature variation

Figure 6.15: The fuel mass burn fraction (RCO) for varying aftercooler temperatures

In figure 6.15 the fuel burnt is shown for varying aftercooler temperatures at equal power and fuel con-
sumption. The SOC is set at 20 °CA BTDC, equal to the ignition timing, for both manifold temperatures.
At the end, 98 % of fuel is burnt for both manifold temperatures. Furthermore, both lines are near each
other, meaning no significant changes in combustion duration and combustion rate.

6.3.4. Conclusion heat release
From the models and experiments, the following can be concluded regarding the heat release:

• Methanol shows 7.6 °CAs earlier CA50 and 2.7 °CAs earlier CA10 compared to NG. Indicating
faster (premixed) combustion. However, due to late CA90, the combustion duration is almost
equal with only 1.6 °CA shorter combustion duration for methanol at the lower mass of fuel used
for NG. At the higher fuel flow for NG, the combustion duration is 7.2 shorter for methanol.
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• With changing ignition variation combustion duration changed. Advanced ignition timing of 24
°CA BTDC showed a combustion duration increases of 11.7 °CA compared to an ignition timing
of 16 °CA BTDC.

• With changing ignition variation the fuel consumption optimal operating point was found at an
ignition timing of 24 °CA BTDC.

• With changing temperature after the cooler there were no significant changes calculated in the
CA10, CA50, CA90 and the combustion duration.

6.4. Temperature
The in-cylinder temperature will be analysed for the NG compared to methanol, the ignition variation
and the temperature variation. The in-cylinder temperature is calculated with formula 5.3 as described
in chapter 5.

6.4.1. Methanol compared to NG
In this analysis, the in-cylinder temperature for methanol will be compared to NG. In figure 6.16 the
in-cylinder temperature variation of cylinder 4 is given at 375 kWe, 500 mg/nmኽ NOx, ignition at 20 °CA
BTDC and 1500 rpm is shown for methanol and NG. The model with 5 % less fuel for NG was very
similar to the NG model in the temperature graph and is therefore not shown in the figure.

It is visible that the maximum temperatures are almost equal and figured to be both above 1400K,
with methanol 30 K higher. But the maximum temperature is reached at an advanced CA with methanol
compared to NG. Furthermore, it shows with methanol a steeper, increase and decrease, to the maxi-
mum temperature, indicating a shorter period in the maximum temperature compared to NG. The λ for
NG was higher with 1.62 compared to 1.56 for methanol. NOx emissions are strongly dependent on
(maximum) in-cylinder temperatures, as shown in figure 4.11. But also depends on the duration at this
maximum temperature and the air-excess-ratios (λ). That the maximum in-cylinder temperatures for
methanol compared to NG are close to each other is expected, due to the fact the engine was controlled
at an equal NOx emission level of 500 mg/nmኽ NOx.

Figure 6.16: Temperature plot of cylinder 4 with NG vs M100 at 375 kWe

In figure 6.16 is visible that the in-cylinder temperatures for methanol are lower from the beginning
at IVC. The lower temperature is due to the lower fuel temperature and the high heat of vaporization
of methanol. The measured temperature before the inlet, equal to T።፧፝, was around 50 °C lower for
methanol compared to NG. The model calculates temperature (Tኻ) with formula 5.15, strongly depen-
dent on T።፧፝. At 0 CA, the temperature plot starts at Tኻ. Thus, the measured temperature difference
is visible at the beginning of the figure. However, due to the steep increase around TDC (180 °CA)



6.4. Temperature 73

the temperature of methanol will become higher just after TDC, and the maximum temperature is at an
earlier CA than NG. From formula 5.3 is known that the temperature is computed with the in-cylinder
pressure. The steep increase of temperature must therefore also be visible as a steep increase in pres-
sure, as was shown in section 6.1. This faster increase of temperature for methanol compared to NG is
an indication of combustion taking place faster than with NG under equal conditions. The steeper tem-
perature rise, which is a function for the measured pressure, has an effect on the combustion duration
and the heat release, which are shown in section 6.3.

The shape after the maximum temperature looks similar only shifted. Due to the earlier reached
CA where methanol reached the maximum temperature, the temperature will decrease in advance
compared to NG. Therefore, methanol will have a lower maximum temperature at the moment of EVO
compared to NG. Heywood reports that lower (in-cylinder) exhaust temperatures have an effect to
reduce the in-cylinder heat losses and efficiency will, therefore, increase [15]. However, the in-cylinder
exhaust gas is used by the turbocharger. This difference in exhaust temperatures will also affect the
turbocharger, therefore, the effect on the overall engine efficiency is hard to determine only from the
in-cylinder temperature differences.

It must be noted that the model is sensitive to the temperature, due to the calculation it makes with
the ideal gas law from the input pressure. The trapped temperature (Tኻ) is an important input param-
eter to show the best representation of the temperature plot. For methanol, the measured fluctuation
in temperature before the inlet was in the order of 0.5 °C. For NG, the measurement of the tempera-
ture at the inlet fluctuated +/- 10 °C. A 10 °C higher Tኻ will affect the maximum calculated in-cylinder
temperature with an approximate 40 °C. But the CA where maximum temperature is achieved will not
change with changing the initial temperature Tኻ.

6.4.2. Ignition variation

Figure 6.17: Temperature plot of cylinder 4 with changing ignition timings at 375 kWe

In figure 6.17 the in-cylinder temperature is shown with changing ignition timings at 375 kWe (75 %
load). With retarded ignition timing the maximum temperature is at a later CA. This is also expected
due to a later CA where the maximum pressure is measured as shown in figure 6.2, and as earlier
mentioned the computed temperature is a function of the measured pressure and calculated volume.

Advanced ignition timings (22 and 24 °CA BTDC) show lower maximum temperatures than retarded
ignition timings. The calculated higher temperatures are not due to a higher pressure, because at 24
°CA BTDC the highest pressure is measured. The higher temperatures at retarded ignition timings are
due to a bigger volume at the CA of maximum pressure. The volume of maximum pressure with 16
°CA BTDC is 13.5 % bigger than the volume at the moment of maximum pressure with 24 °CA BTDC.

The (in-cylinder) exhaust temperatures are taken at the end of the in-cylinder temperature calcu-
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lations. At an ignition timing of 24 °CA BTDC an (in-cylinder) exhaust temperatures of 902 °C has
been computed. At an ignition timing of 16 °CA BTDC an (in-cylinder) exhaust temperatures of 960 °C
has been calculated. Thus, with retarded ignition timing, higher (in-cylinder) exhaust temperatures are
determined, at constant NOx emission settings.

With advanced ignition timings, it is visible that the temperature increases at an earlier CA resulting
in decreasing at an earlier CA. At the end of the in-cylinder process, when the exhaust valves opens,
this results in a lower (in-cylinder) exhaust temperature. Lower exhaust temperatures could indicate
an increase in efficiency, due to lower heat loss [15]. In table 4.5 the best efficiency is calculated at
an advanced ignition timing of 24 °CA BTDC, which corresponds with the lowest (in-cylinder) exhaust
temperature.

6.4.3. Aftercooler temperature variation
In the third analyse variant the temperature after the cooler is changed between 40 °C to 60 °C. The
methanol flow and power was kept constant at 200 kg/hr and 375 kWe. With the increase of the
temperature after the cooler by 20°C the temperature at the inlet valve is only increased from 13.5 °C to
16.0°C, due to the vaporization of methanol. The model calculated the in-cylinder temperature for both
variants, and is shown in figure 6.18 from ignition (160 °CA) until just after the maximum temperature
has been reached.

Figure 6.18: Temperature plot of cylinder 4 with changing temperature manifold at 375 kWe

A maximum temperature of 1169 °C has been figured for the T፦ፚ፧።፟፨፥፝ = 40 °C. For the T፦ፚ፧።፟፨፥፝
= 60 °C a maximum temperature of 1148 °C has been calculated. Interesting to see is that an initially
higher inlet temperature will lead to lower maximum in-cylinder temperatures. The lower maximum
temperature at a higher manifold temperature matches with the lower NOx emission, which is seen in
the performance results, as shown in figure 4.11. The main reasons for the lower maximum temperature
is the higher λ combined with more vaporization of methanol before the inlet. The higher manifold
temperature (T=60 °C) had a higher λ of 1.70 compared to a λ of 1.66 for the lower manifold temperature
(T=40 °C). The determined vapor factors at IVC are 37.7 % for the higher manifold temperature and 18
% for the lower manifold temperature.

The (in-cylinder) exhaust temperatures are taken at the end of the in-cylinder calculations. For
T፦ፚ፧።፟፨፥፝ = 40 °C an (in-cylinder) exhaust temperatures of 928 °C has been computed. For the
T፦ፚ፧።፟፨፥፝ = 60 °C an (in-cylinder) exhaust temperatures of 919 °C has been determined. These two
calculated exhaust temperatures are close upon each other when compared to the ignition sweep or
the where NG was compared with methanol.
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6.4.4. Conclusion Temperature
From the models and experiments, the following can be concluded regarding the temperature:

• Almost equal maximum in-cylinder temperatures were reached just above 1400 K for NG and
methanol, as expected due to fixed NOx emission settings with both measurements. Only with
methanol maximum temperature was reached about 20 °CA earlier.

• Maximum temperatures at an earlier CA results in a lower (in-cylinder) exhaust temperature.
Lower (in-cylinder) exhaust temperatures are shown for methanol compared to NG, and with the
ignition variation at an advanced ignition timing of 24 °CA BTDC.

• A decrease of 21 °C in maximum in-cylinder temperatures calculated at an increase of mani-
fold temperature from 40 to 60 °C, at equal power output and equal fuel consumption. Lower
in-cylinder temperatures are expected to be the reason of lower measured NOx emissions. In-
creasing the manifold temperature further could give better in-cylinder performances until 100 %
vapor is reached at the moment of IVC. However, increasing manifold temperature would also
increase the thermal loads on the materials in the inlet port (e.g the inlet valve).

6.5. Validation of the models with Kibox HR & HRR
For validation of the NG and methanol models, the heat release and heat release rate from the Kibox
are compared to the NAHR and NAHRR. First, the values of NAHR for the methanol model and the
HR from the Kibox are compared, then the NAHR for the NG model is compared with the HR from the
Kibox, and finally, for both models, the NAHRR is compared to the HRR of the Kibox.

6.5.1. Validation of the NAHR for the methanol model
In this section, the calculated NAHR of the methanol will be compared with the NAHR calculated in the
Kibox. This way the model will be validated. The Kibox computes the heat release between 30 °CA
BTDC and 90 °CA ATDC. The Kibox determines the heat release with a 1፭፡ law of thermodynamics
algorithm and is not including any heat losses. This way it is comparable with the NAHR of the models,
where also the heat losses are not included, according to equation 5.26. The shown NAHR in equation
6.4 is the integral of the formula 5.26.

𝑁𝐴𝐻𝑅𝑅 = 𝑄̇፜፨፦፛ − 𝑄̇፥፨፬፬ + 𝐸̇፟ = 𝑚 ⋅ 𝑐፯ ⋅
𝑑𝑇
𝑑𝑡 + 𝑝

𝑑𝑉
𝑑𝑡 (5.26 revisited)

𝑁𝐴𝐻𝑅 = ∫𝑁𝐴𝐻𝑅𝑅 (6.4)

Where the NAHRR is in J/s and the NAHR is in J. According to the thesis report of combustion drive,
the heat release in the Kibox in J/CA is calculated with formula 6.5[1]:

𝛿𝑄፜፡
𝑑𝜃 = 𝛾

𝛾 − 1 ⋅ 𝑝 ⋅
𝛿𝑉
𝑑𝜃 +

1
𝛾 − 1 ⋅ 𝑉

𝛿𝑝
𝑑𝜃 (6.5)

Where 𝛾 is 𝐶፩/𝐶፯, p is pressure, V is the volume, 𝜃 is the crank angle. Then, the heat release in the
Kibox (I) is the integral of the heat release rate (Q):

𝐻𝑅ፊ።፛፨፱ = 𝐼 = ∫
𝛿𝑄፜፡
𝑑𝜃 (6.6)

In figure 6.19 and 6.20 the NAHR of the methanol model is compared to the Kibox HR. This com-
parison is at 375 kWe, ignition of 20 °CA BTDC, with the used TDC shift of -0.9 and without a TDC shift.
It is visible that the NAHR from the Kibox does not show a fuel vaporization dip as shown for diesel in
figure 6.8. Furthermore, the Kibox HR initially follows the -0.9 shifted NAHR line from the model. But
from 40 °CA ATDC it is closer to the unshifted NAHR line. When looking into the closer look around
TDC in figure 6.20, it shows that the HR from the Kibox starts to increase at 150°CA, 30 °CA BTDC.
This is unreliable because the ignition timing is set at 20 °CA BTDC.
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Figure 6.19: Net apparent heat release methanol model compared to Kibox hr

When looking at the end values of all three heat release calculations, the heat release per cycle is
given. It is expected that this value is lower than Q፟፮፞፥ calculated with equation B.5, which is approxi-
mate:

𝑄፟፮፞፥ = 0.55555[𝑔𝑟𝑎𝑚] ⋅ 19.9[𝑘𝐽/𝑔𝑟𝑎𝑚] = 11.0 [𝑘𝐽]

The NAHR is expected to be lower because from the Q፟፮፞፥ the heat losses, combustion losses and
the energy to fuel must be subtracted to get the NAHR. The heat release per cycle is shown in table
6.4.

The heat release per cycle from the NAHR in table 6.4 show that the end values are best represented
in the model without shift. The shifted value is almost 4 % lower. This complies with what is found with
the TDC shift that the found indicated power was also better without shifting the signal. The model has
been shifted because better values of heat loss, meaning more realistic Woschni temperatures were
found. In figure 6.20 a closer look from ignition and TDC is shown to see the benefits of the TDC shift.
Both NAHR signals have been adjusted with Woschni temperatures to have the RCO go through zero
at 20 °CA BTDC. The shifted signal is in the region of the start of combustion (SOC) and just after TDC
more compliant with the Kibox HR signal and still has the SOC in the NAHR at 160 °CA BTDC. Just as
the RCO it is expected that the NAHR starts to increase from zero at the moment of ignition, thus best
shown in the NAHR with a TDC shift of -0.9.

Table 6.4: Heat release per cycle comparison between model and Kibox

heat released at 90 °CA ATDC [J]
Model: NAHR no shift 8830
Model: NAHR with -0.9 shift 8537
Kibox: HR 8827

Concluding that the HR signal from the Kibox and the NAHR from the methanol model are almost
similar. Also, it becomes more clear that the chosen TDC shift is a trade off between, a good calculated
indicated power or total heat release in this case, and a better representation of the in-cylinder heat
loss and combustion rate.
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Figure 6.20: Net apparent heat release methanol model compared to Kibox hr. close look around TDC

6.5.2. Validation of the NAHR for the NG model

Figure 6.21: Net apparent heat release NG model compared to kibox HR

Similar validation, as been done for the methanol model, will be done here for the NG model. In figure
6.21 the NAHR for NG at 375 kWe is shown with the 127 m/hr fuel flow and -0.9 TDC shift as has been
used throughout this chapter for the comparison with methanol. Besides the NAHR, also the GAHR
from the model is shown. The GAHR will be shown for comparison and to show the influence of taking
heat loss into account in the models.

It is found that:

• NAHR and HR from Kibox are approximately the same from 190 to 220 °CA.
• Between 160 and 185 °CA, the GAHR is closer to the HR from the Kibox than the NAHR.
• HR from Kibox is higher from 220 °CA and ends 3.5 % higher with 8423 J at 270 °CA.
• GAHR is showing higher results due to the included heat loss, as expected. The GAHR is 33.7

% higher than the NAHR, with a final value of 10670 J. Indicating that 33.7 % of the energy is lost
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due to heat losses and energy to fuel. According to Ding, Heat losses are in order of 20-30 % [8].
• Longer combustion duration calculated by the model compared to the Kibox results is shown here

as a result of the included heat loss calculations. The GAHR shows, after 8000 J at 215 CA, a
long slow increasing curve, resulting in found CA for 90 % burnt fuel (CA90) at a later °CA.

Furthermore, the following was found after changing settings of fuel flow and TDC shift:

• Found that heat release from Kibox more comparable with the higher fuel flow of 127 mኽ/hr com-
pared to the -5 % fuel flow. Both fuel flows were used in comparison with methanol and explained
in section 6.0.1.

• Found that without TDC shift, the end of NAHR is more compliant with the model. With the -0.9
TDC shift, the first part of NAHR is more compliant with NAHR, similar to what was found with
the methanol model.

Concluding that the NAHR also for the NG model is comparable with the HR from the model. Also,
the GAHR compared to the NAHR is showing the desired effect of including heat losses in the model.

6.5.3. Heat release rate validation
Until now only the heat release (I) from the Kibox is shown, but the Kibox also has a heat release
rate (Q), which will be used to compare with the NAHRR from the model. The heat release rate (Q)
and NAHRR for methanol are shown in figure 6.22 in J/CA. The heat release rate NAHRR from the
methanol model looks compliant to that what is found from the Kibox HR.

Figure 6.22: Net apparent heat release rate methanol model compared to Kibox HRR

For the NG model, this similar figure of heat release rate is shown in figure 6.23. HRR signals
shown comparable graphs. For the methanol NAHRR, a lower maximum is found in the Kibox HRR,
with 349 J/CA compared to the model, with 378 J/CA. For methanol, this is an error of 8.3 %. This error
increases, when a 0 °CA TDC shift is used, up to 12.0 %, indicating that NAHRR is better represented
with a TDC shift. For NG a lower maximum heat release rate is found in the Kibox, with 258 J/CA,
compared to the calculated value in the model with 269 J/CA. Furthermore, the maximum HRR is at
14 °CA ATDC for the Kibox HRR and 13 °CA ATDC for the NAHRR with the -0.9 °CA TDC shift, as
expected because both are a function of the same pressure signal. For NG maximums are found at
19 °CA ATDC for the Kibox and 18 °CA ATDC for the NAHRR from the NG model. HRR signals from
Kibox shows similarity with the NAHRR for the NG and methanol model.

Concluding that the HR and HRR from the Kibox and the NAHR and NAHRR from the NG model and
methanol model are almost identical. Small differences found are expected, due to different calculations
and assumptions in the model, e.g. the adjustment of the SOC in the model and the TDC-shift. The
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HR curves from the Kibox and NAHR from the model are showing similar results within a margin of 4
%. The HRR curves show results within a margin of 8.3 % for the difference in maximum heat release
rate, thus the NG model and methanol model are validated.

Figure 6.23: Net apparent heat release rate NG model compared to Kibox HRR

6.6. Modelling sub-conclusions
Every section already has its own sub-conclusion but here the answers will be given to the last remain-
ing sub-question of the thesis:

• Which heat release model is used for the methanol engine and what needs to be changed in the
model?

A modified in-cylinder heat release rate model is used to model the PFI of methanol. The model
has been modified at two parts. The first part is the fuel modifications; the properties of the
fuel and the gas properties are modified in the model to have correct calculations of combustion
heat. The second part is the energy to liquid fuel sub-model that has been modified. It has been
adjusted with a vaporization factor to simulate the part that already is vaporised in the inlet valve
before the combustion chamber is closed. The methanol model, including the modifications, are
validated when comparing the results with the Kibox heat release.

• Will the model give comparable performance characteristics as found in the experimental data?

The following characteristics from the model are found to be comparable with the experimental
data:

– Both model and performance results shown best fuel consumption optimum point with methanol
at advanced ignition timings of 24 °CA BTDC.

– Higher manifold temperatures showed lower NOx emissions in performance data. In the
model, the higher manifold temperature shown lower in-cylinder maximum temperature,
which could result to lower NOx emissions as found in the literature.

– Both the model and the experimental data showed faster combustion for methanol compared
to NG. However, almost twice as long combustion duration was calculated with the model,
this was a result of the heat losses that are taken into account with the model.

The following characteristics from the model are found not to be comparable with the experimental
data:
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– The calculation of indicated power from the model is calculated with the combustion cycle
and not the full cycle, resulting in deviations in indicated power compared to the effective
power. This was specifically visible with the ignition sweep, where the effective power was
increasing with advanced ignition timing, the indicated power was decreasing with advanced
ignition timing.

– In the model, the best representation of indicated power is shown without a TDC shift, but
heat loss temperatures in the Woschni formula are best represented with a TDC shift of -2.0
°CA. Both could not be made exactly comparable with the performance characteristic. A
TDC shift of -0.9 °CA is chosen to be closest to both expected values of indicated power
and Woschni (heat loss) temperatures.



7
Conclusions & recommendations

The main objective of the thesis is to compare the performance of 100 % methanol with Natural Gas
(NG) in a spark-ignited (SI) internal combustion engine (ICE) with the purpose of using methanol in
a maritime environment. First experimental performance runs are executed and analysed following a
modelling analysis. The following was concluded and recommended from the analyses of the experi-
ments and the modelling.

7.1. Conclusions
This study presented the ability to stably run a CAT G3508A spark-ignited (SI) engine with port-injection
of 100 % methanol. The engine was able to operate with the new fuel after engine modifications were
made to the fuel system, control system and aftercooler controls. Furthermore, safety systems and
measurement systems were changed to make it possible to experiment on the 100 % methanol en-
gine. Three major challenges were encountered during the performance tests. First, it was not possible
yet to start the engine on 100 % methanol and it still needed natural gas during a 5-second startup.
Furthermore, 100 % load is not yet accomplished but expected that this will be possible at following
performance tests after modifications on the fuel system. The engine can operate, with current fuel
system, up to 430 kWe (86 % of maximum load). The third challenge that must be noted is that the fuel
injector of cylinder 4 needed to be replaced, prior to the measurements, due to dirt in the injector.

During the experimental runs, the test plan could only be partially executed, on 50 % and 75 % load,
due to limited time and fuel. During these runs, the most important parameters for the input and valida-
tion of the model are received among interesting measurement data. The most important data that is
received and necessary for modelling is in-cylinder pressure, crank angle, temperature measurements,
pressure measurements, exhaust emissions (NO፱ and Oኼ), engine power and fuel consumption.

A modified in-cylinder heat release rate model is used to model the PFI of methanol. The original
NG model has been modified in two parts. The first part is the fuel modifications; the properties of the
fuel and the gas properties are modified in the model to have correct calculations of combustion heat.
The second part is the energy to liquid fuel sub-model that has been modified. It has been adjusted
with a vapor factor to simulate the part that already is vaporised in the inlet before the combustion
chamber is closed. The NG and methanol model are validated by comparing the results with the Kibox
heat release and heat release rate.

After successfully performance testing and data collecting, the performance and model analysis
provided conclusions about the stated hypotheses. The following hypotheses will hold:

1. ”Engine efficiency is expected to be higher on methanol than on natural gas with the performed
test loads of 50 % and 75 % load.”
Efficiency improved by 2.2 % and 0.9 % at 50 % and 75 % load with methanol compared to natural
gas at the same test conditions of ignition timing and NOx emissions. These preliminary methanol
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engine results show that improvements in engine efficiency could be obtained from a retrofitted
SI NG engine converted to operate on 100 % methanol without making any modifications to the
geometrical engine specifications such as cylinder or piston geometry. The hr model also shows,
for methanol, a CA50 at 17.2 °CA. The CA50 for methanol compared to NG is 7.6 CA closer to the
consumption optimal operating point of CA50 at 8°CA ATDC, due to faster premixed combustion.

2. ”Better efficiency will be reached at an advanced ignition timing on methanol than the standard
used ignition timing of NG. With NG the standard ignition timing is at 20 °CA BTDC.”
The performance analysis showed a decrease of bsfc with advanced ignition timing, due to the
lower amount of needed fuel with equal power. The hr model also reveals, with an advanced
ignition timing of 24 °CA BTDC, a CA50 at 15.3 °CA ATDC, to be closest to the consumption
optimal operating point of CA50 at 8°CA ATDC. Optimum efficiency was found for both loads
at an ignition timing of 24 °CA BTDC, which was the most advanced ignition timing used in the
performance tests.

3. ”With increasing temperature after the cooler, there will be more evaporation before the inlet
valve, which causes better in-cylinder condition and therefore with constant efficiency, a lower
NO፱ emission can be realized”
It is calculated that the (in-cylinder) evaporation of methanol at IVC increased from 18.0 % vapor to
37.7 % with increasing temperature after the cooler from 40 °C to 60 °C. In the performance anal-
yse it showed a decrease of NOx emissions at constant load and fuel consumption. Supported
by the model which shows a decrease in maximum in-cylinder temperature, with increasing tem-
perature after the cooler. However, it should be noted that the air excess ratio also increased
(more in-cylinder mass) and that the measurements were not in steady state.

And the following hypothesis will be rejected:

• ”Better stability will be expected to be at an earlier ignition timing. With NG the standard ignition
timing is at 20 °CA BTDC.”
Advanced or retarded ignition timings did not give a clear trend in optimising the stability (COV
values). But, the engine runs stable on 100 % methanol at 250 kWe (50 % load) and 375 kWe (75
% load) between 16 °CA BTDC and 24 °CA BTDC ignition timing at 500 mg/Nmኽ NOx emission.
Within the ignition timings of 16-24 °CA BTDC, all COV።፦፞፩ values stayed below the critical sta-
bility limit of 10 %. Compared to NG, COV።፦፞፩ and COVፏ፦ፚ፱ showed higher values, indicating
lower stability for methanol than for NG. Methanol showed less stability due to higher cylinder-to-
cylinder and higher cycle-to-cycle variations. The expectation is that the higher cyclic variations
are due to one or a combination of following reasons: a.) Dirt in the injectors causing blocked
injectors, b.) High evaporation heat of methanol and c.) Lower flame speed of methanol at the
tested leaner air-excess ratios. The lower flame speed, expected from the literature study, was
not concluded with the experiments. It was found that the combustion duration (without heat loss
included) from Kibox for methanol was 1.6 °CA shorter than for NG at comparable settings of
ignition timing (at 20 °CA BTDC), power (375 kWe), engine speed (1500 rpm) and NOx emission
(500 mg/nmኽ). The model supported the faster combustion for methanol. With 1.1 °CA shorter
combustion duration compared to NG, calculated with the NAHRR (without heat losses). Taken
into account the heat losses, with GAHRR, the combustion duration was up to 6.6 °CA shorter
compared to NG. Both calculations indicate that the laminar flame speed is not dominant in the
combustion chamber. Thus, for comparing in-cylinder flame speeds of methanol and NG more
in-cylinder parameters need to be considered e.g. temperature, pressure and turbulence.

Regarding the heat release of methanol, it was found that methanol reveals 7.0 °CAs earlier CA50 and
2.6 °CAs earlier CA10 compared to NG at 75 % load. Indicating faster premixed combustion. However,
due to late CA90, the combustion duration is almost equal with only 1.1 °CA shorter combustion duration
for methanol. Furthermore, with changing ignition variation combustion duration changed. Advanced
ignition timing of 24 °CA BTDC showed a combustion duration increase of 11.4 °CA compared to an
ignition timing of 16 °CA BTDC.
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As mentioned before, most characteristics from the model were found comparable with the exper-
iments. The following characteristics from the model are found not to be comparable with the experi-
mental data:

• In the model, the best representation of indicated power is shown without a TDC shift. Heat loss
temperatures in the Woschni formula are best represented with a TDC shift of -2.0 °CA. Both
could not be made exactly comparable with the performance characteristic. With a chosen TDC
shift of -0.9 °CA, it was found to be closest to both actual physical values of indicated power and
cylinder wall temperatures. The choice of TDC shift has much influence on the absolute values
of HR and HRR, but limited influence when the comparison is made between the fuels with the
same TDC shift.

• The calculation of indicated power from the model is calculated with the combustion cycle and not
the full cycle, resulting in deviations in the indicated power. This was specifically visible with the
ignition sweep, were the indicated power calculated by the model was decreasing with advanced
ignition timing.

In the introduction of this study, the following primary question was deposited:

”What is the effect on the engine performance when 100 % methanol is used as fuel for a spark-
ignited port fuel injected engine compared to premixed injection of natural gas?”

Summarizing the conclusions, this question can now be answered with:
The engine operates stably on methanol at 50 % and 75 % load within ignition timings of 16-24 °CA

BTDC, but less stable than with NG. Heat release indicates an almost similar combustion duration, but
shorter combustion duration is shown for methanol. Also with methanol, the crank angle where 50 % of
fuel is burnt (CA50) is shown earlier compared to NG. The faster premixed combustion, combined with
a better found fuel consumption operating point, resulted in higher efficiencies for methanol compared
to NG for the tested 50 % and 75 % load at comparable operating conditions.

7.2. Recommendations
For the engine and test setup it is recommended to:

• Change the methanol injectors and check if the COV values drop for cylinder 5 and 6. Then also
the cylinder-to-cylinder variation becomes lower with methanol, thus, increasing the stability.

• Increase manifold temperature up to maximum vaporization of methanol and/or engine limits to
increase stability and efficiency (or lowering NOx emissions at constant efficiency).

• Test more advanced ignition timings than 24 °CA BTDC, to further improve fuel consumption.
From the performance results, it was concluded that the highest efficiency is reached with an
ignition timing of 24 °CA BTDC. However, more advanced ignition timings are not tested yet.

• Investigate if the engine can perform on a propeller load (with varying engine speed) instead of
the generator load (with constant engine speed).

• Investigate the emissions when running on methanol, including CO2, CO, HC and formaldehyde
emissions. This also can improve the model, because then the combustion efficiency can be
calculated instead of assumed at 98 %.

• Use the setup for ethanol as a fuel instead of methanol and compare results. It was found that
ethanol should have comparable performances, with higher LHV, but no projects are known to
use ethanol on marine size engines. The current engine setup can be used for ethanol.

For the model it is recommended to:

• Make predictive methanol models to forecast behavior with changing engine settings, such as
engine speed, loads, etc. The current methanol model has been used to explain and better
understand what is found in experiments. To obtain a predictive model it is advised to find the
Wiebe or Seiliger parameters with the modified methanol model.
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• Minimize the uncertainties in the model. The TDC-shift could not represent the physical values
for both the indicated power as the wall temperatures of the cylinder, indicating that there are
uncertainties in the model. Improvements in the accuracy of the model should be searched in:

– Adding delay and improve evaporation rate. The current single-zone model assume the
evaporating rate to be equal to the combustion rate. Meaning that the evaporation rate is
now dependent on in-cylinder burned fuel mass flow, which works for a decent estimate of
energy needed for the fuel. But this does not give a good representation of evaporation
in time. The current single zone model also simulates combustion from SOC equal to the
spark timing and to be equal in the entire combustion chamber. To improve the modelling
accuracy of methanol combustion, it is recommended to use multi-zone modeling including
delay times to obtain better results.

– Add crevices (heat) losses. In current model, the crevices losses were assumed to be zero.
To have a better representation of the in-cylinder masses the crevices losses should be taken
into account.

– Improve heat loss coefficients of Woschni for methanol as a fuel. In this research, only the
C2 and temperatures in the Woschni equation has been altered to fine-tune the SOC. The
values of C3 and C4 are not changed but should be more adjusted for methanol as a fuel.
This will create a better formula for in-cylinder heat losses.

• Validate the vaporization factor, build in the model, before further use of the model. In this re-
search was found that most used models choose to assume 100 % vapor in the model. Better
results are shown in this research but not yet validated. The vaporization factor is only compared
with another calculation, which shown comparable results.
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Engine modifications

The following systems are changed on the G3508A SI GI engine to make an 100% methanol injected
engine:

• Modified fuel system (including fuel storage, fuel pump, filters, piping, special designed fuel rail,
adjusted port injection system with high flow methanol injectors and valves).

• Modified charged air cooling system. New three way valve and modified control system to adjust
the temperature after the cooler. This was done because the cylinder inlet temperature (Tኻ)
changes by load due to the heat of vaporization of methanol after the cooler.

• New designed control system to control primary and secondary engine control systems.
• A vapor detection system is installed (safety). Inside the test bed a continuous methanol vapor

detection is available.
• A inert gas system is installed (safety). Nitrogen gas is used to clean the fuel system.
• Special measurement system and adjusted sensors (research purpose only).

A picture of the modified engine on the test bed is shown in A.1. In this appendix the modified
sub-systems will be discussed in more depth.

Figure A.1: Test bed
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A.1. Fuel system
In this chapter the methanol fuel system, as shown in figure A.2, will be discussed. The fuel system will
partly be outside in a closed area and partly inside the building where the test area is for the engine.
The safety considerations need to be taken into account when designing the fuel system. Also the
expected fuel flow,

⋅
𝑉፟፮፞፥, needs to be known during the designing process. The fuel flow of NG is

known to be 150 mኽ/hr at full load. The
⋅
𝑉፟፮፞፥ with methanol is almost 300 L/hr at maximum power

calculated with equation A.1.

⋅
𝑉፦፞፭፡ፚ፧፨፥[𝐿/ℎ𝑟] =

𝜌ፍፆ(፠ፚ፬)
𝜌፦፞፭፡ፚ፧፨፥(፥።፪፮።፝)

∗ 𝐿𝐻𝑉ፌ፞፭፡ፚ፧፨፥𝐿𝐻𝑉ፍፆ
∗ 1000 ∗

⋅
𝑉ፍፆ[𝑚ኽ/ℎ𝑟] (A.1)

With these design conditions known now the following fuel subsystems will be described.

Figure A.2: Schematic of the fuel system

A.1.1. Fuel hoses / piping

Figure A.3: Rubber hose Figure A.4: Stainless steel fuel lines
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Choosing a fuel pipe depends on the following characteristics: strength, thermal stability, availability,
pricing, chemical resistance and

⋅
𝑉፟፮፞፥. The required diameter depends on

⋅
𝑉፟፮፞፥, a minimum diameter

of 20 mm is used for the fuel hoses and piping.
Stainless steel (SST) meets the requirements and is therefor suitable to use for methanol transport.

Stainless steel pipe is a strong material but not flexible to move like PTFE, EPM or Rubber hose. A
hose is less resistant to heat of the engine and therefor less suited at higher temperatures (T>100 °C)
than stainless steel. EPM or Rubber hose are also chemical resistant and widely available.

Due to the comfort of flexibility a rubber hose is used with a double braided steel wire inserts for
extra strength for outside and inside as shown in figure A.3. Due to the less temperature resistance
character the hose will be used from the fuel storage tank up to 1 meter from the engine. Within one
meter of the engine stainless steel tubing is mainly used. From the double walled SST fuel rail to the
injector high temperature resistant ruber hose is used as shown in figure A.4.

A.1.2. Fuel storage

Figure A.5: Dip tray with Methanol IBC container used as fuel tank

The expected fuel needed for the engine is around 300 L/hr of methanol at full power. Due to start-up
of the engine and low load operations a maximum daily consumption of 1000L/day is expected. Due to
safety reasons a total amount of 3000L will be stored at PON Power. In the standard delivery methods
of methanol is in bulk (max 20.000L) or in intermediate bulk container (IBC) of 1000L.

In this project 3 IBC’s of 1000L are used and put on a fuel drip tray. With regards to safety the dip
tray and IBC container are outside in a shielded territory where no unauthorized personal is allowed
during operations. One of the three IBC’s is used as fuel tank and is connected to the engine as shown
in A.5

For this project the expected time the engine will be available for performance tests will be a maxi-
mum of 2 weeks. For longer duration of a similar projects a more sustainable solution is preferred like
an external double walled tank. Due to the costs and the size this solution is not chosen for this project.

A.1.3. Fuel pump
The fuel pump needs to keep the fuel rails under pressure. The fuel pump will be placed outside and
close to the fuel storage. A fuelab fuel pump ”41402-c (-sp)” has been chosen. The pump has proven
to be an good methanol fuel pump in automotive and has a

⋅
𝑉፩፮፦፩= 500 L/hr, which is enough for this

engine at full power (
⋅
𝑉፦ፚ፱ =300L/hr).
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A.1.4. Fuel filters
There will be two filters used in the system. One direct after the fuel tank and on direct after the fuel
pump. A fuel straining filter with a 75 micron particle rating will be used after the storage tank to protect
the pump. After the pump a fuel filter with 10 micron particle rating is used to remove all small particles
and to ensure this pollution will not enter the engine.

A.1.5. Fuel rail
A double walled fuel rail has been designed and placed at the engine as shown in figure A.4. A double
walled rail has been used for leakage indication and safety reasons. It will not be used for cooling or
heating the fuel. The fuel rail will be placed above the engine and therefor a main concern could be
that the temperatures of the fuel rail can become higher than the boiling point of methanol. But this
engine has water cooled air outlets. The hot outlet air of +/- 1000°C will be cooled with 85°C water on
a outer tube. Due to this cooling, heating of the fuel lines above boiling point is not expected.

A.1.6. Fuel injection & ignition

Figure A.6: Port fuel injection holders Figure A.7: Fuel injectors

Figure A.8: Available spark plugs

A.1.7. Fuel injectors
The used fuel injectors are Bosch EV14 2200cc injectors, that have multiple holes and a conical type
spray. The fuel injectors will be placed just above the cylinder air inlet valves, better known as port
fuel injection (PFI). The holders for the injectors and the injector itself are shown in figure A.6 and
A.7. With PFI you will have quicker transient behavior than premixed injection before the air cooler
as has been used with natural gas. Also due to the port injection the air/methanol flow will not pass
aluminium parts from the engine that are vulnerable for methanol/water. PFI provides a good fuel-air
mixture before ignition compared to direct injection which minimizes the risk of droplets of fuel. This
better mixture is due to longer mixing time before combustion. PFI also has the advantages to operate
at lower pressures, 3-5 bar, compared to common injection methods.

A.1.8. Spark plug
With the use of methanol as a fuel in the automotive industry the ”pre-ignition” is the limiting factor in-
stead of knock. The change on knock is low due to the high octane number. The change on pre-ignition
is high due to the low minimal ignition energy. Pre-ignition can lead to damage of the piston and spark
plug [13, p64].
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The spark plug electrode is one of the hottest parts in the combustion chamber and can be the
source of a pre-ignition. The material of the spark plug is therefor important. With platinum electrode
the change on pre-ignition is lower than with non-platinum electrodes. A even better solution is to
replace a standard iridium-electrode with electrodes with a copper core [13, p66].

The standard spark plug in the G3508A SI NG engine is a ”J” gap spark plug, shown on the right of
figure A.8. It has a iridium alloy on the tip of the center electrode. The tip of the ground electrode has
a platinum alloy. Also the use of pre-chamber spark plugs, shown in the middle of figure A.8 must be
considered optional. The pre-chamber spark plug has multiple holes which increase the flame speed
of the fuel mix. With high flame speed the engine can run with less fuel and more air. This will reduce
the NOx emission. The pre-chamber spark plug is specially designed to satisfy the NOx emission
regulation.

This project will start with a ”J” gap spark plug because already a higher flame speed is expected with
methanol than with NG. A change of the spark plug is recommended when experiencing pre-ignition
problems (spark plug with copper core) or efficiency/flame speed increase is wanted (pre-chamber
spark plug).

A.1.9. Safety and control valves
A valve after the fuel tank is used and a safety valve is needed inside the test area at the incoming line
before the engine. These fuel valves will close automatically when the emergency button will be used.
Also two valves are placed where the SST line connects to the rubber hoses.

To prevent vacuum suction in the system a pressure relief valve is needed to control the pressure
in the system.

A.2. Cooling system
The charged air cooling and engine cooling modifications will be discussed in this section.

A.2.1. Charged air cooling system before modifications
The charged air cooling system on the 3508A SI NG engine is an aftercooler which is placed after the
turbo’s and before inlet receiver. The aftercooler cools the hot compressed air combined with the natural
gas. The regulator will keep the combined air and natural gas flow in the receiver at a temperature of
35°C. The air cooling system is separate from the internal engine cooling system.

A.2.2. Modification on the air cooling system

Figure A.9: Cooling three-way valve Figure A.10: Cooling three-way valve
placed with electric motor

Due to the PFI the temperature of the air inlet will be changed just before the cylinder inlet valve. This
temperature change is due to the heat of vaporisation of methanol. The air temperature can not be
kept on a constant temperature after the air cooler because with methanol injection the temperature
after the air cooler is load dependent. Therefor a three-way valve is placed before the cooler instead
of the previous constant temperature regulator. The three way valve will be opened and closed by a
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electric motor which will be regulated by a PLC. The cooling valve and the electric motor are shown in
figure A.9 and A.10.

A.2.3. Engine cooling system
The engine cooling system will maintain the temperature of the engine around 80 °C. When the engine
is cold there is no preheating system available for the engine. When experiencing cold start problems
the engine will be preheated with starting up on natural gas. When no start up fuel is available then
preheating the engine block should be considered and can be done by heating up the engine cooling
system.

When experiencing to cold inlet air on constant load operations, due to the heat of vaporization of
methanol, than connecting the engine cooling (𝑇 ፧፠።፧፞ = 80°𝐶) with the air cooling system (𝑇ፚ።፫ >
35°𝐶) should be considered. To be clear for this project no actual changes will be done on the engine
cooling system but only the options with the engine cooling system are given in this paragraph.

A.3. Control system
There are several electric systems on the engine. The main control system is designed and delivered
by Woodward. The secondary control systems are made by PON power. In this chapter I will give an
overview of all designed, made and existing electric systems that will be used on the engine.

A.3.1. Woodward LECM
A large engine control module (LECM) will be delivered and designed by Woodward to PON specifica-
tion. The LECM will control the following engine’s operations:

• Speed/load control.
• Air/fuel ratio control.
• Air flow control.
• Ignition or injector control.
• Misfire and knock detection.

The LECM will control the air throttle, methanol pressure, methanol injectors and ignitors to do these
operations. The LECM will use the air throttle and methanol pressure for initial speed/load control. The
LECM will use the pressure sensors in the cylinder heads and the control over timing of the individual
methanol injectors for optimizing load control over the different cylinders. Initially the LECM will have
a mapping for the injection time and ignition of every cylinder which will be adjusted during the first
operations to get stable load conditions.

A.3.2. Engine PLC
A PLC will be designed by PON Power to control all other secondary engine systems, e.g. the cooling
system. The PLC system is placed in a Rittal control cabinet together with the LECM. This cabinet will
be placed on the engine and connected to a HMI. The following functionalities to control and monitoring
of all secondary systems are taken into the PLC:

• Engaging/disengaging of sub systems.
• Controlling manifold temperature.
• N2 fuel line purging system.
• N2 fuel storage blanketing system.
• Handling of system alarm.
• Registration of system events.

A.4. Safety system
A.4.1. Vapor detection system
Methanol makes its presents above (10 times) safety limits for humans. Therefor a vapor detection
system is needed for this experiment. Initially a full vapor detection sweep must be done over the
whole new fuel system. After that continuously vapor detection is recommended within the test bed
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room when operating with methanol. Two Oldham MX32 2120001 OLCT vapour detectors has been
used to determine (0-1000) ppm methanol vapour in the air.

A.4.2. Inert gas system: Nitrogen
When working on ships a inert gas system in necessary according to Lloyd’s classification rules. The
inerting of all fuel piping during normal operation and emergency shutdown activation and inerting of
methanol-fuelled consumers is necessary [? ]. For this project due to safety concerns a nitrogen inert
system is used:

The Nitrogen needs to be able to fill all the available space in the methanol tank, therefor a nitrogen
bottle containing at least 1000L gas fill is necessary. This is possible with a 30L or 50L bottle with
regulator.

In this project four 50L bottles for six weeks are rented by the company Air Liquide. The regulator
needed to be purchased and was set at a operating pressure of 2 to 3 bar. Due to the short duration
of this project the chose was made to rent the nitrogen bottles. The nitrogen system is shown in figure
A.11.

Figure A.11: Used nitrogen bottles with pressure regulator

A.4.3. Extra safety systems
The following safety system where already available at the test side, but these systems where checked
or modified to work with methanol:

• fire detection
• fire extinguishers
• emergency shutdown buttons

A.5. Measurement systems
A.5.1. Dewetron measurement & adjust sensors
At the engine there will be an Dewetron Dewe-2600 measurement system installed to collect all mea-
surement data during the test runs. The temperature and pressure sensors needs to be adjust before
using the system. The sensors will be rejected when the measurement is outside the given tolerance
according to the manufacturer e.g. for a TE 1260 thermocouple the tolerance is 1,5 °C. To get the
best results from temperature sensors out of the dewetron measurements the temperature sensors are
calibrated at 40 and 135 °C and the pressure sensors are calibrated at 0 and 10 bar. The calibration
report of all sensors are given in appendix E. Remarkable is that the thinner temperature sensors are 1
°C lower at the 90 °C setpoint, and the thicker sensors are all 1 °C higher at the 90 °C setpoint. To make
correct measurements as much as possible we must try to use the same sensortype in a sub-system.
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Also remarkable is that the 10 bar pressure sensors are more accurate than the 2,5 bar pressure sen-
sors when testing at 50% max pressure. Therefor the 10 bar pressure sensors should be preferred. All
other measurement systems that are connected on the Dewe-2600 are calibrated external or earlier in
the project. e.g. the exhaust gas measurement system that is calibrated by the manufacturer.

A.5.2. Kibox
A Kibox-to-go (2893A) is used to determine crank angle and in-cylinder pressure. The pressure sen-
sors used during the tests are 5064C type with a operating range up to 250 bar. The sampling rate
was set to 20kHz. The sensitivity of the sensors are 81,78 pC/bar. The pressure sensors are water
cooled, the cooler is shown the bottom right of figure A.12. The kibox further needs an crank angle
measurement and has a crank angle decoder for this measurement. The kibox software than enables
a TDC correction. The TDC correction factors are set at 226,65 TDC shift and 0.23 deviation.

A.5.3. Testo-350
A Testo-350 system is used to determine the emissions in the exhaust. The system is connected to the
Dewetron system to have a continuous data storage. The measurement sensor was in a fixed mount
at the exhaust pipe. The Testo measurement computer is shown is figure A.13.

Figure A.12: Dewetron measurement system Figure A.13: Testo-350



B
Extra analysis

The following analyses were executed to have a better understanding of the engine running on methanol
or to be able to execute later performance runs. There are interesting findings described in this ap-
pendix, but they did not contribute to the final conclusions of the research and are therefore placed here
in the appendix. These include the missing performance tests as described in the executed plan in ta-
ble 3.2. This appendix will describe the findings from the stable loads runs, the performance analysis
of the NOx variations, and the efficiency calculated by the model.

B.1. Stable load runs
The performance run on methanol shown in table 3.2 are performed on 22-01-20, except for the stable
load runs. Before that date the engine was already a few days on the test bed. During this period there
are some points of interest that need to be known before the data will be interpreted. The following
characteristics were found during these days before the performance tests:

• First days were needed to get stable load runs on methanol by filling the lambda (control) table
in the Woodward control system.

• Mean pressure variations between the cylinders where shown on the first days. The (mean)
pressure at cylinder 4 decreased. At a given moment the injector at cylinder 4 was not injecting
any fuel due to dirt in the injector. Before following performance tests the injector was replaced
and the pressures of cylinder 4 looked normal again after replacement.

• In total there was 3000 liter methanol available during the test period . The first 1000 liter was
used to get stable load runs. For the performance tests 2000 liter of methanol was used. At a
75% load this is around 8 hours of testing before the fuel is used.

• Maximum load test has been done and at a 430 kWe (86% of maximum engine power) the engine
stopped. The engine stopped due to the reaching of the maximum of the fuel pump capacity.

• The performance test done on 22-01-20 are done at 50% and 75% load due to limited time and
fuel. Maximum power and 25% load performance test as shown in table D.1 are therefore not
done during the tests on 22-01-20.

• CO emissions shown where high (+/- 2x up to 4x more than with NG) and not reliable (shown
zero output long periods of time).

• The temperature of the manifold can be controlled automatically or manually with the secondary
control system. Due to the large amount of temperature variation on automatic control we con-
trolled the air temperature of the manifold manually by adjusting the amount of cooling water
through the aftercooler. The temperature of the manifold is kept manually at 40°C.

• Significant more water production at the crankcase was shown. This resulted in too much water
in the return line before the filter to the air inlet. It resulted in a clogged filter. After isolating the
return line and cleaning the filter the water/air got well back to the inlet air filter.
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B.2. NO𝑋 variation
The NOፗ setting has been varied, with the main reason being the tightening emission legislation in the
maritime sector. It is therefore interesting to see how the engine responded to varying NOፗ settings.

At a load of 250 kWe and a ignition timing at 24 CA BTDC the NO፱ has been varied between 250
and mg/nMኽ. λ changed from 1.68 to 1.52 with increasing NO፱ from 250 up to 1000 mg/nMኽ. The mean
pressures of all cylinders is plotted in figure B.1. It is clearly visible that the changing NO፱ settings have
less impact on the pressure plot than the changing ignition timings. With higher NO፱ settings we have
richer settings ( λ is lower) and we see this back in the plot with higher peak pressures.

Figure B.1: Mean pressure of all cylinders with changing NOᑩ settings at a load of 250 kWe

At a load of 375 kWe similar NO፱ settings has been varied between 250 and 1000 mg/nMኽ. With
settings of 250 mg/nMኽ the engine shut down do to reaching its operating limit.

From this experiment can be concluded that the engine can run with methanol on NO፱ settings from
250 up to 1000 mg/nMኽ at 250 kWe and on NO፱ settings from 500 up to 1000 mg/nMኽ at 375 kWe.
For lower NO፱ more air is needed and therefore λ increased from 1.52 up to 1.68 to reach the NO፱
settings of 250 mg/nMኽ at 250 kWe.

B.3. Efficiency
In this section, the efficiencies calculated by the model will be explained and compared for the three
sets of performance tests. First the brake down into the partial efficiencies will be given. The model
calculates the indicated specific fuel consumption (isfc). Isfc is computed in the model with the indicated
power according to formula:

𝑖𝑠𝑓𝑐 = 𝑚̇
𝑃።፧፝።፜ፚ፭፞፝,፜፥፨፬፞፝፜፲፜፥፞

(B.1)

The deviations found in the indicated power, given in chapter 6.2, are therefore also valid for the
isfc and indicated efficiency. Indicated power is related to work with formula 6.2.

𝑃።፧፝።፜ፚ፭፞፝ = 𝑊። ⋅
𝑛፞ ⋅ 𝑖
𝑘 = ∫

፜፲፜፥፞
𝑝 ⋅ 𝑑𝑉 ⋅ 𝑛፞

̇𝑖
𝑘 (6.2 revisited)

The effective efficiency (𝜂፞) can be written as an function of work and heat [18, p200]:
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𝜂፞ =
𝑊
𝑄፟

(B.2)

The effective efficiency (𝜂፞) can also be written as four partial efficiencies [18, p202]:

𝜂፞ = 𝜂፦ ⋅ 𝜂። = 𝜂፦ ⋅ 𝜂፜፨፦፛ ⋅ 𝜂፪ ⋅ 𝜂፭፝ (B.3)

Where 𝜂። is the indicated efficiency ,𝜂፦ is the mechanical efficiency, 𝜂፜፨፦፛ is the combustion effi-
ciency, 𝜂፪ is the heat input efficiency and 𝜂፭፝ the thermodynamic efficiency.

The indicated efficiency is calculated in the model as the ratio of indicated work and heat input[18]:

𝜂። =
𝑊።
𝑄፟

(B.4)

Indicated efficiency calculation with a heat input (Q፟) that is assumed to be equal to the fuel injected
per cycle m፟ times the lower heating value (hፋ in J/kg) of the fuel[18]:

𝑄፟ = 𝑚፟ ⋅ ℎፋ (B.5)

The first indicated efficiency calculation in the model has a fixed LHV calculated with the enthalpy of
formation and is 19.9 MJ/kg for methanol. The second indicated efficiency calculation in the model is
with the temperature dependent heat of combustion value, from the power series explained in formula
5.34. The heat of combustion, with this power series, is +/- 20.7 MJ/kg for methanol, depending on
in-cylinder temperature, but from this value the heat loss to fuel value need to be subtracted to get a
net heat input. Thus, in the model the following equation is calculated for the heat input from the fuel
[8]:

𝑄፜፨፦፛ᑖᑗᑗ = 𝑄፜፨፦፛ + 𝐸፟ (B.6)

Then efficiency calculated with the effective heat of combustion will give comparable efficiency, than
calculated with the LHV. This efficiency is shown in this chapter, due to the fact that all other previous
calculation shown are also done with this temperature dependent effective heat of combustion.

The first partial efficiency is the mechanical efficiency 𝜂፦ and previous defined as:

𝜂፦ =
𝑊
𝑊።

(6.1 revisited)

The second partial efficiency is the combustion efficiency:

𝜂፜፨፦፛ =
𝑄፜፨፦፛
𝑄፟

(B.7)

The third partial efficiency is the heat input efficiency (𝜂፪), the ratio of combustion heat to heat input,
is calculated with [18]:

𝜂፪ = 𝜂፡፥ =
𝑄።፧[ኻ]
𝑄፜፨፦፛ᑖᑗᑗ

(B.8)

Where Q።፧[ኻ] is the heat that is put into the cycle process [18]:

𝑄።፧[ኻ] = 𝜂፜፨፦፛ ⋅ 𝜂፪ ⋅ 𝑄፟ (B.9)

:
And the last partial efficiency is the thermodynamic efficiency (𝜂፭፡), which is calculated with [18]:

𝜂፭፡ =
𝑊።
𝑄።፧[ኼ]

(B.10)

Where the input heat ።፧[ኼ] is defined as:

𝑄።፧[ኼ] = ∫
፜፨፦፛፮፬፭።፨፧

𝑇 ⋅ 𝑑𝑆 (B.11)
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An overall figure of the energy losses in an engine is given in figure B.2.

Figure B.2: Energy losses in an engine (taken from Klein Woud et al. [18])

B.3.1. Methanol compared to NG
The efficiencies calculated by the model are shown in table B.1. The NG mass flow was gained from
other experiments and could give a wrong indicated efficiency, due to the calculation with the mass flow
in equation B.1 and B.5. Therefore, in the table again a -5% mass flow for NG is shown for comparison.
The comparison is made at 375 kWe, 20 °CA and 500 mg/nmኽ NOx.

Table B.1: Efficiency values of cylinder 4 from the model for NG compared to methanol at 375 kWe

indicated ef-
ficiency

thermodynamic
efficiency

heat loss ef-
ficiency

NG 0.365 0.488 0.748
NG -5% fuel 0.384 0.487 0.789
Methanol 0.392 0.501 0.865

Compared to the effective brake engine efficiencies calculated in chapter 4.5 there are some dif-
ferences. In the performance analyse a effective efficiency increase was shown for methanol from
𝜂፞ = 34.8% compared to 𝜂፞ = 33.9% for NG at an ignition timing of 18 °CA. At 20 °BTDC a effective
efficiency of 𝜂፞ = 35.5% was calculated for methanol. The model calculated the indicated efficiencies
for the closed cycle of both fuels at an ignition timing of 20 °CA. Furthermore, the model is not ad-
justed to get high quality efficiency calculations. Deviations could be found due to following reasons:
1) Cylinder-to-Cylinder variations, only 1 cylinder is calculated by the model. 2) Unknown losses in
pumping cycle, only closed combustion cycle is calculated in the model. 3) TDC shift not optimised on
power output.

Although, the experimental efficiencies show inequalities with the model efficiencies, it is visible
that methanol has higher heat loss efficiencies compared to NG in table B.1. The absolute values
may not be correct, but the increased efficiency with methanol is compliant with what is expected from
Verhelst. According to Verhelst higher efficiencies is expected to be gained from the increased charge
density which leads to a higher volumetric efficiency, shorter combustion duration and lower wall heat
losses [42]. The lower wall heat losses are shown in the increased heat loss efficiency. Therefore, in
this comparison between NG and methanol it shows the efficiency gain as seen in the experimental
analysis comes mainly from the increase in heat loss efficiency.

B.3.2. Ignition variation
The partial efficiencies from the model will be shown and compared with the performance efficiencies,
for methanol with varied ignition timing. In the performance analyse it is shown that the efficiency
increases with advanced ignition timing at 24 °CA BTDC. The efficiencies from the model will be shown
in table B.2.
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Table B.2: Efficiency values of cylinder 4 from the model with methanol and ignition variation

isfc [g/kWh] indicated ef-
ficiency

thermodynamic ef-
ficiency

heat loss ef-
ficiency

16 °CA BTDC 455.6 0.396 0.494 0.883
18 °CA BTDC 454.9 0.397 0.506 0.870
20 °CA BTDC 460.6 0.392 0.502 0.862
22 °CA BTDC 469.3 0.385 0.504 0.844
24 °CA BTDC 468.0 0.387 0.508 0.840

With the ignition sweep a decrease of indicated power was computed by the model with advanced
ignition timing, therefore, lower efficiencies at advanced ignitions. This is not compliant with what is
found in the experimental efficiencies calculated in chapter 4.5. The decrease in the indicated efficiency
corresponds to the decrease of the model’s calculated indicated power. It should be noted here that
the indicated power is calculated with the combustion cycle, and not with the full cycle.

A trend is visible in the increased thermodynamic efficiency with advanced ignition timings. The
increase in efficiency with advanced ignition timing is also shown in chapter 4.5, but with the model
braking down the efficiencies, it now shows that the overall increase of efficiency is partly due to the
thermodynamic efficiency increased with advanced ignition timing.

B.3.3. Aftercooler temperature variation
With the performance test the efficiencies with an aftercooler temperature of 40°C and 60 °C were
similar. The advantage shown with higher aftercooler temperature was the decrease in NOx. The
model efficiency output is shown in table B.3.

Table B.3: Efficiency values of cylinder 4 from the model for varying the aftercooler temperature

isfc [g/kWh] indicated ef-
ficiency

thermodynamic
efficiency

heat loss ef-
ficiency

Tፀ፟፭፞፫፜፨፨፥፞፫: 40 °C 459.1 0.378 0.504 0.861
Tፀ፟፭፞፫፜፨፨፥፞፫: 60 °C 453.2 0.383 0.503 0.845

As expected from the performance analyse the efficiencies shown in table B.3 are than close to
each other. This was expected, due to the constant fuel consumption during these experiments.

B.3.4. Conclusion efficiency
From the models and experiment the following can be concluded regarding the efficiency:

• The calculation of indicated power from the model is done with the combustion cycle and not the
full cycle, resulting in deviations from efficiencies shown in the performance analyses.

• The efficiency increase for methanol compared to NG, could largely be a result from the increased
heat loss efficiency. To validate this the model should be more adjusted to get better efficiency
calculations.

• Thermodynamic efficiency increase was shown with advanced ignition timing leading to a bet-
ter overall efficiency at advanced ignition timings with methanol. Nevertheless, increase of isfc
with more advanced ignition timing was not compliant with what was found with the performance
results.

• Efficiencies shown with varying aftercooler temperature were similar, as expected due to constant
fuel consumption.





C
Validations and deviations

In this chapter, extra validations and data will be shown to validate or extra check the data. The following
subsections will be validated and explained in more depth in this appendix:

• Validation of own COV values calculated compared to Kibox values.
• Stability increase after replacement of the injector of cylinder 4.
• Check the influence of 2 degrees difference in IVO.

C.0.1. Validation COV values calculated compared to Kibox COV values.
In this section the COV።፦፞፩ and COV፩፦ፚ፱calculations of the Kibox will be compared with the used
calculations in this thesis.

COV።፦፞፩
Before comparing the COV።፦፞፩ calculations first as a reminder the equation 4.3,4.4, 4.5 and 4.6 are
given:

𝐶𝑂𝑉።፦፞፩ =
𝑠𝑡𝑑።፦፞፩
𝑖𝑚𝑒𝑝ፚ፯፠

⋅ 100% (4.3 revisited)

𝑠𝑡𝑑።፦፞፩ = √
∑፦።዆ኻ(𝑖𝑚𝑒𝑝። − 𝑖𝑚𝑒𝑝ፚ፯፠)ኼ

𝑚 − 1 (4.4 revisited)

𝑖𝑚𝑒𝑝 = 𝑝፦። =
𝑊።
𝑉፬
=

∫
፜፲፜፥፞

𝑝 ⋅ 𝑑𝑉

𝑉፬
(4.5 revisited)

𝑖𝑚𝑒𝑝ፍ,ፊ።፛፨፱ = 𝑖𝑚𝑒𝑝ፇ + 𝑖𝑚𝑒𝑝ፋ (4.6 revisited)

The Kibox gives for every cycle a COV value. For example the COV values of cylinder 3 at 20 °CA
BTDC at 375 ekW are used. The Kibox gives 61 values with a minimum value of 2.93 and a maximum
value of 4.69. The own calculated COV።፦፞፩ is calculated with formula 4.3, and thus an average over
the 60 cycles. For this measurement the own calculated COV።፦፞፩ is equal to 4.02. This value could
not be found in the 61 values. But what are we actually comparing? To get more insight we first need
the settings in the Kibox. These settings and are shown in figure C.4 from the Kibox-cockpit under
Administration / Signal types / Cylinder pressure / Indicated mean effective pressure.
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Figure C.1: Kibox settings of IMEP

Figure C.4 shows that the (standard used) setting of the Kibox is to calculate the COVፈፌፄፏ with
30 cycles, as shown after ”statistic window”. My calculations of IMEPፚ፯፠ and COVፈፌፄፏ are conducted
with 60 cycles. Now for the validation, my calculations will also be carried out with the first 30 cycles
from these 60 cycles. Then, the calculated COV።፦፞፩(M=30) is equal to 3.57. Looking back at the data
of the Kibox this is exactly equal to the 30፭፡ value of the COV values of cylinder 3. The Kibox gives,
therefore, a COVፈፌፄፏ value on every cycle, calculated with the last 30 cycles.

For the comparison of the COVፈፌፄፏ values of all cylinders with the calculation of formula 4.3 with
m=60 and m=30 cycles are shown in table C.1. Also is shown in the table the 30፭፡ cycle of the Kibox
data. The minimum and maximum values from the Kibox are also shown.

In table C.1 the values of COV።፦፞፩ from Kibox are compared to my calculated COV።፦፞፩.

Table C.1: COVᑚᑞᑖᑡ at 375ekW for 100%methanol with own calculations and (standard) Kibox calculations

COV።፦፞፩(m=60) COV።፦፞፩(m=30) Kibox (30፭፡) Kibox min-max
Cylinder 3 4.0233% 3.5768% 3.5768 % 2.93 - 4.70 %
Cylinder 4 3.7183% 3.0965% 3.0976 % 2.76 - 4.22 %
Cylinder 5 4.9676% 5.1496% 5.1444 % 4.47 - 5.86 %
Cylinder 6 6.1063% 6.9721 % 6.9704 % 5.10 - 7.81 %

When using 30 cycles in formula 4.3 and compared to the 30፭፡ Kibox COV IMEPN value then the
same value with an error up to 0.1% is calculated. This small error can be explained due to the used
calculation resolution of the Kibox. The Kibox used a resolution of 1 CA. In formula 4.3 all measurement
points are used resulting in a resolution of 0.1 CA.

Based on table C.1 another point of interest is noticed. The range of min-max values of the COVፈፌፄፏ
with 30 cycles varies up to 2.7% at cylinder 6. This is in my opinion a large range which can be lowered
when using more cycles in the calculation. In Heywood [15] it is stated that more accurate IMEP and
thus also more accurate COVፈፌፄፏ are given when more than 100 cycles are used. With this statement
and the large range, the standard Kibox 30 cycles is shown to be low to get an accurate value of
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the COVፈፌፄፏ. Even the 60 I used might be too low, however, a trend or comparison might still be
available. Also because the Kibox gives the COV values for all 60 cycles and not for 1 cycle. First,
the COV values for NG and M100 at 375 ekW are compared in figure C.2 and C.3. The figures show
clearly higher COVፈፌፄፏ for methanol over the full 60 cycles compared to NG. For cylinder 3 and 4 with
methanol lower COVፈፌፄፏ are shown constantly compared to cylinder 5 and 6. All cylinders fluctuate
for methanol around 2 procent in value. For NG fluctuations are in order of 1 procent.

Figure C.2: COV values with NG at 375ekW

Figure C.3: COV values with Methanol at 375 ekW

COV፩፦ፚ፱
Before comparing the COV፩፦ፚ፱, the formulas 4.1 and 4.2 from chapter 4 are given here again:
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𝐶𝑂𝑉፩፦ፚ፱ =
𝑠𝑡𝑑ፏ፦ፚ፱
𝑃𝑚𝑎𝑥ፚ፯፠

⋅ 100% (4.1 revisited)

𝑠𝑡𝑑ፏ፦ፚ፱ = 𝜎፩፦ፚ፱ = √
∑፦።዆ኻ(𝑃።𝑚𝑎𝑥 − 𝑃𝑚𝑎𝑥ፚ፯፠)ኼ

𝑚 − 1 (4.2 revisited)

Now to compare these calculations with the Kibox calculations the settings of the Kibox are needed.
These can be found in the Kibox-cockpit under Administration / Signal types / Cylinder pressure /
Maximum and are shown in figure.

Figure C.4: Kibox settings of IMEP

Again is found that the Kibox calculation is based on 30 cycles, but the resolution is different as
compared to the IMEP calculations from Kibox. The resolution is 0.1 °CA used by Kibox similar to my
own calculations. In table C.2 the values of COVፏ፦ፚ፱ from Kibox are compared to my own calculated
COV፩፦ፚ፱.

Table C.2: COVᑚᑞᑖᑡ at 375 ekW for 100 % methanol with own calculations and (standard) Kibox calculations

COV፩፦ፚ፱(m=60) COV፩፦ፚ፱(m=30) Kibox (30፭፡) Kibox min-max
Cylinder 3 11.5732 % 11.2500 % 11.2500 % 9.52 - 12.74 %
Cylinder 4 11.1485 % 10.5598 % 10.5598 % 9.62 - 12.64 %
Cylinder 5 11.9649 % 12.5411 % 12.5411 % 11.13 - 13.42 %
Cylinder 6 14.6725 % 15.6003 % 15.6003 % 12.98 - 19.04 %

From table C.2 can be seen that when the amount of cycles used is lowered to 30 in my own
calculation (m=30), than the calculated COV።፦፞፩ is exactly equal to the 30፭፡ value of the Kibox. This
may also be expected because now the resolution and the amount of cycles are equal. The only
variable that has not been found in the Kibox data is the way the standard deviation was calculated,



103

but with these exact similar results it may now be stated that the Kibox used the same formula as stated
in formula 4.2 .

C.0.2. Stability increase after replacement of the injector of cylinder 4
This section will validate that the cylinder 4 has the best stability performance due to the replacement
of the injector before the performance tests. Measurements carried out on the performance test day
of 22-01 will be compared with earlier measurements. On 21-01 on 16:04 the injector of cylinder 4 is
replaced due to dirt in the injector. The dirt made the engine stop at a second attempt to reach maximum
engine power. On the first attempt a maximum of 430 ekW was reached. On 21-01 at 12:46 and 12:48
two measurements were taken just before 375 ekW engine power was reached. The load step was
from 330 ekW to 375 ekW. The ignition timing was at 20 °CA BTDC. To get a valid comparison the
COV።፦፞፩ values of all cylinders are compared in table C.3 where both values approximately reached
375 ekW, 20 °CA BTDC, +/- 500 NO፱. Following are the first two measurements before replacement
of the injector at cylinder 4 and the third measurement after the replacement of cylinder 4.

Table C.3: COVᑚᑞᑖᑡ at 375 ekW for 100 % methanol before and after replacement of injector cylinder 4

COV።፦፞፩(CYL3) COV።፦፞፩(CYL 4) COV።፦፞፩(CYL 5) COV።፦፞፩(CYL 6)
Before replacement
21-01 12:46 3.15 % 10.59 % 4.40 % 5.21 %

Before replacement
21-01 12:48 3.37 % 17.70 % 3.86 % 5.17 %

After replacement
22-01 4.02 % 3.72 % 4.97 % 6.11 %

In table C.3 we see at cylinder 3, 5 and 6 stable but slightly lower COV።፦፞፩ values before replace-
ment of the injector of cylinder 4. This variation of +/- 1% has also been seen with changing ignition
timings and within the data set of the Kibox itself. Also the circumstances were different because the
data set before replacement was not a stabilized measurement at 375 ekW but more a quick measure-
ment between load steps to get to the maximum load.

But the COV።፦፞፩ of cylinder 4 is significantly higher with 10.59 and 17.7% before replacement than
after the injector replacement with 3.72 %. In Heywood [15, p417] it is stated that when COV።፦፞፩
exceeds 10% the ICE in automotive will cause driveability problems. For our engine this is also valid
because 3 hours after this measurement was taken the engine failed and the injector of cylinder 4
needed replacement. After the replacement, some dirt was found in the injector of cylinder 4. After the
replacement of injector 4 a much lower COV።፦፞፩ was calculated. The COV።፦፞፩ value of cylinder 4 is
lowest after the injector replacement, while all other COV።፦፞፩ values increased. This could suggest
that there are also (smaller) dirt particles in the injector of cylinder 3, 5 and 6.

To further investigate the effect of the injector replacement also the COV፩፦ፚ፱ values are given in
table C.4.

Table C.4: COVᑡᑞᑒᑩ at 375 ekW for 100 % methanol before and after replacement of injector cylinder 4

COV፩፦ፚ፱(CYL3) COV፩፦ፚ፱(CYL 4) COV፩፦ፚ፱(CYL 5) COV፩፦ፚ፱(CYL 6)
Before replacement
21-01 12:46 9.84 % 9.20 % 13.64 % 14.73 %

Before replacement
21-01 12:48 8.63 % 9.28 % 11.85 % 13.77 %

After replacement
22-01 11.57 % 11.15 % 9.28 % 14.67 %

The variation in maximum pressure as shown in the COV፩፦ፚ፱ can not be proven to indicate a
stability problem as shown in table C.4. But the value of (maximum) pressure itself can give a better
insight into the injector of cylinder 4 not working appropriately. This is shown in figure C.5. Here the
mean pressure of 60 cycles is shown. The mean pressure of cylinder 4 is compared to the mean
pressure of all four measured cylinders. It is clearly significantly lower than for all other cylinders.
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Figure C.5: Mean pressure of cylinder 4 compared to the mean pressure of cylinders 3,4,5, and 6

Now going back to the COV።፦፞፩. In C.6 the COV።፦፞፩ values from the Kibox are shown. Clearly is
visible that before replacement the COV values for most of the cycles show to be above the unstable
limit of 10%. And the improvement of the COV value after replacement of the injector of cylinder
4 is visible. The COV።፦፞፩ after replacement stays clearly far below the unstable limit of 10%. The
COV።፦፞፩ values are slightly different from the one calculated above, the alternative calculating method
of the Kibox will be described in C.0.1.

Figure C.6: COV values of cylinder 4 from Kibox before and after replacement.

C.0.3. Check the influence of 2 degrees difference in IVO
The valve timings are retrieved from a old piece of paper where the values are unclear written/printed.
An interpretation error exists in the inlet valve open (IVO) timing. Where some of us interpret the
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number as an 8 others read a 6. This results in an IVO of 360-6.7=353.3 °CA BTDC or 360-8.7=351.3
°CA BTDC. In this section the influence of this 2-degrees error will be discussed.

In the CAT3508.m engine parameter file the inlet valve open is stated as IO and will be changed
by 2 degrees. The changes are carried out on both models, the original NG engine model and the
modified methanol model. Nevertheless, only shown here in this evaluation for the NG model. The
impact is expected to be be visible in the calculated volume (IV and Vኻ), trapped temperature (Tኻ) and
trapped mass (mኻ) and will be shown in table C.5.

Table C.5: Influence of 2 degrees change in IVO

Inlet volume (IV)
(mኽ)

Volume inlet close
(Vኻ)(mኽ) Tኻ (K) mኻ (kg)

IVO at 353.3 °CA BTDC 4.1975e-04 0.0045715 3.26314e+02 0.008154
IVO at 351.3 °CA BTDC 4.0850e-04 0.0045715 3.27158e+02 0.008175
Difference in % 2.68 % 0 % 0.26 % 2.59 %

As can be seen from table C.5 that this small error has more than 2% effect on the inlet volume and
mኻ. Vኻ is not influenced due to the fact it has been calculated with the crank angle at inlet valve close
and not with the inlet valve open. Tኻ is only changing by 0.26%.

Due to these changes in the initial conditions of the model this will have a effect on the final results,
a few of those will be shown in tableC.6. Here the small change of 2 °CA is recognized to have a
maximum of 0.26% effect in the end at final results of the model.

Table C.6: Influence of 2 degrees change in IVO on final results of the model

thermodynamic efficiency (%) isfc (g/kWh) Max temperature (K)
IVO at 353.3 °CA BTDC 50.85 218.0 1466.3
IVO at 351.3 °CA BTDC 50.83 218.2 1470.1
Difference in % 0.04 % 0.09 % 0.26 %





D
Test plan for the engine on methanol

For the performance tests with the G3508A engine on 100% methanol a test plan is made. In this test
plan a step by step action plan is made to make sure the test will be conducted safely and efficient
during the 2 weeks of testing on the engine. This plan can be executed when the engine is on the test
bed. Before this plan is executed the task risk analyse (TRA) needs to be known for all collaborators
and is shown in Appendix F.

First step: safety checks
Fuel system

• First check system on leakage with compressed air.
• After successful check fill fuel system with methanol.
• With protective gear (clothes, air mask and gloves) check system with mobile vapor detection

system. Or check installed vapor system before entering the room. Check fuel system with step
by step increased pressure.

Control systems
• Check where possible all options on the secondary control system to work.
• Check where possible all options on the primary control system to work.

First run the engine on natural gas
• Before first start of the engine on methanol first start the engine on NG to check if all (sub)systems

are working correct. Make use of standard checklist to start engine on NG.
• When all sub systems are working, shut down the engine and change all systems to be able to

start on methanol.

Second step: first performance runs on methanol
• When starting the engine for the first time on methanol make sure no one is in the engine room

and remote start the engine from the control room.

• The first starts will be done at 0% load, connected to the generator with the following conditions:
Fuel: 0,0982 g/cycle. (with 𝜌= 784.5 g/l) =0.125 CC/cycle. (15% of fuel flow at max load).
Airflow, stoichiometric (AFR=6.5): 0,638 g/cycle.
Pressure of fuel: 3 bar
Injection time: 3,41 ms (calculated with 2200CC/min injectors).
Deadtime to be included: 0,45-0,525 ms at 14 Volt and 3 bar (unknown at 24V).
Throttle positioning: controlled at constant engine speed of 1500 RPM.
Ignition moment: 18 degrees before TDC.
End of injection: Inlet valve open.
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Table D.1: Overview of performance tests

Engine load: 25% 50% 75% 100% Important parameters
Initial performance runs(step 2)

Stable 0% load run p, CA, HR, T፞፱፡ፚ፮፬፭
Stable load runs p, CA, HR, T፞፱፡ፚ፮፬፭

Ignition timing at 18 DB TDC - - - - p, CA, HR, NO፱, T፞፱፡ፚ፮፬፭
Ignition timing at 16 DB TDC - - - - p, CA, HR, NO፱, T፞፱፡ፚ፮፬፭
Ignition timing at 14 DB TDC - - - - p, CA, HR, NO፱, T፞፱፡ፚ፮፬፭
Ignition timing at 12 DB TDC - - - - p, CA, HR, NO፱, T፞፱፡ፚ፮፬፭
Ignition timing at 10 DB TDC - - - - p, CA, HR, NO፱, T፞፱፡ፚ፮፬፭

NOx 500 mg/nm3 - - - - p, CA, HR, dp/dt
NOx 400 mg/nm3 - - - - p, CA, HR, dp/dt
NOx 300 mg/nm3 - - - - p, CA, HR, dp/dt
NOx 200 mg/nm3 - - - - p, CA, HR, dp/dt
NOx 100 mg/nm3 - - - - p, CA, HR, dp/dt

NOx 1000 mg/nm3 - - - - p, CA, HR, dp/dt
NOx 2000 mg/nm3 - - - - p, CA, HR, dp/dt
NOx 3000 mg/nm3 - - - - p, CA, HR, dp/dt

Max AFR - - - - p, CA, HR, NO፱
Temperature variation Tኻ - - - - p, CA, HR, NO፱

Optimisation runs (step 3)
End of injection + 2 degrees - - - - p, CA, HR, NO፱
End of injection + 4 degrees - - - - p, CA, HR, NO፱
End of injection + 6 degrees - - - - p, CA, HR, NO፱
End of injection + 8 degrees - - - - p, CA, HR, NO፱

End of injection TBD degrees - - - - p, CA, HR, NO፱
End of injection TBD degrees - - - - p, CA, HR, NO፱
End of injection TBD degrees - - - - p, CA, HR, NO፱
End of injection TBD degrees - - - - p, CA, HR, NO፱

Changed spark plug (a few tests from above again) - - - - p, CA, HR, NO፱
Optimizing efficiency steps - - - - p, CA, HR, NO፱

• Next run stable at 25, 50, 75 and 100% load by changing lambda, ignition timing and manifold
temperature. The lambda table in the control system must be adjusted for running stable engine
operations.

• After stable running on 25% load determine the optimised ignition moment. Start at 18 degrees
before TDC and change in steps of 2 degrees at all possible loads to determine best injection
moment. Determine after these first series if going lower than 10 degrees or above 18 degrees
TDC is optional. Ignition moment is performed at a constant NO፱ emission of 1000 mg/nmኽ (equal
to +/- 680 ppm).

• Then the engine must run stable on constant NOx emission. Determine at which constant NOx
emissions the engine can run. Vary settings for mg NOx from 500/400/300/200/100 mg/nm3. And
from 500/1000/2000 and 3000 at 25% engine load. For every step perform the measurements at
50,75 and 100% load. Choose a NOx setting for further tests. Also determine available working
area by searching maximum AFR at 25%, 50%, 75% and 100% engine load.

• Determine the effect of changing temperatures (Tኻ) by increased or decreased cooling in the
aftercooler.

• Repeat above test and switch between test until stable and reliable measurements are shown.



109

Third step: optimising performance runs on methanol
• Injection moment has been set at end of injection equal to opening inlet valve at all loads. varying

this injection moment and make measurements at 25, 50, 75 and 100% load. Start with small
steps of + 2 degrees after opening inlet valve. Determine after a view runs the next steps. The
inlet valve is open for around 180 degrees crank angle.

• Change spark-plugs and repeat above essential tests.
• Optimize efficiency by varying all above parameters at all load steps.

Due to the short testing period of 2 weeks I expect that not all tests of the third step can be done.
To give a clear picture of how many tests can be done a overview is made for all planned performance
tests is in table D.1. When taking a 30 minutes for every test, than already 30 hours of testing is needed
for the initial runs.

Analyses during performance tests
Pressure and crank angle (CA) are important parameters as input for the model. Heat Release (HR),
specific brake power (SBP) and emissions are important parameters to compare the model with the
performance tests. This comparison will be done on a later stage than the performance test. The
HR-curve of the Woodward control and Kibox measurement system does not take heat losses into
account and therefor is not suited to compare the HR with other (diesel) engines. But it gives directly a
good indications of the combustion process. During the tests the following must be observed with the
Woodward control system and the Kibox measurement system:

• Pmax measurements: It is possible that the in cylinder pressure signal will fluctuate at maximum
pressure due to the location of the pressure sensor. It does not directly have to mean that it
is due to knocking of the engine. The placement of the pressure sensor in the cylinder is very
important for expecting this fluctuations. When the sensor is placed in a gap more fluctuations
are expected. In the model the pressure signal can be made smooth with mathematic algorithms.
The pressure range (0-150 bar) and the error in the pressure sensor are also important for the
measurements. With the pressure curve and Pmax the detonation/knocking, misfire and efficient
burning of the fuel can be detected.

• Crevice effects: As the cylinder pressure increases the gas flows into crevices, such as the region
between the piston, piston rings and cylinder wall. During ignition it is possible that the fuel in this
gas flow will not burn. At expansion a fraction can go into the crankcase but most of it will leave
the engine with the exhaust. This unburned gas mix is expected to be a few procent. Due to the
zero valve overlap of the engine no new fuel can go directly to the exhaust valve.

• Incomplete combustion: When combustion of the cylinder charge is incomplete then the exhaust
gases contain more than normal combustible species. Due to the crevice effect a good operating
SI engine has hydrocarbon emissions 2 to 3 procent of the fuel mass [15, p362]. When increased
hydrocarbon emissions are measured incomplete combustion is expected.
In the HR curve this can be seen due to a lower peak and a more flat late combustion part in the
curve.

• Maximum in cylinder temperature: With increasing temperature in the cylinder the NOx emissions
will increase. The (maximum) temperature will not be measured in the cylinder but the peak in
the HR-curve will give an indication of the peak temperature.

• Outside temperature vs coldstart problems. Cold start problems are expected with a Tኻ temper-
ature <-1 °C. Monitor outside temperatures at start.

• Pmax position after TDC. Optimizing this position will give better performance and efficiency.





E
Sensors and calibrationreports

An overview of the calibration of the Dewetron sensors is given in table E.1 and E.2
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Figure E.1: Calibratie sensoren dewetron(1/2)
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Figure E.2: Calibratie seonsoren dewetron (2/2)





F
Task risk analysis

Figure F.1: Task risk analyse (1/6)
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Figure F.2: Task risk analyse (2/6)

Figure F.3: Task risk analyse (3/6)
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Figure F.4: Task risk analyse (4/6)

Figure F.5: Task risk analyse (5/6)
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Figure F.6: Task risk analyse (6/6)



G
Engine and Generator datasheet

In figure G.1 the efficiencies of the engine are given with NG as a fuel at 100, 75 and 50% load. In
figure G.2 the efficiency is shown of the generator.
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Figure G.1: Motor datasheet
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Figure G.2: Generator datasheet





H
refprop datasheets

The refprop data shown in H.1 is used to calculated the vaporization percentage before entering the
cylinder in chapter 5.41.

Figure H.1: refprop used data
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I
Natural gas analyse

The used NG is very dependent on the composition of the natural gas. The used natural gas is from
the Dutch grid and composition is given in this appendix.
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Figure I.1: Analyse of used NG (1/2)
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Figure I.2: Analyse of used NG (2/2)
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