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1
1.1 Motivation
The transport and energy production industries are facing major shifts in their operation
as companies seek to reduce their carbon footprint. The awareness of  emissions has
increased over the last years and will most likely continue to do so, leading to politicians
facing increased pressure from the general public to do something about the current state
of the environment. It is important that research is done on alternative fuels for the future,
since the decisions that are made now will have long term consequences, as it governs
what types of engines are built for  ship newbuilds. These engines will continue
their operation for several decades if only supplied with fuels and spares. While modern
engines are more environmentally friendly than older ones, ambitions such as becoming
carbon neutral or perhaps carbon free are a bit farfetched as long as fossil fuels are burnt.
That is why research in this field is so important, so that companies and societies can
continue their operations without sacrificing the environment.

Over the decades that the internal combustion engines have existed the combustible mat-
ter has not changed much, until resent years when alternative fuels have been started to
enter the market. An early example of these is liquified natural gas (LNG) which is cur-
rently used for ship propulsion and electricity generation by internal combustion engines.
LNG contains less carbon and more energy compared to traditional fuels, which reduces
the  emissions. Nowadays there are several different fuels that are discussed, for ex-
ample synthetic methane, ammonia and hydrogen. All of these have their pros and cons,
but this thesis will be focusing on hydrogen.

combusted with oxygen the outcome
is water. The idea is to produce hydrogen from excess energy from renewable energy
sources, which would make hydrogen a green energy carrier for the transport and energy
sector.

The issue is however that hydrogen is quite challenging and behaves differently than reg-
ular fuels such as Diesel. This thesis will therefore investigate possible limitations of run-
ning a Diesel engine on hydrogen and how to tackle these problems.

1.2 Research question
Hydrogen combustion in internal combustion engines have been researched earlier but
has not yet lead to any widespread commercial solution that runs on 100% hydrogen. This
work will investigate what needs to be changed on a current Wärtsilä Diesel engine to run
on hydrogen, and specifically the fuel injector of a Gas Diesel engine also known as a GD
engine. The GD engine burns gaseous fuels in a in a Diesel process, together with a small
amount of pilot fuel. GD engines are quite rare and untested. This is especially true when
it comes to running hydrogen as the main fuel. The focus of the thesis is the injector and
how to avoid things such as leakage, degradation of the material and how to achieve good
durability, performance and low emissions.

1.3 Goal of the work
The goal is to learn about current compression ignition engines and their injector technol-
ogy and to identify possible design issues with current injectors if they were to operate
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on hydrogen. These issues should then be addressed and possible solutions to these should
be introduced. When this is done a new test setup should be planned for the new injector.

1.4 Scope of the thesis
The scope of this thesis is to learn from previous studies done in house and from other
research articles on how a compression ignition hydrogen engine would operate and how
the injection should be designed. This means there will be no actual tests of the injector,
since the timeframe is relatively short, and the injector is to be designed and constructed
first. Other aspects surrounding the engine will also be discussed, these are hydrogen
production, transport, storage and supply. Less focus will be spent on these. The main
focus area will be around the injection, combustion, performance and emissions of the
engine. Different ways of feeding the engine with high pressure gas will also be discussed.
Figure 1 shows the intended scope of the thesis, where the blue box illustrates the focus
areas and the smaller boxes outside will be given less attention.

Figure 1. Illustration of the intended scope of the thesis.
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2 T
2.1 The four-stroke cycle [written in cooperation with Ehrs Alex-

ander]
The four-stroke cycle used in both Otto and Diesel engines involves an induction, com-
pression, power, and an exhaust stroke.
1. Intake stroke. The cycle starts with the piston being at its topmost position in the

cylinder, called Top Dead Centre (TDC). While the piston moves down during
the induction stroke, the volume in the combustion chamber increases, and fresh
air or fuel/air mixture is drawn into the cylinder past the open intake valve.

2. Compression stroke. At Bottom Dead Centre (BDC) the intake valve closes and
the compression stroke starts. The piston moves upwards again and compresses
the charge, rising the pressure and temperature

3. Expansion stroke. Slightly before the piston reaches TDC, a spark plug, in the
case of an Otto engine, initiates the ignition. The air-fuel mixture ignites, and a
rapid increase in temperature and pressure can be seen just after TDC. This ex-
pansion forces the piston down again during the power stroke.

4. Exhaust stroke. The last stroke begins when the piston reaches BDC. The cylinder
is now full of hot exhaust gases. The exhaust valve opens, and the piston travels
upwards, pushing the exhaust gases out of the cylinder. At TDC the exhaust valve
close and the cycle is repeated.

In an ideal Otto-cycle, compression and combustion are adiabatic and isentropic pro-
cesses and are independent of time as the combustion occurs instantaneous. Meanwhile
in an actual cycle, heat is transferred to the surroundings, and the process is non-reversi-
ble. An illustration of these process in a pressure-volume diagram can be seen in figure
2. (Heywood, 1988)

Figure 2. PV-diagrams of the four-stroke cycle. (Four-stroke cycle, n.d.)
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2.2 Spark ignition engines [written in cooperation with Ehrs Al-
exander]

A spark-ignition (SI) engine is a type of internal combustion engine which follows the
Otto-cycle and converts chemical energy into rotational kinetic energy. Today, most SI
engines are of four-stroke type and runs on gasoline or natural gas. Unlike a Diesel engine
which ignites the fuel through the heat if compression, an SI engine burns a pre-mixed
air/fuel mixture. The mixture is ignited by an external source such as a sparkplug or a
small Diesel pilot injection. The first person to construct this type of engine was Nikolaus
Otto in 1878 (Heywood, 1988).

General characteristics compared to a Diesel engine are:
1. Running on premixed charge which leads to lower amounts of exhaust gas emis-

sions, requiring less after-treatment equipment.
2. Separate and controlled ignition system.
3. Higher engine speed due to running on homogenous pre-mixed charge
4. Lower compression ratio (CR) to prevent knocking, and thus also a lower thermal

efficiency of the engine.
5. Lower engine weight as the engine can be built less sturdy.

2.3 Compression ignition engines

2.3.1 Combustion
Compression ignition engines are based on the four-stroke principle, with the regular in-
duction, compression, expansion and exhaust strokes seen in figure 2. As the name im-
plies, compression ignition (CI) engines use the heat of the compression to ignite the fuel,
compared to SI engines that use a spark to ignite the fuel. These engines were invented
by Rudolf Diesel and are commonly called Diesel engines. CI engines were designed to
run on less refined fuels and CI engines usually offer better torque and fuel economy
compared to SI engines. CI engines are commonly used in heavy industrial applications
due to its cheaper fuel and engine characteristics.

CI Diesel engines use late injection of the fuel at high pressure at around 1450 to 2000
bar depending on the system (Van Basshuysen, R., 2004). The injected fuel evaporates
and mixes with the hot air and ignites. CI engines have a short timespan for the fuel to
mix with the air, that is why good mixing and atomization of the injected fuel is important.
The CI combustion phenomena can be described as a combination of a premixed and
diffusion combustion and can be divided in to three phases. The initial phase when the
fuel is injected before the autoignition takes place is called the ignition delay time, which
allows for some mixing to take place and that is why the mixture is close to homogenous
in this phase. When this mixture ignites it causes for a rapid increase in pressure and is
also the source of the characteristic noise that Diesel engines have. The second phase or
the main combustion is a mixture-controlled diffusion combustion, which is characterised
by fast chemistry and mixture-controlled combustion. The end of this phase is character-
ized by the peak combustion chamber temperature. In the third phase the temperature and
pressure of the flame front have dropped, and the chemistry is slow and is therefore a
diffusion combustion. These phases are illustrated in figure 3.
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Figure 3. Illustration of the combustion phases of Diesel in a compression ignition engine.
(Van Basshuysen, R. 2004)

The ignition delay affects several aspects of the Diesel combustion process. For a short
ignition delay less fuel is injected for the start of the combustion. This causes a lower
pressure and temperature increase at the start of the combustion, which puts less stress on
the mechanical components. The lower combustion temperature also results in lower NOx
emissions. The downside is a higher specific fuel consumption and increased soot for-
mation. This is due to the larger amount of fuel being injected into the hot flame after
ignition and the slow mixing of fuel and air. The soot formation is due to a crack reaction
with local zones of insufficient air and high temperature. A longer ignition delay time
will have the opposite effect, lover soot and fuel consumption but higher temperature and
pressure, which causes higher NOx formation. Shorter ignition delay can be achieved by
physical properties such as:

High gas temperature and pressure
Strong atomization of fuel
High relative speed of the fuel and air

(Van Basshuysen, R., 2004).

These properties cause the fuel to evaporate quickly, which promotes rapid distribution
and mixing. Higher gas temperature and pressure can be achieved by:

High compression ratio
Late injection timing, supercharging
High coolant temperature
Combustion chamber design that changes the influence of the cylinder wall tem-
perature
Use of ignition aids such as glow plugs and intake air heating

(Van Basshuysen, R., 2004).

The chemical properties of the fuel also have a major impact on the ignition delay for CI
engines. High cetane number, which means a higher auto-ignition temperature, allows for
higher pressure and temperature in the combustion chamber (Van Basshuysen, R., 2004).
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There are also other ways to manipulate the combustion in CI engines. Swirl is commonly
used to increase the turbulence in the engine. This increases the mixing of the air and the
fuel. This can increase the heat release rate with the risk of increasing the NOx emissions.
Increasing the injection pressure can improve the homogeneity of the charge by allowing
for more mixing of the fuel and air, this also increases the NOx emissions, but increases
the heat release rate and reduces soot formation.  Exhaust gas recirculation (EGR) is an
effective way of reducing the NOx emissions by lowering the oxygen content in the
charge air, which lowers the combustion temperature. While NOx is decreased the re-
duced oxygen content will increase the particulate matter (PM) (Zheng, 2004).

An alternative to the conventional direct injection method is indirect fuel injection where
the combustion is divided in a main combustion chamber and a secondary combustion
chamber. The secondary combustion chamber is in the cylinder head and the main com-
bustion chamber is formed by the cylinder and piston head. These combustion chambers
are connected by a smaller recess in the cylinder head. The secondary combustion cham-
ber can either be formed as a pre-chamber or a swirl-chamber. Both use moderate fuel
injection pressure into the secondary chamber. The fuel is quickly mixed with the air, that
is generated from the compression stroke, flowing through the recess. This creates a short
ignition delay. The pressure then increases quickly in the secondary combustion chamber
which causes the partially burning fuel-air mixture to move to the main combustion cham-
ber where the mixture efficiently mixes with the air rich main combustion chamber. This
combustion process tends to produce more soot due to the lack of air in the secondary
combustion chamber. The positive side is a reduction in NOx and a smother operation of
the engine. (Van Basshuysen, R., 2004)

2.3.2 Emmisions
Diesel engine operates under unthrottled lean conditions with an excess air ratio between
1,2 at high load and 7 when idling, this gives the Diesel engine improved fuel consump-
tion and less  emissions. Compared to spark ignited engines Diesel engines have gen-
erally around 20% lower  emissions (Van Basshuysen, R., 2004).

The major consideration for Diesel engines is particulate matter and nitrogen oxide emis-
sions. The particulate matter consists mainly of soot which is mainly deposited by hydro-
carbon or sulphur compounds. Conditions in the combustion chamber have a direct rela-
tion to the type and amount of pollutants produced.

Soot and nitrogen oxide pollutant formation are influenced by reaction kinetics, which
are not completely understood, but from experimental work with combustion in flame
and shock wave tubes following conclusions can be made. Soot formation is limited by
the excess air factor and temperature but is independent on the predominant pressure. For
Diesel engines the maximum soot formation occurs at about 1600 K and with an excess
air factor below 0,6. If the mixture temperature is held below 1450 K and excess air factor
greater than 0,8 the soot formation is negligible (Van Basshuysen, R., 2004).

The NOx formation can be divided into the formation of the two main components of
NOx, nitrogen monoxide (NO) and nitrogen dioxide ( ). The maximum formation of
NO occurs at 2200-2400 K. NO is quickly formed in the in the flame front from a side
reaction of OH radicals that form other compositions with the nitrogen molecules. The

 formation is also mainly formed at the flame front, the ratio of NO and  is mainly
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governed by the oxygen concentration and dwell time. The maximum NOx formation
occurs in the slightly leaner region of   (Van Basshuysen, R., 2004).

The contradicting conditions for low soot and NOx means that there must be some com-
promises between the two. There are some methods that is beneficial to both NOx and
particulate emissions. Using a small pre-injection of fuel can reduce NOx and particle
emissions. Secondary injection can also reduce particle emissions while NOx stays con-
stant. Shorter closing time of for example piezo injector help reduce particle emissions.
Exhaust gar recirculation can reduce NOx emissions at the cost of increasing particle
emissions, but cooled EGR can have a beneficial effect for them both. With higher injec-
tion pressure the contradiction between NOx and particle can be managed better with
different nozzle designs and different injection timing (Van Basshuysen, R., 2004).

These methods are applied and tested on Diesel combustion which might not translate
directly into hydrogen combustion where soot is less of a problem and NOx is predicted
to be a larger one due to increased combustion pressure and temperature. Soot emissions
should be less of a problem since there is no carbon in the fuel, the only possible source
of soot would be combustion of possible pilot fuel and lubricating oil. This means com-
bustion strategies for reduced NOx should be preferred over the soot reducing methods
for an engine running on hydrogen.

2.3.3 Injection
Fuel injection has a major effect on the performance of the engine. With regards to a
single injection per power cycle the major variables are start of fuel injection and duration
of the injection. The goal is to create the optimal mixture of fuel and air and the optimum
distribution of the fuel-air mixture. By doing so the optimum fuel consumption and emis-
sions are reached. Limiting factor are usually the mechanical stresses from the combus-
tion and balancing the fuel consumption with NOx and particle emissions (Van Bas-
shuysen, R., 2004).

With regards to the injector itself it is important that the injector is capable of injecting
the appropriate amount of fuel within a certain timespan, with good dynamic response
and minimum leakage. Large engines usually use jerk pumps or unit-pump system for
Diesel direct injection. This is an old and reliable way of injecting Diesel. Each cylinder
is supplied with their own pump and injector. A more modern way is to use common rail
injection consisting of a pressure rail that supplies each injector on the cylinder heads
with high pressure fuel. It is important that the accumulator volume is capable of damping
the pressure fluctuation caused by the fuel pulses from the fuel pump and injectors
(Bosch, R., 2011).

One common type of injector used is the servo-valve injector. The injector can be divided
in to following functioning modules: nozzle, hydraulic servo and solenoid valve. The
basic operation of the injector is the following: when the injection starts the injector is in
its resting position, where the solenoid valve spring presses the valve ball into the seat
rest. To start the injection, an electric current is sent to the solenoid which opens the
solenoid valve, which operates a hydraulic servo system. The magnetic force of the trig-
gered electromagnetic armature is larger than the solenoid valve spring, which rises the
valve ball from the valve seat and opens the outlet restriction. When the solenoid is no
longer triggered the solenoid-valve spring close the fuel flow by pressing down the ball
valve back down on the valve seat. This method is used to control the hydraulic servo
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system that can lift the nozzle needle, since the solenoid is not strong enough to lift it by
itself (Bosch, R. 2011).

The injector nozzle is a highly important element of the injector with the task of atomizing
liquid fuels, distributing the fuel in the combustion chamber and sealing the hydraulic
system from the combustion chamber. The nozzle construction needs to be perfectly
matched to the engine conditions. Things to consider are:

Combustion process
Geometry of combustion chamber
Number of injection jets
Spray shape and direction
Injection time and rate

There are several different nozzle designs used where pintle nozzles and hole nozzles are
the major groups, some of them are illustrated in figure 4.

Figure 4. Illustration of different nozzle shapes. (Harianton, I., 2006)

Pintle nozzle commonly operate at lower pressures with good penetration of the fuel,
since the flow from the single hole is greater than in the hole nozzle. Pintle nozzles does
not offer the best atomization of the fuel. Hole nozzles on the other hand require higher
fuel pressure but offer better distribution of the fuel without much turbulence in the com-
bustion chamber. The number of holes used can wary from 3 to 18 and depends largely
on the amount of turbulence in the combustion chamber, the higher the turbulence
the fewer holes are needed (Van Basshuysen, R., 2004).  Figure 5 summarises the injec-
tion variables for a common rail system and gives a better overview of the whole injection
system.
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Figure 5. Primary influencers of the injection jet.

2.3.4 Gas injectors
Gas injectors have their own specific challenges compared to injectors dealing with liq-
uids. Gases have a lower density which means a larger volume must be injected. This
calls for relatively high pressure on the injector side, which creates a high flow velocity.
These flows can reach sonic speeds and becomes choked if the pressure difference ahead
of the nozzle is around 2,1 times as high as the pressure in the combustion chamber
(Bosch, R., 2011). The critical pressure difference is calculated according to equation 1.

                                                    (1)
P1 and P2 represents the pressure before and after the nozzle and is the heat capacity
ratio of the gas. For air and hydrogen, the heat capacity ratios are around 1.4 (Lange, N.).
When the flow becomes choked the volumetric flow rate is independent of the down-
stream pressure. This means the mass flow rate can only be increased by increasing words
increasing the pressure upstream of the nozzle. The choked mass flow through the nozzle
can be calculated according to following equation (Perry, J.H., 1997):

  (2)

                                                        (3)

Where  is the density of the gas, the pressure of the gas ahead of the nozzle,  is
the discharge coefficient and  is the orifice area. The orifice area for a pintle nozzle is
defined as truncated cone with a maximum area of

                                                         (4)
With limited supply pressure it is important to optimize the flow through the injector to
minimise throttling points that could reduce the pressure before the nozzle.

The fuel injection process can be divided in to two phases: the flow of gas in the injector
and nozzle, the transition of fuel flowing from the injector tip to the combustion chamber.
The second phase is basically injection of a gaseous fuel into another gaseous medium.
Under assumption that the pressure difference between the nozzle inlet and outlet is suf-
ficiently high, the outlet flow from the injector tip is choked with a velocity of Mach one.
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Mach one is defined as the local flow velocity divided by the speed of sound in the re-
spective media. This pressure difference creates an underexpanded jet that rapidly ex-
pands into the surrounding medium with a lover ambient pressure, illustration of an un-
derexpanded jet is presented in figure 6. The expansion causes the jet to accelerate, which
creates expansion waves (Verhelst, S., 2009). There are three basic flow directions in the
jet, due to the strong shock wave. These directions are: outwards flow (yellow arrow)
caused by the expansion waves in radial direction, inward flow (green arrow) due to the
compression waves, parallel flow (blue arrow) as a result of the expansion waves in in
the same axis as the jet (Yu, J., 2012).

Figure 6. Illustration of the near field of a highly underexpanded jet a jet (Yu, J., 2012)

The expansion waves are reflected as compression waves after meeting the outer bound-
ary of the jet. The compression waves merge and form a barrel like structure. The barrel
structure ends with a disk like shock wave called a Mach disk.  The Mach disk encloses
a region with supersonic flow. At sufficiently high pressures this structure can be repeated
several times. Downstream of the final Mach disk the flow is subsonic (Verhelst, S., 2009,
p. 501). The Location of the Mach disc can be calculated as:

                                                    (5)
D represents the diameter of the nozzle (Yu, J.., 2013). According to Hamzehloo et. al
simulation on near nozzle structures and mixing of gaseous jets the main air-fuel mixing
occurs after the Mach disk location and especially close to the jet boundary where intense
turbulence was observed (Hamzehloo A., 2014). This should limit the possibility of flash-
backs, fuel burning back upstream of the flow, into the injector.

2.4 Wärtsilä engine

2.4.1 Wärtsilä GD
Wärtsilä gas Diesel is an engine that is designed to operate on two or multiple different
fuels in two different modes: Liquid fuel mode or Gas fuel mode. Liquid fuel mode uses
marine Diesel oil (MDO)/ Light fuel oil (LFO), heavy fuel oil (HFO) or crude oil as main
fuel while the engine is working as an ordinary Diesel engine. In gas fuel mode the engine
uses natural gas as main fuel, which is ignited with a small amount of liquid fuel. In this
mode and at high load the engine is using direct injection of natural gas into the combus-
tion chamber, while at lower load and at start, Diesel fuel is used. An illustration of the
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transfer between fuels at different loads is presented to the left in figure 7 and the basic
operation cycle is presented to the right in figure 7.

Advantages for Gas Diesel operation are output and thermal efficiency of an optimized
Diesel engine. A GD engine uses a higher compression ratio than traditional dual fuel
(DF) engines and are therefore more efficient. There is also no need for deration of engine
output depending on methane number (measure of methane content and effectively knock
resistance for natural gases). This gives the Gas Diesel engine a wider fuel flexibility and
tolerance of fuel quality. The amount of unburnt methane is very low for the GD engine,
where the natural gas is burnt under the Diesel process compared to Otto or the so-called

 engines. The combination of cleaner fuel and Diesel like com-
bustion also gives the engine a high thermal efficiency with low emissions (Wärtsilä,
2011). These are promising qualities for an engine if it would be adapted to run on hy-
drogen.

The main modification between a regular Diesel engine and gas Diesel engine is the in-
jector and fuel supply system. The gas is fed through a common rail system to the injec-
tors. The injector is a combined Diesel and gas injector that has one centrally located
Diesel needle with three surrounding gas needles. The gas needles are controlled with
hydraulic oil from an electronic rail valve (ERV). The Diesel needle is controlled with
fuel pressure from the jerk pump (Wärtsilä, 2011).

Figure 7. (left) The operating regions is presented in different modes and at different
loads. (right) Operating cycle of the engine in gas mode (Wärtsilä, 2011).

The option to switch the operation to Diesel is seen as an important factor for the hydro-
gen engine to initially enter the market. Hydrogen is and will most likely not be available
at all ports in many years even if there is a boom for hydrogen.
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3 Hydrogen

Hydrogen (H) is the first element in the periodic table. It is the smallest, simplest and
most abundant element in the universe, representing up to 75 mass-% and 90 vol-% of all
matter. With an atomic weight of only 1.008 g/mol it is also the lightest element in our
universe. For comparison, oxygen has a weight of 16 g/mol.

On earth, hydrogen exists almost exclusively in compounds. The most common one being
water or H2O. Hydrogen also exists as a free element in the atmosphere, but only to the
extent of 1 ppm. It is so light and escapes the atmosphere very easily.

3.1 Hydrogen properties [written in cooperation with Ehrs Alex-
ander]

Hydrogen gas can be considered as an ideal gas over a wide range of temperatures and
pressures. It is an odourless, colourless, no-toxic, non-corrosive and non-metallic dia-
tomic gas which by itself is not dangerous physiologically.

One of the most important characteristics with hydrogen is its extremely low density. At
NTP air has a density of 1.205 kg/m3, while hydrogen has a density of only 0.08 kg/m3.
This is roughly 1/15:th of the density of air, or 1/8:th of the density of methane. Such a
low density makes it necessary for practical applications to compress or liquefy the hy-
drogen. But this is easier said than done. Hydrogen also happens to have very low melting
and boiling points. Hydrogen liquefies as -253 °C, which is only 20 °C from absolute
zero. The melting point is slightly lower at -259 °C. But even in liquid form the density
is very low. In fact, there is even more hydrogen in one cubic meter of liquid water than
there is in one cubic meter of liquid hydrogen (111 kg vs 71 kg). When transitioning from
liquid and gas, hydrogen expands over 850 times the volume.

Hydrogen is a highly buoyant and diffusive gas which means it rapidly mixes with ambi-
ent air upon contact. The diffusion coefficient varies with temperature, but at NTP it is
almost 4 times higher for hydrogen than methane. Having a high buoyancy and diffusion
coefficient is a favourable safety effect as the gas quickly dilutes outside of the explosive
limits.

An interesting thing about hydrogen is that it exhibits a positive Thompson-Joule effect
at temperatures above -80 °C. This means that the temperature of hydrogen gas actually
increases during depressurization, which can lead to ignition. However, the increase in
temperature is just 6 degrees during a pressure fall of 20 MPa to ambient pressure levels,
so the risk of ignition is small. The chance of unwanted ignition is much more likely to
happen because of electrostatic charging of dust particles during the depressurization.

In table 1 below are some of the most important properties of hydrogen as a fuel compared
with methane and Diesel. Methane (CH4) is the main component in natural gas.
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Table 1. Comparison of fuel properties of hydrogen, methane and Diesel at NTP. [1]:
Bechtold, R., 1997. [2]: Hysafe. [3]: Staffell, I., 2011. [4]: College of Desert, 2001b.

Property Hydrogen (H2) Methane Diesel Unit
Molecular weight [1] 2.01594 16 ~200 g/mol
Melting point [2] -259 -182 -40 to -1 °C
Boiling point [1] -253 -162 188 to 343 °C
Density of gas [3] 0.084 0.791 - kg/m3

Density of liquid [3] 70.78 428 810  890 kg/m3 at BP
X

Diffusion coefficient in air [2] 0.756 0.21 - cm2/s
Flammability limits in air [1] 4 75 4.4 16.4 1 6 vol - %
Auto-ignition temperature [3] 793 1023 813 589 K
Lower heating value (mass) [3] 120.0 45.9 42.9 MJ/kg
Lower heat value (volume) [3] 10.1 (g) 35.2 (g) 35900 (l) MJ/m3

Stoichiometric air-fuel ratio
(mass) [1]

34.3 17.2 14.7 -

Stoichiometric air-fuel ratio (vol-
ume) [1]

2.38 9.52 - -

Methane number 0 100 - -
Octane number [4] 130+ 125 30 -
Cetane number 40 55 -

3.2 Hydrogen properties under operating conditions

3.2.1 Compressibility
Since hydrogen is such a low-density gas it must be compressed or stored at high pressure.
This changes the density of the gas and thus the volumetric energy content of the gas. At
higher temperatures and pressures gases tend to act different than ideal gases. The com-
pressibility factor is a correction factor to compensate for the deviation from the ideal gas
behaviour. Figure 8 shows a graph of the compressibility factor for hydrogen as function
of pressure. If the injector operates at around 350  700 bar the compressibility factor is
in the range of 1,2 to 1,4; which results in a density of 30-40  (0.089 at
NTP) at respective pressures lowing formula:

            (6)
Where p is the pressure in Pascal,  the density, R the specific gas constant and T the
temperature in kelvin. This requires of course that the compressibility factor is known.
It can be found from tables or calculate from following equation (Lemmon, E.W.,
2008).

                                     (7)

Values for the , ,  constants can be found in appendix 1.
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Figure 8. Compressibility factor as a function of pressure for hydrogen (HydrogenTools,
a).

3.2.2 Viscosity
Gases have generally low viscosity, that is especially true with hydrogen. The viscosity
of hydrogen at different pressures is presented in figure 9 as a function of temperature.
The pressure is less of an influence on the viscosity than temperature. This can be ex-
plained by equation 8 below.

    (8)

Where is the Boltzmann constant, m the molecular mass,  the mean free path and  a
numerical constant. Worth noting is that the viscosity increases with temperature for
gases compared to liquids that get a lower viscosity at higher temperatures. According to
this, a slightly cooler gas will be beneficial for the injection since it will be denser and
have a lower viscosity. The benefit of having a lover viscosity will however be minor
since the flow velocities are high. This leads to a high Reynolds number for most points
in the fuel supply. Reynolds number is calculated according to following equation:

                                                             (9)
Where  is the density,  the flow velocity, L the characteristic linear dimension and
the dynamic viscosity. When Re is grater then 4000 the flow is considered turbulent. The
pressure loss in a cylindrical pipe can be calculated according to the Darcy-Weisbach
equation below.

                                                     (10)
Where D represents the hydraulic diameter and  the Darcy-Weisbach friction factor,
which in the case of laminar flow is proportional to . In turbulent flow the
friction factor stays more or less the same for a vide region of flow. The surface rough-
ness of the pipe has a significantly bigger influence on the pressure drop than the vis-
cosity of the gas.
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Figure 9. Viscosity of hydrogen at different pressures as function of temperature. (Hy-
drogenTools, b).

The pressure of the injected gas will affect the penetration of the gas into the combustion
chamber and the injection duration in order to reach the desired fuel amount. There are
two main things to consider when determining the injection pressure. The Choked flow
condition occurring at pressures 2.1 times the downstream pressure and having a high
enough density of the gas to fill the energy requirement for full combustion. Maximum
in cylinder pressure for Diesel engines are between 180-240 bar. This would mean an
injection pressure of approximately 380  500 bar to reach a choked flow. Since hydrogen
is such a light gas, penetration into the combustion chamber can be a possible problem.
On the other hand, the sonic speed of hydrogen is 1290 m/s at NTP while for methane it
is 470 m/s.  At choked flow the penetration is the greatest with the highest flow velocity,
at higher pressures the penetration will increase due to higher density of the gas. That is
why choked flow is desired. Penetration depth is important for the performance aspect of
the engine but having a lower penetration of the jet means less heat of the combustion is
dispersed into the walls of the engine, thus increasing the thermodynamic efficiency of
the engine.

At injection pressures that creates choked flow the density is already relatively high and
with increased pressures the compressibility factor increases faster, which means the in-
crease in density is not increasing in the same rate as the pressure, which can affect the
total efficiency of the system if the gas must be compressed a lot. Compression of gasses
require substantially more energy than liquids. Finding a minimum injection pressure for
injecting the required energy is an important aspect for the design of a direct injection
system.

3.3 Hydrogen as fuel in IC engines.
Hydrogen as a fuel for internal combustion engines is nothing new in itself. The first
reported use of hydrogen as fuel was in 1820 by Reverdend W. Cecil. It is also supposed
that Nikolaus Otto used a synthetic gas with a hydrogen content of approximately 50% in
his experiments during the 1860s and 1870s. Hydrogen as a fuel got its first major interest
in the 1920s and has continued to be brought back up to the table in different periods
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without any major breakthrough (Norbeck, J.M., 1996). With current increased attention
to the environment the discussion around alternative ways of transportation substitutes
for Diesel and gasoline the discussion of alternative fuels and in this case, hydrogen has
been brought back up again.

One possible reason for no major breakthrough for hydrogen is that there are several tech-
nical challenges related hydrogen combustion in IC engines. Based on the operation of
internal combustion engines mentioned above the problems and opportunities of hydro-
gen as a fuel for IC engines will be presented for the Otto and Diesel process.

To start with the positive sides, hydrogen has a wide flammability range, which means
that hydrogen can be burnt at a higher air/fuel ratio than the stoichiometric and chemical
process would theoretically need for complete combustion. This typically means a more
complete combustion with lower exhaust temperature and lower emissions. The downside
to running lean mixtures is a lowered power output. The combustible limit for gasoline is
1% of fuel per volume while the stoichiometric value is 1.76%. For comparison the com-
bustible limit for hydrogen is 4% of fuel per volume while the stoichiometric value is
29.53% (Norbeck, J.M., 1996). The upper flammability limit for hydrogen is 75% of fuel
in air, the range is then 4-75%. The flammability limit becomes wider with increasing
temperature, for example the lower limit drops to 2% of fuel per volume at a temperature

, the upper limit has
a more complex relation to pressure, but is less important for engines (Verhelst, S., 2009)

Hydrogen has a high auto-ignition temperature, which is the temperature the mixture has
to reach in order to ignite without any external source of energy. The fuels auto-ignition
temperature is of major importance when determining the engines compression ratio. The
temperature during compression is related to following equation

              (11)
where  is the compression ratio,  the ratio of specific heat and  and  are the
initial and the end temperatures. That is why the compression ratio is limited by which
cannot exceed the auto-ignition temperature for Otto engines (Norbeck, J.M., 1996). For
Diesel engines the tables are turned, and instead the engines must reach the auto-ignition
temperature for the fuel to ignite. Because of the high auto-ignition temperature either the
compression ratio must be exceptionally high or T1 has to be higher. This creates some
extreme loads on the engine components for the Diesel case. From the efficiency stand-
point, a high compression ratio is desirable since it is related to the thermal efficiency of
the system if following way

              (12)
where  is the compression ratio and  the efficiency. This means that the efficiency can
either be increased by higher compression ratio, which is possible due to the higher auto-
ignition temperature, or by increasing the specific heat ratio, which is also possible with
leaner mixtures resulting in lower exhaust gases. There is in other words a potential for
hydrogen engines to operate with higher thermal efficiency (Norbeck, J.M., 1996).

Hydrogen has a very fast flame speed, which means that at stoichiometric mixtures hy-
drogen engines can operate closer to the ideal engine cycle, meaning that the volume
during combustion stays approximately constant. (Norbeck, J.M., 1996). Although the
flame speed is high at stoichiometric and NTP conditions it is highly dependent on sur-
rounding conditions. In figure 10 the laminar flame speed is presented as function of
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lambda. In figure 10 the flame speed of methane and iso-octane is also presented. The
dependency between lambda and flame speed is much stronger for hydrogen. At
the flame speed approaches the speed of methane and iso-octane. Turbulence will also
affect the flame speed in a positive way, but the effect might not be as strong as with other
fuels (Verhelst, S., 2009). Heywood and Vilchis reported an order of magnitude faster
flame speed for propane in turbulent conditions compared to laminar, for hydrogen the
order of magnitude stayed the same, but the turbulent case was still greater than the lam-
inar (Heywood J.B. 1984).

Figure 10. Laminar flame speeds as function of lambda at 360 k and 1 bar (Verhelst, S.,
2009)

The quenching distance, the distance between the cylinder wall and the point that the
flame extinguishes due to heat losses, is less for hydrogen than for gasoline. This means
that the flame will come closer to the walls and increases the chance of backfire in an
Otto engine, since the flame is able to get past a nearly closed intake valve (Norbeck,
J.M., 1996).

Diffusivity, the ability to disperse in air, is significantly higher for hydrogen compared to
gasoline. This promotes faster mixing of the fuel and air and leads to more uniform mix-
tures for Otto engines. For Diesel engines the diffusivity will mainly affect the injected
gas jet, which supposedly will incorporate more air and therefore burn differently. The
increased diffusivity of hydrogen also rises a potential safety hazard in the case of a leak-
age in closed environments. With proper ventilation this can be avoided (Norbeck, J.M.,
1996).

The extremely low density of hydrogen creates some problems. One is storage, hydrogen
has either to be liquified which occurs at -253 C or compressed to high pressure. Both
methods require a high amount of energy. The second problem caused by low density is
hydrogen will occupy more space in the combustion chamber, thus lowering the energy
density of the fuel-air mixture which leads to a lower power output for the engine. This
is mainly an issue for pre-mixed Otto engine (Norbeck, J.M., 1996).
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The lower heating value of hydrogen is 120 MJ/kg, which is significantly higher than
other fuels. However, on a volumetric scale, the lower heating value of hydrogen is only
10.1 MJ/m3. This is over three times lower than the equivalent value for methane. The
high LHV by mass is one reason why hydrogen has been used in space shuttles (Verhelst,
S., 2009).

Hydrogen has a much lower minimum ignition energy compared to gasoline. This makes
it is easy to ignite and supports lean combustion. On the other hand, it also means that the
engine is more prone to pre-ignition if there are hotspots or hot gases in the combustion
chamber. This is mainly an issue for Otto engines and not for Diesel engines (Norbeck,
J.M., 1996). As can be seen in figure 11, the minimum ignition energy for hydrogen is
strongly correlated to the equivalence ratio and has a minimum peak at  = 1,0 (stoichio-
metric ratio). At this ratio the value is almost 15 times lower for hydrogen than for me-
thane, and the difference increases rapidly with leaner or richer mixtures. This means that
pre-ignition will almost inevitably occur around stoichiometric conditions, and that the
equivalence ratio must be restricted. The minimum ignition energy meets methane levels
only at extremely lean ratios well in excess of lambda 2. Other factors such as higher
compression ratio and engine speeds also affects the minimum ignition energy in a nega-
tive way from a pre-ignition standpoint (Faizal et al. 2019).

Figure 11. The minimum ignition energies of Hydrogen- - and
heptane-

3.4 Characteristics of IC hydrogen engines

3.4.1 Otto engines
The characteristics of hydrogen as a fuel for internal combustion engines discussed above
causes hydrogen engines to have some distinct characteristics. For engines operating in
an Otto process the main challenge is to avoid pre-ignition and knocking while maintain-
ing a decent power output. In theory, hydrogen engines should be able to run on higher
compression ratios, but in practise it has been proven that under higher compression ratios
the engines are very prone to knocking and pre-ignition. This is not due to the auto-igni-
tion temperature, since this temperature is higher for hydrogen than for gasoline, but due
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to hot spots in the engine from for example the sparkplug, exhaust valve or carbon depos-
its. These hotspots are hot enough to cause the mixture to ignite due to the low ignition
energy of hydrogen. Different methods to avoid this has been developed to manage these
problems. These techniques include different fuel delivery systems, thermal dilution tech-
niques and other engine design features that improve the engines operation.

3.4.2 Diesel engines
Diesel engines do not have the same problem as Otto engines when it comes to knocking
and preignition. Instead the problem lies more on how to physically design an injector
that is capable of injecting hydrogen in an efficient and safe way. The reason why hydro-
gen direct injection is hard is because of the low density and viscosity, which means good
sealants and high pressures must be used to get the appropriate amount of fuel into the
combustion chamber. The high auto-ignition temperature of hydrogen makes it is hard to
ignite by compression alone. Early research done by Homan, et al. used a compression
ratio of as high as 29:1 and were unable to obtain auto-ignition (Homan, H.S.,1978). For
these reasons some assistance is required to start the combustion. There are a couple of
methods that can help with ignition, these are annular glow plugs, heating of intake air,
spark ignition and pilot fuel injection. These methods will be further discussed in Hydro-
gen Diesel engine concepts.

3.5 Alternatives to IC engines

3.5.1 Gas turbines
Gas turbine manufacturers are one of the main competitors to internal combustion engine
manufacturers such as Wärtsilä. Gas turbines also burn fossil fuels and replacing this fuel
with a cleaner green fuel is highly desired.  As with internal combustion engines, gas
turbines have quite similar challenges when it comes to burning hydrogen.

One challenge that both IC engines and gas turbines have is high NOx concentration in
the exhaust gases. There are some alternatives that can lower the NOx concentration for
gas turbines. These are:

Hydrogen dilution with water, steam or nitrogen (reduced efficiency)
Premixed combustion (challenging due to hydrogen properties)
Removal from exhaust gases (expensive)

Diluting the hydrogen with water, steam or nitrogen in order to reduce the combustion
temperature of a diffusion flame will reduce the NOx concentration but have a negative
effect on the efficiency of the turbine. Premixing the air and fuel is also an option, but
due to the properties of hydrogen, flashbacks are a major problem when increasing the
hydrogen content of the fuel. Another problem with premixed combustion is combustion
pressure fluctuation, which can destroy the combustor rapidly and creates a very loud
sound (Mitsubishi Hitachi power systems, 2018). Removing NOx from the exhaust gas
by either injecting ammonia in the exhaust gas or using a so called sconox process are
considered expensive methods and are not economically feasible at the moment (Chiesa,
P. 2005).

Manufacturers such as Mitsubishi Hitachi power systems (MHPS) claims that they can
run up to 30% hydrogen in premixed combustion (Mitsubishi Hitachi power systems,
2018). MHPS also have an on-going project in the Netherlands of convert an operating
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440MW natural gas power plant to run on 100% hydrogen by 2025. General electric (GE)
claim to be able to operate on hydrogenous fuels with a hydrogen concentration of 5% to
95% by volume (GE Power, 2019).

3.5.2 Fuel cells
Another potential source of power are fuel cells. These are currently manly used in cars
but can as well be scaled in to powerplants for the electricity grid or ship propulsion in
combination with an electric motor.

Fuel cells convert chemical energy in the form of fuel directly into electrical energy.
There is no combustion involved in the energy conversion in fuel cells. Fuel cells differ
from other electro-chemical power sources such as batteries, which stores their reactants
in their cells. Fuel cells on the other hand are continuously fed from an external storage
of reactants. The electrodes of a fuel cell are not either consumed as in batteries (Spiegel,
C. 2007).

There are two main types of fuel cells, these are defined depending on the type of elec-
trolyte they are using. These are alkaline or acid type electrolyte fuel cells. Independent
of the fuel cell type the main reaction in the fuel cell is the following:

Fuel cells are also highly efficient with no moving parts. Fuel cells with an efficiency
ranging from 40-60% have a higher efficiency than combustion engines (Wilberforce, T.,
2016). The challenge with fuel cells is however durability and reliability of the fuel cell
system. Fuel cells are also highly sensitive to the purity of the gas they are fed, both the
hydrogen and oxygen. For fuel cells to become commercialized product for the energy
and transport industry the cost must come down. The cost of a fuel cell system is currently
around 2500- Wilberforce, T., 2016). Fuel cell are a promising technology,
but for it to get any major market traction it currently needs to be supported by govern-
ment subsidies to compensate for the extra cost that is related to fuel cell installations.
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4 Material compatibility with hydrogen
In this section material combability with hydrogen will be discussed. Besides hydrogen
embrittlement there is also other aspects to consider when designing an engine for a new
fuel. The fuel injection and delivery system will be in more or less constant contact with
hydrogen at high pressure.

4.1.1 Hydrogen embrittlement
Steel exposed to hydrogen can cause hydrogen embrittlement. This makes the steel more
prone to stress fractures. The process is caused when hydrogen is induced to the surface
of the metal where the hydrogen atoms diffuse through the metal structure. This makes
the steel more susceptible to stress fractures and stress corrosion cracks that spared to the
point of failure. Some points are more vulnerable than other, these are bends or other
strain hardening methods, or parts that have been welded together. Hydrogen embrittle-
ment is greatest near room temperature and is increased with higher strain rates, pressures
and purity of the gas (Bechtold, R.., 1997) ( ., 2010).

The degree of hydrogen embrittlement of steel depends on the strength and microstructure
of the subject. Steels with a tensile strength less than 700 MPa are almost immune to
hydrogen cracking. Steels with a tensile strength greater than 1000 MPa are more recep-
tive, and steel over 1200 MPa are much more susceptive and thus might fail at much
lower stresses than their yield strength. Therefore, ductile steels have been used in appli-
cations related to hydrogen previously. Steels with a lower level of impurities, such as
sulphur and phosphor, has a higher resistance against hydrogen embrittlement.   (
J., 2010). The permeability of different metals wary a lot. Some common metals are pre-
sented in table 2. The difference between ferritic steels and austenitic steels are however
not that big.

Table 2. - N ).
Metal P (mol H2/m/s/Pa^0.5)
Vanadium 2.9E-8 500
Titanium 7.5E-9 500
Nickel 1.2E-10 500
Ferritic steels 3E-11 500
Austenitic steels 0.9-1.2E-11 500
Molybdenum 1.2E-11 500
Tungsten 4.3E-15 500
Beryllium 2E-15 400

NASA has a lot of experience of hydrogen and how to handle it. NASA has therefor made
a Safety standard for hydrogen and hydrogen systems. From this standard following rec-
ommendation are taken:

Metals with a face-centered cubic structure, such as, austenitic stainless steels, aluminum
alloys, copper, and copper alloys, generally are satisfactory for hydrogen service. Nickel,
a face-centered cubic material, is an exception and generally is not used because it is
subject to severe hydrogen embrittlement (NASA, 1997)

The effect of hydrogen induced losses in mechanical properties, has been derived to be
caused by:

The development of a critical, absorbed, localized hydrogen concentration
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The existence of a critical stress intensity (crack length and applied or residual
stress)
The existence of a susceptible path for hydrogen d

(NASA, 1997).

The preventive actions suggested by NASA are the following: usage of coatings, elimi-
nation of stress concentrations, oxidation treatments and careful alloy selection. Follow-
ing bullet points are suggested by NASA:

Aluminium is one of the few metals known to show only minimal susceptibility
to hydrogen, so its use effectively eliminates hydrogen embrittlement.
Most GH2 equipment is made of medium strength steel and most LH2 equip-

ment is made of stainless steel. Hydrogen embrittlement concerns are addressed
through increased thickness, surface finish, welding techniques, and materials se-
lection.
Containers with thick walls of low-strength metals will generally contain hydro-

gen more safely than containers fabricated from similar alloys treated for high
strength, subject to appropriate welding techniques.
A metal or alloy is almost certain to have a lower resistance to fatigue than if

hydrogen were not present if it is exposed to hydrogen and cyclic stresses. De-
signers should, in the absence of data, assume a substantial (up to fivefold) de-
crease in resistance to fatigue (NASA TM 104438 1992).
Avoid the use of body-centred cubic metals and alloys whenever practical. Cast

iron shall not be used.
Hydride-forming metals and alloys should not be used as structural materials for

hydrogen service. Their use requires careful consideration of operating tempera-
tures and adverse effects of hydride formation.
Exposure temperatures below room temperature generally retard hydrogen re-

action embrittlement; however, environmental and internal hydrogen embrittle-
ment are increased in the temperature range of 200 to 300 K (-

(NASA, 1997).

These guidelines should be applied on the design of the injector and fuel system. The
selection of appropriate material is of great importance for a successful design and oper-
ation of the equipment. In table 3 there is a summary of materials and their applicability
to gaseous and liquid hydrogen service.

Table 3. Summary of material compatibility for hydrogen service (NASA, 1997)
Material Service Remarks

Gas H2 Liquid H2
Aluminium and its alloys Yes Yes
Austenitic stainless steels with >7%
nickel (SAE 304, 304L, 308, 316, 321,
347)

Yes Yes Some make martensitic conversion if
stressed above yield point at low tem-
perature

Carbon steels Yes No To brittle for cryogenic service
Copper and its alloys (brass, bronze
and copper-nickel)

Yes Yes

Gray, ductile or cast iron No No Not permitted for hydrogen service
Low-alloy steels Yes No Too brittle for cryogenic service
Nickel and its alloys (Inconel, Monel) No Yes Susceptible to hydrogen embrittle-

ment
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Nickel steels (2.25, 3.5, 5 and 9 % Ni) No No Ductility loss at liquid H2 tempera-
tures

Titanium and its alloys Yes Yes
Chloroprene rubber (Neoprene) Yes No Too brittle for cryogenic service
Dacron Yes No Too brittle for cryogenic service
Fluorocarbon rubber (Viton) Yes No Too brittle for cryogenic service
Mylar Yes No Too brittle for cryogenic service
Nitrile (Buna-N) Yes No Too brittle for cryogenic service
Polyamides (Nylon) Yes No Too brittle for cryogenic service
Polychlorotrifluoroethylene (Kel-F) Yes Yes
Polytetrafluorethylene (Teflon) Yes Yes

Worth noting from table 3 is that this data is from 1997 and there seems to have been a
slight shift in how well the literature supports the use of aluminium alloys in hydrogenous
environments and in  technical reference for hydro-
gen compatibility there is no direct indication of Aluminium alloys not being compatible,
but there are research articles indicating that aluminium alloys in fact are affected. For
example, 7075 aluminium the ductility loss was large in conditions of high fugacity and
long pre-charging periods at 318 K (Takano, N., 2008).  For 2024 and 6013 Aluminium
the corrosion-induced mechanical properties decreased gradually with exposure time and
the tensile ductility losses decreases exponentially to extremely low values (Petroyiannis,
P.V., 2004). This causes for case to case investigation of specific aluminium grades to
determine if it is safe or not since no general conclusion can be made.

NASA has also made a list of recommended materials for specific applications such as
piping and flexible hoses. These are presented in table 4.

Table 4. Selection of recommended Materials for its applications (NASA, 1997)
Application Typical materials

Liquid H2 Gas H2
Valves Forged, machined, and cast valve bodies Appropriate industrial products
Fittings Stainless steel bayonet type for vacuum

jackets
Appropriate industrial products

O-ring Stainless steel, Kel-F or Teflon Appropriate industrial products
Gaskets Soft Aluminium, lead or annealed cop-

per, Kel-F, Teflon, glass-filled Teflon
Appropriate industrial products

Flexible hoses Convoluted vacuum jacketed 316 321
stainless steel

Stainless steel braided with Tef-
lon

Rupture disk assembly 304, 304L, 316, 316L stainless steel 304, 304L, 316, 316L stainless
steel

Piping 304, 304L, 316, 316L stainless steel 300 series stainless steel (316
preferred)

Dewars 304, 304L, 316, 316L stainless steel Not applicable
Lubricants No lubricants used in some applications.

Lubricants listed for gas H2 are compat-
ible but will become solid at low tem-
peratures. Dry lubricants, such as PTFE,
PTFE carbon, PTFE bronze, fiberglass-
PTFE graphite. Graphite and molyb-
denum disulphide permit only very lim-
ited service life for bearings

Dupont Krytox 240AC, Fluo-
ramics OXY-8, Dow Corning
DC-33, Dow Corning FS-3452,
Bray Oil Braycote 601, General
electric Verislube, Houghton
Casmolube 5100, Braycote 640
AC, Dupont GPL 206, Halocar-
bon Series 6.3 oil and Kel-F oil

Concerning high strength steels, low alloy steel generally offers better resistance against
hydrogen embrittlement and oxidisation (Lees, F., 2012). Alloys containing nickel show
better resistance against hydrogen embrittlement, as long as the maximum content of
nickel is kept below 1%, above this percentage it will have a negative effect. Carbide
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element such as titanium, molybdenum, niobium and vanadium also increase the re-
sistance and the optimum content of these has been established by Zikeev, V.N. to be 1-
1.5% Cr, 0.4-0.5% Mo, 0.05% Ti, 0.02-0.06% Nb, and 0.1% V.  The content of these
elements can also be increased for improved resistance to hydrogen embrittlement, how-
ever increasing these will make the steel more prone to brittle fracture drops. Same author
also investigated the influence of carbon content in alloy steel and found that steels with
a 0.2% content of carbon showed better resistance to embrittlement and according Zikeev
the ideal carbon content for hardenable steel is 0.2-0.3%, since it provides a good combi-
nation of strength, ductility, toughness and resistance to hydrogen embrittlement (Zikeev,
V.N., 1982).

Micro alloying is an option to improve the materials resistance to hydrogen embrittle-
ment. This is due to the hydrogen trapping effect of Nb-microalloying precipitates. The
trapping effect is increased with increased temperature during tempering of the steel,
which causes an increase in micro-alloy precipitates. Tests on conventional low alloy
42CrMo showed typical intergranular cracking at hydrogen content six times lower than
the point where micro-alloyed 42CrMo exposed trans granular cracking (Bian, J., 2015).
In the case of alloy steels there is a relationship between the tempering temperature after
quenching of the steel and resistance to hydrogen embrittlement. In a study made by Zafra
et al. this was confirmed. Higher tempering temperatures generally results in better re-
sistance against hydrogen embrittlement (Zafra, A., 2018).

The resistance towards hydrogen embrittlement can be further improved by different
coating methods or plating of the material. There is a vast selection of methods available
that prevent hydrogen induced faults. Coating the surface with for example black oxide
is one method that has been used for bearings
coefficient. Studies have shown that the oxide coating prevents the diffusion of hydrogen
in the metal (Park, G., T., 2008). Plating the metal with cadmium or zinc is a common
way of protecting steels against corrosion. Cadmium also has significantly lower hydro-
gen diffusion coefficients than ferrite and works as a barrier for hydrogen penetration.
The process of electroplating the metal often induces hydrogen into the steel. This hydro-
gen can be removed by allowing it to diffuse out of the steel by heat treating it at around
190- . Zinc and nickel alloy plating also greatly reduces the penetration of hydrogen
into the metal (Bhadeshia, H.K.D.H., 2016, p. 25). A study done by  et al. com-
pared a wide range of coating methods, including oxides, nitrides and carbides. The re-
sults from this comparison is presented in table 5 where PRF stands for permeability re-
duction factor, is the substrate thickness and  the PRF film thickness and  their
respective permeability.

Table 5. Comparison of different coating methods and their permeability (
2019).

Material PRF
(E-11
molH2/s/m/Pa^0.5)

(E-18
molH2/s/m/Pa^0.5)

1000 0.5 1 1.30 25.9
1000 1.6 10 0.017 0.72
3500 0.5 1 1.30 7.41
1000 0.5 1 1.30 25.9
1000 0.5 1.3 1.30 33.7
1 0.15 0.2 0.13 1711
100 0.1 1.5 0.13 193
100 0.1 1.5 0.13 193
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1100 0.35 1.7 0.13 5.7
1000 0.1 1.7 0.13 21.8
6800 0.35 1.7 0.13 0.92
20000 0.5 5 1.3 6.5
2000 0.5 0.5 1.3 6.5
38 0.5 2.3 1.3 1570
100 0.5 4.4 1.3 1140
117 0.5 2.6 1.3 576
236 0.5 2.2 1.3 241
350 0.5 4.5 1.3 333
4600 0.5 1.4 1.3 7.9
10 0.1 1 0.27 2750
100 0.5 1+0.25 1.3 324

The coatings with the lowest  is . While most of these are
nitrides, most of the oxides also showed low permeability, except . These coating
methods are also viable options to consider depending on the application, is some-
times also referred to as black oxide.

4.1.2 Wear characteristics
Hydrogen is a dry fuel and it has very limited lubricating effects. Due to the way it is
produced and compressed there are no traces of lubricant in the gas. The low lubricity
must
surfaces to seal the needle opening. Diesel has a lubricating effect on metal, which re-
duces the wear on the needle and needle seat. On some compressed natural gas injectors,
elastomer seals are used to seal the needle opening
surface. Hard on hard seals also exist for gaseous fuels (Bircann, R., 2013).

4.1.3 Compatibility with oil
How hydrogen affects the lubricating oil is of great importance since without proper lu-
brication the engine will suffer major reliability issues. According to a report made by
TUV in Germany on a test run with hydrogen engines, following suggestions were made
after the test: synthetic oil and a demulsifying oil that forms a solution with the water
resulting from the combustion of hydrogen are recommended. Ash-less oils are also rec-
ommended for pre-mixed applications, since it reduces the amount of deposit formation
in the combustion chamber. These deposits can be a possible hot spot for igniting the fuel.
How hydrogen gas and its combustion will affect the lifetime of the lubricating oil is not
entirely clear. For example, Deluchi supposes that the oil is less diluted (unwanted mixing
of the oil and fuel that reduces the lubricating qualities of the oil) by hydrogen since there
is fewer contaminating acids from the fuel and the combustion process (DeLuchi, M.A.,
1989). Ghent University reported a strong reduction in the oils lubricating qualities after
running an engine on hydrogen. The cause was claimed to be high concentration (+5vol%,
outside of the range for the measurement equipment) of hydrogen in the crankcase as a
result from blow by in the cylinders.

Results from a workshop made by Wärtsilä and AVL suggest
natural gas engines can initially be used with close monitoring of the lubricating oil. The
lifetime of the oil is predicted to be shorter than for natural gas engines, due to higher
stress factor from the rapid combustion and increased blow-by. The higher predicted tem-
perature from the combustion is also expected to affect the oil negatively (Murakami, S.,
2014).
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According to Antunes, J.G.
that are cowered in oil. That is why they used a layer of Teflon to keep the oil from
washing away on the actuating rod in the injector (Antunes, J.G., 2009)

4.1.4 Sealant compatibility
According to Bechtold, R et al. hydrogen is compatible with most of the elastomers avail-
able, but hoses and containers of hydrogen must have minimum porosity to prevent per-
meability of hydrogen through the walls (Bechtold, R., 1997). In high pressure applica-
tions there are however some concerns. Hydrogen is typically soluble in polymer materi-
als and exposure to high pressure hydrogen might therefore cause damage in the form of
blistering and swelling of the sealant (San Marchi, C., 2008). Different types of sealants
will be discussed more detail it the injector design chapter.
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5 Hydrogen

5.1 Hydrogen production
Hydrogen is currently produced for a variety of industrial applications. The most im-
portant ones are in the production of methanol and ammonia, it is also used in the purifi-
cation process of petroleum. As mentioned earlier hydrogen is the most abundant element
on earth, but it is only found in small quantities as a gas. To meet the demand there are
currently several methods used to produce hydrogen.

The most economical and efficient method at the moment is steam reforming. Steam re-
forming is a process that uses hydrocarbons and steam to produce hydrogen and carbon
oxides. Natural gas is the primary gas used since it has a high content of methane which
has the highest hydrogen to carbon ratio (Norbeck, J.M., 1997). This is obviously not a
renewable process. For every 1kg of hydrogen the steam methane reformation process
produces approximately 7 kg of CO2 (Kolodziejczyk, B., 2019). There are currently other
methods that are considered green and would make the whole hydrogen energy cycle
from generation to combustion green. The green hydrogen concept includes the usage of
excess energy from renewable energy sources to split water molecules to make hydrogen
and oxygen. This process can be divided in to three categories: electrolysis, thermolysis
and photo electrolysis (Holladay, J.D., 2009).

Electrolysis is perhaps the simplest method that uses an electric current that passes
through two electrodes soaked in an electrolyte that splits the water molecules. The effi-
ciency of this process is around 56-73% (Holladay, J.D., 2009).

In thermolysis heat is used to decompose hydrogen and water, this happens at a tempera-
ture
posed methods to reduce the temperature needed by usage of chemical reagents. These
have significantly reduced the temperature, but require higher pressures instead (Hol-
laday, J.D., 2009, p. 256).

Photoelectrolysis uses a similar technology that photovoltaics (solar panels) use to gen-
erate electricity, but instead of creating an electric current between two semiconductors,
hydrogen is created by splitting water into hydrogen and oxygen between a photocathode
and photoanode (Holladay, J.D., 2009).

5.2 Hydrogen supply
Hydrogen can either be stored as a compressed gas or at liquid sate. There are hydrogen
storages at pressures up to 700 bar. Compressing gaseous hydrogen requires a substantial
amount of energy. The compressors used to compress hydrogen to high pressures are
usually dual or multistage compressors that cool the gas after each stage. This makes the
compression more isothermal and less adiabatic. In figure 12 the energy required to com-
press hydrogen to a maximum of 800 bar is illustrated.
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Figure 12. Energy required to compress hydrogen compared to its higher heating value
(Makridis, S., 2017).

If hydrogen is compressed to 1000 bar under ideal isothermal conditions, it would require
approximately 7% of the heating value for hydrogen (Verhelst, S., 2009). However, in
reality using a multistage compressor compressing the gas to 800 bar would require some-
thing closer to 13% of the energy content hydrogen (Makridis, S., 2017). Compressing
hydrogen in liquid cryogenic form the compression would be 5-6 times as efficient. The
downside is that the cooling of the gas to liquid state requires about 30% of the energy
content of the gas. That is why compressed gas storage is in the bigger picture a better
solution (Eichlseder, H., 2008).

5.3 Hydrogen compressors
There are several types of compressors used to compress hydrogen. The main categoriser
are mechanical and non-mechanical compressors. Mechanical compressors are typically
electro-hydraulically driven, non-lubricated, liquid-cooled reciprocating multistage com-
pression units. The gas is compressed by directing high pressure oil in to a chamber that
forces a piston to compress the gas in a separate chamber.

In a diaphragm compressor the gas is separated by a set of diaphragms, so instead of the
piston directly compressing the gas, the piston first compresses a hydraulic fluid that
moves the diaphragm which in turn compresses the gas.  An illustration of a diaphragm
compressor is shown in figure 13. (Makridis, S., 2017)
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Figure 13. Illustration of diaphragm compressor unit (Makridis, S., 2017).

Besides mechanical compressors there are also non-mechanical compressors. These can
be divided in to electrochemical and metal hydride compressors. These non-mechanical
compressors have the advantage of supplying hydrogen with higher purity with less con-
taminants, which is highly important for fuel cells, less noise and parts subjected to wear.
(Makridis, S., 2017). There are however less commercially available non-mechanical
compressors, since these are still in the research stage of development.

Linde group has developed an ionic liquid compressor in 2002 called IC90, which is sort
of a middle ground between mechanical and no-mechanical technologies. The ionic liquid
compressor uses, as the name implies, an ionic liquid, which is a liquid salt that is almost
incompressible and has no vapour pressure. This makes it possible to separate it from the
gas at the end of compression. The purpose of the liquid is to compress the gas by acting
as a liquid piston. The ionic liquid also serves as a lubricant and coolant. This particular
IC90 compressor uses a five-stage compressor and can be applied for either 350 bar or
700 bar refuelling stations. The advantage of this technology is limited mechanical wear,
low energy consumption, few moving parts and low maintenance. The Linde IC90 had a
market shear of >50% for 700bar refuelling stations in 2014 (Metz, S., 2014).

5.4 Hydrogen safety
Hydrogen has a bad reputation for being unsafe and difficult to handle. As a matter of
fact, it is not that different to other gases such as natural gas or propane. There is annually
over 50 million tons of hydrogen being produced and transported worldwide with few
major incidents (Grand view research, 2018). The scepticism for hydrogen might be a
cause of the major Hindenburg and Challenger accidents which both got major media
coverage. Except for these  hydrogen has an overall good safety record.

Hydrogen is still a hazardous gas and should be handled with care. The main hazards can
be defined as:
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Physiological (suffocation and frostbites)
Physical (embrittlement and component failure)
Chemical (burning or explosion)

Hydrogen is a non-toxic odourless gas, but as with all gases except oxygen it can work as
an asphyxiant. This is mainly a problem in closed environment if there is a large leak.
This can easily be prevented by having appropriate ventilation, since hydrogen diffuses
easily in air. If skin is in direct contact with containers of liquid hydrogen skin might
become frozen or torn, such containers should be insulated to prevent accidents like that
(Najjar, Y.S., 2013).

Physical failures related to hydrogen are typically due to hydrogen embrittlement which
can lead to component failure and leaks. The rate of embrittlement depends on set of
variables, these are: temperature, pressure, metal purity, exposure time and surface con-
ditions (Najjar, Y.S., 2013).

The greatest threat is a fire or explosion of hydrogen. As discussed earlier the ignition
energy is very small. This in combination with a wide flammability range makes fire and
explosion a major threat. In some practical applications, hydrogen is comparable to other
fuels. In the case of a leakage hydrogen is quickly dispersed in air and is thus no longer a
threat, gasoline on the other hand will remain a hazard until it is removed. If the leakage
is in an enclosed room the gas will quickly spread and crate a combustible mixture. That
is why hydrogen should be handled in ventilated areas or outside (Norbeck, J.M., 1996).

In the case of a fire, hydrogen fires are typically hard to notice since the flame is un-
noticeable in daylight and disperses little heat. Hydrogen fires do not either generate any
toxic smoke. Since hydrogen burn quickly the fires are typically short lived and dies
quickly (Norbeck, J.M., 1996).
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6 Hydrogen Diesel engine concepts
In this section the main discoveries related to hydrogen Diesel engines will be presented.
The section is divided in to two parts the: hydrogen only Diesel concepts and hydrogen
GD concepts.

6.1 Hydrogen only Diesel concepts
As mentioned earlier the early stages of hydrogen compression ignition engines were de-
signed to operate like a traditional Diesel engine. It was quickly concluded that the re-
quired compression ratio was too high and that the operating window was very narrow
(Homan, H.S., 1983).  The same Authors later investigated the use of glow plugs, which
resulted in better engine operation. There was still a lot of cycle to cycle variation and the
NOx concentration was significantly higher compared to Diesel oil (Homan, H.S., 1989).
The introduction of a swirl chamber on a single-cylinder water-cooled engine enabled an
extended operating window by injecting a small amount of pilot hydrogen fuel in the swirl
chamber.

In a comprehensive test by Eichlseder H. et al. which firstly investigated a port fuel in-
jected (PFI) spark ignited Otto engine, but later concluded that it was limited in load and
knocking. This led the author to test direct injection technologies together with spark ig-
nition on an Otto engine. In order to improve the load capabilities, the author started to
investigate the Diesel concept. This later led to the development of a compression ignition
engine based on a production BMW Diesel. The engine was a modified naturally aspi-
rated single-cylinder engine. In the compression ignition layout intake air heating, spark
ignition with single and multiple injections were tested, as well as glow plug ignition. The
test concluded, that to achieve stable auto-ignition with Diesel-like ignition delay a com-
pression temperature of 1100 K is needed. This was achieved at  intake air temper-
ature at a compression ratio of 22. With higher intake air temperature air mass flow is
reduced, resulting in a lower potential power output. Having a compression ratio of 22 is
something that is not commonly used in practical applications.
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Figure 14. Results from running with a glow plug (Eichlseder, H., 2010).

The compression ratio was later reduced to 18 and a glow plug was fitted. This resulted
in a stable operation with a high pressure efficiency of 45.2% with peaks of 49% with
different injection timing. The raw NOx concentration from combustion was around those
of a Euro-4 compliant engine. With an EGR rate of 9% the NOx concentration could be
reduced by 58% with no penalty in efficiency. At an EGR rate of 30% the NOx concen-
tration was reduced to 90% with only a reduction in efficiency by 1.3 percentage points.
These are promising results showing that the NOx emissions can be managed efficiently.
Results from this case is presented in figure 14. It is worth noticing the sharp heat release
rate occurring almost instantly as the needle opens. The author also reported that the glow
plug ignition was very robust, assuming the surface temperature was high enough the
surface ignition started 0,4 ms after injector needle opens. The engine load tested was
from idle to 6 bar IMEP with natural aspiration, while supercharged pressure was raised
continuously to a maximum of 1 bar to reach full load conditions. The engine map with
target BMEP and thermal efficiency as function of engine speed is presented in figure 15
(Eichlseder, H., 2010).



33

Figure 15. Engine map when using glow plug (Eichlseder, H., 2010).

Similar tests were also done by Gomes Antunes et al., where compression ignition to-
gether with intake air heating on an engine with a compression ratio of 17 was investi-
gated. They reported an approximate reduction of 20% compared to normal Diesel NOx
emissions, the peak power output also increased by 14%. This is quite astounding con-
sidering that the engine was naturally aspirated and used intake air heating to achieve
stable combustion due to the higher compression temperature, which are aspects that tra-
ditionally should contribute lower power output and higher NOx concentration (Antunes,
J.G., 2009)

In a study by Tanno et al. from Toyota motor corporation the homogenous charge SI
combustion system was compared to a spark assisted diffusion combustion of hydrogen.
The spark assisted diffusion combustion is achieved by first injecting a small amount of
fuel before TDC. This injection is later ignited by a spark, and the rest of the fuel amount
is injected on top of this flame. The engine used for this test was a modified Diesel engine
with a compression ratio of 15-18. The results showed good thermal efficiency on the
spark assisted diffusion combustion. The NOx emissions could be reduced with EGR
without sacrificing the thermal efficiency significantly. Comparison on the efficiency and
NOx emissions are presented in figure 16. The NOx levels could be reduced to the levels
of a Euro 6 compliant engine. The maximum injection pressure of the injector was 300
bar. By lowering the injection pressure on low loads to 100 bar the thermal efficiency was
improved to 52%, due to lower penetration and thus less energy dispersed into the cylin-
der walls (Tanno, S., 2010). This research indicates that under medium and high load,
both higher efficiency and lower NOx emissions can be achieved with the Diesel com-
bustion compared to the Otto concept.
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Figure 16. effect of NOx emissions as function of thermal efficiency. The thermal effi-
ciency changes as the EGR increases (Tanno, S., 2010).

A hydrogen jetignition pre-chamber has also been considered by Boretti et al. The novelty
of this idea is to control the auto-ignition of hydrogen within the pre-chamber and lead
this mixture of hot gases and fuel into the main combustion chamber. In this way the
combustion in the main chamber, which has a separate main injector, starts as a pre-mixed
combustion and later develops into a diffusion combustion. The fuel share injected into
the pre-chamber was around 5%. The simulation showed better than Diesel power output
and efficiency at the same BMEP of 25 bar. Nothing is mentioned about the emissions
from this simulation. The simulation is done under various assumption, including that the
hydrogen from the main chamber will not reach the glow plug in the pre-chamber, which
would trigger the ignition of the fuel (Boretti, A., 2011a).

In a simulation on a hydrogen compression ignition engine made by Kavtaradze et al. the
total NOx emissions from the combustion is comparable to the Diesel at same break
power output. Kavtaradze et al. also investigated parameters that affected the NOx emis-
sions. The results from this simulation were: (1) Higher amount of nozzle holes contrib-
utes increased homogenization, which leads to lower NOx from the combustion. (2)
Higher lambda will reduce the NOx concentration, but the effects are not as significant
as in a homogenous charged combustion engine. (3) At constant lambda the NOx con-
centration is reduced as the injected mass of hydrogen is increased i.e. the load is in-
creased. This is due to the fact that if the lambda stays constant as the injected fuel mass
increases the boost pressure has to increase. As the injection pressure stays the same the
injected gas will be closer to the nozzle with less air to support the combustion. This leads
to a slower heat release and lower NOx. (4) Increased swirl also had a positive effect on
the NOx reduction but reduced efficiency. This is a contradiction compared to a tradi-
tional Diesel fuel engine where increased swirl can lead to a faster heat release with higher
efficiency but also higher NOx (Kavtaradze, R. 2019).

6.2 Hydrogen GD concepts
Using a fuel with lower ignition temperature to start the combustion in combination with
hydrogen is another approach that has been researched extensively as a DF concept. With
early injection of hydrogen in a DF engine, the challenges are the same as for an Otto
engine with knocking and pre-ignition still being a problem. These researches are there-
fore not of major interest from the combustion perspective for this thesis.

There is limited knowledge of an actual working setup with a hydrogen high pressure
direct injection GD engine. The concept was however studied by Boretti et al. using a
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WAVE code to simulate a 1.6L 4-cylinder TDI engine. The simulation was not capable
of estimating the exhaust gases from combustion. The simulation is however capable of
computing break mean effective pressure and break thermal efficiency. The results from
this simulation is presented in figure 17 and 18 (Boretti, A., 2011b).

Figure 17. Break efficiency comparison of hydrogen dual fuel compared to Diesel (Bo-
retti, A., 2011b).

The results show increased efficiency over the whole operating range. The BMEP is also
significantly higher over the whole operating range. These are promising result for a hy-
drogen Wärtsilä GD engine. Unfortunately, there are no emission estimates from this
simulation (Boretti, A., 2011b).  By using a pilot injection of Diesel to start the combus-
tion, it is possible to avoid the unreasonably high compression ratios needed to ignite
hydrogen on compression alone. The usage of glow plugs to start the combustion might
also have some reliability issues, therefore ignition by pilot fuel is a promising technol-
ogy.

Figure 18. Break mean effective pressure comparison of hydrogen dual fuel compared to
Diesel (Boretti, A., 2011b).

With regards to emission management a lot of the conclusions made in the hydrogen only
concepts in 4.1.1 could be implemented in this concept as well, considering that the Diesel
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fuel mainly works as an ignition source with a relatively low total energy content of
around 5-10% of the total fuel energy content.

No working example of a GD type engine could be found from the literature. This means
there is novel research to be done yet in this subject. That is why this work is aimed to be
applied to a GD type inject even if all the real cases examples in following chapter might
have been used in other types of engines.
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7   Hydrogen direct injector concepts
For successfully development of an injector for a Wärtsilä GD hydrogen engine it is im-
portant to know what has been tried previously by other researchers. By studying others
work early challenges and pitfalls can be avoided. There are no commercially available
hydrogen injectors, so the injectors presented below are made specific for their research.
Usually they are based on either a Diesel or CNG injectors.

7.1 Hydraulically actuated injector
Antunes et al. developed an injector for their experiment. The injector body was made
from construction steel while the nozzle and needle were made from tempered steel. The
injector was hydraulically actuated and controlled via a three-way fast acting solenoid

hydrogen has on oil coated surfaces. Nitrile O-rings were used for sealing purposes, no
conclusions were made on their durability. The only place where the effect of hydrogen
embrittlement was observed was at the nozzle needle tip, even though it was made from
tempered steel. The maximum operating pressure was not stated by the author, but it was
mentioned to be slightly above the cylinder pressure of 80 bar and the hydrogen supply
pressure was 200 bar. Design drawing of the injector is shown in figure 19 (Antunes, J.G.,
2009).

Figure 19. Design drawing of the hydrogen injector developed by Gomes Antunes et al
(Antunes, J.G., 2009).

Another hydraulically actuated injector was designed by Yamane et al. at Tokyo City
University. Earlier iterations of the injector were used in the Musashi-3,4,5,6,7,8 and 9
projects. The injector uses a hydrogen supply pressure of 100-200 bar and a working oil
at 600-1200 bar depending on the fuel pressure. The maximum injection rate was 400
ml/injection at an injection duration of 1,67 ms, which is equivalent of an injection dura-
tion of 30 °CA at 3000 rpm. A picture of the injector and illustration of the operating
principle is presented in figure 20.
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Figure 20. Picture of the injector (left), Illustration of the working principle while the
injector is in closed position (middle) and open position (right). (Yamane, K., 2011)

The team that developed this injector had previous experience of designing hydrogen in-
jectors and were aware of the major problems related to hydrogen injectors, such as leak-
age, deterioration of needle and seat. From this experience the following design recom-
mendations were made:

successful in good finishing in such as flatness, perpendicularity and roundness

pt during the operation. In this study, a
special diamond-like

high-pressure hydrogen gas is to be pre-

(Yamane, K., 2011)

Another potential weakness in the design was the usage of O-rings to seal the working oil
from the hydrogen. In a previous test the O-rings were made from hydrogenated nitrile,
co-polymer with a hardness of HS 70. These rings made from nitrile showed severe dam-
age after only 50 hours of operation. This caused for change and a new test with O-rings
made from polyurethane elastomer with a hardness of HS 94 (Yamane, K., 2011).

The injector was extensively tested to decide the injection rate and durability. The result
showed that the after minor changes to the injector (increased orifice diameter from
0.022mm to 0.028mm and needle seat taper from 30 to 45 degrees) the required injection
rate and dynamic response was achieved. The injector showed good durability during the
tests with minimal leakage. The width of the sealing area shown in figure 21 was meas-
ured with microscope. The result showed an increase in the seal width in the first 75 hours
of operation after that the width stayed the same for the rest of the 700 hours of the test.
Regarding the performance of the O-rings no leakage was observed over the 700 hours
of test operation. The rings had some small sliding damage (Yamane, K., 2011).
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Figure 21. Illustration of seal area on injector needle seat (Yamane, K., 2011).

Tanno et al. from Toyota Motor Corporation have developed a test engine with its own
hydrogen injector for spark assisted diffusion combustion. The injector is hydraulically
actuated and based on a mass-produced Diesel injector, illustration of the injector is pre-
sented in figure 22. The maximum injection pressure of hydrogen is 10-30MPa with the
working oil at 60 MPa. The nozzle configuration was a 6 x 0.43 mm. The injector was
also designed so that no oil is leaking down to the gas, which excludes oil from being
injected together with hydrogen in the combustion chamber to minimize carbon emis-
sions. There are limited details on what techniques have been used to manufacture the
injector but following is mentioned: surface hardening and high-precision machining for
seat and dry sliding parts, hydrogen rod seal at the sliding portion. Nothing is mentioned
about the durability of the injector (Tanno, S., 2010).

Figure 22. Tanno, S., 2010).

7.2 Piezoelectric actuated Injector
A piezoelectric actuated injector was developed by Welch, A. et al. at Westport innova-
tions innovation centre and Pacific Northwest Na-
tional Labs (PNNL). The base design for the injector was a J43 natural gas injector. The
operating principle is slightly different for piezoelectric injector compared to hydrau-
lically actuated injectors. An illustration of the injector is shown in figure 23 where the
main components of the injector are marked. The needle and hydraulic compensator are
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preloaded with a spring. The injector is opened by supplying an electrical charge to the
piezoelectric actuator. This lengthens the piezoelectric element, in this case 100 to 130
microns, which in turn pushes the hydraulic compensator and lifts the needle. To close
the needle, the piezoelectric element is discharged, which makes it return to its normal
length and the rest of the mechanism closes the needle.

Figure 23. Illustration of the piezoelectric injector and its components.

The relationship of voltage and expansion of the piezoelectric material is well known.
This gives an advantage of piezoelectric actuation over hydraulic in the way that it allows
more freedom in the injection rates by more precise control of the needle lift. This im-
proves the repeatability of the injections. It also allows for modifying the acceleration/
deceleration profile of the needle. This can help to reduce the needle impact velocity when
closing and, in that way, increase the injector durability. Piezoelectric injectors are how-
ever typically limited by cost, size and durability (Verhelst, S., 2013).

The piezoelectric injector was initially tested in a test bench to determine its flow and
functionality. Afterwards the injector was used in a single cylinder engine for further
testing of its durability, but focus was put on the efficiency of the engine. The results from
the test was that similarly to the hydraulically actuated injector the needle and needle seat
experienced some plastic deformation in the early break in stages of operation, but after-
wards it reached a steady state. The sealing force is estimated to be 500MPa, which equals
15% of the materials yield strength. Small leakages were observed after 1 to 20 million
cycles.

The needle and seat were made from hardened tool steel, and the needle was also coated
with a commercial coating with high hardness with the intent to protect against galling,
which was previously an issue for the authors. Other coating methods were suggested,
and in particular diamond like carbon coating (same as what Yamane et al. used), due to
its hardness, wear resistance and low friction coefficient. Tests with diamond like carbon
coating was later done by PNNL which confirmed that this coating method reduced the
scuffing resistance, however there was variations between the specimens from different
suppliers used for the test (PNNL, 2009)

The piezoelectric actuator experienced some issues that affected its operation. These
were: (1) Actuator cracking due to tensile loads, mainly due to misalignment in assembly
or possibly manufacturing (2) Failure in the epoxy coating of the piezoelectric stack due
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to hydrogen diffusion which lead to decompression damage causing crack and short-cir-
cuits. (3) Deactivation of actuator material of the hydrogen permeation.

Piezoelectric injector offers superior controllability and fast response. For the intended
application of a high-speed Diesel engine piezo injector are probably a good match, but
for slower and bigger medium speed engines the actuation speed is less important while
high flow rates and durability are more prioritized.

7.3 Solenoid actuated injector
For the tests conducted by Eichlseder et al. a solenoid driven injector was developed by
Hoerbiger Valve Tec. There is limited information about this injector, but the maximum
injection pressure was 300 bar and the nozzle configuration could be changed. During the
Diesel setup, a 16x0.3 mm configuration was used. Worth noting with this injector is that
the needle seat is located higher up in the injector and the gas is then led through a channel
down to the nozzle. The reason for this was to save space between the intake and exhaust
valves. From simulations it was concluded that it takes roughly 3°CA for the gas to reach
the combustion chamber after passing through the channel. A picture of the injector is
presented to the left in figure 24, to the right in figure 24 a CFD simulation of the same
injector is presented. The spray was optimised so that there would be limited contact of
the gas on the bowl as well as on the cylinder wall and head. Nothing is mentioned about
the durability or materials used for the injector but considering the number of tests done
on the engine in various configurations it seems to have been quite reliable (Eichlseder,
H., 2009), (Eichlseder, H., 2010).

Figure 24. (left) picture of the solenoid injector used in the tests by Eichlseder et al.,
(right) CFD simulation of the same injector with the configuration 16x0.3mm.
(Eichlseder, H., 2010)

7.4 Dual fuel high pressure injectors

7.4.1 Wärtsilä GD injector
Wärtsilä used a different kind of injector for the GD engine. As mentioned previously in
the Wärtsilä GD section the injector is a multi-needle injector with a centrally located
Diesel needle and three surrounding gas needles, illustration of the injector is presented
in figure 25. The injector has its similarities with other injectors presented previously but
some things are different.
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Figure 25. Illustration of the Wärtsilä GD injector (Wärtsilä, 2011).

The working principle of the injector is presented in figure 26. The gas needles are actu-
ated by the hydraulic oil, which is controlled by a solenoid, similarly to the injector by
Yamane et al. The maximum gas pressure in the injector is 350 bar and the seal oil is
slightly above this pressure at 370 bar. This, in combination with no real sealing surface
of the working oil from the needle, makes the operating principle slightly different. This
also causes some of the seal oil to leak down the needle to the seat and into the combustion
chamber where it is combusted. This leads to some small addition in carbon emissions.
The leakage of the seal oil has the benefit of lubricating the needle seat slightly, which
would be beneficial for a hydrogen application where there are no lubricants present in
the gas.

A similar injector was also later designed to run on methanol. The main modifications
needed to run on methanol were slightly larger nozzle holes, injector volume and a
slightly higher operating pressure, as well as a change in materials compatible with meth-
anol.

With two separate injections there is an additional aspect to consider when injecting the
two fuels. There is the consideration of when to inject the gas relative to the pilot fuel.
This varies depending on load and speed, but a study done by Bärow et al. showed best
performance when there is an 8°CA difference between pilot and gas injection. If the
difference increased, the Diesel pilot had more time to develop and caused more heat and
therefor increased NOx from the combustion. When the gas was injected closer to the
Diesel, the gas had a cooling effect on the Diesel flame and due to the gas jet, there was
also less oxygen present for the Diesel to combust. For minimizing the CO2 emissions, it
would be beneficial to go down as low as possible in pilot content but at lower than 3-5%
the ignition of the natural gas was proven to be unstable (Bärow, E. 2019).
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Figure 26. Working principle of GD injector.
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8
With an understanding of hydrogen gas and its potential benefits and challenges it is time
to start to evaluate the techniques presented above. The goal is to pick and identify the
best aspects of each injector type and how certain design aspects affect the performance
of the injector. Based on this information it should then afterwards be easy to modify an
existing system to work with hydrogen.

8.1 Operating principle
Since there are several different injector types available, they need to be evaluated and
compared to each other based on their advantages and disadvantages. The main types of
injectors that has been brought up in this thesis are open hydraulic actuation, sealed hy-
draulic actuation, electromagnetic actuation and piezoelectric actuation. The solenoid in-
jector by Hoerbiger Valve Tec was extensively tested in the research by Eichlseder et al.,
but due to limited information on the performance of the injector it is not included in this

Re-
newable Hydrogen Technologies: Production, Purification, Storage, Applications and
Safety Gandia et al., in this comparison the solenoid injector did not perform very
well. In the comparison in  the aforementioned book the piezoelectric injector was the
suggested operating principle with the motivation that it has the highest average mass
flux, superior needle control and lowest opening transient duration, but with the side note
that piezoelectric injector still needs development and that the epoxy coating of the pie-
zoelectric stack was affected by hydrogen, which drastically reduced the reliability of the
injector.  For that comparison the focus was on high speed engines, while this is for me-
dium speed engines, which makes the transient response time less important due to the
longer window of injection at lower rotational speed of the engine. A summary of the
pros and cons of respective injector type is presented in table 6.

Table 6. Comparison of the injector types presented in this thesis.
Operational principle  Pros  Cons

Open hydraulic - High needle lift  High mass
flow
- Oil leakage into the gaseous
fuel might help to lubricate the
needle seat

- Oil leakage to the combustion
chamber  +CO2
- Need for additional system for
supplying the working oil

Sealed hydraulic - High needle lift  high mass
flow
- The working oil is not con-
sumed

- Additional point of failure at
the working oil seal
- Need for additional system for
supplying the working oil

Piezoelectric - Good controllability
- Good transient response

- Piezo stack sensitive to Hydro-
gen
- Limited needle lift

There are multiple examples of hydraulically actuated injectors capable of working with
hydrogen and with an inhouse injector already working under the same principle (Tanno,
S., 2010), (Yamane, K., 2011) (Gomes Antunes, J.G., 2009). For these reasons, the hy-
draulically actuated injector seems like a natural alternative for the continued develop-
ment of a hydrogen injector for a Wärtsilä engine. Whether it should be a sealed system
as in Yamane
injector to be made would be a Wärtsilä GD or methanol injector which is modified to
work with hydrogen. This would need minimal work and resources to get a working test
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example. Based on the performance of the injector the combustion concept can be con-
firmed or discarded. If it shows promising results further development of the injector can
be investigated.

The drawback of an injector of the hydraulic actuation is the requirement of an additional
system to supply the working oil. This could possibly be avoided by using a sealed system
as in Yamane  oil is substituted by Diesel oil at high pressure.
In this way the injector would use a similar pressure as the common rail pressure used for
the pilot injection and in that way, there is no need for an additional system to supply the
working oil of a different medium.

8.2 Nozzle designs
Several researches have investigated the effect different nozzle designs have on the hy-
drogen jet formation and consequently the performance of the engine. For diffusion com-
bustion a lower penetrating jet has the advantage of dispersing less heat into the cylinder
walls, thus being more efficient. An increase in the number of nozzles can increase the
area of the flame and increase the fuel air mixing. This causes a faster combustion and
thus increasing the performance, but at the same time there is a potential for increased
NOx emissions. There is limited knowledge on ignited hydrogen jet and especially how
to optimize the nozzle design. Most of the research is done on unignited hydrogen jets
that later crate a homogenous charge. The thigs that have been observed is that if the
nozzle holes are relatively close to each other the jets tend to unite and form a single jet.
If a jet is close to an in-cylinder surface the jet is drawn towards the surface. These are
phenomena of the Coanda effect (Verhelst, S., 2009). The consequence of the Coanda
effect is clearly visible in figure 27 for the nozzles with more than 7 holes.

Figure 27. Comparison of 7, 9- and 13-hole hydrogen injector (Petersen B.R., 2006).

The jet to jet interaction were seen in the 13-hole nozzle of Salazar et al. as well as in the
the 9 and 13-hole injector of injector of Petersen in figure 27 (Salazar, V.M., 2010) (Pe-
tersen B.R., 2006). Depending on the spacing and angle of the holes the number of holes
can wary but going beyond 9 holes might be unwise, since it might introduce more inter-
action between the jets and in that way disrupt the spray pattern. However, according to
a simulation study done by Kavtaradze, R. et al., who investigated the nozzle design of a
hydrogen diffusion combustion, recommended more holes based on their result. The re-
sults showed less NOx emissions on nozzles with increased number of holes, due to a
more homogenous charge. The simulations also showed a clear difference in how the
combustion of a hydrogen jet differs to a Diesel jet. An illustration from the research is
shown in figure 28, where the Diesel combustion is represented to the left and hydrogen
to the right. It is evident that the combustion of Diesel is mostly surrounded the liquid
Diesel jet that first must evaporate before it is ignited. Hydrogen on the other hand is
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already in gas state and diffuses more rapidly. The hydrogen jet itself also contains air
and is therefore also combustible. This creates the shockwave like combustion in the cyl-
inder.

Figure 28. Temperature fields of Diesel (left) and hydrogen (right) combustion (Kavta-
radze, R. 2019).

8.3 Mass flow
In order to understand the influence of density, fellow velocity and energy content some
basic calculations must be conducted. For a reference case the geometries of a Wärtsilä
methanol injector were used for these calculations. Mass flow for the gaseous fuel through
the nozzle holes is calculated according to equation (2) in the gas injector chapter. The
pressure difference between upstream of the nozzle and downstream are assumed to be
sufficient to cause chocked flow. For comparison liquid methanol through the same noz-
zle is calculated according to equations (13) and (14). These equations are derived from

                                                   (13)

                                                       (14)

It is possible that the cylinder pressure will be slightly higher from the rapid hydrogen
combustion, but with proper control of the flow this should not be a major problem. The
constants used for calculation is presented in table 7.

Table 7. Constants used for calculation.
Nozzle 1.6 mm x 9
Injection pressure 300 600 bar
Combustion chamber pressure 150 bar
Discharge coefficient (gas) 0.85
Discharge coefficient (liquid) 0.63
Density (H2) 20-34 kg/m^3
Density (CH4) 191-320 kg/m^3
Density (CH3OH) 789 kg/m^3

Based on the mass flow the energy flow rate can then be calculated. According to:

                     (15)

The basic result from the calculation is shown in figure 29. From this it is clear that the
energy flow of hydrogen is more restricted than methane. Surprisingly methanol is also
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more restricted than methane, this is however highly dependent on the discharge coeffi-
cient. The discharge coefficient used for methanol was derived from a CFD simulation
on the same injector.

For hydrogen to reach the same energy flow as methane the diameter of the nozzle holes
must increase with approximately 12%. At this size the volumetric flow of hydrogen is
roughly 3,5 times higher than for methane. Under the same injection pressure, the energy
flow of hydrogen will reach the same rate as methanol with only a 6% increase in nozzle
size.

Figure 29. Energy flow for hydrogen and methane gas as well as methanol as function of
pressure and energy flow rate.

If the nozzle holes increase with 12% the rest of the injector must be scaled accordingly.
The following limiting factor is the needle and seat. According to Welch et al. an increase
of needle lift by 24% and spray hole by 12% would generate the same energy flow of
hydrogen as with methane.

8.4 Jet penetration
Another thing to consider in the design of the nozzle is how the nozzle geometries affect
the jet penetration of the gas in the combustion chamber. According to the research of
Tsujimura et al. the aspect that affect the jet penetration are:

Density of the gas in the combustion chamber
Injection pressure
Nozzle hole size

Out of these three, the nozzle hole size has the largest effect on the penetration depth.
(Tsujimura, T., 2003). In figure 30 the result of comparing these quantities on a hydrogen
injector by simulation and experimentally. The uppermost plot shows a slight increase in
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penetration depth as the injection pressure increases. The result is basically the same for
the middle plot. From the bottom plot it can be seen that as the diameter increases the
penetration depth increases at a higher rate.

Figure 30. Experimental and calculated penetration depths with various injection pres-
sure, ambient pressure, and nozzle hole size (Tsujimura, T., 2003).

Figure 30 is however only a comparison of hydrogen against itself. It is therefore of in-
terest to know how the hydrogen penetration compares to other fuels. According to a
numerical and experimental study done by Konagaya et al. confirmed that equation (16)
can be used to estimate the penetration depth of different gases (Konagaya, R., 2017).
Equation (16) was originally derived by Hamamoto et al.

                                                    (16)

An explanation for the symbols in equation (16) is given in table 8. With this equation it
is possible to get an estimate of the jet penetration of hydrogen and compare it to methane.

Table 8. Definition of symbols used in equation (x).
Symbol Definition

a Empirical constant (1.0-2.0)
Discharge coefficient
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Density of injected gas
 Density of surrounding gas

Nozzle diameter
Injected gas velocity at nozzle exit

Time from injection start
Average half cone angel of jet

The goal was to also compare the penetration depth of a liquid methanol, but no good
mathematical expression could be found. The next best thing was to use a mathematical
expression for Diesel penetration. The one used in this case was derived by Hiroyasu et
al. and looks like following (Sprich, T. K., 2011):

                                                (17)

The results of this equation show that under same nozzle size and injection pressures the
hydrogen jet penetration is slightly lower than for methane, this was also expected. The
hydrogen jet penetration depth reaches the same values as methane by either increasing
the nozzle hole size by 10% or increasing the pressure by 25% (350 to 438 bar). The result
from the calculations are plotted in figure 31. The penetration depth of Diesel is surpris-
ingly low, but on the other hand D
this low pressure. The Diesel plot only serves as a comparison to methanol.

Figure 31. Comparison of hydrogen, methane and Diesel penetration depth at 350 bar
injected pressure into a camber of 150 bar. The calculations are based on the equation
derived by Hamamoto et al. and Hiroyasu et al.



50

The increase in nozzle hole size by 10% is in line with the required increase in nozzle
hole size required to reach the same energy flow rates. These are promising results re-
garding the feasibility of the realization of the injector, in the way that the penetration
depth is not a major limiting factor.

8.5 Injector simulation
In order to get a better understanding on how the injector behaves with different fuels and
geometries, a Simulink model was built based on the PhD thesis of Jorge M.G. Antunes

he use of hydrogen as a fuel for compression ignition engines In
Antunes work the whole dynamics of the injector is modelled, starting from the voltage
increase in the armature that eventually lifts the needle (Antunes, J.M.G., 2011). The
model was slightly simplified for this work. The model was adapted to simulate the gas
flow through the injector as function of time for a single injection at a duration of 20 CA°
at 720 RPM. The gas flow rate is calculated according to equation (19) if the pressure
difference is enough to cause choked flow. If not, it is calculated according to equation
(18).

                         (18)

                                         (19)

The flow area past the needle is calculated as the area of a truncated cone according to
equation (20). The maximum area past the needle is Amax= b^2*pi

                                     (20)

Figure 32. Illustration of the area past the needle in the case of a truncated cone.

Where h represents the needle lift. The needle lift is only modelled as a function of time
and gain with a maximum amplitude equal to the needle stroke. The needle movement is
illustrated in figure 33.
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Figure 33. Needle movement as function of time created in the signal builder block in
Simulink.

contain any combustion, a generic pressure curve was modelled in the signal builder block
in Simulink. The combustion chamber pressure is illustrated in figure 34.

Figure 34. Illustration of combustion chamber pressure in the signal builder block in Sim-
ulink.

As the original injector is a methanol injector the methanol mass flow was also modelled
in order to get a reference performance of the injector. For this the equations (13) and
(14) previously used suits this model as well.

As there is a rail valve between the injector and the rail, there will be a pressure drop in
the injector over the opening time of the injector. This is not included in the model by
Antunes. The pressure drop is modelled according to equation (21)

                                                         (21)



52

Where  represents the bulk modulus of the fuel (Sprich, T. K., 2011). The bulk modulus
of gases in an isentropic process is depending on the pressure and the specific heat capac-
ity of the gas according to equation (22).

                                                      (22)

In equation (21),  represents the volumetric flow rate and  the volume of the injector.
The nozzle sack is also included in the model as a separate volume from the injector with
its own pressure. The delta pressure in the nozzle sack is modelled according to equation
(21) with one flow into the sac from the injector and another flow out of the sack trough
the nozzle to the combustion chamber (Sprich, T. K., 2011).

The initial conditions for the simulation are presented in table 9. The highest-level block
of the simulation is represented in figure 35. The gas mass flow is presented in figure 36.
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Figure 35. Top level of Simulink model.
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Figure 36. Gas flow simulation blocks.



55

Table 9. Constants for simulation
Gas 0.85
CH3OH 0.63

CH3OH 777 MPa
H2 1.41
CH4 1.32

Rail pressure H2 350 bar
Rail pressure CH4 350 bar
Rail pressure CH3OH 450 bar
Combustion chamber pressure 170 bar start of injection, 150 end of injection
M H2 0.002 kg/mol
M CH4 0.016 kg/mol
Temperature 300 K
Injection time 20° CA
Lower heating value H2 119.96 MJ/kg
Lower heating value CH4 50 MJ/kg
Lower heating value CH3OH 20 MJ/kg

23.18 kg/m^3
210 kg/m^3
789 kg/m^3

8.6 Simulation results
With the initial conditions from table 9, the simulation result is presented in figure 37.
The total energy injected of hydrogen is less than both methanol and methane. The total
injected hydrogen energy is roughly 2/3 of the total injected energy of methanol. The
methanol pressure-drop in the injector is around 150 bar while it is only 40 bar for hydro-
gen and 10 bar for methane.
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Figure 37. Result from initial conditions of the simulation. Top graph represents to total
energy content injected. The middle graph represents the pressure in the injector. The
bottom graph represents the pressure inside the nozzle sack.

The total energy injected is in line with existing engines. The pressure in the nozzle is
also close to a previous simulation done by Wärtsilä. A model is only as good as its as-
sumptions and in this case, there is a lot of them to simplify the model. However, the
model performs reasonably well in being relatively close to more complex simulations
done previously by Wärtsilä.

After trying out several different geometries it was clear that the nozzle area is the major
limiting factor for increasing the flow through the injector is the nozzle size. Increasing
the other parameters (injector volume and needle seat) will increase the flow but not
nearly as much as just increasing the nozzle size.

If only the nozzle size would be modified, the required increase in nozzle size for hydro-
gen approaches unrealistic changes to reach the same energy content injected by methanol
at 450 bar. Increasing the injector volume is not necessary as the pressure drop for the
gaseous fuels is significantly less than for methanol. However, by doing so the required
increase in nozzle size is less. An increased injector volume by 50%, nozzle and needle
seat diameter increase by 21% is enough to reach the same flow as the methanol. The
motivation behind increasing the area of the needle seat and nozzle diameter by the same
percentage is to keep the ratio of area past the needle roughly 4 time bigger than the area
of the nozzle holes, this is general rule of thumb used by the injector designers. When
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increasing the hydrogen rail pressure to 380 bar a nozzle and needle seat diameter increase
of 13%, as well as a 50% increase in volume would suffice.  Increasing the injection
pressure alone to 430 bar as well as keeping the same 50% increase in injector volume
will reach the same injected energy content injected. These results are summarised in
table 10.

Table 10. Simulation summary
H2 Rail pressure Volume increase Nozzle diameter in-

crease
Needle seat diame-
ter increase

350 Bar +25% +23% +23%
380 Bar +25% +16% +16%
430 Bar +25% +1% +1%
350 Bar +50% +21% +21%
380 Bar +50% +13% +13%
430 Bar +50% +0% +0%
350 Bar +75% +20% +20%
380 Bar +75% +10% +10%
430 Bar +75% -1% -1%
450 Bar +0% +0% +0%

With no modifications to the injector and the hydrogen injection pressure raised to 450
bar, the injected energy of hydrogen basically is the same as with methanol. This means
that there is potential for some good tests if as similar injector would be used, since the
methanol injection pressure is also 450 bar. The same sealing oil system could then also
be used, since the sealing oil pressure is dependent on the injection gas pressure. Com-
pressing the gas to a higher pressure will of course require more energy, but when looking
at the graph in figure 12 in the hydrogen supply chapter. The energy requirement for
compressing the gas, going from 350 bar to 450 is not such a big difference in energy

 be a major issue, but for a commercial application the
pressure should be kept at a minimum.

8.7 Material considerations

8.7.1 Material coating
Some form of coating has been used on almost all injectors previously mentioned that has
been operating with hydrogen. This is mainly due to the additional wear resistance certain
coatings have, but the coating also works as a hydrogen gas barrier with several orders of
magnitude lover permeability than normal steels. It can thus be assumed that some sort
of coating would be beneficial for improving the durability of the injector. In this section
different coating methods will be evaluated in order to find a suitable candidate for the
application. The coating methods previously mentioned are black oxide coating, plating
with different metals, Teflon and diamond like carbon. In the literature revive only dia-
mond like carbon (DLC) and Teflon had been applied to real applications. On the previ-
ously mentioned methanol injector Balinit CNI and TC WC/C have been used, therefore
these will also be considered.  DLC is the most tested coating method for hydrogenous
applications with tests made by both Yamane at al. and Welch et al. that recommended it
for further research.

Diamond like carbon has several advantageous aspects that make it an attractive candidate
for this application. The properties of DLC can vary a lot depending on its application.
DLC is however defined as a family of amorphous carbon coating methods that consist
of either trigonal sp2 bonding or a tetrahedral sp3 bonding and hydrogen. Depending on
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the ration of sp2 and sp3 bondings and hydrogen content, the properties of DLC can wary
in a wide spectrum. The hardest form of DLC is called tetrahedral amorphous carbon (ta-
C) and consists only of sp3 bonds and has a hardness of 80 GPa, which is close to dia-
mond. Softer forms of DLC have a hardness of 10 GPa and below, which is less than
many ceramics. The friction coefficient of DLC can wary drastically from 0.005 to 0.5
depending on the bond type and hydrogen content and surrounding environment. DLC
also has high resistance to corrosion and works as a gas barrier, both of which are highly
desirable quantities for the injector application. To help decide what the optimal coating
method is, the properties of the previously mentioned coating methods are listed in table
11 (Hutchings, I., 2017).

Depending on the design and materials used for the injector, there might be a need for
several different coatings on the injector. The needle and needle seat have already been
mentioned, with the conditions of high wear and high-pressure hydrogen contact. Other
locations that might need protection are injector nozzle and miscellaneous components
that are in contact with hydrogen e.g. metal gaskets, locknuts, flow channels etc.

Table 11. Properties of different coating methods.[1]:HEF Groupe, 2019, [2]: Theplas-
ticshop.co.uk, [3]: ASB industries, [4]: Mahmoudi, B., 2015, [5]: Zhang C., [6]:
Wänstrand, O., 2019, [7]: Oerlikon, [8]: Su, Y.L., 1997, [9]: , [10]:
Hannibal carbide tool.

For the needle and needle seat the main criteria for the coating are low friction coefficient,
high hardness and low gas permeability. Compared to all other coatings, DLC is superior
in the hardness and friction coefficient categories. For applications such as the needle and
needle seat these quantities are highly beneficial, with also most real applications with
DLC and other authors also suggesting DLC for these applications, it can be concluded
that it is probably a good candidate for further applications. Coating in DLC is however
more expensive compared to Teflon. DLC is becoming a more common technology and
is applied by various industries, for example the automotive industry. This makes it a
reasonably well-known process with reasonable prices. There is also some in house ex-
perience with DLC showing improved durability with low lubricity fuels.

The nozzle is subjected to high flow rates of hydrogen and high temperatures from the
compression and combustion in the combustion chamber. Therefore, low permeability is
critical for the nozzle to minimize the embrittlement. The coating must also be able to

Coating Type  Friction coef-
ficient

Hardness  Gas permeability  Tempera-
ture range

Diamond like
carbon

0.005 - 0.5
[1]

1000(a-C:H) -
7000(ta-C) HV[1]

Low
[1]

Max 450
[1]

Teflon 0.05 - 0.09
[2]

360- 470 HV)
[2]

Low
[2]

Max 260
[2]

Black oxide 0,05-0,15
[4]

 ~ 300 HV
[5]

Low (0.72 E-18
molH2/s/m/Pa^0.5) [9]

Max 540
[3]

Balinit CNI
(CrN)

~0.5
[7]

~ 2000 HV
[8]

Low (576 E-18
molH2/s/m/Pa^0.5) [9]

Max 700
[7]

TC WC/C 0.2-0.25
[6]

1600-1800 HV
[6]

Medium (110-3200 E-18
molH2/s/m/Pa^0.5) [9]

Max 400
[6]

TiAlN 0,7
[10]

2800 HV
[10]

Low (0.92-6.5 E-18
molH2/s/m/Pa^0.5) [9]

Max 800
[10]
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withstand the high temperatures. Balinit CNI and TiAlN are good candidates for this ap-
plication. Balinit CNI is also marketed for these forms of applications and especially for
corrosive fuels. In this comparison TiAlN shows better qualities, but no real application
can be found. The main application of TiAlN is coatings on cutting tools for machining.

For other miscellaneous components that are in contact with hydrogen the man concern
is to reduce the embrittlement effect of hydrogen over time. Black oxide coating is most
likely a very good opting for this. Black oxide is commonly used for coating on nuts and
bolts and in table 11 it shows the lowest hydrogen permeability of all coatings mentioned.

8.7.2 Sealants
For the injector to be able to operate safely with minimal maintenance the sealant material
must be optimized for the specific application. In the previous chapters sealant materials
such as Nitrile, Viton and polyurethane elastomer have been suggested, but there are also
other sealants used widely in the industry. These are for example PTFE (Teflon), neo-
prene, silicone, FFKM (perflourelastomer). These should cower the main spectrum of
commonly used sealants. To make a fact-based suggestion the sealants are compared to
each other based on their material properties in table 11. below.

Table 11. Comparison of different sealants.[1]: ACEseals, [2]: MatWeb, [3]: Alberding,
[4]: Eclipse engineering Inc., [5]: Green Tweed. [6]: San Marchi, C., 2008, [7]: Parker.

Material  Hardness
(Shore A)

Temperature
range

Elonga-
tion @
break

Permeability
( )

Performance

Nitrile (NBR) 70 [1] -40-120 [1] ~300%
[1]

1.45, @ 293 K
12.1, @ 353 K
[6]

(++) Oil resistance
(+/-) Wear resistance [1]
(Suggested by NASA)

Viton (FKM) 70 [1] -30-200 [1] ~220%
[2]

1.51, @ 293 K
18.6, @ 353 K
[6]

(+) Oil resistance
(+) Wear resistance [1]
(Suggested by NASA)

Polyurethane 70-90 [1] -50-100 [1] -300%
[3]

21.2, @ 312 K
[7]

(+) Oil resistance
 (++) Wear resistance [1]

Teflon (PTFE) 55
Shore D [4]

-200-260
[4]

 3.3, @ 298 K
[6]

(++) Temperature range
(++) Corrosion resistance
(-) Sealant
(-) Inelastic [4]
(Suggested by NASA)

Neoprene 40-90 [1] -43- 107 [1] 400%
[1]

4.55, @ 298 K
9.24, @ 308 K
[6]

(+/-) Oil resistance
(+) Wear resistance [1]

Silicone 30-80 [1] -60-230 [1]  100, @ 293
260, @ 260
[6]

(+/-) Oil resistance
(-) Petroleum [1]

FFKM 65-95 [5] -40-325 [2] 100-
300%
[5]

(++) Wear resistance
(++) Oil resistance
(++) Temperature range [5]

The selection of sealant is depending on the application and the surrounding conditions.
These must be taken into consideration

 following materials perform best regarding following condi-
tions:

Low permeability: Nitrile, Viton
Oil resistance: Nitrile, Viton, FFKM
High temperature: PTFE, FFKM
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Varying temperature: PTFE, FFKM
High wear: Polyurethane, FFKM
High elasticity: Neoprene, Nitrile, Polyurethane

The previous suggestion of using Viton and polyurethane is also supported by table 11.
Both showing good resistance to permeability, wear and oil with a relatively wide tem-
perature range. Depending on the application sealants such as FFKM and PTFE might be
an option.  PTFE is however inelastic which means that it would probably have to be
replaced after being compressed once. The main applications of PTFE are seals using
high compression force and handling of cold cryogenics. FFKM is an elastic material, but
it its elasticity can wary a lot depending on the composition of the material. This is also
true for most of the materials listed in table 11. It is therefore hard to give any exact values
for the materials but instead they are presented as ranges. Whatever the specific compo-
sition of the material, their general performance is still accurate.
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9
After studying the literature and forming recommendations based the literature the goal
is to apply these on to a real injector. The feasibility and the consequence of these changes
are then evaluated. The injector to be modified is a methanol injector based on the GD
injector. The basic operation of the methanol injector is the same as for the GD injector.
The on and most available injector
design.

9.1 Nozzle holes
Considering that the nozzle holes size on the existing injector are already on the limit it
is not realistic to go up +20% in diameter, which would be required if a rail pressure of
350 bar would be applied. It is therefore necessary to increase the rail pressure. Increasing

-16% increase
in nozzle size this is a much more realistic option. It is hard to know how much it is
realistically possible to increase the nozzle size. For this a more detailed finite element
model might be necessary to investigate the strain and loads on the injector body.

As mentioned in the simulation result section, increasing the rail pressure to the same
pressure as used for the methanol case will cause sufficient energy flow. This is probably
the easiest way to develop a working concept of the engine. However, if it is concluded
that increasing the nozzle size is not an option, nor is increasing the rail pressure. There
will probably be a need for a totally different design. On option would be to abandon the
blind hole nozzle and make the gas nozzle a pintle nozzle instead. As mentioned earlier
in this work, pintle nozzles offer good fuel penetration with worse atomization in the case
of liquid fuels. Since hydrogen will remain as a gas under all realistic pressures at room
temperature the atomization is not an issue.  Removing the holes in the nozzle will remove
the most restricting flow area. This will introduce another problem; the spray cone angle
is typically much lover for pintle nozzles. Therefore, some form of flow director must be
constructed to increase the spray cone angel and direct the spray from each pintle nozzle
away from each other.

Without further simulation or testing it is hard to know what the best solution would be.
Blind hole nozzles are a known working concept, but as the design of the injector changes
more it must be analysed for its performance and durability. Before conversion to a pinite
nozzle a CFD simulation would be good to find a good way of directing the spray.

9.2 Needle and needle seat
If the nozzle hole diameter increases the needle seat also must increase in order to keep
the same ratio of area past the needle and nozzle hole area. The suggested ratio is around
3-4. There are of course other than the diameter geometries that mater. A steeper angle
on the needle and seat improves the sealing of the injector and minimizes needle bounce
and vibration. The downside is that the needle must move further and faster to achieve
the same area past the needle under the same time. If the actuator is capable of increasing
the needle stroke the needle seat angle could be reduced, if not there is no need for a
change at this point.

The geometrical tolerances and surface finish of the needle and seat are important, and
according to Yamane et. al the flatness, perpendicular and roundness should be kept be-
low one micron. The surface roughness is not an issue for the methanol injector as it is
already of sufficient quality.
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9.3 Injector volyme
The injector volume is mostly governed by the accumulator volume of the injector. In the

tor volume. The main restriction to increasing this would be fitting the volume under the
engine cover be a major issue since these covers can be re designed. The

drop as much as in the case of liquid fuels. However, increasing it would still be beneficial
for the energy flow through the injector. Increasing it with 25% would reduce the increase
in nozzle and needle seat area by ~2%. There is a more evident limit to the nozzle and
seat than for the volume.

9.4 Material

9.4.1 Injector body
The methanol injector and its connecting components are made from various alloys. The
main concern for the methanol application is protection from methanol induced corrosion.
The materials of the components that are in contact with methanol are listed that in table
12. In the case that the same injector would be converted to run on hydrogen the same
materials would also be in contact with hydrogen.

Table 12. List of materials used in the methanol injector. [1]: Ovako, 2019a, [2]: Ovako,
2019b [3]: Zafra, A., 2018, [4]: Aubert & Duval, 2016, [5]: Abrams, [6]: Acerinox, 2015.

Component examples Material Steel Type Tensile strength  Hydrogen compati-
bility

Injector blocks, con-
nection blocks, SSV
housing

18CrNiMo7/6 Case hardened
steel alloy [1]

900- 1300 MPa
[1]

Susceptive to hydro-
gen embrittlement

18CrNiMo7/6 Composition: C: 0.18%, Si: 0.20%, Mn: 0.70%, Cr:
1.65%, Ni: 1.55%, Mo: 0.30% [1]

Gasket, quill pipe 42CrMo4 Low alloy heat
treated steel [2]

900  1200 [2] Susceptive to hydro-
gen embrittlement,
dependent on heat
treatment [2]

42CrMo4 Composition: C:0.38-0.45%, Si:0.15-0.40, Mn:0.60-
0.90%, P:0-0.025%, S:0.02-0.035%,
Cr:0.9-1.20%, Mo:0.15-0.30% [2]

Nozzle 32CrMoV13 Case hardened
High alloy steel
[4]

~ 1250 [4] Susceptive to hydro-
gen embrittlement

32CrMoV13 Composition:  C:0.29-0.36%, Si:0.10-0.40%, Mn:0.40-
0.70%, S:/-0.007%, P:/-0.015%, Ni:/-
0.30%, Cr:2.80-3.30%, Mo:0.70-1.20%,
V:0.15-0.35% [4]

Methanol needle HS 6-5-2 High speed tool
steel, High car-
bon tungsten al-
loy steel [5]

~ 920 [5] Less Susceptive to
hydrogen embrittle-
ment

HS 6-5-2 Composition: C:0.78-0.88%, Si:0.20-0.45%, Mn:0.15-
0.40%, P:  S:

 Cr:3.75-4.50%, Mo:4.50-
5.50%, V:1.75-2.20% [5]

Jumper pipe X2CrNiMo17-
12-2

Austenitic
stainless steel,
SAE: 316L [6]

~ 485 [6] Recommended for
use in hydrogen ap-
plications
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 Composition:  C:0.03%, Si: 0.75, Mn: 2.0%, S: 0.03%, P:
0.045%, Ni: 10-14%, Cr: 16-18%, Mo: 2-
3%, N: 0.10%, Si: 0.75%. [6]

From table 12, it is clear that almost all steels used for the methanol injector are susceptive
to hydrogen embrittlement, which causes for some concern in the design aspect when it
is to be converted to hydrogen. The best option from the perspective of reducing the hy-
drogen embrittlement, would be to investigate if some steels with lower tensile strength
could be used. This is unlikely since the pressures and stresses are quite high in these
applications and making the injector bigger to reduce the stresses is not either an option,
since the whole injector is already quite big and there is limited space between the intake
and exhaust valves. This makes the usage of softer steels less likely. However, when the
methanol injector was designed the methanol corrosion had to be considered and conse-
quently the steels used have good corrosion resistance. This is typical for alloy steels with
high chromium and nickel content. Low alloy steels show better resistance against hydro-
gen embrittlement and oxidisation (Lees, F., 2012.). According to the recommendations
by Zikeev the carbide forming elements are higher than the recommended content for
almost all metals except 42CrMo4, which only has a slightly higher carbon content than
recommended. 18CrNiMo7/6 should be avoided, due to its high tensile strength and high
nickel content, these factors indicate that it might me highly suspectable to hydrogen em-
brittlement.

Tempering at high temperature reduces the influence of hydrogen and increases the
toughness of the steel, but it comes at a cost of reduced hardness (Zafra, A.,2018). Low
alloy steels with high tempering temperature are therefore recommended. In the hydrogen
embrittlement section micro-alloying was presented as an option to reduce the embrittle-
ment effect. This method could also further improve the resistance against hydrogen.

If the above presented methods are considered insufficient, coating components in the
suggested material described in the coating section should be applied. The suggestions
where DLC for high wear applications, for less critical components black oxide coating
might be preferred because of lower cost and permeability. Components that are subjected
to high temperature like the nozzle will need a coating that can resist higher temperatures,
like Balinit CNI and TiAlN.

9.4.2 Injector seals
To ensure safe operation the seals must be made from adequate material. The possible
causes of failure are blistering or swelling of the sealant.  In table 13 the sealant materials
are listed that are used to seal the fuel in the injector. There are no major concerns here
since both FKM and PTFE have relatively low hydrogen permeability. Both are also rec-
ommended for gaseous hydrogen use by NASA presented in table 3.

There is however limited information about how FEPM will resist high pressure hydro-
gen. FEPM has comparable properties as FKM and is also trade marked as Viton ® Ex-
treme or in some cases Aflas®. These seals supposedly have reduced selling from sol-
vents and better chemical resistance and especially against water vapor, ammonia and
sour gases (Gehrckens, C.O., 2019)
ensure safe operation the FEPM sealants should be tested in advance of usage to ensure
safe operation.
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Table 13. List of sealants used for the methanol injector.

9.5 Hydrogen supply
Gaseous fuels are typically suppled to the injector in double walled pipes. These pipes
are as the name implies constructed with a pipe within a pipe, with space between the two
pipes. The inner pipe is the carrier of the fuel while the outer is just a secondary pipe that
introduces a degree of redundancy to the fuel delivery in case there would be a leakage
to the carrier pipe. The secondary pipe can be fitted with sensors that detect possible
leakage in case it is not detected by other systems.

According to NASA safety standard for hydrogen and hydrogen systems, the 300-series
and especially 316-series steel is recommended (NASA, 1997). 316-series is an Austen-
itic stainless steel that is relatively soft with a tensile strength of 500MPa and hardness of
95 Rockwell B (Aalco). This means it might be necessary to use slightly thicker walls for
the pipe compared to applications where harder steels are used.

9.6 Hydrogen Compressor
iston compressor as a new

Kermani, N.A. There is a compar-
ison of the aforementioned techniques of compressing hydrogen, available in appendix 2.
While Electrochemical and metal hydride compressors promise high efficiency, low noise
and limited wear they are still in the development phase and are limited in their gas de-
livery rates. Mechanical compressors on the other hand offer good delivery rates and can
easily be scaled according to the needs, but the poor efficiency and operational lifetime
is an apparent limiting factor (Kermani, N.A. 2017).

The Linde claims to offer a good solution with their IC90 ionic liquid compressor. With
one compressor having a claimed output of 33.6 kg/h at a maximum pressure of 1000 bar.
The compressor is driven by a 75kW electric motor (Linde, a).

Another compressor manufacturer called PDC machines, who is a direct competitor to
Linde in the hydrogen refuelling station market, offers a three-stage diaphragm compres-
sor with a discharge pressure of 950 bar called PDC-P-900-5000-15000. The flow rate of
this compressor is higher, 50 kg/h. The compressor uses a 180kW motor for the compres-
sion (PDC MACHINES, 2018). This shows quite well how much more efficient the IC90
compressor is. The diaphragm compressor is also considerably bigger than the ionic com-
pressor.

As a technology, the ionic compressor is a promising, it also seems to be performing well
on the field with several installed compressor stations around the world (Linde, b). If this
technology also scales well it should be considered for the application of a hydrogen
compression ignition engine

Material Shore hardness Application
FKM 88 Shore A Injector, pop up pins, return pipes.

FEPM 93 °IRHD Nova jumper pipes

FKM 90 +-5 Shore A

PTFE Support rings
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The goal of this study was to identify the necessary modifications needed to convert an
existing Diesel engine to run on hydrogen. The major focus was put on the injector design,
since this was identified to be the major limiting factor to achieve a working concept. The
existing methanol injector was studied and later chosen to be modified to run on hydro-
gen, since it offers an ignition source with the pilot fuel and keeps the option to run on
Diesel if necessary. A thorough literature review on hydrogen injectors and other injectors
was conducted and the most significant research was included in this paper.

From the literature review concepts of the modified GD injector started to take place.
Mathematical expressions for penetration depth, mass flow and others were later used in
a model built in Simulink to evaluate the injector performance with hydrogen. The results
were also compared to other gaseous fuels, as well as liquid fuels. Based on this, recom-
mendations could be made regarding the geometries of the injector. These results where
summarised in table 10. The nozzle diameter was identified to be the clear bottle neck for
increasing the mass flow. Key points from the simulation were: while keeping the rail
pressure constant at 350 bar, the nozzle and seat diameter need to be increase by 23% and
the volume by 25%. If no modification on the injector is desired a rail pressure of 450 bar
will suffice.

Material and coating recommendations were also made to account for the increased wear
on certain components and how to minimize the effect of the notorious hydrogen embrit-
tlement. The steel used on the existing methanol injector was susceptive to hydrogen em-
brittlement on nearly all point. It was therefore recommended to consider softer steels
with a slightly different composition and higher degree of tempering. By coating the most
sensitive surfaces, such as the needle, seat and nozzle with DLC and TiAln or Balinit will
improve the durability of injector.

Different types of sealants were compared and evaluated by their hardnesses, operational
temperatures, elongations at break and hydrogen permeabilities. It was however con-
cluded that the existing seals are suitable of hydrogen operation and no major concerns
was raised for these components.

Means of supplying the injector with high pressure hydrogen were also evaluated. In the
literature review a direct comparison of mechanical diaphragm compressors, non-me-
chanical electrochemical compressors and an ionic liquid compressor. The non-mechan-
ical compressors were limited by their delivery rate and was therefore not further inves-
tigated. Compressors from two of the leading hydrogen refuelling station suppliers, Linde
and PDC machines, were evaluated. PDC offering a three-stage diaphragm compressor
and Linde offering their ionic liquid compressor. The ionic liquid compressor was con-
sidered as a better option for this application based on its varying compression ratio, su-
perior efficiency and compactness.
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In this study the limitations and possible points of failure of an existing injector has been
identified. Methods of addressing the limitations and points of weaknesses have later been
addressed. This work indicates promising result for the combustion concept, and all
means of avoiding the limitations of the injector are based on peer reviewed articles with
known technology used by the industry.

The question is however how to proceed from this. New ways of generating energy and
transporting goods are needed. This work on its own will not help much, but the idea is
that based on this work a prototype injector could be designed for hydrogen GD operation.
In order to make further progress in the matter, real tests on existing equipment could be
done. Both the W32GD and methanol engine could work as an initial test bench, since
the operating principle is the same and the injection pressures are toughly the same. Based
on these tests the injector will probably show its true weaknesses and performance.  This
works should then be able to support the designers and guide them in their work.

for vessels or
power plants in many years to come. That is why having Diesel as a secondary fuel is
such a good alternative. In the event of increased popularity for hydrogen it would not
require any major modifications for the engine to run purely on hydrogen without the
pilot fuel.  By fitting an annular glow plug this could be achieved. As the pilot fuel only
works as an ignition source and the ignition energy for hydrogen is low. A glow plug has
been proven to be a reliable source of ignition (Eichlseder, H., 2010). Even if there is no
major boom for hydrogen in a couple of years, running a GD engine on hydrogen gives
the operator the opportunity to switch to a clean fuel temporarily, if only for shorter peri-
ods when e.g. entering and leaving emission sensitive areas, such as fjords or city har-
bours. With no real indication that the NOx emissions should be considerably higher than
in a regular Diesel engine. It therefore should be possible to use a normal selective catalyst
reduction (SCR) to reduce the NOx emissions. With practically no CO2 or soot from the
combustion the engine would practically be emission free while still being capable of
high loads and efficiency. These should be compelling arguments for continued develop-
ment of this concepts.
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