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ABSTRACT

To more effectively reduce carbon emissions from ships during op-
eration, utilizing hydrogen as a fuel for ship engines has emerged
as a promising direction. Given the unique physical properties of
hydrogen, targeted modifications to existing engines are necessary
for adaptation. In hydrogen-fueled engines, the injection system is a
critical component. This study aims to adjust the design parameters
of a novel injector to match large two-stroke ship engines and to
theoretically demonstrate the feasibility of this novel injector for use
in large two-stroke engines fueled by hydrogen.Currently, the ma-
jority of hydrogen-fueled engines are four-stroke engines, typically
employing high-pressure injection. However, high-pressure injection
tends to shorten the lifespan of the injection system, consequently
reducing the overall lifespan of the engine. Therefore, this study
proposes a low-pressure injection scheme, combined with in-cylinder
direct injection, to mitigate the risk of unintended ignition. Given
the high autoignition temperature of hydrogen, spark ignition is
employed to facilitate ignition. A critical step in evaluating feasibility
is determining the appropriate injection timing.Initially, it was es-
tablished that hydrogen should be injected after the commencement
of the compression stroke to achieve optimal mixing. Subsequently,
the study analyzed the in-cylinder pressure variations during the
compression stroke to identify the feasible injection window. Finally,
the design parameters of the injector were configured to align with
these conditions. The findings theoretically demonstrate that this
injector can achieve low-pressure direct injection in large two-stroke
hydrogen engines.Due to time constraints, the study did not inves-
tigate the effects of different injection angles and positions on the
engine. Nonetheless, the theoretical analysis confirms the feasibil-
ity of employing low-pressure direct injection in large two-stroke
hydrogen engines.
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NOMENCLATURE
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P
R
T
Vo
Vi

m
t
min

mout
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the volume after the valve plate lifted to the
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the supply pressure

the cylinder pressure
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the pressure difference between the supply pres-
sure and the actuator cylinder pressure
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Fspring the spring force
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the spring force
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the compressed spring length to maintain the
preload force
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XVi Nomenclature
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d the nozzle diameter

Ar  the radial width of the contact area

P,  the brake power of the engine

Q ¢ the heat flow of the fuel

hl  the lower heat value of the fuel

riig the fuel flow

W,  the efficiency work

f the cycle frequency of the engine

Vs the stroke volume

Vrpc the stroke volume of top dead center
Vapce the stroke volume of bottom dead center
rc  the effective compression ratio of the engine
Greek symbols

« engine crank angle

P the isentropic flow function

Pmax the maximum isentropic flow function

K the specific heats ratio of hydrogen

w;  the indicated specific piston work

i the indicated engine efficiency

Auwjyj the available injection crank angle
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INTRODUCTION

1.1 BACKGROUND

As an essential mode of cargo transportation, maritime transportation
has profoundly affected human industrial and economic develop-
ment, with 9o% of global trade completed[1]. Although the carbon
emissions caused by maritime transport are smaller than those of
other industries on land, as the scale of shipping expands, the amount
of carbon emissions it brings becomes increasingly difficult to ignore.
At the same time, the International Maritime Organization (IMO)
has carried out many studies to reduce and control carbon emissions
during ship transportation. It has proposed a goal of reducing carbon
emissions to near zero by 2050. Figure 1.1 shows the distribution of
carbon emissions generated by transportation in 2022.
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mDomestic aviation S%X mRail 1%

mBus 6%

minternational aviation 6%

International shipping 10%
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EMedium freight vehicles 9%

mHeavy freight vehicles 16%

Figure 1.1: Distribution of carbon dioxide emissions produced by the trans-
portation sector worldwide in 2022[2]

It can be seen that the carbon emissions generated by ship trans-
portation account for 10%, and with the end of COVID-19, which
indicates world trade is recovering. Presumably, shipping activities
will also increase, and carbon emissions will also increase. At the
same time, major shipowners and ports have also established their
own decarbonization goals. For example, Maersk has set the goal of
achieving carbon neutrality by 2050 and placed orders for several
LNG container ships this year to demonstrate its decarbonization[3].
Mediterranean Shipping Company has decided to have 14 new ships
adapted to various low-carbon fuels by 2022[4]. It can be observed
that the low-carbon measures taken by several shipping giants in
the world involve using new clean fuel, as can be seen from the
Figure 1.2 and Figure 1.3: the optimization of ship power systems,
such as the use of all-electric propulsion or low-carbon fuels, can
significantly reduce carbon emissions caused by shipping. This re-
duction is crucial because the main component of greenhouse gases
produced by ships during shipping is carbon dioxide. So, to achieve
the goal of carbon neutrality in 2050, using LNG ships is a good way,
but there will eventually be carbon emissions, and the most effective
way is to use carbon-free fuels, such as hydrogen.



1.1 BACKGROUND

A wide variety of design, operational and economic solutions

Achieving the goals of the Initial IMO GHG
Strategy will require a mix of technical,
operational and innovative solutions
applicable to ships. Some of them, along
with indication on their approximate GHG

reduction potential, are highlighted below. 5-50%
Fleet 2.50% upto 5%
| management, 1-10% o Extensive speed
E fi logistics and Concept, optimization
Voyage
'_"L_ incentives optimization speed and
' ~ P capability
5-15%
Power and

propulsion
systems

80-100% 2-20% 5.259%
. ) 35% 90% Hydrogen and 1-10% Hull and Hull biofouling
50-90% Bio-LNG/LPG Biofuel 3rd  other synthetic O superstructure 5 nagement
Full electric generation fuels Enelgy
management

Figure 1.2: IMO’s work to cut GHG emissions from ships[5]

mBlack carbon (BC) 6.85% ~~gNitrous oxide (N 2 0) 1.35%  mMethane (CH 4) 1.00%

Caroan digide= (CO 2) 91 2%

Figure 1.3: GHG emissions produced by the global shipping industry[2]

The benefits of using hydrogen as a fuel are apparent. The most
significant advantage is that hydrogen does not produce carbon emis-
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sions. The product is only H,O when hydrogen is used in a fuel
cell[6]. Moreover, hydrogen contains a lot of energy. Under the same
unit mass of energy, hydrogen has a LHV of 120 120M]/Kg and
higher than other traditional fuel.[7], which can meet the demand for
power and the requirements of environmental regulations. However,
when hydrogen is used in fuel cells, some shortcomings prevent hy-
drogen fuel cells from being accepted by the public. The main reason
is that compared with hydrogen fuel cells, internal combustion en-
gines have better stability, secondly, they have higher energy density,
and finally, and most importantly, they are more cost-effective.[8].
Moreover, PEM fuel cells have incredibly high hydrogen purity re-
quirements, requiring high purity as high as 99.9%. When hydrogen
is used as a fuel for internal combustion engines, mainly when used
as a fuel for ship engines, high LHV and zero carbon emissions
will show great advantages. Of course, certain modifications to the
engine control components are needed to adapt to the properties
of hydrogen. Compared to other alternative fuels such as ethanol,
methanol, biodiesel, and natural gas, which can all reduce carbon
emissions to varying degrees, hydrogen as an energy carrier has the
advantage of not producing hydrocarbons. Additionally, its inher-
ently fast combustion rate can enhance engine efficiency. Hydrogen
also has a broad flammability range, allowing it to mix with air in
different ratios for combustion in engines. This versatility helps in
meeting stringent emission regulations more effectively.[9] Still, the
zero-carbon emissions of hydrogen fuel and the mature technology of
internal combustion engines will undoubtedly become a promising
development direction in the future.

1.2 RESEARCH MOTIVATION

"Decarbonizing international shipping is a priority
issue for IMO and we are all committed to act together
in achieving the highest possible ambition[10].”

To achieve decarbonization goals, marine diesel engines often have
three ways to reduce carbon emissions: alternative fuels, exhaust
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gas after-treatment, and in-cylinder purification[11]. It can also be
seen from the above that using alternative fuels, such as carbon-
free fuels, can more effectively reduce carbon emissions. Hydrogen
fuel has better fuel characteristics and does not produce carbon
emissions, meeting the requirements of international regulations[12].
There are also many studies on hydrogen fuel engines. Due to the
characteristics of hydrogen fuel itself, the current mainstream strategy
for hydrogen fuel engines is to use high-pressure port injection
and spark plug ignition[13]. This method can achieve higher power
density but produces backfiring, knocking, and other undesirable
phenomena. To avoid such problems, this study uses a low-pressure
direct injection hydrogen fuel engine[14]. Comparing the optimized
hydrogen engine with the original engine proves the vast potential
of the low-pressure direct injection hydrogen fuel engine.

1.3 RESEARCH OBJECTIVES

The research goal is to simulate the low-pressure direct injection
system of a hydrogen-fueled engine, in which the low-pressure direct
injection system is the key and the injection process will be the focus
of the research. Due to the direct injection strategy, the mixing uni-
formity of hydrogen and air will be affected, and some parameters
will have a more significant impact on the mixing uniformity, such
as injection timing, injection pressure, injector location, injector ori-
entation, and injection strategy. However, due to the variety of these
parameters, evaluating all permutations and combinations in a short
period is almost impossible. To simplify the model and facilitate the
research, a fixed injection pressure, injector position, and angle will
be used, and the focus will be on the injection timing and strategy.To
simulate different injection timing and strategies, the to-be-developed
model will simulate the physical processes of hydrogen low-pressure
injection into a WinGD x92DF engine, using the results of Wittek

paper.[14]
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LITERATURE REVIEW

This chapter primarily describes the inherent properties of hydro-
gen, the ignition and injection methods currently employed when
using hydrogen in internal combustion engines, and discusses the
advantages and disadvantages of different methods. It also addresses
various engine issues encountered during the application process.
Subsequently, the chapter explains why the low-pressure direct injec-
tion method is adopted in the design of a hydrogen-fueled two-stroke
engine.

2.1 THERMOPHYSICAL PROPERTIES OF HYDROGEN AS FUEL FOR
INTERNAL COMBUSTION ENGINES

Hydrogen is a colorless and odorless gas that is non-toxic to the
human body. When burned, it produces water and a lot of heat and
does not produce carbon emissions. Some of the critical properties
of hydrogen have a crucial impact on the design of hydrogen fuel
engines. The following table compares the properties of hydrogen
with other traditional fossil fuels.
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Property Hydrogen | Methane | Gasoline | Diesel
Carbon content(mass%) 0 75 84 86
Lower(net) heating value(M]J/kg) 119.9 45.8 43.9 42.5
Density(at 1 bar & 273K;kgm ) 0.089 0.72 730-780 830
Volumetric energy content(at 1 bar & 273K;MJ/M3) 10.7 33.0 33 x 10° | 35 x 10°
Molecular weight 2.016 16.043 ~110 ~170
Boiling point(K) 20 111 298-488 | 453-633
Auto-ignition temperature(K) 853 813 ~623 ~523
Minimum ignition energy in air(at 1 bar & at stoichiometry;m]) 0.02 0.29 0.24 0.24
Stoichiometry air/fuel mass ratio 34.4 17.2 14.7 14.5
Quenching distance(at 1 bar & 298K at stoichiometry;mm) 0.64 2.1 ~2 -
Laminar flame speed in air(at 1 bar & 298K at stoichioemetry;m/s) 1.85 0.38 0.7-0.43 | 0.37-0.43
Diffusion coefficient in air(at 1 bar & 273K;m?/s) 85x107° | 1.9x10°° - -
Flammability limits in air(vol%) 4-76 5.3-15 1-7.6 0.6-5.5
Adiabatic flame temperature(at 1 bar & 298K at stoichiometry;K) 2480 2214 2580 ~2300
Octane number(R+M)/2 130+ 120+ 86-94 -
Cetane number - - 13-17 40-55

Table 2.1: Hydrogen properties compared with gasoline, diesel and
methane[9g]

As can be seen from the table, compared with other traditional
fossil fuels, hydrogen has the following significant differences:

¢ Zero carbon content

¢ Extremely high lower heating value

¢ Extremely high auto-ignition temperature

* Very low density

¢ Laminar flames speed in air is extremely fast

¢ High stoichiometric air-fuel ratio

¢ The diffusion coefficient in the air is extremely high
¢ The flammability limit in air has a wide range

Hydrogen’s zero carbon content and high lower heating value are
the fundamental reasons it is used as an alternative energy source.
This is also a considerable advantage of hydrogen compared to other
fossil fuels. Hydrogen has the highest mass-to-energy ratio among
chemical fuels. It is three times that of traditional gasoline and more
than five times that of alcohol[15]. Due to the high diffusivity of
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hydrogen in the air and the extremely fast laminar flame speed,
hydrogen can be burned faster during combustion, thereby providing
better combustion efficiency and cycle changes over a wide range
within the cylinder.

However, when pure hydrogen is used as fuel, due to its extremely
low density, the energy density of the hydrogen and air mixture in
the engine cylinder is reduced, which results in a reduction in engine
output power, which is unacceptable for heavy-duty. The current
measures to eliminate the negative effects of hydrogen’s extremely
low density are generally to pressurize hydrogen fuel to increase
its energy per unit volume and output power[16]. The auto-ignition
temperature of hydrogen is 853K, which is significantly higher than
other fossil fuels. An external auxiliary ignition device makes the
mixture of hydrogen and air easier to ignite. Engines have two main
ignition methods: spark ignition and compression ignition. Spark
ignition is more suitable, but often, spark ignition requires a con-
trol component such as a spark plug, which is an easily damaged
component in heavy-duty engines and will increase maintenance
and management costs. If compression ignition is selected, the max-
imum compression ratio of the hydrogen fuel engine needs to be
determined by the temperature rise relationship of the compression
process and the compression ratio.In this study, spark ignition will
continue to be used, while compression ignition will remain under
theoretical exploration. This topic will be discussed in the engine
verification chapter, where the reasons for not choosing this method
will be provided.

2.2 IGNITION METHODS

2.2.1  Spark ignition

The purpose of using spark ignition to ignite hydrogen fuel is to avoid
the effects of hydrogen’s extremely high auto-ignition temperature.
In a spark ignition engine, hydrogen has some properties conducive
to combustion, which can be better utilized, such as fast laminar

11
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flame speed, low ignition energy, and a wide range of flammability
limits, all of which make hydrogen-fueled engines perform better
than traditional fossil-fuel engines.

Pressure Regulator

Exhaust Intake

H2

o U

Figure 2.1: Spark-ignited hydrogen fuel internal combustion engine[1]

When hydrogen is mixed with air and injected into a spark-ignited
engine cylinder, it can be burned there without requiring significant
modifications to the engine. When using hydrogen as the fuel for
spark-ignited engines, a homogeneous lean combustion strategy is
often adopted, which can fully use hydrogen’s wide flammability
limit range to obtain a better combustion process. Due to the low
density of hydrogen, the charging displacement needs to be increased,
which will reduce output power. A turbocharging system needs to
be used to pressurize the mixture of hydrogen and air to solve this
problem[17].

Due to hydrogen’s low ignition energy requirement and high
combustion temperature, hydrogen is prone to engine knocking
when operating in a spark-ignited engine, which will seriously affect
the engine’s performance and life[18]. The port injection method is
often changed to direct injection, performed after the intake valve is
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closed. But using spark ignition engines is not a good choice because
the presence of spark plug components will increase the maintenance
and management costs of the engine, and it can only be used under
high speed and low torque conditions, and for low speed and high
torque situations, such as ships engines, spark-ignited engines are
not suitable.

2.2.2  Compression ignition

Compression ignition engines using pure hydrogen as fuel are still
experimental and have not been fully commercialized. Hydrogen is
mainly used as a diesel additive to reduce the use of diesel, reduce
engine emissions, and improve engine efficiency and power output.
There are many reasons for using hydrogen as a diesel additive in
compression ignition engines. The fundamental reason is to change
the overall C/H ratio of the fuel. Due to the high diffusivity of hy-
drogen itself, mixing hydrogen with diesel can significantly increase
the fuel’s diffusivity, making it blend better with the air and is more
uniform, providing better conditions for the combustion process[19].
Some studies have pointed out that when hydrogen is mixed with
diesel, when the engine is at full load, and the hydrogen enrichment
is 50%, the engine will cause knocking. When the optimal hydrogen
enrichment of the fuel is 30%, the engine will have the lowest emis-
sions of hydrocarbons and nitrogen oxides[20].In dual-fuel engines,
the ignition energy of hydrogen is provided by diesel combustion,
and the amount of diesel used to ignite hydrogen accounts for about
30% of the total fuel[21]. The temperature generated by compression
in currently widely used compression ignition engines cannot meet
hydrogen requirements. The use of compression ignition engines can
meet the demand for high torque. Therefore, when hydrogen is used
as a compression ignition engine fuel, spark plugs or glow plugs are
often needed to help.

13
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Diesel

Figure 2.2: Sketch of the dual fuel engine system, blends CNG and hydro-
gen at intake manifold for IC. [1]

2.3 INJECTION METHODS

Whether spark ignition or compression ignition is used, both primary
purpose is to address the high autoignition temperature of hydrogen
fuel, but more than one problem needs to be solved. For hydrogen
fuel engines, fuel injection technology plays a vital role. Although
hydrogen can be used directly in existing engines, the fuel supply
and combustion systems need to be modified to obtain a better
combustion process. Currently, two fuel injection technologies, port
fuel injection and direct injection, are mainly used.
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Controller Controller

Intake S o Intake

Air Air

® Fuelinjector

Inlet
Valve Hydrogen
Fuel injector

Combustion Vaive

Chamber

Combustion
Chamber

b) Port Injection c) Direct Injection

Figure 2.3: Hydrogen injection techniques into an IC engine[1]

2.3.1 Port Fuel Injection

Port injection technology injects hydrogen fuel into the port through
an electronic injector after the engine’s intake stroke begins. Due
to the low ignition energy required by hydrogen fuel, if it enters
the cylinder prematurely, it will quickly come into contact with the
high-temperature mixture left from the previous combustion process.
This can cause an ignition event, commonly known as backfire. This
event will cause the fuel and air mixture passed into the cylinder
to be burned, causing a misfire cycle and knocking. After research,
it was found that hydrogen injection timing is a critical factor in
avoiding backfire. Suppose the injection time is too early, close to

15
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the stage when the intake valve is opened. In that case, the high-
temperature mixture in the cylinder has not been cooled and ignited
the hydrogen fuel, which will cause backfire. If the injection time is
too late, close to the intake valve closing stage, it will cause part of
the mixture of hydrogen fuel and air to remain near the port, causing
backfire at the beginning of the next cycle[14]. The optimal injection
period should start at the end of the intake stroke or after the exhaust
valve is completely closed. This timing ensures that the smallest
amount of hydrogen fuel enters the exhaust manifold. Additionally,
it prevents the hydrogen fuel from coming into contact with the
high-temperature mixture remaining in the combustion chamber,
thereby avoiding the risk of backfire.

Port injection technology can achieve a satisfactory injection pro-
cess by adjusting the timed manifold injection and accurately con-
trolling the injection time and duration[22]. At the same time, the
injection of low-temperature hydrogen can help the cylinder cool
down so that the output power of the hydrogen fuel engine can
be equivalent to that of traditional fuel engines. However, due to
the vast air-fuel ratio of hydrogen fuel, the charge volume needs to
be bigger, resulting in low power density and limiting the engine’s
power output. This limits the use of port injection technology in
hydrogen fuel engines, and direct injection method is adopted in this
study.

2.4 THE DIFFERENCE BETWEEN HIGH PRESSURE AND LOW PRES-
SURE INJECTION SYSTEM

By comparing port and direct injection technology, direct injection
technology is more suitable for hydrogen fuel engines and can ef-
fectively reduce the risk of unstable combustion. Although direct
injection technology has many advantages, there are still challenges
in its commercialization. Hydrogen itself has the characteristics of low
density, low lubricity, and low viscosity, which leads to two opposed
injection pressure options: high-pressure injection and low-pressure
injection.
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High-pressure injection uses higher pressure to inject hydrogen
fuel into the cylinder. There are two main reasons for choosing this
method. One is to solve the problem of low power density of hy-
drogen. For example, injecting hydrogen at a pressure of 350 bar
and a temperature of 263K can increase its density to 31kg/m? and
boost the volumetric energy to 3700M]J/ m3.[16]; the other is that
engines using high-pressure injection often inject near the end of
the compression stroke, so high pressure is needed to overcome
the cylinder at the end of the compression stroke internal pressure.
Choosing high-pressure injection requires more effort in hydrogen en-
gine modification to meet high-pressure requirements, which makes
the engine system more complex and costly. The figures below show
the hydrogen jet conditions under various ambient pressures when
the injection pressure is 3mpa and smpa, which can be seen that
under the same ambient pressure and time, the injection distance
and diffusion effect of the hydrogen jet with high injection pressure
are better than those with low injection pressure.

0.48 ms 1ms 2ms
a) Ambient pressure, P_, =0.5 MPa

0 ms 0.24 ms 0.48 ms 1ms 2ms 3 ms 4ms
b) Ambient pressure, P, =1.0 MPa

>

0ms 0.24 ms 0.48 ms 1ms 2}ns 3ms 4ms

c) Ambient pressure, P, =1.5 MPa

amb

Figure 2.4: High-speed direct images of a 3-MPa injection pressure hydro-
gen jet into three different ambient pressure Nj-filled cham-
bers[23].
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0 ms 012 ms 0.24 ms 1ms 2ms 3ms 4 ms
a) Ambient pressure, P_, =0.5 MPa

0ms 012 ms 0.24 ms 1ms 2ms 3ms 4 ms
b) Ambient pressure, P,, =1.0 MPa

0 ms 0.12 ms 0.24 ms 1ms 2ms 3 ms 4 ms

c) Ambient pressure, P, =1.5 MPa

Figure 2.5: High-speed direct images of a 5-MPa injection pressure hydro-
gen jet into three different ambient pressure Nj-filled cham-
bers[23].

Although high-pressure injection can better adapt to the combus-
tion process of hydrogen-fueled engines, the low viscosity and poor
lubrication properties of hydrogen can lead to increased wear of
combustion chamber components under high-pressure conditions.
This increased wear can significantly shorten the engine’s lifespan.
Additionally, as working pressure increases over time, the mass pro-
portion of hydrogen fuel will decrease, reducing the vessel’s travel
range. Considering these issues, opting for low-pressure injection
seems to be a better option.

Low-pressure injection mainly uses lower pressure, such as a pres-
sure below 50 bar, compared to a high-pressure injection with 300
bar pressure. The injection strategy using low-pressure injection can
avoid the problem of reducing the life of engine components and ship
mileage. However, two issues need to be paid attention to. First, due
to the reduction of injection pressure, the power density of hydrogen
fuel will decrease, which requires increasing the low-pressure throat
area of the injector nozzle to maintain the same mass flow rate and
power output as the high-pressure injector. Secondly, the injection
cannot be carried out at the end of the compression stroke due to
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the low-pressure injection. However, premature injection will cause
the hydrogen fuel to enter the cylinder and move with the piston,
which increases the risk of accidental ignition, so a suitable injection
time should be higher than the pressure in the cylinder at all times,
which requires finding a proper balance between the benefits and
risks injected during the compression stroke.
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Figure 2.6: Calculated cylinder pressure with e = 9.6 and the possible
injection window with 850kPa fuel pressure[24].

Figure 2.6 shows the injection window where low-pressure injec-
tion starts after the intake valve closes and injection stops when the
in-cylinder pressure and injection pressure are equal. Finding a bal-
ance between injection pressure and in-cylinder pressure is necessary
for different engines and injectors.

2.5 INJECTION TIMING

Regarding the injection timing, choosing different injection timing
will directly affect the injection strategy and combustion process of
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the hydrogen engine. Direct injection technology has three main-
stream injection timing: intake period injection, early injection, and
late injection.

Early injection is carried out at the beginning of the compression
stroke. At this time, the slight pressure in the cylinder allows for the
use of a lower injection pressure. By fully utilizing the injection win-
dow, the power density of the hydrogen fuel in the cylinder can reach
a reasonable level, resulting in better power output. However, since
the early injection is performed at the beginning of the compression
stroke, the hydrogen fuel injected into the cylinder will reciprocate
with the piston. Suppose the temperature in the cylinder is too high,
or there is residual exhaust gas from the previous stroke. In that case,
it will easily meet hydrogen’s low ignition energy requirements, caus-
ing pre-ignition and engine knocking. Therefore, low-temperature
liquid hydrogen is often selected so that when the fuel is injected
into the cylinder, the temperature in the cylinder can be cooled by
low-temperature liquid hydrogen, reducing the risk of accidental
ignition.

2.6 ABNORMAL COMBUSTION IN HYDROGEN ENGINE

Due to the thermophysical properties of hydrogen as a fuel, low
ignition energy requirements, high diffusivity, and fast laminar flame
speed, hydrogen fuel engines are prone to abnormal combustion
problems, such as pre-ignition, backfire, and engine knock. Those
problems will significantly impact the working efficiency and output
power of the hydrogen fuel engine, which may even shorten the
engine’s lifecycle and reduce the engine’s reliability.

2.6.1 Pre-ignition

Pre-ignition is a significant problem when developing hydrogen fuel
engines, whether using port or direct injection. Pre-ignition is defined
as combustion before ignition timing begins during the engine’s com-
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pression stroke. Since pre-ignition is a difficult-to-predict event, its
reasons are complex, and no clear conclusion exists. Generally speak-
ing, due to the nature of low ignition energy requirements, during
the compression stroke, the high temperature inside the combustion
chamber and the residual combustion products from the previous
stroke may lead to pre-ignition. The minimum ignition energy de-
pends on the equivalence ratio. When the mixture of hydrogen and
air in the combustion chamber approaches the stoichiometric ratio,
the risk of early ignition will also increase significantly. In addition,
the increase in engine load will also increase the temperature of the
combustion chamber, thereby increasing the risk of pre-ignition.
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Figure 2.7: Typical cylinder and intake manifold pressure traces with pre-
ignition(solid lines),compared to regular pressure traces(dotted
lines)[25]

Figure 2.7 shows data obtained from a car-sized single-cylinder
hydrogen engine, where the dotted line is the pressure curve for
normal combustion and the solid line is the pressure curve when
pre-combustion occurs. It can be seen that the peak pressure when
pre-ignition occurs is higher than standard ignition. The time of early
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ignition occurs about 8o degrees before the top dead center[25]. It
can be seen that the pressure in the cylinder begins to rise, and the
pressure curve trend of early ignition occurs. Compared with the
pressure curve trend of standard combustion, there is no significant
difference, indicating that pre-ignition occurs after the intake valve is
closed.

As for current measures to reduce the risk of pre-ignition, engines
using port injection are generally designed to ventilate the crankcase,
reduce the temperature of the combustion chamber, or optimize
the engine cooling design. However, the emerging method is direct
injection technology, effectively reducing the risk of pre-ignition.

2.6.2  Backfire

Backfire refers to abnormal combustion that occurs during the en-
gine’s intake stroke. When the intake valve opens, fresh air and
hydrogen mixture enter the combustion chamber from the intake
manifold. If there are residual combustion products or hot spots from
the previous stroke inside the combustion chamber at this time, the
charged hydrogen fuel will be ignited. At the same time, the flame
speed of hydrogen fuel is fast, which will cause the hydrogen fuel
to ignite from the combustion chamber and propagate to the intake
valve. This process is similar to pre-ignition, but the main difference
is when it occurs. Pre-ignition occurs after the intake valve closes
and the compression stroke begins, while backfire occurs when the
intake valve opens, and the intake stroke begins. When a backfire
occurs, the pressure and temperature in the intake manifold will rise
sharply, damaging the intake system and seriously affecting the life
of the engine.

Figure 2.8 compares the pressure curves of a car-sized single-
cylinder hydrogen fuel engine during backfire and regular operation.
It can be seen that when the engine backfires, the peak pressure in
the cylinder is much smaller than the pressure in regular operation,
and the intake air pressure is much higher than normal pressure.
Because a large amount of fuel is burned during the intake stroke,
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which leads to an increase in the intake pressure, and only part of
the fuel enters the inside of the cylinder, the pressure in the cylinder
is much lower than the normal pressure after the ignition timing,
which also reduces the output power. , indicating that backfire will
seriously affect the engine’s output power and working efficiency.
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Figure 2.8: Typical cylinder and intake pressure traces for backfiring cy-
cle (solid lines), compared to regular pressure traces (dotted
lines)[25]

After a backfire occurs, the ignited fuel will also increase the tem-
perature in the cylinder, thereby increasing the risk of pre-ignition
and causing backfires in a continuous cycle, which can be said that
backfire is a precursor to pre-ignition. So, the measure that can re-
duce the risk of backfire can also reduce the risk of pre-ignition. For
engines using port injection, the main goal of reducing the risk of
backfire is to solve the residual hydrogen concentration in the intake
inlet. When the mixture of hydrogen and air reaches the stoichio-
metric ratio, it is easy to burn, so the lower the residual hydrogen
concentration, the lower the possibility of backfire. Of course, more
current research is on the direct use of direct injection technology
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because the mixture of hydrogen and air is directly injected into the
cylinder, completely solving the backfire problem at the intake port.

2.6.3 Engine knock

Engine knocking occurs when the exhaust gas meets spontaneous
combustion conditions. The remaining energy of the exhaust gas is
quickly released, generating a high-amplitude pressure wave. This,
combined with the increased mechanical and thermal stress on the
engine, results in knocking and can even cause engine damage. The
risk of engine knocking is closely related to the octane number of the
fuel. Traditional internal combustion engines study the anti-knock
properties of fuels by studying the octane number of the fuel and the
anti-knock properties of mixtures with normal heptane and isooctane.
Comparison shows that this method is not suitable for engines using
hydrogen fuel. Figure 2.9 shows the in-cylinder pressure curve of
a single-cylinder hydrogen fuel engine of car size when knocking
occurs. It can be seen that the peak in-cylinder pressure during
normal operation is 9o bar. After detonation, the maximum peak
pressure is as high as 150 bar and decays over time[25].
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Figure 2.9: Typical cylinder pressure trace for heavy knocking cycle[25]

2.6.4 Avoiding abnormal combustion

Using direct injection technology instead of port injection technology
can minimize pre-ignition risk and backfire. At the same time, finding
the optimal injection timing is necessary. The early injection can cause
hydrogen fuel to flow back from the cylinder to the intake air at the
end of the intake stroke. If injected too late, the hydrogen fuel will
not have enough time to reach the cylinder. It will eventually remain
at the intake valve, increasing the next cycle’s fuel-air mixture ratio
and the risk of abnormal combustion in the next stroke. Whether
pre-ignition, backfire, or detonation, the core principle behind it is
the fuel-air equivalence ratio. Reducing the fuel-air equivalence ratio
avoids abnormal combustion in hydrogen-fuel engines, so hydrogen-
fuel engines often use a lean combustion strategy. Excess air in lean
operation reduces combustion chamber temperature, reducing the
presence of hot spots and reducing the risk of knocking. However,
lean combustion will limit the power output of the engine. Balancing

25



26

LITERATURE REVIEW

the engine power output and the risk of abnormal combustion has
become worth studying.

2.7 CONCLUSION

After examining the physical properties of hydrogen, it is observed
that it has a high autoignition temperature, leading to the selection of
spark ignition. Due to the extremely fast flame propagation speed of
hydrogen, port injection technology would result in engine backfire
and uncontrolled pre-ignition events. Therefore, direct injection tech-
nology was chosen to mitigate these risks. Additionally, low-pressure
injection was selected over high-pressure injection because the latter
would shorten engine lifespan and increase engine costs. Thus, the
chosen approach is a low-pressure direct injection spark-ignition
hydrogen-fueled engine.



INJECTOR PROTOTYPE

Since the present work aims to study the injection control system
in a low-pressure direct injection engine powered by hydrogen fuel,
selecting the injector is crucial. The patent number of the injector
prototype is DE102020127020B3. The characteristic of this injector is
that it can achieve injection with an injection pressure lower than 50
bar, as shown in the Figure 3.1.
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Figure 3.1: Injector Prototype[14]

The primary function of the direct injection injector is to open
and close regularly and ensure no fuel leakage. When the injector is
closed, the fuel flow should be infinitely close to zero, while when
the injector is open, the fuel flow should reach the desired flow rate.
The injector selected this time adopts a poppet valve design in terms
of fuel flow control, and the opening direction of the poppet valve is
designed to open the valve inward. The reason why poppet valves
are used instead of rotary valves in the first place is that the valves are
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often exposed to high-temperature combustion gases. Rotary valves
can get stuck and leak, while poppet valves will avoid such problems.
Secondly, the opening direction of the poppet valve is set to open
inward rather than outward because in a low-pressure direct injection
engine, except for the intake stroke and early compression stroke,
the in-cylinder pressure will be less than the injection pressure. At
other times, the in-cylinder pressure will be greater than the injection
pressure, and the pressure difference is concentrated in the valve
closing stage. As shown in the Figure 3.2, the inward opening valve
will benefit from the self-sealing effect so that hydrogen fuel leakage
will not occur if the valve spring fails.

outward inward
opening opening

G

Figure 3.2: Outward opening and inward opening[14]
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3.1 BASIC WORKING PRINCIPLE OF INJECTOR

The injector used in this study is a newly developed patent. It is
mainly composed of a pneumatic valve and a solenoid pilot valve.
The basic working principle is that the solenoid pilot valve controls
the opening and closing of the ball valve, thereby controlling the
pressure decrease and increase inside the pneumatic valve(acutuator
cylinder), which ultimately functions to control the opening and
closing of the valve plate, thereby controlling the switch of this
injector. As shown in the Figure 3.3.

Actuator

Refilling  cyjinder Hydrogen
orifice 255 Y 216 supply e Ball valve
Solenoid
valve
Nozzle |
\ i
e Hvdrosen
e = s\ e
# A-A 24
” 215 Fig. 9
Valve plate i 3 31
Spring

Figure 3.3: Injector section view[26]

In order to better understand the working principle of this new
injector, the pressure change in the actuator cylinder of this injector
will be introduced in detail. The pressure change diagram in the
actuator cylinder is shown in the Figure 3.4.



Figure 3.4: The pressure change diagram in the actuator cylinder[14]

According to the pressure change diagram in the actuator cylinder,
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3.1 BASIC WORKING PRINCIPLE OF INJECTOR
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it can be divided into six phases:

¢ Receive signal to start injection

The valve plate lifts and reaches the set lift value

Maintain the lifted height

Receive signal to end injection

The valve plate drops and returns to the valve seat

The internal pressure of the actuator cylinder rises to the supply

pressure
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3.1.1 Receive signal to start injection
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Figure 3.5: Pressure change after receiving signal to start injection[14]

Before the start of injection, the refilling orifice remains open, thereby
connecting the actuator cylinder to the supply pipeline, resulting
in equalized pressure between the actuator cylinder and the supply
pressure. Upon receiving the injection signal, the solenoid valve lifts,
which, due to its metallic connection to the ball valve, causes the
ball valve to lift simultaneously. Consequently, the hydrogen within
the actuator cylinder is connected via the pipeline to the hydrogen
storage space, where the pressure is significantly lower than that
within the actuator cylinder. This leads to a decrease in pressure
within the actuator cylinder. As the pressure in the actuator cylinder
drops, a pressure differential emerges across the surface of the valve
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plate, specifically between the supply pressure and the actuator
cylinder pressure. However, at this juncture, the pressure differential
is insufficient to counteract the spring force, thus preventing the
valve plate from lifting. Therefore, following the injection signal’s
receipt, the injector cannot immediately initiate hydrogen injection.
At this phase, the valve plate remains stationary, and the volume
within the actuator cylinder does not change. According to the ideal
gas law under constant volume conditions, the pressure gradient
within the actuator cylinder is solely dependent on the variation in
the mass of the gas contained within:

dp R-T dm

ar = v dr (3-1)
Where T is the gas temperature, R is the specific gas constant of
hydrogen, and V; is the volume of the actuator cylinder when the
valve plate is not moving.
The change in gas mass in the actuator cylinder can be written as a
mass balance equation:

dm

dr
Where 11, is the mass flow passing the refilling orifice and 71y, is the
mass flow passing the ball valve.Since the cross-sectional area of the
refilling orifice is A.ffro = 0.07mm?[14] and the cross-sectional area
of the ball valve outlet is A,ffpy = 0.79mm?[14], the difference be-
tween the two values is more than ten times. To facilitate calculation,
11y, is ignored at this stage and only 71, is considered:

dm
ﬁ = —Mloyt (33)

= My — Moyt (32)

The mass flow of a compressible fluid through a valve can be calcu-
lated by Saint-Venant-Wantzel-equation[14]:

= Aepf - P 1/2+ Psup - Psup (3-4)

In order to facilitate calculation, the ideal gas equation is used to
transform:

. 2
1= Aegy W Py \/ R Taup 55
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Where A.¢f is the effective flow cross-sectional area of the ball
valve and Py is the supply pressure.y is the isentropic flow func-

. . . P,
tion,which depends only on the pressure ratio over the valve gap i’;

and the ratio of the specific heats:

2 k+1
() ()’ o
Py Py >
Where P, is the downstream pressure of the valve and Py, is
the upstream pressure of the valve. To ensure the smooth flow of
hydrogen through the valve, the pressure ratio between the upstream
and downstream of the valve must satisfy the critical pressure ratio;
otherwise, the valve will choke. The critical pressure ratio depends
solely on the ratio of specific heats of the fluid. For computational
convenience, the compression process of hydrogen is considered

isentropic, with the ratio of specific heats assumed to be constant at
x =1.4.

Pcyl 2 Til
= = 0.528 .
Porp <;< - 1) (3.7)

K

11[;:

K—1

Once the critical pressure ratio is met, the flow function ., also
reaches its maximum value ¢;,,x = 0.484. Thus, for the normal flow
of hydrogen, the value of the flow function must be at its maximum.
Then, the expression of the 7y,

2
R- Tsup

Moyt = Aeff,BV “Wmax - p- (3~8)

Then the expression of the pressure change %:

d A
Ef:_ max'\/z‘R'Tsup' e{;IO/BV'P (3-9)
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3.1.2  The valve plate lifts and reaches the set lift value
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Figure 3.6: The valve plate lifts and reaches the set lift value[14]

When the pressure differential across the surface of the valve plate
gradually increases to the point where it can open the valve, the
valve plate begins to lift, allowing hydrogen to be injected into the
engine cylinder through the nozzle. Since the valve plate is integrated
with the actuator cylinder, the volume of the actuator cylinder also
changes. The expression for the pressure change within the actuator
cylinder remains the same as in the previous phase:

dp I a——— VA
a — _ll)mux . 2-R- Tsup . W -P (3'10)
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Because the valve plate is lifted, the volume inside the actuator
cylinder changes:

V() = Vo T n() (3.11)

Where V() is the actuator cylinder volume as a function of time,d;
is the diameter of the actuator cylinder and h(t) is the valve plate lift
as a function of time. Since the valve plate moves, Newton’s second
law is used to analyze its force.

l Fs pring
Valve

RN

sSUup F'Sup
F,

suction

Figure 3.7: Force analysis of valve plate

Fsup is the difference between the supply pressure and the actuator
cylinder pressure,and F;,c+ion €Xists because the pressure in the engine
cylinder is always less than the injection pressure during the injection
process,which means that the pressure difference F;,, must overcome
the spring force F;ping and the suction force Fyyction to make the valve
lift.

7T
Fsup — (P — Psup) . Z . (d% - Dz) (3.12)

Fsuction = (P - pcyl) ) (313)



3.1 BASIC WORKING PRINCIPLE OF INJECTOR

Fspring =k- (LO + h) (3-14)

Then the expression of the valve plate lift /(t):

2
= (P—Pup) (&= D) — (P Poy) s — k- (Lo +1))
(3.15)
Where m is the mass of the actuator piston,D is the diameter of
curtain area,k is the spring stiffness,and s is the nozzle effective
area,Lg is the length that the spring is compressed to maintain the
preload force of the seal.
After lifting, the valve plate will rise to a maximum value, which
is closely related to the injection timing. The corresponding curtain
area diameter, spring stiffness, effective cross-sectional area of the
nozzle, and the spring’s preload force are also related to the injection
timing. Therefore, this section will focus on the derivation of the
mathematical model, while the specific parameters will be detailed
and introduced in subsequent chapters.
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3.1.3 Maintain the lifted height
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Figure 3.8: Maintain the lifted height[14]

After the valve plate reaches its maximum value, the solenoid valve
has not received a signal to stop the injection, so the ball valve
remains open. The hydrogen in the actuator cylinder continues to
flow into the hydrogen storage space. Therefore, the expression for
the pressure change within the actuator cylinder remains the same as
in the previous phase. However, unlike the previous phase, since the
valve plate has reached its maximum position and will not change,
the volume inside the actuator cylinder also remains constant. At
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this point, the volume of the actuator cylinder is a fixed value and
no longer varies with time.

d I AefrBy
dilt? - _lpmax . 2-R- Tsup . ej{;l -P (316)

7T
Vi=VWy— 1 d% - Ninax (3.17)

Where V is the volume after the valve plate is lifted to the maximum
value.

3.1.4 Receive signal to end injection
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Figure 3.9: Receive signal to end injection[14]

39



40

INJECTOR PROTOTYPE

When the solenoid valve receives the signal to stop injection, it stops
working and the ball valve immediately falls back to the valve seat. At
this time, no mass flow passes through the ball valve anymore,then
the mass balance equation:

dm .
a = Mjy (3.18)
The corresponding expression for the pressure change in the actuator
cylinder is as follows:

d o Aeffro
d{ = ll)max ' 2-R- Tsup ' % ' Psup (319)

Where A,ffro is refilling orifice effective cross-section area. The
rationale behind using V; as the volume parameter in the calculations
stems from the persistent pressure differential across the valve plate,
despite the actuator cylinder commencing refilling via the refilling
orifice subsequent to the closure of the ball valve and the initiation
of internal pressure rise. This pressure differential is insufficient to
lower the valve plate, so the volume of the actuator cylinder remains
constant, the same as in the previous phase.
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3.1.5 The valve plate drops and returns to the valve seat
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Figure 3.10: The valve plate drops and returns to the valve seat[14]

In this phase, the pressure differential across the valve plate is no
longer sufficient to overcome the spring force and suction force,
causing the valve plate to begin to fall back to the valve seat, thereby
leading to a change in the volume of the actuator cylinder. The
pressure change equation in this phase differs from the previous
phase. Firstly, the supply pressure is a constant value; secondly, the
volume is no longer constant but is a time-dependent function.

dp o o AeffrO
a - ll)max ' 2-R- Tsup ' W ' psup (3'20)
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T
V(t)=Vo— 7 di-h(t) (3.21)
Then the expression of the h(t):

d?n T

O = (P—Pup) 3 (&~ D?) ~ (P—Py) s — k- (Lo +1))

(3.22)

3.1.6  The internal pressure of the actuator cylinder rises to the supply

pressure
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Figure 3.11: The internal pressure of the actuator cylinder rises to the supply
pressure[14]
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This phase is the refilling phase. Since the ball valve is already closed,
the pressure change within the actuator cylinder is solely caused by
the refilling process. Therefore, the pressure change equation is the
same as in the previous stage.

d Aeff,RO
d—IZ = ll)max . m . e{;o . Psup (323)

The only difference in this phase is that the valve plate has also
returned to the valve seat, so the volume of the actuator cylinder
is at its initial value V. When the pressure in the actuator cylinder
gradually rises to match the supply pressure, the pressure in the
actuator cylinder no longer changes.

3.2 INJECTOR PARAMETER DESIGN

In the chapter that discusses the working principle of injector, var-
ious geometric parameters of the injectors, such as A.sf, s, and D,
are introduced. These parameters, which are crucial for redesigning
the injectors to match the engine’s requirements, play a vital role in
ensuring the proper functioning of both the injector and the engine.
Based on the mathematical derivation of the working principle of
injector, it can be seen that the overall mathematical model is estab-
lished on this equation:

) 2
= Aesp - Poup -4 | R Top (3-24)

For the convenience of establishing the mathematical model, cor-
responding values for supply pressure P, and temperature T,
have been set, while the specific gas constant R and isentropic flow
function i are also known. Therefore, in this equation, undetermined
parameters are only the mass flow 7z and the effective flow cross-
sectional area A,fy.

To determine the geometric parameters of the fuel injector, namely
the effective flow cross-sectional area Ay, it is necessary to first
establish the mass flow . This begins with determining the total
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mass of hydrogen consumed by the engine within one operating
cycle.

3.2.1 Static Mass Flow

The total mass of hydrogen required to be injected during each
operating cycle is determined by the following equation:

" _wi-Vh
t 771"Hu

(3-25)

Where w; is the indicated specific piston work,V}, is the displacement
per cylinder,7; is the indicated engine efficiency and H, is the lower
heating value.
The mass of hydrogen must be injected into the cylinder within the
available injection window time At;;
Atinj = L Dt
n 360
Where n is the engine speed,Aw;,;j is the available injection crank
angle.The available injection crank angle is related to the pressure
variation inside the engine cylinder, which will be detailed in the
subsequent chapters of mathematical modeling. For the theoretical
derivation convenience, it is considered as a known value at this
stage.
After deriving the total mass of hydrogen and the available injection
time, the static mass flow within this time period can be derived:

(3.26)

. my, w; 360
P — “Vi-n- 2
static = 2 tinj i - H, h A Xinj (3 7)

3.2.2  Effective Flow Cross-Sectional Area

Before deriving the effective flow cross-sectional area, it is neces-
sary to introduce its geometric model, primarily consisting of the
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area where the valve plate contacts the nozzle, as illustrated in the
Figure 3.12.

curtain
area

N I

Figure 3.12: Geometric design parameters at the inward opening flat
seat[14]

Once the static mass flow rate has been determined, the effective
flow cross-sectional area can be expressed as follows:

1l tatic
Aeff = > (328)
¢ Pup /s,

Due to friction and flow jet contraction, the effective flow cross-
sectional area is smaller than the actual flow cross-sectional area.
The relationship between them is typically achieved by multiplying
the actual flow cross-sectional area by an appropriate coefficient to
obtain the effective flow cross-sectional area:

Aerr = Ares - Cp (3-29)

Where A,s is the reference flow cross-sectional area,which is the
actual flow cross-sectional area, Cp is the discharge coefficient, taking
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Cp = 0.6 as the coefficient value.
As can be seen from the Figure 3.12, the curtain area is:

Acurtuin =m-d-h (330)

This includes two undetermined design parameters: the nozzle
diameter d and the valve lift height h. To determine these parameters,
it is necessary to establish relational equations between these param-
eters and the known quantities. The curtain area is general defined
as the area when the valve lift height does not exceed one-quarter of
the nozzle diameter. Therefore, the relationship between the valve
lift height and the nozzle diameter is:

ho= i (3-31)

For convenience in modeling, the nozzle cross-sectional area is set
equal to the reference flow cross-sectional area:

T 9

Aref = Anozzle = Z -d (332)

At this point, the valve lift height & and the nozzle diameter d have
both been determined.

3.2.3 Spring Force

In the basic working principle of the fuel injector, it can be seen that
the spring force, which has a significant impact on the operation of
the new type of fuel injector, primarily serves the following functions
during its operation:

¢ Ensuring that the valve plate is not forced open by the supply
pressure when the injector is closed

¢ Ensuring that the valve plate is not forced open by the cylinder
pressure after the injection ends
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Essentially, this is due to the spring being part of the pneumatic
valve. Changes in the internal pressure of the pneumatic valve result
in variations in the pressure differential across the surface of the
valve plate. Similarly, fluctuations in the cylinder pressure also affect
the pressure differential on the valve plate surface. Therefore, to
ensure effective sealing, the spring force must exceed the pressure
differential on the valve plate surface when the solenoid valve is not

UL
sroaion

T A A b A bdari T

Figure 3.13: Pressure distribution of the valve plate[14]

For the convenience of modeling, the pressure distribution on the
valve plate surface is assumed as shown in the Figure 3.13. The upper
side of the valve plate is subjected to the supply pressure, while the
lower side is subjected to the cylinder pressure. When the injector
ceases operation, the valve plate begins to fall back to the valve seat.
The pressure across the entire contact area of the valve seat decreases
linearly, and can be mathematically expressed as follows:

T 5 ’ d 1
Fspring: Zd + - Ar (m'i'g) AP (3'33)

AP = Peyi — Poup (3-34)
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Where Ar is the radial width of the contact area Ar = % — %.The
spring force per pressure difference is plotted in Figure 3.14 as a
function of the nozzle cross-sectional area for different contact area.

30
25
o« 207
E o
= ]
5 157 AF/ mm
| ]
L ks 1.0
107 — 125
g ——1.5
5= 1.75
i —_—2.0
0 ‘ T | T T T | T ‘ T ‘ T
0 2 4 6 8 10 12 14
Anozzlefmmz

Figure 3.14: Spring force per pressure difference acting on the valve
plate[14]

It can be seen that their relationship approximately increases lin-
early, so choose Ar = 1.7mm.Once the spring stiffness k is deter-
mined, the spring force can be established.
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As introduced above, high-pressure hydrogen injection systems will
shorten engine life and reduce fuel availability. On the contrary, low-
pressure hydrogen injection systems can solve these problems well.
Direct injection can reduce backfire and leakage risks compared to the
port injection. At the same time, it can easily meet the engine power
demand, so for the application of hydrogen fuel in ship engines, the
low-pressure direct injection system will become a better choice.

4.1 ENGINE VERIFICATION

We chose the X92-DF dual-fuel engine of WinGD Company as the
simulator, and the parameters of this model engine are as follows:
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X92-DF(two stroke)
Cylinder Bore 92omm
Piston Stroke 3468mm
Speed 8orpm
Mean effective pressure at R1 17.3bar
Stroke/Bore 3.77
Number of Cylinders 12
BSGC(Gas) 134.6g/kWh
BSFC(Fuel) 173.9g8/kWh
Output Power 63840kW
Compresstion Ratio for LNG 12.4
Stoichiometric air-fuel Ratio for hydrogen 34.3
Fuel of LHV 42.7M]J/kg
LNG of LHV 50M]/kg
Hydrogen of LHV 120MJ/kg

4.1.1  Engine efficiency

The effective engine efficiency is defined as brake power divided by
the overall heat flow corresponding to the fuel input:

e = =il (4.1)
Qr

Heat flow and fuel flow are related by the lower heat value of the
fuel:

Qy = ritg - h* (4-2)
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And fuel consumption related to the brake power(in this case is
BSGC or BSFC):

iy
BSGC(BSFC) = B (4.3)

Now the total efficiency of the engine can be expressed approximately
as:

1
Te = BSGC(BSEC) - ht (4-4)

In case LHYV is expressed in kJ /kg and BSGC(BSFC) is in g/kWh,the
expression is:

3600000
Te = BSGC(BSEC) - hL 45)

Substituting the data in the above table, the efficiency of this type of
engine in gas mode can be obtained as:

3600000
Te = 134.6 x 50000

— 53.45% (4.6)
— 53.5%

the efficiency of this type of engine in fuel mode can be obtained as:
3600000

e = 173.9 % 42700 (4.7)
— 48.3%

From this, we can get that the efficiency of this type of engine in gas
mode is higher than that of traditional fuel mode.
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4.1.2  Compression Ratio

We already know the efficiency of the engine in the gas mode is
53.5%, and the overall efficiency of the engine is work output divided

by heat input:
- (4-8)
e Qs 4.

Then the brake power is linked to the effective work ouput of a
discrete cycle as follows:

b,

W, = -2 .
7 (4-9)

The cycle frequency for a 2-stroke 12 cylinders engine equals:

i-N
=%
Nne - 12

~ 60k (4.10)
B 80 x 12

60 x1
= 16Hz

Then the work done by each cylinder is:

w, =2
f
63840 (4.11)
16
= 3990k]
Then the heat input by each cylinder is:

— We

-

3990 (4.12)
~ 535%

= 7457.97k]

Qr
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For the overall heat input, the following amount of hydrogen per
cycle is necessary:

_ &

=7

745797 (4.13)
120000

= 0.062kg

mf

Next, use the Seiliger process to analyze whether the compression
ratio of this type of engine is appropriate. The current compression
ratio is 12.4.

The stroke volume:

Vs = Ls - AB
— 3468 x g X 92072 (4.14)
= 2.31m3

The combustion volume at top dead centre:

Vi

ce—1

_ 231 (4.15)
124 —1

= 0.203m>

Vrpc =
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V, = V.
2 TDC| ¥ i TDC

v 1
A
\ (1-%)-V,
TV’BDC Y Y Y BDC

\

Figure 4.1: Stroke volume

The trapped volume on the other hand is not equal to the volume
at BDC since the inlet valve normally close after BDC.

Vi=xXxV;+ Vrpc (4.16)

And the effect that compression does not start at BDC gives rise to
the idea of introducing an effective compression ratio:

Vrpe (4.17)
=x-(e—1)+1

rc

For the 2-stroke engine the inlet ports close at 45 to 55 degrees after
BDC to allow time for the scavenging process: an x-value around 0.82
to 0.79 is more realistic for this type of engine. In our case, choose
0.8 as the value of x.

V; = 0.8 x 2.31 +0.203
=2.05m>

rce=08x(124—1)+1
=10.12

(4.18)
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Use the Seiliger process to analyze whether hydrogen can be ignited
in the compression stage 1 to 2. These data are valid for nominal
ambient conditions: air temperature 298K, and auto-ignition temper-
ature is 858K.

T -1

T
858 _ (4.19)
= =10.12"! 419
208 ~ 1V

ne = 1.46

The specific heat ratio of hydrogen is:

o
Cy (4.20)
=14

It can be seen that the value of the variable index n is greater than the
specific heat ratio of hydrogen in the compression stage, but it should
be smaller, which means that the currently selected compression ratio
cannot meet the compression ignition hydrogen. In order to obtain
the minimum required compression ratio, the value of n¢ is set to 1.4,
and the effective compression ratio can be obtained by substituting it
into the calculation:

858 = pc1
298 €
— 04
2.88 = re (4'21)
re =141
€ =17.38

The compression ratio obtained here is 17.38. Through the Seiliger
process, we can conclude that it is OK to use compression ignition
when the initial pressure is not higher than 1.23 bar. However, due
to the low-density nature of hydrogen, to meet the power output
requirements of the engine, a turbocharger is often added to compress
the hydrogen to provide sufficient volumetric energy density. To
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avoid backfire, we use direct injection technology, which means that
the initial pressure is generally 2 to 3 bar and is unlikely to be lower
than 1.23 bar. The engine model currently used is already the largest
two-stroke engine in the world. If naturally aspirated, the engine will
be three to four times larger than it is now, which is not worth it for
compression ignition.

4.2 AVAILABLE INJECTION WINDOW

After modeling the basic operating principles of the injector mathe-
matically, it is necessary to determine the appropriate injection timing.
Given that this study involves the largest dual-fuel two-stroke engine
in the world, it is essential to match the engine parameters with the
injector parameters. Since this study uses compressed hydrogen as
fuel, it is necessary to analyze the cylinder pressure change during
the compression stroke to better match the engine with the injector.
The analysis of cylinder pressure change will focus on the period
from the beginning of the compression stroke to just before the com-
bustion stroke, as the engine uses compressed hydrogen as fuel and
an early injection strategy.

4.2.1  Crank-Slider Kinematics

Since the research focuses on the compression stroke, the Seliger
process is used to analyze it, as in the engine verification chapter, and
combined with the geometric model of the crank slider mechanism
to obtain the cylinder pressure as a function of the crank angle.
In the derivation process of this section, hydrogen is regarded as
an ideal gas. The compression stroke is also considered isentropic
compression, and the influence of the change of the polytropic index
of hydrogen in the compression stroke is not considered.

LA (4.22)
V2
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P2 nc
P_1 =Tc (4.23)
Vi e
P,=P- (Vz) (4-24)
P 3
2
\'/

Figure 4.2: Ideal Seiliger process

Where V; and V, correspond to the cylinder volumes at the begin-

ning and the end of the compression stroke respectively,P; and P,
correspond to the cylinder pressure at the beginning and the end of
the compression stroke respectively.r¢c is the effective compression
ratio,and n¢ is the polytropic index for the compression stroke.
At this point, it can be seen that to derive the equation for the cylin-
der pressure variation, an analysis of the cylinder volume changes is
necessary. For the convenience of modeling, the geometric model of
a crank-slider mechanism is used, as shown in the Figure 4.3.
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Figure 4.3: Schematic overview of a crank-cylinder mechanism[27]

Where R is the crank radius,L is the connecting rod length,f is
crank angle and Xp is the piston position.The mathematical relation-
ship between piston position and crank angle is as follows:

Xp(0) =R+ L— [(L2 — R?sin? 9)% —|—R-c039} (4.25)
After determining the piston position, the corresponding cylinder
volume can be determined:

T2
V(0) =7 -d- Xp(6) (4-26)

Therefore the relationship between the cylinder pressure and the
crank angle is as follows:

P,=D- (V(Gz) )re (4-27)

4.3 MATHEMATICAL MODEL

The working principle and parameter design of the hydrogen injector,
as well as the mathematical modeling of the cylinder pressure change
during the compression stroke, have been previously discussed. This



4.3 MATHEMATICAL MODEL

chapter introduces several specific and critical assumptions for the
mathematical modeling of this project, namely the linkage process
between the injector solenoid valve and the pneumatic valve, the
positioning of the fuel injector, and the setting of the spring force for
the pneumatic valve.

4.3.1  Solenoid Valve

In the chapter introducing the prototype of the hydrogen injector, the
working principle of this new type of injector is detailed. Essentially,
when the solenoid valve is energized, the ball valve opens, causing
a change in the internal pressure of the pneumatic valve, which in
turn opens the valve plate and start injection. From the introduction
of the working principle, it can be seen that when the solenoid valve
is energized, the expression for the pressure variation inside the
pneumatic valve is:

dp Acf,BY
a__lpmax‘\/z'R'Tsup' V(t) P (4.28)
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Figure 4.4: Solenoid valve and ball valve [26]

When the solenoid valve is de-energized, the expression for the
pressure variation inside the pneumatic valve is:
d Aeff RO
p ll)max ' ‘R~ Tsup ' % ' Psup (429)
It can be observed that these two equations are quite similar, with
the main differences being;:

¢ When energized, the pressure variation inside the pneumatic
valve results in a decrease,when de-energized, the pressure
variation inside the pneumatic valve results in an increase.

¢ Different effective flow cross-sectional areas

¢ When energized, only gas flows out, and when de-energized,
only gas flows in. Therefore, the instantaneous pressure change
inside when energized needs to be considered, while the pres-
sure of the gas flowing in when de-energized is constant.
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Therefore, to simplify the modeling, the mathematical expression
of the solenoid valve operation is not derived in detail. Instead,
switching between different pressure variation equations and the cor-
responding parameter changes represents the process of the solenoid
valve being energized and de-energized.

4.3.2 Injector Position

In most large two-stroke engines, the injector is often placed at
the top of the engine cylinder, that is, at the cylinder head. The
benefits of this placement are obvious: it can mix better with the
air, leading to improved combustion efficiency. However, this also
imposes higher requirements on engine design, most notably the
significantly increased sealing requirements for the injector. Firstly,
during the compression stroke, after injection ends, the valve plate
needs to remain closed, but the cylinder pressure at the end of the
compression stroke is often quite high. Secondly, during the engine’s
operation, there is a peak pressure point within the cylinder, usually
occurring shortly after fuel combustion. During this time, the injector
must also maintain its seal, or it may lead to continuous explosions
causing engine knocking.

Therefore, in this study, the injector is placed in the middle of
the cylinder, approximately 40% to 50% of the distance from the top
dead center. As shown in the Figure 4.5.
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Figure 4.5: Injector position[28]

When the injector is placed in the middle of the cylinder, the sealing
requirements for the injector are significantly reduced. Firstly, during
the compression stroke, the cylinder pressure does not increase
significantly before the piston head passes the nozzle, and it is often
lower than the injection pressure. This creates a pressure differential
on the valve plate that acts as suction, which can even help seal
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the injector. Secondly, after the piston head passes the nozzle, the
pressure connected between the nozzle and the inside of the cylinder
becomes the crankcase pressure. At this time, the pressure is much
lower than the cylinder pressure when the piston head reaches the
top dead center, meaning that the peak pressure of the engine no
longer needs to be considered in the injector’s sealing design, greatly
reducing the sealing requirements.

4.3.3 Spring Force

In the hydrogen injector, the primary component that is responsible
for the sealing function is the spring in the pneumatic valve, making
the setting of the spring force a crucial point. As mentioned in the
chapter on the injector prototype, the spring force, which must ensure
that the valve plate does not open accidentally, is calculated using a
formula from the literature that considers the peak pressure inside
the cylinder. This means that Py 0y, which is used in the calculation,
represents the peak cylinder pressure.

AP = Pcyl,max - Psup (4.30)

This results in a relatively large calculated spring force. However,
in this research, the injector is placed in the middle of the cylinder.
Before the piston head rises to the nozzle, the cylinder pressure does
not change significantly. Therefore, the cylinder pressure is approxi-
mated to be equal to the pressure of the air after turbo compression.
For simplicity in calculations, a constant cylinder pressure P,,; = 3bar
is chosen.

4.4 MODEL VALIDATION

The mathematical model is derived based on the original litera-
ture[14]. However, since the original literature does not describe the
physical process of the valve plate’s lifting and falling, it is necessary
to validate this mathematical model. By substituting the parameters
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from the original literature (as shown in the Table 5.1) into the model,
the following figures were obtained.

50 Pressure change over time in injector
T T T T T

Pressure: Phase 1
—— Pressure: Phase 2
15F Pressure: Phase 3 7
. Pressure: Phase 4
E 1ok Pressure: Phase 5 1
- Pressure: Phase 6
A ——Pressure: Phase 7
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t (ms)

Figure 4.6: Pressure change based on literature parameters
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Figure 4.7: Valve lift based on literature parameters

From Figure 4.6 and Figure 4.7, it can be observed that the overall
trend is very similar to that in the original literature. It is important
to note that the first six phases shown in the figure correspond to
the six phases described in the Section 3.1. The seventh phase in
the figure represents the phase where hydrogen is refilling to the
supply pressure, and this pressure is maintained until the process
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ends. The purpose of including this phase is to better illustrate the
physical process. Therefore, the sixth and seventh phases in the figure
essentially represent the final phase described in the Section 3.1.
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SIMULATION AND RESULTS

This chapter primarily uses the formulas introduced in the previous
mathematical modeling section for simulation. Since the main pa-
rameters of the engine have already been discussed in the engine
verification section, the focus will be on the parameter design of the
hydrogen injector.

5.1 SIMULATION PARAMETERS

5.1.1 In-cylinder pressure changes during the compression stroke

As previously mentioned, it is necessary to first determine an appro-
priate injection window. Therefore, the engine was modeled using the
kinematics of the crank-slider mechanism, focusing on the cylinder
pressure change during the compression stroke. Consequently, the
cylinder pressure change shown in the simulation results mainly
exhibits an upward trend.as shown in the Figure 5.1.
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change of pressurewith crank angle
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Figure 5.1: Cylinder pressure during compression stroke

Figure 5.2 shows the cylinder pressure variation during the com-
pression stroke, with an initial cylinder pressure of P, = 3bar, in
the crank angle range of 180° to 360°. As discussed in the previous
section regarding the injector prototype, it's necessary to consider the
critical pressure ratio during injection. If the pressure at the nozzle
exceeds the critical pressure ratio, the nozzle may become chocked,
leading to stop injection. Since this study focuses on low-pressure
injection, the injection pressure is set at Py, = 50bar.Then,calculate
the critical pressure ratio:

Pcyl 2 3
= 1 = (.528 1
Py (= +1) (5.1)

Where « is the hydrogen specific heats,x = 1.4.After setting the
injection pressure to Ps,, = 50bar, the critical pressure in the cylinder
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is:

2 x
—— )1 =264 (5.2)

Py eritical = Poup -
cyl,critical sup (K—I—l
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Figure 5.2: Critical pressure

However, since this study adopts the approach of placing the
injector in the middle of the cylinder, injection should end when
the piston head passes the nozzle. This means that the total volume
of the cylinder cannot be applied, implying that injection should
stop earlier than when reaching the critical pressure. Therefore, it is
necessary to obtain the relationship between the piston’s motion and
the crankshaft angle, as shown in the Figure 5.3.
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Figure 5.3: Piston displacement

Figure 5.3 shows the variation of the distance from the piston head
to the top dead center with the change of crank angle. Since it’s the
compression stroke, the overall trend is a decrease. For simulation
convenience, the position of the injector is set at half of the total
displacement of the piston head, which is 50% of its position, as
shown in the Figure 5.4.
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Figure 5.4: Crank angle when the piston head moves to the middle of the
cylinder

As depicted in the Figure 5.4, when the piston head displaces to
the middle of the cylinder, which corresponds to the location of the
injector, the corresponding crank angle is approximately 279°. This
angle is smaller than the crank angle of 322° when the cylinder pres-
sure reaches the critical pressure. Therefore, the available injection
window should be from 180° to 279°, indicating an angular range of
approximately Aa;,j = 100° for the available injection window. As
illustrated in the Figure 5.5.
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Figure 5.5: The available injection window

5.1.2 Injector Parameters

Once the available injection window is determined, the parameters
of the injector can be designed to match the engine. The first step
is to calculate the total static mass flow rate 7i1g,c required during
injection:

static Atinj 7 H, h A“inj .
o 3990k] 360
Mstatic = 57535 % 120000k] /kg o0 < 60 % 1gp = 1074kg /N (5.4)

The corresponding effective flow cross-sectional area A,fyis:
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mstutic

Aeff = (5.5)
eff 55
¥ Poyp - /ﬁw

1074kg /h

2
0.484 X 50bar x \/ 1125.6]/kg-kx293.15K

Then the reference flow cross-sectional area A, is:

Acfr = = 96mm? (5.6)

Aerr = Cp - Aper (5.7)
A
Apef = O"gf = 160mm> (5.8)

Then the nozzle diameter is:

7T
Apozzle = Aref = 4 - d? (59)

d = 14.27mm (5.10)

Then the valve lift height h is:

h= i -d = 3.6mm (5.11)

After obtaining the above injector parameters, the formula used in
the literature to calculate the spring force is as follows:

IR » d 1
Fspring— Zd + - Ar (m+§) AP (5.12)

AP = Peyr — Poup (5.13)
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Where Ar = % — 2 is the maximal contact surface diameter.Since the

injector is placed in the middle of the cylinder, the cylinder pressure
does not need to account for peak pressure. Additionally, through
the observation of cylinder pressure changes, it can be seen that
when the piston head passes the nozzle, the cylinder pressure is
much lower than the injection pressure, which results in the cylinder
pressure creating a suction force on the valve plate surface. This
means that when calculating the spring force, there is no need to
consider the risk of the valve opening accidentally due to cylinder
pressure changes. The spring force only needs to ensure that the
valve plate is not pushed open by the supply pressure when the
injector is closed.

Calculating the spring force requires analyzing the forces acting
on the valve plate. As introduced in the section on the injector’s
working principle, the effective area of the valve plate in contact with
the valve seat is:

T
Seff = T (d3 — D?) (5-14)

Where d; is the radial width of the valve plate. In the literature[14],
a diameter of d,;; = 15mm was used. However, since the engine
used in this study is a large two-stroke engine, the nozzle diameter is
approximately five times that in the literature. After considering the
strength of the metal structure,choose dy = 75mm for this study. Ac-
cordingly, the value of Ar is also increased fivefold. In the literature,
Ar = 1.7 was used, so in this study, Ar = 8.5 is adopted as the pa-
rameter, resulting in D = 31.27mm. Then F;yi,; = 875N considering
the effect of the suction force generated by the cylinder pressure on
the valve plate surface.

The Table 5.1 presents a comparison of the injector parameters
used in this study and those in the literature.
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Geometric parameters | literature | Research
static 17.43kg/h | 1074kg/h
At 3.9mm? 96mm?>
Avef 6.5mm?> 160mm?
d 3mm 14.27mm
h 0.75mm 3.6mm
Ar 1.7 8.5
d» 15mm 75mm
D 6.4mm 31.27mm
Espring 214N 875N

Table 5.1: Comparison of design parameters of the injector in the original
literature and this study[14]

It can be observed that the injector parameters matching the engine
selected for this study, derived using the same method as in the
literature, show a clear multiple relationship with the parameters in
the original literature. Part of this is due to proportional scaling after
considering the strength of the metal material, but the main reason
is that the chosen engine is currently the largest two-stroke dual-fuel
engine in the world. Therefore, there are significant differences in the
design parameters.

5.2 RESULTS

The focus of this study is primarily on the compression stroke phase,
so it is necessary to calculate the time required for one cylinder of
the engine to complete one working cycle.

N
f= ZT (5.15)
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80 x 12

f - m — 16HZ (5.16)

Then,the cycle time T is:

T = ch = 750ms (5.17)

In the engine verification chapter, the mass of hydrogen required for
one cylinder to complete one working cycle under 100% work load
conditions was calculated as follows:

mg = —= = 0.062kg (5.18)

Thus, the injection duration can be calculated as follows:

m
tinj = - S~ 208ms (5.19)
Mistatic

Set injection pressure Ps,, = 50bar,and the simulation results are
shown in the figure below.

Pressure change over time in injector

50 T : I T T ; T
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40 b —<—Pressure: Phase 2 |
Pressure: Phase 3
—~ 30 Pressure: Phase 4 |
§ Pressure: Phase 5
- Pressure: Phase 6
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10 J
0

0 100 200 300 400 500 600 700 800
t (ms)

Figure 5.6: Injector operation at 100 % engine working load
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Valve lift height
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Figure 5.7: Injector operation at 100 % engine working load

From the Figure 5.6 and Figure 5.7, it can be observed that the
trend of internal pressure variation and valve displacement of the
injector resembles that of the trends in the original literature, indicat-
ing that the mathematical model effectively simulates the operation
of this new injector. At 100 % engine working load, the valve lift
height reaches the calculated height from the theoretical calculations,
indicating that sufficient hydrogen is injected during the available in-
jection window to meet the engine’s output power requirements. Ad-
ditionally, the trend of pressure variation within the injector matches
the derivation in the section describing the injector’s operational
principles.

This model can also achieve the function of controlling engine
conditions by adjusting the injection duration. With the injector pa-
rameters determined and the injection pressure unchanged, the static
mass flow rate at the nozzle remains constant. Through the following
equation, it can be observed that adjusting the injection duration
allows for the adjustment of the total hydrogen mass injected into
the cylinder, ultimately achieving the function of adjusting engine
conditions:

mys = tinj * Mstatic (5-20)
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Pressure change over time in injector at different working load
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Figure 5.8: Comparison of pressure changes under different working loads

Valve lift height at different working load
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Figure 5.9: Comparison of valve lifts under different working loads

From Figure 5.8 and Figure 5.9, it can be seen that by adjusting the
injection timing, the engine’s working load can be controlled. This is
most evident in the significant difference in the duration of the valve
plate’s lift under different working load. The lifting and closing of
the valve plate are controlled by the energization and de-energization
of the solenoid valve. When the solenoid valve is energized, the ball
valve lifts, causing a rapid drop in internal pressure, which results
in the valve plate lifting. When the solenoid valve is de-energized,
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the ball valve closes, leading to an increase in internal pressure,
causing the valve plate to close. There is a delay time associated with
the opening and closing of the ball valve, meaning that when the
solenoid valve is energized or de-energized, the action of opening
or closing the ball valve takes some time to complete. This period is
referred to as the delay time.

Working Load Change With Delay Time
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o
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Figure 5.10: Variation in working load with changes in delay time

Figure 5.10 illustrates the relationship between delay time and
engine working load. Combining this with the results discussed
earlier, it can be understood that by adjusting the delay time, the
duration of the valve plate’s lift can be influenced, which in turn
affects the duration of the injection and, ultimately, the amount of
hydrogen injected. This subsequently changes the engine working
load. Figure 5.11 illustrates the relationship between delay time and
total consumed hydrogen mass.
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O'Ig)(%tal Consumed Hydrogen Mass Change With Delay Time
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Figure 5.11: Variation in total hydrogen consumption with changes in delay
time



CONCLUDING REMARKS

Based on the simulation results above, the following conclusions can
be drawn from this study:

¢ The parameter design of the injector is closely related to the en-
gine parameters. Directly related parameters include the static
mass flow rate of hydrogen and the available injection window.
Indirectly related parameters include the effective flow area and
nozzle diameter. Additionally, some parameters, such as the
radial diameter of the valve plate, need to be correspondingly
enlarged to match the engine.

¢ The mathematical model established in this study theoretically
demonstrates that with well-matched injector parameter de-
sign, this new type of injector can be applied to low-pressure
direct injection hydrogen fuel engines, even in large two-stroke
engines.

¢ When the injector is placed in the middle of the cylinder, the
peak pressure of the cylinder can be disregarded, which sim-
plifies the design of the injector. However, it is necessary to
consider the crank angle when the piston head passes over the
nozzle and adjust the injection duration accordingly.

¢ The mathematical model also demonstrates that by changing
the injection duration, it is possible to adjust the engine’s oper-
ating conditions. This has a positive impact on improving fuel
efficiency during a ship’s voyage.
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DISCUSSION

The focus of this study is to theoretically simulate the operation of
this new type of injector in a large two-stroke engine and to explore
its feasibility for application. During the research process, certain
assumptions and simplifications were made for convenience, which
may affect practical applications.

¢ In analyzing the working principle of the injector, numerical
simulation of the solenoid valve was not performed. Instead,
switching mathematical equations were used to represent the
process of the solenoid valve receiving the start or end injection
signal. Although the model’s delay is reflected in the numerical
simulation results, it cannot fully replicate the actual working
process.

¢ When designing injector parameters based on engine parame-
ters, some parameters, such as the selection of the valve plate’s
radial diameter, are chosen as approximate values after con-
sidering the practical design feasibility and metal strength.
Although the numerical simulation results have effectively real-
ized the working process of the injector, more detailed research
is required.

¢ Placing the injector in the middle of the cylinder can reduce
the difficulty of injector design, but whether this affects the
uniformity of fuel mixing has not been thoroughly explored
in this study. Future research could utilize CFD to analyze the
diffusion and mixing degree of hydrogen during the injection
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process and compare the impact of different injector positions
on engine performance.

¢ In this modeling process, the focus was on the compression
stroke, which was theoretically considered as an isentropic com-
pression, with the specific heat ratio of hydrogen assumed to be
constant. However, this is not feasible in practical applications,
so the simulation results are for reference only. At the very
least, results demonstrate the theoretical feasibility of applying
this injector to a two-stroke engine.

¢ In this study, only the injection duration was considered as a
variable for adjusting engine working load, while other vari-
ables were not taken into account. In the future, research could
explore changing the injection angle of the nozzle or the injec-
tion pressure of the injector.

In summary, the main focus of this study was on theoretically
deriving the working process of the new injector and exploring its
feasibility for application in large two-stroke engines. The analysis
was conducted solely through mathematical modeling and numerical
simulation, without experimental validation due to time constraints
and facility limitations. Hence, only theoretical possibilities were
provided. Future research should consider experimental validation
to obtain more accurate results.
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ENGINE PARAMETERS

ENGINE PARAMETERS

X92DF-2.0

Cylinder bore

Piston stroke

Speed

Mean effective pressure at R1
Stroke /bore

RATED POWER, PRINCIPAL DIMENSIONS AND WEIGHTS
Outputin kW at

Cyl. gorpm 70rpm
R1 R2 R3 R&
(4 31920 26580 27930 23250
7 37240 31010 32585 27125
8 42 560 35440 37240 31000
9 47 880 39870 41895 34875
10 53200 44,300 46550 38750
1" 58520 48730 51205 42625
12 63840 53160 55860 46500
B c
Dimensions 5550 1900
(mm} Fl F2
15520 15530
BRAKE SPECIFIC CONSUMPTIONS IN GAS MODE
Rating point R1 R2
BSEC (energy) kJTkWh 6760 6512
BSGC (gas) g/kWh 134.6 129.6
BSPC {pilot fuel) g/kWh 0.7 0.8
BRAKE SPECIFIC FUEL CONSUMPTION IN DIESEL MODE
Rating point R1 R2
BSFC (diesel Tier I) g/kWh 1739 167.9
For definitions see page 60
[ [TEY | [ ¢
40000000

IMO Tier lllin gas mode
920 mm
3468 mm
70-80 rpm
17.3 bar
3.77
Length A Weight
mm tonnes
11755 1120
13345 1260
14935 1380
17960 1630
19550 1790
21215 1960
22875 2140
D
13140
F3 G
14260 2970
R3 R4
6858 6615
136.6 131.6
0.7 08
R3 R4
1759 1.9

Figure A.1: Engine parameters[29]
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MATLAB CODE

Listing B.1: MATLAB Code

%% Initial
clc
clear
close all
%% Constant parameter
phi_max = 0.484; %the maximum value for the flow function
R = 4125.6; % the specific gas constant of hydrogen(J/(kg*K)=kgx*
m~2/(s72*K))
P_sup = 50e5; % supply pressure(Pa = kg/(m*s"2))
T_sup = 293.15; % supply temperature(K)
A _effBY = 0.79e-6%25; % the effective cross-sectional flow area
of the pilot valve(m"2)
A_effRO = 0.07e-6x5; % the effective flow cross-sectional area
of the refilling orifice(m"2)
= 25.46e3;% spring stiffnes(N/m=kg/(s"2))
% F = 350; %cclsosing spring force(kg*xm/(s"2))
L0 = F/kx2.5; % initial displacement
d2 = 75e-3%0.4; % The diameter of the actuator piston(m)
s = 160e-6; % the nozzle cross-sectional area(m”™2)
D = 31.27e-3%x0.7; % the diameter of curtain(mm)
P_cyl = 3e5; % cylinder pressure
VO = 34.3e-6*4; % the initial volume of the piston (m"3)
m_va = 0.825/4; % mass of valve (kg)
h_max = 3.6e-3; % maximum of height (m)
delta_t = 0e-3; %s
%% calculate constants
sl = 3.468; %stroke in meters
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d_bore = 0.92; %diameter in meters

we = 3990;%the work done by each cylinder(kJ)

u = 0.535;%efficiency of the engine in gas mode
hl = 120000;%fuel lower heating value(kJ/kg)

nl = 80; Srpm

alpha = 100; %available angular injection window

v = (pi/4xd_bore”2x*s1)*1000;%displacement per cylinder(dm”3)
w = we/v;%Indicated specific piston work(kJ/dm"3)

ml = (w/(uxhl))*vxnlx60+x360/alpha; %total mass flow(kg/h)

X = ml/v;%specific static flow (kg/(h*dm”"3))

X1 = x*xv/3600000;%mass flow rate(kg/ms)

Fontsize = 16;

LineWidth = 2;

color = jet(7);

%% Phase 1: pressure drops to the critical value and the valve
starts to move

% Critical point: F_spring + pxpi/4*d2°2 = P_cylxpi/4*d™2 + P_

sup x pi/4 x
% (d272 - D"2)
t0 = 0;
PO = P_sup;
Pl = P_cyl + 10e5;

F=Pocyl s +P_sup x pi/4 % (d2°2 - D*2) - Pl * (pi/4 * d2~2)

-

0 = F/k;
% P1 = (P_cyl *x s + P_sup * pi/4 % (d2”2 - D™2) - F)/ (pi/4 * d
27°2); % s = pi/4xd™2;

Gl = phi_max * sqrt(2+«R«T_sup) * A_effBV/V0O;
tl = -1/Glxlog(P1/PO);
hl = 0;

t_all = linspace(t0, tl1, 20)’;

P_all PO * exp(-Glxt_all);

h_all = 0xt_all;

hfigl=figure(1);

plot(t_allxle3, P_allxle-5, ’'LineWidth’,LineWidth,
"Color’, color(1, :),
'DisplayName’, ’'Pressure: Phase 1')

hold on
picturewidth = 20;
hw_ratio = 0.3;
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% title(’'Phase 1 Pressure’)

ylabel('$P$ $(bar)$’)

xlabel('$t$ $(ms)$’)

set(findall(hfigl, '-property’, 'FontSize’), 'FontSize’,Fontsize)

set(findall(hfigl, '-property’, 'FontName'), 'FontName’,'’
TimesNewRoman’)

set(findall(hfigl, '-property’, 'Interpreter’), 'Interpreter’,’
latex’)

set(findall(hfigl, '-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)

set(gca, 'Box’,’'on’,’LineWidth’,2)

set(hfigl, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])

legend(’'Interpreter’, ’latex’, 'FontSize',Fontsize,

"Location’, 'northeast’, 'AutoUpdate’,’on’,...
"NumColumns’,1, 'Orientation’, 'horizontal’,
"Box’, 'off’")

hfig2=figure(2);
plot(t_allxle3, h_allxle3, ’'LineWidth’,LineWidth,
"Color’, color(1, :),
'DisplayName’, 'Height: Phase 1')

hold on

picturewidth = 20;

hw_ratio = 0.3;

% title(’'Phase 1 Height')

ylabel(’'$h$ $(mm)$’)

xlabel('$t$ $(ms)$’)

set(findall(hfig2,’'-property’, 'FontSize’), 'FontSize’,Fontsize)

set(findall(hfig2,’'-property’, 'FontName’), 'FontName’,’
TimesNewRoman')

set(findall(hfig2,’'-property’, 'Interpreter’), 'Interpreter’,’
latex’)

set(findall(hfig2, '-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)

set(gca, 'Box’,’on’,’LineWidth’,2)

set(hfig2, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])

legend('Interpreter’,’latex’, 'FontSize',Fontsize,
"Location’, 'northeast’, ’AutoUpdate’,’on’,...
"NumColumns’,1, ’'Orientation’, 'horizontal’,
"Box’, 'off")
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%% Phase 2:
tspan = [tl 0.1];
[tsol2, varsol2] = oded45(@(t, var) phase2(t, var, VO, d2, phi_
max, R, T_sup,
A_effBV, m_va, P_sup, s, k, LO, P_cyl, D), tspan, [Pl; 0;
01);

Psol2 = varsol2(:, 1);

hsol2 = varsol2(:, 2);

vsol2 = varsol2(:,3);

index = find(hsol2>h_max,1, 'first’);

t2 = interpl(hsol2, tsol2, h_max);
P2 interpl(tsol2, Psol2, t2);

h2 = h_max;

tsol2 = tsol2(1:index);

Psol2 = Psol2(1l:index);
hsol2 = hsol2(1l:index);
tsol2(end) = t2;
Psol2(end) = P2;
hsol2(end) = h2;

t_all = [t_all; tsol2];
P_all = [P_all; Psol2];
h_all = [h_all; hsol2];
hfigl = figure(1l);

plot(tsol2xle3, Psol2xle-5,'LineWidth’,LineWidth,
"Color’, color(2, :),
'DisplayName’, ’'Pressure: Phase 2')
hold on
picturewidth = 20;
hw_ratio = 0.3;
%title(’'Phase 1+2")
ylabel('$P$ $(bar)$’)
xlabel('$t$ $(ms)$’)
set(findall(hfigl, '-property’, 'FontSize'), 'FontSize’,Fontsize)
set(findall(hfigl, '-property’, 'FontName’), 'FontName’, '
TimesNewRoman’)
set(findall(hfigl, '-property’, 'Interpreter’), 'Interpreter’,’
latex’)
set(findall(hfigl, '-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)
set(gca, 'Box’,’'on’,’LineWidth’,2)
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set(hfigl, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])
legend('Interpreter’,’'latex’, 'FontSize',Fontsize,

"Location’, 'northeast’, 'AutoUpdate’,’on’,...
"NumColumns’,1, ’'Orientation’, 'horizontal’,
"Box’, 'off’")

hfig2 = figure(2);
plot(tsol2*xle3, hsol2xle3,'LineWidth’,LineWidth,
"Color’, color(2, :),
'DisplayName’, 'Height: Phase 2')
hold on
picturewidth = 20;
hw_ratio = 0.3;
%title('Phase 1+2")
ylabel(’$h$ $(mm)$")
xlabel('$t$ $(ms)$’)
set(findall(hfig2,’'-property’, 'FontSize’), 'FontSize’,Fontsize)
set(findall(hfig2, '-property’, 'FontName’), 'FontName’,'’
TimesNewRoman’)
set(findall(hfig2,'-property’, 'Interpreter’), 'Interpreter’,’
latex’)
set(findall(hfig2, ’'-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)
set(gca, 'Box’,’'on’,’LineWidth’,2)
set(hfig2, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])
legend(’'Interpreter’,’'latex’, 'FontSize',Fontsize,

"Location’, 'northeast’, 'AutoUpdate’,’on’,...
"NumColumns’,1, 'Orientation’, 'horizontal’,
"Box’, 'off")

% figure(3)

o°

dhdtdt = 1/m_va*(P_cyl * s + P_sup * pi/4 * (d272 - D*2) - kx(
LO+hsol2) - Psol2 x (pi/4 * d272));

plot(tsol2xle3, dhdtdt/le3)

% title(’acceleration’)

% ylabel(’'$\frac{d"2h}{dt"2}$’,Interpreter="1latex’)

xlabel('t")

%% Phase 3:

VO - pi/4xd272xh2;

phi_max * sqrt(2*xR«T_sup) * A_effBV/V3;

t3 = t2 + delta_t;

h2;

o°

o°

o<
w w
o

>
w
1l
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P3 =exp(-G3*(t3-t2))x*P2;
tsol3 = linspace(t2, t3, 20);

Psol3 = P2xexp(-G3*(tsol3 - t2));
hsol3 = 0xtsol3 + h2;
hfigl = figure(l);

plot(tsol3xle3, Psol3xle-5, 'LineWidth’,LineWidth,
"Color’, color(3, :),
'DisplayName’, ’'Pressure: Phase 3')
hold on
picturewidth = 20;
hw_ratio = 0.3;
%title(’'Phase 1+2+3')
ylabel('$P$ $(bar)s’)
xlabel(’$t$ $(ms)$”’)
set(findall(hfigl, '-property’, 'FontSize'), 'FontSize’,Fontsize)
set(findall(hfigl, '-property’, 'FontName’), 'FontName’, '
TimesNewRoman')
set(findall(hfigl, '-property’, 'Interpreter’), "Interpreter’,’
latex’)
set(findall(hfigl, '-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)
set(gca, 'Box’,’on’,’LineWidth’,2)
set(hfigl, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])
legend(’'Interpreter’, ’'latex’, 'FontSize’,Fontsize,

"Location’, 'northeast’, ’AutoUpdate’,’on’,...
"NumColumns’,1, ’'Orientation’, "horizontal’,
"Box’, 'off")

hfig2 = figure(2);
plot(tsol3xle3, hsol3xle3, 'LineWidth’,LineWidth,
"Color’, color(3, :),
'DisplayName’, 'Height: Phase 3')
hold on
picturewidth = 20;
hw_ratio = 0.3;
%Stitle('Phase 1+2+3")
ylabel('$h$ $(mm)$’)
xlabel('$t$ $(ms)$’)
set(findall(hfig2,’'-property’, 'FontSize’), 'FontSize’, Fontsize)
set(findall(hfig2,’'-property’, 'FontName’), 'FontName’,’
TimesNewRoman')
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set(findall(hfig2, ’'-property’, 'Interpreter’), 'Interpreter’,’
latex’)

set(findall(hfig2,'-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)

set(gca, 'Box’,’'on’,’LineWidth’,2)

set(hfig2, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])

legend(’'Interpreter’, 'latex’, 'FontSize’,Fontsize,

"Location’, 'northeast’, 'AutoUpdate’,’on’,...
"NumColumns’,1, ’'Orientation’, "horizontal’,
"Box’, 'off’")

%% Phase 4:

V4 = V3;

h4 = h3;

G4 = phi_max * sqrt(2xR«T_sup) * A_effR0O/V4;

P4 = (P_cyl * s + P_sup * pi/4 * (d272 - D*2) - F)/ (pi/4 = d
2°2);

t4 = (P4-P3)/G4/P_sup+t3;

% P4 = P3 x exp(G4*(t4-t3));
% t4 = t2+200e-3;
tsold = linspace(t3, t4, 200);

Psol4 = P3 + G4xP_supx*(tsold-t3);
hsol4 = Oxtsol4 + h3;
hfigl = figure(l);

plot(tsol4xle3, Psol4xle-5,'LineWidth’,LineWidth,
"Color’, color(4, :),
'DisplayName’, ’Pressure: Phase 4')
hold on
picturewidth = 20;
hw_ratio = 0.3;
%title(’'Phase 1+2+3+4")
ylabel('$P$ $(bar)$’)
xlabel('$t$ $(ms)$’)
set(findall(hfigl, '-property’, 'FontSize'), 'FontSize’,Fontsize)
set(findall(hfigl, ’'-property’, 'FontName’), 'FontName’, '
TimesNewRoman’)
set(findall(hfigl, '-property’, 'Interpreter’), 'Interpreter’,’
latex’)
set(findall(hfigl, '-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)
set(gca, 'Box’,’'on’,’LineWidth’,2)

95



MATLAB CODE

set(hfigl, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])
legend('Interpreter’,’latex’, 'FontSize',Fontsize,

"Location’, 'northeast’, 'AutoUpdate’,’on’,...
"NumColumns’,1, ’'Orientation’, 'horizontal’,
"Box’, "off’)

hfig2 = figure(2);
plot(tsold4xle3, hsol4xle3,'LineWidth’,LineWidth,
"Color’, color(4, :),
'DisplayName’, 'Height: Phase 4')
hold on
picturewidth = 20;
hw_ratio = 0.3;
%title(’'Phase 1+2+3+4")
ylabel(’$h$ $(mm)$")
xlabel('$t$ $(ms)$’)
set(findall(hfig2,’'-property’, 'FontSize’), 'FontSize’,Fontsize)
set(findall(hfig2, '-property’, 'FontName'), 'FontName’,’
TimesNewRoman’)
set(findall(hfig2,'-property’, 'Interpreter’), 'Interpreter’,’
latex’)
set(findall(hfig2, '-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)
set(gca, 'Box’,’'on’,’LineWidth’,2)
set(hfig2, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])
legend(’'Interpreter’,’'latex’, 'FontSize',Fontsize,

"Location’, 'northeast’, 'AutoUpdate’,’on’,...
"NumColumns’,1, 'Orientation’, 'horizontal’,
"Box’, 'off"’)

%% Phase 5:
tspan = [t4 0.5];
[tsol5, varsol5] = oded45(@(t, var) phase5(t, var, VO, d2, phi_
max, R, T_sup,
A_effRO, m_va, P_sup, s, k, LO, P_cyl, D), tspan, [P4; h4;
01);

Psol5 = varsol5(:, 1);
hsol5 = varsol5(:, 2);
vsol5 = varsol5(:,3);

index = find(hsol5<0,1, 'first’);
t5 = interpl(hsol5, tsol5, 0);
P5 = interpl(tsol5, Psol5, t5);
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h5 = 0;

tsol5 = tsol5(1:index);
Psol5 = Psol5(1l:index);
hsol5 = hsol5(1l:index);
tsol5(end) = t5;
Psol5(end) = P5;
hsol5(end) = h5;

hfigl = figure(1l);
plot(tsol5x1le3, Psol5xle-5,’LineWidth’,LineWidth,
"Color’, color(5, :),
'DisplayName’, ’'Pressure: Phase 5')
hold on
picturewidth = 20;
hw_ratio = 0.3;
%title(’'Phase 1+2+3+4+45")
ylabel('$P$ $(bar)$’)
xlabel(’'$t$ $(ms)$’)
set(findall(hfigl, '-property’, 'FontSize'), 'FontSize’,Fontsize)
set(findall(hfigl, ’'-property’, 'FontName’), 'FontName’, '
TimesNewRoman’)
set(findall(hfigl, '-property’, 'Interpreter’), 'Interpreter’,’
latex’)
set(findall(hfigl, '-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)
set(gca, 'Box’,’'on’,’LineWidth’,2)
set(hfigl, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])
legend(’'Interpreter’, 'latex’, 'FontSize’,Fontsize,

"Location’, 'northeast’, 'AutoUpdate’,’on’,...
"NumColumns’,1, 'Orientation’, 'horizontal’,
"Box’, 'off")

hfig2 = figure(2);

plot(tsol5+1le3, hsol5+le3, 'LineWidth’,LineWidth,
"Color’, color(5, :),
'DisplayName’, 'Height: Phase 5')

hold on

picturewidth = 20;

hw_ratio = 0.3;

%title(’'Phase 1+2+3+4+5")

ylabel(’$h$ $(mm)$”")

xlabel('$t$ $(ms)$’)

set(findall(hfig2,’'-property’, 'FontSize’), 'FontSize’,Fontsize)
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set(findall(hfig2,’'-property’, 'FontName’), 'FontName’, '
TimesNewRoman')

set(findall(hfig2,'-property’, 'Interpreter’), 'Interpreter’,’
latex’)

set(findall(hfig2, '-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)

set(gca, 'Box’,’on’,’LineWidth’,2)

set(hfig2, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])

legend('Interpreter’,’latex’, 'FontSize',Fontsize,

"Location’, 'northeast’, 'AutoUpdate’,’on’,...
"NumColumns’,1, ’'Orientation’, "horizontal’,
"Box’, 'off’)

%% Phase 6:

V6 = VO;

P6 = P_sup;

G6 = phi_max * sqrt(2xR+xT_sup) * A_effRO/VO;

t6 = (P6-P5)/(G6*P_sup)+t5;

tsolé = linspace(t5, t6, 50);

Psol6 = P5 + G6xP_sup*(tsole - t5);

hsolé = 0xtsol6;

hfigl = figure(1l);

plot(tsol6xle3, Psol6xle-5, 'LineWidth’,LineWidth,
"Color’, color(6, :),
'DisplayName’, ’'Pressure: Phase 6')
hold on
picturewidth = 20;
hw_ratio = 0.3;
%title(’'Phase 1+2+3+4+5+6")
ylabel('$P$ $(bar)$’)
xlabel(’$t$ $(ms)$”")
set(findall(hfigl, '-property’, 'FontSize’), 'FontSize’, Fontsize)
set(findall(hfigl, '-property’, 'FontName’), 'FontName’, '’
TimesNewRoman')
set(findall(hfigl, '-property’, 'Interpreter’), 'Interpreter’,’
latex’)
set(findall(hfigl, '-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)
set(gca, 'Box’,’on’,’LineWidth’,2)
set(hfigl, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])
legend('Interpreter’,’latex’, 'FontSize’,Fontsize,
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"Location’, 'northeast’, 'AutoUpdate’,’on’,...
"NumColumns’,1, ’'Orientation’, 'horizontal’,
"Box’, "off")

hfig2 = figure(2);
plot(tsol6exle3, hsol6xle3,'LineWidth’,LineWidth,
"Color’, color(6, :),
'DisplayName’, 'Height: Phase 6')
hold on
picturewidth = 20;
hw_ratio = 0.3;
%title(’'Phase 1+2+3+4+5+6")
ylabel(’$h$ $(mm)$")
xlabel('$t$ $(ms)$’)
set(findall(hfig2,’'-property’, 'FontSize’), 'FontSize’,Fontsize)
set(findall(hfig2, '-property’, 'FontName'), 'FontName’,'’
TimesNewRoman’)
set(findall(hfig2,'-property’, 'Interpreter’), 'Interpreter’,’
latex’)
set(findall(hfig2, ’'-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)
set(gca, 'Box’,’'on’,’LineWidth’,2)
set(hfig2, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])
legend(’'Interpreter’,’'latex’, 'FontSize',Fontsize,

"Location’, 'northeast’, 'AutoUpdate’,’on’,...
"NumColumns’,1, 'Orientation’, 'horizontal’,
"Box’, 'off")

%% Phase 7:

t7 =0.75;

tsol7 = linspace(t6,t7, 50);

Psol7 0xtsol7 + P_sup;

hsol7 = 0xtsol7;

figure(1)

plot(tsol7*x1le3, Psol7xle-5,'LineWidth’,LineWidth,
"Color’, color(7, :),
'DisplayName’, ’Pressure: Phase 7')

hold on

picturewidth = 20;

hw_ratio = 0.5;

title(’'Pressure change over time in injector’)
ylabel('$P$ $(bar)s’)

xlabel('$t$ $(ms)$’)
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set(findall(hfigl, '-property’, 'FontSize’), 'FontSize’,Fontsize)

set(findall(hfigl, '-property’, 'FontName'), 'FontName’,’
TimesNewRoman’)

set(findall(hfigl, '-property’, 'Interpreter’), 'Interpreter’,’
latex’)

set(findall(hfigl, '-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)

set(gca, 'Box’,’'on’,’LineWidth’,2)

set(hfigl, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])

legend(’'Interpreter’, ’'latex’, 'FontSize’,Fontsize,

"Location’, 'northeast’, 'AutoUpdate’,’on’,...
"NumColumns',1, 'Orientation’, 'horizontal’,
"Box’, 'off")

hfig2 = figure(2);
plot(tsol7+1le3, hsol7xle3, 'LineWidth’,LineWidth,
"Color’, color(7, :),
'DisplayName’, ’'Height: Phase 7'")
hold on
picturewidth = 20;
hw_ratio = 0.5;
title(’'Valve lift height’)
ylabel(’$h$ $(mm)$”")
xlabel(’'$t$ $(ms)$’)
set(findall(hfig2,'-property’, 'FontSize'), 'FontSize’,Fontsize)
set(findall(hfig2, ’'-property’, 'FontName’), 'FontName’, '
TimesNewRoman')
set(findall(hfig2, '-property’, 'Interpreter’), 'Interpreter’,’
latex’)
set(findall(hfig2,'-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)
set(gca, 'Box’,’on’,’LineWidth’,2)
set(hfig2, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])
legend(’'Interpreter’, ’'latex’, 'FontSize’,Fontsize,

"Location’, 'northeast’, ’AutoUpdate’,’on’,...
"NumColumns’,1, 'Orientation’, "horizontal’,
"Box’, 'off")

Listing B.2: odephase2
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function diffeqs=ode_phase2(t,var, VO, d2, phi_max, R, T_sup

A_effPV, m_va, P_sup, s, k, LO, P_cyl, D)
P var(l);
h var(2);
hdot= var(3);

% V(t)

V = VO - pi/4*xd272xh;

%sdp/dt

dPdt = -phi_maxxsqrt(2«R+«T_sup)x*(A_effPV/V)*x(P-P_cyl);

% dh/dt
dhdt = hdot;

%d~2h/dt”2

dhdtdt = 1/m_va*x((P_sup - P))*(d2”2 - D"2)*pi/4 - kx(LO + h)-((P
- P_cyl)*s);

if (h==0) && (dhdtdt<=0)
dhdtdt = 0;

end

diffeqs = [dPdt; dhdt; dhdtdt];

end

Listing B.3: odephase3

function dPdt = ode_phase3(t, P, phi_max, R, T_sup, A_effRO,
V_h,P_cyl)
dPdt = -phi_maxxsqrt(2*R+«T_sup)x*(A_effRO/V_h)x*(P);
end

Listing B.4: odephase4
function diffeqs=ode_phase4(t,var, VO, d2, phi_max, R, T_sup
A_effRO, m_va, P_sup, s, k, L0, P_cyl, D)
P = var(1l);

h = var(2);
hdot= var(3);

if P>= 50e5
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P= 50e5;
end
if h<= 0
h=0;
hdot=0;
end

% dh/dt

dhdt = hdot;

%d~2h/dt"2

dhdtdt = -(1/m_vax((P_sup - P)*(d2"2 - D"2)*pi/4 - kx(LO + h)

- (P - P_cyl)*s));

if h<= 0
dhdtdt = 0;
end
% V(t)
V = V0 - pi/4*xd2”2xh;
%sdp/dt

dPdt = phi_maxx*sqrt(2*R+T_sup)x*(A_effRO/V)*P_sup;

if P>= 50e5
dPdt = 0;
end

diffeqs = [dPdt; dhdt; dhdtdt];
end

Listing B.5: working load

%% Initial

clc

clear

close all

%% data

Delay_time =
[0,4,7.5,12.5,17.5,22.5,27.5,32.5,37.5,42.5,47.5,52.5,57.5,62.5,67.5];
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™ =
[0.015744,0.026317,0.032776,0.039138,0.043433,0.046539,0.04896,0.050987,0.05278

WL =
[0.25351,0.42377,0.52777,0.63021,0.69937,0.74939,0.78838,0.82101,0.85,0.87687,0

%% figure
figure()
%sscatter(Delay_time,WL, 'filled’)
%hold on
plot(Delay_time,WL,’'-0’,"'Color’,'b’, "MarkerFaceColor’, 'b’")
title(’ Working Load Change With Delay Time')
ylabel('Working Load’)
xlabel('Delay Time (ms)’)
ax = gca; ax.FontName = ’'Century Gothic’; ax.FontSize=16; ax.
FontWeight="bold’; ax.GridAlpha=0.07; ax.GridLineStyle='--"';
ax.LineWidth=1.5; ax.XColor=[0 0 0]; ax.XMinorTick='on’; ax
.YColor=[0 0 0]; ax.YMinorTick='on';
xtickformat(’'%.0f")
ytickformat(’'%.2f");
set(gca, 'fontname’, "times’);
set(gcf, 'Color’,'w’);

figure()
plot(Delay_time,TM,'b’, 'LineWidth’,1.5, 'LineStyle’,’-"’, '"Marker
",'none’, '"MarkerSize’,15)
title('Total Consumed Hydrogen Mass Change With Delay Time')
ylabel('Total mass of hydrogen (kg)’)
xlabel('Delay Time (ms)’)
ax = gca; ax.FontName = ’'Century Gothic’; ax.FontSize=16; ax.
FontWeight="bold’; ax.GridAlpha=0.07; ax.GridLineStyle='--"';
ax.LineWidth=1.5; ax.XColor=[0 0 0]; ax.XMinorTick='on’; ax
.YColor=[0 0 0]; ax.YMinorTick='on';
xtickformat(’'s.0f")
ytickformat(’'%.2f");
set(gca, 'fontname’, "times’);
set(gcf, 'Color’,'w’);

Listing B.6: compare

o°
o°

Initial
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clc

clear

%sclose all

%% Constant parameter

phi_max = 0.484; %the maximum value for the flow function

R = 4125.6; % the specific gas constant of hydrogen(J/(kg*K)=kgx*
m~2/(s"2xK))

P_sup = 50e5; % supply pressure(Pa = kg/(m*s~2))

T_sup = 293.15; % supply temperature(K)

A _effBV = 0.79e-6%25; % the effective cross-sectional flow area
of the pilot valve(m"2)

A_effRO = 0.07e-6%5; % the effective flow cross-sectional area

of the refilling orifice(m”2)

= 25.46e3;% spring stiffnes(N/m=kg/(s"2))

% F = 350; %cclsosing spring force(kg*xm/(s"2))

LO = F/kx2.5; % initial displacement

d2 = 75e-3%0.4; % The diameter of the actuator piston(m)

5 160e-6; % the nozzle cross-sectional area(m”2)

D 31.27e-3%x0.7; % the diameter of curtain(mm)

P_cyl = 3e5; % cylinder pressure

VO = 34.3e-6*4; % the initial volume of the piston (m"3)

m_va = 0.825/4; % mass of valve (kg)

h_max = 3.6e-3; % maximum of height (m)

delta_t = 0e-3; %s

color_ss = "#7E2F8E";

WL = 25.3;

%% calculate constants

sl = 3.468; %stroke in meters

d_bore = 0.92; %diameter in meters

we = 3990;%the work done by each cylinder(kJ)

u = 0.535;%efficiency of the engine in gas mode

hl = 120000;%fuel lower heating value(kJ/kg)

nl = 80; Srpm

alpha = 100; %available angular injection window

of

v = (pi/4*xd_bore”2xs1)*1000;%displacement per cylinder(dm”3)
w = we/v;%Indicated specific piston work(kJ/dm"3)

ml = (w/(uxhl))*v*nl*x60x360/alpha; %total mass flow(kg/h)

x = ml/v;%specific static flow (kg/(h*xdm"3))

x1 = x*xv/3600000;%mass flow rate(kg/ms)

Fontsize = 16;
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LineWidth = 2;

%% Phase 1: pressure drops to the critical value and the valve
starts to move

% Critical point: F_spring + pxpi/4*d272 = P_cyl*pi/4xd~2 + P_
sup * pi/4 *

% (d272 - D"2)

t0 = 0;

PO = P_sup;

P1 P_cyl + 10e5;

F =P.cyl *x s+ P_sup x pi/4 x (d272 - D*2) - Pl x (pi/4 * d2"2)

’

L0 = F/k;
% Pl = (P_cyl * s + P_sup * pi/4 * (d272 - D*2) - F)/ (pi/4 = d
27°2); % s = pi/4xd"2;

Gl = phi_max * sqrt(2xR«T_sup) * A_effBV/V0;
tl = -1/G1lxlog(P1/P0O);
hl = 0;

t_all = linspace(t0, t1, 20)’;

P_all = PO *x exp(-Glxt_all);

h_all = 0xt_all;

hfigl=figure(1l);

plot(t_allxle3, P_allxle-5, ’'LineWidth’,LineWidth,

"Color’, color_ss,
'DisplayName’, '$’+string(WL)+’ \%$')

hold on

picturewidth = 20;

hw_ratio = 0.3;

% title(’'Phase 1 Pressure’)

ylabel('$P$ $(bar)$’)

xlabel(’'$t$ $(ms)$’)

set(findall(hfigl, '-property’, 'FontSize'), 'FontSize’,Fontsize)

set(findall(hfigl, ’'-property’, 'FontName’), 'FontName’, '
TimesNewRoman’)

set(findall(hfigl, '-property’, 'Interpreter’), 'Interpreter’,’
latex’)

set(findall(hfigl, '-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)

set(gca, 'Box’,’'on’,’LineWidth’,2)

set(hfigl, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])

legend(’'Interpreter’, 'latex’, 'FontSize’,Fontsize,
"Location’, 'northeast’, 'AutoUpdate’,’off’,...

105



106 MATLAB CODE

"NumColumns’,1, 'Orientation’, 'horizontal’,
"Box’, 'off")

hfig2=figure(2);
plot(t_allxle3, h_allxle3, ’'LineWidth’,LineWidth,
"Color’, color_ss,
'DisplayName’, '$'+string(WL)+" \%$')
hold on
picturewidth = 20;
hw_ratio = 0.3;
% title(’'Phase 1 Height')
ylabel(’$h$ $(mm)$")
xlabel('$t$ $(ms)$’)
set(findall(hfig2,’'-property’, 'FontSize’), 'FontSize’,Fontsize)
set(findall(hfig2, '-property’, 'FontName'), 'FontName’,’
TimesNewRoman’)
set(findall(hfig2,'-property’, 'Interpreter’), 'Interpreter’,’
latex’)
set(findall(hfig2, ’'-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)
set(gca, 'Box’,’'on’,’LineWidth’,2)
set(hfig2, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])
legend(’'Interpreter’,’latex’, 'FontSize',Fontsize,

"Location’, 'northeast’, 'AutoUpdate’,’off’,...
"NumColumns’,1, 'Orientation’, 'horizontal’,
"Box’, 'off")

%% Phase 2:
tspan = [tl 0.1];
[tsol2, varsol2] = oded45(@(t, var) phase2(t, var, VO, d2, phi_
max, R, T_sup,
A_effBV, m_va, P_sup, s, k, LO, P_cyl, D), tspan, [P1l; 0;
01);

Psol2 = varsol2(:, 1);
hsol2 = varsol2(:, 2);
vsol2 = varsol2(:,3);

index = find(hsol2>h_max,1, 'first’);
t2 interpl(hsol2, tsol2, h_max);

P2 interpl(tsol2, Psol2, t2);

h2 = h_max;

tsol2 = tsol2(1:index);
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Psol2 = Psol2(1l:index);

hsol2 = hsol2(1l:index);
tsol2(end) = t2;
Psol2(end) = P2;
hsol2(end) = h2;

t_all = [t_all; tsol2];
P_all = [P_all; Psol2];
h_all = [h_all; hsol2];
hfigl = figure(l);

plot(tsol2xle3, Psol2xle-5, 'LineWidth’,LineWidth,
"Color’, color_ss)

hold on

picturewidth = 20;

hw_ratio = 0.3;

%title(’'Phase 1+2")

ylabel('$P$ $(bar)$’)

xlabel(’'$t$ $(ms)$’)

set(findall(hfigl, '-property’, 'FontSize'), 'FontSize’,Fontsize)

set(findall(hfigl, '-property’, 'FontName’), 'FontName’, '
TimesNewRoman’)

set(findall(hfigl, '-property’, 'Interpreter’), 'Interpreter’,’
latex’)

set(findall(hfigl, '-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)

set(gca, 'Box’,’'on’,’LineWidth’,2)

set(hfigl, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])

legend(’'Interpreter’, ’'latex’, 'FontSize’,Fontsize,
"Location’, 'northeast’, 'AutoUpdate’,’off’,...
"NumColumns’,1, ’'Orientation’, "horizontal’,
"Box’, "off’")

hfig2 = figure(2);

plot(tsol2xle3, hsol2xle3, 'LineWidth’,LineWidth,

"Color’, color_ss)

hold on

picturewidth = 20;

hw_ratio = 0.3;

%title(’'Phase 1+2")

ylabel(’$h$ $(mm)$")

xlabel(’'$t$ $(ms)$’)

set(findall(hfig2,'-property’, 'FontSize'), 'FontSize’,Fontsize)
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set(findall(hfig2,’'-property’, 'FontName’), 'FontName’, '
TimesNewRoman')

set(findall(hfig2,'-property’, 'Interpreter’), 'Interpreter’,’
latex’)

set(findall(hfig2, '-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)

set(gca, 'Box’,’on’,’LineWidth’,2)

set(hfig2, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])

legend('Interpreter’,’latex’, 'FontSize',Fontsize,

"Location’, 'northeast’, 'AutoUpdate’,’off’,...
"NumColumns’,1, ’'Orientation’, "horizontal’,
"Box’, 'off’)

% figure(3)

% dhdtdt = 1/m_vax(P_cyl * s + P_sup * pi/4 * (d272 - D"2) - kx(
LO+hsol2) - Psol2 x (pi/4 * d272));

% plot(tsol2x1le3, dhdtdt/le3)

% title(’acceleration’)

% ylabel(’$\frac{d"2h}{dt"2}$’,Interpreter="1latex’)

xlabel('t")

%% Phase 3:

VO - pi/4xd27°2xh2;

phi_max * sqrt(2xR«T_sup) * A_effBV/V3;

t3 = t2 + delta_t;

h3 = h2;

P3 =exp(-G3*(t3-t2))x*P2;

o°

o<
w w
o

tsol3 = linspace(t2, t3, 20);
Psol3 = P2xexp(-G3*(tsol3 - t2));
hsol3 = 0xtsol3 + h2;

hfigl = figure(l);

plot(tsol3*xle3, Psol3xle-5,'LineWidth’,LineWidth,
"Color’, color_ss)

hold on

picturewidth = 20;

hw_ratio = 0.3;

%title(’'Phase 1+2+3')

ylabel(’$P$ $(bar)s$”’)

xlabel('$t$ $(ms)$’)

set(findall(hfigl, '-property’, 'FontSize’), 'FontSize’,Fontsize)

set(findall(hfigl, '-property’, 'FontName’), 'FontName’,’
TimesNewRoman')
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set(findall(hfigl, '-property’, 'Interpreter’), 'Interpreter’,’
latex’)

set(findall(hfigl, '-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)

set(gca, 'Box’,’'on’,’LineWidth’,2)

set(hfigl, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])

legend(’'Interpreter’, 'latex’, 'FontSize’,Fontsize,

"Location’, 'northeast’, 'AutoUpdate’,’off’,...
"NumColumns’,1, ’'Orientation’, "horizontal’,
"Box’, 'off")

hfig2 = figure(2);
plot(tsol3xle3, hsol3xle3, 'LineWidth’,LineWidth,
"Color’, color_ss)

hold on

picturewidth = 20;

hw_ratio = 0.3;

%title(’'Phase 1+2+3')

ylabel(’$h$ $(mm)$”’)

xlabel(’'$t$ $(ms)$’)

set(findall(hfig2,'-property’, 'FontSize’'), 'FontSize’,Fontsize)

set(findall(hfig2, ’'-property’, 'FontName’), 'FontName’, '
TimesNewRoman’)

set(findall(hfig2, ’'-property’, 'Interpreter’), 'Interpreter’,’
latex’)

set(findall(hfig2,'-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)

set(gca, 'Box’,’'on’,’LineWidth’,2)

set(hfig2, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])

legend(’'Interpreter’, ’'latex’, 'FontSize’,Fontsize,

"Location’, 'northeast’, 'AutoUpdate’,’off’,...
"NumColumns’,1, ’'Orientation’, "horizontal’,
"Box’, "off’")

%% Phase 4:

V4 = V3;

h4 = h3;

G4 = phi_max * sqrt(2xR«T_sup) * A_effR0O/V4;

P4 = (P_cyl * s + P_sup * pi/4 *x (d272 - D"2) - F)/ (pi/4 = d
27°2);

t4 (P4-P3)/G4/P_sup+t3;

% P4 = P3 * exp(G4x(t4-t3));
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% t4 = t2+200e-3;
tsold = linspace(t3, t4, 200);

Psol4 = P3 + G4xP_supx*(tsol4-t3);
hsol4 = 0xtsold + h3;
hfigl = figure(l);

plot(tsol4xle3, Psol4xle-5,’'LineWidth’,LineWidth,
"Color’, color_ss)

hold on

picturewidth = 20;

hw_ratio = 0.3;

%title(’'Phase 1+2+3+4")

ylabel('$P$ $(bar)$’)

xlabel('$t$ $(ms)$’)

set(findall(hfigl, '-property’, 'FontSize’), 'FontSize’,Fontsize)

set(findall(hfigl, '-property’, 'FontName'), 'FontName’,'’
TimesNewRoman’)

set(findall(hfigl, '-property’, 'Interpreter’), 'Interpreter’,’
latex’)

set(findall(hfigl, '-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)

set(gca, 'Box’,’'on’,’LineWidth’,2)

set(hfigl, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])

legend('Interpreter’,’'latex’, 'FontSize',Fontsize,

"Location’, 'northeast’, 'AutoUpdate’,’off’,...
"NumColumns’,1, 'Orientation’, 'horizontal’,
"Box’, 'off")

hfig2 = figure(2);
plot(tsold4xle3, hsol4xle3,’'LineWidth’,LineWidth,
"Color’, color_ss)
hold on
picturewidth = 20;
hw_ratio = 0.3;
%title(’'Phase 1+2+3+4")
ylabel(’$h$ $(mm)$”")
xlabel('$t$ $(ms)$’)
set(findall(hfig2,’'-property’, 'FontSize’), 'FontSize’,Fontsize)
set(findall(hfig2, '-property’, 'FontName'), 'FontName’,’
TimesNewRoman')
set(findall(hfig2,'-property’, 'Interpreter’), 'Interpreter’,’
latex’)
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set(findall(hfig2, '-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)

set(gca, 'Box’,’on’,’LineWidth’,2)

set(hfig2, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])

legend('Interpreter’,’'latex’, 'FontSize',Fontsize,

"Location’, 'northeast’, 'AutoUpdate’,’off’,...
"NumColumns’,1, ’'Orientation’, 'horizontal’,
"Box’, "off’")

%% Phase 5:
tspan = [t4 0.5];
[tsol5, varsol5] = ode45(@(t, var) phase5(t, var, VO, d2, phi_
max, R, T_sup,
A_effRO, m_va, P_sup, s, k, L0, P_cyl, D), tspan, [P4; h4;
01);

Psol5 = varsol5(:, 1);

hsol5 = varsol5(:, 2);

vsol5 = varsol5(:,3);

index = find(hsol5<0,1, 'first’);
t5 = interpl(hsol5, tsol5, 0);

P5 = interpl(tsol5, Psol5, t5);
h5 = 0;

tsol5 = tsol5(1:index);

Psol5 = Psol5(1:index);

hsol5(1:index);
t

hsol5 =

tsol5(end) = t5;
Psol5(end) = P5;
hsol5(end) = h5;

hfigl = figure(l);
plot(tsol5x1le3, Psol5xle-5, 'LineWidth’,LineWidth,
"Color’, color_ss)
hold on
picturewidth = 20;
hw_ratio = 0.3;
%title(’'Phase 142+3+4+5")
ylabel('$P$ $(bar)$’)
xlabel(’'$t$ $(ms)$’)
set(findall(hfigl, '-property’, 'FontSize'), 'FontSize’,Fontsize)
set(findall(hfigl, ’'-property’, 'FontName’), 'FontName’,’
TimesNewRoman')
set(findall(hfigl, '-property’, 'Interpreter’), 'Interpreter’,’
latex’)
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set(findall(hfigl, '-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)

set(gca, 'Box’,’on’,’LineWidth’,2)

set(hfigl, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])

legend('Interpreter’,’latex’, 'FontSize',Fontsize,

"Location’, 'northeast’, 'AutoUpdate’,’off’,...
"NumColumns’,1, 'Orientation’, 'horizontal’,
"Box’, "off’)

hfig2 = figure(2);
plot(tsol5*x1le3, hsol5x1le3,’'LineWidth’,LineWidth,
"Color’, color_ss)

hold on

picturewidth = 20;

hw_ratio = 0.3;

%title(’'Phase 1+2+3+4+5")

ylabel(’'$h$ $(mm)$”")

xlabel(’$t$ $(ms)$”’)

set(findall(hfig2,’'-property’, 'FontSize’), 'FontSize’,Fontsize)

set(findall(hfig2,’'-property’, 'FontName’), 'FontName’,’
TimesNewRoman')

set(findall(hfig2,’'-property’, 'Interpreter’), 'Interpreter’,’
latex’)

set(findall(hfig2, '-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)

set(gca, 'Box’,’on’,’LineWidth’,2)

set(hfig2, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])

legend('Interpreter’,’latex’, 'FontSize',Fontsize,

"Location’, 'northeast’, 'AutoUpdate’,’off’,...
"NumColumns’,1, ’'Orientation’, 'horizontal’,
"Box’,'off")

%% Phase 6:

V6 = VO;

P6 = P_sup;

G6 = phi_max * sqrt(2xR«T_sup) * A_effRO/VO;

t6 = (P6-P5)/(G6*P_sup)+t5;

tsole = linspace(t5, t6, 50);

Psol6 = P5 + G6xP_supx(tsol6e - t5);
hsol6 = 0xtsol6;
hfigl = figure(l);

plot(tsol6xle3, Psol6xle-5, 'LineWidth’,LineWidth,
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"Color’, color_ss)

hold on

picturewidth = 20;

hw_ratio = 0.3;

%title(’'Phase 1+2+3+4+5+6")

ylabel('$P$ $(bar)$’)

xlabel(’'$t$ $(ms)$’)

set(findall(hfigl, '-property’, 'FontSize'), 'FontSize’,Fontsize)

set(findall(hfigl, '-property’, 'FontName’), 'FontName’, '
TimesNewRoman’)

set(findall(hfigl, '-property’, 'Interpreter’), "Interpreter’,’
latex’)

set(findall(hfigl, '-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)

set(gca, 'Box’,’'on’,’LineWidth’,2)

set(hfigl, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])

legend(’'Interpreter’, ’'latex’, 'FontSize’,Fontsize,

"Location’, 'northeast’, 'AutoUpdate’,’off’,...
"NumColumns',1, 'Orientation’, 'horizontal’,
"Box’, 'off")

hfig2 = figure(2);
plot(tsol6xle3, hsol6xle3, 'LineWidth’,LineWidth,
"Color’, color_ss)

hold on

picturewidth = 20;

hw_ratio = 0.3;

%title(’'Phase 1+2+3+4+5+6")

ylabel(’$h$ $(mm)$")

xlabel(’$t$ $(ms)$’)

set(findall(hfig2,'-property’, 'FontSize'), 'FontSize’,Fontsize)

set(findall(hfig2, ’'-property’, 'FontName’), 'FontName’, '
TimesNewRoman’)

set(findall(hfig2, '-property’, 'Interpreter’), 'Interpreter’,’
latex’)

set(findall(hfig2,'-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)

set(gca, 'Box’,’'on’,’LineWidth’,2)

set(hfig2, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])

legend(’'Interpreter’, ’'latex’, 'FontSize’,Fontsize,
"Location’, 'northeast’, 'AutoUpdate’,’off’,...
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"NumColumns’,1, 'Orientation’, 'horizontal’,

"Box’, 'off")
%% Phase 7:
t7 =0.75;

tsol7 = linspace(t6,t7, 50);

Psol7 = 0xtsol7 + P_sup;

hsol7 = 0xtsol7;

figure(1)

plot(tsol7x1le3, Psol7xle-5,’'LineWidth’,LineWidth,

"Color’, color_ss)

hold on

picturewidth = 20;

hw_ratio = 0.5;

title('Pressure change over time in injector at different
working load’)

ylabel('$P$ $(bar)$’)

xlabel('$t$ $(ms)$’)

set(findall(hfigl, '-property’, 'FontSize'), 'FontSize’,Fontsize)

set(findall(hfigl, '-property’, 'FontName’), 'FontName’, '
TimesNewRoman’)

set(findall(hfigl, '-property’, 'Interpreter’), 'Interpreter’,’
latex’)

set(findall(hfigl, '-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)

set(gca, 'Box’,’'on’,’LineWidth’,2)

set(hfigl, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])

legend(’'Interpreter’, ’'latex’, 'FontSize’,Fontsize,

"Location’, 'northeast’, 'AutoUpdate’,’on’,...
"NumColumns',1, 'Orientation’, 'horizontal’,
"Box’, 'off’)

hfig2 = figure(2);
plot(tsol7«1le3, hsol7xle3, 'LineWidth’,LineWidth,
"Color’, color_ss)
hold on
picturewidth = 20;
hw_ratio = 0.5;
title('Valve lift height at different working load’)
ylabel(’$h$ $(mm)$")
xlabel(’'$t$ $(ms)$’)
set(findall(hfig2, '-property’, 'FontSize'), 'FontSize’,Fontsize)
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set(findall(hfig2,’'-property’, 'FontName’), 'FontName’,’
TimesNewRoman')

set(findall(hfig2,'-property’, 'Interpreter’), 'Interpreter’,’
latex’)

set(findall(hfig2, '-property’, 'TickLabelInterpreter’),’
TickLabelInterpreter’, 'latex’)

set(gca, 'Box’,’on’,’LineWidth’,2)

set(hfig2, 'Units’, 'centimeters’, 'Position’,[3 3 picturewidth hw_
ratioxpicturewidth])

legend('Interpreter’,’latex’, 'FontSize',Fontsize,
"Location’, 'northeast’, 'AutoUpdate’,’on’,...
"NumColumns’,1, ’'Orientation’, 'horizontal’,
"Box’, "off")

115



This page intentionally left blank



117



118

DERIVATION OF ISENTROPIC FLOW FUNCTION
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Nomenclature

A cross-sectional area of flowing element

¥ weight density of fluid medium before inlet
into flowing element

F4 acceleration of gravity

h height of current point at free fall

H general height of fall

k adiabatic exponent

I general length of flowing element

Do P quantities of pressure before mlet and on
outlet of flowing element accordingly
Dxfl)  static head in stream

R gas constant

I thermodynamic temperature before inlet
mnto flowing element

2 outflow velocity (average in cross-section)

Ve  maximum possible outflow velocity

1 Introduction

The development of modern groundworks of gas
dynamics in the field of the flowing elements and
systems 1s bound with necessity ot only to create of
the physically adequate conceptual ideas and to de-
rive on its base of new mathematical expressions,
but also revise and find the final form of some exist-
g formulae. Saint-Venant—Wantzel's formula for
determining of the outflow velocity of gas stream
out of flowing element, system under specified
value of pressure drop i1s one of the formulae, which
has major value in gas dynamics of flowing systems
and to which it 1s necessary to impart the final form.

2 Approach

The considered formula 1s a product of long-term
development. Its historvy was started by Torricelli
and Galile1 experiments with the drop water
stream in 1643, Further, approximately 120 years
later. Borda and Du Buat have given to it the final
form for mechanics and hydraulics.

After, about 60 vears later (1839), Samnt-Venant
and Wantzel had substituted the available work of
gas expansion in the conditions of mechanical and
thermal isolation instead of height of free fall n
the Torricelli-Galilei-Borda-DuBuat (TGBD) for-
mula. So, SVW formula was appeared:

ﬁ B
i k
V. = lglXrr|1-| 2 Lo
k-1 Py I
or
k-1
v, = | kR 14 2| | o
k-1 P

Writing of SVW formula in the form (1) exactly
conform to substitution in TGBD formula of the
available work of gas expansion i reversible
adiabatic (isentropic) process. Writing of SVW
formula in the form (2) imply that the outflow ve-
locity of gas stream out of flowing element 1s de-
termined by the product of a maximum possible
outflow velocity of gas (outflow in vacuum) and
the dimensionless radicand containing initial py

Figure C.1: Derivation of isentropic flow function[30]
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znd final pr pressures. In the contracted form it
will match of the writing:

Having written TGED formula in the form:

e . B
[ thl-\_l_E,. EV'"““P_E )

it iz net difficult to detect that /' is simultansously
both difference of potentials of the propulsive en-
ergy, and the spatial longitudinal coordimate of the
motion during the free fall n it.

At compansen of the TGBD and SVW formulas
alzo 1t 15 not difficult to note, that the spatial coordi-
nate of motion vanishes i SVW formula when the
available work of ga: expansion in the reversible
adizbatic process 15 substituted instead of the height
of free fall in TGBD formula. This feature iz entirely
typical for thermodynamics, however the usefulness
of the SVW formula becomes more than doubtful
for calculation of cutflow velocity out of flowing
element. 3o, both wviewed formulae are non-
connected with any kind of the mteraction of the
moving solid, flud medium with ambient objects
znd mediums. And alenpside with 1t the spatial co-
ordinate of motion 15 absent m SVW formula. At
first zight the unfavourable situztion becomes con-
structive at the approach to it from the positions of
contact interaction energy. The SVW formula ac-
cording to such approach is the conservation equa-
tion of energy (the weight or velume density of en-
ergy more precizely) in the simplest form. The prob-
lem is to take inte account the spatially - energy
comnection of the flowing system the physically
adequately and mathematically correctly in this con-
zervation equation. The mathematical expression
for the spatially - energy connection of gas stream
with wall of flowing element i necessary to have
and to know, how this connection will be inzerted
inte considered equation for the sclution of the
problem.

3 Solution

The mathematical expression of the spatially - en-
ergy connection of gas stream with wall i shown
[1, 2] in the form of static head law for gas strezm in
flowing element. There are simultanecusly the con-
tact interaction energy of gas stream with streamline
surface and power of the counter pressure in this
law. This second factor has been prezented in the
traditional form of the writing of SVW formula The
zolution of the formulated problem iz reduced to

replacement of pr by PafL} in the mentioned for-
mulae (1.2). In the result we finds:

i

g | o
V.= = kgRlﬁil{—p“{i}] J'><5>

& k-1 I

or

Expressions (3,6) are the final form of the formula
for the outflow velocity of gas stream out of the
flowing element. The obtained expressicns have
generality, and SVW formula is its particular form
for solution of preblem concemed with the de-
scription of the gas peintwise - symmetric (spheri-
cal) expansion in gaszecus medium. At the same
time the mass centre of the gas 15 kept in rest.

4 Discussion of results

The obtained expression in the forms (3. 6) m-
plies, that the actual outflow velocity of gas stream
1z determined as kinematic parameter of motion by
Its maximum possible quantity at cutflow to empty
space (F..) with taking mto account of energy
contents of the outflowing and surrounding medi-
ums and intensity of contact mteraction of gas
stream with the walls of the flowing element. Such
the physical sense 15 much wider than sense in-
cluded in 1t by Saint-Venant and Wantzel and con-
sisting m the simple substitution of expression for
the available work of gas expansion at reversible
adiabatic (polytropic) process instead of heizht of
free fall in TGBD formula. The new physical
sense is wider as well than the traditional thermo-
dynamic interpretation, according to which the
outflow wvelecity is determined by difference of
heat contents (enthalpies) of cutflowing and sur-
rounding mediums.

The distinguish of principle of the new formula is
alzo what the process of the motion is presented as
3 mechanically imeversible process in it. This
property of moticn of gas stream in the flowing
element is the alienable and permanent facter. The
heat exchange can be absent. In this case, the out-

Figure C.2: Derivation of isentropic flow function[30]
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