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Problem Description

Injecting ammonia directly into the cylinder raises research questions related to the internal
fluid flow of ammonia in the injector, where cavitation can occur, potentially deteriorating
the discharge coefficient of the nozzle. Furthermore, the ammonia spray is affected by the
internal flow pattern, thereby affecting the mixing with air inside the cylinder and the com-
bustion process. This is important information needed as input to numerical simulations of
ammonia combustion in engines. This master thesis will focus on characterizing ammonia
injection under engine-like conditions. The primary objective of the master thesis is to mea-
sure the mass flux and momentum flux through a GDI injector injecting liquid ammonia.
The subsequent objective is to investigate liquid ammonia sprays in the constant volume

chamber.

o Conducting a literature review for ammonia sprays in engine applications and the

methods used.

o Preparing the experimental equipment for measuring the momentum flux of an ammo-

nia injection.
o Preparing equipment for measuring the injected mass per injection.

o Comparing results with numerical simulation performed by the group.



Abstract

Increasing awareness of the consequences of pollution and a desire to decarbonise internal
combustion engines (ICE) have made ammonia a fuel of interest for the shipping industry.
To optimize the ICE performance, it is necessary to investigate the behaviour of ammonia
out of the injector. Due to the high vapour pressure of ammonia compared to carbon-based
fuels, an increased tendency of cavitation in the injector nozzle is expected [1]. Cavitation is
predicted to limit the injected mass of ammonia and give ammonia a different spray behaviour
out of the injector. To this date, there is little experimental data on this subject, and further
investigation into fuel characterisation is needed.

This master thesis is part of a larger study where the main objective is to develop a
deeper understanding of the characteristics of liquid ammonia sprays, with the experimental
investigation to support numerical simulations. In this thesis, the spray characteristics of
ammonia through a Gasoline Direct Injection (GDI) injector into a high-pressure chamber
filled with nitrogen were investigated.

The momentum flux, injected ammonia mass, instantaneous mass flow, discharge co-
efficient, spray angle, spray penetration length and spray penetration velocity have been
measured and examined. The momentum flux was obtained using a force transducer, and
the injected mass was found by including a weight in the ammonia fuel system. From the
results obtained, an increase in ambient pressure from 2 bar to 20 bar resulted in a decrease
in the discharge coefficient from 0.56 to 0.51 for an injection pressure of 200 bar. The spray
behaviour out of the injector was captured using the shadowgraph imaging technique. The
spray penetration length and velocity were found to be highly dependent on the chamber
pressure, with an increasing ambient density resulting in a lower spray penetration velocity.
The flash boiling conditions also influenced the spray behaviour, where at flare flashing con-
ditions, the shape of the spray changed significantly. The angle of the ammonia spray out of

the injector was found to be dependent on the flash boiling conditions.
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Sammendrag

Det er et gkende fokus pa a fa ned klimautslipp, og et gnske om & minske forurensning knyttet
til transport og forbrenning. Dette har gjort ammoniakk til et potensielt lovende karbonfritt
drivstoft for forbrenningsmotoren, seerlig innen skipsfart.

Per na er det lite informasjon hvordan ammoniakk oppfgrer seg i forbrenningsmotoren,
spesielt oppferselen ut av injektoren. Det er forventet en hgyere grad av kavitasjon gjennom
injektoren grunnet ammoniakks hgye fordampningstrykk, som videre er forventet a pavirke
spray-oppfgrselen og mengden masse injisert. For a optimalisere motorytelsen er det av
interesse a undersgke strgmningen av ammoniakk ut av injektoren, hvor det for gyeblikket er
lite eksperimentelle data.

Denne masteroppgaven er en del av en stgrre studie hvor formalet er a oppna en bedre
forstaelse av egenskapene til flytende ammoniakk-spray, hvor eksperimentelle resultater skal
stgtte opp numeriske simuleringer. I dette eksperimentelle arbeidet har egenskapene til am-
moniakk blitt undersgkt i et hgytrykkskammer, hvor ammoniakk har blitt testet under ulike
kammertrykk og injeksjonstrykk. En kraftsensor, vekt og hgyhastighets-kamera har blitt
benyttet under forsgkene. Sprayens kraft, moment, hvor mye masse som injiseres, massefluks,
sprayform, spraylengde, sprayens hastighet og vinkel er egenskaper som har blitt undersgkt.

Resultater fra denne oppgaven viser at et gkende kammertrykk fra 2 bar til 20 bar gir en
lavere Cy (Discharge coefficient) fra 0.56 til 0.51, ved et injeksjonstrykk pa 200 bar. Det er
ogsa vist en sammenheng mellom spraylengde og kammertrykk, hvor et hgyere kammertrykk
gir en lavere hastighet av sprayen. Sprayens oppfgrsel ble ogsa pavirket av fenomenet flash

boiling, hvor spray-formen ble betydelig pavirket ved lavere kammertrykk.
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1 Introduction

Growing awareness of the consequences of pollution and greenhouse emissions is a driving
force to change the transportation sector. There is an increasing focus on reducing carbon
emissions and utilizing carbon-free fuels instead of fossil fuels. This has pushed the maritime
industry to search for new combustion systems, where ammonia is a fuel of interest to enable
the decarbonization of internal combustion engines (ICE).

Ammonia contains a large amount of hydrogen, with hydrogen constituting approximately
17.7% of ammonia by weight. Ammonia is liquefied at moderate temperatures and low
pressures, making it easier to store and transport compared to other carbon-free fuels such
as hydrogen [3]. These storage capabilities, combined with having a high hydrogen content
with no carbon, make ammonia a promising fuel for ICE.

Several engine manufacturers are currently working on concepts implementing ammonia
as fuel in ICEs [4] [5] [6]. One of these concepts is based on utilizing a high-pressure multi-
hole injector to directly inject the ammonia into the engine cylinder. By employing a direct
injection technique, there is no need to evaporate ammonia prior to injection. Hence, the
hypothesis is the unburned ammonia emissions will decrease compared to port-injected am-
monia, where premixed air-fuel combustion leads to a higher degree of flame quenching on
the engine walls and ammonia mass trapped in the crevices [7] [8] [9]. Additionally, by em-
ploying direct injection, more options to fuel mixing are possible, where premixed, partially
premixed and non-premixed combustion can be achieved depending on the energy ratio of
ammonia and diesel.

However, there are challenges in employing ammonia as fuel in ICEs related to its poor
combustion properties, having a high ignition energy and temperature, low flame speed and
low adiabatic flame temperature in comparison to diesel [7]. Additionally, ammonia has
a different fuel behaviour related to its higher volatility, lower viscosity and high vapour
pressure, which is expected to influence its behaviour through the injector nozzle and in the

chamber.



1.1 Objective

Investigation into the behaviour of ammonia out of the injector is of interest to optimize the
ICE performance. Having little experimental data on this subject, a deeper investigation
into fuel characterization is needed.

This master thesis presents the experimental results to give a better understanding of the
internal flow through a Gasoline Direct Injection (GDI) injector operating with ammonia.
The project explores the use of rate of momentum to characterize the internal flow, which is
important for predicting the mixing potential of the injection process. When combined with
mass measurements, it is possible to compute the nozzle performance under different condi-
tions. Additionally, shadowgraph has been employed to investigate the spray characteristics
optically, acquiring the spray angle, spray penetration length and spray penetration velocity
under non-flash and flash boiling conditions. Finding these parameters is a motivation for
the study, as they are significant for engine performance and pollutant formation. This thesis
fits into a larger study where the main objective is to develop a better understanding of the
characteristics of liquid ammonia sprays, with the experimental investigation to support the
numerical simulations.

The thesis focuses on the experimental setup and uncertainties in the results. The exper-
iments are conducted in a high-pressure chamber filled with nitrogen. A force transducer is
used to measure the force out of the nozzle, a weight is added to the ammonia fuel system to
measure the injected mass and the spray behaviour is captured using a high-speed camera

system. The test rig was first set with nitrogen before being operated with ammonia.

1.2 Previous work

This master thesis is a continuation of the project thesis, submitted in the fall of 2022.
In the project thesis, a single-hole GDI injector was investigated. A literature review was
conducted, the experimental equipment for the momentum flux measurements was assembled,
and the post-processing methodology for the momentum flux was initiated. First, the rig was
operated using decane before changing the fuel to ammonia. When operating with ammonia,

it was discovered the single-hole GDI was unable to seal; hence a leakage occurred. Due to



this leakage, only one experiment was executed using ammonia, and no measurements were

obtained for injected ammonia mass.

1.3 Thesis structure

The thesis begins with a theoretical background where relevant equations are presented. In
the following section, the methods for the experiments are explained with the given equipment
and techniques before presenting the results with a discussion. The final section draws
conclusions gathered throughout the project and provides recommendations for future work.
Considering the master thesis is a continuation of the project thesis, some of the sections are

similar for both theses [10].



2 Theory

A description of the relevant theoretical background will be made in this chapter. Considering
the master thesis is a continuation of the project thesis, some of the sections are similar for

both theses [10].

2.1 Internal Combustion Engines

An increasing focus on emission control has resulted in intensive research to optimize the
efficiency of combustion engines. The most common injection system for Otto engines is
Port Fuel Injection (PFI), however, the use of Gasoline Direct Injection (GDI) engines is
expected to grow over the years [2]. In Figure 1, illustrations of the injection systems are
displayed, with the injector highlighted in pink. As portrayed to the left in the figure, the fuel
is injected into the intake port for PFI engines. Having combustion of an air-fuel homogeneous
mixture at relatively low temperatures, the PFI engines typically release less toxic emissions
and pollutants [11]. With strict emission regulations for engines and a desire to enhance
efficiency, performance and fuel economy, GDI systems are viewed as the successor.

In GDI engines, the fuel is injected directly into the combustion chamber, as depicted to
the right in Figure 1. Without the need to pump fuel into the intake port, pumping and
mechanical losses are reduced significantly, resulting in the fuel being used more efficiently [2] .
In GDI engines, the fuel is injected at a higher pressure, making fuel droplet sizes significantly
smaller than for PFI engines, resulting in an enhanced liquid-air interface. Consequently, GDI
engines deliver a higher power output for the same amount of fuel. However, GDI systems
have drawbacks such as emissions, complexity and costs, and to overcome the deficiencies and
challenges, a fundamental understanding of all characteristics of the spray, fuel development
and interaction between the main affecting parameters has to be gained.

If ammonia is employed in shipping, it would possibly require the use of a diesel injector
due to the higher pressures involved. However, since this technology has not yet been devel-
oped, it presents a greater level of uncertainty regarding its implementation. GDI injectors
can be operated at lower fuel pressures than diesel injectors, and there is no return line for

the fuel. Consequently, due to practicality, a GDI injector has been chosen for this project.
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Port Fuel Injection (PFI) Gasoline Direct Injection (GDI)

Figure 1: Illustration of Port Fuel Injection and Gasoline Direct Injection.

2.2 Ammonia

The IMO (International Maritime Organization ) 2023 regulation focuses on vessel efficiency
and carbon emissions [12]. It is part of the International Maritime Organization’s Greenhouse
Gas Strategy (GHG) working on a reduction of ocean freight carbon emissions. To reach these
ambitions, technical and operational energy efficiency measures will be essential, but not
adequate by themself. Consequently, low-carbon or carbon-free fuels need to be implemented
in the fuel mix, where ammonia has attracted wide interest as a carbon-free fuel.

Ammonia is an inorganic compound of nitrogen and hydrogen, with the chemical formula
NHs. Ammonia contains a large amount of hydrogen, where hydrogen constitutes approx-
imately 17.7% by weight. It is liquefied at moderate temperatures and low pressures: at
atmospheric pressure, ammonia turns liquid at -33.3°C, while at ambient temperatures of
20°C, ammonia turns liquid at 8.57 bar. Having these properties makes ammonia easier to
store compared to other carbon-free fuels such as hydrogen, hence the cost of storage per

energy unit is significantly cheaper.



The thermophysical properties of ammonia are summarized in Table 1. Diesel is included
in the table as an example of conventional fuel, while iso-octane is included as a reference
GDI fuel, as it has been investigated in several previous studies [13][14]. From the table,
it is noted that ammonia has a significantly lower boiling point than the other fuels, at a
temperature below ambient conditions. It is also observed that ammonia has under half of
the lower heating value of the other fuels, while five times higher latent heat of vaporization.
However, ammonia has a much lower stoichiometric air-to-fuel ratio (AFR), at less than half
of the AFR of diesel. This implies that given the same amount of air, the total energy output

would be comparable for both fuels.

Table 1: Thermophysical properties of ammonia, diesel and iso-octane ((a) in liquid phase,
(b) at 20°C, (c) boiling point for hydrocarbons C9-C20, (d) at 15°C). [15][16][17][18] [19]

Fuel type Ammonia Diesel Iso-octane
Chemical formula NH; - CgHqg
Density [kg/m?] 602.8(®) 830 698(4)
Lower heating value [MJ/kg] 18.6 42.5 44.6
Latent heat of vaporization [kJ/kg] 1270 250 272
Cetane Number - >49 -
Ignition temperature [°C] 651 210 530
Stoichiometric air-fuel ratio (AFR) 6.1 14.3 14.7
Boiling point [°C] -33.3 163-357 © 99.2
Vapour pressure [bar] 8.57 () - -

2.3 Ammonia for Power

In ICE so far, most ammonia applications have been executed using PFI, with ammonia in
the gaseous phase being premixed with air [20][21][22], also known as reactivity-controlled
compression ignition (RCCI), or low pressure dual fuel (LPDF) engine. As mentioned in
section 2.1, injecting fuel directly can improve efficiency due to better filling. Regarding am-
monia application, this could potentially reduce ammonia slip: giving less unburned ammonia
in the exhaust [23]. Using a direct injection (DI) with ammonia in a liquid phase, ammonia
must either be pressurized to approximately 9 bar (at ambient temperature) or cooled down
to temperatures below -34 °C (at ambient pressure), referring to Table 1. Direct injection

of ammonia can affect the engine stability due to the decrease of in-cylinder temperature
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[1]. Research suggests that a low in-cylinder temperature combined with ammonia’s high
resistance to auto-ignition can result in a delayed start of combustion, and further, unsuc-
cessful combustion causing a high amount of unreacted species such as NO, CO and PM [24].
Another concern with ammonia as a fuel for ICEs is related to the high saturation pressure,
hence, flash boiling may occur: when a subcooled liquid is rapidly depressurized to a pressure
below its liquid saturation pressure [1].

Having both low specific energy and low laminar burning velocity, combined with high
auto-ignition temperature and elevated ignition energy, makes ammonia difficult to burn in
pure form. Thus, studies have suggested that ammonia needs to be mixed with other fuels as
combustion promoters to make it a viable fuel for ICEs [25]. Projects exploring this dual-fuel
approach show that ammonia-fueled engines have low power losses, while no more corrosion
or higher consumption of lubricant than conventional fuels.

Modifying a diesel ICE to a combination of diesel and ammonia, with diesel acting as the
combustion promoter, has shown promising results. Results from studies gathered by Valera-
Medina et al. show that peak engine torque could be achieved by using different combinations
of diesel and ammonia [25]. From these reports, the same torque output was achieved for a
systematic ammonia increase, leading to a monotonic COy reduction. In addition, for fuel
mixtures not exceeding 60 per cent ammonia as energy substitution, lower NO, emissions
were measured [26].

For determining engine performance and emission control in diesel engines, injection
strategies including injection timing and pressure play an important role [27]. It is reported
that early injection causes lower soot and higher NO, emissions than a late injection. By
having advanced injection timing and high fuel injection pressure, more efficient and cleaner
combustion can be obtained [28], and employing an advanced start of injection with engines
operating with ammonia, the major benefit of complete combustion of the ammonia is re-
ported [15]. Consequently, having an understanding of the timing and delays of the current
injector is of interest.

To implement ammonia in power devices, a further understanding of its combustion be-
haviour is needed. Therefore, a deeper understanding of ammonia spray characteristics and

internal flow behaviour through a GDI injector is required to optimize the ICE performance.



2.4 Cavitation

In primary spray breakup and development processes, cavitation and turbulence inside the
injector play a critical role. Hence, to capture the injection process with accuracy, it is
important to understand the cavitation phenomenon. Cavitation is the phase transition of
fluid from liquid to vapour due to low pressure. For the injector, cavitation will likely appear
in the inlet of the nozzle hole due to the sharp edges, significant change in cross-section and
change in flow direction [29].

Figure 2 shows a simplified sketch of the fluid flow through the injector nozzle hole. In
the figure, the vena contracta is noted as being the point in a fluid stream where the diameter
is the least and fluid velocity is at its highest [29]. According to the Bernoulli principle, this
causes a reduction in the local s