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Abstract

The use of biofuels has increased to reduce the emissions from fossil fuels. However, the use of biofuels results
in deposit formation inside the injector, which leads to issues with the drivability of the vehicle. The most
believed hypothesis behind the deposit formation is that engine oil contamination in the fuel system leads to
formation of calcium sulphate crystals that soft particles adhere to. Moreover, temperature is claimed to have a
significant effect on the deposit formation. To ease the shift towards more renewable fuels, more understanding
behind the deposit mechanism is needed. Therefore, this study aimed to investigate the mechanism behind
internal injector deposits with a newly designed lab scale rig to get a deeper understanding of the mechanism,

and especially the role of calcium sulphate and temperature.
The aim was achieved by dividing the experimental work into two parts:

a) Running the test-rig with test fuels followed by analyses of the samples with mainly SEM-EDX and
FTIR, to understand the role of temperature, and engine oil for the deposit mechanism.
b) Solubility studies of calcium sulphate to understand the role of calcium sulphate for the deposit

mechanism.

The results showed that the newly designed test rig worked well, where the results were consistent with literature
and offered repeatability. Thereby, the rig is recommended for future studies of internal injector deposits. A
deeper understanding of the mechanism behind the internal injector deposits was successfully achieved. For the
first time, a FTIR and SEM-EDX study was performed over a temperature gradient, which made it possible to
see the onset temperature for different reactions and to identify deposits in different temperature ranges. It was
showed that the deposit formation was temperature dependent with different types of deposits in different
temperature ranges. At temperatures below 100°C, zinc sulphate and unreacted metal carboxylates were the
dominant species. Above 100°C, the metal carboxylates changed form and became more concentrated while the
concentration of zinc sulphate decreased. Moreover, calcium sulphate showed to be formed to a large extent
when the temperature exceeded 100°C. The temperature study and results are unique and unknown in the
literature. Ostwald ripening has been proposed as a possible mechanism in the literature but turned out to be
unlikely. The dissolution of calcium sulphate by engine oil additives followed by precipitation in the fuel
showed to be a more likely mechanism. It was also shown that soap deposits promoted the deposit formation of

calcium sulphate crystals, which is in line with the field observations since they normally coexist.

Keywords: Biodiesel, deposit formation, engine oil, calcium sulphate, internal diesel injector deposits



Sammanfattning

Anvandningen av biobranslen har 6kat for att minska utslappen fran fossila branslen. Biobranslen kan dock leda
till belaggningar inuti injektorn, vilka paverkar fordonets korbarhet. Den mest trodda hypotesen bakom
beldggningsbildningen &r att fororening av motorolja i brénslesystemet leder till bildning av
kalciumsulfatkristaller som mjuka partiklar faster till. Dessutom pastas det att temperaturen har en signifikant
paverkan pa belaggningsbildningen. For att stalla om till mer fornyelsebara branslen kravs mer forstaelse bakom
beldggningarnas mekanism. Déarfor var syftet med denna studie att undersdka mekanismen bakom interna
injektorbelaggningar med en nydesignad rigg i laboratorieskala for att fa en djupare forstaelse av mekanismen,

och i synnerhet rollen av kalciumsulfat och temperatur.
Syftet uppnaddes genom att dela upp det experimentella arbetet i tva delar:

a) Kora riggen med testbranslen foljt av analyser av de kérda proverna med huvudsakligen SEM-EDX
och FTIR, for att forsta rollen av temperatur och motorolja for beldaggningarnas mekanism.

b) Loslighetsstudier av kalciumsulfat for att forsta rollen av kalciumsulfat for belaggningarnas mekanism.

Resultaten visade att den nydesignade testriggen fungerade bra med resultat som 6verensstamde med litteratur
och erbjod repeterbarhet. Darmed rekommenderas riggen for framtida studier av interna injektorbelaggningar.
En djupare forstaelse av mekanismen bakom interna injektorbelaggningar uppnaddes framgangsrikt. For forsta
gangen utfordes en FTIR och SEM-EDX studie Gver en temperaturgradient, vilket gjorde det majligt att se
starttemperaturen for olika reaktioner och identifiera beldggningar i olika temperaturintervall. Det visades att
beldggningsbildningen var temperaturberoende med olika typer av beldggningar i olika temperaturintervall. Vid
temperaturer under 100°C var zinksulfat och oreagerat metallkarboxylat de dominanta &mnena. Over 100°C
andrade metallkarboxylatet form och blev mer koncentrerat medan koncentrationen av zinksulfat minskade.
Dessutom visades det att kalciumsulfat bildades i stor utstréckning nér temperaturen Oversteg 100°C.
Temperaturstudien och resultaten &r unika och okénda i litteraturen. Ostwald-mognad har foreslagits som en
mdojlig mekanism i litteraturen men visade sig vara osannolik. Upplésningen av kalciumsulfat av motoroljans
additiv foljt av utfallning i branslet visade sig vara en mer sannolik mekanism. Det visades ocksa att
tvalbelaggningar framjade belaggningsbildning av kalciumsulfatkristaller, vilket Gverensstammer med

faltobservationer da de vanligtvis samexisterar.

Nyckelord: Biodiesel, beldggningsbildning, motorolja, kalciumsulfat, interna dieselinjektorbelaggningar
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1. Introduction

The world is facing climate change with severe consequences such as high temperatures, extreme weather,
drought, reduced biodiversity, and threatened food security. The major contributor to climate change is the use
of fossil fuels, which represents above 75% of the global greenhouse gas (GHG) emissions. Fossil fuels are used
in several applications such as transportation, industry, and electricity and heat generation [1]. There is a need
for fossil fuels to meet the world’s energy demand where a reduced use could result in food, energy, and water
crises. However, due to climate change and the fact that fossil fuels are finite resources, renewable and climate-

friendly resources are needed [2].

Transportation is the major contributor to the emissions from fossil fuels where it accounts for about 30% of
the energy-related carbon dioxide emissions globally and almost 25% of the total GHG emissions in Europe
[1], [3]. Road transport has the largest contribution, as it represented over 70% of the GHG emissions from
transport in Europe in 2014. In Europe, work is ongoing to shift to transports with low emissions where GHG
emissions must be 60% lower in 2050 than in 1990 [3]. In 2020, the EU implemented a regulation on CO;
emission performance standards for cars and vans. Moreover, in 2021, the European Commission proposed
legislation for the achievement of climate neutrality in the EU by 2050. The proposals include a target where a
55% net reduction of GHG emissions should be reached by 2030. These regulations contribute to achieving the

Paris Agreement, reducing fuel costs, and strengthening competitiveness in the vehicle industry [4].

To reduce the GHG emissions in the EU, one priority area within the transport sector is to use low-emission
alternative energy sources such as biofuels, electricity, hydrogen, and renewable synthetic fuels. Blends of
biodiesel with fossil fuels or pure biodiesel can contribute to a significant reduction of the GHG emissions [5].
The use of biofuels promotes several of the sustainable development goals (SDGs). One connected goal is SDG
7 since it includes an increased use of renewable energy. Moreover, SDG 11 about sustainable cities, in which
the environmental impact of cities should be reduced, is favoured using biofuels. There is also a connection to
SDG 12 since it involves the use of natural resources. Lastly, SDG 13 can be connected, which is focusing on
climate action, and as mentioned the use of biofuels result in reduced net GHG emissions [6]. However, besides
the benefits with biofuels, blends with fossil fuels lead to solubility issues in the injector, which affects the
performance of the engine. The use of, for example, fatty acid methyl esters (FAME) and hydrotreated vegetable
oil (HVO) as drop-in fuels increases the risk of precipitation of easily degradable impurities of the fuel, which

can lead to formation of deposits in the injector and damage the engine [7].

Vehicles have faced issues with the drivability such as rough idling, high fuel consumption, power loss, and
failures. A reason for this is that formed deposits inside of the injector make the movement of the injector
restricted. Therefore, the injector needle get stuck, and failures occur [7]-[9]. Research has been performed to
achieve an understanding about the deposit formation to be able to prevent it. However, the issue is not solved,

and more research is needed, which acts as a basis for this study.
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1.1 Aim

The aim of this study was to investigate the mechanism behind internal diesel injector deposits (IDID) to
increase the understanding of deposits and why they are formed. The focus was to understand the affect of
temperature, inclination, and addition of engine oil with help of a modelled lab scale injector, called thermal
deposit test (TDT). Variations of the temperature, inclination, and addition of engine oil made it possible to gain
a deeper understanding of the deposit formation. Moreover, the study aimed to examine if the deposit formation

could be a consequence of engine oil contamination in the fuel system.

1.1 Research Questions

To answer the aim of the study, the following research questions were answered in the study:

« Is it reasonable that soluble CaSOs; is transferred from the engine oil to the fuel and then precipitates?

+» How does the temperature affect the deposit formation regarding morphology, amount, and type?

+» How does the use of a tilted apparatus affect the deposit formation regarding morphology, amount, and
type?

+«+ How does the deposit formation depend on the addition of fresh and used engine oil?

1.2 Delimitations

This study was delimited by some factors, which limited the amount of new information that could be obtained
by the investigations. Firstly, the maximum setting temperature of the heating plate used in the modelled lab
scale injector was 250°C due to material aspects, which restricted the possible temperature range for
investigation to 50-190°C. Moreover, a constant pressure of 1.7 bar was used in the TDT due to material aspects.
The analyses were mostly performed by scanning electron microscope-energy dispersive X-Ray (SEM-EDX)
and Fourier transform infrared microscopy-attenuated total reflectance (FTIR-ATR) because of time constraints.
Lastly, it would have been of relevance to investigate a vertical rig but due to construction issues a maximum

inclination of 30° degrees could be used.
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2. Background

Here follows relevant background information to support the experiments made in this report. Topics covered
are different types of fuels, engines, IDIDs, and analysis methods. The formation of IDIDs as well as effects
and important parameters are covered. The utilised analysis methods in this investigation were SEM-EDX,

FTIR-ATR, pyrolysis GC-MS, and ion milling, where relevant information about them are comprised.

2.1 Biofuels

According to Abas et al. [2], it has been shown that natural resources other than fossil fuels can meet the world’s
energy demand. Advantages of the use of biofuels include high power generation, low greenhouse gas emission,
and high performance. However, there are also disadvantages such as high cost and energy requirement, low
energy density, and high land area [10], [11]. Biofuels can be divided into four categories, namely first, second,
third, and fourth generation depending on the source and production. The first generation is from edible biomass,
the second from non-edible, the third from algae, and the fourth from microalgae. Large amounts of biofuels
are from first generation, produced from sugar, starch, and oil-seed feedstocks, which is competing with food
security [10]. The feedstock used for biofuels is dependent on the availability in different countries where, for

example, rapeseed is used a lot in Europe, and soybeans in the US and Brazil [7].

Different types of biofuels include, for example, bioethanol, vegetable oil, and biodiesel. Bioethanol is an
important biofuel for transportation and can be used in both conventional petrol vehicles, and flexi-fuel vehicles
[10], [11]. According to Lamb et al. [8], it has become more common with ultra-low sulphur diesel (ULSD) and
renewable fuel blends where HVO and biodiesel are used. Sulphur in fuels leads to the formation of particulates
and soot, which contribute to air pollution. Moreover, even small amounts of sulphur in diesel fuels can poison
catalysts and reduce the effectiveness of oxidation. Many countries have adopted environmental regulations to
decrease the sulphur content in fuels to 10-15 ppm, leading to ULSD fuels [12].

HVOs are paraffinic non-polar hydrocarbons without aromatics and sulphur. The paraffinic content results in a
high cetane number and low density. The cetane number affects the performance of the engine, and indicates
the ignition delay time of the fuel during combustion [13]. A high cetane number has several benefits such as
reduced ignition delay time, improved cold start ability, and reduced smoke, noise, and emissions. However,
the low density implies a lower volumetric energy content than of conventional diesel and biodiesel, and thereby
also a higher fuel consumption [7], [14]-[16]. HVO can be used by itself, or in blends with petroleum diesel or
additives [16]. The HVOs can be produced from a variety of feedstocks such as vegetable oils, recycled oils, or
animal fats, in which the properties remain the same regardless of the feedstock [14]-[16]. Advantages
compared to biodiesel are decreased deposit formation, improved storage stability, and better cold properties
[7], [14]. Moreover, the emissions of CO, HC, soot, NOy and particulate matter are lower than for both biodiesel
and petroleum diesel [15], [16]. However, the investment costs of HVO production are higher than those of
FAME production [15].
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HVOs are produced by a hydro processing technique in which a high temperature and pressure are used together
with catalysts and excess of hydrogen. Two types of catalysts are used in the hydrotreating process, namely
noble catalysts, and transition metals. Initially in the hydrotreating process, double bonds are saturated, and
cracking occurs. Cracking is needed to obtain molecules with a chain length within the boiling point range of
diesel. Oxygen also needs to be removed from the product to improve oxygen stability and the heating value
[16].

On Scania CV AB biodiesel is used as biofuel, where the biodiesel can be added to petroleum diesel in different
amounts such as 7% (B7), 20% (B20), and pure biodiesel (B100) [7]. Biodiesel is a renewable, biodegradable,
and nontoxic fuel consisting of FAME (see Figure 1). Biodiesel can be produced from any feedstock containing
fatty acids where the source depends on the region. Soybeans are common in the US while rapeseeds are more
common in, for example, Germany [17], [18]. Other possible feedstocks are fish oil, microalgae, and rice,
amongst others. The composition of fatty acids in the biodiesel depends on the source, with different chain
lengths and degrees of saturation. The fatty acids affect both the chemical and physical properties of the fuel.
Esters from long-chained and saturated fatty acids have higher cetane numbers and can cause clogging of the
nozzle, while esters from unsaturated fatty acids have lower cetane numbers and are easily oxidised [18], [19].
Moreover, Hoekman et al. [19] showed that the degree of saturation of the FAME influences viscosity, specific

gravity, and low temperature performance.

O
H3C \OAR

Figure 1: Chemical structure of a FAME molecule. R represents a hydrocarbon chain.

Schiimann et al. [5] state that the addition of FAME into fossil diesel increases the polarity in the fuel due to
the presence of oxygen atoms, which results in higher solubility. The polar end of the molecule can bind to other
compounds with hydrogen bonds while the non-polar end is similar to fossil diesel, making it well-blended [20].
According to Scania CV AB, all molecules are not completely made into FAME molecules where some could
have hydroxide groups instead of methyl groups (CHs) in the ends (see Figure 1). Organic acids could then be
formed, which increases the solubility further. Moreover, some molecules are cracked, forming shorter chains.
These are more polar than long chains due to the short non-polar hydrocarbon tail. The more polar the molecules
are, the more water can be absorbed by the fuel. The water could form micelles enclosing and protecting smaller
polar compounds such as methanol and calcium [20]. Lamb et al. [8] argue that there is a connection between
the FAME content and deposit formation. The esters may contribute to decomposing carboxylic acids due to
the oxygen content, which could lead to the formation of metal carboxylate salts [8]. A good diesel fuel should

consist of paraffines and not aromatics to be in liquid form and be able to be introduced into the engine [20].
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Biodiesel can be produced in different ways, where the most common processes on large scale are the
transesterification of vegetable oils and extraction from algae. Vegetable oils have high viscosity, which is a
problem for the compression ignition. Therefore, the viscosity must be reduced, with the most dominant
techniques being dilution, microemulsion, pyrolysis, and transesterification. Transesterification to produce
biodiesel is a reaction between the oil and alcohols to form esters and glycerol, in which homogeneous or
heterogeneous catalysts can be used (see Figure 2). Homogeneous catalysts can be both alkalis and acids where
common alkalis include NaOH, CH3zONa, and KOH, and common acids are H,SO4, HCI, BFs, H3PO,4, and
organic sulfonic acids. However, homogeneous acid-catalysed reactions are much slower than base-catalysed,
and therefore the base-catalysed ones are more common. There are some drawbacks with homogeneous
catalysts such as high energy consumption and expensive separation of the catalyst and fuel. Heterogeneous

catalysts offer an easier separation since solid catalysts are used [21].

T
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Triglycerol (QOil) Glycerol

Figure 2: Production of biodiesel from oils through transesterification. R represents hydrocarbon chains.

Enzymes and supercritical or subcritical alcohol can be used in the transesterification additionally to catalysts.
However, the use of enzymes may result in contaminations, and the apparatus for supercritical or subcritical
alcohols are expensive due to high temperature and pressure. Nowadays, it is not common to use enzymes in
the production, but it is possible to do in the future. Production of biodiesel from algae oil prevents competition
with food security but 15-300 times more oil can be produced per area than with utilisation of traditional crops.
However, the harvest and extraction include technical and cost difficulties where the processes for harvesting
are expensive [21]. Different sources are used in different countries based on the availability. However, it does

not matter what source that is used since it is only important that the biodiesel is similar to fossil diesel [20].

2.2 Engines

There are different types of engines, where two reciprocating engines used for biofuels are Otto engines and
diesel engines [22]. The main difference between these is the ignition of fuel since Otto engines use spark
ignition while diesel engines use compression ignition [23]. In this study, biodiesel fuels are used, which utilise
the diesel engine. In the diesel engines, usually four strokes occur with two expansions and two compressions
(see Figure 3) [24]. The pistons in the engine have at least two valves, one to take in air, and one to release

exhaust gas after ignition. The valves open and exit in tandem with the piston movement [25].
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Figure 3: Schematic of the four strokes in the diesel engine [26].

The first stroke is the intake stroke where air is entering the chamber by the expansion of the piston. Thereafter,
the compression stroke occurs by upwards movement of the piston. When the piston encounters the top of the
chamber, the fuel is introduced by a separate nozzle, which produces a fuel spray of small droplets. To introduce
the fuel, injectors are used, which need to accurately control the injected fuel amount since this amount
determines the engine speed [25]. Due to no premixing of the fuel and air, rapid vaporisation in the engine is of
significance, which relies on the mixing process between air and fuel. Therefore, the nozzle design is of high
importance to ensure favourable characteristics of the fuel spray [27], [28]. During the compression stroke, the
air is compressed to a high pressure that leads to a temperature above the ignition point of the fuel. Thereby, the
fuel will spontaneously ignite when it enters the chamber [25]. This leads to the power stroke in which heat
energy is released, leading to an increased pressure and forces the piston downwards. The force on the piston
makes the crankshaft turn and rotary motion is generated. The last stroke is the exhaust stroke where the burned

products are exiting the piston chamber through the exit valve [24].

The performance of the engine relies on the precise control of fuel injection, which infers that injection must
occur at the correct piston position [27]. Due to the critical timing, diesel engines are sensitive to deposit
formation since the deposits affect the movement of the injector [20]. An incorrect injection timing affects the
combustion efficiency, which can influence the power output and increase fuel consumption. This could imply
higher exhaust emissions of both particulate matter and gases [28]. Moreover, diesel engines operate at higher
temperatures than Otto engines due to a smaller amount of air and a higher pressure. The higher temperature
implies more emissions of NOx [24]. Besides NOy, diesel engines have higher emissions of particulate matter
and odour [27]. Thereby, emission control systems are needed to follow air-quality regulations [24]. Deposit
formation inside the injector will make the fuel spray less fine, and affect the movement of the injector, which
may lead to more emissions and deteriorated drivability. Thereby, research regarding the deposit formation is

of particular significance for diesel engines.
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2.3 Internal Diesel Injector Deposits

IDIDs have been found at several locations inside of the injector in diesel engines, and they have different
morphologies depending on the location in the injector, mainly due to the temperature differences. A schematic
of an injector can be seen in Figure 4. IDIDs have been found in different locations inside the injector where
Barker et al. [29] have investigated the nozzle of the injector, and Scania CV AB has also found deposits higher
up in the injector [30]. At the upper parts of the injector, the temperature is lower, which give rise to stickier
deposits. However, towards the nozzle, the temperature increases and give rise to more brittle and hard deposits,

which cause nozzle fouling, and nozzle coking [30].

Injection nozzle
Fuel inlet

Figure 4: Schematic of an injector.

There are different types of IDIDs, divided into carbonaceous, inorganic salts, amides, aged fuel deposits,
lacquer-based deposits, and carboxylate salts. They all have in common that they are coarse, porous,
heterogeneous, and consist of different layers [8], [31]. Scania CV AB investigated IDIDs from field injectors
where they could identify two layers with SEM-EDX. The bottom layer consisted of CaSO. crystals, and the
top layer consisted of mainly organic materials, but also small amounts of inorganic elements such as calcium
and sulphur [32]. Lamb et al. [8] have also identified different layers with a top layer consisting of carbon,
nitrogen, and oxygen, a middle layer with salts and a bottom amorphous organic layer with majorly carbon [8].
Moreover, Barker et al. [33] have found a layer structure with a bottom layer of ordered carbon, a middle layer
of carbon, nitrogen, chloride, sulphur, and fluorine, and a top layer of sodium hydroxide, sodium sulphate,
calcium, and potassium [33]. However, the piston in the injector usually has a coating consisting of graphite

and diamond, and this could therefore be the layer of ordered carbon that Barker et al. found [7].

Scania CV AB has performed lab experiments with a TDT explained under 4.2 Investigation of Deposit
Formation in the TDT. Large amounts of carbon and oxygen were identified but also sodium, aluminium, and
calcium. At some locations on the deposits, they could also identify magnesium, silica, sulphur, chloride, and
iron [34]. Barker et al. [29] performed experiments in a jet fuel thermal oxidation tester (JFTOT) described
under 2.4 Instrumental Setups, and found different types of deposits at different sections of the tube. One end
had many carbonaceous deposits with short hydrocarbons, inorganic metal ions, sulphates, and phosphates. The
other end had more silicones and hydrocarbons. They concluded that ageing of the fuel had occurred along the

rod, which resulted in different types of deposits. Moreover, they found oxygenated species and fatty acid
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methyl esters [29]. Scania CV AB has also found different types of deposits at different locations within the
injector. They argue that the deposits turn firmer at higher temperatures due to evaporation of fuel, methanol,

and water [7].

One deposit type of interest in the injector is metal carboxylate salts, called metal soaps, such as sodium soaps
and calcium soaps where Reid et al. [35] found that interactions between monoacid lubricity additives and
sodium precursors resulted in injector sticking. The soap is formed by a reaction between, for example, metal
compounds and carboxylic acids. Factors that affect soap formation are ligand coordination, competing metals,
solubility factors, acids and metals from impurities, temperature, and pressure [35]. Scania CV AB has also seen
formation of soaps with sodium or calcium, which they state are sticky and insoluble [7]. The main component
of the soap is degraded and oxidised fuel as well as organic acids and polar fuel contaminants such as glycerine,

methanol, sterols, and water [30], [36].

The formation of IDIDs can have several causes depending on the fuel components and additive factors, which
differ for different types of deposits [9]. Moreover, different mechanisms have been proposed for the deposit
formation. The deposit formation has severe effects on the drivability of the vehicle, and for the environment,
and air quality. Furthermore, different parameters affect the deposit formation such as temperature, engine oil,

fuel type, and additives, where more information follows below.
2.3.1 Causes of the Formation of IDIDs

The IDIDs can consist of, for example, organic polymers, amid based polymers, and metal soaps. Organic
polymers can be formed from, for example, oxidative products, hydrocarbons, and fatty acids while amid-based
polymers are majorly formed from the carboxylic acids in the biodiesel. The soaps are metal carboxylate salts
affected by different metal sources as well as carboxylic acids [9], [37]. Additives are added to the fuels when
used in modern engines with fuel-lubricated injection systems. The additives contribute to the formation of all
types of IDIDs [5], [9]. The additive polyisobutylene succinimide (PIBSI) can react with alkali metals and form
amid deposits as well as metal soaps. Corrosion inhibitor fuel additives have also been seen in the IDIDs, such
as C16/C18 fatty acids [31]. Processes that affect the deposit formation are fuel oxidation, decomposition,
surface effects, micelle formation, and additive interactions [9]. According to Schiimann et al. [5], IDIDs are
favoured by aromatic components in diesel fuel FAME blends. When these components are oxygenated they

form poorly soluble products, which end up on the hot injector surface [5].

Lamb et al. [8] state a variety of origins of deposits depending on the deposit type. They argue that salt material
can originate from storage tank bottoms, lubricant oil contamination, or biodiesel with poor quality. Calcium
has been shown to come from lubricating oil due to its presence together with sulphates and phosphates.
Moreover, alkylbenzene sulfonates (ABS) have been found in the IDIDs, which substantiates that lubricant

additives could be an origin of deposits. It has also been shown that zinc is a constituent of the IDIDs, which
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could enter as an impurity from tanks, zinc-coatings, or the zinc dialkyldithiophosphates (ZDDP) additive in

lubricant oil [8].

Edney et al. [31] also state different possible causes of the formation of IDIDs, as for example contamination,
operating conditions and fuel composition. They argue that fuels with low thermal stability often form deposits
where degradation of the fuel can arise from pyrolysis or polymerization, which could lead to formation of
polynuclear aromatic hydrocarbons and alkyl radicals. The alkyl radicals can form hydro-peroxides, which can
attach to the injector surface and initiate the formation of deposits [31]. Moreover, Edney et al. [31] express that
carbonaceous deposits can be formed from the degradation of organic compounds in the fuel. They also state
that alkali metals contribute to the formation of inorganic deposits and metal soaps. The metals could originate

from water bottoms, as for example fuel storage tanks [31].

Barker et al. [29] state that high pressure common rail systems can affect the deposit formation since it involves
high temperatures. High pressure common rail systems are closed-loop systems with high pressures, and shall
lead to better performance, higher energy efficiency, and reduction of emissions [29]. However, they are more
sensitive to IDIDs since the timing of fuel addition and movement inside the engine is more precise. Therefore,
deposits easier interfere with the timing and can cause malfunction [7]. Edney et al. [31] state that biodiesel
blends have been shown to contribute to deposit formation due to unsaturated long-chain molecules with high
reactivity to oxygen. Moreover, FAME and rapeseed based methyl esters in biodiesel have been seen as unstable
during long-term storage and found as a possible source of deposits [31]. Scania CV AB argues that the deposits
are formed from soft particles, which are insoluble compounds that easily stick to each other [36]. These are
usually a micron in size and are formed from degraded fuel and contaminants [30]. The combination of more

advanced engine systems and higher usage of biodiesel results in more deposit formation [7].
2.3.2 Mechanisms behind the Formation of IDIDs

In injectors from Scania CV AB, it has previously been seen that the IDIDs consist of two layers, a bottom layer
of calcium sulphate (CaSOy) crystals and a top layer of soft particles, in which the main components are metal
soaps and PIBSI. The mechanism for this deposit structure could be that CaSQ, is transferred to the injector
from other parts of the process, where it precipitates and forms a crystal layer. Eventually, soft particles are
attached to the crystal layer to form a second layer of deposits. The layer gets thicker with time and some
deposits are transferred higher up in the injector through vibrations, contact with the plunger, or squeezing. It
will then enter the guidance where it is spread out. The smear in the guidance affects the plunger movement
because of its high viscosity. With time, the smear and crystals will be washed off since the smear is not hardly

attached, and the crystals are removed by shearing forces [7].

There are several theories behind the transfer of CaSO4 to the injector. The most probable one is that CaSOy is
formed in engine oil and then leaked through the high-pressure pump to the fuel. This is supported by the

detection of PIBSI in the deposit, which is an additive used in lubricating oils. The CaSO, may be soluble in
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engine oil but when entering the fuel the solubility may decrease, which makes the solution oversaturated and
crystals are formed [7]. The higher oversaturation, the more formation of crystals [30]. The reason behind
decreased solubility of CaSO. could be an increased temperature since it generally has lower solubility at higher
temperatures. Furthermore, it has been seen that the most IDIDs appear on the nozzle of the injectors from
Scania CV AB, which is the warmest part. The solubility could also depend on the environment, fuel type,
additives, and oxidation [7], [30]. Moreover, the CaSQO, could be complex bounded to for example fatty acids
in the engine oil and this could make it soluble. When entering the diesel, the complexes could fall apart due to

the different environment, which would make the solution oversaturated and deposits could be formed [7].

The theory that CaSOq is dissolved in the engine oil, and then transferred to the fuel system is supported by the
behaviour of metal-based detergents in the engine oil. Metal-based detergents are added to engine oil to
neutralise contaminations of acidic substances since the acids accelerate degradation of the oil, which leads to
agglomeration of soot. The detergents consist of carboxylates, sulfonates, phenolates, or carbonates of metals
such as calcium and magnesium. These metals are dispersed in forms of salts within the oil. It is also shown
that the dispersion of CaSQ, containing water in the oil is improved by the addition of additives for diesel
engines. Moreover, it has been found that CaSO, absorbs water and sticks to parts of the piston, showing that it

could be dissolved in the engine oil and then precipitate [38].

Another theory behind the formation of CaSQ, crystals is Ostwald ripening, based on that larger crystals are
thermodynamically favoured over small crystals [7], [20]. Small crystals of CaSQO, could be dissolved in the
fuel, and then deposit over time as larger crystals. Larger particles have a lower surface per volume unit, which
makes them energetically favourable, and their solubility would be lower than the solubility of small particles

[39]. The lower solubility of larger crystals could promote the precipitation of them.
2.3.3 Effects of the Formation of IDIDs

When IDIDs are formed they damage movable parts, such as the injector. The deposits make it narrow inside
the injector, which restricts the free movement of it [7]. This could make the injector needle getting stuck and
replacement could be needed. Moreover, the deposit formation results in a less fine fuel spray, leading to poor
mixing of air and fuel as well as the formation of a fuel-film, which may result in increased emissions of soot,
unburned hydrocarbons, carbon monoxide, nitrogen oxides, and particulate matter. In the end, this leads to poor
air quality and global warming [31]. The deposit formation also affects the drivability with issues such as power
loss and high fuel consumption [9], [31]. A reason for the higher fuel consumption could be that the IDIDs
cause bad timing between the movable parts in the injector and the fuel injection. This leads to injection of fuel
at the wrong time point, which could make the needle stop moving, and consequently, fuel combustion is higher
[7]. IDIDs also damage the function of the engine with failures and rough idling [8], [35]. Furthermore,

difficulties with starting, and a decrease in engine efficiency have been noticed [29], [31].
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2.3.4 Important Parameters on the Formation of IDIDs

Several parameters could affect the formation of IDIDs, which have been investigated in several studies [5],
[71-191, [20], [29], [37]. Commonly investigated parameters with the reason for investigation can be seen in

Table 1.

Table 1: Most investigated parameters in the studies of deposit formation in the injectors.

Parameter Reason Reference
Different deposits can be found at different temperatures.
7
Temperature [ []2 5]3]
The temperature within the engine varies.
Tilted apparatus Horizontal mode can lead to the formation of lumps. [7]
The hypothesis is that the CaSOy is dissolved in the engine
Additi f enai 0 oil and transferred to the fuel. [5], [7]-
ition of engine oi
° [9]. [37]
Constituents could affect the fuel stability.
Ca?* content in the test fuel Calcium has been found in the formed deposit. [71, [8]
The content of the fuel has been shown to affect the
Fuel type deposit formation. 51, [8]. 9]
) Can affect the content of the fuel.
Preparation of test fuel [71, [9]
Has noticed lumps on the substrate.
[51. [8].
Additives or other components Have been shown to affect deposit formation. [9], [20],
[37]
Water content Can form micelles. [20]
Sodium content Has been shown to mteraoflz;[3 ,;Agst::sauds in the fuel and form [35]

As mentioned, studies have been performed on most of these parameters in which a variety of results has been

gathered, following below.
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2.3.4.1 Influence of Temperature on the Formation of IDIDs

Deposit formation has been shown to depend on the temperature since different types of deposits are formed in
different temperature ranges [5], [9]. Initially, a small portion of the deposits consist of contaminants such as
glycerine, sterols, and methanol. When the temperature increases, fuel is combusted and a larger portion will be
contaminants [7]. The deposits also have different morphologies at different temperatures. At lower
temperatures, they are slimier, leading to filter blocking. In the injector, the temperature is higher, which makes
the deposits stickier [30]. At even higher temperatures closer to the injector tip, they become firmer and more
brittle due to the low content of water, fuel, and methanol. This type of deposits can cause nozzle fouling and
nozzle cooking [7], [30]. Berndt et al. [9] state that within the range of 100-250°C, several types of deposits can
be formed. At lower temperatures salting reactions occur and precipitation of sodium carboxylate soaps. At

higher temperatures, above 200°C, amide-type and autoxidative deposits were shown to be formed [9].

Berndt et al. [9] have performed experiments to investigate the deposit formation in a laboratory test method in
which a modelled injector was used. In the article, they investigated deposit formation at a set point temperature
of 240°C, leading to a temperature gradient within the modelled injector. It could be seen that the largest number
of deposits was formed at the highest temperatures. Moreover, it was stated that in the range of 180-240°C, fuel
oxidation or additive decomposition begins while deposits at the nozzle tip of the injector are formed at
temperatures higher than 240°C [9].

2.3.4.2 Influence of Engine oil on the Formation of IDIDs

According to Lamb et al. [8], it has been shown that contamination of engine oil in the fuel, from for example
lubricated pumps, contributes to deposit formation. It has been argued that CaSOy is a constituent of the formed
deposits where both calcium and sulphate can originate from the engine oil. Calcium acts as a counter-ion to
the detergent molecule ABS, which is a lubricant additive. When the engine oil degrades with time, more CaSO4
could be formed [7]. Moreover, oil consists of nitrogen-containing compounds and oxygenates, which could

affect the fuel stability and decomposition of the fuel, leading to formation of IDIDs [8].

Schiimann et al. [40] investigated the effect of engine oil as a contaminant in JFTOT tests by the addition of
engine oil to B7. They investigated both fresh and used Shell Rimula R4 L engine oil. The tested concentrations
were 0.1%, 0.5%, and 1%, which here was assumed to be wt% since it was not stated in their article. The engine
oil consisted of 1730 calcium mg/kg, 327 magnesium mg/kg, and 1060 zinc mg/kg, which all can cause soap
formation. The results showed that the thickness was highest for B7 with 0.5% and 1% fresh lubricating oil,
where it was about 90 nm. B7 with 0.5% and 1% used lubricating oil resulted in deposits with a thickness of
about 70 nm. The lowest thickness was obtained for fuels without the addition of oil, in which it was only about
5 nm [40]. Scania CV AB performed an experiment with addition of aged engine oil (Scania LDF-4) where they

achieved deposits with a thickness of about 20 nm [7], which correlates with the studies of Schiimann et al. [40].
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2.3.4.3 Influence of Calcium Content on the Formation of IDIDs

CaSO04 has been found inside the IDIDs and is therefore argued to have an impact on the deposit formation [8].
Scania CV AB has performed experiments with the JFTOT setup on two test fuels with different concentrations
of calcium. In the first fuel, they had a concentration of 1 ppm of calcium, and in the second fuel 3 ppm. They
noticed that when the concentration was increased from 1 ppm to 3 ppm, the thickness of the deposits went from
6 nm to 30 nm [7].

2.3.4.4 Influence of Fuel Type on the Formation of IDIDs

It has been argued that the deposit formation is affected by the content of the fuel including for example FAME
and oxygenates where FAME is the major constituent in biodiesel [8]. According to Lamb et al. [8], there is a
connection between the FAME content and the deposits since the FAMESs can decompose to carboxylic acids
and form soaps [8]. Other characteristics of fuels that could have an impact on deposit formation are oxidation
stability, acid number, and additives [9]. One study that investigated different fuel types was performed by
Schiimann et al. [5] who investigated different types of biodiesel blends in a diesel deposit formation test
(DDFT) in which the maximum deposit thickness was measured. They noticed that the FAME component
seemed to decrease the height of deposits where it was 9 nm for B7 and 5 nm for B100 at temperatures in the
range of 180-220°C. At temperatures below 180°C no deposits were observed for pure FAME or FAME blend
fuels. It was shown that deposit formation depends on the type of diesel fuel blends where different types of
FAME resulted in different deposit thicknesses. For example, soy oil methyl esters gave a thickness of 15 nm

at temperatures below 180°C while rape seed oil methyl ester gave a thickness of 4 nm [5].
2.3.4.5 Influence of the Preparation of the Test Fuel on the Formation of IDIDs

When experiments are performed in lab environments, a test fuel can be prepared to mimic the fuel with
contaminants from the field, and to ensure that the desired deposits can be formed. The preparation of the test
fuel could have an impact on the deposit formation since it influences the type of particles and substances present
in the sample. Berndt et al. [9] investigated the effect of filtration of the fuel on the deposit formation. They
noted that without filtration, the repeatability of the experiments was poor. When they filtered the sample with
a pore size of 4-12 um, variations of repetitions of the experiments were significantly smaller. Moreover, the

deposit thickness of soaps was much higher for unfiltered samples [9].
2.3.4.6 Influence of Additives and other Components on the Formation of IDIDs

To improve the performance of fuels and engine oils, additives are added, where some are specific for engine
oils and others are specific for fuels. These could surround molecules by complex bonding to protect them from
reacting, which could help them stay dissolved instead of precipitate. However, some additives may only work
in engine oil and when entering the fuel, the protected molecule could precipitate. PIBSI is an example of an
additive used in engine oil, which has been found in the deposits [20]. Moreover, dodecenylsuccinic acid
(DDSA) has been connected to IDIDs since it reacts with sodium and forms deposits [8].
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Studies have been conducted to examine the effect of additives and other substances on the deposit formation.
Examples include antioxidants, PIBSI, 2-ethylhexyl nitrate (2-EHN), DDSA, and deposit control additives [5],
[8], [9], [37]. Schiimann et al. [5] have shown that antioxidants help to decrease the deposit thickness. An
addition of 200 ppm antioxidants resulted in a deposit thickness of 1046 nm at a temperature above 180°C while
an addition of 1500 ppm led to a thickness of only 16 nm [5].

Berndt et al. [37] investigated the addition of soap forming components to a reference diesel fuel in a JFTOT
test. In the experiments, they increased the concentration of sodium and DDSA. They could see that a higher
addition resulted in more deposits where a sodium concentration of 3 ppm and DDSA concentration of 20 ppm
resulted in a deposit thickness of roughly 190 nm compared to roughly 62 nm without addition [37]. Moreover,
Berndt et al. [9] investigated short-chained PIBSI and 2-EHN. It could be seen that the addition of both short-
chained PIBSI and 2-EHN resulted in the highest deposit thickness of 1079 nm at temperatures above 180°C.
They concluded that the addition of 2-EHN to a reference fuel containing polyamide-forming substances
resulted in more deposits. Moreover, they state that the concentration of PIBSI affects deposit formation. They
also investigated the addition of 150 ppm of a detergent to reference fuel with 0.5 ppm sodium and 10 ppm

DDSA showing a small increase of deposits [9].
2.3.4.7 Influence of Water Content on the Formation of IDIDs

Water from the air could be absorbed by the fuel due to polarities. Thereafter, the water could contribute to the
formation of IDIDs by forming micelles that surround other molecules as for example CaSO4, acetic acid, and
methanol. These molecules could then form colonies. At higher temperatures, the micelle could rupture and
release the content, which could lead to deposit formation. Water could leak into the process at several locations,
surround CaSO, from the engine oil, and transfer it to the injector. In the injector, it is warmer and the water

may evaporate, which could release the CaSO4 and deposits could be formed [20].
2.3.4.8 Influence of Sodium Content on the Formation of IDIDs

It has been shown that sodium contributes to IDIDs where it interacts with acids in the fuel. For example,
lubricity improvers and corrosion inhibitors contain sodium salts, and can contribute to the formation of IDIDs.
Sodium hydroxide can form deposits together with DDSA, while sodium 2-ethylhexanoate could form sodium
carboxylates together with a lubricity improver and di-acid DDSA [35]. Reid et al. [35], performed tests in an
1997 cm? engine in which a lubricity improver and sodium sulphate solution were added to RF-06-03 base fuel.
The results showed that IDIDs were not formed. They also tested the addition of a deposit control additive,
together with sodium 2-ethylhexanoate and DDSA, to the fuel, which did not result in any IDIDs. From this,

they concluded that deposit control additives help to avoid sodium based injector deposits [35].

Reid et al. [35] also performed laboratory bench tests based on the JFTOT procedure in which they added
sodium salts to the fuel both with and without presence of acids. Sodium naphthenate resulted in carboxylate

salt deposits both with and without acids. Sodium 2-ethylhexanoate resulted in more deposits when the fuel
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contained di-acids. Sodium hydroxide and sodium chloride did not result in any deposits [35]. Reid et al. [35]
performed experiments in which DDSA was added to fuel containing soluble sodium and could see that DDSA
affected the deposit type and location on the JFTOT tube. However, a mono-acid lubricity improver did not
have the same effect, which was explained by that DDSA is a stronger acid and therefore exchanged more with
sodium [35].

2.4 Instrumental Setups

There are several studies conducted on deposit formation where one commonly used method on lab scale is
JFTOT, which has been developed to assess the oxidation of jet fuels [29]. However, the method can also be
used to investigate the fuel’s oxidative thermal stability, and deposit formation [29], [41]. The thermal
degradation of the fuel is either measured by discoloration of a heated tube or by filter pressure drop. When a
heated tube is used, the fuel flows over an aluminium tube for 2.5 hours at a fuel rate of 3 mL/min and a setting
temperature of 260°C. Thereafter, the tube is visually examined in a visual tube rater in which a colour appears
and can be compared with a colour chart. Based on the colour, it can be determined if the fuel has passed its
breakpoint for degradation. If the fuel is examined by filter pressure drop, particulates from the fuel degradation
will lead to a higher filter drop, and if the pressure drop is higher than 25 mmHg, the breakpoint for degradation

is reached. To pass the JFTOT test, the fuel must meet both the criteria of tube colour and pressure drop [41].

The JFTOT test allows for direct analysis of the deposits with different analysis techniques in which there is no
need for washing or scraping off the deposit [29]. Barker et al. [29] utilised this method to investigate deposit
formation from diesel fuels. They used a fuel rate of 3 mL/min and the fuel passed through a filter with a pore
size of 4 pum. It was flown over a metal piece of stainless steel at a temperature of 260°C for 2.5 hours.
Thereafter, the stainless steel piece was cleaned with toluene and acetone [29]. Several authors have performed
experiments based on the JFTOT setup. One example is Berndt et al. [9] who performed experiments on deposit
formation with a setup they called DDFT. The fuel was flown over aluminium heater tubes where deposits were
formed on the surface and were assessed visually and by optical measurement of the layer thickness. The fuel
was first flown through dried air for 6 minutes and then over the aluminium tube where it was heated in a
temperature gradient. The system pressure was 34.5 bar, the fuel flow rate was 3 mL/min, the setting temperature
was 240°C, and the test duration was 2.5 hours. The layer thickness was examined with an ellipsometer based

on changes in the polarisation state of laser light [9].

2.5 Analysis Techniques

In this study, SEM-EDX were used on all samples from the TDT to evaluate the deposit formation in different
regions of the aluminium foil substrate. The advantage of SEM-EDX was that both the overview and a closer
view of the deposits could be investigated by changing the magnification. Furthermore, no sample preparation
was needed, and the sample was not destroyed and could be analysed after with FTIR-ATR. However, there

were also a limitation in the size of the sample since it must fit into the microscope chamber, which required
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that it was cut into two pieces [42]. After the SEM-EDX analysis, all samples were analysed with FTIR-ATR
to identify characteristic bonds in the compounds present in the sample. The analysis was fast and offered
guantitative as well as kinetic information [43], [44]. Moreover, it offered effectiveness, reliability, and easy

sample preparation [31], [43], [45].

Pyrolysis GC-MS was also used on one sample to gain more insight into the constituents of the deposits. It
offered a sensitive analysis with high resolution, selectivity, and sensitivity. Moreover, minimal sample
preparation was needed, and the analysis only required micrograms of the sample. However, the sample was
destroyed [46], [47]. Lastly, broad ion milling was performed on two samples to investigate the cross-section

of the deposits. This offered a large and distortion-free cross-section of the sample for SEM analysis [48].
2.5.1 SEM-EDX

SEM utilises beams of electrons in the range of 100-30 000 eV to generate signals on the surface of solid
samples. From the signals, information about morphology, chemical composition and structure can be obtained.
The analysis instrument is connected to a software, which shows a two-dimensional image of the sample. The
magpnification of the image can be 20-30 000 X, or even 1 000 000 X in some modern models. The image can

be improved by adjusting the brightness, contrast, and intensity [42], [49].

The signals from the sample include secondary electrons, backscattered electrons, diffracted backscattered
electrons, photons, visible light, and heat. The secondary electrons (SE) give rise to the images, the diffracted
backscattered electrons show crystal structures, and the photons give elemental analysis by X-rays [42]. The
received information depends on the voltage used, where more details of the surface can be identified with
voltages below 5 kV. However, high voltages of 15-30 kV can penetrate deeper into the sample and give
information underneath the top surface [49]. SEM can be used together with EDX to achieve qualitative and
semi-quantitative information on chemical composition as well as the distribution and concentration of elements
[42], [50]. The EDX detector measures the X-rays omitted from the sample [50].

Different studies have utilised SEM to analyse deposit formation whereas Edney et al. [31] have gathered
results. According to them, the severity of deposit formation and loss of fuel flow rates have been related with
help of SEM. Moreover, the degradation of micelles has been connected to insoluble soap formation. Fouling
has also been visualised, where the growth of deposits has been connected to degradation of lubricating oil.
Furthermore, analyses with SEM-EDX have been performed in which elements from lubricating oil have been
found in the IDIDs such as sulphur, calcium, and phosphorus. Other elements that have been identified are

sodium and zinc [31].
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2.5.2 FTIR

FTIR can be used to identify organic, inorganic, and polymeric materials by using infrared light [29], [51].
Moreover, contaminants, additives, oxidation, and decomposition can be detected [51]. When the sample is
radiated with infrared light, some light is absorbed and some transmitted where both absorption and transmission
spectra can be obtained [43]. Molecular groups have characteristic bands in the spectrum corresponding to
molecular vibrations [52]. Therefore, chemical structures have characteristic spectral fingerprints [43]. The
detector identifies changes in dipole moments within the bonds when exposed to infrared light. Therefore,
symmetric vibrations in molecules are usually not detected. Molecular groups with polar bonds result in strong
IR absorption bands [52].

To achieve a spectrum, the transmission, attenuated total reflection (ATR), diffuse reflectance, and true specular
reflectance absorption could be used. In this study ATR was used, in which the beam is radiated at a certain
angle on a crystal with a high refractive index such as diamond. This gives rise to internal reflectance, which
creates a temporary wave. When the wave encounters the sample, some energy is absorbed, and the remaining
beam is going to the detector. ATR is appropriate for several sample types such as plastics, natural powder, and
liquids [44].

The spectrum from FTIR is in the range of 666-4000 cm where different types of bonds appear in different
regions of the spectrum. Single bonds of for example O-H, C-H, and N-H can be identified at wavenumbers of
2500-4000 cm-?, triple bonds are found at 2000-2500 cm, and double bonds at 1500-2000 cm™. There is also
a fingerprint region at 650-1500 cm™*, which is the vibration of the molecule as a whole and characteristic of
different molecules [44]. The wavenumbers at which the bonds appear differ depending on the type of vibration
such as stretching vibration and bending vibration [52]. For example, the C-H bond can be found even at lower
wavenumbers where CH, and CHj3 bend in alkanes are detected at about 1450 cm*. Moreover, C-O bonds in
for example alcohols, esters and carboxylic acids, as well as C-N bonds in amines, can be identified at 1000-
1300 cm [44].

FTIR is appropriate for analysis of car components such as oil coatings, fuel, and exhaust gas emissions [53].
The sensitivity is high, making it useful for advanced applications [44], [52]. FTIR has been used in several
studies of IDIDs, where Edney et al. [31] have compiled results. Several types of bonds have been identified
such as aromatic bonding, C-O stretches characteristic of carboxylate salts, and peptide bonds. Moreover, PIBSI
molecules and sulphonate species have been observed [31]. Shameer and Nishath [45] used FTIR to investigate
biodiesel by a PerkinElmer spectrum instrument. They identified peaks of O-H at 3500 cm, C-H at 2700-3000
cm?, C=0 at 1700 cm, and C-O at 600-1500 cm™. It is argued that the C-O and C=0 bonds show the presence

of ester or ether groups in the sample [45].
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2.5.3 Pyrolysis GC-MS

A variety of information can be obtained from GC when coupled with MS such as thermal stability, composition,
and decomposition mechanisms [54]. The mobile phase in GC is a gas while the stationary phase could be either
a solid or a liquid [46]. The stationary phase governs the selectivity and separation of different components in
the sample based on the affinity to individual compounds [47]. The mobile phase should be inert and act as a
transport medium. Due to the inertness, the mobile phase does not affect the selectivity but has an impact on the
efficiency depending on the solute diffusion rate. Common mobile phases are nitrogen, helium and hydrogen

where nitrogen is frequently used due to its low cost and high safety [46].

The sample for GC-MS could be a solid, liquid, or gas, and should be thermally stable and able to vaporise but
not decompose. When the sample has been injected, it is transferred by the mobile phase to the column for
separation [46]. The temperature within the column must be controlled since it affects the amount of compounds
in the vapour phase [55]. After the column, the components in the sample are eluted at characteristic time points
depending on the affinity to the stationary phase. The components are analysed by a detector, in which the signal
intensity is proportional to the amount of the component. Characterisation can be made from the characteristic

retention times for different compounds [46].

GC-MS cannot be applied on non-volatile, insoluble, and complex samples, which emphasizes the importance
of pyrolysis GC-MS. In pyrolysis GC-MS the sample is pyrolyzed in a vacuum or inert atmosphere before the
injection into the column. A temperature is chosen to allow the thermal decomposition of the sample into its
components [46], [47], [54]. The temperature within the pyrolizer is 400-1500°C to break molecular bonds.
This leads to a free radical formation where the radicals react by elimination, recombination, or rearrangement.
However, methylation of the radicals can be used to prevent further reactions. The duration of the heating can
be controlled to achieve a characteristic degradation with smaller volatile molecules to produce a characteristic

chromatogram [46].

Analyses with GC-MS on the deposit formation have been performed in several reports where Edney et al. [31]
have gathered results. However, they did only comply results from GC-MS without pyrolysis. Identification of
aldehydes, ketones, and alkyl-hydroperoxides in IDIDs has been made, which showed the oxidative degradation
mechanism in the deposit formation. Moreover, polycyclic aromatic hydrocarbons, C-16 and C-18 have been
identified, which probably originate from carboxylic acids. Other compounds that have been detected are acid
derived backbones and high mass sulphurous compounds. The sulphurous compounds are argued to originate

from reactions between aromatics, olefins, and benzothiophene [31].
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2.5.4 lon Beam Milling

Radiation of ion beams on a solid sample leads to atom sputtering, electron emission, induction of chemical
reactions, displacement of atoms, and alteration of properties [56]. Material is removed from the sample through
atomic collisions, which can be controlled by adjustment of the beam current and voltage [57]. lon beam milling
can be used for, for example, reparation of photomasks, transmission electron microscopy (TEM) sample
preparation, and production of cross-sections [56], [58]. The cross-sections can thereafter be analysed by for
example SEM [59]. There are two types of ion beams, namely focused ion beams (FIB) and broad ion beams
(BIB), where FIB usually uses 30 kV gallium and BIB 2-10 kV argon. A difference between FIB and BIB is
that FIB uses beam-side milling while BIB uses beam-front milling where only beam-side milling has a
positioning ability. This means that only FIB can produce cross-sections at specific positions [58]. However,

according to Hatano et al. [48], cross-sections from BIB are less damaged.

An advantage of BIB is that the setting of the sample into the system is simple. However, the major disadvantage
is that the cross-section cannot be precisely positioned, as mentioned before [48]. In a FIB system, the column
consists of several optical lenses to focus the ions onto the sample [58]. To achieve a cross-section perpendicular
to the surface with FIB, the sample must be tilted since the ion beams are entering with an angle [58]. The major
advantage of FIB is the accurate beam position to produce uniform cross-sections. Moreover, the production is
rapid [60]. However, FIB could lead to induced artifacts and can only handle small areas whereas BIB is useful

to process larger areas [48], [60].
3. Methodology

The experimental part was divided into two parts to be able to answer all four research questions. First, two
hypotheses were examined to investigate whether it is reasonable that soluble CaSQ, is transferred from the
engine oil to the fuel system and then precipitates. Thereby, the solubilities of CaSO4 in engine oil and B7 were
investigated. Moreover, it was examined if the deposit formation could be caused by Ostwald ripening where
larger crystals are thermodynamically favoured over smaller crystals. The investigation of the solubility of
CaS0. was performed by examining the solubility in fresh engine oil, used engine oil, and B7. Experiments
were conducted of both CaSO, anhydrous and CaSO. dihydrate. Moreover, the solubility in the oils were
investigated at both room temperature and 100°C, and the solubility in B7 at room temperature and 120°C to
see how the temperature affects the solubility. The investigations of Ostwald ripening were performed by adding
CaSO0. to B7, and leave it for 9 days at 120°C. In this way, it could be examined whether small crystals were

dissolved, and with time precipitated as larger crystals.

The second part of the experimental part was to study the deposit formation in the TDT as a function of
temperature, rig inclination, and engine oil addition to examine how these parameters affect the deposit
formation. Thereby, the temperature range 50-190°C was investigated by using the setting temperatures 120°C

and 250°C on the heating plate. Moreover, the rig was tilted to 30° in some experiments to see how
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sedimentation could affect the deposit formation. Lastly, both fresh and used engine oils were added to the test
fuel to investigate if there were any differences of the deposit formation. All experiments were performed with

at least three replicates to ensure repeatability and increase the reliability of the results.

The samples from all experiments were analysed in SEM-EDX with a ZEISS GeminiSEM apparatus to
investigate the morphology and composition at different positions on the substrate. Thereafter, all samples were
analysed with FTIR-ATR with an apparatus from PerkinElmer to identify present compounds and reactions.
One sample was also analysed with pyrolysis GC-MS to gain more insight into the type of the deposits. Lastly,
two samples were analysed in a broad ion milling Hitachi Arblade 5000 apparatus to examine the cross-sectional
area of the deposit formation. The samples were then analysed in SEM-EDX in which layer characteristics and

deposit height could be observed.
4. Experimental Setup

Different experimental setups were used for the CaSO. solubility experiments, Ostwald ripening, and the
experiments in the TDT, which follows below. Firstly, an explanation of the investigations of the solubility of
the CaSO4 and Ostwald ripening will be given. Thereafter, the execution of the TDT experiments will be

comprised.

4.1 Investigation of Hypotheses

Here follows the experimental setup of the investigations of the two hypotheses mentioned above. The most
believed one is that CaSQO, enters the fuel through engine oil contamination from the oil-lubricated high-pressure

pump. However, Ostwald ripening could also be the cause of the crystal formation in the deposits.
4.1.1 Investigation of the Solubility of Calcium Sulphate

An investigation was made to examine the solubility of CaSO. dihydrate and CaSO. anhydrous in the engine
oil and B7 to support the hypothesis that soluble CaSO, is transferred from the engine oil to the fuel where it
precipitates. B7 was used as fuel since it is the standard fuel for diesel trucks and cars in Europe according to
EN590 [61]. Two types of CaSO4 were examined since it is not known which type that has been found in the
deposits. Experiments were conducted at both room temperature and 100°C to investigate the influence of

temperature on the solubility.

First, the solubility in engine oil was investigated in which two types of fresh engine oil and one type of used
engine oil were examined. 0.2-0.5 g of the CaSO, was added to 30 g of fresh engine oil A, fresh engine oil B or
used engine oil in a beaker containing a magnet. The beaker was placed on a stirring plate and stirred at 300
rpm for 24 hours. For the elevated temperature, the mixture was heated up to 100°C by using a heating plate.
The mixture was then separated by filtration except for in the first trial of CaSO4 dihydrate, in which
centrifugation was used. For filtration, a 15 pm 520 B Rundfilter filter paper from Schleicher & Shuell

MicroScience was used, and for centrifugation, 2500 rpm for 2.5 minutes was used. At the elevated temperature,
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the filter funnel and filter paper were heated up to 100°C in an oven 1 hour before the filtration to prevent
precipitation in the filter funnel. After the separation, the precipitate was washed with heptane. It was then dried
and weighed to compare the weight of CaSO4 before and after it was added to the engine oil. The specifications

of the trials can be seen in Table 2.

Table 2: Specifications of the trials in the investigation of the solubility of CaSOys in the engine oil. The trials with ‘di’

represents CaSO4 dihydrate the trials with ‘an’ represents CaSO4 anhydrous.
Trial | Amount | Amount | Stirring | Duration | Temperature | Type of engine Type of
of CaSOQ, | ofail rate [h:min] [°C] oil CaSOq
[9] ] [rpm]
1di 0.48 31.84 560 24:16 Room Fresh engine oil Dihydrate
temperature A
2di 0.48 30.03 300 23:50 Room Fresh engine oil Dihydrate
temperature B
3di 0.53 32.04 300 24:16 100 Fresh engine oil Dihydrate
A
4di 0.5 34.7 300 23:55 100 Fresh engine oil Dihydrate
A
5di 0.21 30 300 24:00 100 Fresh engine oil Dihydrate
B
6di 0.48 28.6 300 24:00 Room Used engine oil Dihydrate
temperature
7di 0.52 30.6 300 24:29 Room Used engine oil Dihydrate
temperature
8di 0.66 29.82 300 23:53 100 Used engine oil Dihydrate
9di 0.46 29.25 300 24:00 100 Used engine oil Dihydrate
lan 0.51 30.48 300 23:35 Room Fresh engine oil | Anhydrous
temperature B
2an 0.52 29.72 300 23:41 Room Fresh engine oil | Anhydrous
temperature B
3an 0.49 30.02 300 23:43 100 Fresh engine oil | Anhydrous
B
4an 0.55 29.48 300 24:40 100 Fresh engine oil | Anhydrous
B
5an 0.55 31.98 300 23:51 Room Used engine oil | Anhydrous
temperature
6an 0.5 32.49 300 23:55 Room Used engine oil | Anhydrous
temperature
7an 0.59 30.9 300 23:50 100 Used engine oil | Anhydrous
8an 0.55 30.69 300 23:57 100 Used engine oil | Anhydrous

When investigations of the solubility of the CaSO, in engine oil had been performed, the solubility in filtered
fresh B7 was examined. As in the case with engine oil, it was done both at room temperature and elevated

temperature (120°C). The weight of CaSO4 was 0.5 g, and the weight of the B7 was the same as the weight of
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the engine oil. The methodology was identical to the one on engine oil in which filtration was used as separation

technique. The specification of the trials can be seen in Table 3.

Table 3: Specifications of the trials in the investigation of the solubility of CaSO4 in the B7.

Trial | Amountof | Amount of | Stirring rate | Duration Temperature Type of CaSO4
CaSO0; [g] fuel [g] [rpm] [h:min] [°C]

1 0.48 31.06 300 23:37 Room Dihydrate
temperature

2 0.46 29.85 300 24:15 120 Dihydrate

3 0.6 30.43 300 24:12 120 Dihydrate

4 0.58 31.53 300 23:43 120 Anhydrous

5 0.46 29.21 300 24:07 120 Anhydrous

6 0.5 29.97 300 24:01 Room Anhydrous
temperature

7 0.56 30.53 300 24:38 Room Anhydrous
temperature

8 0.68 31.48 300 24:02 Room Anhydrous
temperature

4.1.2 Investigation of Ostwald Ripening

Two experiments were performed to investigate whether Ostwald ripening could be the cause of the deposit
formation. The goal was to leave CaSO4 powder in B7 for a defined time duration, and then see if the smaller
crystals were dissolved to form larger crystals with time. One experiment was conducted with an oxygen
atmosphere and one with a nitrogen atmosphere since an oxygen atmosphere could result in oxidation of the
fuel. Moreover, a nitrogen atmosphere is more similar to the field since oxygen is absent in the fuel system [62].
In the oxygen atmosphere, about 1 g of the CaSO, anhydrous was added at a marked point to a beaker with fuel
and was left at 120°C for 9 days. In the nitrogen atmosphere, the fuel and CaSO, were added to a round flask
with three openings, in which the openings were sealed with vaseline to avoid that oxygen entered the flask. A
thermometer was injected, nitrogen gas was bubbled into the system and the last opening was connected to a
washing flask with distilled water. The washing flask was used to collect nitrogen gas and evaporation products.
Thereafter, the gas was released to the air. The experiment was left for 9 days at 120°C. When the experiments
were terminated, it was investigated whether the small crystals had been dissolved and larger crystals were

formed. The setup of the experiment with a nitrogen atmosphere can be seen in Figure 5.
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Figure 5: Setup of the Ostwald ripening experiment with a nitrogen atmosphere.

4.2 Investigation of Deposit Formation in the TDT

A new laboratory test setup with inspiration from JFTOT was used for the investigation of the deposit formation.
The setup was called TDT and allowed for easier analysis compared to JFTOT since the fuel passed over a
removable aluminium foil instead of an aluminium tube. The setup consisted of a feed unit, process unit, and

cooling circuit (see Figure 6).

10jd regleras automatiskt

Figure 6: The total setup of the TDT.

The feed unit consisted of a pump, valves, a test fuel tank including a magnet, a stirrer, and a fuel waste tank

(see Figure 7). The test fuel consisted of B7 and a concentrate including sodium hydroxide, calcium oxide,
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distilled water, and aged B100. The calcium and sodium concentrate was added to B7 to allow formation of
metal soaps since they are formed from carboxylic acids in the fuel and metal compounds. The Na/bleed selector
valve in Figure 7 was used to determine whether nitrogen gas should be flushed through the system or bleeding
should be performed. Nitrogen was used after the experiment to spill out remaining fuel. Bleeding means that
air was emptied from the system, and the pressure was released. It was done both before and after the
experiment. The bleed valve was used to open the system for either N, or fuel where it was closed when fuel
was pumped through the system, and opened if the system was flushed with nitrogen. The back pressure valve

ensured that the pressure of 1.7 bar was kept through the system.

Figure 7: The feed unit of the process setup.

The process unit consisted of the modelled injector (rig) made of aluminium, which was placed on a heating
plate (see Figure 8). One end was supplied with cooling channels while the other was placed on a heating block
to obtain a temperature gradient within the rig (see Appendix A: Temperature Profile inside the Rig). The fuel
entered in the cold end, was heated inside the rig, and exited from the hot end. Thermocouples were connected
to the rig to be able to measure the temperature inside. Inside the rig, a gasket, consisting of fluorine kautschuk
material (FKM), was placed on top of the substrate made of a sheet of aluminium foil. The gasket formed a split
in which the fuel passed through. Moreover, the gasket helped to seal the rig, and to keep the upper part of the

rig cool. In this way, deposits were only formed at the lower part on top of the aluminium foil.
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Figure 8: Components of the processing unit.

The cooling circuit consisted of a filtration unit, valves, and a beaker containing a heat exchanger and water
(see Figure 6 and Figure 9). Cooling water was split with one part going to the system and the other to the heat
exchanger. The water that went to the system was first purified in the filtration unit to reduce the hardness of
the water and achieve a constant flow. Thereafter, the water was heated up in the rig and then cooled in the heat
exchanger before exiting the system. It was cooled both for material and safety concerns. The valves could only
handle a certain pressure, which was why the water needed to be cooled since a higher temperature meant a
higher pressure. The heat exchanger valve adjusted the water flow in the heat exchanger, and the cooling bypass
valve allowed for a higher flow of water through the system. During the experiment, the cooling regulating
valve adjusted the cooling flow of water through the system. After the experiment, the substrate could be
removed from the lower part of the rig. It was then washed with heptane and dried. Thereafter, it could be
analysed in SEM-EDX, FTIR-ATR, ion milling and pyrolysis GC-MS.

|
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Figure 9: The cooling circuit of the process setup.
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4.2.1 Preparation before the Experiments

Before the experiments in the TDT, some preparations were made. First, the substrate was prepared where a
160 mm long and 30 mm wide piece of aluminium foil was cut. Moreover, the test fuel was made 24 h prior to
the experiment. The test fuel consisted of B7, and 15 ppm of concentrate to be able to form soap deposits. The
concentrate was prepared by first adding 0.25 g of CaO, 1 g of NaOH, and 25 g of distilled water to a bottle.
This mixture was stirred on a stirring plate for 5 minutes at 650 rpm to prevent formation of lumps. Thereafter,
220 g of B100 that had been aged for 66 h was added and the mixture was put in a homogenizer for 5 minutes
at 7000 rpm. Lastly, the concentrate was left on a stirring plate at 650 rpm for 24 h. This resulted in a

concentration of 0.1 wt% calcium and 0.4 wt% sodium.

To achieve a concentration of 15 ppm of the calcium and sodium concentrate in the test fuel, 1.8 g of the
concentrate was added to 580 g of the B7 for the investigations on temperature, and 2.5 g of the concentrate
was added to 830 g of the B7 for the investigations on engine oil. This was done in two rounds where firstly
half of each amount was added and then stirred in a shaking machine for 45 seconds. Thereafter, the remaining
amount was added, and the test fuel was stirred again for 45 seconds. The test fuel was then left for 24 h at a
stirring plate at 750 rpm prior to the experiment. Moreover, in the investigations on engine oil, 8.4 g of the
engine oil was added to the test fuel right before the experiment to achieve 1 wt% of the engine oil in the test
fuel. Experiments were also performed on engine oil without addition of calcium and sodium concentrate. In
these test fuels, 6.3 g of the engine oil was added to 620 g of the B7 right before the experiment to achieve 1

wt% of the engine oil in the test fuel.

Before any experiment was initiated, the surfaces of the heating block, gasket, and substrate were cleaned with
heptane. Thereafter, the substrate was placed on the lower heating block with the gasket on top of it. The start,
stop, and flow directions were marked on the substrate to facilitate the analysis. Lastly, the upper heating block

was placed on top of the gasket and fastened with screws.
4.2.2 General Procedure of the TDT

To initiate the experiment, all fuel and cooling lines were connected, and the suction line was inserted into the
test fuel tank (see Figure 7). Firstly, bleeding was performed to get rid of air bubbles and old fuel from earlier
experiments. The Na/bleed selector valve was opened for bleeding, which allowed fuel to enter the waste fuel
tank. Then the bleed valve was opened, and the pump ran at a high flow rate until no air bubbles could be seen.
Thereafter, the bleed valve was closed. Then the pump was run at high flow rate again to remove air from the

complete system.

The next step was to initiate the cooling. Firstly, the cooling bypass valve and water tab were opened with water
running at full speed for roughly one minute to exchange the water in the filter (see Figure 9). Thereafter, the
cooling bypass valve was closed and desired water flows through the heat exchanger and the system were set

by the heat exchanger valve and the cooling regulating valve. The flow rate was confirmed by weighing the
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amount of water that passed through the system per minute. The pump and heating plate were then turned on

and a metal sheet was placed in front of the process unit to prevent cooling of the system.

After the desired time duration, the experiment was terminated by turning off the heating plate and the pump.
The heating blocks were placed on a spacer, which removed the contact between the heating blocks and the
heating plate. Moreover, the cooling bypass valve was opened to allow rapid cooling of the heating blocks (see
Figure 9). N> was then flown through the system to remove the remaining fuel. When the heating blocks were
cold, the substrate was removed. Firstly, the water tab was closed, and the bleed valve was opened to release
pressure from the system. The substrate could then be removed and was cleaned with 4 mL of heptane on each
side. When dry, it was cut into two pieces to facilitate the analysis. Lastly, the gasket and heating block were

cleaned with heptane, and the waste tank was emptied.
4.2.3 Reference Level

The reference level of the temperature, fuel flow rate, and time duration was chosen based on the work of Barker
et al. [29] and Berndt et al. [9]. Their parameters, as well as the parameters used in this study, can be seen in

Table 4. These parameter values serve as the basis for the investigation and are used unless otherwise stated.

Table 4: Reference level in the TDT experiments.

Parameter TDT Barker et al. [29] Berndt et al. [9]
Temperature [°C] 250 260 240
Fuel flow rate [mL/h] 180 180 180
Time duration [h] 2.5 2.5 25

4.2.4 Investigation of Temperature in the TDT

The use of cooling water and a heating plate created a temperature gradient in the process unit. The temperature
profile for different temperatures and cooling flow rates can be seen in Appendix A: Temperature Profile inside
the Rig. To obtain investigations over a wide temperature range, experiments were conducted with the heating
plate setting temperatures of 120°C and 250°C at a constant cooling flow rate of 100 g/min. Three replicates

were run at each temperature to ensure repeatability. The specifications of the trials can be seen in Table 5.

Table 5: Method specifications of the trials within the investigation of temperature.

Trial Time from preparation of test | Duration Setting Cooling flow | Fuel flow
fuel to experiment [h:min] [h:min] temperature [°C] [9/min] [mL/h]
1 24:08 2:28 250 100 180
2 23:41 2:29 250 100 180
3 24:25 2:29 250 100 180
4 24:18 2:30 120 100 180
5 24:00 2:26 120 100 180
6 24:03 2:30 120 100 180
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The setting temperatures from Table 5 allowed for the investigation of deposit formation in a temperature range
of 50-190°C. The procedure was as described in 4.2.2 General Procedure of the TDT in which the temperature

was adjusted on the heating plate.
4.2.5 Investigation of Tilted Apparatus in the TDT

Experiments were conducted with the rig tilted to 30° to investigate whether sedimentation could affect the

deposit formation (see Figure 10).

Figure 10: Setup of the tilted apparatus.

The parameters were set to the reference level (see Table 4). However, experiments were also performed at
120°C to investigate differences across the temperature range 50-190°C. Thereafter, the procedure was as
described in 4.2.2 General Procedure of the TDT. As in the investigation of temperature, three replicates were

performed on each condition to ensure repeatability. The specifications of the trials can be seen in Table 6.

Table 6: Method specifications of the trials within the investigation of a tilted rig.

Trial Time from preparation of test | Duration Setting Cooling flow | Fuel flow
fuel to experiment [h:min] [h:min] temperature [°C] [9/min] [mL/h]
1 24:05 2:35 250 100 180
2 24:03 2:30 250 100 180
3 24:35 2:30 250 100 180
4 23:55 2:30 120 100 180
5 24:13 2:30 120 100 180
6 23:23 2:30 120 100 180
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4.2.6 Investigation of Engine QOil in the TDT

In the investigations of addition of engine oil into the test fuel, one fresh and one used engine oil were used.

The composition of some of the elements in the engine oils can be seen in Table 7.

Table 7: Specifications of the two types of engine oil used in the TDT experiments with engine oil addition.

Concentration [ppm]
Elements Fresh engine oil B Used engine oil
Ca 1400 1610
Fe n.d. 534
Mg 1000 1090
Na n.d. 1.44
P 800 740
S 2100 n.d.
Si 30 6.62
Zn 900 920

4.2.6.1 Investigation of Fresh Engine Oil with Sulphuric Acid

The purpose of engine oil addition to the test fuel was to investigate whether crystals of CaSO, could be formed.
However, sulphate was not present in the fresh engine oil B. Therefore, an addition of sulphate ions was needed
before the initiation of the TDT. This was made by adding diluted sulphuric acid. Half of the hydroxide ions
present in the oil were neutralised, where the total base number was 9.9 mg KOH/g oil. With an addition of 8.4
g of engine oil to the test fuel, the total moles of hydroxide ions were 0.0015 mol. The neutralisation of half of
the moles of hydroxide ions represented an addition of 0.04 g of 95-95 wt% sulphuric acid to 8.4 g of engine
oil (see Appendix B: Calculation on H,SO4 for the Fresh Engine Oil TDT Experiments). However, to simplify
the additions, a mixture with a larger volume was prepared. In the first trial, 0.46 g of sulphuric acid was added
to 1.8 g of distilled water to be diluted. This dilution was then transferred to 100 g of engine oil and stirred at
1000 rpm for 24 h. In the subsequent experiments, the additions were based on 50 g of engine oil. Therefore,
0.23 g of sulphuric acid was added to 0.46 g of distilled water for dilution. The mixture was then transferred to
50 g of engine oil and stirred at 1000 rpm for 24 h. Experiments were performed with oil at both room
temperature and at 80°C.

The test fuel was prepared as described in 4.2.1 Preparation before the Experiments. When the experiment was
to be initiated, 8.5 g of the engine oil and sulphuric acid mixture was transferred to the test fuel. Thereafter, the
experiments were run as described in 4.2.2 General Procedure of the TDT. The specification of each trial can

be seen in Table 8.
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Table 8: Method specifications of the trials within the investigation of fresh engine oil with addition of concentrate.

Trial | Time from Time from Duration Setting Cooling | Fuel | Heating of
neutralisation | preparation of test | [h:min] | temperature | flow flow oil before
to experiment | fuel to experiment [°C] [o/min] | [mL/h] | experiment

[h:min] [h:min]
1 23:43 24:08 02:30 250 100 180 No
2 24:28 24:18 02:30 250 100 180 No
3 23:36 23:59 02:30 250 100 180 Yes
4 24:36 24:26 02:30 250 100 180 Yes
5 23:55 23:35 02:25 120 100 180 Yes
6 24:25 24:10 02:30 120 100 180 Yes
7 24:00 0:35 02:31 120 100 180 Yes

Experiments were also performed without addition of the calcium and sodium concentrate. In those experiments,
the oil was neutralised as described in the first paragraph of this section. Moreover, 623 g of B7 was used instead
of one litre of test fuel. When the experiment was to be initiated 6.4 g of the engine oil and sulphuric acid
mixture was transferred to the B7. Thereafter, the experiments were run as described in 4.2.2 General Procedure
of the TDT. The specifications of the trials within the experiments of fresh engine oil without addition of calcium

and sodium concentrate can be seen in Table 9.

Table 9: Method specifications of the trials within the investigation of fresh engine oil without addition of concentrate.

Trial | Time from neutralisation to Duration Setting temperature | Cooling flow | Fuel flow
experiment [h:min] [h:min] [°C] [g/min] [mL/h]
24:16 2:30 250 100 180
24:00 2:30 250 100 180
3 24:18 2:30 250 100 180

4.2.6.2 Investigation of Used Engine Oil

In the investigations of used engine oil, sulphate ions were supposed to be present. Therefore, no addition of
sulphuric acid was needed. One litre of test fuel was prepared in the same manner as in the investigations for
the fresh engine oil. When the experiment was to be initiated, 8.4 g of the used engine oil was added to the test
fuel and the experiment was run as described in 4.2.2 General Procedure of the TDT. The specifications of the

trials can be seen in Table 10.

Table 10: Method specifications of the trials within the investigation of used engine oil with addition of concentrate.
Trial | Time from preparation of test | Duration | Setting temperature | Cooling flow | Fuel flow
fuel to experiment [h:min] [h:min] [°C] [g/min] [mL/h]
1 23:19 2:32 250 100 180
2 23:07 2:35 250 100 180
3 24:31 2:29 250 100 180
4 24:11 2:30 120 100 180
5 24:01 2:30 120 100 180
6 24:03 2:30 120 100 180
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Experiments were also conducted without addition of the calcium and sodium concentrate in which 6.3 g of the
used engine oil was transferred to 623 g of B7 when the experiment was to be initiated. The specification of
each trial within the investigation of used engine oil without addition of calcium and sodium concentrate can be

seen in Table 11.

Table 11: Method specifications of the trials within the investigation of used engine oil without addition of concentrate.

Trial | Duration [h:min] | Setting temperature [°C] | Cooling flow [g/min] | Fuel flow [mL/h]
1 02:30 250 100 180
2 02:30 250 100 180
3 02:30 250 100 180

4.2.7 Analysis of the Samples from the TDT

In the SEM-EDX analysis, type Il secondary electrons (SE2) were utilised with an electron high tension (EHT)
beam. The voltage used for the SEM images was 10 kV, and for the EDX analyses 16 kV. Moreover, the aperture
size 30 um was used for the SEM images but 60 um for the EDX analyses. The working distance was changed
in SEM to achieve good focus, but for the EDX analysis, 12 mm was used. In the FTIR-ATR, analysis absorption
spectra were obtained and normalised to the hydrocarbon peak at 2928 cm- to be able to compare relative peak

heights.

For the pyrolysis GC-MS analysis, an Agilent 8890 GC system was used with a HP-5ms Ultra Inert column. It
is a crosslinked column made of (5%-phenyl)-methylpolysiloxane, and the used transport medium was helium.
The sample was derivatised with tetramethylammonium hydroxide to stabilise the components for a better
characterisation. In the BIB analysis, the cross-section area was produced in an argon environment where the
samples were prepared in a glovebox and transferred to the ion milling apparatus in an airtight container. During
the milling process, an acceleration voltage of 6 kV was used for a milling time of 30 minutes. Thereafter, a

finer polishing was made with 4 kV for 30 minutes.
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5. Results and Discussion

In this section, the results of all investigations and analyses will be presented and discussed.

5.1 Investigation of Hypotheses

Results from the investigation on the solubility of CaSO4 and Ostwald ripening will be discussed in the

following paragraphs.
5.1.1 Investigation of the Solubility of CaSOa4

From the investigations of the solubility of CaSO. in engine oil and B7, it could be discussed whether it is
reasonable that dissolved CaSOj in the engine oil is transferred to the fuel system, and then precipitates. This is
only possible if the solubility is significantly higher in the engine oil than in B7. The results of the trials on the
solubility of the CaSO, dihydrate in the engine oils can be seen in Table 12 and Appendix C: Investigation of
the Solubility of Calcium Sulphate Dihydrate in Engine Oil.

Table 12: Results of the investigation of the solubility of CaSO4 dihydrate in the engine oils. A negative solubility
represents an increase of powder.

Trial | Difference of Amount of Solubility Type of engine oil | Temperature [°C]
CaS0O4 [mg] engine oil [g] | [mg CaSO./g oil]

1di -40 32 1.3 Fresh engine oil A Room temperature
2di 110 30 -3.7 Fresh engine oil B Room temperature
3di -130 32 4.1 Fresh engine oil A 100
4di -100 35 2.9 Fresh engine oil A 100
5di -80 30 2.7 Fresh engine oil B 100
6di 50 29 -1.7 Used engine oil Room temperature
7di 50 31 -1.6 Used engine oil Room temperature
8di -130 30 4.4 Used engine oil 100
9di -120 29 4.1 Used engine oil 100

The investigations of CaSQO, dihydrate at room temperature indicated that it was not soluble in either the fresh
or used engine oil since there generally was an increase in weight of powder. The increase in weight could
indicate that the final powder included other components. Moreover, there could be oil residues on the filter
paper. However, the first trial in the fresh engine oil showed a small decrease of the CaSO. powder but some
powder was lost during the centrifugation and washing of the powder. Therefore, it was concluded that the
difference was not significant. At 100°C, the CaSO, dihydrate was partially soluble in both oils. An average
solubility was determined by calculating the mean value of the different trials for the same oil and temperature.

The average solubilities at 100°C were 3.2 mg CaS0O./g fresh engine oil, and 4.2 mg CaSO./g used engine oil.

It is reasonable that the solubility of CaSO. in the engine oil changes with temperature since the solubility in
water changes with temperature [63]. Moreover, the increase in solubility of CaSO, dihydrate with temperature

could be related to a decrease of the amount of water molecules since they could protect the crystals and prevent
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dissolution. At 100°C, the water molecules may evaporate, which could facilitate the dissolution. Furthermore,
the temperature dependence could indicate that an activation energy is required for the CaSO, dihydrate to
dissolve [64]. The results of the trials on the solubility of the CaSO4 anhydrous in the engine oil can be seen in

Table 13 and Appendix D: Investigation of the Solubility of Calcium Sulphate Anhydrous in Engine Oil.

Table 13: Results of the investigation of the solubility of CaSO4 anhydrous in the engine oils.

Trial | Difference of Amount of Solubility Type of engine oil | Temperature [°C]
CaS0O4 [mg] engine oil [g] | [mg CaSO./g oil]
lan -130 30 4.3 Fresh engine oil B Room temperature
2an -200 30 6.7 Fresh engine oil B Room temperature
3an -160 30 5.3 Fresh engine oil B 100
4an -240 29 8.1 Fresh engine oil B 100
5an -160 32 5.0 Used engine oil Room temperature
6an -260 32 8.0 Used engine oil Room temperature
7an -250 31 8.1 Used engine oil 100
8an -200 31 6.5 Used engine oil 100

The investigations of the CaSO,4 anhydrous indicated that it is partially soluble in both the fresh and used engine
oil at both temperatures. An average solubility was determined by calculating the mean value of the different
trials for the same oil and temperature. The average solubility at room temperature was about 6.5 mg CaSQ./¢g
used oil and 5.5 mg CaSQO./g fresh oil. At the elevated temperature, the solubility increased slightly to 7.3 mg
CaSO0./g used oil and 6.7 mg CaSO./g fresh oil.

The solubility of CaSO. dihydrate showed to depend more on the temperature than the solubility of CaSO.
anhydrous. The reason for this could be that the CaSO, anhydrous does not contain any water molecules that
could affect the solubility. Moreover, it is reasonable that the solubility of CaSO, dihydrate and CaSO,
anhydrous in the engine oils differs since they have different solubility in water. At room temperature, the
CaSO04 anhydrous has higher solubility in water than the CaSO, dihydrate [63], which is in line with the results
of this study. However, according to the literature, the solubility of CaSO4 anhydrous in water decreases with
temperature, and becomes lower than the solubility of CaSQO, dihydrate at 100°C [63]. This is not consistent
with the results of this study because the solubility of CaSO, anhydrous increased slightly with temperature and
was higher than the solubility of CaSO, dihydrate. Anyhow, the constituents of water and oil differ significantly,
which could be the reason for the different trends in solubility. The solubility of both CaSO, dihydrate and
anhydrous differed between the fresh and the used engine oil where it was higher in the used engine oil. This is
reasonable since the components of the oils are different. In the used oil, degradation has occurred, in which
organic acids have been formed. The acids can form complexes with the CaSO4, which may facilitate

dissolution.

In most experiments, the oil was diluted with heptane to facilitate the filtration. It is important to consider that
this may affect the solubility since the environment is altered. Moreover, losses occurred in the filter funnel and

beaker in all experiments, which could have reduced the weight of the powder, and this can have resulted in a
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higher solubility. However, in all experiments, oil residues were observed on the filter paper, which could have
resulted in an increase in weight. With all this in mind, the calculated solubilities may not be fully accurate, but
rather an estimation. However, since the same error sources were present in all the experiments, they can still

be compared to each other.

The results of the trials on the solubility of CaSO4 dihydrate and anhydrous in the B7 can be seen in Table 14
and Appendix E: Investigation of the Solubility of Calcium Sulphate in B7.

Table 14: Results of the investigation of the solubility of CaSO4 in the B7. A negative solubility represents an increase
of powder.

Trial | Difference of Amount of Solubility Type of CaSO, Temperature [°C]
CaS0O4 [mg] engine oil [g] | [mg CaSO./g oil]

1 40 31 -1.3 Dihydrate Room temperature
2 -60 30 2.0 Dihydrate 120
3 -150 30 4.9 Dihydrate 120
4 -390 30 13 Anhydrous Room temperature
5 -70 31 2.3 Anhydrous Room temperature
6 -30 31 1.0 Anhydrous Room temperature
7 -100 32 3.2 Anhydrous 120
8 30 29 -1.0 Anhydrous 120

The investigations of the solubility of the CaSO, dihydrate indicated that the CaSO, dihydrate was not soluble
in the B7 at room temperature. However, at the elevated temperature, it seemed as the CaSQO. dihydrate was
partially soluble. An average solubility was determined by calculating the mean value of the different trials. The
average solubility at 120°C was 3.5 mg/g fuel. The solubilities in the engine oils at 100°C were 3.2 mg/g fresh
oil and 4.2 mg/g used oil. Thereby, the CaSQO4 dihydrate has similar solubilities in the B7, the fresh engine oil,
and the used engine oil at elevated temperature. However, the loss of weight for the CaSO, dihydrate may be
related to the release of its water molecules, indicating that it is indeed insoluble. Anyhow, this was not

investigated due to time constraints.

The investigations of the solubility of CaSO4 anhydrous in the B7 indicated that it has low solubility at both
temperatures. At room temperature, trial 4 showed a large decrease of powder while the other two showed a
smaller decrease. Therefore, the first trial was considered an outlier and was disregarded, and the average
solubility was calculated as the mean of trial 5 and 6. Consequently, the average solubility of CaSO4 anhydrous
at room temperature was 1.6 mg/g fuel. The solubilities of the CaSO4 anhydrous in the oils at room temperature
were 5.5 mg/g fresh oil and 6.5 mg/g used oil. This resulted in a 70-75% lower solubility in the B7 compared
to the engine oil. At 120°C, there was a decrease in trial 8 and an increase in trial 7. The average solubility was
calculated by taking the mean of trial 7 and 8, leading to an average solubility of 1.1 mg/g fuel. In the engine
oils, the solubilities at elevated temperature were 6.7 mg/g fresh oil and 7.3 mg/g used oil. Thereby, the solubility
was about 85% lower in the B7 compared to the oils. The significantly lower solubility of the CaSO4 anhydrous
in the B7 indicates that engine oil contamination could be the reason for the crystal formation in the IDIDs if

the CaSO, crystals consist of CaSO4 anhydrous.
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5.1.2 Investigation of Ostwald Ripening

Investigations of Ostwald ripening were performed to examine whether it could be a reason for the crystal
formation. It can only indicate that it could be a reason if the powder of CaSO, dissolves in the fuel, to then
precipitate with time as larger crystals. In the experiment of Ostwald ripening with an oxygen atmosphere, only
the original CaSQO4 powder could be seen but no larger crystals (see Figure 11). However, the B7 changed colour
from green to orange, and sticky and slimy deposits could be seen on the wall of the beaker and in the edges of
the bottom of the beaker. The identification of sticky and slimy deposits is consistent with the literature, as more
slimy deposits has been seen at lower temperatures and the temperature was 120°C [7]. The reason for not
forming crystals could be that the time duration was too short or that too much powder may have been added.
Another reason for no formation of larger crystals may be that oxidation occurred due to the oxygen atmosphere,

which also could explain the change of colour.

Figure 11: Results of the investigation of Ostwald ripening with an oxygen atmosphere.
The result of the investigation with a nitrogen atmosphere can be seen in Figure 12. The colour did not change
to the same extent as in the experiment with an oxygen atmosphere since it was still green, which may indicate
that the oxidation process was prevented. Moreover, no deposits could be seen, which also could be due to that

the oxidation process was avoided. The original CaSO, powder could be seen but no larger crystals.
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Figure 12: Results of the investigation of Ostwald ripening with a nitrogen atmosphere.

Only the original CaSO4 powder without formation of larger crystals could be seen in both experiments
regardless of the atmosphere. Thereby, Ostwald ripening may not be the reason for the crystal formation in the
IDIDs. However, it is important to keep in mind that the fuel system differs from the round flask used in this
experiment. In the fuel system, there is more components that could affect the process such as contaminants,

temperature, pressure, size, and time duration.

5.2 Investigation of Deposit Formation in the TDT

Three parameters from Table 1 were chosen to be investigated further to be able to answer the research questions
of the study. Temperature was first investigated since it has been shown to influence the deposit formation, and
with this newly designed rig it is possible to analyse the deposit formation more thoroughly over a temperature
gradient. The setting temperatures 120°C and 250°C were used on the heating plate to achieve a temperature
range of 50-190°C within the rig. Moreover, a tilted apparatus was investigated since the deposit formation
could be affected by sedimentation. Out in the field, sedimentation does not occur since the injector is vertical.
However, in this study the rig was usually used horizontal. Thereby, it was of interest to exclude that
sedimentation influences the results. Lastly, engine oil was chosen because the most believed hypothesis is that
CaSO0; from the engine oil has an influence on the deposit formation. Moreover, other components in the engine
oil could affect the deposit formation. The deposit formation was investigated visually, with SEM-EDX and
with FTIR-ATR. Moreover, some samples were analysed by ion milling and pyrolysis GC-MS.
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5.2.1 Investigation of Temperature in the TDT

Visually, the deposits differed between the trials and the location on the foil. Generally, brown deposits could
be seen on the substrate, but the number of brown deposits was larger at lower temperatures. Moreover, the
deposits were stickier at lower temperatures. This is consistent with what have been seen previously since

deposits formed at lower temperatures usually are more sticky compared to at the higher temperatures [30].

The amount and size of the deposits seen in SEM differed between the trials for both setting temperatures. At a
setting temperature of 250°C, more and larger deposits were seen in the first trial. The difference could be related
to the preparation of the test fuel. It could also be related to the stirring speed of the test fuel since a lower
stirring speed was used in the first trial. Moreover, it was noted that air entered the process in the end of the
experiment, which could affect the deposit formation. At a setting temperature of 120°C, all trials yielded
different trends in size and amount, which indicates that the repeatability may be worse at lower temperatures.
However, common for all trials was that a large amount and size could be seen when the temperature reached
90°C. The results also indicated that the number of deposits was lower at the lower temperatures. This was also
seen in the investigations at the setting temperature of 250°C since the number of deposits was highest at the
highest temperature (see Figure 13). In the figure, there is a larger number of dots in the right picture, which
shows the larger number of deposits. This could be related to the evaporation of liquids such as fuel and water
at high temperatures, which could make the deposits smaller and more brittle. It could also be related to reactions

that may occur at certain temperatures [64].

EHT = 10.00 kY Signal A= SE2 Date .16 Feb 2023 EHT = 10.00 kV Signal A= SE2 Date :16 Feb 2023
WD = 13.6 mm Mag= 100X Time :14:40:3¢ |_{ WD=135mm Mag= 100X Time 15:56.02

o T

Figure 13: Comparison of the deposit size at 95°C (left) and 185°C (right) in trial 1 at the setting temperature 250°C.
The deposits are the dots seen in the images.

The size at the end of the foil at a setting temperature of 120°C was compared to the size at the beginning of the
foil at the setting temperature of 250°C to examine if the position on the foil affects the deposit formation (see
Figure 14).
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Figure 14: Comparison of the deposits at 90°C in trial 2 at a setting temperature of 120°C and the deposits at 95°C in
trial 3 at a setting temperature of 250°C.

In Figure 14, it could be seen that the distribution and morphology were similar since the shape, size and number
of deposits look similar in both images. This suggests that the morphology may be more related to the
temperature than the travelling distance. The results from the investigations at both the setting temperature
120°C and 250°C indicated that, in general, there was a peak of size of the deposits at the temperature of 80-
90°C and the amount and size seemed to thereafter change until 190°C where the amount was high, but the size
was small. This is consistent with Berndt et al. [9] who argue that the greatest amount of deposits is formed at
higher temperatures. However, due material limitations, it was not possible to investigate temperatures above
190°C. From the SEM analysis it could also be seen that in several locations on the foil, less deposits were
formed in the middle of the substrate compared to the edges. This could be related to the fuel flow rate, which
is highest in the middle, making it more difficult for the deposits to adhere to the surface. This is in accordance

with Edney et al. [31], who state that the severity of deposit formation can be related to the loss of flow rate.

In the SEM-EDX analysis, the composition at different positions on the substrate could be evaluated. Figure 15
shows the average composition of the different trials in which the composition was normalised to exclude

aluminium to be able to investigate the deposits, and not the aluminium foil.
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Figure 15: Average composition of the deposits at different positions and temperatures. The upper points in the figure
belong to a setting temperature on the heating plate of 250°C and the lower points to 120°C.

From Figure 15, the composition at the same position from the inlet at the two different temperatures could be

compared. It could be seen that the composition of the elements generally differed between the temperatures at

the same position from the inlet. Thereby, the position from the inlet may not affect the type of deposit.

However, it could be seen that the composition for all elements changed with the temperature. This can be seen

more clearly in Figure 16 and Appendix F: Comparison of Composition with Temperature for each Element.
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Figure 16: Comparison of composition of deposits formed at different temperatures for the four main elements.

It could be seen that the largest change in composition starts at 80-90°C. The largest deposits were also found

in SEM at this temperature, which could indicate that a reaction occurred that both affected the size, and the

composition of the deposits. The identification of the mentioned elements correlates with the literature where

Scania CV AB previously identified all of these elements [34]. Moreover, Barker et al. [29] have identified

hydrocarbons and metal ions. However, Scania CV AB have also identified magnesium and sulphur, and Barker

51



et al. sulphates and phosphates [29], [34]. The reason for not identifying these compounds could be that the test
fuel consisted of fresh fuel and an artificial calcium and sodium concentrate, while the fuel out in the field

becomes aged with time and may therefore consist of other contaminants.

The spectra from the FTIR-ATR analysis at a setting temperature of 250°C showed peaks at 1060 cm, 1199
cm?, 1417 cmt, 1565 cm?, 1738 cm?, 2856 cm™, 2925 cm and 3000-3500 cm (see Figure 17). Moreover,
trial 2 and 3 showed a peak at 955 cm™. However, a comparison with the spectra from the aluminium foil

indicated that this peak belongs to the foil.
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Figure 17: FTIR spectra from trial 1 at a setting temperature of 250°C. The intensity has been normalised to the peak at
2828 cm™,

The peaks at 1060 cm™* and 1199 cm could belong to alcohols, carboxylic acids or esters according to Sigma
Aldrich [65], Mohamed et al. [48] and Shameer and Nishath [50]. According to Sigma Aldrich [65], the peak
at 1417 cm could belong to alcohols or carboxylic acids. The strong peak at 1565 cm* could be related to
metal carboxylates in soap formation [66]. The peak at 1738 cm™ is most likely a C=0 stretching of aldehydes,
ketones or carboxylates, according to Sigma Aldrich [65] and Berndt et al. [9]. The peaks at 2856 cm and 2915
cm* have previously been identified as C-H bonds in alkanes by Shameer and Nishath [45]. The last broad peak
at 3000-3500 cm™* does probable belong to OH stretching of alcohols or water [65]. In the FTIR-ATR analysis
of the deposits at a setting temperature 250°C, it could be observed that the peaks at 1060 cm*, 1199 cm and
1738 cm* seemed to decrease at higher temperatures while the peaks at 1417 cm™ and 1565 cm™ seemed to

increase (see Figure 18).
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Figure 18: Closer view of the peak increase and decrease in trial 1 at a setting temperature of 250°C. The intensity has
been normalised to the peak at 2928 cm™.

The decrease of three peaks and increase of two peaks indicate that some reaction occurs, which correlates with
the SEM-EDX results since both the morphology and composition of the deposits differed along the foil.
Moreover, it could indicate evaporation of fuel components, making other compounds more concentrated. The

FTIR-ATR spectrum was compared to the spectrum of the test fuel, B7 and B100 (see Figure 19).
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Figure 19: FTIR spectra of the test fuel, B100 and B7. The intensity has been normalised to the peak at 2858 cm™.

It can be seen that peaks were found at similar wavenumbers in Figure 19 as the decreasing and increasing peaks
in Figure 18, except the peak at 1565 cm, which was absent in the fuels. The spectra of B7 and the test fuel
were identical, which is why the test fuel spectrum is not visible in the figure. However, it is reasonable since a
major part of the test fuel is B7 while a minor part is the calcium and sodium concentrate. The decreasing peaks
in the spectra from the samples had high intensities in B100, which indicates that it could be related to the
FAME content. At higher temperatures, the fuel content may decrease, which in turn decreases the FAME
content. Therefore, the difference in peak heights could appear. Moreover, the ester content may decrease due

to reactions to form metal carboxylates [8]. According to Shameer and Nishath [45], peaks around wavenumbers
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of 1000-1300 cm™ and 1738 cm indicate presence of ester or ether groups, which strengthens the claim that
these peaks are related to the FAME content. The peak at 1457 cm™ in Figure 19 had the same intensity in all
fuel types, which indicates that the peak around 1419 cm in the spectra from the samples may not be related
to the FAME content. Therefore, it could be other components of the fuel such as hydrocarbons or alcohols.
The increasing peak at 1565 cm™ may be absent in the fuels since it, as mentioned, could be related to soap
formation, which correlates with the results of the SEM-EDX analysis since the content of calcium, sodium and

oxygen increased with temperature.

In the FTIR-ATR analysis of the deposits at the setting temperature 120°C, peaks were found at the same
wavenumber as at the setting temperature 250°C. However, there were no clear trends of increasing and
decreasing peaks (see Figure 20). This may indicate that a reaction is occurring when the temperature reaches
100°C, which could be related to evaporation of fuel or breakage of ester, ether, or carboxylic bonds. This is in
accordance with the results of the SEM-EDX analysis in which the size and amount started to alter after 90°C.
Moreover, the largest change of composition in the SEM-EDX analysis were between 90°C and 150°C (see
Figure 16). The change in composition at a higher temperature indicates that an activation energy is needed for

the reactions to occur [64].
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Figure 20: FTIR spectra from trial 1 at a setting temperature of 120°C. The peaks have been normalised to the peak at
2858 cm™,

lon milling was performed on trial 1 from the investigations at the setting temperature 250°C. However, no
layer structures could be seen. This is not consistent with the literature since several layers have been found in
the field [7], [8], [31]. However, the cross-section area was made at a temperature of 110°C where a smaller
number of deposits could be found, which may have affected the possibility of layer structures. In the SEM
analysis of the cross-section, the height of the deposit could be estimated (see Figure 21). It could be seen that
the maximum thickness at a temperature of 110°C was 3 um. This is a higher thickness than the literature
suggests since deposits with a thickness in hanometre size have been found [5], [7], [40]. The reason for the
difference in thickness could be that different types of test fuels were used. Moreover, different conditions might
have been used in the experiments. Anyhow, a major part of the deposits was generally much smaller at 110°C
in this study.
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Figure 21: Estimation of the height of the deposit at a temperature of 110°C in the investigations on a setting
temperature of 250°C.

The sample from trial 2 in the investigations of temperature at a setting temperature of 120°C was analysed with
pyrolysis GC-MS (see Figure 22). However, the analysis could not be performed at a specific location on the
aluminium foil due to a low number of deposits. Anyhow, the FTIR spectra showed the same peaks at all
temperatures in which only the peak heights differed with temperature (see Figure 17). This suggests that the
present peaks in the GC-MS spectrum should not be affected by at which location on the aluminium foil the
analysis was performed. In the spectrum, several peaks connected to the degradation of the fuel and soap
formation could be seen, which was as expected from the FTIR and SEM-EDX analyses. Different types of
acids could be seen, which are components of metal soaps, and are formed when the fuel degrades. Moreover,
the observed compounds were methylated due to the use of methylation to protect reactive ends of the

molecules.

Nonanedioic acid,
dimethyl ester
2e+07

1.8e+07;
1.6e+071

1.40+07

1.2e+07, Octanedioic acid,
dimethyl ester
1e+07
Octanoic acid,
8000000 methyl ester
Decanedioic acid,

6000000 Nonanoic acid dimethyl ester

Heptanoic acid, .

methyl ester methyl ester
4000000

1,

Hexanoic acid, j
methyl ester
2000000 \ J
jn li_

400 600  BO0 1000 1200 1400 1600 1800 20.00 2200 2400 2600 2800

Figure 22: Spectrum from pyrolysis GC-MS at a setting temperature of 120°C. The unit of the time is minutes.
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The results from the investigations of the influence of temperature on the deposit formation showed that the
formation is temperature dependent in terms of morphology, composition, and reactions. This could be
concluded since the size and number of deposits seen in SEM changed with temperature. Moreover, the SEM-
EDX analysis showed that the composition of the elements changed when the temperature increased. The largest
change of composition was shown to be when the temperature exceeded 90°C. Similarly, the peak heights started

to change at this temperature, which indicated that reactions occurred when the temperature reached 100°C.
5.2.2 Investigation of Tilted Apparatus in the TDT

Visually, some deposits could be seen but not to the same extent as in the horizontal rig. This was also confirmed
by the SEM analysis since less deposits were seen in general especially at higher temperatures (see Figure 23).
However, similar trends as in the horizontal rig could be observed. The size of deposits increased up to a
temperature of 80-90°C. Thereafter, the size decreased with temperature while the quantity increased. Moreover,
in some locations larger deposits than usual could be found, possibly because of agglomeration. There was also
more deposit formation along the sides than in the middle, as in the previous experiments. It is reasonable that
the number of deposits was lower in general in the tilted rig since sedimentation was prevented. If sedimentation
occurs, it may promote the deposits formation, and lead to a higher number of deposits. However, since the
same trends could be seen with both a horizontal and a tilted rig, the trends in size and amount are rather
connected to the temperature than the inclination of the rig.
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Figure 23: Comparison of the deposits in the horizontal (left) and tilted (right) rig at a temperature of 190°C.
In the SEM-EDX analysis, the same elements were observed as in the horizontal rig, namely carbon, oxygen,
calcium, and sodium. The results of the different trials differed slightly, especially in the end of the rig. The
deviating results could be related to the preparation of the test fuel, the stirring speed, or that air entered the
process. When comparing the average composition from all trials with the results in the horizontal rig, the trend
was similar up to 150°C to thereafter deviate and be reverse (see Appendix G: Comparison of Composition
between Tilted and Non-tilted). The reason for the deviating results could be that the inorganic soap deposits

have difficulties sticking to the surface at the higher temperatures when the rig is tilted, which could explain
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that the compositions of sodium, oxygen and calcium decrease at the higher temperatures. Moreover, in the end
of the rig, the fuel is sucked out of the rig instead of pushed through. Therefore, the deviating trend could be
connected to issues with the extraction of fuel. Additionally, most of the points on the foil had a large content
of aluminium, which indicates that the deposits have a lower thickness than in the horizontal rig. The lower
thickness could make the results of composition less reliable.

From the SEM-EDX analysis, the composition at different positions on the substrate could be evaluated (see

Figure 24). The composition was normalised without inclusion of aluminium to be able to investigate only the

deposit, and not the aluminium foil.
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Figure 24: Average composition of the deposits at different positions and temperatures in the tilted rig. The upper points
in the figure belong to the setting temperature 250°C and the lower points belong to 120°C.

When comparing the composition in terms of position from the inlet in Figure 24, it was seen that the
composition differs between the temperatures at the same position, which indicates that the position does not
affect the composition. However, the temperature affects the composition, which can be seen better in Figure
25 and Appendix G: Comparison of Composition between Tilted and Non-tilted. When the total average
composition from all trials was determined, the trend was similar to the results from the horizontal rig for all
elements except calcium since the composition of calcium increased in the horizontal rig but decreased in the

tilted (see Figure 16, Figure 25, and Appendix G: Comparison of Composition between Tilted and Non-tilted).
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Figure 25: Comparison of composition at different temperatures for the four main elements when the rig was tilted.

The largest change of composition was in the range of 90-150°C, similarly to the results in the horizontal rig.
The changes are smaller than the changes in the horizontal rig for all elements except oxygen. The different
results could, as mentioned, be related to that the elements have difficulty adhering to the surface when the rig
is tilted. Moreover, the reason for the different trend of calcium could be that calcium is added in a low amount
into the test fuel, which could make it more sensitive to noise in the measurement especially when fewer deposits

are formed.

The FTIR-ATR analysis of the deposits at a setting temperature of 250°C in the tilted rig showed similar trends
as the experiments in the horizontal rig, with peaks at the same wavenumbers, and three decreasing and two
increasing peaks (see Figure 26). However, the peak at 1565 cm was highest at a temperature of 170°C inside
the rig but at least higher at the higher temperatures. The similar trends indicate that the same elements and
reactions occur regardless of whether the rig is tilted or not, which implies that the reactions are connected to
the temperature. It could also have been that some elements were present in lower amounts or that new elements
appeared due to different possibilities to adhere to the surface in a tilted rig. However, since the same peaks and
trends were seen it could be concluded that sedimentation does not affect the present compounds, only the total
number of deposits.
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Figure 26: FTIR spectra from trial 1 in the tilted rig at a setting temperature of 250°C. The peaks have been normalised
to the peak at 2858 cm™,

At a setting temperature of 120°C, no clear trends could be seen (see Figure 27), which is consistent with the
results in the horizontal rig. As mentioned before, this indicates that the trend of reactions was the same
regardless of if the rig was tilted or not since the change in peak heights occurred when the temperature reached
100°C. At both temperatures, a clear peak could be discerned at 975 cm-*. This peak was also found in some
trials in the horizontal rig and is connected to the aluminium foil. The identification of the aluminium foil

indicates that less deposits were formed, which was consistent with the SEM analysis.
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Figure 27: FTIR spectra from trial 3 in the tilted rig at a setting temperature of 120°C. The peaks have been normalised
to the peak at 2858 cm™,

The results of the investigations with a tilted rig showed that sedimentation does not affect the trends of the
deposit formation regarding size, composition, and reactions. However, the number of deposits were reduced,
and deviations were seen in the end of the rig possibly connected to difficulties for soap deposits to adhere to

the surface.
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5.2.3 Investigation of Engine Oil in the TDT

To answer the research question of how engine oil affects the deposit formation, experiments were conducted
with addition of fresh and used engine oil to the test fuel. It made it possible to see if any crystals could be
formed, and if there were any changes in morphology and reactions when either fresh or used engine oil was
added. Experiments were made both with and without addition of calcium and sodium concentrate to see if it

had an influence on the formed deposits.
5.2.3.1 Investigation of Fresh Engine Oil with Sulphuric Acid and Addition of Concentrate

Visually, the number of deposits varied between the different trials and positions on the aluminium foil with
more deposits at some locations but without a clear trend of the number of deposits. Moreover, the results from
the SEM analysis differed between the trials. At the setting temperature 120°C, experiments were only
performed with preheated oil. However, at the setting temperature 250°C, two experiments were also performed
with unheated oil. The number of deposits was not consistent between the trials of the preheated oil. For
example, many deposits were only observed at 50°C in one of the trials, and small at 85°C in one other trial.
However, all trials of the preheated oil showed relatively many deposits at 190°C, which was in line with the
results without oil addition. No clear trend could be seen regarding size, since the trials showed large deposits
at different temperatures. However, it seemed like larger deposits could be seen at higher temperatures (see
Figure 28).
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Figure 28: Comparison of size in the investigation of preheated fresh oil addition with sulphuric acid at a setting
temperature of 250°C. The left image is at the temperature 50°C and the right at the temperature 190°C.

The trials with unheated oil showed more deposits in general compared to the preheated oil (see Figure 29).
This could be due to that the neutralisation of the oil at room temperature might have led to larger crystals,
which may ease the sticking of soft particles and lead to more deposits. Smaller crystals may be formed at a
higher temperature since the higher temperature could lead to destruction of the crystals. Trends could not be

seen either in size or amount with the unheated oil.
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Figure 29: Comparison of the deposits between the preheated and unheated fresh engine oil at a temperature of 150°C.
The left image is the unheated oil, and the right is the preheated oil.

When the results were compared with the investigation without oil addition, it could be seen that the trends of
size and number of deposits differed, which is reasonable since crystals were formed when the oil was added.
However, in general, the number of deposits was larger at higher temperatures both with and without oil
addition. Regarding size of the deposits, no trial in the investigations of oil addition followed the same trend as
without oil addition, which could be due to the formation of crystals. The crystals may promote the deposit

formation, which could lead to more and larger deposits.

The results of the SEM-EDX analysis differed between the trials (see Appendix H: Comparison of Composition
in the Trials on Fresh Oil Addition). However, the same elements could be identified in all trials, namely carbon,
oxygen, sodium, calcium, and sulphur. Moreover, zinc was found at some locations, especially at the setting
temperature 120°C. The identification of these elements are in line with the literature since the elements have
been identified by Edney et al. [31], Scania CV AB [34], and Barker et al. [29]. At the setting temperature 250°C
in the investigation with addition of fresh engine oil, the trends of composition were similar in trial 1, 2, and 3
(see Appendix H: Comparison of Composition in the Trials on Fresh Oil Addition). In general, the carbon
content seemed to be higher at 90°C to then decrease and be quite constant. Moreover, calcium, oxygen and
sulphur increased while sodium had a peak around 150°C. Thereby, calcium, oxygen and sulphur followed the
same increasing trend, which suggests that the amount of CaSO, crystals increased. This is reasonable since

most CaSO; crystals have been found at the warmest part of the injector out in the field [7].

In the SEM-analysis, a large size could be seen at 150°C, at which temperature the sodium content also was
high (see Appendix H: Comparison of Composition in the Trials on Fresh Qil Addition). This could be related
to that more soap deposits were formed since they consist of carboxylates and metals, such as sodium or calcium.
Moreover, the size was large at the higher temperatures, which could be due to a higher amount of CaSO.
crystals. At the setting temperature 120°C, the results from the SEM-EDX analysis were more similar between
the trials except from calcium (see Appendix H: Comparison of Composition in the Trials on Fresh QOil
Addition). Carbon and oxygen showed reverse trends in which oxygen was higher when carbon was lower. This

is reasonable since carbon indicates more organic deposits while oxygen represents more inorganic. Sulphur
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and zinc were generally low but higher at some locations. The trends of zinc and sulphur were similar at the
lower temperatures, indicating that zinc sulphate (ZnSO,4) might have been formed. Sodium and calcium were

generally higher at the higher temperatures.

Since trial 4 at the setting temperature 250°C showed deviating results, it was excluded from the calculation of
the average compositions. When comparing the average composition of the different elements at different
temperatures, trends could be seen more clearly (see Figure 30 and Appendix I: Comparison of Composition
with and without Oil Addition). Oxygen and carbon were generally constant but varied more at lower
temperatures, sodium had a peak concentration at 150°C, and sulphur and zinc varied at the temperatures below
90°C. Thereafter, sulphur increased while zinc was almost absent. Calcium was increasing in the entire
temperature interval but more when the temperature exceeded 100°C. These results indicate that at the lower
temperatures there might be more ZnSO4 but at the higher temperatures, CaSO, is more prominent. This is
consistent with the field since more CaSO, has been found at the injector tip where the temperature is higher

[62]. However, ZnSO4 has not been seen before, and could be a result of contaminations.
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Figure 30: Comparison of composition at different temperatures for the main elements in the experiments regarding
fresh oil addition. The second trial was disregarded due to deviating results.

The composition of the major elements in the investigations regarding fresh oil addition was compared to the
composition in the investigations with no oil addition (see Appendix I: Comparison of Composition with and
without Oil Addition). It could be seen that carbon and oxygen was quite constant at lower temperatures in both
experiments. However, when the temperature increased, carbon decreased continuously without oil addition but
decreased slightly up to 130°C to then be quite constant with fresh oil addition. Similar but reverse trends could
be seen for oxygen. Moreover, the composition of oxygen was generally higher in the fresh oil experiments
while the composition of carbon was generally lower. This indicates that more inorganic deposits are formed

when oil is added to the test fuel, which is reasonable since more inorganic substances are present.

Calcium showed similar trends with and without oil addition where it increased, especially at higher
temperatures (see Appendix I: Comparison of Composition with and without Oil Addition). However, sodium
followed the same trend up to 150°C both with and without oil addition after which it continued to increase
without oil addition but decreased when fresh oil was added. The reason for the different trend of sodium could
be that less soaps were formed at the higher temperatures when the fresh oil was added due to the formation of
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CaSO0; crystals. The formation of crystals could lead to a competition between soap formation and crystal
formation since they could compete for the space on the aluminium foil. Therefore, less soaps may be formed.
Another reason for the decrease in sodium at the end could be that the oil may have acted as a detergent and

washed away the sodium soaps [62].

In the FTIR-ATR analysis at both setting temperatures, same peaks as in previous experiments were seen in all
trials except in trial 3 at a setting temperature of 250°C in which the soap peak was almost absent. Moreover,
another peak was found at 1154 cm in all trials, while the peak at 1199 cm was missing (see Figure 31).
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Figure 31: FTIR spectra from trial 1 in the experiments with fresh oil addition at room temperature at a setting
temperature of 250°C. The peaks have been normalised to the peak at 2858 cm™.

According to Sigma Aldrich [65], a peak at 1154 cm could belong to C-N bonds in amines, C-O bonds in
alcohols or S=0O bonds. Since sulphuric acid was added in these experiments, it could be related to CaSO,
crystals. The spectrum was compared with the spectra of CaSO,4 anhydrous and CaSO, dihydrate where a peak
at 1095 cm* was found in both spectra (see Figure 32). Therefore, it is reasonable that a peak at 1154 cm™ is
related to CaSO.. However, at some temperatures the peak was shifted to about 1166 cm-t, which could indicate
that some other sulphate compound was formed, such as ZnSQO4. This would also be consistent with the SEM-

EDX analysis since zinc was identified at some locations. Anyhow, no analysis was performed to confirm this.
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Figure 32: FTIR spectra of the CaSO, dihydrate and CaSO4 anhydrous.
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Trends of peak increase and decrease were not consistent among the trials. In trial 1 at the setting temperature
250°C, the peak at 1154 cm* increased with temperature (see Figure 31). However, it seemed to decrease in
trial 3 (see Figure 33). Moreover, no clear trend could be seen in trial 2 and 4. Anyhow, the peak was often high
at 190°C, which might indicate that more CaSO. crystals are formed at higher temperatures, which would be
consistent with the results of SEM-EDX and the literature [62]. The soap peak at 1565 cm* seemed to be highest
around 130-170°C, which is consistent with SEM-EDX since sodium had a peak around this temperature. The
results of more CaSO. and less soap at higher temperatures are consistent with the phenomenon seen in the
field. Soap deposits has been observed in the upper part of the injector where the temperature is lower while
CaSO4 mainly has been found in the tip where the temperature is higher [62].
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Figure 33: FTIR spectra from trial 3 in the experiments with fresh oil addition at 80°C at a setting temperature of 250°C.
The peaks have been normalised to the peak at 2858 cm™.,

At the setting temperature 120°C, the peak at 1154 cmt increased with the temperature in trial 1 and 2. However,
in trial 3, it was only present at 85°C. The soap peak showed different trends in the different trials. However, in
general, it seemed like the soap peak was lower when the sulphate peak was higher, which is reasonable since

there might be competition between formation of crystals and formation of soaps.

The results from the investigations with fresh engine oil addition with sulphuric acid, and calcium and sodium
concentrate showed that the engine oil addition affected the deposit formation. Crystals could be seen, which
was consistent with the literature. Moreover, the trends of the soap formation differed possibly due to the

formation of crystals.
5.2.3.2 Investigation of Fresh Engine Oil with Sulphuric Acid without Addition of Concentrate

When experiments were conducted on fresh engine oil addition without addition of calcium and sodium
concentrate, a significantly smaller number of deposits were formed. This is reasonable since no additional
sodium and calcium were added, which are constituents of soap deposits. It indicates that addition of both
calcium and sodium concentrate, and engine oil facilitates the deposit formation possibly because the soft

particles formed from the concentrate makes it easier for the CaSQ, to stick. Thereafter, more deposits could
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attach to the surface due to impurities. However, in the real injectors, the CaSQO4 has been found in the bottom
layer, and not inside of the soft particles. The reason for this could be that the surface in the injector is rougher,

which eases the formation of crystals since the nucleation commonly initiates on surface irregularities [7].

The size of the deposits differed between the trials, but all trials seemed to have a larger size at 90°C and smaller
at 190°C (see Figure 34), which is consistent with the results of the investigations without oil addition. The
deposits were smaller and less crystals could be seen when the calcium and sodium concentrate was absent
compared to the investigation of fresh oil addition with concentrate. The number of deposits was also different
in the different trials but generally the amount was largest at 90°C and 190°C. This is in line with the results
from the investigations with addition of calcium and sodium concentrate. Crystals were only seen on a few

locations, especially at the higher temperatures in trial 1.
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Figure 34: Comparison of size between 90°C and 190°C in trial 3 in the investigations regarding addition of fresh engine
oil with sulphuric acid but without addition of concentrate.

In the SEM-EDX analysis, more elements were identified in comparison with the investigations on the fresh
engine oil with addition of calcium and sodium concentrate, and the investigations without addition of fresh
engine oil. The presence of more elements could be due to that the contents of sodium and calcium were lower,
which could make other elements visible since the composition shows the atomic percentage of different
elements. The identified elements were sodium, sulphur, calcium, zinc, oxygen, carbon, fluorine, iron, and
silicon. The identification of these elements are in line with the literature since all have been found except from
iron, and fluorine [29], [31], [34]. The identification of iron and fluorine could be due to contaminations.
Fluorine could for example originate from the FKM gasket since the gasket contains fluorine. Moreover,
aluminium was present in high amounts, which could make the identification of the other elements less reliable.
The results differed between the trials (see Appendix J: Comparison of Composition with Fresh Engine Oil
without Concentrate). However, trial 2 and 3 showed more similar results than trial 1, which could be due to
that the aluminium foil in trial 1 was damaged. The content of silicon, fluorine, and iron varied significantly,

which could be due to inaccurate measurement because of the high aluminium content or that it is impurities at
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some locations. The average compositions of the elements in all trials were compared despite the differing
results (see Figure 35).
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Figure 35: Comparison of composition at different temperatures for the main elements in the experiments regarding
fresh oil addition without concentrate.

Zinc and sulphur were present in similar amounts and followed similar changes in composition. Therefore, it
was concluded that ZnSO, was formed instead of CaSQ., possibly due to the low available amount of calcium
since no additional calcium was added. The only source of calcium could therefore be from the fuel or oil, which
could lead to a higher amount of zinc than calcium. The higher amount of zinc could favour the formation of
ZnSO4 over CaS04. The elemental compositions were compared with the compositions in the investigations of
fresh engine oil addition with addition of calcium and sodium concentrate (see Appendix K: Comparison of
Composition with Fresh Engine Oil with and without Concentrate). Oxygen and calcium followed similar trends
in both investigations. Moreover, the calcium and sodium contents were generally higher when the calcium and

sodium concentrate was added, which is reasonable since the concentrate contains these two elements.

Silicon, fluorine, and iron were not present when the calcium and sodium concentrate was added (see Appendix
K: Comparison of Composition with Fresh Engine Oil with and without Concentrate). The reason for the
absence of these three elements when concentrate was added could be that the other elements were present in
larger concentrations, which could mean that the atomic percentage of silicon, fluorine and iron may be too low
to be visible. The contents of sulphur and zinc were higher in the investigations without calcium and sodium
concentrate but seemed to decrease with temperature. This could indicate that ZnSO4 was formed before the rig
and then precipitated immediately when entering the aluminium foil. Zinc may originate from other parts of the
system to then react with sulphate from the oil. However, since the composition was highest in the beginning
of the foil and then decreased, it is more reasonable that ZnSO4 was formed already in the oil.
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The FTIR spectra differed significantly between the trials, which is consistent with the SEM-EDX results since
they also differed. However, trial 1 and 3 seemed to have a slightly higher peak at 1170 cm™ at higher

temperatures (see Figure 36).
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Figure 36: FTIR spectra at the temperature 190°C for the three trials at the setting temperature 250°C on fresh engine oil
with sulphuric acid without addition of concentrate.

It could be seen that the peak at 1170 cm* was slightly shifted to the right compared to the experiments with
addition of calcium and sodium concentrate (see Appendix L: Comparison of FTIR spectra with Addition of
Fresh Engine Oil with and without Addition of Concentrate). This could be due to that ZnSO4 was formed
instead of CaSQO4, which would be consistent with the results of the SEM-EDX analysis. In general, the soap
peak was not seen at any temperature. There was no trend in peak increase or decrease between the three trials.
However, a sulphate peak seemed to be visible at 130°C, 185°C and 190°C. Therefore, it might be claimed that
more ZnSQOy, is formed at higher temperatures. However, this is not consistent with the results from SEM-EDX
since the zinc and sulphur contents decreased with the temperature. The calcium content did though increase
with temperature, which might indicate that the peak is a mix of CaSO4 and ZnSOs. Moreover, trial 1 showed a
large peak at 1150 cm™ at 95°C. In the SEM-EDX analysis of trial 1 at this temperature, the content of zinc was
very high, which indicates that it may be connected to ZnSQ,. This might imply that the peaks between 1150
cm* and 1170 cm could belong either to CaSO4 or ZnSO..

The results of the investigation of addition of fresh engine oil with sulphuric acid but without calcium and
sodium concentrate showed different results compared to when the concentrate was added. Less deposits were
formed, and the soap peak was generally absent. Moreover, ZnSO4 was formed to a larger extent than CaSQ..
The results showed that the addition of both engine oil, and calcium and sodium concentrate promote the deposit

formation.
5.2.3.3 Investigation of Used Engine Oil with Addition of Concentrate

Investigations were also made with addition used engine oil since the constituents differs from the fresh engine
oil (see Table 7). When used engine oil, and calcium and sodium concentrate were added to the test fuel, more
deposits were visible compared to both the investigations without oil addition and the investigations with fresh

engine oil. The reason could be that the used engine oil contains more components than the fresh. Therefore,
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the deposits could consist of, for example, different types of additives, which could contribute to the formation
of more or larger deposits [62]. The number of deposits seemed to be small at the lower temperatures and then
increase up to 90°C. At the higher temperatures the amount was generally relatively large, but highest at 190°C.
The size of the deposits seemed to increase with temperature in general (see Figure 37).
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Figure 37: Comparison of size between 60°C (left) and 190°C (right) in the investigation of used engine oil.

As with the experiments on fresh engine oil with sulphuric acid, crystals were seen on some locations, which
indicates that the oil addition facilitates formation of crystals. This is consistent with literature since Lamb et
al. [8] argued that engine oil contributes to deposit formation and that both calcium and sulphate can originate
from the oil. Fewer crystals were observed in the investigations of the used engine oil compared to the
investigations of the fresh engine oil (see Figure 38). The reason for this could be that less sulphate was available
for the reaction of sulphate crystals. In the fresh engine oil, sulphuric acid was added in a determined amount.
However, in the used engine oil, present bases have reacted to form both sulphuric acid and carboxylic acids.

Therefore, less sulphuric acid could be available for the formation of crystals [62].
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Figure 38: Comparison of formation of crystals between fresh oil with sulphuric acid (left) and used oil (right).

The identifications of crystals were not consistent between the trials. However, some similarities were identified

including that crystals were commonly seen at 95°C and 190°C. Moreover, no crystals could be seen at the
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temperatures below 90°C or between 150-170°C. The formation of more crystals at higher temperatures is in
line with the field since more CaSO4 has been found at the injector tip at which the temperature is higher [62].
The reason for absence of crystals between 150-170°C could be that more soaps might have been formed in this

range, which could compete with the formation of crystals.

The main elements found in the SEM-EDX analysis were carbon, oxygen, calcium, sodium, zinc, and sulphur.
Moreover, magnesium and phosphorus were found on some locations. Zinc could be a component of the ZDDP
additive used in lubricating oils. However, it could also be an impurity from tanks, zinc coatings or lab
equipment. The investigations at a setting temperature of 120°C showed consistent compositions for sodium,
calcium, and carbon (see Appendix M: Comparison of Composition in the Trials on Used Oil Addition). For
sulphur, zinc, and oxygen the trials yielded inconsistent results. At the setting temperature of 250°C, the
composition of the elements deviated between the trials at the temperatures below 150°C (see Appendix M:
Comparison of Composition in the Trials on Used Oil Addition). However, above 150°C, similar trends were
seen for carbon, sulphur, oxygen, and calcium in all trials. Zinc was only found in a few locations, which could
explain the deviating results. Calcium, sulphur, and oxygen followed similar trends, similarly to the experiments
on the fresh engine oil with sulphuric acid. Thereby, it is indicated that CaSQO, crystals might have been formed,
which is consistent with the results from SEM.

The average composition of the different elements at different temperatures can be seen in Figure 39. The
compositions of sodium, calcium, and sulphur increased while the composition of oxygen was constant, and the
composition of carbon and zinc decreased if the last point for zinc was disregarded. The decreasing trend of
carbon is consistent with the literature since more organic deposits have been observed at lower temperatures
and more inorganic at higher [62]. Moreover, in the SEM analysis, more crystals could generally be seen at the

higher temperatures, which could explain the increase of calcium, sulphur, and oxygen.
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Figure 39: Comparison of composition at different temperatures for the main elements in the experiments regarding used
oil addition.

The compositions of the major elements in the investigations of used oil addition were compared to the fresh
oil addition and no oil addition (see Appendix I: Comparison of Composition with and without Qil Addition).
The change in composition differed between the addition of fresh and used oil. This can be seen as all elements

except oxygen had a greater change of composition in the investigations of used engine oil. No crystals were
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seen at the low temperatures, which may lead to the large increase in the composition of calcium and sulphur.
Carbon, calcium, and zinc followed similar trends in all investigations. Moreover, the sodium composition with
used oil addition followed a similar trend as with no oil addition. However, the increase in composition at higher
temperatures was not as high as without oil addition. As mentioned earlier, this could be due to the formation
of crystals, which could compete with the formation of soap deposits. Moreover, the oil may have acted as a
detergent and washed away some of the soap deposits. It was also observed that the sodium composition
decreased more at higher temperatures in the investigation of fresh oil with sulphuric acid compared to the
investigation of used oil. However, the sulphur composition also increased more. This could indicate that more
crystals were formed with the fresh engine oil, resulting in less soap deposits, which also would be consistent

with the SEM results since more crystals were seen in the investigations of fresh engine oil.

The FTIR spectra were similar for all trials at both setting temperatures except from trial 1 at the setting
temperature 120°C in which the soap peak was absent below 80°C. Moreover, the sulphate peak was not seen
at the setting temperature 120°C (see Figure 40). This is consistent with the SEM results since no crystals were

observed.
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Figure 40: FTIR spectra at a setting temperature of 120°C in the experiments with used engine oil. The intensity has
been normalised to the peak at 2828 cm'™,

At the setting temperature 250°C, the sulphate peak was found at higher temperatures but also at 95°C in trial
1 (see Figure 41). The reason for a large amount of crystals at 95°C is not as expected since crystals are usually
found in the warmest part of the injector [62]. However, one explanation could be that the crystals were formed
already in the test fuel and then precipitated immediately when encountering the foil. Over time, more crystals
may have been formed at the end of the foil as well. Generally, the same peaks as in the investigation of the

fresh engine oil were seen, which is reasonable since the main elements were the same in the EDX analysis.
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Figure 41: FTIR spectra at 95°C at a setting temperature of 250°C in the experiments with used engine oil. The intensity
has been normalised to the peak at 2828 cm™™.

The trends of increased and decreased peaks were examined similarly to the previous experiments (see Figure
40 and Figure 42). A similar trend regarding the CaSO4 peak could be seen since it was high at 190°C and
generally absent at the lower temperatures. In trial 2 and 3 at the setting temperature 250°C, small peaks could
be seen at 1060 cm* and 1199 cm* at lower temperatures, which were present in the investigations without oil
addition. Anyhow, no crystals could be found in this range, which could be the reason for the absence of the
sulphate peak and the presence of the two peaks at 1060 cm™ and 1199 cm. The trend of the soap peak was
not consistent between the trials at the setting temperature 120°C. However, the results without oil addition did
not show any clear trend in peak increase or decrease in this temperature range either. The reason for similar
results as without oil addition could be that few crystals were formed. At the setting temperature 250°C, the
trends of peak alteration of the soap peak varied as well. However, in all trials it was high at 190°C similarly to
the investigations without oil addition. The reason for the high soap peak at 190°C could be that crystals were

formed in a smaller amount compared to the experiments with fresh engine oil.
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Figure 42: FTIR spectra from trial 2 in the experiments with used oil addition at a setting temperature of 250°C. The
peaks have been normalised to the peak at 2858 cm.
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lon milling followed by SEM-EDX was performed on the sample from trial 1 at a setting temperature of 250°C
(see Figure 43). In the figure, the colours represent different elements. All elements except oxygen, aluminium,
and carbon were identified all over the sample, which could indicate that the measurement was imprecise (see
Appendix N: SEM-EDX Mapping of the Cross-sectional Area with Used Engine Oil with Concentrate). The
measurement gives a relative estimation of the composition of different elements at different locations. Thus,
the reason for the identification of sodium, zinc, and calcium over the whole sample may be that they were not

found in a greater amount anywhere.
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Figure 43: SEM-EDX mapping of the cross-sectional area of the sample from trial 1 at a setting temperature of 250°C.
lon milling was performed at the location with a temperature of 150°C.

In Figure 43 and Appendix N: SEM-EDX Mapping of the Cross-sectional Area with Used Engine Oil with
Concentrate, it was seen that carbon appeared as a thin bottom layer all over the aluminium foil with lumps at
some locations while oxygen was found majorly on the top surface. Thereby, the mechanism that a CaSO4 layer
is formed first to be followed by attachment of soft particles is not supported. However, as mentioned earlier,
the surface may be too smooth for the crystals to attach, leading to formation of soft particles before the crystals
could adhere to the surface. Barker et al. [33] found another layer structure in which carbon was found in the
bottom layer and compounds with oxygen in the top layer. Moreover, Lamb et al. [8] identified a bottom layer
of majorly carbon, a middle layer with salts, and a top layer of carbon, nitrogen, and oxygen. This is in line with

the layer structure found in this study, which makes it consistent with the literature.

From the SEM-analysis on the cross-sectional area the height of the deposits could be estimated (see Figure 44).
The height was estimated to 28 um, which is 9 times higher than in the experiments without oil addition.
However, this is consistent with the literature since a 14 times larger thickness have been found when used oil
was added to the test fuel compared to no oil addition [40]. The thickness was 1000 times larger than a previous
found thickness by Scania CV AB of 20 nm [7]. However, different oils were used, which could affect the
deposit formation due to different properties. Furthermore, the test fuel could have had different concentrations
of the calcium and sodium concentrate. Moreover, it could be seen that deposits were built up on top of each

other and this increases the thickness.
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Figure 44: Estimation of the height of the deposits of trial 1 in the experiments with used engine oil and concentrate at a
setting temperature of 250°C.

The results of the investigation of used engine oil with addition of calcium and sodium concentrate showed
different results than with the fresh engine oil. More deposits could be seen in general but less crystals.
Furthermore, a layer of carbon could be seen all over the aluminium foil, and the deposit height was higher
compared to the investigations without addition of engine oil.

5.2.3.4 Investigation of Used Engine Oil without Addition of Concentrate

When the used engine oil was added without addition of calcium and sodium concentrate, a significantly lower
number of deposits was observed (see Figure 45). This is reasonable since no additional sodium and calcium
were added, which could make it more difficult to form soap deposits, similarly to the investigation with fresh
engine oil without concentrate. The size and number of the deposits were much smaller in the entire temperature
range compared to the investigations with addition of the calcium and sodium concentrate. Crystals were barely

seen in any trial except from at a few locations, usually at higher temperatures.
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Figure 45: Comparison of the deposit formation in the investigations of used engine oil with (left) and without (right)
concentrate at a temperature of 170°C.
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The SEM-EDX analysis visualised the same elements as in the experiments on the fresh engine oil without
calcium and sodium concentrate, namely sodium, sulphur, calcium, zinc, oxygen, carbon, fluorine, iron, and
silicon. Moreover, magnesium was found at some locations. The results differed significantly between the trials
and no clear trend could be seen (see Appendix O: Comparison of Composition with Used Engine Oil without
Concentrate). The differing results are probably due to the low number of deposits, making the measurement
less precise. Even though the composition differed significantly between the trials, an average composition of
the different trials was calculated (see Figure 46). However, it cannot be claimed that the change in composition
follows these trends since the trends were different in all the trials.
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Figure 46: Comparison of composition at different temperatures for the main elements in the experiments regarding used
oil addition without concentrate.

Carbon and oxygen were found in the highest amount while calcium and sodium were found in the lowest (see
Figure 46). It is reasonable that calcium and sodium are present in low amounts since no calcium and sodium
concentrate was added. Moreover, sulphur and zinc are present in similar amounts, which indicates that ZnSO4
has been formed. It is reasonable that CaSO, is not formed to the same extent as in the experiments with calcium
and sodium concentrate since there might not be enough calcium available. The identification of fluorine could,
as mentioned before, be related to the FKM gasket. The reason why it is not visible in the analyses with addition

of calcium and sodium concentrate could be that the other elements are present in higher amounts, which could
make fluorine less visible.

The compositions of the elements were compared to the compositions in the investigations of used engine oil
with addition of calcium and sodium concentrate (see Appendix P: Comparison of Composition with Used

Engine Oil with and without Concentrate). It could be seen that the amounts of carbon and oxygen were similar,
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which is reasonable since they probably originate from the fuel components. However, the amounts of sodium
and calcium were lower at all temperatures while the amounts of the rest of the elements generally were higher.
The lower amount of the remaining elements when calcium and sodium concentrate is added might be because
sodium and calcium are present in higher amounts since the measurement is relative. As with the experiments
with addition of calcium and sodium concentrate, the amounts of zinc and sulphate were relatively high already
at 90°C, which again indicates that the ZnSO,4 wass formed before the rig. The ZnSO, is most probably formed
already in the oil since no sulphuric acid was added for a reaction in the test fuel. However, this is not consistent
with the SEM-analysis since no crystals could be seen except from at the higher temperatures. Anyhow, the
crystals could be small and sit inside or under the soft particles, which could make them invisible in SEM.

As with the experiments on the fresh engine oil without calcium and sodium concentrate, the FTIR spectra
differed significantly between the trials, which is consistent with the SEM-EDX analysis since those results also

varied. An example of the differing spectra can be seen in Figure 47.
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Figure 47: FTIR spectra at 190°C at a setting temperature of 250°C in the experiments with used engine oil without
addition of concentrate. The intensity has been normalised to the peak at 2828 cm™.

It could be seen that trial 1 and 2 showed the peak of a sulphate compound at 1210 cm* as well as carboxylic
acids or alcohols at 1405 cm™. However, at the lower temperatures, barely any peaks could be seen in trial 1
and 2, which is consistent with the SEM analysis in which a small number of deposits could be discerned. Trial

3 showed the same peaks at all temperatures (see Figure 48).
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Figure 48: FTIR spectra from trial 3 in the experiments with used oil addition and concentrate at a setting temperature of
250°C. The peaks have been normalised to the peak at 2858 cm™.

The reason for the visualisation of these peaks could be due to the small number of deposits, wrong measurement
location on the aluminium foil, or contaminations. A reason could be presence of fuel residues or impurities
from the FKM gasket. An attempt to identify the peaks was made. By comparison with the previous
investigations, it was concluded that the first peak is the aluminium foil. Moreover, the peak at 1080 cm-* could
be alcohols, carboxylic acids or esters, and the peak at 1160 cm is probably related to a sulphate compound.

The peaks around 2900 cm-* are probably connected to alkanes.

The peaks at 1254 cm™, 1387 cm?, and 1474 cm™ in Figure 48 have not been found in the previous
investigations. In the previous investigations, carboxylic acids, alcohols, or esters have been observed at 1199
cm* and 1417 cm* while soaps have been identified at 1565 cm. Therefore, the peaks in this investigation of
used engine oil without calcium and sodium concentrate could be related to those compounds but might have
been shifted due to contaminations or differences in nearby bonds. According Sigma Aldrich [65], the peak at
1254 cm could also be related to C-O stretches in ethers. Moreover, the peak at 1387 cm could belong to C-
H bending, OH bending, or S=0 stretching, and the peak at 1474 cm™ to C-H bending. These peaks might
therefore belong to fuel residues, sulphate compounds or alcohols residues but they have not generally been
found in other studies, which might indicate that they are appearing from contaminations. No trial showed any
trends in peak increase or decrease (see Figure 48 and Appendix Q: FTIR spectra from the investigations on
Used Engine Oil without Concentrate). However, in trial 1 and 2, the sulphate peak was seen at the higher

temperatures, which is consistent with the SEM-EDX analysis.

The results of the investigations of addition of used engine oil without addition of calcium and sodium
concentrate indicated that the addition of the concentrate promotes the deposit formation. Very few deposits
could be seen, which complicated both the SEM-EDX analysis, and the FTIR-analysis. However, it was
concluded that ZnSO,4 was formed to a larger extent than CaSQOs, which is in accordance with the results of the

fresh engine oil without addition of calcium and sodium concentrate.
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5.3 Comparison with Field

The investigations of the deposit formation with the TDT offered many advantages since an easier analysis was
possible compared to, for example, JFTOT. The use of a removable aluminium foil instead of a metal rod made
it easier to insert the sample into different analysis instruments. The easier analysis possibilities resulted in that
more information could be gained, which increased the possibility of understanding the deposit formation

observed in the field. However, the modelled lab scale injector will not replace any runs out on the field.

To be able to apply the results from this study on the phenomenon observed in the field, it is important to
consider that there are several differences between the setup in this study and the field. The material, angle, and
size of the TDT are different from the engines used in the field. The angle of the injector is vertical out in the
field while the rig is horizontal in this study. This could affect the deposit formation since the deposits have
different capabilities of sticking to the surface depending on the angle. Moreover, the size of the rig was smaller
than the engines in the field, which also could influence the deposit formation. This means that the results of

this study cannot be fully applied in the field.

Another aspect to consider is the conditions under which the experiments were conducted. In this study,
temperatures in the range of 50-190°C was investigated with a constant temperature at different locations on
the foil. However, in engines, the temperature shifts depending on the speed, braking, and idling, resulting in a
different temperature profile compared to the one in this study. Moreover, the pressure was set to 1.7 bar in this
study, which is lower than the pressure in a real fuel system. Furthermore, the time duration in this study differed
from the field since the engines are running for a longer time than the 2.5 h that was used in this study. Therefore,
the deposits have more time to build up in the real fuel system, which could affect the extent of deposit formation

and occurring reactions.

Finally, an artificial test fuel was used in this study, which differs from the reality. In the field, Scania CV AB
injects B7 into the injector with the presence of other components due to contaminations. Contaminants can
enter the fuel from, for example, engine oil or system components. However, in this study the test fuel consisted
of B7 and an artificial concentrate of CaO, NaOH, distilled water, and B100. Therefore, the components were
pre-determined, which affected the deposit formation since deposits could only be formed from these
components. However, in the experiments on the oil addition, the present components may be more like the
field since the used engine oil has been used inside the fuel system. Nevertheless, the components in the test

fuel are not identical to the fuel in the field, which might have impacted the deposit formation.
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6. Conclusions

This study aimed to investigate the mechanism behind internal injector deposits through experiments in a newly
designed rig, and investigations of two possible hypotheses behind the deposit formation. The TDT experiments
focused on examining temperature dependency, influence of the inclination of the rig, and the effect of engine
oil addition to the test fuel. The investigated hypotheses behind the deposit formation were engine oil
contamination, and Ostwald ripening where larger crystals are thermodynamically favoured over small crystals.
The aim and research questions could successfully be answered where more information about the deposit
formation was obtained. It was shown that a repeatable methodology had been implemented from the
investigations of temperature and tilted apparatus. However, in the investigations of oil addition the trials
differed more. Consequently, adjustments might be needed for further investigations on the oil addition. The

results were in line with the phenomenon seen in the field, which validated the methodology.

To answer if it is reasonable that soluble CaSOs; is transferred from the engine oil to the fuel system and then
precipitates, investigations regarding the solubility of CaSO. anhydrous and CaSOs dihydrate were performed.
It was shown that the hypothesis of engine oil contamination as a reason for the deposit formation could be
possible since the CaSO,4 anhydrous had a significantly lower solubility in the B7 compared to the engine oils.
However, error sources including losses and washing with heptane, made the results less reliable. The
investigations on Ostwald ripening showed that this should not be the reason for the deposit formation since no

larger crystals could be seen, making the hypothesis of engine oil contamination more probable.

The temperature dependency of the deposit formation was investigated in the temperature range 50-190°C by
using the setting temperatures 120°C and 250°C on the heating plate. It was found that the temperature affected
the size and number of deposits, and that reactions occurred, leading to different types of deposits in different
temperature ranges. The size was smallest at the higher temperatures but largest around 90°C. Moreover, the
number of deposits showed to increase with temperature. The major elements found in the deposits were the
same at all temperatures, namely carbon, oxygen, sodium, and calcium. In SEM-EDX, the composition of the
different elements had the largest change when the temperature exceeded 90°C. Moreover, the FTIR-ATR-
analysis showed change in peak heights at the same temperatures, which led to the conclusion that a reaction

connected to soap formation occurred.

To examine if the inclination of the rig affected the deposit formation, experiments with the rig tilted to 30°
were performed in the same temperature range as with the horizontal rig. Similar trends and elements could be
seen as with the horizontal rig, leading to the conclusion that sedimentation did not affect the morphology or

reactions but had an impact on the total number of deposits on different locations.

The effect of engine oil on the deposit formation was investigated by addition of both fresh and used oil to the
test fuel. Sulphuric acid was also added to the fresh engine oil to ensure that it contained sulphate ions.

Additionally, some experiments were performed without addition of calcium and sodium concentrate to
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examine if it could have an influence on the deposit formation. Crystals were successfully formed when both
oils were added to the test fuel but to a larger extent with the fresh engine oil with sulphuric acid. The crystal
formation affected the formation of soap deposits since less soaps were observed when many crystals were
formed. The number of crystals increased with temperature and led to a smaller amount of soap deposits at
higher temperatures. The FTIR-ATR analysis confirmed the crystal formation since a peak connected to
sulphate crystals were found in the spectra. Both CaSO4 and ZnSQ, crystals were identified. It was found that
different types of deposits were formed in different temperature ranges. At low temperatures below 90°C, ZnSO4
could be seen. At temperatures between 90-150°C, soap deposits and CaSO, crystals were observed. Lastly, at
higher temperatures above 150°C, CaSO4 was formed to a large extent and competed with the soap formation.
A layer structure was observed on a sample from the used engine oil addition with a thin bottom layer of carbon
all over the aluminium foil, and more oxygen on top of the carbon layer. When no calcium and sodium
concentrate was added, less deposits and crystals were observed but more elements possibly because the

compositions of calcium and sodium were lower. Moreover, ZnSO,4 was formed to a larger extent than CaSOa.

Through this study, new information regarding the deposit formation was obtained. It was shown that engine
oil contamination could contribute to the deposit formation. This made the proposed mechanism about a firstly
formed crystal layer, followed by adhesion of soft particles reasonable. However, the results showed that soap
deposits adhere before the crystals, possibly due to a too smooth surface for the crystals to adhere. FTIR-ATR
also offered new information about how the temperature affects the deposit formation and showed that reactions

occur in which the deposits went from organic to more inorganic.
7. Future studies

For future studies, it could be of relevance to investigate both higher temperatures and higher pressures.
Moreover, it could be of interest to examine different fuel types since only B7 was investigated in this study.
The experiments on the solubility of CaSO4 could also have been made more thoroughly with analyses on the
filtrate. This would have offered more understanding about how much of the CaSO, that was dissolved.
Additionally, it would have been of interest to perform more ion milling experiments to investigate layer
structures thoroughly. Lastly, it would be interesting to run experiments with a vertical rig since it is more

comparable to the injectors used in the field.
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Appendices

Appendix A: Temperature Profile inside the Rig

Surface Temperature in dependence of Heating and Cooling Flow

240

Heating tin [°C]

230 Cooling flow fin [g/min]

220

210

Inlet channel

200

Cooling channel
Insulating channel

Surface temperature [*C]

0 10 20 30 40 50 [ 70
Paosition from inlet [mm]

83

a0

100

110

00 500
£ = 200 .
ant (:tlDO

een iz

Qutlet channel

600 |*

120

130



Appendix B: Calculation on H2SO4 for the Fresh Engine Oil TDT Experiments
TBN = 9.9 mg KOH/g engine il

1 wt% engine oil corresponds to an addition of 8.4 g oil. Therefore, the weight of KOH in the engine oil is 0.08
g.

Mkon=56.1 g/mol

_m __ 008g —
Nkon =5, = So.1g/mol 0.0015 mol

The molar ratio of KOH and OH" is 1:1.
noy- = 0.0015 mol
To neutralise half of the hydroxide ions, 0.00074 mol H* is needed.

The molar ratio of H* and H.SOg is 1:2.

N+ 0.00074 mol
Nitys0, = - = 2222 = 0.00037 mol

MH2504=98.1 g/mol

mHZSO4 =Mxn =98.1 g/mol X 0.0037 mol = 0.036 g

The H,SO, solution is 95-97 wt%.

__0.036g _
MH, 504500 = o953 — 0.038 g

Before adding the sulphuric acid to the engine oil, dilution with distilled water was made with 1 part sulphuric

acid and 2 parts water.
my,o = 0.038g X2 =0.077g
The total mass of the diluted sulphuric acid solution is therefore:

mHZSO4,dil.sol = mH2504,sol + My,0 = 0.115 g
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Appendix C: Investigation of the Solubility of Calcium Sulphate Dihydrate in

Engine Oil
Trial | CaSO4 before | CaSO. after | Difference | Difference Type of engine | Temperature
[9] [9] [9] [%] oil
1di 0.48 0.44 -0.04 -8% Fresh engine oil Room
A temperature
2di 0.48 0.59 0.11 23% Fresh engine oil B Room
temperature
3di 0.53 0.4 -0.13 -25% Fresh engine oil 100°C
A
4di 0.5 04 -0.1 -20% Fresh engine oil 100°C
A
5di 0.21 0.13 -0.08 -38% Fresh engine oil B 100°C
6di 0.48 0.53 0.05 10% Used engine oil Room
temperature
7di 0.52 0.57 0.05 10% Used engine oil Room
temperature
8di 0.66 0.53 -0.13 -20% Used engine oil 100°C
odi 0.46 0.34 -0.12 -26% Used engine oil 100°C

Appendix D: Investigation of the Solubility of Calcium Sulphate Anhydrous in

Engine Oil
Trial | CaSO, before | CaSO, after | Difference | Difference Type of engine | Temperature
9] [9] [9] [%0] oil [°C]
lan 0.51 0.38 -0.13 -25% Fresh engine oil B Room
temperature
2an 0.52 0.32 -0.2 -38% Fresh engine oil B Room
temperature
3an 0.49 0.33 -0.16 -33% Fresh engine oil B 100
4an 0.55 0.31 -0.24 -44% Fresh engine oil B 100
5an 0.55 0.39 -0.16 -29% Used engine oil Room
temperature
6an 0.5 0.24 -0.26 -52% Used engine oil Room
temperature
7an 0.59 0.34 -0.25 -42% Used engine oil 100
8an 0.55 0.35 -0.2 -36% Used engine oil 100
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Appendix E: Investigation of the Solubility of Calcium Sulphate in B7

Trial CaSOq CaSO, | Difference | Difference | Temperature [°C] | Type of CaSO4
before [g] | after [g] [9] [%6]
1 0.48 0.52 0.04 8% Room temperature Dihydrate
2 0.46 0.4 -0.06 -13% 120 Dihydrate
3 0.6 0.45 -0.15 -25% 120 Dihydrate
4 0.5 0.11 -0.39 -78% Room temperature Anhydrous
5 0.56 0.49 -0.07 -13% Room temperature Anhydrous
6 0.68 0.65 -0.03 -4% Room temperature Anhydrous
7 0.58 0.48 -0.1 -17% 120 Anhydrous
8 0.46 0.49 0.03 7% 120 Anhydrous

Appendix F: Comparison of Composition with Temperature for each Element

T[°C] | C[At%] | O[At%] | Na[At%] | Ca[At%]
50 73 23 36 0.23
62 74 22 33 0.27
72 76 21 33 0.30
78 73 22 4 0.30
84 75 21 33 0.40
88 73 23 36 0.30
94 72 22 5.7 0.50
128 73 22 4.2 0.50
152 67 26 7.7 0.50
169 68 25 6.9 0.70
184 64 28 76 0.80
192 64 26 8.8 0.80
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Appendix G: Comparison of Composition between Tilted and Non-tilted
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Appendix H: Comparison of Composition in the Trials on Fresh Oil Addition
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Appendix J: Comparison of Composition with Fresh Engine Oil without
Concentrate
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Appendix K: Comparison of Composition with Fresh Engine Oil with and without
Concentrate
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Appendix L: Comparison of FTIR spectra with Addition of Fresh Engine Oil with
and without Addition of Concentrate
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Appendix M:
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Appendix N: SEM-EDX Mapping of the Cross-sectional Area with Used Engine
Oil with Concentrate
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Appendix O: Comparison of Composition with Used Engine Oil without
Concentrate
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Appendix P: Comparison of Composition with Used Engine Oil with and without

Concentrate
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Appendix Q: FTIR spectra from the investigations on Used Engine Oil without
Concentrate
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