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Abstract

Heavy-duty transportation is a significant contributor to greenhouse gas emissions. One way to
reduce CO» emissions from this sector is through the use of drop-in fuels, where alternative fuels
are used directly or blended with conventional fuels. However, these blends can have solubility
issues, leading to precipitation of soft particles, resulting in clogged fuel filters, and disrupt
injector performance, thereby reducing engine efficiency and increasing fuel consumption. As
advanced fuel systems are introduced and blending proportions of alternative fuels rise to meet
stricter environmental regulations, these challenges are likely to become more prevalent.
Therefore, research in this area is essential, as the use of drop-in fuels is expected to grow and
the associated problems are anticipated to become more common.

This thesis investigates the formation of internal diesel injector deposits (IDIDs) from drop-in
fuels and proposes mechanisms for their formation. The research involved characterizing
deposits from field injectors and developing experimental methods to generate deposits under
controlled conditions. Two experimental methods were designed for deposit generation, along
with a standardized methodology for characterizing both field and laboratory-generated IDIDs.
Insights from field injector analyses guided the design of test fuel blends and experiments using
these new methods.

The experimental results demonstrate that the composition of IDIDs varies based on the type of
fuel used. Deposits from fatty acid methyl ester (FAME) biodiesel blends mainly consist of metal
soaps, inorganic salts, and nitrogen compounds, likely from biodiesel degradation. In contrast,
paraffinic renewable fuels, such as hydrogenated vegetable oil (HVO), tend to form deposits from
fuel additives such as corrosion inhibitors and detergents, likely due to lower solvent power of
the fuel. Importantly, deposits formed exclusively within the injectors, highlighting temperature
as a critical factor.

Alaboratory thermal deposit test (TDT) was developed to explore the chemistry of these deposits
and the effects of temperature and fuel contaminants. Additionally, a custom-built injector rig
was created to reproduce IDIDs under engine-like conditions and test injector performance. Full
engine tests were also conducted to study soft particle formation during operation.

A two-layer formation mechanism was proposed, with an inorganic calcium sulfate layer
followed by an organic layer of metal soaps and additives, which was successfully reproduced in
the injector set up. Engine tests revealed that soft particles form during operation with higher
biodiesel blends.

This work emphasizes the importance of a robust fuel system capable of handling soft particles
and suggests that minimizing contaminants and maintaining high fuel quality can help reduce
deposit formation. These findings support the ongoing use of drop-in fuels in advanced fuel
systems. Furthermore, the thesis successfully developed specific methods to address internal



injector issues and created setups for studying deposit chemistry in the laboratory, including an
injector test rig for evaluating injector performance, as well as engine test operations under real-
world conditions.

Keywords
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Sammanfattning

Tunga transporter dr en betydande kélla till utslapp av vixthusgaser. Ett sitt att minska CO.-
utsldppen fran denna sektor &r att anvidnda drop-in-brénslen, dér alternativa branslen anvénds
direkt eller blandas med konventionella brénslen. Dessa briansleblandningar kan dock ha
l6slighetsproblem, vilket leder till utféllning av mjuka partiklar som orsakar igenséttning av
brénslefilter och paverkar injektors funktionalitet, vilket i sin turminskar motoreffektiviteten
och oOkar bréinsleforbrukningen. For att mota stringare miljoregler Okar
blandningsproportionerna av alternativa branslen eftersom alltmer avancerade brénslesystem
introduceras. Darfor dr forskning viktigt inom detta omrade, eftersom anvindningen av drop-
in-bréanslen forvintas 6ka och de associerade problemen forvintas bli vanligare.

Denna avhandling undersoker bildningen av interna dieselinjektorsavlagringar (IDIDs) fran
drop-in-brénslen och foreslar mekanismer for hur de bildas. Avhandlingen behandlar
karaktarisering av avlagringar fran féltinjektorer och framtagandet av experimentella metoder
for att generera avlagringar under kontrollerade forhéllanden. Tva experimentella metoder har
utvecklats for avlagringsbildning, tillsammans med en standardiserad metodik for
karaktirisering av bade filt- och laboratoriegenererade injektorsavlagringar. Insikter frén
analyser av féltinjektorer har véglett designen av testbransleblandningar och experiment med
dessa nya metoder.

De experimentella resultaten visar att sammansittningen av injektoravlagringar varierar
beroende pa vilken typ av brinsle som anvénds. Avlagringar fran biodieselblandningar med
fettsyra metyl ester (FAME) bestdr huvudsakligen av metalltvalar, oorganiska salter och
kvéveforeningar, troligen frdn nedbrytning av biodiesel. Till skillnad sa tenderar paraffiniska
fornybara brénslen som hydrerad vegetabilisk olja (HVO) att bilda avlagringar fran
brénsletillsatser som korrosionsinhibitorer och detergenter, sannolikts p& grund av brénslets
lagre 16sningsforméga. Viktigt att notera dr att avlagringarna bildades uteslutande inuti
injektorerna, vilket markerar temperaturens roll som en kritisk faktor.

Ett labbtest rigg (TDT) utvecklades for att studera kemin bakom dessa avlagringar samt
effekterna av temperatur och brinsleféroreningar. Dessutom skapades en specialbyggd
injektorrigg for att reproducera injektoravlagringar i motorliknande férhallanden och for att
testa injektorns prestanda. Fullstindiga motortester genomfordes ocksa for att studera
bildningen av mjuka partiklar under drift.

En bildningsmekanism har foreslagits bestdende av tvé lager, ett oorganiskt kalciumsulfatlager
foljt av ett organiskt lager av metalltvélar och tillsatser. Denna mekanism ocksé reproducerades
i injektorriggen. Motortester visade att mjuka partiklar bildas vid drift med hdogre
biodieselblandningar.



Detta arbete betonar vikten av ett robust brénslesystem som kan hantera mjuka partiklar och
foreslar att ldga halter av fororeningar och god branslekvalitet kan bidra till att minska
avlagringsbildning.

Dessa resultat i denna forskning stoder fortsatt anvdandning av drop-in-brénslen i avancerade
branslesystem. Dessutom har detta arbete utvecklat specifika metoder for att ta itu med interna
injektorsproblem och skapat nya testmetoder i labbet for att studera avlagringskemi, en
injektortestrigg for att utvirdera injektorsprestanda, samt motortestoperationer under verkliga
forhéllanden.

Nyckelord
Brinsleinsprutningssystem, Mjuka partiklar, Loslighet, Interna injektoravlagringar for diesel,
Drop-in bréanslen
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1 Introduction

The climate crisis, driven by increasing greenhouse gas (GHG) emissions [1, 2], sees the
transport sector as a major contributor. Emissions from fossil fuel combustion in this sector have
nearly doubled between 1990 and 2022, accounting for 22% of global GHG emissions, with an
additional 8 billion metric tons of CO, expected between 2020 and 2035 [3] [4]. Governments,
including the European Union through its Green Deal, have set ambitious targets to reduce GHG
emissions and achieve climate neutrality by 2050. The UN Sustainable Development Goals also
emphasize clean energy transitions [5]. Beyond GHGs, the transport sector is leading source of
urban air pollutants such as particulate matter and nitrogen oxides (NOx) [6]. Renewable energy
generation and the direct electrification of powertrains are key strategies to reduce GHG
emissions and urban pollution [4]. However, while electrification is effective for short-range
vehicles, its implementation in heavy-duty transport is constrained by challenges such as
extended charging times and limited infrastructure support [7]. Alternative fuels, such as fatty
acid methyl ester (FAME), hydrogenated vegetable oil (HVO), Fischer-Tropsch (FT) fuels,
polyoxymethylene ethers, can leverage the existing fuel infrastructure [8], [9]-[12],[13].
Gaseous fuels such as hydrogen, methane or dimethyl ether pose challenges in compatibility with
current powertrains, complicating their adoption [14],[15]. Alternative fuels are anticipated to
play a pivotal role in the transition from fossil fuels to cleaner, bio-based, or synthetic fuels
derived from electricity, which are associated with lower emissions [16]. Renewable fuels such
as hydrotreated vegetable oil (HVO) and biodiesel, known as drop-in fuels, offer an immediate
solution, requiring minimal modifications to existing vehicles [8],[ 9]. However, blending
renewable fuels, while advantageous, can alter solvent properties, leading to formation of soft
particles and unwanted precipitates from degraded fuel components, additives, or biodiesel
impurities [19], [20], [21]. Furthermore, stringent emission regulations have driven the
adoption of advanced diesel engines equipped with common rail fuel injector systems. These
systems operate at high pressures and temperatures to enhance efficiency but can also contribute
to fuel deposit formation [22]. Such deposits can cause issues in the fuel system, including
clogged filters [22], [23], nozzle fouling [24], [25], and internal diesel injector deposits (IDIDs)
[26]-[38], thereby impairing engine performance and resulting in increased fuel consumption
and drivability issues [39], [40].

Given these challenges, further research is essential to understand the formation of deposits,
specifically IDIDs, in engines using drop-in fuels. This knowledge is crucial for developing



strategies to prevent deposit formation and maintain engine efficiency as the transition to
alternative fuels continues.

1.1 Aim and scope of this thesis

The objective of this research is to understand how deposits form in fuel injectors when using
drop-in fuels, as this can lead to drivability issues and impact engine performance. Gaining this
understanding is essential for developing robust fuel systems that can effectively accommodate
drop-in fuels as alternatives to fossil fuels. The study involves methods for analyzing internal
injector deposits, collecting field samples, and replicating these deposits in a laboratory setting
for further analysis. To achieve these objectives, laboratory setups, an injector test rig, and full
engine tests are utilized.

This thesis addresses the challenges associated with using alternative drop-in fuels in diesel
engines, focusing on their potential to contribute to internal diesel injector deposits (IDIDs). The
primary aim is to uncover the mechanisms behind IDID formation, as these deposits can
significantly impair engine performance and efficiency. By investigating these processes, the
research aims to develop analytical methods for identifying and characterizing injector deposits,
as well as proposing strategies to reduce their formation. The ultimate goal is to ensure that
alternative fuels do not compromise the functionality and durability of modern diesel engines,
while also contributing to a broader understanding of IDID formation and exploring
preventative measures.

The research questions and objectives are structured to address these challenges. The key
questions include:

1.-What types of deposits are problematic in field injectors, and what insights can be gained
into their formation mechanisms, particularly for IDIDs?

The primary objective of characterizing internal injector deposits is to understand their
appearance, morphology, physical properties, and chemical composition. This analysis aims to
identify which types of deposits are causing issues within the injectors. To ensure that the
findings are representative of real-world conditions, field injectors experiencing drivability
problems are collected for examination. This aspect of the research is covered in Papers I and
III, which focus on determining how these deposits contribute to drivability issues and
identifying components of internal diesel injector deposits (IDIDs) that may arise from
contaminants or biofuel blends.

After completing the characterization and identification of the deposits, the next step involves
exploring how these deposits form. This includes proposing a possible mechanism for the
formation of IDIDs, which is detailed in Paper III.

2.- What methodologies should be applied to analyze field injectors?

To understand internal diesel injector deposits, research is needed to identify the most suitable
analyses for characterizing these deposits. This involves exploring methods used by other
research groups and assessing their effectiveness. Additionally, implementing new methods
when they are not addressed in existing literature is also important. Papers I through VI, along
with Chapter 6, discuss the methodologies applied for analyzing IDIDs, providing a
comprehensive overview of the analytical techniques used throughout the study.

2.- How can IDIDs be accurately replicated in a controlled setting?

Given the limited existing research, developing a methodology to replicate real-world deposits
in a laboratory setup and an injector test rig was needed. The first step was to select the most
common type of internal deposit and reproduce it in a lab environment. These deposits were
then incorporated into a specially prepared test fuel for experimental use. To support this effort,



Chapter 1 INTRODUCTION

two novel test rigs were constructed: one to explore the chemistry behind internal injector
deposits and another specifically designed to replicate IDIDs within an injector.

The main objective was to examine contaminants from degraded biodiesel blends by creating
synthetic soft particles and engine oil contaminants that mimic those found in real-world
conditions. This modified fuel was then utilized in the newly developed laboratory thermal
deposit test (TDT) setup, discussed in Paper IV and V, as well as in the injector test rig detailed
in Paper VI. These setups provided a deeper understanding of deposit formation chemistry and
allowed for replicating these deposits within injectors. This research also investigates whether
deposits form during vehicle operation or originate from external fuel contaminants through a
controlled engine test. Additionally, the study examines the degradation processes of biodiesel
blends under various engine conditions, aiming to prevent deposit formation, as discussed in
Paper I1.

The research presented in this thesis is structured as follows: Chapter 2 provides background
information, including current knowledge on internal injector deposits. Chapter 3 describes the
methodological approach and the underlying concepts guiding the research. Chapter 4 outlines
the experimental methods, including the newly developed techniques for replicating and
understanding IDIDs, which feature a laboratory thermal test bench and an injector test rig.
These novel test benches were developed specifically for this thesis. Chapter 5 presents the key
findings, summarizing the main results, while Chapter 6 concludes with a summary of the
thesis's contributions and conclusions. The second part of the thesis includes the published
papers, each with a brief summary and an explanation of the author’s contributions.

1.2 Sustainability aspects

The research presented in this thesis supports the development of a sustainable society and
addresses environmental challenges, aligning closely with the United Nations Sustainable
Development Goals (SDGs) [41]. Specifically, it contributes to SDG 7 by advancing knowledge
on robust fuel systems capable of handling internal injector deposits when using drop-in fuels,
thereby supporting the transition to affordable and clean energy for sustainable transportation.

This work is motivated by its societal importance, focusing on improving the efficiency and
longevity of fuel system components while promoting the adoption of drop-in fuels. This
contributes to climate neutrality and ensures access to sustainable and reliable energy sources.
Additionally, the thesis supports SDG 11 by promoting alternative fuels that reduce reliance on
fossil fuels, which are more harmful to the environment. The work also aligns with SDG 13 by
encouraging urgent action to combat climate change through the use of drop-in fuels as
substitutes for traditional fossil fuels.






2 Background

This section provides essential background information needed to understand engines, fuel
injection systems, and the challenges they face when using biodiesel blends and fuel
contaminants. It covers the locations where deposits forms, their causes and effects, the different
types of deposits, and the factors influencing the formation of internal injector deposits.

2.1 Internal combustion engine

Internal combustion engines (ICEs) convert the chemical energy of fuel into mechanical work,
typically using reciprocating motion. They operate through two main combustion processes:
spark ignition in Otto engines, where the fuel-air mixture is ignited by a spark, and compression
ignition in diesel engines, where auto-ignition occurs due to high temperature and pressure from
compression [42].

Figure 1. Internal combustion engine model [43] .



An internal combustion engine model with a compression ignition system consists of several
components, as illustrated in Figure 1. (1) The inlet valve regulates the entry of air and fuel into
the cylinder and controls the release of exhaust gases at specific points during the engine cycle.
(2) The piston, a cylindrical component, moves within the cylinder and transfers pressure from
combustion to the crankshaft, converting it into rotational motion. (3) The cylinder serves as the
combustion chamber where fuel ignition occurs, with engines typically having between 4 to 8
cylinders, depending on design and performance requirements. (4) The exhaust pipe directs
exhaust gases away from the engine cylinders after combustion. (5) The flywheel, a rotating mass
attached to the crankshaft, stores energy and maintains angular momentum, helping to smooth
engine operation between power strokes. (6) Located at the engine’s base, the oil sump stores
and circulates oil to lubricate engine components and assist in cooling. (7) The connecting rod
links the piston to the crankshaft, translating the piston’s linear motion into rotational motion.
Finally, (8) the camshaft controls the opening and closing of the valves at precise moments
during the engine cycle. Together, these components work in unison to convert fuel into
mechanical energy, allowing the engine to produce the rotational power necessary to drive the
vehicle [44].
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Figure 2. Four-stroke cycle of a diesel engine [45].

Diesel engines operate on a four-stroke cycle which is displayed in Figure 2. During the intake
stroke (1), air is drawn into the cylinder, with a turbocharger assisting in air intake. In the
compression stroke (2), the air is compressed, raising its temperature to about 500°C. Diesel fuel
is then injected at pressures as high as 2000 bar. The high temperature and fuel atomization
cause auto-ignition, which initiates the expansion stroke (3), where the combustion energy is
converted into mechanical power. The cycle concludes with the exhaust stroke, expelling the
combustion gases (4) [42].

Diesel engines are known for their high torque and typically operate at lower engine speeds
(RPM) compared to gasoline engines. This results in better fuel efficiency and durability under
heavy loads, making them ideal for heavy-duty applications such as long haulage, construction,
and mining. Fuel injection and pressure plays a crucial role in engine efficiency. Higher injection
pressures lead to better fuel atomization, resulting in more complete combustion. Modern diesel
engines utilize high-pressure systems to optimize this process.

Engine torque is another vital factor, as diesel engines generate high torque at low engine speeds,
making them particularly suitable for applications that require strong pulling power at lower
speeds. The compression ratio is the ratio between the maximum volume of the cylinder when
the piston is at the bottom of its stroke and the minimum volume when the piston is at the top.
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It indicates how much the air is compressed before fuel injection, directly influencing
combustion efficiency and overall engine performance. Higher compression ratios enhance
combustion by generating higher temperatures and pressures, though excessively high ratios can
lead to increased engine wear.

The air-to-fuel ratio is equally important, as maintaining an optimal balance ensures complete
fuel combustion, improving both fuel efficiency and emissions reduction. Diesel engines typically
operate with a higher air-to-fuel ratio than gasoline engines. Turbocharging and boost pressure
enhance performance by increasing the amount of air entering the engine, boosting power
output and overall efficiency.

2.2 Fuel injection equipment

A fuel system, as shown in the schematic of Figure 3, includes filtration and pressurization
stages before the fuel reaches the combustion chamber. The process begins as the feed pump (2)
draws fuel from the tank (1) through filters (3). The high-pressure pump (HPP) then pressurizes
the fuel (4), which is stored in the common rail (5). The common rail, equipped with a rail
pressure sensor (6) for regulation, distributes the pressurized fuel to the injectors (7), which
atomizes it into the combustion chamber. Following combustion, the exhaust system directs the
resulting gas mixture for aftertreatment. Fuel flows from the tank into the high-pressure system
(indicated by the blue line), and after being pressurized by the HPP (shown in red), it circulates
through the system. Any excess fuel returns to the tank from the common rail, HPP, and injectors
(indicated by the green line) [46].

T

Figure 3. Schematic view of fuel injection equipment. 1. Tank; 2. Fuel pump; 3. Fuel filter; 4. High-pressure pump (HPP); 5. Rail; 6. Rail
pressure sensor; 7. Injectors; Blue line: Low-pressure system; Red line: High-pressure system; Green line: Return fuel flow.

Precise control over fuel injection timing, quantity, and pattern is essential for optimizing fuel
efficiency, power output, and reduced emissions and drivability issues. Incorrect timing can lead
to incomplete combustion and increased emissions. These parameters are electronically
controlled by the engine control unit (ECU) [46]. Modern engines utilize multiple injections per
stroke, such as pilot injections to reduce noise and post-injections to assist in exhaust gas
aftertreatment. This entire process is managed by the fuel injection equipment (FIE) [46].



2.3 Injector

The fuel injector's primary function is to deliver pressurized fuel from the high-pressure common
rail (HPC) into the combustion chamber. In older injection systems, the nozzle was controlled
by the mechanical pressure of the fuel. These systems operated on a threshold: once fuel pressure
exceeded this point, the nozzle would open via a spring mechanism. Modern injectors, however,
are equipped with solenoid valves that are electrically controlled by the engine control unit
(ECU).

The ECU connects to the injector through electrical connection points located at the top,
facilitating communication between the two components.

The fuel injection process starts when pressurized fuel enters the injector from the HPC. The
ECU then activates the control plunger, causing it to move upward. This movement creates a
pressure differential that lifts the needle, allowing fuel to flow through the nozzle. When the
injector current is turned off, the plunger moves downward, followed by the needle, which closes
the nozzle and stops the fuel flow [47].

The schematic view of a fuel injector for heavy-duty engines is shown in Figure 4.
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Figure 4. Schematic view of a fuel injector and components for heavy-duty engines [48].

2.4 Deposits in injectors

Deposits on injectors are classified into two types: external and internal. External diesel injector
deposits form on the spray holes and nozzle tip, restricting the flow of fuel and are influenced by
combustion gases. Internal injector deposits, on the other hand, form inside the injector,
impairing the needle”s movement, which can lead to incorrect fuel injection, increased fuel
consumption and drivability issues, such as difficulties in gear shifting[26], [40], [49]. A
schematic view of an injector, showing the location of these deposits is shown in Figure 5.
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Figure 5. A schematic view of an injector, highlighting the locations where deposits tend to form inside.

The formation of the deposits occurs in different parts inside the injector, such as in the needle
and the nozzle. Combustion heat typically concentrates at the injector tip, often resulting in more
deposits in the lower nozzle. However, can also accumulate in the upper nozzle [47]. The nozzle
deposits are particularly critical, as this area has tighter tolerances. These deposits increase
friction between the needle and nozzle. High temperatures from combustion heat, combined
with fuel contamination, are considered the most significant factors leading to internal diesel
injector deposits (IDIDs) [26], [50].

2.4.1 Causes of internal injector deposits

Rising fuel efficiency and stricter emissions standards have led to significant changes in both
engine design and fuel composition, resulting in an increased prevalence of IDIDs. The shift
toward higher pressures in fuel injection equipment (FIE) has reduced clearances, making
engines more sensitive to particles and contaminants in the fuel. Additionally, higher pressures
tend to generate increased temperatures within the FIE, which further promotes deposit
formation [35].

As engines evolve, diesel fuel quality, composition, and characteristics have also changed. The
introduction of Ultra Low Sulfur Diesel (ULSD) in North America and the growing use of
biodiesel blends and synthetic fuels, particularly in Europe, have altered fuel chemistry. These
changes, along with the increased reliance on fuel additives, are believed to contribute to the rise
in IDID occurrences [35].

The formation of IDIDs is thought to occur when the engine alternates between high and low
power levels, such as during uphill and downhill driving. At higher power, the cylinder head and
injector tip reach elevated temperatures. When the engine transitions to lower power or applies
engine breaking, particularly after climbing hills, thermal soak combined with reduced fuel flow
promotes deposit formation inside the injector. However, the specific impact of these
fluctuations and the exact internal conditions of the injector remain unclear. The fuel
temperature inside the injector is influenced by the amount of fuel being injected, with larger
quantities absorbing more heat and producing a cooling effect, thereby lowering the overall
temperature [26], [51].



2.4.2 Effects of internal injector deposits

When internal diesel injector deposits (IDIDs) form, they impair the movement of critical parts,
such as the injector needle, by narrowing the internal passages of the injector, restricting its free
movement. This can cause the needle to become stuck, potentially requiring injector
replacement. Additionally, the formation of deposits results in a less efficient fuel spray,
hindering the proper mixing of air and fuel and leading to the formation of a fuel film. This
inefficient combustion increases emissions of soot, unburned hydrocarbons, carbon monoxide,
nitrogen oxides, and particulate matter, ultimately contributing to poor air quality and global
warming [52].

IDIDs negatively impact vehicle drivability, power, and fuel consumption [53], [52]. By clogging
or partially blocking the injector nozzle, IDIDs impair fuel atomization, which results in
incomplete combustion and reduces the engine's power output. This incomplete combustion
prevents the engine from fully converting fuel’s chemical energy into mechanical work, leading
to noticeable power loss, especially under load. Drivers may press harder on the accelerator to
compensate, causing the engine control unit (ECU) to inject more fuel, which increases fuel
consumption as the engine tries to overcome the power deficit caused by inefficient combustion.

Additionally, poor combustion efficiency can lead to higher exhaust temperatures, which can
accelerate further injector fouling and IDID formation, creating a feedback loop of worsening
performance. IDIDs also interfere with the precise control of fuel injection timing, duration, and
quantity. This irregular fuel delivery disrupts the engine’s combustion cycle, leading to rough
idling, misfiring, or hesitation, all of which degrade drivability [54], [55].

In summary, IDID formation contributes to rough engine behavior, reduced power, increased
fuel consumption, and higher emissions, collectively degrading the driving experience and
overall engine efficiency [52].

2.4.3 Different types of internal injector deposits

IDIDs can be composed of various materials such as organic polymers, amide-based polymers,
and metal soaps. Organic polymers often arise from oxidative products, hydrocarbons, and fatty
acids, while amide-based polymers primarily originate from carboxylic acids in biodiesel. Metal
soaps, or metal carboxylate salts, are formed under the influence of various metal sources and
carboxylic acids [56],[57]. In modern engines with oil-lubricated injection systems, additives are
introduced into the fuel, which can contribute to the formation of many different types of IDIDs
[56]. For instance, polyisobutylene succinimide (PIBSI) reacts with alkali metals to form amide
deposits and metal soaps, while corrosion inhibitors such as dodecenyl succinic acid (DDSA)
have also been found in IDID formations [52]. Several processes, such as fuel oxidation,
decomposition, surface interactions, micelle formation, and additive interactions, influence
deposit formation [56].

The aromatic components in diesel fuel FAME blends can also promote IDID formation, as they
can form poorly soluble products when oxidized, which then accumulate on the injector’s hot
surface [58]. The source of the deposits varies by type, such as salt deposits can originate from
storage tank sediments, lubricant oil contamination, or poor-quality biodiesel. Calcium has been
traced to lubricating oil, especially when found alongside sulfates and phosphates. Furthermore,
alkylbenzene sulfonates (ABS), often used as lubricant additives, have been identified in IDIDs,
indicating that lubricant additives may contribute to deposit formation. Zinc, found in some
IDIDs, could enter as an impurity from storage tanks, zinc coatings, or the zinc
dialkyldithiophosphate (ZDDP) additive in lubricant oils [54]. Figure 6 shows the chemical
structures of various additives, such as PIBSI, ZDDP, and DDSA, which are known precursors to
IDIDs.
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Figure 6. Different types of diesel additives.. (a) PIBST; (b) ZDDP; (c) DDSA [59], [60].

Moreover, the formation of deposits is most probably due to contamination, operating
conditions, and fuel composition. Fuels with low thermal stability tend to form deposits through
fuel degradation caused by autooxidation or polymerization, which can lead to the formation of
polynuclear aromatic hydrocarbons and alkyl radicals. These alkyl radicals can generate hydro-
peroxides that adhere to injector surfaces, initiating deposit formation [52]. The carbonaceous
deposits result from the breakdown of organic compounds in fuel, and alkali metals contribute
to the formation of inorganic deposits and metal soaps. These metals can originate from water
bottoms, such as those found in fuel storage tanks [52].

The composition of IDIDs will depend on the geographical region where the vehicle is operated,
due to the regional variations in the quality and type of fuel used and the operation of the engine
[35].

2.4.4 Major key factors influencing internal injector deposits

2.4.4.1 Temperature

Deposit formation varies with temperature, as different types of deposits form across different
temperature ranges [56], [58]. Initially, small amounts of contaminants such as glycerin, sterols,
and methanol are present in biofuel blends. At lower temperatures, deposits are normally slimy
and can block filters, whereas at the higher temperatures in the injector the deposits become
firmer and brittle due to reduced water, fuel, and methanol content, leading to nozzle fouling
and coking. Various deposit types form between 100-250 °C [56]. At lower temperatures, sodium
and calcium carboxylate soaps tend to precipitate. As temperatures exceed 200 °C, amide-type
and oxidative deposits begin to form. Between 180-240 °C, fuel oxidation and additive
decomposition occur, while nozzle tip deposits develop at temperatures above 240 °C [56].

2.4.4.2Fuel type

Deposit formation is influenced by the fuel used. Biodiesel blends, in particular, contribute to
deposit formation due to their unsaturated long-chain structures, which are highly reactive with
oxygen. FAME are specially unstable during long-term storage, making them potential deposit
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sources [52]. A connection has been observed between FAME content and deposit formation, as
FAME can degrade into carboxylic acids, which then form soaps [54]. Additionally, fuel
properties such as oxidation stability, acid number, and the presence of impurities, such as
sulfur, olefins, and certain additives also play a significant role in deposit formation [56].

2.4.4.3Fuel additives

The type and quality of fuel additives, such as detergents, dispersants, antioxidants, and
corrosion inhibitors, significantly influence the formation or prevention of deposits. A common
dispersant, polyisobutylene succinimide (PIBSI), has been reported to contribute to deposit
formation in injectors. Additionally, corrosion inhibitors such as dodecenyl succinic acid (DDSA)
have also been identified in IDID deposits [48]. Compatibility between additives and the fuel is
essential to ensure they do not affect the fuel's solvency properties, which could otherwise lead
to the precipitation of these additives.

2.4.4.4Engine type and operating conditions

High-pressure common rail systems, which are designed to improve performance and energy
efficiency while reducing emissions, can make deposit build-up worse due to the elevated
temperatures at which they operate. These systems, while precise in fuel timing, are more
vulnerable to IDIDs, which can disrupt the timing and cause malfunctions [61]. High
temperatures, pressures, and frequent stop-start cycles can accelerate the formation of deposits.
Engines operating under extreme conditions are more susceptible to form IDIDs.

2.4.4.5Injector design

Modern injectors with finer nozzles and higher injection pressures are more prone to deposit
issues due to the reduced tolerance for contaminants and their increased sensitivity to fuel

quality.

2.4.4.6 Fuel system contamination

Contaminants such as water, particles, and microbial growth within the fuel system can also
contribute to deposit buildup in injectors. This is particularly likely with higher biodiesel blends,
as the properties of FAME allow for greater water retention and increased susceptibility to
bacterial growth compared to conventional diesel.

2.4.4.7Fuel storage and handling

Improper storage and handling practices can lead to contamination and fuel degradation, which
can result in the formation of varnish and gum that contribute to form IDIDs.
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2.5 Existing test methods to replicate internal injector
diesel deposits

A summary of methods for reproducing internal diesel injector deposits (IDIDs) in a controlled
setting is presented here.

2.5.1 Engine tests and injector test rigs

Numerous organizations have undertaken efforts to develop methods for replicating internal
diesel injector deposits (IDIDs) in controlled settings. These activities aim to gain a deeper
understanding of the origins and formation mechanisms of these deposits, which is essential for
developing effective strategies to mitigate their impact on engine performance. By reproducing
IDIDs in laboratory or test rig environments, researchers can study the chemical processes and
conditions that contribute to deposit formation. This knowledge can then be applied to design
fuels and additives, as well as injector systems, that are less susceptible to IDID-related issues,
ultimately enhancing engine efficiency and durability.

For example, the CEC F-110-16 engine test uses a DW10C engine to differentiate fuels based on
their tendency to form IDIDs, rather than assessing the durability of the fuel injection equipment
(FIE). Test rigs that operate without combustion gases provide a simplified approach to
analyzing IDID formation, as demonstrated in various designs developed over recent years. [62].

The Coordinating European Council (CEC) created the IDID DW10C engine test to evaluate fuels
based on their potential to form deposits. Similarly, the Coordinating Research Council (CRC)
developed an IDID test using Delphi injectors to distinguish fuels by their tendency to cause
injector sticking as a result of deposit buildup. The CRC study [51], a non-recirculating fuel
system with heating, commercial fuel, DDSA, and sodium additives was employed. This one-day
test measured deposit thickness on the injector after constant idle cycles. A view of the IDID test
rig developed by CRC is shown in Figure 7.

Figure 7. Coordinating Research Council IDID test rig [51].

Lacey et al. from Delphi [26], [34], [37] also used a non-recirculating fuel system with heating
and commercial fuel, measuring deposit thickness on the needle after constant idle. Most test
rigs, however, incorporated a fuel recirculation system (typically 10% of the fuel fed to the
injector) to accelerate fuel aging.
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Studies by Omori et al. [55], and Tanaka et al.[64] used a recirculating fuel system without
heating and commercial fuel, with tests lasting under a month. Flowmeter measurements were
taken during constant idle cycles with overnight soaking. Other research [50], [65], [66] applied
a heated recirculating system with pre-aged commercial fuel, conducting tests for under a week
and measuring inline during alternating full-load and idle cycles.

Hoffman et al. [67] from OWI employed a recirculating system with heating and a mixture of
commercial fuel, corrosion inhibitors (DDSA), and sodium additives. This Eniak operated for a
week, with flowmeter measurements recorded during alternating full-load and idle cycles. A
schematic flow view of the test setup is shown in Figure 8. Gopalan et al.[68], [69] used a similar
setup for high-loads conditions, while Alves Fortunato et al. [70] conducted a one-day test with
DDSA and sodium additives, measuring inline flowmeter results under varying load conditions.
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Figure 8. Eniak injector deposit fuel test method flow set up [67].

Despite these advancements, existing literature and studies from other research groups provide
limited data on deposits commonly encountered in real-world conditions, such as metal soaps
and degraded biodiesel. These contaminants are often present in field IDIDs but are less
addressed in engine and injector test rig evaluations.

2.5.2 Laboratory test rigs

Although laboratory test rigs are less expensive than real engine testing, the design and operation
of specialized test rigs are still costly and time-consuming. To address this, Lacey et al. [34] and
Berndt et al. [57] examined a modified version of the Jet Fuel Thermal Oxidation Test (JFTOT),
known as the Diesel Thermal Oxidation Test (DTOT). In this method, the test fuel passes over a
heated aluminum rod within an open-loop rig, and at the conclusion of the test, deposit thickness
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is measured using an ellipsometer. Their findings showed that the chemical composition of the
deposits was comparable to those found in a running test rig [34], [57].

Tt is important to note that, unlike JFTOT, DTOT is not a standardized testing method. However,
because it has been utilized by multiple researchers, it offers useful insights for comparing
different test fuels.
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3 Methodological approach

The methodological approach was designed to understand internal injector deposits through a
three-part interconnected approach using three pillars aimed at achieving the overall objective.
An illustration of this methodological approach is presented in Figure 9.The first pillar focuses
on collecting injectors from the field that have experienced fuel injection-related issues, such as
drivability problems, and characterizing the deposits using common, as well as specifically
developed analytical methods. The second pillar involves replicating the internal injector
deposits observed in the field under controlled laboratory conditions accurately reproduce the
IDID phenomena and further investigating its chemistry. The third pillar involves the use of test
benches to study the IDID mechanism while incorporating effects of engine operation. This
includes a custom-designed injector rig that replicates the internal deposits found in the field
and explores injector performance. Additionally, engine tests are conducted to study the impact
of fuel blends that form soft particles under controlled vehicle conditions, with the aim of
preventing deposit formation.

3.1 Field: Analysis of field injectors using analytical
techniques

In Papers I and III, injectors that caused drivability issues were collected to investigate the formation
process of IDIDs in heavy-duty vehicles using common drop-in fuels like HVO and biodiesel. This research
is part of the first pillar, focusing on field injectors. The primary focus was on the injector needles and the
lower part of the injector nozzle, where internal injector deposits (IDIDs) are most problematic. Suitable
analytical techniques were used to assess the deposits” morphology, location and chemical composition. As
in other studies on IDIDs, visual inspection, Fourier-transform infrared spectroscopy in attenuated total
reflection (FTIR-ATR) and scanning electron microscopy coupled with energy dispersive X-ray
spectroscopy (SEM-EDX) were employed for a comprehensive analysis. The visual inspection was
conducted to examine the macrostructure of the deposits, focusing on characteristics such as porosity, color
and specific location where the deposits formed within the injector. FTIR-ATR enabled the identification of
functional groups in organic and inorganic compounds by measuring their infrared radiation absorption
over specific range. SEM-EDX was used to analyze the deposits morphology, with SEM providing detailed
images and EDX identifying the surface elemental composition through X-ray analysis. This combination
provided detailed data on both surface structure and chemical composition. Additionally, Pyrolysis
Gas Chromatography Mass Spectrometry (Py GC-MS) was applied to the injector deposits.



Although used less frequently than the other techniques, Py GC-MS proved highly effective in
identifying components with minimal sample size, which is particularly useful given the limited
amount of sample often found in injector deposits. This technique, using tetramethylammonium
hydroxide (TMAH), was advantageous for detecting, among other compounds, polar substances
such as acids and alcohols, within the deposits.

Field

Laboratory Test Bench

Figure 9: Illustration of the methodological approach used in this thesis with the main three pillars: field, laboratory and test bench.

3.2 Laboratory experiments: Investigations of deposit
formation using the Thermal Deposit Test

The investigation of deposit formation was conducted using the Thermal Deposit Test (TDT)
method, specifically developed in this thesis as a key component of this research. This method
represents the second pillar of the thesis, focusing on laboratory experiments. Paper IV
provides detailed information about the TDT device, including its components, purpose, and
operation. It also compares the TDT with other standard oxidation methods, such as the Jet Fuel
Thermal Oxidation Test (JFTOT), outlining the similarities, differences, and reproducibility
between these tests. Paper V, meanwhile, uses the TDT to investigate the chemistry and
formation of deposits. The TDT proved to be an effective tool for replicating internal injector
deposits and analyzing their chemical composition at various formation temperatures,
potentially correlating deposit formation with the temperature ranges found inside injectors.
Additionally, Paper V examines the use of different test fuels known to cause deposits in field
injectors, investigating the role of components and contaminants like metal carboxylates and
engine oil in deposit formation, and identifying the specific temperatures at which these
contaminants contribute to deposit buildup.
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3.3 Test bench: Reproduction of field injector deposits
using an injector test rig

One of the objectives of this thesis was to replicate field deposits on test benches to understand
their formation in a controlled environment. Paper VI introduces the newly developed injector
test rig and describes its components, operating conditions, and the experiments conducted to
reproduce deposits.. Furthermore, Paper VI analyzes the deposits from field injectors and
draws a correlation between those formed in the test rig and those found in field injectors. A
connection was made to the findings from Paper I and IIT which discuss the characterization
and formation mechanisms of IDIDs. The results confirmed that the deposits produced in the
rig closely resembled field deposits in terms of chemical composition, morphology and location
within the injector.

3.4 Test Bench: Formation of deposits using engine test

This research examines how vehicle operation affects deposit formation in the fuel system, with
a specific focus in Paper II on whether soft particles are formed during engine operation or
introduced through external fuel contaminants, using a controlled engine test. The primary goal
was to establish whether these particles are generated within the engine or stem from
contaminants in the fuel. This study aligns with the third pillar of the thesis, which focuses on
test bench experiments. The research explored the degradation of biodiesel blends by comparing
incoming fuel with return fuel from a diesel engine under various operating conditions, aiming
to better understand the degradation process to prevent soft particle formation. After engine
testing, the fuels were analyzed using multiple techniques, including Rancimat for oxidation
stability, ion chromatography to measure short-chain fatty acids (SCFA), total acid number
(TAN) to assess fuel acidity, and inductively coupled plasma atomic emission spectroscopy (ICP-
AES) to detect metal contaminants. Additionally, a filtration method was developed to collect
soft particles from the tested fuels and measure filtration time as an indicator of contaminant
levels in the fuels.
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4 Experimental

This section provides an overview of the experimental procedures conducted in this thesis,
including materials and sample preparation, along with the analytical techniques employed. The
final part of this section presents the developed test rig methods in detail, offering insights into
their design and application within the study.

4.1 Materials and sample preparation

4.1.1 Injectors from field

Several diesel injectors with internal deposits were collected from heavy-duty vehicles across
Europe. These injectors, constructed with similar components, were selected due to performance
issues typically associated with IDIDs, such as high fuel consumption and gear-shifting
difficulties—clear indicators of IDIDs' negative impact on engine performance. These injectors
were studied in Paper I, ITI, and VI. In Paper I, injectors were collected from two regions
using different drop-in fuels, with five injectors from each area. Paper III involved a more
extensive sample, with 45 disassembled injectors, out of which 15 were chosen for in-depth
investigation, and results from nine are presented in the paper. In Paper VI, five injectors with
IDID-related issues were examined. The vehicles typically used standard European commercial
fuel, specifically fossil diesel containing up to 7% biodiesel (B7), as specified by EN590.
Additionally, some field injectors from vehicles operating on HVO as a drop-in fuel were
analyzed to explore its impact on the IDID formation mechanism.

4.1.2 Soft particle synthesis and test fuels

In order to reproduce IDIDs experimentally, reliable test fuels had to be prepared. The first
approach was to produce test fuels by creating soft particles synthetically through degradation
of the fuel and then dispersing them in commercial fossil fuel containing 7 % v/v biodiesel (B7).
Moreover, other types of contaminants such as engine oil were also used in the preparation of
test fuels. The type of biodiesel was rapeseed methyl ester (RME), since it is the most used type



of FAME in Europe. The choice of B7 was also made for relevance to the field. The soft particle
synthesis and the preparation of test fuels are described and used in Papers IV, V and VI.

4.1.2.1Soft particle synthesis

The synthesis of soft particles is based on the assumption that they are partially composed of
calcium soaps. This conclusion was drawn from previous research [71], [72], where field fuel
filter samples indicated the presence of calcium metal soaps, likely originating from fuel
additives or engine oil contaminants. Based on this assumption and preliminary studies, calcium
oxide (CaO) was selected as the metal ion for producing synthetic soft particles. Additionally,
sodium-based metal soaps are frequently mentioned in the literature [27], [54], [55] and were
included in experiments in preliminary studies [73], so sodium hydroxide (NaOH) was also
included in the production process. The concentrations of both metals were determined
following preliminary studies [73].

Figure 10. Aging step of B100 for the preparation of synthetic soft particles. Adapted from Paper III.

To prepare the soft particles, 100% v/v biodiesel (RME) was aged with a water condenser at 110
°C, with dry air bubbled through the biodiesel at a rate of 20 L/h. A view of the laboratory set-up
is shown in Figure 10. The aging process, lasting 72 hours, was determined based on the fuel's
oxidation stability, assessed by a Rancimat test (EN 15751) conducted beforehand. After aging,
the fuel was mixed with 0.1% w/w calcium oxide (Ca0), 0.4% w/w sodium hydroxide (NaOH),
and 10.0% w/w distilled water to create a concentrated solution. The concentrations were chosen
based on previous research identifying conditions most likely to lead to deposit formation. A
design of experiments was proposed using various proportions of the three components - NaOH,
CaO, and deionized water - and tested for filtration capacity. As a result of this investigation, a
sodium-to-calcium ratio of 4:1 and a water content of 10 % wt. were selected [73]. This mixture
was initially homogenized for 5 minutes using a high-speed homogenizer, then stirred for 24
hours at room temperature to promote the good mixing and homogenization of metal
carboxylates. Afterward, the concentrated solution was ready for the next step in preparing the
final test fuel. Figure 11 shows the schematic view of the production of the test fuel.



Chapter 4 EXPERIMENTAL

Concentrate
solution

Bioo CaO + Chemically
(aged) NaOH aged

Engine oil

Figure 11. Schematic view of the preparation and composition of the test fuel.

4.1.2.2 Engine oil contaminants

To investigate the effect of the engine oil in the formation of deposits, engine oil was added to
the test fuels. Table 1 provides a detailed analysis of the engine oil used. For this study, engine
oil was added to B7 fuel at concentrations of 1% and 10% w/w, depending on the test rig
experiment. Although these concentrations are significantly higher than those typically observed
in real-world conditions, they were selected to accelerate the testing process. The test fuel,
comprising both a concentrated solution with metal soaps of calcium and sodium and engine oil
was used for further investigations. To replicate the sulfates present in used engine oil, fresh
engine oil was chemically aged by introducing sulfuric acid (95% w/w) to neutralize
approximately half of the base, in this case, calcium carbonate. The resulting mixture was stirred
for 24 hours at room temperature to ensure complete neutralization. The properties of the fresh
engine oil used in the preparation of test fuel is shown in Table 1.

Table 1. Analysis of the fresh engine oil used in the preparation of test fuel. Adapted from Paper V and VI.

Property  Method Unit Engine

oil

5W-20
Kinematic ASTM cSt 8.1
Viscosity D445
at 100°C
Total ASTM  mgKOH/g 10.2
Base D4739
Number

Total Acid ASTM  mgKOH/g 2.0
Number D664
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4.1.2.3Test fuels preparation

In the final step, the concentrated solution was mixed with commercial diesel fuel (B7) to
achieve a concentration of 0.015% w/w, resulting in a test fuel containing 150 ppm of calcium-
and sodium-based metal soaps.

For the investigations involving engine oil, it was added at concentrations of either 1% w/w or
10% w/w, combined with the concentrated solution of sodium- and calcium-based soft
particles, to formulate the final test fuel blend with B7.

Although the concentrations of both the prepared solution and engine oil are higher than those
typically observed in real-world conditions, they were intentionally used to accelerate the
reproduction of IDIDs in a controlled environment. This method was used in Papers IV, V
and VI.

4.1.3 Visual inspection

This technique was used in multiple occasions, including Papers I, III, IV, V and VI. A Zeiss
light optical stereomicroscope was employed to examine the topography and macrostructure of
the deposits providing a broad overview of the injector samples. The instrument enabled a
comprehensive assessment of the surface characteristics, helping to identify key areas for further
detailed analysis.

4.1.4 Nozzle opening device (NOD) method

In this thesis, a specialized method called the Nozzle Opening Device (NOD) was developed to
open injector nozzles with minimal damage to the internal deposits, enabling detailed analysis.
This method, presented and used in Papers I, ITI, and VI, provides proper access to the deposits
for examination. The process begins by immersing the nozzle section, which had been cut at the
bottom, in a beaker of liquid nitrogen for several minutes. After cooling, the nozzle is placed in a
hydraulic press, where a pressure of 50 kN is applied. This pressure ideally causes the nozzle to
break into two pieces, allowing for internal inspection.

4.2 Analytical techniques

4.2.1 Fourier-transform infrared spectroscopy (FTIR) in
attenuated total reflection (ATR)

Fourier Transform Infrared Spectroscopy (FTIR) in Attenuated Total Reflection (ATR) mode
was also used in several occasions due to the simple sample preparation required and the speed
of the measurement, which is well-suited for analyzing injector deposits. This technique was
employed in Papers I, ITI, IV, V and VL. FTIR-ATR identifies functional groups of both organic
and inorganic compounds by measuring their infrared absorption across a specific wavelength
range. It is capable of analyzing samples with thicknesses of just a few microns. For the analysis,
the spectral resolution was set at 4 cm~1 with 5 scans. Deposits collected from the injector nozzle
were carefully pressed and smoothed onto the FTIR-ATR crystal for examination. The obtained
spectra were compared with a reference library to identify the compounds present. This method
is commonly used to analyze internal deposits, including carboxylates, amides, isobutylene
groups, as well as inorganic substances such as sulfates and phosphates. [27], [37]. Key
functional groups of interest for IDIDs and their corresponding wavenumbers are given in Table
2.
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Table 2. Key functional groups with their characteristic FTIR wavenumbers. Reproduced from Paper I.

Functional group ‘Wavenumber [cm-1]
OH stretch 3300-3200

CH methyl stretch 3010-2855

C=0 stretch 1750-1690

COO- carboxylate 1640-1590
Amide 1669
Isobutylene 1701, 1463, 1366, 1229

4.2.2 Scanning electron microscopy coupled with energy dispersive
X-ray spectroscopy (SEM-EDX)

Scanning Electron Microscopy combined with Energy Dispersive X-Ray Spectroscopy (SEM-
EDX) enabled the examination of both the microstructure and elemental composition of the
deposits. This technique was employed in Papers I, III, IV, V and IV. Deposits collected from
the injector nozzle were analyzed directly using this instrument. The morphology was studied in
secondary electron (SE) mode at a working distance of 8 to 10 mm, with an accelerating voltage
between 10 kV and 20 kV. EDX was employed for qualitative and semi-quantitative analysis to
determine the elemental makeup of the deposits. Lacey et al. [26] used this technique to
investigate the morphology of carboxylate soap formation, the micelle collapse process, and its
deposition on internal injector components. Inorganic compounds such as sulfur sourced from
lubricated oil have been found using this technique [35].

4.2.3 Pyrolysis coupled with gas chromatography-mass
spectrometry (Py GC-MS)

Pyrolysis combined with gas chromatography-mass spectrometry (Py GC-MS) was employed to
analyze the organic composition of the injector deposits. This technique proved to be highly
valuable in this thesis, as it successfully identified the composition of the deposits. A key
advantage of Py GC-MS is that it requires no sample preparation and only small sample size,
making it ideal for analyzing the often-limited amount of deposits found in injectors. This
technique was applied in Papers I, IIL, IV, V and VI. For polar compounds like acids and soaps,
derivatization was performed using tetramethylammonium hydroxide (TMAH), a methylating
agent that stabilizes pyrolysis fragments for easier identification. The analysis produced a
pyrogram, showing the intensity of compounds generated during pyrolysis plotted against their
retention time in a capillary column. To prepare samples, injector deposits were scraped off,
treated with TMAH, dried, and then transferred to the pyrolysis instrument for analysis. The
pyrolysis was carried out at 600 °C. Afterward, the gases from the sample entered the GC-MS,
where components are separated according to their characteristic retention times for
identification. The resulting spectra were then compared with the National Institute of
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Standards and Technology (NIST) library for compound identification and further
interpretation. Barker et al. [74] utilized also Py GC-MS to identify components in injector
deposits, demonstrating the utility of this method.

4.2.4 Analytical techniques used in the investigation of the
degradation of biodiesel blends

To better understand how soft particles form in the vehicle’s fuel system, the degradation of
biodiesel blends was investigated in the engine test, as presented in Paper II.

Several analytical techniques were used to examine the tested fuels which are detailed in this
section:

e  Filtration method: A new method was developed in this thesis to collect soft particles
and compare the filterability of different fuels. A vacuum pump was connected to the
filtration instrument for optimal repeatability. Thirty milliliters of fuel were filtered
three times, and the average filtration time was recorded

e Rancimat method: Used to analyze the oxidation stablity of fuels according to EN 15751.
The oxidation stability was determined from the induction time (IP), or the inflection
point of the conductivity curve, resulting from the increase of organic acids in the fuel.

e  Gas chromatography-mass spectrometry (GC-MS): This technique was used to examine
the composition of soft particles collected from the filtration method. The concentration
of dimethyl azelate, identified in soft particles from field fuel filters based on previous
studies [19], was analyzed.

e Jon chromatography (IC): Used to quantify the amount of short-chain fatty acids
(SCFAs) according to ASTM D7319 modified. This analysis was conducted by an
external laboratory.

e Inductively coupled plasma atomic emission spectroscopy (ICP/AES): A technique used
to measure the total amount of elements in the fuels. This method was performed by an
external laboratory following a modified method of ASTM D5185.

e Total Acid Number (TAN): Analyzed according to ASTM D664 by an external
laboratory. TAN indicates the oxidation level of the fuels.

4.3 Developed experimental methods

Developing experimental methods to investigate the accelerated formation of IDIDs in a
laboratory setting was a key component of the third research pillar, focusing on bench tests.
Laboratory tests and an injector test rig were designed to study IDIDs and replicate field
conditions under controlled, accelerated environments. These experimental setups are
thoroughly detailed in Paper IV, V and VI.

4.3.1 Thermal deposit test (TDT)

To investigate the formation of IDIDs and conduct accelerated tests, a novel laboratory setup
called the Thermal Deposit Test (TDT), was designed and constructed. The design requirements
and components included for this method are outlined in this section. The TDT is described in
more detail in Paper IV, with results presented in Paper V.

The TDT method builds on the Jet Fuel Thermal Oxidation Test (JFTOT), though it is not
intended as a direct replacement. Instead, TDT serves as a complementary method, offering
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more specific insights by correlating deposits to different temperature ranges. This allows for
chemical analysis of deposits formed at varying temperatures. While JFTOT provides an overall
assessment of deposit formation and measures thickness using ellipsometry, TDT uses beam
milling cross-section and SEM for more detailed analysis. Ellipsometry can be incorporated into
TDT as needed.

TDT utilizes standard laboratory equipment and low-cost components, making it highly
adaptable for adjusting experimental variables such as temperature, fuel flow, and fuel type.
Deposits are collected on a metal foil, facilitating analysis with advanced characterization
techniques.

In the TDT setup, the test fuel follows a specific flow path, indicated by the green line in Figure
12. The fuel is deposited onto a substrate within a heated chamber before flowing into a spill
tank. Before dismantling the test unit, nitrogen gas, represented by the black line in Figure 12,
purges the remaining fuel from the system.

Bleed Valve

Pump

Backpressure Valve
=>4
R

‘ ‘ Test Unit \I\/ 1 \ﬂ

el 11
Test Fuel i Needle Valve Test Fuel
spill

Heating plate

—

Nitrogen I Regulating Valve

N .
N Water sink

Water Filter

Figure 12. Schematic view of the thermal deposit test (TDT). Adapted from Paper IV and V.

A diaphragm pump, capable of variable flow rates from 0.25 to 250 ml/min and a maximum
outlet pressure of 10 bar, is used to drive the fuel flow through the system. The back-pressure
valve is set to 1.7 bar. The setup consists of materials such as aluminum, stainless steel, and
perfluoro plastic (PFA) tubing.
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Figure 13. View of the Thermal Deposit Test (TDT). Adapted from Paper IV and V.

Figure 13 depicts the TDT setup, which consists of a temperature-controlled heating plate and
two aluminum blocks (upper and lower) through which fuel flows. The purpose of the design is
to start with cooler fuel at the inlet and gradually increase the temperature toward the outlet,
allowing for measuring the temperature at which deposits begin to form. Fuel temperature is
monitored by three thermocouples positioned along the upper block during the tests.

Table 3. Components of the Thermal Deposit Test (TDT). Reproduced from Paper IV and V.

Components

Pump

IWAKI IX-B015
0.25-250 ml/min, 1-10 bar

Fuel storage Polyethylene
Substrate Aluminum foil (30 pm)
material

Fuel channel
dimensions

L=120 mm, B=5 mm, H=2 mm

Position of
test unit

Flexible angle (0-180°)

Temperature
heating plate

0-500 °C
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Test unit Aluminum
material
Gasket Fluorine Kautschuk Material

To regulate temperature, a cooling circuit using water, shown as the blue line in Figure 12, is
maintained at a flow rate of 100-200 ml/min. A 5-um water filter is installed upstream to prevent
particles from clogging the valve. This cooling circuit ensures a precise and consistent
temperature gradient across the test unit, with lower temperatures at the inlet and higher
temperatures near the outlet.

Additionally, water-cooled heat exchanger is installed upstream of the needle valve to maintain
consistent water temperature and flow throughout the test (Figure 12). It also keeps the water
temperature at the outlet below 100°C. For more details, Table 3 and Table 4 summarize the
components and conditions of the TDT test setup.

Figure 14. View of the disassembled test unit of the Thermal Deposit Test (TDT). Adapted from Paper IV and V.

Figure 14 shows the disassembled TDT unit. The substrate, a 30-micron thick metal foil, is
placed on the lower block. A 2 mm Fluorine Kautschuk Material (FKM) gasket, commonly
referred to as fluoroelastomer rubber, is positioned between the substrate and upper block,
serving both as a seal and a flow channel for the test fuel. The TDT's maximum operating
temperature is 250°C.

Table 4. Test conditions of the Thermal Deposit Test (TDT). Reproduced from Paper IV and V.

Test conditions
Pressure 1.7 bar
Fuel capacity storage 1000 ml
Fuel volume 700 ml
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Fuel flow 3 ml/min

Velocity of fuel 0.5 mm/s
Position of test unit Horizontal
Temperature heating 120 °C; 250 °C
plate

Temperature substrate 50-200 °C
Cooling water 180 ml/min
Cooling inlet 14°C
temperature water

Test time 25h

4.3.1.1 Temperature gradient

The substantial influence of temperature on deposit formation highlights the need for a closer
analysis of the temperature gradient along the metal foil in the TDT test unit. Lacey et al. [34]
performed the Deposits Thermal Oxidation Test (DTOT) to identify the temperature ranges at
which various contaminants contribute to IDID formation. Their findings indicated that
dispersants like polyisobutylene succinimide (PIBSI) and corrosion inhibitors such as dodecenyl
succimide (DDSA) precipitate between 50 °C and 120 °C. Metal carboxylates formed at 140 °C
to 180 °C, while polymeric amides and deposits from zinc neodecanoate required even higher
temperatures. Above these levels, fuel degradation and pyrolysis occur, while no deposits form
below 50 °C.

In line with these findings, temperature was confirmed as a crucial factor in deposit formation,
leading to an investigation into the temperature gradient along the metallic foil in the TDT unit.
Since direct measurements on the foil were impractical, surface temperatures on the unit were
recorded. Due to aluminum's high thermal conductivity and the low fuel flow rate, temperature
variations were expected to be minimal. A thermally calibrated imaging camera, cross-verified
with a thermocouple, was used for precise measurement.

Figure 15 displays the temperature measurements across the TDT unit using a thermal camera.
The x-axis represents the distance from the inlet in millimeters, while the adjacent color bar
shows recorded surface temperatures. Below the graph, a thermal image shows the unit's layout,
including drilled holes for cooling and insulation on the left. The upper block appears cooler,
likely due to insulation from the gasket. The black line represents the section where the
temperature profile, indicated by blue points on the graph, was measured. Areas around the
drilled holes, which could not be measured directly, were interpolated and shown as an orange
smoothed line. These temperature gradients were analyzed across different temperature settings
and cooling flow rates to ensure consistency.
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Figure 15. Measurement of temperature gradient of the TDT. Adapted from Paper IV and V.

The TDT was operated with a fuel flow rate of 180 ml/h, a cooling water flow of 100 ml/min, and
a test duration of 2.5 hours. In some cases, the TDT was run at temperatures different from the
standard 250 °C on the heating plate to compare the deposits formed at varying temperatures.
Interestingly, during baseline conditions at 250 °C, the inlet temperature was approximately 95
°C, similar to the outlet temperature when the TDT was set at 120 °C. Figure 16 highlights this,
demonstrating that with a heating plate at 120 °C (orange line), the outlet temperature matches
the inlet temperature when the plate is at 250 °C (green line). This similarity allowed for a unique
analysis of deposit formation across different thermal gradients.

Temperature gradients within the TDT unit were evaluated under various heating plate settings
and cooling flow rates, as shown in Figure 16. The x-axis indicates the distance from the inlet
in millimeters, and the y-axis shows the surface temperatures of the test unit. The heating plate
was set to 120 °C, 200 °C, 250 °C, and 300 °C, corresponding to the yellow, blue, green, and red
curves, respectively. For instance, when the plate was set to 250 °C (green curve), the
temperature profile started at 100 °C near the inlet, due to water cooling, and rose to 190 °C
towards the exit of the unit.
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Figure 16. Temperature gradient along the TDT apparatus. Reproduced from Paper IV and V.
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The experiments were performed with the heating plate set to 250 °C, as shown in Figure 16.
Temperature measurements were taken at multiple points along the TDT apparatus, ranging
from 10 mm to 120 mm from the inlet. These readings revealed an increase in temperature
towards the outlet, mimicking the conditions found in field injectors. The temperature gradient
began at 95 °C near the water-cooled inlet and rose to 190 °C at the outlet. This gradient allowed
for the investigation of how varying temperatures influence the formation of deposits, such as
calcium sulfate and metal carboxylates, within the fuel.

4.3.2 Injector test rig

Previous research has demonstrated the effectiveness of engine tests in studying the impact of
IDID-forming contaminants on engine performance [55], [75]-[77]. Building on this findings,
an injector test rig was developed to replicate the deposits observed in field-collected injectors
under accelerated conditions. The rig's requirements, conditions, components, and the
replication of field deposits are thoroughly detailed in Paper VI. The rig models the fuel
injection equipment (FIE) of a heavy-duty engine, delivering fuel with precise timing, quantity,
and injection patterns [46]. It accelerates deposit formation to simulate real-world conditions,
utilizing a commercial fuel injection system powered by an electric motor, without actual
combustion. Fuel is introduced at room temperature, while the injector is heated to mimic the
heat transfer from the engine cylinder head, providing a controlled environment for studying
deposit formation.

The injector rig designed in this thesis differs from other rigs commonly found in the literature.
Rather than recirculating fuel, the test fuel is pre-aged before use in the rig, ensuring that its
chemical composition remains stable throughout the test, with calcium and sodium additives.
Details on fuel preparation can be found in Chapter 4.1, while a more comprehensive description
of the rig itself is provided in Chapter 4.3. The rig most comparable to the one developed here
was commissioned by the Coordinating Research Council (CRC) Although it also features a non-
recirculating fuel system and heated injectors, the CRC rig uses light-duty fuel injection
equipment and a different test fuel, distinguishing it from the heavy-duty focus of this thesis.

4.3.2.1 Components of injector rig

The main components of the injector test rig are depicted in Figure 17 and pictured in Figure
18. The fuel flows through several key elements, starting with the 10-liter fuel tank, which stores
the test fuel to be fed into the system. A feed pump boosts the fuel pressure to approximately 4
bar, with the pump's pressure manually adjustable via the Software Rig Control (SRC). The fuel
then enters the high-pressure pump (HPP), which is driven by an electric motor. This pump
operates at variable speeds, simulating the range of a diesel engine, and delivers fuel to the
injector at pressures of up to 1800 bar. While the pump's speed is manually controlled through
the SRC, the fuel flow is automatically regulated by the Engine Control Unit (ECU), based on the
common rail pressure and injection parameters, similar to a truck's system. The HPP also has a
drain flow, which can either be returned to the fresh fuel tank for a closed-loop system or directed
to a spill fuel tank for an open-loop system when fuel changes are required during testing.
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Figure 17. Schematic flow of the injector test rig. Reproduced from Paper VI.

The common rail is responsible for storing the pressurized fuel, ensuring that pressure
fluctuations caused by the high-pressure pump (HPP) strokes are minimized before the fuel is
injected. The injector, a critical component of the test rig, injects fuel from the common rail into
a collection cup placed below it. To simulate the heat produced during combustion in an actual
engine, a circular heating element heats the injector tip to temperatures up to 280 °C. A cooling
water circuit is used to quickly cool the injected fuel in the collection cup. Additionally, the
injector has a drain flow system, directing any excess fuel to the spill fuel tank. The injected fuel,
along with the injector drain, is collected in a 3-liter tank. Once this tank is full, a return pump
transfers the fuel to the spill fuel tank for disposal.
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Figure 18. View of the injector test rig.

4.3.2.2Test cycles

The goal of the injector test was to replicate the deposits found in injectors collected from the
field in an accelerated method. To accomplish this, a specific test cycle with relevant conditions
was developed. The injector test rig begins with a rinse cycle to remove any contaminants from
previous tests.

Figure 19 illustrates the test cycle used in the rig, consisting of a one-hour cycle that is repeated
to ensure effective injector deposit formation. This cycle is performed seven times, and with
cleaning and shutdown procedures included, the entire test spans approximately eight hours.

During each one-hour cycle, fuel injections occur for the first 54 minutes, with the high-pressure
pump (HPP) operating at 500 bar, the electric motor running at 500 rpm, and each injection
lasting 0.5 milliseconds. Thes injector tip reaches approximately 280 °C, mimicking the
temperature observed in field applications.



Chapter 4 EXPERIMENTAL

% [ s"“—
g / /
3| 1
/ H / / y
/" . / = L
Time

I Test run > >> Test run >> > > Test run >

I Soaking Soaking Soaking

| Cycle 1 >| Cycle 2... > [ Cycle...7

Start Stop

Figure 19. Schematic view of the test running used in the injector test rig. Adapted from Paper VI.

After 54 minutes of operation, the high-pressure pump (HPP) is turned off, leading to a gradual
decrease in rail pressure as fuel is injected. Thirteen seconds later, the injector closes, initiating
a six-minute period known as "soaking time". This phase simulates an engine break, where fuel
injections stop but heat continues to be generated due to air compression in the cylinders. The
heating element remains active throughout this period. Once the six minutes pass, the HPP and
fuel injections resume for the next one-hour cycle. After completing seven cycles, the rig is shut
down and allowed to cool. The injector is then removed the following day for further analysis.

4.3.3 Comparison of conditions between Thermal deposit test
(TDT) and injector test rig

The two rigs introduced in earlier sections were designed and constructed to conduct accelerated
deposit formation, serving as key pillars of this work. In this section, a comparison of the
conditions from both tests is presented and is showed in Table 5.

Table 5. Comparison of conditions for TDT and injector test rig.

TDT rig Injector rig
Test duration 25h 8h
Fuel volume 1 liter 4 liter
Pressure 1.7 bar 500 bar
Material Aluminum foil Injector
Temperature 20-200 °C 50-280 °C
Position of Flexible angle (0-  Fixed angle (90 °)
heated surface 180°)
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The TDT rig allows for the evaluation of deposit formation using a simple laboratory setup, with
easily adjustable test conditions. In contrast, the injector test rig enables the evaluation of deposit
formation in the complete component, offering a more realistic simulation. A comparison of the
advantages and disadvantages of both rigs is presented in Table 6.

Table 6. Advantages (+) and disadvantages (-) of the newly developed tests methods.

TDT Injector rig

(+) Inexpensive (-) Expensive

(+) Basic components (-) Complex components

(-) Max temperature 200 °C (+) Max temperature 280 °C
(-) Not automatic (+) Automatic

(-) Deposits formed on an (+) Deposits formed in injector

aluminum foil substrate

(+) Deposits formed on an (-) Deposits formed in injector,
aluminum foil easy to collect nozzle open process required
(destructive)

4.3.4 Comparison of field conditions with Thermal deposit test
(TDT) and injector rig

This work focuses on replicating the internal diesel injector deposits (IDIDs) found in the field
within a controlled laboratory setting and a test rig. The aim was to develop cost-effective
alternatives to field trials, which are often time-consuming, expensive, and influenced by factors
like fuel quality and engine operation. Laboratory tests, such as the Thermal Deposit Test (TDT),
provided insights into the chemistry and components of deposit formation within a couple of
hours. Although the TDT did not replicate field pressure conditions, it closely matched the
temperature gradient - a key factor in deposit formation-making the results useful .

In contrast, the injector test rig facilitated deposit formation within a real injector, under both
field-like temperature and pressure conditions, offering a more accurate representation of real-
world scenarios. This method was also highly cost-effective compared to field trials, allowing for
controlled testing over an eight-hour period.

In summary, the injector test method is ideal for evaluating the resistance of different injector
designs to IDID formation, while the TDT is better suited for fundamental research into the
chemistry and formation of IDIDs due to its efficiency and adaptability.
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4.3.5 Engine test

The aim of this study is to gain a better understanding of how soft particles are formed in a
vehicle’s fuel system due to the degradation of biodiesel blends in a test engine. The study
compares the incoming fuel with the return fuel from a diesel engine, focusing on how the fuel
changes during this process. In the engine tests the engine was run with different biodiesel
blends, and tests were conducted at various engine torques as well as at two different engine
speeds.

Fuel samples were collected both before and after the engine to analyze degradation. Several
analytical techniques were used.

The engine used for testing was a 13-liter, six-cylinder diesel engine with a common rail injection
system. Detailed specifications are listed in Table 7.

Table 7. Test engine specification. Preproduced from Paper II.

Design 6 cylinder
Capacity 13 liter

Power 412 kW at 1800 rpm
Torque 2800 Nm at 900-1400 rpm
Injection system Common rail
Pressure Max 1800 bar

The test cycle began with a warm-up phase: one minute of idle time followed by 10 minutes at
1200 rpm and 50 Nm load, raising the water system temperature to 90°C and engine oil to 100
°C. The test then proceeded with increasing engine loads—25%, 50%, 70%, and finally 100% at
1200 rpm. The final test condition applied a 100% load while increasing the engine speed to
1900 rpm. Before each test, the fuel system was flushed to remove any residual fuel from the
previous test. This cycle was repeated for each biodiesel blend.

The schematic view of the engine test setup used is shown in Figure 20. The fuel samples taken
before the engine were collected from a fuel tank in the low-pressure system, prior to the fuel
pump (blue line). To investigate possible fuel degradation and the formation of soft particles,
fuel was also collected after passing through the high-pressure system (green line). This fuel has
experienced high pressure and high temperatures before reaching the injectors. To facilitate fuel
collection, a sample valve was installed in the retorn fuel flow, also marked in green. This fuel
may have undergone degradation due to the higher temperatures and pressure, making it an
ideal point for sample collection and further investigation.
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Figure 20. Schematic of the engine setup used in the investigation. 1. Tank; 2. Fuel pump; 3. Fuel filter; 4. High-pressure pump (HPP);
5. Rail; 6. Rail pressure sensor; 7. Injectors; Blue line: Low-pressure system; Red line: High-pressure system; Green line: Return fuel

flow. Adapted from Paper II.

Different fuel blends with varying biodiesel content were chosen for the study. Specifically,
blends containing 10% v/v biodiesel in fossil fuel MK1 (the standard in Sweden), 30% v/v
biodiesel in fossil fuel, and 100% biodiesel were selected. Additionally, BO fuel, containing 100%
v/v fossil fuel with no biodiesel content, was included in the investigation for reference
measurements. The properties of the fuels used in the investigation are provided in Table 8.

Table 8. Properties, units and methods of fuels used in the engine test. Reproduced from Paper II.

Property Unit Method BO B10 B30 B100

Density kg/m3 ENISO 0.836 0.839 0.848 0.882
12185

Total Acid mg ASTM 0.02 004 009 0.29

Number KOH/g D664

Rancimat h EN - 141 131 96
15751

Biodiesel %m/m EN14078 0.2 9.9 286 99.2

content

Total Glycerol %m/m EN - - - 0.063
14105

Monoglyceride %m/m EN - - - 0.18
14105

Calcium mg/kg ASTM <0.1 <01 <01 <01
D5185

mod
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Magnesium mg/kg ASTM <0.1 <01 <01 <01
D5185
mod

Sodium mg/kg ASTM <0.1 <01 <01 <0.1
D5185
mod

Potassium mg/kg ASTM <0.1 <01 <01 <0.1
D5185
mod

Phosphorus mg/kg ASTM 0.4 0.5 0.3 <4.0
D5185
mod
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5 Findings of the thesis

This section presents and analyzes the results of the investigations, focusing on key findings from
the included papers to address the research questions and their relevance to that study’s
objectives.

5.1 Field injector deposits

In Papers I and III, injectors linked to drivability issues were collected to study the formation
of IDIDs in heavy-duty vehicles running on common drop-in fuels. This research focuses on the
analysis of field injectors. The investigation primarily targeted the injector needles and the lower
section of the injector nozzle, where IDIDs tend to cause the most significant problems. In order
to investigate which types of deposits are forming IDIDs and causing problems in the engine
performance, the chemical composition of the field deposits a pre work was performed to select
the techniques that were more appropriate for this type of deposits. These techniques are
presented in Chapter 4.2. The analytical techniques that were chosen were visual inspection,
FTIR-ATR and SEM-EDX were employed to examine the deposits' morphology, location, and
composition. Py GC-MS was selected as a good method to identify the chemical composition of
the deposits; this technique has been used less frequently in the previous studies but it was
shown to be a very strong technique for injector deposits analysis. Before analysis, a cleaning
step using heptane to get rid of fuel residue was done.

Paper I focuses on collecting various injectors from heavy-duty vehicles experiencing drivability
issues and high fuel consumption, operating on two different types of fuels. One region utilized
biodiesel blends as a drop-in fuel, while the other used HVO. The appearance of deposits inside
the injectors varied based on the fuel type. Injectors that used FAME biodiesel blends developed
yellow-brown, sticky deposits that dried and became brittle over time, primarily found on the
needle and the lower part of the nozzle. In contrast, injectors using biodiesel blends had dark,
very sticky deposits that were difficult to scrape off and were only found in the nozzle. In both
cases, deposits were located in the lower part of the nozzle, which seems to be the most critical
area. This section has stricter tolerances and is exposed to higher temperatures compared to
other parts of the injector. Figure 21 shows an example of the injector nozzle and needle when
using HVO as drop-in fuel, as wells as with biodiesel blends.



(a)

Figure 21. Injector needle and nozzle from field. (a) HVO (b) Biodiesel as a drop in fuels. Reproduced from Paper I.

Additionally, injectors collected from field using biodiesel blends, as discussed in Paper IV,
showed sticky deposits on both the needle and the nozzle. After drying, these deposits developed

a cracked, clay-like appearance, easily scraped off the needle and became more difficult to
remove from the nozzle.

The FTIR-ATR analysis revealed that IDIDs from different injectors operating on HVO fuel
contained similar functional groups, suggesting the presence of comparable contaminants.
Specific absorption bands indicated the presence of carboxylates, amides, and isobutylene
groups. For biodiesel blends, the functional groups were also similar, pointing to related
contaminants. The absorption bands suggested the presence of inorganic compounds like
sulfates and/or phosphates, along with carboxylates and amides. Figure 22 shows the FTIR-
ATR from deposits using biodiesel blends.
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Figure 22. FTIR measurements from injector deposits using biodiesel blends as a drop in fuel. Reproduced from Paper I.
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SEM-EDX analysis of injector nozzles operating with HVO showed that the deposits were
primarily composed of carbon, oxygen, and nitrogen, indicating organic compounds. In contrast,
for biodiesel blends, the deposits varied between organic and inorganic compounds. Some areas
mainly consisted of carbon and oxygen, indicating organic materials, while others showed
calcium and sulfur, suggesting the formation of calcium sulfate. The calcium-to-sulfur ratio
indicated that not all calcium ions had reacted with sulfate, leaving a surplus of metal ions, likely
forming carboxylic soaps. This suggests that the deposits may contain different compositions or
layers. Moreover, nitrogen, calcium, sulfur and phosphorus were detected. These components
may indicate the presence of lubricating oil or fuel additives. The source of these contaminants
could be the use of oil-lubricated HPP systems, with leakage into the fuel forming these
contaminants when they reach the injector. This supports the findings of Trobaugh et al. [35],
which also identified inorganic components as a part of internal injector deposits and linked
them to lubricant oil contamination. It is important to note that these deposits are typically found
in the lower part of the injector nozzle, indicating that the higher temperatures in this area are
more likely to contribute to deposit formation or may even trigger the initial stages of the process.
This aligns with the findings of Lacey et al. [34], who suggested that the formation of internal
injector deposits depends on a critical onset temperature and is related to different types of
deposit chemistry.

Both FTIR-ATR and SEM EDX measurements revealed that the deposits were a mix of different
types, containing inorganic components like calcium sulfates and organic components, most
probably metal soaps and contaminants from lubricating oil or fuel additives such as nitrogen,
calcium, sulfur and phosphorus. The composition of different layers in the injector deposits is
consistent with the findings of Barker et al. [73]. They proposed that deposits form in layers, with
the outermost layer consisting of sodium sulfates and inner layers containing nitrogen and
carbon compounds.

Additionally, the Pyrolysis GC-MS technique effectively identified internal injector deposits. For
HVO fuel, polyisobutylene succinimide (PIBSI), a dispersant fuel additive commonly used and
dodecenyl succinic acid (DDSA), a corrosion inhibitor, were detected, indicating that the varying
solubility of the fuel additives together with more recently introduced alternative fuels, such as
HVO, seems to promote precipitation of deposits. In contrast, for biodiesel blends,
polycarboxylic benzenes dominated the deposits, suggesting they originate from fuel additives
or engine oil components. Nonanedioic acid, associated with aged biodiesel and metal soap
deposits, was also identified, suggesting a link between drop-in fuels and deposit formation. This
aligns the finding in [19], where calcium soaps were identified in fuel field filters using biodiesel
blends. Py GC-MS proved to be highly effective and suitable for identifying the composition of
deposits.

The main takeaway from this study is that while different layering in IDIDs has been observed,
the exact composition likely depends on the type of fuel used. Variations in fuel content across
different markets and regions can influence the chemistry of the deposits.

To further investigate this, Paper IV focuses on examining the complete injector deposits from
field, including needles and nozzles, and linking the IDIDs to the fuel system. The injector
deposits were collected from different countries in Europe, where the typical commercial fuel is,
B7 according to EN 590. The vehicles had wide range of mileage, from 50000 km to 350000 km,
which could indicate that the problem appears when the vehicles have operated long distances.

The sticky deposits found in the studied vehicles were primarily organic compounds, such as
metal soaps and PIBSI, with corrosion inhibitors (DDSA) occasionally detected, as also noted in
Paper I. After analyzing a large amount of injector deposits, it was evident that the composition
of these deposits can vary significantly. However, the sticky deposits in both the needles and
nozzle injectors were similar in composition.

In vehicles using oil-lubricated HPP (high pressure pump), nozzle analysis revealed a crystalline
layer of calcium sulfate on the metal surface, as shown by the SEM mapping of oxygen, sulfur
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and calcium elements shown in Figure 23 (a). An organic layer was found on top of this calcium
sulfate, identified by a high concentration of carbon. In contrast, vehicles running on fuel-
lubricated HPP displayed inorganic compounds like sodium sulfate and/or phosphate (as shown
in Figure 23 (b)), but no calcium sulfate crystals. An organic layer, detected by the high carbon
concentration, was also present on top of this layer. The key finding from this investigation is
that calcium sulfate crystals only form when oil-lubricated HPP is used.

oxa

(a) (b)

Figure 23. SEM mapping for elements in nozzle deposits. (a) an oil-lubricated HPP system (b) a fuel-lubricated HPP system. Adapted
from Paper III.

The SEM image of the examined area is shown in Figure 24. This image corresponds to the
SEM mapping in Figure 23 (a). It reveals the growth of a star-shaped crystal on the nozzle
surface, forming a layer on top of the metal surface. This crystal layer is covered by an organic
layer. It is important to note that in SE mode, the organic layer becomes electrically charged by
the instrument, causing a white, blurry appearance across the deposit area, which shows up as a
disturbance in the image.

Metal Organic g
surface layer

Figure 24. SEM image of deposits on the injector nozzle and schematic view of the location in the nozzle injector. Adapted from Paper
IIIL.
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Additionally, a sub-objective of Paper IV was to determine where these problematic deposits
first formed in the fuel system. To investigate this, one field truck was selected, and deposit
samples were collected from various parts of the fuel system. Samples were taken from both the
low-pressure system (fuel tank and suction filter) and the high-pressure system (injector needle).
The fuel tank sample was filtered, and the insoluble material was analyzed. In the field vehicle,
the deposits were similar to those found in other vehicles, primarily composed of metal soaps
and PIBSI. The FTIR-ATR spectra revealed significant differences between the injector needle
and other parts of the fuel system. Absorption bands in the 1700-1600 cm ™! range, indicative of
metal soap contaminants, were found exclusively in the injector needle sample. This suggests
that deposit formation occurs specifically in the injector's needle and nozzle, rather than in
upstream components.

5.2 Mechanism for the formation of internal diesel
injector deposits

The next step, after identifying the internal deposits causing engine issues, was to understand
how these deposits formed and uncover the mechanism behind their formation. This is the key
focus and motivation for Paper III.

Through the investigation of a large number of nozzle deposits, similarities in composition,
location, and structure were observed, leading to a proposed mechanism for internal injector
deposit formation. Deposits generally form in the lower part of the injector nozzle, suggesting
that certain fuel components precipitate when temperatures reach a critical point. These deposits
typically consist of multiple layers, each with distinct chemical compositions: an inorganic
crystal layer of calcium sulfate and a sticky metal carboxylates layer on top.

The proposed mechanism for deposit formation is illustrated in Figure 25 and involves five
steps:

1. Initial phase: The injector is deposit-free, but rough surfaces or impurities on the nozzle
act as nucleation sites. Fuel containing dissolved calcium sulfate enters the lower nozzle.

2. Nucleation: As the fuel becomes oversaturated, calcium sulfate crystals begin to
precipitate on the inner nozzle surface. This process occurs when calcium sulfate from
the oil additive forms a complex molecule that breaks down under high temperatures
and pressures.

3. Crystal growth: More nuclei form, altering the surface of the injector and promoting the
adhesion of insoluble deposits, such as soft particles.

4. Accumulation: Sticky deposits increasingly adhere to the sharp edges of the crystals,
leading to greater buildup.

5. Impact of the injector performance: As deposits accumulate, they interfere with the
needle’s movement, with deposits spreading from the lower to the upper part of the
nozzle.

The breakdown of complex molecules at high temperatures and pressures disperses calcium
sulfate as insoluble particles, promoting crystal formation, particularly in the warmer parts of
the nozzle. While alternatives theories like micelle transport or Ostwald ripening have been
suggested, they are considered less likely to explain the calcium sulfate deposit formation [35].
The slow development of calcium sulfate crystals contrasts with the rapid accumulation of sticky
deposits (metal soaps and fuel additives), which form a rough surface that promotes further
fouling [79].

As sticky deposits move into the injector’s guidance area, they increase friction between the
needle and the sleeve, reducing fuel flow and injector performance. Although various
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mechanisms could explain internal deposit formation, the findings of this study strongly support
the proposed mechanism.

Figure 25.A schematic illustration of the proposed mechanism showing the sequential steps for deposit formation. Calcium sulfate
crystals near the metal surface and sticky deposits on top. 1: Initial phase. 2: Nucleation. 3: Crystal growth. 4: Accumulation. 5: Impact of
the injector performance. Reproduced from Paper III.

Sticky deposits move towards the needle guidance area due to factors like engine vibrations,
pressure spikes, or fluctuations in the fuel system, such as needle movement. Once these sticky
deposits reach the guidance area, their high viscosity begins to interfere with the needle’s
movement, reducing its efficiency. Although the fuel flow generally helps remove sticky deposits
or soft particles, calcium sulfate crystals are more resistant and tend to break apart under shear
forces.

The formation of calcium sulfate crystals is thought to be a gradual process that requires specific
conditions, which may explain why engine issues related to these deposits often arise after
extended vehicle mileage. These crystals provide a rough surface that facilitates the adhesion of
other contaminants. Smith et al.[80] suggested that calcium sulfate crystals serve as a sticky
base, promoting further deposit buildup. This aligns with the proposed mechanism, where an
initial layer of crystals forms, followed by the accumulation of sticky deposits on top. While fuel
flow typically helps wash away sticky deposits, calcium sulfate crystals are more resistant to
removal and tend to break apart under shear forces. The schematic process illustrating the
formation of calcium sulfate crystals and sticky deposits is shown in Figure 26.

Field injector analysis from fuel-lubricated HPP indicates that calcium sulfate is not present in
such systems; instead, sodium and phosphorus-based inorganic deposits are formed.
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Figure 26. Schematic process of calcium sulfate crystal and sticky deposit formation in the injector nozzle.

Sticky deposits, primarily composed of metal soaps and additives from engine oil or fuel, include
contaminants like metal carboxylates, detergents such as PIBSI, and corrosion inhibitors,
identified through FTIR-ATR and Py-GCMS analysis. These contaminants are known to
contribute to the formation of IDIDs. Goede et al. [21] explored how deposit control additives,
such as sodium salts, corrosion inhibitors, and PIBSI can prevent IDID formation during engine
tests, while Trobaugh et al.[35] described the process of inorganic deposit formation inside
injectors. Their findings suggest that organic deposits form through micelle processes, whereas
inorganic species tend to nucleate on metal surface, leading to crystallization [35]. While calcium
sulfate crystals form slowly, sticky deposits accumulate more rapidly.

Calcium sulfate in the fuel system is thought to result from oil contamination due to leaks in the
high-pressure pump. Fresh engine oil does not contain calcium sulfate, but its formation can
occur through overbased sulfonates neutralizing sulfuric acid, resulting in calcium sulfate. This
theory is supported by the detection of fuel additives like PIBSI.

Metal-based detergents like calcium and magnesium carboxylates, sulfonates, and carbonates
are commonly added to engine oils to neutralize acidic compounds and disperse salts. These
detergents support the hypothesis that calcium sulfate enters the fuel system through oil
contamination. Research in literature shows that some additives improve calcium sulfate
dispersion in oil, reducing deposit formation. Additionally, calcium sulfate can absorb water and
adhere to engine components, forming deposits on surfaces such as pistons [80]. While calcium
sulfate is somewhat soluble in oil, its solubility decreases once in the fuel system, leading to
oversaturation and crystal formation, particularly in the hotter nozzle area of the injector.

Factors such as fuel type, additives, water content, and oxidation levels can also affect calcium
sulfate solubility. It is hypothesized that calcium sulfate may form complexes with engine oil
additives such as dispersants, enhancing solubility. However, these complexes can break down
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in the fuel, causing calcium sulfate to precipitate as deposits. The Thermal Deposit Test rig in
Paper V demonstrated that calcium sulfate forms at temperatures around 200 °C, close to the
nozzle tip temperature.

Over time, these deposits impede the injector needle’s movement, gradually migrating from the
lower to the upper part of the nozzle. As they reach the guidance area, the system’s viscosity
increases, hindering needle movement. Bergstrand [81] explained that in a well-functioning
injector, tight tolerances create a low-friction environment. However, as deposits build up,
friction increases, reducing the needle’s ability to inject the correct fuel amount and decreasing
the number of injections per cycle.

The formation of these deposits, which obstruct needle movement, affects engine performance
by disrupting fuel injection timing and volume. This leads to negative consequences such as
increased fuel consumption and reduced engine power, both of which are detrimental to efficient
engine operation.

While several mechanisms could explain internal deposit formation, this study presents a
possible mechanism supported by the results.

5.3 Laboratory tests

Paper IV and V form the basis of the research pillar that focused on replicating the IDIDs
observed in the field under controlled laboratory conditions to accurately reproduce the
phenomena and investigate their further chemistry. The goal was to develop a laboratory setup
for accelerated deposit formation investigation. This work builds upon previous findings from
field deposit analysis, which identified that the most critical deposits are composed of metal
soaps from degraded biodiesel, fuel additives, and calcium sulfate crystals originating from
engine oil contaminants. The laboratory setup was developed to accelerate deposit formation,
providing a controlled environment for further investigation.

The next step was to determine whether these deposits could be reproduced in the laboratory.
Specifically, in this study, we aimed to replicate the formation of calcium sulfate crystals
observed in field injectors. Additionally, we aimed to understand whether the presence of metal
soaps in the test fuel influences calcium sulfate crystals, or if engine oil alone, without metal
carboxylates, could produce similar deposits.

Paper IV focuses on the design, components, and characteristics of the TDT, while Paper V
presents the results of using TDT to replicate IDIDs and the findings from these investigations.
The initial phase of the research focused on testing whether deposits would form using test fuel
containing only metal carboxylates and B7.

When using only metal carboxylates in the test fuel with the TDT, deposits formed on the
substrate. Analytical techniques such as FTIR-ATR, SEM-EDX, and Py GC-MS were used to
identify the components. Figure 27 shows deposit formation using a test fuel with metal
carboxylates at different temperatures. The results showed that as temperature increased, both
the quantity and size of the deposits varied significantly. More deposits formed at higher
temperatures, suggesting a possible chemical related to solubility loss occurring at elevated
temperatures. Interestingly, the deposits at 185 °C were smaller than those at 60 °C, likely due
to water evaporation, resulting in smaller, more brittle deposits. This observation aligns with
Berndt et al. [53], who found that higher temperatures lead to increased deposit accumulation.
The largest deposits were observed at 95 °C, possibly because larger particles precipitate more
quickly from the fuel.
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Figure 27. SEM images of deposits from test fuel containing metal carboxylates at different temperatures. (a) deposits formation at 60
°C inlet (b) deposits formation at 95 °C (c) Deposits formation at 185 °C in the outlet. Reproduced from Paper V.

This suggests that the TDT setup facilitates the formation of metal carboxylate deposits, which
become more prevalent at temperatures above 100 °C. Additionally, the FTIR-ATR spectra,
shown in Figure 28, confirm this, with absorption bands around 1560 cm!. It is evident that
absorption in this region increases with temperature. Lacey et al. [34] observed that sodium

carboxylate salts typically form between 140 °C and 180 °C, which is consistent with the findings
of this study.
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Figure 28. FTIR-ATR spectra of deposits from fuel test containing metal carboxylates. Adapted from Paper V.

The next step was to investigate the formation of deposits using both metal carboxylates and
engine oil with the TDT, specifically to determine if calcium sulfate crystals were formed . This
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was done to reproduce and to verify whether the proposed mechanism in Paper IV was
plausible, based on previous analyses of deposits found in field injectors.

SEM images showed that deposit formation within a test unit using chemically aged engine oil
and metal carboxylates, was significantly greater at higher temperatures (see Figure 29). This
observation suggests that higher temperatures contribute to more deposit formation.
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Figure 29. Deposits formed using test fuel with engine oil and metal carboxylates. Left: SEM image at inlet (60 °C); Right: SEM image
outlet (190 °C). Reproduced from Paper V.

Similar results were observed when test fuel containing only metal carboxylates was used,
indicating that higher temperatures may disrupt inverse micelles, contributing to increased
deposit formation. At lower temperatures, metal carboxylates and other contaminants form
reverse micelle clusters, which help keep them dispersed in the fuel. However, under elevated
temperatures, these micelles break down, releasing the contaminants and leading to deposit
formation [37]. This correlates with typical conditions inside the injectors, particularly in the
lower part of the nozzle, where temperatures are higher. Previous field studies have also found
that deposits tend to accumulate more in this area due to the elevated temperatures.

Crystal formation at 190 °C was observed only when engine oil was added to the test fuel. In
contrast, no crystals were detected in tests using fuel that contained only metal carboxylates,
suggesting that engine oil facilitates crystal formation. This observation is consistent with
findings by Lamb et al. [54] and Trobaugh et al. [35], which link engine oil to deposit formation.

Figure 30 (a) reveals that carbon and oxygen levels remained stable as the temperature
increased, while calcium and sodium concentrations (Figure 30 (b)) rose between 90 °C and
170 °C, indicating that calcium and sodium metal carboxylates form more readily at higher
temperatures. This aligns with FTIR-ATR results in Figure 28, which also show temperature-
dependent formation of these compounds. The observed increases in sulfur and calcium at
higher temperatures suggest the formation of calcium sulfate, confirming the mechanism
proposed in Paper III, where CaSO4 was noted in injectors at elevated temperatures.
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Figure 30. Elemental composition of deposits from test fuel with chemically aged engine oil and metal carboxylates using SEM-EDX. (a)
carbon and oxygen (b) sodium and calcium (c) sulphur and zinc. Adapted from Paper V.

Additionally, zinc and sulfur were found at lower temperatures below 100 °C, possibly indicating

the formation of ZnSO4 (Figure 30 (c)). Although less explored in injector deposits, ZnSO4 has
been linked to engine oil contaminants [82], [83].

The FTIR-ATR spectra (Figure 31 (a)) show peaks around 1100 cm! for sulfates and
absorption bands at 1560 cm-! for metal carboxylates, confirming the presence of both metal
carboxylates and calcium sulfate. Notably, the sulfate peaks intensify at higher temperatures
(130-190 °C), suggesting that sulfate crystals are more likely to form at the lower part of the
injector nozzle, where temperatures are elevated. This correlates with findings from field
injectors and supports the observations of Lejre et al. [84], who also noted CaSO4 formation at
higher temperatures in laboratory conditions.

The SEM image (Figure 31(b)) shows the formation of deposits using test fuel containing
chemically aged engine oil and metal carboxylates, with crystals exhibiting longer edges. This
confirms the reproduction of crystal formations in the laboratory tests.

Interestingly, the results also showed a decrease in metal carboxylate peaks and fuel oxidation
products at higher temperatures, suggesting a shift toward sulfate formation. These findings
indicate that metal soaps tend to accumulate in the mid-region of injectors, likely due to
disruption of inverse micelles, which leads to deposit formation at those temperatures [37].
Additionally, calcium sulfate crystals predominantly form through a nucleation and
crystallization process in the lower region of the nozzle, where temperatures are higher [35].
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Figure 31. Deposits formation. (a) FTIR-ATR spectra using test fuel containing chemically aged engine oil and metal carboxylates. (b)
SEM image using test fuel containing chemically aged engine oil and metal carboxylates. Reproduced from Paper V.

It is important to note that the TDT measurements could be influenced by operational factors
such as fuel flow rate and contaminant precipitation. These factors may relate to the residence
time of deposits and the reduction of contaminants in the fuel at different points. This could also
help explain the observed decrease in metal carboxylates at lower temperatures and the
formation of calcium sulfate crystals at higher temperatures.

5.4 Injector rig tests

To further investigate IDID formation and replicate field deposits under accelerated conditions,
the next step was to reproduce these deposits in a complete injector using a newly developed
injector test rig. This work forms the foundation of the third research pillar, where the injector
test rig serves as a test bench to study deposit formation within injectors. The design and
construction of this test rig were completed as part of this thesis. Details on the test rig's
components, operating conditions, and analysis parameters are provided in Chapter 4.3.

The objective was to use the same test fuel as in the laboratory studies. This was done to form
IDIDs in the injector with a composition and pattern similar to those found in field injectors in
Papers I and III, while correlating with the laboratory tests discussed in Papers IV and V. The
study of IDIDs using the injector test rig is the focus of Paper VI.

The injector test rig produced deposits on both the nozzle and needle when test fuel containing
metal carboxylates and engine oil contaminants was used. The nozzle exhibited brownish-black
deposits near the tip, transitioning to a brownish-orange coloration further up. These deposits
were easily scraped off and did not form a hard, adhesive layer. The needle was covered in orange
and white deposits, with the tip showing scraped-off areas likely caused by drying. Initially, the
needle had a dark brown-black appearance, which turned whitish-orange after solvent cleaning,
a change also observed by Tanaka et al.[64]. This appearance was also found in field injectors (as
reported in Paper I and III), confirming the reproduction of these deposits inside the injector,
with similar locations: black deposits near the tip and brownish higher up in the nozzle.

The FTIR-ATR spectra in Figure 32 (a) shows deposits from field injectors, while Figure 32
(b) displays spectrum from the test rig using metal carboxylates and engine oil as test fuel. Both
figures exhibit similar absorption bands, with slight intensity variations depending on the
sample. This indicates that similar types of IDIDs are present in both field and test rig injectors.
Broad bands between 3600-3300 cm™! suggest OH hydroxyl vibrations, likely from water or
carboxylic acids. All samples show low or nearly absent bands between 2930-2850 cm™,
attributed to alkyl C-H vibrations. This indicates a higher proportion of inorganic content in the
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deposits, which also aligned with SEM-EDX results. The strong peak around 1600 cm ! in both
field and rig samples indicates the presence of metal carboxylates, likely from degraded
biodiesel. Additionally, a prominent peak near 1100 cm™! suggests the presence of sulfates
(SO42) and/or phosphates (PO43"). The results show similar absorption bands, confirming that
the deposits from field are reproduced in the injector rig. The spectra of deposits from the

injector rig shows that both metal carboxylates and sulfates, which is consistent with the results
from field injectors and the results from the laboratory investigation with the TDT.

(@)
) RO
3 @
£ 8
E) — Deposit field a E
E — Deposit field b E
8 Z .
& 85 —Deposit field ¢ E —Deposit test rig
=
Deposit field d
80
3800 3350 2900 2450 2000 1SS0 1100 650 %° w00 10 2900 2450 200 1550 100 650
Wavenumber [cm!] - -

Wavenumber [em!]

Figure 32. FTIR-ATR spectra from deposits (a) field injectors (b) injector test rig. Reproduced from Paper VI.

Scanning Electron Microscopy (SEM) was used to analyze the distribution and morphology of
deposits in injectors from both the field and the test rig. These are shown in Figure 33 (a) and
Figure 33 (b), respectively. The test rig used also metal carboxylates and engine oil
contaminants as test fuel. The deposits in both cases exhibited a cracked clay-like layer,
indicating that they were likely wet with fluid that evaporated, forming this pattern. On top, star-
shaped crystals appeared, growing across the clay layer in both the field and the test rig deposits.

This suggests that the micromorphology of the deposits in both environments is nearly identical.
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Figure 33. SEM images of deposits (a) field injector (b) injector test rig. Adapted from Paper VI.

In addition, SEM images of field injector deposits and test rig deposits revealed spherical
clusters, with some areas forming layered structures due to agglomeration. These similarities in
deposit morphology between the field and test rig align with findings by Cook et al. [85], who
noted that IDID morphology starts as small spheres that sooner or later adhere to surfaces.
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The elemental composition of deposits from both the field injector and a test rig was analyzed
using EDS. The analysis showed the presence of carbon, oxygen, sodium, phosphorus, calcium,
and sulfur, with calcium and sulfur indicating the formation of calcium sulfates. The deposits
likely resulted from fuel insolubles adhering to the nozzle surface. While the composition was
mostly uniform, some areas contained more carbon, suggesting organic content from fuel
contaminants or engine oil additives. This layering of different deposits aligns with findings from
Paper I and III and correlates with Lacey et al. [34].

In the test rig, using fuel contaminated with metal carboxylates and aged engine oil, deposits
exhibited spherical forms and crystal structures. EDS analysis showed carbon, oxygen, and
nitrogen, with calcium-to-sulfur ratios confirming the formation of both calcium and sodium
sulfates. The sodium and calcium in the test fuel. In the field injectors, calcium sulfates were
detected when the fuel was contaminated with engine oil from HPPs that use lubricating oil,
while sodium sulfates were found when fuel-lubricated HPPs were used. This indicates that the
source of contamination determines the type of sulfate deposits formed. Additionally, traces of
zin, likely from engine oil additives such as zinc dithiophosphate, were found in some areas of
the deposits.

Overall, the test rig replicated the field injector deposits, including metal soaps and inorganic
crystals like sodium and calcium sulfates. Due to the accelerated conditions of the test rig, the
crystals formed were smaller than those typically found in field injectors, as the test duration is
generally shorter than the operational time of field injectors. The presence of engine oil
contaminants was a key factor in forming these inorganic deposits. Sodium sulfates dominated
in the test rig when engine oil was less prevalent, while calcium sulfate crystals were more likely
to form with higher engine oil content. These findings support the initial hypothesis that the
formation of calcium sulfate crystals as IDIDs is plausible.

Py GC-MS measurements from a field vehicle and from injector test rig, using test fuel with metal
carboxylates and aged biodiesel, showed comparable results. Common peaks corresponding to
methylated pyrolysis fragments were found in both samples, with fatty acid methyl esters
detected, indicating the presence of degraded biodiesel products. This aligns with results from
field injectors in Paper I and I1I, as well as TDT deposits in Paper IV and V. A key component,
azelaic acid was detected in both field and test rig samples, previously identified in fuel filter
deposits and linked to aged biodiesel and metal soap formation [19]. The similarity in Py GC-MS
results between field and test rig deposits suggests that the test rig replicates the conditions and
deposit formation observed in field vehicles.

5.5 Engine tests

Finally, the next step in understanding injector deposits was to examine the entire vehicle
operation and the formation of deposits, also known as soft particles, in the fuel system caused
by the degradation of biodiesel blends during engine tests. This work is the focus of Paper II.

The engine tests were conducted under varying loads and engine speeds to investigate the
degradation of biodiesel blends. The goal was to compare the fuel entering the engine with the
return fuel from a heavy-duty engine. Key aspects of the return fuel were analyzed, focusing on
two primary factors: fuel filtration, as an indirect measure of soft particle content, and oxidation
stability, critical for assessing fuel degradation in the vehicle's fuel tank. Several analysis
methods were used to measure oxidation stability. The Rancimat method analyzed fuel induction
time, where a longer induction time indicates less oxidation and degradation. The total acid
number (TAN) was also measured, with higher values indicating more degradation. Short-chain
fatty acids (SCFAs), which increase with fuel degradation, were measured using ion
chromatography. Metal content in the fuel, linked to the formation of soft particles (metal
carboxylates), was measured using inductively coupled plasma atomic emission spectroscopy
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(ICP-AES). Additionally, a filtration method was used to assess the presence of soft particles, as
higher amounts of these particles reduce filtration capacity, increasing the filtration time.

The engine tests were carried out at different torques. This experimental design aimed to assess
how engine power influences the formation of soft particles. After collecting the return fuel from
the system, various analytical techniques were applied.

For blends with less than 30% biodiesel (B30), oxidation stability decreased linearly with
increasing biodiesel content. Interestingly, B30 fuel demonstrated improved oxidation stability
after passing through the engine, whereas B100 fuel showed reduced oxidation stability in the
return fuel, especially at lower loads. For B30, no clear trend was observed in relation to specific
engine loads, which may be due to measurement limitations or varying engine conditions during
testing. This could be explained by the differing biodiesel content in the fuels, as higher biodiesel
content may improve the ability to dissolve oxidation products, while lower content reduces this
ability. These findings align with a study by Hartikka et al. [86], who observed improved
oxidation stability in engine return fuel. They suggested that the improvement might result in
reactive, already oxidized compounds being collected in fuel filters or remaining in the fuel
solution. However, Kuronen et al. [87], who conducted further tests by collecting return fuel
before it passed through filters, did not find a correlation between oxidation stability and fuel
oxidation during engine tests.

For B100 fuel, the oxidation stability was higher before engine testing than after, with lower
stability at lower loads (25% and 50%) compared to higher loads (70% and 100%). At 100% load,
oxidation stability was unaffected by different engine speeds, a trend also observed in B30 fuels.

In conclusion, the results suggest that oxidation stability in biodiesel blends is influenced by
engine load, with higher loads improving stability in return fuels, especially for B30. However,
for B100, oxidation stability decreased after engine testing, particularly at lower loads.

The filtration method measures the time required to filter fuel after an engine test, with longer
filtration times indicating a higher presence of soft particles in the fuel and suggesting greater
fuel degradation. This method assesses the filtration efficiency of the fuel. Each test was
performed three times, and the average value was reported.

Figure 34 display the filtration times for fuel blends BO to B10 at various engine loads and
speeds, showing no significant impact of engine load on filtration time for these blends, however
it also shows the filtration times for B30 and B100 blends. At lower engine loads (25% and 50%),
filtration time increased, while at higher loads (70% and 100%), it decreased. This suggests that
for B30 and B100, engine load influences filtration time.

The longest filtration time was recorded for the B30 blend at 50% load, indicating a higher
likelihood of soft particle formation in biodiesel blends with higher biodiesel content. This result
aligns with previous studies, which found that deposits or soft particles tend to increase in
biodiesel blends between B10 and B30, but decrease when the FAME content reaches 40% v/v.
This is likely due to the improved solvency of the blend, which keeps soft particles more soluble
in the fuel [63], [88], [89].
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Figure 34. Filtration time for low blends (a and b) and filtration time for B30 and B100 (c) blends after engine tests at different loads
and speeds. Adapted from Paper II.

The Total Acid Number (TAN), which measures fuel acidity and is related to degradation,
remained relatively stable before and after the engine tests, showing minimal variation
regardless of engine load or speed. However, a slight increase in acidity was observed in higher
biodiesel blends, indicating a correlation between biodiesel content and changes in TAN.

Soft particles were analyzed using GC-MS, specifically measuring the concentration of dimethyl
azelate, a compound commonly found in soft particles in field fuel filters. This molecule was
chosen as a marker for contaminants based on previous research [72]. However, the measured
concentrations of dimethyl azelate were very low (0.01 ppm), and repeatable results were
difficult to obtain under the given engine conditions.

Another parameter related to soft particle formation and fuel degradation is the presence of
short-chain fatty acids (SCFAs). Ion chromatography (IC) was used to measure the
concentration of SCFAs, focusing on inorganic anions and organic acids. SCFAs, particularly
acetate and formate, were only detectable in B100 fuel, with concentrations for lower blends and
B30 below the detection limit, indicating minimal acid formation under different engine
conditions.

The relationship between SCFA formation and reduced filtration time from filtration results
suggests that biodiesel’s solvent properties may influence both particle retention and SCFA
concentrations, although the exact cause remains unclear [89], [90].

Overall, the study identified a clear correlation between biodiesel content and oxidation stability,
with lower biodiesel blends exhibiting a linear decrease in stability as biodiesel content
increased. TAN changes also correlated with biodiesel content, with higher blends showing more
significant variation. Increased SCFA formation was associated with reduced oxidation stability.
These results indicate that biodiesel degradation in engines is a complex process influenced by



Chapter 5 FINDINGS OF THE THESIS

various factors, including test conditions, fuel blends, and operating parameters. Further studies
are needed to fully understand this degradation process.
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6 Overview and conclusions

The objective of this thesis is to investigate the formation of internal diesel injector deposits to
mitigate their impact on the performance of advanced fuel system in engines operating with
drop-in fuels.

6.1 Findings related to the research questions

The research questions presented in Chapter 1 are addressed in this section. The first question
focuses on the types of deposits causing issues in the field and their formation processes, with
answers primarily found in Paper I and IV. In Paper I, field injectors from two markets using
different drop - in fuels-biodiesel and HVO - were collected and analyzed. For biodiesel blends,
problematic deposits included metal soaps, inorganic salts, biodiesel degradation products, and
nitrogen compounds from additives and contaminants. In contrast, HVO injectors primarily
showed deposits from fuel additives, such as corrosion inhibitors and detergents. These findings
are discussed in Paper IV, which examines the impact of contaminants from engine oil and
metal carboxylates, stemming from degraded biodiesel, on injector deposits. The study reveals
that contaminants are closely linked to the High Pressure Pump (HPP), with engine oil leakage
from the HPP into the fuel being a significant contributor. It proposes a two-layer deposit
formation mechanism: initially, an inorganic crystal layer forms, followed by the accumulation
of organic compounds such as metal carboxylates and additives. This leads to recommendations
for mitigating deposit formation, including the careful handling of biodiesel fuel and using HPPs
with minimized engine oil leakage or opting for fuel-lubricated HPPs.

The second research question focused on developing methodologies to analyze injector deposits,
which was foundational across all papers. Before analysis, the injectors were opened using the
“Nozzle Open Device” method. Once opened, techniques such as visual inspection, FTIR-ATR,
SEM-EDX and Pyr GCMS were applied to study the deposit”s structure, location, morphology
and chemical composition. To understand the chemistry and conditions of deposits formation,
a Thermal Deposit Test (TDT) was developed. Paper IV details this method, while Paper V
presents findings using it. Paper VI introduces a method for replicating field deposits in a test
rig, showing comparable results in terms of location, morphology and composition. Additionally,



Paper III presents a new filtration method to collect soft particles from fuel after engine
operation, offering further insights into fuel contaminants.

The third research question focuses on how injector deposits can be replicated in a controlled
setting, as explored in Papers IV, V and VI. Two critical factors for successful replication were
identified: correct temperature range or gradient and the use of test fuels containing
contaminants that encourage deposit formation, based on findings in Papers I and III. In the
laboratory, deposits were replicated using the TDT (Paper IV), revealing that different
temperatures promote the formation of distinct types of deposits. Metal carboxylates were found
to form at lower temperatures, while calcium sulfates were more prevalent at higher
temperatures (Paper V). The same test fuel was used in the injector rig to replicate deposits in
real injectors, with results detailed in Paper VI. Essential parameters for replication included
appropriate temperature as in the engine, low fuel injection rates, low engine speed and soaking
time. Analysis showed that the deposits formed in the injector rig closely resembled those from
field injectors in terms of location, morphology and composition. While the TDT was faster,
requiring two and haft hours, the injector rig required eight hours, significantly shorter than
other tests reported in the literature [50], [63]-[69].

6.2 Value of the research

The key contributions of this work to scientific knowledge are summarized as follows:

o Developed methods for analyzing internal injector deposits, providing tools that can be
used by other researchers.

o Identified the injector deposits responsible for drivability issues in vehicles.
e Proposed strategies to mitigate the formation of internal deposits.
e Presented a mechanism explaining the formation of internal injector deposits.

e Developed a thermal laboratory test to explore the chemistry behind internal injector
deposits.

e Created of an injector rig capable of replicating the deposits found in field injectors.

e Tested various biofuel blends in full engine tests to evaluate the impact of deposit
formation during vehicle operation.

6.3 Summary of conclusions

As the use of drop-in fuels increases, new challenges arise due to the varying solubility of fuel
blends and the higher potential for precipitate formation. This thesis identified several key
findings. The composition of deposits varies depending on the type of drop-in fuel used.
Insoluble substances and contaminants, such as metal compounds, fatty acids, and additives in
fuel or lubricant like detergents (PIBSI) and corrosion inhibitors (DDSA), were found to
contribute to the formation of internal injector deposits. Regional differences in the deposits
were observed, with one region showing thinner, stickier layers, while the other showed thicker,
sticky layers. Additionally, the presence of inorganic salts like calcium sulfate was traced to
engine oil leakage from the HPP into the fuel system.

The research highlighted that deposits formed exclusively within the injector, with temperature
playing a critical role in the formation process. A two-layer deposit formation mechanism was
proposed: calcium sulfate crystals form first in the injector nozzle, followed by the adhesion of
metal soaps and other contaminants to the rougher layer.
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The laboratory replication of these deposits using the TDT method was successful, providing
valuable insights into how temperature influences deposit formation. Test fuels containing
contaminants similar to those found in the field showed that metal carboxylates formed at lower
temperatures, while calcium sulfate from engine oil contaminants appeared at higher
temperatures.

An injector test rig was also developed to replicate field deposits. Using test fuels containing
metal soaps and engine oil, the rig produced deposits that closely matched those found in the
field in terms of location, composition, and morphology.

Additionally, engine tests were conducted with various biodiesel blends to investigate the
formation of soft particles during vehicle operation. The results revealed that higher biodiesel
blends (B30) were more susceptible to degradation than lower blends (B0-B10), indicating a
greater tendency for soft particle formation in higher biodiesel concentrations.

The project aimed to develop methods for characterizing IDIDs, and this objective was
successfully achieved. These methods were applied to injectors collected from the field, and after
characterizing the deposits, a formation mechanism for IDIDs was proposed—this formed the
first pillar of the thesis and was fully completed. The next step was to reproduce these IDIDs in
the laboratory, corresponding to the second pillar. The TDT method was designed and used to
understand the chemistry behind IDID formation, investigate the effect of temperature, and
reproduce the mechanism proposed in the first pillar. This task was also accomplished, providing
guidelines on which components are more likely to form at specific temperature ranges and
confirming the two-layer mechanism.

The research thesis involved designing and building an injector test rig capable of replicating
IDID formation. Field deposits were reproduced within this rig. Additionally, engine tests were
conducted to study soft particle formation during vehicle operation, providing new insights into
IDID formation in real-world conditions. This step was also achieved.
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Summary of Papers

Paper I

Characterization of Internal Diesel Injector Deposits from Heavy-Duty Vehicles

In this study, methods for analyzing and characterizing internal diesel injector deposits (IDIDs)
were examined, selected, and developed. Once the appropriate methods were chosen, various
field injectors were collected to analyze and characterize the IDIDs. These injectors had
experienced drivability issues, indicating potential problems in the injection systems. To ensure
a representative sample, the injectors were collected from multiple countries across Europe,
reflecting different fuel sources and qualities. Most injectors used biodiesel blends, while some
were selected from newer renewable fuels like HVO (Hydrotreated Vegetable Oil). The results
indicated that the composition of IDIDs is directly influenced by the type of fuel used, with
common findings including metal soaps and inorganic compounds.

Paper II

An Investigation of the Degradation of Biodiesel Blends in a Heavy-Duty Diesel
Engine

This work focused on the investigation of fuel degradation and the formation of soft particles
during complete engine operation. A diesel engine was run under varying load and speed
conditions to assess their impact on fuel degradation and soft particle formation. Different
biodiesel blends were tested, and fuel samples were collected before and after passing through
the engine fuel system. Analytical techniques were used to evaluate the degradation and soft
particles as a sing of degradation. Results showed that higher biodiesel blends were more prone
to soft particle formation and degradation compared to lower biodiesel blends.

Paper III

Mechanism for Internal Injector Deposits Formation in Heavy-duty Engines
using Drop-in Fuels

In this paper, it was extend the knowledge regarding the methods to analysis the characterization
of the IDIDs from Paper I to propose a mechanism for the formation of the IDIDs in the injector
from Heavy-duty engines. Similar to previous work, several injector from field were collected
and investigated. The collection was extended to some truck with HPP fuel lubricated to
investigate the effect of engine oil leakage in the fuel system when other injectors were run with
HPP engine oil lubricated. Further, samples were collected from different parts in the fuel system
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to examine where the IDIDs are formed in the engine. Finally, a mechanism was proposed where
two-layer deposits and inorganic crystal layer based on calcium sulfates due to contamination of
engine oil close to the injector metal surface and an organic layer based on metal soaps and other
additives contaminants on top since the surface is rougher.

Paper IV

Development of a Laboratory Unit to Study Internal Injector Deposits Formation

This work introduces the Thermal Deposit Test (TDT), a laboratory method developed to
investigate the chemistry behind internal diesel injector deposits (IDIDs) and replicate the
deposits observed in field injectors, as discussed in Papers I and III. The paper provides
detailed explanations of the TDT’s design, construction, and procedure. The method is both cost-
effective and flexible, utilizing readily available laboratory equipment and parts. The TDT was
tested using fuel contaminated with typical IDID-forming substances and was compared to the
widely used JFTOT test, a standard in IDID research. The TDT showed comparable results,
effectively forming deposits. The paper also highlights the advantages of the TDT over the JETOT
method. Additionally, the TDT unit can be applied to studies involving the interaction of fluids
with hot surfaces.

Paper V

Exploring the formation mechanisms of internal diesel injector deposits: A
laboratory study

The paper focuses on the analysis of the chemistry behind IDID and the reproduction of deposits
found in heavy-duty vehicle injectors using the accelerated thermal laboratory test (TDT)
presented in Paper IV. The aim is to better understand the chemical processes involved,
particularly the formation of inorganic salts like calcium crystals and soft particle deposits.
Temperature is identified as a key factor, significantly affecting both the morphology and
composition of the deposits. The test successfully mimics real-world deposit characteristics, with
results indicating that calcium sulfate formation is closely linked to engine oil contamination
being a major contributor to the development of internal diesel injector deposits (IDIDs) and
metal soaps contaminants and confirming the proposed deposits formation mechanism that was
focus in Paper III. This suggests that engine oil leakage

Paper VI

Reproducing Internal Injector Deposits found in Heavy-Duty Vehicles with a
Novel Injector Rig

The article presents a new injector test rig developed to replicate internal diesel injector deposits
(IDIDs) typically seen in heavy-duty engine injectors from real-world conditions. The test rig
uses an accelerated method, providing a faster and more cost-effective way to assess deposits
compared to traditional field trials, which are more difficult to reproduce and more costly. Field
injectors with drivability issues caused by IDIDs were collected and analyzed. The deposits
formed in these field injectors were compared with those generated in the novel test rig,
highlighting the rig’s effectiveness and cost-efficiency as an alternative to conventional field
testing.





