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Abstract

Hydrogen represents a promising pathway for decarbonizing heavy-duty transport; however, accurately
modeling its injection and combustion behavior in dual-fuel engines remains challenging. This work
addresses two critical aspects of hydrogen high-pressure direct injection (HPDI) systems: the charac-
terization of the injection process and the physical mechanisms governing combustion initiation.

A CFD-based methodology was developed to reconstruct injection profiles from apparent heat release
rate (aHRR) data and to apply nozzle flow theory for approximating injector behavior, validated through
experimental comparison. The findings indicate that classical convergent-nozzle theory fails to capture
the observed injection trends. While convergent nozzle theory predicts variable, pressure-dependent
mass flow rates, the reconstructed mass flow profiles exhibit nearly constant injection rates when the
needle is open, consistent with convergent-divergent nozzle theory predictions. However, the observed
variation in maximum injection rates across different cases suggests these deviations may arise not only
from geometric constraints but also from aerodynamic phenomena such as boundary layer separation
or recirculation within the injector. Such flow features can induce pressure-dependent effects that limit
injector performance beyond what nozzle geometry and convergent-nozzle theory alone would predict.

Regarding combustion, the study reveals that hydrogen ignition, triggered by a small diesel pilot, is
dominated by localized high-temperature regions produced by the diesel flame. This accelerated au-
toignition contrasts with alternative hypotheses involving radical transport or direct flame interaction.

Overall, these results advance the understanding of injection and ignition phenomena in hydrogen
HPDI engines, providing valuable insights for refining CFD models and supporting the development of
efficient hydrogen-powered heavy-duty engines.

Keywords: Hydrogen combustion, Dual-fuel engines, High-pressure direct injection (HPDI),
Diesel pilot, Injection modeling, CFD, Convergent nozzle theory, Convergent-divergent nozzle
theory, STAR-CCM+, Heavy-duty transport
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1.1. Motivation and project context 2

1.1 Motivation and project context

In 2022, Scania initiated a collaborative project with Lund University, known as HyZERO, focused on
the development of a hydrogen internal combustion engine (H2 ICE) for heavy-duty applications [23].

This thesis builds upon the work of previous Master’s students, including Hao Liu [41] and Diego An-
tonacci [12], as well as PhD researcher Mark Treacy [93]. It is also connected to ongoing collaboration
with current PhD student Federico Moratto, under the supervision of Professor Hesameddin Fatehi.
These previous CFD studies on hydrogen internal combustion engines at Scania were conducted us-
ing the CONVERGE CFD platform. However, since Scania recently transitioned to using Simcenter
STAR-CCM+ as its primary tool for in-cylinder simulations this thesis will be based entirely on simula-
tions performed in STAR-CCM+.

This introduction begins by explaining the motivations behind the development of hydrogen internal
combustion engines, with a focus in particular on heavy-duty applications. It then examines the current
state of research across a range of relevant topics. Ultimately, the goal is to, first, identify gaps in
the existing literature that this work can help address, and second, to consolidate best practices and
methodologies that can be applied to the simulation strategy adopted in this thesis.

The structure follows a logical progression from contextual background to modeling strategies. It cov-
ers: (2) health and environmental impacts of energy-related emissions, (3) challenges of electrification
in the transport sector, (4) hydrogen as a fuel for internal combustion engines, (5) a comparison be-
tween spark-ignited and compression-ignited hydrogen engines, (6) key differences between hydrogen
and diesel in Cl applications, (7) governing equations for reacting flows, (8) turbulence modeling, (9)
turbulent combustion modeling in STAR-CCM+ and (10) chemical reaction mechanisms.

1.2 Health and Environmental Impacts of Energy-Related Emis-
sions

Figure 1.1 displays the world distribution of energy consumption by source since 1965. The graph
shows that around 80% of the global energy mix is composed of oil, coal, and gas, which are, in
essence, fossil fuels. Despite increased attention to renewable energy and the growing urgency of
climate change, fossil fuels remain the dominant source of global energy. Their combustion is a well-
known and effective mean of producing energy, largely due to their availability and affordability; however,
it also results in the emission of a wide range of pollutants that have significant consequences for both
the environment and human health.

The most widely known pollutant is carbon dioxide (CO-), a greenhouse gas that contributes to global
climate change. Climate change has a direct and indirect negative impact on the environment, biodi-
versity, and human health in the long term [29, 49, 52]. Figure 1.2 displays the annual temperature
anomalies with respect to levels found before the industrial revolution. This is one of the most con-
cerning consequences of climate change, since the increase in GHG emissions has been a constant
since the beginning of the industrial revolution. Other emissions, however, have more immediate and
localized health effects. For instance, Nitrogen oxides (NO,,) contribute to ground-level ozone and acid
rain, and are associated with respiratory illnesses and premature mortality [10, 82]. Another example
is Carbon monoxide (CO) which is produced by incomplete combustion of fossil fuels. CO reduces
the body’s capacity to transport oxygen and can be fatal at high concentrations [66]. Unburned hy-
drocarbons (UHC) are another example, these are related to the formation of smog and can produce
eye irritation, asthma, and other chronic respiratory conditions [31]. Among the most harmful pollu-
tants is particulate matter (PM), especially PM, 5. These fine particles penetrate deeply into the lungs
and bloodstream, increasing the risk of cardiovascular and pulmonary diseases, strokes, and cancer
[10, 14].
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Figure 1.1: World energy consumption by source. [71] Figure 1.2: Annual temperature anomalies. [74]

The impact of air pollution on health has been studied in several epidemiological studies. These studies
have shown significant associations between exposure to common air pollutants and increased hos-
pital admissions, respiratory and cardiovascular diseases, and premature mortality, even at relatively
low concentrations [14]. According to the Lancet Commission on Pollution and Health, pollution was
responsible for approximately 9 million premature deaths in 2019, one in six deaths globally, out of
which 6.7 million could have been related to ambient and household air pollution alone [25]. More than
90% of these deaths occur in low- and middle-income countries, where pollution control measures are
often insufficient. The World Health Organization (WHO) highlights that pollutants such as PM 5, PMyj,
NO,, SO,, CO, and ozone can have harmful effects even at low exposure levels, and more importantly,
that no safe thresholds have been identified for several of them [98]. To mitigate their impact, WHO
issued revised Global Air Quality Guidelines in 2021, lowering the annual PM; 5 limit to 5 ,ug/m3, a
concentration that is currently exceeded in the vast majority of urban environments worldwide [97].

1.2.1 The Role of Energy and Emissions in Global Economic Growth

As it was previously mentioned there seems to be a close relationship between economic develop-
ment and polluting emissions. The correlation between economic growth and energy consumption
has been widely discussed in literature. Historically, since the beginning of the industrial revolution,
GDP growth was closely coupled with increases in energy demand and, consequently, greenhouse
gas emissions. This correlation can be attributed to the fact that economic activity, especially that re-
lated to the secondary sector, is heavily reliant on energy-intensive sectors such as industry, mining,
and manufacturing.

Toward the end of the 20™ century, however, many advanced economies began transitioning toward
service-oriented structures, and increased their imports of manufacturing and industrial products. This
shift allowed these economies to grow without a proportional increase in energy consumption, marking
the beginning of a partial decoupling between GDP and energy use. However, despite this positive
decoupling, Figure 1.3 shows that GDP per capita and energy use per capita remain strongly correlated.
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Figure 1.3: Energy use per capita vs. GDP per capita across countries. [70]

Despite the decoupling trend in some countries, Figure 1.3 makes it clear that higher economic pros-
perity is still associated with higher energy consumption. Therefore, even if economic growth becomes
less energy-intensive, it does not imply a decline in total energy demand. Far from decreasing, if global
living standards rise, as is both desirable and expected, it seems reasonable to expect that energy
consumption will continue to rise. In this context, the development of alternative and affordable low-
emission energy sources is essential to ensure that economic growth can continue without worsening
climate change.

This relationship between economic growth and emissions can be further illustrated by looking at the
trajectories of four key economies: the European Union, the United States, China, and India. These
cases highlight the diversity of energy-emissions trajectories and offer insight into the possibilities and
challenges of sustainable growth:

» European Union: Since 1990, the European Union has achieved moderate economic growth
while significantly reducing CO- emissions. This decoupling is the result of a deliberate shift to-
ward cleaner energy sources, improved energy efficiency, and strong environmental policies. As
shown in Figure 1.4, GDP has continued to rise steadily while emissions have declined markedly.
This trend is particularly pronounced in countries like Sweden, where GDP has increased by ap-
proximately 60% while emissions have fallen by about 50%. [69] At the EU level, however, fossil
fuels still account for more than 50% of the total energy mix, as illustrated in Figure 1.5. This
relatively high share is due to the energy profiles of countries such as Germany, which has re-
lied heavily on natural gas following its nuclear phase-out [15], or Poland, where coal remains a
dominant energy source. [71]
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Figure 1.4: CO, em|SS|ons[;9r}d GDP in the EU over time. Figure 1.5: Energy consumption in the EU by source.[71]
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» United States: As another major developed economy, the United States has also achieved eco-
nomic growth alongside a reduction in CO, emissions per capita. The U.S. has experienced
higher GDP growth, but only a lower decrease in emissions compared to the EU, as illustrated in
Figure 1.6. This limited decoupling reflects a slower rate of transition in the energy mix associated
with a comparatively weaker regulatory frameworks. The decline in emissions has been largely
driven by the replacement of coal with natural gas, as shown in Figure 1.7, rather than by the im-
plementation of renewable energies, which are still quite recent. Natural gas, while less polluting
than coal, remains a fossil fuel and continues to contribute to greenhouse gas emissions.
Change in per capita CO, emissions and GDP, United States o ) o o
Commptn e s s o ol oty Lo e o fersy consumption by souree, {mted staes
United States - GDP per capita Other renewables
+60% Biofuels
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Data source: Data compiled from multiple sources by World Bank (2025); Global Carbon Budget (2024); Population based on various
sources (2024) - 2020 202

Figure 1.6: CO, emissions and GDP in the USA over time.

Change in per capita CO, emissions and GDP, China

69] Figure 1.7: Energy consumption in the USA by source. [71]

» China: As shown in Figure 1.8, the country has experienced an extraordinary rate of economic
growth since 1990, with its GDP increasing by over 1200%. During the same period, CO, emis-
sions rose by approximately 300%, indicating a limited degree of relative decoupling. The Chi-
nese economic growth and emissions have both followed an ascendant trajectory, driven largely
by rapid industrialization and a coal-dominated energy system. As a result, China has become
the world’s largest emitter of CO, [73]. Despite recent efforts to expand renewable energy and
improve energy efficiency, coal remains the primary energy source in the country, as illustrated
in Figure 1.9, posing ongoing challenges to climate mitigation efforts.
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Figure 1.8: CO, emissions and GDP in China over time. [69] Figure 1.9: Energy consumption in China by source. [71]

* India: As the most populous country in the world, India plays a critical role in the global emissions
landscape. Since 1990, its GDP has grown by approximately 300%, while CO, emissions have
increased by around 200%, reflecting a strong correlation between economic development and
emissions. As shown in Figure 1.10, both indicators have followed a closely aligned upward
trend. This pattern is largely explained by India’s continued reliance on the secondary sector and
its heavy dependence on coal for power generation and industrial processes. As illustrated in
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Figure 1.11, coal remains the backbone of the country’s energy mix. Given India’s demographic
scale, the way it manages its energy transition will have major implications for global climate
goals.
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Figure 1.10: CO, emissions and GDP in India over time.

69] Figure 1.11: Energy consumption in India by source. [71]

In summary, while countries follow different energy and emissions trajectories based on their devel-
opment stage and policy choices, a common challenge emerges: ensuring access to affordable, low-
carbon energy. This is especially relevant for emerging economies, where improving living standards
remains a top priority and where cheap fossil fuels still dominate the energy mix. The global success of
the energy transition will depend not only on technological advances, but also on making clean energy
economically viable across diverse regional contexts.

1.2.2 Where Emissions Come From: Sectoral Differences

Understanding how emissions are distributed across sectors is key to designing effective mitigation
strategies. Although electricity generation is a major source of greenhouse gas (GHG) emissions glob-
ally (see Figure 1.12), national profiles differ substantially depending on the structure of each economy,
energy use patterns, and stage of development.

As shown in Figure 1.13, in the European Union and the United States, the electricity and heat sector
has historically been the largest contributor to emissions. However, these emissions have declined
in recent decades due to increased energy efficiency, the reduced impact in these economies of the
activity of the second economic sector and the integration of renewable energies. [89] In both regions,
the transport sector has remained a major emitter and, if current trends continue, it is expected to
surpass electricity as the main source of emissions. This shift has led to a strong political and industrial
focus on transport decarbonization, particularly in Europe, where automakers and logistics companies
are under increasing pressure to reduce their carbon footprint. Regulatory frameworks such as the
Euro emission standards have played a key role in this transformation. These standards, currently up
to Euro 6 for heavy-duty vehicles and moving toward Euro 7 for all vehicle categories, progressively limit
the allowable emissions of pollutants. [54] In the United States, similar efforts are enforced through the
Environmental Protection Agency’s (EPA) Tier 3 regulations, which establish limits for light- and heavy-
duty vehicles [95]. India, meanwhile, follows Bharat Stage VI (BS-VI) standards, largely aligned with
Euro 6 norms. While both regions impose strict requirements, European standards are often considered
more aggressive, particularly in terms of NOy and PM thresholds.

In contrast, in Figure 1.14 the emissions in both China and India are displayed. In these countries trans-
port emissions are relatively smaller in percentage terms and currently rank only as the fourth largest
source. However, this does not mean they are negligible. In the case of China, for example, absolute
emissions from the transport sector are already comparable to those in the EU or the US. The reason
they appear less dominant is due to the overwhelming contribution of electricity and heat generation,
which overshadows other sectors. Manufacturing and construction also play a major role, particularly
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in China. These patterns reflect the structure of their economies, where expanding electricity access
and large-scale infrastructure development continue to drive emissions.

A key reason for the dominance of emissions from the energy sector in China and India is their continued
reliance on coal, as seen in the previous section. Despite its high carbon intensity, coal remains the
most affordable and readily available energy source in both countries. As a consequence, the average
cost of electricity in China and India is approximately $0.08/kWh, considerably lower than in the United
States ($0.18/kWh), or the European Union (around $0.28/kWh on average) where it varies between
countries, for example in Sweden $0.22/kWh or $0.36/kWh in Germany. [68] Reducing the carbon
intensity of power generation in coal-dependent systems remains one of the most critical challenges
of the global energy transition. While the decarbonization of electricity is essential to align with climate
goals, especially in growing economies with high levels of population like China and India, this transition
is far from straightforward. Coal continues to provide a reliable and inexpensive energy supply which
has played a key role in supporting industrial growth and expanding energy access. Shifting away from
such a cheap energy source could increase electricity prices and constrain economic development. As
a result, many countries are hesitant to commit fully to phasing out coal without viable and affordable
alternatives.

Greenhouse gas emissions by sector, World
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Figure 1.12: World GHG emissions by sector from 1990 to 2021. [72]
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Figure 1.14: GHG emissions by sector from 1990 to 2021 in China and India. [72]

1.3 Challenges of Electrification in the Transport Sector

While electrification is a promising path to reduce tailpipe emissions in transport, its global sustainability
is deeply entangled with the electricity mix. As seen in Figure 1.15, in 2023 the global electricity pro-
duction was still largely dependent on fossil fuels: coal (35.51%), gas (22.47%), and oil (2.67%). Clean
energy sources such as wind (7.82%), solar (5.53%), and hydropower (14.28%) remain insufficient to
meet a potential surge in electricity demand if the entire vehicle fleet were to be electrified. Although
regions like the EU are progressively greening their energy systems, major current and future emitters
such as China and India are far from decarbonizing at the same pace.

As of 2023, the global electric vehicle (EV) stock still accounts for only a small fraction of the total
vehicle fleet, with estimates placing EVs sells at around 18% of all cars sold last year.[75] This raises
a critical question: if all vehicles were electrified, how much additional electricity would be needed?
Could it be supplied sustainably?

Beyond infrastructure and energy availability, the full environmental impact of electric vehicles must be
assessed through a Life Cycle Assessment (LCA). Figure 1.16 presents the LCA results of the Polestar
2 (2020), compared with its ICE counterpart, the Volvo XC40. Over a 200,000 km lifespan, the XC40
emits 58 tons of CO,, while the Polestar 2 ranges from 50 tons (global electricity mix), 42 tons (EU mix),
to 27 tons (100% wind power). The break-even point, the distance at which the EV’s total emissions
become lower than the ICEV, varies significantly depending on the energy source: from as little as
50,000 km (100% renewable) to over 112,000 km with the global average mix. In carbon-intensive
countries, this point can exceed 200,000 km.
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coe ICE Europ it Wind power
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Figure 1.16: Life Cycle Analysis of the Polestar 2 compared
Figure 1.15: Global share of electricity production by source to a Volvo XC40 for an expected life of 200,000km. [4]
in 2023. [71]
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Other models show similar trends. The BMW i4 M50, compared to the 420i over 200,000 km, achieves
a 64% emissions reduction with renewables and 32% with the EU mix. [5] Volkswagen’s ID.4 has a
break-even point of 66,000 km with green electricity and 97,000 km with the EU mix (versus 78,000 km
for the Polestar 2). [7]

However, passenger cars represent only part of the equation. For heavy-duty vehicles, the situation
becomes more complex. Figure 1.17 shows the LCA for a Scania battery-electric truck (BEV) with a
300 kWh Northvolt battery, compared to a Euro 6 diesel truck. Over 500,000 km, the diesel truck emits
27.5 tons in production, 2.4 tons in maintenance, 2.1 tons at end-of-life, and a combined 399.2 tons
during operation (well-to-tank and tank-to-wheel). The BEV, in contrast, emits 53.6 tons in production
and 209.5 tons during operation using the EU 2016 mix, which reduces to 100.2 tons with the EU 2030
forecast and only 4.7 tons with 100% wind. This places the break-even distance between 33,000 km
(renewables) and 68,000 km (EU 2016 baseline), still lower than for ICEVs but highly dependent on
electricity decarbonization.
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Figure 1.17: Life Cycle Analysis made by Scania comparing a BEV (Northvolt batteries) with the equivalent 6 cilinder ICEV. [3]

Despite the potential, limitations remain. The study assumes an average payload of 6.1 tons and
a 300KWh battery which are significantly lower than typical heavy-duty applications. According to
Scania’s catalogue the 728 kWh version achieves a maximum of 375 km at 64 tons GTW and up to
600 km at 29 tons [2]. Recharging such a truck (using CCS2 charger at 375 kW) takes 110 minutes
for a full charge, providing about 200 km in the 45-minute mandatory truck driver rest period [1]. Even
though a Megawatt Charging System (MCS) is currently being developed to provide 80% charge in
under 30 minutes, at the moment, recharging constitutes the main operational limitation on current
electric trucks.

In addition, lithium-ion batteries, which power the vast majority of EVs, rely heavily on critical minerals
such as lithium, cobalt, nickel, and graphite. The extraction and refining of these materials often carry
significant environmental and social burdens. For instance, approximately 40% of the carbon footprint
of a lithium-ion battery originates from the mining, conversion, and refining of active materials such as
nickel, cobalt, and lithium. Lithium extraction in South America, particularly in the Lithium Triangle re-
gion spanning Argentina, Bolivia, and Chile, relies heavily on water-intensive brine extraction methods.
This process consumes up to 65% of the limited water resources of the region. [34] Cobalt mining in the
Democratic Republic of the Congo (DRC), which has the majority of cobalt in the world, is associated
with both hazardous environmental by-products, such as sulfuric acid that contaminates water sources,
and serious human rights concerns. [67, 100]

These impacts raise concerns about the scalability and sustainability of battery production. As global
EV demand grows, the need for effective battery recycling becomes more pressing, not only to reduce
dependency on primary extraction but also to mitigate environmental damage. However, recycling
technologies remain under development, and closed-loop systems are still far from being the norm in
the automotive industry. [42]
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Battery life is another factor that potential clients consider when buying a new vehicle. Performance
degradation over time reduces vehicle range and usability. Recognizing this, the Euro 7 regulation
introduces durability requirements for EV batteries. Manufacturers must ensure that battery capacity
does not fall below 80% of its original value after 5 years or 100,000 km, and not below 72% after 8
years or 160,000 km, effectively setting minimum performance standards across the European market.
[53]

In conclusion, while battery-electric vehicles offer clear benefits in reducing tailpipe emissions and can
achieve substantial CO, reductions when powered by clean electricity, the success of this technol-
ogy still faces several challenges that are currently being addressed. Their long-term sustainability is
constrained by several factors: the environmental and social impacts of critical mineral extraction, the
carbon intensity of battery manufacturing, the limited recyclability of components, performance degra-
dation over time, and the ongoing reliance on fossil fuels in the global electricity mix. Moreover, in a
future scenario where fully renewable or synthetic fuels become widely available and cost-competitive,
the larger carbon footprint associated with the production of heavy batteries may render electric vehicles
less favorable compared to alternative propulsion systems. This is particularly relevant in segments
such as heavy-duty transport, where operational limitations and high payload requirements challenge
current battery technology. In light of these considerations, the exploration of complementary technolo-
gies to reduce GHG emissions becomes essential. This thesis is framed within the investigation of one
such alternative: the hydrogen internal combustion engine (hydrogen ICE), a promising solution that
combines familiar combustion technology with the potential for zero carbon emissions when supplied
with green hydrogen.

1.4 Hydrogen as Fuel for Internal Combustion Engines

Hydrogen has been considered a promising alternative fuel for internal combustion engines (ICEs) for
a long time, as it produces no carbon emissions when combusted. Despite contemporary discussions
concerning hydrogen as a fuel source tend to focus on fuel cell applications, its use in ICEs has a much
longer history, dating back to the early 19" century. [101] Although hydrogen ICEs are not yet common
in commercial applications, several prototypes have been developed over the years by major automo-
tive manufacturers. For example, BMW has explored hydrogen-fueled combustion engines through
multiple concept vehicles. Their last model, powered by a hydrogen ICE, was a modified version of the
7 Series introduced in 2007, featuring a dual-fuel V12 engine capable of running on both gasoline and
liquid hydrogen.[6] More recently, Toyota has advanced the concept with high-performance prototypes
such as the hydrogen-powered Corolla Sport used in endurance racing or the GR Yaris prototype. [21]

Although hydrogen is abundant in nature, it is not obtained easily, and most of it is produced from other
compounds [43]. The method of production has a major influence on the environmental sustainability
of hydrogen as a fuel. Depending on the feedstock and process used, hydrogen is commonly classified
by color codes that reflect its associated carbon footprint [26].

The most prevalent form today is grey hydrogen, produced through steam methane reforming (SMR)
or coal gasification, both of which rely on fossil fuels and emit significant amounts of CO,. These pro-
cesses are mature and relatively low-cost, but they are also associated with high lifecycle greenhouse
gas emissions. Blue hydrogen refers to the same fossil-based processes when combined with carbon
capture and storage (CCS) technologies, which can significantly reduce emissions. However, CCS
remains expensive, energy-intensive, and still does not eliminate all emissions.

In contrast, green hydrogen is produced via electrolysis powered by renewable electricity sources such
as wind or solar. Although this method is currently more expensive and less mature at industrial scale,
it represents the most promising route toward climate-neutral hydrogen production. Worldwide, a grow-
ing number of projects are aiming to combine hydrogen production with surplus renewable electricity,
especially solar, during peak generation periods, effectively enabling energy storage and grid stabi-
lization. This trend is also driven by the increasing interest in replacing natural gas turbines used for
electricity generation with hydrogen-compatible alternatives, further reinforcing the role of green hydro-
gen in decarbonizing the power sector. Another alternative that has recently drawn attention is white
hydrogen, a naturally occurring form of hydrogen found in subsurface geological formations. Although
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still in early stages of exploration and not yet commercially exploited, it offers the potential for a low-
emission source if viable extraction methods are developed. Other classifications include turquoise
hydrogen, which is generated through methane pyrolysis and yields solid carbon as a byproduct, and
pink hydrogen, which refers to hydrogen produced via electrolysis using electricity from nuclear power.
These emerging alternatives could contribute to a more sustainable hydrogen supply in the transport
sector and beyond. However, they remain at different levels of technological maturity and their future
role will depend on further innovation, infrastructure development, and political support [8].

Furthermore, although hydrogen combustion does not generate carbon dioxide (CO;), carbon monox-
ide (CO), unburned hydrocarbons (HC), or particulate matter (PM) under ideal conditions, the high
flame temperature does result in the formation of nitrogen oxides (NOy). In the absence of appropriate
combustion control, NO, emissions from hydrogen ICEs can reach levels comparable to those of con-
ventional diesel engines and must therefore be addressed through effective aftertreatment methods.
Nonetheless, the absence of CO, emissions at the tailpipe represents a significant advantage in terms
of climate impact.

In addition to the method of production, hydrogen’s physical properties present challenges for transport
and storage. Due to its low volumetric energy density, it must be compressed to high pressures (typically
350-700 bar) or liquefied at cryogenic temperatures to store sufficient quantities for vehicle use. [112]

Concerning the properties as a fuel, hydrogen is quite a unique element. Hydrogen is the first element
of the periodic table, this means that it possesses a unique set of physical and chemical properties that
distinguish it from conventional hydrocarbon fuels. It is the lightest element, with a molecular weight of
just 2 g/mol, resulting in a low volumetric energy density, which is a disadvantage in terms of storage.
However, its gravimetric energy density is the highest of any known fuel with approximately 120 MJ/kg.
This is more than twice that of gasoline which is approximately of 44 MJ/kg. This high energy content
per unit mass makes it attractive for applications where weight is critical. [78]

Another notable property of hydrogen is its exceptionally wide flammability range, between 4% and 75%
by volume in air, which allows for stable operation under very lean conditions. Additionally, hydrogen
has an extremely low ignition energy, approximately 0.02 mJ, making it highly susceptible to ignition
once a flammable mixture is present. At the same time, it possesses a relatively high autoignition
temperature of about 850 K, significantly higher than that of diesel fuel (530 K). Its laminar flame speed
is also notably high when compared to hydrocarbon fuels. [37] These characteristics offer several
performance benefits, however, they also introduce technical challenges which will be discussed in the
next section.

1.5 Spark-Ignited (Sl) vs. Compression-lgnited (Cl) Hydrogen En-
gines

Internal combustion engines can be classified into two main categories based on their ignition method:
spark-ignited (SI) engines and compression-ignited (Cl) engines. In Sl engines, typically fueled by
gasoline, the air-fuel mixture is ignited using an external spark from a spark plug. Currently Sl engines
often employ port fuel injection (PFI), where the fuel is injected in the manifold before the air-fuel mix is
introduced in the cylinder; or direct injection (DI), where the fuel is injected directly in the combustion
chamber, which enables better control over mixture formation and can promote lean, homogeneous
combustion. However, due to the installation simplicity, lower cost and mainly lower injection pressure,
in Hydrogen Sl engines PFl is the most common approach. [106]

Sl engines typically operate according to the Otto cycle, which is optimized for fuels with high resis-
tance to auto-ignition. This resistance is quantified using the Research Octane Number (RON), which
measures how well a fuel can withstand compression without spontaneously igniting. Gasoline has a
high RON (approximately 90 to 100 octanes), in contrast, diesel has a much lower RON (typically less
than 25 octanes) because it is designed to ignite easily under compression, making it suitable for ClI
engines.

Cl engines, commonly associated with the diesel cycle, rely on the auto-ignition of fuel injected directly
into highly compressed air. These engines require higher compression ratios compared to Sl engines to
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achieve the needed in-cylinder temperatures and pressures. Due to the risk of premature auto-ignition,
the most common injection strategy in Cl engines is direct injection near top dead center (TDC), typically
implemented through high-pressure direct injection (HPDI). However, while in S| engines combustion is
initiated immediately by the spark, in Cl engines it does not begin right after the start of injection (SOI).
Instead, there is a delay period that combines the time required for the fuel to mix with the surrounding
air and the ignition delay time (IDT), which is the period needed for the chemical reactions to progress
to the point of ignition. This ignition delay governs the first phase of combustion, where a portion of
the fuel burns in a premixed mode, releasing energy rapidly. The remaining combustion proceeds in a
diffusion-controlled regime, where the burn rate is limited by the mixing of fuel and air. [41, 92]

The combustion characteristics of hydrogen imply different issues to overcome for both Sl and CI en-
gines. In Sl engines, hydrogen’s low ignition energy can lead to uncontrolled ignition events such
as pre-ignition and backfiring in the intake manifold. These phenomena not only compromise perfor-
mance and efficiency but also pose a risk to engine durability. In contrast, hydrogen’s relatively high
auto-ignition temperature presents challenges for conventional Cl combustion, as the in-cylinder con-
ditions during compression may not be sufficient to initiate ignition without assistance. This inhibits
reliable auto-ignition, especially at part load or low ambient conditions.

Cl engines have a thermodynamic advantage compared to Sl engines as they obtain higher efficiencies
due to their ability to operate at significantly higher compression ratios. This means that Cl engines
can extract more useful work from the same amount of fuel which is a decisive factor for heavy-duty
transportation. However, as it was mentioned, to be able to combust fuel in ClI engines it is essential
to address the limitation imposed by the high auto-ignition temperature of hydrogen.

Previous work at Scania, including detailed simulations using the CONVERGE CFD platform, has ex-
plored different strategies to overcome the challenge of hydrogen’s high auto-ignition temperature in
Cl engines. Among the ignition concepts investigated were the use of a diesel pilot fuel to start the
ignition and preheated hydrogen multiple injection. The diesel pilot strategy was found to provide the
most efficient ignition, with the issue that it would not be completely free of carbon emission. In con-
trast, the preheated multiple injection approach, which was primarily motivated by the goal of achieving
completely CO,-free operation, showed limited potential in terms of efficiency. [41, 92]

Experimental studies have been carried out by Westport Fuel Systems using a Scania 6-cylinder inline
engine equipped with specially developed dual-fuel injectors capable of delivering both liquid diesel
and gaseous hydrogen. [19, 20] These tests investigated a range of operating conditions with varying
diesel pilot quantities to evaluate ignition performance, combustion stability, and efficiency. Although
there is strong interest in eliminating the use of diesel entirely to achieve zero-carbon operation, experi-
mental data for fully diesel-free configurations under relevant engine conditions are still lacking. Based
on the findings from this work, the diesel pilot strategy has been selected as the baseline approach. A
key objective of this thesis is to develop a simulation model that accurately reflects the available ex-
perimental results and to determine how the amount and timing of the pilot injection can be optimized
to reduce, or potentially eliminate, the use of diesel, without compromising ignition reliability or overall
engine performance.

1.6 Key Differences Between Hydrogen and Diesel for Cl Engines

The difference in auto-ignition temperature between Hydrogen and Diesel is not the only challenge that
the fuel transition for ICE faces. Hydrogen and diesel exhibit significant differences in their physical
properties and combustion behavior, which have direct implications for modeling strategies in Cl engine
simulations. These differences affect fuel injection, combustion modeling, turbulence treatment, and
chemical kinetics, requiring special attention when adapting the traditional, well-known, diesel-based
CFD workflows to hydrogen-fueled engines.

1.6.1 Fuel Phase and Injection Pressure

A key difference lies in the physical state of each fuel during injection. Diesel is injected as a liquid,
typically at pressures exceeding 1000 bar, significantly higher than the in-cylinder pressure at the time
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of injection (usually around 100 bar). This large pressure differential ensures that injection duration and
mass flow can be considered uniform for all operating conditions, making boundary condition definition
simpler and more predictable.

In contrast, hydrogen is injected as a gas, and even in high-pressure direct injection (HPDI) systems,
the market available injectors such as the Westport Fuel Systems injector, have typical pressures be-
tween 150 and 300 bar (Fuel Rail pressure of 300 bar for Westport’s injector) [45]. This lower pressure
ratio between fuel and in-cylinder gas leads to higher sensitivity of the injected mass flow to small vari-
ations in cylinder pressure. As a result, modeling real hydrogen injection becomes more complex, par-
ticularly when aiming for accurate time-resolved fuel delivery under changing crank-angle-dependent
conditions.

In earlier studies by Hao Liu [41] and Mark Treacy [93], hydrogen injection was implemented using
the same injection strategy regardless of the in-cylinder conditions, effectively simplifying the injection
process and avoiding pressure-dependent variability. Later, Diego Antonacci [12] attempted a more
realistic approach by including the hydrogen injector geometry in the CFD domain, enabling pressure-
controlled injection through an inlet boundary. While this model provided a more detailed representation
of the injection process, it required unrealistically low gas temperatures to reproduce experimental
trends. Furthermore, the small dimensions of the injector nozzle demanded a substantial reduction
of the local mesh size in that region. Although the rest of the domain remained relatively coarse, the
small cells near the injector imposed strict Courant-Friedrichs-Lewy (CFL) limitations on the global time
step, resulting in increased computational cost, longer simulation times, and convergence difficulties.
Ultimately, the added complexity did not yield meaningful improvements in accuracy compared to the
simpler approach used by Liu and Treacy.

For this reason, the present study will attempt a middle-ground strategy: modeling variable mass flow
injection profiles as a function of time, in crank angle degrees (CADs), for different rail pressures, without
explicitly including the injector geometry. This allows more realistic control over injection dynamics
than a constant injection strategy, while avoiding the computational burden associated with geometric
resolution of the injector.

1.6.2 Chemical Mechanisms

From a chemical kinetics perspective, diesel and hydrogen differ significantly in terms of the complexity
and structure of their respective reaction mechanisms. Diesel combustion is typically modeled using
surrogate fuels such as n-dodecane or n-heptane, which involve large and detailed kinetic mechanisms
to accurately describe fuel pyrolysis, intermediate species formation, and soot precursor chemistry
[60]. These mechanisms often include hundreds of species and thousands of reactions, making them
computationally demanding.

In contrast, hydrogen combustion involves no carbon chemistry and follows a much simpler reaction
pathway, which significantly reduces the number of species and reactions required in the mechanism
[51]. This simplicity not only decreases computational cost but also facilitates faster simulation times
and easier integration into CFD solvers.

In this study, both hydrogen and diesel will be injected into the cylinder, with diesel playing a secondary
role as a pilot fuel to initiate combustion. This dual-fuel configuration introduces a modeling challenge:
the need to select or construct a reaction mechanism that can accurately represent both fuels under
the same computational framework. This choice will be discussed in more detail in section 1.10.

1.6.3 Turbulent Schmidt Number: Theoretical Background

The turbulent Schmidt number (Sc¢;) represents the ratio between turbulent momentum diffusivity and
turbulent mass diffusivity:
Vt
Sep = — 1.6.1
Ct Dt ) ( )
where v; is the turbulent viscosity and D, the turbulent diffusivity of scalar quantities such as mixture
fraction or species concentration.
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Physically, Sc¢; controls how efficiently turbulence mixes scalar quantities compared to how it transports
momentum. A low Sc¢; increases turbulent mixing, leading to faster homogenization of the fuel—air mix-
ture and broader, more diffusive flames. Conversely, a high Sc,; suppresses scalar mixing, maintaining
sharper gradients and delaying ignition. It is therefore a modeling parameter that regulates the effec-
tiveness of turbulent mixing rather than the molecular diffusion of the fuel itself.

According to Tominaga and Stathopoulos (2007) [91], optimal S¢; values depend on the flow regime
and geometry, typically ranging from 0.3 to 1.0 for most engineering flows. Lower values (around 0.3—
0.5) are often used in jets and mixing-dominated configurations, where standard RANS models tend to
underestimate turbulent diffusion, while higher values (1.0-1.3) are more suitable for stratified or weakly
mixed conditions.

In this work, the standard value of S¢; = 0.9 used by STAR-CCM+ will be compared with a reduced
value of Sc¢; = 0.5 to evaluate the sensitivity of turbulent mixing and combustion behavior under hydro-
gen direct-injection conditions.

1.7 Governing Equations for Reacting Flows

The behavior of reacting flows, such as those found in internal combustion engines, is governed by
a set of coupled, non-linear partial differential equations derived from fundamental conservation laws.
These include the conservation of mass, chemical species, momentum, and energy. In this section,
the governing equations used are presented and briefly discussed. [58]

Conservation of Momentum

Opuj  Opusu; Op . Omyj a
ot 8£Ei 8Ij + 8.Z‘i + p l; kfk’j

8Uij

3x7;

N
+pY Yifr; (1.7.1)
k=1

This equation describes the conservation of linear momentum in a reacting, multicomponent fluid. The
left-hand side includes the transient and convective transport of momentum. On the right-hand side,
the terms represent the pressure gradient, viscous stress tensor 7;;, and possible external body forces
acting on each species (e.g., gravity, electromagnetic effects). In combustion applications, the body
force term is typically negligible.

Conservation of Mass
dp  Opu;

- (1.7.2)

This equation expresses the conservation of total mass in the system. The first term represents the
change in density with time, the second term accounts for the convective transport of mass due to fluid
motion, and the third term S; denotes a mass source term.

Species transport equation (for species k)

a,on 0

(p (ui + Vi) Yi) = wp (1.7.3)

The species transport equation is obtained by applying the continuity equation to the different species.
Each chemical species k is transported by convection and diffusion and is produced or consumed by
chemical reactions.
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Fick’s Law for Diffusive Flux

oYy

Jii = pVi,iYr = —pDy 3
X

(1.7.4)

Fick’s law assumes that diffusion is driven by mass fraction gradients. In turbulent flows, a turbulent
diffusion term is typically added using an effective diffusivity.

Species transport equation with Fick’s Law:

opYe  OpuiYp 0 Yy, . OJk,
ot T om  om \PPRar, ) TR T,

+ ok (1.7.5)

Applying Flick’s law to the previous species transport equation, Equation 1.7.5 is obtained, which is
widely used in reacting flow solvers.

Conservation of Energy (Specific Enthalpy Form)

Dh  9dph  Opu;h  Dp  Oq; ou;
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k=1

This equation describes the conservation of thermal energy using the specific enthalpy h. The heat flux
¢; includes conduction and species diffusion contributions:

T &
G = —)\awi +p Y hYiVi (1.7.7)
k=1
Here, )\ is the thermal conductivity and i, the specific enthalpy of species k. The term % accounts for

pressure work, and () represents any localized external heat source (e.g., ignition).

However, the specific enthalpy energy equation (Equation 1.7.6) is not always easy to implement in
CFD solvers therefore the sensible enthalpy equation is normally used:

Conservation of Energy (Sensible Enthalpy Form)

Dh, . . Dp & ([ 0T o ol oui - N
P Dt wr + Dt + 871] ()\677) — 87331 <pkz_l hs,kYkaﬂ) + Twaixj +Q+ p; kak,le,, (1.7.8)

where the term % (p fo:l hskYkV,“) is often negligible compared to the heat release due to com-
bustion (wr) or zero if all the species have the same sensible enthalpy.

N
bp ==Y ARG ok (1.7.9)
k=1

1.8 Turbulence Modeling

Historically, early approaches to fluid mechanics attempted to solve the Navier-Stokes equations through
simplified analytical resolutions. These often relied on assumptions such as inviscid, irrotational, and
incompressible potential flow theory. Although such models were useful for understanding idealized
behavior, they failed to capture many phenomena observed in real fluid flows, such as flow separation,
wake formation, and unsteadiness. [76]

These discrepancies arise from the assumptions made in potential theory, which inherently restrict the
solution to attached laminar flow regimes. In reality, laminar flow occurs when viscous forces dominate
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over inertial ones, leading to smooth, orderly motion. However, in many practical situations, flows enter
the regime known as the turbulent state, which is responsible for the observed deviations.

Turbulence is a complex and chaotic state of fluid motion characterized by irregular fluctuations in
velocity and pressure. Turbulent flows exhibit a strongly non-linear and dissipative nature, resulting in
complex interactions between velocity fluctuations across a wide range of spatial and temporal scales.

To better understand this transition and the fundamental differences between laminar and turbulent flow,
it is useful to examine the full form of the incompressible Navier—Stokes equations, assuming no mass
sources or sinks. These equations govern the conservation of mass and momentum in a Newtonian
fluid:

Continuity equation (mass conservation):

V.ou=0 (1.8.1)

Momentum equation:

1
Gt V= Vv (18.2)

Each term in the momentum equation has a physical meaning:

- 24 is the unsteady term.
* (u- V)uis the convective or inertial term.

. —%Vp is the pressure gradient term.

« vV?2u is the viscous diffusion term.
+ f is a generic body force term (e.g., gravity).

The relative importance of inertial against viscous effects is captured by the dimensionless Reynolds

number, defined as:
_ UL

14

Re (1.8.3)

where U is a characteristic velocity, L a characteristic length, and v = p/p the kinematic viscosity.

For low Reynolds numbers (Re « 1), the viscous term dominates and the flow tends to remain laminar.
As the Reynolds number increases (Re > 1), the inertial term becomes dominant and the turbulence
increases. Therefore, the higher the Reynolds number is the more it diverges from potential flow theory.

These turbulent interactions are governed by a hierarchy of swirling flow structures known as eddies.
Eddies vary in size from large, energy-containing structures associated with the geometry and boundary
conditions, down to the smallest scales where viscosity becomes dominant. Energy cascades from
large to small eddies, ultimately being dissipated into heat at the smallest scales, where the turbulence
becomes locally isotropic and kinetic energy is converted into thermal energy.

Since analytical solutions to the Navier-Stokes equations are generally intractable for turbulent flows,
they must instead be approximated numerically. This is the role of Computational Fluid Dynamics
(CFD), a framework that enables researchers and engineers to simulate complex fluid behavior by
discretizing the flow domain and solving the governing equations using numerical methods.

One of the main challenges in simulating turbulence lies in its multi-scale nature. Energy is trans-
ferred from large, energy-containing eddies to smaller scales through a cascade mechanism, until it is
finally dissipated as heat at the smallest scales. Resolving all these scales directly requires extremely
fine spatial and temporal resolution, making full-resolution simulations prohibitively expensive for most
practical applications.

To overcome this, turbulence models are introduced to represent the statistical effects of the unresolved
flow structures. The choice of model depends on the level of fidelity and computational cost desired.
The three primary modeling strategies used in CFD are:
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» Direct Numerical Simulation (DNS): Solves the Navier—Stokes equations directly without any
turbulence modeling, resolving all spatial and temporal scales of turbulence. While DNS provides
the most accurate results, it is computationally prohibitive for practical applications, particularly in
complex geometries or high Reynolds number flows.

» Large Eddy Simulation (LES): Resolves the large energy-carrying eddies directly, while mod-
eling the effects of smaller scales using subgrid-scale (SGS) models. LES offers a good com-
promise between accuracy and cost but remains too expensive for routine use in full-engine
simulations, especially over many cycles.

* Reynolds-Averaged Navier-Stokes (RANS): Instead of resolving all turbulent fluctuations, RANS
equations govern the time-averaged flow, with turbulence effects accounted for through modeling.
This approach offers a substantial reduction in computational cost and is widely used in industrial
applications where multiple design iterations are required.

Given the scale and complexity of internal combustion engine simulations and the need for iterative
design processes, the RANS approach is adopted in this work a it allows the modeling of key in-cylinder
flow features while maintaining feasible computational requirements.

1.8.1 RANS

The Reynolds-Averaged Navier—Stokes (RANS) approach can be explained using the dimensionless
form of the incompressible Navier—Stokes equations, assuming constant density and viscosity. [30, 59]
Under these assumptions, the governing equations reduce to the following:

Momentum equation:
du 1
E—FV'(UU)—F;VP—

1

gV Vu=0 (1.8.4)

Continuity equation:
V-u=0 (1.8.5)

Here, u is the velocity vector, p the pressure, p the density (assumed constant), and Re the Reynolds

number.

To derive the RANS equations, we decompose the instantaneous velocity field into its mean and fluc-
tuating components using the Reynolds decomposition:

u=(u)+u (1.8.6)

where (u) is the ensemble-averaged velocity and u’ the fluctuating part. This decomposition can also
be applied to pressure and other quantities if needed. Substituting the decomposition into the Navier—
Stokes equations and applying the averaging operator yields the incompressible RANS equations:

RANS momentum equation:

o{u) 1 1 B .
e + V- ((u){u)) + ;V(p) - %V -V{u) = -V - (u'v’) (1.8.7)
RANS continuity equation:
V-(u)=0 (1.8.8)

The new term (u’u’) that appears on the right-hand side of the momentum equation is known as the
Reynolds stress tensor:
Tij = —(uiuj) (1.8.9)

This tensor represents the additional apparent stresses introduced by turbulent fluctuations and must
be modeled to close the system of equations, as it introduces more unknowns than equations.

To better understand its behavior, one can derive a conservation law for each component of the Reynolds
stress tensor. This leads to theReynolds Stress Transport (RST) equation, which in general form reads:
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Each term in the equation has a physical interpretation:
* K;;: Advection
* P;;: Production of turbulent kinetic energy
* T;;: Turbulent transport
* Dyt Viscous diffusion
* Dj;: Pressure diffusion
* &;;: Pressure—strain correlation
* ¢;;: Dissipation

However, this equations also introduces new unknowns. This means that to continue this resolution,
it would be needed to derive new conservation laws for every unknown, which would generate even
higher-order unknowns [30]. Therefore, it is not feasible to directly solve the transport equations for
the Reynolds stress tensor. Instead, this issue is addressed by the development of turbulence mod-
els. These can be broadly categorized into two main approaches: Eddy Viscosity Models (EVM) and
Reynolds Stress Models (RSM) .

1. Eddy Viscosity Models (EVM): These models assume that the fluctuations introduced in the
Reynolds stresses are proportional to the mean rate of strain by a factor called turbulent viscosity
1. They are based on the Boussinesq hypothesis:

2

Tij = 21/t5ij - 3

dik (1.8.12)
where S;; is the mean strain rate tensor, £ is the turbulent kinetic energy, and ¢, is the Kronecker delta.
EVMs include:

» 0-equation models (algebraic models, e.g. Prandtl mixing length model)

* 1-equation models (e.g. Prandtl one-equation model, Spalart-Allmaras)

» 2-equation models (e.g. k—e, k—w)

» Nonlinear EVMs that try to capture some anisotropy without solving full stress transport equations

2. Reynolds Stress Models (RSM): These models do not introduce the assumption of isotropy, instead
they attempt to solve the RST. To achieve this, they solve transport equations for each component of the
Reynolds stress tensor. RSMs are in theory a better representation of the RST. However, in practice
they do not necessarily behave better than EVM models. Usually, they provide better predictions in
complex flows involving anisotropy, curvature, rotation, or strong swirl due to their anisotropic nature.
Still, they have certain drawbacks, such as being computationally expensive and sensitive to numerical
stability.

Due to the need for computational efficiency in this work, especially when simulating engine cycles and
testing multiple configurations, a two-equation eddy viscosity model is selected. These models provide
a good balance between accuracy and cost.
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1.8.2 Two-equations RANS Eddy Viscosity Models

Two-equation eddy viscosity models (EVM) are among the most commonly used approaches in RANS
turbulence modeling. They are based on the Boussinesq approximation, which assumes that the
Reynolds stress tensor can be related to the mean strain rate through a scalar turbulent viscosity ;. In
two-equation models, v; is computed from the solution of two additional transport equations.

The two most popular formulations are the k—e and k—w models. Both involve solving for the turbulent
kinetic energy k, which represents the intensity of turbulence (i.e., the energy per unit mass contained
in velocity fluctuations), and a second variable that determines the scale or rate of dissipation of that
energy.

Turbulent kinetic energy & is defined as:

1
k= §(u§u§> (1.8.13)
It satisfies the general transport equation:
mﬁHkazm—f+v-Ku+”)v4 (1.8.14)

where Py is the production of turbulent kinetic energy.

k—c model

In the standard k— model [35], the second equation solves for ¢, the dissipation rate of k:

Oe € €2 v,
E‘FU'VGZCdEPk—CEzE-FV' I:(V‘i‘i) VG:| (1815)
The eddy viscosity is then modeled as:

v =Cu— (1.8.16)

In the RNG k—e model [104], derived from Renormalization Group theory, the transport equations retain
the same general structure, but introduce two key differences:

+ C, is derived from the RNG theory, rather than treating it as a constant.
» A modified term in the ¢ equation to account for high strain rates:

Oe € € Vi
E+U'vefcelgpkfcezm+V' |:<1/+0_€> Ve] (1817)

These modifications improve accuracy in rapidly strained and swirling flows, making the RNG model
particularly well suited for engine-like environments.

The realizable k— model [83] also retains the general structure of the transport equations, but intro-
duces:

* An alternative formulation of the eddy viscosity coefficient C,, that ensures mathematical consis-
tency (i.e., realizability) with known turbulence constraints.

1
CH: AO—‘,—A‘kU*

€

(1.8.18)

where U* =

» A modified dissipation equation derived from the mean-square vorticity equation, leading to better
predictions in flows with rotation, boundary layer separation, and high curvature.
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where:
25;;S;; is the magnitude of the mean strain rate tensor,
) with n = %

* ] = max (0 43, n+5

k—w model

Alternatively, the k—w model [99] uses the specific dissipation rate w, defined as:

w= 5 (1.8.20)
Its transport equations are typically written as:
ok
E—&—u Vk=P,— ["kw+ V- [(v+ oxr) VK] (1.8.21)
ow w 9
5 +u-Vw= aEPk = Bw* + V- [(v + ouvt) VW] (1.8.22)
The eddy viscosity in this case is computed as:
vy = L (1.8.23)

The k—w model performs better in the near-wall region and does not require wall functions, but can be
sensitive to freestream conditions.

Model selection

For the purposes of this study, turbulence modeling within the k—e and k—w families has been reviewed in
order to identify the most suitable approach for in-cylinder simulations. Both formulations have distinct
advantages depending on the dominant flow characteristics and boundary treatment strategies.

Although both k—e and k—w models have been considered based on literature, the k— family appears
to be the most promising for in-cylinder flows, which are typically dominated by swirling bulk motion,
injection and high pressure variations rather than near-wall effects. This choice is further supported
by the historical prevalence of the k—e model in internal combustion engine (ICE) simulations, both in
academia and industry (including Scania) [11, 56].

It is worth noting that the choice of turbulence model may need to be revisited if the computational
domain is extended to include the fuel injectors or other features located in the upper part of the cylinder
head. In such cases, flow near complex geometries and walls becomes more dominant, and accurate
resolution of the boundary layer is critical. Under these conditions, the k—w model could become more
advantageous due to its superior near-wall behavior and ability to integrate wall-bounded effects without
relying on empirical wall functions [24].

As previously mentioned, within the k—e family, two enhanced versions are commonly used: the RNG
and the Realizable models. A study from the University of Modena [11], which analyzed non-combusting
hydrogen-fueled engines using Particle Image Velocimetry (PIV) and Planar Laser-Induced Fluores-
cence (PLIF), compared both models in STAR-CCM+ and concluded that the RNG variant provided
better robustness and agreement with experimental results. Based on this literature review, the RNG
k—e model is selected as the baseline approach for this study. However, if future work include modeling
the hydrogen injector geometry explicitly, the k—w model may become the preferred option, as indicated
in the literature, due to its improved performance in near-wall flow resolution. [24]
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1.9 Turbulent Combustion Modeling in STAR-CCM+

The selection of an appropriate turbulent combustion model for simulating hydrogen-diesel dual fuel
engines in STAR-CCM+ requires an evaluation of the modeling strategies provided within the software.
Figure 1.18 presents a comprehensive overview of the typical RANS configurations available. The main
differences between the models is weather they are suitable for premixed or non-premixed combustion
as well as weather they are based on flamelet models or reaction species transport models.

Typical Configurations - RANS
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Figure 1.18: Typical combustion model configurations available in STAR-CCM+ [61].

Typically, in ICEs, there is a need to use detailed or reduced chemical mechanisms to accurately repre-
sent the chemical kinetics of fuel combustion. Therefore, a chemical time scale model is not a suitable
option for this study. The reason why chemical mechanisms are needed to simulate ICEs is to predict
ignition delays and capture effects like the local temperature, pressure, and mixture composition on
autoignition as well as flame propagation. This is especially critical for fuels like hydrogen or diesel,
where ignition behavior, intermediate species formation, and pollutant generation are highly sensitive
to local thermochemical conditions. As a result, to model combustion accurately, it is necessary to use
either a Reacting Species Transport Model, which solves for species concentrations and temperature
with the chemical source terms from a reaction mechanism, or a flamelet model, which accounts for
detailed chemistry effects while reducing computational cost through tabulation techniques.

1.9.1 Flamelet Models

Flamelet models reduce computational cost by decoupling the chemistry from the flow field. In this
approach, the turbulent flame is approximated as an ensemble of laminar flamelets, which are pre-
computed one-dimensional solutions of canonical flames. These are stored in combustion tables and
queried during the simulation. These models are valid when the system operates in the flamelet regime,
where chemical reactions are much faster than turbulent mixing. They are particularly efficient for
steady, diffusion-dominated flames and two-stream mixing systems. [86]

One of the main advantages of flamelet models is their computational efficiency, as they avoid solving
the detailed kinetics during runtime. Simcenter STAR-CCM+ supports fully integrated, parallelized com-
bustion table generation using the robust CVODE solver, eliminating the need for external chemistry
solvers. The software also includes adaptive tabulation, which reduces table size without compro-
mising accuracy by refining only where needed, according to user-defined tolerances. Furthermore,
the framework can exploit GPU acceleration and captures turbulence-chemistry interactions using as-
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sumed shape PDFs for fluctuations. This makes flamelet models particularly attractive for large para-
metric studies or real-time simulation contexts where computational resources are limited.

However, flamelet models rely on the assumption of fast chemistry and are limited in their ability to
capture phenomena such as ignition and extinction, transient combustion, or the formation of slowly
evolving pollutants (e.g., NO,, CO, soot). They also face limitations in handling systems with complex
or multiple fuel injection strategies. [61]

1.9.2 Reacting Species Transport Models

This modeling strategy solves the full transport equations for all chemical species, accounting for con-
vection, diffusion, and detailed reaction kinetics directly in each computational cell. Reacting Species
Transport models are applicable to a wide range of combustion conditions, particularly when chemical
and mixing timescales are comparable or when the system lies outside the flamelet regime. [87]

The main advantage of this approach lies in its general applicability and high fidelity. It enables detailed
tracking of species transport and reaction progress in complex, kinetically controlled regimes, and is
particularly accurate for multi-stream injection, transient ignition and extinction phenomena, and the
formation of slowly evolving pollutant species such as NO,, CO, and soot. However, these benefits
come at the expense of computational efficiency. The model can be CPU-intensive, especially when
large reaction mechanisms and fine meshes are involved. Additionally, unlike flamelet models, it does
not inherently include turbulence-chemistry interaction through assumed shape PDFs, which may limit
the representation of subgrid-scale fluctuations in scalar quantities.

1.9.3 Model Selection Based on In-Cylinder Conditions

To accurately capture the formation of slowly evolving pollutants such as CO, and NO,, a detailed
representation of chemical kinetics is required. This necessitates the use of models capable of resolving
ignition and extinction phenomena, particularly relevant during hydrogen injection, as well as the effects
of multi-stream combustion with sequential injection of diesel and hydrogen. Since these processes
involve a precise chemical representation as well as a reliable ignition behaviour, Reacting Species
Transport models are better suited to accurately capture the relevant physical and chemical behavior.

1.9.4 Available Models within Reacting Species Transport

Simcenter STAR-CCM+ offers two main approaches under the Reacting Species Transport framework:
Complex Chemistry (CC) and Eddy Break-Up (EBU). These models differ significantly in both their
treatment of combustion and their applicability, depending on the dominant physical and chemical phe-
nomena of interest.

Complex Chemistry (CC) focuses on resolving the detailed chemical kinetics by solving transport
equations for all species and evaluating reaction source terms through stiff ODE integration. This
model is designed for simulations where chemical accuracy is crucial, such as those involving ignition
and extinction, slow pollutant formation, and multi-fuel or multi-stream combustion. [84]

Eddy Break-Up (EBU) is a combustion model designed for reacting flows with fast chemistry, where
the reaction rate is primarily governed by turbulent mixing of reactants and heat. In its standard form,
EBU assumes that species are instantaneously burned once mixed, with the reaction rate determined
by the turbulent mixing time scale. This model does not resolve detailed chemical kinetics, which
significantly reduces computational cost, making it particularly suitable when the main objective is to
predict the flame position rather than intermediate species or pollutant formation. It is well-suited for
configurations such as gas turbines or industrial furnaces, where combustion can be represented by
one or two global reactions and chemical kinetics are not rate-limiting. However, it is not appropriate
for systems exhibiting ignition/extinction behavior or involving slow-forming pollutants, where finite-rate
kinetics are essential. [85]
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Since our study focuses on an internal combustion engine operating under conditions where autoigni-
tion is critical and the formation of slow-forming pollutants, such as NOx, must be accurately captured,
we opt for the Complex Chemistry approach. This model resolves finite-rate chemical kinetics, allowing
us to simulate both ignition phenomena and pollutant formation with the necessary level of detail.

1.9.5 Complex Chemistry Model

The Complex Chemistry (CC) model in Simcenter STAR-CCM+ resolves chemical reactions through
the integration of stiff ordinary differential equations using the CVODE solver. The model is based on
the species transport equation (see Equation 1.7.5), and it takes advantage of the separation between
the chemical and physical time scales [84]. In the notation used in Siemens documentation:

0
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At the beginning of each physical time step, the chemical state is advanced independently by integrating
the chemical source terms over the chemical time scale 7. The evolution of the species mass fractions
is expressed as:

W:n+/7wxﬂmw (192)
0

where Y; represents the mass fraction of species i, 7 is the chemical integration time, T is the temper-
ature and r, is the net reaction rate for species which is calculated as:

ri = k[A]"A[B]"E ... — ky[C]*¢[D]"P ... (1.9.3)

where:

* 1}, is the net reaction rate of reaction k£ [mol-m—3-s71],

* ky, ky are the forward and backward rate constants,

* [A], [B], [C], [D] are the molar concentrations of the reacting species,

+ v, v/ are the stoichiometric coefficients of species i for reactants and products, respectively.

Subsequently, the species transport equation is solved using an explicit reaction source term based on
the updated chemical state:

w; = pf (Y_Y> (1.9.4)

T

where w; is the source term for species i, p is the local density, and f is the mean reaction rate multiplier.
The values of 7 and f depend on the specific submodel used within the Complex Chemistry framework
and will be discussed in the following section.

The integration of the chemical state is carried out using a constant pressure reactor formulation, where
the equations for species and temperature evolution are:

dYy Wk

_ O 1.9.
i (1.9.5)
AT _ =iy il (1.9.6)

dt pCy
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These equations are solved numerically using Jacobian-based methods within the CVODE solver. As
Jacobian evaluation is computationally expensive, acceleration strategies such as In-Situ Adaptive Tab-
ulation (ISAT), Clustering, and Dynamic Mechanism Reduction are available to reduce computational
cost.

Turbulence—chemistry interaction is handled within the Complex Chemistry framework, which incorpo-
rates turbulent diffusivity via the turbulence model. Additional closures can be added to better capture
the coupling between turbulence and reaction rates, including the Eddy Dissipation Concept (EDC),
the Laminar Flame Concept (LFC), and the Turbulent Flame Speed Closure (TFSC).

Selection of the Complex Chemistry Model

To determine the most suitable combustion model, the expected in-cylinder thermochemical condi-
tions must be considered. Previous studies by Liu [41] and Treacy [92] have shown that diesel fuel
is injected first, initiating combustion and generating a high-temperature region into which hydrogen is
subsequently introduced. The injection strategies from these investigations are shown in Figure 1.19,
where the left panel illustrates the energy injection profile reported by Liu, and the right panel displays
the mass flow rate profile presented by Treacy.
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Figure 1.19: Left: Energy injection profile (Liu) [41]. Right: Mass flow profile (Treacy)[92].

According to Liu [41], at -7 CAD ATDC, the diesel pilot creates a region with temperatures exceeding
1200 K, favorable for hydrogen ignition. At -5 CAD ATDC, cold hydrogen is injected into this high-
temperature zone. The hydrogen jet ignites around -3.6 CAD ATDC. The resulting flame interacts with
the cold wall, which decelerates the reaction kinetics; however, upstream, the reactive hydrogen jet
continues to release heat. These observations suggest that the combustion process transitions from
premixed or partially premixed conditions towards non-premixed regimes. Therefore, models capable
of capturing multi-stream, transient, and partially premixed combustion, along with pollutant formation,
are required.

Within the Complex Chemistry framework in Star-CCM+, turbulence—chemistry interaction can be han-
dled using different closures. Among the available options, the Eddy Dissipation Concept (EDC) is
best suited for diffusion-dominated, non-premixed combustion and is therefore not appropriate for the
present case. Between the two remaining alternatives, the Turbulent Flame Speed Closure (TFSC) and
the Laminar Flame Concept (LFC), both models will be considered, as each offers a different approach
to describing flame propagation under turbulent and (partially) premixed conditions. While TFSC relies
on a precomputed table for the local flame speed (LFS), LFC dynamically computes the LFS at each it-
eration based on local flow and mixture properties. These differences in formulation and computational
behavior will be discussed in more detail in a later section.
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1.9.6 Laminar Flame Concept (LFC)

The Laminar Flame Concept (LFC) is a combustion model available in STAR-CCM+ that builds directly
on the Complex Chemistry framework, but with a simplified treatment of turbulence-chemistry interac-
tions. In contrast to the Turbulent Flame Speed Closure (TFSC) model, which explicitly modifies the
source term using turbulent flame speed correlations, LFC assumes that the mean reaction rate is
directly given by the detailed chemistry without additional scaling [88].

The reaction source term is directly obtained from the detailed mechanism:

wizpwizp(yf ‘Yi), (19.7)

T

corresponding to a mean reaction-rate multiplier f = 1. The characteristic time scale T equals the local
residence time:

T = Tres. (1.9.8)

which is computed from local flow conditions. Thus, the mean species source term is obtained directly
from the detailed chemical mechanism without additional turbulence correction.

Turbulence effects are still present in LFC but only implicitly, through the enhanced turbulent diffusivity
provided by the turbulence model. This leads to an effective flame thickness larger than the laminar
one, and to a propagation speed faster than the purely laminar flame, both controlled by the chosen
turbulent Schmidt and Prandtl numbers. However, unlike TFSC or EDC, there is no explicit dependence
on turbulent flame speed correlations or sub-grid mixing models.

The main advantage of LFC is that it provides a direct and physics-based representation of the chemical
kinetics, as no empirical flame speed correlations are required. This makes it attractive for cases where
detailed mechanisms are available and accurate representation of hydrogen chemistry is needed. At
the same time, its simplicity means that turbulence—chemistry interactions are not explicitly resolved,
which can limit its predictive accuracy in highly turbulent regimes compared to TFSC.

1.9.7 Turbulent Flame Speed Closure (TFSC)

The Turbulent Flame Speed Closure (TFSC) model is an extension of the Complex Chemistry frame-
work that enhances the modeling of premixed and partially premixed combustion by incorporating the
effect of turbulent flame propagation into the reaction rate [88]. The core idea is that in regions where
premixed combustion is identified (using the Takeno index), the molecular diffusion term is suppressed
and the reaction source term from chemistry is scaled with a factor Frrc that depends on the ratio
between turbulent and laminar flame speeds:

0 ka
ot

+ V- (pVYi) = V- (pDVYy) = Frecpis, (1.9.9)

where Y}, is the mass fraction of species k, D is the diffusion coefficient, and wy, is the reaction source
term from Complex Chemistry. The multiplier Frgc is defined as:

wtfc

Frec = ~<, (1.9.10)
We

where w4 is the target turbulent reaction rate.

Several formulations, or closures, have been proposed in the literature to describe how the mean turbu-
lent reaction rate couples with flame propagation. The work of Zimont and Lipatnikov [111] introduced
a physically consistent closure for premixed turbulent combustion, in which the mean reaction rate is
linked to the turbulent burning velocity and the gradient of the progress variable. Their model assumes
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that turbulence increases the flame surface area while the local laminar structure of the flame remains
unchanged. This approach has since become the theoretical foundation for many turbulent flame speed
models.

In the formulation in Star-CCM+, the turbulent reaction rate includes contributions from both the flame
propagation and stratification effects in the residual and equilibrium gases, and is expressed as:

w% = 7,071515 -Ve+ (1 — C) puSt . V)fc + CpuSt . Vqu, (1911)

where p, is the density of unburnt gases, c is the progress variable, Y, is the unburnt conditional mass
fraction of the tracking species, and Ygq is its equilibrium value. A wall-quenching correction is also
applied near solid boundaries, based on a Peclet-number formulation [63].

TFSC requires two main inputs:

1. A definition of the laminar flame speed Sy, which reflects the chemical and thermodynamic prop-
erties of the mixture.

2. A correlation to compute the turbulent flame speed S;, which incorporates the influence of turbu-
lence on flame propagation.

The laminar flame speed S, can be implemented in STAR-CCM+ using:

» The correlations of Metghalchi—Keck [44] or Gulder [28]. Both originally developed for hydro-
carbon fuels, which express Sy as a function of equivalence ratio, pressure, and temperature.
These correlations perform well under stoichiometric conditions but diverge significantly at lean
conditions, limiting their applicability for hydrogen.

» Precomputed laminar flame speed tables provided by Siemens, which have been designed for
hydrogen—air mixtures.

Once Sy, is defined, the turbulent flame speed S, is obtained using additional models. STAR-CCM+
provides two main correlations:

* The Zimont model [109], which relates S; to turbulence intensity, laminar flame speed, laminar
flame thickness, and integral length scale. It includes a stretch factor representing the probability
of unquenched flamelets, making it sensitive to turbulence intensity and diffusivity.

Sy = 0.5 G(w)*/*8) a1}, (1.9.12)

where w is the turbulent velocity fluctuation, «, the unburnt thermal diffusivity, and I, the integral
turbulence length scale. The stretch factor G(w) accounts for the probability of unquenched
flamelets based on the log-normal distribution of the turbulent dissipation rate.

» The Peters model [57], which defines S; as a function of Sy, turbulence length scales, and thermal
diffusivity, providing a more stable but less nonlinear response.

St:SL(1+O't), (1913)

where o, depends on turbulence intensity and integral scale, providing a smoother transition
between laminar and turbulent regimes.

This modular structure means that TFSC couples a laminar flame speed model (Metghalchi, Glder, or
precomputed tables) with a turbulent flame speed model (Zimont or Peters) to calculate the effective
turbulent flame speed.

Choice of Turbulent Flame Speed Closure Model for Hydrogen Combustion

Several studies have assessed the performance of these models for hydrogen. Zhao et al. [108] com-
pared Zimont and Peters using turbulent expanding flames in hydrogen-air and methane-hydrogen
blends. Their results showed that the Zimont correlation most accurately captured the nonlinear in-
crease in flame speed due to hydrogen enrichment and turbulence intensity, while Peters underesti-
mated this effect.
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Other works confirm these trends. Tidswell et al. [90] and Muppala et al. [46] reported that the Zimont
model performs well up to about 60% hydrogen enrichment but diverges beyond that. Zhao et al. [107]
further observed that while Zimont is accurate in wrinkled and corrugated flamelet regimes, Peters may
be preferable near the laminar flamelet regime due to its stability in weak flame conditions.

Based on these findings, the TFSC model used in this work combines the Siemens precomputed lami-
nar flame speed table with the Zimont turbulent flame speed correlation. This configuration should en-
sure that hydrogen laminar flame properties are captured accurately while applying a turbulent flame
speed formulation validated for hydrogen—air mixtures. It is therefore expected to provide a robust
description of turbulent flame propagation in the present dual-fuel hydrogen—diesel engine conditions,
while acknowledging the known limitations of the Zimont model at very high hydrogen fractions.

1.10 Chemical Reaction Mechanisms

In order to model combustion phenomena accurately in CFD simulations, it is essential to couple fluid
dynamics with chemical kinetics. This is done through reaction mechanisms, which describe the series
of elementary chemical reactions that occur during the combustion of a given fuel. These mechanisms
go beyond the global reaction equations and aim to capture the detailed pathways through which fuel
is converted into products, a simple example is the combustion of hydrogen:

2H, + Oy — 2H,0 (1.10.1)

While this overall reaction is useful for conceptual understanding, it does not occur directly. Instead,
combustion proceeds through a network of elementary reactions involving intermediate species such
as H, O, OH, HO,, and H,O,. A simplified version of the hydrogen reaction mechanism includes the
following key reactions [94]:

Hy + Oy — HO, + H (1.10.2)
H+ 0, >OH+O (1.10.3)

OH +Hy — H,O + H (1.10.4)
H+O0s+M— HyO+ M (1.10.5)

(1.10.6)

There are many validated mechanisms available in the literature and open databases. These mech-
anisms can range from very detailed (thousands of species and reactions) to simplified versions op-
timized for computational efficiency. In the automotive industry, where diesel combustion has been
extensively studied, several well-established mechanisms are used, especially for surrogate fuels like
n-heptane and n-dodecane. Notable examples include the ARAMCO mechanism, the C3 mechanism
or the LLNL mechanisms among others.

These detailed mechanisms are capable of reproducing autoignition behavior, flame structure, and
emissions of real diesel fuels. However, due to their computational cost, they are often simplified
using mechanism reduction techniques. Examples of smaller mechanisms include those developed
by Yao et al. [105], Ranzi et al. [64] or Gustavsson et al. [50]. In contrast, mechanisms for pure
hydrogen combustion are typically smaller in size, involving fewer than 20 species and 50 reactions,
some examples are Burke et al. [17] or Conaire et al. [113]

The case studied in this work, however, involves the injection of both hydrogen and diesel fuel in a
compression-ignition engine. This raises the question of how to model dual fuel combustion. While
diesel mechanisms do include hydrogen chemistry, the equations concerning hydrogen are often sim-
plified or reduced, especially in smaller diesel mechanisms, as hydrogen-related pathways are not
dominant in typical diesel applications.
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In an ideal scenario, a combined reaction mechanism would capture the combustion characteristics
of both diesel and hydrogen accurately. In practice, however, most studies rely on diesel mecha-
nisms even when hydrogen is present, since they already incorporate a basic hydrogen sub-mechanism
through the radicals involved in hydrocarbon oxidation [12, 41, 60, 92].

Diesel combustion mechanisms have undergone decades of development and validation, resulting
in reduced models that are both computationally feasible and widely adopted in engine simulations.
This reduction is necessary because the full chemical description of diesel fuels involves thousands
of reactions, making direct application impractical. In contrast, hydrogen combustion mechanisms are
intrinsically much simpler and therefore easier to represent, although their development and validation
are still less extensive. Despite this progress, only a limited number of mechanisms have been devel-
oped specifically for dual-fuel diesel-hydrogen combustion. Some studies suggest that combining a
reduced diesel mechanism with a detailed hydrogen mechanism can provide advantages in dual-fuel
configurations, particularly when hydrogen serves as the dominant energy carrier. This would allow
improved prediction accuracy without a significant increase in computational cost. For instance, Karimi
et al. [36] combines the Patel diesel mechanism [55] with a detailed hydrogen mechanism by Kérom-
nés et al. [38] which is also recommended by OIlm et al.[51]. Similarly, von Helldorff et al. [96] uses
a modified version of the n-heptane mechanism by Ra et al. [62], excluding the iso-octane part, and
coupled it with a hydrogen mechanism by Saxena et al. [79].

In the case of von Helldorff, the study provides a direct comparison between using only the diesel
mechanism and the combined version that includes hydrogen reactions. The results show a slight im-
provement in pressure prediction when the hydrogen mechanism is included, although the comparison
is limited to only pressure curves. A more thorough evaluation would require additional performance
metrics to determine what are all the advantages of including the hydrogen mechanism.

Based on the previous considerations, two configurations stand as the most attractive alternatives to
be evaluated in this study: one using a conventional diesel mechanism, specifically the Gustavsson
n-heptane mechanisms [27], which has been employed in previous Converge simulations by Liu [41],
and another using both a diesel mechanism and a modified version that incorporates a detailed hydro-
gen mechanism, likely following the approach proposed by von Helldorff et al. [96]. In addition, other
mechanisms that have given a promising result could be implemented. [51, 65]
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1.11 Modelling Strategy and Research Questions

In this paper, the main challenges involved in modeling hydrogen—diesel dual-fuel combustion in com-
pression ignition (Cl) engines are outlined, together with the rationale behind the simulation strategy
adopted in this thesis. Particular attention is given to the physical modelling decisions required in STAR-
CCMH+, including turbulence and combustion modelling, injection strategy, chemical kinetics, and the
unique properties of hydrogen that demand specialised approaches.

Although modelling of conventional diesel engines is well established, and extensive research exists on
hydrogen combustion, relatively few studies focus on configurations in which hydrogen is the main fuel
and diesel acts only as a pilot. This limited availability of validated datasets and modelling benchmarks
makes it difficult to directly apply existing methodologies with confidence in such operating regimes.

The overarching goal of this thesis is to develop a simulation framework capable of accurately reproduc-
ing the combustion behaviour of hydrogen ignited by a diesel pilot injection. This enables the evaluation
of how different injection strategies, pilot quantities, and modelling assumptions influence performance,
efficiency, and emissions.

Hydrogen'’s strong diffusivity, fast flame speeds, and high auto-ignition temperature make the combus-
tion process highly sensitive to the local equivalence ratio distribution created by both the hydrogen and
diesel injections. For this reason, injector modelling becomes a prerequisite for developing a physically
reliable combustion model.

Modelling Strategy

The modelling strategy adopted in this thesis is summarised below, reflecting conclusions drawn from
the literature review and the physical requirements of dual-fuel combustion modelling:

» The high autoignition temperature and strong diffusivity of hydrogen, combined with the need to
resolve NO, emissions, justify the use of a detailed chemistry model. Two combustion models will
be tested: the Turbulent Flame Speed Closure (TFSC) and the Laminar Flame Concept (LFC).
TFSC relies on precomputed tables for the local flame speed (LFS) and modeling of the turbulent
flame speed, making it more computationally efficient, while LFC calculates the flame dynamically
at each iteration, potentially offering greater physical accuracy, especially in highly unsteady or
stratified conditions.

» The RNG k—¢ turbulence model is selected as a starting point, building on its successful applica-
tion in similar engine simulations and agreement with experimental velocity fields. Nonetheless,
if the model is changed and features like the injector or valve are included in the geometry, alter-
natives such as the k—w model may be evaluated.

» The dual-fuel injection system, comprising a small diesel pilot and a high-pressure hydrogen pulse,
introduces significant complexity. Instead of modeling the full injector geometry, a variable mass
flow rate profile as a function of crank angle will be used to better capture the real injection dynam-
ics. Should this approach yield insufficient accuracy, full injector modelling will be considered as
a backup strategy, following prior work by Antonacci, albeit at higher computational cost.

* Mesh resolution and time-step sensitivity will be critical, especially to capture the steep gradients
introduced by hydrogen’s high diffusivity and fast flame speeds. A dedicated phase will be allo-
cated to mesh development and sensitivity testing to ensure physical fidelity in the simulations.

Regarding the chemical reaction mechanism, the Gustavsson n-heptane model [27] will be used
initially for diesel combustion, as it has been consistently employed in previous dual-fuel studies
and offers reliable performance. Although preliminary analyses suggest that adding a full hydro-
gen mechanism does not drastically change global results, it is acknowledged that a dedicated
hydrogen—diesel combined mechanism could improve prediction accuracy. At present, no fully
validated mechanism is available for direct implementation in STAR-CCM+, but such an enhance-
ment remains an open possibility for future work or sensitivity testing.
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Scope and Research Questions

The scope of this work is the development of a CFD model capable of accurately describing both the
combustion in a hydrogen—diesel dual-fuel compression ignition engine.

Based on the literature review, the following research questions have been formulated:

1. How can a CFD model be developed and validated against experimental data to accurately de-
scribe both the combustion and injection processes in a hydrogen—diesel dual-fuel Cl engine?

2. Which combinations of turbulence models, combustion models, and chemical kinetic mechanisms
yield the most physically accurate and computationally robust representation of combustion under
these conditions?

3. What is the most appropriate and reliable method for modelling hydrogen injection?

4. What is the minimum quantity of diesel pilot required to successfully initiate combustion, with the
objective of reducing diesel usage to minimize carbon emissions?
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2.1 Experimental Setup

The experimental campaign was carried out in 2023 on a heavy-duty compression ignition engine op-
erating with dual-fuel combustion, using hydrogen as the main fuel and a small diesel pilot for ignition.
Engine tests were performed under different load conditions, defined based on a desired torque and
horsepower target, at various engine speeds, and across a range of start of injection (SOI) timings and
injection durations. Although the main purpose of the tests was to explore the engine’s performance
under different conditions, the recorded data can also be used to support the validation of CFD models.
Special attention is given to the comparison of injection rate curves, injected quantities, in-cylinder pres-
sure evolution, apparent heat release rates, and overall combustion behavior, with the aim of improving
the predictive capabilities of the simulation framework for this engine concept.

2.1.1 Test Engine and Facility Description

The experiments were conducted on a six-cylinder Scania heavy-duty compression ignition engine
operating at 1200 RPM. The main geometric specifications of the engine are summarized in Table 2.1.

Table 2.1: Engine Specifications

Parameter Value
Number of cylinders 6
Bore 130 mm
Stroke 160 mm
Connecting rod length 260 mm
Compression ratio 23:1
Engine speed 1200 RPM

The engine is equipped with a high-pressure dual-fuel injector developed by Westport Fuel Systems,
capable of injecting both hydrogen and diesel through two independent needle systems. The injector
features nine orifices, with radius of 0.05 mm and 0.338 mm, specifically designed to accommodate
the drastically different physical properties of gaseous and liquid fuels.
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Figure 2.1: Westport Fuel Systems (Cespira) HPDI dual fuel injector
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For the validation of the CFD model, the experimental results obtained in two different test cases per-
formed at 1200 RPM and 75% load have been used. The reason why these cases were selected will
be discussed in coming sections. These cases corresponds to a stable condition with reliable mea-
surement data, including in-cylinder pressure traces and some injection parameters. The engine was
operated using hydrogen as the main fuel and a small diesel pilot for ignition. The corresponding
operating conditions are detailed in Table 2.2.

Table 2.2: Injection and Operating Conditions

Parameter Unit Case 1 A75 Case 5560HP
Start of Injection (Ha, electric) CAD BTDC 6.3 2.62
Start of Injection (diesel, electric)y CAD BTDC 11.33 8.63

H, mass per injection mg 71.08 72.43
Diesel mass per injection mg 5.88 6.16
Diesel injection on-time us 860 696
Hydrogen injection on-time us 1490 1337
Intake air mass per cylinder mg 6560.2 4891.3
Hydrogen rail pressure bar 302.5 299.2

It is important to note that a delay of approximately 3 crank angle degrees (CAD) exists between the
electrical activation signal and the actual start of injection for both hydrogen and diesel fuels, due to
injector response time.

2.1.2 Experimental Pressure Measurements

In-cylinder pressure is measured using piezoelectric sensors, these sensors only capture relative pres-
sure changes, not absolute values. Therefore, a pegging procedure is required to shift the pressure
trace to an absolute reference. This process involves determining an appropriate offset that aligns the
pressure curve with known thermodynamic behavior during a part of the compression stroke where no
combustion occurs.

In this study, an adiabatic compression is assumed in the interval between 620 CAD and 655 CAD.
The specific heat ratio v and the cylinder volume evolution V' (6) are obtained from CFD simulations.

Assuming adiabatic compression:
%) - (%)
(plz %1 @11
Given that the pressure sensor measures a shifted pressure p, = p; + p':

/ Vl K /
pa+p = (v) 1 +7) (2.1.2)

Solving for the offset p’, we obtain:

(2.1.3)

Where p1, p, are the pressures at 620 CAD and 655 CAD, and V1, V, are the corresponding cylinder
volumes.

Once the offset is computed, it is added to the entire pressure trace for each cylinder, Figures 2.2 and
2.3 show the pressure curves derived from the experiment for Case 1 of the A75 dataset and Case 5
of the 560HP experiment respectively.
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Figure 2.2: Experimental pressure curves for all six cylinders and their average (Case 1 A75).

Experimental Cylinder Pressures

Experimental Cylinder Pressures
300 230
cyl 1
cyl 2 o
250 Cyl 3 220
cyl 4
Cyl 5
Cyl & 210
200 = = =Mean s
o \ =
o v}
) i \ £ 200
ru | i \ L]
5 150 i 1 =
o 2 100
o ! a
= I =
a o
100 i \
! 180
/ \
L ! \
50 4 | 170 L
e S ]
d", ﬂ‘-*"‘-'-u—_
gE=—e=— —l ' L ' 160 ' L L ' L '
600 650 700 750 800 710 715 720 725 730 735 740
CAD[°] CAD [°]
(a) 579 to 841 CAD. (b) 710 to 740 CAD.

Figure 2.3: Experimental pressure curves for all six cylinders and their average (Case 5 560HP).

2.1.3 Apparent Heat Release Rate Calculation

In this work, the heat release rate is always presented as the apparent heat release rate (aHRR), unless
otherwise stated. It is important to distinguish this from the chemical heat release rate (cHRR). The
cHRR is obtained in simulations directly from the combustion process, where the total heat release is di-
rectly calculated from the enthalpy changes associated with all ongoing chemical reactions. In contrast,
the aHRR is obtained experimentally from in-cylinder pressure traces and provides a practical estimate
of the rate of energy release during combustion. It is derived from the first law of thermodynamics for
a closed system, under the common assumptions of negligible heat transfer and mass exchange:

dQcomb _ v av 1 dp
0 y—1Pd0 Ty =1 ds (2.1.4)

Where:
* fis the crank angle,
 pis the pegged in-cylinder pressure,
» V is the instantaneous cylinder volume,
* ~ is the specific heat ratio,
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av H
* The term %pm represents compression work,

* The term ﬁv% represents heat release.

Figures 2.4 and 2.5 represent the experimental apparent heat release rate of cases 1 and 2 respectively,

derived from the previous pressure curves. Figure 2.6 shows the same results as the previous figure
but after applying them a low pass filter (LPF) to reduce the noise of the signal.
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Figure 2.4: Experimental Apparent Heat Release Rate curves (Case 1 A75).
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Figure 2.5: Experimental Apparent Heat Release Rate curves (Case 5 560HP).
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Figures 2.7 and 2.8 represent the experimental cumulative heat release rate of both cases. It can be
seen from these plots that there is considerable cylinder-to-cylinder variation. In particular, cylinder
5 appears to exhibit the largest deviation, which is especially evident in Case 1 (A75). It appears to
have a lower Cumulative Heat Release Rate which could indicate that there is less fuel being injected
in that cylinder. Despite these differences, the analysis will proceed using the average of all cylinders.
However, it must be noted that this approach may introduce some level of error, since the cylinder-to-
cylinder variability is not fully captured in the averaged representation.
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Figure 2.7: Experimental Cumulative Apparent Heat Release Rate curves (Case 1 A75).
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Figure 2.8: Experimental Cumulative Apparent Heat Release Rate curves (Case 5 560HP).

2.1.4 Rationale for Case Selection

The experimental campaign at 75% load included a total of eight operating points within the A75 dataset.
These cases exhibited very similar injection timings and combustion behavior, resulting in comparable
in-cylinder pressure and apparent heat release rate (aHRR) curves. For this reason, only one rep-
resentative case was retained for detailed analysis. Case 1 from the A75 dataset was selected as
representative, since it was also employed in previous CFD studies with CONVERGE, which facilitates
direct comparison with earlier work.

In contrast, the 560HP dataset only contains one case at at 75% of load at 1200 RPM (Case 5) which
and displays a markedly different combustion behavior, mainly due to different injection timings. This
difference is clearly visible when comparing the complete set of 75% load cases. Figures 2.9 and 2.10
show the in-cylinder pressure and aHRR traces for all nine cases (eight from A75 and one from 560HP).
It can be observed that the A75 cases form a consistent cluster with only minor variations, while the



2.2. CFD Model Set Up 37

560HP case deviates significantly both in pressure evolution and in the shape and timing of the heat
release rate.

Based on this observation, Case 5 from the 560HP dataset was selected in addition to Case 1 from A75.
The inclusion of these two cases ensures that the CFD validation addresses not only a representative
operating point, but also one that diverges from the typical trend, thereby providing a broader and more
robust evaluation framework.

300 Cylinder-averaged pressure (case average) 250 Cylinder-averaged pressure (case average)
Casel
Case 2 1l
Case 3 280
—(Case 4
Case 5 220 F
Case®
—Case 7
—Case §
560HP

250

200

Pressure [bar]
- "
& ™
[=] (=]

Pressure [bar]
—
w
o

100

-
=
o

50
120+

L L L L 100 L L L L L L L ,
600 650 700 750 800 710 715 720 725 730 735 740 745 750

Crank Angle [°CA] Crank Angle [°CA]
(a) 579 CAD to 841 CAD. (b) 710 CAD to 750 CAD.

Figure 2.9: Comparison of in-cylinder pressure between the two 75% load cases.
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Figure 2.10: Comparison of aHRR between the two 75% load cases.

2.2 CFD Model Set Up

The CFD simulations were performed using the in-cylinder module of STAR-CCM+, focusing on a rep-
resentative sector of the engine. A sector model was selected due to the periodic symmetry of the
combustion chamber and injector configuration, allowing for reduced computational cost. The compu-
tational domain spans from 579 CAD to 841 CAD, corresponding to the period between intake valve
closing (IVC) and exhaust valve opening (EVO). This interval ensures that the simulated sector remains
physically accurate, as any valve overlap would invalidate the assumption of symmetry and the sector
approach would not be representative of reality.

The chosen sector covers 40 degrees of the full 360-degree cylinder geometry, reflecting the periodicity
imposed by the nine-hole injector design. Within the sector, both the hydrogen and diesel injectors are
included, each featuring an angular offset of 10 degrees from the sector mid-plane. This results in a
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total relative angular offset of 20 degrees between the two injectors, consistent with the actual engine
layout.

Figures 2.11 and 2.12 illustrate the geometry of the simulation domain. The isometric view shows the
full volume of the sector, while the top and side views provide a clearer depiction of the injector positions
and orientation within the combustion chamber.

(a) Top view. (b) Side view.

Figure 2.12: Sector views with hydrogen and diesel injection directions.

2.21 Baseline CFD Model Configuration

In this section, the baseline simulation setup for Case 1 is presented. The objective of this baseline case
is not to produce final or directly relevant results, but rather to provide an initial reference framework
for subsequent analyses, including the mesh sensitivity study and the assessment of connecting rod
stiffness effects. At this early stage of the project, the baseline simulation serves as a practical starting
point to evaluate modeling strategies and establish consistent boundary conditions.

Injection Mass Flow Profiles

The injection mass flow rate curves for hydrogen and diesel used in the baseline simulation were gen-
erated from the operating conditions summarized in Table 2.2. Knowing the start of injection and injec-
tion duration (converted into crank angle degrees), a simplified profile was constructed by assuming
an idealized symmetric opening and closing of the injector. No nozzle flow theory, needle dynamics,
or internal injector effects were considered at this stage. The only constraint applied was that the total
injected mass equals the target values of 71.08 mg for H, and 5.88 mg for diesel.
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The resulting curves, shown in Figure 2.13, therefore represent a rough estimation of how the injec-
tion event might look under the given timings. While not physically accurate, these profiles provide a
convenient approximation for early analyses such as the mesh sensitivity study and the evaluation of
connecting rod stiffness, without requiring detailed injector modeling.

Injection curves
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Figure 2.13: Simplified injection mass flow profiles used in the baseline simulations for diesel and hydrogen.

This simplified representation provides the initial baseline for the CFD analysis. Given its idealized
nature, deviations from experimental behavior are expected, particularly during the combustion phases.
In later stages of the project, more realistic injection profiles will be implemented, incorporating nozzle
flow theory and gradual needle dynamics, in order to more accurately reproduce the actual injection
and combustion processes.

Physical Models and Baseline CFD Setup

Following the definition of the simplified injection profiles, the next step is to establish the physical sub-
models required for the baseline simulations. The purpose of this setup is not to deliver final predictive
results, but to provide a consistent framework for evaluating mesh sensitivity and structural effects,
while ensuring that the main physical processes of dual-fuel hydrogen—diesel combustion are repre-
sented in a reasonable manner.

The simulation incorporates a set of physical submodels selected based on the conclusions drawn
from the literature review. These choices align both with Scania’s internal modeling practices and with
the approaches considered most appropriate for capturing dual-fuel hydrogen—diesel combustion in
internal combustion engines. A summary of the models included in this baseline setup is provided in
Table 2.3.
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Table 2.3: Summary of physical models used in the baseline CFD simulations.

Model Type Model or Setting

Turbulence Model RNG k—¢

Combustion Model Complex Chemistry

Flame Speed Model Turbulent Flame Speed Closure (TFSC)
Laminar Flame Speed Siemens H2 Laminar Flame Speed Table
Turbulent Flame Speed Zimont model

Reaction Mechanism Gustavsson n-heptane mechanism
Diesel Atomization Model Huh Atomization

Diesel Spray Breakup Model Reitz-Diwakar model

Equation of State Redlich-Kwong real gas model
Molecular Diffusivity Kinetic Theory

Thermal Conductivity Mathur-Saxena

Turbulent Schmidt Number (Sc¢;) 0.9 (default)

Turbulent Prandtl Number (Pr,) 0.9 (default)

Exhaust Gas Recirculation (EGR) 0.0%

Swirl 1.67 (2000 rpm)

The turbulence field is resolved using the RNG k—< model, which has previously shown reliable re-
sults for both diesel and hydrogen applications. Combustion is modeled using the Complex Chemistry
framework, with flame propagation captured through the Turbulent Flame Speed Closure (TFSC) model
based on a precomputed table made by Siemens to represent the H2 laminar flame speed and the Zi-
mont correlation for turbulent flame speed.

Regarding the reaction mechanism, the present simulations employ the n-heptane mechanism devel-
oped by Gustavsson et al. [27], a validated surrogate for diesel combustion that is widely used at
Scania. This mechanism also includes a simplified hydrogen sub-mechanism, which allows its applica-
tion in dual-fuel contexts. Further developments aimed at improving the coupling between diesel and
hydrogen reaction chemistry are ongoing research at Lund University of Technology and University of
Sydney, but these refinements lie beyond the scope of this thesis.

Fuel injection strategies differ between the two fuels. Diesel is modeled as a Lagrangian spray, with
Huh atomization and Reitz-Diwakar breakup models to capture droplet evolution. In contrast, hydrogen
is injected as a gaseous jet using the mass flow rate profiles derived earlier, without explicitly modeling
the injector geometry.

The thermophysical properties of the gas mixture are modeled using the Redlich-Kwong real gas equa-
tion of state, while kinetic theory and the Mathur-Saxena correlation are used for molecular diffusivity
and thermal conductivity, respectively. Both the Schmidt number and the turbulent Prandtl number are
kept at its default value of 0.9.

With these physical models and boundary conditions defined, the baseline simulation setup is complete.
The following subsection presents and discusses the results obtained from this initial configuration.

Baseline Model Results

The initial simulations were performed using the baseline configuration introduced in the previous sec-
tion. Figure 2.14 presents a comparison between the simulated in-cylinder pressure trace and the
corresponding experimental measurement. A clear mismatch can be observed across the entire crank
angle range, with the largest deviations occurring in the vicinity of top dead center (TDC), where hydro-
gen combustion takes place.

To verify whether the mismatch originates from inaccurate initial conditions, a closer comparison is
shown in Figure 2.14b, which displays the pressure evolution during the early compression phase.
At the beginning of the interval, from 579 CAD to 609 CAD, the simulated pressure matches the ex-
perimental value almost exactly. However, as the piston continues to compress the mixture, a small
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but growing deviation becomes evident. This suggests that the initial pressure conditions are correct,
however, the mismatch arises during the compression stroke, before the start of combustion.
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Figure 2.14: Comparison between simulated and experimental in-cylinder pressure in the baseline configuration.

These results will be used as a reference in the following sections where the mesh generation strategy
and the effect of connecting rod stiffness on the in-cylinder pressure trace is examined, as this structural
aspect has been identified as a potential cause for the mismatch prior to combustion.

2.2.2 Meshing

The computational mesh for the CFD simulations was generated using the Internal Combustion Engine
(ICE) module of STAR-CCM+, which is specifically designed for modeling transient processes in four-
stroke engines. This strategy is essential to capture the moving boundaries and steep gradients in
pressure, temperature, and species concentrations that characterize internal combustion phenomena.

The ICE module first constructs a 2D base mesh, which is then splined in the azimuthal direction to
generate the full 3D computational domain. The resulting mesh is composed primarily of structured hex-
ahedral cells. To accommodate piston motion, the software automatically performs remeshing during
the compression and expansion strokes, thereby preventing excessive cell distortion and preserving
numerical accuracy. Figures 2.15, 2.16, and 2.17 illustrate the mesh at 579 CAD, 720 CAD, and a top
view of the computational sector.

In addition to this automatic remeshing, two manual refinements were implemented:

» Conical refinement (710-760 CAD): applied during the main combustion phases to improve
resolution where sharp gradients in temperature and pressure occur.

* Cylindrical refinement (715-745 CAD): focused on the hydrogen injection window to better cap-
ture transient jet development and mixing.
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Figure 2.16: Mesh at 720 CAD.
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Figure 2.15: Mesh at 579 CAD. Figure 2.17: Top view of the mesh.

The main regions of interest can be described as follows:

» Cylinder Region: The cylinder sector forms the core of the computational domain, where the
mesh continuously adapts to piston displacement. Automatic remeshing ensures stable cell qual-
ity throughout compression and expansion, while refinements in this region improve the resolution
of combustion and injection events.

Diesel Injector: The diesel injector simulation is already included in the definition of STAR-CCM
+ ICE sector, and therefore it has a mesh refinement which is automatically integrated into the
mesh. However, as previously mentioned, two user-defined localized refinements have been
included around the diesel and hydrogen injectors regions to control the mesh in the area where
injections and combustion will take place.

Gas Injector (Hydrogen): Unlike the diesel injector, the hydrogen injector is not part of the default
ICE sector. It was therefore modeled as a separate region with a dedicated mesh. As shown in
Figure 2.18, a directed mesh technique was applied to achieve high resolution near the injector
holes, enabling a more accurate representation of jet penetration and hydrogen—air mixing.
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Figure 2.18: Mesh in the hydrogen injector.

Figure 2.18 alos displays some limitations of the meshing strategy that must also be acknowledged:

» Prism layer around the cylinder walls: The ICE template automatically generates a prism layer
adjacent to the cylinder walls to resolve near-wall flow. While appropriate for wall-bounded flows,
this layer cannot be locally deactivated in regions where additional geometries (e.g., the hydro-
gen injector) are introduced. This requires carefully adjusting the prism layer thickness to ensure
a smooth transition between injector and cylinder meshes. If not handled properly, excessive
numerical diffusion may occur, potentially distorting the hydrogen jet and affecting mixing predic-
tions.

» Global prism layer settings: Since the prism layer cannot be tuned locally, the adjustments
made for the injector region must also be applied throughout the cylinder. This constrains the
overall mesh design, as the injector requirements dominate the prism layer setup.

* Two-dimensional refinements only: Refinements in STAR-CCM+ are restricted to 2D defini-
tions extruded across the entire azimuthal sector. As a result, refinements intended for the hy-
drogen injector extend across the full 40 degree sector, rather than being localized. This leads to
unnecessary over-refinement in some areas and an increased computational cost.

Mesh sensitivity analysis

A mesh sensitivity study was conducted to evaluate the impact of mesh resolution on solution accuracy
and computational cost using 200 cores in the Scania cluster. Four mesh configurations were tested,
as summarized in Tables 2.4 and 2.5. The base cell size for the cylinder mesh was varied from 5 mm to
0.5 mm, with corresponding adjustments to the number of azimuthal layers, the prism layer thickness
and local refinement levels. As expected, finer meshes resulted in significantly larger cell counts and
longer runtimes. For instance, the 0.5 mm mesh contained over 2 million cells at top dead center
(TDC) and experienced divergence problems when running under the same conditions as the other
simulations.

The numerical stability of the simulations can be evaluated using the convective Courant number CF'L,
defined as:

u At
FL=— 2.2.1
¢ Ax ( )

where u is the local flow velocity, At is the time step, and Az is the local cell size. Values of CFL
significantly greater than unity typically indicate a risk of numerical instability.

Figure 2.19 illustrates the convective Courant number for the baseline 0.5 mm mesh, at one time
step before the simulation diverged. The values reached are considerably high, confirming that the
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divergence was driven by an excessive Courant number. In principle, this issue could be mitigated
by reducing the simulation time step. However, as already reflected in Table 2.4, the computational
cost is substantial, and further reduction of the time step would make the simulation impractically slow.
Therefore, it was considered that additional attempts to stabilize this mesh would not provide sufficient
benefit to justify the increased cost.

Table 2.4: General mesh parameters and computational cost.

Base Cell Size Azimuthal Layers |Initial Cells TDC Cells Simulation Time

5mm 20 38,623 22,235 11:03:28
2.5 mm 40 104,817 122,784 11:21:28
1 mm 80 902,335 501,292 18:49:04
0.5 mm 80 3,678,844 2,082,175 -

Table 2.5: Cell layer and refinement resolution per mesh configuration.

Base Cell Size Prism Layer Size Minimum Refinement Cell Size

5mm 1 mm 0.2 mm
2.5 mm 0.5 mm 0.1 mm

1 mm 0.25 mm 0.05 mm
0.5 mm 0.125 mm 0.025 mm

ant Nurmoer
>73

Figure 2.19: Convective Courant number distribution for the baseline 0.5 mm mesh, one time step before divergence.

Figure 2.20 shows the pressure traces for each mesh configuration. Despite the variation in mesh
resolution, the predicted pressure curves converge toward a common solution, which indicates that
the solution is approaching mesh independence. Although the 1 mm mesh exhibits slightly improved
resolution of pressure rise and peak, the differences compared to the 2.5 mm mesh are approximately
1% at peak pressure. For the highly detailed analyses the finer mesh may be used selectively. However,
for most parametric studies, the 2.5 mm mesh provides sufficient fidelity. Therefore, the 2.5 mm base
mesh was selected for further simulations. This configuration strikes a good balance between resolution
and computational time, with a TDC cell count of approximately 123,000 and a runtime of around 11
hours per cycle. Notably, this mesh is fine enough to capture the key features of the in-cylinder flow
and injection dynamics, while remaining within practical limits for iterative case studies.
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Figure 2.20: Pressure curves for different mesh values.

2.2.3 Connecting Rod Stiffness Corrections

To investigate the pressure overprediction observed during compression stroke in the baseline case, a
simulation was performed introducing a field function to account for the deformation of the connecting
rod. This approach modifies the trajectory of the piston to better reflect the mechanical behavior of the
engine under load, thus adjusting the effective compression ratio and the evolution of the in-cylinder
pressure. The piston displacement in the Z direction was redefined using the following expression:

. 2
Zpiston = Zo + I - cos(0) + L - \/1 - <RSH1L(0)+5) —V(L+R)3Z—-e2-4§ (2.2.2)

where:
* Zy: piston position offset,
* R: crank radius,
» 0: crank angle,
+ L: connecting rod length,
+ ¢: pin offset,
+ J: piston deflection due to rod deformation.

The final term § introduces an elastic correction to the piston motion caused by the axial force on the
connecting rod. It is estimated based on the pressure difference across the piston crown and the axial
stiffness of the rod, using:

F
0= —
k

(2.2.3)

where F' is the net pressure force acting on the piston, and & is the axial stiffness of the connecting rod.
The pressure force is defined as:

F= (pcylinder - pcrankcase) . Apiston (2.2.4)

Substituting into the previous equation, the deflection becomes:

0= (Peylinder — pcra}:kcase) ~ Apiston (2.2.5)
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Figure 2.21 shows the effect of this modification, comparing the original baseline simulation, the cor-
rected version, and the experimental pressure data. As shown in Figure 2.21a, the corrected simulation
now matches the experimental pressure evolution very closely during the entire compression phase,
even throughout the diesel injection event as it can be seen on Figure 2.21b. This confirms that the
deviation observed in the original baseline configuration was indeed caused by the overestimation of
effective compression due to the rigid connecting rod assumption.
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Figure 2.21: Comparison between simulated pressure curves with and without connecting rod stiffness.

The pressure traces of the original and corrected simulations remain virtually identical up to the onset of
hydrogen ignition at 717—718 CAD. Throughout the compression stroke, including the diesel injection
and pilot combustion phases, the corrected case shows excellent agreement with the experimental
data, with deviations remaining below 2%. This indicates that the pilot injection and combustion are well
captured with the current setup, and that the dominant source of error in the baseline model arose from
the rigid connecting rod assumption. After correcting for rod deformation, the remaining discrepancies
are confined to the hydrogen combustion phase, confirming that the pressure mismatch is now primarily
linked to the modeling of hydrogen injection and ignition.

2.3 Nozzle modeling

As discussed in the introduction, High-Pressure Direct Injection (HPDI) offers efficiency advantages,
making it an attractive option for heavy-duty and industrial engine applications. However, implementing
HPDI with hydrogen introduces significant challenges because of the physical properties of the fuel.
Unlike conventional carbon-based fuels, such as diesel, which are injected in liquid form, hydrogen at
ambient temperature is injected as a gas. This fundamental difference has a profound impact on the
behavior of the injection process and its modeling.

In traditional diesel injection, the flow through the injector orifices is often assumed to be constant during
the injection event. This assumption is valid because diesel is injected at very high pressures (typically
around 1000 bar), which are approximately an order of magnitude higher than the in-cylinder pressures
during injection (usually from 100 to 300 bar). Additionally, since diesel is injected as a liquid, it can
be approximated as an incompressible flow. As a result, the mass flow rate is primarily governed by
the pressure drop and the geometry of the orifice, and it can reasonably be approximated as constant
throughout the injection event, especially considering the short duration of injection.

In contrast, hydrogen injection in HPDI systems cannot rely on the same simplifications. Hydrogen is
injected gaseously at a rail pressure of approximately 300 bar, and being a low density compressible
gas, its behavior is fundamentally different. The mass flow rate is no longer solely governed by the
pressure differential and nozzle geometry, but also by the compressibility of the gas and the flow regime
at the nozzle exit.
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Since the injector is not explicitly included in the CFD domain, its behavior must be represented through
simplified theoretical models. For this purpose, the following section introduces the nozzle flow theory,
considering both the convergent and the convergent—divergent nozzle theory formulations as possible
approaches to describe the mass flow rate through the injector.

2.3.1 Convergent Nozzle theory

When analyzing compressible gas flows, it is essential to distinguish between different flow regimes
depending on the ratio between the local flow velocity and the speed of sound. This ratio is known as
the Mach number M, defined as:

M="1 (2.3.1)
a

where u is the local flow velocity and a is the local speed of sound.
The Mach number classifies the flow regime as follows:

» Subsonic (M < 1): flow velocity is lower than the speed of sound. Pressure disturbances can
travel both upstream and downstream, so the flow is influenced by both boundary conditions.

» Sonic (M = 1): flow velocity equals the speed of sound. This is known as the critical condition,
beyond which downstream pressure no longer influences the upstream flow.

» Supersonic (M > 1): flow velocity exceeds the speed of sound. Information only propagates
downstream. This regime requires divergent nozzle geometries and does not apply to the current
context.

The transition between the subsonic and sonic regimes is governed by the ratio between downstream
pressure p; and upstream (stagnation) pressure py. For a given gas, there exists a critical pressure ratio
below which the flow reaches sonic velocity at the nozzle hole. When this happens the downstream
pressure has no longer influences in the incoming flow, and the massflow through the orifice becomes
consta;t, this effect is known as choking. The threshold between subsonic and sonic conditions is given
by the critical pressure ratio (y = 1.4):

Dot _ <2> " ~0.528 for hydrogen, (2.3.2)
Do y+1

which implies that for a rail pressure py = 300 bar, choked flow only occurs if the in-cylinder pressure
pq remains below approximately 158 bar.
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Figure 2.22: Mass flow behavior as a function of in-cylinder pressure for a rail pressure of 300 bar
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In the case of Scania’s HPDI operating conditions illustrated earlier, injection takes place while the in-
cylinder pressure varies between 190 and 260 bar, therefore the critical ratio is not satisfied. As a result,
according to the theory for convergent nozzles, the flow remains in the subsonic regime throughout the
injection event.

Isentropic Flow Through a Convergent Nozzle: Subsonic Regime

In the subsonic regime, both the pressure and density at the nozzle exit depend on the Mach number
and are governed by the isentropic relations:

1 N

L (1 n 7M2) , (2.3.3)
Po 2
P (1 L=t 1M2> " (2.3.4)
Po 2

T v-1 -1

— =14 =M 2.3.

T ( + ) (2.3.5)

The corresponding mass flow rate per unit area is given by:

y+1
y — T2(v-1)
% = por/4RTy - M <1 + 721M2> (2.3.6)

This expression shows how the mass flow rate depends non-linearly on the downstream conditions.
As the in-cylinder pressure rises during compression, the pressure ratio decreases, and so does the
Mach number and corresponding mass flow rate.

Isentropic Flow Through a Convergent Nozzle: Sonic Regime (Choked Massflow)

If the in-cylinder pressure drops below the critical threshold defined in Eq. (2.3.2), the flow reaches
sonic conditions at the nozzle throat. This is known as choked flow. In this regime, the mass flow rate
becomes independent of downstream conditions, since pressure waves can no longer travel upstream
to influence the flow.

Under choked conditions, the flow velocity at the throat reaches M = 1, and the mass flow rate per unit
area reaches its maximum theoretical value. This is given by:

Y1
Y 2 2(y—1)
<TZ) _ po/ART, ( ) (2.3.7)
max

v+1

This expression depends solely on upstream conditions: the total density py, temperature T, and
specific gas properties v and R. Since downstream pressure no longer affects the flow once it is
choked, this regime provides a highly predictable and stable injection behavior with constant rates
when the needle is open.

In practical terms, for hydrogen injected at 300 bar, choked flow would only occur if the in-cylinder
pressure remains below approximately 157 bar. This condition might be satisfied during early injection,
particularly when the piston is still rising in the compression stroke. However, it is no longer valid near
Top Dead Center (TDC), where combustion chamber pressures often exceed 200 bar. This explains
why certain injection profiles used in previous simulations which were carried out with the injection
curves provided experimentally by Westport, exhibit a flat-top shape. All experiments that were pro-
vided to Scania with a rail pressure of approximately 300 bar have a downstream pressure equal to or
lower than 140 bar.
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Figure 2.23: Injection curve given by Westport Fuel Systems for methane injections with a rail pressure of 300 bar and a
constant back pressure of 140 bar.

Application of Convergent Nozzle Theory to Previous CFD Work

Figures 2.24 and 2.25 present the results of previous CFD studies performed at Scania with AVL FIRE,
in which the full sector geometry, including an injector, was explicitly modeled. These simulations allow
a direct comparison between cases with and without diesel pilot injection, and provide valuable insights
into how the instantaneous in-cylinder pressure influences the hydrogen mass flow rate.

The misfire case (black curves in both figures), corresponding to hydrogen injection without a diesel
pilot, exhibits a nearly flat-top mass flow rate throughout the injection event. This behavior is consistent
with the prediction of choked flow described in Section 2.3.7, where the nozzle flow reaches sonic
velocity and becomes independent of downstream conditions. In this case, the in-cylinder pressure
remains only slightly above 160 bar, which is close to the critical pressure threshold derived in Eq. 2.3.2.
Under these conditions, the flow can remain close to choked during most of the injection period, yielding
a constant injection rate profile.

In contrast, the cases that include diesel combustion show a markedly different behavior. As seen
in Figure 2.24, the hydrogen mass flow rate develops a pronounced dip in the middle portion of the
injection event, deviating significantly from the flat-top profile. Simultaneously, the in-cylinder pressure
rises sharply due to combustion, as illustrated in Figure 2.25, reaching values up to 290 bar for a rail
pressure of 300 bar and even exceeding 300 bar for a rail pressure of 350 bar. Under these conditions,
the pressure ratio across the nozzle no longer satisfies the critical condition, and the flow remains in
the subsonic regime. As explained in Eq. 2.3.6, the mass flow rate then becomes highly sensitive to
downstream pressure, decreasing as the in-cylinder pressure increases.

These results highlight that both flat-top and pressure-dependent injection profiles can be fully explained
within the framework of compressible flow through convergent nozzles. The apparent discrepancy
between the misfire and combustion cases does not imply inconsistencies in the simulations, but rather
reflects the different operating regimes of the nozzle. When the in-cylinder pressure is sufficiently low,
the flow chokes and the mass flow rate is constant. Conversely, when combustion elevates the in-
cylinder pressure above the critical threshold, the mass flow rate decreases dynamically as a function
of the instantaneous pressure ratio.
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Figure 2.25: AVL Fire simulations: pressure results
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2.3.2 Comparison between Convergent Nozzle Theory and 3 of the Previous
Cases

To validate the theoretical framework described above, the isentropic flow equations were applied to
three of the cases obtained from the AVL FIRE simulations reviewed previously. This includes the
injector geometry, rail temperature (293K for case 2 and 393K for cases 1 and 3), a rail pressure of
po = 300 bar, and the instantaneous in-cylinder pressure for each case, shown in Figure 2.26.

- ._,10? Pressure vs CAD
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Figure 2.26: Instantaneous in-cylinder pressure traces for the three test cases.

The theoretical mass flow rate was computed using the isentropic relations previously explained. Fig-
ures 2.27 to 2.29 show the results of this comparison. The dashed lines represent the theoretical mass
flow rate predicted by the isentropic model, while the solid lines correspond to the simulation results.
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Figure 2.27: Case 1 (Tp = 393 K). Comparison between the nozzle theory and CFD results (solid).
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Convergent Nozzle theory vs Case 2 (To=293K)
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Figure 2.28: Case 2 (Tp = 293 K). Comparison between the nozzle theory and CFD results (solid).
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Figure 2.29: Case 3 (Tp = 393 K). Comparison between the nozzle theory and CFD results (solid).

Upon examining the results, it becomes evident that the theoretical and simulated mass flow curves
follow a similar trend throughout the injection event. Both profiles exhibit the same general shape.
However, they appear to be slightly offset in magnitude, running approximately in parallel without inter-
secting.

This observation suggests that the difference between the isentropic model and the CFD simulations
may be attributed to a global scaling factor. To investigate this hypothesis, we computed the local
discharge coefficient C,; as the ratio between the simulated and theoretical mass flow rate at each
crank angle:

msim (0)

Od (6) B mtheory (9)

(2.3.8)

The resulting evolution of C; is shown in Figure 2.30. All three cases show consistent trends: after
the initial needle opening transient, C; stabilizes in the range of approximately 0.85-0.88 during the
main injection phase, before dropping again as the needle closes. Despite small oscillations and slight



2.3. Nozzle modeling 53

variations between cases, the discharge coefficient remains remarkably consistent across the different
operating points.
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Figure 2.30: Computed discharge coefficient C; from AVL results and the isentropic model, for the three test cases.

These results confirm that the isentropic flow model provides a reliable first-principles foundation for
predicting hydrogen mass flow through the injector. Moreover, the relatively stable range of C; sug-
gests that a single average value could potentially be used in injection models, significantly simplifying
calibration efforts without sacrificing physical realism.

2.3.3 Convergent-Divergent Nozzle theory

In the previous chapter, the injection process was modeled under the assumption that the hydrogen
injector behaves as a purely convergent nozzle, where the narrowest section of the flow path corre-
sponds to the outlet orifices. Under this assumption, the behavior of the injection follows the theory of
isentropic compressible flow through convergent nozzles: the mass flow rate varies with the pressure
ratio p.,/po, unless the flow becomes choked.

According to the convergent nozzle theory, this would result in a pressure-dependent mass flow rate
and a curved injection profile as it was shown in Figure 2.22. However, if the minimum area is not at
the nozzle exit, but rather somewhere upstream within the injector body, the internal geometry of the
injector would resemble a convergent-divergent (CD) nozzle, where the flow first contracts to a throat
and then expands toward the outlet.

Figure 2.31 illustrates the classical behavior of compressible flow through a convergent-divergent noz-
zle. In this configuration, the flow first accelerates through the converging section toward the throat,
which is the location of minimum cross-sectional area. If the pressure ratio between the in-cylinder
pressure and the rail pressure is high, the behavior is the same as in a Convergent nozzle. This means
that the flow remains subsonic throughout the entire nozzle, and the mass flow rate increases with
decreasing back pressure.

As the downstream pressure continues to drop, the velocity at the throat increases. When the Mach
number at the throat reaches M = 1, the flow becomes choked. At this point, the mass flow rate
reaches a maximum and becomes independent of the downstream pressure. Further reductions in
back pressure no longer increase the mass flow, but they do affect how the flow behaves beyond the
throat, in the divergent section.

The transitions in flow behavior are marked by a set of distinct pressure ratios known as the critical
point of a convergent-divergent nozzle. These points determine the conditions under which the flow
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transitions between different regimes. They are defined as follows:

* First critical point (choking): This occurs when the pressure ratio at the throat drops below
the critical value defined by Eq. (2.3.2). At this point, the Mach number at the throat reaches
M =1 and the nozzle becomes choked. The flow rate is maximized and no longer depends on
the downstream pressure. However, the flow remains subsonic in the divergent section. This is
the regime of particular interest in this study.

» Second critical point: As the downstream pressure continues to decrease beyond the choking
condition, the flow accelerates to supersonic speeds in the divergent section. However, due to
the pressure mismatch between the ambient pressure and the pressure in the nozzle, a normal
or oblique shock forms inside or near the nozzle exit, bringing the flow back to subsonic. This
second critical point marks the pressure ratio needed to obtain a shock wave at the nozzle exit.

* Third critical point (adapted nozzle): This corresponds to the ideal supersonic condition where
the exit pressure of the nozzle exactly matches the ambient pressure, allowing for a fully isen-
tropic expansion to supersonic flow throughout the divergent section with no shock waves. This
maximizes efficiency and thrust, but is rarely achieved in practice due to its precise pressure re-
quirement, pressure ratios above this point result in an overexpansion while those below produce
an underexpasion.
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Figure 2.31: Schematic of convergent-divergent nozzle flow regimes. In our case, the throat may lie within the injector,
upstream of the outlet holes. []

It is important to note that, unlike in purely convergent nozzles where the critical pressure ratio is fixed
(e.9., peyi/po ~ 0.528 for hydrogen), in convergent-divergent nozzles the pressure ratios at which each
critical point occurs depend on the nozzle geometry, specifically, the ratio of throat area to exit area
(Athroat /Aczit). FoOr a given pressure ratio p.,i/po, the nozzle can be choked if there is a critical value
A* [ A..i+ that ensures that the critical conditions are met in the nozzle. The ratio A*/A...: as a function
of peyi/po can be derived from the Mach number using the following equation:
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Y41
A* 2 v—1 2)] T 21
=M 1+ M . 2.3.9
Aexit |:'Y +1 ( 2 ( )
Where M is the Mach number at the exit of the nozzle and can be obtained directly from p.,; /po through
isentropic theory.

p% _ (1+ 721M2) T (2.3.10)

In this study, we hypothesize that the injector operates between the first and second critical points: the
flow is choked at an internal throat (with M;;,...¢ = 1), therefore the massflow remains independent
of the in-cylinder pressure, but the exit flow remains subsonic. This condition allows the use of con-
stant mass flow rates in injection profiles, even when the in-cylinder pressure is well above the critical
threshold derived in convergent nozzle theory.

2.3.4 Application of Convergent-Divergent Theory to the Injector Conditions

In this section, the isentropic theory of compressible flow in convergent—divergent (CD) nozzles is
applied to the specific case of the hydrogen injector considered in the first case of the study. The
objective is to assess whether, under the pressure conditions observed experimentally, the injector
could operate in a regime where choking occurs within a CD nozzle configuration, thereby sustaining
a constant mass flow rate.

For this example case the choking conditions for a maximum in-cylinder pressure during injection of
Deyt = 255 bar and a rail pressure of py = 302.5 bar will be derived. The outlet geometry consists of
nine holes of diameter 0.676 mm, giving a total outlet area of:

Aezir = 9- = - (0.676 mm)? ~ 3.229 mm?. (2.3.11)

T
4

From the isentropic relation between pressure and Mach number, we solve for the exit Mach number
corresponding to the pressure ratio p.,;/po =~ 0.843, and find:

M,y ~ 0.498. (2.3.12)

Using this, the area ratio A..;;/A* is computed via:

y+1
Aexit o 1 2 Y= 1 2 2G6-1
T = (V-Fl (1 + TM . (2.3.13)
Substituting, we find:
* Ae:cit ~ 2
N T3 2.404 mm=. (2.3.14)

Finally, the corresponding choked mass flow rate is computed using the full expression:

Y+l

. . ~ 2 \ -0
APy [ . 2.3.15
m 0"\ RT, <7+1> ( )

Which gives:

1~ 39.26 g/s. (2.3.16)
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m ~ 4.36 g/s per hole. (2.3.17)

These results show that, with a throat area of 4, = 2.404 mm?, the flow chokes and the mass flow
rate plateaus at n = 39.26 g/s for pressures below 255 bar. Reducing the throat area would extend
the pressure range over which choking is sustained, but at a lower choked . Conversely, increasing
the throat area raises the choked mass-flow rate while reducing the critical pressure ratio, meaning it
reduces pressure range for choking.

2.4 Cases Analyzed

In order to validate and assess the different modeling approaches, three different cases are considered
in this work. These cases are based on the two experimental datasets introduced previously, and an
additional variation where there will be no diesel pilot to trigger the hydrogen ignition.

Chapter 3: Case 1 A75 — Reference experiment in previous work

The first experimental case corresponds to the main reference dataset. This set was used previously
in the research made by Liu [41], Traecy [92] and Antonacci [12] to validate CFD models developed in
converge. Therefore, most of the modeling work will be carried out in this case. Initially, the injector
will be modeled using the convergent nozzle theory applied to two different mass flow curves. Subse-
quently, the convergent—divergent nozzle approach will also be applied and compared. Additionally,
this case will also be used to evaluate the effect of modifications to the combustion model and timestep,
in order to evaluate their effect on the simulation results. The last feature that will be evaluated using
this case will be the effect of varying the size of the diesel pilot in the performance of the engine.

Chapter 2: Case 5 560HP — Second experimental dataset

The second case corresponds to the additional experimental dataset described earlier. The same
methodology will be applied: both the convergent and convergent—divergent nozzle theories will be
used to model the injector. However, no modifications will be introduced to the combustion model. This
case will provide a means to assess the robustness and generality of the methodology when applied
to a different operating condition.

Chapter 3: Hydrogen-only Case

Finally, a purely hydrogen-fueled case will be investigated, where the diesel pilot injection is removed.
This configuration allows for the evaluation of the injection and combustion models in the absence of
diesel ignition assistance, providing further insights into the applicability of the proposed methodology
to future zero-carbon scenarios.
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3.1 Convergent Nozzle theory applied to case 1 A75

Following the analysis presented in the previous chapters, new mass flow injection curves were derived
from isentropic nozzle theory using the experimental pressure curve. Unlike the flat-top profile used
in the baseline case, the new curves reflect the theoretical influence of in-cylinder pressure on the
instantaneous mass flow rate. The objective is to evaluate whether this physically-based injection
profile improves agreement with experimental and simulated pressure traces. The same simulation
setup as in the baseline case was retained to ensure a fair comparison, with the only change introduced
being the injection profile.

3.1.1 First Injection Profile: Short Injection curve derived from Experimental
Data

Figure 3.1 shows the first new injection curve used in this simulation. The injection timing was derived
from the data collected from the first set of experiments which was presented in Table 2.2. The opening
and closing stages were adjusted to deliver a total injected mass of 71 mg, with the only constraint
being that both stages follow the same slope, which is a limitation that will be discussed in the following
sections. Compared to the original flat-top profile, it exhibits a slight drop in the central part of the
injection, consistent with what is predicted when the flow transitions into the subsonic regime as in-
cylinder pressure increases.

Injection curves
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Figure 3.1: Injection profile based on isentropic flow theory used in the new simulation.

To assess the impact of this new injection curve, the resulting in-cylinder pressure trace from the new
simulation was compared with both the previous flat-top injection case and the experimental pressure
trace. As shown in Figure 3.2, the simulation using the convergent nozzle injection profile shows a
clear improvement in capturing the experimental pressure trend.
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Figure 3.2: Comparison of in-cylinder pressure: baseline simulation (flat-top injection), convergent nozzle theory simulation,
and experimental data.

Despite this improvement, the match is still not entirely satisfactory. A notable discrepancy remains
in the peak of the pressure trace, suggesting that the actual injected mass per second may be lower
than predicted. This leads to the hypothesis that the injector hydraulic dynamics may not be as easy to
correlate with the electric signals measured in the experiment as it was initially assumed. The following
chapter will explore an alternative injection that considers longer injection durations in order to evaluate
their effect on the agreement with the experimental results.

3.1.2 Second Injection Profile: Alternative Long Injection Curve Based on Pre-
vious Work

Building on the results discussed in the previous section, it appears that the mismatch in the peak
pressure may be linked to an underestimation of the effective injection duration. To investigate this
further, the injection strategy employed in the earlier CFD work of Antonacci [12] was taken as a refer-
ence. Since his study was conducted using the same experimental campaign as the present thesis, it
provides a particularly relevant benchmark for comparison.

In that work, although the nominal injection duration derived from the electrical command was 10.7 CAD,
the injection duration implemented in the CFD model was significantly longer, 19.2 CAD, measured from
the start of needle opening to full closure. This extended duration may appear inconsistent with the
experiment at first glance; however, it was necessary in order to construct a flat-top injection profile
that matched the target total injected mass of 71 mg. In practice, matching this mass with a trapezoidal
profile required either slowing down the opening and closing transitions or reducing the plateau flow
rate and extending the injection time.

Based on this observation, a new simulation was performed using the same total duration of 19.2 CAD,
but instead of a flat-top profile, the injection curve was generated using the isentropic flow model. Fig-
ure 3.3 shows the resulting mass flow rate curve, which preserves the theoretical shape in the central
region and features smooth ramps at the beginning and end, extending the total injection period.
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Injection curves
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Figure 3.3: Injection profile based on the isentropic flow model with a total duration of 19.2 CAD.

The resulting in-cylinder pressure trace is compared in Figure 3.4 against the previous simulation and
the experimental data. As seen in the plots, the use of a longer injection duration leads to a substantial
improvement in the predicted pressure magnitude. In particular, the new trace is much closer in shape
and peak value to the experimental result. Although a slight phase shift remains, visible in the zoomed
view in Figure 3.4b, the overall agreement is significantly better.
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Figure 3.4: Comparison of in-cylinder pressure using long-duration injection (19.2 CAD), original simulation (10.7 CAD), and
experimental result.

These results provide encouraging evidence that the actual effective injection duration, including the
hydraulic opening and closing phases, may be longer than the nominal electrical duration assumed in
the baseline case. This supports the hypothesis that the injector’s hydraulic response is not perfectly
synchronized with the electrical command used in the experimental measurements.

To investigate this further, the next section will examine the apparent heat release rate (aHRR) profiles.
The goal is to gain additional insight into the real injection dynamics.
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3.1.3 Heat Release Curves as an Indicator of Injection Dynamics

In the previous section, a longer injection duration was tested using the isentropic flow model, and
the results showed a significant improvement in matching the experimental in-cylinder pressure trace.
However, although the pressure profile became much more similar to the experimental one, some
discrepancies still remained, particularly visible in the timing of the peak pressure.

To better understand these differences and investigate what might still be missing from the injection
modeling, now the attention is turned into the apparent heat release rate (aHRR) curves. The goal is
to assess whether the combustion response can offer additional insight into the true dynamics of the
injection process.

To further investigate the differences between simulation and experiment, this subsection begins by
examining the apparent heat release rate (aHRR) curves from the last two CFD simulations. These
correspond to the short-duration and long-duration injection cases using the isentropic mass flow pro-
files. Figures 3.5 and 3.6 show the aHRR as a function of crank angle for each case.
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Figure 3.5: Apparent heat release rate (aHRR) for the short-duration injection case.
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Figure 3.6: Apparent heat release rate (aHRR) for the long-duration injection case.

Although neither of the simulated cases appears to reproduce the experimental aHRR trends, as shown
in Figures 3.5 and 3.6, what truly stands out is not the discrepancy itself but the apparent correlation be-
tween the injection profile and the simulated aHRR. Upon closer inspection, a visual similarity between
the shape of the aHRR and the previously used injection curves was noted. To explore this further,
the aHRR and the hydrogen mass flow rate were plotted together for each case. Figures 3.7 and 3.8
illustrate this comparison, where the aHRR is plotted on the left axis and the instantaneous injection
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rate on the right. The similarity in shape is striking: the aHRR appears to follow the mass flow rate
profile almost directly, with only a minimal delay.
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Figure 3.7: Comparison between aHRR (right axis) and injection profile (left axis) for the short-duration case.
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Figure 3.8: Comparison between aHRR (right axis) and injection profile (left axis) for the long-duration case.

This correlation strongly suggests that the injected hydrogen undergoes combustion almost immedi-
ately upon entering the combustion chamber. The apparent Heat Release Rate (aHRR) can be inter-
preted as a filtered and slightly delayed representation of the hydrogen mass flow rate, with only a
minor phase shift of approximately 1—1.5 CAD between the injection event and the onset of combus-
tion. The two quantities are related through a proportionality factor that has been plotted in Figures
3.9 and 3.10, which has an average value of about 11.5 ﬁ, corresponding to an average specific
energy release of 83 1}{’[—;. This value is approximately 30% lower than the theoretical energy density of
hydrogen (120 1}{%), likely due to heat losses and incomplete energy conversion within the combustion
chamber, which eventually takes place later in the combustion process.
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Figure 3.9: Apparent heat Release Rate divided by the injection massflow (J s/g CAD).
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Figure 3.10: Apparent heat Release Rate divided by the injection massflow (MJ/kg).

Interestingly, this strong correlation between the aHRR and the injection profile is consistent with pre-
vious findings obtained in CONVERGE simulations by Antonacci, who also observed that the shape
of the heat release curve closely followed the injection dynamics. However, the degree of similarity in
CONVERGE appeared to be somewhat less pronounced than in the present cases from Star-CCM+,
as can be seen in Figure 3.11. This reinforces the interpretation that the heat release shape can indeed
serve as a reliable indicator of the underlying injection process.
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Figure 3.11: Chemical RoHR and energy injection rate for different injection curves from Antonacci [12].
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3.1.4 Deriving Injection Profile from the Experimental aHRR

Building on the observations done in the previous subsection, the experimental aHRR trace can now be
used to derive the shape of the actual injection obtained in the test. Since the simulated heat release
curves were shown to closely reflect the form of the injection profiles, examining the experimental
aHRR may provide valuable information about how fuel was actually injected. Figure 3.12 shows the
experimental aHRR curve plotted over crank angle degrees.
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Figure 3.12: Experimental apparent heat release rate (aHRR).

To facilitate comparison, Figure 3.13 overlays the experimental curve with the aHRR traces from the
two previous CFD simulations, the short-duration and long-duration injection cases.
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Figure 3.13: Comparison of aHRR profiles: experimental vs. previous CFD simulations.

From this comparison, four key discrepancies emerge that cannot be reconciled within the framework
of the Convergent Nozzle Theory:

1. Peak magnitude of aHRR. The experimental aHRR exhibits a substantially lower peak, around
45 J/CAD, whereas the simulated cases reach approximately 60—70 J/CAD. If hydrogen were to
combust immediately upon injection, such a difference strongly suggests that the actual injected
fuel mass was lower than the values predicted using the convergent nozzle assumption.

2. Shape of the injection phase. The experimental trace departs notably from the simulated ones.
While the convergent-nozzle-based simulations produce a sloped profile during the main injection
phase, the experimental curve displays a flatter region, more consistent with a nearly constant
mass flow rate. This indicates that the real injection process cannot be accurately described by
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the pressure-driven reduction imposed by the convergent nozzle model, but instead it is limited
somehow in the injector.

3. Injection duration. The duration of the experimental aHRR matches more closely the long-
duration case (approximately 20 CAD) rather than the nominal 10.7 CAD commanded electrically.
This mismatch points to injector dynamics, such as hydraulic delays and extended needle motion.

4. Opening and closing slopes. A closer look at the rising and falling edges of the experimental
curve reveals additional insight. The rising slope lies between the short- and long-duration simu-
lation cases, whereas the decay slope closely resembles that of the long-duration injection. This
suggests that the injector needle opens at an intermediate speed but closes more slowly, which
is physically consistent with hydraulic resistance as the closing stages occur when there is higher
in-cylinder pressures.

Taken together, these differences indicate that the Convergent Nozzle Theory alone cannot reproduce
the experimental injection and combustion behavior. For this reason, the following section introduces a
data-driven approach to construct a more realistic injection curve, directly derived by the experimental
aHRR trace.

3.2 Convergent-Divergent Nozzle theory applied to Case 1 A75

Based on the insights obtained from the experimental aHRR curve, a new injection profile was con-
structed and implemented in a CFD simulation. The objective was to evaluate whether a flat-top mass
flow profile with a duration and flow rate derived from the experimental aHRR curves could reproduce
the experimentally observed combustion and pressure characteristics.

The curve used in this simulation is shown in Figure 3.15. It consists of a central flat segment delivering
approximately 3.7 g/s, obtained from dividing the experimental aHRR by 11.5, which as it was shown in
the last section, represents the approximated conversion factor obtained from the correlation between
injection rates and measured heat release in the previous cases. The injection event spans a total
duration of 20 CAD. The rising edge of the injection curve, corresponding to the opening of the injector,
was designed to be relatively sharp, occurring within 3 CAD (417 us), whereas the closing phase
was made more gradual with a closing time of 7 CAD (972 us). This asymmetric shape of the curve,
which had not been explored before, was designed following the reasoning discussed earlier: due to
the hydraulic nature of the injector and the higher in-cylinder pressure near the end of the event, it is
reasonable to expect that the needle closes more slowly than it opens. Interestingly, the opening and
closing times obtained from this analysis were later found to be in close agreement with the values
reported by CESPIRA for their internal injector simulations, which specify opening durations of 0.4-
0.6 ms and closing durations of 0.7-1.0 ms.
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Figure 3.14: Injection profile obtained using convergent-divergent nozzle theory: flat-top of 3.7 mg/CAD over 20 CAD, with fast
opening (3 CAD) and slower closing (7 CAD).
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Figure 3.15: Injection profile obtained using convergent-divergent nozzle theory vs. aHRR obtained from the experiemnte
(filtered).

The resulting pressure trace and heat release curve obtained from the simulation are presented in
Figures 3.16 and 3.17, compared against the experimental data. It can be seen that the agreement
between the simulated and experimental curves has improved significantly compared to previous cases.
In the aHRR profile, both the rising and falling edges of the curve are well captured by the simulation,
suggesting that the transient behavior of the injection has been accurately modeled. Although the
overall shape and timing are well aligned, the main remaining discrepancy lies near the top of the
aHRR curve, where the simulation slightly underestimates the peak values. This could indicate that
the amount of energy released during combustion is still underestimated by the combustion model or
that the fuel injected is higher than expected. To confirm which of these hypothesis is correct, in the
coming section the combustion model will be changed.

Similarly, the pressure traces show excellent agreement throughout most of the cycle, including the
compression and expansion phases. As expected, the underprediction of peak aHRR translates into
a slightly lower peak pressure in the simulation. However, the general profile is very close to the
experimental result, indicating that the current injection strategy and combustion model are heading in
the right direction.
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Figure 3.16: Comparison of pressure curve obtained for a top flat injection with the experimental result.
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Figure 3.17: Comparison of aHRR curve obtained for a top flat injection with the experimental result.

3.2.1 Convergent Nozzle Rationale for the Flat-Top Injection

To explain the flat-top mass-flow profile introduced above, we use convergent nozzle theory to show
that the observed plateau is consistent with choked flow through an effective throat. The analysis
assumes a rail pressure of py = 302.5 bar and a rail temperature of T, = 350 K.

Assuming the injector delivers approximately 3.7 g/s per hole, with nine holes in total, the total mass
flow rate is:
Miotal = 3.7 X 9 = 33.3 g/s. (3.2.1)

Using this value, the required throat area for choked flow is:

A* = —— ~ 2.042 mm?. (3.2.2)
v 2 2(y—1)
Po- /B - (ﬁ)
With Agyit = 3.229 mm?, the area ratio is:
Aexit
o A 182, (3.2.3)

From this area ratio, a numerical solution gives the exit Mach number:
Meyit = 0.402, (3.2.4)

and the backpressure required to sustain choking at this flow is:

— y—1
Doyl _ (1 + MM2> ~ 0.8939, (3.2.5)
Do 2

which yields:
Doyl ~ 270.4 bar. (3.2.6)

Because this value exceeds the in-cylinder pressures observed during the injection event, the flow
remains choked over the whole range. Consequently, an effective throat area of about 2 mm? naturally
yields a constant mass flow rate, providing a mechanistic explanation for the flat-top segment observed
in the injection profile.
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3.3 Modifications to the Modeling Configuration

Although the introduction of the flat-top injection profile has significantly improved the agreement be-
tween simulation and experimental data, subtle discrepancies remain in both the in-cylinder pressure
trace and the apparent heat release rate. This suggests that further refinements are needed on the
combustion side of the model.

In this section, several modifications to the combustion modeling are investigated. First, the TFSC
(Turbulent Flame Speed Closure) approach is replaced by the LFC (Laminar Flamelet Closure) model
in order to evaluate the sensitivity of the results to the combustion formulation. Second, the turbulent
Schmidt number is reduced from its default value of 0.9 to 0.5, which is expected to increase the mixing
of the hydrogen. Finally, the influence of exhaust gas recirculation (EGR) is tested by increasing the
EGR rate from 0% to 5%. These modifications aim to assess the robustness of the CFD framework
and to identify which modeling assumptions are most critical for accurately capturing hydrogen-diesel
combustion under the studied conditions.

3.3.1 Comparison Between TFSC and LFC Combustion Models

The flat-top injection profile introduced previously reproduces the experimental trends with good ac-
curacy: both the in-cylinder pressure and the aHRR curves show realistic timing, correct transient
behavior during opening and closing, and an injected hydrogen mass close to the expected 71 mg.
Nevertheless, a discrepancy remains in the peak of the aHRR curve, where the simulation underesti-
mates the experimental result. Since both the transient ramps and the integrated mass have already
been matched, there is limited room for further adjustments to the injection profile without compromising
these agreements.

For this reason, the focus is shifted from injection dynamics to the combustion modeling itself. Up to this
point, the TFSC model has been employed. While efficient, this approach relies on pre-computed flame
speed tables, which may limit its ability to capture the detailed combustion physics under hydrogen—
diesel dual-fuel conditions. As an alternative, the LFC model was tested, in which the flame speed is
computed dynamically as a function of the local thermochemical state. Additionally, TFSC is a model
that has been designed to perform well in turbulent scenarios while LFC does not introduce turbulence
in the resolution of the transport equation which can make it more accurate if the levels of premixing
are not very high.

Figures 3.18 and 3.19 compare the results of both combustion models against the experimental mea-
surements. The TFSC results are shown in blue, while the LFC case is shown in red.
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Figure 3.18: Comparison of simulated and experimental pressure traces using TFSC and LFC combustion models.
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Figure 3.19: Comparison of aHRR curves obtained with TFSC and LFC combustion models.

The results indicate that switching to the LFC model produces a more pronounced and stable peak in
the aHRR curve, bringing the simulation closer to the experimental measurement. This improvement
also translates into a slightly higher peak cylinder pressure, thereby reducing the remaining discrepancy.
The general shape and phasing of both curves remain consistent with the previous results.

Figure 3.20 shows the aHRR divided by the massflow rate in MJ/kg for both TFSC and LFC, it can be
observed that the LFC converts more fuel into energy in the main stages of combustion. These figures
suggest that the TFSC model may estimate a high energy release during the early stages, when there
is higher mixing, but underestimate it during the main injection, where the flame is more diffusive,
probably due to its reliance on tabulated laminar flame speeds and the derived turbulent flame speed
approximation. By contrast, the LFC model provides a more adaptive description of the combustion
process under the present conditions. For this reason, the LFC model will be adopted as the baseline
approach in the subsequent analyses.
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Figure 3.20: Apparent Heat Release Rate divided by the injection massflow (MJ/kg).

In summary, the combination of the flat-top injection profile with the LFC combustion model yields
simulation results that closely match both the experimental in-cylinder pressure and aHRR curves.
While minor discrepancies remain, they are sufficiently small to conclude that the essential injection
dynamics and combustion behavior of this case have been successfully captured.
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3.3.2 Turbulent Schmidt Number Variation

The turbulent Schmidt number (S¢;) controls the relative efficiency of turbulent mixing of scalar quanti-
ties compared to the transport of momentum. Lower values enhance turbulent diffusivity and promote
faster homogenization of the fuel—air mixture, while higher values suppress scalar mixing and maintain
steeper concentration gradients.

In most combustion simulations, values in the range of 0.7-0.9 are typically used, corresponding to
slightly slower scalar mixing relative to momentum transfer. To evaluate the influence of turbulent mixing
intensity on the combustion behavior, two simulations were performed with S¢; = 0.9 (the default value
in STAR-CCM+) and S¢; = 0.5, following the range recommended in literature for mixing-dominated
flows such as hydrogen injection.
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Figure 3.21: Comparison of simulated and experimental pressure traces with different turbulent Schmidt numbers: 0.5 vs. 0.9.
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Figure 3.22: Comparison of aHRR curves obtained with different turbulent Schmidt numbers: 0.9 vs. 0.5.

The results show that varying Sc¢; produces only minor differences in the pressure trace, indicating that
the overall combustion phasing is largely unaffected. However, a noticeable effect appears in the aHRR
at the beginning of the injection event. The case with the lower Sc¢; = 0.5 exhibits a slightly higher initial
aHRR, suggesting that the enhanced turbulent mixing leads to a more homogeneous hydrogen—air
mixture prior to ignition, which releases more energy during the early combustion phase.

Beyond this initial stage, both cases converge to similar trends, with Sc¢; = 0.9 still providing an excel-
lent overall match to the experimental pressure and aHRR profiles. The observed sensitivity therefore
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aligns with the expected physical behavior, lower S¢, increases mixing efficiency, but given the already
accurate agreement obtained with the default value, Sc¢; = 0.9 was retained as the reference for sub-
sequent analyses.

3.3.3 EGR Content: 0% vs. 5%

Finally, the gas composition was modified by introducing 5% of mass Exhaust Gas Recirculation (EGR),
as a way to test the sensitivity of hydrogen combustion to the air composition. EGR was implemented
by adjusting the composition of the intake gas to include a small fraction of inert combustion products,
mainly CO2 and H20, instead of assuming pure air (O2 + N2).

These species have significantly higher specific heat capacities compared to nitrogen or oxygen, which
effectively reduces the ratio of specific heats v = % of the mixture. A lower ~ leads to a lower pressure
increase for a given temperature rise, and reduces the adiabatic flame temperature resulting from the
same amount of heat release. This not only weakens the thermal driving force of combustion but also
slows down chemical kinetics, contributing to delayed ignition and lower peak pressure. Figures 3.23
and 3.24 present the results obtained for 0% and 5% EGR.
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Figure 3.23: Comparison of simulated and experimental pressure traces with different EGR: 0% vs. 5%.
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Figure 3.24: Comparison of aHRR curves obtained with different EGR: 0% vs. 5%.
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The results confirm the expected effect of EGR on hydrogen combustion. The introduction of 5% EGR
leads to a noticeable reduction of the initial aHRR peak, while the rest of the combustion curve remains
very similar but slightly lower compared to the case without EGR. This behavior is consistent with the
thermodynamic and kinetic effects described earlier, as the presence of CO2 and H20 moderates the
temperature rise and slows the chemical reactions. However, the magnitude of this effect is relatively
small, and given that the experimental operating conditions considered in this study include only about
1.5-2% EGR, it is unlikely that EGR plays a major role in explaining the discrepancies between simu-
lation and experiment.

3.3.4 Conclusions on Modeling Modifications

The analyses performed in this section highlight the relative influence of different modeling assumptions
on the prediction of hydrogen—diesel dual-fuel combustion. The comparison between TFSC and LFC
clearly showed that the LFC model provides a more accurate representation of the combustion process,
especially in reproducing the peak of the aHRR curve, and will therefore be adopted as the baseline
approach in subsequent analyses.

The variation of the turbulent Schmidt number from 0.9 to 0.5 demonstrated that hydrogen’s high diffu-
sivity does affect the early stages of combustion, with a higher initial aHRR observed at lower Sc;. This
behavior is consistent with enhanced mixing and a larger premixed contribution, although the overall
impact on the global combustion process remains modest.

Finally, the sensitivity study on EGR confirmed the expected moderating effect of products such as CO2
and H20, reducing the initial heat release peak and slightly lowering the pressure rise. Nevertheless,
since the experimental cases considered here involve only 1.5-2% EGR, this effect is too small to
explain possible discrepancies between simulation and experiment.

Overall, these investigations suggest that the choice of combustion model (TFSC vs. LFC) has the
largest impact on simulation accuracy, while adjustments to S¢; and moderate levels of EGR play
secondary roles. This underlines the importance of properly capturing the flame dynamics and local
thermochemical state in order to model hydrogen combustion with sufficient fidelity.

To consolidate these findings, Table 3.1 summarizes the physical and numerical models that will be
employed in the subsequent case studies. These settings reflect the conclusions drawn here, adopt-
ing the LFC approach for flame propagation, retaining the default turbulent transport coefficients, and
neglecting EGR effects due to their minor influence under the investigated operating conditions.

Table 3.1: Summary of physical models adopted for subsequent simulations.

Model Type Model or Setting

Turbulence Model RNG k—¢

Combustion Model Complex Chemistry

Flame Speed Model Laminar Flame Concept (LFC)
Reaction Mechanism Gustavsson n-heptane mechanism
Diesel Atomization Model Huh Atomization

Diesel Spray Breakup Model Reitz—Diwakar model

Equation of State Redlich—-Kwong real gas model
Molecular Diffusivity Kinetic Theory

Thermal Conductivity Mathur—Saxena

Turbulent Schmidt Number (S¢;) 0.9 (default)

Turbulent Prandtl Number (Pr;) 0.9 (default)

Exhaust Gas Recirculation (EGR) 0.0%
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3.4 Numerical Sensitivity to Time Step: Case 1 (A75)

During the analysis of Case 1, noticeable spikes were observed in the apparent heat release rate
(aHRR) curves. Based on their characteristics, it was hypothesized that the nature of these spikes
was numerical rather than physical, as they coincided with changes in the time step size and with the
automatic remeshing events performed by the solver. To confirm this assumption, a new simulation
was carried out using a constant time step strategy, allowing a direct comparison against the adaptive
time refinement approach.

In the adaptive configuration, the time step was reduced during the needle opening and closing phases
of the injection, while larger values were used during the fully open phase. By contrast, in the constant
configuration, a fixed small time step was applied throughout the entire injection event. Figure 3.25
illustrates the two strategies.
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Figure 3.25: Comparison of adaptive and constant time step strategies.

The impact of the time step strategy on the calculated aHRR is shown in Figures 3.26, 3.27 and 3.28.
The results confirm that the spikes in the aHRR are numerical artifacts introduced by variations in the
time step, rather than physical phenomena. Enforcing a constant time step significantly reduces these
artificial oscillations. Nevertheless, some deviations remain in regions where automatic re-meshing
occurs, which indicates that such spikes cannot be fully avoided but should be interpreted as numerical
effects.

Furthermore, it was observed that the change in the time-step strategy also appears to influence the
small peak associated with the diesel pilot combustion. In the constant time step simulation, this peak
is slightly shifted compared to the adaptive case, suggesting a numerical sensitivity in the early stages
of diesel ignition. In contrast, the main hydrogen combustion event remains unaffected, confirming that
the global combustion process is robust regardless of the chosen time-step strategy.
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Figure 3.26: aHRR obtained with adaptive time step in Case 1 (A75).
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Figure 3.27: aHRR obtained with constant time step in Case 1 (A75).
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Figure 3.28: aHRR obtained with both time steps in Case 1 (A75).
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3.5 Sensitivity to the Diesel Pilot Injection

As a final step in the analysis of Case 1, an additional simulation was carried out to further examine the
influence of the diesel pilot on the combustion process. In this configuration, the total amount of injected
diesel was reduced to 50% of the baseline case. This reduction was implemented by removing the
initial portion of the diesel injection event while maintaining the same instantaneous mass-flow profile.
Consequently, the overall injection duration was shortened by roughly half, although the reduction in
timing is not exactly proportional to the fuel quantity decrease.
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Figure 3.29: Injection curves 50% and original cases.

Figures 3.30 and 3.31 compare the cylinder pressure and aHRR traces between the best match of
Case 1 and the 50% diesel case. The results show that the impact on the pressure evolution is minor,
with both cases exhibiting almost identical trends throughout the cycle. However, the effect becomes
more apparent in the aHRR. In the reduced-diesel case, a strong initial peak is observed at the onset of
hydrogen combustion, which can be attributed to an increased degree of premixing of hydrogen prior
to ignition. After this initial stage, the aHRR curve converges toward the baseline behavior, leading to a
comparable overall combustion profile. A possible explanation can be that, as the diesel and hydrogen
injectors have a 20-degree offset, the size of the diesel flame is smaller and therefore gives hydrogen
more time to premix before the flame reaches the hydrogen and burns it.

These observations indicate that the amount of diesel pilot not only influences ignition stability but
also affects the extent of premixing and the subsequent shape of the aHRR. While the global pressure
development remains largely unchanged, the heat release dynamics become more sensitive, especially
during the early phase of hydrogen combustion.
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Figure 3.30: Comparison of pressure traces with different diesel pilot sizes.
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Figure 3.31: Comparison of aHRR traces with different diesel pilot sizes.

3.5.1 Effect of reducing the Diesel on the premixing and start of combustion

To further investigate the differences in ignition behavior between the original and the 50% diesel cases,
Figures 3.32 to 3.35 visualize the spatial distribution of the hydrogen jet and diesel flame as well as
temperature during the early phase of hydrogen combustion.

The first set of figures (3.32 to 3.34) shows planar cuts through the hydrogen injector, where the tem-
perature is superimposed with contours of H2 and OH mole fractions. The H2 concentration illustrates
the H2 jet, while the OH radical serves as a reliable indicator of the flame front, as it is a short-lived
intermediate species formed at high temperatures in both diesel and hydrogen combustion. Therefore,
regions with elevated OH concentration correspond to zones where active combustion is occurring.

In Figure 3.32 at 718.3 CAD, the original case shows the first signs of ignition, with localized regions of
high OH concentration marking the onset of combustion. In contrast, the 50% diesel case exhibits no
visible OH at this stage, indicating that hydrogen has not yet ignited. By 719.6 CAD, the first traces of
OH appear in the 50% diesel case, signaling the beginning of the ignition process, while the flame in the
original case is already more developed and expanding throughout the combustion chamber. Finally,
at 720.6 CAD, the flame in the original case is fully established, whereas in the 50% diesel case it is
still in the process of forming. This behavior confirms that the reduced diesel quantity delays hydrogen
ignition, allowing a longer premixing period before combustion starts. Consequently, the ignition event
in the 50% diesel case occurs more abruptly and is consistent with the sharp peak observed in the
apparent heat release rate.

Mole Fraction of HZ Mole Fraction of OH
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(a) Original Case 1 (A75). (b) 50% diesel case.

Figure 3.32: Temperature and isosurfaces of H2 and OH mole fractions at 718.3 CAD.
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Figure 3.33: Temperature and isosurfaces of H2 and OH mole fractions at 719.6 CAD.
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Figure 3.34: Temperature and isosurfaces of H2 and OH mole fractions at 720.6 CAD.

Figure 3.35 provides three-dimensional representations of the flame development at the onset of com-
bustion for both operating conditions. Specifically, Figure 3.35a corresponds to the original case at
718.3 CAD, and Figure 3.35b to the 50% diesel case at 719.6 CAD, which represent the respective
ignition moments for each case. The isosurfaces correspond to 0.1 H, and 4x 10 OH mole fractions,
both colored by temperature. These visualizations highlight that, in both cases, the OH distribution
reveals no direct contact between the diesel flame front and the hydrogen jet. This suggests that hy-
drogen ignition is not triggered by direct flame propagation from the diesel pilot, but rather by secondary
effects induced by the pilot combustion. Two possible mechanisms are considered: (i) the diffusion of
reactive radicals generated in the diesel flame into the hydrogen-rich region, and (ii) the increase in local
temperature caused by the nearby diesel combustion, which promotes the autoignition of hydrogen.

For completeness, the full sequence of 3D visualizations at 718.3, 719.6, and 720.6 CAD for both diesel
fractions is included in the Appendix. These additional figures illustrate the progressive flame develop-
ment and confirm that the same ignition patterns shown in the 2D figures are consistently observed.
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(a) Original Case 1 (A75) (718.3 CAD). (b) 50% diesel case (719.6 CAD).

Figure 3.35: Three-dimensional visualization of isosurfaces of 0.1 H2 and 4x 10 OH, colored by temperature, at the start of
ignition for both cases.

3.5.2 Analysis of Hydrogen Ignition Mechanisms

To gain deeper insight into the physical and chemical processes responsible for hydrogen ignition, this
subsection examines the evolution of key thermochemical quantities during the moments leading up to
the onset of combustion. The analysis focuses on the original case, since the same ignition mechanism
is observed for the 50% diesel condition. For completeness, the corresponding visualizations for the
50% diesel case are included in the Appendix, together with comparative plots illustrating the evolution
of temperature, OH, HO,, and H,O, concentrations around the ignition timing.

Figures 3.36-3.39 compare two instants: 718.0 CAD, corresponding to 0.2 CAD before the onset of
ignition, and 718.2 CAD, the moment when OH first appears inside the hydrogen jet, marking the start
of combustion. For all species fields except temperature, the background represents the chemical heat
release rate, enabling a direct correlation between radical formation and exothermic activity.

The temperature contours in Figure 3.36 show that the region below the hydrogen jet, toward the
diesel flame, is already significantly hotter than the rest of the chamber, with local temperatures of over
1300 K compared to roughly 1100 K elsewhere. This elevated thermal field originates from the nearby
diesel combustion and provides the conditions necessary for hydrogen oxidation to begin. At this stage,
small concentrations of OH are observed only near the diesel flame, not within the hydrogen jet itself,
indicating that hydrogen has not yet ignited.

The OH distribution in Figure 3.37 further confirms this behavior. The first panel (718.0 CAD) shows that
OH is confined to the vicinity of the diesel flame, while in the hydrogen region only traces of OH have
been transported from the flame front. These traces slightly overlap with areas of localized chemical
heat release, but their intensity is too low to account for the energy release observed there. In the
second panel (718.2 CAD), as ignition begins, OH suddenly appears within the hydrogen jet, but without
being linked to the high concentrations of the diesel flame, marking the transition from pre-ignition
reactions to full combustion.

The source of the initial heat release can be explained by the formation of intermediate radicals. As
shown in Figures 3.38 and 3.39, both HO, and H,O, accumulate in the lower part of the hydrogen jet
before OH appears. Among these, HO, dominates and is the first product of hydrogen oxidation at
elevated temperature, forming through reactions between H, and O,. The spatial correlation between
these radicals and the heat-release zones demonstrates that hydrogen oxidation is already active there,
even though OH levels remain negligible. Moreover, the concentrations of HO, and H,O, are very low
within the diesel flame itself and only appear at its origin, far from the hydrogen region, confirming that
these intermediates are not transported from the diesel combustion zone.

This evidence indicates that the ignition of hydrogen is initiated by thermal autoignition in the hot region
below the jet, where the local temperature increase accelerates the low-temperature oxidation pathway
and leads to the formation of HO, and H,O,. Once these radicals are present, the small amount of
OH that diffuses from the diesel flame may enhance or accelerate the final transition to ignition, but
it is not the primary trigger. The appearance of heat release and oxidation intermediates in regions
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where diesel-derived OH has not yet arrived clearly demonstrates that the main cause of ignition is the
elevated temperature field rather than direct radical diffusion.

In summary, Figures 3.36 to 3.39 collectively show that hydrogen ignition occurs through a thermally
promoted autoignition process initiated in the hot environment produced by the diesel pilot. The sub-
sequent arrival of OH from the diesel flame may contribute to accelerating combustion, but the onset
of hydrogen ignition originates independently within the heated hydrogen region.
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(a) 718.0 CAD - 0.2 CAD before ignition. (b) 718.2 CAD - start of ignition.

Figure 3.36: Contours of H2 and OH concentrations over a 2D temperature plot for the original Case 1 (A75).
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Figure 3.37: Contours of H2 and OH concentrations over a 2D chemical heat release plot for the original Case 1 (A75).
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(a) 718.0 CAD - 0.2 CAD before ignition. (b) 718.2 CAD - start of ignition.

Figure 3.38: Contours of H2 and HO2 concentrations over a 2D chemical heat release plot for the original Case 1 (A75).
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(a) 718.0 CAD - 0.2 CAD before ignition. (b) 718.2 CAD - start of ignition.

Figure 3.39: Contours of H2 and H202 concentrations over a 2D chemical heat release plot for the original Case 1 (A75).

3.6 Discussion — Case 1 (A75)

Case 1 (A75) provides a clear insight into both the injection behavior and the fundamental ignition
process in dual-fuel hydrogen operation. Two aspects dominate the discussion: (i) the physical mech-
anism controlling the hydrogen mass flow through the injector and (ii) the way this injection behavior
shapes ignition and early combustion.

Evaluation of nozzle-flow theories. Two alternative injection models were investigated: convergent
nozzle theory and the convergent—divergent nozzle theory. The comparison revealed that the pressure-
driven, curved mass—flow profile predicted by the convergent nozzle theory could not reproduce the
experimental heat-release trace. The simulated aHRR was too high and did not follow the same trend
as the experiemental aHRR, yielding an overall energy release and pressure evolution inconsistent
with measurements. Conversely, the flat-top injection inspired by the convergent—divergent approach
produced a better agreement with both the magnitude and phasing of the measured aHRR and cylinder
pressure.

Interpretation of the limiting mechanism. The improved agreement obtained with the flat-top injec-
tion profile suggests that the hydrogen flow undergoes an effective restriction that limits the mass flow
rate. A straightforward interpretation is that choking could occur at an internal throat of the injector. For
the measured peak rate of 3.7 g/s, the maximum cylinder pressure that would still allow choked flow
is approximately 270 bar, which is indeed satisfied under the present operating conditions. However,
there is no conclusive evidence that choking is the actual cause of the restriction. Other aerodynamic
phenomena, such as boundary-layer separation or internal recirculation within the nozzle, could equally
well reduce the effective flow area and produce the observed limitation. To distinguish between these
possibilities, an additional case with lower in-cylinder pressure is analyzed in the next chapter.

Quantitative correlation with combustion. A clear proportionality was observed between the hy-
drogen injection rate and the apparent heat-release rate (aHRR), with the aHRR following the injection
profile almost directly and only a short delay of about 1-1.5 CAD. This indicates that combustion occurs
nearly instantaneously after injection, confirming that the process is largely injection-controlled. The
ratio between aHRR and mass-flow rate remains approximately constant, around 11.5 J s/(g CAD),
equivalent to a specific energy release of roughly 83 MJ/kg of hydrogen—about 27% lower than its
theoretical lower heating value, reflecting typical thermal losses and delayed energy conversion. This
strong coupling validates the use of aHRR as a reliable indicator of the underlying injection dynamics.

Ignition and flame development. The ignition of hydrogen in the dual-fuel configuration does not
result from direct contact between the diesel and hydrogen flames, but rather from the thermal and
chemical environment created by the diesel pilot. The heat released during pilot combustion elevates
the local temperature around the hydrogen jet, initiating the formation of intermediate radicals such
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as HO, and H,0,. These species gradually accumulate until their decomposition triggers autoignition
within the hydrogen region. Although some radicals originating from the diesel flame may contribute
to accelerating this process, the evidence indicates that the primary ignition mechanism is thermally
promoted autoignition of hydrogen, followed by rapid flame growth once critical conditions are reached.

Premixing and flame characteristics. A noticeable premixed phase is only observed in the 50%
diesel case, where the reduced pilot quantity delays ignition and allows limited hydrogen—air mixing
before combustion starts. This short premixed stage produces the sharp initial spike in the apparent
heat-release rate. In contrast, the original case ignites almost immediately, leaving virtually no time for
premixing. After ignition, combustion in both cases rapidly transitions to a diffusion-controlled regime,
with a predominantly laminar flame structure sustained by the high diffusivity and fast reaction kinetics
of hydrogen.

Sensitivity and robustness. Parametric variations confirm that the global combustion sequence is
robust. Lowering the turbulent Schmidt number (0.9 to 0.5) enhances mixing and slightly increases early
aHRR, while adding 5% EGR weakens the initial spike. Switching from TFSC to LFC yields a more
stable and physically consistent aHRR shape, confirming that the dynamic flame-speed formulation
better captures the dual-fuel regime. Numerical tests also confirmed that artificial spikes in aHRR were
tied to time-step or remeshing artifacts and do not affect the overall solution.
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4.1 Differences Between Experimental Cases

As it was introduced before, the two selected experimental datasets correspond to operation at ap-
proximately 75% load, but they differ in injection strategies and boundary conditions. As a result, both
cases achieve comparable torque and power output, yet they follow distinct combustion pathways. This
makes them particularly suitable for a side-by-side analysis: while they can be considered equivalent
in terms of overall engine performance, their injection timing and fuel distribution introduce relevant
differences in combustion development.

Table 2.2 already summarized the main operating parameters of the two cases. To complement this,
Figures 4.1 and 4.2 directly compare the experimental pressure traces and apparent heat release rate
(aHRR). In both plots, the curves from the two datasets are superimposed to highlight their divergence.

The pressure comparison reveals that, despite the same load condition, combustion phasing is shifted
as a direct consequence of the different injection timings. Similarly, the aHRR curves indicate that not
only the total amount of fuel but also its temporal distribution vary between the cases. These observa-
tions emphasize that the two datasets should not be regarded as repetitions of a single operating point.
Instead, they represent complementary conditions at the same load level, providing a broader experi-
mental basis for CFD validation and offering valuable insight into how injection strategy influences the
combustion process.
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Figure 4.1: Comparison of in-cylinder pressure between the two 75% load cases.
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Figure 4.2: Comparison of aHRR between the two 75% load cases.
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4.2 Convergent Nozzle Theory Applied to Case 5 (560HP)

In the previous analysis (Case 1, A75 dataset), the injection mass flow was derived using both isen-
tropic convergent and convergent-divergent nozzle theories, based on the experimentally measured
rail pressure and the instantaneous in-cylinder pressure. The same methodology is now applied to
Case 5 from the 560HP dataset. In this section the results of applying convergent nozzle theory are
presented.

In this section several discharge coefficients (Cy;) have been tested with the aim of finding out which
aligns more closely with the experimental results. Specifically, values of C; = 0.85, 0.80, and 0.75
are considered. For each assumed coefficient, a theoretical injection mass flow curve is obtained.
Figure 4.3 shows the resulting injection curves for the three discharge coefficients. As expected, a re-
duction in the discharge coefficient leads to a lower peak mass flow rate and a slightly delayed injection
profile. Another relevant observation is that compared to the injection curves obtained using conver-
gent nozzle theory in Case 1 A75, this case has a much horizontal upper boundary, this is because the
cylinder pressure is considerably lower and therefore the flow is closer to the critical conditions in the
nozzle, making it less sensible to pressure changes.
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Figure 4.3: Comparison of theoretical injection mass flow curves for Case 5 (560HP) at different discharge coefficients.

The impact of these injection profiles on the combustion process is illustrated in Figures 4.4 and 4.5,
where the corresponding in-cylinder pressure traces and apparent heat release rates (aHRR) are pre-
sented. These results highlight the sensitivity of the pressure evolution and combustion phasing to the
assumed discharge coefficient.
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Figure 4.4: Comparison of in-cylinder pressure between the three injection curves (Cd 0.85, 0.80 & 0.75).
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Figure 4.5: Comparison of aHRR between the three injection curves (Cd 0.85, 0.80 & 0.75).

Unlike in Case 1 (A75), where the convergent-nozzle formulation largely failed to reproduce the injected
mass and combustion evolution, Case 5 (560HP) shows a considerably closer agreement. With a
discharge coefficient around C; = 0.80, the predicted aHRR can be regarded as physically plausible.
The main deviation in the aHRR seems to be that it shows a very sharp and almost trapezoidal rise,
while the experimental trace has a more rounded onset. This discrepancy could be attributed either
to limitations of the combustion model, which might be burning the hydrogen faster than it should, or
to injector dynamics that are not fully captured, since the real needle lift and closure process do not
produce perfectly abrupt edges. In any case, the difference is not as fundamental as in Case 1, and the
convergent-nozzle prediction could not be discarded if this was the only case taken into consideration.
The in-cylinder pressure traces show a slightly higher peak in the simulations, which can be explained
by the larger fraction of fuel burned early in the cycle; however, the pressure evolution is less informative
than the heat-release shape, where the main mismatch becomes evident.

4.3 Convergent-Divergent Nozzle Theory Applied to Case 5 (560HP)

In addition to the analysis performed with different discharge coefficients, two alternative flat-top injec-
tion curves were evaluated for Case 5 (560HP). The objective is to investigate how plausible would
be to obtain the injection using the the convergent-divergent theory that has previously been used in
Case 1 (A75). These injections provide further insight into the sensitivity of the model and serve as
exploratory scenarios for improving the agreement between theory and experiment.



4.3. Convergent--Divergent Nozzle Theory Applied to Case 5 (560HP) 86

4.3.1 Case 1 (A75) Injection Curve Applied to Case 5 (560HP)

In this initial approach, the theoretical injection curve obtained for Case 1 (A75) is directly applied to
Case 5 (560HP). The reasoning behind transferring the curve without modifications is that, if the flow
is constrained by a physical limitation in the injector, specifically, if choking occurs, the mass flow rate
will remain constant across all cases operating under the same rail pressure conditions. Since the
rail pressures in these two cases (302.5 bar vs. 299 bar) are practically equivalent, and the cylinder
pressure is considerably lower, the same injection curve can be assumed to hold.

Figure 4.6 shows the adapted injection curve compared with the original Case 5 profile. The corre-
sponding in-cylinder pressure and aHRR traces are presented in Figures 4.7 and 4.8. The results
show strong deviations from the experimental results meaning that the injection curve that successfully
matched the results in Case 1 (A75) unfortunately is not the injection curve that was used in Case 5
(560HP). This discards the idea that a physical throat inside the injector is responsible for the choking
if the flow in Case 1 (A75).
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Figure 4.6: Injection curve from Case 1 (A75) applied to Case 5 (560HP).
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Figure 4.7: Comparison of in-cylinder pressure between the injection from the Case 1 (A75) and the injections obtained with
convergent nozzle.
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Figure 4.8: Comparison of aHRR between the injection from the Case 1 (A75) and the injections obtained with convergent
nozzle.

4.3.2 New Flat-Top Injection Curve

In the previous section, it was demonstrated that the injection limitation is unlikely to be a fundamental
physical constraint, since otherwise the mass flow rate would remain identical across cases with com-
parable rail pressures. Nevertheless, other mechanisms could still account for the observed behavior,
for instance, a reduced effective flow area caused by boundary-layer growth, recirculation, or some
form of variable geometry. However, according to Cespira, a variable geometry is considered unlikely.

A second approach consists of constructing a new flat-top injection curve specifically for Case 5 (560HP),
following the same procedure previously applied to Case 1 (A75). The resulting injection profile is
presented in Figure 4.9, while the corresponding in-cylinder pressure and apparent heat release rate
(aHRR) are shown in Figures 4.10 and 4.11. The results show that the flat-top injection produces a
similar behavior to that obtained with the convergent nozzle theory. In particular, the aHRR exhibits an
initial overestimation at the onset of combustion, but this feature is already present in the other cases
and the overall differences between the three profiles are minimal.

The comparison of results therefore indicates that the flat-top curve yields outcomes broadly consistent
with those obtained using the convergent nozzle theory. This similarity arises because the relatively low
in-cylinder pressures in this case flatten the injection profile, making it closely resemble the constructed
flat-top curve, as also illustrated in Figure 4.9. Consequently, only from the analysis in Case 5 (560HP)
no clear conclusion can be drawn regarding the superiority of either approach, since both produce
comparable and acceptable results.
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4.4 Discussion — Case 5 (560HP)

Case 5 explores the same injection model under a different pressure regime, offering a complementary
validation of the proposed flow-limitation mechanism and its effect on combustion. The lower in-cylinder
pressure during injection provides a useful contrast to Case 1.

Comparison of nozzle theories. At this operating point, the convergent and convergent-divergent
models both produce almost identical near—flat-top mass—flow profiles. The lower backpressure brings
the injector closer to critical conditions, naturally flattening the curve without the need to invoke choking.
Based solely on this case, the convergent nozzle theory could not be conclusively ruled out, as its
predictions are not in strong disagreement with the measurements. However, when these results are
considered together with the findings from Case 1, and given that the match achieved here is still
imperfect, and certainly not superior to that obtained with the flat-top profile, the convergent nozzle
approach can be reasonably discarded as a valid explanation of the injector behavior.

Pressure-dependent limitation. The key finding from Case 5 is that, despite similar rail pressures
(302.5 bar vs. 299 bar), the injected mass is substantially higher than in Case 1. If a fixed geometric
restriction were controlling the flow, both cases would exhibit similar curves. The fact that the mass
flow increases when cylinder pressure decreases confirms that the restriction is pressure-dependent,
not geometric. This supports the interpretation that internal aerodynamic effects, such as boundary-
layer separation or recirculation, limit the flow when the pressure ratio is high, but diminish as the ratio
decreases. Consequently, the injector behavior resembles that of a convergent—divergent nozzle only
in a phenomenological sense: the limiting mechanism is dynamic and driven by internal flow physics
rather than a fixed throat.

Correlation with combustion behavior. Although the general correlation between the injection rate
and the aHRR remains evident, the detailed shape of the simulated aHRR deviates from the experi-
mental trend. The simulations predict a sharper rise and flatter plateau, whereas the experimental trace
displays a smoother increase and a more rounded peak. Based on the previous analysis, it appears
more reasonable to attribute this mismatch to inaccuracies in the assumed injection profile rather than
to combustion modeling. A lower combustion intensity during the initial phase, as discussed in the
previous chapter, would allow greater premixing and produce the kind of spike that is not observed
here. If the flow limitation inside the injector originates from boundary-layer separation rather than true
choking, it is plausible that the injection curve is not perfectly flat and that its shape varies with pressure.
Nevertheless, the possibility remains that the combustion model itself is not fully capturing the flame
development, which would also affect the validity of the previous results.

Implications for injection modeling. Case 5 therefore reinforces the main conclusions from Case 1:
the convergent nozzle theory does not capture the experimental trends, while the convergent—divergent
framework provides a better fit. However, the results also show that choking is not strictly required
to explain the observed plateau. Instead, the findings favor a model based on a pressure-sensitive
effective area linked to internal flow separation. The correlation between injection and aHRR remains
valid, further supporting the practical inverse method for reconstructing injection profiles from measured
heat release.
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5.1 Autoignition Behavior of Hydrogen

The hydrogen-only case was derived from Case 1 (A75) by removing the diesel pilot injection. In this
configuration, the hydrogen injector follows a flat-top injection profile that starts at 716.7 CAD. This
setup was designed to provide a reference scenario for ignition in the absence of a pilot fuel and
to assess whether numerical artifacts observed in the dual-fuel simulations affect the prediction of
combustion onset.

Figures 5.1 and 5.2 show the in-cylinder pressure and aHRR traces for the hydrogen-only case. In the
absence of a diesel pilot, combustion starts approximately 1.8 ms after the start of injection. Strictly
speaking, this time interval represents the delay between the beginning of hydrogen injection and the
onset of combustion, rather than the true chemical ignition delay. The latter would correspond to the
period between the moment when a locally combustible hydrogen—air mixture is formed and the actual
start of ignition; however, this distinction is practically negligible here, as hydrogen mixes very rapidly
and the injection process makes the exact mixture-formation timing difficult to define. The observed
delay is therefore considered representative of the overall ignition behavior. This value is consistent
with previous findings in the literature [48] and illustrates why an auxiliary ignition source is typically
required in hydrogen-fueled Cl engines. During this delay, a large amount of hydrogen—air mixture
accumulates, leading to a much higher degree of premixing than in normal operation. Once ignition
begins, the combustion proceeds with a very fast, laminar flame that consumes the mixture almost
instantaneously. As a result, the accumulated premix releases its energy in a single, abrupt event,
producing a sharp aHRR peak and a steep pressure rise. This inherently unstable combustion behavior
explains why an external ignition trigger, such as a diesel pilot, a spark, or a catalytic igniter, is required
to initiate combustion earlier and thereby moderate the heat-release rate.
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5.2 Effect of Time Step Strategy on the H2-only results

In Case 1 (A75), it was demonstrated that spurious spikes in the aHRR signal were introduced by
variations in the time step, and could be minimized by enforcing a constant time step. A similar concern
arises for the hydrogen-only case: since ignition delay is much longer and ignition is highly sensitive,
there was a risk that numerical errors could artificially trigger or influence the autoignition process.

Figure 5.3 and Figure 5.4 compare the aHRR traces for the two time step strategies. As in the dual-fuel
case, spikes are visible in the changes of time-step or mesh, for example at 732 CAD. However, in both
cases the ignition delay remains unchanged, and the onset of combustion occurs at the same crank
angle. Therefore, the comparison confirms that the spikes do not influence the onset of autoignition.
They appear only after combustion has already started, and therefore cannot be considered a trigger
for ignition.
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5.3 Discussion — Hydrogen-Only Case

The hydrogen-only configuration suppresses the diesel pilot to isolate the intrinsic chemical and physi-
cal behavior of hydrogen autoignition. This case serves as a reference both for validating the chemical
mechanism and for assessing the numerical robustness of the CFD framework.

Autoignition behavior. In the absence of a pilot, hydrogen ignition is entirely self-sustained and de-
pends on the ambient thermodynamic conditions. The simulations predict an ignition delay of approx-
imately 1.8 ms, measured from the start of injection to the first rise in aHRR. This delay is consistent
with reported data in the literature for comparable temperature and pressure ranges [48], confirming
that the reaction mechanism and temperature dependence are physically realistic. The long delay al-
lows extensive premixing, after which combustion occurs abruptly, producing a sharp aHRR spike and
a rapid pressure rise.

Numerical robustness. Numerical artifacts observed in the aHRR (spikes) are confirmed to originate
from the time step strategy and remeshing, as shown in Case 1. For hydrogen-only operation, these
artifacts do not affect ignition delay or the physical onset of combustion. Instead, they appear only
during the combustion phase and can be minimized by enforcing a constant time step.

Relevance to dual-fuel cases. Comparing this reference case with the dual-fuel configurations high-
lights the diesel pilot’s essential role. Without it, ignition is delayed and combustion occurs explosively
once autoignition conditions are reached. With the pilot, local heating promotes hydrogen autoignition
earlier and distributes the heat release more gradually. The hydrogen-only results therefore support the
interpretation that dual-fuel ignition is thermally promoted rather than radical-driven, and they confirm
that the underlying chemistry in the model produces physically reasonable ignition delays and flame
initiation.
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6.1 Conclusions

6.1.1 Thesis objectives and motivation

This thesis addressed the challenges of modeling hydrogen direct injection in a dual-fuel compression
ignition engine with a small diesel pilot. The main objective was to develop a CFD model capable of
reproducing the experimentally observed in-cylinder pressure and apparent heat-release rate (aHRR)
traces, thereby enabling predictive simulations for engine design and optimization. The goal was to
achieve a physically consistent model that could accurately describe the interaction between injection,
ignition, and combustion processes in hydrogen—diesel dual-fuel operation.

Throughout this work, it became evident that the combustion response is predominantly governed by
the injected hydrogen mass flow. Hydrogen combusts almost immediately after injection, leaving little
time for premixed combustion. Consequently, the shape and dynamics of the injection profile emerged
as the most critical factors to capture. However, because the experimental injection curves were not
available, the injected mass flow had to be inferred from theoretical, numerical, and indirect exper-
imental information. The complex dependence of mass flow on in-cylinder pressure, rail pressure,
and internal nozzle geometry motivated the application of simplified nozzle-flow theories to reconstruct
physically consistent injection curves.

6.1.2 Injection Modeling

The first set of analyses focused on understanding the mechanism controlling hydrogen flow through
the injector. Two simplified approaches were evaluated: the Convergent Nozzle Theory and the
Convergent-Divergent Nozzle Theory.

In Case 1 (A75), the purely convergent model produced a curved, pressure-dependent mass-flow pro-
file that failed to reproduce the experimental pressure and aHRR trends. The predicted injection rate
decreased with increasing backpressure, contrary to the nearly constant rate observed experimentally.
In contrast, the flat-top profile inspired by the convergent-divergent framework resulted in a much better
agreement with the experimental data, both in terms of combustion phasing and peak pressure. This
suggested that a restriction might exist inside the injector that limits the flow in a manner consistent with
a convergent—divergent configuration, leading to an almost constant injection rate. However, since this
observation was based on a single operating point, it could not be considered conclusive, motivating a
second analysis under different operating conditions.

When analyzing Case 5 (560 HP), the lower in-cylinder pressures of Case 5 makes both the convergent
nozzle theory, with a discharge coefficient of Cy ~ 0.8, and the flat-top injection curve derived from the
aHRR produce similar injection profiles. Therefore, this case does not provide substantial additional
insight beyond what was already observed in Case 1, where the purely convergent nozzle theory had
been ruled out. The similarity between both approaches here simply reflects that, under these lower
backpressure conditions, the flow operates closer to the critical regime where the differences between
the two theoretical formulations become minimal. Given that both cases shared similar rail pressure
(=~ 300 bar) and nozzle geometry, this indicated that the internal restriction could not be purely geometric,
if it were, the behavior would remain consistent across cases. This result pointed toward the existence
of a variable flow limitation that depends on the operating conditions rather than a fixed nozzle throat.

Such variability cannot be explained solely by Convergent-Diverngent Nozzle Theory. Instead, it is
more plausible that it has an aerodynamic nature, potentially caused by transient phenomena such as
boundary-layer separation within the nozzle or at the sac-nozzle transition. These effects would alter
the effective flow area as pressure conditions evolve, producing an apparent limitation in mass flow
even without geometric choking.

Furthermore, even when using a flat-top mass-flow assumption, the experimental profiles displayed a
slightly rounded shape near the top, which could not be entirely reproduced by the simplified nozzle
theories. Although this could partly arise from minor inaccuracies in the combustion model, such as
small deviations in fuel-air mixing that could enhance the heat release, the rounded behavior is also
consistent with a time-dependent restriction during injector opening and closing. Considering that the
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combustion model reproduces most other aspects satisfactorily, a dynamically varying aerodynamic
restriction appears the most physically consistent interpretation.

An important outcome of this work is the quantitative correlation identified between the hydrogen mass-
flow rate and the apparent heat-release rate (aHRR). The two quantities exhibit nearly identical temporal
profiles, with only a small delay of approximately 1-1.5 CAD between injection and combustion. This
relationship demonstrates that hydrogen combustion is strongly injection-controlled. The ratio between
aHRR and injection rate was found to remain approximately constant, with an average proportionality
factor of 11.5 J s/(g CAD). This corresponds to an effective specific energy release of about 83 MJ/kg
of hydrogen, approximately 31% lower than the theoretical lower heating value (120 MJ/kg). This
difference reflects typical heat losses and delayed energy conversion in the combustion chamber. The
correlation therefore provides a physically meaningful link between fuel delivery and energy release,
allowing the aHRR to be used as a practical diagnostic for reconstructing injection curves.

Using this relationship, a semi-empirical method was developed to infer hydrogen injection profiles
directly from experimental aHRR data. For Case 1, this approach yields a flat-top mass-flow rate of
approximately 3.7 g/s with a duration of 20 CAD, while for Case 5 the peak reaches 4.6 g/s. The cor-
responding start of injection (SOI) timings, 716.7 CAD and 720.5 CAD, respectively, define a realistic
operational range where the same proportionality factor can be applied to reconstruct physically consis-
tent injection curves. The plateau duration determines the total injected mass, which can be adjusted
depending on the target energy release.

Industrial validation with Cespira (formerly Westport Fuel Systems) confirmed that these injection du-
rations and flow magnitudes are consistent with the company’s internal data. Their typical injector
opening and closing durations (0.4-0.6 ms and 0.7-1 ms, respectively) agree closely with the CFD-
derived estimates. Cespira also reported observing nearly flat mass-flow curves under high-pressure
conditions, consistent with the results obtained here. Their engineers agreed with the interpretation
proposed in this thesis.

In conclusion, the analysis demonstrates that hydrogen flow through the injector is controlled by a
pressure-dependent aerodynamic limitation rather than by geometric choking, and that the combustion
response is strongly coupled to this injection behavior. The semi-empirical correlation of approximately
83 MJ/kg provides a physically grounded method to derive injection profiles from experimental data,
extending the model’s predictive capability to other operating points without the need for direct injection
measurements.

6.1.3 Combustion Process

The combustion simulations clarified the physical and chemical mechanisms governing ignition and
flame development in hydrogen—diesel dual-fuel operation.

The results show that hydrogen ignition does not originate from direct flame propagation from the diesel
pilot into the hydrogen jet, but rather from the thermally promoted autoignition of hydrogen in the hot
environment created by the pilot combustion. The diesel flame raises the local temperature around
the hydrogen jet to roughly 1300 K, which is about 200 K higher than the surrounding in-cylinder gas,
and accelerates the formation of radicals, mainly HO, and H,O,. These species accumulate until their
decomposition triggers hydrogen ignition. The evidence clearly indicates that ignition begins within the
hydrogen jet itself, and not as a consequence of direct radical diffusion from the diesel flame, although
a small amount of transported OH may contribute to accelerating the final transition.

The comparison between the original case and the half-diesel case supports this interpretation. In the
100% diesel case, ignition occurs almost immediately after pilot combustion, with virtually no premixing.
In contrast, reducing the pilot to 50% delays ignition, allowing limited hydrogen—air mixing before com-
bustion starts. This short premixed phase produces a sharper aHRR spike once ignition occurs. After
this initial stage, both configurations transition rapidly to a diffusion-controlled regime with a smooth,
predominantly laminar flame structure. The laminar appearance is consistent with hydrogen’s high
diffusivity and rapid reaction kinetics, although the LFC combustion model may also accentuate this
behavior.
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The hydrogen-only case provided additional validation for the chemical kinetics and numerical frame-
work. Without the diesel pilot, combustion started approximately 1.8 ms after the beginning of injection.
Strictly speaking, this interval represents the delay between the start of injection and the first detectable
combustion, not the true chemical ignition delay. However, given hydrogen’s extremely fast mixing rate
and the continuous injection process, this distinction becomes negligible. The measured delay is con-
sistent with published data for similar conditions, in this case an ambient temperature of about 1100 K
and an injected hydrogen temperature near 350 K, confirming that the reaction mechanism seems to
accurately capture the temperature dependence.

During this delay, a large amount of premixed hydrogen-air mixture accumulates, which then burns
almost instantaneously once ignition occurs, producing a steep pressure rise and a sharp aHRR peak.
This behavior highlights the inherent instability of hydrogen autoignition under compression ignition
conditions and explains why dual-fuel operation requires an auxiliary ignition source. The diesel pilot
plays this stabilizing role: it raises the local temperature, shortens the ignition delay, and distributes the
heat release more gradually, preventing the uncontrolled combustion observed in the hydrogen-only
case.

Overall, the combustion results establish that hydrogen ignition in dual-fuel operation is governed pri-
marily by the thermal field created by the diesel pilot, rather than by flame propagation or radical trans-
port. The degree of premixing, and thus the initial shape of the aHRR curve, is controlled by the pilot
amount and by the transient dynamics of the hydrogen injection.

6.1.4 Modeling Adjustments and Other Findings

In addition to the main findings, several secondary modeling aspects were explored to assess the
robustness and sensitivity of the simulations.

Parametric variations confirmed that while turbulence and mixing parameters can influence early heat
release, they do not alter the fundamental ignition mechanism. Lowering the turbulent Schmidt number
from 0.9 to 0.5 improved early mixing and slightly increased the first aHRR peak, whereas adding 5%
EGRreduced it. The experimental EGR levels (1.5-2%) are too small to significantly impact combustion
behavior.

Regarding the combustion framework, the study showed that the Laminar Flame Concept (LFC) model
in STAR-CCM + tends to burn hydrogen rapidly once it enters the chamber. This results in a heat-
release curve that mirrors the injection profile almost perfectly, sometimes producing a slightly prema-
ture rise compared to the experiment. Comparison with previous work by Antonacci using CONVERGE
revealed that this coupling is stronger in STAR-CCM +, suggesting that the model may overestimate
the mixing at the start of injection.

6.2 Limitations

Although this work has yielded valuable insights, several limitations must be acknowledged. First, the
derivation of injection profiles from aHRR, while robust and validated against previous thesis work, in-
herently introduces uncertainties. The heat-release analysis is based on experimental pressure traces
combined with the in-cylinder volume evolution obtained from CFD, and its accuracy is limited by the
resolution of the pressure signal (0.1 CAD) as well as the numerical differentiation involved. These
factors may smooth out or distort rapid transients during injection and early combustion. As a result,
the reconstructed mass flow profiles cannot be guaranteed to match the fidelity of direct injection mea-
surements.

Second, the injector was modeled using simplified isentropic nozzle theories, without resolving the
internal flow field of the injector itself. Effects such as boundary-layer growth, flow separation, and three-
dimensional turbulence within the sac and orifices were not explicitly captured. These phenomena are
likely critical to understanding why effective flow areas appear smaller than geometrical orifice areas.
Previous attempts using detailed CFD injector models within Converge failed to reproduce mass flow
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profiles accurately under Westport’s reported conditions, limiting the availability of validated modeling
approaches.

Third, the scope of the experimental dataset was restricted. Only a handful of operating conditions were
available, which constrains the generalizability of the conclusions. Broader validation across different
pressures, loads, and injection strategies would be required to establish universal trends. Additionally,
the analysis did not include direct experimental measurements of mass flow, spray penetration, or
injector needle dynamics, all of which would be valuable for model validation.

On the modeling side, STAR-CCM+’s Laminar Flamelet Combustion (LFC) model presents another
limitation. Its tunability is minimal, with only a few adjustable parameters (e.g., chemical mechanisms
or retardation factors). This prevented systematic testing of whether the observed discrepancies are
due to the combustion model formulation, the turbulence—mixing interaction, or limitations in chemical
kinetics. Similarly, higher-fidelity simulations such as Large Eddy Simulation (LES) or injector-resolved
CFD were beyond the computational resources and scope of this thesis.

Furthermore, due to time constraints, it was not possible to extend the analysis to include several
variations in the pilot diesel quantity or to perform detailed two- and three-dimensional visualizations of
the autoignition process in the pure-diesel reference case. These studies could have provided valuable
insight into ignition kernel formation and flame propagation mechanisms, and remain as interesting
avenues for future investigation. Likewise, now that the conditions leading to hydrogen autoignition are
better understood, exploring alternative pilot fuels or ignition strategies could yield promising results for
improving controllability and reducing reliance on conventional diesel.

Finally, additional numerical limitations arise from the meshing framework in STAR-CCM+. The soft-
ware does not allow fully localized remeshing, meaning that mesh refinement in the vicinity of the in-
jector must be propagated throughout the entire domain. This reduces efficiency and limits the achiev-
able resolution near critical regions. Moreover, since the injector is modeled as a separate part, it
must interact with the cylinder boundaries in a way that cannot be perfectly eliminated. This introduces
grid-induced errors, particularly in the cells surrounding the nozzle, where changes in mesh size can
propagate artificial numerical effects into the flow field. These issues make it challenging to obtain a
fully accurate representation of the injector—cylinder interaction without residual numerical artifacts.

Taken together, these limitations highlight that the results, while indicative and valuable, should be
interpreted cautiously and seen as the basis for further exploration rather than definitive closure on the
subject.

6.3 Future Work

Building on the insights and limitations identified in this thesis, several directions for future research
emerge that could improve the modeling of hydrogen HPDI systems and their application in engine
development.

Injector and nozzle flow modeling

A first priority is the development of high-fidelity CFD models of the injector, including the sac region
and internal nozzle orifices. Such simulations would make it possible to resolve boundary-layer growth,
recirculation zones, cavitation, and turbulence effects that are currently simplified in isentropic noz-
Zle theory. Validating these models against experimental datasets provided by Cespira would clarify
whether the effective flow area reductions inferred here are indeed caused by internal recirculation.
Extending the analysis to a broad range of pressure ratios would also help to quantify the observed
pressure dependence of injection behavior.

Combustion model assessment and alternatives

Another key avenue is the systematic evaluation of combustion modeling frameworks. The evidence
presented here suggests that STAR-CCM+’s Laminar Flamelet Combustion (LFC) model may exagger-
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ate the coupling between injection and heat release, particularly at the start of injection. This hypothesis
should be tested by benchmarking LFC against alternative closures, such as ECFM or other turbulent
flame speed formulations, in both hydrogen-diesel dual-fuel and conventional diesel cases. Parallel
investigations into turbulence-mixing models and chemical kinetic mechanisms would help determine
whether the fast-burning behavior originates from mixing assumptions, reaction chemistry, or the LFC
formulation itself. Improving combustion fidelity is essential if CFD is to be reliably used for the design
of hydrogen HPDI concepts.

Experimental validation and dataset expansion

Further experimental work could be beneficial to reduce uncertainty and validate modeling approaches.
In particular, direct measurements of injection rate profiles, needle lift dynamics, spray penetration,
and in-cylinder pressure under varied load and pressure conditions would provide a comprehensive
dataset for calibration. Coordinated research with injector manufacturers could bridge the gap between
industrial know-how and academic modeling, ensuring that reconstructed curves and CFD predictions
are grounded in reality.

Alternative fuels and ignition strategies

As the understanding of hydrogen autoignition improves, future studies could explore alternative pilot
fuels or even non-diesel ignition systems. Fuels with different volatility, cetane number, or chemical
composition could provide enhanced controllability and reduced carbon intensity, particularly if used
in combination with optimized injection strategies. This would broaden the scope of hydrogen HPDI
research toward more sustainable and flexible engine concepts.

Emissions modelling

Future studies should extend the scope beyond pressure and heat release traces to include detailed
emissions modeling. This would involve analyzing pollutant formation mechanisms, such as NOx, par-
ticulate matter, and unburned hydrocarbons, under dual-fuel operating conditions. The use of complex
chemistry models will be particularly important for capturing the formation of slow-forming pollutants.
Moreover, experimental validation of emissions data will be essential to verify and refine the CFD mod-
els. Emissions modeling is critical for assessing environmental impacts and guiding the development
of cleaner hydrogen HPDI engine technologies. Such studies are highly relevant for the future advance-
ment of this technology and the design of its exhaust systems.

Closing remarks

In summary, this thesis provides evidence of both the challenges and the potential of modeling hydro-
gen direct injection in dual-fuel engines. While current tools can already reproduce experimental trends
under certain conditions, significant gaps remain in the accurate representation of injector flow dynam-
ics and combustion processes. Addressing these gaps through targeted CFD development, systematic
combustion benchmarking, and expanded experimental validation will be crucial for enabling predictive
simulations and guiding the design of next-generation hydrogen-fueled heavy-duty engines.
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(a) Original Case 1 (A75). (b) Half diesel case.

Figure A.1: Temperature and isosurfaces of H2 and OH mole fractions at 718.3 CAD.
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(a) Original Case 1 (A75). (b) Half diesel case.

Figure A.2: Temperature and isosurfaces of H2 and OH mole fractions at 719.6 CAD.

Mole Fraction of H2 Mole Fraction of OH Mole Fraction of H2 Mole Fraction of O
102 03 04 05 o 2005 4605 6e05  Be0S  >0.0001 0 o1 03 &3 04 4605 6005 Be0S 500001

Temperature (K} Temperature (K)
1 55003 160503 2.68040:

38 2630403 333

(a) Original Case 1 (A75). (b) Half diesel case.

Figure A.3: Temperature and isosurfaces of H2 and OH mole fractions at 720.6 CAD.
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(a) Original Case 1 (A75). (b) Half diesel case.

Figure A.4: Three-dimensional visualization of isosurfaces of 0.1 H2 and 4x 10 OH, colored by temperature, at 718.3 CAD.
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(a) Original Case 1 (A75). (b) Half diesel case.

Figure A.5: Three-dimensional visualization of isosurfaces of 0.1 H2 and 4x 10 OH, colored by temperature, at 719.6 CAD.

(a) Original Case 1 (A75). (b) Half diesel case.

Figure A.6: Three-dimensional visualization of isosurfaces of 0.1 H2 and 4x 10 OH, colored by temperature, at 720.6 CAD.
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(a) Original Case 1 (A75). (b) Half diesel case.

Figure A.7: Contours of H2 and OH concentrations over a 2D Temperature plot - 0.2 CAD before ignition.
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(a) Original Case 1 (A75). (b) Half diesel case.

Figure A.8: Contours of H2 and OH concentrations over a 2D Temperature plot - start of ignition.
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(a) Original Case 1 (A75). (b) Half diesel case.

Figure A.9: Contours of H2 and OH concentrations over a 2D Temperature plot - 0.2 CAD after ignition.
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(a) Original Case 1 (A75). (b) Half diesel case.

Figure A.10: Contours of H2 and OH concentrations over a 2D chemical heat release plot - 0.2 CAD before ignition.
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(a) Original Case 1 (A75). (b) Half diesel case.

Figure A.11: Contours of H2 and OH concentrations over a 2D chemical heat release plot - start of ignition.
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(a) Original Case 1 (A75). (b) Half diesel case.

Figure A.12: Contours of H2 and OH concentrations over a 2D chemical heat release plot - 0.2 CAD after ignition.
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(a) Original Case 1 (A75). (b) Half diesel case.

Figure A.13: Contours of H2 and HO2 concentrations over a 2D chemical heat release plot - 0.2 CAD before ignition.
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(a) Original Case 1 (A75). (b) Half diesel case.

Figure A.14: Contours of H2 and HO2 concentrations over a 2D chemical heat release plot - start ignition.
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(a) Original Case 1 (A75). (b) Half diesel case.

Figure A.15: Contours of H2 and HO2 concentrations over a 2D chemical heat release plot - 0.2 CAD after ignition.
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(a) Original Case 1 (A75). (b) Half diesel case.
Figure A.16: Contours of H2 and H202 concentrations over a 2D chemical heat release plot - 0.2 CAD before ignition.
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Figure A.17: Contours of H2 and H202 concentrations over a 2D chemical heat release plot - start ignition.
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(a) Original Case 1 (A75). (b) Half diesel case.

Figure A.18: Contours of H2 and H202 concentrations over a 2D chemical heat release plot - 0.2 CAD after ignition.
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